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ABSTRACT: In this work, Ca-montmorillonite (STx), natural
and modified (STx-L6) with a linear penta-ethylene-hexamine
(L6), were tested as sorbents in a liquid/solid process for La and
Cu capture in bionic model solutions. Twelve La/Cu ratios in
solution were set and analyzed with the final target of investigating
the capture mechanisms when both Cu and La are present. The
liquid phase was characterized via inductively coupled plasma-
optical emission spectroscopy (ICP-OES), while the solids were
studied by means of X-ray powder diffraction (XRPD). No direct
competition between Cu and La ions for the capture sites was
found but rather the modification of the acid−base condition of
the solution and the related equilibria due to aquo- and hydroxy-
copper complexes formation. Cu complexes are responsible for pH modification and the related influence on the capture of La ions.
Three distinct mechanisms were identified to be active in the capture process, i.e., ion exchange, surface adsorption, and
coordination of the metal by the polyamine, when present. Only La is involved in the ionic exchange process, since no Cu was
captured by pristine clays, while only Cu is coordinated to the polyamine, in view of its preferential interaction with amino groups.
The different capture mechanisms are responsible for the higher efficiency of the organoclay, with respect to the pristine one. This
study lays the groundwork for the development of an efficient method for rare earths (REs) and precious metal recovery from waste
electrical and electronical equipment (WEEE) by a liquid/solid process.

■ INTRODUCTION

Contamination of drinking water and aquatic environmente
with heavy metals and organic pollutants has attracted
increasing attention because of their adverse health effects to
humans and natural organisms1−3 For example, Cr, Cd, Cu, or
Ni are common pollutants worldwide, and they represent one
of the major environmental problems, being able to induce
acute and chronic toxicity. Thus, many scientists have
addressed the process for the reduction or elimination of
these ions polluting waters. Moreover, the demand of valuable
metals such as Cu, Ni, Co, and rare earths (REs) is constantly
increasing in the global market, to be used in many different
technological applications, in view of their unique properties.
Since their natural resources are located in troubled world
areas, they are well known as “critical raw materials”.
Therefore, the recovery of these metals, and others of
industrial interest, from waste electrical and electronic
equipment (WEEE) has been proposed. This process is the
so-called “urban mining”.4

It is evident that the availability of an efficient capture
process for metal recovery is of paramount importance. To
date, different methods for metal ion capture from solutions
have been proposed, which include chemical precipitation, ion

exchange, membrane filtration, flocculation, and adsorption.
Among others, solid/liquid adsorption is preferred because it
does not require high operating temperatures, and it is simple.
With this process, solutions containing several ions can be
treated.5−10

For this reason, the development of effective metal
adsorbents and the exact knowledge of the adsorption behavior
is a vital goal for industrial applications of this process. Indeed,
it is important to comprehend how metal ions are transferred
from the liquid phase to the bulk or the surface of the solid
phase and the interaction between liquid and solid phases, as
well as the adsorption mechanism.11,12

Layered double hydroxides13 and layered silicates (clays),
pristine or modified, have been proposed as sorbents. They are
promising host materials in view of their structure, allowing
incorporation of cations, organic anions, or polymers by
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intercalation, followed by the expansion of interlayer
distances.14−18

Within this picture, clay-based materials are commonly used
for a wide range of technological applications. Among others,
important parameters controlling metal ions adsorption and
their distribution between liquid and solid phases are the
sorbent nature, metal speciation, metals concentration, pH,
solid/liquid mass ratio, and contact time.19−21

Our research group investigated capture processes using
different sorbent solids, such as mineral clay (smectite) or
active carbon, both pristine and modified by polyamines of
different molecular weight, chain length, or structure.22−25

Among the studied polyamines, pentaethylenehexamine was
demonstrated to possess the best capture capability toward
REs, Cu, and Ni in single-ion model solutions. The roles of
clay interlayer cations, amino groups, and operating parameters
such as pH and metal concentration were pointed out for the
success of the capture process.26 Also preliminary results on
bionic solutions indicated the pentaethylenehexamine-based
organoclay as the best performing sorbent solid in the
simultaneous capture of ions.26

Different mechanisms were hypothesized for metal capture,
such as cationic exchange (prevailing in pristine clay),
coordination to amino groups (in organoclays), and surface
adsorption at unsaturated reactive sites such as hydroxyl
groups.26,27 However, results were not conclusive in view of
the limited number of experiments that did not allow for deep
comprehension of the capture mechanism and phenomena
related to the different affinities of each ion for the different
solid sorbents, in particular in complex matrices. All these
aspects are of paramount importance because, in real
applications, the solutions are a mix of a large number of
ions and monoionic solutions are extremely rare.
Example of real solution compositions are reported in Table

S1 and Table S2 (Supporting Information). These data were
obtained by analyzing scraps of real WEEE supplied by
collectors within a project of the Lombardia Region, Italy.28

Considering the complexity of the solutions, a simplified
approach, analyzing first monoionic solutions and subsequently
solutions of increasing complexity, can be a good starting
point. This way, the comprehension of each ion behavior
toward capture can be evinced and subsequently evaluated in
the presence of other ionic species.

For the implementation of materials and processes
developed at lab scale up to the industrial level, knowledge
of the ion−sorbent interactions is helpful to adapt the new
materials to the “in field” situation. Therefore, a scientific
explanation of the sorption mechanism could help to better
manage and control the sorbent and the related process.
In previous papers, simplified solutions were studied, at the

beginning containing only one ion then progressively
increasing solution complexity.23,26,27,29 WEEE elemental
composition can be largely variable depending on the origin;
therefore, La, Y, and Nd were considered representative of rare
earths, while Cu, present in very large amount in WEEE scraps,
was considered a good example of metal of economic interest.
Accordingly, the aim of this paper is to understand the

behavior of the most performant sorbent solids developed in
our laboratories toward metal capture in bionic La−Cu
solutions, with particular attention to the mechanisms of the
ion−solid interactions.
A wide solution composition range is here proposed: 12

bionic solutions were prepared by coupling La concentrations
fixed at 19, 50, and 100 mmol/L with Cu concentrations of 19,
50, 80, and 100 mmol/L. The initial solution concentrations
were selected in a preindustrialization perspective,28 since the
final aim was the treatment of wastewater coming from WEEE
hydrometallurgical processes. Moreover, solution compositions
were selected for the sake of comparison with those previously
analyzed and reported.23,26,27,29

Bionic solutions were contacted with both the pristine and
modified clay, and analyzed before and after the capture step.
Sorbents have been studied to understand their behavior when
La and Cu are copresent. A detailed picture of the capture
mechanism is proposed for each ion and sorbent; the ions
mutual influences on the final total capture efficiency is also
addressed.

■ MATERIALS AND METHODS
A natural smectite, i.e., a Ca-montmorillonite STx-1b (Clay
Minerals Society, STx in the text), of formula
IVSi4.0

VI(Al1.21Fe
3+

0.05Mg2+0.36Ti0.02)
XII(Ca0.14Na0.02K0.01)-

O10(OH)2 and a modified organoclay with a linear penta-
ethylene-hexamine (Sigma-Aldrich 99%, L6 in the text) were
used as sorbent solids.
The organoclay (STx-L6, in the text) was obtained

according to a procedure previously developed in our

Table 1. Total, La, and Cu Ions Contents and Corresponding pH before and after Uptake Reaction Using Unmodified STx as
Sorbent

La + Cu [mmol/gSTx] La [mmol/gSTx] Cu [mmol/gSTx] pH

SET N° La/Cu initial capture initial capture initial capture before after

0.47 1.00 0.94 0.25 0.47 0.23 0.47 0 4.1 4.4
0.38 1.72 0.20 0.47 0.20 1.25 0 4.2 4.6
0.24 2.47 0.16 0.47 0.16 2.00 0 4.3 4.4
0.19 2.97 0.14 0.47 0.14 2.50 0 4.1 4.3

1.25 2.66 1.72 0.33 1.25 0.33 0.47 0 4.2 4.9
1.00 2.5 0.24 1.25 0.24 1.25 0 4.1 4.5
0.63 3.25 0.20 1.25 0.20 2.00 0 4.0 4.3
0.50 3.75 0.19 1.25 0.19 2.50 0 3.9 4.3

2.50 5.32 2.97 0.32 2.50 0.32 0.47 0 4.2 4.8
2.00 3.75 0.30 2.50 0.30 1.25 0 3.7 4.4
1.25 4.5 0.25 2.50 0.25 2.00 0 3.8 4.3
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laboratories.14 Preparation experimental conditions were set to
intercalate the polyamine in its neutral form, i.e., without ion
exchange, and no formation of ammonium salts.14 The final
polyamine content in the organoclay was set at 0.40 mmol/
gSTx.
Monoionic and bionic solutions were prepared starting from

lanthanum nitrate (La(NO3)3·5H2O 99.99%, Sigma-Aldrich)
and copper nitrate (Cu(NO3)2·2.5H2O 98%, Sigma-Aldrich).
Other chemicals were HNO3 (ACS, Sigma-Aldrich), NaOH
(ACS, Sigma-Aldrich), and deionized water.
For the bionic solutions, four initial Cu concentrations in the

range of 19−100 mmol/L were chosen, while La concen-
trations were fixed at 19, 50, and 100 mmol/L. Experiments
were carried out in series of samples fixing La concentration at
19, 50, and 100 mol/L, respectively, and varying Cu
concentration (Table 1). Considering three La concentrations
and four Cu concentrations, 12 capture experiments were
performed using both the pristine clay and the organoclay as
sorbents.
According to previous studies, 2 g of pristine or modified

clay was contacted with 50 mL of solution, under stirring at
room temperature for 90 min.23 During the experiments, pH
was measured (Mettler Toledo FE20/EL20 digital pH meter),
but no pH correction was applied. After the reaction, solid and
liquid phases were separated by centrifugation at 13,000 rpm
for 1 h (HETTICH 32 RotoFix centrifuge).
Solutions before and after uptake reactions were analyzed by

inductively coupled plasma-optical emission spectrometry
(ICP-OES, PerkinElmer Optima 8300). The average of three
measurements is reported, and the measurement error
estimated from the replicate measurements is within 1%.
Captured metal ions were determined by the difference
between initial and residual ion content before and after the
capture process. Ion determination was performed considering
interferences when present.
Sorbent solids were analyzed by X-ray diffraction analysis

(BRUKER D8), using Cu Kα radiation of 1.5418 Å, filtered
with a graphite monochromator. Spectra were collected at 3°−
30° 2θ, applying a step scan of 0.02° 2θ and a counting time of
1 s per step.

■ RESULTS AND DISCUSSION
In the following, the samples are identified by labels showing
the solid sorbent (i.e., pristine clay, STx, or modified
organoclay, STx-L6) and La/Cu initial ratio. For example,

label STx-1 identifies a sample where the applied sorbent solid
was pristine clay (STx), and the ratio between La and Cu in
the initial solution was equal to 1.
In the text, metal content is expressed in terms of mmol/

gsorbent, which allows for direct quantitative comparison
between the samples. Also, in the case of the metals ratio,
the measurement units are explicitly expressed for sake of
clarity as a reminder to what they are referring.

1. Pristine Clay (STx). La−Cu mixed solutions were first
contacted with pristine clay (STx). Results of ICP-OES
analyses after the capture step are summarized in Table 1. SET
numbers in the table identify initial La concentrations in the
bionic solutions.
Irrespective of initial composition or ions ratio, no Cu

uptake was observed by pristine clay in our process conditions;
moreover, also a limited uptake of La ions was detected
(between 50% and 12%, depending on initial La content), as
already observed in a previous work for similar systems.26 To
explain the observed behavior, data in Table 1 have to be
considered. Indeed, Cu is not involved in ion capture;
therefore, the total uptake in these experiments corresponds
to La uptake only, and La/Cu initial ratio describes the effect
of the presence of Cu on La capture.
Lanthanum capture was plotted as a function of the La/Cu

ratios in the initial solutions (Figure 1a), where symbols
identify experiments performed with solutions of different
initial La content.
On increasing the La absolute value in the bionic solution

(i.e., increasing La/Cu ratios), higher La uptakes were found,
up to an asymptotic value (Figure 1a).This behavior was
apparently insensitive of the initial absolute composition; all
the data are fitted by the same curve which is a function of La/
Cu only. Indeed, samples contacted with solutions of equal La/
Cu ratios, but different composition pairings (dashed area in
Figure 1a), resulted in the same La capture (i.e., 0.23, 0.24, and
0.23 mmol/gSTx,). In addition, the La uptake maximum
efficiency was lower in bionic solutions than monoionic
ones; at the highest La/Cu ratio, and for the highest La initial
concentration, La capture in bionic systems was not higher
than 0.33 mmolLa/gSTx, to be compared with 0.60 mmolLa/gSTx
of the monoionic ones.
The observed capture behavior pinpoints to the hypothesis

of the formation of different species in solution, depending on
pH. This hypothesis was verified a priori by Hydra-Medusa
software, which is able to describe equilibria and ions

Figure 1. Lanthanum uptake by STx as a function of La/Cu in bionic solutions (a) and lanthanum uptake as a function of La initial concentration
in monoionic solutions (b). Dashed area: samples with the same La/Cu ratio.
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speciation in solution on the basis of thermodynamic data.
Although this calculation cannot describe precisely our
solutions in real conditions, it can give preliminary information
on the ions behavior as a function of pH. Equilibrium
calculations by Hydra-Medusa were performed on the La and
Cu solutions (Figure S1, Supporting Information). It has been
found that, at a working pH range, no La complexes are
expected to form; on the contrary, soluble complexes
formation is the most probable reaction in the case of Cu ions.
Accordingly, to better understand experimental findings, the

comparison with the corresponding monoionic solutions could
help to enucleate the single ions effects. Therefore, monoionic
solutions of La and Cu, of absolute compositions equal to the
bionic ones, were studied. La uptake in absence of Cu ions is
reported in Figure 1b). La uptake linearly increased with initial
La content, and no asymptote was reached in the explored
range of concentrations; moreover, once the initial La absolute
content is fixed, higher La captures were found in monoionic
solutions.
Similarly, Cu uptake without La ions was performed in the

range of 0.5−7.4 mmol/gSTX, (i.e., 635−9531 mg/L). Cu
uptake as a function of the initial Cu content is reported in
Figure 2.

STx is able to capture Cu ions from monoionic solutions
only at initial Cu contents lower than ≈3.5 mmol/gSTx and pH
higher than 4.4.
Cu adsorption by Ca-montmorillonite was also reported by

Bhattacharyya et al., where a gradual increase in metal
adsorption was found on increasing pH from 1 to 6, up to
the precipitation of Cu hydroxide species.19,30 Differences at
low pH, observed in this work, can be due to large differences
in initial Cu concentration (this work, 635−9531 mg/L) that
in Bhattacharyya et al. never exceeded 50 mg/L. The scarce
Cu−clay interactions are also supported by cation exchange
calculation. In the hypothesis of capture by cation exchange,
the extent of Cu ions capture should be related to the Ca ions
released in the contacting solution during the uptake step.
In Figure 3, actual Cu2+ capture is compared with the

expected one, calculated based on the exchangeable Ca2+

during the uptake reaction.26,27,31

Very limited or no exchange reaction was present in all the
investigated range of content. Except for the lowest Cu
content, where the two values coincide, Cu capture is far from
that expected, and differences become larger and larger on
increasing the Cu initial content.
Such a behavior could be related to the formation in the

solution of copper complexes of different stabilities, which
could be able to modify the capture mechanism and drive the
uptake extent.
These stable and soluble Cu species, in equilibrium with the

solution, can form in bionic solutions also, thus altering pH
and affecting both La and Cu capture.
It has been demonstrated that pH is a key parameter in the

uptake reaction,23,32 and it affects the capture mechanisms due
to the proton involvement in the reaction. Indeed, protons,
small and fast, are able to compete with ions for solid sorbent
sites.
Therefore, pH of bionic solutions was monitored during the

experiments. A slight decrease from 4.2 to 3.6 was observed on
increasing the Cu content in the initial solution.
The propensity of Cu(II) to form aquo-complexes, [Cu-

(H2O)n]
2+ (n = 1−6), has been reported in the literature,33

with [Cu2(OH)2]
2+ the most probable species. Due to the

formation of such hydroxy-complexes, Cu(II) hydrolysis
occurs at lower pH as Cu(II) concentration in solution
increases.34 A pH decrease was detected which was related to
the formation of the Cu hydroxy-complexes. Indeed, complex
formation goes along with proton release according to eq 1

+ ← → [ ] ++ + +2Cu 2H O Cu (OH) 2H2
2 2 2

2
(1)

The formation of stable aquo- and hydroxy-complexes can
explain the uptake trends of both La and Cu in bionic solutions
when pristine clay is used as the sorbent.
Cu complexes are also highly stabilized by the presence of

the sorbent; indeed, pristine clay is able to capture protons,
thus shifting the equilibrium toward the formation of the
complexes (eq 1).
Accordingly, the absence of Cu capture can be explained

with the formation of complexes. Cu aquo-complexes, sterically
cluttered and stabilized in solution by their molecular
geometry,35 can hardly interact with the interlayer capture
sites.

Figure 2. Cu uptake in monoionic solutions by STx.

Figure 3. Expected and actual Cu uptake as a function of initial Cu,
calculated on the basis of ion exchange reaction.
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This picture is supported by findings on other sorbent
systems, such as active carbon, where the same behavior was
found, despite the very different nature of the solid sorbent.25

In addition to that, the effect of pH cannot be discarded too.
pH lower than 4.7 was reported to be critical to obtain any
copper uptake in monoionic solutions for sorbents of similar or
different natures than those here reported.26,36

Therefore, to explain Cu uptake in bionic solutions, it is
reasonable to infer the copresence of both the effects.
Moreover, prevention of Cu uptake appears to be more
related to the nature of Cu species in solution than to the
nature of the solid sorbent.
The larger number of protons which accompany the Cu

hydroxy-complexes formation can also interfere with La
uptake. Protons, indeed, able to exchange with interlayer
cations, compete for capture sites of the clay and lower the La
uptake process.23

It can be concluded that, despite no direct competition
between Cu and La for the STx uptake sites, the modification
of the acid−base condition of the bionic solution and the
related equilibria modification results in a Cu effect on La
behavior. For example, setting the La content at 2.5 mmol/
gSTx, La uptake of 0.60 mmolLa/gSTx was found for the single
ion solution to be compared with 0.26 and 0.30 mmolLa/gSTx in
the case of the bionic ones, depending on the La/Cu ratio.
As already reported in the literature for similar systems and

monoionic solutions, two different possible interactions for La
ions were considered: ion exchange and surface adsorption.23

Exchange extent is calculated by the difference between the
corresponding total charge and the displaced cations.
Replacing ions, La, or protons cannot exceed the total charge
of the displaced cations (Ca in this case); thus, when cation
displacement is constant, the ion exchange process is constant
as well.
Accordingly, to analyze in detail the capture mechanism in

bionic systems, the interlayer ion composition was measured,
and the corresponding charge balance was calculated before
and after the uptake process. Indeed, if copper, lanthanum, or
protons are captured by the clay via exchange mechanism, a
corresponding amount of calcium and, possibly, magnesium,
must be replaced to maintain electroneutrality.
With ICP analysis, a constant exchange of Ca ions of about

0.27−0.30 mmol/gSTx, corresponding only to half of the total
interlayer Ca (i.e., 0.54 mmol/gSTx), was found, while Mg was
constant and negligible (0.03 mmol/gSTx). This suggests that a
threshold value in ion exchange was present; the same behavior
was reported for monoionic solutions.23,26

Considering that no Cu capture occurs in bionic solutions,
Ca exchange mainly involves La and protons. The only partial
replacement of Ca by La ions can be explained considering a
possible effect of ionic radii of hydrated Ca and La ions;
indeed, coordination with water molecules also has to be
considered because of the aqueous environment of the
interlayer.
It is reported in the literature that Ca ions, forming the

hydrate species [Ca(H2O)8
2+], have an ionic radius of 1.12 Å,

while La ion in the hydrate species [La(H2O)9
3+] presents an

ionic radius of 1.25 Å.37,38 This difference is not so high to
prevent replacement without a large distortion, but probably
cannot allow a larger Ca replacement by La due to steric
hindrance. It has to be underlined that large differences in ionic
radii are not allowed in the case of interlayer ion exchange to
limit structural distortion and preserve phase stability. On this

basis, once more, the absence of Cu uptake can be explained by
considering that Cu in [Cu(H2O)6]

2+ shows an ionic radius of
0.73 Å, smaller than that of Ca ions.
The total STx charge after the uptake reaction can be

calculated by summing up the exchanged charges and the
nondisplaced ones. In Figure 4, the total charge in the solid

after the uptake reaction is reported as a function of the La/Cu
ratio in the contacting solution; in this case, no contribution of
Cu ions is present due to the absence of capture.
On increasing the La/Cu ratio, the total charge in the solid

increases to reach a plateau of about 1.6 mmolcharge/gSTx. In the
charge balance (Figure 4), two regions (Region 1 and Region
2) can be evidenced, one at low La/Cu (R1), where the charge
is apparently lower than requested for electroneutrality (i.e.,
1.24 mmolcharge/gSTx, gray area in Figure 4), and one where a
charge excess is manifest (R2), suggesting a possible
unbalancing between the charge “in” and the charge “out”.
Uptake results of Region 1 are consistent with copper
hydrolysis, the related complexes formation, and the associated
protons release. Indeed, on increasing the Cu content, thus
decreasing the La/Cu ratio (Figure 4, R1), lanthanum uptake
is lowered, and the total charge is decreased down to a value
apparently below electroneutrality. However, electroneutrality
must be preserved; therefore, the presence of protons
competing with La ions, thus lowering their uptake, has to
be considered. Indeed, the charges measured by ICP analysis,
and plotted in Figure 4, underestimate the real number of the
ions because protons are not measured by this technique; thus,
they are missed in the total charge calculation.
Unfortunately, an attempt to take protons into account in

the charge balance did not result in a satisfactory result.
Indeed, considering that clay is able to absorb protons, a buffer
effect becomes active during the capture process; therefore, pH
variation is probably too small to be detected in such a
complex suspension. Thus, a precise evaluation of proton
exchanges between the solid and solution through pH
measurement is prevented.
On the other hand, the excess of the incoming charge with

respect to the outgoing (R2, Figure 4) can be explained with
the presence of an additional surface adsorption contribution.

Figure 4. Total charge in STx after uptake reaction as a function of
La/Cu. Dashed line corresponds to electroneutrality; R1 = Region 1
and R2 = Region 2.
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Therefore, the asymptotic behavior observed on increasing the
La/Cu ratio depends on both exchange process saturation and
surface adsorption.
To further support this picture, clay−ion interactions were

analyzed by XRD measurements of the solid matrix after the
uptake processes (Figure 5). Indeed, the position of the basal
reflection corresponding to d001 is related to the interlayer
spacing which, in turn, depends on interlayer composition.

The samples reported in Figure 5 were selected to compare
(a) the effect of the equimolar La and Cu content, namely,
0.47/0.47 and 2.5/2.5 corresponding to La/Cu = 1, and (b)
the effect of the lowest and the highest La and Cu contents
(i.e., 2.5/0.47 and 0.47/2.5 corresponding to La/Cu = 0.19
and 5.36, respectively).
The complex situation that depends on the relative amounts

of La and Cu in the initial solution can be summarized as
follows:

(1) The position of the basal reflection is always affected by
the interaction with the solution.

(2) Diffractograms are not only affected by the relative
amount of La and Cu but also by their absolute content.
Indeed, when samples 0.47/0.47 and 2.5/2.5, corre-

sponding to the same La/Cu ratio, are compared, a very
different final situation was found. The ordered situation
present in the case of the 0.47/0.47 sample disappears in
sample 2.5/2.5. This is quite surprising, considering that
very similar La captures were found (0.23 and 0.26
mmol/gSTx, respectively).

(3) The basal spacing of pristine STx is preserved only in the
case of low Cu content (i.e., samples 0.47/0.47 and 2.5/
0.47), suggesting that high Cu content in the contacting
solution could result in an interlayer contraction.

For uptake in a monoionic solution, a wider and regular
interlayer distance occurred when Ca2+ ions were exchanged
with La3+ ions. Due to the La ionic radius (1.16 Å) and its high
coordination number with the interlayer water molecules, the
final effect was an increase of the interlayer distance. However,
an interlayer contraction was observed when La ions were
replaced by protons.23

This behavior is evident also in the case of bionic solutions
(Figure 5). For instance, in sample La/Cu = 0.47/0.47, where
the highest La capture was found (0.24 mmol/gSTx), the
interlayer distance increases from 15.4 Å of natural STx to 16.4
Å, due to Ca exchange with La. On increasing the Cu content
in the solution (La/Cu = 0.47/2.5), a marked contraction of
d001 is observed. Once more, this is a confirmation of the
presence of a larger number of protons in the interlayer at
higher a Cu solution concentration, which causes the observed
lower La capture (0.14 mmol/gSTx).
An even more complex situation is manifest in sample La/

Cu = 2.5/2.5 (Figure 5). The basal reflection is split in two
components, a main reflection, where d001 is unchanged, and a
shoulder at higher angles. Despite the broadening of the
reflection, it can be assumed that there is the same La
interaction, both qualitative and quantitative, as for the 0.47/
0.47 sample. Indeed, for these samples, La capture of 0.23−
0.24 mmol/gSTx was measured, which justifies constancy in the
reflection position. The shoulder position corresponds to that
found for the highest Cu content (La/Cu = 0.47/2.5), and
proton contributions can be assumed to explain the reflection
position. Moreover, the large broadening of the basal reflection
is the result of the interlayer disorders. Indeed, the replaceable
Ca positions are randomly occupied by protons and La ions
that, respectively, narrow and enlarge the interlayers
dimension. No reflection broadening is manifest when only

Figure 5. XRD patterns of STx before and after uptake in bionic
solutions.

Table 2. Total, La, and Cu Ions Contents and Corresponding pH before and after Uptake Reaction Using Unmodified STx-L6
as Sorbent

La + Cu [mmol/gSTx-L6] La [mmol/gSTx-L6] Cu [mmol/gSTx-L6] pH

SET N° La/Cu initial capture initial capture initial capture before after

0.47 1.00 0.94 0.35 0.47 0.18 0.47 0.17 n.d. 5.0
0.38 1.72 0.26 0.47 0.035 1.25 0.23 n.d. 5.0
0.24 2.47 0.11 0.47 0.035 2.00 0.07 4.3 4.4
0.19 2.97 0.035 0.47 0.035 2.50 0.00 n.d. 4.5

1.25 2.66 1.72 0.47 1.25 0.26 0.47 0.21 4.2 4.8
1.00 2.5 0.34 1.25 0.12 1.25 0.23 4.1 4.8
0.63 3.25 0.17 1.25 0.08 2.00 0.09 4.0 4.7
0.50 3.75 0.14 1.25 0.08 2.50 0.06 3.9 4.7

2.5 5.32 2.97 0.60 2.50 0.39 0.47 0.21 4.2 5.0
2.00 3.75 0.45 2.50 0.18 1.25 0.27 3.7 4.9
1.25 4.5 0.39 2.50 0.12 2.00 0.27 3.8 4.5
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the La ions or La ions and a few protons are present in the
interlayer (La/Cu = 0.47/0.47 and La/Cu = 2.5/0.47).
All these evidences confirm the capture mechanism

proposed above: only Lanthanum interacts, via the exchange
mechanism, with the solid sorbent, being able to replace Ca
ions in the interlayer. This exchange mechanism is the only
one present if the number of protons present in solution is low,
otherwise the competition between protons and La ions sets in.
2. Organoclay (STx-L6). The same experimental cam-

paign, applying the same conditions and procedures, was
performed using the organoclay (STx-L6). As remarked in the
Materials and Methods section, STx-L6 contained 0.40 mmol
of neutral polyamine per gram, intercalated without any ion
exchange.14 Such a molecular situation assures the presence of
amino groups rather than ammonium salts, preserving the
maximum ion coordination capability.39

In Table 2, total, Cu, and La concentrations are reported,
evaluated by ICP-OES, before and after the uptake process
(SET numbers in the table correspond to La concentration).
The organoclay showed an enhanced capture capability,

being able to capture Cu too (Table 2); Cu uptake was never
observed for unmodified STx, where only cation exchange and
surface adsorption mechanisms were present. The additional
coordination capability, derived from the polyamine presence,
can thus be responsible for Cu capture in this case.
Total uptake values by STx-L6 and STx as a function of La/

Cu are compared in Figure 6. Total uptake increases on

increasing La/Cu to reach a plateau at the higher La/Cu ratios.
In the first part of the curves, i.e., La/Cu < 1 (Figure 6 gray
area), very close uptake values were found for the two solids,
suggesting that, at the higher Cu content in bionic solution,
similar capture mechanisms are active in both STx and STx-L6.
Considering each ion’s capture separately, both La and Cu

ions are responsible for the total uptake increase, but, while Cu
uptake reaches a plateau on increasing the La/Cu ratio, La
uptake is continually growing (Table 2). These results are
better illustrated in Figure 7, where specific La and Cu uptake
values are plotted as a function of the initial La/Cu.
Lanthanum capture linearly increased on increasing La/Cu

(Figure 7), i.e., when a larger number of La ions are present in

the contacting solution, and the linear behavior is detected at
any solution composition. All data are well interpolated by a
common regression line, and no asymptote or plateau was
found in this case. As already discussed, an asymptotic growth
for La uptake in the bionic solutions was observed for the STx
system (Figure 1a), and it was associated with a site saturation
mechanism, where only a given number of La3+ ions were able
to replace a limited number of Ca2+ ions, via ion exchange.
The absence of an asymptotic value for La uptake in the

organoclay could be related to an increased buffer capability of
the STx-L6 sorbent, in view of the polyamine presence. The
polyamine, indeed, could be involved in proton capture, thus
lowering proton competition with La ions. At the highest La/
Cu ratio and for the 2.5 mmol/gsorbent of initial La
concentration, La capture resulted 13% for STx and 16% for
STx-L6.
Unlike STx, STx-L6 is able to capture Cu ions (Table 2); an

asymptotic growth was measured where the maximum capture
was about 0.21−0.27 mmolCu/gSTx‑L6 at the highest La/Cu
(Figure 7). To explain STx-L6 behavior, the contribution of
the polyamine has to be inferred. It is reported in the literature
that ammonia and amino groups form stable complexes with
Cu ions, via a donor bond between a nitrogen-free electron
pair and Cu empty “d” orbitals.40,41 Therefore, considering that
no ion exchange was possible between Ca and Cu ions, Cu
capture is primarily related to coordination.
It is evident that La does not influence Cu uptake; indeed, at

a fixed Cu content of 0.47 mmol/gSTx‑L6, Cu uptake ranges
between 0.17 and 0.21 mmol/gSTx‑L6 on increasing the La
initial content from 0.47 to 2.5 mmol/gSTx‑L6 (Table 2).
Also, in the case of STx-L6, the formation of aquo-

complexes can be hypothesized to explain La and Cu behavior.
As already discussed, pH variation, related to Cu aquo-complex
formation, can explain both Cu and La uptake increases on
increasing the La/Cu ratio. In this case, an additional effect has
to be considered, that is, protonation of the amino groups of
the polyamine.39,41 Such an effect will have a detrimental
impact on Cu uptake.
The possibility of partial polyamine protonation has also

been discussed above to explain the increased La capture from
13% to 16% of the total, when STx and STx-L6 are used,
respectively; in this case, indeed, free protons are partitioned

Figure 6. Comparison of total uptake as a function of La/Cu in STx-
L6 and STx (square, SET 0.47; circle, SET 1.25; triangle, SET 2.5).

Figure 7. Uptake of La and Cu as a function of initial La/Cu in STx-
L6 (square, SET 0.47; circle, SET 1.25; triangle, SET 2.5).
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between ion exchange and amine protonation, thus resulting in
reduced H+−La3+ competition.
To verify this hypothesis, pH values before and after the

uptake steps were measured. Initial pH ranged between 4.0 and
3.7, where the lower values corresponded to the highest Cu
content, in line with the discussed proton evolution. At the end
of the uptake reaction, a pH increase was detected. Values
between 4.5 and 5.0 were measured depending on the La/Cu
ratio; once more, the lower value corresponded to the highest
Cu content. Such evidence is in line with the already discussed
buffer effect of the polyamine and the consequent lower
competition between H+ and La3+ for the exchanging sites. It
has to be underlined that, in the case of unmodified STx, pH at
the end of the reaction never exceeded 4.5−4.6.
The high and constant Cu uptake, observed at the highest

La content, can also be explained considering the polyamine
protonation; indeed, Cu uptake is the result of a balance
between two opposite effects. Despite the decreased
coordination capability, the buffering effect shifted pH toward
values more favorable to Cu capture (i.e., pH > 4.4), and this
effect is well evidenced in Figure 8 where Cu uptake in

monoionic solutions, i.e., without any possible La influence, is
plotted as a function of final pH. Points in the figure refer to
experiments performed with STx and STx-L6 sorbents at
corresponding initial Cu concentration.
Monoionic solutions evidenced as Cu uptake is largely

influenced by pH; Cu uptake increases almost linearly on
increasing pH, while the highest Cu uptake, observed at pH
7.8, could be the result of both coordination and precipitation
of Cu hydroxides species. This last effect cannot occur in the
case of bionic solutions where always lower pH values (i.e.,
4.5−5) are reached.
In the case of STx-L6, two different mechanisms of ions

uptake can be considered, one implying interlayer cation
exchange and the other implying coordination with the
polyamine; moreover, surface adsorption contribution cannot
be discarded, too. To evaluate the contribution of each
mechanism to determine the final uptake, some hypotheses
have to be verified:

(a) Only lanthanum is involved in the exchange process,
since no copper was captured by pristine clays.

(b) Only copper is coordinated to the polyamine, in view of
its preferential interaction with amino groups.

The exchange reaction can be evaluated by considering the
displacement of Ca ions and comparing it with La uptake. As
already discussed for pristine STx, Ca ions are replaced by La
ions to maintain the charge balance of the structure. Constant
Ca ions, 0.30−0.31 mmol/gSTx‑L6, were always measured in the
solutions after uptake, confirming that, also in this case,
interlayer Ca ions can be replaced only partially, but at a lower
extent than STx(0.54 mmol/gSTx‑L6). The polyamine can
interact with some Ca ions, thus preventing their removal and/
or cluttering of the interlayer, thus hampering access to La.
The total exchanged charge only corresponds to a constant
theoretical La capture of 0.15−0.16 mmol/gSTx‑L6, far below
the experimental capture reported in Table 2.
In Figure 9, the La uptake expected via the exchange process

and the actual La captured are compared as a function of La/
Cu ratio.

It is evident that lanthanum uptake cannot occur via the
exchange mechanism only because an excess of charge would
be present in the solid; therefore, surface interactions must
account for the excess La. Furthermore, the La capture, lower
than charge balance, observed at high Cu content, once more
confirms the presence of competition between protons and La
ions in the exchange reaction.
It has been hypothesized that, in the case of bionic solutions,

coordination does not involve La ions, in view of the higher
affinity of amino groups for Cu. To confirm this point, in
Figure 10, La and Cu uptake in monoionic and bionic
solutions with unmodified STx and modified STx-L6 are
compared at a fixed La/Cu = 5.3; modified organoclay always
showed better performances The large improvement of La
capture, due to the polyamine, also in the monoionic solutions,
suggests that also La can be coordinated by the polyamine,27

when no Cu is present. In bionic solutions, the most
remarkable effect of the polyamine is on Cu uptake, that was
absent with unmodified STx, while the limited increase of La
uptake in a bionic solution can be due only to the surface
adsorption discussed above.

Figure 8. Cu uptake in monoionic solutions as a function of reaction
pH for STx and STx-L6.

Figure 9. Comparison between the measured La uptake and the
expected one on the basis of the ion exchange mechanism only.
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■ CONCLUSIONS
Modified organoclay always showed better performances. The
most remarkable effect of the polyamine is Cu uptake, which
was absent with unmodified STx. As already reported in the
literature for similar systems and monoionic solutions, three
different ion−sorbent interactions are possible: ion exchange,
surface adsorption (due to the clay), and coordination due to
the intercalated polyamine.
Only lanthanum is involved in the exchange process, since

no copper was captured by pristine clays, whereas only copper
is coordinated to the polyamine, in view of its preferential
interaction with amino groups.
Capture is influenced by the formation of stable Cu aquo-

and hydroxy-complexes, which alters the solution pH. In the
case of the unmodified clay, Cu aquo-complexes, sterically
cluttered, are not able to interact with the interlayer, thus Cu
uptake is prevented. Cu hydroxy-complexes are also respon-
sible for La uptake behavior. Indeed, the larger number of
protons which accompany the Cu hydroxy-complexes
formation, small and fast, are able to compete with La ions
for capture sites.
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