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ABSTRACT

In this study the characterization of an aluminosilicate synthesized from commercial Al,(SO,); and colloidal SiO, is
presented, as well as its capacity for the removal of copper from aqueous solution. Characterization of the synthesized
material was performed using X-ray diffraction, BET nitrogen adsorption-desorption, mass titration and the Boehm
method. In order to obtain stable agglomeration and enhance its surface area (165 - 243 m%g) and solid adsorbing capa-
bilities, the molar ratio SiO,:Al,05 (1:3, 1:1 and 3:1) was studied, the solubility of the preparation material, synthe-
sis-procedure time and solution pH function were also examined. The maximum capacity to remove copper ions from
an aqueous solution by synthesized aluminosilicate was 16 mg/g at pH 4 and 25°C. The Langmuir model fitted better to

the copper adsorption experimental data.
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1. Introduction

The disposal of waste materials for a number of Indus-
tries is an issue which has attracted special attention due
to the importance that this concern has from the stand-
point of: both reutilization of available resources and en-
vironmental protection [1,2]. Public awareness has raised
concerns about water pollution generated by industries,
which has led to legislation on waste control, becoming
more demanding, introducing ever more restrictive rules
on the permitted content of toxic compounds or hazard-
ous industrial discharges [3-5]. The dilemma posed by
the public health protection against the progress, is the
requirement calling for the incorporation of economically
viable technologies to be implemented quickly as possi-
ble [6-8].

Mining solid wastes and acid liquid mine drainage
have contributed significantly to pollution with dissolved
copper going to industry effluent streams in the Bajio
Mexican region (Guanajuato, Mexico) which is renown-
ed as a mining zone and consequently has been facing
this problem for a long period of time [9,10]. Other in-
dustrial sources are: fertilizer chemicals, refining petro-
leum products, paints and pigments production, steel-
works, foundries, electroplating etc [11-13]. It is known;
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copper is an essential element for life, but acute doses
cause disorders in the human metabolism. The average
concentration of copper in rivers and lakes is 0.01 ppm
while in groundwater is around 0.005 ppm [14]. Never-
theless, in some cases levels up to 2.7 ppm have been
measured in groundwater. The USEPA' standard for
drinking water is 1.3 ppm [15]. Copper poisoning causes
stomach and intestinal distress, kidney damage, hemo-
lytic anemia, neurological abnormalities and corneal
opacity [16]. For that reason, the industry traditionally
have used chemical and electrochemical methods to pre-
cipitate and reduce metals [17-25]; however, some of
those are expensive and/or lead to other problems such as
large quantities of waste solids [26]. Research and de-
velopment of processes for metals removal of wastewater
from industries, through the use of adsorbents, aims to
address specific issues raised in relation to water pollu-
tion and its treatment costs.

The adsorption process of metals in aqueous solutions
is one of the most efficient and economical techniques
for contaminant removal, particularly if it uses a low cost
adsorbent. Mesoporous materials® are attractive for ad-

'US Environmental Protection Agency.
*Pores of widths in the range of 2 - 50 nm are called mesopores.
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sorptive processes due their potential for isomorphous
substitutions and ease of access to the pores relative to
micropores. It has been reported that this type of porosity
facilitates more efficient mass transfer inside the pores
and at same time makes more effective the process of
heavy metals removal [27]. Furthermore, they can be
reused with the implementation of an efficient desorption
and regeneration process [28].

In this work is presented an alternative to commercial
aluminosilicates and natural clays at low cost is pre-
sented. These materials always have been attractive in
adsorption field, but they have been currently used as
powders having some notorious drawbacks when utilized
in packed columns, due to the high pressure drop that
they cause. Furthermore, aluminosilicates pellets have
shown to be more efficient inside applications in con-
tinuous processes. Therefore, this work was focussed on
the synthesis of aluminosilicates with low-cost precur-

sors in alkaline media varying the SiO,/Al,O3; molar ratio.

Also, several characterization methods to identify their
crystallographic and surface features were carried out. In
addition, the agglomerated pellets have been used to re-
move effectively copper ions (Cu*") from aqueous solu-
tion and; finally, to add sustainable to this process, three
different copper desorption treatments were performed.

2. Methodology
2.1. Synthesis of Mesoporous Aluminosilicates

The synthesis of aluminosilicates was based on the me-
thodology previously reported by Gonzalez Figueroa
[29]. The of Aly(SQO,)s, is dissolved in distilled water
with a ratio of 12 ml for 1 g of aluminium sulphate (Prosi
PSV Chemicals, technical), the solution is maintained in
a glass vessel with magnetic agitation, while increasing
the temperature by heating up to 80°C under vacuum.
The final solution pH value is approximately 2. After that
step, a three neck round bottle flask is utilized to simul-
taneously: 1) add Al,(SO,); dropwise, 2) add colloidal
Si0, (30 wt% suspension in H,O, Aldrich) dropwise, and
finally, 3) inject the hydrolyzing agent, ammonia gas
(anhydrous, Refriamonia). The reactant amount depends
on the required molar ratio (1-3). The reaction is carried
out until all reagents are depleted, the pH is measured
again, and it should show a value of 10 - 12. The pre-
cipitated solid was filtered and was washed with a solu-
tion of ammonia-water (10%) followed by 1 L of hot
water (90°C), additionally cold water is needed to ensure
that no sulphates compounds remain in the solid, (a test
is performed with barium chloride, BaCl,). The wet cake
is dried at room temperature overnight and subsequently
goes to the oven for a period of time of 24 h at 110°C.
Finally, the collected dry material is ground and meshed
in a Tyler sieve (0.6 - 0.7 mm). In parallel, some dried
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material was mixed vigorously with a dilute nitric acid
solution to form a suspension, which was dripped into a
glass column containing two phases: an upper liquid
zone 10 cm high of an organic phase which is composed
of hexane (99.8%, J.T. Baker) and a 60 cm lower liquid
zone of a ammonium hydroxide solution (30%, Karal)
with the purpose of shaping spherical agglomerates
(pellets).

2.2. Characterization of Aluminosilicates

2.2.1. Structural and Textural Properties

X-ray diffraction (XRD) patterns were obtained for each
of materials synthesized at different molar ratios to de-
termine the material structure. The XRD patterns were
obtained with a Diffractometer INEL model Equinox
System Cuw/2 = 1.54 A, with 30 kV and 20 mA. The tex-
tural characterization (surface area, pore volume and
pore diameter) was performed using the technique of
Sger. To the latter case, a physisorption analyzer Micro-
meritics model ASAP 2010 was used.

2.2.2. Surface Acidity Determination

The active sites of the aluminosilicate were determined
by Boehm titration method [30,31]. The total acid and
basic sites were neutralized with 0.1 M NaOH and 0.1 M
HCI, respectively. The determination of the active sites
was performed by adding 1 g of material to each of the
polypropylene tubes, which contained 50 ml of neutral-
izing solution. The tubes were partially submerged in a
bath at constant temperature (25°C) for 5 days until equi-
librium was reached, during this period, the tubes were
agitated in laboratory vertical agitation equipment. Then
a sample of 10 ml from each tube was taken and was
titrated with 0.1 M solutions of HCI or NaOH, as appro-
priate.

2.2.3. Point of Zero Charge Determination

Sample of 1 g of aluminosilicate was poured into 50 ml
polypropylene tubes with 10 ml of 0.1 M NaCl. The
container was covered and left for 48 h in magnetic agi-
tation. After this time, the solution’s pH is measured and
the final pH was plotted against the mass of activated
alumina.

2.3. Aluminium Solubility Determination

Aluminum (AI*") in solution was measured after contact
with deionized water at different pH values. Addition of
4 ml of water to a sample of 0.02 g of the material was
performed, at different pH values (1-6), the setup was
then left under magnetic agitation for 1, 2, 3, 4, and 24 h
respectively, after that period of time, the sample was
centrifuged and the AI’" concentration was measured in
the supernatant volume with the Inducted Coupled Plasma
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Optical Emission Spectrometry (ICP-OES) model Perkin-
Elmer Optima 4300 DV equipment.

2.4. Adsorption

2.4.1. Kinetics

Samples of 0.02 grams of the synthesized material (SiO,:
3AL,0;5) were in contact with 4 ml of 100 ppm copper
solution in continuous agitation for 5, 10, 15, 20, 30 and
60 min, respectively; afterwards samples were centrifuged
and copper (Cu®") concentration was measured in the
supernatant with the ICP-OES equipment.

2.4.2. Isotherms

The adsorption isotherms were obtained in batch studies
that were carried out subjecting a sample (0.02 g) to me-
chanical shaking for a period of 30 min at 25°C and 35°C
respectively. Volume utilized was 4 ml of Cu?*solution,
the different concentrations used were 1, 20, 40, 60 and
100 ppm, at pH 4 (pH for better copper adsorption). For
each tube the material was separated using a centrifuga-
tion step (6000 rpm) for over 5 min. Copper concentra-
tions in the supernatant were determined with the ICP-
OES equipment. All assays were carried out three times
and the mean values are plotted

3. Results and Discussion

3.1. Aluminosilicates Structural and Textural
Properties

Figure 1 shows the XRD patterns of the powders ob-
tained by the hydrolysis-precipitation reaction. Charac-
teristic peaks of SiO,at 23° and y-Al,O3 peak at around
43° and 64°. The large peak in Figure 1 at ~3° demon-
strates the mesoporous nature of the structure. Also, it

Si0-:A1.0.=3:1

Si0.:ALO.=1:3

Intensity

Si0.:A1,0.-1:1

T
0 50 100

20

Figure 1. Different molar ratio SiO,:Al,O3 diffractograms
showing a similar structure regardless the different molar
ratio.
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can be seen that the molar ratio SiO,:Al,05 do not have
significant influence on the structure formation process
due to the fact that the diffraction patterns are quite simi-
lar. A summary of the textural properties is shown in
Table 1; furthermore, in Table 1 it is shown that in-
creasing the molar ratio of Si0,:Al,O5 the surface inter-
nal area decreases, a fact to be considered because the
molar ratio of 1:3 turned out to be the condition that best
agglomerated the solid.

The N, adsorption isotherm is shown in Figure 2, it
was found to have a Type IV isotherm; this kind of be-
havior is associated with mesoporous materials. Addi-
tionally, hysteresis loops are characteristics in mesopor-
ous materials and they are related with capillarity con-
densation, also, it can be observed that the loop’s shape
is classified as type H3 and this could be related to the
presence of slit-shaped pores [32,33].

3.2. Surface Acidity

These kind of materials usually have an amphoteric be-
havior [34]. Table 2 shows the quantification of acid and
basic sites on the material surface, by the well-known
Boehm method, showing a predominance of basic sites.

3.3. Point of Zero Charge

Figure 3 shows a plot of surface charge as a function of

Table 1. Summary of textural properties for each prepared
molar ratio.

Molar Ratio Area Sger Pore Volume Pore Diameter
Si0,:AL05 (m%/g) (m*/g) A
1:3 243 0.81 133
1:1 228 0.79 138
3:1 165 0.76 160
800 q
700 -
—~ 3 —a—N, adsorbed
;D 600 - —&—N, desorbed [ |
S 500- /
;)' 4
2 4004 /A/A
o 4 A/
- /A
S 3004 A
o 1 KA
< 200- /g;‘
> 1 M
]
2 1004 BN CS
= .“MMM/-\
0 = T v L] v T
0.0 0.2 0.4 0.6 1.0

Ll
0.8
Relative Ppressure (P/P,)

Figure 2. N, Adsorption-Desorption isotherm for SiO;:
3Al,05; where is shown the hysteresis loop associated to the
capillary condensation and related to the presence of meso-
pores in material.
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Table 2. Acid and basic sites of 1:3 molar ratio.

Basic sites % Acid % Basic
(meq/100 g) sites sites

Acid sites
(meq/100 g)

Si0,:3A1,05 22 35 38.6 61.4

1000+
800+
6004
4004
2004

=200+ T~
-4004
-600+4
-800+
-10004

Surface Charge (C/m°)

pH

Figure 3. Surface charges distribution of SiO,:3Al,05 Point
of zero charge for this molar ratio is near to pH 5.3 value.

pH, when the net total particle charge is zero, the pH
value is called the point of zero charge (PZC), an im-
portant factor that characterizes solid surfaces [35]. The
PZC was found to be around pH 5.3, noting that at pH 4
value there is a majority of positive charges, and at
higher pH values than the PZC, the negative charges
increase and may have a preference for cationic species,
as was the case with this study, copper (Cu®").

3.4. Aluminium Solubility

No aluminium in solution was detected for over 24 h
after the material was held in contact with deionized wa-
ter at different pH until 6 (data not shown). From these
results, at pH 4 no Al was detected in solution; there-
fore, it was considered acceptable proceeding to the
copper adsorption-desorption experiments.

3.5. Adsorption Isotherms Analyses

3.5.1. Langmuir and Freundlich Models

The major assumption of Langmuir’s adsorption model is
that the adsorbent’s surface has a finite and energetically
equivalent number of distributed adsorption sites. When
all adsorption sites are covered, there is no possible any
more accumulation of sorbate on surface; a monolayer
has been formed [36]. Equation (1) describes the Lang-
muir model for adsorption:

Qe — KCE‘{ (1)
O 1+KC€q

where ¢, is the adsorbate concentration in the solid, C,, is
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the concentration in the liquid; both g. and C,, are in
equilibrium. Q) is the adsorptive capacity, and K is an
equilibrium constant [37].

The Freundlich model considers the adsorption proc-
ess based on multilayer formation. Also, this model as-
sumes that adsorption sites are energetically nonequiva-
lent due to a heterogeneous surface [37]. The mathe-
maticcal expression that describes this is shown in Equa-
tion (2):

Ao _ gt 2

Oy N @
where ¢, is the adsorbate concentration in the solid, C, is
the concentration in the liquid; both g, and C, are in
equilibrium. Qy, is the adsorptive capacity, and K and Fr
are equilibrium constants [37]. Both Langmuir and Fre-
undlich models were rearranged in their respective linear
form in order to be able to plot and compare with ex-
perimental data.

Figure 4 shows the copper (Cu*") adsorption isotherm
at 25°C and pH 4 for experimental data as well the fitted
Langmuir and Freundlich models. The maximum adsorp-
tion capacity (Qy) of copper on the material was 16.8
mg/g. To determine the percentage of deviation of each
model, Equation (3) was used:

1 N
%D=|—>

i=1

qexp - qcal
Qexp

x100% 3)

where ¢.,, is the experimental value and g.,is the calcu-
lated one. These results can be seen in Table 3, where
Langmuir’s adsorption model shows a better fit to the
experimental data than Freundlich’s one, explainable by
the suggestion of a probable monolayer adsorption proc-
ess instead of a multilayer behavior.

20

18 |

—a&—Experimental
—e—Freundlich
—a—Langmuir

y——r .
0 10 20 30 40 50 60 70
C..(ppm)

Figure 4. Copper adsorption isotherm on agglomerated
Al,03:3Si0,, pH 4 at 25°C. Also, are plotted Langmuir and
Freundlich models to contrast with experimental data.
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3.5.2. Temperature Effect over the Adsorption
Process

For this particular case it was found that at temperatures
over the 35°C level, the adsorption capacity diminishes to
15.97 mg/g. This behavior may be related to an increase
in the metals kinetic energy on the adsorption process,
causing those attractive forces between sorbent-sorbate
to weaken. Evidence of this concept is observed in Fig-
ure5.

3.6. Desorption Process

Copper desorption tests were carried out using three sub-
stances as desorbing agents: 0.1 M NaCl, 0.1 M HCI and
0.1 M NaOH. Figure 6 shows that HC] was the reagent
which desorbs the larger copper amount compared with
NaCl and NaOH. Additionally, is important to note that
time period has no influence on the copper desorption
process.

4. Conclusions

This study has shown that it is feasible to synthesize a
low cost aluminosilicate. This material exhibits a meso-
porous characteristic that is able to adsorb copper ions
from aqueous solution. Molar ratio Si0;:3A1,0; pre-
sented a larger surface area (243 m?/g) and a better ag-

Table 3. Langmuir and Freundlich adsorption models fit-
ted to experimental data for copper adsorption.

Material Model Equation %Deviation
8.94C,

Langmuir 9= cia 19.8
Si0,:3AL0; 1+0.513C,

Freundlich q= 6.57C,f’q244 25.1
18
16 1
14 4
12 1

—a-35°C

10 ——25°C

q.,(mg/g)
0
1

(=}

T T T T T T T

0 10 20 30 40 50 60 70
C..(ppm)
Figure 5. Effect of temperature in the adsorption process of
copper at 25°C and 35°C. The degree of uncertainly repre-

sented by error bars increase with the higher concentration
levels.
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Figure 6. Cu?* desorption from aluminosilicate with NaCl,
HCI and NaOH at 25°C for 1, 6 and 24 h.

glomeration process to form stable pellets, with no AI*"
dissolved in solution at pH 4, and a higher copper ad-
sorption capacity.

The influence of temperature over the copper adsorp-
tion could indicate that the predominant mechanism
could be chemisorption. The predominance of basic sites
on the surface of the solid indicates that an ion exchange
could be discarded as the main mechanism. Finally, the
copper desorption studies showed that acid treatment
with HC1 0.1 M, were able to recover up to 40% of Cu?".
The Langmuir model fitted better to the copper adsorp-
tion experimental data.
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