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a b s t r a c t

A potential route to minimize the environmental impact of industrial activities is, among other ap-
proaches, the use of hazardous wastes as less-common raw materials for the preparation of other ma-
terials. Realistic technologies for waste management should include simple and low-cost processes as
well as the nonproduction of new wastes. Thus, the total conversion of a type of hazardous aluminum
waste into zeolite was achieved at the pilot-scale (200 l autoclave reactor) under mild hydrothermal
operating conditions. In a one-step process, 3.2 tons of zeolite, 76.4 Nm3 of ammonia and 105.9 Nm3 of
hydrogen can be produced per ton of aluminum waste. The process does not generate other wastes. The
recycling of process effluents (mother liquor and rinse water), along with the process gases capture and
its subsequent commercialization, would increase the environmental impact and the economic yield. The
obtained Linde type-A zeolite, exhibited structural, textural and morphological characteristics similar to
those of zeolites prepared from commercial reagents. A conceptual design for zero-waste process is
proposed. The sustainable process developed can contribute to reduce the high environmental impact of
aluminum industry waste, and contribute to the circular economy by converting a hazardous waste into a
raw material.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The increase in hazardous waste generation, associated with
rapid global industrialization, has become a relevant environ-
mental problem (Gautam et al., 2016). The development of more
sustainable processes that alleviate such environmental impacts is
absolutely necessary. Using hazardous wastes as less-common raw
materials for the preparation of valuable materials must be
considered as a potential alternative to minimize waste generation
and management (L�opez-Delgado and Tayibi, 2012). Moreover,
hazardous wastes require a chemical pretreatment prior to being
disposed of in landfills, with a consequent increase of the man-
agement cost (Anuwattana and Khummongkol, 2009). In addition,
public policy approaches, based on the zero-waste concept, aim to
(A. L�opez-Delgado), jrobla@
(I. Padilla), antares@ucm.es
).
minimize the negative effects of the generation andmanagement of
waste on human health and the environment, as well as to reduce
the use of resources (European_Directive-2008/98/EC, 2008).

Among hazardous wastes, aluminum wastes can lead to nega-
tive impacts on the environment due to their very fine grain sizes
and multiphase compositions containing harmful substances
(Renda et al., 2013). Globally, aluminum is one of the most widely
used metals. The world production of aluminum was approxi-
mately 63.4 million tons in 2017 and the global consumption of this
metal is estimated to exceed 100 million tons in 2025 (IAI, 2018).

This metal is obtained from bauxite in the primary industry and
frommaterials that have reached the end of their life (scraps) in the
secondary industry (Osoba et al., 2018). Both industries generate
wastes, in particular slag or dross, which are recycled by the tertiary
industry by means of shredding, milling, and sieving processes,
followed by granulometric classification (Galindo et al., 2015;
Huang et al., 2014, 2015; Mahinroosta and Allahverdi, 2018).

The different treatments, including recovery and/or disposal op-
erations, of hazardous wastes from industrial activities are regulated
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Table 1
Main chemical composition of the aluminumwaste (expressed as wt.%) determined
by X-ray fluorescence (XRF).

Al2O3 SiO2 MgO TiO2 K2O CaO Cl� Na2O Others AlNa Alb

77.14 3.96 3.10 4.55 4.38 1.73 1.85 1.10 2.19 14.10 8.52

a Content of aluminum nitride determined by the Kjeldahl method.
b Content of metallic aluminum determined by atomic absorption spectroscopy

(AAS).
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through the Directive 2008/98/EC of the European Parliament and
the European Waste Catalogue (EWC) (European_Directive-2008/
98/EC, 2008). According to this list, the majority of hazardous
wastes from aluminum metallurgy are represented by primary
smelting slag (code 100304), salt slag from secondary smelting (code
100308), black dross from secondary smelting (code 100309), and
other particulates and dust (including ball mill dust) containing
hazardous substances (code 100321). The last type of waste, here-
inafter referred to as AlW, is considered to be: “highly flammable”
(H3-A), “harmful”: (H5), “able to release toxic gases” (H12) and
“leachable” (H13). The main negative impacts of AlW come from its
very fine grain size and its heterogeneous chemical and mineralog-
ical composition containing harmful substances such as metallic
aluminum, aluminum nitride, aluminum carbide, aluminum sulfide,
and heavy metals. Additionally, AlW can react with water or hu-
midity generating certain toxic gases, such as ammonia, methane
and hydrogen sulfide, and/or inflammable and explosive gases like
hydrogen (Osoba et al., 2018).

Spain has a large industrial aluminum sector, although very
fragmented in many medium and small companies, including pri-
mary production (as the third largest producer in Europe) as well as
secondary and waste recycling. The production of AlW is approxi-
mately 16,000 t/year, and it is generally disposed into secure
landfills, i.e., it is not recovered (S�anchez-Hern�andez, 2018).

The total aluminum content in AlW is distributed among
different compounds, principally Al2O3, AlN, Al�, and Al2MgO4
which yield a total percentage ranging from 53 to 81% in weigh
(expressed as oxide) (Galindo et al., 2015). In addition, AlW con-
tains SiO2 ranging between 3 and 18 wt% and different metal oxides
(Fe, Cu, etc) along with alkaline salts. Taking into account the
mineralogical and chemical composition of the AlW and, the zero-
waste concept, its use as a raw material for the synthesis of zeolite
was recently envisaged as a useful and advantageous option for its
management. In this context, NaP1, analcime and sodalite zeolites
were obtained by a simple laboratory-scale synthesis route by
means of varying the synthesis parameters such as crystallization
temperature and alkaline agent concentration (S�anchez-
Hern�andez, 2018; S�anchez-Hern�andez et al., 2016, 2017).

In a huge effort to attain cleaner and eco-efficient processes for
the production of zeolites, different wastes or byproducts have
been studied as raw materials. (Veeresh P. Mallapur and
Oubagaranadin, 2017; Zhang and Li, 2018). The synthesis of
zeolite-like materials from wastes has been accomplished mostly
by using fly ash because it exhibits a chemical structure similar to
that of zeolite, with high SiO2 content and low Al2O3 content
(�Alvarez-Ayuso et al., 2003; Cardoso et al., 2015; Chareonpanich
et al., 2011; Querol et al., 2001, 2002). Some of the disadvantages
of the use of fly ash to produce zeolite are the low yield of the
process and, the need for several stages, to eliminate the carbo-
naceous material (Anuwattana and Khummongkol, 2009; Terzano
et al., 2015).

Compared to using fly ash, themain novelty of the use of AlWas a
raw material for the synthesis of zeolite comes from its totally
different chemical composition. In fly ash, the chemical structure of
the zeolite is inferred. However, in AlW the content of Al2O3 is much
higher and the content of SiO2 is much lower than that of fly ash. In
addition, the total aluminum content of AlW, which is presented as
different mineralogical phases (metallic aluminum, aluminum
nitride, spinel, corundum, etc.) is used to form the zeolite frame-
work, so that the transformation of aluminum waste is completed
without generation of other solid waste (S�anchez-Hern�andez et al.,
2016). Concerning other aluminum wastes, Terzano et al. (2015)
described the use of glass and aluminum cans from the Municipal
Solid Waste System to obtain a zeolitic material with approximately
30% of zeolite A, by a long thermal process (one week, 60 �C) at
laboratory-scale. Anuwattana et al. (Anuwattana and Khummongkol,
2009) described the synthesis of Na-A zeolite from cupola slag and
an aluminum sludge from an aluminum plating plant. The
laboratory-scale process involved the pretreatment of the wastes by
magnetic separation, calcination and alkaline fusion at 700 �C.

The present work is focused on achieving the complete trans-
formation of a type of hazardous aluminum waste into a zeolite at
pilot-scale, prior to industrial process implementation. This pro-
posed process, based on the authors’ previous experiences
(S�anchez-Hern�andez et al., 2016, 2017), consists of a hydrothermal
process carried out in only one step and under mild operating
conditions. The mineralogical, structural and morphological char-
acterization of the obtained zeolite was performed mainly by X-ray
diffraction (XRD), infrared spectroscopy (FTIR) and scanning elec-
tron microscopy (SEM). The thermal behavior analyzed by TG/DTA,
and the textural characteristics of the zeolite, including the specific
surface area (SBET), pore volume and pore size distribution, were
also determined. In addition, a conceptual flow diagram designed
for the complete valorization of the hazardous waste by means of
its transformation into zeolite is presented. The process also
included the recovery of the generated gases (ammonia and
hydrogen) as byproducts.

2. Materials and methods

2.1. Materials

The aluminum waste (AlW) used for the synthesis of zeolite at
the pilot-scale comes from the tertiary aluminum industry; indeed,
it is the finest grain fraction of aluminum slag milling, which is
collected by sleeve filters. As mentioned above, AlW is a hazardous
waste included in the EuropeanWaste Cataloguewith the reference
code 100321. The chemical composition of the waste consists of
about 77 wt% aluminum (expressed as Al2O3) and 4 wt% SiO2, ac-
cording to the X-Ray Fluorescence (XRF) analysis, as shown in
Table 1. The total aluminum content is distributed among different
compounds such as, metallic aluminum, aluminum nitride (AlN),
corundum (Al2O3), and spinel (MgAl2O4). The sodium, potassium
and chloride contents are attributable to the use of high amounts of
salt in the aluminum scrap melting process. The content of TiO2
(~5 wt%), which is associated with different types of scrap used for
producing aluminum ingots, was noticeable. These values are
within the normal values found for this type of waste (Galindo
et al., 2015). This hazardous waste is a smelly, dark gray powder
characterized by high reactivity in the presence of humidity (H5,
H12), as a consequence of its high aluminum nitride (14 wt%) and
metallic aluminum (8.5 wt%) content. Thus, AlW can generate toxic
and inflammable gases such as ammonia and hydrogen according
to reactions 1 and 2, respectively (S�anchez-Hern�andez, 2018):

2AlNþ 3H2O/2NH3ðgÞ þ Al2O3 DG0
25�C ¼ �327;92 kJ

(1)

2Alþ 3H2O/3H2ðgÞ þ Al2O3 DG0
25�C ¼ �866;67 kJ (2)
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A commercial sodium silicate solution, (waterglass
3.3SiO2$Na2O, pH ¼ 12.5, r ¼ 1.35 g cm�3) was used to increase the
low Si/Al ratio of the waste. Sodium hydroxide solution was pre-
pared by dissolving NaOH pellets in tap water. This type of water
was also used as process water and for washing the zeolite obtained
in the process.
2.2. Pilot-scale synthesis

The pilot-scale synthesis was performed in a one-step hydro-
thermal process under mild operating conditions, to evaluate the
feasibility of using AlW as a raw material to achieve a zeolite at the
industrial scale. The hydrothermal synthesis process was carried
out employing a 200 l stainless steel autoclave reactor (Fig. 1a),
which was equipped with an agitation system (power of 4 kW). The
reactor was loaded with approximately 10 kg of aluminum waste,
5.3 kg of NaOH pellets, 22.9 kg of waterglass and 132 l of tap water.
The reaction was maintained with continuous stirring and under
autogenous pressure of 1 bar, at 80 �C for 12 h. After the reaction
time, the product was discharged by a valve located at the bottom
of the reactor; the solid was separated from its mother liquor by
filtration using a 50 l and 37 cm diameter stainless steel pressure
filter, at a working pressure of 4.5 bar (Fig. 1b).

To avoid gas generation inside the reactor (see eqs. (1) and (2)),
the aluminum waste was partially hydrolyzed with water and
NaOH solution. Then, it was loaded along with the rest of the re-
actants by a valve located on the top of the reactor. Fig. 2 shows an
image of the AlW during the hydrolysis step. First, small bubbles
were formed (Fig. 2a), but as the hydrolysis of aluminum nitride
Fig. 1. (a) Autoclave reactor (200 l) used for the synthesis of zeolite from the aluminum wa
proceeded, very large bubbles were observed due to the emission of
ammonia (Fig. 2b). Although the gases evolved were not recovered
in this trial, because of the lack of an appropriate gas installation,
their recovery as byproducts is considered in the conceptual design
presented below.

The filtration of the reaction product was performed in batches
and the filter cakes were rinsed twice with tap water using the
same pressure filter (Fig. 3). The humidity of the as-obtained filter
cake was 30 wt%. Later, the filter cake was dried at 100 �C until a
constant mass value was attained.
2.3. Characterization techniques

The chemical composition of the AlW was determined by X-ray
fluorescence (XRF), using a wavelength dispersive X-ray fluores-
cence spectrometer (Bruker, S8 Tiger), with a rhodium anode and
4 kW excitation power. Measurements were performed on a fusion
disk prepared with lithium tetraborate and lithium metaborate
with tube settings of 60 kV and 170 mA using LiF (220), LiF (200),
PET, and XS-55 as analyzer crystals. The content of aluminum
nitride in the hazardous waste was analyzed by the Kjeldahl
method using an automatic steam distilling unit (UDK 130 A, Velp
Scientifica), and subsequent titration of the resulting solution with
a standardized 1 M HCl solution. The content of metallic aluminum
was determined by treating the sample with a 10% HCl solution to
dissolve aluminum, which was analyzed in the filtrate by atomic
absorption spectrometry (AAS) in a Varian Spectra model AA-220FS
equipment. Mineralogical characterization of zeolite was per-
formed by X-ray diffraction (XRD) using a Bruker D8 Advance
ste and (b) pressure filter used for the separation of the zeolite from its mother liquor.



Fig. 2. Gas generation during the hydrolysis of AlW with a NaOH solution.

Fig. 3. Aspect of the zeolite filter cake obtained by batch pressure filtration.

Fig. 4. Macroscopic appearance (a) and XRD pattern (b) of LTA zeolite obtained from
AlW in a pilot-scale synthesis process under mild conditions.
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Diffractometer with CuKa radiation, with 2q from 5� to 60�, at a
scan rate 2q of 0.02�, 5 s per step. Tube settings were 40 kV and
30 mA. The semiquantification of the crystalline phases was per-
formed using EVA software. Themorphology and compositionwere
determined by field emission scanning electron microscopy (FE-
SEM), using a Hitachi S4800 microscope (5.0 kV, 10.0 mm), equip-
ped with an energy-dispersive X-ray spectroscopy (EDS) detector
for semi-quantitative analysis. Before the FE-SEM observations, the
sample was coated with graphite by a sputtering procedure. The
Fourier transform infrared (FTIR) spectrum of the zeolite was
recorded on KBr discs (Nicolet Nexus 670e870) in the range of
400e1300 cm�1. Textural characterization of the zeolite was per-
formed by determination of nitrogen adsorption/desorption iso-
therms at 77 K in an ASAP 2010 Micromeritics system. The sample
was previously outgassed at 250 �C in vacuum for 24 h. The specific
surface area (SBET) was calculated by the BET method in the P/Po
range of 0.002e0.3. The external area (SExt), i.e., the area of those
pores that are not micropores (mesopores, macropores, and the
exterior surface of the particle), was calculated by the t-plot
method from the slope of the linear fit in the thickness range (t) of
0.35e0.5 nm according to the Harkins-Jura equation. The pore size
distribution was calculated using the Barrett-Joyner-Halenda (BJH)
method in the desorption branch of the isotherm. The thermal
behavior of the zeolite was studied from room temperature to
1000 �C by thermogravimetric and differential thermal analysis
(TG/DTA), in a SETARAM Labsys thermal analyser (heating rate of
10 �C/min under an air flow of 100 ml/min).
3. Results and discussion

The macroscopic appearance of the product obtained at the
pilot-scale corresponds to a homogeneous fine grain solid with a
very clear gray color as shown in the image (Fig. 4a). The total
amount of dried solid obtained in the process was 32 kg. The XRD
pattern of this sample is shown in Fig. 4b. The diffraction profile can
be assigned to that corresponding to zeolite A, which is one of the
synthetic aluminosilicates classified under the Linde type frame-
work (LTA-zeolites) (Ayele et al., 2016). This XRD pattern has been
indexed according to the hkl indexes reported by (Hashemian et al.,
2013) for this type of zeolite prepared from chemical reagents
(sodium aluminate and sodium metasilicate) at 100 �C for 24 h.
Similar patterns are reported for zeolite A synthesized at the lab-
oratory scale from K-feldspar at 90 �C for 12 h with a previous
treatment of the raw materials at 280 �C (Su et al., 2016) and from
fly ash by alkaline fusion (900 �C), prior to hydrothermal treatment
(Volli and Purkait, 2015).

The experimental interplanar distances, d values in Å, and those
corresponding to the ICDD PDF reference database are listed in
Table 2. The reference file 01-073-2340 corresponds to a synthetic
LTA zeolite with stoichiometry Na12Al12Si12O48(H2O)27, space group
Fm-3c, a cubic crystal system and a cell parameter a ¼ 24.6100 Å,
fitting well to the experimental values of zeolite from aluminum
waste, a ¼ 24.583 Å. The crystallite size calculated by Scherrer
equationwas 36.2 nm; and the semiquantification of the crystalline
phases yielded 93.8 wt% zeolitic material and 6.2 wt% corundum.
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The SEM image of the obtained zeolite is shown in Fig. 5a, in
which a typical cubic crystal with homogeneous size distribution is
observed. This is a characteristic morphology of zeolite A
(Anuwattana and Khummongkol, 2009; Ayele et al., 2015, 2016;
Ismail et al., 2010) with both shape and size highly dependent on
the Na2O:Al2O3:SiO2 ratio. Radulovi�c et al. (2013) reported the
presence of small agglomerates on the surface of the cubic crystal
grains, especially for Na-LTA zeolite prepared under hydrothermal
conditions from sodium silicate and sodium aluminate solutions at
90 �C, with an excess of SiO2 in relation to the ideal stoichiometry
Al2O3:2SiO2. The EDS analysis of the obtained zeolite revealed the
following average composition (% atom): Na ¼ 8.8, Al ¼ 10.3,
Si ¼ 12.3 and K ¼ 0.6. The presence of potassium came from the
initial composition of thewaste, and this cationmost likely replaces
sodium ions in the zeolite structure. Naþ is the principal exchange
cation to stabilize the structure of the Linde-type A zeolite, but the
charge is balanced by the presence of Kþ (S�anchez-Hern�andez et al.,
2016). The average Si/Al ratio performed by EDS analysis is 1.19
(consistent with the excess waterglass added in the autoclave
reactor), which is characteristic of low-silica zeolites such as zeolite
A. The (Na þ K)/Al ratio is 0.92, which fits well with the typical
stoichiometric value for this type of zeolite with the ideal formula
of NaAlSiO4 (Kugbe et al., 2009). Fig. 5b shows the framework-
structure of zeolite A composed of double 4-rings (IZA, 2017; Xu
et al., 2007).

Fig. 6 shows the FTIR spectrum of the zeolite recorded from
1200 to 400 cm�1, This is the region in which the fundamental
vibrations of the framework (Si,Al)O4 tetrahedra appear. Two types
of vibrations are observed in this zone for zeolites: the internal
vibrations of the framework tetrahedron, and vibrations related to
external linkages between tetrahedra (secondary building units)
(Flanigen et al., 1974). The FTIR spectrum of the zeolite obtained
from the AlW is characteristic of zeolite A: a very strong band at
1006 cm�1 corresponds to the asymmetric stretching vibrational
mode, and a weak band at 668 cm�1 corresponds to the symmetric
stretching vibrational mode. These bands along with the bending
mode at 463 cm�1 (medium intensity) are due to the internal vi-
brations of the tetrahedra. The medium strong band at 560 cm�1
Table 2
Experimental d values from the XRD pattern and reference file ICDD 01-073-2340.

dexp (Å) d 01-073-2340 (Å) hkl

12.252 12.305 2 0 0
8.709 8.700 2 2 0
7.092 7.104 2 2 2
5.499 5.502 4 2 0
4.994 5.023 4 2 2
4.352 4.350 4 4 0
4.166 4.159 5 3 1
3.704 3.710 6 2 2
3.545 3.552 4 4 4
3.410 3.412 6 4 0
3.280 3.288 6 4 2
2.987 2.984 6 4 4
2.903 2.900 6 6 0
2.819 2.822 6 6 2
2.754 2.751 8 4 0
2.683 2.685 8 4 2
2.620 2.623 6 6 4
2.508 2.511 8 4 4
2.457 2.461 10 0 0
2.285 2.284 10 4 0
2.239 2.246 10 4 2
2.142 2.142 10 4 4
2.107 2.110 10 6 0
2.079 2.079 10 6 2
2.048 2.050 12 0 0
corresponds to the vibrations of the secondary building units
(double 4-rings) (Flanigen et al., 1974). Similar values of FTIR bands
are reported for both commercial zeolite 4A and zeolite synthesized
from kaolin (Wang et al., 2019).

According to the XRD, SEM and FTIR studies, the as-obtained
zeolite exhibits crystalline, structural and morphological charac-
teristics similar to those of zeolites prepared from both commercial
reagents (Hashemian et al., 2013; Kugbe et al., 2009; Radulovi�c
et al., 2013) and other types of wastes (Anuwattana and
Khummongkol, 2009; Ayele et al., 2015, 2016; Chareonpanich
et al., 2011; Wang et al., 2019).

The nitrogen adsorption-desorption isotherms of the obtained
zeolite are shown in Fig. 7a. According to IUPAC, the isotherm is
classified as type II, which is characteristic of mesoporous materials
with a certain number of micropores. Hysteresis loop for this
zeolite is classified as H3. The abrupt closure of the hysteresis loop
at a relative pressure P/P� of 0.45 is due to the breakage of the liquid
nitrogen meniscus at this relative pressure followed by emptying of
the pores. Similar results were reported for zeolite A obtained from
fly ash (Volli and Purkait, 2015) and from kaolin (Wang et al., 2019).
The external area surfacewas 7.7m2/g and the surface calculated by
the use of the BET equation was 19.7 m2/g; the difference between
these values gives a relatively high micropore area of 12 m2/g. The
micropore volume obtained was 0.006 cm3/g. Fig. 7b indicates that
the dominant pore diameter is located at 3.8 nm. BET surface values
of 13.37 and 7.37m2/g are reported for synthesized and commercial
zeolite 4A, respectively (Wang et al., 2019).

TG/DTA curves for the zeolite are plotted in Fig. 8. The mass loss
(approximately 4 wt %) observed in the TG plot up to 230 �C cor-
responds to the dehydration of zeolite. This process occurs in two
different steps according to the DTA curve, in which two endo-
thermic peaks centered at 97 �C and 141 �C can be observed.
Dehydrated zeolite lattices is stable at high temperature (up to
850 �C), and then conversion of the LTA zeolite into nepheline oc-
curs by solid-solid topotactic transformation (Dimitrijevic et al.,
2004). Thus the exothermic peak centered at 890 �C observed in
the DTA plot, is attributable to the formation of nepheline from the
LTA zeolite framework. The XRD pattern of this phase (Fig. 8) fit
well with the reference file ICDD 01-083-2372 corresponding to the
hexagonal nepheline phase.

One of the problems associated with the use of wastes as raw
materials for the synthesis of zeolite, comes from the need for a
developing process with multiple steps, negatively affecting both
the realistic application of the process on an industrial scale and the
process yield. Simple and low-cost processes are desirable to
minimize the cost of the production of zeolite and, accordingly, the
challenge of valorizing the waste. (Anuwattana and Khummongkol,
2009; Baccouche et al., 1998; Farag and Zhang, 2012; Wang et al.,
2008; Wdowin et al., 2014; Yang and Yang, 1998). The advantages
of the presented process to obtain zeolite from AlW are as follows:

a) The zeolite is obtained in a single step and only a synthesis
reactor is required; accordingly the process could be easily
scaled. Table 3 presents a comparative study of several synthesis
processes to obtain zeolite A from different raw materials. All
processes to obtain zeolite A from different wastes required
multiple steps, including the pretreatment of those wastes.

b) The reaction yield is very high because the waste is entirely
transformed into a zeolitic material Thus, 3.2 kg of zeolite can
be obtained per kg of aluminum waste. Because no other
solids are formed, it can be considered that the aluminum
waste has been completely transformed into a zeolite
(yld ¼ 100%). The yield reported in other studies is very low;
i.e.; 85 g of zeolite per kg of carbon fly ash was reported by



Table 3
Synthesis conditions of zeolite A from different raw materials.

Raw materials Raw material Pretreatment Hydrothermal treatment for
zeolitization

Scale References

Cupola slag and aluminum sludge Grounding/sieving and acid treatment, calcination at
700 �C of cupola slag
Acid washing, alkaline fusion at 700 �C for aluminum
sludge.

90 �C, 9 h laboratory Anuwattana and
Khummongkol (2009)

Kaolin Metakaolinization
600-700 �C, 2e3 h

70-200 �C
24e120 h

laboratory Johnson and Arshad (2014)

Coal fly ash and aluminum metal
powder

Activation of fly ash at 100 �C, 24 h
Dissolution of aluminum metal powder

95 �C, 4 h laboratory Cardoso et al. (2015a)

Subbituminous coal fly ash and
bottom ash

Reflux acid treatment, alkaline fusion 900 �C, 1 h 120 �C, 4 h bench Chareonpanich et al. (2011)

Fly ash Alkaline treatment 90 �C, 24 h 90 �C, 48 h bench Hollman et al. (1999)
Glass and aluminum from MSW Dissolution of glass

Dissolution of aluminum pieces in alkaline medium
60 �C, 7 days laboratory Terzano et al. (2015)

This paper Not required 80 �C, 12 h pilot

a b

Fig. 5. SEM image of a cubic crystal grain of the zeolite obtained at the pilot-scale from AlW (a). Framework of zeolite A. The 3-dimensional channel system and cages are rep-
resented in blue and green, respectively (b) (IZA, 2017).

Fig. 6. FTIR spectrum of zeolite A obtained from AlW at the pilot-scale.
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(Hollman et al., 1999) (yld ¼ 8.5%), and Sommerville et al.
(2013) reported yield reaching 250 g/kg fly ash (yld ¼ 25%)

c) Marketable gases such as hydrogen and ammonia are
collected as valuable byproducts. In total, 76.4 Nm3 of NH 3
and 105.9 Nm3 of H2 can be recovered per ton of AlW.

d) The industrial-scale process should be considered as a low-
cost process because the required installation is very sim-
ple and complex design is not required.

e) By using a waste as a raw material, the disposal cost
(approximately 110 V/t) is saved. The disposal cost increases
because hazardous waste should be pretreated prior to its
acceptance in a landfill according to environmental policies
(Anuwattana and Khummongkol, 2009).

f) An environmental benefit is obtained with the use of a waste
as a raw material. Thus, the higher the amount of hazardous
waste is to be disposed of in a landfill, the higher the need to
acquire new natural spaces to increase the size of the landfill
or to build new ones.

A conceptual flowsheet of the process for the manufacturing of
different types of zeolites from AlW is shown in Fig. 9.

Raw materials (AlW, NaOH, waterglass and water) are charged
into the autoclave reactor, equipped by an agitation system and a
steam generator for indirect heating.

Because of the composition of the AlW, the next stages and
reactions can be considered up to the zeolite formation:



Fig. 7. Nitrogen adsorption-desorption isotherm (a) and distribution of the pore diameter (b) of zeolite A obtained at the pilot-scale from AlW.

Fig. 8. TG/DTA curves of the zeolite obtained from AlW along with the XRD pattern of nepheline (ICDD 01-083-2372).
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1. Hydrolysis of different aluminum compounds in the AlW,
principally metallic aluminum and aluminum nitride according
to equations (3) and (4), respectively and the subsequent for-
mation of AlO2

� ions as the pH value increases.

2Al þ 2OH� þ 2H2O / 2AlO2
� þ 3H2 (3)

AlN þ OH� þ H2O / AlO2
� þ NH3 (4)

2. Dissolution of the aluminum oxide in the waste under alkaline
conditions, according to equation (5).

Al2O3 þ 2OH�/ 2AlO2
� þ H2O (5)

3. Reaction of AlO2
� ions with silicon polymer (waterglass) in the

alkaline medium to form the corresponding zeolite. The for-
mation of the zeolite occurs through a hydrogel route according
to the literature (Bukhari et al., 2015; Farag and Zhang, 2012;
Fawer et al., 1998).
NaAlO2 þ WGþ 2NaOH/ Na Al SiO4$nH2O (zeolite, gel) (6)

4. Final nucleation and crystal growth of zeolites by aging.

Na Al SiO4$ nH2O (zeolite, gel) / Na Al SiO4 (LTA zeolite, dry) (7)

After the reaction period, the slurry is discharged from the
reactor to a filter press to separate the zeolite from the mother li-
quor. In the same filter, the zeolite filter cake can be rinsed and the
rinse water recycled to the reactor for a new process. Although a
pressure filter was used in our experiment, we consider that a filter
press is more adequate for an industrial process. Later, the zeolite
filter cake was dried at 100 �C to obtain the dry powder.

Before the slurry discharge, the reactor is depressurized by
opening the gas exit valve. The gas stream consists of a mixture of
ammonia, hydrogen and water. Ammonia and hydrogen are
considered valuable byproducts of the process. In the conceptual
flowsheet a chemical process has been envisaged for the separation
and valorization of both types of gases. Ammonia can be separated
by blowing the gas stream throught a tartaric acid solution (Eq. (8)).
Ammonium tartrate is precipitated and then, by heating, ammonia
is collected separately (L�opez-Delgado et al., 2017).



Fig. 9. Conceptual flowsheet for the manufacture of zeolite from AlW, with recovery of gases and effluent recycling.
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C2H2(OH)2(COOH)2 þ 2NH4
þOH� / C2H2(OH)2(COONH4)2þ

2H2O (8)

For the recovery of hydrogen, we propose an in situ metal oxide
reduction, i.e., with CuO (Antrekowitsch, 2007; Arenas et al., 2019;
Yamukyan et al., 2009) (Eq. (9)).

CuO þ H2 / Cu þ H2O (9)

For both gases and according to the aluminum and aluminum
nitride contents in the AlW (Eqs. (1) and (2)), 76.4 Nm3 NH3 and
105.9 Nm3 H2 per ton of AlW can be achieved, respectively.
4. Conclusions

The described pilot-scale zeolitization process provides the total
conversion of hazardous aluminum waste into an LTA zeolite. The
reaction yielded approximately 3.2 tons of zeolitic material per ton
of aluminum waste. Moreover, this zeolite synthesis route did not
lead to the generation of solid residues. Liquid effluents, known as
mother liquor and rinse water, can be completely recycled, conse-
quently saving water. In addition, the gases generated in the pro-
cess such as ammonia and hydrogen can be recovered as
byproducts and used for other applications. This recovery repre-
sents an added value for the process.

The conversion of hazardous aluminum waste into zeolite can
be considered a sustainable process, that can reduce the high
environmental impact of waste and contribute to the circular
economy.
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