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Abstract

The coal fly ash (CFA) from a coal gasification plant was used as raw materials for X zeolites
synthesis by fusion and hydrothermal method and the ability of CFA-derived zeolites to adsorb CO»
was studied. After characterization of CFA, factors affecting the synthesis of different zeolites from
this CFA, i.e., NaOH/CFA weight ratio, crystallization temperature and crystallization time were
investigated. X-ray powder diffraction showed that only the experimental conditions corresponding
to 1.2 NaOH/CFA, 7 h and 90°C have led to a mixture composed by NaX and amorphous
compounds without the formation of other crystalline structures. This product has a specific surface

area of 498+4 m?/g and exhibits a CO2 adsorption capacity of 2.18 molCO2/kg, corresponding to
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57% of commercial 13X. Results showed that this feature is directly related to this specific
crystalline product and not to other zeolitic forms or to amorphous phases. The design of
experiment, named central composite full factorial, was accounted to optimize these synthesis
parameters in order to maximize the CO» adsorption capacity of the CFA-derived zeolites.
Thermogravimetry experiments showed that the experimental setting corresponding to 1.4
NaOH/CFA, 80°C and 7 h has led to a material with an adsorption capacity of 3.3 molCO2/kg, the
86% of commercial 13X. Furthermore, results highlighted that all the examined synthesis parameter
are significant for the purpose of improving CO> adsorption capacity of CFA-derived zeolites but

too high values entail the production of more stable and useless (for this purpose) zeolites.

Keywords: coal fly ash, zeolite, fusion and hydrothermal treatment, design of experiment, carbon

dioxide adsorption.

1. Introduction

Due to its abundancy and affordability in a large number of regions, coal fuels the largest share
of worldwide electricity production. In 2018, world coal production was 8.0 billion tons, more than
70 wt% of which were used for power generation [1]. In the coal combustion and gasification
process, large quantities of coal fly ash (CFA) are produced as by-product. Efficient disposal of
CFA 1is a worldwide issue because of the huge amount produced and its harmful effects on the
environment, caused by the pollution of air, water, and land [2]. To avoid the practice of CFA
disposal in the sea or landfills, there is an increasing interest in material recovery from CFA.

CFA is an aggregate of spherical shape particles and primarily contains amorphous silica and

alumina , in addition, minor crystal components such as, quartz, mullite, hematite and magnetite are
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present [3]. Due to its chemical composition, which is variable for different coal origins [2], CFA
can be virtually used to produce new materials reducing the use of natural resources. Nowadays, the
main use regards the manufacture of construction materials either as blended cements or
geopolymers [4,5]. Other applications include catalysis [6], wastewater purification [7], gas
adsorption [8], soil amendment [9], recovery of precious metals [10].

Many of these applications pass through the conversion of CFA into zeolites, exploiting the high
CFA content of SiO> and AlOs. Zeolites represent a large group of aluminosilicate minerals of
tectosilicate type: a three dimensional framework of interconnected tetrahedrons, mainly
comprising aluminum, silicon and oxygen atoms [11]. The peculiar chemical and structural
properties of the different zeolites make them suitable for many technological applications [12].
Furthermore, controlled quantities of iron oxide, both present in CFA or expressly added let to
obtain magnetic zeolites, easy to recover in water pollutants removal processes [13-15].

Many different zeolites, natural, synthetic and functionalized, are used for separation of CO; from
gas streams [16]. Among others, X-type zeolites are the most widely reported physical adsorbents
for CO; capture [17]. CO2 capture and separation from flue gases have been considered as a key
opportunity to reduce the greenhouse gases emissions from power plants [18]. On the other hand, a
syngas or a biogas purified from CO, decreases its volume and, consequently, can be moved and
stored reducing the operating costs. Furthermore, the combustion of a free CO» fuel gas (CO; has a
null heating value) increases the energy produced per gas volume unit.

Many methods have been investigated for the synthesis of zeolites from CFA, depending on the
chemical composition of the starting material and the type of zeolite to be produced [19]. According
to the literature, these conversion techniques consist in: hydrothermal treatment [20], fusion
followed by hydrothermal treatment [21], molten-salt treatment [22], microwave-assisted technique
[23] ultrasound technique [24] or their combinations [25,26]. However, the fusion/hydrothermal
methods are preferable as usually they involve a minor operational complexity. Furthermore, the

other methods are more energy-intensive and have little potential for up-scale production [27].
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The synthesis of zeolites from CFA through fusion/hydrothermal method is a complex phenomenon
due to the multiplicity of involved variables. The main goal of this work is to study how some of
these synthesis parameters such as NaOH/CFA weight ratio, crystallization time and crystallization
temperature, can influence the nature of the produced zeolites and their ability to capture CO». Data
in the literature confirm that CO; is effectively adsorbed on different CFA-derived zeolites but all
the studies have focused on the characterization of the synthetized sorbent and on the investigation
of the mechanism of the adsorption or the influence of different operation conditions on the
adsorption of CO> on CFA-derived zeolite [17,29-34].

In particular, the CFA object of this study was characterized and deprivated by combustion of the
residual carbon, without any further pre-treatment underwent the fusion followed by hydrothermal
treatment in order to produce CFA-derived zeolites. Initially, macro variation of two out of three
parameters (NaOH/CFA weight ratio and crystallization temperature) were carried out to reveal
what combination leads to the desired zeolite formation. Then, the design of experiment (DOE)
strategy, in particular the central composite full factorial design, has allowed to define the
relationship between the moles of adsorbed CO» per kilogram of product and the three parameters
(i.e. three independent variables) associated to the synthesis conditions. DOE is a collection of
mathematical and statistical techniques useful to plan a set of experimental tests improving,
developing and optimizing different variables simultaneously [35]. The DOE strategy was used by
several authors in order to correlate different synthesis parameters with a particular property of the
CFA-derived zeolite [3,36] but never with its CO; adsorption capacity. According to our
knowledge, this study represents the first attempt to understand the correlation between the above

mentioned synthesis parameters and the CO; adsorption capacity of a CFA-derived zeolite.

2. Experimental

2.1. Zeolite synthesis
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The raw CFA was collected from a coal gasification plant in Kolkata (India). After combustion at
550 °C in static air to remove unburnt carbon, CFA underwent chemical and morphological
characterization followed by the fusion and hydrothermal treatment in order to produce CFA-
derived zeolites. A first set of experiments was carried out varying extensively two parameters
(NaOH/CFA ratio and crystallization temperature) in order to understand how these variables can
affect the nature of the produced zeolite. Table 1 shows the six Test Runs (TRs) where the
crystallization time was fixed at 7 hours. The parameters values for this first set of experiments
were selected in the range of those reported by the published literature [11]. In particular, CFA and
NaOH pellets (VWR Chemicals) were milled together with an exact ratio (1:1.2 or 1:1.8) and
heated at 500 °C for 1 h. The fused mixture was then cooled to room temperature, milled again and
added to distilled water with the weight ratio 10:1 (water/fused mixture). The resulting intermediate
product followed the same steps of a classical hydrothermal treatment: after mechanical mixing at
room temperature for 16 hours, it was hydrothermally treated for 7 hours at 90, 120 or 180 °C in a
125 ml non-stirred pressure vessel (Parr Instruments). The solid product obtained from each
synthesis was filtered, washed with distilled water until pH 7, and dried overnight at 105 °C.
Finally, the powder was milled again to remove the clumps. The product obtained from each TR

was defined Product Run (PR).

Table 1
Variation of experimental parameters (NaOH/CFA weight ratio and crystallization temperature) in the first

set of zeolite syntheses.

TR NaOH/CFA Crystallization
weight ratio Temperature (°C)
1 1.2 90

2 1.2 120
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3 1.2 180
4 1.8 90
5 1.8 120
6 1.8 180

Subsequently, the synthesis optimization was carried out by Design Expert software (Stat-Ease, free
trial). The effect of three variables (NaOH/CFA weight ratio, crystallization temperature and
crystallization time) on CO; adsorption (moles of adsorbed CO; per kilogram of PR) was examined.
The three variable of this second set of experimental tests were chosen following a central
composite full factorial DOE where the levels of axial points in coded variables are determined by

the Equation:

o ==+ 2K (1)

Being k = 3 (the three independent chosen variables), a is = 1.68. This design consists of three TR
classes:
1. Eight TRs related to a 23 full factorial DOE, assuming two levels for each of the three
independent variables;
2. one central TR performed for median values of the three independent variables;
3. six axial TRs carried out under identical conditions to the central test run except for a
variable that will assume a higher or lower value than the levels established in 1.
The variation range of three variables start from the experimental conditions of TR1: NaOH/CFA
weight ratio 1+1.4, crystallization temperature 80+100 °C and crystallization time 5+7 h.
Table 2 summarizes the experimental conditions of the central composite full factorial DOE and the

relative coded variables while Figure 1 is the representation of this kind of DOE.
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149

150 Table 2
151  Experimental parameters (NaOH/CFA weight ratio, crystallization temperature and crystallization time) of

152  the second set of zeolite syntheses and relative coded variables of the central composite full factorial DOE.

NaOH/CFA Crystallization Crystallization
TR Coded variables*
weight ratio Temperature (°C) Time (h)
7 1 80 5 -1;-1; -1
8 1 80 7 -1;-1; +1
9 1 100 5 -1; +1; -1
10 1 100 7 -1;+1; +1
11 1.4 80 5 +1;-1; -1
12 1.4 80 7 +1; -1; +1
13 1.4 100 5 +1; +1; -1
14 1.4 100 7 +1; +1; +1
15 1.2 90 6 0;0;0
16 1.53 90 6 +1.68; 0; 0
17 0.87 90 6 -1.68; 0; 0
18 1.2 107 6 0; +1.68; 0
19 1.2 73 6 0; -1.68; 0;
20 1.2 90 7.7 0;0; +1.68
21 1.2 90 4.3 0; 0; -1.68

153 * The order of the coded variables is: NaOH/CFA weight ratio, crystallization temperature and crystallization time.

154
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Fig 1. Representation of the central composite full factorial DOE with the fifteen TRs.

The synthesis of central TR15 was repeated six times as established by the central composite full

factorial DOE.

2.2. Characterization of CFA and zeolites

CFA, the product of TR1 and a commercial zeolite 13X (Alfa Aesar) were chemically and
physically characterized using different techniques. Field emission scanning electron microscopy
(FESEM) performed by a high-resolution microscope (Auriga-Zeiss) helped to investigate the
microstructure of raw CFA and zeolites. The initial chemical compositions of CFA was determined
using FESEM/EDXS, and the percentage of oxides were calculated. The specific surface area was
measured by nitrogen adsorption at the liquid nitrogen temperature (-196 °C) on powder samples
pretreated at 350 °C under vacuum for 4 h, using a Micromeritics 3Flex 3500 analyzer. Brunauer-
Emmett-Teller (BET) specific surface area was calculated in the range 0.005-0.1 P/P°. The

crystallinity of the samples was examined by X-ray diffraction (XRD) with a Philips PW 1830
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GENERATOR diffractometer (CuKa radiation as a source of X-rays in the range 10°-80°). XRD
was also used for the analysis of the PR 2+6 and of collected little portions of the products of the

steps adopted to produce TR1 in order to understand the nature of each single synthesis step.

2.3. CO: adsorption study

The CO; adsorption performance of CFA, commercial 13X, TR1+6 and TR7+21, determined by the
central composite full factorial DOE, was evaluated by using a SETARAM 92-16.18 TGA. About
10 mg of the sample was placed into170 uL alumina pan. The sample was first heated from room
temperature to 500 °C at a rate of 15 °C/min under pure Argon with a flow rate of 30 ml/min to
remove the CO> and moisture adsorbed from the environment. Then, the sample was cooled down
to 25 °C and kept at this temperature for 20 minutes. The CO» adsorption started opening the valve
and flowing COz with 35 ml/min flow rate for 30 minutes. The adsorption temperature was held at
25 °C to perform an isothermal experiment. The CO, adsorption capacity of the samples was
calculated according to the mass change during the isothermal adsorption and reported as CO>
moles adsorbed per PR kg.

For the samples PR1 and commercial 13X further TGA analyses were carried out: CO> sorption at
other different temperatures (50, 100, 200, 300, 400 °C) after activation at 500 °C and CO» sorption
at 25 °C after activation at different temperature (no activation, 160, 300, 400 °C) were conducted
in order to study the effect of adsorption and activation temperature on the CO> adsorption capacity.
Subsequently, the results of TR7+21 were processed by Design Expert software for statistical
analysis and the final equation of the adsorption capacity as a function of the three independent
variables, NaOH/CFA weight ratio, crystallization temperature and crystallization time was

extracted. The significance level was set at 0.05.

3. Results and Discussion
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3.1. Characterization of CFA

The XRD spectrum of raw CFA is shown in Figure 2, with reference materials taken from the
Powder Diffraction File database. The XRD pattern highlights the presence of the mullite and
quartz crystalline phases plus an undefined amount of amorphous phase. The mullite molecular
formula is Als+2xS12-2xO10x With 0.17<x<0.59 [37]. In this case x is equal to 0.25 corresponding to
3A1,03 2S10; in terms of alumina and silica and a silica-alumina molar ratio (SAR) of 0.7. In order
to calculate the SAR of the whole CFA it is necessary to know the total amount of silica and
alumina comprehensive of quartz and amorphous silica and alumina. For this purpose, a semi-
quantitative elemental analysis was carried out by FESEM/EDXS and Table 2 reports the results in
terms of weight percentage of oxides. The resulting composition is typical of CFA collected from
eastern part of India [21]. The silica alumina weight ratio of 1.8 corresponding to a SAR of 3.1 is an
indication of the possible synthesis of zeolite X from this CFA [11]. Actually, the formation of a

particular zeolite also depends on the SAR of the raw material [11].

1000 -+

o Mullite C.0.D. 9001567
# Quartz C.0.D. 9009666

800 -

600 -

CPS

400

200

Fig 2. XRD spectrum of CFA.
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Table 3. Chemical analysis of CFA.

Metal Oxide @ Amount (Wt%)

Si0; 55.4
ALO; 30.3
Fe;03 3.5
TiO, 3.3

CaO 3.1
MgO 0.2

K20 2.8
Na,O 0.9

BaO 0.4

Si02/ALOs 1.8

Figure 3 depicts the SEM images of the CFA. The particles have a regular spherical shape, but
some spheres are not uniform and they are covered with smaller particles and irregular deposits
(Figure 3a). The surface morphology highlights a porous (Figure 3b) or a compact (Figure 3c)
structure as well. In any case the particles diameter is about in the range 100-200 um. The smooth
and spherical surface was mainly due to the amorphous glass phase that covers the particles. The
physical characteristic of CFA depends on the particle size of feed coal, type of combustion, and the

particulate control device [36].
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Fig 3. SEM images of CFA. From left to right, increasing magnification.

BET analysis has shown that CFA is mainly a macro-porous material with specific area 0.8+0.1
m?/g. The total pore volume is very small and equal to 0.00059 cm?/g while the pore diameter is
distributed in the range 601000 A, with a maximum at about 432 A.

Finally, these physico-chemical characteristics suggest that CFA is not a proper material for CO»

capture as confirmed by null adsorption capacity during TGA experiment.

3.2. Experimental conditions: effect on NaX zeolite synthesis

Figure 4 shows the XRD spectra of the samples collected after each synthesis step of TRI.
Combustion is necessary to remove the unburnt carbon but it does not modify the crystalline nature
of CFA (Figure 4a): indeed, the crystalline phases mullite and quartz are still present. The fusion
with NaOH at 500 °C converts alumina and/or silica compounds in sodium aluminate and sodium
silicate salts soluble in water (Figure 4b). After 16 h mixing in water, a sample of the suspended
solid is dried overnight at 105 °C and the XRD pattern (Figure 4c) shows its completely amorphous
nature. This slurry composed by the amorphous suspended solid and the soluble salts is the
precursor in an alkaline solution of nucleation reaction and growth of the zeolite crystals [11]. The
synthesis intermediates of fusion with 1.8 NaOH/CFA weight ratio are very similar to those of

fusion with 1.2 NaOH/CFA shown in Figure 4 for TR1. In fact, the XRD pattern of sodium



DOI 10.1016/j.fuel.2020.118041

251  aluminosilicate and sodium silicate is the same except for the height peaks ratio (Figure S1) and so
252  the amorphous nature of suspended solid after mixing in water.
253
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Figd4. XRD spectra of CFA after combustion (a), CFA after fusion with NaOH (TR1) (b), slurry (TR1) (c).

Nevertheless, the final products will be different because their nature and crystallinity are a function
of the alkalinity of the reaction mixture as well as of the crystallization temperature [21]. In Figure
5 the XRD patterns of PR 1+6 are reported. Comparing the obtained XRD patterns with that of
commercial 13X (Figure S2), it is evident that only the experimental conditions of TR1 have
uniquely led to the formation of NaX while the other TRs have given different types of zeolites.
Higher NaOH/CFA weight ratios and crystallization temperatures have favored the formation of
more stable zeolites: sodalite and/or cancrinite but also zeolite A in the case of PR4, obtained at the
lower tested temperature. Zeolite X has a large pore size (7.3 A) and a high cation-exchange
capacity (CEC, 5 meq g!), which make this zeolite an interesting molecular sieve and a high-cation
exchange material [12]. Zeolite X can be used to selectively adsorb CO; and water from gas streams
and is used in the pre-purification of air for industrial air separation [3]. On the contrary, the small
pore diameter of sodalite (2.3 A) and the low CEC (0.3) [11] accounts for its limited potential
application for both molecular sieving and ion exchange. Cancrinite is reported to be more
thermodynamically stable than sodalite [38] although they show a similar pore diameter [39]. To

conclude, Zeolite X is a metastable phase corresponding to a less condensed structure.
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Fig 5. XRD spectra of PR1 (a), PR2(b), PR3 (c¢), PR4 (d), PR5 (¢), PR6 (f).
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More “energetic” conditions as well as longer synthesis time can increase the crystallinity, and
consequently the zeolite quality, but also can lead to different types of zeolites, more dense and
stable. As an example, Molina and Poole [40] showed that increasing NaOH/CFA weight ratio leads
to an increase in the crystallinity and purity of the formed zeolitic product. Differently, the present
work shows that, if TRs with the same crystallization temperatures are compared, the same
evidence was found for TR3-TR6 couple, where the higher XRD peaks of PR6 reveal a greater
production of cancrinite. On the contrary, for the couples TR1-TR4 and TR2-TRS, the higher
NaOH/CFA weight ratios lead to the formation of more stable zeolites. Also Liu et al. [31] found
that higher NaOH/CFA weight ratio promoted the formation of zeolite A to detriment of zeolite X

from the same CFA source.

3.3. CO; adsorption

The CO, adsorption capacity of these six materials and commercial 13X was evaluated. Figure S3,
as an example, shows the adsorption curves at 25 °C during the TGA experiments of PR1 and
commercial 13X. The CO, adsorption kinetic was fast for both of them and with practical CO»
adsorption equilibrium achieved with in few minutes.

TGA experiments revealed that only PRs in which NaX was present, showed a CO> adsorption
capacity: the CO, adsorbed by PRI, PR2 and PR4 are 2.18, 1.81 and 0.6 molCO./kgPR,
respectively while PR3, PR5 and PR6 does not adsorb CO; at all. Sodalite and cancrinite are poor
adsorbent because of their small pore diameters. Also the amorphous slurry and the CFA fused with
soda (the reaction intermediates of TR1) have been undergone TGA CO; adsorption experiment and
neither showed an adsorption capacity. Therefore, this property is directly correlated with the

crystalline form of NaX zeolite. Commercial 13X resulted to have a CO, adsorption capacity of
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3.84 molCOy/kgzeo and, then the adsorption capacity of PRs with NaX (at least in the case of PR1)
makes this material a prospective low cost material for the CO, capture.

In Table 4 an explicative summary of the performance of some CFA-derived material is provided.
Taking into account the different operating conditions, PR1 showed an adsorption capacity

consistent with the values reported in literature.
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303 Table 4. Literature review on CO> adsorption capacity of CFA-derived zeolites.

Synthesis conditions COz adsorption
CFA-derived
lit References

Z€OIteS  NaOH/CFA  Crystallization Crystallization  Experimental Pressure (bar) Temperature (°C) Uptake

weight ratio Temperature (°C) Time (h) Apparatus P (mol/kg)
NaX 0.45 95 6-16 TGA 1 25 5.11 [18]
Cancrinite 1.2 140 5 Calorimeter -- 30 0.13 [29]
NaP1 0.96* 100 24 TGA 0.1 25 0.77 [30]
NaA 1.2 100 12 TGA 0.1 25 1.18 [30]
NaA 2 80 24 Volumetric 1 30 3.5 [31]
NaA+NaX 1.2 80 24 Volumetric 1 30 ~4.4 [31]
NaA -k 100 5 Fixed bed 0.05 20 0.56 [32]
4A-X blend 0.24%** 80 10 Glass reactor 0.3 -78 1.68 [33]
NaX 2 90 2 TGA 0.5 22 1.36 [34]

304  *160 mL of NaOH solution 3 M with 20 g CFA

305  **1.23/1.2/1 NaAlO2/Na,COs3/CFA fused at 800 °C

306  ***the silica extract obtained after stirring at 90 °C for 6 h was mixed with a waste water from an Al-anodising plant containing 57.6 g/l Al and 14.9 g/l NaOH
307
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308 Also the effect of adsorption and activation temperature on CO> adsorption capacity were studied

309 and the relative curves are reported in Figure 6.
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Temperature is a crucial factor for the CO> adsorption capacity performance of CFA-derived
zeolites as well as pure zeolites. In Figure 6a it is evident that an increasing temperature leads to a
steep fall of both PR1 and commercial 13X adsorption capacity. After 200 °C the two curves tend
to overlap and the amount of adsorbed CO» becomes not significant. Therefore, the removal of CO»
from flue gases on zeolites should be carried out at temperature as low as possible. On the other
hand, before using their sorption properties, zeolites must have undergone a thermal activation
process in order to clean the channel network from water (mainly) and other gaseous molecules
[30]. The CO; adsorption capacity of PR1 and commercial 13X at 25 °C after activation processes
conducted at temperatures < 500 °C (in dynamic heating conditions) is shown in Figure 6b. As it
can be observed, also the activation temperature significantly influenced CO, adsorption capacity of
zeolite NaX: PR1 progresses from a null adsorption after no activation to 1.37 molCO2/kgPR after
activation at 160 °C and 2.14 molCO/kgPR after activation at 500 °C. Low activation temperatures
cause an incomplete removal of water and other gases that block the access for CO> reduce the
adsorption capacity of these materials in the same conditions of pressure and temperature. This
evidence means that a high moisture content in flue gases makes zeolites unsuitable CO> sorbents
because it is competitively adsorbed on the zeolite surface [16]. In these cases an upstream
dehydration system must be considered [41]. Another solution can be the utilization of amines
grafted or impregnated on zeolites or CFA-derived zeolites thanks to their high uptakes in moist

flue gases with CO; at low partial pressures [42].

3.4. Characteristics of PRI

PR1 was undergone further characterization. Quantitative measure of the yield of the synthesized

zeolite was made by using the summed heights of major peaks in the X-ray diffraction of PR1 and

commercial 13X [11]:
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peak heigh of synthetized material

% yield = Z )

Y. peak height of standard material

The percentage of crystallinity of PRI corresponds to the NaX yield and resulted to be 60%, in
accordance with yields reported in literature for CFA-derived zeolites [11,43,44]. Since no other
crystal phases are present, about 40 wt% of PR1 is composed by amorphous materials. Mullite,
quartz, silica and alumina are the major reactive phases during zeolite synthesis from CFA after
alkali activation. The percentage of yield lower than 100% can depend on the unreacted alumino-
silicates and the fraction of the other chemical species in CFA inert in this synthesis. Really,
hematite and the other metal oxides do not affect the activation but their separation (e.g. with an
acid treatment) prior to zeolite synthesis results in an increase in conversion efficiency [20].
Furthermore, specific surface area of PR1 was 498+4 m?/g and the presence of a slight hysteresis in
N> adsorption isotherm (Figure S4) shows that the sample is mainly microporous with a little
portion of mesopores (41 m%/g are due to its external surface area and mesopores and the pore size
distribution is shown in Figure S5). The total pore volume of PR1 is 0.274 cm?/g, 0.183 cm®/g
relative to micropores. Commercial 13X is substantially microporous with a surface area value
equal to 865+7 m?/g, of which 855 m?/g are due to micropores. The residual surface area (10 m?/g)
is due to the external surface area of 13X and to very few mesopores present in a commercial
zeolite (Figure S5). The total pore volume is 0.354 cm?/g, 0.338 cm?/g relative to micropores.

A correlation between CO; adsorption and surface area or pore volume in zeolites, particularly in
13X type, is not easy and it is widely debated in literature owing to the existence of different
adsorbent-adsorbate interactions related to the porosity of the zeolitic complex system, to the
presence of extra-framework cations and to the heterogeneity of adsorption centers [45]. Although
this is far from the goal of the present work, an effort to relate CO; adsorption to the structural
features of PR1 in a simple way, as suggested by Zhonglin et al. [45], could be made. In PR1 the

effective adsorption surface area is 57.6% with respect to commercial 13X it is mainly due to the
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presence of the crystalline zeolitic phase because the amorphous phase contribution is about 30

m?*/g, (after deduction of external surface area) suppesing—thatthere—are—not—zeeolite—erystals—neot
detectable- by XRD-analysis-in-the-amorphousphase. CO; adsorption in PR1 is 56.8% with respect

to commercial 13X and the effective surface area is the simplest way to relate these data, but it
could be not the only one. In fact, the ratio between micropore volumes of PR1 and commercial
13X is 0.541 and it could also be related to the amount of adsorbed CO; as suggested by Rehman
and Park [46,47] for nitrogen-doped ultra-microporous carbons. The first hypothesis seems to be
sustained by a previous work where the BET analysis of an amorphous material synthetized by
CFA through a similar procedure showed a specific surface area of 31 m?/g [6] and by similar
crystallites dimension of PR1 and commercial 13X revealed by SEM analysis.

Indeed, the SEM images of PR1 and commercial 13X are compared in Figure 7 showing that the
crystallites of PR1 sample have a cubic or octahedral morphology and not uniform size. Some
particles are covered with smaller ones and irregular deposits evidencing a rough surface with not
clearly distinguishable facets. Instead, the commercial 13X sample presents crystallites with
octahedral habit and micrometric uniform size showing a smooth surface with distinguishable

facets.

Signal = SE2 Date 26 Junm 2018 W signal A= inLens Date 26 Jun 2018
= 3000KX Sample ID= g= B500KX Sample 1D =

EHT = 1000
WD= 8.4mm
——— =

EHT= 800KV
WO=83mm g e e
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Fig 7. SEM images of PRIl (above) and commercial 13X (below). From left to right, increasing

magnification.

3.3. Optimization of design parameters for NaX synthesis.

Since cancrinite or sodalite showed a null CO> adsorption capacity and there is no industrial or
applicative interest in their synthesis, the second part of the present work focused on the
optimization of synthesis parameters of NaX in terms of its ability to adsorb CO», starting from the
experimental conditions of TR1. In Table 5 the results of TGA experiments on the central

composite full factorial DOE syntheses were reported.

Table 5. CO, adsorbed by PRs in isothermal conditions at 25 °C following the central composite full

factorial DOE.
PR Adsorption capacity
(mol CO2 ads/kg PR)
7 0
8 0
9 0
10 0.633
11 2.815

12 3.307
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13 1.398
14 1.298
15 2.391
15 2.522
15 2.468
15 2.476
15 2412
15 2.44
16 291
17 0

18 0.72
19 1.711
20 1.784
21 1.147

The PR7, 8, 9 and 17 adsorbed a null amount of CO; and XRD analysis confirmed that they are
mainly composed by an amorphous material. The system is not energetic enough to crystallize the
aluminosilicate slurry in a zeolite. As an example, in Figure S5 it can be noted that PR7 XRD
pattern has still the peaks related to quartz: the low ratio NaOH/CFA was not enough to completely
fuse CFA. The other PRs have shown an adsorbent capacity in the range 0.6+3.3 molCO./kgPR.
PR12 ensured the best performance, reaching the 86% of 13X adsorption capacity. In order to be
competitive with existing processes using aqueous solutions of amines, the CO capacity of a solid
sorbent must be in the range of 3-4 molCOx/kg [16]. The mean value and the low standard deviation
of the six replicas of PR15 (2.45 £ 0.05 molCOy/kgPR) have verified that the synthesis procedure is

reliable. As for the fitness of proposed model, the actual versus predicted plots shown in Figure 8
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408  while the results of analysis of variance (ANOVA) for the CO> adsorption capacity of selected
409  factorial model are reported in Table 6.
410

411  Tab 6. Results of ANOVA for the adsorption capacity of factorial model.

Source DF AdjSS AdjMS F-Value P-Value
Model 9 224317 2.4924 69.27 0.000
Linear 3 14.3041 4.7680 132.52 0.000
NaOH/CFA 1 125256  12.5256 348.13 0.000
Temperature 1 1.4563 1.4563 40.48 0.000
Time 1 03222 0.3222 8.95 0.014
Square 3 6.0607 2.0202 56.15 0.000
NaOH/CFA*NaOH/CFA 1 2.0837 2.0837 57.91 0.000
Temperature*Temperature 1 3.1150 3.1150 86.58 0.000
Time*Time 1 2.0417 2.0417 56.75 0.000
2-Way Interaction 3 2.0669 0.6890 19.15 0.000
NaOH/CFA*Temperature 1 2.0594 2.0594 57.24 0.000
NaOH/CFA*Time 1 0.0073 0.0073 0.20 0.663
Temperature*Time 1 0.0002 0.0002 0.01 0.941
Error 10 0.3598 0.0360
Lack-of-Fit 5 0.3486 0.0697 31.14 0.001
Pure Error 5 0.0112 0.0022
Total 19 22.7915
Summary of quadratic model S R? AdjR? Pred R?

0.1897  0.9842 0.9700 0.8703

412 DF: degree of freedom; Adj SS: adjusted sum of squares; Adj MS: adjusted mean square.
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Predicted

-1 0 1 2
Actual

Fig 8. Actual vs. predicted plot of adsorption capacity (molCO,/kgPR).

The plot clearly describes the closeness of actual and predicted values for CO> adsorption capacity.
The calculated model satisfactorily correlates the TGA results of the CO; adsorption experiments.
The most significant deviations from the model were due to the null values of some PRs that cause
a not complete overlap between the adjusted and predicted R? value (0.97 and 0.87, respectively).

Equation (2) represents the model of quadratic regression in coded variables:

molCO2/kgPR = 24558 + 0.9577(NaOH/CFA) - 0.3266(Temperature) + 0.1536(Time) -
0.3802(NaOH/CFA)? - 0.4649(Temperature)? - 0.3764(Time)’ - 0.5074(NaOH/CFA*Temperature) -

0.0301(NaOH/CFA*Time) + 0.0051(Temperature*Time) 2)

From Equation (2), it can be stated that among the three studied parameters the NaOH/CFA weight
ratio has the most significant effect on CO2 adsorption capacity of the synthetized material. This is
evident also observing Figure 9, where the plot (a) reaches the maximum CO- adsorption capacity.
On the contrary, the least significant factors are the 2-Way Interactions (NaOH/CFA*Time) and

(Temperature*Time). Furthermore, Figure 8 shows, as expected that increasing indefinitely the
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three parameters do not implicate a relative increase in the CO> adsorption capacity of the
synthetized material. Instead, after reaching the maximum, CO, adsorption capacity decreases as a
function of NaOH/CFA weight ratio, temperature or time. This behavior is understandable in the
light of what observed in the paragraph 3.2: it is necessary to supply “energy” in order to fuse CFA
and to crystallize the amorphous aluminosilicate slurry but too much energy will form highly stable

zeolites not useful for the purpose of CO» capture.

Adsorption capacity (mol CO; ads/kg PR)

NaOH/CFA weight ratio a) Temperature (°C) b) Time (h) c)

Fig 9. Different response of adsorption capacity (molCO./kgPR) to NaOH weight ratio (a), Temperature (b)

and Time (¢).

4. Conclusion

In this paper, the effect of three parameters (NaOH/CFA weight ratio, crystallization time and
crystallization temperature) involved in the zeolite synthesis from CFA was investigated in order to
obtain an effective material for carbon dioxide capture. In the first phase of the work the three
synthesis parameters were set in order to produce a X-type zeolite from CFA by alkali fusion

followed by hydrothermal treatment. The experimental conditions corresponding to NaOH/CFA
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weight ratio, crystallization time and crystallization temperature equal to 1.2, 7 h and 90 °C,
respectively have led to a mixture composed by NaX, the unique present crystalline phase, and
unreacted amorphous compounds. This material has been morphologically characterized and
resulted to adsorb 2.18 molCO2/kg, about 60% of CO; adsorption capacity of commercial 13X. The
study continued with the optimization of synthesis procedure in order to improve the CO>
adsorption capacity of the CFA-derived zeolites. The optimization of the synthesis procedure was
carried out with the help of DOE strategy, in particular following the central composite full factorial
design. Among the different TRs of this second synthesis set, the best conditions for the maximum
CO» adsorption capacity were found as NaOH/CFA weight ratio of 1.4, the crystallization
temperature of 80 °C and crystallization time of 7 h. The relative product showed a CO; adsorption
capacity of 3.3 molCOy/kg, reaching the 86% of 13X adsorption capacity. All the examined
synthesis parameter are significant for the purpose of improving CO» adsorption capacity but their
indefinite increase do not lead to better performances but only to more stable and useless zeolitic
forms. Although these considerations may have a general value, it is important to highlight that the
optimized conditions are closely related to the specific origin of CFA.

To conclude, this study gives a new and alternative approach for CFA recycling, proposing a
method to manufacture a low cost X-type zeolite that in the future can be highly in demand for
reversible capture processes of greenhouse gases. The research outlook will concern the study of the
process of CO» adsorption onto CFA-derived zeolite in dynamic column in order to facilitate the

up-scaling from laboratory to pilot installations.
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