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HIGHLIGHTS

® The Z-nZVI and Mt-nZVI composites showed a high efficiency in the removal of Pb%* present in aqueous solutions.

® The fastest removal of Pb%* was obtained with Mt-nZVI.

® The adsorption intensity increased 300 times in the composites, respect to the pristine materials.
® The magnetic behavior of the composites reveals a high presence of nZVI particles.

® These composites have potential industrial and environmental applications.
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In this work, we have studied the Pb?* sorption capacity of Zeolite (Z) and Montmorillonite (Mt) func-
tionalized with nanoscale zero-valent iron (nZVI), at 50% w/w, obtained by means of an impregnating
process with a solvent excess. The composites were characterized by several techniques including X-ray
diffraction; scanning electron microscopy (SEM); BET area; isoelectric point (IEP); and, finally a magnetic
response. Comparatively significant differences in terms of electrophoretic and magnetic characteristics
were found between the pristine materials and the composites. Both structures show a high efficiency
and velocity in the removal of Pb2* up to 99.0% (200.0 ppm) after 40 min of reaction time. The removal
kinetics of Pb?* is adequately described by the pseudo second-order Kinetic model, and the maximum

Zeolite adsorbed amounts (ge) of this analyte are in close accordance with the experimental results. The intra-

Montmorillonite

particle diffusion model shows that this is not the only rate-limiting step, this being the Langmuir model

Sorption which was well adjusted to our experimental data. Therefore, maximum sorption capacities were found
to be 115.1+£11.0, 105.5+9.0, 68.3 +1.3,54.2 + 1.3, and 50.3 4.2 mgg~!, for Mt-nZVI, Z-nZVI, Zeolite,
Mt, and nZVI, respectively. The higher sorption capacities can be attributed to the synergetic behavior
between the clay and iron nanoparticles, as a consequence of the clay coating process with nZVI. These
results suggest that both composites could be used as an efficient adsorbent for the removal of lead from

contaminated water sources.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The development of industrial processes has clearly affected our
ecosystem over the last few centuries. For instance, water resources
have been contaminated by several trace elements such as PbZ*,
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Cu?*, Cd?*, CrO42-, Aslll, and AsV [1-3], produced as residues from
different industrial activities [4,5]. In particular, lead (Pb) is one of
the most dangerous pollutants and it is widely spread throughout
the world, where the main emission sources to the environment,
especially to water resources, which come from anthropogenic
activities, such as mine drainage, the disposal of batteries, and
paint production [6-9]. The harmful effects of Pb have been well
established in scientific literature, where many diseases such as
anemia, chronic headaches and diarrhea have been diagnosed
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when exposed to low concentrations of this metal [10]. More-
over, if humans are exposed to lead higher than 10 wgL~! [11], this
contaminant could act as a powerful neurotoxic agent, leading to
irreversible damage of the reproductive system along with hepatic
and renal failure [10,12].

Nanoscale zero-valent iron (nZVI) is widely used for the removal
of these pollutants, where their structural and surface charac-
teristics such as surface area, size, and surface charge favor the
sorption processes [2,3,7]. Due to Van der Waals and magnetic
forces, nZVI suffers aggregation, and consequently, decreases their
surface area and limits their sorption capacity [2,5-7]. This effect
can be diminished through the immobilization of the nanoparticles
inside different clay matrices such as Zr oxides, silica or polymeric
cellulose acetate films, allowing nZVI to work under extreme con-
ditions of pH and temperature as well as improving the sorption
process|[13-18]. Clays have an important removal capacity of heavy
metals, Zeolites and Montmorillonites being some of the most stud-
ied materials [19-23]. Zeolites has been characterized as alkaline
aluminosilicate, containing exchangeable cations (Na*, K*, Ca2* and
Mg?2*), along with water molecules coordinated in the structure
[24,25]. On the other hand, Montmorillonite, is one of the most
expandable minerals (Clay 2:1) characterized by its laminar orga-
nization, consisting of two tetrahedral layers of silica and a central
octahedral layer of aluminum oxide [21,25-28]. Both possess a
negative charge as a consequence of the isomorphous substitution
process, providing a high cation-exchange capacity of ions [23-30].
In addition, the high porosity of clay is widely used in the removal
of metallic ions present in aqueous solutions. This process occurs
following two mechanisms: cation exchange (charge effect) and
the formation of inner sphere complexes, due to the ionization of
surfaces silanol sites (=Si—OH) and aluminols (=AlI—0H) [18,29,30].

Nevertheless, the differences at a structural level and their
physicochemical properties, (dimensions; surface area; surface
charge; Al/Si ratio; cation-exchange capacity; and, chemical and
mechanical stability) affect the size and aggregation of nZVI during
the immobilization process, conditioning several parameters such
as sorption velocity, capacity and affinity between composites and
the studied analyte [8,17,31,32].

In this study we describe the synthesis and characterization of
both composites, Mt-nZVI and Z-nZVI, and analyze the role of the
structures of clays in the size, aggregation and reactivity of the
immobilized nZVI. Furthermore, we determine, via sorption stud-
ies, the efficiency of both composites in the removal of Pb2*,

2. Materials and methods
2.1. Materials and chemicals

The chemical reagents used in the study (Fe(NOs);9H,O0,
Pb(NOs3), in water, HNO3, NaOH, NaNO3 and NaBH,4 were analyti-
cal grade (Merck). The sample containing the natural Zeolite, was
collected from a mine located at 36° 16’S 71° 40'W, which was then
ground and sieved with a sieve of 2 mm openings. The <2 wm size
particles were separated by a sedimentation procedure [33]. In the
case of Montmorillonite, it was supplied by Aldrich.

2.2. Preparation of the composite

The composites were prepared according to a procedure
described by Wang et al. [15]. Briefly, 1.0 g of Zeolite and Mt were
homoionized with NaNO3 0.1 M for one week, and finally treated
in a freeze-drying process. The coating process had a theoreti-
cal 2:1 mixture of clay/nZVI (w/w), obtained by dissolving 1.0g
of Fe(NO3)39H,0 in a volume of 250 mL of degassed nanopure
water. The mixture was treated with ultrasound for 30 min, and

then vigorously stirred at room temperature for 180 min. To ensure
efficient reduction of Fe (II), 25 mL of 1.6 M NaBH,4 solution was
added at 5mLmin~! while stirring. The black solid product was
then separated from the solution using an ultracentrifuge (Sorvall
RC-5C Plus) and washed five times with a (1:1) ketone/water solu-
tion (9000 rpm for 30 min) degassed to remove residual salts. The
composites were finally stored in N,-purged desiccators.

2.3. Characterization of the composite

In order to identify the samples, we developed an XRD analysis
on a Shimadzu XRD-6000 diffractometer with graphite monochro-
mator and CuKa radiation. Samples were characterized by a field
emission scanning electron microscope (FE-SEM) model 200 Nova
NanoSEM FEI Company. The operative conditions were performed
at low vacuum conditions, Helix detector and 10-18 kV. The par-
ticles sizes were determined in the following way. A crosshair
with orthogonal axes was placed at the center of each particle.
The crosshair was adjusted to make one of the axes coincide
with the longest dimension of the particle, and the diameter
was then calculated as the average dimension along the two
axes. Nitrogen isotherms were measured at 77K using a Quan-
tachrome Nova Station A. The surface area was calculated using the
Brunauer-Emmett-Teller (BET) method. The magnetic response
of the samples was investigated with a vibrating sample magne-
tometer (VSM) operated at room temperature with a maximum
magnetic field of 1.2 Tesla, and a sensitivity of 10~%emu. The
isoelectric point (IEP) was determined by measuring the elec-
trophoretic mobility of particles on a Zeta Meter ZM4 apparatus.
About 100 mg of each sample was suspended in 200 mL of a solu-
tion with ionic strength 1.0 mM (NacCl). The IEP was obtained from
the EM vs pH graph as the pH at which EM = 0.

2.4. Sorption experiments

The adsorbed amount of Pb%* ions q; (mgL~1), per unit weight
at time t, was calculated from the mass balance equation as shown
in Eq. (1):

(Co -GV

O M

qt =

where C, is the initial concentration of Pb (mgL-1), C; is the con-
centration at time t, V is the volume (L) and M is the mass (g) of the
materials. All experiments were carried out in triplicate.

2.4.1. Sorption studies of Pb%*

The kinetic studies had 20 mL of a Pb%* solution (200mgL-1) in
0.01 M NaNOs (background electrolyte) mixed with 50 mg of com-
posite in 50 mL polypropylene centrifuge tubes. The systems were
mixed mechanically with glass rods at 300 rpm for 120 min. The
concentration of Pb%* in solution was determined at 5, 10, 20, 30,
45, 60, 90, 120, 150 and 180 min.

Adsorption isotherms were obtained by varying the initial Pb%*
concentration from 1 to 200mgL-!. The suspensions were then
stirred continuously at room temperature (25 + 2 °C) and a pH con-
trolled value using 1M NaOH or HNO3, measured by an Orion
(model 250A) pH meter. Sample aliquots collected were filtered
with 0.22 wm syringe filters. The concentrations of Pb2* in super-
natant solutions were determined using an atomic absorption
spectrometer THERMO.
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2.4.2. Pseudo first-order kinetics (PPO)

The linear form of pseudo first order model can be expressed as
(Eq. (2)):

kl

2.303 L 2)
where g, and q; correspond to the amounts of solute adsorbed at
equilibrium and time t (expressed in (mgg=1)), respectively, and
ki (min~1) is a combination of adsorption (kq) and desorption (kg)
constants [34-38].

log(ge — q¢) = log(qe) —

2.4.3. Pseudo-second order kinetics (PSO)

The pseudo second-order rate expression, which has been
applied for analyzing chemisorption kinetics from aqueous solu-
tion, is linearly expressed as Eq. (3) [36-40]:
r__1 .5
G qe?-ka e’
where k; is the PSO adsorption rate constant (g mg~! min—1). This
model can also be used to estimate the initial adsorption rate of the
system, which is defined as h=k, ge? [34,40].

(3)

2.4.4. Intraparticle diffusion model (Weber-Morris model)

The Webber-Morris pore-diffusion model is a single-resistance
model derived from Fick’s second law of diffusion. The mathemat-
ical dependence of sorbate uptake (g;) on t'/? is given by:

qe = kinet'? + C, (4)

where kint (mgg~! min=1/2) is the intraparticle diffusion constant
and C is a constant related to the thickness of the surface layer
[40,41].

2.5. Goodness-of-fit of removal kinetic model

The best fit among the kinetic models is assessed by the linear
coefficient of correlation (r2), the non-linear Chi-square (x2), and
the square of residuals (R).

The Pearson’s chi-square ( x2) statistic was used to evaluate the
best-fit of kinetic models to experimental data. Square of resid-
uals (R) was also used as a measure of the differences between
model-predicted values and the values actually observed from the
experimental data.

The square of residuals can be defined as:

1 2
R= Ezi=](cwl - Cexp) . (5)

The chi-square test is given as:
N

2
2 (Q(exp) - Q(cal))
=) (6)
i=1

The subscripts “exp” and “cal” show the experimental and calcu-
lated values, respectively, and N is the number of observations in
the experimental data [2]. The better the fit of the models to exper-
imental data, the smaller the x2 value.

2.6. Adsorption isotherm models

2.6.1. Langmuir isotherm
This model assumes that the sorption occurs in a monolayer
over a homogeneous surface with a finite number of active sites and
similar adsorption energies. Also this model provides the saturation
point and maximum adsorption of the system. The Langmuir model
can then be represented by:
qmK.C

=1 K¢ (7)

where g, (mg g~1) is the maximum adsorption capacity, g (mgg-1)
is the amount of adsorbed Pb%*, C (mgL~1) is the equilibrium Pb2*
concentration and K is the Langmuir constant [42].

2.6.2. Freundlich isotherm

The Freundlich model is widely used to describe the adsorption
of an analyte on a heterogeneous surface, where the physisorption,
which occurs in several layers, and the chemisorption, occurring in
amonolayer, can be associated to the different adsorption energies
of the adsorbent sites [42]. The equation describing the Freundlich
model is:

q=KpC'/n, (8)

where C corresponds to the equilibrium concentration, Kr and n are
Freundlich isotherm constants, related to adsorption capacity and
adsorption intensity, respectively.

3. Results and discussion
3.1. Characterization of the composite

Fig. 1 shows the X-ray diffraction patterns of the stud-
ied materials, being displayed on the left and on the right
hand sides respectively; (a) the initial samples: natural Zeo-
lite and Mt; (b) functionalized composites: Z-nZVI, and Mt-nZVI
and (c) Z-nzZVI/Pb%* and Mt-nZVI/Pb%* composites after Pb2*
sorption. On the left hand side of Fig. 1(a), it corresponds
to a well crystallized Zeolite, the sample has the peaks of
Al-Mordenite structure (PDF: 00-049-0924) and no other signif-
icant phases. On the right hand side of Fig. 1(a), describing Mt,
we have identified broadened characteristic peaks of Mt species,
named Na-Mt structure (Nag3(Al,Mg),Siz01¢ 8H,0) and Illite-Mt
(KAl4(Si,Al)g019(OH)4 4H,0) at 20 =26.7° and an additional peak at
28.2° belonging to SiO,. The total content of iron in both clays, did
not exceed 3 and 1% for the Zeolite and Mt respectively.

Below these XRD patterns, Fig. 1 shows the crystalline phases
of composites samples (b), exhibiting the peak of Fe® located at
20=44.7° and associated to the nZVI immobilized on the surface of
the composite. The main peaks of both clays Zeolite and Mt exhibit
a lower intensity compared to the initial samples, a phenomenon
already described in the literature [15,18]. Additionally, the X-ray
pattern of Mt-nZVI exhibits peaks at 20=30.1° and 35.5° associ-
ated to the formation of Fe304, along with the broadened peaks of
Zeolite, Na-Mt, Illite-Mt and SiO, (Fig. 1).

Finally, we present the XRD patterns after the exposure of the
composites to PbZ* (Fig. 1c). In the case of Z-nZVI/Pb2* (left hand
side) we observe a peak of Pb, located at 20=35.9°, a diminished
peak of Fe, while the composite did not change the crystalline
degree of the sample after Pb%* sorption, indicating that the
removal process occurs through multiple mechanisms[3,14,15,35].
The results of Mt-nZVI/Pb2* (right hand side) shows the suppres-
sion of some peaks of Mt and Fe3Qy, as well as the identification of
the diffraction peak of Pb around 20=35.9° [14]. These changes can
be associated to the formation of amorphous phases of iron oxides
as well as the structural changes of the functionalized Mt [35]. Table
S1summarizes the diffraction peaks found in the samples with their
corresponding angles and interplanar distances.

The samples were also characterized by SEM microscopy to
observe the morphological changes after the removal of Pb2*
Fig. 2 exhibits SEM images of the microstructure of Z-nZVI and
Mt-nZVI before and after Pb2* sorption and their corresponding
particle size distribution (inset for each case). For nZVI supported
by Zeolite (Fig. 2a and c), the size distribution shows particles with
diameters ranging between 36 and 116 nm with a mean value of
69.8 nm. These particles get larger after Pb2* sorption, with diam-
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Fig. 1. XRD patterns of Zeolite (Z) and Montmorillonite (Mt) samples showing (a) the initial clays, (b) clays treated with nZVI particles and (c) treated clays after Pb?* sorption.
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Fig. 2. SEM images of (a) Zeolite and (b) Mt doped with ZVI and (c,d) composites after Pb2* sorption at pH 5.5 respectively. The particle size distribution of each sample is
included as an inset (n=25).
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Table 1
Textural features of products.
Sample Surface Pore Microporous Average
Area Volume volume diameter
(m?g") (cm?g™") (cm’g™") (nm)
nzvl 24.7 0.104 0.011 16.9
Zeolite 31.0 0.071 0.015 9.1
Montmorillonite 8.2 0.063 0.004 30.5
Mt-nZVI 20.9 0.049 0.012 9.3
Z-nZV1 29.1 0.085 0.014 11.7

eters between 43 and 159 with a mean value of 76 nm. The nZVI
on Mt particles (Fig. 2b and d) exhibit a wide size distribution with
diameters between 19 and 70 nm, with an average of 37 nm, while
the size of the particles after Pb2* sorption range from 32 and 98 nm,
with an average of 66 nm [16,17]. The increase of the particle size
(see insets of Fig. 2) is mainly attributed to the formation of iron
oxide/hydroxide and Pb compounds.

The BET area of the samples has shown 31.0m? g~! of natu-
ral Zeolite, which is slightly diminished after the nZVI doping to
29.2m? g~ 1. The Pb sorption promotes an increase in the surface
areaof up to 67.7m2 g1, mainly due to the oxidation of the nZVI. In
the case of Mt, the BET area is 8.2 m? g1, which is clearly increased
after the nzVI doping (20.9m2 g-1). Similarly, the lead sorption
increases the measured BET area to 26.3 m? g~!. The enhancement
in the surface area of Mt after the functionalization process with
nZVlis due to an enhanced basal space of Mt. This effect is justified
by the intercalation of Fe, a phenomenon reported for expandable
clays [23] (Table 1).

The superficial behavior of the samples was described by elec-
trophoretic mobility, a technique that is sensitive to the changes
in composition that a surface may undergo, and the IEP is a good
parameter for indicating what happens on the surface of the clays as
aresult of, for example, partial coverage by nZVI. Both clays present
anegative charge over a wide pHrange, however, the IEP was deter-
mined only with Zeolite (2.3 £0.1). The IEP of nZVI was 7.7 4+0.2,
which is a characteristic of this material [7]. The IEP results show
values of 6.0 £ 0.1 for Z-nZVI and 4.5 & 0.3 for Mt-nZVI (see Fig. 3),
which means that the functionalization process drastically modifies
the clay charges [18].

We obtained the magnetization response for an external mag-
netic field H. Fig. 4 illustrates the magnetic hysteresis of Z-nZVI
and Mt-nZVI after the Pb2* sorption process. Similar results have
been reported in recent sorption experiments of AsO43~ y Pb2*
using nZVI [35,43]. The coercive fields (Hc) of both samples were
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Fig. 3. Electrophoretic mobility for nZVI, Z, Mt, Z-nZVI and Mt-nZVI.
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Fig. 4. Magnetization response of the nZVI-doped composites after Pb?* sorption.
The inset shows the behavior at low magnetic fields.

obtained at room temperature, being ca. 320 Oe and 340 Oe for
Z-nZVI and Mt-nZVI, respectively (see inset in Fig. 4). In con-
trast, the remanence of Z-nZVI/Pb%* was 1.9emug-1, a slightly
higher result than the 1.5emug~! found for Mt-nZVI/Pb%*. Also
the saturation of the magnetization for Z-nZVI/Pb2*obtained after
an applied magnetic field of 8000k Oe was 8.1 emug~!, which is
higher than the 7.1 emu g~ of Mt-nZVI/Pb2*. These results suggest
animportant formation of iron oxides in the case of Mt compared to
Zeolite samples, which is supported with the spectra observed from
XRD analysis. These results can be associated to a different oxida-
tion of nZVI inside Mt respect to the oxidation process of Z-nZVI
(Fig. 4).

3.2. Removal studies

In order to evaluate the impact of pH on the Pb2* sorption, sev-
eral studies were performed in batch, with a pH range of 3.0-6.0,
being Pb%* and Pb(OH)* the dominant species. At this pH range,
precipitation is not the main removal process [44,45]. The Pb2*
sorption results with clays were slightly favored at high pH val-
ues, a result consistent with the obtained ZP measurements, where
the Zeolite and Mt charges become negative as the pH is increased,
due to the ionization of =Si—OH and =AIl—OH groups, located at
the edge of these substrates (Fig. 5) [17,18]. In the case of nZVI, an
increase of the pH strongly diminishes the lead sorption, possibly
due to the passivation process on the nZVI (Fig. 5a) [7]. The com-
posites have shown a higher removal capacity of Pb2* than pristine
materials, in the entire range of pH, where the removal capacity of
Zn-nZVI was higher than 99.0% of the evaluated pH conditions. In
the case Mt-nZVI, the sorption of Pb was lower than with Z-nZVI,
but this composite became more sensitive to the pH variations.

A more representative method to observe the impact of pH is to
consider the variation of this parameter ( ApH) before and after lead
sorption (Fig. 5b) [46]. In the case of Zeolite and nZVI, ApH which
indicates that the Pb2* sorption process promotes the release of
OH~, whereas in the case of Mt, a diminished pH is obtained as a
consequence of the Pb2* sorption [46].

According to the literature, a diminished pH and surface
charge favor the formation of monodentate-mononuclear com-
plexes between the substrate and lead, especially with Mt taking
into consideration the pH range, whereas Zeolite and nZVI present
this effect only for pH>4.5 [47,48]. In the case of composites, an
increase of the pH and surface charge is observed, and therefore
the Pb2* is mainly absorbed as a bindetate-mononuclear complex,
which is a structure less suitable for desorption [46-48].
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Fig. 5. (a) Effect of pH on the removal of Pb?* ions on the materials. (b) ApH before and after adsorption at different initial pH values.
Table 2
Kinetic parameters predicted from pseudo first and pseudo second-order models. Standard error for each parameter is included in parenthesis.
Models Pb
nzZVI Zeolite Mt Z-nZVI Mt-nZVI
Gexp (Mg 1) 48.84 19.98 15.31 79.18 79.70
Gexp (%) 61.05 2497 19.14 99.97 99.62
Pseudo-firstOrder
ge (mgg1) 47.25(0.78) 20.96 (0.11) 14.68 (0.34) 76.8 (0.55) 75.22 (0.27)
ki (x10-3 min~1) 5.93(0.32) 10.84 (1.27) 13.08 (1.33) 32.60 (1.64) 34.50 (0.08)
r? 0.99 0.96 0.97 0.95 0.90
R 1.26 0.48 0.20 2.82 10.02
x> 0.05 0.05 0.03 0.07 0.27
Pseudo-SecondOrder
ge (mgg1) 48.65 (1.86) 19.94 (0.41) 15.32(0.16) 78.80(0.91) 78.29(0.91)
k; (x10-3 gmg~! min-1) 1.19 (0.08) 6.270.27) 1.05 (0.03) 8.32(0.49) 10.08 (0.11)
h(mgg ' min1) 2.82 249 0.25 51.66 61.78
r? 0.99 0.99 0.99 0.99 0.99
R 0.02 0.00 0.00 0.07 0.99
x* 0.00 0.00 0.00 0.00 0.03

-
q(mgg)
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Fig. 6. Effect of the contact time on the removal of Pb2* from each sample.

3.3. Kinetic sorption

Short-term Pb2* removal kinetic data is shown in Fig. 6. The
equilibrium time for the removal process of Pb2* shows differ-

ences for pristine and composites materials. In the case of Zeolites,
Mt and nZVI, the equilibrium was reached after 90 min, whereas
shorter times were obtained for composites, being 20 and 40 min
for Mt-nZVI and Z-nZVI, respectively (Fig. 6).

3.4. Pseudo-first order kinetics

By considering the slope and intercept obtained from the log
(ge-qt) vs t (Fig. 7a and Table 2), it is possible to determine the
velocity (k1) and the sorption capacity at equilibrium (ge). The
removal velocities of Pb2* obtained from this model were almost
three times higher than with pristine materials, determining the
descending sequence Mt-nZVI>Z-nZVI> Mt >Z» nZVI. The greater
sorption capacity was obtained with composites, being for Z-nZVI,
seven times higher than with Zeolite, whereas the sorption capacity
(ge) with Mt-nZVI was 5.1 times higher than with Mt, a behav-
ior already reported in the literature [49-51]|. The value of qe,
obtained from the linearization of this model was lower than the
experimental result (Table 2), indicating that this model has no
suitable explanation for the removal of Pb2* from the samples,
according to x2 and R values and even with high r? values. There-
fore, the lead adsorption on the samples is not well adjusted to the
pseudo first-order kinetics [35,44,52].
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Fig. 7. Pseudo first and second order kinetic model fit for Pb?* sorption onto samples.
Table 3
Intraparticle diffusion coefficients and intercept values for Pb2* adsorption on the samples. Standard error for each parameter is included in parenthesis.
Parameters Pb
nzZvl Zeolite Mt Z-nZV1 Mt-nZVI
Intraparticle diffusion
ki1 (mgg~' min'/?) 7.86 (1.07) 3.13(0.17) 2.21(0.17) 6.41(2.38) 6.74(2.01)
Ci(mgg1) 4.95 (1.36) 5.45 (0.59) 5.76 (0.58) 68.61(8.32) 70.00 (7.10)
2 0.96 0.99 0.76 0.99 0.82
Kint.2 (mgg~' min'/2) 4.33(0.90) 0.99 (0.06) 0.51(0.04) 0.74(0.17) 0.11(0.02)
Cr(mgg1) 24.63 (3.03) 15.31(0.31) 14.29 (0.26) 93.17(1.18) 98.35(0.01)
2 0.92 0.99 0.90 0.99 0.92
3.5. Pseudo second-order kinetics
1004 P E P---- I
The parameters of the pseudo second-order model, such as the A P
. . . oy . Lo eolite
velocity (k) and the sorption capacity at equilibrium (ge) were 80 8 g M
. o . T Z-nZVI
obtained from the t/q; vs t plot (Fig. 7b, Table 2). This model has > Mnzvi
shown a high level of adjustment of all of the materials examined, _
based on the values of r2, Rand x2 [2], suggesting that Pb2*removal o 60- B 5---e0-e-5---8
occurs through a chemical interaction. Similar trends have been g L
. : . = i
reported for the adsorption of Cd?* ions from aqueous solutions by F w0 .
nZVI [2]. In nZV], Z, and Mt, the equilibrium time was reached after
90 min, while the removal capacity was lower than the composites. =t . o
imi i s e - -9--O-® -
A similar behavior has been reported for other adsorbent material 20 - © e :::;:_’7:: p— A h--A
and elements [18,49-52]. g Xt
In the case of Mt-nZVI, the velocity was found to be 10.08
compared to 8.32 obtained for Z-nZVI, showing that the function- T

alization with nZVI produces a more efficient composite when Mt
is used as a template. This result is associated with its expandable
structure, favoring the access of Pb2* to the new-formed surfaces
[18,35,44,45]. The increase of the surface area could obey the inter-
calation process that modifies the clay, and is found in the case
of Mt with the incorporation of Fe3* during the functionalization
and later in the adsorption of Pb2* [23]. An increase of the sorp-
tion capacity was also observed for Z-nZVI, however this increase
is smaller, compared to the Mt-nZVI composite because Z-nZVI
suffers only a slight change in its structure (Table 2).

The initial velocity (h), calculated from the pseudo sec-
ond order model, shows a similar result as k,, indicating
that during the first stage of contact between the substrate
and Pb2* occurs a faster adsorption describing the sequence
Mt-nZVI>Z-nZVI > Zeolite » nZVI » Mt.

3.6. Intraparticle diffusion

The differences in structure and textural properties of Zeolite
and Mt indicate that it is important to know the adsorption capac-

T T T T T
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time"® (minu's)

Fig. 8. Intraparticle diffusion plots for Pb2* adsorption on samples.

ity of clays and how this process can be modified as a consequence
of the functionalization with nZVI. In order to describe the global
velocity of the Pb%* removal, we have applied the Weber-Morris
model, used to determine if the intraparticle diffusion is the limit-
ing step of the global velocity for the removal process [2,40] (Fig. 8).
If the q; vs t%3 plot presents multi-linearity, then the adsorption
can be described in three stages: (1) film or surface diffusion where
the sorbate is transported from the bulk solution to the external
surface of sorbent; (2) intraparticle or pore diffusion, where sor-
bate molecules move into the interior of sorbent particles; and, (3)
adsorption on the interior sites of the sorbent. From the results
applied to this model, we observe multi-linearity in all samples,
establishing a removal process of Pb%* controlled by three pro-
cesses. The main process where Pb2* is sorbed is associated to
a surface diffusion (Table 3). After that follows the intra-particle
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Table 4

Related parameters for the adsorption of Pb?* on the samples. Standard error for each parameter is included in parenthesis.
Sample Langmuir Freundlich

Ky max r2 K n r2

nzZvl 0.29(0.02) 50.31 (4.20) 0.99 5.38(1.03) 3.34(0.55) 0.90
Zeolite 0.14(0.02) 68.25 (1.33) 0.99 4.83(0.61) 2.41(0.20) 0.97
Mt 0.16 (0.08) 54.23 (1.30) 0.95 4.73 (0.60) 2.76 (0.26) 0.97
Z-nZVI1 85.44 (5.71) 105.46 (8.99) 0.95 71.34(11.47) 3.13(0.73) 0.76
Mt-nzVI 100.53 (13.36) 115.1(11.02) 0.97 68.30 (11.46) 3.19 (0.60) 0.86

diffusion, finally reaching the equilibrium (Fig. 8). Differences
between the studied materials were observed in the surface dif-
fusion, represented in the first section of Fig. 8, indicating that the
structural differences and the functionalization process favor a sur-
face diffusion of Pb2*. In the case of nZVI, this phenomenon was
higher than with clays, probably due to the pH condition (5.5), that
changes the surface of nZVI and increases the amorphous Fe oxide
coating with a high porosity (see Table 1) [43,45]. In the compos-
ites, the functionalization with nZVI promotes an increase of the
adsorption associated to the surface diffusion, being 8.2 and 7.6
times higher than the results observed for Mt and Zeolites, respec-
tively. The intercept value Cis a constant related to the thickness of
the boundary layer (Table 3), where larger intercepts suggest that
surface diffusion has an important role as the rate-limiting step.
This phenomenon was larger in the case of composites, where the
heterogeneity of surface groups (=Fe—OH, =Al—OH y =Si—OH) and
wide size distribution of porous favor this process. Similar behavior
was reported in other investigations [2,18,40].

3.7. Isotherm sorption

The data obtained from sorption isotherms for pristine materials
and composites were analyzed with the Langmuir and Freundlich
models (Fig. 9). The results of both models applied to the isotherm
curves are summarized in Table 4.

The Pb%* sorption is properly described by the Langmuir
isotherm (Fig. 9), where a larger sorption is obtained with the
composites rather than with pristine materials. The high degree of
adjustment between the experimental data and the theory behind
the model (2 >0.99) suggests that sorption process of Pb2* in
Z and nZVI occurs by the formation of monolayers (chemisorp-
tions), whereas for Mt, Mt-nZVI and Z-nZVI (with r2<0.99)
the removal mechanism can be attributed to physical-chemical
processes occurring simultaneously [14,35,45]. The parameters
obtained from the Langmuir model show a maximum sorption

110

100+

C,(mgg”)

O nzvl
® Zeolite
v Mt
—— Langmuir
T T T T T T T
0 20 40 60 80 100 120
ge (mg L")

C.(mgg")

capacity (qm ) of Mt-nZVIslightly higher than Z-nZVI, and two times
higher than the results for nZVI, Mt and Zeolite (Fig. 9). The func-
tionalization of clays with nZVI has shown a significant change in
the sorption intensity, obtained from the Langmuir model (Table 4),
where this parameteris 600 times larger than with other substrates.
These results can be mainly explained by the structural and surface
transformations of the clays, being especially important with Mt.
The Kr and n parameters obtained from the Freundlich model have
shown a similar tendency with respect to the Langmuir model, indi-
cating that Mt-nZVI exhibits the most efficient removal among all
of the all samples, even with a lesser degree of adjustment than
Langmuir.

3.8. Clay studied implications on the removal process

The Pb2* sorption in binary systems, like Kaolinite-nZVI and
Zeolite-nZVI, were developed by Zhang et al. and Kim et al. [ 16,17],
respectively, showing a similar behavior to our results. Therefore,
the removal of Pb%* is clearly favored in clay-nZVI systems, as a
consequence of the diminished aggregation and oxidation [16-18].

The functionalization of clays, used as templates, with nZVI,
shows no significant effect on the removal parameters obtained
from the kinetic and isothermal models. Slightly higher results
of equilibrium time and removal capacity were observed with
the Mt-nZVI composite. However, the functionalization and later
removal processes clearly affected the structure and surface of Mt,
compared to those observed with Zeolite. These differences could
occur during the functionalization of Mt, where Fe3* is inserted
between its layers, increasing the interlaminar space and favor-
ing the ionization of groups with the tendency to release OH™.
Another consequence of this phenomenon can be observed with the
XRD and VSM characterizations, where an important presence of
iron oxides (magnetite) is found with Mt-nZVI after Pb%* sorption.
These results have modified the magnetic response of the com-
posite especially of nZVI [22,35,49-52]. In this context, the nZVI
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Fig. 9. Adsorption isotherms of Pb?* adsorption on the samples.
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used in the Mt-nZVI composite is more likely to follow an oxi-
dation process, due to the intercalation during the Pb2* sorption,
where a cation with a larger hydrated radius exposes the nZVI to
the environmental oxidizing agents [16,17,22,35].

4. Conclusions

The synthesized composites have shown to be highly effective
for the removal of Pb2* compared to pristine materials. Based on
their removal capacity and velocity obtained from the isotherm
and kinetic studies, the highest efficiency is reached with Mt-ZVI.
Furthermore, these results suggest that specific clay plays a crit-
ical role in the Pb%* sorption mainly due to the control size of
the nZVI embedded in the matrix. After the functionalization pro-
cess significant changes occur on both clays, being more evident
in Mt, where the formation of Fe304 particles with a larger diame-
ter occurs. The magnetization of both adsorbents indicate the clear
presence of Fe and iron oxides being slightly lower in the case of
Mt-nZVI/Pb%*, which can be associated with the enhanced forma-
tion of iron oxides compared to Zeolites. In general, the shape of
the nZVI is found to be spherical, with an aggregation of the par-
ticles at specific doping conditions. The enhanced presence of iron
oxides occurring specially in Mt reduces the magnetic response of
the material whereas the more rigid structure of Zeolite diminishes
the formation of thicker iron oxide layers, increasing their magnetic
response. The chain-like formation observed in both composites is
related to a configuration of minimal energy. This simple prepara-
tion method of a magnetic composite, with notably high adsorption
ability, opens very interesting perspectives for applying it in many
technological applications such as those involving environmental
cleaning of polluted water bodies.
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