Remediation of copper ions from aqueous solution using
hybrid magadiite: kinetics, isotherm and mechanism
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Abstract This paper deals with the potential use of hybrid magadiite composite as
an alternative adsorbent for the removal of copper ions. Na-magadiite was syn-
thesized by the hydrothermal method. The hybrid magadiite was prepared by using
pyrazolone as an organic ligand via dry impregnation technique from Na-magadiite.
The hybrid magadiite composite is used in the removal of copper ions in sulphate
media. The presence of an organic molecule in hybride magadiite is verified by
thermogravimetric analysis and infrared spectroscopy. The X-ray diffraction pattern
illustrates the intercalation of the organic ligand into Na-magadiite interlayers and
the preservation of the structure after intercalation. The scanning electron micro-
graph images of modified Na-magadiite show the expansion of the basal spacing
resulted in a breakup of the spherical nodules and the concomitant parallel
arrangement of the platelets. In batch experiments, the influence of reaction time,
kinetics, pH and the initial concentration of copper(Il) were investigated. In the case
of modified Na-magadiite, the kinetic model of extraction adapted is pseudo-second
order. The metallic cation was extracted at a very low pH 1.9, and the capacity
obtained is 330 mmol/kg, the complex formed is of the CuL, type.
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Introduction

In the last few years there has been a growing interest in human activities such as
mining, industry and sewage treatment discharges as well as electronic wastes, and
agriculture fertilizers are some of the examples that contribute to the enhancement
of heavy metal trace in wastewater such as Fe, Co, Zn etc., Among these heavy
metals, copper is well known as one of the most harmful pollutants in the
environment due to its high toxicity, non-degradability and bioaccumulation [1].
Recovery of these metals can be carried out by several methods such as adsorption,
precipitation, electrodialysis, and liquid liquid extraction. Liquid solid extraction
appeared as an alternative to liquid liquid extraction to prevent the use of hazardous
organic solvents and for the regenerating of the solid adsorbent. This has prompted
researchers to develop different solid adsorbents such as resins, zeolites, silicas and
clays. So far, the use of these solids in the treatment of aqueous solutions is reported
in the literature [2 6]. Most of these solid adsorbents present a lack of extraction
capacity. To solve this problem, several researchers introduce different organic
ligands into the solid matrix to increase their extraction capacities [7 10]. Guerra
et al. [11] reported the use of natural and modified magadiite as adsorbents to
remove Th(IV), U(VI), and Eu(Ill) from aqueous media in thermodynamic and
equilibrium study. In most cases, the amount of heavy metal absorbed onto these
organo-modified clays was much greater than that adsorbed onto the unmodified
clays under the same experimental conditions [12, 13]. The use of an organic ligand
with natural clay may decrease the extraction capacity by causing an in situ-
complexation with the metals that already exist in the natural clay. To avoid the
mentioned phenomenon, synthetic clay as Na-magadiite has been used. The choice
of this kind of synthetic clay is based on its physical and chemical properties similar
to natural clay such as sorption of water and polar organic molecules [14], cation
exchange of interlayer sodium cations [15, 16] and intercalation of different
chemical species into the magadiite [17 22], toxic substance removal like
arsenic(Ill) [23], and arsenic(V) [24]. It is known that the organic ligands are
intercalated into H-magadiite. The aim of this study is to report the performance of
the dry impregnation to intercalate 1-dodecanone,1-(5-hydroxy-3-methyl 1-p-tolyl-
1H-pyrazol-4-yl) (HTMDDP) into Na-magadiite instead of H-magadiite and its used
in the copper(Il) remediation process.

Experimental
Reagents

The silica gel (Ludox 40%) and NaOH were obtained commercially from Aldrich.
The 1-dodecanone, 1-(5-hydroxy-3-methyl 1-p-tolyl-1H-pyrazol-4-yl) (HTMDDP)
(Fig. 1) was supplied by the SNPE Corp. France. The stock solutions of Cu(Il) (1 g/
L) were prepared by dissolution of the corresponding salt (CuSO,4, Merck a.r. grade)
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Fig. 1 Schematic diagram of the dry impregnation and adsorption process of copper

in deionized water. The reagents used for the preparation of different solutions such
as Na,SO,4, H,SO, and toluene are all Merck a.r. grade.

Synthesis of Na-magadiite

Na-magadiite (Na-mag) was prepared by the reaction of a silica gel, sodium
hydroxide and deionized water as described by Okutomo et al. [25] with a molar
ratio Si0,:NaOH:H,0 = 9:3:162. After stirring for 2 h at room temperature, the
mixture was transferred to a Teflon-lined cylindrical reactor, sealed and then heated
at 150 °C for 48 h. The dispersion was then filtered and remaining solids were
washed carefully with distilled water and dried at 70 °C during 12 h.

Preparation of hybrid magadiite composite

The HTMDDP (see Fig. 1) was introduced into the solid supports by using the dry
impregnation method [23]. An appropriate amount of Na-mag is mixed with 10 mL
of toluene solution containing 1 mmol of HTMDDP. The mixture is continuously
stirred up until total evaporation of the solvent under atmospheric pressure. The
obtained solid was washed with HNO3 0.5 M, to avoid the ligand dissolution in the
aqueous phase in the form of its anion A™, then dried under atmospheric pressure at
80 °C for 24 h. The impregnated material obtained is named Hybrid mag.



Methods and characterization

In this study, various techniques were employed to characterize the Na-magadiite:
the structures were analyzed by X-ray diffraction (XRD) using a Bruker-model D8
Advance X-ray diffractometer working with Cu radiation (4 = 1.5406 A) and
grazing incidence optics. The angle of incidence was 2° in order to be sensitive to
the near surface region. Attenuated total reflectance infrared spectra
(4000 400 cm_l) of the solids were recorded with an ATI Mattson genesis series
Fourier transform infrared spectrometer (FTIR). The thermal stability was studied
by means of thermal gravimetric analysis (TGA) and differential thermal analysis
(DTA) (Mac Science 2000S instrument). The samples were heated in the
temperature range of 25 1000 °C with 10 °C/min heating rate under synthetic air
atmosphere. To complete the study of the morphology features, some samples were
analyzed by the scanning electron microscopy (SEM) (Model JEOL JSM-840).
Finally, the mass of impregnated HTMDDP was quantitatively determined by UV
visible spectrometry (Model HP 8453 Hewlett Packard) on the remaining washing
solutions and mass-balance of the extractant.

Metal extraction procedure

The extraction of Cu(II) was carried out with batch experiments at 25 °C. The 0.1 g
of Na-mag and Hybrid-mag samples were mixed mechanically in polypropylene
tubes with 10 mL of a 0.33 M aqueous metal solution (M>", H', Na™) SO,*~
during 150 min separately. After phase separation with a high-speed centrifuge, the
equilibrium pH (pH.) was measured using a Jenco Electronics LTD pH-meter.
Metal contents in aqueous phases were determined by atomic absorption
spectroscopy on a Perkin Elmer 2380 spectrophotometer.

Adsorption Kinetic procedure

The kinetic study was carried out as described in section “Methods and
characterization” for contact times ranging from 0 to 400 min. In order to
understand the adsorption process, two kinetic models have been applied pseudo-
first order and pseudo-second order.

Results and discussion
Chemical analysis
The chemical composition of the hybrid mag composite was found to be 660 mmol/

kg. The impregnation yield is near 100%. This result is in agreement with that found
by Bouazza et al. [26].



Infrared analysis

The FT-IR spectra of Na-mag and Hybrid mag composite (Fig. 2) exhibited bands
in the region between 1250 and 1090 cm™' which could be assigned to
antisymmetric stretching of the Si O Si bond in the tetrahedral configuration v,
(SiOSi) [14]. The band at 1630 cm ™! can be attributed to H O H bending vibration
which shows the presence of some moisture in the samples. Bands in the
800 600 cm™ ' region will involve the corresponding symmetric vibrations. The
absorption band at 465 cm™' corresponds to bending vibration of Si O Si. All these
features are typical of Na-magadiite structure [27]. The sharp band at 3650 cm™'
due to OH stretching vibration of isolated silanol groups bonded to the silicon in
both Na-and hybrid magadiite interlayer. The broad band between 3656 and
3146 cm ™' is assigned to the hydroxyl stretching vibrations. In addition to the
vibrations of the hydroxyl and silanol observed in the region between 3500 and
3200 cm ™', Hybrid mag exhibits additional bands that appeared at 2921 and
2837 cm™' that could be assigned to the stretching vibration modes of anti-
symmetrical stretching v,qc_p) and symmetrical stretching vyc_p), respectively,
mainly attributed to vibration bands characteristic of HTMDDP [28]. These results
confirm the presence of HTMDDP in X-ray diffraction. From the FTIR spectra, it
can be concluded that the impregnation of HTMDDP into magadiite does not affect
the functional groups that constituted the magadiite (FTIR) and no shift concerning
these functional groups in comparison to Na-mag is observed. These can be related
to the low amount of impregnated HTMDDP in Na-mag.
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Fig. 2 Infrared transmission spectra of a Na mag, b Hybrid mag



X-ray diffraction

The XRD patterns of Na-mag and Hybrid mag composite are illustrated in Fig. 3.
The Na-mag showed a basal spacing of dyg; = 1.54 nm, reported for synthetic
magadiite and exhibits all reflections that belong to a typical Na-magadiite [29, 30].
However, the hybrid mag sample exhibits typical basal space at dyg; = 1.54 nm and
an additional shoulder corresponding to 1.90 nm. The intensity of the first reflection
at 1.90 nm is very weak related to the loading concentrations of HTMDDP. This
result is in good agreement with that found by Kooli et al. [29], when C;4TMABr
solution was used, partial intercalation occurred using a relatively low concentration
of 0.42 mol, with a small broad reflection at 3.10 nm. The appearance of the peak
corresponding to the basal spacing 1.90 nm probably indicates the onset of
formation of meso-structure. The value of the basal spacing remains fixed at
d = 1.54 nm which could coincide with that of the starting Na-magadiite and
confirm the intercalation of HTMDDP in plan conformation in respect to the Jahn
Teller effect [31]. These results confirm that the dry impregnation does not cause the
appearance of contaminating phases or amorphization of the structure.

DTG and DTA analysis

Figure 4 gives an example of the thermogravimetric analysis of the samples. The
DTG/DTA curves of Na-mag (a) exhibit three distinct stages of thermal degradation
showing a 8.22% weight loss below 150 °C associated with the desorption of
physically adsorbed water, second thermal stages were observed between 150 and
200 °C which presented a little mass loss (0.38%), which is attributed to the
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Fig. 3 Powder XRD patterns of a Na mag, b Hybrid mag
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Fig. 4 TG (dashed line) and DTA (solid line) curves of a Na mag and b Hybrid mag

removal of water molecules intercalated and bound to Na™ cations. The continuous
weight loss of 1.76% attributed at an exothermic peak from 600 °C is attributed to
the collapse of the structure and the reorganization into a new phase [30]. After dry
impregnation of HTMDDP molecules (Fig. 4b), an important additional weight loss
of 29.7% between 200 and 450 °C is observed, corresponding to the elimination of
the organic ligand molecules.
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Fig. 5 Scanning electron micrograph of: a Na mag, b Hybrid mag



Morphology

The scanning electron microscopy (SEM) images of Na-mag and Hybrid-mag
composite are shown in Fig. 5. The Na-magadiite is composed of lamellae with
some aggregates randomly distributed. This material presents microlayers resulting
from intergrown particles, which form a rosette-like assembly, similar observation
was mentioned in the literature [25] as nanometric petals. After intercalation with
HTMDDP the rosette morphology was missing, it is seen that the expansion of the
basal spacing resulted in a breakup of the spherical nodules and the concomitant
parallel arrangement of the platelets. These observations support the result obtained
by XRD analysis.

Metal extraction

The reaction equation for the complexation of divalent metals can be described as
follows in liquid liquid extraction:

M>* + 2HL < ML, + 2H', (Reaction1)

where M represents the metal species and HL represents the HTMDDP ligand.
The ability of Hybrid mag composite to adsorb Cu(Il) from aqueous solution was
studied by varying different parameters such as agitation time, kinetics, pH and
metal concentration.
The metal extraction percentage, E%, can be expressed as follows:

E% = 100 x M (1)

nMaq.i

where ny, and ny, , denote the total number of moles of metal in the solid phase at
equilibrium and the initial total number of moles of metal in the aqueous phase,
respectively, and it is determined from the analytical concentrations of the metal in
the aqueous phase before and after extraction ([M,q;] and [M,q .]) respectively:

M) ~ V]

E% = 100 x
[Maqvi}

(2)

Effect of shaking time and kinetics of adsorption

The effect of the shaking contact time was studied using an initial pH (pH,) fixed at
2.56 for HTMDDP impregnated solid, Fig. 6 shows the evolution of extraction
yields versus shaking time. The extraction increased with the pH and reaches a
plateau after 150 min of contact. So, 150 min for the contact time was adopted for
subsequent studies.

The pseudo-first order expressed in Egs. (3, 4) and the pseudo-second order
expressed in Egs. (5, 6) were adopted to determine the kinetic order of the
extraction process.
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Fig. 6 Evolution of extraction pHi 2.56; [Na®, H" SO42] 033M; T 25°C; m O0.1g;
[HTMDDP]  0.66 mmol/g

For a pseudo-first order reaction, the rate law is describe by the following
equation

dg;

b ki(ge — a1), (3)

where k; the rate constant (min~'), g, quantity of the metal ion extracted at equi-
librium (mmol/g), g, quantity of the metal ion extracted at time .

Equation (3) is integrated between 0 and ¢ with respect of time and between 0 and
q, with respect of quantity of the metal ion extracted. In this way we obtain Eq. (4):

Ln(g. — q;) = Lng, — k; - ¢. 4)
For a pseudo-second order reaction, the rate law is expressed as:

dg; 2
—— =ka(qe — q1)", 5
ar 2(‘] Qr) ( )

where k, is the rate constant (g/mmol min).
After integration, the following integrated law is obtained:

1 1
=—+k -t (6)
Qe —4qr  Ye
and it can be rearranged as follows:
t 1 1
— +—t. (7)

9 kg q.

The rate constants and correlation coefficients were obtained by plotting
Ln(g.— ¢;) as a function of time ¢ for pseudo-first order and t/g;, versus time for
pseudo-second order. The results are summarized in Table 1 and are shown in
Figs. 7 and 8.



Table 1 Rate constants k of pseudo first order and pseudo second order reactions and correlation
coefficients R of Cu(Il) sorption by Hybrid mag composite
R ky R ky

System

Cu Hybrid mag 0.5416 0.025 0.9997 1.450

0
L y=-0,025x - 3,6924
-2 R2=0,5416
= E
<3
v 6
g
e -8 L]
-10
L L
-12
0 50 100 150 200 250 300 350
t (min)

Fig. 7 Sorption kinetic pseudo first order for Hybrid mag
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Fig. 8 Sorption kinetic pseudo second order for Hybrid mag

The correlation coefficients determined as well as the amounts of metal extracted
at equilibrium was in good agreement with those determined experimentally.

According to the results given in Table 1 and shown in Figs. 7 and 8, the pseudo-
second order model is best suited when the initial metal concentration is low. These
results are in agreemlent with those found by Azizian [32, 33].

Effect of equilibrium pH

The metal extraction by Na-mag and Hybrid mag composite was studied as a
function of the pH, (Fig. 9). The results showed that copper is extracted by Na-mag
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Fig. 9 Measured copper extraction percentages as functions of equilibrium pH (pH,) (open square) Na
mag, (filled square) Hybrid mag, [Cu*"] 100 ppm; [Na*, H' SO, 1 033M; T 25°C;
T 150 min; m 0.1 g; [HTMDDP] 0, 66 mmol/g

at pH 5 (50%). For Hybrid mag composite, the extraction took place at pH above 1.
The extraction yield increases with the increases of pH. to reach its maximum
(100%) at pH, 1.9. This can be explained by the interaction between the ligand and
the Na-mag. The complexing sites are more accessible and are better oriented to
bind to copper ions (Table 2).

Extraction capacity

Copper extraction capacity of the Hybrid mag composite was investigated at pHi
4.3. Initial Cu(Il) concentration was adjusted in the range of 50 4000 mg/L
(0.77 62 mmol/L) and the adsorption curve is shown on Fig. 10. By the use of the
composite solid, the adsorption efficiency increased even at a lower copper
concentration 0.75 mmol/L (47.65 mg/L). One plateau was observed with Hybrid
mag composite.

The ligand/metal ratio Ly/M; is estimated to 2 with a capacity of 330 mmol/kg,
where L, is the total number of free or coordinated “TMDDP” sites and M is the
total number of copper atoms in the solid. This ratio is obtained when the CuL,
complex type is formed. Thus, the extraction process is probably an ion exchange
between Cu”" in aqueous phase and H" protons of HTMDDP in solid phase. This
phenomenon is also observed in liquid liquid extraction. This result is in agreement
with those given by Miloudi et al. and Bou-Maroun et al. [34 36].

Table 2 Kinetic parameters of the pseudo second order Cu(II) sorption by Hybrid mag composite

Systems Co (mmol/L) R k> e (mmol/g)* Ge.exp (mmol/g)°

Cu Hybrid mag 1.57 0.9997 1.450 0.159 0.157

ge.m: quantity of the metal ion extracted at equilibrium and determined by Eq. 7

bqe,exp: quantity of the metal ion extracted at equilibrium and experimentally determined
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Fig. 10 Copper extraction capacity versus copper concentration at pHi 2.14; [Na®, H*
SO42] 033M; T 25°C; T 150 min;m 0.1 g; [HTMDDP] 0.66 mmol/g

Conclusion

From the outcome of our investigation it is possible to conclude that a simple and
efficient synthesis route was carried out for the preparation of Na-magadiite. The
Hybrid mag was successfully obtained by the dry impregnation method of Na-
magadiite and HTMDDP. On the basis of the XRD result, the Na-magadiite
structure was conserved after impregnation. Concerning the FTIR, thermal and
SEM measurement confirm the presence of the ligand in the Na-magadiidte
structure. Moreover, the equilibrium time of copper extraction by Hybrid mag is
obtained after 150 min. The kinetic model of extraction adapted is pseudo-second
order. Hybrid mag extracts copper at low pH 1.9, adapted to the treatment of acidic
waste. The copper extraction capacity of the hybrid mag is 330 mmol/kg, and the
complex formed is confirmed to belong to Cul, type. The extraction process is
probably an ion exchange between Cu®" in aqueous phase and H' protons of
HTMDDP in solid phase.
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