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Abstract
Mechanisms of Cr(VI) reduction by Fe(II) modi�ed zeolite and vermiculite were evaluated. Adsorbents were treated with
Fe(SO4).7H2O to saturate their exchange sites with Fe(II). Vermiculite (V-Fe) adsorbed more Fe(II) (21.8 mg g−1) than zeolite (Z-

Fe) (15.1 mg g−1). Z-Fe and V-Fe were used to remove Cr(VI) from the solution by batch test to evaluate the effect of contact time
and Cr(VI) initial concentration. Cr(VI) was 100% reduced to Cr(III) by Z-Fe and V-Fe from solution with 18 mg L−1 Cr(VI) in 1
minute. Considering that 3 moles Fe(II) are required to reduce 1 mole Cr(VI) (3Fe+2 + Cr+6 → 3Fe3+ + Cr+3), the iron content
released from Z-Fe and V-Fe were su�cient to reduce 100% of Cr(VI) in solution by up to 46.8 mg L−1 Cr(VI), and about 90% (V-
Fe) and 95% (Z-Fe) in solution with 95.3 mg L−1 Cr(VI). The assess of the Fe(II), Cr(III), Cr(VI), and K+ contents of the adsorbents
and solutions after batch tests indicated that K+ ions from K Cr O  solution were the main cation adsorbed by Z-Fe, while
vermiculite did not absorb any of these cations. The H+ of the acidic solution (pH around 5) may have been adsorbed by V-Fe.
Therefore, the release of Fe(II) from Z-Fe and V-Fe involved cation exchange between, respectively, K+ and H+ ions from solution.
The reduction of Cr(VI) by Fe(II) caused the precipitation of Cr(III) and Fe(III), and the decrease of pH of the solution to < 5. As
acidity limits the precipitation of Cr(III) ions, they remained in solution and were not adsorbed by both adsorbents (since they
prefer to adsorb K+ and H+). To avoid oxidation, Cr(III) can be removed by precipitation or adsorption by untreated minerals.

1. Introduction
Chromium (Cr) is a metal that naturally occurs in the trivalent state (Cr(III)) in minerals, such as chromite and goethite. Cr(III) has
low solubility in soil solutions and waters (WHO 2004), and in trace concentrations (< 50-200 µg/day) it is an essential nutrient
for humans and animals (NRC 1989; Kiser and Manning 2010; Dultz et al. 2012). The hexavalent state of chromium (Cr(VI)) is
highly soluble and occurs in arti�cial materials such as CrO3 and CrO4

2−, which are strongly oxidizing compounds and,
consequently, highly toxic to the human health in any concentration (Hawley et al. 2004). Therefore, all e�uents containing
Cr(VI) must be treated before being discharged into water bodies.

Removal of Cr(VI) from industrial e�uents is usually done by precipitation of Cr(III) as hydroxide, after redox reactions by the use
of reducing substances, such as sodium metabisulphite. Chemical precipitation also requires the use of large quantities of
reagents, such as sodium hydroxide, which often makes this technique expensive (Srivastava and Thakur 2007).

Treatment of Cr(VI)-contaminated e�uents is also possible by combining reduction of Cr(VI) and adsorption of Cr(III). Cr(III) ions
can return to their oxidized state in the presence of oxidant agents, such as manganese ions, but adsorption prevents reoxidation
(Eary et al. 1988; Palmer and Wittbrodt 1991; Kwak et al. 2018). Adsorption can also be expensive, depending on the type of
adsorbent (Maronezi et al. 2019; Singh 2020). However, minerals with large speci�c surface and high ion exchange capacity,
such as zeolites and vermiculite, are low-cost options with good performance in pollutant removal (Shinzato et al. 2020).

Zeolites are aluminosilicates with negative permanent charge derived from the replacement of part of silicon by aluminum in the
tetrahedral framework (Barrer 1982). This negative charge is compensated by cations such as K+, Na+, and Ca2+ connected by
adsorption inside the pores, which can be replaced by other cations (Pabalan & Bertetti 2001). Vermiculite is a 2:1 phyllosilicate,
whose structure is formed by two tetrahedral layers of Si4+/Al3+ oxide connected to an octahedral Al3+ or Mg2+ hydroxide
(Meunier 2005). Vermiculite is negatively charged due to unbalanced substitutions, predominantly, in the tetrahedral (Si4+-Al3+)
layer. Its residual negative charge is compensated by the interlayer cations (Jackson 1979).

Negatively charged minerals are usually applied in removing heavy metals from solution (Zamzow et al. 1990; Curkovic et al.
1997; Mier et al. 2001; Wingenfelder et al. 2005; Shinzato et al. 2007; Margeta et al. 2013). Nevertheless, their use for chromate
ions (CrO4

2−) removal is not appropriate. Several authors have proposed the use of organic cationic surfactants, such as
hexadecyltrimethylammonium bromide (HDTMA-Br), to modify the surface charge of zeolites (Apreutesei et al. 2008; Szala et al.
2015; Huang et al. 2016; Jiménez-Castaneda and Medina 2017). In this method, the resulting mineral is known as organo-zeolite,
which adsorbs (CrO4

2−) on its surface, while the capacity of adsorbing cations in the pores and channels of organo-zeolites is
preserved because HDTMA molecules are too large to enter the structural voids of zeolites.
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However, the adsorption of Cr(VI) does not change its toxicity, while the reduction reactions have the advantage of transforming
chromium into its less toxic form. Reducing agents, such as Fe(II) ions, can be adsorbed by minerals as zeolite and vermiculite in
order to reduce Cr(VI) (Kiser and Manning 2010; Lv et al. 2014; Ahn and Do 2016; Kwak et al. 2018). The reduction reactions of
Cr(VI) in the form of dichromate (Brigatti et al. 2000; Kwak et al. 2018) and hydrogen chromate (Kiser and Manning 2010) by
Fe(II) occur in acidic media and are represented in equations 1 and 2, respectively.

Cr2O7
2− (aq) + 6Fe2+ (aq) + 14H+ (aq) → 2Cr3+ (aq) + 6Fe3+ (aq) + 7H2O (l) (1)

3Fe2+ + HCrO4
− + 7H+ → 3Fe3+ + Cr3+ + 4H2O (l) (2)

Using minerals as support of Fe(II) ions instead of using its dissolved salt is more adequate to reduce Cr(VI), as it consumes
smaller amounts of Fe(II) salts and does not require the addition of acids to obtain an acidic condition (Brigatti et al. 2000).
Although some studies have tested minerals modi�ed with Fe(II) to reduce Cr(VI) (Kiser and Manning 2010; Lv et al. 2014; Lofù et
al. 2016; Ahn and Do 2016; Kwak et al. 2018), the mechanisms involved in this process are not well detailed. Therefore, the
present study assessed the main mechanisms involved in the removal of Cr(VI) in solution by samples of zeolite and vermiculite
modi�ed with Fe(II) ions. In addition, the ability of their exchange sites to maintain and release iron in reduced form was
evaluated. This study can contribute to the understanding of the main mechanisms of removal of Cr(VI) by natural and low-cost
adsorbents modi�ed with Fe(II).

2. Materials And Methods

2.1 Materials characterization
Mineral adsorbents used in this study were zeolite concentrate (Z) from Cuba, commercialized by Celta Brasil Industry LTDA, and
vermiculite (V) from Goiás State, Brazil, provided by Brasil Minérios S.A. Minerals were washed with distilled water, dried at 60 oC
for 48 h and ground in a mortar to grain size < 200 mesh.

The mineralogical composition of zeolite (Z) was analyzed in an X-ray diffractometer (XRD) (D8 Advance/Bruker). The
conditions used in this determination were: radiation CuKα, angular range 2θ° from 3° to 65° with a 0.050° step and count time
of 0.5 s step−1. Vermiculite (V) was treated to XRD analysis with methods described by Theisen and Harward (1962), Anderson
(1963), and Jackson (1979), consisting in heating at 350 and 550°C a sample previously saturated with K+, and treating with
ethylene glycol a sample saturated with Mg2+. Natural and heated minerals samples were analyzed in XRD (D8 Advance/Bruker)
with the following conditions: angular range from 2° to 36° 2θ°, step size of 0.01°/2θ°, angular velocity of 1 s/step. Samples
treated with ethylene glycol were analyzed using an angular range of 3-35 2θº; 0.02º/2θº of step, speed of 5 s/step.

The chemical composition of zeolite and vermiculite was determined by X-ray �uorescence (XRF) spectroscopy (Axios Advanced
PANanalytical). For cation exchange capacity (CEC) determination, 1 g of each sample was agitated with 50 mL of 1 mol L−1

sodium acetate solution for 2 h. After washing with distilled water and centrifugation, these samples were agitated with 1 mol
L−1 ammonium acetate solution for 2 h (Hesse 1971). The sodium ions that remained in the solution were quanti�ed in a �ame
photometer (DM-62/Digimed). The CEC value corresponds to the Na+ concentration in milliequivalents per gram of sample (meq
g−1).

2.2 Preparation of zeolite and vermiculite with Fe(II)
Minerals were saturated with Fe(II) ions in their exchange sites, based on the method proposed by Liu et al. (2010). Zeolite and
vermiculite samples (100 g) were mixed with 1 L of FeSO4.7H2O solution with different concentrations (0.1, 0.25, 0.5, and 1 mol

L−1). In order to achieve the best conditions for modifying the minerals with Fe(II), this test was carried out at room temperature
and 40 oC, and at a contact time of 1 h and 24 h. After stirring, the mixtures were �ltered and washed with distilled water, dried at
80°C for 48 h, and stored in a desiccator. The zeolite and vermiculite samples treated with Fe(II) were identi�ed as Z-Fe and V-Fe,
respectively.
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To verify if the untreated and modi�ed zeolite and vermiculite samples can remove Cr(VI) from the solution, a preliminary test
was conducted using 0.5 g of modi�ed minerals and 25 mL of 20 mg L−1 Cr(VI) solution. After being stirred for 120 minutes and
centrifuged, the Cr(VI) concentration was determined in the �nal solutions.

The Fe(II) concentration of the exchange sites of each mineral was quanti�ed before and after treatment with FeSO4.7H2O
solution, by extracting Fe(II) with an acidic solution, based on the method described by Kwak et al. (2018). In this method,
samples (0.5 g) were mixed with 5 mL of 1 mol L−1 H2SO4 for 2 h at room temperature; after centrifugation, the extracted Fe(II)
concentration was determined in the solution. Fe(II) concentration was determined using 4 mL of 1.10-phenanthroline, which
forms with Fe(II) a complex of orange color, and 4 mL of ammonium acetate buffer solution to intensify this color, a procedure
described at SMWW (1999). Fe(II) concentration was quanti�ed in a UV-Vis spectrophotometer (10S/ThermoScienti�c Genesys)
using a wavelength (λ) of 510 nm. The concentration of K+ was determined in a �ame photometer (DM-62/Digimed).

2.3 Cr(VI) removal - batch tests
The Cr(VI) removal tests were conducted in batch tests, using a 1:50 ratio of modi�ed minerals and solutions prepared with
analytical grade K2Cr2O7. These materials were transferred to 50 mL polypropylene tubes and after being agitated for a speci�ed
time, they were centrifuged to have their solutions analyzed. These tests were performed at room temperature and in triplicate.

The effects of contact time (1 to 60 minutes) and initial concentration of Cr(VI) (18 to 95.3 mg L−1) were evaluated. To evaluate
the in�uence of time in the Cr(VI) removal e�ciency of each mineral, an 18 mg L−1 Cr(VI) solution was used. The effect of the
initial Cr(VI) concentration on the adsorption e�ciency was assessed using 60 minutes of contact time (determined in the
previous test).

The second set of batch tests of Cr(VI) removal was performed using Z-Fe and V-Fe that already underwent 60 minutes batch
tests. This second set of batch tests was performed almost one year after the �rst experiments to verify if the remaining Fe(II)
did not oxidize and if this material can be reused in the Cr(VI) reduction. During this interval, Z-Fe and V-Fe were kept in a
desiccator. A solution with 18 mg L−1 of Cr(VI) was used for the batch tests for 60 minutes under stirring.

The �nal samples of all batch tests were centrifuged and the concentrations of Cr(VI), Cr(III), Fe(II), and K+ in solution were
measured. The concentration of Cr(VI) was determined using the method described by USEPA (1992), adding 2 mL of 1.5-
diphenylcarbazide (dissolved in acetone) and 4 drops of sulfuric acid (10%) to 100 mL of the sample solution. Reaction with
Cr(VI) forms a pink color solution, analyzed on a UV-Vis spectrophotometer (10S/ThermoScienti�c Genesys, 540 nm
wavelength). The total Cr content was analyzed by �ame atomic absorption spectrometry (FAAS) (SpectrAA 50B/Varian). To
determine the Cr(III) concentration the total Cr value was subtracted from the Cr(VI) levels. The concentration of K+ (from
K2Cr2O7 solution) was determined in the �ame photometer (DM-62/Digimed) to verify its in�uence in the Cr(VI) removal by the
minerals, as it can compete with other ions for the mineral exchange sites.

Cr(VI) removal e�ciency (E%) was determined by equation (3), whereas the Cr(VI) removal capacity (Qe, mg g−1) was determined
by equation (4).

E= (
Co−Cf

Co
) x 100 (3)

where E is the removal e�ciency (%); C0 and Ce are the initial and equilibrium concentrations (mg L−1).

Qe= (
( Co−Cf )

m )x V (4)

where Qe is equal to the total Cr removed (mg g−1) by the mass (m) of the mineral (g), C0 and Cf are the initial and �nal

concentrations (mg L−1); V is the volume (L) of the solution.

( )
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The amount of Fe(II) adsorbed on the mineral exchange sites was also evaluated before and after Cr(VI) removal tests, using the
method described before (Kwak et al. 2018) to extract Fe(II) with 1 mol L−1 H2SO4 for 2 h at room temperature.

Untreated minerals (Z and V), those modi�ed with Fe(II) (Z-Fe and V-Fe) and used in the batch tests (Z-Fe/Cr and V-Fe/Cr) were
analyzed by Fourier transform infrared spectroscopy (FTIR) to identify the main functional groups of minerals responsible for
removing Cr(VI). This analysis was performed on the Shimadzu spectrometer (model IRP Prestige-21), using the percentage
absorption mode, prepared in dry KBr tablets, with a resolution of 4 cm−1 and accumulation of 50 spectra (scans), with a spectral
range of 400 to 4000 cm−1.

Since some precipitates of Cr(III)/Fe(III) hydroxides may form during the removal tests, all samples were analyzed by XRD (D8
Advance/Bruker) after batch tests. The conditions used in this determination were: radiation CuKα, angular range 2θ° from 3° to
65° with a 0.050° step and count time of 0.5 s step−1.

3. Results And Discussion

3.1 Characterization of adsorbents
The X-ray diffraction analysis indicated that zeolite sample is a mixture of clinoptilolite and mordenite, while the vermiculite
sample is pure - identi�ed in by re�ections at 1.4, 0.98, 0.48, 0.36, and 0.29 nm in the Mg-saturated sample, re�ection at 1.4 nm
in sample saturated with ethylene glycol (indicating no change in the basal plane), and re�ection at 1 nm in the K-saturated
sample heated at 350 and 550 oC due to the collapse of the basal plane (Chen 1977).

The chemical composition of zeolite and vermiculite is presented in Table 1. Signi�cant amounts of Fe2O3 and MgO occur in
vermiculite, the former probably occupying octahedral positions and the latter occurring in both the interlayer space and the
octahedral sheet. Ca and K occupy exchange sites in both vermiculite and zeolite. Vermiculite sample also presents 0.69% Cr2O3

in the octahedral layers.

Table 1
Chemical composition of the mineral adsorbents. Loss on ignition (LOI) at 1050 oC.

Adsorbent SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 ZnO Cr2O3 LOI

(wt%)

Zeolite 68.81 11.83 1.92 <0.10 0.96 2.56 0.92 1.69 0.27 0.02 0.07 <0.01 10.4

Vermiculite 38.91 11.66 7.69 0.05 25.13 0.61 <0.01 0.15 1.25 0.01 <0.01 0.69 13.94

3.2 Treatment of the adsorbents with Fe(II)
Zeolite and vermiculite were treated with a solution of Fe(SO4).7H2O to replace the original cations with Fe(II) by ion exchange. In
order to evaluate the best experimental conditions to modify zeolite and vermiculite, the results of Cr(VI) removal e�ciency by
the untreated and modi�ed samples were analyzed (Fig. 3). Untreated zeolite and vermiculite showed very low e�ciency in
removing Cr(VI) from solution (respectively, 0 and 3%), while the e�ciency of the modi�ed samples improved with increasing of
the Fe(II) concentration (Fig. 3). The increase in temperature only improved the treatment of zeolite with 1mol L−1 Fe(SO4).7H2O.

The 100% e�ciency of Cr(VI) removal was observed in one treatment of zeolite (2) and two treatments of vermiculite (1 and 3)
(Fig. 1). The e�ciency of ionic exchange depends on the ionic hydration radius of the exchanged cations, which controls the
selectivity for the exchangeable sites (Strawn et al. 2019). Ions with negative hydration enthalpy (larger hydrated radius) tend to
stay in the bulk solution, while ions with positive hydration enthalpy (smaller hydrated radius) are more easily attached to
mineral surfaces (Nightingale, 1959).
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Fig. 1 - Removal of Cr(VI) e�ciency (%) by untreated and modi�ed zeolite and vermiculite samples, under different
concentrations of FeSO4.7H2O/time/temperature. Samples with 100% of Cr(VI) removal e�ciency: (1), (2), and (3).

The exchangeable cations of the zeolite pores (K+ and Ca2+) have smaller hydrated radii (respectively, 0.33 nm and 0.41 nm)
than Fe2+ (0.45 nm), whereas the hydrated radius of Mg2+ (0.43 nm) in the interlayer space of vermiculite is close to the hydrated
radius of Fe2+ (Strawn et al. 2020). Therefore, the exchange of Fe2+ with vermiculite is more e�cient than with zeolite. This is
probably the reason why zeolite requires higher FeSO4.7H2O concentration, temperature, and stirring time than vermiculite to be
modi�ed with Fe(II).

Although vermiculite was treated at room temperature in treatment 1, treatment 3 was chosen because it spent half the Fe(II)
concentration, and it takes less time (1 h). Therefore samples of zeolite modi�ed with Fe(II) in treatment 2 and vermiculite from
treatment 3 were used in further tests and have their Fe(II) content evaluated (Table 2).

Table 2
Content of Fe(II) ions (mg g−1) in samples of

zeolite and vermiculite before and after
treatment with, respectively, 1 mol L−1

FeSO4.7H2O/24 h/40 oC (treatment 2), and 0.5
mol L−1 FeSO4.7H2O/1 h/40 oC (treatment 3).

Sample Before After treatment

Fe(II) (mg g−1)

Zeolite 1.32 ± 0.06 15.1 ± 0.5

Vermiculite 0.61 ± 0.03 21.8 ± 1.2

Vermiculite adsorbed more Fe(II) than zeolite, despite its slightly lower CEC (2.21 meq g1) compared to zeolite (2.59 meq g−1).
This is due to the closer similarity of the hydrated radius of Mg2+ (0.43 nm), the main exchangeable cation of vermiculite, with
the hydrated radius of Fe(II) (0.45 nm); the difference is larger in respect to the hydrated radius of the exchangeable cation of
zeolite, Ca2+ (0.41 nm) (Strawn et al. 2020).

3.3 Cr(VI) removal - batch tests

3.3.1 Effect of contact time
Removal of Cr(VI) by Z-Fe and V-Fe attained 100% in all the time intervals studied (1 to 60 min) in a solution containing 18 mg
L−1 Cr(VI), removing 0.90 mg Cr(VI) per gram of Z-Fe and V-Fe. Reduction of Cr(VI) by Fe(II) occurred very fast, corroborating the
results of Liu et al. (2010), who also used Fe(II)-modi�ed vermiculite to reduce Cr(VI) from the solution.

After Cr(VI) removal test, the percentage of Fe(II) remained in minerals composition (Z-Fe and V-Fe) and in solution are indicated
in �gure 2. In �gure 2, the amount of Fe(II) released by minerals minus the Fe(II) found in the solution corresponds to the fraction
of iron that was oxidized (removed fractions), while the fraction of Fe(II) released from Z-Fe and V-Fe corresponds to the content
of Fe(II) from solution and removed fractions. Although this redox reaction occurs under acidic conditions (eq. 1 and 2), the pH
adjustment of the batch test solutions was not performed, as it remained around 5, and did not affect the e�ciency of the Fe(II)
released from the modi�ed minerals in reducing Cr(VI).

Fig. 2 – Percentage of Fe(II) remained in (a) Z-Fe and (b)V-Fe, and in their respective solution and removed (oxidized) fractions,
after Cr(VI) removal test, as a function of time (1 to 60 minutes). The % values correspond to the content of Fe(II) in 1 g of
mineral and 50 mL of solution with 18 mg L−1 Cr(VI).

Since three moles of Fe(II) are required to reduce one mole of Cr(VI) (eq. 1 and 2), at least, 2.9 mg of Fe(II) were needed to reduce
0.9 mg Cr(VI). Acidic extraction conducted on 1 g of Z-Fe and V-Fe (before and after the batch tests of Cr(VI) removal) revealed
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the contents of Fe(II) released from these minerals (Fig. 2). Considering that 1 g of Z-Fe and V-Fe has around 15 mg and 22 mg
of Fe(II), respectively, the amount of Fe(II) released from Z-Fe and V-Fe (the removed fraction in �gure 2) remained higher than
the minimum needed (2.9 mg Fe(II), which corresponds to 19.3% for Z-Fe and 13.2% to V-Fe) to reduce Cr(VI) in all the time
intervals (Fig. 2). Z-Fe released more Fe(II) (regardless of time) than V-Fe, whose content of released Fe(II) increased with time.

The release of Fe(II) from Z-Fe probably involved the cation exchange with K+ from the potassium dichromate solution used as
the source of Cr(VI) in the batch test, since the K+ removal e�ciency of this mineral was high and increased with time (Fig. 3).

Fig. 3 – E�ciency (%) and removal (mg g−1) of K+ from K Cr O  solutions by Z-Fe and V-Fe during Cr(VI) removal test as a
function of time.

The remove of K+ concentration in the solution with time (Fig. 3) as well as the release of Fe(II) to the solution (Fig. 2) were
higher in Z-Fe than in V-Fe, which further indicates an exchange between K+ and Fe(II). Z-Fe adsorbed more K+ than V-Fe because
the exchange K+ ↔ Fe2+ in vermiculite basal space is hampered by the difference in the hydrated radius of the ions. The
hydrated radius of K + (0.33 nm) is smaller than that of Fe(II) (0.45 nm) (Strawn et al. 2020) and, therefore, cation exchange
requires a collapse of the internal site, i.e., a decrease in the (001) basal space from 14 nm to 10 nm, and this change is quite
slow (Sparks 2003). However, this hypothesis must be con�rmed by the analysis of V-Fe basal re�ection, through DRX analysis
(item 3.4).

To verify whether the remaining iron fraction of Z-Fe (5 mg) and V-Fe (15 mg) remained in reduced form, a second set of Cr(VI)
removal test was performed with samples underwent 60 minutes batch test. The results revealed that the remained iron was still
in reduced form, even after one year. The Cr(VI) removal by V-Fe was higher (43.3% and 0.39 mg g−1 of removal e�ciency) than
Z-Fe (15.8% and 0.14 mg g−1 of removal e�ciency) for having more Fe(II) content in its exchangeable sites. Therefore, V-Fe can
still be reused to remove low levels of Cr(VI) in the solution (<10 mg L−1).

3.3.2 Effect of initial Cr(VI) concentration
The increase of Cr(VI) concentration in solution leads to a decrease in the e�ciency of its removal by Z-Fe and V-Fe. In tests with
Z-Fe, e�ciency dropped from 100% in solutions with 18 and 46.8 mg L−1 Cr(VI) to 94% in solutions with 95.3 mg L−1. Similarly in
V-Fe, which e�ciency went from 100% in solutions with 18 and 46.8 mg L−1 down to 89% in solution with 95.3 mg L−1 Cr(VI).

The mass fraction of Cr(VI) removed from solution in respect to the mass of the adsorbents, increased with increasing
concentration of the starting solution; for Z-Fe, this proportion increased from 0.9 mg g−1 for tests with solutions of 18 mg L−1 to
4.5 mg g−1 for solutions with 95.3 mg L−1, while for V-Fe, in the same range of concentration, it increased from 0.9 to 4.2 mg g−1

(Fig. 4).

Fig. 4 - Cr(VI) (a) e�ciency (%) and (b) removal (mg g−1) from solution by Z-Fe and V-Fe, as a function of initial Cr(VI)
concentration (18, 46.8 and 95.3 mg L−1). Error bars indicate two standard deviations.

Considering again, the need for 3 moles of Fe(II) to reduce one mole of Cr(VI), the amount of Fe(II) required to reduce the Cr(VI)
present in 50 mL of solutions with an initial concentration of Cr(VI) of 18 mg L−1 is 2.9 mg (corresponding to 19.3% for Z-Fe and
13.2% for V-Fe); while for solutions with 46.8 mg L−1Cr(VI) is 7.5 mg Fe(II) (50% for Z-Fe and 34% to V-Fe), and for 95.3 mg
L−1Cr(VI) is 15.3 mg Fe(II) (102% for Z-Fe and 69.5% to V-Fe). Therefore, the decrease in the e�ciency of Cr(VI) removal from
solutions with 95.3 mg L−1 of Cr(VI) indicates that the amount of Fe(II) released by Z-Fe and V-Fe was not enough to reduce
Cr(VI) available in the solution (Fig. 5). The amount of Fe(II) released from Z-Fe and V-Fe to the solution and the removed
fraction, which probably was oxidized forming hydroxides precipitates, increased with the increase of Cr(VI) concentration, from
18 to 95.3 mg L−1.

Fig. 5 - Percentage of Fe(II) remained in (a) Z-Fe and (b) V-Fe, and in their respective solution and removed fractions after Cr(VI)
removal test, as a function of Cr(VI) concentration (18, 46.8, and 95.3 mg L−1). The % values correspond to the content of Fe(II)
in 1 g of minerals and 50 mL of Cr(VI) solutions.
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Since the K+ contents also increased with the increase of Cr(VI) concentrations (from potassium dichromate), in solution with 18
mg L−1Cr(VI) and 13.4 mg L−1 K, 100% of K+ was removed by Z-Fe (corresponding to 0.7 mg g−1K+ removal). The K+ removal
e�ciency of V-Fe in this solution (18 mg L−1Cr(VI)) was 44.7%, corresponding to a removal of 0.3 mg g−1 K+ (Fig. 6). After the
batch-test conducted with 95.3 mg L−1 of Cr(VI), the K+ removal e�ciency decreased (92.2%), while the K+ removal increased to
3.3 mg g−1 for Z-Fe (Fig. 6). The e�ciency of V-Fe was much smaller (34%), corresponding to a removal of 1.2 mg g−1 K+. This
result revealed the high e�ciency of Z-Fe in removing K+ from solution likely by ion exchange than V-Fe.

Fig. 6 – Potassium (a) e�ciency (%) and (b) removal (mg g−1) by Z-Fe and V-Fe, as a function of initial concentration of Cr(VI)
(18 and 95.3 mg L−1).

In contrast to the tests performed with lower Cr(VI) concentrations, Fe(II) was not detected in solution with 95.3 mg L−1Cr(VI), and
the removed fraction (oxidized iron) increased with Cr(VI) concentration (Fig. 5). The required amount of Fe(II) to fully reduce the
Cr(VI) in 50 mL of a solution with 95.3 mg L−1 was 15.3 mg (corresponding to 69.5%). The actual amount of Fe(II) released in the
batch tests was around 11.2 mg for Z-Fe (75%) and 9.9 mg for V-Fe (45%). However, after batch tests with 95.3 mg L−1 Cr(VI), the
fraction of Fe(II) remaining in Z-Fe and V-Fe was not released to reduce all Cr(VI) in the solution. Probably, the release of Fe(II)
from Z-Fe and V-Fe was affected by the low availability of exchangeable cations in the �nal solutions.

Iron-rich clay minerals can reduce Cr(VI) and, eventually, the reduced Cr(III) is bound by electrostatic interactions on the
permanent-charged sites, by covalent binding with hydroxyl groups, and by cation exchange (Brigatti et al. 2000). In order to
evaluate if reduced chromium was adsorbed by Z-Fe and V-Fe, the Cr(III) content was determined in adsorbents (after acidic
extraction) and solutions (Fig. 7). Therefore, the difference between the Cr(VI) contents in the samples before the batch test and
the fraction of Cr remained in the solution was considered the precipitated chromium fraction (Fig. 7).

Fig. 7 - Percentage of Cr adsorbed in (a) Z-Fe and (b)V-Fe, and in their respective solutions and removed fractions after Cr(VI)
removal test, as a function of Cr(VI) concentration (18, 46.8, and 95.3 mg L−1). The % values correspond to the content of Cr in 1
g of minerals and 50 mL of Cr(VI) solutions.

An expressive fraction of Cr(III) ions remained in solution (33% - 58% in Z-Fe and 26% - 49% in V-Fe), while only 9–11% of Cr(III)
were �xed in the adsorbents (Fig. 7). The fraction of chromium adsorbed on Z-Fe and V-Fe is quite low compared to Cr(III)
available in the solution, probably due to its low selectivity for mineral exchange sites under the experimental conditions.

The fraction (%) of Cr(III) remained in solution increased with the initial concentration of Cr(VI) in Z-Fe, while for V-Fe it increased
up to 46.8 mg L−1 Cr(VI), and then, decreased by 95.3 mg L−1 Cr(VI). As part of Cr(III) and Fe(II) remained in solution, the
precipitated fraction of chromium was probably in form of Cr(III) hydroxides. In both experiments, the removed Cr(III) fraction
(probably due to its precipitation) is the larger fraction at the 18 mgL−1 Cr(VI) test and, then, decreased with the increase of the
Cr(VI) concentration. However considering it mass value (in milligram), this precipitated fraction increased with the increase of
the Cr(VI) concentration (0.5 to 1.2 mg in Z-Fe and 0.6 to 2 mg in V-Fe).

The presence of Cr(VI) in solution after batch-tests was detected only in experiments with a high initial concentration of Cr(VI)
(95.3 mg L−1) (Fig. 7). In those experiments, Fe(II) was not detected in solution, due to its oxidation for chromium reduction.
Therefore, the absence of Fe(II) (Fig. 5) and the presence of 6% of Cr(VI) in the 95.3 mg L−1 Cr(VI) solution (Fig. 7) indicate that
the amount of Fe(II) released by Z-Fe and V-Fe was not su�cient to oxidize all Cr(VI). Hence, the Cr(VI) reduction is highly
dependent on the Fe(II) release (Kwak et al. 2018).

3.4 Characterization of adsorbents before and after batch tests
Natural zeolite and vermiculite, as well as Z-Fe and V-Fe, were analyzed by FTIR spectroscopy and XRD (Fig. 8 and 9) before and
after batch tests with solution from 100 mg L−1 Cr(VI). Both materials presented the main bands around 3424 and 1631 cm−1

referred, respectively, to water (Zhang et al. 2009) and deformation of OH bonds (Ruíz-Baltazar et al. 2015); and about 1000 and
460 cm−1 related to the vibration of the oxygen bonds with silicon (Si-O-Si) (Liu et al. 2010; Ruíz-Baltazar et al. 2015; Huang et al.
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2015). The peak around 1435 cm−1 in the untreated minerals (V and Z) is attributed to the elongation of C-O of adsorbed CO2

(Polisi et al. 2019).

Fig. 8 - FTIR spectra of (a) zeolite (Z-Fe and Z-Fe/Cr) and (b) vermiculite (V-Fe and V-Fe/Cr).

Z-Fe and V-Fe presented additional bands near 670 cm−1 related to the vibration of Fe-O-H (Camenar et al. 2018) and Fe-O (Liu et
al. 2010). The band near 1080 cm−1 refers to sulfate ion (Camenar et al. 2018). These bands con�rm the adsorption of Fe(II) in
minerals after treatment. However, these bands' intensity decreased in both samples with chromium (Z-Fe/Cr and V-Fe/Cr),
probably due to the oxidation and precipitation of Fe(III) and Cr(III).

X-ray diffractograms of the untreated minerals (Z and V) did not change with Fe(II) treatment (Z-Fe V-Fe) and after the Cr(VI)
removal tests (Z-Fe/Cr and V-Fe/Cr) (Fig. 9). Only Z-Fe presented re�ections related to lausenite, an iron(III) sulfate
(Fe2(SO4)3·5H2O). This crystallographic phase refers to the precipitation of the oxidized iron from FeSO4.7H2O solution, used to
modify the mineral adsorbents.

Although reduction of Cr(VI) by Fe(II) lead to the precipitation of Cr(III)/Fe(III), no changes were observed in the crystal structures
of zeolite and vermiculite (Fig. 9). Amorphous or poorly ordered products, such as a mixed phase of CrxFe1−x(OH)3 must be
formed (Kiser and Manning 2010). Kiser and Manning (2010) observed the formation of a nanoscale precipitate in the surface of
Fe-surface, which is either a pure Fe(III) or Cr(III) hydroxide, or a mixed Fe(III)-Cr(III) hydroxide. According to Seaman et al. (1999),
the solubility of Cr(III) is smaller in the mixed hydroxide than in pure Cr(OH)3. Therefore the Cr(III) and Fe(III) precipitates are very
stable under most soil conditions.

Fig. 9 - X-ray diffractograms of (a) zeolites – untreated (Z), modi�ed with Fe(II) (Z-Fe) and used in Cr(VI) batch test (Z-Fe/Cr) -
and (b) vermiculites - untreated (V), modi�ed with Fe(II) (V-Fe) and used in Cr(VI) batch test (V-Fe/Cr).

3.5 Mechanisms of Cr(VI) removal
Experimental results obtained in this study indicate that zeolite and vermiculite modi�ed with Fe(II) are e�cient in removing
Cr(VI) from solution by ion exchange followed by redox process. The mechanisms of reduction of Cr(VI) to Cr(III) by Fe(II) from
modi�ed minerals and the precipitation of the oxidized fractions were discussed below.

Removal of Cr(VI) from solution occurred as Fe(II) was released from Z-Fe and V-Fe (by cation exchange with another cation
from solution) and participated in a redox reaction that reduced Cr(VI) to Cr(III). To verify which cations are able to displace Fe2+

ions from zeolite and vermiculite, the amount in milliequivalent of Fe2+, Cr3+ and K+ per one gram of minerals (meq g−1) was
evaluated in the �nal solid samples from the 95.3 mL g−1 Cr(VI) removal test, and compared with the CEC of zeolite and
vermiculite (Table 3). The cation exchange capacity (CEC) value of both zeolite and vermiculite was higher than their respective
Fe(II) content, revealing that their exchange sites were not occupied 100% with Fe(II).

Table 3
– Zeolite and vermiculite cation exchange capacity (CEC) and

concentrations (in meq g−1) of K+ and Cr3+ in Z-Fe and V-Fe
and Fe2+ released from both samples (samples from 100 mg

L−1 Cr(VI) removal test).

  CEC Fe2+(initial) K+(in) Cr3+(in) Fe2+(out)

(meq g−1)

Z-Fe 2.6 0.5 0.9 0.03 0.4

V-Fe 2.2 0.7 0.03 0.03 0.3

Potassium ions from K Cr O  solution (0.9 meq g−1) displaced 0.4 meq g−1 of Fe(II) and 0.5 meq g−1 of other cations from
zeolite. Potassium has a smaller hydrated radius (0.33 nm) than iron (0.45 nm) and chromium (0.46 nm) (Nightingale 1959),
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which leads to its preference for the exchange sites of both zeolite and vermiculite. However, in the case of vermiculite, neither
potassium (0.03 meq g−1) nor chromium(III) (0.03 meq g−1) should be the main cation exchanged with Fe(II) (0.3 meq g−1) of its
interlayer space. These cations may be adsorbed on the mineral surface. If K+ ions were occupying the interlayer space of
vermiculite, its basal plane (001) must be collapsed, hindering extensive ion exchange; nevertheless, no change in the XRD of
vermiculite was observed after Cr(VI) removal test (Fig. 9).

During the Cr(VI) removal tests, the pH solution remained acidic (around 5) in both zeolite and vermiculite samples. The Brønsted
acid sites (bridging hydroxyls neighboring the tetrahedrally coordinated Al sites) and Lewis acid sites (assigned to aluminum in
defect positions or extra-framework Al species) (Li et al. 2017) of these minerals may contribute to the decrease of pH due to the
ionic exchange process. The solution pH becomes more acidic when the exchange process occurs between more hydrated
cations (Ca2+ in zeolite and Mg2+ in vermiculite) for less hydrated cation (K+ from solution), causing a decrease in water content,
and dissociating the residual water (Yariv and Cross 1979).

The acid solution, in turn, can effectively interfere in the cationic exchange process, as H+ competes with other cations in
solution for the minerals exchange sites, as in vermiculite. Shinzato et al. (2020) observed that the acidic solutions affected
more vermiculite than zeolite in the adsorption of NH4

+. They found that maximum NH4
+ adsorption occurred at pH 5 for zeolite

and pH 7 for vermiculite. In our tests, the pH of all solutions remained slightly acidic (around 5). Therefore, the H+ ions from
acidic solutions probably affected the cation exchange of vermiculite competing with K+ for the exchanging sites.

In this context, vermiculite removed H+ ions from the solution and, consequently, released Fe(II). In aqueous solutions, the H+

ions are in form of hydrated hydronium (H3O+. nH2O), which did not change the interlayer space of vermiculite, maintaining the

re�ection of the basal plane (001) at 1.44 nm (Bokj and Arkhipenko 1977). Removal of H+ ions by vermiculite, in turn, release
Fe(II) to reduce Cr(VI), which process also consumes H+ (eq. 1 and 2) and, consequently, increases the pH of the solution. After
reduction, at pH > 5, Cr(III) readily precipitates as Cr(OH)3 (Seaman et al. 1999), and in the presence of Fe(III), it precipitates as a
mixed phase (eq. 6) (Schwertmann et al. 1989). The ion exchange and redox mechanisms which involve, respectively, the
removal and consumption of H+, increase the pH of the solution and, consequently, increase the precipitated fraction of Cr(III)
(Fig. 7).

xCr(III) (aq) + (1 - x)Fe(III) (aq) + 3H2O (l) → (CrxFe1−x)(OH)3 (s) + 3H+ (aq) (6)

On the other hand, the hydrolysis and precipitation of Fe(III) and Cr(III) lowers pH (eq. 6), suppressing the precipitation of Cr(OH)3

or the mixed Fe(III)/Cr(III) hydroxide (Seaman et al. 1999), and leaving the remained Cr(III) ions in solution (Fig. 6). To con�rm
whether the precipitation of iron and chromium can actually lower the pH of the solution, 0.07 g of FeSO4.7H2O (corresponding
to 14 mg of Fe(II), which is close to the content of Fe(II) released by vermiculite) was added to 50 mL of solution with 95.3 mg
L−1 Cr (VI). After 1 h of contact time, the solution pH (initially around 5) decreased to 4-3.

At acidic conditions, the remaining fraction of Cr(III) was not adsorbed by zeolite and vermiculite because it is less competitive
than K+ and H+, respectively. Kiser and Manning (2010) suggested that the displacement of Fe(II) from Fe(II)-faujasite was
caused by redox products (Cr(III) or Fe(III)). However, they did not consider the competition with Na+ ions, present in the Cr(VI)
solution prepared with Na2CrO4. We suppose that the Na+ ions have been displaced by the Fe(II) and not by the Cr(III) ions, as

Na+ has a greater preference for zeolite exchange sites than Cr(III), due to its smaller hydrated radius (0.36 nm) (Strawn et al.
2019).

The remaining Cr(III) in the solution has to be removed to prevent its oxidation back to Cr(VI). The Cr(III) removal from the
solution can be performed by precipitation (increasing pH > 5) or by adsorption using untreated vermiculite or zeolite. The test
conducted in a previous study using untreated vermiculite to remove Cr(III) from solution with 100 mg L−1 revealed a removal
e�ciency of 100% (corresponding to a removal of 10 mg g−1). Shinzato et al. (2009) also demonstrated that natural zeolite can
be used to adsorb Cr(III) from the solution. Kiser and Manning (2010) observed that natural zeolite (faujasite) can also adsorb
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Cr(III) from the solution. In this case, the exchange process of Cr(III) ions from solution with those of vermiculite (Mg2+) and
zeolite (Ca2+) is favorable, as long as no other cation competes with them.

Many authors concluded that Cr(VI) reduction by Fe(II)-minerals depends on the acidity of the solution. Liu et al. (2010) used
Fe(II)-vermiculite to remove Cr(VI) and obtained a maximum removal e�ciency of 99.5% at pH 1. Kiser and Manning (2010)
observed that the e�ciency of the reduction of Cr(VI) by Fe(II) released from clay minerals increased in pH 3-4, while Kwak et al.
(2018) conducted all the experiments under pH 3 to prevent the precipitation of Fe(II). In our tests, none of the solutions have to
be corrected with the addition of acid to increase the Cr(VI) removal e�ciency, due to the reasons discussed before.

Despite part of Cr(VI) may be adsorbed by Fe(III) precipitates (Ajouyed et al. 2010), this mechanism was not assessed in the
present study, as it would also be limited by the reduction process (conducted by Fe(II) ions). Therefore, the adsorption properties
of the Fe(III) precipitates can be assessed in the absence of Fe(II), in order to evaluate its capacity in removing Cr(VI) from the
solution.

4. Conclusions
Untreated zeolites and vermiculite exhibit no or little a�nity for Cr(VI) adsorption, respectively. However, they have a high ability
to adsorb Fe(II) ions, which reduce Cr(VI) in solution when released by cation exchange.

Vermiculite retained more Fe(II) than zeolite, probably because its main exchangeable cation (Mg2+) has a hydrated radius close
to that of Fe(II). Exchangeable cations in zeolite (Ca2+, K+) are smaller, requiring a solution with a higher concentration of
FeSO4.7H2O for mineral treatment.

The main mechanisms involved in the Cr(VI) removal were the ion exchange followed by the reduction process. The Fe(II) of the
zeolite exchange sites was displaced by K+ from the potassium dichromate solution, while in vermiculite this exchange occurred
with the H+ ions from acidic solution.

Under experimental conditions, Z-Fe removed more K+ ions from the solution than V-Fe, and, consequently, released more Fe(II)
ions into the solution. The release of Fe(II) by vermiculite depended on the pH of the solution. Nevertheless, both V-Fe and Z-Fe
samples released enough Fe(II) to reduce 100% Cr(VI) in solutions with up to 46.8 mg L−1 Cr(VI). The remaining Fe(II) in
exchange sites of V-Fe can be further used to treat solutions with a low concentration of Cr(VI) (<10 mg L−1).

The rate of the redox reaction between Cr(VI) and Fe(II) is high. In 1 minute, 100% of Cr(VI) were reduced in solution with 18 mg
L−1 Cr(VI) by both modi�ed minerals. Reduction of Cr(VI) leads to precipitation of Fe(III) and Cr(III) hydroxides and decreased the
pH of the �nal solution (pH < 5). At pH < 5 the precipitation of Cr(III) ions was inhibited and they remained in solution. The
adsorption of Cr(III) was limited by the competition with K+ and H+ for the adsorption sites of zeolite and vermiculite,
respectively. However, the adsorption of Cr(III) from solution by untreated vermiculite and zeolite can avoid its reoxidation to
Cr(VI).

Declarations
Ethics approval and consent to participate - Not applicable  

Consent for publication - Not applicable  

Availability of data and materials - Not applicable  

Competing interests - Not applicable  

Funding - This research did not receive any speci�c grant from funding agencies in the public, commercial, or not-for-pro�t
sectors



Page 12/19

Authors' contributions – All authors contributed to the study conception and design. Maria Isabel Garcia Rosa contributed to the
investigation and the �rst draft of the manuscript; Gabriella Boga and Suellen Silva Vieira Cruz also contributed to the
investigation; Fabio Ramos Dias de Andrade and Sheila Aparecida Correia Furquim contributed to the formal analysis
(XRD), writing - review & editing, supervision: Mirian Chieko Shinzato contributed to the conceptualization, writing - original draft,
supervision, and project administration. 

Acknowledgements - We thank Celta Brasil for zeolite samples, Brasil Minérios S.A for vermiculite samples, and
CESM/ICAQF/UNIFESP for FTIR analysis.

References
1. Ahn A-R, Do S–H (2016) Zeolite modi�cations and their applications to remove hexavalent chromium. In: Proceedings of

Academics World 25th International Conference, 27, fev., 2016, New York, USA: Department of Chemical Engineering
Hanyang University Republic of Korea

2. Ajouyed O, Hurel C, Ammari M, Allal LB, Marmier N (2010) Sorption of Cr(VI) onto natural iron and aluminum
(oxy)hydroxides: Effects of pH, ionic strength and initial concentration. J Hazard Mater 174:616–622.
https://doi.org/10.1016/j.jhazmat.2009.09.096

3. Apreutesei RE, Catrinescu C, Teodosiu C (2008) Surfactant-modi�ed natural zeolites for environmental applications in water
puri�cation. Environ Eng Manag J 7(2):149–161. http://omicron.ch.tuiasi.ro/EEMJ/

4. Anderson JU (1963) An improved pretreatment for mineralogical analysis of samples containing organic matter. Clays Clay
Miner 10:380–388. https://doi.org/10.1346/CCMN.1961.0100134

5. Barrer RM (1982) Hydrothermal Chemistry of Zeolites. Academic Press, London

�. Bokij GB, Arkhipenko DK (1977) Infrared spectra of oxinium and ammonium ions in layer aluminosilicates. Phys Chem
Miner 1:233–242

7. Brigatti MF, Lugli C, Cibin G, Marcelli A, Giuli G, Paris E, Mottana A, Zu W (2000) Reduction and sorption of chromium by
Fe(II)-bearing phyllosilicates: chemical treatments and X-ray absorption spectroscopy (XAS) studies. Clays Clay Miner
48(2):272–281. https://doi.org/10.1346/CCMN.2000.0480214

�. Camenar EL, Bach MA, Carvalho Jr, RM de, Marangoni R, Zatta L (2018) Síntese e caracterização de hidróxidos e óxidos
mistos Fe(III):Al com potencial aplicação como pigmentos obtidos a partir da mistura dos géis de goethita e boehmita.
Cerâmica 64(371):331–340. https://doi.org/10.1590/0366-69132018643712202 (in Portuguese)

9. Chen P–Y (1977) Table of key lines in X-ray powder diffraction patterns of minerals in clays and associated rocks.
Geological Survey Occasional Paper, Indiana

10. Curkovic L, Cerjan-Stefanovic S, Filipan T (1997) Metal ion exchange by natural and modi�ed zeolites. Water Res
31(6):1379–1382. https://doi.org/10.1016/S0043-1354(96)00411-3

11. Dultz S, An J, Riebe B (2012) Organic cation exchanged montmorillonite and vermiculite as adsorbents for Cr (VI): Effect of
layer charge on adsorption properties. Appl Clay Sci 67-68:125–133. https://doi.org/10.1016/j.clay.2012.05.004

12. Eary LE, Rai D (1988) Chromate removal from aqueous wastes by reduction with ferrous ion. Environmental Sciences
Technology 22:972–977. https://doi.org/10.1021/es00173a018

13. Hawley LE, Deeb RA, Kavanaugh MC, Jacobs JA (2004) Treatment technologies for chromium (VI). In: Guertin J, Jacobs JA,
Avakian CP (eds) Chromium (VI) Handbook. Florida, CRC Press, 273–304

14. Hesse PR (1971) A textbook of soil chemical analysis, New York

15. Huang FC, Han YL, Lee CK, Chao HP (2016) Removal of cationic and oxyanionic heavy metals from water using
hexadecyltrimethylammonium-bromide-modi�ed zeolite. Desalination Water Treatment 57:17870–17879.
http://dx.doi.org/10.1080/19443994.2015.1088473

1�. Jackson ML (1979) Soil Chemical Analysis-Advanced Course. Madison

17. Jiménez-Castaneda ME, Medina DI (2017) Use of surfactant-modi�ed zeolites and clays for the removal of heavy metals
from water. Water 9:235–246. https://doi.org/10.3390/w9040235



Page 13/19

1�. Kiser JR, Manning BA (2010) Reduction and immobilization of chromium(VI) by iron(II)-treated faujasite. J Hazard Mater
174:167–174. https://doi.org/10.1016/j.jhazmat.2009.09.032

19. Kwak S, Yoo J-C, Moon DH, Baek K (2018) Role of clay minerals on reduction of Cr(VI). Geoderma 312:1–5.
http://dx.doi.org/10.1016/j.geoderma.2017.10.001

20. Li Y, Li L, Yu JH (2017) Applications of Zeolites in Sustainable Chemistry. Chemistry 3:928–949.
doi:10.1016/j.chempr.2017.10.009

21. Liu Y, Li H, Tan G-Q, Zhu X (2010) Fe2+-modi�ed vermiculite for the removal of chromium (VI) from aqueous solution. Sep
Sci Technol 46:290–299. http://dx.doi.org/10.1080/01496395.2010.491493

22. Lofù A, Mastrorilli P, Dell’Anna MM, Mali M, Sisto R, Vignola R (2016) Iron(II) modi� ed natural zeolites for hexavalent
chromium removal from contaminated water. Archives of Environmental Protection 42(1):35–40.
http://dx.doi.org/10.1515/aep-2016-0004

23. Lv G, Li Z, Jiang W-T, Ackley C, Fenske N, Demarco N (2014) Removal of Cr(VI) from water using Fe(II)-modi�ed natural
zeolite. Chem Eng Res Des 92:384–390. http://dx.doi.org/10.1016/j.cherd.2013.08.003

24. Margeta K, Logar NZ, Siljeg M, Farkas A (2013) Natural zeolites in water treatment – how effective is their use. In:
Elshorbarg, W. (ed.), Water treatment, London, IntechOpen

25. Maronezi V, Santos MMA, Faria DB, Rosa MIG, Shinzato MC (2019) Mecanismos de remoção de cromo(VI) do solo pela
interação entre matéria orgânica e ferro(III). Revista do Instituto Geológico 40:17–33.
https://doi.org/10.33958/revig.v40i2.645

2�. Srivastava S, Thakur IS (2007) Evaluation of biosorption potency of Acinetobater sp. For removal of hexavalent chromium
from tannery e�uent. Biodegradation 18:637–646. https://doi.org/10.1007/s10532-006-9096-0

27. Meunier A (2005) Clays. Springer, Berlim

2�. Mier MV, Callejas RL, Gehr R, Cisneros BEJ, Alvarez PJJ (2001) Heavy metal removal with Mexican clinoptilolite
multicomponent ionic exchange. Water Res 35(2):373–378. https://doi.org/10.1016/S0043-1354(00)00270-0

29. National Research Council (1989) Recommended dietary allowances, 10th edn. National Academy of Sciences, Washington,
DC, pp 241–243

30. Nightingale ER Jr (1959) Phenomenological Theory of ion solvation effective radii of hydrated ions. J Phys Chem 63:1381–
1387

31. Pabalan RT, Bertetti FP (2001) Cation-exchange properties of natural zeolites. In: Bish D.L. & Ming D.W. (Eds). Reviews in
Mineralogy and Geochemistry. Mineralogical Society of America, 45: 453-518. https://doi.org/10.2138/rmg.2001.45.14

32. Palmer CD, Wittbrodt PR (1991) Processes affecting the remediation of chromium-contaminated sites. Environmental Health
Perspective 92:25–40. https://doi.org/10.2307/3431134

33. Polisi M, Grand J, Arletti R, Barrier N, Komaty S, Zaarour M, Mintova S, Vezzalin G (2019) CO2 Adsorption/Desorption in FAU
Zeolite Nanocrystals: In Situ Synchrotron X-ray Powder Diffraction and in Situ FTIR Spectroscopic Study. Journal of
Physical Chemistry C, American Chemical Society, 123 (4): 2361-2369. ff10.1021/acs.jpcc.8b11811ff. ffhal-03027974

34. Ruíz-Baltazar A, Esparza R, Gonzalez M, Rosas G, Pérez R (2015) Preparation and characterization of natural zeolite
modi�ed with iron nanoparticles. Journal of Nanomaterials 16(1):1–8. http://dx.doi.org/10.1155/2015/364763

35. Schwertmann U, Gasser U, Sticher H (1989) Geochimica Cosmochica Acta 53:1293–1297

3�. Seaman JC, Bertsch, Schwallie L (1999) In situ Cr(VI) reduction within coarsetextured, oxide-coated soil and aquifer systems
using Fe(II) solutions. Environmental Science Technology 33(6):938–944

37. Shinzato MC (2007) Remoção de metais pesados em solução por zeólitas naturais: revisão crítica. Revista do Instituto
Geológico 27(1-2):65–78. http://dx.doi.org/10.5935/0100-929X.20070005 (in Portuguese)

3�. Shinzato MC, Wu LF, Mariano TO, Freitas JG, Martins TS (2020) Mineral sorbents for ammonium recycling from industry to
agriculture. Environ Sci Pollut Res 27:13599–13616. https://doi.org/10.1007/s11356-020-07873-7

39. Shinzato MC, Montanheiro TJ, Janasi VA, Andrade S, Yamamoto JK (2009) Remoção de Pb2+ e Cr3+ em solução por zeólitas
naturais associadas a rochas eruptivas da formação serra geral, bacia sedimentar do Paraná. Química Nova 32:1989–



Page 14/19

1994. https://doi.org/10.1590/S0100-40422009000800002 (in Portuguese).

40. Singh R (2020) Recycling of agricultural waste for wastewater treatment. Encyclopedia of Renewable Sustainable Materials
Volume 2:514–519. https://doi.org/10.1016/B978-0-12-803581-8.11444-4

41. Sparks DL (2003) Environmental soil chemistry. Elsevier Science, USA

42. Standard methods for the examination of water and wastewater – (SMWW) (1999) Determinação de ferro em água por
espectrofotometria na região do visível. American Public Health Association, American Water Works Association, Water
Environment Federation

43. Strawn DG, Bohn HL, O’Connor GA (2019) Soil chemistry. John Wiley & Sons, Oxford

44. Szala B, Bajda T, Jelen A (2015) Removal of chromium(VI) from aqueous solutions using zeolites modi�ed with HDTMA
and ODTMA surfactants. Clay Miner 50(1):103–115. https://doi.org/10.1180/claymin.2015.050.1.10

45. Theisen AA, Harward ME (1962) A paste method for preparation of slides for clay mineral identi�cation by x-ray diffraction.
In: Soil Science Society of America Proceedings, 26: 90-91

4�. USEPA US. Environmental Protection A (1992) Method 7196A: Chromium, hexavalent (colorimetric). In: Test methods for
evaluating solid waste, physical/chemical methods – sw-846. U.S. Environment Protection Agency, Washington, DC

47. World Health Organization – WHO (2004) Chromium in drinking-water.
https://www.who.int/water_sanitation_health/dwq/chromium.pdf. Accessed in 19 April 2021

4�. Yariv S, Cross H (1979) Geochemistry of colloid system for earth scientist. Springer-Verlag, Berlin. DOl: 10.1007/978-3-642-
67041-1

49. Wingenfelder U, Hansen C, Furrer G, Schulin R (2005) Removal of heavy metal from mine waters by natural zeolites. Environ
Sci Technol 29:4606–4613. https://doi.org/10.1021/es048482s

50. Zamzow MJ, Eichbaum BR, Sandgren KR, Shanks DE (1990) Removal of heavy metals and other cations from wastewater
using zeolites. Sep Sci Technol 25:1555–1569. https://doi.org/10.1080/01496399008050409

51. Zhang K, Xu J, Wang KY, Cheng L, Wang J, Liu B (2009) Preparation and characterization of chitosan nanocomposites with
vermiculite of different modi�cation. Polym Degrad Stab 94:2121–2127.
https://doi.org/10.1016/j.polymdegradstab.2009.10.00

Figures

Figure 1

Removal of Cr(VI) e�ciency (%) by untreated and modi�ed zeolite and vermiculite samples, under different concentrations of
FeSO4.7H2O/time/temperature. Samples with 100% of Cr(VI) removal e�ciency: (1), (2), and (3).
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Figure 2

Percentage of Fe(II) remained in (a) Z-Fe and (b)V-Fe, and in their respective solution and removed (oxidized) fractions, after
Cr(VI) removal test, as a function of time (1 to 60 minutes). The % values correspond to the content of Fe(II) in 1 g of mineral and
50 mL of solution with 18 mg L-1 Cr(VI).

Figure 3
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E�ciency (%) and removal (mg g-1) of K+ from K Cr O  solutions by Z-Fe and V-Fe during Cr(VI) removal test as a function of
time.

Figure 4

Cr(VI) (a) e�ciency (%) and (b) removal (mg g-1) from solution by Z-Fe and V-Fe, as a function of initial Cr(VI) concentration (18,
46.8 and 95.3 mg L-1). Error bars indicate two standard deviations.

Figure 5
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Percentage of Fe(II) remained in (a) Z-Fe and (b) V-Fe, and in their respective solution and removed fractions after Cr(VI) removal
test, as a function of Cr(VI) concentration (18, 46.8, and 95.3 mg L-1). The % values correspond to the content of Fe(II) in 1 g of
minerals and 50 mL of Cr(VI) solutions.

Figure 6

Potassium (a) e�ciency (%) and (b) removal (mg g-1) by Z-Fe and V-Fe, as a function of initial concentration of Cr(VI) (18 and
95.3 mg L-1).

Figure 7
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Percentage of Cr adsorbed in (a) Z-Fe and (b)V-Fe, and in their respective solutions and removed fractions after Cr(VI) removal
test, as a function of Cr(VI) concentration (18, 46.8, and 95.3 mg L-1). The % values correspond to the content of Cr in 1 g of
minerals and 50 mL of Cr(VI) solutions.

Figure 8

FTIR spectra of (a) zeolite (Z-Fe and Z-Fe/Cr) and (b) vermiculite (V-Fe and V-Fe/Cr).
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Figure 9

X-ray diffractograms of (a) zeolites – untreated (Z), modi�ed with Fe(II) (Z-Fe) and used in Cr(VI) batch test (Z-Fe/Cr) - and (b)
vermiculites - untreated (V), modi�ed with Fe(II) (V-Fe) and used in Cr(VI) batch test (V-Fe/Cr).


