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Abstract: The high toxicity of arsenite and the difficulty to remove it is one of the main challenges
for water treatment. In the present work the surface of a low cost zeolite was modified by chemical
treatment with a ferrous chloride to enhance its arsenite adsorption capacity. The effect of pH,
ions coexistence, concentration, temperature and dosage was studied on the adsorption process.
Additionally, the Fe-modified W zeolite was aged by an accelerated procedure and the regeneration
of the exhausted zeolite was demonstrated. The Fe-modified W zeolite was stable in the pH range of
3 to 8 and no detriment to its arsenite removal capacity was observed in the presence of coexisting
ions commonly found in underground water. The studies showed that the adsorption of As (III)
on Fe-modified W zeolite is a feasible, spontaneous and endothermic process and it takes place by
chemical bonding. The exhausting process proved the adsorption of 0.20 mg g−1 of As (III) by the
Fe-modified W zeolite and this withstand at least five aging cycles without significant changes of
its arsenite adsorption capacity. Fe-modified W zeolite prepared from fly ash might be a green and
low-cost alternative for removal of As (III) from groundwater.
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1. Introduction

Exposure to arsenic (As) through drinking water has been reported to be associated with diverse
diseases, for instance adverse pregnancy outcomes and many types of cancer [1–3]. There is strong
evidence that chronic inorganic arsenic ingestion increases the risk to developing cardiovascular
diseases, diabetes mellitus and damaged cognitive function in early childhood [4,5]. Diabetes has
been investigated in arsenic-exposed Mexican populations by Del Razo et al. who found that the
prevalence of diabetes was associated with arsenic in drinking water and with the concentration
of dimethylarsenite in urine, linking the risk of diabetes to the production of one of the most toxic
metabolites of inorganic arsenic [6]. Even low arsenite concentrations (0.002–0.025 mg L−1) in drinking
water might increase the risk of myocardial infarction [7] and affect the female fecundity [8]. Cheng et al.
found a relation between exposure to arsenic and chronic kidney disease in Taiwan [9]. According to
recent reports the arsenite toxicity is due to its interaction to cysteine residues in proteins [10].

The “La Laguna” region in North-Central Mexico, in the states of Durango and Coahuila, presents
problems related to the high arsenic content in underground water [11,12]. In different regions of
Mexico [13,14] sources of drinking water exceed 0.05 mg L−1 of total As present, higher than the
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maximum concentration of arsenic recommended by the World Health Organization (0.01 mg L−1)
and the Mexican Norm (0.025 mg L−1) in drinking water [15]. A study carried out in Sonora, Mexico
about the presence of arsenic in water, soil and urine of children exposed, indicated that the 56% of
the wells presented arsenic levels higher than 0.01 mg L−1, while the arsenic detected in soil was of
27 mg of As per kilogram. These findings were associated to high potential risk to developing chronic
diseases including cancer in the children exposed [16]. A lower drinking-water exposure concentration
of approximately 0.10–0.15 mg L−1 was estimated to result in a concentration of trivalent arsenical
species in bladder cells that would be sufficient to exert toxic effects and thereby increasing the risk of
cancer [17].

Different techniques have been used to remove arsenic from water such as coagulation, chemical
precipitation, the membrane process and adsorption. For the adsorption process, the use of efficient and
low-cost adsorbents is one of the main challenges. The adsorption of arsenic species depends on two
main factors: (a) the adsorbent surface chemistry and (b) the aqueous phase chemistry [18]. The degree
of adsorption of arsenic strongly depends on the chemical nature of the As species, which depends on
solution conditions, especially pH [19]. Arsenic can exist in the form of arsenite and arsenate and under
an atmospheric oxidant environment the predominant species is As (V), which in the pH range of
6–9 exists as deprotonated oxyanion. Under mildly reducing conditions, As (III) is thermodynamically
stable and exists as an uncharged specie at pH below 9 [20,21]. As (III) is more toxic and more
difficult to adsorb and to desorb than As (V). So, the As (III) must be removed or oxidized before or
during As (V) adsorption process. Different alternatives have been investigated for the oxidation of
arsenite and the enhancement of its adsorption on a specific material such as iron and manganese.
Oxidant agents such as hydrogen peroxide, chlorine, potassium permanganate, ozone, oxygen, chlorine
dioxide, monochloroamine and sodium hypochlorite have been reported. Additionally, other methods
have been explored such as photochemical oxidation, photocatalytic oxidation, biological oxidation
and in situ oxidation [22–24]. Particularly oxides, hydroxides and oxyhydroxides of iron have
exhibited a high affinity for arsenic species. The incorporation of iron to adsorbent surfaces enhances
oxidation/adsorption processes that allow reducing costs [25]. Particularly Gallios et al. [26] prepared
Fe, Fe-Cu and Fe-Mn impregnated carbons which were able to remove in a simultaneous way organic
compound and arsenic. Mahmood et al. [27] used Fe-impregnated activated carbon for adsorption of As
(III) and found that this material exhibits an arsenite removal three times higher than activated carbon.
Montero et al. [28] reported that Fe-coated biochars were efficient for As (III) removal. Additionally,
Katsoyiannis et al. [29] reported that pre-polymerized coagulants such as poly-ferric sulphate was
effective to remove As (III).

The oxidation state of iron determines the process involved, in the case of Fe (0) and Fe (II) they
facilitate the role in oxidation by oxygen or hydrogen peroxide [19].

Anion adsorption on metal-modified zeolites has been studied with Cr or As oxyanions, exhibiting
successful results. Metal modification of zeolites can be carried out by ionic exchange, where cations
exhibit affinity for oxyanions. The metal cation acts as a precipitating agent or oxidant/reductant
species in the zeolite enhancing the removal of oxyanions [30]. Nevertheless, the ion-exchange capacity
of zeolites depends on the framework structure, ion size and shape and ionic charge and concentration
of the external electrolyte solution [31]. Some natural [32–35] and synthetic zeolites [36–38] have been
modified with iron and evaluated for arsenic adsorption, however, studies of the adsorption of As (III)
by Fe-modified zeolites are scarce [39,40].

In the present work, the effect of pH, temperature, concentration, adsorbent dose and ion
competition on the adsorption process of As (III) on Fe-modified W zeolite was studied. Additionally,
kinetic and thermodynamic studies of As (III) adsorption on this zeolite were carried out. Furthermore,
the ageing, desorption and regeneration of the zeolite were also investigated. Finally, a green metric
was applied to the synthesis of the Fe-modified W zeolite and the E-factor, cost parameter and the
Eco-Scale were evaluated.
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The W zeolite synthesized by a green procedure from an industrial by-product with no commercial
value and exchanged with Fe (II) ions resulted to be an active specie potentially useful in the
formulation of reusable adsorbents able to trap the As (III) contained in underground water.

2. Materials and Methods

2.1. Materials

The typical properties of Mexican fly ash (MFA) used as source of alumina and silica to synthesize
the W zeolite are reported Medina et al. [41]. Ferrous chloride (FeCl2, 99%) was used to exchange the
potassium ions on the W zeolite surface to ferrous ions. Arsenic solutions were prepared by dissolution
of sodium arsenite (NaAsO2, 98%) in deionized water. Salts of calcium (CaCl2, 99%), sodium (NaCl,
99%) and magnesium (MgSO4, 99%) were used for competing ions evaluation. All reagents used were
of reagent grade (by Sigma-Aldrich).

2.2. Synthesis and Modification of the W Zeolite Surface

The W zeolite was synthesized according to the procedure described by Medina et al. [42]. Here,
a brief description is provided: 160 g of MFA was added to 480 mL of KOH solution, maintaining a
KOH/MFA weight ratio of 0.33, The pH value of the mixture was 13.7. The resultant reaction mixture
was hydrothermally treated at 175 ◦C for 16 h. The zeolite was recovered by filtration and washed with
deionized water. The product was dried at 110 ◦C for 12 h in an open atmosphere, yielding 197 g of W
zeolite. This is 23.1% (wt.) more W zeolite than the amount of MFA used as raw material. The yield of
W zeolite corresponds to 92.6% related to the total of solid used raw materials.

The modification process of the W zeolite was carried out as follows: 10 g of W zeolite were added
to a solution of FeCl2 18.6 mM. The resultant slurry was kept under stirring at room temperature for
24 h. Subsequently, the modified zeolite was washed with deionized water and dried at 110 ◦C for
12 h. The zeolite was labelled as Fe-modified W zeolite.

2.3. Batch Adsorption Experiments

Unless otherwise stated a volume of 100 mL of As (III) solution 0.5 mg L−1 and a dose of 1 g
of zeolite were used in the experiments. The dose was selected considering the solid/liquid ratio
(in g L−1) reported by Jimenez et al. [43]. The arsenite adsorption efficiency on the Fe-modified
W zeolite was evaluated in the pH range of 3 to 10. An adsorbent/solution ratio 1:10 (g L−1) was
used with an initial concentration of 0.5 mg L−1 at 25 ◦C for 8 h. Afterwards, the As (III) residual
concentration was determined.

2.3.1. Competing Ions

The experiments of competing ions were carried out as follows: A solution of As (III) with a
concentration of 0.5 mg L−1 was prepared. Then the corresponding amount of metallic salt was added
to a 100 mL of the previously prepared solution of As (III) into an Erlenmeyer flask while stirring.
For calcium, magnesium and sulphates ions: 100, 500 and 1000 mg L−1; for chloride and carbonate: 100,
300 and 500 mg L−1. Once the salt was dissolved 0.5 g of zeolite was added and the slurry was stirred
for 8 h at 25 ◦C. Afterwards, an aliquot of 10 mL was taken and the residual arsenic concentration
was determined.

2.3.2. Effect of Temperature, Fe-Modified W Zeolite Dose and As (III) Concentration

Two isotherms models were evaluated for As (III) adsorption on Fe-modified W zeolite: Langmuir
and Dubinin Radusckevich (DR). For thermodynamic parameters enthalpy, entropy and Gibbs free
energy were determined by using Van’t Hoff’s equation. The kinetic study was performed by using
pseudo-first and pseudo-second order models. To generate the data required for the models parameters
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such as temperature (15, 25 and 35 ◦C), initial concentration (8.5, 4, 0.815 and 0.117 mg L−1) and doses
(0.0–1.2 g) were evaluated. The adsorption trials were maintained under stirring for 18 h.

The main difference between Langmuir and DR isotherms model is that Langmuir considers that
surface of adsorbent possesses a finite number of identical sites, while DR model does not assume a
homogeneous surface. Additionally DR model allows to determine the mechanism involved in the
adsorption process through the calculation of the free energy change (E) when one mole of ion is
transferred from an infinite solution to the surface of a solid. Moreover the efficiency of the adsorption
is determined by the magnitude of dimensionless parameter r.

The Langmuir isotherm is expressed by the equation [44]:(
1
q

)
=

(
1

bqmCe

)
+

(
1

qm

)
, (1)

where q and Ce are the equilibrium adsorption capacity (mg g−1) and the equilibrium solute
concentration (mg L−1), respectively. b and qm represent the energy adsorption (L mg−1) and
adsorption capacity (mg g−1).

In case of DR isotherm the following equations are required [45,46]:
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ε = RT ln
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)
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1
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where Q is the quantity of arsenite adsorbed per unit of mass of zeolite (mg g−1), Qmax is the adsorption
capacity (mg g−1), ε is the Polanyi potential, C0 and Ce are the initial and equilibrium arsenite
concentration (mg L−1), k is a constant related to adsorption energy and b is the Langmuir constant.

The Van’t Hoff’s Equations (6) and (7) are useful to determine the thermodynamic parameters.
It assumes that Langmuir constant b and enthalpy adsorption are function of the specific pair of
adsorbent ions on the active site and on the temperature [47].
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where KL is the equilibrium constant.
The adsorption rate constant (k1 or k2) was determined evaluating the data with the equations of

pseudo-first (Equation (8)) and pseudo second order (Equation (9)) [48,49]. While the mass transfer
coefficient (β) was obtained using the Equation (10) proposed by Mckay et al. [50]:

ln(q1 − qt) = ln q1 − k1t, (8)
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where Ct is the arsenite concentration at time t (mg L−1), Kbq is the result obtaining of multiplying
of Langmuir constants (qm and b), M is the mass of the adsorbent per unit volume of particle free
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adsorbent solution (g/L) and Ss is the external surface area of adsorbent per unit volume of particle
free slurry (cm−1).

2.4. Ageing, Desorption and Regeneration of Fe-Modified W Zeolite

An important feature of adsorbent materials is the possibility to be regenerated and reused,
allowing reduction of costs and increasing their efficiency. For this reason, the modified zeolite was
exposed to accelerated ageing, desorption and regeneration processes. Two concentrations of As (III)
solution, 0.2 and 1 mg L−1.were evaluated for ageing process of the Fe-modified W zeolite.

This accelerated ageing process consists of the addition of 1 g of the Fe-modified W zeolite to an
arsenic solution stir for 15 h at room temperature in an open atmosphere. After this time an aliquot
of 10 mL was taken to determine the residual arsenic concentration. The Fe-modified W zeolite was
recovered, filtered and dried at under an open atmosphere. Then the modified zeolite was again
exposed to the batch adsorption in a fresh arsenic solution. The procedure was repeated three times
for high arsenic concentration and seven times for low arsenic concentration.

For desorption studies, the modified zeolite recovered from the last adsorption cycle was added
to 100 mL of a solution of NaOH 0.1 M and stirred for 4 h. After this time an aliquot of 10 mL was
taken, passed through syringe filter and analysed by plasma emission spectrophotometry to determine
the desorbed arsenic concentration. The Fe-modified W zeolite was recovered, washed and dried
under open atmosphere.

The regeneration of the active sites of the zeolite was performed by following the same procedure
to modify the zeolite (described above). The adsorption capacity of the regenerated Fe-modified W
zeolite was verified by using an As (III) solution (1 mg L−1) and kept under stirring for 15 h.

2.5. Green Metric for W Zeolite Synthesis

To evaluate the sustainability and the green chemistry of the synthesis method of W zeolite from
fly ash, the Eco-Scale, Environmental factor (E-factor) and cost factor were applied. The green metric
was performed comparing the obtaining of W zeolite from fly ash and from precursors of analytical
grade. According to the Eco-Scale method proposed by Van Aken et al. there are ecological and
economical parameters involved in greener and sustainable processes [51]. Although this method was
designed for organic synthesis, it can be useful for inorganic synthesis. Pini et al. implemented the
Eco-scale method for synthesis of TiO2 nanoparticles [52]. Galuzka et al. used this method for analytical
procedures assessment [53]. In the present work the prices of reagents required for cost parameter
were taken from an online catalogue of Sigma-Aldrich. The quantity of reagent corresponded to the
amount used during the synthesis of W zeolite at laboratory scale. For Eco-scale, the safety parameter
was determined according to the procedure reported by Galuzka et al. which involves the number of
pictograms and the signal word indicated for each reagent [53].

2.6. Characterization Techniques

The crystalline phases were determined by X-ray diffraction (XRD) using a Philips model XPert
PW3040 diffractometer. The morphology of the W zeolite was examined by Scanning Electron
Microscopy (SEM) using a Philips XL30 ESEM microscope. The chemical composition was measured
by X-ray Fluorescence (XRF) using a Bruker AXS spectrometer model S4 PIONEER. The concentration
of residual As (III) was measured by plasma emission spectrophotometry (Thermo Elemental
Instrumental, Iris Intrepid II) according to ASTM standard E-1097-07. Textural properties were
determined by Autosorb 1C equipment, Quantachrome Instruments. The nitrogen adsorption
isotherms were determined at −196 ◦C. The samples were degassed at 300 ◦C before analysis.
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3. Results and Discussion

3.1. Fe-Modified W Zeolite Characterization

Figure 1a shows the XRD patterns of the pristine W zeolite and Fe-modified W zeolite, which
were obtained as unique crystalline phase corresponding to Lynde W (JCPDS 86-1110), there were no
significant changes as consequence of ionic exchange treatment. The Si/Al ratio of the Fe-modified W
zeolite was 2.04. The Raman spectra (Figure 1b) of the pristine and the modified W zeolites shows
the characteristic peaks of the zeolitic materials. The most intense bands correspond to the region
of 300–600 cm−1 [54,55]. The band [54] at 295 cm−1 is associated to motion of an oxygen atom in a
perpendicular plane to T-O-T bonds (T = Si or Al) while the bands at 414 and 423 cm−1 corresponding
to vibration mode of tetrahedral in the network [56]. The bands around 500 cm−1 are associated
to zeolites with even- number rings [54], in this case W zeolite structure possess 8-member rings.
The variation in the frequency of the bands is due to the nature of cations [55]. Additionally to
these bands, in Fe-modified W zeolite new bands at 615 and 671 cm−1 were detected, they could be
associated to the presence of the iron in the zeolite, considering that the only difference between the
pristine and the modified zeolites is the chemical composition. Similar results were observed by Yu et
al. in Fe-ZSM5 zeolite [57].
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Figure 1. (a) XRD patterns and (b) Raman spectra of the pristine and Fe-modified W zeolite.

According to the SEM analysis (Figure 2a,b) the W zeolite has a morphology of pseudo-spherical
aggregated of long needle-like crystals. The W zeolite has been obtained as long needle-like crystallites
and elongated crystals [58,59]. In the EDS spectra of Fe-modified W zeolite (Figure 2d) was noticed
that signal corresponding to potassium was decreased while the iron signal increased in comparison to
those observed in pristine W zeolite (Figure 2c). Additionally, the samples were analysed by XRF where
the chemical composition of pristine W zeolite was: SiO2 (43.43%), Al2O3 (17.92%), K2O (15.09%),
Na2O (0.20%); Fe2O3 (3.97%), CaO (2.61%), TiO2 (0.72%), LOI (16.06%) while the Fe-modified W zeolite
composition was: SiO2 (43.32%), Al2O3 (17.56%), K2O (12.83%), Fe2O3 (8.82%), CaO (0.87%), TiO2

(0.73%), LOI (15.73%). This behaviour is indicative that the sodium, calcium and potassium, were
exchanged by iron during modification treatment. This result agrees with the one observed by Raman
spectroscopy where new bands appeared after ionic exchange with the iron salt. Additionally, as a
result of modification with ferrous ions the textural properties were modified. The specific surface area
increased (45.76 m2/g) with respect to its unmodified zeolitic form (K-W, 28.48 m2/g). The average
pore size decreased from 18.52 nm to 12.12 nm for the K-W zeolite and the Fe-modified W zeolites,
respectively. This behaviour is related to the difference between ionic radii of K(I) (1.33 Å) and Fe(II)
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(0.76 Å). No relevant changes were observed for the pore volume before (0.132 cm3/g) and after
the functionalization process (0.139 cm3/g). The adsorption isotherm of the Fe-modified W zeolite
corresponds to type IIb. These type isotherms are obtained with aggregates of plate-like particles
which possess non-rigid slit-shaped pores [60]. The adsorption isotherm presented hysteresis loop
which belongs to type H3. It was observed that the hysteresis loop was more pronounced compared to
those of pristine zeolite. This indicates that the modified zeolite exhibits more mesoporosity which is
related to the decrease in the pore size. According to Lowell when an increase of the hysteresis loops is
observed the pore size is reduced [61].
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Figure 2. SEM micrographs and EDS spectra of (a,c) the pristine zeolite and (b,d) Fe-modified W
zeolite, (e) nitrogen adsorption isotherm and pore size distribution (inset) of the Fe-modified W zeolite.

3.2. Adsorbent Efficiency as Function of the pH and the Presence of Coexisting Ions

The presence of different ions together with arsenic species led to slight variations in the
adsorption capacity of the modified zeolite (Figure 3a). Particularly bicarbonate ions did not affect the
arsenic adsorption removal. In case of magnesium, sulphate and chloride ions, it was observed that
at low concentrations the arsenic adsorption was slightly reduced indicating the competition of ions
for the active sites on the Fe-modified W zeolite. However, when the concentration was increased the
arsenic removal also increased, achieving the same arsenic adsorption capacity observed when no ions
were added. Similar behaviour was reported by Sun et al. they observed that the arsenic adsorption
on zero valent iron was increased at high concentrations of sulphate ions [62]. They explained that this
increase is due to the acceleration of precipitation of arsenopyrite (FeAsS). According to the literature,
the effect of ions on arsenic removal is highly dependent on pH values, initial concentrations and the
ratio between ions and arsenic species [63].

The efficiency of the adsorbent was not drastically affected by the pH of the solution (Figure 3b).
In the pH interval of 3 to 10 the removal of arsenic was approximately 83%, which was decreased
slightly at pH higher than 8 (79%). This change might be related to the masking of arsenic by iron
which impairs its adsorption due to its exposition to high Fe-OH environment.

Although several studies report that arsenite removal decreases at highly alkaline pH [22,64–66].
There are some adsorbent materials that showed an increment in the arsenite adsorption capacity as
pH increases, such as fly ash [67,68], Mn-natural zeolite [34] and clinoptilolite-supported nanoscale
zero-valent iron [40]. This behaviour has been associated to the presence of calcium in the adsorbent
where calcium ions tend to form insoluble calcium arsenate. Additionally, the materials mentioned
above and the Fe-modified W zeolite are mainly constituted by alumina and silica, components that
confer them a strong alkalinity. This characteristic is reflected in the pH generated in the system
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(Figure 3b) where the addition of the adsorbent buffering the solution at pH lowers than 9. Under this
condition the predominant specie of arsenite is neutral and enhances the adsorption on the Fe-modified
W zeolite. Nevertheless, further studies are required to investigate the mechanism involved in the
arsenic adsorption on Fe-modified W zeolite at alkaline pH.Water 2019, 11, 281 8 of 17 
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3.3. Adsorption Isotherms and Thermodynamic Parameters

The adsorption isotherms of the two models are shown in Figure 4a,b. The parameters of both
models are summarized in Table 1. In the case of the Langmuir isotherm, the adsorption capacity
showed small variations as the temperature increased. According to the Langmuir isotherm the
adsorption capacity of the modified zeolite was 0.315 mg g−1. This value is higher than those reported
by different low cost adsorbents modified with iron [69–72]. The adsorption coefficient (b) increased
when increasing the temperature. A similar behaviour was observed in the DR isotherm where
Qmax increased when increasing temperature, reaching the highest value of 15.64 mg g−1 at 35 ◦C.
This fact indicates the endothermic nature of the adsorption process on the Fe-modified W zeolite.
The parameter E associated to the free energy change when one mole of ion is transferred from
an infinite solution to the surface of a solid was higher than 8 kJ mol−1 for the three evaluated
temperatures. This indicates that the adsorption process takes place by ionic exchange [73].

To predict the efficiency of the adsorption process, the dimensionless equilibrium parameter (r)
was calculated. Its magnitude was less than 1 and was observed that the value of r decreases as the
temperature increases. These results indicated that As (III) removal with Fe-modified W zeolite is a
favourable process.

Table 1. Langmuir and DR isotherms for As (III) adsorption on Fe-modified W zeolite.

Langmuir. Dubinin Raduskevich

T
(K)

qm
(mg g−1)

b
(L mg−1) R2 K × 103

(mol2 kJ−2)
Qmax

(mg g−1) r E
(kJ mol−1) R2

288 0.315 2.230 0.9589 −5.285 14.588 0.3837 9.7266 0.9768
298 0.311 2.418 0.9681 −5.197 14.016 0.3648 9.8086 0.9808
308 0.293 2.668 0.9847 −4.583 15.646 0.3422 10.4450 0.9874

R2 is the correlation coefficient.
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According to the Langmuir model, the adsorption takes place on sites of the same level of
energy. Therefore, the enthalpy and the constant b depend on the ion adsorbed on the active site and
the temperature. Thus, the Gibbs free energy (∆G◦), enthalpy (∆H◦) and entropy (∆S◦) for As (III)
adsorption on the modified zeolite were determined by the Equations (6) and (7). It was observed that
∆G◦ decreased as temperature increased. It was of −31.25 kJ mol−1 at 35 ◦C, while at 25 ◦C its value
was −28.79 kJ mol−1. The enthalpy was positive (∆H◦ = 6.59 kJ mol−1) indicating the endothermic
nature of the adsorption process. Similar results were obtained by Banerje et al. (2008) in the adsorption
of As (III) on granular iron oxide [74]. A positive entropy was obtained (∆S◦ = 0.1228 kJ mol−1 K−1)
which indicates an affinity of the adsorbent for As (III) species [75].

3.4. Effect of As (III) Concentration

The initial concentration of As (III) had an important effect on the arsenic removal from the
Fe-modified W zeolite. Figure 4c shows that for concentrations lower than 1 mg L−1, the arsenic
adsorption was 84%. However, only at the lowest concentration evaluated the residual arsenic
concentration was less than the maximum permissible value for total arsenic according to the Mexican
norm for drinking water (0.025 mg L−1) [15]. In the case of concentrations of 4 and 8.5 mg L−1,
the arsenic removal was only of 46% and 34%, respectively.
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The pseudo-first and pseudo-second order model allowed to determine the As (III) adsorption rate
constant. In Figure 4d, the plots obtained by the kinetic of the pseudo-second order can be observed.
The parameters of two kinetic models are presented in Table 2. It is observed that the experimental
data fit better with the pseudo-second order model. The adsorption rate constant decreased when
the arsenic concentration increased, as well as the adsorption capacity. According to Ho and Mckay,
in an adsorption process that fits a pseudo-second-order model, the removal mechanism is mainly by
a chemical bond between adsorbate and adsorbent [76]. These findings agree with those obtained by
DR isotherms.

Table 2. Kinetic parameters of As (III) adsorption on Fe-modified W zeolite.

As (III)
Concentration

(mg L−1)

Pseudo First Order Pseudo Second Order

k1
(min−1)

q1
(mg L−1) R2 k2

(g mg−1 min−1)
q2

(mg L−1) R2

0.117 0.005 0.0641 0.760 4.8476 0.0100 0.986
0.515 0.011 0.0206 0.845 2.5626 0.0431 0.999
0.815 0.007 0.0414 0.902 0.5145 0.0586 0.994

4.0 0.007 0.1580 0.950 0.0701 0.2082 0.997
8.5 0.005 0.2386 0.902 0.0523 0.3163 0.982

R2 = correlation coefficient.

Additionally, the mass transfer coefficient on As (III) adsorption on the Fe-modified W zeolite
was determined. The value of β was obtained by the slope from the plot of ln{Ct/C0 − [1/(1 + MKbq)]}
versus t, with β = 1.4 × 10−2 cm s−1 (R2 = 0.9238). This value was higher than that reported by Singh
and Pant for activated alumina and iron-impregnated alumina for As (III) adsorption, 1.9 × 10−3 cm s−1

and 3.2 × 10−3 cm s−1, respectively [46].

3.5. Ageing, Desorption and Regeneration of the Fe-Modified W Zeolite

It is observed that the saturation of Fe-modified W zeolite depends on the arsenic concentration
(Figure 5). For both concentrations evaluated after the third adsorption cycle it was observed releasing
of iron (Figure 5a,b) from the modified zeolite, at higher levels than the permissible values established
in the Mexican norms for drinking water. (0.3 mg L−1) [15]. At low concentration (0.2 mg L−1) the
arsenic adsorption removal showed a significant decrease from the fifth cycle (Figure 5c), the reduction
was of 70% in the sixth adsorption cycle furthermore there was no change in the seventh cycle. In case
of the arsenic concentration of 1 mg L−1, (Figure 5d) the modified zeolite was reused for three cycles.
After the third adsorption cycle the arsenic removal was reduced to 52%, whereas the iron concentration
was 0.63 mg L−1.

At the end of the ageing process, the modified zeolite adsorbed 0.125 mg g−1 and 0.20 mg g−1

for concentrations of 0.2 mg L−1 and 1 mg L−1, respectively. The reduction of the As (III) adsorption
capacity on the modified zeolite can be related to the saturation of active sites and the loss of affinity to
arsenic species as a consequence of iron released from the zeolitic material. According to the decrease
in the adsorption capacity of As (III) observed in both systems it was assumed that the adsorbent was
sufficiently aged to evaluate the regenerability of the Fe-modified W zeolite.

During the desorption process 22% of the arsenic was desorbed and no structural changes in the
zeolite were observed after the desorption process. The concentration of iron released during this
treatment was minimal (0.014 mg L−1). After the desorption process, the Fe-modified W zeolite was
regenerated (Figure 5d), recovering the arsenic adsorption capacity similar to the fresh modified zeolite.

These results allow to conclude that once the active sites of Fe-modified W zeolite have been
saturated with the arsenic species, the aged modified zeolite can be regenerated to recover its original
As (III) adsorption capacity. The fact that the Fe-modified zeolite can be used for several cycles of As
(III) adsorption enhances the lifetime of this adsorbent and gives it the possibility to be applied in an
industrial process.
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3.6. Eco-Scale Applied to W Zeolite Synthesis from Fly Ash

The results obtained of E-factor, cost and Eco-scale for the synthesis of W zeolite from fly ash and
raw materials of reagent grade are presented in Table 3. The E- factor is related to waste generation by
the process [53]. It can be observed that the value of E-factor for synthesis procedure was 10.1 Kg of
waste per kilogram of W zeolite synthesized from fly ash. In case of the W zeolite synthesized from
precursors of analytical grade the E-factor was higher (16.03 Kg of wastes/Kg W zeolite).

In the direct transformation of the MFA in W zeolite, the zeolite is separated from the mother
liquor by filtering, the concentration of KOH could be adjusted and it could be used again in a new lot
of W zeolite. If liquor mother is recycled to the process, a E-Factor near to zero would be obtained and
the process to obtain the W zeolite would be considered as a green process.

The approximated cost of W zeolite was calculated considering only the prices of raw materials
used to produce it. The cost of W zeolite synthesized from fly ash was estimated in 0.02 USD/g while
the W zeolite obtained using materials of analytical grade was 5 times more expensive (0.11 USD/g
of zeolite). According with the Eco-Scale principles and the estimated costs, the W zeolite produced
from fly ash is inexpensive because the cost is lower than 10 USD per 10 mmol of W zeolite.
Calculated molecular weight of W zeolite is 4012.57 g/mol. These findings allow to infer that the W
zeolite synthesis from fly ash is economically feasible.
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Table 3. E-Factor, cost and Eco-Scale applied to synthesis of W zeolite comparing the type of precursors.
(A) E-Factor; (B) Cost; (C) Eco-Scale.

W Zeolite Synthesis (from Fly Ash) W Zeolite Synthesis (from Analytical Reagents)

Reagent Amount
(g)

Amount
(mL)

Total
Mass (g) Reagent Amount

(g)
Amount

(mL)
Total

Mass (g)

Fly ash 160 160 Ludox 232.68 302.48
KOH 53.20 53.20 Al2Na2O4 41.45 41.45

Water 1 1980 1980 KOH 154.99 154.99
Water 1 2700 2700

Total wastes 2193.20 Total wastes 3198.93
W zeolite (g) 197.5 W zeolite (g) 187.87

E-Factor (2193.20 − 197.5)/197.5 = 10.10 E-Factor (3198.93 − 187.87)/187.87 = 16.03

(A)
1 The water includes the water used for synthesis and for washing.

W Zeolite Synthesis (from Fly Ash) W Zeolite Synthesis (from Analytical Reagents)

Reagent Amount
(g)

Amount
(mL)

Price
(USD/g)

Total
(USD/g) Reagent Amount

(g)
Amount

(mL)
Price

(USD/g)
Total

(USD/g)

Fly ash 160 0 0 Ludox 302.48 232.68 0.03529 10.6752
KOH 53.20 0.044 2.3408 Al2Na2O4 41.45 0.0463 1.9191
Water 1980 0.00082 1.6424 KOH 154.99 0.044 6.8195

Water 2700 0.00082 2.214
Total cost 2 3.9832 Total cost 21.6278

W zeolite (g) 197.5 W zeolite (g) 187.87
Cost W zeolite (USD/g) 0.0201 Cost W zeolite (USD/g) 0.1151

(B)
2 The cost only includes the raw materials.

W Zeolite Synthesis (from Fly Ash) W Zeolite Synthesis (from Analytical Reagents)

Parameter Penalty
Points Parameter Penalty

Points

Yield 3 (100 − %yield)/2 0 Yield 3 (100 − %yield)/2 0
Price to obtain 10 mmol Inexpensive (<USD10) 0 Price to obtain 10 mmol Inexpensive (<USD10) 0

Safety KOH
Fly ash

3
1 Safety KOH

Al2Na2O4

3
3

Technical setup PE > 1 atm 3 Technical setup PE > 1 atm 3
Temperature/time heating Heating > 1 h 3 Temperature/time heating Heating > 1 h 3
W&P Simple filtration 0 W&P Simple filtration 0

Total penalty points (TPP) 10 Total penalty points (TTP) 12

Eco-Scale (100 − TPP) 90 Eco-Scale (100 − TPP) 88

(C)
3 The yield was calculated respect to (silica + alumina) content of the precursors; W&P = workup and purification;
PE = Pressure equipment.

The principles of Eco-Scale consider that transformation of substrate by a chemical reaction into a
desired compound is taking place by an inexpensive reagents at low temperatures, in a 100% yield and
with a minimal impact for the environment [51]. The yield (calculated with respect to silica+alumina
content of the precursors) of the W zeolite synthesized from fly ash was 153.4% while the W zeolite
obtained from reagent materials was of 128%. These results allow to infer that the W zeolite synthesis
from fly ash is economically feasible and it led to higher yields. The magnitude of the Eco-Scale
determines how much green the process is. According with the results for the synthesis of W zeolite
the Eco-scale was higher than 75% indicating that this method is an excellent green process.

4. Conclusions

The W zeolite obtained by a direct zeolitization of fly ash was modified by ionic exchange with an
iron salt and the As (III) adsorption capacity of the resultant material was evaluated. According to
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the thermodynamic study, the adsorption of As (III) by a Fe-modified W zeolite is a spontaneous,
feasible and endothermic process. The kinetic study indicates that the adsorption process takes place
by chemical bond.

The Fe-modified W zeolite showed to adsorb As (III) in a broad pH range even in the presence
of coexistent ions. As well, it was demonstrated that the As (III) anionic species are desorbed at
alkaline conditions and that the aged Fe-modified W zeolite could be easily regenerated by giving it
the possibility to extend its useful lifetime.

The Fe-modified W zeolite ageing process depends on the As (III) concentration of the model
water solution. At 0.2 mg L−1 the arsenic removal exhibited an important decrease in the fifth aging
cycle. Considering that underground water has an As (III) concentration lower than 0.2 mg L−1

(in “La Laguna” region), it is expected that the Fe-modified W zeolite would be useful to reduce the
concentration of As (III) in water at permissible levels and that it could be reused more than five times.

The W zeolite is produced from an industrial by-product with no commercial value in a one-pot
zeolitization process that generates small amount of waste per kg of zeolite, which makes it a
low-cost-production product, increasing its Eco-scale value. Additionally, the Fe-modified W zeolite
presents a high adsorption capacity of As (III) and it is regenerated several times increasing its lifetime.

In conclusion, the Fe-modified W zeolite is viable and potentially useful in the formulation
of filtering materials to treat underground water with high concentration of As (III). Nevertheless,
additional studies should be conducted to increase the number of activation-aging-regeneration
cycles of the Fe-modified W zeolite that leads to an extended lifetime of the final As (III) adsorbent.
In addition, the final adsorbent should meet the physicochemical properties required to be packed in a
filtering system to treat groundwater at industrial level.
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