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The high Si and Al contents in the amorphous phase of coal fly ash have been used for its
conversion into zeolites. This process converts a toxic low-value by-product into a product used
in a number of environmental applications, but has the disadvantage of introducing contaminants.
Despite the large number of studies on the conversion of fly ash into zeolites, few report this
drawback or discuss the efficiency of the proposed processes from a technical or ecological
perspective. In this respect, the present study conducts a detailed assessment of two routes for
integrated hydrothermal synthesis of zeolites 4A and Na-P1 obtained from coal fly ash. The
processes are evaluated and compared in relation to the presence of undesirable metals and
elements in the different steps of synthesis, as well as the feedstock and final product. Different
performance parameters are presented and applied in the assessment of both processes and the

most sustainable is recommended.
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Introduction

Coal fly ash is a by-product widely produced in
thermoelectric power plants during coal combustion.'"
This solid waste is considered harmful to the environment
due to the presence of heavy metals and other potentially
toxic substances.*’ Different applications are reported in the
literature, including in the manufacturing of concrete, tiles
and ceramic products and as a cement additive.>”® However,
this demand is often not enough to exhaust the amount of
fly ash generated in the burning of vast quantities of coal
worldwide, which can result in improper disposal.’ By
contrast, an alternative application has attracted scientific
interest for its use in the synthesis of zeolites due to the
characteristics of the coal fly ash, which include high
silicon and aluminum levels in the amorphous phase. These
elements are the main constituents of the basic structure
of zeolites, which are tetrahedral aluminosilicates with
extensive industrial applications, especially in catalysis
and as additives in detergents.>!> Holler and Wirsching!®
performed the first study on the conversion of coal fly ash
into zeolites; since then, numerous publications and patents
have been reported,"*!314171% including reviews.?*?! In this
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scenario, other wastes have also been studied as alternative
sources of Si and Al to obtain zeolites.”*

Conventional zeolite synthesis methods using coal
fly ash involve hydrothermal dissolution of the Si and Al
source in alkaline solution, as well as the nucleation and
growth of crystals.!>!>17

Despite the large number of studies on fly ash
conversion into zeolites, few report on the efficiency of
the proposed processes from an economic or ecological
perspective. Cardoso et al.'* optimized an integrated
method of zeolite Na-P1 and 4A synthesis, referred to
here as process B. The authors analyzed two different
routes based on a pioneering study by Hollman ez al.'® The
first step consists of extracting Si from fly ash, followed
by synthesis of pure zeolite 4A by combining the extract
with a secondary source of aluminum. Solid waste from
Si extraction may be suitable for conventional synthesis of
low-purity zeolites, such as zeolite Na-P1. An alternative
route (hereafter referred to as process A) for the integrated
process could begin with direct synthesis of Na-Pl1,
resulting in an extract with higher Si levels that produces
pure zeolite 4A when combined with a secondary source of
Al The efficiency of silicon and aluminum extraction from
fly ash, effluent generation and the quality of the produced
zeolites were assessed in processes A and B. However, it is
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important to underscore that, depending on the application
of the produced zeolite, it is vital to evaluate the presence
and mobility of contaminants in the initial ash.

The development of sustainable and environmentally
friendly zeolite synthesis processes has attracted significant
attention.?*?’ The processes used to achieve so-called green
zeolite synthesis must be simple and convenient, provide
high yields and efficiency, as well as low waste, pollution
and pressure. These criteria should be applied to any type
of synthesis using either pure reagents or residues.*>%

As such, the present study aimed to conduct a detailed
analysis of two integrated hydrothermal zeolite synthesis
routes, using coal fly ash as the main feedstock. The
processes are evaluated and compared with respect to the
presence of undesirable metals and elements in the different
steps of synthesis, as well as the feedstock and final product
(zeolites). In order to achieve a more detailed comparison,
different performance parameters (yield, recovery and
atom efficiency) are used to assess both processes and
contrast them with those reported in the literature. The
most sustainable process is recommended.

Experimental
Material

Previously characterized (Table S1, in the Supplementary
Information (SI) section) coal fly ash, obtained from unit
B of the Presidente Médici Thermoelectric Power plant
(Candiota, Brazil), was used for zeolite synthesis. This
ash was chosen because it is generated in large quantities
(1 million tons per year) in this plant and, only partially
reused in clinker production. The samples were dried in an
oven (105 °C, 2 h) and stored at ambient temperature away
from the light until use. All chemicals were analytical grade.
All the solutions and samples were prepared using high purity
deionized water (> 18.2 MQ cm, Milli-Q system, Millipore).

Zeolite synthesis methodology - process A

This integrated synthesis process followed the
procedure adapted by Cardoso et al.'* and is shown in
Figure la. Process A consists of two steps; initially, the
fly ash (15 g) was activated with 90 mL of 3.0 mol L'
NaOH solution (L/S ratio 6 L kg') in a closed reactor
(100 °C, 24 h). The first obtained zeolite, Na-P1 (ITA), was
separated by filtration (glass fiber filter, 0.22 um), washed
until pH 10 and dried (105 °C, 2 h). The extract (IA)
from this first step was quantified for Si and Al in order to
determine an accurate molar ratio to obtain a high-quality
product in the second step of the process (zeolite 4A,
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Si/Al ratio = 1.0). Concentrations of these two elements
were measured by flame atomic absorption spectroscopy
(FAAS, Varian SpectrAA 55). In order to evaluate the
quality of the extract produced in the first step and the
final effluent (IITA) generated, both were characterized
in terms of the presence of additional contaminants using
inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7770X).

Aluminum powder (aluminum fine powder for synthesis,
> 99%, Merck), previously dissolved in alkaline solution
(3.0 mol L' NaOH) at the appropriate concentration, was
used to adjust the Si/Al ratio. The resulting solution was
transferred to a closed reactor, manually shaken and then
heated in an oven at 90 °C for 1.5 h, followed by another
2.5 h at 95 °C."*» The obtained zeolite (4A, IVA) was
filtered, washed until pH 10 and dried (105 °C, 2 h).

Since fly ash is a heterogeneous material that contains a
wide variety of potentially toxic elements,>**3! 15 synthesis
tests were performed under the same conditions. The
amounts of extracted Si and Al and possible contaminants
were individually characterized in the products and
effluents. Zeolites Na-P1 and 4A obtained in the fifteen
tests were evaluated in terms of morphology, chemical
composition and cation exchange capacity (CEC), with
similar results among the replicates. As such, the fifteen
samples were combined for each type of zeolite and the
resulting two samples were characterized in detail (X-ray
fluorescence (XRF) and X-ray diffraction (XRD)), applying
acid decomposition to identify the component elements (Si,
Al and Na) and contaminants present in both materials by
FAAS and ICP-MS.

Zeolite synthesis methodology - process B

The second synthesis method, originally proposed by
Hollman et al.,'® and adapted by Cardoso et al."® for the
integrated synthesis of zeolites 4A (first step) and Na-P1
(second step), is shown in Figure 1b. 30 g of coal fly ash
were added to 300 mL of 2.0 mol L' NaOH (L/S ratio
10 L kg ") in an open reactor (water bath at 85 °C, under
magnetic stirring, for 2 h). After cooling, the mixture was
filtered (glass fiber filter, 0.22 um) and the solid residue
(residual ash, IIB) dried (105 °C, 2 h) and stored for
future testing. Si and Al were quantified in the resulting
extract (IB) to determine the molar ratio. The secondary
aluminum source was NaAlO, (99%, Merck), solubilized
in a 2.0 mol L' NaOH solution and added to the extract.
The resulting mixture was transferred to a closed reactor
and maintained at 90 °C for 1.5 h, followed by a further
2.5 hat 95 °C. After cooling, the obtained zeolitic material
(zeolite 4A, IVB) was filtered, washed and dried in line with
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Figure 1. Flow diagrams of integrated zeolite synthesis via (a) process A and (b) process B. Rectangles depict material input and output in the solid
(solid line) and aqueous (dashed line) steps, while rectangles with arrows indicate operations. Roman numerals indicate outputs for which the chemical

composition was measured.

the previously described process. The resulting effluents
were characterized in relation to possible contaminants. The
residual ash generated in the first step was characterized
and submitted to zeolitization (closed reactor, 3.0 mol L'
NaOH, 100 °C, 24 h), yielding a second zeolitic product
containing Na-P1 (VB), which was filtered, washed and
dried as described above. In light of the good reproducibility
observed in process A, only three replicates were performed
for process B. After preliminary characterization (scanning
electron microscopy-energy dispersive x-ray spectroscopy
(SEM-EDS), CEC), the zeolites obtained in each step were

combined, homogenized and characterized in detail as
described in process A.

Characterization of solid products, extracts and effluents

In order to determine the initial amount of the studied
elements, the solid samples resulting from process A
(zeolites Na-P1 and 4A) and process B (zeolites 4A and
Na-P1; residual ash) were submitted to acid decomposition
in Teflon® bombs, according to the methodology adapted
by Ferrarini ef al.’ Thirty elements were quantified using
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the ICP-MS and FAAS techniques. The solid samples were
characterized by X-ray fluorescence (Shimadzu XRF-1800)
for the presence of 17 major elements, expressed as oxides.
To prevent calibration problems with the XRF technique and
guarantee accurate results, samples of certified reference
materials (CRMs) of both ash and zeolites were studied under
the same analysis conditions and the obtained results were
considered satisfactory for elements with certified values.

Morphological characterization was carried out by
scanning electron microscopy (SEM, Philips XL 30).

The mineral composition of solid product samples was
analyzed by X-ray diffraction (Shimadzu XRD-7000) using
theta-theta geometry, with Cu Ko radiation generated at
40 kV and 30 mA, 0.02° scan step and angular 26 range
from 5 to 80°. The crystalline phases in the samples were
identified using the Joint Committee on Powder Diffraction
Standards (JCPDS) file for inorganic compounds.

Si and Al exhibit different solubility in association
with amorphous or crystalline phases in fly ash, whereby
dissolution of both elements occurs more easily in the
amorphous phase, thus favoring zeolite production.® As
such, recovery values for the elements were calculated
by subtracting the Si and Al levels associated with the
crystalline phases (quartz and mullite), determined by
XRD, from the levels present in the amorphous phase (see
Table S1), estimated based on XRF data.

The cation exchange capacity of the zeolites was
tested by placing zeolite Na-P1 in contact with 0.1 mol L!
NH,CI solution®* and zeolite 4A with a 0.1 mol L' CaCl,
solution." The mixture was stirred using a device that rotates
the extraction vessel end-over-end (Marconi MA 160),
centrifuged and the extract separated for ion quantification.
Na and Ca were quantified in zeolite 4A by FAAS, and NH,
quantification was performed for zeolite Na-P1 in a UV-
Vis spectrophotometer (HP 8456). The CEC values of the
produced zeolites were used to estimate their purity (see item
“Calculation of zeolitic product purity” of the SI section).

Item “Calculation of process yields and efficiencies” of
the SI section shows the calculations for the yield, recovery
and efficiency of zeolite extraction and synthesis as well
as effluent generation, used to compare the sustainability
of the processes studied.

Results and Discussion

Synthesis using process A

Extraction step and formation of the low-grade zeolite
The first step in this process consists of extracting

Si and Al from the coal fly ash into the alkaline solution
and the simultaneous formation of zeolite Na-P1 in the
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solid product. This stage is decisive in both the quantity
and quality of the product formed in the second step
(zeolite 4A). Table 1 shows the composition of the extracts
and characteristics of the zeolitic products obtained in the
first step of synthesis.

The mean volume of the obtained extract (74 = 6 mL)
indicates a significant decline (18%) in relation to the
initial volume (90 mL), likely because the reactor was
not hermetically sealed. In all the tests performed, more
silicon was extracted (mean 1.43 + 0.17 g) than aluminum
(0.02 = 0.01 g). One of the reasons for this significant
difference (80 x) is related to the composition of the fly
ash used, which contains approximately three times more
Si than Al (Table S1). Several authors have reported similar
behavior in the alkaline extraction of different types of
fly ash.3!33334 For example, Moreno et al.** studied the
zeolitization process in 23 different types of fly ash and
attributed the fact primarily to the varying solubility of the
crystalline (quartz, mullite, etc.) and amorphous phases
(glass) present. These aspects explain the different recovery
values obtained for Si (R, 31 +4%) and Al (R,; 1.0 £0.7%)
in the extracts when compared to the total amount of the
elements in the fly ash from Candiota. Slightly higher
recovery values (Rg; Si 38 = 5% and R,, Al 1.3 = 0.9%)
were observed when considering only the easily soluble
amorphous phases containing these elements in the ash
(Table S1). These results are comparable to those reported
in other studies'*** and can be considered satisfactory
with respect to Si. In regard to the reproducibility of the
extraction step, relatively low coefficients of variation
(12%) were recorded for Si, with greater variability
observed for Al (73%). These variations indicate a greater
contribution by analytical uncertainties in determining these
elements, particularly for Al, since lower concentrations
were obtained than in the extraction process.

The results for the solid product (mP) showed a mean
mass of 13.2 = 0.4 g, corresponding to 0.88 = 0.03 g of
product per g of ash. Considering zeolite Na-P1 as the main
phase present in the solid (item “Zeolite characterization™)
and CEC (3.0 = 0.6 meq NH,* g') as the parameter to
estimate its content,'*!? it was estimated that mean purity of
65 + 12% indicates the production of 8.6 + 1.5 g of zeolite
Na-P1 per g of ash (0.57 g of zeolite per g of fly ash). These
results are higher than those obtained by Cardoso et al.,"
who reported purity of 54 + 4% under similar conditions.
It is important to note that most authors do not report yield
values in relation to the zeolite content in the obtained
products. For example, Moreno et al.** found maximum
yields for zeolite Na-P1 of 1.23 g of product per g of ash,
under harsher reaction conditions (120 °C, 9 h, /S ratio 3.0
in 3.0 mol L' NaOH). However, when zeolite content in the
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Table 1. Characterization of the solid (zeolitic product, Na-P1) and extract resulting from the first step of process A

Extract (IA) Zeolitic product (ITA, NaP1)
Test Fly ash Volume Element mass Si recovery Al recovery iy wZ/ CEC  Purity
My, / Vi, / Mgy /| Myypy / Total / Amorphous / Total / Amorphous / g NH,*/ PZ/

g mL g g % % % % (meqg’) %
1 15.04 73 1.66 0.02 35 44 1.1 1.4 12.6 6.9 2.5 54
2 15.00 72 1.68 0.01 36 45 0.5 0.7 13.6 7.7 2.6 57
3 15.01 80 1.53 0.01 33 40 0.7 0.8 133 6.3 2.2 48
4 15.09 72 1.52 0.01 32 40 0.5 0.7 13.0 11.0 39 85
5 15.05 76 1.12 0.05 24 30 2.7 34 12.4 7.8 2.9 63
6 15.00 77 1.46 0.01 31 39 0.7 0.9 13.0 8.2 2.9 63
7 15.00 70 1.30 0.02 28 35 0.9 1.1 132 9.5 33 72
8 15.03 75 1.46 0.02 31 39 0.9 1.2 13.0 12.4 44 96
9 15.01 82 1.45 0.01 31 38 0.5 0.6 13.2 8.6 3.0 65
10 15.00 74 1.30 0.01 28 35 0.7 0.9 13.6 9.5 32 70
11 14.97 59 1.26 0.01 27 34 0.3 0.4 13.7 8.6 2.9 63
12 14.99 65 1.31 0.00 28 35 0.2 0.3 13.5 79 2.7 59
13 15.03 80 1.61 0.03 35 43 1.5 1.9 13.6 7.7 2.6 57
14 15.08 74 1.20 0.03 26 32 1.5 1.9 13.0 7.9 2.8 61
15 15.06 80 1.60 0.04 34 42 2.5 3.1 13.8 8.7 2.9 63
Average  15.02 74 1.43 0.02 31 38 1.0 1.3 13.2 8.6 3.0 65
SD 0.03 6 0.17 0.01 4 5 0.7 0.9 0.4 1.5 0.6 12
RSD/% 0.2 8 12 73 12 12 73 73 3 18 19 19

myg,: initial ash mass; Vy,: extract volume; mg; ., and m,, ,: mass of Si and Al extracted; Si and Al recoveries (total / %): calculated based on the extracted
mass of these elements in relation to their total contents in the ash (presented in the sequence); Si and Al recovery (amorphous / %): calculated based on the
extracted mass of these elements in relation to their contents in the amorphous phase of the ash (Table S1); mP: mass of the product; mZ: zeolite mass in the
product; CEC: cation exchange capacity; PZ: semi-quantitative zeolite content in the products; SD: standard deviation; RSD: relative standard deviation.

product (49%) was taken into account, yield fell to 0.6 g of
zeolite per g of fly ash, similar to that obtained in the present
study. These values corroborate the other obtained results,
indicating good yield and atom efficiency for the first step
of the process. Despite this limitation, these indicators
are important in assessing the sustainability of these
processes in terms of green chemistry principles® and will
be discussed in detail in the item ‘“Zeolite contamination
between the two synthesis processes”.

Table 2 presents the results of the chemical composition
of the 15 extracts obtained in process A. High concentrations
(> 5 mg L") of Fe, V and Rb were recorded, whereas
levels < 0.1 mg L' were observed for Cr, Sr, Cu, Mn and
Ag. Concentrations of most of the elements exhibited
coefficients of variation < 50%, considering the low levels
evaluated. These results confirm good reproducibility for
this step of the process, making it relevant for industrial
applications.

The last column of this table shows the recovery
percentages of the elements considering their content in
the coal fly ash (Table S1). Higher recovery values were

observed for As, V, Ag and Rb (> 34%), greater than Si itself
(30%). By contrast, recovery values for Cr, Sr, Mg, Fe and
Mn (< 0.9%) were lower than those recorded for Al (1%).
These results indicate that the use of this extract to produce
zeolite results in contamination by As and Ag, elements that
exhibit toxicity.*3” However, it is important to underscore
that, in order to pose a real threat, these elements would
have to be transferred to the final product (zeolite 4A) and
display significant mobility at the time of their use.

Synthesis of the high-purity zeolite (second step)

Table 3 shows the results of zeolite 4A synthesis
using the extracts obtained in the first step. As previously
mentioned, the different Si and Al levels in the extracts
make it important to establish an accurate molar ratio
(Si/Al ratio = 1), using aluminum powder solubilized
in alkaline solution (3.0 mol L"). In this step, the mean
mass of the obtained solid product (mP) was 7.0 £ 0.9 g,
corresponding to 0.47 = 0.06 g of product per g of
ash. Considering zeolite 4A as the only phase present,
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Table 2. Concentration of the elements in the 15 extraction tests in the first step of process A
Test - concentration / (mg L") Mean+SD/ RSD/

Element ) Recovery / %

2 3 4 5 6 7 8 9 10 11 12 13 14 15 (mg L) %o
Ag 0.06 0.04 0.05 0.06 0.05 0.05 0.06 0.04 0.06 0.06 0.06 0.07 0.06 0.16 0.05 0.06+0.03 50 35
As 23 21 23 23 18 21 20 20 23 24 24 26 20 21 23 22+0.2 10 54
Ba 23 24 16 14 10 02 41 02 20 02 18 02 11 02 14 13x1.1 83 2
Cr 01 o1 o01 02 00 01 05 01 01 01 01 02 01 01 0.1 0.1+0.1 92 0.9
Cs 04 04 04 05 08 04 05 05 05 04 04 07 06 1.1 03 0.5+0.2 36 14
Cu 0.05 0.06 0.06 0.06 0.07 0.07 0.07 0.09 0.1 0.05 012 0.09 0. 0.1 0.07 0.08+0.02 25 1.5
Fe 14 11 10 10 10 9 0 10 10 10 10 10 17 13 11 11+£2 18 0.2
Ga le 13 17 14 15 15 15 15 14 17 15 16 16 16 17 1.5+0.1 8 20
Li 04 02 03 01 07 03 03 07 03 04 03 03 08 09 05 0.4+0.2 56 4
Mg 09 07 13 09 06 08 08 10 11 09 19 10 09 12 12 1.0x£0.3 32 0.4
Mn 0.09 0.06 0.08 0.07 0.05 0.05 0.05 0.06 0.08 0.06 0.09 0.06 0.07 0.06 0.06 0.07+0.01 14 0.1
Ni 0.16 0.15 0.16 0.15 0.15 0.17 023 0.17 0.16 0.13 022 0.17 021 021 0.15 0.17+0.03 18
Pb 04 01 02 02 07 02 07 04 04 03 03 06 1.1 09 04 0.5+0.3 65
Rb 64 57 57 62 74 57 61 64 66 66 60 76 75 86 6.0 6.6+0.8 13 34
Se 021 0.23 0.16 031 0.19 022 028 0.26 031 024 028 03 028 031 024 0.25%0.05 20 8
Sr 0.13 0.09 0.11 0.1 007 009 0.15 0.1 0.3 0.1 018 0.1 0.13 0.1 0.13 0.11+0.03 27 0.7
v 10 10 11 10 7 9 9 9 11 11 11 12 8 7 10 101 14 51
Zn 1.8 13 18 15 21 17 22 27 24 17 48 32 175 44 23 3+£2 60 19
Al 153 228 222 110 165 87 53 335 370 550 269 138 154 126 627 239 + 167 70 1.0
Si/(gL') 189 187 19.6 179 17.7 21.6 203 20.1 16.1 199 23.0 237 19.1 212 147 19+2 12 30

SD: standard deviation; RSD: relative standard deviation.

substantiated by XRD analysis (see item “Zeolite
characterization”), and the cation exchange capacity
(CEC 4.8 = 0.5 meq Ca’ g'), mean purity was estimated
at 83 = 8%. Similar values (82 + 2%) were reported by
Cardoso et al." for the same process. It is important to note
that some tests (1 and 13) can produce a high-purity zeolite
(up to 97%) with an excellent yield (0.39 g of zeolite per g
of fly ash).

In CEC testing, in addition to calcium ions, the
concentration of sodium ions exchanged was also
monitored, obtaining a mean value of 6.6 + 0.6 meq Na* g''.
The average ratio between sodium and calcium CEC values
(1.4 = 2) indicates excess Na* in the solution, suggesting
that part of the ion transferred to the solution was not a
counterion in the zeolitic structure.’®

Zeolite characterization

The morphology of zeolites Na-P1 and 4A synthesized
in process A by SEM and typical images are shown in
Figures 2a and 2b, respectively (see Figures S1 and S2
for all samples). Typical zeolite Na-P1 shapes, widely
reported in other studies,®!?33340 were observed in all the
tests performed (Figures 2a and S1). A noteworthy feature
is the morphology consisting of secondary cauliflower-like

aggregates measuring approximately 10 pm (Figure S1,
tests 10 and 14). These secondary aggregates are composed
of small primary aggregates formed by cubic crystals
with well-defined edges and anisotropic crystal growth,
characteristic of the typical gismondine-like framework of
this aluminosilicate*' as seen in the other tests (Figure S1).
Figure 2b (also see Figure S2) depicts the characteristic
morphology of zeolite 4A observed in all tests, exhibiting
clearly faceted cubes with a smooth surface'** and
relatively uniform size distribution.

Based on the individual results of morphological
analyses and CEC, the 15 syntheses for each type of zeolite
were combined and characterized using only two samples,
representative of zeolites Na-P1 and 4A. XRD confirmed
the presence of a single crystalline phase (zeolite 4A)
in the product obtained in the second step of process A
(Figure S4), corroborating the other characterization results.
The diffractogram (Figure S3) of the second product (IIA)
confirmed zeolite Na-P1 as the major crystalline phase and
indicated the presence of unreacted quartz and mullite,
originally present in the fly ash (Table S1 and Figure S8).
The low solubility of these minerals in NaOH and likely
saturation of the reactive medium with Si and Al explain this
behavior. According to Bieseki er al.,** the original quartz
present in the coal ash did not react during zeolite formation.
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Table 3. Characterization of the solid (zeolitic product, 4A) resulting from the second step of process A

Fly ash Zeolitic product (IVA, 4A)
Test CEC Purity
my, / g mP /g mZ/ g Ca*/ Nat/ Na/Ca P71 %
(meq g) (meq g)
1 15.04 8.1 7.8 5.6 5.7 1.0 97
2 15.00 8.2 6.2 44 6.0 14 76
3 15.01 7.4 6.4 5.0 6.2 1.2 86
4 15.09 7.6 6.3 4.8 6.0 1.3 83
5 15.05 53 4.0 4.4 6.9 1.6 76
6 15.00 7.1 5.4 44 6.3 1.4 76
7 15.00 6.3 5.8 5.4 6.9 1.3 93
8 15.03 7.0 5.8 4.8 6.3 1.3 83
9 15.01 7.3 6.0 4.8 7.5 1.6 83
10 15.00 6.4 5.6 5.1 6.2 1.2 88
11 14.97 6.2 4.3 4.0 6.5 1.6 69
12 14.99 6.3 5.3 4.9 7.6 1.6 84
13 15.03 7.9 7.6 5.6 7.5 1.3 97
14 15.08 6.0 43 42 7.1 1.7 72
15 15.06 7.9 7.0 5.1 6.6 13 88
Mean 15.02 7.0 5.9 4.8 6.6 1.4 83
SD 0.03 0.9 1.1 0.5 0.6 0.2 8
RSD / % 0.2 12 19 10 9 13 10

myg,: initial ash mass; mP: mass of the product; mZ: zeolite mass in the product; CEC: cation exchange capacity; PZ: semi-quantitative zeolite content in

the products; SD: standard deviation; RSD: relative standard deviation.

Test 2

(b)

Test 12

Figure 2. SEM images of zeolites (a) Na-P1 and (b) 4A obtained by synthesis process A.

The chemical composition of zeolites Na-P1 and 4A
obtained in process A are shown in Figure 3 (also see
Table S2). As expected, zeolite Na-P1 displayed higher
concentrations of most of the elements studied. The

formation of this zeolite in the first step of the process
and its impurity due to mixing with unreacted residual
ash explain the retention of most of the contaminants
present in the precursor ash (Table S2). High levels of
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Fe (8.5%), Ca (2.8%) and K (1.3%) were recorded, with
intermediate concentrations of Mg, Mn, Sr, Ni, Ba, Rb, Zn,
Cr and Li (1.930 to 50 mg kg™'), considered contaminants.
Mainganye et al.*® found similar Ba, Cu, Ni and Pb levels
in zeolite Na-P1 obtained from South African coal fly ash
to those reported here. By contrast, the major contaminants
for zeolite 4A were K (0.3% or 3,404 mg kg') and Ca
(1,358 mg kg™"), and the only minor contaminants exhibiting
concentrations > 50 mg kg were Ti, Fe, Mg and Ba. These
results were expected and corroborate findings in similar
studies.>?#4445 It is important to underscore the low levels
(< 1 mgkg™) recorded for most of the highly toxic elements
(As, Cr, Se, etc.). These results indicate the potential use of
zeolite 4A in applications with more stringent contaminant
standards (i.e., biomaterials, zeolite fertilizers, etc.).

Synthesis using process B

Extraction step and formation of the low-grade zeolite
Table 4 shows the characterization of the extracts

(IB) resulting from the first step of synthesis, as well

as the residual ash (IIB) and low-grade zeolitic product
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(VB) obtained in process B, according to the original
methodology of Hollman et al.'® Despite of being
performed in an open reactor, the extraction step produced
a slight reduction in the volume of the extract (—14%) when
compared to process A, likely due to the lower temperatures
and shorter extraction times (85 °C, 2 h). All tests showed
greater extraction of Si (1.86 = 0.08 g) in relation to Al
(0.137 £ 0.002 g), corresponding to recovery percentages
of around Rg; 20% and R,, 4% of the amount present
in the ash, respectively. Slightly higher recovery values
(Rg; 25%; R, 5%) were obtained when compared to levels
of amorphous Si and Al present in the fly ash. The fact
that the amount of Si extracted was 14 times greater than
that of Al can be explained by the different concentrations
and reactivity of these elements in the ash, as previously
discussed. A comparison of these results (Table 4) with
those obtained in process A (Table 1) shows different
behavior among the elements, with lower extraction of
Si (-50%) and a significant increase for Al (+300%).
These findings suggest important variations in Al solubility
throughout the extraction step, previously reported by other
authors.'3* With respect to reproducibility of the extraction
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Figure 3. Average concentrations obtained for the majority, minority and trace elements in synthetic zeolites using process A. Results obtained by XRF

(majority and minority elements) and ICP-MS (trace elements).

Table 4. Characterization and yields of the solids and extract obtained in process B

) Extract Zeolitic product
Fly ash Re:l'siua' (IB) Na-P1 (VB) 4A (IVB)
Test Volume Element mass Si recovery Al recovery CEC  Purity CEC  Purity
mg/ mRA/ Vg / Mgipy / My /  Total/  Amorphous/  Total/ Amorphous/ m; ozl NH,*/ PZ/ m; ozl Ca*>*/ PZ/
g g mL g g % % % % (meqg’) % (meqgh) %
1 30.00 24.1 253 1.90  0.137 20.0 25 39 49 248 15.1 2.8 61 76 5.6 43 74
2 30.00 247 263 191  0.138 20.1 25 39 5.0 245 144 2.7 59 76 55 42 72
3 30.00 25.6 258 177 0.135 18.6 23 3.8 49 251 159 2.9 63 71 55 4.5 78
Mean 30.00 24.8 258 1.86  0.137 19.5 24 39 4.9 248 15.1 2.8 61 74 55 4.3 75
SD 0.01 0.8 5 0.08  0.002 0.8 1 0.0 0.1 03 07 0.1 2 03 0.1 0.2 3
RSD  0.03 3 2 4.2 1.1 42 42 1.1 1.1 1 5 4 4 4 1 4 4

myg,: initial ash mass; mRA: residual ash mass; Vy,: extract volume; mg;, and m,,,: mass of Si and Al extracted; Si and Al recoveries (total / %): calculated based on the extracted
mass of these elements in relation to their total contents in the ash (presented in the sequence); Si and Al Recovery (amorphous / %): calculated based on the extracted mass
of these elements in relation to their contents in the amorphous phase of the ash (Table S1); mP: mass of the product; mZ: zeolite mass in the product; CEC: cation exchange
capacity; PZ: semi-quantitative zeolite content in the products; SD: standard deviation; RSD: relative standard deviation.
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step, low coefficients of variation were observed for both
Si (standard deviation 4%) and Al (1%). These values
are significantly lower than those reported for process A
(Table 1, n = 15); however, a direct comparison cannot
be made due to the different number of replicates (n = 3).

With respect to the solubility of Al, according to the
literature,***" different leaching tests were applied to coal
fly ash and all the results showed low solubilization for
this element, particularly when considering its abundance
in fly ash. These low leaching rates are related to the slow
dissolution of the crystalline aluminosilicate phases and
glassy matrix.*® The leachability of Al is strongly pH
dependent, with regions of low solubility (around 5 to 7)
attributed to solubility constraints of amorphous Al(OH),
species present in fly ash. Solubility increases significantly
in the most acidic (pH < 4) and most basic pH ranges
(pH 9-11 range). In alkaline environments, Al is leached as
aluminate (Al(OH),).****4 However, leaching declines at
pH ca. 11.5 due to ettringite precipitation.*®>° This behavior
is consistent with the low Al solubility observed in our
extracts due to the high alkaline conditions (pH > 14).

Data from the literature**>' indicates that glass is the
main Si-bearing phase leached. Silicon is released slowly,
but the glass dissolution rate is enhanced by the presence
of OH™ in solution. Si dissolution declines between pH 8
and 10 and increases towards the acidic and alkaline ends
of the pH range,*® which may explain the higher solubility
observed under the conditions studied here.

The mass of the obtained solid product (mP) was
24.8 +0.3 g, corresponding to 0.83 £ 0.01 g of product per g
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of ash, with a CEC value of 2.8 + 0.1 meq NH,* g''.
Considering zeolite Na-P1 as the main phase present in the
solid (item “Characterization of the zeolites and residual
ash” and Figure S5), its purity is estimated at 61 + 2%,
implying a yield of 0.50 g of zeolite per g of fly ash. These
results are similar to those reported by Cardoso et al.'* and
lower than those recorded for process A (Table 1).

Synthesis of the high-purity zeolite (second step)

The results of the synthesis of zeolite 4A (IVB) using the
extract and sodium aluminate alkaline solution (2.0 mol L")
to adjust the Si/Al molar ratio are also displayed in Table 4.
The mean mass of the solid product (mP) was 7.4 + 0.3 g
and CEC 4.3 + 0.2 meq Ca?* g'!, corresponding to purity of
75 £ 3% in zeolite 4A. This was the only phase identified
(Figure S6), though less pure than its counterpart in process
A (83%). These values result in low yield for this zeolite
when compared to the amount of fly ash used in the process
(0.18 g of zeolite per g of fly ash). These values corroborate
the other results, indicating better performance in that
process. Nevertheless, they can be considered adequate and
competitive for the application of zeolite 4A in the detergent
industry as a substitute for sodium tripolyphosphate,
provided that the remaining parameters comply with the
necessary requirements.'?

Characterization of the zeolites and residual ash

Figures 4a and 4b show SEM images, typical of the
morphology of zeolites Na-P1 and 4A, respectively,

Figure 4. SEM images of zeolites (a) Na-P1 and (b) 4A obtained by process B.
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obtained in process B. Shapes were similar in the three tests
for both zeolites Na-P1 (Figure 4a) and 4A (Figure 4b) and
did not differ from the homologous zeolites in the fifteen
tests of process A (Figures S1 and S2). It is important
to note the presence of different-sized cubes (447 nm
to 3.72 um) with smooth surfaces, making sample size
heterogeneous.

The chemical compositions of these zeolites are shown
in Figure 5 (see Table S2 for details). Similar behavior to
that mentioned in the item “Zeolite characterization” was
observed, with greater contamination of zeolite Na-P1
compared to 4A. The high concentrations of the component
elements (Si, Al and Na) in zeolite 4A were also noteworthy,
in proportions that confirm its structure (Si/Al ratio = 1.0,
Na/Al ratio = 1.1). The major contaminants of zeolite
4A were Ti (0.71% or 7.072 mg kg!), K (1.350 mg kg™)
and Ca (638 mg kg'), whereas no minor elements were
found at levels > 50 mg kg and several were not detected.
However, it is important to underscore the high selenium
content (33 mg kg') in all the products synthesized in
this study. High levels of Fe (3.1%) and K (1.5%) were
once again observed in zeolite Na-P1, with intermediate
concentrations of Mg, Mn, Sr, Ni, Ba, Rb, Zn, Cr, Li and
Pb (5264 to > 50 mg kg ™).

Figure 5 shows the chemical composition of residual
ash (IIB), the solid produced in the first step of synthesis
(Figure 1b). As expected, it exhibits Si (25.1%) and Al
(8.5%) depletion and Na enrichment (7.7%) when compared
to the original ash (Table S1) due to solubilization during
extraction in alkaline medium (NaOH). The simultaneous
presence of the three zeolite component elements makes
this material conducive to synthesis. However, major
contaminants remain in Fe (3.1%), Ca (2.3%) and K (1.5%),
in addition to significant concentrations of several minor
elements (> 50 mg kg'). These results explain the greater
contamination of zeolite Na-P1 in the second step of
this process. With respect to levels of the elements in the
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residual and original ash (Table S1), some minor / trace
elements (Ni, Mg, Ti, Ca, Sr and Cu) were concentrated in
the former (ratio > 1.0), with low leaching into the alkaline
solution. By contrast, Ga, V, Pb, Cs, Rb, As and Cd were
depleted (ratio < 0.7) in the residual ash, showing high
mobility and the potential to contaminate the high-purity
zeolitic product (zeolite 4A). These elements were likely
associated with amorphous phases, which are more easily
dissolved by the alkaline medium. The behavior of mineral
phases in alkaline solution can be verified by comparing the
diffractograms of original and residual ash after leaching
(Figures S7 and S8), indicating that quartz and mullite
remain as major phases. Conversion of this residue into
zeolite Na-P1 also significantly reduces the amount of solid
waste resulting from the zeolitization process, which is far
greater than in process A." This additional step eliminates
a highly-contaminated waste product and generates one that
can be employed, for example, to treat acid mine drainage,*>
swine wastewater'® and electroplating wastewater,* as well
as in the adsorption of ammoniacal nitrogen from tannery
and landfill effluents,’® among other applications.

Characterization of the effluents generated in the two
processes

Table 5 shows the characterization of the effluents
generated in the two synthesis processes (IITA and I1IB)
and the wastewater discharge standards for the relevant
controlled elements.’”3* As expected, high sodium levels of
81,000 and 75,000 mg L' were recorded in effluents IITA
and IIIB, respectively. These values are consistent with the
concentrations of the NaOH solutions used in the extraction
and synthesis step of each process (3.0 and 2.0 mol L,
respectively). With the exception of Al (ca. 690 mg L)
and K (ca. 170 mg L"), levels of all the remaining elements
were < 6 mg L' in both effluents. Only Ag, V, Rb, Fe, Ca,
Ga, Si and Zn were found in concentrations > 1 mg L. High
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Figure 5. Average concentrations recorded for majority, minority and trace elements in solid products obtained by process B, obtained by XRF (majority

and minority elements) and ICP-MS (trace elements).
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levels of elements such as V, Rb and Fe were observed in
the extracts of synthesis conducted via process A (Table 2).
Despite the decline in their concentrations (ca. 4 x), they
still stand out in relation to the remaining elements. The
low Si levels (ca. 1.1 mg L"), especially when compared
to Al, suggest good atom efficiency for this element.
Contents of most of the elements studied were higher in the
effluent from process B, particularly Ag, As, Cs, V and Rb,
with levels at least two-fold greater than in process A. Ag
content was ca. 40 times higher than in process B. These
results were unexpected because extraction in process
A was more prolonged, suggesting different and more
complex solubilization/precipitation mechanisms between
the elements. This difference in behavior was evident for
Si and Al in the extracts of both processes.

Despite the low concentrations recorded, Al, V and As
levels were ca. 70, 6 and 2 times higher than the wastewater
discharge standard allowed under Brazilian legislation.?3#

Silver exceeded the limit (12 times) only in the effluent
from process B and chromium (1.3 times) only in process
A. Ferrarini et al.’ also reported higher As content than
legally stipulated in a study using a synthesis process
similar to process A. These results indicate the need for
proper treatment before disposing these effluents, which
would make the synthesis process more expensive.

However, the high sodium content (75 and 81 g L)
favors the reuse of these effluents in zeolitization. In
addition to reducing the volume of the effluent generated,
reuse precludes the need for its treatment before disposal,
thereby lowering the costs associated with this process.
Dufour et al.’® used wastewater rich in Na and Al in
feedstock for zeolite 13X synthesis.

Zeolite contamination between the two synthesis processes

Comparison between Figures 3 and 5 and Table S2
shows similarities for most of the elements investigated.
Exceptions are evident for elements such as Ba, Mg and
Se in zeolite 4A, exhibiting differences 20 times greater
between the two synthesis processes. For zeolite Na-P1
(exhibiting the highest number of quantified elements
in the two synthesis processes), #-testing was applied to
compare the two means>® to determine whether there were
significant differences between the values provided by
both synthesis processes. The findings demonstrate that for
65% of the elements analyzed, the results of the processes
were statistically equal (at a 95% confidence interval).
Significant differences were only observed for As, Cs,
Mg, Mn, Ni, Rb, Se and U. Of these, only Mg exhibited
higher concentrations in synthesis process B, whereas the
highest levels of the remaining elements were obtained in

J. Braz. Chem. Soc.

Table 5. Concentration of elements in the effluent generated by processes
A and B and the maximum permissible limits (MPL)

Effluent (IIT) and Discharge limits and

Element ratios / (mg L") ratios / (mg L")
Process A Process B B/A MPL* A/MPL B/MPL

Ag 0.03 1.22 40.7 0.1 0.3 12
Al 698 695 1.0 10 70 70
As 0.56 0.95 1.7 0.5 1 2
Ba 0.33 0.21 0.6 5 0.1 0.04
Be 0.02
Ca 1.67
Cd 0.03 0.2 0.2
Co 0.03
Cr 0.13 0.05 0.4 0.1 1.3 0.5
Cs 0.11 0.3 2.7
Cu 0.08 0.06 0.8 1 0.1 0.1
Fe 222 1.75 0.8 15 0.1 0.1
Ga 1.01 1.56 1.5
In 0.02
K 175
Li 0.1 0.19 1.9 10 0.01 0.02
Mg 0.41 0.68 1.7
Mn 0.04 0.01 0.3 1 0.04  0.01
Na 75,000 81,000 1.1
Ni 0.07 0.01 0.1 2 0.04  0.01
Pb 0.13 0.09 0.7 0.5 0.3 0.2
Rb 1.55 3.1 2.0
Se 0.14 0.18 1.3 0.3 0.5 0.6
Si 1.05 1,21
Si 1.05 1.21
Sr 0.03 0.04 1.3
Tl nd 0.03
U nd 0.03
A\ 2.43 5.5 2.3 1 2 6
Zn 1.66 0.77 0.5 5 0.3 0.2

“Brazilian wastewater discharge standards.’”>* nd: not determined.

process A. It is important to underscore that applications
for zeolite Na-P1 do not require high purity, meaning these
differences may be negligible.

In relation to major elements, higher Na levels
(ca. 4-fold) were recorded in zeolite Na-P1 resulting
from process B. This is because obtaining zeolite Na-P1
via process B requires the alkaline reagent to be added
twice. A slight discrepancy was observed in Si and Al
concentrations in this same zeolite, particularly in the
case of Al, however, the ratio between these elements is
within the expected range for zeolites with an intermediate
Si content, such as Na-P1.” Additionally, zeolite Na-P1
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produced using process A contained approximately
1.6 times more Fe than the zeolite obtained by process B.
These data indicate greater solubilization of this element in
process B, meaning less Fe remains in the resulting zeolite.

Figure 6 shows the distribution percentages of the
main elements in the zeolites and effluents of the two
processes studied. Most of the elements showed significant
incorporation into zeolite Na-P1, with the exception
of As (72%) and Ag (61%), which were concentrated
in zeolite 4A produced via process A (Figure 6a). By
contrast, in process B (Figure 6b), these two elements
and V were most present in the effluent (> 75%), which
also contained a significant portion (> 50%) of the other
elements (Ga, Cs and Rb). These results confirm the low
reactivity of most contaminants to alkaline extraction,
which implies significant immobilization in the low-grade
product, generated directly in the residual ash. However,
the transfer of certain elements to the effluent in process
B requires further investigation since it impacts reuse of
the wastewater, reducing the sustainability of the process.

The two synthesis processes studied here were compared
using the methodology proposed by Cardoso et al.'* and
expanded by including different parameters (Table 6). It is
important to note that the initial conditions (coal fly ash mass,
concentration and volume of the alkaline solution) differed
in the two processes, and a direct comparison between the
mass and volume of products and effluents was not possible.
As such, the results were converted into yield, efficiency and
ratios in order to enable a comparison. Table 6 summarizes
the main data for processes A and B, as well as similar
integrated processes reported in the literature. Data reported
by Moreno et al.** and Hollman et al.,'" who used fly ash
from Spain (Puertollano Power Plant) and the Netherlands
(information not provided) and processes similar to A and
B, respectively, were selected for this comparison.

As previously mentioned, process A generates extracts
ca. 3 times richer in Si (19.493 +2.391 mg L"!) than process
B (7.235 £330 mg L"), largely because the extraction times
were 12 times longer. Nevertheless, since the decline in
solvent volume during extraction differs, processes should
be evaluated according to the percentage of Si extracted in
relation to its content in the fly ash. The data in this table
confirm good extraction efficiency (recovery) of 31 and
20% for processes A and B, respectively, when compared
to literature values. Moreno ef al.*® obtained intermediate
efficiency (24%) while Hollman et al.'® reported a far lower
value (6%), indicating that additional factors such as fly
ash composition (amorphous Si content) and operating
conditions (S/L ratio, extraction time and temperature)
also influenced extraction. Low extraction efficiency was
observed for Al in all the aforementioned studies (0.1 to
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4%), demonstrating inferior mobility in relation to Si, as
previously discussed.

The Si-rich extracts were used in the synthesis of
high-purity zeolite 4A, whereas the solid waste (process A)
immediately generated a second zeolitic product (Na-P1)
or proceeded to an additional synthesis step (process B),
also producing zeolite Na-P1, which exhibited lower purity
in both cases.

The data in Table 6 make possible to estimate the mass
yield of the zeolites in relation to the amount of fly ash
used in each process. In this study, process A generated
more zeolite 4A (0.38 g g! ash) and at significantly higher
purity (83 + 8%) than process B (0.18 g g! ash; 75 + 2%).
Hollman et al.'® reported far less zeolite 4A (0.06 g g* ash)
with similar purity (79%) to process B in the present study.
Moreno et al.* reported the theoretical maximum amount
of zeolite 4A (0.41 g g ash) that would be obtained with
full use of the Si extracted, which is very close to the mean
experimental value for the 15 tests in process A, indicating
excellent yield in the present study. Yields were higher and
similar (0.40 to 0.57 g g ash) for the low-grade zeolite
(Na-P1), with better performance observed for process A,
ca. 40% superior to that observed by Moreno ef al.** It is
important to note that this parameter does not adequately
portray the reaction yield because additional feedstocks
(NaOH and secondary Al source) were added to the final
product.

Another significant parameter in the comparison
between synthesis processes is the use of Si and Al available
in the feedstock (fly ash and secondary Al source) and
incorporated into the zeolites. In process A, 60% of the
available Si and Al were incorporated into the two produced
zeolites, while lower incorporation of the two elements
(44% of Si and 39% Al) was observed in process B. Data
reported by Moreno et al.* indicate similar incorporation
(53-54%) to that of process A, while Hollman et al.'®
found lower values for both elements (21-22%). However,
Cardoso er al.”® also obtained superior Si incorporation
of 74 and 55% for processes A and B, respectively. Al
incorporation was not analyzed by the authors. In general,
better yields were observed for the elements in process A,
in line with the behavior of the other parameters studied.

The sustainability of the processes should also be
assessed in terms of effluent generation and its treatability /
recyclability. Once again, direct comparison of the volumes
generated was not possible due to the different liquid / solid
(L/S) ratios used (3 to 10 mL g'). As such, the effluent-to-
zeolite ratio (E,) was used for comparison purposes, namely
the ratio between the volume of effluent generated by the
sum of the masses of the two zeolites (see item “Calculation
of process yields and efficiencies” in the SI section).
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Figure 6. Percentage distribution of elements in the zeolitic products and effluents generated in (a) process A and (b) process B.

The data in Table 6 indicate worse performance for
process B (22 = 1 mL effluent g' zeolite), with a value
ca. 3 times higher than in process A. These results are
partly related to the larger (2 x) initial L/S ratio for process
B compared to process A, as well as better yields in the
latter. Moreno ef al.?* and Hollman ef al.'® did not report
the effluent volume generated in their research; however,

E, was estimated based on the initial solvent volumes,
resulting in values between 5 and 6 mL effluent g'! zeolite,
respectively. These smaller values are partially due to the
low L/S ratio used by the authors (3 mL g'), which also
directly affects yield and consequently, zeolite production.
Nevertheless, the lower ratio may undermine extraction
performance and/or the quality of the low-grade zeolite.
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Table 6. Characterization, yields, and effluent generation for zeolite Na-P1 and 4A synthesis using integrated processes
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Integrated processes (this study)

Parameter A B*
A B
Fly ash Candiota UB (Brazil) Candiota UB (Brazil) Puertollano (Spain) un (Netherlands)
Total mass mp, /g 15.023 £ 0.03 30.001 = 0.002 1,000 500
Silicon Mgipa/ 8 4.668 = 0.01 9.321 £ 0.002 274 220
Aluminum My s/ g 1.785 = 0.004 3.565 +0.002 145 132
Solvent NaOH / (mol L") 3 2 2 2
My, g/ 8 6.21 13.8 138 99
Extract
Time time / h 24 2 9 6
Temperature T/°C 100 85 90 90
Lig/Solid ratio L/S/(mL g") 6.0 10.0 3 3
Volume Vi, / mL 74+6 258 +3 3,000 1,250
Concentration Cypy/ (mL g 19,493 + 2,391 7,235 £330 21,814 10,000
Curpe/ (mL g 239 + 167 53111 53 200
Recovery Y/ % 31 20 24 6
Yyen! % 1.0 4 0.1 0.2
Al source powder Al aluminate Al effluent aluminate
Al added my g/ 1.4+0.18 34+0.2 63 8
Parameter Integrated processes (this study) AP Bis
A B
Zeolite Na-P1 4A Na-P1 4A Na-P1 4A Na-P1 4A
Mass mP/g 132+04 7.0+09 248+03 74=x0.1 817 425 515 40
267 176
Y,/ % 37+4 25.+0.4 87 80
Silicon mg,/ g 1.8+03 09=x02 23+02 09=x14 86 63 44 5
Ymg, /g 2.7 32 193 49
I/ % 59 +8 44 +2 54 22
Aluminum my,/g 0202 09+0.2 2+3 0.82 £0.04 49 61 25 5
Xmy, /g 1.9 2.7 135 30
1,/ % 60 + 2 39+ 1 53 21
CEC Ca* / (meq L) 4.8+0.5 43+1.6 5 4
NH,"/(meq L") 3.0+0.6 2.8+0.1
Effluent Vg / mL 113+9 447 5 4,020 1,360
Ratio effluent/zeolite Ry, / (mL g") 8+ 1 22+1 5 6

UB: unit B of the Presidente Médici Thermoelectric Power plant (Candiota, Brazil); mp,: initial ash mass; mg;;, and mAl p,: initial mass of Si and Al in the
ash; my, g, Na mass in the extract; V,: extract volume; Cg; g, and C,, ,: concentration of Si and Al in the extract; Y g, and Yy, g, percentage Si and Al

extracted; m,, - aluminum mass added; mP: mass of the product; Y,: yield of the product added; mg;, and mAl,: Si and Al mass in the zeolite; X

zand

‘mSi.

Z .aiz: combined mass of the Si and Al in the zeolites; I; and I,;: percentage of Si and Al incorporated into both zeolites; CEC: cation exchange capacity;
Vi effluent volume; Rg;,: effluent/zeolite ratio; un: uninformed. An explanation on how the calculations in this table were performed can be found in the

SI section, under the item “Calculation of zeolitic product purity”.

As such, it is important to find a compromise between
these two L/S ratios.

As previously mentioned, effluents of both the processes
studied exhibited similar residual concentrations for the
three component elements (Si, Al and Na). Low Al and
particularly Si values indicate good use of these elements
in synthesis, whereas high Na levels suggest reuse of
the effluent in a new cycle of synthesis. It is important
to underscore that the alkaline reagent used in synthesis
extracts a series of contaminants (items “Characterization
of the effluents generated in the two processes” and “Zeolite
contamination between the two synthesis processes”) and

the selection of the most suitable synthesis process should
be based on the intended application of the synthetic
zeolites. This finding indicates the need for a more detailed
analysis of other factors associated with the two synthesis
methods, such as the quality of the products generated, in
order to determine which of the two methods offers the best
cost-effectiveness as a function of a specific application.

Conclusions

The present study analyzed two integrated hydrothermal
synthesis process (A and B) conducted in two steps
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(extraction and synthesis), producing two types of high (4A)
and medium-purity (Na-P1) zeolites and using coal fly ash
as the main feedstock. With respect to the reproducibility
of extraction, relatively low coefficients of variation were
recorded for Si and greater variability for Al, indicating that
analytical uncertainties contributed to the determination
of this element due to the low associated concentrations.

While both processes produced zeolite Na-P1 with
similar morphology and purity (61 and 65%), the purity of
zeolite 4A (83%) generated by process A was significantly
higher. Nevertheless, contaminant levels were similar
in the analogous zeolites in both processes. Exceptions
were evident for Ba, Mg and Se in zeolite 4A, exhibiting
differences 20 times greater between the two synthesis
processes. For zeolites Na-P1 obtained by both processes,
65% of the elements studied exhibited equal concentrations
(p =0.05). Of the elements not included in this percentage,
most displayed higher concentrations in the zeolite obtained
using process A.

In relation to the effluent generated in both processes,
high Na levels were observed in association with the
alkaline reagent used, demonstrating its possible reuse in
an additional synthesis process. The exceptionally low Si
content recorded in both processes suggests good atom
efficiency for this element. Concentrations of most of
the elements investigated were higher in process B. The
permissible limit for wastewater discharge was exceeded
for Al, V, As, Ag and Cr in one or other of the two processes
used.

The results for parameters related to process efficiency
and sustainability show greater and better extraction (31%
recovery) in relation to Si for process A. With respect to
Al, low efficiency values were recorded in both processes,
indicating inferior mobility when compared to Si. Process A
generated a higher mass of products in relation to the
amount of ash used and greater purity for both zeolites. It
is important to note that this parameter does not adequately
portray the reaction yield because additional feedstocks
(NaOH and secondary Al source) were used and added
to the final product. With respect to use of the Si and
Al available in the feedstocks and incorporated into the
zeolites, in process A, 60% of the available Si and Al was
incorporated into the two produced zeolites, while lower
incorporation (44% of Si and 39% Al) was observed
in process B. In general, yields demonstrated better
performance in process A for both zeolites assessed, in line
with the behavior of the other parameters studied. In terms
of effluent generation and its treatability / recyclability,
performance was worse in process B.

It should be noted that both synthesis processes
produced zeolites of sufficient quality for application in the

J. Braz. Chem. Soc.

removal of metals from wastewater (zeolite Na-P1) and in
detergents as builder (zeolite 4A). For applications subject
to more stringent requirements (biopolymer composites /
biodegradable packaging), additional tests (leaching tests)
should be performed to ensure safe use of these zeolites.
Larger scale testing and economic assessment of the
integrated synthesis processes are currently underway in
order to better ascertain their cost-effectiveness in terms
of a specific application.

Supplementary Information

Supplementary information (data, figures,
list of symbols, etc.) is available free of charge at
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