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Abstract

In this work, the silica gel recovered from the blast furnace slag was exploited for the elimination of cadmium in batch
mode under the action of different factors. Physico-chemical analyzes revealed that the modified slag is only composed
of silica (96.14%). Its specific surface area is 484 m?g~! and the pH corresponding to point of zero charge is 4.2. Adsorp-
tion isotherms demonstrated that the removal of cadmium on modified slag The experiment revealed that at pH 6, the
effect of the determining factors contributed to the progression of the sorption capacity, which was measured at 154.11
mg/g and was accomplished on a homogeneous monolayer surface (R?= 099). Kinetic analysis revealed that this process
agreed with the pseudo-second-order kinetic model (R? > 0.99). In addition, it was indicated that the diffusion of the pol-
lutant is ensured by external and intraparticle diffusion. The values of thermodynamic variables clarified that cadmium
sorption is spontaneous, exothermic, less entropic and physically executed under the effect of electrostatic interaction.
The desorption process revealed that the reuse of Silica gel was feasible over five consecutive cycles.
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1. Introduction

Water contamination has become a major global
problem, with its effects on humans and their environ-
ment. Indeed, used oils, organic materials (dioxins, poly-
chlorinated biphenyls, polycyclic aromatic hydrocarbons,
pesticides, etc.), and especially toxic metals (Cd, Hg, As,
Pb, Cr, Ni, Zn, Mn, etc..) are continually released into the
environment, causing serious pollution of fauna and flora,
which will directly or indirectly affect the economy and
the health of populations.! To guarantee a healthy environ-
ment and preserve this natural wealth (water), it is neces-
sary to impose severe sanctions against all forms of pollu-
tion. In addition, it is essential to use innovative techno-
logical processes, namely ion exchange, solvent extraction,
reverse osmosis, ultrafiltration, microextraction of mag-
netic nanomaterials, and adsorption.? In the latter process,
the use of inexpensive adsorbents such as natural materials
and industrial solid waste have been widely indicated in
recent times.>* In this context, we opted for research to

eliminate cadmium in solution by adsorption on silica gel
prepared from blast furnace slag from the El Hadjar steel
complex in Algeria.

Cadmium is widely used in several industries,
namely mining, surface coating, the manufacturing of
zing, batteries, alloys, and solar cells. It is considered very
harmful. Its accumulation in the organs represents the
most dangerous action. Indeed, its introduction could
cause hypertension, kidney failure, loss of calcium, reduc-
tion of red blood cells, and other harmful consequenc-
es.! These effects have prompted the World Health Or-
ganization and the International Agency for Research on
Cancer to classify it as an enormously harmful contami-
nant.® From the literature, it was noted that the elimina-
tion of cadmium in solution had been the subject of mul-
tiple research studies.®° It should be mentioned that the
experimental results resulting from these applications
displayed a good agreement and also an excellent affinity
between the adsorbents examined and the cadmium ions
in solution.
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Blast furnace slag is a by-product regenerated during
the production of cast iron from ores in steel blast furnaces.
It is composed of lime, silica, alumina, magnesium oxide,
and a small percentage of metal oxides.!® According to the
bibliography, it has been cited that blast furnace slag was
considered an adsorbent of choice for the removal of metal
ions in solution.!®~2° From the literature, it has also been
cited that various adsorbents were formulated from blast
furnace slag. For example, blast furnace slag was trans-
formed into hydroxyapatite-zeolite material for the adsorp-
tion of Mn?*, NH*" and PO, ions, 2! and it was also suc-
cessfully converted to slag oxalate for the adsorption of
Co(II) ions in solution.?? Furthermore, the synthesis of sil-
ica nanoparticles from blast furnace slag was carried out in
order to use them as an adsorbent to remove azo dyes,?
and the Tobermorite hydrothermal was formulated from
blast furnace slag for the adsorption of Cs+ and Sr?*.24

Silica gel (SG) is a silicon hydroxide Si(OH), poly-
mer of silicic acid prepared from sodium silicate. Silica can
be obtained by different extraction techniques, including
the alkaline fusion method,?> and the reflux extraction
method.?® According to research studies, the alkaline fu-
sion method is the most effective due to its ability to de-
compose silica and alumina at high temperatures.?”8 The
fusion of silica with alkali hydroxide is a key factor in the
extraction of metals from solids.?

Due to its high porosity and large specific surface ar-
ea, silica gel has been exploited as an adsorbent in waters
containing metal ions.’® Effectively, silica gel prepared
from chemical waste bottles was used for the elimination
of Zn(II) ions in solution.?! The chemically modified silica
gel with a thiol group has been suggested for the removal
of toxic metals from industrial liquid discharges,32 and
modified with a chelating ligand has been proposed for the
adsorption of mercury ions.** Additionally, silica gel has
been recommended in the adsorption processes of ion-
ic-imprinting polyamine,* and also for the adsorption of
Pb(II) ions in an aqueous medium.>”

The aim of this study was to transform blast furnace
slag into a silica gel and prove its effectiveness as an adsor-
bent in cadmium-containing wastewater. This work was
implemented in several stages. To begin, we collected,
treated, and modified the blast furnace slag in order to in-
crease its specific surface area and thus improve its adsorp-
tion power. The treatment and modification of the slag
were carried out according to appropriate experimental
procedures. The solid's physicochemical characterization
was carried out by X-ray fluorescence (XRF) and X-ray
diffraction (XRD), and its specific surface area was defined
by the BET model. Subsequently, we began the process of
removing cadmium from silica gel by taking into consid-
eration the determining factors, such as contact time (tc),
silica gel mass (ms), solution stirring speed (V,,), pH of
solution, solution temperature (T), silica gel particle size
(Ds), and initial concentration of the pollutant solution.
Thirdly, we investigated the interactions reacting between

the silica gel and the cadmium ions (Cy), defined the na-
ture of the adsorption, and identified the kinetics of pollut-
ant elimination on modified slag. The Adsorbate-adsor-
bent interactions were detected following the involvement
of appropriate adsorption isothermal models, such as Fre-
undlich, Langmuir, and Temkin. The nature of the process
was determined following the identification of the ther-
modynamic parameters, i.e., free enthalpy, enthalpy, en-
tropy, and activation energy. The adsorption kinetics were
explained following the use of appropriate models, namely
the pseudo-order and diffusion models. In the last phase,
we undertook the desorption process. The reuse process
was accomplished by treating the saturated silica gel with
distilled water and different eluents, namely hydrochloric
acid, phosphoric acid and nitric acid. It is important to
emphasize that the raw slag samples were collected, pro-
cessed, and characterized using appropriate techniques. In
addition, the influencing factors were maximized by fol-
lowing a rigorous and precise operating protocol (experi-
mental plan) for optimal adsorption.

2. Experimental
2. 1. Materials and Methods

The cadmium ions were assayed by atomic absorp-
tion spectrometry (Perkin Elmer 3110). The characteriza-
tion of the solid samples was carried out by X-ray fluores-
cence (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 differ-
ent speeds. The reagents used, namely hydrochloric acid
(HCI), nitric acid (HNOs), sulfuric acid (H,SO,), and so-
dium hydroxide (NaOH) were of analytical grade (Merck).

2. 2. Treatment of Solid

The treatment of the blast furnace slag samples was
carried out in accordance with a well-defined experimen-
tal protocol.? The modification of the slag into silica gel
(SG) was carried out according to the following experi-
mental approach:

o 50 g of treated slag were introduced into a beaker with
a volume of 1 L containing NaOH (1 M).

+ The mixture was stirred for 90 minutes at a partially
low speed (100 rpm).

o The mixture was heated at 800 °C for 2 hours, then 20
ml of Na,HPO, (10 mg/L) was added.

o The mixture obtained was further stirred (200 rpm)
until homogenized;

o The treated solid was recovered by filtration, after
standing for almost 8 h;

o The impurities (AI(OH);, Ca(OH),) were removed by
filtration after the resting and cooling of the solution.
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o The recovered filtrate was evaporated to dryness to
provide sodium metasilicate Na,SiO; as residue.

o The resulting sodium metasilicate (20 g) was dispersed
in distilled water with gentle stirring (100 rpm) for 30
minutes.

o After this time, drops of H,SO, (1M, 30 ml) were add-
ed to the stirred solution to obtain silica gel.

o Sodium sulfate (Na,SO,) was removed by the gradual
addition of deionized water.

o The washed gel was steamed at 105°C for 8 hours and
then heated in a muflle furnace at 600°C for 120 minutes.

o Atthe end, it was cooled, crushed, and stored in boxes.

2. 3. Specific Surface Area Determination

The specific surface area of the treated blast furnace
slag and silica gel samples were determined from the
amount 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).3¢ The experimental data of N, gas
desorption at 77 K were evaluated with the BET model.>”

2. 4. Adsorption Process

Batch mode tests were carried out to study the adsorp-
tion of cadmium on silica gel in solution. The experimental
approach consisted of adding a certain mass of silica gel to a
solution containing cadmium. The solutions examined were
prepared from cadmium salt in beakers of 1 L volume. The
experimental conditions applied are given below:

o Contact time (tc) effects, and equilibrium estimation:
t. = 0-180 min; Cy = 30 mg/L; V,; =200 rpm; pH =4.4;
T=20°C; Qs =500 pm; mg=1g.

o Optimization of adsorbent mass (ms): t. = 60 min; C,
=30 mg/L; V=200 rpm; pH = 5.4; T = 20 °C; Qs =
500 um; mg=0.4,0.6,0.8,1,1.2,14g.

« Optimization of agitation speed (V,g): t. = 60 min; C, =
30mg/L; Vg = 100, 200, 300, 400 and 500 rpm; pH =
5.4; T =20°C; @s = 500 um; m, = 1g

+ Optimization of pH: t. = 60 min; Cy = 30 mg/L; Vg =
300 rpm; pH =2.5,4.4,4.7,5.3,6,6.3 and 6.6; T = 25°C;
s =400 um; m, = 1g.

o Optimization of particle size (@s): t. = 60 min; Cy = 30
mg/L; Vag, =300 rpm; pH = 5.8; T = 20 °C; Os = 100,
200, 300, 400 and 500 pm; m, = 1g

o Optimization of Temperature (T): t. = 60 min; C, =30
mg/L; V,, = 300 rpm; pH = 6; T = 20, 35, 45 and 55 °C;
P=200um;my=1g.

o Optimization of the initial concentration (C,), and
evaluation of the maximum adsorbed quantity (qe): t.
= 60 min; Cy, = 30-300 mg/L; V,; = 300 rpm; pH = 5.8;
@Ps=200pum, T=20°C;m;=1g.

o Study of adsorption isotherms: t. = 60 min; C, = 30-
300 mg/L; V,g = 300 rpm; pH = 6; @s = 200 um, T = 20
°CGmg=1g.

 Study of adsorption kinetics: t. = 60 min; C, = 30, 60,
and 90 mg/L; V,, = 300 rpm; pH = 6; @s = 200 um, T =
20, 35,45,55°C;my=1g.

The adsorbed quantity of cadmium, denoted by qe
and expressed in mg/g, and the adsorption yield, symbol-
ized by R and expressed as a percentage, are obtained from
equations 1 and 2.

Co_Ct

Qe = m—SXV (1)
R = 2= %100 )
Co

Where: Cy: initial solution concentration (mg/L), C:
solution concentration after a time t (mg/L); C.: Concen-
tration at equilibrium (mg/L), V: volume of the solution
(L) and my: adsorbent mass (g).

2. 5. Point of Zero Charge (pszc)

The zero point of charge (ZPC) is a very important
parameter for the evaluation of the surface charge. Indeed,
this quantity allows us to decide whether the surface
charge is zero (pH = pH,,.), positive (pH < pH,,.) or neg-
ative (pH > pH,,).> The ZPC study involved the addition
of 0.1 g of silica gel (SG) samples to a solution containing
KNOj; (0.1 M). This experiment was applied at different
pH, namely 2, 4, 6, 8, 10, and 12. The pH adjustment was
carried out by the addition of a few drops of H,SO,. These
solutions were shaken under operating conditions of 25°C
and 200 rpm for 24 h. The ZPC was obtained at the inter-
section of the ApH (pHg pH;) versus initial pH (pHi) plot
with the X axis.”

2. 6. Desorption Process

The process recommended by Chouchane et al.!®
was applied to desorb cadmium ions from silica gel. The
experimental approach below was used to carry out this
work:

« Using filter paper, 10 g of saturated adsorbent were ob-
tained.

o The recovered silica gel was dehydrated for 24 hours at
105 °C.

o+ Utilizing H,O and a number of eluents, including HCI,
H,S0,, and HNOj at 0.05 M concentration, the cadmi-
um desorption study was investigated.

o The desorption process was completed after 150 min-
utes of agitation (150 rpm).

3. Results and Discussion

3. 1. Characterization of Adsorbent

In this work, the solid samples of blast furnace slag
and silica gel were studied by XRF and XRD. The mass per-
centages of the materials examined are shown in Table 1,
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while the XRD characterization is illustrated in Figures 1a
and 1b. The new tests carried out by XRF of the blast fur-
nace slag confirmed the results presented a recent re-
search.l” Indeed, the slag examined was made up of lime
(CaO: 35,2), silica (SiO,: 40,85), alumina (Al,Os: 11,38),
magnesium oxide (MgO: 5,03) and a fine quantity of metal
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oxide (Table 1). According to Table 1, silica gel consists of
96.14 % of silica (SiO,).

In Figure 1a, it was determined that the results of the
XRF analysis were consistent with those of the XRD anal-
ysis. High levels of lime, silica, and lower levels of alumina
and magnesium oxide were detect. XRD analysis of silica
gel obtained from converted blast furnace slag showed a
significant increase in silica content and the absence of
lime, alumina, sodium oxide and phosphorus pentoxide
(Figure 2b), which have certainly dispersed in the struc-
ture.

3. 2. Contact Time Effect

The effect of contact time in adsorption processes is
a crucial factor since it tells us about the equilibrium time
and therefore allows us to reduce the number of tests. The
impact of contact time is shown in Figure 2(a).
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Figure 1. Diffractogram: (a) slag [19], (b) silica gel
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Table 1. Chemical composition of treated blast furnace slag(BFS)
[16], and silica gel (SG)

Element Treated slag (BFS) Silica gel (SG)
Mass %

CaO 35.21 0.67
ALO; 11.38 0.46
SiO, 40.85 96.14
Fe,0, 1.36 0
MgO 5.03 0
MnO 1.04 0
K,0 0.2 0
Na,O 0.99 0.61
P,05 0 0.35
LOI 3.94 1.77
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Figure 2. (a) Effect of contact time: C, = 30 mg/L; V,, = 200 rpm;
pH =4.4; T =20 °C; @s = 500 um; m, = 1 g, (b) Effect of adsorbent
dosage: t. = 60 min; C, = 30 mg/L; V,, =200 rpm; pH = 5.4; T = 20
°C; @s = 500 um
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According to the experimental tests, it was noticed
that the saturation time of the adsorbent surface was
achieved after 60 min. From Figure 2(a), we observed that
this process went through three stages, namely fast, moder-
ately slow, and stable. Between 0 and 30 min (rapid stage),
the adsorption rate was 84.72%, and the adsorbed quantity
increased from 0 to 18.25 mg/g. This outcome was certainly
generated by the availability of multiple active adsorption
sites.!” From 30 and 60 min (medium slow stage), the ad-
sorption rate was 15.27%, and the adsorption capacity in-
creased by 3.29 mg/g. This effect was probably due to the
gradual decrease in free sites on the surface of the adsor-
bent.!® On the other hand, in the last stage, the adsorption
rate and the sorption capacity remained constant despite
the contact time increasing from 60 to 180 min. This result
is undoubtedly caused by the absence of free adsorption
sites, that is to say saturation of the adsorbent surface.?

According to the data in the bibliography, we ob-
served that as cadmium adsorption of on silica gel pre-
pared from blast furnace slag is moderately rapid. Indeed,
the adsorption of cadmium on different adsorbents, such
as natural Bolivian zeolite,® cellulose-embedded poly-
acrylonitrile/amidoxime,* biochar derived from a ma-
nure mix,* Mn oxide-modified pine biochar,*! and Fe;O,
nanoparticles loaded sawdust carbon,*? was accomplished
after 60, 90, 120, 60, 30 and 90 min, respectively.

3. 3. Effect of Adsorbent Dosage

The effect of adsorbent mass on cadmium adsorp-
tion on silica gel prepared from blast furnace slag was ex-
amined using different masses, namely 0.4, 0.6, 0.8, 1, 1.2,
and 1.4 g (Figure 2(b)).

According to the experimental tests, two stages were
observed: one strongly increasing from 0.4 to 1g and the
other slightly decreasing from 1 to 1.4g. At first, we ob-
served that the adsorption rate and capacity increased by
52.26 % and 15.38 mg/g, respectively. While for the second
stage, they had decreased by 3.66% and 1.1 mg/g, respec-
tively. The increase in the adsorption rate and capacity
were surely generated by the existence of many unoccu-
pied adsorption sites.*>*! The reduction in adsorption effi-
ciency is undoubtedly generated by the constant number
of cadmium ions in solution in relation to the number of
active sites in continuous growth.>4¢ For this purpose we
opted for 1g as the optimal mass of silica gel in this pro-
cess.

3. 4. Effect of Agitation Speed

In these processes, medium agitation is a significant
step since it contributes considerably to the pollutant
transport from the liquid to the solid phase.!” For this pur-
pose, we introduced this adsorption process. The stirring
speeds (V,,) exploited are 100, 200, 300, 400, and 500 rpm
(Figure 3(a)).

According to the experimental test results, we dis-
covered that the adsorption of cadmium was more effi-
cient at 300 rpm. Indeed, it was observed that the adsorp-
tion yield and capacity systematically progressed between
100 and 300 rpm (Figure 3a). In this speed range, the val-
ues of adsorption efficiency and capacity increased from
59.46% to 78.26% and from 17.84 mg/g to 23.48 mg/g, re-
spectively. The cadmium adsorption was certainly generat-
ed by an increase in the diffusion coeflicient and, conse-
quently, a better diffusion of cadmium ions from the
solution to the adsorbent surface of the silica gel. #+48

From the same source (Figure 3(a)), we observed
that between 300 and 500 rpm, the adsorption rate and
capacity remained constant (78.26 %, 23.48 mg/g). This
result was certainly caused by the cessation of external
diffusion and, consequently, the elimination of the liquid
barrier to mass diffusion.!” Based on this information, we
opted for a V,, stirring speed of 300 rpm as the most suit-
able.

3. 5. Effect of Initial pH

It is widely recognized that solution ph has a signifi-
cant influence on the adsorption process, particularly with
respect to the adsorption of metal pollutants, due to its im-
pact on adsorbent surface charge and speciation. metallic
pollutants in aqueous environments.>!° In order to better
understand the experimental results from this stage, it is
essential to identify the zero charge point (ZPC). The iden-
tification of the point of zero charge (ZPC or pHzpc) is
demonstrated in Figure 3(b). The study of the influence of
pH is shown in Figure 3(c).

From the analysis of Figure 3(c), we determined that
the value of zero charge point (pHzpc) is 4.2. This outcome
allowed us to predict that the adsorption of cadmium ions
is more efficient at pH > 4.2. It is true that the cadmium
removal efficiency greatly improved when the pH exceed-
ed the pHypc, resulting in an increase of 58.76% and
17.63%, respectively, in the yield and the amount removed
between pH 4 ,2 and 6 (Figure 3(c)). It is important to
mention that the increase in the rate of cadmium elimina-
tion at pH > 6 was also generated by chemical precipita-
tion. Indeed, it has been cited in the literature that the for-
mation of Cd(OH), starts progressively at pH > 6.497>2
From these details, we concluded that the adsorption of
cadmium on silica gel took place efficiently at pH 6 under
the effect of electrostatic interactions.>*>*

Regarding a pH varying from 2.5 to 4, we observed
that the adsorption rates and the experimental adsorbed
quantity were low. The adsorption inefliciency was mainly
caused by the electrostatic repulsion effect instituted be-
tween the adsorbent and the adsorbate.?’ In addition, the
excess H* constituted a partial obstacle between cadmium
ions and the adsorbent surface.!” The interaction between
the adsorbent surface of silica and cadmium in solution is
shown in Figure 4
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Figure 3. (a) Effect of agitation speed: t. = 60 min; C, = 30mg/L; pH = 5.4; T = 20°C; @s = 500 um; m = 1g, (b) Zeta potential as a function of solution
pH, (c) Effect of initial pH: t. = 60 min; Cy = 30mg/L; V,, = 300 rpm; pH = 2.5, 4.4, 4.7, 5.3, 6, 6.3 and 6.6; T = 25°C; @s = 400 pm; m = 1g

According to the study by M'barek et al.,® the ideal
pH for the adsorption of cadmium on mesoporous silica,
zeolite-supported zerovalent iron nanoparticles and cellu-
lose was 6. In the same order of ideas, it has also been
evoked that cadmium was efficiently adsorbed on natural
Bolivian zeolite treated with NaCL,* on polyacrylonitrile/
amidoxime covered with cellulose, > on wastewater treat-
ment sludge,*’ and on kaolin,43 with a pH ranging from 5
to 6.
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Figure 4. Diagram of the cadmium adsorption mechanism on the
silica gel: Presentation of the electrostatic interaction between O
and Cd**

2. 6. Effect of Particle Size

The influence of solid particle size (@s) on the sorp-
tion process of cadmium in solution by silica gel was dis-
cussed for different sizes, namely 100, 200, 300, 400, and
500 pm (Figure 5(a)).

The experimental results indicated that cadmium ad-
sorbed efficiently at a particle size (@s) of 200 pm. It was
observed that by reducing the particle size from 500 to 200
m, the experimental adsorption capacity and yield evolved
by 17.73% and 5.32 mg/g, respectively (Figure 5(a)). It is
highly plausible that the main reason for this efficiency lies
in the reduction in the particle size of the solid, which re-
sulted in an extension of the adsorption surface.!> In-
deed, the larger the surface area, the more efficient the ad-
sorption since this phenomenon is controlled by the ratio
between the surface area of the adsorbent and the volume
of the adsorbate.”® It should be emphasized that for a parti-
cle size (@s) of 100 pm, we observed a divergence from
what was mentioned previously. Between 200 and 100 um,
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Figure 5. (a) Effect of particle size: t. = 60 min; Cy = 30 mg/L; V,,
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the adsorption capacity and yield decreased by 6.73% and
2.02 mg/g, respectively. The regression in the efficiency of
adsorption can certainly be due to the agglomeration of the
silica gel particles, that is to say, to their evolution into larg-
er particles (coalescence phenomenon).!”>

3. 7. Effects of Initial Concentration

In this process, the study of the influence of the ini-
tial concentration is decisive since it allows us to trace the
experimental adsorption isotherms and thus allows us to
determine the maximum adsorption quantity. In order to
achieve this objective, we examined the action of the initial
concentration of 30 to 300 mg/L under specific operating
conditions (Figure 5(b)).

From the experiments carried out, we observed that
the value of the adsorption capacity progressed with the rise
in the initial concentration, and then it became constant de-
spite the supply of cadmium ions (Figure 5(b)). The adsorp-
tion capacity increased from 28.98 to 154.11 mg/g for an
initial concentration of 30 < C; < 240 mg/L. It is likely that
this performance is attributable to the continued increase in
the initial concentration, which generated a strong driving
force. The latter made the transfer of cadmium ions from
the solution to the adsorbent easier by reducing the resist-
ance to mass transfer.”°®>° On the other hand, from C, >
240 mg/L, the adsorption capacity remained constant
(154.11 mg/g). The stability of the adsorption capacity was
certainly due to the saturation of the adsorbent surface and
also to the elimination of external diffusion resistances.!®!
The experiment results also showed that the cadmium ad-
sorption rate decreased with increasing initial concentra-
tions (Figure 5(b)), where its value gradually dropped from
96.6 to 51.37%. The progressive decrease in the adsorption
rate was probably generated by the uninterrupted addition
of cadmium ions by supply to an invariable active surface
(constant number of active adsorption sites).>!8
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By examining the maximum amount of cadmium
adsorbed by different adsorbents, including silica-coated
metal organic framework (634 mg/g),> mesoporous silica
(3.62 mg/g),? zerovalent iron supported by a zeolite (63.14
mg/g),} orange peels (59.5 mg/g).? cellulose chelating sul-
fur (54.7 mg/g),® bone meal apatite (116.16 mg/g),'* egg-
shell (217.4 mg/g),’® and NaCl-treated Bolivian natural
zeolite (25.6 mg/g),*® it has been established that silica gel
prepared from blast furnace slag has a capacity fairly high
adsorption rate (154.11 mg/g) and constitutes a promising
adsorbent for the removal of cadmium in wastewater.

3. 8. Adsorption Isotherms

Adsorption isotherm models were approached to eval-
uate the maximum quantities adsorbed and also to specify
the interactions reacting in this process. With this in mind,
we selected for suitable models, namely the Freundlich,
Langmuir and Temkin models.'”>! Their linear forms are
represented by equations 3, 5, and 6, respectively. Equation 4
describes the separation factor Ry of the Langmuir model.

1
logq, = logkp +;logCe (3)
e .1 1
E - Amax Ce * AmaxkL (4)
1
R, = 1+Cob ()
ge = BrinAr + BrlnCe (6)

Where g, qe: adsorbed capacity maximum and at
equilibrium (mg/g), Ce, Cy: concentration at equilibrium and
initial (mg/L), k;: Langmuir constant (L.mg™!), kg: Freundlich
constant (mg.g!) (mlmg™)"", 1/n: adsorption Intensity,
Br = i~ Aq: equilibrium binding constant (L/g), R: universal
gas constant (8.314 J/mol/K), T: absolute temperature in Kel-
vin, by constant related to heat of sorption (k] kmol™!).

Chouchane et al.: Elimination of Cadmium using Silica Gel ...



Acta Chim. Slov. 2024, 71, 646-659

Table 2. Isotherm parameters for cadmium adsorption

Freundlich Langmuir Temkin
ke 1/n R’ G R R, br A, R
(mg.g™")(ml.mg1)V (mg/g) (L.mg1) (kJ/mol) (L/g)
27.81 0.34 0.94 153.84 0.154 0.99 0.021-0.17 0.92 2.26 0.95

The plots of the Freundlich, Langmuir Temkin mod-
els and their adsorption isotherms are reproduced in Fig-
ures 6(a), 6(b), 6(c), and 6(d). The parameter values of the
models discussed are displayed in Table 4.

From the results obtained (Table 2), it was proven
that the Langmuir model is the best fitted to the experi-
mental points. Indeed, the correlation coefficient of the
Langmuir model (R? = 0.99) was higher than those of Fre-
undlich (R? = 0.94) and Temkin (R? = 0.95). In addition,
the value of the theoretical adsorption capacity resulting
from the Langmuir model (154.11 mg/g) was closer to the
experimental adsorbed capacity (153.84 mg/g). From Fig-
ure 6(d), we observed that the shape of the plot of the
Langmuir isotherm had the same shape as the shape of the

6
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experimental isotherm (type 1). They increase gradually
before stabilizing by establishing a saturation level. This
outcome confirmed to us that the cadmium adsorption on
the silica gel was accomplished on a monolayer and homo-
geneous surface.?>*1¢0 The value of 1/n corresponded to
0.34 (Table 2) and the value of R; was between 0 and 1,
thus affirming the favorability of the adsorption pro-
cess.'$23 The value of the Temkin model parameter (br)
indicated that the adsorption is physical (bt < 8 Kj/mol).*°

3. 9. Kinetics of Adsorption

Reputed models in the field of solid-liquid adsorp-
tion, namely, pseudo-first-order (PFO), pseudo-sec-
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Figure 6. (a) Freundlich model presentation, (b) Langmuir model presentation, (c) Temkin model presentation, (d) Presentations of adsorption
isotherms. t. = 60 min; C, = 30-300 mg/L; V,g =300 rpm; pH = 6; @s =200 um, T=20°C;m=1¢g
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Figure 7. (a) pseudo-first-order model, (b) pseudo-second-order model, (c) internal diffusion: t. = 60 min; Cy, = 30-300 mg/L; V,; = 300 rpm; pH =
6;Ds =200 um, T=20°C;m=1g¢g

ond-order (PSO), and intraparticle diffusion (IPD) kinetic q = kyVt+Cp, 9)
models, have been used to discuss the kinetics of adsorp-

tion of cadmium in solution on silica gel (SG) prepared where q and qe: quantity adsorbed at time t and at equilib-
from slag. The PFO, PSO and IPD models are described by rium (mg/g), t: time of adsorption process, k;: pseu-
equations 7,8, and 9 respectively.!3 do-first-order constant (min!), kg: pseudo second order
constant (g/mg min), ky: internal diffusion constant

In(g. —q) = —k;t + Ing, (7) (mg/m. min*), and Cy,: intercept.
Plots of In(qe—q) versus t, t/q versus t, and q versus
I Y (8) V't are illustrated in Figures 7(a), 7(b), and 7(c), respective-

2
a0 Feee de ly. The adjustment results are produced in Table 3.

Table 3. Kinetic parameters

Co qeesp Pseudo-first-order Pseudo-second-order Intraparticle diffusion

(mg/ L) (mg/ g) KL 9Ctheo R2 KB 9Ctheo R2 Cint K w R2
(min™!) (mg/g) (g/mg min) (mg/g) (mg/g.min)

30 28.98 0.065 4540 094 0.086 29.41 0.99 8.1 5.09 0.91

60 56.64 0.072 9091 0.95 0.008 58.82 0.99 5.09 9.29 0.92

90 81.43 0.077 134.83 0.94 0.006 83.33 0.99 0.91 12.97 0.91
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According to Table 3, it appears that the regression
coefficients of PSO (R? > 0.99) are higher than those of
PFO (R? < 0.95). Furthermore, the estimated adsorption
capacities of PSO were practically equivalent to the actual
capacities. From this information, we judged that the ad-
sorption process of cadmium on SG follows pseudo-sec-
ond order kinetics.!63

It is reported in the literature that cadmium ad-
sorbed on various adsorbents, such as silica-coated metal
organic framework, Canna indica-derived biochar, ther-
mally activated sepiolite, layered double hydroxide nano-
particles stabilized on iron slag, modified biochar, virgin
and acid-modified kaolinite clay, and calcium carbonate
from eggshells, exhibits pseudo-second-order kinet-
ics, 369:12-15

From Figure 7(c), it was observed that the plots were
multilinear and did not converge towards the origin, which
is not in agreement with the conditions formulated by We-
ber and Morris (linearity of straight lines and their passage
through the origin).%! Furthermore, it was specified that
the correlation coeflicients were greater than 0.9 (Table 3).
The mentioned data allowed us to conclude that intrapar-
ticle diffusion is not the only mechanism regulating the
adsorption of cadmium on silica gel.162% Indeed, the ad-
sorption of cadmium was first controlled by external diffu-
sion due to agitation of the solution, #’ then by intraparti-
cle diffusion.

3. 10. Effect of Temperature

In this passage, we discussed the effect of tempera-
ture on the adsorption of cadmium by silica gel, taking in-
to consideration various temperature (Figure 8(a)). The
experiments accomplished have unequivocally demon-
strated that the adsorption efficiency of cadmium decreas-
es when the temperature of the medium increases. In fact,
areduction of 28.73% in yield and 8.62 mg/L in adsorption
capacity was recorded due to an increase in temperature.
(Figure 8(a)). The lowering of cadmium adsorption effi-
ciency with increasing solution temperature was certainly
caused by the evolution of the random movement of cad-
mium ions, attenuating the interdependence between ad-
sorbent and adsorbate.%* Taking these results into account,
we predicted that cadmium removal by adsorption on sili-
ca gel is exothermic.2656

It should be noted that, contrary to what has been
observed, temperature can cause an increase in cadmium

adsorption, as reported in the literature. Significant im-
provements in the adsorption of cadmium in solution
were found when the temperature was increased with dif-
ferent adsorbents, including pristine and acid-modified
kaolinite clay, electrospun composite nanofibre, modified
biochar, gel-like weak acid resin, acid-modified chili pep-
pers, and NiO nanoparticles.!%:1314:67.68,69

With the same purpose, a thermodynamic study was
carried out to identify the nature and mechanisms of inter-
action favoring this process. The explanation of these ef-
fects (nature and mechanism of interaction) strongly de-
pends on the values of the thermodynamic parameters,
namely AG®, AH®, AS® and Ea. Equation 10 was used to
calculate AG®, while equation 11 was used to determine
AH° and AS°, and Ea was deduced from equation 13.216:17
Equation 12 describes the distribution coefficient ky.!° The
Arrhenius equation (Eq. 13) was used to calculate the acti-
vation energy.?

AG® = —RTlnk, 10)
0 0

Inky = %x%+% (11)
_ G-Ce  V _ ge

R (12)

Inkypp = InA— 22 (13)

Where AG® is the Gibbs free energy (kJ/mol), AS® is
entropy (kJ/ K), AH® is enthalpy (kJ/mol), R is the univer-
sal gas constant (8.314 J/mol.K), Ky is distribution coeffi-
cient (L/g), Ea is activation energy (k]J/mol), k,,, apparent
constant (g/L.min), T is the absolute temperature (K) and
A is frequency factor.

The apparent constant k,,, was calculated from the
function In(Ct) = f(t) at different temperatures (20, 35, 45,
and 55 °C). Van't Hoff and Arrhenius plots are represented
by Figures 8(b) and 8(c). The values of free enthalpy, en-
thalpy, entropy, activation energy, apparent constant and
distribution coefficient are displayed in Table 4.

From Figure 8(b), it was noticed that there was a
good interdependence between the Van't Hoft model and
the experimental data (R? = 0.99) (Table 4).2 The decrease
in the distribution coefficient (Ky) with increasing temper-
ature made it possible to clarify that the adsorption of cad-
mium was favorable in the least heated solutions.'*”°

From Table 4, it was identified that the Gibbs ener-
gy values are negative and less than 20 kJ/mol, which ex-

Table 4. Thermodynamic parameters of cadmium adsorption

T AH® AG° AS°

Ea R K Kapp

(K) (kJ/mol) (kJ/mol) (kJ/K) (kJ/mol) (L/g) (g/L.min)
293 -18.11 1.79 5.22x1072
308 -18.87 1.69 6.32x1072
318 -6.98 -19.38 —25.67)(1073 8.45 0.99 1.60 6.86)(10_2
328 -19.74 1.56 8.54x1072
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plained that the sorption of cadmium is spontaneous and
occurred under the influence of physical interactions.!”-*°
The increase in the temperature of the solution resulted
in a regression of AG® from -18.11 to -19.74 kJ/mol, thus
demonstrating that mass transfer is inversely proportion-
al to the temperature of the medium.®>’! The negative
value of the enthalpy (-6.98 kJ/mol) revealed that this
process is exothermic (Table 4).!%% In addition, it also
certified that this cadmium removal process is a physical
adsorption, whose enthalpy value is less than 40 kJ/
mol.272 The negative value of entropy highlighted the re-
duction of randomness at the adsorbent-adsorbate inter-
face (Table 4).1%%> The reduction in random displace-
ments at the solid-liquid interface was probably caused
by the considerable electrostatic interaction between the
cadmium ions and the adsorbent.”>”* Based on the acti-
vation energy value (Table 4), we reaffirmed that the re-
moval of cadmium in solution by silica gel is physical
adsorption.>627>

From this information, we could conclude that the
adsorption of cadmium on silica gel was spontaneous, ex-
othermic, and less entropic. Furthermore, we deduced that
the elimination was carried out by physical adsorption un-
der the effect of electrostatic interactions. It should be em-
phasized that the adsorption of cadmium on various ad-
sorbents is generally a spontaneous process, as clearly
demonstrated in the literature.!339:4467,:69.76

3. 11. Reuse of Adsorbent

Figure 9(a) illustrates the kinetics of cadmium deso-
rption from silica gel in the presence of different solutions.
Figure 9 (b) illustrates the adsorption/desorption rate of
cadmium under the effect of HCl at 0.05 M.

From the experimental data, it was noticed that
the presence of HCI in solution significantly facilitated
the desorption of cadmium ions from the saturated sili-
ca gel (Figure 9(a)). This outcome can be caused by the
formation of a large number of H* protons, which will
affect the nature of the adsorbent surface.”” According
to Figure 9(b), it was specified that the silica gel has the
ability to be reused for five consecutive cycles using
0.05 M hydrochloric acid as the eluent. It should be
clarified that the loss of mass and the exhaustion of ac-
tive adsorption sites are surely responsible for the inef-
ficiency of the desorption process after the fifth cy-
cle.20.78

It is important to mention that the desorption
percentage of cadmium ions from the adsorbent surface of
saturated silica gel was examined using Equation 14.

Desorption rate = 4 % 100 (14)

dads
Where q,q4, is the adsorbed quantity at equilibrium
(mg/g) for cycle I and q,4,is the desorbed quantity at equi-
librium (mg/g) of each cycle.
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Figure 9. (a) desorption kinetics, (b) adsorption and desorption performance of cadmium

4. Conclusion

This study investigated the batch adsorption of cad-
mium ions onto silica gel (SG) prepared from blast furnace
slag. The results demonstrated that silica gel contained
96.14% SiO,. Its ZPC corresponds to pH 4.2, and its specif-
ic surface area is 484 m?/g. From the experimental results,
it was found that the adsorption capacity of cadmium on
the silica gel (qe = 154.11 mg/g) was particularly influ-
enced by the determining parameters, namely contact
time (60 min), stirring speed (300 rpm), dosage of the ad-
sorbent (1 g/L), pH (6), temperature (20 °C), particle size
(200 um), and initial concentration (240 mg/L). Modeling
of experimental data indicated that the Langmuir model
(R%=0.99; qnax = 134.06 mg/g) is the most commonly ad-
opted to represent the adsorption of cadmium on silica gel,
thus affirming a monolayer adsorption on homogeneous
active sites. The Ry and n values of the Langmuir and Fre-
undlich models, respectively, revealed that the adsorption
was favorable. The value of by from the Temkin model
demonstrated that the adsorption was accomplished phys-
ically. The kinetic study showed that adsorption follows
pseudo-second-order kinetics (R*> 99). Furthermore, it
clarified that the transport of cadmium was carried out
through external and intraparticle diffusion. The values of
Gibbs energy (AG® < 0 kJ/mol), enthalpy (AH® < 0 kJ/
mol), and entropy (AS° < 0 J/K) demonstrated, respective-
ly, that the adsorption of cadmium on silica gel is sponta-
neous, exothermic, and less entropic. The values of enthal-
py (AH) and activation energy (Ea) revealed that this
process was physically accomplished under the effect of
electrostatic attraction. The desorption process demon-
strated that the application of 0.05 M HCl as eluent signifi-
cantly improved its reuse for five cycles. From this study,
we reasoned that silica gel can be exploited as a reliable
adsorbent to remove cadmium ions from wastewater.
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V $tudiji je bil silikagel, pridobljen iz plavzne zlindre, uporabljen za izlo¢anje kadmija v $arZnem nacinu pod delovanjem
razli¢nih dejavnikov. Fizikalno-kemijske analize so pokazale, da je modificirana zlindra sestavljena samo iz kremena
(96,14%). Njegova specifi¢na povr$ina je 484 m?g~! in pH, ki ustreza tocki ni¢elnega naboja, je 4,2. Eksperiment je poka-
zal, da je pri pH 6 vpliv determinantnih dejavnikov prispeval k povecanju sorpcijske kapacitete, ki je bila izmerjena pri
154,11 mg/g in je bila dosezena na homogeni enoslojni povrsini (R2 = 099). Kineti¢na analiza je pokazala, da se ta proces
ujema s kineti¢nim modelom psevdodrugega reda (R2 > 0,99). Poleg tega je bilo navedeno, da je difuzija onesnazevala
zagotovljena z zunanjo difuzijo in difuzijo znotraj delcev. Vrednosti termodinamskih spremenljivk so pojasnile, da je
sorpcija kadmija spontana, eksotermna, z nizjo entropijo in izvedena pod vplivom elektrostati¢ne interakcije. Postopek
desorpcije je pokazal, da je bila ponovna uporaba silikagela izvedljiva v petih zaporednih ciklih.
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