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ABSTRACT

Amino phosphonic acids are good heavy metal extractants for
liquid-liquid extraction, but this method requires the use of an
organic solvent, which is itself a pollutant. The incorporation of
these acids in solid supports gave us the opportunity to find
a solution to this problem. The synthesis of the new material by
incorporation of Amino-Cyclo-Hexyl Phosphonic Acid into the inter-
layer space of the Ni/Al-LDH, designated as Ni/Al-ACHPA, was car-
ried out by the coprecipitation method and anion exchange. The
new hybrid material was characterised by FTIR, XRD and BET. The
results obtained show that ACHPA is well intercalated in LDH. The
adsorption performance of the new hybrid material towards the
ions of Cerium Ce™>, has been investigated under different para-
meters. Under optimal conditions, where the highest recovery
(75%) was obtained at pH 6 using 0.1 g of adsorbent (Ni/Al-
ACHPA) for less than 30 min of agitation. The modelling results of
the kinetics indicate that the Ce™ adsorption process mechanism is
well fitted by a pseudo-second order equation with a high regres-
sion coefficient (R*=99%) and the adsorption isotherms were fit-
ting well with the Freundlich isotherm model.

1. Introduction

Amino-Phosphonic acids have shown an inherent advantage in being used as an effective
adsorbent and chelating ligand [1] in the adsorption of toxic heavy metals due to their
remarkable physicochemical properties [2]. Amino phosphonic acids are chelating agents
[3,4] which are synthesised by a Mannich reaction (Figure 1), this reaction is one of the
best methods for introducing the amine function into organic molecules [5-7].

The enormous progress made in the synthesis of amino-phosphonic acids, especially
Amino-Cyclo-Hexyl-phosphonic acid ACHPA (Figure 2), is due to the importance of
their applications on an industrial scale, especially in liquid-liquid extraction processes
[8]. These extractants are characterised by their active centre, which is formed by
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Figure 1. Mannich-type reaction.

o

Figure 2. Structural unit of Amino-Cyclo-Hexyl-Phosphonic Acid (ACHPA).

a phosphorus atom (P) linked, on one side, by a double bond to an oxygen atom (=O)
and, on the other side, by an alkyl group (-R).

The use of these phosphonic acids for the extraction of heavy metals requires an
organic solvent, but the latter is a pollutant for the environment [9,10], which
forced us to replace the organic solvent with adsorbents such as layered double
hydroxide LDH.

Layered double hydroxide results from the succession and stacking of sheets, generally
of inorganic nature. These two-dimensional lamellar compounds exhibit a high aniso-
tropy of their chemical bonds, strong within the hydroxylated sheets [11,12], weak for the
cohesion of the sheets between them. This peculiarity allows the incorporation in the
interlayer space of a wide variety of anions [13].

The three usual methods designed for the synthesis of layered double hydroxide are
the co-precipitation [14] method, the anion exchange method [15] and the reconstruc-
tion method [16]. The direct co-precipitation method is the most used method for the
layered double hydroxide preparation. It consists in simultaneously precipitating the
metal cations, by adding a basic solution to a solution of chloride or nitrate salts taken in
adequate proportions.

In this work, we were interested in synthesising a new hybrid material by grafting
a good chelating agent in a solid support, such as layered double hydroxides, in addition
to the study of the adsorptive performance of this new material (Ni/Al-ACHPA) on the
removal of Ce* ions in aqueous solution (Figure 3).

In toxicology, Cerium as heavy metals can be defined as metals of a cumulative nature
having essentially very harmful effects on living organisms. Being this poisonous metals
presence in water sources at levels higher than the permissible amounts can affect
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Figure 3. Graphical abstract.

humans and animals health [17] and can cause various illnesses like brain damage, chest
pain, shortness of breath, vomiting, fever and skin rashes, diarrhoea, asthma, hypoten-
sion, liver and thyroid damage, allergies, and bone defects [18-20].

Cerium is the most abundant element of the lanthanides (approximately 0.0046% of
the earth’s crust) and the most reactive with the exception of Europium [21]. Human
activities may end up with these toxic elements in the hydrosphere, as well as the food
cycle and the ecosystem [22].

2. Materials and methods
2.1. Synthesis of Ni/Al-CO3

Layered double hydroxide (Ni-Al-CO;) was obtained by a co-precipitation method at
constant pH [23]. For this purpose two solutions have been prepared (Solution A and
Solution B): (A) 0.75 mol/l Ni(NO3),. 6H,O and 0.25 mol/l of AI(NO3), 9H,O were
dissolved in 250 ml of distiled water and (B) 2 mol/l solution of Na,CO; was dissolved in
250 ml of distiled water.

Both solutions were heated to 353 K. One hundred millilitres of H,O heated to
353 K was introduced into a three-neck flask, and a small amount of the carbonate
solution was added to the two solutions mixture (A and B) previously prepared, in
order to obtain a pH=8. The two solutions were then introduced into the con-
tainer, carefully controlling the rate of addition in order to maintain the pH
between 9 and 10. After the completion of the precipitation, the suspension was
aged at the same temperature for 60 min.

The precipitate was filtered, and the solid obtained was washed several times with
distiled water in order to remove excess ions (NOs-, Na+, etc.). The material, noted LDH,
is dried at 383 K for 18 h and was crushed



2.2. Synthesis of Ni/AI-ACHPA

Layered double hydroxides are bilayer compounds with exchangeable anions in the
interlayer space, which makes it possible to exchange these anions with negatively
charged compounds such as phosphonic acids in solution [24].

For this, a mass of 20 g of Ni/Al-CO; was brought into contact with 100 ml of distiled
water and 1 g of acid dissolved in 100 ml of distiled water (1/20). The two solutions were
mixed and stirred for 24 h. The mixture was filtered and then dried at 383 K.

2.3. Characterization

A Shimadzu brand UV-2401PC spectrophotometer was used for the analysis of the
concentration of Ce*” in aqueous solution. In order to achieve a calibration line that
will allow us to determine the concentration of the remaining Ce™ ions after adsorption,
we prepared solutions of Cerium nitrate Ce(NO3); - 6H20 at different concentrations
[107° to 10™*M]. The calibration curve (absorbance as a function of the concentration of
Ce" obtained after linear regression of the experimental points exhibited good linearity
(regression coefficient is 0.9988). The parameters (R and R?) obtained show a strong
correlation between the values of the absorbance ratios and the concentration ratios used
to draw the calibration line.

X-ray diffraction spectra (xRD) is obtained using a PANAnlytical X’PERT Pro
diffractometers. The reflection mode is 40 KV with CuKa radiation (1.5405) and a scan
of 20 from 5 to 100.

The Ni/Al-CO; and Ni/Al-ACHPA infrared spectra are obtained using a Perkin-
Elmer 16 PC Fourier Transform FTIR spectrophotometer equipped with a thermostat.

The BET Brunauer-Emmett-Teller method was used to determine the specific surface
area and pore size. The measurements were found by adsorption and desorption of N, at
77 K and the results are collected and processed by Quanta Chromium Autosorb-6.

3. Results and discussions
3.1. Characterization results

This study is not intended to perform a refinement of the structural parameters by the so-
called Rietveld-type method (study requiring the precise measurement of the intensity of
each line) but only to ensure the crystallographic structure of each sample and to specify
globally the lattice parameters for the structure studied. For this, the diffraction lines
positions as a function of the angle 20 are sufficient and make it possible to attribute to
each reflection a Miller index triplet (hkl) characteristic of the diffracted plane.

X-ray diffractograms of Ni/Al-CO; and Ni/Al-ACHPA phases show a general appear-
ance characteristic of the type phases of layered double hydroxide within particular, the
appearance of all the harmonic lines (001) encountered in isotype compounds with
a lamellar structure and indicate a hexagonal network, with a rhombohedral symmetry
typically R-3m.

Diffractograms of hydrotalcite Ni/Al-CO; and Ni/Al-ACHPA compounds show many
fine, intense and symmetrical reflections at low values of 20 for the planes (003), (006),
(110), (113) and wider, less intense and asymmetrical at wide angles. We note that almost



no specific changes were made in the XRD spectrum provided for the desired LDH before
and after the grafting process using ACHPA, this is probably justified by the strongly low
amount of ACHPA compared to LDH.

The Ni/Al-COj; X-ray diffractogram (Figure 4), the measured inter-lamellar distance is
relative to the presence of small anions in the inter-leaf spaces such as the CO;* ions and
is in agreement with those of literature [25,26]. The parameter (a) giving the distance
between two neighbouring metals is good, which explains why the synthesised structure
has shown layered double hydroxide precursors, which were successfully synthesised.
The basal distance is 7.78 A indicating that the water is well intercalated in the inter-leaf
spaces. The width of the lines observed indicates a good crystallinity of the phase, which
allows the fine resolution of the structures of the compounds intercalated by different
levels of carbonate anions.

Figure 4, the Ni/AlI-ACHPA X-ray diffractogram showed that the inter-leaf
space increased from 7.72 to 7.78 A, which indicates that the Amino-Cyclo-
Hexyl-phosphonic acid ACHPA is well intercalated successfully. In comparison
of full width at half height (FWHM) of peaks for two samples, Ni/Al-ACHPA
showed a wider reflection than Ni/Al-COj revealing weaker crystallinity [27-29].
The results of the X-ray diffraction analysis of Ni/Al-CO; and Ni/Al-ACHPA are
shown in Table 1.

Infrared radiation (FTIR) is located in the part of the electromagnetic spectrum
between the visible region and that of the microwaves [22]. This gives a spectrum in
percentage of energy absorbed as a function of wavelength. The peaks observed corre-
spond to the energies absorbed for atomic bonds whose energy varies according to the
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Figure 4. XRD pattern of Ni/Al HDL and Ni/Al-ACHPA.



Table 1. Peak list of DRX of Ni/Al-CO5 and Ni/Al-ACHPA.

The cell parameters of Ni/Al-CO3 The cell parameters of Ni/Al-ACHPA
Peak hki dpia (A) 26 hkl dua (A) 20
1 003 7.7283 11.37 003 7.7817 11.45
2 006 3.7742 23.57 006 3.8119 23.34
3 012 2.5549 35.13 012 2.5563 35.11
4 015 2.2687 39.73 015 1.9141 47.50
5 018 1.9208 47.33 018 1.5079 61.50
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Figure 5. FTIR Ni/AI-ACHPA and Ni/AI-LDH.

environment. The identification of these absorption bands makes it possible to obtain the
chemical functions present in the product analysed.

FT-IR spectra were used to confirm the intercalation of Amino-Cyclo-Hexyl
Phosphonic Acid ACHPA in the layers of the double lamellar hydroxide, the results
are shown in Figure 5. A wide band around 3528 cm ™' and 3526.8 cm ™' was attributed to
the vibrations of OH in inter-lamellar water molecules. The two peaks around 1152 cm™"
and 1081 cm™" were attributed to the two functional groups ~-CH, and O=P-OH of
ACHPA and the peaks around 885cm™' and 900 cm™' were attributed to the
P-O function of the phosphonic acid [27-29].

Figure 6, shows the nitrogen adsorption/desorption isotherms for Ni/Al-LDH and the
new hybrid material Ni/Al-ACHPA. The shape of the isotherms is of the same type (IV)
according to the IUPAC classification with systematic hysteresis for the two compounds
Ni/Al-CO; and N/AI-ACHPA, highlighting the mesoporous nature of these materials.
Associated parameters such as special surface area (Sggr), total pore volume (V,) and
average pore diameter (D,) are also presented in Figure 6.

3.2. Parametric study

3.2.1. Equilibrium time

Since adsorption is a process of transferring pollutant from the liquid phase to the solid
phase, the time between the two phases acts as a limiting factor. The effect of the contact
time between the two phases, adsorbent-adsorbate, is an important parameter in all
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Figure 6. Nitrogen adsorption-desorption isotherms and corresponding pore size distributions.
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Figure 7. Parametric study: (a) Equilibrium time, (b) Effect of the initial concentration of Ce™3 (o) pH
effect, (d) Effect of the amount of hybrid material (Ni/AI-ACHPA).

extraction processes. In order to determine the equilibrium time, the transfer kinetics of
the Ce*” solute from one phase to another (Ni/Al-ACHPA) were performed until
equilibrium was reached. The results obtained are shown in Figure 7.



Strong stirring gave us maximum performance after just 5 min, then a drastic drop
caused by the desorption of cations under the effect of the stirring speed. The average
speed is interesting because a plateau is obtained for up to 200 min with 65% [30,31].

Stirring speed is a physical condition, which is not related to the chemical nature of the
adsorbent used. In the case of a solid-liquid system [32], the role of the agitation is to
homogenise the distribution of particles in suspension in the liquid phase and to increase
the diffusion of the particles [33], which explains the increase in the yield of the Cerium
Ce™ ions during strong agitation.

3.2.2. Effect of the Ce*? initial concentration

A study of the effect of the initial concentration of Ce™ on the adsorption of Ni/Al-
ACHPA was carried out with a mass of the support equal to 0.1 g in 10 ml of the aqueous
solution at room temperature (25 +2°C) by varying the initial concentration of Ce*’
(Figure 7) .

Figure 7(b) shows initial Ce** concentration effect on the adsorption process. We note
that for high concentrations of the pollutant, the adsorption efliciency decreases and this
can be explained by adsorbent surface saturation of our hybrid material (Ni/Al-ACHPA)
[34,35].

3.2.3. pH effect

Monitoring of the variation in the pH of Ce** in different solutions over time in the
presence of Ni/Al-ACHPA studied, will allow us to have an overview of the mechanisms
involved during the adsorption of Ce™. The effect of the power of hydrogen pH on the
yield of the extraction of Ce™ cations by Ni/Al-ACHPA created a strong adsorption
competition between the cations of Ce™ and the protons of hydrogen H+ (Figure 7). The
more hydrogen power decreases, the more the yield increases, that is to say at basic pH
the yield improves. In addition, it is noted that the layered double hydroxides are
unstable in acidic media, which explains the low retention rate at pH =2 [36,37].

3.2.4. Effect of the amount of hybrid material (Ni/al-ACHPA)

In order to optimise all the parameters influencing the elimination of Ce™ on the
prepared hybrid material Ni/Al-ACHPA, the effect of the concentration of the support
on the extraction yield has a very important role in being able to find a better solid/liquid
ratio. For this purpose, we have chosen four masses of the support: 0.1, 0.2, 0.3 and 0.5 g.
The results are shown in Figure 7. The mass of 0.5 g of adsorbate is the one that best
extracts our pollutant. The clogging phenomenon (pasty form) of LDH under the effect
of stirring inhibits extraction. This is justified by the increase in the number of adsorption
sites of our hybrid material Ni/Al-ACHPA.

3.3. Adsorption isotherm

Adsorption isotherms are functional expressions that describe the adsorbents' equili-
brium performance at a given temperature [38,39]. Several theoretical models have been
developed to describe adsorption isotherms during an adsorption study. However, in this
study, we will only be interested in the models of Langmuir and Freundlich, because they



are the simplest and the most widespread. These adsorption isotherms can be obtained by
graphing Q. =1 (Co).

Q. is the quantity of substrate adsorbed per gram of adsorbent

C. is the concentration at equilibrium

3.3.1. Langmuir isotherm
The Langmuir isotherm in the liquid phase is given by:

Qe KL Ce

e et (1)
Qm 1+ KLCe
This equation has been processed in its linearised form, known as Langmuir 1:
1 1 1 1
SR @

Qe Qm Qm KL Ee

With:

Q.: the adsorption capacity at equilibrium (mg.g™")

Qu: the maximum adsorption capacity (mg.gfl)

Ky: the adsorption equilibrium constant (Langmuir constant) (L.mol™)

C.: the concentration of the solute at equilibrium (mol1™)

By plotting the graph 1/Q, as a function of 1/C, to represent Figure 8 which represents
the Langmuir isotherm of the extraction of Ce*” ions by Ni/Al-ACHPA. The linearised
Langmuir equation allows the determination of two important parameters of adsorption,
namely the best adsorption capacity (Q,,) and the adsorption equilibrium constant (Ky ),
from the intercept and the slope, respectively.

1/Qm = 0.099 and 1/Qm.KL = 13.334

3.3.2. Freundlich isotherm
The Freundlich equation is an empirical equation widely used for the practical repre-
sentation of the adsorption equilibrium. It comes in the form:
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Figure 8. Adsorption isotherm: (a) Langmuir isotherm, (b) Freundlich isotherm.



Q= KC? (3)

With

Q: Amount adsorbed per gram of solid

C.: Concentration of adsorbate at adsorption equilibrium

K and 1/n: Constants characterising the efficiency of a given adsorbent with respect to
a given solute.

The linear transform makes it possible to check that the validity of Equation (3) is
obtained by switching to a logarithmic scale:

1
LnQe:LnK—Q—;LnCe (4)

This equation is that of a line with slope 1/n and ordinate at the origin log (K). In
general, (n) is between 0.8 and 2 and is proportional to the strength of adsorption
(Figure 8).

So:

We have found 1 =1,19> 1

In this case, we can say that it is a strong adsorption of Ce ™ on Ni/Al-ACHPA.

According to the study of the two isotherms: linearised Langmuir isotherm (R* = 0.8)
and linearized Freundlich isotherm (R*=0927) for the process of adsorption of Ce™?
ions, the Freundlich isotherm confirms this extraction.

The adsorption process follows the Freundlich isotherm model, and this means that
the surface containing the adsorbing sites is a perfectly flat plane with no corrugations
(assume the surface is homogeneous), the pollutant is adsorbed in an immobile state, and
the adsorption sites are all energetically equivalent [40].

3.4. Kinetic study

The study of the adsorption kinetics of Ce** on Ni/Al-ACHPA made it possible to specify
the order of the reaction. Indeed, we applied two kinetic models, a pseudo-first order
model and a pseudo-second order model. By comparison, of the regression coeflicients of
the curves corresponding to the two kinetic models, we found that those of the second-
order models are closest to unity (pseudo-first order model R*=0.906 and pseudo-
second-order model R* = 0.998). We can therefore say that the kinetics of the adsorption
reaction of Ce™ on grafted LDH are very probably of the second order (Figure 9).

4. Conclusion

This research sought to eliminate the need for organic solvents by using a good chelating
agent, such as phosphonic acids, to retain metal cations (i.e. liquid-liquid extraction), by
grafting this chelating agent into a solid support and making the solid-liquid extraction.
This grafting gave us a new hybrid material Ni/Al-ACHPA, which forced us to char-
acterise it by different characterisation methods and to study these adsorptive character-
istics vis-a-vis inorganic pollutants. This study demonstrates Ni/Al-ACHPA efliciency in
eliminating Ce*” ions in an aqueous medium. The influence of parameters related to
operating conditions was examined. The kinetic study shows that equilibrium is
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Figure 9. Kinetic study, (a) pseudo-first order, (b) pseudo-second order.

established after less than 30 min and that the adsorption mechanism can be described by
pseudo-second-order kinetics. The plot of the adsorption isotherms shows that the
Freundlich model perfectly represents the adsorption. Ni/Al-ACHPA was found to be
a support that has a generally high adsorption affinity towards Ce*? ions. This work gives
us the opportunity to synthesise other hybrid materials by grafting organic compounds
into the inter-sheet space of double lamellar hydroxides in order to study their adsorptive
properties in general.
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