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ARTICLE INFO ABSTRACT

Keywords: This research describes the development of a very cheap mesoporous silica material similar to hexagonal me-
Fly ash soporous silica (HMS) and using a silicate extract as precursor. This precursor is obtained from cheap fly ash by
Sulfate an easy calcination process at 850 °C and a green extraction with water. The obtained mesoporous fly ash
Mesoporous silica material had a surface area of 282 m? g~ and a pore size of 5.7 nm. It was functionalized with ethylene diamino
Adsorp non' . moieties via the well-known SAMMS method, followed by a DRIFT analysis that clearly showed the successful
Functionalization

functionalization. An excellent adsorbent was obtained for the adsorption of sulfate anions by the solid's mod-
ification with copper forming a copper-ethylenediamine complex. The adsorption of sulfates was studied in a
batch system where the pH at highest adsorption 8 was and the adsorption time remarkably fast (5min). The
kinetic data were fitted according to a pseudo-second order model with a high coefficient of linear regression at
different initial concentrations. The adsorption isotherm that best fitted the experimental data was the
Freundlich model. The maximum sulfate adsorption capacity of this very cheap fly ash based adsorbent was

146.1 mgg~", 3 times greater than the values reported in literature and commercial adsorbent materials.

1. Introduction

The decreasing availability of water resources [1] due to con-
tamination with heavy metals and oxoanions harmful to the human
health [2,3] make it necessary to intensify the purification of industrial
water so we can reuse it. The toxicity of oxoanions in relatively low
concentrations such as chromates and arsenates is generally known
[4,5]. In contrast, the oxoanion sulfate acts as a laxative [6] in a higher
concentration range between 1000 and 2000 mgL~ . As a result of
industrial contamination, sulfates can cause serious environmental
problems in several different forms: acid drainage in the mining in-
dustry [7,8] when tailings, effluents, and liquid slurries are poured into
watercourses [9] and contamination during the use of natural water to
cool thermoelectric plants [10]. The discharge of water with a high
sulfate content into the environment also results in the salinization of
the receiving ecosystems [11,12].

Several methods have been developed for capturing metals and
oxoanions such as: ion exchange [13], chemical precipitation [14],
osmosis [15] and membrane filtration. They are efficient removal
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technologies but most are very costly. Lower cost alternative methods
have also been developed but unfortunately lack efficiency and speci-
ficity [16]. In contrast, the removal of these pollutants can also be
performed via adsorption which is a cheaper and more selective tech-
nique. Mesoporous siliceous materials appear as highly efficient alter-
natives for the removal of polluting species [17] but their use is rather
limited by the high cost of surfactants and precursors required in their
synthesis [18]. There is an urgent need to develop lower cost alter-
native sources to be used as precursors and surfactants. Over the latest
decades, there have been advances in the synthesis of the MCM-41 type
of materials, using commercial silicates, fuming silica and silicates ex-
tracted from ash, those methods utilize strong alkaline solutions during
synthesis generating residues difficult to dispose of [19,20]. In MCM-
41, the formation of the structure occurs through strong electrostatic
interactions which imply an inevitable calcination stage to remove the
surfactant. This causes the loss of active surface, i.e., a decrease of
available silanol functions and consequently, a decrease of chemical
anchoring possibilities when using grafting procedures [21].

The objective of this study is the development of a hexagonal
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Fig. 1. a) DRIFT spectrum of MFAEDA. b) DRIFT spectrum of MFA before the functionalization with 1-(2-aminoethyl)-3-aminopropyl trimethoxysilane.

Table 1

Textural parameters and elemental analysis of MFA and MFAEDACu materials.
Sample Pore size (BJH) (nm) Surface area (BET) (mZg’l) Pore volume (cmgg’l) N (mmol g’l) C (mmol g’l) Cu” (mmol g’l) N/Cu
MFA 5.7 281.7 0.41 - 0.25 - -
MFAEDACu 3.4 126.7 0.19 1.97 6.7 4.3 0.5

2 Value determined by ICP.

—
200 nm

10 nm

Fig. 2. TEM image of MFA. Left: 33X. Right: 200X.

mesoporous silica type of material (HMS) using a silica source extracted
from cheap fly ash serving as precursor of the mesoporous structure.
The synthesis procedure avoids expensive surfactants. The framework is
formed via weak hydrogen bond interactions that also allow an easy
removal of the surfactant by solvent extraction, yielding a greater
density of active groups (i.e. silanols) on the surface and the formation
of thicker walls with greater thermal stability [22]. Furthermore, the
siliceous extract replaces the commercial silica precursors and is ob-
tained by a less polluting method [23]. Once the structure has been
formed, it is functionalized with an ethylenediamine (EDA) copper
complex by the SAMMS method [24] for an in-depth sulfate adsorption
study.

2. Materials and methods
2.1. Reagents

All the reagents were analytical graded and of Suprapur quality.
They were used as received without any further purification and are
listed next: Dodecylamine (DDA, Merck), 1-(2-aminoethyl)-3-amino-
propyl trimethoxysilane (APTMS, 98%, Aldrich), calcium carbonate
(NayCOs3, Merck), copper (II) chloride (CuCl, 2H,0, Merck), sodium
sulfate (Na,SO,4, Sigma Aldrich), absolute ethanol (CH;CH,OH, Merck),
toluene (C¢HsCH3, Merck), 2-propanol (CH;CHOH(CH3), Merck). The
solutions were prepared using MilliQ water (Millipore, Synergy uv).
The pH adjustment was made with 0.1 M NaOH and 0.1 M HNO3 so-
lutions.

The fly ash in this study was of class F and was obtained from a
burning coal power plant located in Valparaiso, Chile.
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Fig. 3. X-ray diffraction pattern. a) MFA. b) MFAEDA.

2.2. Synthesis of the adsorbing material, MFAEDACu

The synthesis of the copper containing mesoporous material
(MFAEDACu) was carried out in four stages: (1) extraction of silicates
from fly ash which are used as silicon source, (2) synthesis of meso-
porous silica material (mesoporous fly ash; MFA), (3) modification of
MFA with an ethylenediamine (EDA) functionality via grafting of a si-
lane (MFAEDA), and (4) formation of the Cu(II) complex on the func-
tionalized material (MFAEDACu). The first stage consisted of the ex-
traction of soluble silicates from fly ash by calcination at 850 °C with
sodium carbonate for 2.5h, followed by treatment with water [23].
Once the elemental composition of the extract had been determined via
ICP-MS, MFA was synthesized using a modified method [22] where the
inorganic precursor (I°) tetraethyl orthosilicate (TEOS) was replaced by
the extracted silicate; using dodecylamine (S°) (DDA) as surfactant in an
I°/S° = 4.5 Molar ratio. To remove the template, the material was
Soxhlet extracted using ethanol over a period of 5h. The third stage
consisted of the functionalization of MFA by the self-assembly tech-
nique on the mesoporous material (SAMMS) with 1-(2-aminoethyl)-3-
aminopropyl trimethoxysilane (APTMS) [24]. This included the
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rehydroxylation of the surface of MFA with 2.5 monolayers of water
under constant stirring during 1 h at ambient temperature and in a to-
luene suspension. Then, a certain amount of the functionalizing agent,
APTMS, was added to this suspension to obtain a monolayer and was
kept under reflux for 6 h to be distilled afterwards. The functionalized
material, MFAEDA, was recovered by vacuum filtration, washed with 2-
propanol, and dried. In the fourth stage, the MFAEDA was treated with
an aqueous solution of CuCl,, washed, and dried to yield MFAEDACu.
To ensure that MFAEDACu did not contain any water, the solid was
refluxed in toluene equipped with a Dean-Stark trap for 2h, washed
with 2-propanol, and dried [25].

2.3. Characterization

The determination of the morphology and porous network of MFA
and MFAEDACu was performed by Electron Transmission Microscopy
(TEM) and X-ray Diffraction (XRD), respectively; the study of the su-
perficial chemistry of both materials, before and after the functionali-
zation, was carried out by Fourier Transform Diffuse Reflectance
Spectroscopy (DRIFT) and X-ray Photoelectronic Spectroscopy (XPS);
determination of the surface area, pore size distribution and chemical
composition (CHNS) were made by Brunauer-Emmett-Teller method
(BET), Barrer, Joyner and Halenda method (BJH) and Elemental
Analysis, respectively.

Nitrogen adsorption-desorption was performed at 77K using a
Micromeritics Tristar 3000 gas analyzer. The samples were degasified
at 120 °C for 12 h before the measurement. The surface area (Sggr) was
measured using the BET method and the pore volume (V) was de-
termined at P/P, = 0.98. The pore size of the materials (dp, p;n) was
obtained using the BJH method on the adsorption branch. The structure
and morphology were characterized using TEM on a Hitachi TEM
System at 120KV, X-ray diffraction (XRD) with an ARL X’TRA dif-
fractometer with 0.15418 nm wavelength Cu Ka radiation, and a solid-
state detector. The quantification of amines was made by CHNS ele-
mental analysis in a Thermo Flash 2000 elemental analyzer using V505
as catalyst. The examination of the amino groups of the functionalized
material was performed by DRIFT spectroscopy on a Thermo Scientific
Nicolet 6700 apparatus with a MCT detector cooled with liquid ni-
trogen. A Specac DRIFT cell made it possible to measure at 120 °C under
vacuum. The study of the materials' surface modification before and
after the adsorption of sulfates was performed by XPS on a Model PHI
1257 Perkin-Elmer XPS-Auger electron spectrometer with a hemi-
spherical electron analyzer running under ultrahigh vacuum at
10~ 7 mbar, with an unfiltered Ko radiation X-ray source from an Al
anode (hv = 1486 V), an emission angle of 90° (normal emission),
spectra calibrated with Cls carbon, and adventitious signals at a
binding energy of 284.8 eV. The analyzed samples were in powder
form, arranged 10 mm X 10 mm without prior treatment, and inserted
in the analysis chamber.

2.4. Adsorption studies

The tests were performed using a batch method, directly mixing the
mesoporous adsorbent material, MFAEDACu, with standard solutions of
sodium sulfate [4]. The samples were stirred at ambient temperature at
150 rpm for the time corresponding to the analysis, then filtered (pore
size of 0.2 um) and analyzed at 500 nm by turbidimetric technique with
a UV-VIS spectrophotometer (Ray Leigh UV-160). The following para-
meters were altered to study the adsorption process in-depth: pH,
equilibrium time, adsorbent/adsorbate ratio, initial sulfate concentra-
tion and maximum load. The effect of pH on the sulfate adsorption of
MFAEDACu was analyzed using 5 mL of solution of 1000 mg L.~ ! sulfate
with 0.1 g of MFAEDACu, adjusting the pH between 2 and 8 using
HNO3 and NaOH, to determine the optimum pH value corresponding to
maximum adsorption. The equilibrium time was determined using 0.1 g
of MFAEDACu in 5mlL sulfate solutions with concentrations of 160,
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Fig. 4. A) Full range spectrum of MFAEDACu after the adsorption of sulfate at a concentration of 1000 mgL ™", pH = 8.5 min b) MFA before functionalizing.
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Fig. 5. Effect of pH on the adsorption of sulfate on 0.1 g of MFAEDACu from
5mL of 1000 mg L™ 1 sulfate solution and 5 min of constant stirring (150 rpm).

380, 700, and 975mgL "' under constant stirring (150 rpm) and at
ambient temperature at intervals of 5, 10, 20, 40, and 60 min at the
optimum pH determined. The effect of the initial concentration was
studied from a mixture of 0.1 g of MFAEDACu and 5 mL sulfate solution
at concentrations of 47-1250mgL~', under constant stirring
(150 rpm). Ten adsorption tests were executed with MFAEDACu to
determine the maximum load, contacting 0.1 g of MFAEDACu with 5,
10, and 25mL of the 1240 mgL ™" sulfate solution at the maximum
adsorption pH during 5 min. The sulfate removal efficiency (Re, %) of
MFAEDACu in the adsorption tests was calculated using the equation
below (1):

u x 100 %
G (€]

R,
where Cy is the initial adsorbate concentration in the solution (mg L~ b,
and C, is the concentration of adsorbate in the solution at equilibrium
(mg L™Y. The adsorption capacity at equilibrium, g., was calculated
from equation (2),

(Co - Ce) XV
w

q, )
where V is the volume of the solution (mL), and W is the mass of ad-
sorbent (g).

Sulfate concentration range used in the tests was to simulate the
industrial wastewater treatment.

3. Results and discussion
3.1. Characterization of MFAEDACu

The DRIFT analysis of MFAEDACu is shown in Fig. 1. The spectrum
of the pristine MFA material shows intense signals at 1100 cm ™! and
800 cm™! that correspond to the symmetric and asymmetric Si-O
stretching vibrations respectively and can be attributed to the siloxane
bonds (Si-O-Si) in the mesoporous network (this signal would account
for the formation of the network). A small but sharp signal at
3700 cm ! is also observed that corresponds to the silanol group (Si-
OH) (the functionalizing agent is grafted on the silanol group) [26,27].
Although no peaks of the surfactant DDA are observed in the spectrum,
the MFA elemental analysis results point to the presence of a small
amount of C (0.25 mmolg_l, Table 1). After functionalization with
APTMS, signals in the 2800-2900 cm ~ ! range appear that can be at-
tributed to C-H stretching vibrations of the propyl and ethyl chains in
the functionalization agent. It is not excluded that signal could also be
influenced by C-H of methoxy groups; the C-O in the methoxy group
should emit a signal within the range of 1333-1022 cm ™, however,
based on Fig. 1, this signal cannot be identified since it possible over-
lapped with that of the Si-O group and would be responsible for the
signal's observed widening Furthermore, a small signal at 3300 cm ™! is
seen that corresponds to an N-H stretching vibration of the amino
groups [26]. The presence of these groups is also confirmed by the N-H
bending vibration bands that appear in the 1500-1600 cm ™! region
[28]. The amino group allows the formation of the complex CuEDA.
The signal of the silanols at 3700 cm ™' disappears completely after
functionalization with APTMS, indicating a successful functionaliza-
tion.

Table 1 shows the results of the nitrogen adsorption-desorption
analysis and the pore size distribution of the MFA before and after
modification. The isotherms are of type IV and are characteristic for a
mesoporous structure [37] with H3 hysteresis loop class (characteristic
of pores in the form of canals or slits) at P/P, from 0.4 to 0.98 value
indicate of Material of high textural mesoporosity, desirable in
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Scheme 1. Depiction of the modification of MFAEDA through metal ion chelation and adsorption of sulfate.

adsorbent materials [21]. The synthesis with the fly ash precursor and
DDA surfactant thus resulted in a porous material with high surface
area, mesopores and a relatively large pore volume. After functionali-
zation with APTMS and copper, a general and expected decrease was
measured of the surface area (282m?g~! to 127 m?g™ 1), pore size
(5.7-3.4nm), and pore volume (0.41-0.19 cm® g~ !). This is due to the
decoration of the pore walls with the functionalization and the addition
of weight which in turn confirms that MFA was successfully modified
towards MFAEDACu.

Fig. 2 shows the TEM analysis of MFA, with the diameter of the
cavities ranging from 4 to 8 nm (picture on the right) in agreement with
the nitrogen sorption analysis of the material (Table 1).

Fig. 3a and b shows the results of the X-ray diffraction analysis of
MFA and MFAEDA. A reflection in the region corresponding to 26 = 0-
1° was observed in the diffractogram of the material before modifica-
tion (Fig. 3a), yet disappeared after the functionalization (Fig. 3b). In
HMS-type materials, it is common to find a single wide signal at ap-
proximately 26 = 2° associated with the (100) plane, but these mate-
rials can have a short range hexagonal order which is not dissolved in
this analysis [29]. The disorder and small domains are explained by the
weak interaction forces (hydrogen bonds) of the amine that make up
the material and are used as surfactant and inorganic precursor, in our
synthesis corresponding to the silicates extract obtained from the ashes

188

as precursor [29].

Table 1 moreover presents the C and N elemental composition of
MFA and MFAEDACu. MFA contains a small amount (0.25 mmol gfl)
of C that probably comes from a small DDA fraction that was not ex-
tracted during the template's elimination step. A clear increase in C and
N content after functionalization can be seen, originating from the
functionalization agent (APTMS) in MFAEDACu. The expected stoi-
chiometric C:N ratio after the entire functionalization process should be
5C:2N [30]; however the excess 1.6 mmol g_1 is found can be attrib-
uted to methoxy groups of the functionalizing agent which were not
extracted in the distillation.

Fig. 4a and b shows the results of the solid's XPS analysis after
sulfate adsorption, MFAEDACu-SO, 2, and MFA. Fig. 4b shows signals
at 530eV and 100 eV, which can be attributed to Ols and Si2p re-
spectively. These signals probably correspond to the siloxane groups of
the mesoporous network. Fig. 4a shows a clear signal at 400 eV, attri-
butable to the N groups from the functionalization [31]; a signal not
observed in the non-functionalized material MFA (Fig. 4b). The signals
at 935eV and 200 eV can be ascribed to Cu2p [25,32] and Cl2p [33]
respectively, which correspond to the formation of the Cu complex from
CuCl,, on the functionalized material. Finally, the signal at 169 eV can
be assigned to S2p, confirming the linkage of sulfates with MFAEDACu
[34].
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Fig. 6. Fitting of experimental data to pseudo-second order kinetics model,
with 0.1 g of MFAEDACu adsorbent, 5mL of sulfate solution at concentrations
of 160, 380, 700, and 975 mgL ™', with constant stirring (150 rpm) at ambient
temperature and at 5, 10, 20, 40, and 60 min intervals, pH = 8.0.

Table 2
Adsorption parameters of the Langmuir and Freundlich models obtained from
the fitting of the experimental data of sulfate adsorption on MFAEDACu.

Species Langmuir model Freundlich model
qQ(mgg™ K. (L Ry, R? n Ky (mg R>
mg™") g~ (mg
L= 1)1/n
S0,”% 138.889 0.002 0.103 0.9999 1.070 0.334 0.9998
Table 3

Pseudo-second order kinetic adsorption parameters obtained by fitting the ex-
perimental sulfate adsorption data on MFAEDACu.

Co (mgl.™")  k, (gmg 'min~') R? Qe, cal Qe, €Xp SEE (qe)
(mgg ™" (mgg™")

160.0 1.2 0.9999 7.1 7.3 0.01

380.0 0.4 0.9999 18.7 189 0.04

700.0 0.1 0.9999 33.3 341 0.51

975.0 11.7 0.9999 46.3 46.7 0.16

3.2. Adsorption studies

3.2.1. Effect of pH

Fig. 5 shows the results of the sulfate adsorption on MFAEDACu at
different pH values. The highest sulfate adsorption is found within the
pH 6.0-8.0 range, varying between 57% and 68% of sulfate capture
(35-42mg g~ 1). In this pH range, the SO, 2 anion is free and its re-
moval from the solution by the adsorbent may be attributed to:

- The possible displacement of the labile ethylene diamino ligands
from the octahedral copper ethylenediamino complex MFAEDACu
[35] could allow a change in copper cation coordination number
from 6 to 5, and/or;

- Sulfate group binding to the Cu(EDA), complex according to
Scheme 1.

The electrostatic interaction of sulfate with groups carrying a po-
sitive charge cannot be discarded [36] (e.g. amino groups) since the
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Fig. 8. Maximum load capacity study. Ten adsorption tests were carried out on
MFAEDACu, contacting 0.1 g of MFAEDACu with 5, 10, and 25mL of
1240 mg L.~ ! sulfate solutions at pH = 8.0 during 5min with constant stirring
(150 rpm).

PHfina in the adsorption tests is = 4.0.

3.2.2. Adsorption kinetics

The maximum adsorption concentration at equilibrium was reached
between 5 and 10 min, at different concentrations r of 160, 380, 700,
and 975mgL™! (R % = 82, 96, 81, and 45%, respectively). These
results confirm that MFAEDACu possesses a fast sulfate adsorption ca-
pacity and that diffusion of species in the pores of the mesoporous
material is not a limiting factor in the capture process [24].

The experimental data allowed the fitting of a pseudo-second order
kinetic model [37] which is represented by the linearized Eq. (3.1):

t_o 1t
4.

q g} @.1)

where k; is the pseudo-second order rate constant (g mg ™~ min~!) and
g. is obtained from the slope and the intercept of the t/q, vs. t curve
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(Fig. 6; Table 2).

The results of the fitted model (Table 2) show the correlation
coefficient (R?). The values of g, calculated from the model lie very
closely to the experimental data, suggesting a chemisorption process
[38] for the sulfate capture by the synthesized material.

The sum of the square of the errors (SEE), is give as (Eq. (3.2)):

n
SSE= Z (qe,estm - qevexp)i2

i=1

3.2)

Where, g, estm and q. cx, are, respectively, the estimated and the ex-
perimental value of the equilibrium adsorbate solid concentration in
the solid phase (mg/g), and n is the number of the data point (Table 3).

3.2.3. Adsorption isotherms

Fig. 7 shows the equilibrium concentration (C,) vs. the specific
adsorption capacity (g.). It is seen that g, increases with an increasing
C.. The experimental equilibrium data were fitted to the Langmuir and
Freundlich models (Table 3). The Langmuir isotherm describes the
adsorption phenomenon in which the adsorbing solid has a limited
adsorption capacity designated by ¢q;, forming a monolayer on a
homogenous surface without interaction between the adsorbed mole-
cules [39]. The linearized equation of the Langmuir's isotherm is ex-
pressed as (Eq. (4.1)):

190

C, 1

- [
9. q;-Kp

q.

4.1)

Where q. is the adsorption capacity of the adsorbent at equilibrium (mg
g~ 1, K, is the Langmuir's adsorption constant (L. mg~ ') associated with
the adsorption affinity between adsorbent and adsorbate, and q; is the
adsorbent's maximum adsorption capacity when forming the monolayer
(mgg™".

Eq. (4.2) represents a dimensionless factor that describes the nature
of the adsorption process, in such a way that Ry = 0 indicates irrever-
sible adsorption; 0 < Ry < 1, a favorable adsorption; R = 1, a linear
adsorption, and R;, > 1 unfavorable adsorption [39], where C; is the
initial concentration:

1

Rin
1+ K.C;

(4.2)

The Freundlich's isotherm on the other hand is applied to nonideal
adsorption processes on heterogeneous surfaces, and the model's line-
arized equation is represented by

1
In(g,) = In(Kr) + ;~ln(CE) )

where Kp (mg g~ 1) (L mg~ 1™ is Freundlich's constant related to the

adsorption capacity and n to the adsorption intensity (Table 3).
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Fig. 11. High resolution XPS spectrum of N1s of MFAEDACu after the adsorption of sulfate at a concentration of 1000 mgL~'; pH = 8; 5min; constant stirring

(150 rpm).

A good correlation coefficient was determined from the fitting of the
experimental data with both models (Table 3); however, looking at the
maximum load q; in Langmuir's model (138.89 mg gfl), it turns out to
be smaller than the value obtained in the maximum adsorption load
tests, qmax = 146.1 mgg~" (Fig. 8). Comparing the value of g, calcu-
lated for Langmuir's model with the experimental value g., the esti-
mation is smaller. If this comparison is made with Freundlich's model,
the estimation of g, has a better fit (Fig. 7). These results suggest that
the Freundlich model is the one that best represents the sulfate's ad-
sorption process on the fly ash based adsorbent.

The most commonly used industrial technique for the treatment of
sulfate-contaminated water is lime precipitation [9]. Over the last few
decades, the development of adsorbent materials has also allowed for
the adsorption of oxoanions in which the species of greatest interest are
chromate, arsenate, selenate and molybdate [36] and more recently
phosphate [36]. The ability to capture sulfate in mesoporous materials
has however only been studied when sulfate was used as competing
anion together with the oxoanions mentioned above [36].

When comparing the adsorption capacity of the mesoporous mate-
rial in this study (146.1 mg of sulfate g~ ') with mesoporous materials
functionalized with a similar Cu-EDA complex for the adsorption of
phosphate [42], it can be concluded that our material has an oxoanion
adsorption capacity that is 3 times greater than the capacity reported in
the literature. Only 43.3mg PO, ~3g~! could be adsorbed although
both anions are very similar with respect to the bond length between
the central atom and oxygen, i.e., r (SO) = 0.148 nm (S0,72) and r
(PO) = 0.154nm (PO, 3) [42]. Other mesoporous materials functio-
nalized with Fe-EDA and La-EDA complexes [36] and the commercial
material zirconium ferrite [42] showed significantly lower adsorption
capacities (51.84mg g™~ ', 54.72mgg ' and 39.8 mg g}, respectively)
in comparison to our material.

3.2.4. Adsorption mechanism

The elemental analysis of the sulfate adsorbed on MFAEDACu has
an N/Cu ratio = 0.5 (Table 1). When comparing this result with that
expected for the formation of the Cu(EDA); complex, one can find a
ratio of =3.5 [40-42]; this suggests that even though the Cu(I)EDA
complex was formed, a fraction of Cu(II) can be bound to residual si-
lanol groups on the surface of the material as suggested in Scheme 1
[40]. Another aspect that allows us to determine the presence of the Cu

(EDA)3; complex is the density of surface EDA groups, whose value
should be greater than or equal to 3.0 EDA nm ™~ 2. It was established via
elemental analysis that the material in this study has a density of 2.1
EDA nm~ 2. This result might suggest the formation of complexes such
as Cu(EDA)-Cl, ! and Cu(EDA)CL, ! [40]. The XPS analysis indicates
that Cl 2p [33] is present in MFAEDACu. Additionally, the experimental
adsorption results show that the maximum adsorption capacity (Fig. 8)
was 146.1 mgg ™", a value four and a half times greater than the ex-
pected value, if only the formation of the Cu(EDA); complex is con-
sidered. The elemental analysis (Table 1) allows the estimation of the
formation stoichiometry of the Cu(EDA); complex. Every EDA group
has 2N (0.99 mmol g~ 1). The formation of the complex requires a 3:1
stoichiometry (3 EDA:Cu) [4,25,35,41], i.e., 0.33 Inmolg_1 of the
complex would be formed on the material, and since it is expected that
the complex should capture sulfate in a 1:1 ratio, the capacity for re-
moving sulfate anions would be 0.33 mmol g ', or 32 mg of sulfate per
gram. Comparable results have been obtained with other materials
[40].

The analysis of the high-resolution spectrum of Cu2p of MFAEDACu
(Fig. 9) before the sulfate adsorption shows two signals at 933.38 and
935.66 eV, in addition to the signals at 942.95 and 945.14 V. It has
been reported [32] that Cu(Il) shows signals in the 934 eV region, and
satellite peaks in the 944 eV region. Furthermore, it has been reported
[43] that the signal of Cu(ll) is displaced according to its chemical
environment. Tetrahedral environments would shift the signal to higher
energy values, while on the other hand octahedral environments would
displace it to lower energies [43]. This allows us to state that the signals
seen for Cu2p could be due to the coordination of Cu and N coming
from the functionalization with EDA of the synthesized material, al-
lowing the formation of mono-, di- or multidentate Cu complexes with
N [32].

Analysis of the high-resolution spectra of N1s (Fig. 10) of MFAE-
DACu before the sulfate adsorption allows for the identification of two
signals at 400.05 and 401.97 eV, which originate from free amino
groups and protonated amines respectively, of the EDA ligand used in
the functionalization [44]. After the adsorption of sulfate, three signals
are seen at 398.62, 400.05, and 401.74 eV (Fig. 11). The 398.62 eV
signal, which is absent in the N1s spectrum (Fig. 10), can be attributed
to the opening of the EDA chains after sulfate adsorption [45]. On the
other hand, the decrease in intensity of the signal at 401.74eV,
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assigned to protonated amines, would indicate that the sulfate anions
can be adsorbed through electrostatic interactions in these groups with
positive density.

4. Conclusion

The soluble silicates extracted from cheap fly ash allowed for
straightforward synthesis of the mesoporous material, MFA, without
the use of expensive surfactants yet with an easy work-up. A specific
surface area of 282 m* g~ ! was obtained with a pore size of 5.7 nm. The
synthesis of this material represents a promising alternative that re-
places synthetic reagents in the development of mesoporous materials
for industrial applications. The functionalization of MFA with ethylene
diamino functionalities towards MFAEDA was successful and confirmed
by DRIFT analysis. Additional functionalization with copper resulted in
a suitable adsorbent for sulfate.

The N/cation ratio, the density of the functionalizing agent, and the
result of the XPS analysis suggest the formation of Cu(II) complexes on
the functionalized material, MFAEDACu, such as Cu(EDA)2Cl, ™!, Cu
(EDA)CL, "}, and Cu(EDA),.

The adsorption of sulfate on the functionalized material depends on
pH. The maximum sulfate adsorption capacity was 146.1 mgg~' and
the adsorption kinetics agreed with a pseudo-second order model whose
adsorption isotherm fits the Freundlich model. The adsorbent showed a
higher adsorption capacity compared to other adsorbents reported in
literature.
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