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Abstract: This work focuses on the characterization of five palygorskite clays from the Brazilian state
of Piaui and their feasibility as eco-friendly adsorbents for the removal of Fe3+ ions from aqueous so-
lutions. For characterization, we applied the techniques of X-ray diffraction (XRD), X-ray fluorescence
(XRF), scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS), size distribu-
tion measurements, density measurement by He pycnometry, superconducting quantum interference
device (SQUID) magnetometry, Fourier-transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA/DTA), zeta potential measurement, hydrophobicity determination by contact angle,
Brunauer–Emmett–Teller surface area analysis (BET technique) and atomic force microscopy (AFM).
Batch experiments were performed in function of process parameters such as contact time and initial
concentration of Fe3+. The natural palygorskites (Palys) had excellent performance for the removal of
Fe3+ from aqueous solutions by adsorption (around 60 mg/g), and the Langmuir is supposedly the
best model fitted the experimental data.

Keywords: wastewater; iron removal; palygorskite; adsorption; Langmuir isotherm

1. Introduction

Iron is widely used in industry for many purposes, but effluents containing iron
require adequate treatment since it is not biodegradable and tends to accumulate in living
organisms, causing various diseases and disorders, including digestive problems and brain
damage. In drinking water, it can also cause an unpleasant odor and taste along with
turbidity [1].

Therefore, removal of Fe3+ from effluents is very important. There are many methods
described in the literature for removal of cations [2–7]. However, methods are often expen-
sive and complicated to perform, so there is a need to develop new methods that are simpler
and less expensive. Among these methods, adsorption is cost-effective and simple to per-
form [8–10]. The adsorption process usually employs natural organic or inorganic materials
that are abundant and inexpensive [11,12]. In this regard, palygorskite (Paly) is a low-cost
and environmentally friendly natural fibrous silicate clay material with tubular structure
and good mechanical strength, thermal stability and hydrophilicity [13–18]. The adsorption
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capacity of Paly results from its relatively high surface area and the net negative charge in
its structure, which attracts and holds cations such as Fe3+, and it is a fibrous hydrated mag-
nesium silicate; its structural formula can be written as (OH2)4(OH)2Mg5Si8O20·4H2O [19].
It presents ribbons of 2:1 phyllosilicate units, where each ribbon is connected to the next
by the inversion of SiO4 tetrahedrons along a set of Si-O-Si bonds, resulting in channels
parallel to the phyllosilicate ribbons that contain zeolitic and bound water [20]. Paly de-
posits around the world mostly come from arid or semiarid regions [21]. In Brazil, these
deposits are mainly located in the municipality of Guadalupe, Piaui state (see Figure 1),
and were discovered in 1982 [22–27]. Paly has been used in domestic water purification,
drilling fluids, cosmetics, pharmaceuticals and polymer formulations [28–36], including to
remove cations by adsorption [37–40].
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In this work, five eco-friendly adsorbents as Palys (Paly I, Paly II, Paly III, Paly IV and
Paly V) were used to remove Fe3+ from an aqueous solution, as a continuation of a previous
study where this possibility was investigated [9], being the great novelty of this study. First,
the Paly samples were subjected to quartz concentration reduction. After that, they were
characterized by XRD, XRF, SEM/EDS, size distribution analysis, density measurement by
He pycnometry, SQUID magnetometry, FTIR, TGA/DTA, zeta potential and hydrophobicity
by contact angle measurement. Next, adsorption experiments were performed to evaluate
the effects of time and initial Fe3+ concentration. Kinetic and equilibrium models were
fitted to the experimental adsorption data to investigate the potential adsorptive influence
of Palys on the Fe3+ removal. The Paly sample with the best iron adsorption performance
was further characterized by the BET and AFM techniques.

2. Materials and Methods
2.1. Materials

The Paly clay deposits used in this work are located in the municipality of Guadalupe,
located about 300 km south of the capital of Piaui state, in the North region of Brazil
(Figure 1). Regarding the impurities present in the composition of Palys, this depends on
the geological formation as well as on the extraction location [41–43].

Paly clays were kindly donated by the company Colorminas-Colorífico e Mineração
S.A (Piauí-Guadalupe, Brazil) and were purified by sedimentation and screening. The
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particle size was selectivity restricted to below 20 µm by passing the ground purified
sample through a 635-mesh sieve.

For this study, 5 Paly samples were selected from a total of 13 samples from different
mining areas of the company. The criterion used for this choice was to observe which sam-
ples had the highest peaks referring to Paly in the X-ray diffractogram (d-spacing = 10.5 Å).
These five Palys were processed using the dense liquid separation technique (bromoform,
d = 2.89 g/cm3) [44] in order to reduce the quartz concentration in the samples.

Analytic-grade ferric chloride hexahydrate (FeCl3·6H2O) was used as received from
Merck, and distilled water (pH 6.0 and <550 ppm of total salt content) was used throughout.

2.2. Batch Kinetic Experiments

Batch adsorption experiments were conducted with 100,000 mg/L Paly and initial
Fe3+ concentrations (zero to 20,000 mg/L) (Ci) under ambient conditions and carried out
in 50 mL conical flasks placed in a thermostatic shaker bath at 130 rpm. The residual
concentration (Cf) of Fe3+ after centrifugation at 3500 rpm for 15 min was determined by
a LaMotte Smart Spectro UV-VIS spectrophotometer using 1 cm path quartz cells and a
wavenumber of 370 nm by comparison with a previously established analytical curve [9].

2.3. Adsorption Procedure

The adsorption capacity of Fe3+ on Palys was calculated through the following equation:

Γ = (Ci − Cf)·V/W (1)

where Γ is the Fe3+ adsorption capacity of the adsorbent (mg/g), Ci is the initial concentra-
tion of the Fe3+ solution (mg/L), Cf is the final Fe3+ concentration in solution (mg/L), W is
the weight of adsorbent used (g) and V is the volume of the Fe3+ solution (L).

2.4. Characterization of Materials
2.4.1. Mineralogical and Chemical Characterization

The mineralogical analyses of the Paly clays were carried out by XRD. To avoid
preferred orientation, the samples were back-loaded and the XRD patterns were obtained
with a Bruker-D4 Endeavour diffractometer (Karlsruhe, Germany) operating at a tube
voltage and current of 40 kV and 40 mA, respectively, using Co kα radiation. Diffraction
patterns were recorded between 5◦ and 80◦ 2 theta with a 0.02◦ step and a position-sensitive
LynxEye detector (Karlsruhe, Germany).

The chemical composition of the samples was determined by XRF after loss on ignition
(LOI) determination with a LECO TGA 701 analyzer using a Panalytical AxiosMax spec-
trometer (Worcestershire, UK) on melted beads (lithium metaborate:tetraborate mixture).

2.4.2. SEM/EDS

The morphology and elemental composition of the Palys were carried out using
two scanning electron microscopes. The first one observed the morphology of Palys
by secondary electrons in an FEI Quanta 400 scanning electron microscope (Hillsboro,
OR, USA) operating at 25 kV and small spot size. The second, a Hitachi TM3030Plus
(Tokyo, Japan) scanning electron microscope with an integrated energy-dispersive X-ray
fluorescence spectrometer (Bruker Quantax 70 from Karlsruhe, Germany) was used for
identification of elements present in the Paly samples (coated with Ag), such as magnesium,
and the increase in iron content after the process of adsorption. This SEM was operated
at 15 kV, small spot size, while images were acquired in backscattered electron mode
(BSE) for elemental contrast and EDS maps were used to identify the elements of interest,
accumulated during 200 s.



Mining 2024, 4 40

2.4.3. FTIR

The infrared spectra were obtained using a Perkin-Elmer 1720X spectrophotometer
(Orpington, UK) in transmission mode. Spectra over the 4000–400 cm−1 range were
obtained from 0.01 g of each sample diluted with KBr.

2.4.4. TGA/DTA

The TGA/DTA analysis was performed with a Mettler Toledo TGA/DSC1 Star System
(STARe software, version 9.00), at a heating rate of 10 ◦C/min, under air atmosphere with
a flow rate of 50 mL/min.

2.4.5. Size Distribution and Surface Charge

The size distribution of the five Palys was evaluated by two techniques: laser diffrac-
tion with a Mastersizer 2000 analyzer and dynamic light scattering with a Zetasizer Nano
ZS, both from Malvern Instruments (Grovewood Road, UK). These techniques allow parti-
cle size detections between 0.1 µm and 1000 µm and 0.6 nm and 6 µm, respectively. For
these methods, the samples were dispersed in water for 30 min at 1700 rpm.

Surface charges were also evaluated with a Malvern Instruments Zetasizer Nano ZS.
For surface charge measurements (an average of 3 points), a suspension of each Paly sample
in 10−3 molar KCl (indifferent electrolyte) was prepared. The pH was adjusted with NaOH
and HCl in the range between 2.0 and 11.0 [21].

2.4.6. Hydrophobicity

The Palys’ hydrophobicity was evaluated by water contact angle measurements with
a Dataphysics OCA Series goniometer (Filderstadt, Germany),with the Paly and Paly-Fe3+

samples placed on a slide and pressed to form small disks using the sessile drop technique.

2.4.7. Density Measurement by He Pycnometry and BET Surface Area Analysis

The Palys’ densities and surface areas were measured with an AccuPyc 1330 (He)
pycnometer and an ASAP 2010 analyzer, respectively, from Micrometics Instrument Corpo-
ration (Norcross, GA, USA).

The BET surface area and pore properties of the Paly III sample were determined
from N2 adsorption–desorption experiments at 77 K using an accelerated surface area and
porosimetry system. The sample was outgassed at 70 ◦C for 24 h to remove any moisture
or adsorbed contaminants before the surface area measurements. The microporous surface
area, external surface area and the micropore volume were obtained by the t-plot method.
Meanwhile, the pore volume and pore-size distribution were estimated by the Barrett–
Joyner–Halenda (BJH) method [45].

2.4.8. SQUID Magnetometry
SQUID Cryogenic S600 magnetometer

The magnetic behavior of the samples was observed by the measurements obtained
with a magnetometry system based on a physical effect and quantification of the magnetic
flux in a closed superconductor circuit, which is highly sensitive to small magnetic flux
variations. For these measurements, we used a clear plastic straw as the sample holder
because of the negligible magnetic signal in relation to that of the various samples tested.

2.4.9. AFM

Finally, the three-dimensional AFM topographical acquisition image of Paly III crystals
was obtained with a JPK atomic force microscope, where the sample was fixed on a
transparent glass slide using double-sided adhesive tape. Roughness was measured using
the root mean square (RMS) value within the given regions.
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3. Results and Discussion
3.1. XRD Studies
3.1.1. Quartz Concentration Reduction of Raw Palys

Figure 2 shows the comparison of XRD spectra for raw Palys and Palys after quartz
reduction. It can be noted that the quartz diffraction peaks were greatly reduced after
using the dense liquid separation technique (Figure 2a–e). Figure 2f shows the quartz XRD
intensities of the most significant peak (d-spacing = 3.34 Å) before and after reduction
treatment. This enabled an approximate analysis of the amount of quartz phase present in
the five Palys, verifying quartz reduction efficiency of around 80%.
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3.1.2. Mineralogical Analysis

The XRD patterns of the Palys and Palys-Fe3+ are shown in Figure 3a–e. An iden-
tical pattern of the Paly standard can be seen, and their peaks did not undergo signif-
icant changes [46]. The impurities found were clinochlore [Fe6Si4O10(OH)8], kaolinite
[Al2Si2O5(OH)2], quartz [SiO2], anatase [TiO2] and diaspore [AlO(OH)]. The identified
crystalline phases were in agreement with the results observed by XRF (Table 1). Addi-
tionally, Figure 3f shows a comparison of the XRD count intensities of the main Paly peak
(d-spacing = 10.5 Å), indicating that Paly III had a higher concentration than the other
samples, which can also be observed by XRF for the MgO content (Table 1).
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3.2. Characterization of Palys before and after Fe3+ Adsorption (Palys-Fe3+)
3.2.1. XRF

XRF data of Palys and Palys-Fe3+, expressed in oxide percentage, are shown in Table 1.
The first loss, around 20%, is related to loss of water and organic matter. SiO2 (above
43%) and Al2O3 (around 15%) were the main components found in the Palys, and both
concentrations decreased after Fe3+ adsorption, as expected. On the other hand, iron
concentration increased in all Palys studied after Fe3+ adsorption, from approximately 9%
to 15%.

3.2.2. Microtexture Studies—SEM

The SEM observations verified the characteristic morphology for the five Palys and
Palys-Fe3+. The Paly fibers are depicted in Figure 4. Unmodified Palys (Figure 4(1)) show
typical fibers, with variable thicknesses and lengths, with randomly oriented shapes in
aggregates, as shown in several previous studies [47–50]. This was probably due to strong
physical and hydrogen bonding interactions between OH groups of Paly fibers. A large
number of crystal beams and a few single needle-like crystals were also observed. The fiber
bundles were usually assembled by an individual needle. The morphological differences
between the unmodified Palys and Palys-Fe3+ can be observed in Figure 4(2), where there
were no significant differences after Fe3+ adsorption on Paly surfaces. Finally, Figure 4(3)
shows a detailed image of a Paly sample (Paly I), where an individual needle measuring
1.82 µm versus 95.2 nm can be observed.
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3.2.3. SEM/EDS Mappings—Mg Distribution

Figure 5 presents the acquired EDS spectra (Figure 5(1a)–(5a)) with the corresponding
BSE images (Figure 5(1b)–(5b)), as well the X-ray maps showing the distribution of Mg
in Palys before Fe3+ adsorption (Figure 5(1c)–(5c)). The chemical elements observed were
Si, Mg, Al, Fe, Ti and K, corroborating the findings by XRF (Table 1). Additionally, it can
be seen that Mg was evenly distributed over the entire surface, revealing a uniform and
homogeneous distribution of Mg on all five Paly samples’ surfaces. Thus, we can assume
that the adsorption of Fe3+ also followed the same behavior and occurred uniformly on all
Paly surfaces.
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The results of the semi-quantitative chemical analyses of Palys and Palys-Fe3+ are
summarized in Table 2. For this purpose, the average of three measurements was calculated
in three different areas of the samples and normalized to 100%.

Table 2. Semi-quantitative SEM/EDS (wt%) analyses of Palys before and after Fe3+ adsorption.

Elements (%)
Paly I Paly II Paly III Paly IV Paly V

Before After Before After Before After Before After Before After

O 43.6 50.7 40.9 47.8 45.2 46.5 39.5 49.0 40.7 49.9
Si 30.1 22.4 31.6 22.9 26.9 24.7 31.9 24.4 30.2 21.9

Mg 3.9 2.0 3.6 2.4 4.0 2.3 3.6 1.7 2.5 2.5
Al 9.1 6.9 10.6 7.3 10.2 7.3 12.4 6.7 12.1 6.5
Fe 8.4 14.3 7.1 15.2 7.2 14.8 7.1 13.3 8.5 14.2
Ti 0.7 0.5 0.8 1.2 1.3 1.1 1.0 0.6 0.7 0.9
K 4.2 3.2 5.4 3,2 5.2 3.3 4.5 4.3 5.3 4.1

Total 100 100 100 100 100 100 100 100 100 100

Highlighted: MgO represents principal palygorskite content and Fe2O3 shows the increase in iron content
after adsorption.
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As can be seen, Mg presented a value of around 3% before Fe3+ adsorption, whereas
Paly III had a slightly higher value of around 4% Mg. In relation to Fe, there was an increase
of approximately twice the initial value.

The EDS chemical analyses of Palys and Palys-Fe3+ confirmed the previous results
obtained by XRF (Table 1) and XRD (Figure 3), suggesting that the Paly samples had very
similar characteristics.

3.2.4. Particle Size Distribution

Figure 6 presents the size distribution of the Palys and Palys-Fe3+ using laser diffrac-
tion with a Malvern Mastersizer 2000 (see Figure 6a) and dynamic light scattering with
a Zetasizer Nano ZS (Figure 6b), respectively. The Palys and Palys-Fe3+ presented sim-
ilar behavior, where no size distribution variation was observed by the two techniques
employed, around 2.0 µm with the Masterzizer and 0.4 µm with the Nanosizer, showing
no increase in size distribution after adsorption along with nanometer sizes, as expected.
Additionally, Paly and Paly-Fe3+ density measurements by He pycnometry are shown in
Figure 6c, where it can also be seen that no important changes occurred in their densities,
which remained around 2.5 g/cm3.
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3.2.5. SQUID—Magnetic Properties

The magnetic properties measured by the SQUID method as a function of applied
magnetic field strength of 4 K, 50 K, 100 K and 200 K for Paly samples are shown in
Figure 7. The results indicate typical behavior of non-magnetic materials [33,51,52] since
the samples showed low magnetization saturation despite the low temperatures. The
maximum observed magnetization was about 0.0004 Am2/kg for magnetic fields of 5
Tesla and temperature of 4 K. This non-magnetic behavior suggests the possibility that
the Fe2O3 concentration results presented by XRF (Table 1) refer to clinochlore impurity
[Fe6Si4O10(OH)8], shown in Figure 3.
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3.2.6. FTIR Analysis

Figure 8 shows the FTIR spectra of Palys and Palys-Fe3+. As can be seen from
Figure 8(1), the absorption bands at 3700 cm-1 may be related to the stretching vibration of
the Mg-OH group present in the samples. Likewise, characteristic absorption bands of Palys
at 3620 cm−1 and 3546 cm−1 (hydroxyl vibration of water on the surface of palygorskite or
in tunnels and channels) were found [9,53–56].
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The band at 1640 cm−1 can be attributed to the vibration band of coordinated water
and absorbed water molecules. In addition, the characteristic bands of Si-O-Si observed
around 1036 cm−1 and the peaks at 915 cm−1, 525 cm−1 and 460 cm−1 can also be attributed
to Si-Si bonds [55,57–60]. Finally, the bands at 425 cm−1 can correspond to vibration of the
Si-O-Mg band [61,62].

Additionally, the FTIR spectra of Palys-Fe3+ presented bands at 1400 cm−1, related to
FeO-OH stretching vibration, indicating the presence of iron oxide. This confirmed that the
Paly samples’ surfaces were successfully modified after Fe3+ adsorption [9,59].

3.2.7. Thermal Stability

Three similar weight-loss steps were observed according to the TGA/DTA results for
the five Palys and Palys-Fe3+, as shown in Figure 9 and summarized in Table 3. The first
event was related to the evaporation of water physically adsorbed on the surface [63–65]
of the Palys and Palys-Fe3+ and occurred at about 35.2–69.1 ◦C for Palys and 56.3–83.4
◦C for Palys-Fe3+, with mass losses of 5.3–9.7% and 8.3–13.2%, respectively. The second
event, around 189.3–191.9 ◦C (Palys) and 221.3–246.5 ◦C (Palys-Fe3+), presented mass
losses of 2.3–2.8% and 5.8–8.2% for Palys and Palys-Fe3+, respectively, related to the loss
of zeolitic water molecules located in the Paly channels [9,66]. The third event, observed
between 454.2 and 475.4 ◦C for Palys and 478.9 and 495.7 ◦C for Palys-Fe3+, was attributed
to coordinated water loss and condensation of silanol and aluminol groups, which resulted
in mass losses of 3.6–7.5% (Palys) and 2.3–2.8% (Palys-Fe3+) [67,68]. Finally, Table 3 also
shows that the total mass-loss ratios were around 14.6–16.4% and 18.8–23.4% for Palys and
Palys-Fe3+, respectively.
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Table 3. TGA/DTA analysis of Palys and Palys-Fe3+.

Palys
Event 1 (◦C)/Mass Loss (%) Event 2 (◦C)/Mass Loss (%) Event 3 (◦C)/Mass Loss (%) Total Mass Loss (%)

Paly Paly-Fe3+ Paly Paly-Fe3+ Paly Paly-Fe3+ Paly Paly-Fe3+

Paly I 37.6/9.7 83.4/12.6 191.9/2.3 246.5/5.8 454.2/4.4 495.7/2.8 16.4 21.2

Paly II 35.2/5.3 74.8/13.2 190.7/2.8 237.9/7.4 467.6/7.5 487.1/2.8 15.6 23.4

Paly III 69.1/9.6 72.4/11.1 189.3/2.5 221.3/6.1 472.4/3.6 478.9/2.3 15.7 19.5

Paly IV 42.6/6.2 56.3/10.8 190.2/2.7 229.7/7.1 466.3/7.4 480.7/2.7 16.3 20.6

Paly V 41.3/6.8 77.1/8.3 190.5/2.3 238.4/8.2 475.4/5.5 482.9/2.3 14.6 18.8

3.2.8. Surface Charge—Hydrophobicity

The variations of the zeta potential of Palys and Palys-Fe3+ with changes in pH are
shown in Figure 10(1) and (2), respectively. In the pH range of 1–12, the values of Paly zeta
potential increased with the increase in pH, since concentrations of hydroxide ions in the
solution also increased and the mineral surface adsorbed a large number of free ions with
negative charge, as expected [9,69,70]. The maximum value reached was −25 mV at pH 9.0,
and it remained stable in the suspension system with higher pH values. This behavior
favors good adsorption on cationic compounds. On the other hand, Palys-Fe3+ showed
a change in its charges at around pH 8.0 due to the positive charge of the Fe3+ adsorbed
on the Paly surfaces, which becomes positive below this pH value and negative above it,
evidencing the change in Paly surfaces after Fe3+ adsorption. Additionally, Figure 10(3)
shows the results of the contact angle measurements for Palys and Palys-Fe3+, providing
important data on the wettability of the samples before and after Fe3+ adsorption. The
sessile drop method was used to evaluate the hydrophobicity of pressed surfaces, as in a
previous study [64]. The contact angles for all samples were zero, referring to hydrophilic
surfaces with high wettability by water. This behavior is expected for silicon oxides [71].
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3.3. Adsorption Studies: Evaluation of Fe3+ Adsorption on Five Paly Surfaces
3.3.1. Adsorption Kinetics

The adsorption kinetics of the five Palys studied in this work is shown in Figure 11.
The effect of contact time of Fe3+ onto Palys surfaces was investigated at various time
intervals in the range 0–6 h (Figure 11(1)). As can be seen, the Fe3+ adsorption capacity
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increased very rapidly in the first 30 min and reached around 44 mg/g (the maximum Fe3+

equilibrium adsorption capacity) at 1 h then remained constant. This behavior was similar
for all Palys, mainly due to the active sites on the Paly surfaces that were available at the
beginning of the adsorption process. For the adsorption isotherm studies, a contact time of
three hours was used to ensure complete adsorption.
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3.3.2. Adsorption Isotherm

The equilibrium adsorption capacity of Fe3+ onto Palys and the corresponding adsorp-
tion isotherms are plotted in Figure 11(2). It is clear that the adsorption capacity of the Fe3+

onto Palys increased with an increase in the Fe3+ concentration in solution and reached
saturation gradually.

The maximum equilibrium adsorption capacity of around 60 mg/g was observed at an
initial Fe3+ concentration of 10,000 mg/L. According to the classification of Giles et al. [72],
the isotherm was supposedly of the Langmuir type, indicating that the Fe3+ has a high
affinity for the Paly surfaces.

The Langmuir adsorption isotherm assumes that adsorption occurs at specific homo-
geneous sites within the adsorbent, and it has been successfully applied in many studies of
monolayer adsorption. The linear form of the Langmuir isotherm equation is written as:

Ci/Γ = 1/K·Γm + 1/Γm·Ci (2)



Mining 2024, 4 51

where Γ is the equilibrium capacity of Fe3+ on the adsorbent (mg/g), Ci is the initial
concentration of the Fe3+ solution (mg/L), Γm is the monolayer adsorption capacity of the
adsorbent (mg/g) and k is the Langmuir adsorption constant (L/mg), related to the free
energy of adsorption.

The adsorption equation was obtained from experimental data (Equation (2)). The
isotherm constants and correlation coefficients were calculated from the linear Langmuir
plots by plotting Ci/Γ vs. Ci (see Figure 11(3)) and are presented in Table 4. The Langmuir
equation represented the adsorption process very well, as can be seen by the R2 values.
This may have been due to the homogeneous distribution of active sites on the palygorskite
surface, as reported by some authors who have stated that the adsorption of Fe3+ on
palygorskite is supposedly described by the Langmuir equation [9,64,73,74]. This result
indicates that the studied Palys possess a very high adsorption capacity, so the mineral is
very useful in removing Fe3+ from aqueous solutions.

Table 4. Adsorption thermodynamic parameters.

Palys Sample R2 1/KΓm
(g/L)

1/Γm
(mg/g)

K
(L/mol)

∆G
(KJ/mol)

Paly I 0.9939 44.500 0.0138 50.39 −9.71
Paly II 0.9935 52.000 0.0135 42.19 −9.27
Paly III 0.9986 27.345 0.0152 90.33 −11.16
Paly IV 0.9980 59.050 0.0135 37.15 −8.96
Paly V 0.9943 62.745 0.0132 34.19 −8.75

Highlighted: Paly III showed more conducive to Fe3+ adsorption.

The values of ∆G for Palys were all negative and close to each other. The negative ∆G
values indicate that the process of Fe3+ adsorption was spontaneous. The absolute value of
∆G was highest for Paly III (11.16 KJ/mol), indicating that this sample was more conducive
to Fe3+ adsorption.

3.4. Additional Characterizations of Paly III (BET Surface Area Analysis/AFM)

The five Palys studied had very similar characteristics, so we chose the Paly III sample,
which had the highest negative ∆G value, for evaluation in relation to its porosity by BET
and AFM. It will certainly represent the others.

BET—AFM

The specific surface areas and porous parameters of Paly III alone and with Fe3+

adsorbed (Paly III-Fe3+) are shown in Tables 5–7 and Figure 12. The nitrogen adsorption–
desorption isotherms of the Paly III and Paly III-Fe3+ (see Figure 12a,b) were classified
as typical type II isotherms that yield nonporous or macroporous adsorbents according
to the IUPAC classification [75]. The hysteresis loops of Paly III and Paly III-Fe3+ were
similar, indicating that the adsorption of Fe3+ onto Paly III did not change the former’s
porous structure. The amount of N2 adsorbed gradually increased with rising relative
pressure, and the adsorption and desorption lines completely overlap each other, suggesting
a monolayer adsorption [45]. The BET specific surface area of 108.9 m2/g for Paly III
decreased to 102.4 m2/g for Paly III-Fe3+ (Table 5 and Figure 12c), which might be due
to the increase of steric hindrance leading to a smaller Paly III-Fe3+ surface area. The
average pore diameters from the BJH pore-size distribution pattern were 94.84 Å and
77.08 Å, respectively, indicating nonporous or macroporous adsorbents (Table 7). The
external surface areas and micropore volumes (Tables 5 and 6) were calculated by using the
t-plot method. For Paly III, a micropore volume of 0.01097 cm3/g was measured, with a
micropore area of 25.89 m2/g and a larger external surface area of 82.98 m2/g. For Paly
III-Fe3+, the micropore volume and micropore area values decreased to 0.002416 cm3/g
and 7.42 m2/g, respectively, which can be explained by the decrease of ordered degree of
the macroporous structure due to Fe3+ adsorbed onto Paly III.
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Table 5. Surface area (m2/g).

Paly BET
Single Point a BET Langmuir t-Plot

Micropore t-Plot External BJH
Adsorption b

BJH
Desorption b

Paly III 106.65 108.87 148.79 25.89 82.98 91.27 102.41
Paly III-Fe3+ 98.74 102.40 141.64 7.42 94.98 117.15 117.51

a p/p0 = 0.199. b BJH (adsorption and desorption) cumulative surface area of pores between 17.000 Å and
3000.000 Å width.

Table 6. Pore volume (cm3/g).

Paly Single Point
Adsorption

Single Point
Desorption

t-Plot
Micropore

BJH
Adsorption c

BJH
Desorption c

Paly III 0.2098 a 0.2187 b 0.01097 0.2164 0.2212
Paly III-Fe3+ 0.2163 d 0.2181 e 0.002416 0.2257 0.2068

a Total pore volume of pores less than 867.838 Å width at p/p0 = 0.9771. b Total pore volume of pores less than
699.660 Å width at p/p0 = 0.9715. c BJH (adsorption and desorption) cumulative volume of pores between 17.000 Å
and 3000.000 Å width. d Total pore volume of pores less than 1098.150 Å width at p/p0 = 0.9820. e Total pore
volume of pores less than 713.725 Å width at p/p0 = 0.9721.

Table 7. Pore size (Å).

Paly Adsorption a Desorption a BJH Adsorption b BJH Desorption b

Paly III 77.09 80.34 94.84 86.42
Paly III-Fe3+ 84.51 85.18 77.08 70.40

a Average pore width (4 V/A by BET). b Average pore width (4 V/A).
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As observed from Figure 12, the major contribution to specific surface area of the sam-
ples came from the external surface. The surface area decreased with the Fe3+ adsorption
on Paly III, and the pores had width between 70–95 Å (Table 7). Thus, it can be stated
that having a porous structure and large specific surface areas is very favorable for the
adsorption and removal of Fe3+ from water.

This behavior was confirmed by observing Paly III’s high-resolution AFM image,
showing its texture (Figure 12d) and spherical particles with different mean sizes in the
range of 0–10 µm. Various grain sizes distributed over the entire surface of Paly III can be
observed. These grains are formed by smaller grains with a diameter of approximately
150 nm. The maximum height of the largest cluster of grains was approximately 320 nm,
with RMS roughness of approximately 74 nm. Furthermore, a variety of colors is present,
indicating that the Paly sample has other components, as observed by the characterization
by XRF, XRD, FTIR and EDS.

4. Conclusions

The removal of Fe3+ ions from aqueous solutions by adsorption on five natural eco-
friendly Brazilian palygorskites for environmental applications was investigated and char-
acterized by various analyses after quartz-reduced efficiency of around 80% was shown
by XRD.

The five Paly samples presented very similar characteristics, probably due to the
proximity of the geological formation and the extraction location. The impurities found by
XRF and XRD were clinochlore, kaolinite, quartz, anatase and diaspore, while SiO2 was
the main component found, around 50% (w/w), due to the presence in the composition
of palygorskite and quartz minerals. The Palys had a fibrous aspect according to SEM
observation and formed aggregates, typical behavior of nanometric particles, as confirmed
by the particle size distribution techniques. In general, the characterization methods used
in this work indicated that the samples had typical characteristics of palygorskite minerals,
such as no magnetism, negative charge and hydrophilicity.

Paly surface modification after Fe3+ adsorption was evidenced by the increase in iron
concentration observed by XRF and EDS, by the appearance of the band at 1400 cm−1 in
the FTIR spectrum and by the charge change from negative to positive around pH 8.0 in
the zeta potential curve.

Regarding the adsorption studies, we observed that the Fe3+ adsorption capacity on
Palys increased very rapidly in the first 30 min, reaching a maximum Fe3+ equilibrium
adsorption capacity of around 44 mg/g at 1 h, after which it remained constant. The
maximum equilibrium adsorption capacity, around 60 mg/g, was observed at an initial
Fe3+ concentration of 10,000 mg/L. The Langmuir model supposedly represented the
adsorption process, indicating that the Fe3+ has high affinity for the Paly surfaces.

Finally, the values of ∆G for Palys were all negative, meaning that the process of Fe3+

adsorption was spontaneous and very promising for the removal of Fe3+ from wastewater.
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