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Abstract

In this study, the 2-step hydrothermal synthesis of pure phase analcime zeolite from the combination of glass powder waste
and aluminium anodizing waste was carried out, to contribute to the reduction of disposal of these industrial residues in
sanitary landfills. Population growth has intensified industrial activities worldwide, increasing the generation of waste with a
high potential for environmental impact. Currently, the reuse of solid wastes has become an alternative for the development of
materials with greater added value. Placket Burman statistical design was used to identify the variables of greater statistical
relevance in the synthesis process, aiming at future optimization. Crystallization time and temperature were verified as the
most relevant variables in the synthesis, while calcination time and calcination temperature in the alkaline fusion step were
the variables with less relevance. The results revealed the formation of single-phase analcime, reaching a crystallinity of up
to 75% and a specific surface area of 43.3 m?.g!. Scanning electron microscopy analysis showed the presence of particles
with trapezoidal morphology, typical of analcime zeolite. Zeta potential measurement revealed an isoelectric point in pH
2.6, an important parameter in case of application in wastewater treatment. The investigated experimental conditions also
enabled the formation of other zeolites, e.g., Na-P1, cancrinite, and sodalite, demonstrating that the combination of glass
powder waste and aluminium anodizing waste can be used to obtain different zeolitic phases. Consequently, products with
greater added value can be obtained, contributing to sustainability in the aluminium and glass industries.
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1 Introduction in valence between these two elements generates a crystal

structure with an excess of negative electrical charge.

Discovered in 1758 by the Swedish mineralogist Alex Fre-
drick Cronsted, zeolites are materials with microporous
crystalline structures, which nowadays find application in
several industrial sectors. These minerals, belonging to
the class of aluminosilicates, are formed from the union of
TO,-type tetrahedrons, where T can be represented by the
elements silicon and/or aluminium [1, 2]. The difference
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During its formation, the electrical charge is counter-
balanced by compensation cations, usually elements of the
alkali or alkali earth metal family [3]. Another peculiarity
of these minerals is their microporous structure, which pre-
sents pores smaller than 20 A, consequently resulting in a
solid with a high surface area. The combination of these
properties makes zeolites an attractive option for applica-
tion as adsorbents [4—7], water softener [8, 9], catalysts in
the petrochemical industry [10, 11], gas separation [12—-14],
medicine [15, 16], civil construction, as an addition to Port-
land cement [17-19], and many others.

Currently, more than 60 natural zeolite varieties are
known, although large mineral deposits are relatively scarce
[20]. With the increasing demand, studies indicated the fea-
sibility of artificially replicating the conditions of zeolite
formation in nature, and, from 1950 onwards, the mineral
began to be synthesized on a large scale [21]. To date, more
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than 230 different types of zeolites are currently known,
being classified into 133 distinct crystal structures by the
International Zeolite Association [22].

Among them, analcime is a naturally occurring zeolite
that can also be synthesized. This zeolitic phase presents
the chemical formula Na Al Si3,046.16H,0 (framework
type ANA) and is classified as a low-silica zeolite since the
Si/Al ratio is less than 4 [23]. Low-silica zeolites present a
high amount of aluminium in their chemical composition,
increasing the negative electrical charge. Due to this, low-
silica zeolites are materials with excellent adsorption and
ion exchange capacities [24]. The crystalline structure of
analcime is compact compared to other zeolites, exhibiting
distorted pore sizes of 1.6 x4.6 A [25]. The analcime unit
cell is composed of 24 cavities, and among them, 16 are
filled with water molecules [26], which, theoretically, rep-
resent 8% of analcime weight. Table 1 summarizes the main
physicochemical properties of analcime zeolite. Even pos-
sessing a small pore size, analcime still finds application in
heavy metals adsorption, e.g., lead, nickel, zinc, and copper
[27], gas separation as a molecular sieve [28], and nuclear
waste immobilization [28]. In any case, synthetic analcime
displays higher efficiency compared to naturally occurring
analcime due to the absence of other minerals and chemical
elements that can act as contaminants [29].

Despite the possibility of producing synthetic zeolites,
the process is costly, especially due to the chemical reagents
used as a source of silicon and aluminium. An alternative
approach is to use raw materials with high silicon and alu-
minium content as precursors, adding economic benefits
to the synthesis, which encouraged the search for low-cost
precursor materials [25, 31, 32]. In theory, any material
rich in silicon and aluminium can be used as a precursor
in the synthesis, even those considered residues from other
industrial activities. Among the various industrial residues
that can be used as sources of silicon and aluminium in the
synthesis of analcime, glass powder waste (GPW) and alu-
minium anodizing waste (AAW) stand out for their chemical
composition.

The glass powder is a silicon-rich waste generated dur-
ing the cutting and polishing step in the production of glass
pieces. Due to its fine particle size, this material is diffi-
cult to recycle, as it generates bubbles and imperfections in
the new pieces [33]. It is estimated that the production of
GPW accounts for approximately 5% of the total solid waste

generated globally [34]. The disposal of GPW in landfills
has become a common activity, and due to the low biodeg-
radability of glass, this practice is considered harmful to the
environment [35-38].

The electrochemical process responsible for the formation
of an oxide layer on the surface of aluminium pieces, aiming
at protection against corrosion is known as aluminium ano-
dizing. The process takes place by immersing the aluminium
pieces in a bath of NaOH and H,SO,, which removes part of
the aluminium from the surface into the solution, generating
a precipitate, the aluminium anodizing waste, that is sepa-
rated and discarded. It is estimated that for every 1 ton of
aluminium treated by anodizing, 475 kg of anodizing waste
is generated, consisting mostly of aluminium oxyhydroxide
[39, 40]. After solid-liquid separation, this residue, consid-
ered non-toxic and non-inert, is disposed of in landfills, and
because of the alkalinity of this waste, significantly contrib-
utes to environmental impact [41].

When synthesizing zeolites from just one residue, the
Si/Al ratio must be adjusted when the focus is to obtain a
specific zeolite, which generally occurs by adding chemical
reagents as silicon or aluminium sources. The variation in
the mass proportion of the above-mentioned precursors is
sufficient to adjust the Si/Al ratio, which in theory, is enough
to obtain a variety of zeolitic phases, without the need for
chemical reagents for Si/Al ratio adjustment. Another advan-
tage is the possibility of using two industrial wastes simulta-
neously, instead of just one, which can bring greater benefits
to the industrial sector in mitigating environmental impacts.

This research was conducted using the combination of
GPW and AAW as precursors, aiming at the production of
single-phase analcime zeolite. The Placket Burman statistic
design was applied to evaluate which synthesis variables
investigated in this study present greater statistical relevance,
enabling future optimization.

2 Materials and Methods
2.1 Precursor Materials

Glass powder waste (GPW) and aluminium anodizing waste
(AAW) were used as precursor materials as sources of silicon
and aluminium, respectively, being supplied by Bend Glass
Comércio e Indastria LTDA and Akrominas—Comércio de

Table 1 Physicochemical properties of analcime zeolite. Modified from [7, 30]

Framework struc- Channel dimension
ture (A)

Chemical formula

Cation exchange
capacity (meq.g™")

Crystalline system Space group Framework density
(T/1000 A%)

Nay4Al, (Siz,006.1
6H,0

ANA 1.6x4.6 4.5

Cubic la3d 19.2
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Aluminio LTDA, both located in Contagem (Minas Gerais,
Brazil). The materials were oven-dried at 100 °C for 48 h
and deagglomerated in a porcelain ball mill for 30 min. As a
source of alkali, sodium hydroxide in micropellets (reagent
grade 98%) was used. During the synthesis, deionized water
obtained from reverse osmosis filter (conductivity < 1.5
pS.cm) was used, to avoid any ions that could interfere in
the synthesis.

2.2 Materials Characterization

The chemical composition of the GPW and AAW was deter-
mined via X-ray fluorescence (XRF) analysis using a Rayny
EDX-720 Spectrometer (Shimadzu, US).

The identification of crystalline phases in the samples
of precursor materials was performed by X-ray diffraction
(XRD) analysis, in an Empyrean X-ray Diffractometer (Mal-
vern Panalytical, UK), operating with Cu k-alpha radiation
(40 kV, 30 mA), 26 ranging from 5 to 90°, at 0.06°/s. The
crystalline phases were identified using Match3! software,
with Crystallography Open Database (revision. 184,238).
The mineralogic identification of the synthesized analcime
was performed in the same equipment used for the mineral-
ogical characterization of the precursor materials, although
the 20 and step size were modified. For synthesized anal-
cime, the 20 range was set from 3 to 50°, at 0.02°/s step,
since the characteristic peaks of zeolites occur at low 20
angles. The crystalline phases were identified using Match3!
software, followed by semi-quantification using the Rietveld
method. The crystallographic patterns used for crystalline
phase identification in synthesized analcime samples were
obtained from the International Zeolite Association Data-
base. The crystallinity determination was performed by
measuring the ratio between the peak area and the total area
in the sample diffractogram, according to Eq. (1) [42, 43].

Sum of cristalline peaks area

%crystallinity = * 100 (1)

Total area

The FT-IR analysis of precursor materials and synthe-
sized analcime was performed in an Alpha II Spectrometer
(Bruker, DE) in Attenuated Total Reflectance (ATR) mode,
with a nominal resolution of 4 cm~!. The spectra were
recorded from 4000 to 400 cm™, and an average of 32 scans
were taken.

The size distribution of precursor materials was measured
by a Laser Particle Analyzer 1064L (Cilas, FR). The samples
were deagglomerated in an ultrasonic bath for 200 s.

Zeta potential measurements were performed using a
Zetasizer 3000 HS 1256 (Panalytical, UK). The suspen-
sions were prepared by adding 0.01 g of synthesized anal-
cime in 25 mL of KCI 10~ M solution (supporting electro-
lyte). Then, the pH (range 1 to 9) was adjusted using dilute

solutions of NaOH and HCI, and measurements were per-
formed in triplicate.

Scanning electron microscopy (SEM) was performed
using a Quanta 200 FEI microscope (Thermofisher, US),
with a resolution of 1.6 nm, operating with 10 to 15 kV. The
samples underwent carbon metallization before analysis to
provide good electric conductivity.

The thermogravimetry analysis was performed in a
DTA60H Thermogravimetric Analyzer (Shimadzu, US),
using an aluminium crucible, a heating rate of 10 °C.min"",
with temperature ranging from 25 to 900 °C, and a 50 mL.
min~! nitrogen flow.

Nitrogen adsorption/desorption analysis was performed
in an Autosorb 1 Gas Sorption analyzer (Quantachrome
Instruments, EUA), at a relative pressure of 0.01 to 1.0. The
samples were degassed for 24 h at 200 °C before the analy-
ses. The specific surface area (SSA) was determined from
the isotherms obtained at -196 °C, by applying the multi-
point BET (Brunauer—-Emmett-Teller) method, whereas
pore size distribution of the synthesized analcime was deter-
mined using the BJH (Barret-Joyner-Halenda) method. Data
processing was conducted using the AsiQwin software.

2.3 Zeolite Synthesis

The synthesis of analcime zeolite from GPW and AAW was
conducted in a 2-step process (alkaline fusion followed by
hydrothermal synthesis). Initially, a given mass of GPW,
AAW, and NaOH was measured on an analytical digital
balance, hand-milled to homogenize the mixture, and then
calcined in a porcelain crucible. The material resulting from
the alkaline fusion was dissolved in deionized water and
stirred for 1 h. Then, 20 mL of the solution was transferred
to a Teflon-lined stainless-steel autoclave, remaining in an
oven for crystallization. At the end of the process, the solid
obtained was filtered and washed several times until pH 9
was reached, to remove excess Na* ions. Finally, the solid
was oven-dried at 60 °C for 24 h.

2.4 Plackett Burman Statistic Design

For the development of this research, 7 experimental vari-
ables were considered, based on previous studies, as shown
in Table 2. Since this number of variables requires a large
number of tests to be conducted, the Plackett Burman sta-
tistic design was applied for an initial assessment to identify
which variables have greater statistical relevance in the syn-
thesis, allowing the study to run a reduced number of tests
[44]. Recent researchers have used this methodology in their
studies, obtaining consistent results [45—47]. Thus, 7 varia-
bles were combined in a 12-run non-geometric experimental
design, as shown in Table 3. The crystallinity (%) and anal-
cime content (%) in the products obtained from the synthesis

@ Springer



Silicon

Table 2 Variables in the synthesis and their low/high levels

Factors Symbol Unit Levels
Low (-1) High (+1)

Calcination temperature Ciemp °C 500 700
Calcination time Ciime h 2 3
Si0,/A1,0; molar ratio Si0,/ALL0; - 2.5 8
Na,0/Si0, molar ratio Na,O/SiO, - 6 15
H,0/Na,O molar ratio H,0/Na,O - 200 300
Crystallization tempera- Criemp °C 90 110

ture
Crystallization time Crjime h 4 24

were defined as response variables. The experimental design
was conducted in duplicate, and the mean values of crystal-
linity (%) and analcime content (%) were taken.

3 Results and Discussion
3.1 Characterization of GPW and AAW

Figure 1 shows the diffractograms obtained from the AAW
and GPW samples from XRD analysis. The AAW sample
(Fig. 1a) exhibits the absence of an amorphous halo, and
high-intensity peaks, revealing the crystalline nature of
this material. The peaks observed can be assigned to gibb-
site (a-Al(OH);, COD 9015976) and bayerite (f-Al(OH);,
COD 1000061), isomorphic forms of aluminium hydrox-
ide. The crystalline form of AAW implicates high chemi-
cal stability, which impairs the dissolution of the material,
and consequently, limits the amount of AI** in the pre-
cursor gel. The GPW diffractogram reveals low-intensity
peaks of fluorite (CaF,, COD 9007064) and quartz (SiO,,

Table 3 Placket Burman

experimental design Test number Ciemp Cime Si0, / AL,O4 Na,O/ SiO, H,0/Na,O Criemp Clme
1 700 2 8 15 200 110 24
2 500 3 8 6 200 90 24
3 700 3 2.5 6 300 110 24
4 700 3 2.5 6 200 110 4
5 700 2 2.5 15 300 90 24
6 500 2 8 6 300 110 24
7 500 2 2.5 15 200 110 24
8 500 3 8 15 300 110 4
9 700 2 8 6 300 90 4
10 500 3 2.5 15 300 90 4
11 700 3 8 15 200 90 4
12 500 2 2.5 6 200 90 4
A
A
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Fig. 1 X-ray diffractograms of AAW (a) and GPW (b)
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COD 1011097), and can be seen in the diffractogram the
presence of an amorphous halo (Fig. 1b), which char-
acterizes GPW as an amorphous material. Even though
amorphous materials can present high chemical reactivity,
glass hardly solubilizes, impairing the liberation of Si** in
the precursor gel. Since the two materials are insoluble in
water, it is necessary to subject them to alkaline fusion. In
this process, the materials are fused with an alkali reagent,
e.g., sodium hydroxide, at temperatures ranging from 500
to 700°C. The products of this reaction are sodium alumi-
nate and sodium silicate, both soluble species [48].

The GPW and AAW chemical composition and size dis-
tribution are described in Table 4. AAW is mainly composed
of aluminium and shows a low percentage of other contami-
nant elements. The FT-IR analysis (to be discussed in detail
in the next sections) revealed that the main contaminants
present in the sample are sulfur compounds, originating
from the acidic bath step present in the anodization process
[41]. As verified in the thermogravimetry analysis, the loss
on ignition represents 36% of the sample, close to the value
obtained via XRF (33.7%). The high temperatures involved
in the alkaline fusion can volatilize these compounds and
lead to the dehydration of aluminium hydroxides. The
GPW is composed of silicon (70.6%) and calcium + sodium
(approximately 22%), elements used in the glass fabrica-
tion process. The sodium present in GPW acts as a Na*
source, which can reduce the amount of NaOH needed in
the synthesis.

The Si/Al ratio plays a fundamental role in the synthe-
sis of a specific zeolite, directly influencing the crystalline

Table 4 Chemical composition and particle size distribution of GPW
and AAW

Chemical composition (%wt) GPW AAW
Sio, 70.6 0.2
Al 04 1.1 64.6
CaO 10.4 -
Cr,04 - -
Fe,0; 0.3 0.3
K,O 0.2 -
MgO 0.8 -
MnO - -
Na,O 11.9 1.1
P,04 0.3 -
TiO, 0.1 -
LOI 4.1 33.7
Particle size distribution (um)
D, 9.0 254
Do 14 4.6
Dy, 7.8 25.2
Dy, 214 434

structure, particle morphology and, consequently, the phys-
icochemical properties. As the two residues are sources of
silicon and aluminium separately, the Si/Al ratio required for
the crystallization of a specific zeolite can be obtained with
only these two materials, without the need to add chemical
compounds for stoichiometric adjustment, which brings eco-
nomic benefits into the synthesis process. As the precursor
materials are composed mainly of silicon and aluminium,
the total mass used in the synthesis can be converted to
zeolitic materials, with no generation of co-residue. Com-
paratively, a high amount of contaminant elements (espe-
cially iron) found in other precursor materials (e.g., coal fly
ash and metakaolin) leads to the necessity of leaching the
silicon and aluminium, and the remaining solid is considered
waste [42]. Another possibility for these types of precursors
is to use them directly in the synthesis, which leads to the
formation of zeolitic materials with low crystallinity and
high content of contaminants.

Table 4 also shows the size distribution of the GPW and
AAW samples. The medium diameter (D,,) measured for
GPW and AAW were 9.0 and 25.4 um, respectively. The
materials fineness is a consequence of its generation (abra-
sion and precipitation). It is not necessary to grind the mate-
rial to obtain this size distribution (only to deagglomerate
the materials after drying), which results in lower energy
consumption. Another advantage is the materials fineness,
enabling a more homogeneous mixture with the sodium
hydroxide, which favours the chemical reactions in the alkali
fusion step.

3.2 Main Variables in the Analcime Synthesis

Table 5 summarizes the coefficients and effects obtained
from the Placket Burman statistic design on crystallinity
(%) and analcime content (%). Crystallization time (Cr,.)
and temperature (Cr,,,,) are the variables with the greatest
statistical significance (p-value 0.04 and 0.06, respectively)
for analcime content (%), positively affecting the response.
For crystallinity (%), Cryy, and Cr,, were not considered
significant (p-value 0.14 and 0.13, respectively) since the
responses are higher than the 0.05 significance level. How-
ever, considering the effect values seen in Table 5, among
all variables analyzed in this study, crystallinity (%) is posi-
tively affected by Cr,, and Cry,. As verified in Table 6,
the tests reaching greater crystallinity are those conducted at
the high-level values of time and temperature. In tests con-
ducted at a low level, the products obtained showed lower
crystallinity, because the energy supplied is relatively low
for the analcime to crystallize properly. At high-level tem-
peratures and low-level time, crystallinity is also impaired,
as nuclei begin to form, but there is not enough time for the
crystals to grow [14].
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Table 5 Summary of
coefficients and effects on

Analcime content (%)

Crystallinity (%)

response variables for 95% Effect Coef t-value p-value Effect Coef t-value p-value
confidence level
Variables
Ciemp 1.80 0.90 0.15 0.89 -6.88 -3.44 -0.82 0.46
Ciime 18.70 9.35 1.52 0.20 6.53 3.26 0.78 0.48
Si0,/AL,04 2.63 1.32 0.21 0.84 -4.83 -2.42 -0.58 0.59
Na,0/Si0, 27.53 13.77 224 0.01 9.10 4.55 1.09 0.34
H,0/Na,O -8.15 -4.08 -0.66 0.54 -11.34 -5.67 -1.36 0.25
Criemp 36.08 18.04 293 0.04 15.77 7.89 1.89 0.13
Cliime 32.67 16.33 2.65 0.06 15.26 7.63 1.83 0.14
Table 6 .('Zrystallinity apd phase Test number Crystallinity (%) Analcime (%) Cancrinite (%) Sodalite (%) Na-P1 (%)
composition of synthesized
products 1 74.9 100.0 0.0 0.0 0.0
2 74.5 85.2 14.9 0.0 0.0
3 72.0 93.0 7.1 0.0 0.0
4 61.9 92.6 0.0 7.5 0.0
5 65.8 97.2 0.0 0.0 2.9
6 65.5 100.0 0.0 0.0 0.0
7 75.4 100.0 0.0 0.0 0.0
8 65.9 100.0 0.0 0.0 0.0
9 12.2 0.0 0.0 0.0 0.0
10 52.8 62.7 0.0 0.0 37.3
11 60.7 100.0 0.0 0.0 0.0
12 54.8 24.0 0.0 0.0 76.0

The Na,0/Si0, ratio shows greater influence for anal-
cime content (%) (Effect 27.53) compared to crystallinity
(%) (Effect 9.10), positively affecting both responses. The
amount of Na* ions had a strong influence on crystalliza-
tion, impairing analcime crystallization when present in
low concentration in the precursor gel. In research veri-
fying the influence of different mineralizing agents, the
authors concluded that a low concentration of Na* pre-
vents the crystallization of analcime [27]. As an alumino-
silicate, Na* ions are present in the analcime crystalline
structure, and a minimum concentration is necessary for
the structure to crystallize adequately, otherwise, the crys-
tallization of analcime is impaired [49].

The Si0,/Al,05 ratio is the variable that presented the
lowest statistical relevance for crystallinity (%) (Effect
-4.83) since a wide range of values allows the crystalliza-
tion of several zeolitic phases, as verified in this study.
However, the Si0,/Al,0; ratio possesses a small positive
effect on the analcime content (%) response (2.63), since
a specific range of SiO,/Al,0j; is required for this zeolitic
phase to crystallize. Consequently, for the synthesis of any
zeolite, this is an important variable to be considered when
seeking the production of a single-phase specific zeolite
[42].
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The H,0/Na,O ratio has a negative effect on the analcime
content (%) (Effect -8.15), although it affects crystallinity
(%) more pronouncedly (Effect -11.34). In this case, increas-
ing values of this variable negatively affect both responses.
The greater amount of water in the system leads to a lower
concentration of Na™ ions in the precursor gel [50], which,
as discussed earlier, inhibits the formation of analcime. In
the case of crystallization, the greater dilution of the solution
makes the monomers more difficult to nucleate, and conse-
quently, reduces the crystal growth rate [51].

The calcination time (Cy,,,.) and the calcination tempera-
ture (Cp,p) showed Effect 18.70 and 1.80, respectively, for
analcime content (%), and Effect 6.53 and -6.88, respec-
tively, for crystallinity (%). The melting point of sodium
hydroxide is observed at approximately 500 °C, and the
conversion of GPW and AAW into soluble Na-salts is pos-
sible at this temperature [52, 53]. Thus, it is suggested to use
the calcination values of temperature and time presented at
lower levels, for energy saving, which contributes to reduc-
ing the synthesis cost.

The regression analysis is expressed as a first-order
polynomial model to estimate analcime content (%) and
crystallinity (%) responses, according to Egs. (2) and (3).
R-squared (R? or the coefficient of determination) is a
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statistical measure in a regression model that determines
the proportion of variance in the dependent variable that can
be explained by the independent variable. In other words,
r-squared shows how well the data fit the regression model.
R-squared can take any values between O to 1, and values
close to 1 mean the best fit of the regression model. The
results presented R? of 0.85 for analcime content (%), which
suggests that the model relatively fits the data. On the other
hand, crystallinity (%) presented R? of 0.74, which indicates
that the effect of the variables considered in this study on
this response must be carefully related. It is important to
mention that some of these variables were considered statis-
tically relevant only in the levels considered in this research
and should not be extended to different ranges.

Analcime content (%) = —190 4 0.0090 * C,

emp

+18.7 * Cyipe
Na,O
Sio,
—0.082 * H,O/Na,0 + 1.804  Cr,y,

+0.48 x Si0, /AL O3 + 3.06 *

2
+1.633 * Cryjpe
Crystallinity (%) = —1.5 — 0.0344 % C,,,,, + 6.53 % Cyp,,
—0.88 * Si0, /AL, 04
Na,O
+1.011 * —— —0.1134 * H,0/Na,0
Si0O,
3

+0.789 * Cryy, +0.763 5 Cryypyy,
3.3 Analcime Characterization

Figures 2 and 3 show the XRD results for the products
obtained in all tests, and Table 6 summarizes the results

Intensity (a.u.)

2 Theta (degrees)

A Analcime e Cancrinite = NaP1 + Sodalite

Fig.2 XRD results of products obtained in tests 1 to 6

"a - A" ma 4 aa aa a a Aa

Intensity (a.u.)

L 7

T T T T 1

10 20 30 40 50
2 Theta (degrees)
m NaP1

A Analcime

Fig.3 XRD results of products obtained in tests 7 to 12

of crystallinity and mineralogic composition obtained by
Rietveld refinement in each test. The goal of synthesiz-
ing single-phase analcime zeolite was achieved in most
tests, especially tests 1 and 7, and in addition to purity,
the synthesized analcime showed high crystallinity, due
to the absence of an amorphous halo. Analcime, cancrin-
ite (NagCaCO;[Al(Si40,,4]10.2H,0, CAN framework),
sodalite (NagCl,[AlSicO,,], SOD framework) and Na-P1
(Cay[AlgSig05,]10.16H,0, GIS framework) are the phases
competing during crystallization, making the definition of
limits for the experimental variables of great importance to
obtain single phase analcime zeolite. It is reported in the lit-
erature that the optimum crystallization time for analcime is
approximately 24 h [54]. Although the temperature was indi-
cated to be set at 200 °C [55], in this research it was possible
to obtain single phase analcime at 110 °C. According to the
XRD results, the formation of Na-P1 zeolite was verified in
tests 5, 10, and 12, which have lower crystallization tempera-
ture values. As verified by [56], the crystallization of GIS
framework can be achieved at temperatures of 90 °C, and
above 100 °C the formation of a mixture of GIS framework
and analcime was verified, according to the results obtained
in the present study. Despite the formation of two phases,
due to the short crystallization time, in the aforementioned
tests, the crystallinity observed was relatively low [56].

Despite the goal of crystallizing only analcime zeolite in
this work, the crystallization of other types of zeolites can
be considered positive, since it reveals the potential of the
combination between GPW and AAW for zeolite synthe-
sis, which increases the possibility of using these materials
as precursors. For test 9, the experimental conditions were
inadequate for the crystallization of any type of zeolite, and
the product showed markedly low crystallinity.
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Fig.4 FT-IR spectra of (a) a)

the synthesized analcime, (b) —

aluminium anodizing waste, and
(c) glass powder waste
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According to the results shown in Table 6, the highest
crystallinity was observed in test 7, and this sample was
subjected to further characterization by FT-IR analysis, zeta
potential measurement, scanning electron microscopy, ther-
mogravimetry and nitrogen adsorption—desorption.

The FT-IR spectrum of the synthesized analcime is shown
in Fig. 4a. The bands located at 437 cm™' and 615 cm™! indi-
cate the T-O-T bending vibration, where T represents Si and/
or Al [54, 57]. Symmetric stretching is represented by the
band at 680 cm™! and 731 cm™' [54]. The spectrum exhibits
an intense peak at 936 cm™!, a striking feature of zeolitic
materials, representing asymmetric stretching vibration of
T-O-T bonds [42]. It can also be seen a low-intensity peak
at 1636 cm™!, which is related to the bending vibration of
O-H bonds, due to the presence of water molecules inside
the zeolite micropores [42, 58]. Figure 4b shows the FT-IR
spectrum of aluminium anodizing waste. The bands located
at 3651, 3614, 3520, 3421, 732, and 556 cm™! are related to
O-H stretching and bending vibrations, characteristic of bay-
erite and gibbsite phases. Bands observed in the 1017 and
969 cm™! are related to the S—O vibration, of the aluminium
sulfate hydrate. The sulfur content in the sample makes up
the volatile substances the AAW, present as a loss on igni-
tion as verified in the XRF and thermogravimetry analysis.
The bands located at 556, 499, 479 and 409 are related to
Al-O stretching bonds [41, 59, 60]. The FT-IR of GPW is
also presented, in Fig. 4c. The peak observed at 1472 cm™!
is related to O—H stretching vibrations, due to water mol-
ecules present in the sample. The intense peak observed at
1009 cm™! can be associated with the Si—O-Si and Si—O
stretching vibration, whereas the asymmetric vibration of
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Si—O-Si is represented by the peak at 431 cm™'. The sym-
metric stretching vibration of Si—O bonds is identified by the
778 cm™! peak [61]. It can be seen, due to the absence of
characteristic peaks of GPW and AAW and the appearance
of new peaks in the synthesized analcime, that the precursor
materials were successfully converted into zeolitic material,
in agreement with the XRD analysis.

Figure 5 illustrates the zeta potential results for the syn-
thesized analcime in the pH range from 1 to 9. The syn-
thesized analcime displays a negative electrical charge in
a wide pH range. The natural negative charge is enhanced
in the alkaline solution due to the presence of an excess of
OH™ [62], with a maximum value of -47.3 mV at pH 9.0.

40

20 A

IEP=26

-20 4

Zeta potential (mV)

-40 -

-60 4

Fig.5 Zeta potential of synthesized analcime



Silicon

Fig.6 SEM images of the precursor materials AAW (a) and GPW (b), and the synthesized analcime zeolite (c) and (d)

The isoelectric point (IEP) is observed at approximately pH
2.6. Below this pH, in a strongly acidic solution, the anal-
cime particles became positively charged, due to an excess
of H* [62], with a maximum value of 37.6 mV at pH 1.0.
The IEP determination is of great importance in the applica-
tion of low-silica zeolite (as in the case of analcime) as an
adsorbent material for contaminant removal from wastewa-
ter. Zeolites can readily remove cationic species due to elec-
trostatic attraction (e.g., heavy metals, ammonia, and dyes),
but removing anionic species is hardly possible. However,
pH values below the IEP can enable the removal of anionic
species due to induced positive electrical charge [63—69].
Hence, the IEP determination for any zeolite is of fundamen-
tal importance for the treatment of effluents contaminated
by anionic species, which amplifies the possibility of apply-
ing this material as an adsorbent to water and wastewater
treatment. Besides, the increment in the negative electrical
charge in the high pH levels can increase the efficiency of

analcime in the removal of cationic species [70]. However, it
is important do mention that in acidic conditions part of alu-
minium atoms can be removed from the framework, process
known as dealumination. Several methods of dealumination
are used, including treatment with organic and inorganic
acids. The increase of Si/Al ratio from dealumination can
lead to larger pores and reduction of cation exchange capac-
ity [71], and the application of zeolites to remove anionic
species in strongly acidic environment should be carefully
evaluated.

SEM images of the precursor materials and analcime are
shown in Fig. 6. The AAW particles (Fig. 6a) present rough
surfaces that may be related to the precipitation of AI(OH);
in the formation by precipitation of the anodizing waste.
As for GPW (Fig. 6b), the cutting and polishing of glass
pieces result in the formation of sharp-edged particles. Both
materials exhibit a wide particle size distribution, consist-
ent with the particle size analysis in terms of their Dy, and
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D, (1.4 and 21.4y, respectively, for GPW, 4.6 and 43.4 um,
respectively, for AAW). In contrast, visually, analcime par-
ticles present a relatively uniform particle size distribution
(Fig. 6¢), with particles of approximately 10 um. This parti-
cle size was also observed by other authors, in the synthesis
of analcime from kaolin [72, 73]. In Fig. 6d it can be visual-
ized the presence of particles in the form of tetrahedrons,
characteristic of analcime, and this morphology was verified
in previous studies [26, 28, 54].

The thermogravimetric curves of GPW, AAW and
synthesized analcime are shown in Fig. 7. For GPW, the
total mass loss observed is about 5%. The mass reduc-
tion of approximately 4% observed in the first region up to
200 °C is related to the elimination of water adsorbed on
particle surfaces. This residue shows great thermal stabil-
ity, and approximately 1% mass loss is observed until the
temperature reaches 900 °C. For the AAW, the total mass
loss observed was 36%, which occurred in three steps. The
initial 1% in the first step is related to the removal of water
adsorbed on particle surfaces, followed by a significant mass
loss up to approximately 600 °C. In the second step, located
in the 200-350 °C range, the mass loss of approximately
27% is related to the dehydration of Al(OH);, followed by
approximately 7% mass loss in the third region, from 350°
to 600 °C, that can be associated with the elimination of
aluminium sulfate hydrates [41], confirmed by the FT-IR
analyses. Above 600 °C, less than 1% mass loss is observed.
For synthesized analcime, mass loss can also be observed
in three steps, due to different energy involved in the diffu-
sion of desorbed water molecules [69]. In the first region,
from 25° to 200 °C, the analysis shows a slight mass loss
of 4%, related to the water molecules adsorbed on the sur-
face of the particles, followed by a significant mass loss of
approximately 8% in the second region, up to 450 °C, that
correspond to the removal of occluded water molecules.
Above 450 up to 900 °C, a mass loss of approximately 3%
is observed, related to the gradual removal of water trapped
inside the micropores [69]. The total mass loss in synthe-
sized analcime is about 15%, which is consistent with values
observed for analcime found in the literature [25, 54, 68, 69].

Figure 8 shows the nitrogen adsorption—desorption iso-
therms obtained for the synthesized analcime. Zeolites are
crystalline materials classified as microporous materials
(with pores less than 2 nm), although, in this study, the
isotherm obtained shows a type-IV behaviour, suggesting
that the sample does not exhibit a significant presence of
micropores. The presence of a H3-type hysteresis is noticed
above 0.40 (P/P,), which indicates the presence of mesopores
(2 to 50 nm) [43]. Figure 8 also shows the pore size distri-
bution of the synthesized analcime. It is observed that the
sample exhibited pores in the 3-30 nm range, dominated by
5 nm pores, which can be associated with the interparticle
spaces present in the synthesized analcime. Table 7 shows
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Fig.7 Synthesized GPW (a), AAW (b) and synthesized analcime (c)
thermogravimetric (TG) curves

the specific surface area (SSA) of the precursor materials
and the synthesized analcime obtained in this study, includ-
ing those obtained from other industrial wastes for com-
parison purposes. The synthesized analcime exhibits SSA
of 43.3 m%.g™!, whereas the precursor materials, GPW and
AAW, exhibit SSA of 4.3 and 6.1 m?.g™", respectively. The
expressive increase in the SSA is related to the formation of
a porous crystalline structure, with interconnected pores and
channels. In comparison to the analcime synthesized from
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Table 7 Specific surface area of GPW, AAW, and synthesized anal-
cime obtained by different industrial residues

Materials Specific sur-  References
face area (m>.
gh
Glass powder waste 43 This study
Aluminium anodizing waste 6.1 This study
Analcime synthesized from GPW and ~ 43.3 This study
AAW
Analcime synthesized from fly ash 8.0 [43]
Analcime synthesized from perlite 18.9 [70]
Analcime synthesized from coal gangue 17.0 [74]

different precursor materials by other researchers, it can be
noticed that the SSA obtained in this study is significantly
superior. Other materials used have a considerable quantity
of contaminant elements in their chemical composition, e.g.
iron, magnesium, and calcium, resulting in zeolites with low
crystallinity, and consequently, low SSA. Since the GPW
and AAW used as precursors are mainly composed of sili-
con and aluminium, the product obtained in the synthesis
is highly crystalline, displaying superior specific surface
area, which may increase the possibility of use in different
applications.

4 Conclusions

In this work, single-phase analcime with high crystallinity
was synthesized from the combination of glass powder waste
and aluminium anodizing waste. Due to precursor materials

0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Relative Pressure (P/Pg)

insolubility, a 2-step approach was used, i.e., alkaline fusion
followed by hydrothermal synthesis. From the results
obtained by the Plackett Burman statistic design, crystalli-
zation temperature and crystallization time were observed to
be the variables with the greatest statistical relevance in the
formation of analcime content (%), whereas alkaline fusion
temperature and time presented the least relevance for anal-
cime content (%) and crystallinity (%). The synthesized anal-
cime obtained showed crystallinity up to 75%, although the
results indicated that the optimization of the variables may
lead to the formation of pure analcime with higher crystal-
linity. The characterization of the product obtained revealed
a material with a specific surface area of 43.3 m.g!, larger
than those of analcime samples synthesized from other pre-
cursor materials. The synthesized analcime possesses an
average pore size of 5 nm, consistent with the theoretical
analcime pore size. Zeta potential analysis indicates the zeo-
lite presents an IEP at pH 2.6, important information in the
case of an application for the removal of anionic species in
wastewater treatment. Thermogravimetry, FT-IR, and SEM
analysis confirmed the conversion of the precursor materi-
als, in agreement with the results obtained from XRD analy-
sis. The results indicate that obtaining zeolites, especially
analcime, for application in various industrial sectors is an
alternative for the reuse of GPW and AAW, adding value
to these residues, and contributing to sustainability and a
circular economy.
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