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Abstract

In this work, blast furnace slag was converted to hydroxyapatite-zeolite (MS)
through alkaline fusion and hydrothermal treatment, and then it was used to
remove cadmium in solution by adsorption in batch mode. The process was
accomplished under the influence of determining parameters, namely the contact
time, mass of the adsorbent, stirring speed, pH of the medium, temperature of the
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solution, particle size of the slag, and initial concentration. MS consists mainly of Adsorption:
sodium oxide, silica, alumina, lime, and phosphorus pentoxide. The Ca/P, Na/Al, SOTPHON;

. . . . . Cadmium;
and Si/Al ratios revealed that the converted slag is a hydroxyapatite-zeolite. ..
. e . . Kinetics;
Following the modification of the treated slag, the specific surface area increased Slac:
from 282.5 to 410.23 mI g-1. Its zero charge point was detected at pH 3.2. After 50 7 agl,'t
eolite

min, the test results revealed that equilibrium was established. Furthermore, they
demonstrated that the adsorption capacity was maximum (133.34 mg) at a pH of 6,
at a temperature of 25 °C, at a stirring speed of 200 rpm, at a solid mass of 1g, ata
particle size of 300 um, and at an initial concentration of 240 mg L-!. Exploration
of the adsorption isotherms revealed that the Langmuir model better presented the
adsorption process, thus revealing that the adsorption occurred on a monolayer
surface. The parameters of the examined models, namely RL and n, affirmed that
the adsorption is favorable. The kinetic study revealed that this process agreed
more with the pseudo-second-order kinetic model, and the transport of pollutant
is ensured by external and intraparticle diffusion. Thermodynamic analysis has
shown that this process is spontaneous, exothermic, less entropic, and performed
under physical interactions. The desorption process revealed that the reuse of MS
is possible over five cycles with hydrochloric acid as an eluent. This study opens up
advantageous perspectives for the sorption of cadmium from water.

Introduction membrane separation, ion exchange, electro-chemical

Cadmium is an extremely harmful element and can
accumulate in bodies, leading to terrible consequences
for human health such as hypertension, calcium loss,
kidney failure, a reduction in red blood cells, brain
dysfunction, and damage bone marrow and nervous
system [1]. This is why it was classified by the World
Health Organization and the International Agency for
Research on Cancer as one of the most dangerous
pollutants [2]. In order to remedy this disaster, effective
innovative techniques have been developed, namely

treatment, chemical precipitation, adsorption, coagulation
flocculation, and filtration [1, 3—4]. According to literature
statements, it has been reported that the adsorption
process is the most effective given its simplicity and
reliability. In addition, it is economical, regenerates
less sludge and consumes less energy [1, 3]. It is with
this in mind that we attempted to incorporate a
derivative of blast furnace slag, more precisely zeolite,
in the process of removing cadmium by adsorption in
batch mode.

https://doi.org/10.35762/AER.2024027
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It should be mentioned that various research has
been carried out on the adsorption process of cadmium
in solution. Effectively, it has only been noticed that
multiple adsorbents such as Biocher (CIB500) [5],
thermally activated sepiolite [6], activated carbon from
agricultural biomass [7], pinus halepensis sawdust [8],
modified zeolite-supported zero- valence iron composites
[9], graphene on TiO2 nanofibers [10] and layered
double hydroxide nanoparticles immobilized on iron
slag [11], were used to eliminate cadmium in solution
by adsorption phenomenon.

The examined zeolite was prepared from treated
blast furnace slag. This by-product is generated during
the production of cast iron at a percentage varying
from 20 to 35%. Its annual global production is around
350 million tons, which represents a considerable
economic loss. In addition, it can pollute water, air,
and soil since it is constantly stored in the open air.
Initially, it was introduced into road filling and con-
struction material manufacturing [12]. Recently, it has
been introduced into the manufacturing of cement,
ceramics, agricultural fertilizers, and wastewater treat-
ment products [6]. In the latter case, our team made a
slight contribution by exploiting the slag as an
adsorbent in the process of elimination of nickel, lead,
manganese, copper, and trivalent chromium [13-17].
These research works were accomplished in order to
valorize slag in the field of water depollution, specifically
in the removal of metal ions in solution.

In order to give more scale to the slag in the
adsorption processes, that is to say, to expand its
specific surface area and thus increase its adsorption
capacity, we proceeded to convert the slag into zeolite
(MS). The experimental approach was based on the
chemical and thermal activation of the slag samples,
which were treated in several stages.

According to literature data, the exploitation of
steel slag derivatives in the adsorption process has been
cited in various research works. For example, prepared
zeolite and silica from blast furnace slag were used in
the adsorption process of methylene blue in solution
[18-19]. Based on this research, the adsorption capacity
of MB by zeolite and silica was reported to be 21.89
and 109.8 mg g1, respectively. It has also been mentioned
that metaettringite synthesized from blast furnace slag,
oxalated blast furnace slags, and hydrated calcium
silicates derived from slags have been exploited in the
adsorption processes of boron, cobalt, and other toxic
metals, respectively [20-22]. The adsorbed amount of
boron on synthesised metaettringite was 118.9 mg g1,
and the maximum adsorbed amount of cobalt on
oxalated blast furnace slag was 576 mg g-! [20-21].
However, the maximum adsorption capacities for

various heavy metals on hydrated calcium silicates all
exceed 100 mg g [22]. In the same context, basic slag
from modified oxygen furnaces was used for the
adsorption of dyes and copper in solution, separately
[23-24]. The adsorbed amounts of reactive red 120,
reactive blue 19, and reactive black 5 on treated oxygen
furnace basal slag were 55, 60, and 76 mg g1, respectively
[23]. In addition, the adsorption rate of copper on
oxygen furnace-treated basal slag reached 99.9% [24].
It is important to mention that bibliographic data in
direct relation to our work indicated that blast furnace
slag successfully converted to hydroxyapatite-zeolite
was used in the adsorption processes of manganese,
ammonium, and phosphate ions. The same source
indicated that the adsorption of manganese, ammo-
nium, and phosphate ions in an initial solution of 50
mg L1 was 25.98, 20.10, and 26.41 mg g1, respectively
[25].

The main objective of this research was to convert
blast furnace slag into zeolite to improve its adsorbent
capacity. Second, to demonstrate its performance as an
adsorbent in wastewater containing cadmium. In this
work, the structure of the treated and modified slag
was examined using X-ray fluorescence (XRF) and X-
ray diffraction (XRD), and its specific surface area was
defined by the Brunauer, Emmett et Teller model (BET
model). The contact time, stirring speed, dosage of the
adsorbent, pH of the medium, temperature of the
medium, particle size of the solid, and initial concen-
tration of the solution were used to improve and
optimize this process. The interaction between MS and
cadmium was explained by adsorption isothermal
models specific to adsorption processes, namely Freundlich,
Langmuir, and Temkin models. The kinetics of cadmium
adsorption were studied using pseudo-first-order,
pseudo-second-order, and diffusion models. The thermo-
dynamic study made it possible to determine the
nature of this process. The desorption process was
examined using different eluents and distilled water.

Materials and methods
1) Treatment of adsorbent

The slag from the blast furnace used was treated
according to the experimental protocol defined by
Chouchane et al. [13—17]. Based on the research conducted
[14, 26-28], we sought to transform slag from the blast
furnaces treated into zeolite, minimizing lime content
and increasing silica and alumina content. The
operating protocol undertaken in this experimental
phase is represented as follows:

Initially, we proceeded to prepare a solution in a
one-liter beaker by adding 50 g of treated slag and
NaOH at a concentration of 1 M. The solution was
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heated to a temperature of 80 °C and stirred at a speed
of 200 rpm for a period of 4 h. The mixture was left to
stand for 2 h, then heated to 850 °C for a period of 120
min. After that, Na2HPO4 solution at a concentration
of 10 mg L-! was added and mixed at a moderate speed
of 100 rpm until homogeneous. The homogenized
solution was gradually enriched with drops of NaOH
over a period of 5 min, after which it was allowed to
stand until the solid and liquid were completely
separated. After being recovered by filtration and
cleaned with distilled water, the solid was steamed at
105 °C for 12 h before being stored in plastic boxes.

2) Reagents and materials

The cadmium ions were assayed by atomic absorption
spectrometry (Perkin Elmer 3110). The characterization
of the solid samples was carried out by X-ray fluorescence
(Siemens SRS 3000) and X-ray diffraction (Rigaku
Ultim IV). The pH of the solution was measured by a
pH meter (Ericsson). Heating of the adsorbent was carried
out by a muffle furnace (Nabertherm HT16/17).
Stirring was carried out using a mechanical stirrer
operating at different speeds. The specific surface of
the slag samples was measured using the Brunauer,
Emmett and Teller model (BET model).

3) Specific surface area determination

The specific surfaces of the treated slag samples and
the zeolite were determined from the quantity of
nitrogen adsorbed as a function of its pressure. This
process was carried out at the boiling temperature of
liquid nitrogen (-196 °C) and under normal atmospheric
pressure (760 mmHg) [2]. The experimental data of
N2 gas desorption at 77K were evaluated with the BET
model [29].

4) Adsorption process

Batch mode experiments were performed to examine
the adsorption of cadmium on the zeolite. The tests
were carried out using solutions of volume 1 liter. The
technical approach is to introduce a very precise
quantity of MS into a solution containing cadmium of
known concentration prepared from cadmium salt
(Cd(NO3)2-4H20). The experimental procedure was
inspired by the method recommended by Chouchane
et al. [13]. The experimental conditions applied in this
process are described as follows:

In this study, we first analyzed the impact of contact
time with the aim of optimizing the number of tests
performed. The influence of contact time was studied
for a period ranging from 0 to 180 min, under specific
conditions: Co: 30 mg L1, Vag.: 100 rpm, pH: 4.8, T: 20
°C, IIIs: 400 um, ms: 1g. On the other hand, the effects

of the mass of the adsorbent (ms), the stirring speed
(Vag), the pH of the solution (pH), the particle size of
the solid (IIIs), the concentration initial of the solution
(Co), and the temperature of the medium (T) were
examined over a period ranging from 0 to 50 minby
varying their values. The mass of the adsorbent (ms)
was studied from 0.2 to 1.4 g (0.4, 0.6, 0.8, 1, 1.2, and
1.4 g). The stirring speed (Vag) was operated between
50 and 200 rpm, including speeds of 50, 100, 150, and
200 rpm. The pH of the solution was adjusted between
2.8 and 6.5, with specific values of 2.8, 4.4, 4.8, 6, and
6.5. The particle size of the solid (IIls) was varied from
200 to 500 pum (200, 300, 400, and 500 um). The initial
concentration of the solution (Co) was examined from
30 to 300 mg L-! (30, 60, 90, 120, 150, 180, 210, 240,
270, and 300 mg L-!). The temperature of the medium
(T) was studied between 20 and 55 °C (20, 35, 45, and
55 °C).

The adsorbed quantity of cadmium (qe) and the
adsorption percentage (R) are calculated from Eq. 1
and 2.

Co-C
qe = Om—st XV (Eq. 1)
%R = 22 x 100 (Eq. 2)

Where: Co: initial solution concentration, (mg L-1),
Ct: solution concentration after a time t (mg L1); Ce:
Concentration at equilibrium (mg L!), V: volume of
the solution (L) and ms: adsorbent mass (g).

5) Point of zero charge

The approach developed by Chouchane et al. [14]
was used to define the zero charge point (PZC). For
this experiment, we used 2 g of adsorbent in 0.1 and
0.01 N potassium chloride (KCI) solutions for each
test. The purpose of these tests was to identify the type
of adsorbent burden. Indeed, the pHpzc value tells us
about the nature of the adsorbent surface. If the pH is
greater than pHpx, it is negative, which facilitates cationic
adsorption. Otherwise, it promotes anionic adsorption

[3].

6) Desorption process

The method advocated by Chouchane et al. [16-17]
was followed in the desorption of cadmium ions from
modified slag (MS). The following experimental metho-
dology was used to carry out this action:

+ Using filter paper, 10 g of saturated adsorbent were
obtained.

* The recovered MS was dehydrated for 24 h at 105°C.
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+ Cadmium desorption was carried out using H20
and several eluents, namely HCL, H2SO4 and HNO3,
at a concentration of 0.1M.

* The desorption process was completed after 80
min of agitation (150 rpm).

« All tests were conducted in beakers of 1 L volume.

Results and discussion
1) Characterization of adsorbent

The results of solid characterization tests per-
formed by XRF and XRD are presented in Tables 1 and
Figure 1, respectively.

According to Chouchane et al. [14], it was indicated
that slag consists mainly of silica (SiO2: 40.1%) lime
(Ca0: 35.45%), alumina (Al203: 12.96%) and magnesium
oxide (MgO: 5.12%) (Tablel and Figure 1a). On the
other hand, analyzes of zeolite revealed that it is
composed of mainly of sodium oxide (Na20: 27,11%),
silica (SiO2: 20,74%), alumina (Al203: 15,78%), lime
(CaO: 11.65%), and phosphorus pentoxide (P20s:
7.28%), (Table 1). The rise in sodium oxide percentage
from 0.7 to 27.11% indicated that the conversion of
BES to MS was successfully completed. Additionally,
the presence of phosphorus pentoxide was observed in
the final product. It is essential to specify that LOI is
an expression equivalent to the loss of mass detected
during the analysis of the solid samples examined.

Table 1 Chemical composition of treated slag (BES) [14]

and modified slag (MS)
Elements Mass %

BFS MS
CaO 35.45 11.64
AlOs3 12.96 15.78
Si02 40.1 20.74
Fe20s3 2.11 0.82
MgO 5.12 1.02
MnO 1.04 0.4
K20 0.2 0.21
Na2O 0.7 27.11
P20s 0 7.27
LOI 2.32 14.98

Physico-chemical tests carried out by XRD had
confirmed the results carried out by XRF. Indeed, it
has been observed that MS is essentially composed of
sodium oxide, silica, alumina, lime, and phosphorus
pentoxide (Figure 1b). It is important to mention that
the absence of minor metal ions is due to their
dispersion in the MS structure [28]. The Ca/P, Na/Al

and Si/Al ratios are 1.61, 1.71 and 1.31, respectively.
From these results, we were able to conclude that
modified slag (MS) is essentially composed of zeolite
(Na20, SiO2, Al203) and hydroxyapatite (P205, CaO)
[30-31].

2) Effect of contact time
The influence of the contact time on the adsorption

of the pollutant in solution is crucial because it allowed
us to reduce the duration of the tests and to determine
the time of thermodynamic pseudo-equilibrium. The
effect of contact time from 0 to 180 min is shown in
Figure 2a. The experimental data clarified that the
cadmium adsorption by MS achieves thermodynamic
equilibrium after 50 min of contact under the afore-
mentioned experimental requirements (Figure 2a).
Furthermore, it was noted that the adsorption went
through three phases: fast (0 at 30 min), weak (30 at 50
min), and inactive from 50 min. The speed of the
process was prompted by the presence of multiple free
sites on the adsorbent surface [6]. The attractive forces
existing between the cadmium ions and the adsorption
sites contributed positively to this outcome. The low
adsorption was caused by the gradual reduction of free
adsorption sites. Moreover, the cessation of the adsorption
process was due to the unavailability of vacant adsorp-
tion sites and, consequently, saturation of the adsorption
surface [17]. From literature, it was noticed that the
adsorption of cadmium on different adsorbents, namely
kaolinite, empty palm fruit clusters, magnetic biochar,
and manganese-modified biochar has been accomplished
after 120.9 min, 90 min, 30 min, and 6 h, respectively
[30-33]. Based on this result, we could conclude that
the adsorption of cadmium on MS was rather rapid.

3) Effect of adsorbent dosage

The influence of adsorbent dose on cadmium
adsorption by MS is illustrated in Figure 2b. According
to the tests performed, it was noted that at doses of
adsorbent between 0.4 and 1 g L-1, the efficiency and
sorption capacity of cadmium increased by 48.88%
and 14% respectively (Figure 2b). On the other hand,
we observed that at ms > 1g the adsorption rate and
capacity decreased by 9.75% and 2.92 mg g'l. The
multiplication of free adsorption sites was undeniably
responsible for the efficiency of cadmium adsorption
on MS [34]. The reduction in adsorption efficiency is
probably generated by the insufficiency of cadmium
ions supplied relative to the growing active adsorption
sites [35].




App. Envi. Res. 46(2) (2024): 027

100

80

60

40

20

Adsorption rate (%)

100
90
80
70
60
50
40
30
20
10

Adsorption rate (%)

0.7

0.6 1
0.5
0.4 1
0.3 1
0.2 1
0.1 1

(mv)

tial

1E-15
-0.1

Zeta poten

-0.6
-0.7

-0.2 4
-0.3 4
-04 -
-0.5 4

Intensity (a.u.)

y

- Si10

1
1
-
Ll
4
4

2 ® 0 = & L]

20(9)

-5
1 ——=+—-R ——=—-qe
s -0
N
\ N
* FEIFIFIFIIIIITES )
1 )
\ - 10 é
| ¢ @) 5
#/\ 15 &
1/ LLI—I—I—I-I-I-I--I—I—I—I—I—H’ 20
/
T T T T T T r r —- 25
0 20 40 60 80 100 120 140 160 180
t (min)
. -0
| ——=+—R —4—-ge
I B e B
i -~
//H/
] ,l/ (C) - 10 g'g
- >\/ |- 15 g/
v \I\ Py
) N =
\
1 - 20
4 i\\
S —4——3
: . . T " T 25
0 100 200 300
Agitation speed (rpm)
--4-- 0,1 KCl --o-- 0,01 KCI
&
3\:\;
\ﬂ:\
\:\
0 1 2 3%4 5 6 7T 8
Ve
\
\ ®
\ \sm._‘ _
\I\ - - - g
(e) - ~“I~——§___I
Solution pH

Intensity (a.u.)

Adsorption rate (%)

Adsorption rate (%)

Adsorption rate (%)

100

80

60

40

20

120

100

80

60

40

20

120

100

80

60

40

20

0
——=<—-R ——=—-qe
X 5
\
\\R /E"\ - 10
/ ‘E\\i
N F
(b) 7 15
% =y
% \ ==
/ \ Ve
< = - - 20
- - 25
0.5 1 1.5
Adsorbent dosage (g L)
-8
—=—R —=—-qge | 4
ﬁ—‘.,* -0
\ /§ L4
\ -=* 8
\ //Y
\t - 12
(d A 16
/
) \ [
AN 20
/ i
Va ~—3 - 24
N |2
—* D'y
12 3 4 5 6 132
36
pH of solution
0
—+—-R
S
/}\\\I
/ i
, S 10
/ ¥
¥ - 15
3
\ 5 [
\ Ve
\ - - 25
6] L
7
‘ ‘ \I— ‘ _F 30
100 200 300 400 500

Particle size (um)

qe (mg/g)

qe (mg/g)

qe (mg/g)

Figure 2 Plots of (a) effect of contact time, (b) effect of adsorbent dosage, (c) effect of agitation speed,
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4) Effect of agitation speed

The action of stirring speed has a considerable
impact on the adsorption process, as it plays a vital role
in the diffusion of metal ions from the liquid to the solid
surface [18]. In this perspective, we experimented with
different stirring speeds from 50 to 250 rpm (Figure 2c).
From Figure 2c, it was observed that the adsorption
efficiency gradually progressed at speeds between 50
and 200 rpm. the adsorption yield and capacity increased
by 11.76 mgg'! and 39.2%, respectively, in this interval.
On the other hand, we noticed that the removal of cadmium
is maintained constantly above 200 rpm (R = 77.13%).
The good propagation of adsorbent particles in the
adsorbate as well as the increase in the diffusion
coefficient are unquestionably responsible for the
adsorption efficiency [14, 36]. The stability of the
adsorption process was certainly caused by the
cessation of external diffusion and, thus, the removal
of the liquid barrier to mass diffusion [16].

5) Effect of initial pH

The pH of the solution is a key element in these
processes, particularly with regard to the adsorption of
metal ions on a solid. For this approach, we experimented
with a pH variation from 2 to 10. The determination
of the zero charge point (PZC) experimentally is shown
in Figure 2e, and the effect of pH on cadmium
adsorption is shown in Figure 2d.

From the experimental results, we observed that
the pH value indicating the PZC is 3.2. The experi-
mental results obtained confirmed the existence of a
positive correlation between cadmium ions and modified
slag (MS) at pH below 3.2. Indeed, we noticed that the
rate and capacity of cadmium adsorption in solution
increased significantly at pHs between 3.4 and 6 (Figure
2d). This development is very coherent since the surface
of the slag in these environments is negatively charged.
From this result, we deduced that the adsorption of
cadmium ions took place under the effect of electro-
static attraction [37-38]. At pH < pHpzc, the positively
charged adsorbent surface prevented cadmium adsorp-
tion due to electrostatic repulsion, which reduced the
adsorption rate and capacity [38]. In addition, excess
protons hinder the movement of cadmium from
solution to the adsorbent surface [13].

This is completely normal, since there is an asso-
ciation between adsorption and chemical precipitation
[15]. It is important to emphasize that cadmium begins
to precipitate in the form of oxide from pH 6.1 [39].
For this purpose, we chose pH = 6 as the optimal value.
According to the bibliography, similar studies (optimal
adsorption at pH = 6) have been cited [40—43].

6) Effect of particle size

The influence of particle size on the performance of
cadmium adsorption on MS is presented in Figure 2f.
From experimental data, it was observed that the cad-
mium sorption was best at @s = 300 um. The calculated
adsorption rates at 500, 400, 300, and 200 um were
71.4%, 84.43%, 95.3%, and 67.4%, respectively. The
reduction in particle size from 500 to 300 um caused
an increase in the adsorption surface area, which generated
an increase in adsorption efficiency [14, 44]. It is important
to mention that the adsorption process decreased for
@s = 200 um (Figure 2f). This effect could be clarified
by the phenomenon of coalescence, that is to say the
return to larger diameters. [18, 36]. These tests allowed
us to predict that the adsorption rate at different
particle sizes is controlled by intraparticle diffusion. It
is important to indicate that this phenomenon is
controlled by the relationship between the surface of
the adsorbent and the volume of the adsorbate, that is
to say the surface/volume ratio. The larger the surface
area, the more effective the adsorption [45].

7) Effect of initial concentration

In order to represent the experimental adsorption
isotherm and measure the optimal adsorption capacity,
we examined the impact of the initial concentration of
cadmium ions, see Figure 3a.

The tests performed indicated that the adsorption
capacity went through two stages. First, it increased from
30 to 240 mg L1, then it became stable despite the in-
crease in the initial concentration from 240 to 300 mg L-!
(Figure 3a). The increase in the initial concentration
created a strong driving force facilitating the transport
of cadmium ions from the solution to the adsorbent by
reducing the resistance to mass transfer [17, 46]. The
invariability of the maximum capacity was certainly
caused by the saturation of the surface of the adsorbent
and also the elimination of resistance to external diffusion.

In Figure 3a, it was also observed that the sorption
efficiency of cadmium decreased with the increase in
the initial concentration. Indeed, the supply of cadmium
ions relative to a limited number of free sites accelerates
saturation, which leads to a weakening of the adsorp-
tion rate [6, 19]. The experiment carried out led us to
conclude that the maximum adsorption capacity in
our experimental conditions is 133.34 mg g1

8) Adsorption isotherms

The adsorption isotherms were developed to deter-
mine the quantities adsorbed at equilibrium and also
to identify the reacting interactions for an adsorbate
adsorbent system. For this purpose, we opted for the
Freundlich, Langmuir, and Temkin models to elucidate
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this phenomenon, namely the adsorption of cadmium
on MS. The Freundlich model was used to describe the
adsorption process on heterogeneous surfaces in a
reversible system. Its linear form is represented by Eq. 3
(29].

logq., = logk +%logCe (Eq.3)

The Langmuir model was used to describe the
adsorption process on a single energetically homo-
geneous layer, where the equivalent adsorption sites
can only contain one molecule per site. Its linear
equation and the equation determining the separation
factor (RL) are represented by Eq. 4 and 5 [17].

e 1 ¢, 42 (Eq. 4)

de dmax Amaxb

1
L™ 14¢eb

(Eq.5)

The Temkin model was established on the principle
that the heat of adsorption of molecules located on the
same layer decreases linearly due to the strengthening
of the surface coverage of the adsorbent. Its linear
equation is represented by Eq. 6 [7].

qe = BrlnAy + BrlnCe (Eq. 6)

Where qe and qmax are equilibrium adsorption
capacity and maximum capacity (mg g'!), Co and Ce
are the initial concentrations and at equilibrium (mg
L), b is the thermodynamic constant of Langmuir
(L.mg1), Ri: the ratio indicates the quality of the
adsorption, kr and 1/n are the Freundlich constants

related to adsorption and affinity, Bt = I;—T, At is Temkin
T

isotherm equilibrium binding constant (L g1), bT is
constant related to heat of sorption (KJ kmol-1).

The plots of the Freundlich, Langmuir and Temkin
models are reproduced in Figures 3b, 3¢, and 3d. The
appearance of the adsorption isotherms is represented
in Figure 3e. The values of their parameters are
displayed in Table 2. The correlation coefficients and
parameters of the models examined, namely the
Freundlich, Langmuir and Temkin models were
determined from Figures 3b, 3¢ and 3d, respectively.

Based on the results presented in Table 2, it was
found that the Langmuir model is best suited to the
experimental data. Indeed, the correlation coefficient
of the Langmuir model is higher than that of other
models (RZLang.> R2Temk.> R2Freu.). Moreover, the
maximum experimental and theoretical adsorbed
quantities are very similar.

Table 2 Isotherm parameters for cadmium adsorption

Models Parameters Values
Freundlich kr (mg g!)(mL mg-1)l/n 22.64
n 3.07

R2 0.927

Langmuir qmax (mg g'1) 134.06
ke (L mg1) 0.128

R2 0.999

RL 0.23-0.02

Temkin br (k] mol-!) 0.73
AT(Lgl) 2.01

R2 0.941

From Figures 3a and 3e, we observed that the
Langmuir and experimental isotherm plots are very
consistent, which confirms that the adsorption of
cadmium on MS was performed on a monolayer and
homogeneous surface [3, 7]. Indeed, it has been observed
that the adsorption isotherm of Langmuir and type L.
It passes through a rapid phase in the domain of low
concentrations, then a moderately weak phase, and
ends in a constant phase with the appearance of a long
horizontal plateau. This effect tells us about the
formation of a monolayer [15-17].

From Table 2, it was also noticed that the values of
the Freundlich parameter (0 < n <10) and the separation
factor (0 < RL <1) confirmed the favorable nature of the
adsorption process [5, 15, 45]. The value of the Temkin
model parameter (bT) indicated that the adsorption is
physical (bt < 8 kJ mol!) [3, 18]. It is essential to
emphasize that the adsorption on BFS and MS was
performed on a homogeneous monolayer surface [19—
21].

9) Kinetics of adsorption

The reaction speed of the process was studied using
pseudo-first-order (PFO) and pseudo-second-order
(PSO) models (Eq. 7 and 8) [11, 21]. The mechanism
of cadmium transfer from solution to MS surface was
examined by external diffusion (ED) and internal
diffusion (ID) models (Eq. 9 and 10) [23, 47].

log(q. — q) = —k,t + logq. (Eq.7)
t 1 t

q  kpq? + qe (Eq. 8)

q=kt+ Crpe (Eq.9)

logCy = kgt + Cigyt (Eq. 10)

where Ct is the concentration at time t (mg L'1), q
is the quantity adsorbed at time t (mg g!), qe is the
adsorbed quantity at equilibrium (mgg-1), tis the time
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of adsorption process, ki is the constant of pseudo-
first-order model (min-!), kB is the constant of pseudo
second order model (g mg! min), kg is the film
diffusion coefficient (min-!); 47 is the diffusion rate
constant in the pores (mg m-! min*) and Cint and Cpxt
are the intercepts.

The graphical presentations from equations 7 to 10
are reproduced in the Figure 4 and their parameters
are reported in Table 3. The modeling results indicated

that the correlation coefficients of the pseudo-second-
order model (R? > 0.99) are higher than those of the
pseudo-first-order model (R? < 0.94) (Table 3).
Furthermore, it was observed that the experimental
maximum capacities and the resulting theoretical
maximum capacities of the pseudo-first-order model
are almost identical (Table 3). From these results, it
was established that cadmium adsorption on MS follows
pseudo-second-order kinetics [21, 38].
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Figure 3 Plots of (a) effect of initial concentration on cadmium adsorption, (b) presentation of the Freundlich
model, (c) presentation of the Langmuir model, (d) presentation of the Temkin model
and (e) presentation of cadmium adsorption isotherms on MS.
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Table 3 Kinetic parameters
Models Parameters Values
T (°C) 20 35 45 55
geexp (mg g 1) 134.34 127.81 123.78 120.31
PFO Kt (min-1) 0.328 0.304 0.291 0.281
qetheo (Mg g1) 145.89 136.14 131.34 127.65
R2 0.92 0.941 0.932 0.931
PSO KB (g/mg min) 0,0045 0,0056 0,0066 0,0074
getheo (mg g1) 134.92 128.42 124.33 121.08
R2 0.996 0.991 0.989 0.998
ED Cext 5.52 5.58 5.65 5.68
Kext (min-1) 0.0093 0.0082 0.0071 0.0062
R2 0.989 0.993 0.989 0.977
1D Cint 11.2 20.36 29.64 40.85
Kint (mg g.min-!) 20.34 11.35 6.46 4.52
R2 0.921 0.932 0.956 0.961

From the resulting graph of Eq. 9, it was observed
that the lines were not linear and did not pass through
the origin. Moreover, it was displayed in Table 3 that
the correlation coefficients were greater than 0.9. Based
on these data, we established that intraparticle diffusion
is not the only mechanism regulating the cadmium
adsorption process on MS [19, 47]. On the other hand,
the plots resulting from Eq. 10 showed linear lines with
correlation coefficients of more than 0.95 (Figure 3d
and Table 3). From this information, it was revealed

that external diffusion also controlled the transfer of
cadmium ions to the adsorbent [3, 17-18].

From these achievements, we could conclude that
the adsorption process of cadmium on MS is controlled
sequentially by external and internal diffusion [3, 15].
It should be noted that with the rise in temperature,
the thickness of the film widened, which caused a slow
diffusion of cadmium ions towards the MS [49]. It is
for this reason that we observed a clear regression in
the value of the diffusion constant (kw) (Table 3).
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10) Effect of temperature

The kinetics of the adsorption of cadmium in
solution under the effect of temperature are shown in
Figure 5a. The test results showed that the efficiency of
cadmium adsorption on MS decreased with the tem-
perature of the medium. Indeed, it was noted that the
optimal capacity and the adsorption rate declined,
respectively, by 8.44 mg g and 28.13% between 20
and 55 °C. From this action, we deduced that the
adsorption of cadmium on MS is exothermic [16-17].
The weakening of the adsorption process with the
increase in temperature was surely caused by the
progression of the movements of the cadmium ions in
solution, which attenuated the correlation between
adsorbent and adsorbate [49].

In the same perspective, a thermodynamic examination
was undertaken to identify the nature and mechanisms
of interaction recommending this process. The nature
of the adsorption process was identified by the values
of the thermodynamic parameters, namely AG®, AH®, and
AS°. These parameters were calculated from Eq. 11-13
[13, 35]. The interaction mechanism favoring the
adsorption of cadmium was verified by the value of the
activation energy. The Arrhenius equation (Eq. 14)
was used to calculate the activation energy [6].

AG® = —RTInky (Eq. 11)
0 0

Inkg = - X T+ (Eq. 12)
Ci—Ce, V _ Qe

kd i X Vi Ce (Eq 13)

Ink,, = InA — =2 (Eq. 14)

The apparent constant kap was evaluated from Eq.
15 [6].

kap = kL X KB (Eq 15)

Where AG® is the Gibbs free energy (kJ mol-1), AS°
is entropy (J mol-! K1), AH® is enthalpy (k] mol!), R is
the universal gas constant (8.314 ] mol! K1), T is the
absolute temperature (K) and Kd is distribution coef-
ficient (L g'1), Ea is activation energy, k. and kB are the
constants of the pseudo first and second order
respectively, T is the absolute temperature (K) and A is
frequency factor.

Van’t Hoff and Arrhenius plots are represented by
Figures 5b and 5c. The values of the thermodynamic
parameters, activation energy and distribution coefficient
are displayed in Table 4.

From Figure 5b, it was observed a good correlation
between the Van't Hoff model and the experimental
data (R 0.99) (Table 4). The regression of the distribution
coefficient (Kd) with the increase in temperature clarified
that the cadmium adsorption was less favorable in heated
aqueous media [19]. The AG®, AH®, and AS° values
indicate that the adsorption process accomplished was
spontaneous, exothermic, and less entropic [16, 35]
(Table 5). A regression of AG® with increasing solution
temperature demonstrated that mass transfer is
inversely proportional to the temperature of the
medium [13]. The enthalpy value (AH®° < 40 kJ mol!)
explained that the removal of cadmium was accomp-
lished by physical adsorption [9, 17]. This aspect was
also endorsed by the values of Gibbs energy (-20
<AG°< 0 kJ moll) [14]. The decrease in random
movements on the surface of the adsorbent was
imposed by the cationic interaction of the cadmium
ions with the slag examined [23]. The energy value of
activation (Table 4) confirmed that the cadmium
adsorption process of MS is carried out physically [3].

11) Cadmium desorption

In order to facilitate the desorption of cadmium
from the saturated MS. We propose acidic eluents with
the aim of modifying the charges of the adsorbent surface
and thus intensifying the repulsive effect. The equation
below (Eq. 16) was used to assess the desorption quality.

desorption rate = ddes 100 (Eq. 16)

ads

Where qads is the adsorbed quantity at equilibrium
(mgg!) for cycle I and qdes is the desorbed quantity at
equilibrium (mg g!) of each cycle.

The kinetics and efficiency of cadmium desorption
under the effect of various solutions are reproduced in
Figures 6a. From the experimental data, it was noticed
that the presence of HCl in solution strongly promoted
the desorption of cadmium ions from the saturated
MS. Indeed, the desorption rate of cadmium was
largely high under the action of HCI and too little
under the action of distilled water (HCl > H2SO04 >
HNO3 > H20) (Figure 6(a)). The observed efficiency
was probably caused by the generation of a large
number of protons, which influenced the character of
the adsorbent surface [3, 9]. According to the
experimental acquired, it was also specified that the
saturated MS could be reused for five successive cycles
using HCI (0.1M) (Figure 6b). The inefficiency of the
desorption process after the fifth cycle was undoubtedly
generated by the loss of mass and the depletion of
active adsorption sites [15, 17].
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Figure 5 Plots of (a) Effect of temperature, (b) Van’t Hoff equation and (c) Arrhenius equation.
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Figure 6 Plots of (a) desorption kinetics and (b) desorption cycles.
Table 4 Thermodynamic parameters of cadmium adsorption
T (K) AH? (k] mol-1) AG® (k] mol-1) AS° (J mol-1K-1) Ea (k] mol-1) R2 Ka(Lg?)
293 -17.42 1,252
308 -18.07 1,139
318 -6.98 _18.48 -25.67 5.07 0.99 1,065
328 -18.91 1,005
Conclusion revealed that the MS mainly consisted of sodium oxide,

In this study, the adsorption of cadmium ions in
batch mode on blast furnace slag converts hydroxy-
apatite-zeolite was discussed. The transformation was
carried out by adding alkaline chemical reagents and
performing heat treatment. The studies conducted

silica, phosphorus pentoxide, alumina, and lime. Its
PZC was detected at pH 3.2, and its specific surface
area is 410.23 m?2 g-l. According to the experimental
results, it was discovered that the efficiency of cadmium
adsorption on MS essentially depended on the involve-
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ment of the determining parameters, namely contact
time (50 min), stirring speed (200 rpm), dosage of the
adsorbent (1g L1), pH (6), temperature (20°C), particle
size (300 um), and initial concentration (240 mg L-1).
Its maximum adsorption capacity was 133.34 mg g1
The adsorbent-adsorbate interaction study indicated
that the Langmuir model (R%: 0.99; gmax: 134.06 mg g!)
is the most commonly adopted to describe cadmium
adsorption on MS, thus indicating monolayer adsorp-
tion on homogeneous active sites. The para-meters RL
(0.02-0.23) and n (3.07) from the models examined
revealed that adsorption is favorable. The kinetic study
showed that the cadmium adsorption on MS follows
pseudo-second-order kinetics (R2: 99). In addition, it
revealed that the transport of cadmium from the
solution to the adsorbent surface of MS was controlled
by external and intraparticle diffusion. The thermody-
namic parameters AG°, AH®, and AS® explained that
cadmium adsorption on MS is spontaneous, exothermic,
and less entropic, respectively. The values of the enthalpy
(AH®: -6.98 k] mol-!) and the activation energy (Ea: 5.07
k] mol!) revealed that this process was accomplished
physically under the effect of electro-static attraction.
The desorption process explained on the one hand that
HCI (0.1 M) is the most favorable eluent. On the other
hand, it was pointed out that MS could be reused for
five successive cycles. From this study, we reasoned that
hydroxyapatite-zeolite can be exploited as a reliable
adsorbent to remove cadmium ions from wastewater.
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