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Cu(ll) Removal from Aqueous Medium Using Blast Furnace Slag (BFS)
as an Effective Adsorbent

The copper adsorption by blast furnace slag (BFS) in an aqueous medium was considered based on the influ-
encing parameters, namely the agitation speed, pH, temperature, the particle size of the solid, and the initial
concentration. Physicochemical studies have shown that BFS is consisted mainly from SiO,, CaO, Al,O3, and
MgO with a specific surface area of 238 m%g. Under the optimum parameters, the maximum adsorption
amount at equilibrium (140 min) corresponds to 45.16 mg/g. Exploration of adsorption isotherms revealed
that the Langmuir model is more consistent with the experimental data. The values of the Freundlich (n) and
Langmuir (RL) parameters indicate that the adsorption is favorable. On the other hand, the values of Temkin
(bt) and Redlich-Peterson (g) parameters show that adsorption is physical. Pseudo-second order of the adsorp-
tion process was confirmed using a kinetic study. Moreover, the diffusional study specified that the transfer
of copper from the solution to BFS is successively controlled by external and intraparticle diffusion. The
thermodynamic parameters showed that the adsorption of Cu(ll) on BFS was feasible, spontaneous, exother-
mic, and less entropic. The desorption phenomenon has revealed that BFS can be reused for three consecutive
cycles.

Keywords: blast furnace slag, copper, adsorption in batch mode, adsorption isotherm, adsorption kinetics, de-
sorption, depollution.

Introduction

Water pollution by metal ions is one of the most undesirable environmental problems in the world that
requires immediate solutions [1-4]. Indeed, with the multiplication of inhabitants, the expansion of urbaniza-
tion, and the development of industries, natural water sites have become discharges of toxic industrial pollu-
tants [5, 6]. For this reason, it is necessary to proceed with the elimination of toxic elements from water
through reliable, efficient, and rigorous treatments such as membrane technology [7], chemical precipita-
tion [8], ion-exchange [9] and adsorption [10]. Among these used processes, the adsorption phenomenon is
often considered as the most optimal, since it is effective, easy to implement and less expensive [11, 12].

In this context, we set out to develop a simple and effective process of depollution by adsorption phe-
nomenon. Blast furnace slag from the steel complex El-Hadjar Annaba, Algeria was chosen as a low-cost
adsorbent. Besides, copper was chosen as the metal pollutant.
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BFS is a by-product of the metallurgical steel industry resulting from the production of cast iron in blast
furnaces. The annual production of slag in the world is very high, which constitutes a serious ecological
problem and a loss of important financial resources [13].

According to the literature, slag and its derivatives as effective adsorbents have been the subject of
many studies, especially in cases of the adsorption of metal ions [14, 15], phosphorus [16, 17] and
dyes [18, 19]. Copper is reputed as a dangerous and toxic element, due to the fact that it accumulates over
time and, in addition, is not biodegradable [20]. These parameters represent a significant risk factor for hu-
mans and their environment [21]. Therefore, its removal is inevitable and more than necessary. The presence
of various adsorbents used in the process of copper removal in an aqueous medium is noted in the literature,
namely carbon-based adsorbents [22], clay minerals [23], and agricultural adsorbents [24].

The main purpose of this study is the valorization of blast furnace slag in the field of adsorption of met-
al ions in solution. The slag treatment, the kinetic study, the adsorbate/adsorbent interaction, the nature of the
process, and the desorption capacity will contribute to the evaluation of BFS as an adsorbent.

Analysis by XRF and XRD were used for the physicochemical characterization of the adsorbent. BET
method was applied to measure the specific surface of BFS. The effect of various parameters, such as contact
time, stirring speed, pH, temperature, particle size, and initial concentration, was examined to optimize the
adsorption process. Adsorption isotherms were described by the Freundlich, Langmuir, Temkin, and
Redlich-Peterson models. The adsorption kinetics was represented by the models of Lagergren and
Blanchard. Also, the copper ions' transfer from the solution to the adsorbent was examined by determining
the stages controlling the adsorption process. The thermodynamic study was undertaken to clarify the nature
of the adsorption process as a function of temperature change.

Experimental

Blast furnace slag treatment

The samples of the considered slag were treated according to the process presented by Chouchane et
al. [25]. This treatment was realized according to the following steps:

— Washing BF slag with distilled water;

— Air drying of samples for 48 hours;

— Grinding and sieving of samples to specific particle sizes, 200, 300, 400 and 500 pum;

— Separation of samples by diameter size;

— Washing with distilled water and stoving at 105 °C of each batch;

— Storage in plastic boxes.

Analytic methods

The copper ions were determined by atomic absorption spectrometry (Perkin Elmer 3110). The pH of
the solution was measured with a pH meter (Ericsson). The characterization of the solid samples was carried
out by X-ray fluorescence (Siemens SRS 3000), and scanning electron microscope combined with energy
dispersive analysis (Zeiss EVO MAZ25). The specific surface of the solid samples was measured using the
Brunauer, Emmett and Teller model (BET model).

Experimental protocol

Several discontinuous mode tests were applied to study the nature of the copper adsorption phenome-
non on the BF slag. The adsorption process was carried out by adding 1 g of prepared BFS to a 1 liter aque-
ous solution containing copper ions. Copper solutions were prepared from copper nitrate (Cu(NO3),-3H,0)
then dissolved in bidistilled water. Mixing of the solution was provided by a multi-speed stirrer. The temper-
ature of the solution was controlled by a thermometer and adjusted using a water bath. The kinetics of copper
elimination was determined by taking 5 ml samples every 20 minutes with a pipette, and these samples were
filtered through filter paper. The kinetics of copper elimination were examined according to the protocol
proposed by Chouchane et al. [25].

The determining parameters used in this adsorption process are the initial concentration (Co, mg/l), the
agitation speed (Vaq, rpm), the hydrogen potential (pH), the temperature (T, °C), and the particle size (Js,
um). Moreover, the solution volume (V, L) is 1 liter and the solid mass (M, g) is 1 g throughout the study.
The experimental conditions used are as follows:

— Equilibrium time, Co = 30 mg/L; Vaq= 100 rpm; pH = 4.7; T = 20 °C; Js =400 um;
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— Effect of agitation speed, Co= 30 mg/L; V. .= 50, 100, 150, 200 rpm; pH = 4.7; T = 20 °C;
Os = 400 pm;

— Effect of initial pH, Co = 30mg/L; Vag= 150 rpm; pH = 2; 3.9, 4.7, 5.2; T= 20 °C; Js = 400 umy;

— Effect of temperature, Co= 30 mg/L; V4= 150 rpm; pH = 4. 20, 40, 50 °C; Js =400 pm;

— Effect of particles size, Co.= 30mg/L; Vag= 150 rpm; pH = 4.7, T = 20 °C; Js = 200, 300, 400,
500 pm;

— Effect of initial concentration, Co, 10-100 mg/L; Vg = 150 rpm; pH = 4,7; T = 20 °C; Js = 300 um.

The copper adsorption efficiency was calculated using Equation 1

%R:CO_Cexloo, 1)
0
where C, — the initial concentration solution (mg/L); C. — the concentration of the solution at equilibri-
um (mg/L).
Desorption

The desorption process was performed using 10 g of the saturated BFS. The BFS collected by filter pa-
per was washed, dried, and baked at 105 °C. Regeneration of saturated slag was accomplished using distilled
water and different eluents, namely sulfuric acid (0.1N), nitric acid (0.1N), and hydrochloric acid (0.1N).
Desorption was performed with stirring (100rpm) at room temperature. The efficiency of the desorption pro-
cess was evaluated using Equation 2:

Desorption rate = s 100
Qads , (2)
where g.4s — the adsorbed quantity at equilibrium (mg/g) for cycle I; g.gs — the desorbed quantity at equilib-
rium (mg/g) of each cycle.
The experimental protocol for copper desorption from saturated BFS was applied according to the ap-
proach carried out by Chouchane et al. [25].

Results and Discussion

Characterization of BF slag

According to our previous work [25] and subsequent recent analyses, BFS consists of silica (37.16 %),
lime (40.11 %), alumina (14.34 %), magnesium oxide (5.34 %), and a low percentage of oxides. Indeed, the
results of the analyses carried out by XRF, XRD, and SEM-XDE specified that BFS consists mainly of SiO,,
Ca0, Al,O3, and MgO. These studies also revealed the presence of a small amount of oxides, namely Fe,0s,
MnO, K0, and Na,O, as shown in Table 1 and Figures 1 and 2. BFS grains were found to be conchoidal in
shape, with a wide grain size distribution, smooth surfaces of the grain edges visible, and no visible porous
structure in the images shown in Figure 3. According to the research results the specific surface was shown
to be 238 m*.g™.
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Figure 1. Diffractogram of BFS sample [25] Figure 2. EDX results
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Figure 3. SEM images of BFS

Contact time effect

In the adsorption process, the contact time effect is a determining factor because it informs us about the
equilibrium time and the stages of pollutant removal. The kinetic study of the copper adsorption on BFS
showed that equilibrium is reached after 140 minutes of stirring under specific experimental condi-
tions (Fig. 4). Indeed, the adsorbed amount becomes constant (C./C, = constant) after 140 minutes of stirring.
This effect is regenerated due to the progressive reduction of active adsorption sites until total saturation of
the adsorbent [26]. This finding prompted us to take 140 min as equilibrium contact time.

Table 1
Composition of blast furnace slag (BFS) [25]
Substance % mass
CaO 40.11
AlLO; 14.34
SiO, 37.16
MgO 5.34
Fe,04 1.91
MnO 0.69
K,0 0.28
Na,O 0.37
35 4 A —e—50tr/min
35 - —e— 100tr/min
—a— 150tr/min
30 X —— 200tr/min
- 25 -
2 3 o]
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Figure 4. Contact time effect Figure. 5. Effect of agitation speed
Agitation speed effect

Agitation of the solution is an extremely decisive operation in adsorption processes. In fact, it favors the

diffusion of the adsorbate toward the solid [27, 28]. Stirring speeds utilized were 50, 100, 150, and 200 rpm,
respectively (Fig. 5).
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Figure 5 shows that the amount of copper adsorbed by BFS gradually increased with increasing stirring
speed until it reached 150 rpm. However, fluctuations in the value of the residual concentration after 80
minutes of agitation were noticed at 200 rpm. These fluctuations are probably caused by copper desorption
from the BFS after strong agitation [29]. Based on this outcome, we conclude that the solution stirring con-
tributed effectively to the diffusion of copper ions from the solution into the adsorbent, which gives it an im-
portant role in external diffusion [30]. In addition, we identified 150 rpm as the optimal agitation speed.

Effect of initial solution pH

The pH of the medium is a significant element in this process, since it affects both the shape of the ions
and the surface of the adsorbent [31]. Several media were used during these experimental tests, namely pH 2,
pH 3.9, pH 4.7, and pH 5.2 (Fig. 6).

Experimental data showed that Cu(ll) adsorption is unfavourable at pH 2 (Fig. 6). This phenomenon is
explained by the presence of H" protons, which obstruct the adequate transfer of Cu(ll) ions from the solu-
tion to the adsorbent [32]. Moreover, a change in pH from 2 to 4.7 had a positive effect on the adsorption
process [33], where we observed that the residual concentration at equilibrium decreased from 19.87 mg/L to
4.35 and the removal rate increased from 33.7 % to 85.5 %.

For solutions at pH 5.2, the values of the capacity and adsorption rate are less important and regressed
from 25.67 to 18.11 mg/g and from 85.5 to 60.36 % respectively. This result could be explained by the fact
that precipitation dominates the removal of the copper and adsorption has an almost negligible effect [34]. It
is important to note that the pH threshold for Cu?* speciation into hydroxides is approximately 5.0-5.5 [35].
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Figure 6. Effect of initial pH Figure 7. Effect of temperature

Effect of Temperature

The temperature of the solution is an important characteristic in the adsorption process, since it makes a
huge contribution to the fixation of metals on the surface of a solid [36]. For this purpose, the effect of tem-
perature on the Cu(ll) adsorption process on BFS was studied (Fig. 7).

The experimental data revealed that the temperature has an inversely proportional effect on the Cu(ll)
adsorption process and this phenomenon is more favorable at 20 °C (Fig. 7). This result allowed us to predict
that the copper adsorption on BFS in solution is exothermic [37]. The inefficiency of the copper adsorption
process as temperature rises is most likely due to the destruction of active binding adsorption sites [38] or the
reduction in attractive Cu(l1)/BFS bonds [39]. Furthermore, evaporation of the solution can occur at high
temperatures, which affects the concentration of Cu(ll) ions in the solution.

Effect of the granulometry of the solid

The granulometry of the adsorbent has a significant effect on the rate of ion transfer from the adsorbate
to the solid [40]. In this perspective, we proceeded to evaluate the effect of particle size on copper adsorption
using different diameters, namely 200, 300, 400, and 500 um (Fig. 8).

From the Kinetic study, it was observed that copper adsorption is better for particles with sizes corre-
sponding to 300 um and begins to weaken with increasing particle size. Indeed, the adsorption yield de-
creased from 91.73 % to 85.5 % and then to 70.5 % as the size of the particles widened. An increase in parti-
cle size led to a narrowing of the specific surface area, which in turn led to a decrease in the adsorption ca-
pacity of the solid [41, 42]. The experimental results also showed that the copper adsorption on the BFS with
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a diameter of 200 um is estimated as unfavourable (Fig. 8). This repercussion could probably be clarified by
the appearance of the coalescence phenomenon [43].

Effect of the initial solution concentration

The elimination of copper on BFS under the effect of the initial concentration [10-100 mg/L] was stud-
ied under our experimental conditions, namely V,q = 150 rpm; pH =4.7; ©@ =300 um, T = 20 °C. Maximum
adsorption capacity at equilibrium was calculated using Equation 3:

C=C v, 3)
m

where C, — the initial solution concentration (mg/L); C. — the solution concentration at equilibrium
(mg/L); m — the adsorbent mass (1 g); V — the solution volume (V =1L).

The dependence of the adsorbed capacity (ge) on the initial concentration (Cp) is shown in Figure 9. As
can be seen in Figure 9, the adsorbed amount increased in proportion the initial concentration up to a certain
amount (C, =80 mg/L), after which the adsorbed amount remained constant. Indeed, with an increase in the
concentration of the initial solution, the probability of BFS/Cu(ll) contact rises, which contributes to an in-
crease in the adsorbed amount. But once the adsorption sites are saturated, the increase in the initial concen-
tration could not affect the adsorption process [44, 45]. The amount adsorbed (qe) at the saturation level is
45.16 mg/g, which represents the maximum capacity adsorbed by 1 g of BFS.

Based on these results, we concluded that the sorption rate is controlled by the initial concentration,
which varies from 10 to 80 mg/L. On the other hand, the maximum amount adsorbed per gram of BFS is
45.16 mg/g.

e
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Figure 8. Effect of the granulometry of the solid Figure 9. Effect of initial concentration

Adsorption isotherms

In order to study the correlation between adsorbent and adsorbate and determine the best adopted
presentation for the experimental data, we applied the adequate adsorption isotherms, namely
Freundlich [46], Langmuir [47], Temkin [48] and Redlich-Peterson [49]. Their empirical formulas are given
by Equations 4-7, respectively.

Inqezlnk+%InCe; (4)
C_lgo, L. -
qe qmax qmaxb

0. =B InA +B;InC,; (6)
Ingzglnce—lnkR, @)

e

where g, — the adsorbed capacity at equilibrium (mg/g); C, — the concentration of solution at equilibrium
(mg/L); q,., — the maximum adsorbed capacity (mg/g); b — the thermodynamic constant of the adsorption
equilibrium (L'mg™); ke and 1/n — the Freundlich constants related to adsorption and affinity; A, —
Temkin isotherm equilibrium binding constant (L/g); by — Temkin isotherm constant; R — the universal gas
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constant (8.314 J/K-mol); T — the temperature (298K); Br — the constant related to heat of sorption
(KJ-kmol™"); k, — the intercept (L/g); g — the Redlich-Peterson isotherm constants.

The parameter values of the Freundlich, Langmuir, Temkin, and Redlich-Peterson models are grouped
in Table 2. The presentations of these models are sequentially shown in Figures 10 to 13.

As can be seen from the data presented in Table 2, the Langmuir's model is best suited for this process.
Indeed, the correlation coefficient of the Langmuir model (R?-0.99) is higher than those of all other consid-
ered models. Moreover, the adsorbed capacity measured from the Langmuir model was closest to the exper-
imental adsorption value.

Based on these results, it was confirmed that the adsorption process takes place on a homogeneous
monolayer surface. This leads us to specify that all active sites of adsorption have similar interactions with
copper [47].

Figure 14 shows that the adsorption isotherm is L-type, undergoes a fast phase in the low concentration
range, is followed by a medium-weak phase, and ends with a phase constant (the appearance of a long hori-
zontal plateau). This identification provides information about the formation of a monolayer [6, 26]. In the
same context, Chouchane et al. [25] reported that the adsorption of nickel on the blast furnace slag was ac-
complished on a homogeneous monolayer. Zahar, M.M.S., Muhammad, S.N. et al. also stated in [50] that the
manganese sorption in solution on steel slag occurred on a homogeneous monolayer layer.

A A
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Figure 10. Presentation of the Freundlich model Figure 11. Presentation of the Langmuir model
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Figure 12. Presentation of the Temkin model Figure 13. Presentation of the Redlich-Peterson model

According to the value of the Temkin model parameter (b, =0.261), we conclude that the adsorption of
copper on BFS in solution is physical [25]. On the other hand, the parameter values of the Freundlich (n = 3.7)
and Redlich-Peterson (g = 0.68) models confirm that this adsorption process is favorable [1, 20, 44, 49].

The quality of the adsorption process can also be defined by the Equilibrium parameter of Langmuir
equation R.. The R_ qualifies the adsorption process as favorable if it is between 0-1 (0 < R.< 1), unfavora-
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ble if it is greater than 1 (R_ > 1) and linear if it is equal to 1 (R_ = 1) [51]. This ratio was calculated as fol-
lows (Equation 8):
1
R = 8
b 14+Cph ®)
where R — the Ratio indicates the quality of the adsorption; B — the Langmuir isotherm constant; C, — the
initial solution concentration.

As can be seen from Figure 15, the R, value decreases from 0.18 to 0.02 as C, increases. This result al-
so confirmed the favorable nature of copper adsorption by BFS.

Table 2
Isotherm parameters for adsorption of copper by BF slag
Models Parameters
} O€exs, MQ/g Ke, (mg-g)(ml'mgH)™" n R®
Freundlich 4516 0.183 3.25 0.836
. JC€exps mg/g Omaxs mg/g B, L'mg-l R2
Langmuir 4516 4631 0.437 0.997
. O€exs, MQ/g As, Lig by, KJ'mol* R’
Temkin 4516 1.06 0.214 0.944
inho O€exps mg/g g kg, L/g R2
Redlich-Peterson 4516 0.651 17.77 0.993
60 4 A
o 02+
50 1 _m e °
a0 1 ,r’i% T ' 0L6 T 4
/‘;&f/ ——%—— Freundlich 2 012 4 \\
30 | A7 ( , ‘
=l T - \
- 20 ——B-- Redlich-Peterson 0,08 1 “u
S “w
10 - 1 ...
0,04 . 0~~’___‘.__’--.
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0 ' ' —p
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Ce. mg/L C,. mg/L

Figure 14. Presentation of the Freundlich model Figure 15. Presentation of the Langmuir model

Adsorption Kinetics

The kinetic study is a significant step in the solid-liquid adsorption process because it facilitates the un-
derstanding of the adsorption rate and the behavior of the adsorbents compared to the adsorbates at time t
and at equilibrium [52]. The pseudo first and pseudo-second orders were determined under optimal condi-
tions by the frequently used kinetic models, namely the Lagergren and Blanchard models, respectively.

The Lagergren relationship [53] was formulated to illustrate sorption Kinetics in a liquid-solid environ-
ment. Its relation is represented by Equation 9:

log(d, —q) =—kt+logq, 9)

Blanchard's model [54] was formulated to describe the pseudo-second order of the adsorption process.
It is represented by Equation 10:

t 1 t
—= +— (10)
q kg d
where g, — the adsorbed capacity at equilibrium (mg/g); q — the adsorbed capacity at time t (mg/g); k,
— the constant of Lagergren model (min™); k, — the constant of Blanchard model (g/mg-min);

t — the time of adsorption process (min).
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The parameters of the Lagergren and Blanchard models are represented in Table 3. These two models
are shown graphically in Figures 16 and 17.

From the literature, the Lagergren and Blanchard models are satisfied (if the R? correlation coefficients
are greater than 0.9, and the experimental and calculated adsorption capacities are close [34, 35, 55, 56].

As can be seen in Table 3, the correlation coefficient of the Blanchard model (0.988) is higher than that
of the Lagergren model (0.912), and the experimental adsorption capacity (45.16 mg/g) was close to that cal-
culated per the Blanchard equation (45.88 mg/g). This result indicates the existence of a proportionality be-
tween the adsorption active sites and the adsorbed copper ions, which is compatible with the pseudo-second-
order model. The pseudo-first-order model with the lowest regression (R*= 0.912) indicates that adsorption
can occur on a monolayer surface, which reaffirms our previous results, namely that the Langmuir model is
best suited to the process of copper adsorption on slag [57].
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Figure 16 Pseudo-first order kinetic Figure 17 Pseudo-second order kinetic

Based on these results, it was concluded that the Blanchard model is best suited to describe the kinetics
of copper adsorption on BFS. In the same context, Xue et al. [34] reported that copper removal from basic
oxygen furnace slag follows pseudo-second order kinetics. Chouchane et al. [25] also indicated that the ad-
sorption of nickel on the slag at different temperatures follows the kinetics of the pseudo-second order.

In order to study the mechanism of the transfer of copper ions from the solution to the surface of the
BFS, we tried to identify the limiting stages of this phenomenon, namely the external and the Intraparticle
diffusion.

External diffusion is represented by Equation 11 [58]:

In Ce = kextt +Cext ! (11)
where C, — the concentration of solution at equilibrium (mg/L); t — the time measured in minute; k,,, —
the diffusion constant (min™); C.. — the intercept (In(mg/L).

According to the bibliography, copper adsorption is controlled by external diffusion if the plot of the
function InC, = f (t) is linear and also if the correlation coefficient is greater than 0.9 [35, 59]. As can be

seen from Table 5 and Figure 18, the plot is linear and the correlation coefficient exceeds 90 % (R?= 0.99).
This result shows that the adsorption of copper by the blast furnace slag is controlled by external diffusion.
The Weber-Morris model equation (internal diffusion) is represented below (Equation 12) [60]:
q=k, (1) +Cpy, (12)
where q — the quantity adsorbed at time t (mg/g); t — the time measured in minute; k, — the diffusion

rate constant in the pores (mg/m'min”); C,, — the intercept and it's tied to the boundary layer.
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Figure 18. External diffusion kinetic Figure 19. Intra-particle diffusion kinetic

The parameters of Weber-Morris model are presented in Table 3 and the graphic representation is illus-
trated in Figure 19. It is known from previous studies that the adsorption process is controlled by internal

diffusion if the plot of the function g, = f (tl’z) is linear and passes through the origin [1, 26, 61].

As can be seen in Figure 19, the plot of the function g, = f(t”z) is multilinear, but does not pass

through the origin (C+#0), which means that internal diffusion is not the only mechanism controlling copper
adsorption kinetics. Furthermore, multi-linearity argues for the existence of various mechanisms controlling
the adsorption process, which reaffirms our inference that copper adsorption by BFS is controlled by both
external and internal diffusion [25, 62, 63].

Table 3
Kinetic model parameters
Models Parameters

qeexp, mg/g KlaQ! min-l Q€theos mg/g R2

Lagergren 45.16 2.9%107 50.58 0.912
Q€exp: MQ/Q Kp, 9/mg min G€teo, My/g R”

Blanchard 45.16 1.8x107 45.88 0.988
. 0€exp, MA/g Cint k,, mg/g.min R®

Internal diffusion 4516 1197 231 0995
e 0€exp, MA/g Cext K, min™ R’

Internal diffusion 4516 186 002 0998

Thermodynamic study

Under the effect of the temperature of the solution and the conditions of the experiment, a thermody-
namic study was carried out to give a more detail about the character of the copper adsorption process. Pa-
rameters such as free enthalpy variation (AGy), enthalpy change (AH®) and entropy change (AS°) were de-
termined to define the nature of the adsorption process. These variables were determined from the following
equations (Equations 13-15):

AG” =—RT Ink, ; (13)

AG® =AH® —TAS°; (14)
0 0

Ink, =21 x%+ A: (15)

The distribution coefficient ky was calculated from the ratio of the adsorbed quantity to the residual
concentration at equilibrium [59, 64]:

(16)
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where g, — the adsorbed quantity at equilibrium (mg/g); C, — the initial concentration of solution (mg/L);
C., — the residual concentration at equilibrium (mg/L); T — the absolute temperature (K); R — the univer-

sal gas constant; ky — the distribution coefficient (L/g); V — the volume of solution (1 L); M — the mass of
the adsorbent (19).

The plot of the function Ink, = f ('Ii'j at different temperatures is presented in Figure 20. The thermo-

dynamic parameter values are grouped in Table 4.

Initially, it was observed that the adsorption efficiency was inversely proportional to the temperature, as
presented in Figure 7. This result led us to predict that the nature of the adsorption process is exothermic.
Following the thermodynamic study, this prediction was verified by the negative value of AH® displayed in
Table 3 [20, 25, 65].

Table 4 also shows that the values of AG® and AS are negative. Negative values of AG® inform us about
the spontaneity and feasibility of the adsorption process [6, 66, 67]. Furthermore, the negative value of AS’
informs us about the decrease in the randomness of copper adsorption at the solid/solution interface [6, 57,
68]. Indeed, this weakening in randomness is probably due to the structural stability of BFS during the ad-
sorption process.

It was also observed from Table 4 that the absolute value of the Gibbs free energy increased with in-
creasing temperature. This effect indicates that higher temperatures help to increase the driving force of ad-
sorption [69]. It was found from Figure 20 that the distribution coefficient ky decreases with increasing tem-
perature. This result points out that the high-temperature adsorption process is less efficient [59].

3 3,1 3,2 3,3 34 3,5 3,6
1T 103. K

Figure 20. Van’t Hoff plot for copper adsorption

Table 4

Thermodynamic parameters of the copper adsorption on BFS

T,K AG®, ki/mol AH?®, ki/mol AS°, J/molK)
293 -17.45

313 -18.42 -3.13 -8.54
323 -18.92

Desorption study

The desorption of the copper ions from the charged BFS is a very important process since it allows us to
reuse the same adsorbent and avoids the storage of another type of pollution [1, 3]. For this study, we per-
formed desorption of the Cu(ll) adsorbed on the loaded BFS in various solutions.
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Figure 21. Desorption kinetics Figure 22. Desorption rate (%)

The kinetics of Cu(ll) desorption, as well as the effects of the solutions used, are depicted in Figures 21
and 22. Table 5 shows the results of the various cycles used (adsorption and desorption).

Table 5

Adsorption and desorption performance of copper

O€ads» MA/Q O€des, M3/Q Desorption rate, %
Cycle | 45.16 44.19 97.85
Cycle I 42.64 39.93 93.64
Cycle V 38.36 35.11 91.52
Cycle VI 32.18 22.27 69.2
Cycle VII 20.14 7.15 35.5

The results of the experiments revealed that desorption of Cu(ll) from the surface of saturated BFS is
more efficient with 0.1N HCI. Indeed, as can be seen in Figure 22, the desorption rates were 98.91 %,
84.19 %, 70.64 %, and 27.34 % in the presence of HCI, H,SO,4, HNOs, and H,O respectively. Consequently,
hydrochloric acid (HCI, 0.1 N) was retained as the regeneration eluent.

Based on the data in Table 5, it was found that the blast furnace slag as an adsorbent could be exploited
over three consecutive cycles where the adsorption rate is greater than 91 %. However, a glaring regression
was displayed for the last two cycles. This alteration is certainly caused by the loss of mass and/or the deteri-
oration of the surface of the adsorbent used [26, 58, 69].

Conclusions

In general, based on the results of the study, it can be concluded that the adsorption of copper on the
blast furnace slag is feasible and favorable with a yield of 91.7 %. The physicochemical analysis indicated
that blast furnace slag mainly consists of lime, silica, alumina, and magnesium oxide, with a moderately high
specific surface (238 m*/g). Experimental data showed that the maximum adsorption capacity is 45.16 mg/g
after 140 minutes under the optimal conditions, namely: V=150 rpm; pH = 4,7; &Js =300 um, T = 20 °C,
Ms= 1 g. Modeling of the experimental data revealed that the copper adsorption process is more consistent
with Langmuir's model (R*= 0.99). Adsorption is best described by the pseudo-second order kinetics model,
with a correlation coefficient of 0.99. The adsorption mechanism was studied, and it was discovered that the
adsorption process is physical, with copper diffusion from solution toward the adsorbent controlled by exter-
nal and internal diffusion in sequential order. The thermodynamic study demonstrated that the adsorption
process is feasible, exothermic, spontaneous, and has less entropy. The executed desorption process indicated
that the BFS can be effectively regenerated over three consecutive cycles in the presence of hydrochloric
acid (HCI, 0.1 N) as an eluent. Based on the data obtained, it can be concluded that adsorption on the BFS
will be an effective outcome in toxic metal elimination processes.
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