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Abstract: Zeolites’ synthesis from low-value precursors and their environmental benefits are
reviewed. A case study approach is used where natural resource-based synthesis and a commercial-
chemical route are compared for environmental accountability, focusing on energy and material
consumption and greenhouse gas emissions. Using natural or waste raw materials is recommended;
it significantly reduces energy consumption by 0.02 kWh, lowers CO; emissions by 0.3 kg, and
decreases material costs by 6 USD/kg of zeolite produced, compared to chemical precursors. Waste-
materials usage for zeolite fabrication is highlighted for its notable advantages, including land-space
conservation, positive health impacts, and pollution mitigation. Key conditions for sustainable
synthesis include proper aging, alkaline-fusion, aluminum-content adjustments, and waste-liquid

recycling.

Keywords: Green zeolite-synthesis; wastes; natural raw-material; recycling; CO,-emission;

energy-saving

1. Introduction

Global warming and pollution are serious problems
affecting the world currently, and thus, there has always
been a deliberate and urgent need to address such
challenges". It is now common knowledge that the rising
earth temperatures are strongly driven by air pollution,
particularly greenhouse gases. Fossil fuels, a big source of
electricity, are responsible for most greenhouse gases?.
Zeolites can be used in heat pump systems to curb the use
of fossil fuels, and can also directly capture environmental
pollutants such as CO,. Zeolites are microporous hydrated
aluminosilicates of alkali and alkali-earth metals®®. They
have a three-dimensional framework structure that
consists of silica tetrahedra®, in which, at times, the AI**
ions replace the Si*" ions®” --this substitution creates a

negative charge on the zeolite framework®”). The alkali
and alkali-earth metal cations within the cavities and
channels of the framework counterbalance this negative
charge!'?. Eq. (1) shows a typical chemical formula for a
zeolite, specifically the faujasite framework!?.

(Na, CapsMgys, K)X(Hz 0)16[ALSiiz_0z4],x =
3.2to 4.3 (1

Where; Na, Ca, Mg, K = Alkali and alkali earth metals
The framework of zeolites consists of tetrahedra linked
together through shared oxygen atoms>'?. These
tetrahedra, or primary building units, are arranged in
geometric patterns to form secondary building units
(SBUs). The SBUs can take the form of rings of tetrahedra
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interconnected by oxygen atoms'). The number of
tetrahedra in each ring corresponds to the number of
shared oxygen atoms (Fig. 1)'¥. For example, there are 10
shared oxygen atoms and thus 10 tetrahedra on the ring
shown in Fig. 1. Only two tetrahedra are shown in this
case.

|® oxygen atoms Q

® SiorAl atoms * ‘

Fig. 1: Schematic of a zeolite tetrahedron—a primary
building unit (dotted-yellow enclosure) on a 10-member ring
pore opening, connected by oxygen atoms (Purple dotted lines).

Zeolites are crystalline solids'?, with intricate pore and
channel systems with pore sizes ranging from 0.3 to 3 nm.
These structural characteristics make zeolites suitable for
catalysis, gas storage, adsorption, ion exchange, and
sensing applications. Numerous examples of zeolite
applications can be found in the literature’>'?., The
presence of channels and cavities in zeolite frameworks
contributes to their high surface area, enhancing their
application effectiveness®”. Zeolites can be categorized
based on their pore diameters, as depicted in Fig. 22V,
Small-pore zeolites like Na-P1(GIS) and CHA have 8-
member ring pore systems?>?¥, while medium-pore
zeolites such as ZSM-5 have 10-member ring pore
systems, and large-pore zeolites such as beta, Y, and
mordenite have 12-member ring pore systems?¥. Apart
from large micropore size, zeolites exhibit excellent
mechanical and thermal stability?. Their high
crystallinity typically grants them higher hydrothermal
stability than silica gels®®.

Zeolites have gained immense importance for several
applications due to the growing challenges of climate
change, energy shortage, and pollution®”, impacting both
the environment and humanity?®. Zeolites have proven
superior and cost-effective alternatives to materials like
activated carbon?>?? and MOFs®), especially in
wastewater treatment. Unlike activated carbon, zeolites
are non-flammable and exhibit greater stability to heat
than silica gels*!?. Additionally, zeolites play a critical
role in green science by offering environmental safety,
utilizing pollution-marred raw materials, and effectively
removing environmental pollutants’?.

By their ability to release and store heat during
adsorption and desorption of certain fluids*¥, zeolites find

applications in thermal energy storage, particularly
adsorption heat pumps (AHPs)*>. AHPs employ non-
greenhouse fluids like H,O and NHs, unlike traditional
vapor compressor systems that rely on halo-hydrocarbon
fluids®*37, making them more environmentally friendly®.
A typical AHP system is shown in Fig. 3. In this figure,
ambient air exits the system as hot air after picking up heat
from the discharging process of zeolite. Adsorption
processes are known for their simplicity, affordability, low
energy requirement, and absence of by-products®”.
Moreover, a team of researchers from Germany designed
a cost-effective thermal storage system that could capture
approximately 45 kg of CO» per sorption cycle per ton of
packed zeolite®®. For zeolites to be suitable in an
adsorption heat storage system using water as the
adsorbate®, high surface area, large pores, and a low
Si/Al ratio are highly desirable characteristics®'". FAU
and LTA framework zeolites possess most of these
properties*” and exhibit excellent water adsorption
capabilities*>. Moreover, such zeolites can be synthesized
from natural or waste raw materials**“®. The major
challenge in AHPs employing zeolites is achieving low
desorption temperatures. However, various efforts have
been made to address this issue*” and improve the overall
performance of zeolite adsorption beds as heat storage
systems. Previous studies have outlined the resulting
individual contributions from different strategies of
overcoming the above challenges*’ ).

Numerous studies have explored the synthesis of
zeolites using both natural and synthetic precursors.
Sections 3 and 4 of this review present recent
advancements in synthetic zeolites, focusing on synthesis
processes, conditions, and the raw materials involved.
However, no research has specifically quantified the
advantages of one precursor type over the other,
particularly concerning energy consumption, material
efficiency, and environmental impact.

This review examines the use of waste-based precursors
and their environmental benefits. To ensure
environmental accountability, it compares and contrasts
synthesis routes using natural precursors with those based
on commercial chemical precursors, focusing primarily on
energy consumption, material efficiency, and greenhouse
gas emissions. Additionally, the discussion evaluates
which route offers greater overall advantages. The key
benefits of utilizing waste materials for zeolite production
are also highlighted. Finally, recommendations are
provided for optimal conditions to achieve sustainable
zeolite synthesis, drawing insights from the analysis of
hundreds of synthesis processes.

It should be noted that most of the excellent zeolites
lined up for application in systems such as thermal energy
conversion systems are synthetic. These can come from
precursors that are either natural or synthetic. During their
synthesis, the properties of zeolites can be tuned to meet
the application demands. Naturally occurring zeolites are
available, but their limitations often make synthetic
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alternatives more suitable for many applications.
Therefore, it is crucial to first provide a brief discussion
on natural zeolites before delving into synthetic ones.

2. Natural zeolites, occurrence and
applications

Although this study generally focuses on synthetic
zeolites, naturally occurring forms also exist. Natural
zeolites form by altering rocks in alkaline or saline
environments over long periods®®3-7, They can be
formed through the alteration or devitrification of glass-
rich volcanic rocks, such as tuffs, aided by water in the
earth's subsurface over thousands to millions of years3-6D,
Figure 4 demonstrates how a layer of volcanic rock buried
beneath the ocean, under overburden pressure from top

rock mass, can be slowly turned into zeolite material with
the help of an alkaline medium. Zeolites are commonly
found in saline and alkaline lakes and soils, deep-sea
sediments, open hydrologic systems at low temperatures,
burial  diagenesis, and  hydrothermal-geothermal
systems®?. Natural zeolite formation occurs at ambient
temperatures between 25-60 °C and/or low pressure®64),
For example, clinoptilolite and mordenite have been
formed through diagenesis of silicic tuff in Miocene
sediments®. Zeolites of diagenetic origin are sometimes
found in vugs and cavities of massive igneous rocks®® and
trap rocks precipitated from  rock-percolating
groundwater®. The first natural zeolite, stilbite, was
discovered in 1756 by Swedish geologist Cronstedt®”.
Natural zeolites encompass more than eighty mineral
species®.

8MR

Zeolites

Small-Pore
Zeolites

Medium-Pore

xtra-
Large-Pore
Zeolites

Large-Pore
Zeolites

-

1
P.D = Pore Diameter |
MR = Member Ring E

Fig. 2: Classification of zeolites according to pore size or diameter in nm.

Ambient air Hot dry
Tb
Qdes

Q.5 = heat of desorption (waste heat)
Q,4s = heat of adsorption (useful heat)
T=temperature

Fig. 3: A schematic of an open AHP system using zeolite as the adsorbent, water as the adsorbate, and air as the heat transfer
medium. In a separate process (dotted circle), the released hot, moist air during desorption is condensed to form water, which
evaporates to form water vapor.
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Volcanic eruption,
releasing ash

Deposition of
ash by wind

Alkaline/saline H,0
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Highly alkaline & saline Water

Dissolution of silica & alumina
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Zeolite

Zeolite crystalizes after
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Fig. 4: Schematic for the formation of natural zeolite from volcanic materials with the help of saline and alkaline water, over long
periods.

Natural zeolites can be found in several places
worldwide, with significant deposits found in various
countries including Bulgaria, Germany, Cuba, Italy, New
Zealand, the USA, Yugoslavia, China, the Republic
ofKorea, and Bulgaria®®®. The Yagodninsky deposit in
Russia consists of zeolite tuff containing clinoptilolite-Na
(23.0%), clinoptilolite-Ca (52.1%), and mordenite
(12.9%). Natural zeolites have been utilized in various
applications, as summarized in Table 1. While natural
zeolites have lower production costs compared to

synthetic ones, synthetic zeolites are now preferred in
industrial applications due to issues with the former.
Figure 5 illustrates several limitations associated with the
structure of natural zeolites’®V. These limitations have
great implication on the efficiency and application of the
zeolites. To provide a balanced assessment of natural and
synthetic zeolites in terms of their properties and
performance, it is important to outline the various types of
synthetic zeolites and detail the entire production process.

Table 1. Cases where natural zeolites have been applied for different purposes.

Zeolite name Application Reference

Mordenite and | Used in adsorbent applications such as air separation, drying, and purification. 67)

clinoptilolite

Clinoptilolite | Used as dietary supplements in animal husbandry if added in small quantities. 2)
Remove metal cations (Cu?*, Co?", Zn?", Mn?") from wastewater. 56)

Chabazite Remove radioactive cesium-137 and strontium-90 from process waters. 51)

Chabazite Used commercially as a desiccant. It is stable at a pH of 2.5, which makes it suitable for removing | 59

water from hydrogen chloride gas streams.

Chabazite and | Break down asphaltenes within oilsands bitumen into lighter fractions. )

clinoptilolite

Silicalite Used as catalysts for the synthesis of organic polymers, cracking of HCs, and commercial | 74
liberation of hydrogen gas.

Clinoptilolite | Used as an animal feed supplement, purposely to enhance performance in rats, lambs, pigs, and | 72
poultry production.
Zeolites can adsorb mycotoxins (organic compounds), and adsorb bacterial species such as
Escherichia Coli and Salmonella typhimurium.

Natural Treatment of metal-polluted industrial effluent treatment. 75)

clinoptilolites

Clinoptilolite | Has a sorption capacity of 137-Cs (a radionuclide) from a solution. 76)
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Clinoptilolite | Improvement of physical properties of soils & treatment of contaminated soils; increases plant | 7
yield.
Clinoptilolite | Slowly releasing carriers of fertilizers and disinfectant chemicals. 72)

LIMITATION

mall Channel diameter ﬁ
/g (0.3-4nm) /
/ High Si/Al ratio /(::;>
%Ietal oxide impurities/ <:::> CCI_‘E'::]EE“_D
Diverse pore sizes/ <:::>
non-uniformity
Long crystallization <:> Unreliable
periods production
/ Non-renewable /<::>Cuture demanD
/ Low affinity for ions / <:>
'nadjustable chemical - Limits
properties & pore size Specific Applications
L

IMPLICATION

Cannot adsorb larger
molecules

Negatively
Impact Cation Exchange

Reduces
catalytic activity

Risks

Lowers

ion exchange abiD

Fig. 5: Limitations of natural zeolites, and their implications on properties and applicability.

3. Synthetic zeolites, precursors and
advantages

Synthetic zeolites are preferred over natural zeolites in
industrial applications generally due to their higher purity
and the ability to control the silicon-to-aluminum (Si/Al)
ratio”™. Synthetic zeolite synthesis dates back to the first
half of the 20" century. Milton synthesized low-silica
zeolites by hydrothermally crystallizing alkali-metal
aluminosilicates at low temperatures and pressure in the
1940s°?. Flanigen and his team achieved the first
synthesis of high-silica zeolites, beta, and ZSM in the late
1960s at Mobil Oil®”. Early zeolite synthesis involved
alkali hydroxides, reactive silica, alumina, and water to
form the hydrogel, which was then crystallized at
approximately 100 °C%. These early routes utilized the
hydrothermal method, known for its simplicity, cost-
effectiveness, and eco-friendliness’.

3.1 Natural and Waste Raw Materials

Synthesizing zeolite requires silica, alumina sources, a
mineralizing agent, and water. Research in recent decades
has focused on finding sustainable and cost-effective raw
materials to make the synthesis process economical and
benign to the environment. Using natural resources for
synthesis is considered environmentally friendly and cost-

effective, as evidenced by several studies®*?. The first
reported case of zeolite synthesis from pumice was
conducted by Ottana®®. The most commonly used
materials since then are discussed next in detail.

3.1.1 Pumice and Rocky Materials

Pumice, a porous volcanic glassy rock with high silica
(65-75%) and alumina (9-20%) content®*®®, has been
widely utilized as a source of silica and alumina in zeolite
synthesis3-00-93:94.78.83.87-92) "It hydrothermally reacts with
alkaline fluids in its natural environment to form
zeolites™. Volcanic glass can also naturally yield
aluminosilicate-rich compounds, such as clays, through
hydrothermal alteration®>°®. Replicating this process in
the laboratory using pumice and suitable conditions can
yield microporous and crystalline aluminosilicates
(zeolites), known as a green route®”*®. Pumice possesses
the highest surface-to-volume ratio among known
rocks’%)) and can act as an adsorbent and catalyst when
acidified’'%). Other volcanic glasses, like perlite, have
also been used for zeolite synthesis'?'~'%, Bauxite, an
aluminum-rich rock or mineral, has been utilized as an
alumina source'™, thus replacing commercial chemicals
such as sodium aluminate. Bauxite contains impurities,
such as Fe;O3 and TiO,, which are usually unwanted in the
final zeolite product'®. TiO, can be eliminated by
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washing the raw material in hot mineral acids'’® while
nitric acid can dissolve Fe;03'%”. Molybdenum ore has
been recently used for synthesizing zeolite Na-Y!%®,
Natural clinker, formed from sedimentary rocks subjected
to heat from underlying coal beds, has been used to
synthesize  zeolite-type =~ ANA!"  Additionally,
sedimentary rocks such as diatomites, stone-cutting
sludge, and waste materials like marble powder have been
reported as starting materials for zeolite synthesis®®!10-114),
Natural or synthetic zeolites have also been modified to
obtain desired synthetic zeolites®>!15-118),

3.1.2 Waste Ash (Solid Fine Byproducts of Burning
Material)

The synthesis route using waste materials has the
advantage of transforming low-value materials into high-
value zeolites, addressing the environmental threats posed
by storing or disposing of solid wastes, such as coal-based
solid wastes''?"1?2. Among waste ashes, coal fly ash (FA)
is the most commonly used raw material for zeolite
synthesis!?3124133-140.125-132) QOther waste ash types include
rice husk ash'*D, volcanic ash'??, municipal solid waste
ash (MSWA)'*?, oil shale ash'*®), textile waste ash'*,
corn-stover Ash'®, and sugarcane bagasse ash
(SCBA)!46147) Figure 6 shows the different types or
sources of fly ash that have generated zeolites since 2000.
This data was obtained from over 50 research articles
evaluated in this manuscript. Coal fly ash typically
contains silica (49.11%-75.69%) and alumina (6.43%-
34.13%)'%>1%®, while oil shale ash has 76.37% silica and
5.67% alumina'*). SCBA has a silica content ranging
from 76.19% to 92% and an alumina content of 1.6%-
1.76%'414D_ Rice husk ash has a silica content of 94%
and an alumina content 0f 0.19%!4V. Industrial wastes like
porcelain, paper sludge, windshield waste, lithium slag,
and asbestos have been used as raw materials for zeolite
synthesis®?. Japan researchers have employed bio slag for
synthesizing high surface-area zeolites'*”.

X 80 _———178

= 30 4 4 4 7 4
:‘%’,20 / [ (
S 10

=1

Coal FA Rice Volcanic MSWA SCBA OQil shale
husk ash  ash ash
Types of waste ash raw material
Fig. 6: Usage of waste-ash types for zeolite synthesis since
2000. Sources of data include: Coal FA'23:124:133-140,125-132), 4jce
husk ash'*Y; volcanic ash;'?9 MSWA"?; SCBAY6147 and oil
shale ash'*.

3.1.3 Clay minerals

Clays are rich in aluminosilicate and thus can act as
natural sources of silica and alumina. Clays can be
produced naturally by hydrothermal alteration of igneous
rocks®:1%0), Examples of zeolite-generating clays include
bentonite®1152), illite and smectite’®, and kaolin>*-160),
Some clays, such as smectite, can act as catalysts®®.
Usually, kaolin is activated at very high temperatures
before being used for zeolite synthesis®.

3.2 Synthesis techniques

Recall that the synthesis of zeolites should be done in a
fashion replicating the natural process of zeolite formation.
It is also worth noting that synthesis offers the chance to
control parameters and, thus, the final product properties,
which is unlikely for naturally-existing zeolites. The target
zeolites' type and properties dictate the precursor
materials' nature, synthesis environment, and method.
Various techniques have been used for synthesizing
zeolites from natural and raw waste materials and the most
common ones are briefly described next.

3.2.1 Conventional hydrothermal technique

Early hydrothermal syntheses using Lipari pumice as a
starting material were reported in literature®>89-92),
Conventional hydrothermal synthesis involves activating
the raw material in the presence of a mineralizer, water,
and low temperature (<200 °C), typically under
autogenous pressure'®). Wang et al. successfully
synthesized zeolite NaY at ambient pressure'*?. However,
the conventional synthesis technique has limitations, such
as slow kinetics and incomplete crystallization®”.
Modifications to the conventional technique or the
development of new techniques have been explored to
address these issues.

3.2.2 Alkaline fusion

This is a suitable technique when high crystallinity and
cation exchange capacity (CEC) are the desired properties
of the zeolite product®®'%. It involves heating the raw
material with a strong alkali at temperatures above 500 °C.
Alkaline fusion is often combined with hydrothermal
synthesis, as demonstrated by several studies®>36:114147.163),
This technique facilitates the breakdown of amorphous
materials, forming soluble sodium silicate and sodium
aluminate, which are then used for zeolite
crystallization?.

3.2.3 Molten salt synthesis

This is a potential solution for minimizing water usage
during zeolite synthesis and reducing the loss of Si, Al,
and Fe during the reaction'?” However, it can lead to
products with lower CEC and higher Si/Al ratios, which
may not be desirable for certain applications'??. The
molten salt technique yields more crystalline products
with NaNOs as a stabilizer than KNO5!2130),
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3.2.4 Dialysis synthesis

It involves a two-step process: pretreatment of the raw
material/NaOH mixture in a semipermeable vessel
submerged in NaOH solution, followed by aging the
residual solution mixture in an oven'?”. Dialysis helps in
the formation of single-phase zeolites!?”.

3.2.5 Microwave-assisted and Ultrasonic-assisted
Synthesis

These synthesis techniques are gaining popularity.
Microwave (MW) technologies, such as microwave-
assisted aging and hydrothermal synthesis, reduce
synthesis time, promote uniform and smaller crystals,
accelerate nucleation, and encourage uniform heating of
the reaction mixture!3H164-169  The dielectric heating
associated with MW aids a fast rise in temperature,
effective mixing, and boundary effects'®”. Sonication
energy (90 minutes, 60 °C- 50W) also shortens the
induction period, enhances crystal growth rate, and
improves relative crystallinity!'®>!®), The ultrasonic step
reduces reaction and crystallization temperature'3®).
Ultrasonic energy also accelerates the dissolution of Al
and Si'39,

3.3 Zeolite Crystal Formation

Figure 7 summarizes the crystallization process of
zeolites, involving aging before heating. The
crystallization mechanism of zeolites involves two to
three steps: induction and/or nucleation and crystal
growth!®>. The induction process begins when the
activation temperature is reached in a hydrothermal
system, and ends when the first crystalline product is
observed'®®. The induction period refers to the period in
which the silicate and aluminate ions are seen to be
distributed, a stable nucleus forms and the nucleus
becomes detectable!®®. The bonding of these ions leads to
the formation of secondary building units from which the
nucleus is formed!”. Nucleation occurs when the
reconstructed species reach a critical nuclear size and
structural order, enabling crystal formation. The growth of
nuclei into the initial small-sized crystals is a rapid
process'®”. Induction and nucleation, as one process,
involve the formation of soluble species and gel structure;
the breakdown of the gel structure with the aid of hydroxyl
ions; assembling of the soluble species with the aid of the
water-surrounded cations to form tetrahedra species; and
combining of the tetrahedral species about the hydrated
cation to form polyhedral chains using Na*!"!"D, This
leads to a nucleus. The last stage is crystal growth, where
embryonic microcrystals grow into complete zeolite
materials'’?. Alternatively, Breck summarized crystal
growth as linking the basic polyhedral groups into
massive, orderly crystalline structures®!!7).

3.4 Conventional hydrothermal synthesis

Conventional hydrothermal synthesis involves heating

areaction vessel containing a mixture of Si and Al sources,
mineralizers, water, and structure directing agent (SDA).
The SDA can be either inorganic or organic. The reaction
is carried out in a PTFE-lined stainless autoclave placed
in an oven. The steps involved in a typical conventional
synthesis are shown in Fig 7. In this synthesis, a mixture
of the alkali and the raw material (Si and Al source) 2
stages of induction following an aging process. Aging
enhances the interaction of the reactant species, thus
promoting the breakdown of raw materials. Induction is
marked by increased alkali-soluble species (Al, Si, and
aluminate and silicate ions), and the formation of
aluminosilicate cages (ASC) and nucleus. The reacting
hydrogel at this stage is maintained for a long time at a
temperature lower than the reactants' melting point. This
stage usually takes place at the same temperature as the
induction stage. Sometimes, there is no clear distinction
between Induction and crystal growth—they can occur
concurrently. The composition of the reaction mixture,
temperature, and time play crucial roles in determining the
nature of the product®®. Factors that determine the type
and properties of the synthetic zeolite are discussed next.

3.5 Factors that Influence the nature of the Synthetic
zeolite Product

3.5.1 Composition of Raw Material

Traditionally, zeolites are aluminosilicates whose
skeletal framework contains mainly Si and Al (T-atoms).
However, there are situations where T-atoms can be
replaced by other atoms, such as Ti, Fe, and Sn, to modify
zeolites to suit some applications, such as adsorption!”.
To aim for relatively hydrophobic zeolites with stronger
attraction for negatively charged adsorbates, T-atoms can
be replaced with other more electropositive atoms of the
same charge to counteract the negative charge on the
surface. Ti-based =zeolites tend to have lower
hydrophilicity due to the neutral framework after
replacing AI** with Ti™ 73, Al atom exhibits a higher
affinity for water than a Ti atom'”®. Nevertheless, the
Silicon-to-aluminium (Si/Al) ratio of the precursory gel is
still crucial in determining the product's structure because
zeolite frameworks chiefly comprise silica and alumina
tetrahedra linked by oxygen atoms!’. The Si/Al ratio of
the precursory gel is proportional to that of the
corresponding products®!%9). Usually, the zeolitic product
has a lower Si/Al ratio than the precursory raw material
(Table 2). Amorphous raw materials with very high Si/Al
ratios will likely require adding an Al source to best serve
as starting materials for zeolite synthesis'”. This is
because of the different solubilities of silica and alumina
in alkaline media. High surface area raw materials
(especially Si source) dissolve more easily than low in
alkaline media, and thus, high supersaturation and faster
nucleation lead to the formation of small crystals'®®. A
high Si/Al ratio of the =zeolites increases their
hydrophilicity; however, some authors suggest that many
silanol groups have a better effect!”?.
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Fig. 7: A summary of conventional zeolite synthesis under an alkaline medium with the aid of aging. Crystallization is represented
by induction and crystal growth.

3.5.2 Concentration of mineralizing agent

The synthesis medium, which is chiefly made up of the
mineralizing agent has an enormous effect on the
crystallinity!”. Alkaline reagents such as NaOH and
KOH, are the most widely used media for zeolite synthesis,
however, other media such as fluorides have been
reported!’®). As already seen the presence of silanol groups
has a huge impact on the hydrophilicity of zeolites,
zeolites produced in fluoride media on the contrary
promote hydrophobicity. Such zeolites have fewer silanol
groups than alkaline-medium-produced zeolites'’®. For
zeolite synthesis in alkaline media, increasing alkalinity
enhances the solubility of Si and Al sources, shortens
induction and nucleation periods, accelerates zeolite
crystallization, reduces product particle sizes, and narrows
particle size distribution'™. However, SiO2 is more
soluble than AI203 under alkaline conditions. The
presence of NaCl compensates for reduced NaOH
requirement and lowers activation time®®. Adding salt and
high alkali concentration speeds up the reaction. NaOH is
nearly twice as expensive as NaCI*®. Excessive NaOH
concentration yields dense zeolites like hydroxy-sodalite
8) Some syntheses have employed only KOH!'7” or
Na,CO3'%? as mineralizing agents. Na+ ions exhibit
superior zeolitization abilities compared to K+ ions!??,

Typically, alkalis are used in solution form, and the
water amount also impacts the zeolitization process.
Increased water in the mixture reduces supersaturation,
favoring crystal growth at the expense of nucleation and
resulting in larger crystals. Solvents are crucial for
transporting reactants during synthesis''®. However,
excessive water increases alkaline wastewater, causing

environmental pollution'”. Na+ ions play a vital role in
stabilizing the sub-building units of zeolite frameworks,
namely Na silicates®®. Higher Na content (NaOH content)
increases the abundance of soluble Na silicates, enhancing
zeolitic material yield or crystallinity®>'*?, Lower alkali
concentration prolongs activation periods or slows the
reaction®?,

3.5.3 Activation temperature

Hydrothermal activation temperatures range from 60 to
150 °C. Increasing temperature improves product yield
and degree of crystallinity up to 150 °C®). Temperatures
above 250 °C result in more condensed phases®. Lower
temperatures (90-120 °C) favor the formation of zeolites
with adsorptive and catalytic properties®. For
temperatures between 125 and 200 °C, high-silica zeolites
are favored®. Higher temperatures accelerate the reaction
rate®® and increase the Si/Al ratio due to enhanced Si
dissolution'®, Lower temperatures promote the
formation of smaller-sized crystallites with less developed
morphology'”. Higher temperatures enhance the growth
rate of crystals'®®. Table 3 summarizes the effects of
different temperature regimes on zeolitic product features
and properties. Some studies indicate hydrothermal
synthesis can involve both low-temperature and high-
temperature steps within a single synthesis cycle!®®. The
low-temperature step leads to a high number of small-
sized crystals due to a high nuclei concentration. The
second step with higher temperature facilitates rapid
crystal growth'®>.
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Table 2. Comparison of Si/Al ratio of synthetic zeolites and their corresponding precursory raw materials.

Precursor Raw-material Si/Al ratio Synthetic zeolite ?roducf Ref
Si/Al ratio
Pumice 3.55 Phillipsite 2.21 33)
Pumice 3.55 Zeolite Na-P1 1.94 33)
Tailing-dam sediments 4.16 Faujasite <2.5 68)
Diatomite 23.6 LTA 1.6 12),
Kaolin and other additives 44.80 ZSM-5 <37.10 157)
Coal fly ash 2.16 Merlinoite 1.55 133)
Pumice 4.96 Faujasite and hydroxysodalite <2 83)
Rice husk ash 23.8 Zeolite beta <13.6 141)
Bentonite 3.93 Phases having zeolite A <2.82 152)
Bentonite 6.70 Analcime and Sodalite <6.50 151)
Natural clinker 3.08 ANA 2.1-2.6 109)

3.5.4 Activation time

Activation time ranges from 3 hours to 7 days. Longer
activation time results in higher Si/Al ratio compounds®?,
product yield®”, and purity''>. However, it should be
noted that prolonged activation periods can also yield
dense zeolites with reduced pore spaces. Some studies
indicate that increasing activation time increases surface

area®?, as more raw material is converted into zeolite.

3.5.5 Structure directing agent

Zeolite synthesis requires the presence of SDA to
influence the formation of specific zeolite geometries'®®.
Amorphous raw materials and mineralizers already
contain the SDAs. Ions such as Na®, K™ and organic
cations act as agents in directing the structure of the
products®?. KCl was utilized as an SDA in forming Zeolite
N from kaolin, while zeolite was formed without it'8?.
Alkali metal cations assist in organizing the structural sub-
units of zeolitic products'®®. The stability and catalytic
properties of a particular zeolitic product are influenced
by the electrostatic relationships between the constituent
frameworks and the SDAs, which control the distribution
of non-uniform atoms'®¥. Organic SDAs are employed in
synthesizing high-silica zeolites'®® and are used for
specific desired structures in target zeolites. Organic
SDAs or templates create an additional phase space where
a specific zeolite can form!*”). They also aid in balancing
charges during synthesis'®>. The main drawbacks of
organic SDAs include the high temperature required to
remove the template after zeolite formation (through
calcination) and the greenhouse gas emissions during the
calcination  process®®.  Organic ~ SDAs  like
cetyltrimethylammonium bromide are toxic®®.

3.5.6 Aging

This refers to the period from the homogeneous mixing
of the reactants to the onset of heating to the
crystallization temperature!®®. Aging promotes desired
contact between raw materials and alkalis'®®. The aging
time ranges from hours to days, with or without stirring,
and can be conducted at ambient temperature and pressure

in some cases. Aging has been shown to increase the
nucleation rate, reduce the induction period, and increase
the crystal population'®>!%0), Aging at room temperature
has been reported to accelerate crystallization and reduce
crystal size'®”. Stirring of the synthetic mixture leads to
the formation of smaller crystals'®®. Prolonged stirring
(up to 24 hours) increases the amount of Si and Al in the
intermediate solid used for the final synthesis, thereby
increasing the number of nuclei through enhanced
interaction between raw material and alkali. Two phases
of aging can be employed in the same synthesis process.
For instance, Pham et al.!®® used two phases of aging
during the synthesis of nano-sized zeolites. The ultrasonic
(US) technique has also been used as the aging step before
hydrothermal activation'®®. Magnetic stirring for up to 24
hours is associated with increased product yield!!%!2),
Stirring during hydrothermal synthesis results in smaller
particle size, shorter induction period, and lower product
Si/Al ratio!®9,

3.6 Increasing surface area

Achieving zeolites with small-sized (nano-scale)
particles is optimal for obtaining a high surface area.
Smaller particles expose more of the initially concealed
surface of crystals, allowing for easier accessibility. This
necessitates precise adjustment of synthesis conditions, as
illustrated in Fig. 8.

Other pretreatment or pre-crystallization processes,
such as activating raw materials, may greatly impact the
formed product. These processes aim to reduce the
synthesis time and lower the solvent and organic SDA
volumes required for a successful reaction'®?.
Pretreatment at high temperatures (>400 °C) is common
in synthesis reactions, starting with kaolin as the precursor.
Evidence of this activation is traceable from the works of
several researchers!88-199),

- 3033 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 11, Issue 04, pp3025-3058, December, 2024

Table 3. A summary of the effects of temperature variation on the target zeolite products.

Temperature range | Zeolite product properties Product Comment Ref
—» 150°C Decrease in solid product amount | Analcime and other | Pure analcime at 130 °C 88)
phases
—» 100°C Increase in Si/Al Na-P1 NaOH has more effect 163)
Favours zeolites X, A, and Na-P1 Zeolite A requires a high aluminium | '7?
<+— 100°C formation proportion
—» 160 °C Increase in purity Analcime Quartz disappears but albite remains 180)
—» 200 °C Increase purity Analcime Analcime and other phases are | '8V
available at 1000C
—» 200 °C High silica zeolites are favored - - ®
—» 250°C Produce more condensed phases - - 63)
High temperature | Produces analcime - Also requires high pressure 179)
High-temperature | Enhances crystal growth - The initial low-temperature step | 169
step increases nuclei concentration
150 Increases reaction rate Several zeolite | Maximum  analcime  crystallinity | 39
phases attained in 3 hours

Note: The arrow means, “from low temperature (arrow tail) to higher temperature (arrowhead)”

3.7 Merits and demerits of natural and waste raw

materials
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Fig. 8: Synthesis conditions targeting high-surface-area zeolite crystals.

zeolite synthesis, and literature records many advantages

of these raw materials, as summarized in Table 4.

Raw materials other than chemicals have been used in

Table 4. Advantages and disadvantages of using natural and waste raw materials for zeolite synthesis.

Advantages

Ref

Low cost, economical, cheap. Almost all waste materials are acquired free of charge.

60,87,89,90,92,94,109,115,152,179)

Constant chemical composition

87,94)

Commercial abundance/availability

83,85,87,91,94,152,155)

Inexhaustibility i.e., produced steadily by both natural and industrial processes

87)

Well distributed worldwide

83,85,92,141,163)

Yield several zeolite types due to high silica/alumina ratio

94)

reactions.

Easy friability i.e. pumice, makes it easy and cheap to attain small particles required for chemical

94)

High reactivity i.e pumice, because of its glassy structure

94,155)

Elevated Acidity i.e the high Silica to alumina ratio (approx. 10) ensures the synthesis of a large

94)
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number of zeolites

Requires high calcination temperatures (673-1200K)

Protects the environment i.e Waste Recycling 127,128,131)

Disadvantages

Contamination of final product with ions (ie Fe, Ti, Ca, Mg) 194)

Sometimes unreactive or inert e.g kaolinite 195)
156,196,197)

Calcination produces greenhouse gases (i.e NOx, SOx, CO2) when fossil fuels are used in the process

198)

Requires pretreatment work such as grinding or crushing

88,89,92)

3.8 Waste alkali-liquid recycling

After zeolites are activated in alkali environments
through hydrothermal processes, washing and filtration of
the product follow suit. A filtrate remains- a waste liquid-
once the primary zeolite residue is obtained. This filtrate,
abundant in alkaline content, poses a potential threat to the
land if disposed of improperly. To address this, recycling
the filtrate by incorporating it in further zeolite synthesis
emerges as a sustainable and cost-effective waste
management strategy. An earlier study demonstrated the
utilization of this waste liquid to synthesize a high-purity
FAU-type zeolite from Kaolin and quartz'®®. Additional
insights into the recycling of this waste liquid, commonly
referred to as "mother liquor," can be found in recent
studies?®2%9, Furthermore, the use of this waste liquid
has been reported to decrease the required amounts of
other reagents, such as organic templates?°%204.

As previously noted, natural zeolites have certain
limitations, which led to the development of synthetic
alternatives. The key differentiator, however, is not merely
the existence of synthetic zeolites but the specific
adjustments made during the synthesis process, which
enhance their textural and chemical properties. Therefore,
this study deemed it essential to include a discussion on
how synthesis conditions influence the properties of the
resulting zeolites.

4. Recent trends in Synthetic Products and
Influence of Synthesis Conditions

Generating zeolites with excellent properties and high
industrial value has been proven feasible using raw
materials other than synthetic chemicals (Table 5). LTA-,
GIS-, and FAU-type zeolites are the most commonly
reported zeolites synthesized from non-chemical raw
materials. In adsorption applications, zeolites with high
surface area and large pore sizes are desirable?”, such as
LTA (zeolites A) and FAU (zeolite X) for CO, adsorption
in carbon capture and storage processes’®). Large pore
sizes ensure the high permeability of the adsorbate.
Reducing the crystal size improves the diffusion rate of
adsorbates by shortening the diffusion path length?°®,
Smaller zeolite particle size increases the available surface
area and the exposed atoms on the crystal surface,
enhancing adsorption capacity and selectivity®®. However,
diffusion limitations still pose a significant challenge,
especially in microporous zeolites designed for
catalysis''®. These microporous materials face diffusion
limitations when dealing with branched and similarly
sized molecules. The movement of reagent molecules to
and from the active sites is hindered when the micropores
are not large enough to diffuse such molecules. Creating
an additional system of pores, known as mesopores,
within the existing microporous zeolites has become a
popular solution. This approach results in hierarchically
structured zeolites?®). However, creating such zeolites has
been investigated when using commercial raw materials.

Table 5. A summary of zeolites synthesized from natural and waste raw materials and their respective applications. S.A= Surface

Zeolite type Raw material Application Product S.A | Performance Ref
(m*/g)

Hydroxysodalite & | Coal Fly ash Ion exchange Pb%*, Cd?*, Cu?, | - CEC of 420 meqg/100 g for | 2%

Zeolite P Zn** zeolite P

NaP1, KM- | Fly ash NH*" capture - Retention capacity of 20-30 | 13D

phillipsite, & F mg/g

Linde

-Analcime & | Bentonite NH*" capture 10.3-148.4 97.1 meq/100g of seawater 151)

Sodalite

A Bentonite Ca?" ions capture - 302mg of CaCO3/g 152)

Na-P1 & Sodalite | Illite-Smectite Ion exchange - 270 meq/100g for Na-P1 153)

octahydrate Clay
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Zeolite Beta Rice husk ash Acylation catalyst - - 141)
Zeolite Y (FAU) and | Natural Mordenite | Cr (III) ion exchange 10-436 2.01-4.1 meq/g 115)
P
Zeolite X(FAU) or | Municipal  solid | Cation exchange with | 249 CEC of 250cmol/kg 142)
HS waste & Coal ash | maximum
ANA Natural Clinker Selective  adsorption & | - - 109)
heterogeneous catalysis
zeolite H/B Coal fly ash potential catalyst for | - Thermal stability > 600°C 148)
industrially important
reactions
Zeolite X Waste Sandstone | Adsorption  of Sr?Y, a| - Adsorption  capacity ~ of | 110
cake radionuclide found in 0.46mmol/g
radioactive waste, with a
capacity of 0.46mmol/g
Na-A Metakaolinite Water softening (Ca?* | 1032 100% removal of Calcium | 20%
removal) ions
Zeolite Na-A Sugar cane | Potential catalyst, adsorbent, | - - 147) 146)
bagasse ash & ion exchanger, Heavy metal
removal
Zeolite A (LTA) Coal Fly ash Cation exchange & water | 47.14 1.82 meq/g 46)
adsorption
-Na-P1 Pumice Enhance soil moisture content, | 56.04 water content of soil increases | 103
adsorption, water softening by 3.65%
Zeolite N Kaolin Removal and recovery of | 2.1-23.1 CEC of 563 meq/100g 182)
ammoniacal nitrogen from
wastewater
Analcime Concrete 180)
Zeolite type A and | Fly ash Catalyst for COz reduction to | 19 55% CO2 conversion 209
P1 methane
Zeolite A, X and | Solar panel and | Moisture adsorption 372.75 66.75 g/m? moisture | 219,
analcime glass waste adsorption capacity
Zeolite Na-P1 Fly ash Waste removal - Adsorption  capacity 39.3 | '8
mg/g for Cs* and 93.48 mg/g
for Sr2*
Zeolite A Sewage sludge ash | Asphalt additive - Releases 20% of crystal water | 29
between 70 -200°C
Zeolite A Bagase FA Wastewater purification 1.548 100% Pb removal efficiency | 21?
Zeolite Na-A Lithium leach | Cation adsorption 12.4 Maximum adsorption | 219
residue capacities of Pb*" and Cd?*
were 487.805 and 193.798
mg/g.

4.1 Effects of Synthesis Conditions on Products

As mentioned earlier, the nature of the synthesized

zeolite is largely determined by the synthesis conditions.
This section explores some of the products derived from
natural or synthetic raw materials and the conditions under
which they were or can be synthesized. Multiple factors
can also combine to favor the formation of a specific
zeolite.

First, temperature has been reported as one of the most
important conditions in zeolite synthesis. In a
hydrothermal system, zeolites are not typically formed at

temperatures exceeding 350°C. However, analcime,
clinoptilolite, ferrierite, and mordenite can be synthesized
in other systems at temperatures greater than 350 °C®,
Common zeolites such as LTA (zeolite A), and FAU
(zeolites X and Y), require an activation temperature
between 90-120 °C for synthesis?!?. These two zeolites
are frequently used in adsorption and catalysis. A recent
study has also investigated their application as adsorbents
in AHP?9. FAU zeolites synthesized from FA have been
found with large surface areas (>300 m?/g)''>!29 and
wide pore channels'?®. Figure 9 illustrates a typical pore
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opening in a FAU zeolite. The FAU framework consists of
sodalite cages interconnected by double hexagonal rings
(each with 6 members). The resulting 12-ring pore

openings in this zeolite, as in zeolite beta®!y, are

tetrahedrally oriented within a three-dimensional channel
system?'®. On the other hand, Narrow-pored zeolites are
not suitable for cation exchange?!”. or the diffusion of
certain particles!!>2%9),

Sodalite Cage -

opening of a
Supercage

Sodalite
Cage

A 12-ring pore

Sodalite
Cage

[T

Double 6-Rings

Fig. 9: A Schematic of the 12-ring pore opening (blue) and the double 6-rings (red) that bridge one sodalite cage to another in a
FAU framework (Modified from Cejka et al.2!®)).
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Low temperatures can also be ideal for fabricating
valuable zeolites from waste raw materials. Large-pore
FAU zeolites (zeolite X) were successfully
hydrothermally synthesized FAU from perlite using a 4M
NaOH solution at 70°C'®?. Most zeolites synthesized
from non-commercial raw materials have surface areas
less than 100 m%/g, as shown in Fig. 10. It should also be
noted that the introduction of a fusion step (high
temperature) and an organic SDA can significantly
increase the surface area of the product particles.
Hydroxy-sodalite in a mixture of zeolitic products reduces
the zeolites' adsorption capacities for target species®.
Sodalite has a high structural density'?.

The next condition is the composition of raw material,
mainly the Si/Al ratio. Highly crystalline, low silica

V) & (V] &
SIS

qS)Q "\(,')Q %QQ 0;,)6 ‘;oQ %QQ <,;')Q O)QQ
& 1 N 1 v
I R T
Specific surface area (m’g?)

Fig. 10: Distribution of surface area of different zeolites synthesized from natural and waste materials. Data sources for the surface
areas include: 0_50.46,93,115,151,182,208,209,213) 50_100.100,129,137,146,151,153,163) ]00_]50.100,151) 200_250.142) 250_300.129) 300_350.115,125,172)
350-400,2'9 400-450:''9 450-500,'> and 500-550 m*/g'>>.

zeolites, such as ANA, can only crystallize if the precursor
gel has a Si/Al ratio of at least 3'®. To achieve the
appropriate zeolite target, sometimes it’s inevitable to
adjust the Si/Al by adding extra Al or Si. Zeolite A was
synthesized from fly ash strictly with extra aluminum!'?®.
On the contrary, the same researchers reported that FAU
(zeolite X) does not require an extra aluminum supply'?®,
although additional aluminum is needed in some cases.
FAU (zeolite X) and LTA (zeolite A) were also fabricated
from fly ash with the addition of sodium aluminate. At the
same time, no extra aluminum source was needed for FAU
(zeolite Y) synthesis'?. During the conversion of waste
sandstone to zeolite 13X, It was discovered that the
depletion of aluminum in the  gel/reaction
mixture/solution during crystallization inhibits the
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increase in crystallinity of FAU (zeolite 13X)'?,
Therefore, adding an aluminum source to enhance
crystallinity is recommended. It is important to note that
silicon (Si) and aluminum (Al) are gradually incorporated
into the aluminosilicate framework as the zeolite forms. It
was further noted that a significant amount of Si remains
in the gel/solution (not incorporated into the
aluminosilicate framework) when all the Al has been
depleted and taken up by the framework''?. LTA (zeolite
A) was synthesized from pumice and NaOH in the
presence of Al(OH); as an extra Al source’®. On the
contrary, synthesis scenarios exist with no extra source of
Si or Al Pure LTA zeolites were synthesized from
diatomites as amorphous precursors without adding a Si
or Al source''?. It is worth mentioning that LTA, like FAU
zeolites, are considered low silica zeolites with a Si/Al
ratio of less than 5'%9), Zeolites with low Si/Al ratios are
polar and thus exhibit great adsorption properties'’®. The
reverse is true for high silica zeolites; they exhibit more
homogeneous surface characteristics and hydrophobic
properties. For applications that require large surface area
zeolites but hydrophobic surfaces, replacing framework
atoms (Si and Al) with more electropositive atoms of the
same charge, such as Ti, Sn, and Fe, has been
considered'’®. These atoms will eliminate the negative
charge on the framework.

The type of raw material also contributes to the nature
of the resulting zeolite to some extent. Natural zeolites
such as mordenite have served as starting raw materials
for synthesizing zeolites such as GIS and FAU!!9,
Kaolin is a naturally existing mineral that yields zeolites
upon activation. However, kaolin must first be activated
by calcining it at temperatures above 500°C to form
metakaolin. The fusion of metakaolin with alkalis has
produced vital zeolites such as LTA (A), ZSM-5, and FAU
(Y and Na-X)"*. The chemical reaction for the formation
of zeolite A from kaolin is given in Eq. (2) and Eq. (3)>'¥.
Na-FAU zeolite with a surface area of 760 m%/g was also
synthesized from tailing dam sediments through alkaline
fusion and hydrothermal activation®®.

A1,05.25i0,.2H, 0 22" A1,0,.2510, + 2H,0 (2)
6(Al,05.2Si0,) + 27H,0 + 18Na,0
100°C

100°C
5 12Na,Si0; + 12NaAlO, + 27H,0 — Nay, Al ,SizyOsg 27H,0 +
12Na,0 3)

The nature of the zeolite product is also influenced by
the type and concentration of the mineralizing agent.
NaOH and KOH are among the most commonly used
mineralizing agents. GIS zeolite (Na-P1) was synthesized
from FA at temperatures below 200 °C and NaOH
concentration below 1M!??. Conversely, the same zeolite
required a higher NaOH concentration for its production
from perlite using the same hydrothermal method?!?.
Figurell shows the SEM images of some of the most

commonly waste-derived zeolites. However, temperature
is arguably the main factor determining the zeolite type
for KOH as the mineralizer'>®. Merlinoite zeolite, with a
great affinity for K* and Ba?*, mainly requires KOH as a
mineralizer for its synthesis'’”?. A high KOH
concentration (approx. SM) and activation temperature
(>150 °C) are desirable for this reaction'*®. KOH has a
lower conversion efficiency than NaOH for zeolitization,
no wonder the former is required in high concentration. K-
merlinoite is effective for the adsorption of Cs* and Sr?*
from seawater?” K* ions are also known to favor the
growth of zeolite L®”. Generally, the presence of Na* in
the mineralizing agent usually leads to the formation of
ANA, FAU, LTA, MOR, GIS. FER, EMT, CHA, MTT,
MTW, MWW, and SOD zeolites. On the other hand,
zeolites EDI, MER, KFI, LTL, and TON require the
presence of K* ions. Some zeolites such as BEA, PAU,
OFF, PHI, and some FAU phases require both cations!®®,
In some literature, very high NaOH concentration (>4M)
has been reported to favor the formation of hydroxy-
sodalite!®-132219) It was also found that good yields of
zeolites Y and Na-P1 can be hydrothermally crystallized
from perlite only at NaOH concentration of at most
AM01:219)
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S um

Cubic Shape

Fig. 11: SEM images of zeolites. A. GIS-type (tetragonal)??>"; B. Cubic crystals of LTA-type zeolite???; C. octahedral crystals of
zeolite Na-X??¥ (Reprinted with permission from Elsevier).

High silica zeolites such as BEA and MEL (Si/Al >=5)
usually require an organic SDA for synthesis'®®. Zeolites
such as ZSM-5(MFI) and zeolite beta (BEA) have been
synthesized at elongated temperatures and time, and they
require an organic SDA. Rauscher et al. synthesized
highly crystalline ZSM-5 granules from porous glass after
hydrothermal activation at 175 °C for 72 hours in the
presence of NaOH and a monopropylamine template
(SDA)!"». They also discovered that the increase in
crystallization time (between 24 h to 72 h) increases the
surface area of the products. On the contrary, zeolite ZSM-
5 was synthesized from kaolin without an organic
template!>”. Organic templates have resulted in high
process costs even if they regulate the achievement of
specific zeolite phases'”.

4.2 Effect of synthesis methods on products

Various synthesis techniques exhibit preferences for the
formation of specific target zeolitic structures. The
selection of these techniques often considers economic
and environmental factors. Achieving commercial
viability in zeolite production hinges on time efficiency,
superior product properties, and reduced energy and
material consumption during synthesis. The subsequent
discussion delves into the impact of the chosen method on
the resulting zeolite products.

In many instances, the conventional hydrothermal
method is favored over the molten salt method, with a few
exceptions. Notably, the hydrothermal method tends to
incur a higher Si loss than the molten salt method, while
the converse holds for Al. One investigation revealed that
the conversion of fly ash to zeolite through the molten salt
route led to a Si loss of 84 mg/g, whereas the hydrothermal

method resulted in a Si loss of 58 mg/g'3?. Moreover, the
molten salt method has been documented to yield higher
product yields than the hydrothermal method. Specifically,
the hydrothermal route predominantly results in zeolite
Na-P1, while the molten salt technique generates
cancrinite and sodalite'>?. The products obtained through
molten salt synthesis exhibit surface areas that surpass
those produced by the hydrothermal method more than
threefold'3?.

Synthesis processes involving ultrasonic energy
demonstrate a reduced time requirement to achieve 100%
crystalline zeolite 4A compared to the conventional
synthesis route at the same temperature, utilizing the same
raw material, kaolin, as depicted in Fig. 12'%9. Zeolite 4A
produced through ultrasonic activation also exhibits
smaller crystals than conventionally synthesized zeolite
4A. This phenomenon is ascribed to the expedited
crystallization process facilitated by ultrasonic energy'>?.
Additionally, it is reported that temperatures below 100 °C
prove suitable for the synthesis of zeolite 4A from fly ash,
as well as chabazite!?%).

The Microwave (MW) technique has proven successful
in synthesizing various zeolites, including zeolite A,
analcime, zeolite beta, zeolite ZSM-5 (MFI), SOD, and
some instances of FAU'%®. Employing the same raw
material, microwave-assisted synthesis resulted in the
formation of pure-phase Na-P, while conventional
synthesis led to the formation of zeolite MCM-2222%,

The incorporation of alkaline fusion introduces the
capability to synthesize zeolite X of FAU from waste ash
in less than 12 hours of hydrothermal activation at
temperatures below 100 °C3¢142_ The synthesis of zeolite
X necessitates a Si/Al ratio of at least 2 in the precursor
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mixture. Furthermore, the fusion step enhances the
zeolitic product's purity and cation exchange capacity
(CEC)%. Hydrothermal synthesis employing two-step
temperature profiles results in the formation of numerous
small-sized crystal zeolites at an accelerated growth rate.
The low-temperature profile promotes the generation of
many small-sized crystals due to a high nuclei
concentration, while the subsequent high-temperature step
accelerates the crystal growth rate!%).

Most existing synthesis methods yield microporous
zeolites with relatively narrow pore openings, which can
sometimes restrict their catalytic applications due to
hindered mass diffusion?*”. In contemporary synthesis
approaches, modifications have been made to favor the
production of hierarchical zeolites, aiming to overcome
challenges related to diffusion??®. Hierarchically
structured zeolites exhibit increased accessibility to active
sites, shorter diffusion paths, enhanced surface area,
improved intra-crystalline diffusion, superior catalytic
performance, and prolonged lifetime®!'>!*), The
introduction of secondary pores (mesopores) in
hierarchical zeolites can occur either during zeolite
synthesis (bottom-up approach) using pore-directing
agents or after zeolite synthesis (top-down approach)
through additional treatment of the formed zeolites'®.
Nevertheless, using these agents, often called templates,
may present drawbacks such as high costs and toxicity?*®.
Similarly, the post-processing approach may risk
damaging the crystalline framework of hierarchical
zeolites?®”. Despite these considerations, the top-down
approach has garnered increased interest from researchers
recently???,
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Fig. 12: Crystallinity of zeolite 4A from kaolin using
conventional and ultrasonic syntheses at 70 °C (Obtained from
Park et al.'¥).

Thus far, we have established that synthetic zeolites
outperform natural ones in terms of their properties.
However, we have yet to explore how to balance resource
utilization, energy consumption, and environmental
impact against the improvements in product performance.
The following section will delve into this topic.

5 Environmental and economic analysis

5.1 Environmental benefits of using natural and
synthetic products

Appropriate ~ waste =~ management can  yield
environmental benefits, repurposing certain waste
materials into valuable products like zeolites. Table 6
outlines the advantages of employing natural or waste
materials in zeolite synthesis, showcasing the potential
environmental hazards mitigated when utilizing these raw
materials for zeolite production, referred to as "pre-
product benefits." Additionally, the table details the
resulting zeolite products and their applications in
environmental protection, industry, and human use,
constituting the "post-product benefits" mentioned earlier.
The combination of pre-and post-product benefits is
referred to as "dual benefits" in this article. The timing of
zeolite synthesis from waste materials is particularly
opportune as the world grapples with limited land-
disposal space due to the ever-growing population.
Furthermore, there are other indirect environmental
benefits, such as energy conservation, resource
preservation, and reduction of CO; emissions, which will
be discussed later but are not included in Table 6.

5.2 Environmental and economic impact of
commercial chemicals for Laboratory-scale zeolite
Synthesis

The value of zeolites in the market is determined by
their porosity, active site diversity, and stability, and the
zeolite adsorbent market has been experiencing rapid
growth!'%, Tt is vital to strike a balance between the best
practice production process that results in quality zeolite
products with minimal costs, and the environmental or
human life impact. This section focuses on synthesizing
zeolites using two different natures of raw materials and
examines their economic and environmental implications.
The goal is to determine which raw material is a
sustainable zeolite precursor. In this context, sustainability
means having no net negative impact on the
environment??®. A "green" synthesis process, in addition
to being economically viable?”®, is characterized by
efficient resource utilization, the production of non-toxic
or less toxic products, and the reduction of process-related
toxic emissions®?,

Two case studies involving the hydrothermal synthesis
of zeolite X are discussed: one using volcanic ash as a
natural raw material?®*V, and the other using commercial
chemicals, such as sodium aluminate and silicate?3?. The
adopted chemical formula of  zeolite X
(NaggAlgeSiipe0354- 266.6H,0) used was sourced from
some literature?®®, and the Sigma-Aldrich website?*¥.
Recall that the unit cell formula of zeolite X is
NapAlSizs09-6.2H,0%3). Both synthesis cases share
common aspects, including using NaOH solution as the
mineralizing agent, deploying both conventional and
alkaline fusion syntheses, drying overnight, and forming
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products with BET surface area over 550 m?/g.

Table 6. Merits to the environment of using natural or waste raw materials for zeolite synthesis.

Pre-product benefits Raw material | Situation about wastes | Resultant Post-product benefits Reference
zeolite
product

Saves disposal land and | Alum sludge 2000 tons per year are | LTA and | Removal of Ca?* from waste | 222
costs produced for a | Sodalite liquids  (Removal efficiency

180ml/day water 106.6mg/g)

treatment plant

Conventional  disposal

cost is $6.2 million per

year
Saves disposal land Waste 50 million tons | X Removal of radionuclide waste i.e | 19

Sandstone produced a year in Japan Sr2* from wastewater
cake (0.46mmol/g)

Minimize health risks | FA Production is 60 million | Y Removal of NH* and Cu?" ions | 1?9
and save big disposal tonnes per year in India. from water (CEC 400-450
land Annual disposal charge meq/100g)

is more than Rs 500

million

Disposal land is 50,000

acres
Saves land & water | Tailing dam | - Faujasite | Cation exchange (4.58 cmolkg™') | ¥
resources from | sediments
contamination due to | from iron ore
collapse of tailing dam | mines
sediments, a
Prevent damage to | FA and Oil | - NaPl & | Removal of heavy metal (Pb, Zn & | 49
human organs by heavy | shale ash NaP2 Cr) from solution (adsorption
metals capacity from 10.41-34.96mg/g)
Lowers particulate | Coal FA - ZSM-11 Catalyst 148)
pollution (that can lead & beta
to respiratory illnesses
and heart diseases)
Reduces potential toxic | Fly ash from | 600 million tonnes | zeolite Soil amendment and water | 139
effects on  humans, | Industrial produced annually retention
plants, and aquatic life wastes

5.2.1 Case 1- Waste Material Route (WMR)

Volcanic ash was used as a silica source to synthesize a
relatively high purity zeolite X, and commercial aluminate
was used as the alumina source?*V. This research case was
chosen because the synthesized product SZ1-VA-48h had
a comparable crystallinity, surface area (766 m*/g), and
pore volume (0.26cm’/g) to the commercial zeolite X
(molecular sieve 13X). XRD findings confirmed only one
mineral phase was formed (zeolite Na-X). Initially, the
hydrogel or paste was formed by mixing 3.07g of NaOH,
3.13g of sodium aluminate, 4.69g of volcanic ash, and 3.5
ml of water. Later, during calculations, this mass of
volcanic ash (4.69g) equals the mass left after acid
washing after extraction from volcanic tuff. In brief,
volcanic ash acted as the source of silica, while sodium
aluminate powder was the source of alumina. The ratio of
the molar composition of the hydrogel SiO,: Al,03:Na,O:
H>O was 2.4:1.0:3.0:120.6, respectively. The energy-

intensive steps in this synthesis included: a) drying the
washed extracted material at 100 °C for 24 hours; b)
drying the acid-washed material at 100 °C for 24 hours; c)
drying the paste at 100°C for 48 hours; d) fusing of the
solid at 750 °C for 8h and e) hydrothermal crystallization
at 100 °C for 48h. Volcanic ash does not require to go
through synthesis, making this zeolite-synthesis route
environmentally friendly. However, volcanic eruptions
that generate this ash can also lead to environmental
pollution due to the ejection of particulate matter into the
atmosphere?*. The chemical reaction for the formation of
zeolite Na-X is given in eq. 4.

43A41,05 + 106Si0, + 43Na,0 + 266.6H,0
100, 750°C
— Na86A1865i1060384. 266.6H20 (4)

According to the above chemical equation (specifically
the mole ratios), 2.4 moles of SiO, (that were added as
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seen in the molar composition) would result in 0.0226
moles of zeolite Na-X (0.4kg). However, there was a
difference between the amount of raw materials added or
used and the amount chemically required, as shown in
Table 7. This table shows that 21 USD could be spent on
the wasted raw materials per kg of zeolite X formed.
Assumptions in the calculations include: 1) SiO; was
considered as the limiting reagent in the reactions and

calculations; 2) The density of de-ionized water was 1
g/en®; 3) In chemical equations and calculations,
volcanic ash and sodium aluminate were taken as SiO;
and Al;Os, respectively; 4) Regarding cost estimation,
sodium aluminate market price was used instead of Al;O3;
5) The cost of volcanic ash was assumed to be 0 USD, and
6) Energy expended in stirring the two hydrogels was
neglected.

Table 7. Computation of the reactant amount and wasted resources used in synthesizing zeolite Na-X from volcanic ash.

Reactants | Added Molar Added Reactant Reacted Wasted Wasted mass, | Unit Cost, | Wasted
amount, mass, M | Mass, Cost (USD) amount, amount, Ay My (g) C finances,
Aa (g/mol) Ma (g) [Cr =| Ar (moles) [Mw=M*Aqy] (USD/kg) | Cw
(moles) [Ma= C*Ma/1000] (moles) [Av= Aa- Ar] (USD)
Aa*M] [Cw=C*
M.w/107]
SiO2 2.40 60.08 144.19 | 0.00 2.400 0.000 0.00 0.00 0.00
AlO3 1.00 101.96 101.96 | 0.3772 0.974 0.026 2.65 3.7 0.0098
Na2O 3.00 61.98 185.94 | 5.0501 0.974 2.026 125.56 27.16 3.4102
H>O 120.60 18.02 2173.21 | 5.7155 6.036 114.6 2065.09 2.63 5.4312
Mam = | Cum) Muw(r)= Cwr =
2607g =11.1428 2193.3¢g 8.8512
USD USD
Ma(kg) = Crkg =27 Muw(kg) = Cw(ke) =
6320g USD 5317.1¢g 21 USD

Key: Ma(T)- Total added mass per 0.4125 kg of zeolite formed,; Cr(T) -Total resource cost per 0.4125 kg of zeolite formed,; Ma(/kg)-
Total added mass per kg of zeolite formed,; Cr(/kg)= Resource cost/kg of zeolite formed; ~Mw(T)-Total wasted mass (per 0.4125 kg of
zeolite formed); Mw(/kg) = wasted mass (per kg of zeolite formed); Cw(T)- Total wasted finances (per 0.4125 kg of zeolite formed);
Cw(lkg)- Wasted finances/kg of zeolite formed.

Table 8. Costs of reagents and zeolite 13X from different stores.

Reagent/Cost Unit Cost Ref
Sodium silicate | Sodium aluminate | NaOH Deionized water | Zeolite 13X
Company USD/kg USD/kg USD/liter USD/kg
Labchem-wako 24.71 47.71 27.16 126.31 58.95 236)
Alibaba 10.39 3.70 - - 2.85 237
Sigma Aldrich 66.00 52.40 120 106.60 126.00 234
Amazon - - 60.00 2.63 83.75 238)
Chemdirect 43.59 35.61 125.38 - 80.30 239)
Adopted (Min) unit cost 10.39 3.70 27.16 2.63 2.83
Table 9. Heat and power expended during the synthesis of zeolite Na-X from volcanic ash.
Heat- Reactant | Added Specific | Temperatur | Heat Activit | Electric Power
intensive S amount, m heat e expended, H | y power, P | consumed,
Synthesis (kg) capacity | Change, 6 | (kJ) Time, t | (watts) P.(kWh)
steps [m=A.*M/103 , Cp (K) [H=m*Cp* 6 (s) [P=H/] [Pc=
] (J/kg/K) ] (t/3600)*(P/10%)
]
Drying the Volcanic 0.0042 700 75 0.2467 86400 0.0029 0.0000696
washed ash
extracted-
material
Drying the Volcanic 0.0042 700 75 0.2467 86400 0.0029 0.0000696
acid-washed ash
material
Drying  the | Volcanic 0.1442 700 75 7.5705 172800 | 0.0438 0.0021024
hydrogel ash
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Sodium 0.1020 876.47 75 6.7024 172800 0.0388 0.0018624
aluminat
e
NaOH 0.1859 4200 75 58.5585 172800 0.3389 0.0162672
H>O 2.1732 4200 75 684.5580 172800 3.9616 0.1901568
Dry gel Volcanic 0.1442 700 725 73.1815 28800 2.541 0.020328
(Solids ash
fusion) (Silica)
Sodium 0.1020 876.47 725 64.7462 28800 2.2481 0.0179848
aluminat
e
NaOH 0.1859 4200 725 566.0655 28800 19.6550 0.1572404
5
Hydrotherma | Volcanic | 0.1442 700 75 7.5705 172800 0.0438 0.0021024
! ash
crystallizatio (Silica)
n Sodium 0.1020 876.47 75 6.7024 172800 0.0388 | 0.0018624
aluminat
e
NaOH 0.1859 4200 75 58.5585 172800 0.3389 0.0162672
H.0 2.1732 4200 75 684.5580 172800 3.9616 0.1901568
Hr= Pr= Pcer=0.6 kWh
2219.26 kJ 33.2161
5
Hr(xg = 5380 Prokg) = Perikg) =
kJ 80.524 1.494kWh/k

Key: HT - total heat per 0.4125kg of zeolite formed; HT(/kg)-total heat per kg of zeolite formed; PT-total power per 0.4125kg of zeolite
formed; PT(/kg)-total power per kg of zeolite formed; PcT -total power consumed per 0.4125kg of zeolite formed; PcT(/kg) = total
power consumed per kg of zeolite formed. Aa and M were already defined in Table 7. Square brackets [ ] enclose a formula for a

calculation in a given column.

avalues of added mass were obtained directly from literature, not by computation using the formula in the table column.

Using the basic heat energy equation Q = mCpAT,
where Q is the heat required, m is the mass of the
substance, Cp is the specific heat capacity of the
substance, and AT is the change in temperature from room
temperature to the set activation temperature, we can
calculate the amount of heat required. The specific heat
capacities (Cp) of volcanic particles and NaOH solution
are approximately 700 J/kg/K**® and 4200 J/kg/K24D,
respectively. Assuming the Cp of NaOH solution
approximates that of water, the heat and electric power
required to form 1 kg of zeolite X starting with volcanic
ash is 5380 kJ and 80.524W (Table 9). The average global
cost of electricity as of March 2023 is approximately 0.15
USD/kWh, according to the World Population Review
website?*?).

5.2.2 Case 2-All Commercial Chemicals route (ACCR)

Sodium aluminate and sodium silicate were used to
prepare zeolite X (labeled Z2-3D), and the reactant ratios
were 5Na,0:A1;,03:3510,'138H,0%3?). Table 10 shows the
amount and cost of resources used to form a unit mass of
the zeolite product. As seen in case 1, this research case
was chosen because the crystallinity, crystal shape, and
particle size are comparable to commercial molecular
sieves 13X. The product, in this case, had a surface area

of 556.1 m*g and pore volume of 0.3475 cm’/g, and
crystallization was carried out at 100 °C for 4h and then
calcined at 550°C for 44 hours. Before calcining, the
mixture was dried at 70 °C for 112 hours. The costs of
these commercial chemicals from different major dealers
are shown in Table 8. Sodium silicate is a non-toxic and
eco-friendly chemical?*®. It is already produced on a large
scale by burning sodium carbonate and sand at very high
temperatures (1000-1500 °C)243-2%9, as summarized in Eq.
(5)*43246)_ Other production routes of sodium would be
costly and thus do not make zeolite synthesis economic.
Na,COs is technically heated to a temperature above its
melting point of 849 °C**” Burning of sodium carbonates
releases the carbon dioxide gas to the atmosphere at
temperatures above 550°C>*, as shown in Eq (5). Carbon
dioxide gas is a major contributor to global warming.

1000-1500°C
3Na2C03 + 3Si02 —_—— 3Na25i03. +3C02

)

It can be seen that the 3 moles of the silica-rich
component were available in the reactant mixture
(5Na,0:A1,03:3S10,'138H,0). In other words, another
process has to generate this amount of silica-rich material.
Thus, the required mole ratio of
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NayCO0;:S10,:NaSi03:CO,  that could ensure its
availability is 3:3:3:3, as per eq. 5. On top of that, about
132g of CO, (3 moles) gasis released by the same process
according to the above equation. The mass of CO»
released for every kg of zeolite X formed is 256g. The C,
of sand is 800 J/kg/K?*® (Engineeringtoolbox.com, 2003.)
while that of Na,CO; is 1125 J/kg/K**. A fusion
process was considered to last for 4 hours. An average
temperature of 1225 °C is assumed as the reaction
temperature (Table 10). Another research work has
reported a temperature close to this?>?).

Sodium aluminate can be prepared in two steps:
Heating a mixture of aluminum sulfate and sodium
carbonate to form a product called sodium dawsonite
(NAAL(OH),.COs3). Secondly, heating this product at
temperatures between 600-1100 °C Dawsonite
decomposes at 320 °C to produce CO2?*Y. The simplified
equation for the synthesis of zeolite X from the synthetic
chemical chemicals is given in Eq. (6)%.

43Al,05 + 106Si0, + 43Na,0 + 266.6H,0
heat
2 NageAlgSisosOsgs. 266.6H,0  (6)

The Cp of sodium silicate is 53 J/mol/K?3?, and that of
sodium aluminate is 89.365 J/K/mol??). The total electric
power required to form 1 kg of zeolite X from commercial
chemicals (Na;SiO3; and NaAlO») is 1.515 kWh. This
value includes the high heat required to form the

appropriate amount of Na,SiO3 from sand and Na,COs
through a high-temperature process. This step is

unnecessary in case 1 since volcanic ash is formed
naturally. Detailed energy computations are given in Table
11.

From Table 12, the synthesis of zeolite X used slightly
less resources than would be chemically required,
however much the product was formed.

Upon examining the two scenarios outlined in Table 12,
it becomes evident that there are slightly greater amounts
of resources (raw materials), energy, and CO; emissions
associated with the ACCR than the WMR. In other words,
choosing volcanic ash as the silica source saves 6 USD per
kg of zeolite. Case 2 also has more unused raw materials,
potentially leading to additional waste products. Notably,
there is a reduction of 0.021 kWh of energy per kg of
zeolite when natural raw materials are utilized instead of
commercial chemicals. Regarding hazardous emissions,
the production of zeolite X via ACCR generates 0.256 kg
of CO,. This carbon dioxide emission occurs during the
large-scale production of Na,SiOs, a precursor for zeolite
synthesis. Despite the total cost (combining energy and
resources) for producing 1 kg of zeolite X in both cases
being higher than the cost of commercial zeolite X from
an Alibaba online shop, it is still lower than the cost from
other dealers.

Studies have highlighted the various environmental and
health implications of the utilization of commercial
chemical raw materials for zeolite production outlined
above?*2_ Additionally, this method is considered
expensive compared to the alternative approach involving
volcanic ash. Figure 13 summarizes these repercussions.

Table 10. Calculation of reactant amount and wasted resources used in the synthesis of zeolite Na-X from all commercial chemicals.

Reacta | Added Molar Added Reactant Reacted | Unreacted Wasted Unit Cost, | Wasted
nts amount, | mass, M | Mass, Ma (g) | Cost, Cr (USD) | amount, | amount, Au mass, Mw | C finances, Cw
Aa (g/mol) [Ma=Aa*M] | [Cr Ar (moles) (2 (USD/kg) | (USD)
(moles) =C*Ma/10°] (moles) [Av=Aa- Ar] | [Mw=M*Au] [Cw=C*Mw/10%]
SiO2 3.00 60.08 180.60 1.88 3.00 0.0 0.00 10.39 0.00
AlOs 1.00 101.96 101.96 0.38 1.22 -0.22 -22.12 3.70 0.08
Na.O 5.00 61.98 309.90 8.41 1.22 3.78 234.47 27.16 6.37
H>O 138.00 18.02 2486.76 6.54 7.54 130.45 2350.80 2.63 6.18
Ma(m) =| Cm = 1720 Mt = Cwr = 12.63
3079.22¢g USD 2563.15 g USD
Ma(kg) = | Cikg=33.3662 Mg = Cwikg =25 USD
5972.11 g USD 4971.20¢g

Key: Ma(T)-total added mass per 0.5156 kg of zeolite formed; Cr(T)-total resource cost per 0.5156 kg of zeolite formed: Ma(/kg) -total
added mass per kg of zeolite formed; Cr(/kg) = resource cost/kg of zeolite formed; Mw(T)-total wasted mass (per 0.5156 kg of zeolite
formed); Mw(/kg)- wasted mass (per kg of zeolite formed); Cw(T)- total wasted finances per 0.5156 kg of zeolite formed; Cw(/kg)-
Wasted finances/kg of zeolite formed.

5.3 Possible Sources of Error in the Calculation

include:

5.3.1 Neglected costs

In the cost and energy calculations presented, certain
sources of error and factors were not considered. These

in pre-treatment processes such as grinding and sieving of

ash in Case 1.

5.3.2 Impurities in the ash

Trace impurities in the ash, such as metal oxides, were

neglected. The amount

of silica outweighs their

The calculations did not consider the energy expended

concentration, and the product properties are comparable.
Additionally, prior acid treatment should have dissolved
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some of them.

5.3.3 Only real costs

The calculations focused on the direct costs of raw

materials and energy consumption. other indirect costs
were neglected because they exist in both cases.

Table 11. Heat and power expended during the synthesis of zeolite Na-X from all commercial chemicals.

Heat-intensive | Reactants Added Specific Temperature | Heat Activity | Electric | Power
Synthesis steps amount, m (kg) | heat Change, 6 | expended, H | Time, power, consumed, Pc
[m=A.*M/10%] capacity, Cp | (K) kJ) t(s) P (watts) | (kWh)
(J/kg/K) [H=m*Cp* 6] [P=H/t] | [P.= (t/3600)*
(P/10%)]
Sodium silicate | Sand 0.1802 800 1200 172.992 14400 12.0133 | 0.0480532
synthesis from | NaxCOs3 0.3180 1125 1200 429.255 14400 29.8094 | 0.1192376
sand
Hydrothermal | Sodium 0.1802 434 75 0.247 14400 0.0171 0.0000684
crystallization | silicate
Sodium 0.1020 1090 75 8.338 14400 0.5791 0.0023164
aluminate
NaOH 0.3099 4200 75 97.618 14400 6.7791 0.0271164
HxO 2.4868 4200 75 783.342 14400 54.3987 | 0.2175950
Drying the | Sodium 0.1802 434 45 3.519 43200 0.08146 | 0.0009775
crystallized silicate
mixture Sodium 0.1020 1090 45 5.003 43200 0.1158 0.0013896
aluminate
NaOH 0.3099 4200 45 58.571 43200 1.3558 0.0162696
H20 2.4868 4200 45 470.005 43200 10.8797 | 0.1305564
Solids fusion Sodium 0.1802 434 525 41.058 14400 2.8513 0.0114052
silicate
Sodium 0.1020 1090 525 58.369 14400 4.0534 0.0162136
aluminate
NaOH 0.3099 4200 525 683.329 14400 47.4534 | 0.1898136
Hr=2811.650 Pr = | Per =
kJ 170.386 | 0.781013 kWh
86 W
Hrxg) = Prixgy = | Perxg= 1.515
5453.000 kJ 330.46 kWh
W

Key: HT - total heat per 0.5156 kg of zeolite formed; HT(/kg)-total heat per kg of zeolite formed; PT-total power per 0. 5156 kg of
zeolite formed,; PT(/kg)-total power Per kg of zeolite formed; PcT -total power consumed per 0.5156 kg of zeolite formed,; PcT(/kg) =
total power consumed per kg of zeolite formed. Aa and M were already defined in Table 10. Square brackets [ ] enclose a formula for

a calculation in a given column.

- 3045 -




EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 11, Issue 04, pp3025-3058, December, 2024

CASE 1: . T

VOLCANIC ASH : ‘:i\ssessment Items: ;

-
-

Fesnsnnnnnnnnns T emsmsas=

Limited to no,
Naturally formed

No heat. Ash 1s
naturally formed

Energy

Minimal effect,
naturally existing

Cheap
27 USD/kg of zeolite
produced

Less waste
2.20kg’kg

Less amount
2.6 ka/kg of
Zeolite

Comparable

Raw materal 1s
abundant &
sustainable

Wastage

Raw material

Waste
management

Product
properties

Sustainability

CASE 2: ALL-
COMMERCIAL RAW
MATERIALS

~
-

igh CO2 Emissions-
Na-Silicate Synthesis

High Heat needed to
manufacture Na-Silicate
& Aluminate

Skin & Eye Irritation,
Corrosion,
Iliness when inhaled

m
33 USD/kg of zeolite )

produced

Large amount
2.56kg’kg

Huge amount
3.1 kg'kg of Zeolite
produced

Comparable

Fig. 13: A summary of the environment assessment and economic impacts of synthesizing zeolite Na-P1 from both pumice and
synthetic chemicals.

6 Outlook and Conclusion
6.1 Outlook

Zeolite synthesis from natural materials and wastes
lowers costs, contributes to environmental protection, and
promotes resource sustainability. It is thus important to
synthesize pure and highly crystalline zeolites in an eco-
friendly manner with minimal feedstock, reduced alkali
wastes, and minimal heat usage. Figure 14 summarizes the
conditions necessary for synthesizing such zeolites,
considering the factors discussed throughout the
document.

Enhance surface area: A high surface area is desirable
now and will always be in the future. Various methods can
increase the surface area of zeolites. To achieve this, every
synthesis should employ the following steps: aging the
reacting mixture by stirring for an extended period,
incorporating an ultrasonic or microwave step before
hydrothermal activation, and employing a two-step
heating profile during activation. Additionally, a relatively
high concentration of NaOH in the mixture promotes the
formation of smaller crystal sizes.
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An Outlook for Green and Effective Zeolite-Adsorbent Synthesis
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Fig. 14: A flow diagram of recommended steps and conditions for synthesizing zeolites in the future with excellent properties
from natural and waste raw materials.

6.1.1 Reduce synthesis time

Any synthesis process would want to minimize
synthesis time. Combining alkaline fusion with an
ultrasonic or microwave step can shorten the synthesis
time. A relatively high NaOH concentration (e.g., 3M)
facilitates faster nucleation and crystallization.

Improve pore volume: Enhancing the purity and
crystallinity of the products and creating uniform, small-
sized particles is important to achieving large micropores
or high porosity in zeolites. Incorporating an additional
source of aluminum, utilizing an ultrasonic or microwave
step, and activating at temperatures below 120 °C can help
achieve the desired high porosity.

6.1.2 Adjusting surface charge

A high number of active sites in zeolites is important for
applications such as desiccant air conditioning. The
related future syntheses should thus aim to lower the Si/Al
ratio by keeping hydrothermal activation temperatures
below 120 °C and adding an extra source of aluminum.
For applications that require hydrophobic zeolites,
replacing Si or Al atoms during synthesis with more
electropositive atoms like Ti, Sn, and Fe are options.

6.1.3 Reducing feedstock

Adding NaCl as seawater to the reaction mixture should
provide extra Na* ions to reduce the amount of alkali
feedstock, particularly NaOH, and make the synthesis
eco-friendly. Additionally, naturally occurring bauxite can
serve as a green source of additional aluminum. Impurities
in bauxite, such as metal oxides, can be removed by
washing with mineral acids such as HNO3 or H,SOy4 acid.
Recycling zeolite mother liquor is recommended as a key
strategy for reducing water and alkali needs and managing

waste liquid during zeolite synthesis. This recycling
approach enhances the purity and crystallinity of phases
in the synthesis process. Additionally, it contributes to
resource conservation, underscoring the multifaceted
benefits of this waste-liquid management strategy in
zeolite synthesis.

6.2 Conclusion

This article revisits the synthesis of zeolites from natural
materials and wastes. The impact of synthesis on the
environment is investigated. A case study analysis
compares energy and material usage, starting with wastes
or natural materials, with commercial chemicals. Opting
for natural and waste raw materials in place of synthetic
chemicals for zeolite synthesis not only offers
environmental advantages but also holds the potential to
achieve cost savings. Specifically, this approach could
reduce costs by 6 USD/kg of zeolite synthesized.
Furthermore, the use of natural and waste raw materials
contributes to energy efficiency, with a potential decrease
in energy consumption by 0.021 kWh per kg of zeolite X.
Additionally, there is a noteworthy environmental impact,
as the adoption of these materials is projected to indirectly
lower CO; emissions by 0.256 kgkg of zeolite
synthesized. Beyond these quantitative benefits, utilizing
such raw materials helps sidestep potential environmental
issues associated with their disposal. Moreover, the
resulting zeolitic products find applications that actively
contribute to environmental protection. The choice of raw
materials, synthesis route, and process conditions play a
crucial role in zeolite synthesis's cost and energy
efficiency. A successful zeolite synthesis process should
aim for high-quality products, minimal waste generation,
efficient resource utilization, reduced energy consumption,
and a short synthesis time. An ideal zeolite should possess
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particles with a high surface area, large pores (especially
for adsorption), high porosity, numerous active sites, and
good thermal stability. Most of the zeolites synthesized
from waste and natural raw materials are LTA-type
zeolites, and if conventionally generated, the resultant
surface area values are less than 100 m?*/g. Aging, alkaline
fusion, extra Al, and waste recycling are important tools
for improving the textural properties of zeolites.
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