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Abstract: Commercially available oxidized (carboxylic groups) and non-oxidized multiwalled
carbon nanotubes were studied as adsorbents of cerium(lll) in batch operation mode. Several
variables affecting the rare earth adsorption were investigated, including: the stirring speed applied
to the system, the pH of the solution and the metal concentration and carbon dosages. Although the
removal of cerium from the solution is different and dependent upon the adsorbent type: i)
adsorption in non-oxidized multiwalled carbon nanotubes, ii) cation exchange in the case of using
oxidized multiwalled carbon nanotubes, the adsorption kinetics, the rate law and the isotherm
models are the same for both adsorbents: pseudo-second order, film diffusion and Langmuir Type-
1, respectively. Cerium is desorbed from loaded adsorbents using acidic solutions.
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1. Introduction

In comparison with other separation technologies, adsorption is one of the most used due to its
operational characteristics and the possibility of its uses in dilute solutions and even non-clarified
ones [1]. Thus, from long time ago adsorbents, of various nature, are used as medium to remove both
valuable and non-valuable, including hazardous, metals or solutes from aqueous solutions[2,3].
Including in these adsorbents, carbon nanotubes in various configurations are considered of a
particular interest in this task [4-7].

One of these applications is in the case of the recovery of rare earths from various aqueous
solutions [8,9]. Nowadays, with a global mine production of 210000 ton in 2019 [10], the recovery of
these rare earths is of a particular interest due to their use in smart technologies and scarce availability
of their resources (i.e. here in the European Union), thus, the recycling of these metals became of
interest. However, in the European Union the rate of their recyclability is around 6% and 7% for the
heavy and light rare earths, respectively [11,12].

Cerium and cerium compounds are of a particular importance due to their application in
strategical sectors, including metal alloys, glass, adsorbent, catalysts, biomedical applications [13-
20], and also in a growing sector such as rechargeable batteries [21-23], thus, cerium is considered a
critical raw material by the EU [24].

Recent investigations on the adsorption of cerium(Ill) showed that a variety of adsorbents are
useful for this task, i.e, K10-montmorillonite removes Ce(Ill) from solutions via a cation exchange
mechanism [25], whereas simulated radioactive Ce(Ill) can be removed from solutions using
magnetic trioctylamine-polystyrene composite microspheres [26]. Nitrolite is used as adsorbent for a
series of light rare earths and Cr(III) [27], in all the cases, the adsorption increases with the increase
of the pH (up to pH 9), however, metal precipitation phenomena occurs together with a true
adsorption process. Others adsorbents recently used for the removal of cerium(IIl), from aqueous
solutions, are various soils [28], montmorillonite nanoclay [29], HKUST-1 framework [30] and cherty
rocks [31], in this work, and being one of the rare exception in adsorption experiments, the stirring
speed applied to the system is considered; also, and relying in not a true adsorption process but in
an ion exchange process, several ion exchangers, namely Amberlite 200C Na, Amberlite 200C, Dowex
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M4195 and Diphonix resins, are used to investigate the recovery of Ce(IIl) (among other metals)) from
acidic solutions [32,33].

The present investigation shows and experimental work on the adsorption of cerium(IIl), from
aqueous solutions, using two carbon nanomaterials: non-oxidized multiwalled carbon nanotubes
(MWCNTs) and oxidized multiwalled carbon nanotubes (0x-MWCNTs), in this case, the material has
been functionalized by carboxylic acid groups. Several experimental variables affecting cerium(III)
adsorption were investigated, and the data were fitted to several models to explain the kinetics, rate
law and adsorption isotherms associated with this adsorption. Metal-loaded onto both nanomaterials
can be desorbed by the use of acidic solutions..

2. Materials and Methods

The adsorbents were used as supplied by the vendor (Sigma-Aldrich), in the case of the oxidized
material, carboxylic acid was the active group. Main characteristics of the both adsorbents were given
elsewhere [4,34]. On both carbonaceous nanomaterials, Z potential was measured using a Zetasizer
Malvern Nano ZS at 25° C. Aqueous suspensions were prepared in the 1-13 pH range, and using HCI
and NaOH solutions to control the pH value. The concentration of the carbon material was adjusted
to a value of 0.1 g/L. The suspensions were dispersed with a Bandelin Electronic Sonopuls HD 3100
sonicator, using an amplitude of 60% for 150 s.

Other chemicals used were of AR grade. Cerium(III) solutions were prepared by dissolving
Ce(NO:s)3:6H20 in distilled water, and the different concentrations used in the experiments were
prepared from this stock solution. The pH values of the aqueous solutions were adjusted by addition
of nitric acid. During the experiments, the pH was continuously monitorized using a 605 pH-meter
(Crison).

The adsorption experiments were carried out in a glass vessel provided of mechanical stirring.
Cerium concentrations in the aqueous solution were analyzed by ICP-OES (Agilent Technologies 5100),
with an associated analytical error of £3%. The percentage of cerium remaining in the aqueous solution
was determined by the next relationship:
= Kelaat » 100 @

[Celaq,0

%

where [Celaq0 and [CeJaqt were the initial and at an elapsed time cerium concentrations in the solution,
respectively. Cerium concentrations in the adsorbents were calculated by the mass balance.
Desorption experiments were performed in the same basis as above.

3. Results

Measurement of Z potential values on MWCNTs and ox-MWCNTs, at different pH values, showed
that the isoelectronic points (IEP) are 1.22 and 0.26 for both nanomaterials, respectively. At pH values
lower than the pH(IEP), the charge of the adsorbent surface is positive, however, when the pH
increases the surface has a negative charge. This change in the surface charge may have, at it is

demonstrated latter, a great influence on the adsorption results.
3.1. Adsorption using non-oxidized multiwalled carbon nanotubes (MWCNTs)
The adsorption of cerium(IIl) by MWCNTs is represented by the general equilibrium:

Cesd & Cel* ()

where aq and c denote species in the aqueous and carbon phases, respectively.

3.1.1. Influence of the stirring speed
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Experiments to investigate the influence of the stirring speed applied on the system were first
investigated by the use of aqueous solutions of 0.01 g/L Ce(Ill) at pH 6, and carbon dosage of 4 g/L.
In these series of experiments, the stirring speed was varied from 500 to 1000 min-!, whereas the
temperature was maintained at 25° C. The results were summarized in Table 1.

Table 1. Influence of stirring speed on cerium adsorption.

. . % Ce(III)
-1
Stirring speed, min adsorption
500 99
750 98
1000 96

It can be seen that cerium uptake becomes practically independent of the stirring speed, though
a slight decreased in metal uptake can be observed from 500 to 1000 min, probably due to the
presence of local equilibria produced by the increase of the centrifugal force as the stirring speed
increased. These results demonstrated that around 500 min-!, a minimum value of the thickness of
the aqueous phase boundary layer was reached.

The experimental results yielded at this stirring speed were used to estimate the kinetic order
associated to this system, and the results from this fit resulted in that cerium adsorption by these
MWCNTSs was best represented by the pseudo-second order kinetic model (r?= 0.9982)[34]:

t 1 1
[Celee  kiCelge  [Celce

t 3)

In the above equation, [Ce]c,t and [Ce]c,e are the cerium concentrations in the carbon at an
elapsed time and at equilibrium, respectively, and k is the rate constant associated with the model.
The fit indicated that k is estimated as 0.38 g/mg.min, and [Ce]c,e is 2.6 mg/g, which fits very well
with the value of 2.5 mg/g experimentally yielded. Since that experimental data fitted to the pseudo-
second order model, a chemical activation between MWCNTs and the cerium ions might be possible
bay [35].

3.1.2. Influence of aqueous pH

Table 2 shows the results obtained from the adsorption of cerium at different aqueous pH values.
The carbon dosage was of 3 g/L. The aqueous solution contained 0.01 g/L Ce(IlI) at pH values ranging
from 1 to 6.

Table 2. Influence of the aqueous pH.

% Ce(III)

pH adsorption

1
10
29
78
85
99

Temperature: 25°C. Time: 5h. Stirring speed: 500 min-!

AU WD -

The results shown in Table 2 demonstrate that the increase of the aqueous pH increased the
percentage of metal uptake onto the adsorbent. These results agreed with the isoelectronic point of
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this adsorbent (1.22) thus and since the pH increases from this point, the carbon surface becomes
negatively charged, and thus, promoting cation uptake.

The results at pH 6 were used to estimate the rate law explaining cerium adsorption onto these
nanomaterials. The results from this fit demonstrated that aqueous diffusion controlled such uptake
(r>=0.9815) [34]:

In(1-F)=—kt 4)
where F represented the factorial approach to the equilibrium, defined as:
_[celce
F= [Celce (5)

Accordingly, with eq. (4), the rate constant k for the model was estimated as 0.02 min-. It is
worth to mention here, that in a series of adsorption systems the pseudo-second order kinetic model
was associated with an aqueous diffusion model [36].

3.1.3. Effect of the initial metal concentration on cerium uptake
Table 3 shows the variation in the percentage of cerium adsorption against the concentration of

cerium ranging from 0.01 to 0.08 g/L in the aqueous solution.

Table 3. Variation in the metal adsorption with the initial cerium concentration.

[Celaqo, g/L % Ce(III) adsorption
0.01 99
0.02 78
0.03 77
0.04 76
0.06 52
0.08 38

Aqueous phase: Ce(IlI) at pH 6. Carbon dosage: 3 g/L. Temperature: 25° C. Time: 5 h

It can be observed that with the present experimental conditions, the percentage of metal
adsorption onto the multiwalled carbon nanotubes tends to decrease. The data derived from Table 3
were used to estimate the isotherm model which best fitted to the adsorption results, the results from
this fit indicated that that Langmuir Type-1 isotherm presented the best fit (r2= 0.9987) to these

experimental data:
[Celaq,e 1

1
(Celex — MColom | [Celom | “Clage 6)

where [Ce]aqe represented the metal concentration in the aqueous phase at the equilibrium, and
[Ce]em to the maximum cerium concentration adsorbed onto the nanotubes. From the fit, it was
derived that [Ce]cm was 10 mg/g, value which coincided with the experimental one, whereas k was
of 0.15 g/L. From the next expression:

1
L = -
1+ K[Ce]aq,0

@)

it was estimated that Ri<1, indicating that metal uptake is as favourable process for all the cerium
concentrations used in this work [37].
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3.1.4. Effect of the dosage absorbent on cerium adsorption

In Table 4, the obtained percentage of cerium adsorption at various MWCNTs dosages were
given.

Table 4. Cerium adsorption versus MWCNTs dosage.

Nanotubes dosage, % Ce(III)
g/L adsorption
1 0.5
2 28
3 99
4 99

Aqueous solution: 0.01 g/L Ce(IIl) at pH 6. Temperature: 252 C. Time: 5 h. Stirring speed: 500 min-!

Results obtained revealed that there was an increase in the percentage of cerium adsorption with
the increase of the adsorbent dosage up to 3 g/L, and then no significant change in this percentage at
higher adsorbent dosage.

3.2. Adsorption using oxidized multiwalled carbon nanotubes (ox-MWCNTs)

Having this adsorbent carboxylic acid as functional groups, it is logical to attribute metal uptake

onto the adsorbent to the next equilibrium:
3(R — COOH). + Cej} & (R—C007)3Ced* + 3H,, 8)

in the above equation, c and aq represented the carbon and aqueous phases, respectively, and R to
the nanotubes matrix. Accordingly, cerium uptake by these adsorbents is attributed to a cation
exchange process, in which the metal uptake onto the nanotubes is accompanied by the release of

protons to the aqueous solution.

3.2.1. Influence of the stirring speed

Experiments were carried out to establish the adequate hydrodynamic conditions to the system.
Results obtained are shown in Fig. 1. Near constant adsorption for stirring speeds in the 500-1000
min'! was obtained, thus, the thickness of the aqueous diffusion layer and the aqueous resistance to
mass transfer were minimized.
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Figure 1. Influence of the stirring speed on the adsorption of cerium(III). Aqueous phase: 0.01 g/L
Ce(IMI) at pH 6. ox-MWCNTs dosage: 1 g/L. Temperature: 25° C.

Experimental results were used to estimate the kinetics model which fitted to these values. These
calculations showed that the pseudo-second order kinetic model (eq. (3)) best fitted (r2 = 1.0) to the
experimental results; from this fit, the equilibrium cerium concentration in the carbon material was
of 9 mg/g (value which fitted perfectly with the experimental one), whereas the rate constant for the
model was of 100 g/mg.min.

3.2.2. Influence of the initial cerium concentration

A series of tests was performed using aqueous solutions with different contents of cerium at pH
6. The adsorbent dosage was of 0.5 g/L.

Table 5 shows the variation of cerium adsorption and metal uptake onto the adsorbent for
the different metal concentrations. These show that the increase of the initial cerium
concentration tends to decrease the percentage of metal adsorption.

Table 5. Influence of initial cerium concentration in metal adsorption.

[Celaqo, g/L % Ce(III) adsorption
0.01 92
0.02 92
0.03 77
0.04 61
0.06 39
0.08 30

Temperature: 25° C. Time: 5 h. Stirring speed: 500 min-1

Different isotherm models were used to estimate their fit to the experimental values derived
from the data showed above. The results from this fit indicated that the cerium uptake was best
represented (r>= 0.9997) by the Langmuir Type-1 isotherm (eq. (6)), resulting in a k values of 3 L/mg
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and [Ce]em of 48 mg/g, result which coincides with the experimentally finding value. By the use of
eq. (7), it was found that Ri<1, indicative of a favourable exchange process.

3.2.2. Influence of the pH

The variation in the adsorption, as a function of the aqueous pH value, at 0.5 g/L carbon
nanotubes dosage, has been investigated. The experimental conditions were: aqueous phases
containing 0.01 g/L Ce(Ill) at various pH values, Temperature 25° C, time 5 h and stirring speed of
500 min-.

Results are shown in Figure 2, in which a decrease in cerium adsorption occurs as the pH of the
solution decreases. The results can be explained according which it is shown in eq. (8), that is, a shift

of the equilibrium to the left as the proton concentration in the solution increases.

From this eq. (8):

_ [Cel [H*]34 @®)
" [ox-MWCNTs][Ce3+]aq
and:
logD =log C + 3 pH 9
considering:
[Celc
= —[Ce3+]aq (10)
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o
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Figure 2. Plot of % Ce(IIl) adsorption versus pH.

In the above equation (10), the subscripts c and aq denote the carbon and aqueous phases, and the
term log C represented the other terms as in eq. (8). Thus, and from eq. (9), a plot of log D versus
pH may result in a line with slope 3; from results presented in Fig.3, such plot has effectively a
slope near 3.
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The results at pH 6 are used to estimate the rate law governing the adsorption of cerium onto the
nanotubes.

3.2.3. Influence of the of the adsorbent dosage on adsorption of cerium

The results concerning adsorption of cerium(IIl) from an aqueous solution containing 0.01 g/L
Ce(IIl) at pH 6, and varying dosages of the adsorbent in the range 0.13-1 g/L, revealed no change in
the percentage of cerium adsorption (92%) at higher adsorbent dosages (0.5-1 g/L) against the values
of 31% and 60% yielded at dosages of 0.13 and 0.25 g/L, respectively. In these series of experiments,
other experimental variables were fixed as in Table 5.

3.3. Desorption

As it is shown in previous subsections, the pH of the aqueous solution has a great influence on
cerium(IIl) adsorption, thus, the desorption step was investigated by the use of acidic solutions as
desorbents on both nanomaterials. The experiments are carried out, at 25° C, using 0.1 M H2504
solutions, and a Ce-loaded carbon nanomaterial in a 0.4 carbon/solution relationship. From these
experiments, it is shown that the percentage of cerium desorption is 75% and 84% in the case of the
non-oxidized and the oxidized nanomaterials, respectively. Together to the recovery of the metal, the
carbon nanotubes are recovered for further use; in the case of the non-oxidized MWCNTs, the use of
non-concentrated acidic solution activates the adsorption sites present in the nanomaterial matrix,
without destroying it, however, and as it is shown in the literature38, different behaviour between
initial and eluted carbon material might be observed under continuous use, i.e. columns. In the case
of the oxidized nanotubes, this regeneration is caused by shifting to the left the equilibrium, showed
in eq. (8), as a consequence of the desorption reaction.

With respect to the above results, the use of HCl or HNO:s solutions, as desorbents, do not
improve the respective percentages of cerium desorption.

4. Conclusions

Experimental results showed that it is possible to use both commercial available nanomaterials
to adsorb Ce(III) from aqueous solutions.

For both nanomaterials, the adsorption of cerium, is influence by a number of variables,
including, metal concentration, adsorbent dosage, and the pH of the aqueous solution. However, the
stirring speed applied on the system has near a negligible influence on cerium uptake.

Using both adsorbents, the metal uptake responded to the pseudo-second order kinetic model
and the Langmuir Type-1 isotherm model, however, they differ in the rate law, as the film diffusion
model fitted the uptake when the non-oxidized material is used, against the fitting of the particle
diffusion model to the results yielded when the oxidized carbon nanotubes are used to remove
cerium from the solution. The mechanism from which cerium is removed from the solution, using
both nanomaterials, also appeared to be different: an adsorption process in the case of the non-
oxidized nanomaterial against a cation exchange process in the case of the oxidized material. This is
somewhat reflected in the fact that to obtain the same degree of cerium removal from the solution
(more than 90%), the material dosage using the oxidized material is three times lower than that of the
non-oxidized carbon nanotubes. Cerium loaded onto both nanomaterials can be desorbed by the use
of sulphuric acid solutions.
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