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Abstract: The feasibility of using zeolites, synthesized from components found in municipal solid waste fly ash
(MSW-FA), as sorbents for the recovery of nutrients (nitrate and phosphate) and heavy metals is critically
assessed in this review. The inherent drawbacks of utilising a highly contaminated, variable, and relatively Al-
and Si-dilute source such as MSW-FA to synthesize zeolites are discussed, and different methods to extract and
decontaminate zeolite precursor materials from MSW-FA are considered. Ways to synthesize tailored zeolites
and how their properties as well as the operational conditions impact the adsorption of cations such as
ammonium and heavy metals are summarized. The use of surface-modified zeolites to adsorb nitrate and
phosphate is also reviewed. And subsequently, approaches to utilise directly or recover for reuse the adsorbed
compounds are considered, discussing potential challenges and mitigating measures related to leaching of
unwanted compounds from the zeolites. Moreover, the possibility to regenerate the adsorption capacity of the
zeolites for multiple adsorption cycles is considered. In the final chapter of the review a more general
discussion of the main challenges and existing research gaps is provided, giving directions for recommended
studies.
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1. Introduction

There is an increasing interest in using incineration to dispose of municipal solid waste (MSW)
due to large reduction in weight (up 70%) and volume (up to 90%), a concomitant recovery of energy
and heat, and destruction of most of the hazardous organic contaminants and pathogens. The
globally generated amount of MSW increased significantly from 1.3 billion tons per annum in 2012
to 2.1 billion tons in 2018 [1], which is expected to increase further to 3.40 billion tons per year by 2050
[2]. Upon incineration, three main residues are produced: bottom ash, fly ash (FA) and air pollution
control (APC) residues. Approximately 250-300 kg bottom ash and 25-30 kg fly ash and APC
residues are generated for each ton of MSW incinerated [3]. The bottom ash residue is utilized in
many applications, particularly in building and construction works. The FA residue, however, is
generally regarded as toxic waste due to its high content of heavy metals, salts and organic
micropollutants such as dioxins and furans [4] owing to the volatilization and condensation of
different elements during the incineration. Therefore, nearly all MSW incineration FA (MSW-FA) are
stabilized/solidified and deposited as toxic waste in landfills, and due to their enormous volumes,
taking up valuable space. However, a shift in focus from environmental impacts to resource recovery
has identified the potential value of embedded salts and metals in the MSW-FA, and some progress
has been made in recovering these resources [5-7].

The principal components of FA are CaO, SiO;, Al:Os, and FexOs, resembling the main
components of volcanic material, a precursor of natural zeolites. Zeolites are crystalline micro- and
mesoporous materials widely used as catalysts and sorbents [8]. However, most of the zeolites that
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are used today are synthesized since natural zeolites vary too much in mineralogical and chemical
composition, crystal structure and pore sizes, both between and within the mineral deposits they are
extracted from to be used for applications that require zeolites with specific and predictable
properties [9]. Zeolites are primarily synthesized from pure silica (5iOz2) and alumina (Al:Os), though
the search and use of alternative economical and abundant sources has increased in the last decades
[10]. Due to its low cost, availability, abundance and resemblance with volcanic material, it is
relatively common to synthesis zeolite from coal-derived FA [11]. MSW-FA usually contains much
less silica and alumina than coal-derived FA [10,11]. Moreover, the often-high levels of leachable toxic
compounds in this type of FA, need to be reduced [12].

Zeolites are commonly used in separation processes in e.g. the petrochemical and
pharmaceutical industries as they can be made fairly specific to the target molecules, and since the
main mechanisms behind the separation process (molecular sieving, electrostatic interaction and
polarization) are always reversible, zeolites are believed (under ideal situations) to be able to undergo
a virtually unlimited number of adsorption—-desorption cycles [8]. This is important from a cost-
efficiency perspective too, as the high initial costs can be compensated by the longer life, assured by
excellent stability and ease to regenerate.

Zeolites, depending on their chemical composition and pore structures as well as the operating
conditions, can be used as sorbents for the removal of mono-, di- and trivalent cations such as
ammonium (NHs*) and heavy metals (Pb%, Cu?, Cd*, Zn*, Cr* and Ni*) from industrial and
municipal wastewaters [13]. And, by subsequent desorption and refinement, if needed, these
adsorbates can be recovered for further downstream applications [11,14]. Furthermore, by certain
surface modifications of the zeolites they can also be used as sorbents to remove anions such as
phosphate (PO+*), nitrate (NOs) and arsenate (H2AsO«, HAsO4*, AsO+*). However, the recovery of
the adsorbates and the regeneration of the SMZ may be low.

The need to drastically improve the recovery of phosphorous from available sources due to the
forthcoming peak in readily available non-renewable phosphate rock is well known. Crop residues,
food waste, manure and human excreta are such a source, and multiple methods and strategies are
currently under development to facilitate cost-effective means to harvest phosphorous from these,
including from domestic wastewater [15], primarily for use in agriculture [16]. Nitrogen, on the other
hand, is not a scarce resource, but the industrial production of mineral fertilizers consumes extensive
amounts of energy and natural gas as feedstock for the hydrogen gas in the production of ammonia.
[17] estimated that the fertilizer production accounted for approximately 1.2% of the global energy
consumption, of which about 93% was consumed by nitrogen-based fertilizers. Moreover, extensive
nitrogen removal up to 85% at wastewater treatment plants (WWTP) as proposed by the European
Commission in the revised version of the Urban Waste Water Treatment Directive [18] imply huge
increase in investments, operating costs and energy consumption to comply with the more stringent
discharge requirements for nitrogen, while losing approximately 60% of the nitrogen as nitrogen gas.

In this review we are focusing on the feasibility of extracting Al and Si from MSW-FA and use
these as precursors in the synthesis of zeolites to be used as sorbents for the recovery of nutrients and
heavy metals from sources rich in these adsorbates. Potential sources could for instance be liquid
manure fractions, rejection water after anaerobic digestion of food or sewage sludge, urine,
concentrated black water after fermentation, industrial waste streams or leachates from landfills or
mines/mining areas [19-22]. Many of these sources are rich in constituents that may be transferred to
the zeolite precursors if appropriate measures are not in place, which may then also end up as
problematic contaminants in the recovered nutrients or heavy metals.

Though zeolites are frequently used as adsorbents in different applications, the appropriateness
of using Al and Si extracted from MSW-FA as precursors to synthesize zeolites and using such
zeolites to harvest and recover nutrients and heavy metals is much less studied. The final section of
this review therefore discusses the possibilities and limitations in a somewhat broader perspective
and pinpoints which topics that need to be addressed in the future to assess the feasibility of the
implied strategy.
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3. Zeolites

3.1. The crystalline structure of zeolites

A zeolite is a crystalline substance with a structure characterized by a framework of linked
tetrahedra, each consisting of four oxygen atoms surrounding a cation (typically AlOs> and/or SiOs*
)- The tetrahedra are linked in rings, normally between 4 and 12 atoms, that are units in a more
complex three-dimensional framework containing open cavities in the form of channels and cages,
as illustrated in Figure 1. The difference in valence between silicon (+4) and aluminium (+3) leads to
an excess of negative charge in the crystalline structure, which is neutralized by the presence of
compensation cations (Na+, K+, Li+, Ca?, Mg? etc.) that do not occupy fixed positions but are free to
move in the channels of the lattice framework [23]. Thus, the negative charge of zeolites is not
localized but is more or less uniformly distributed in the framework, also called “framework charge”
[24]. The compensation cations can be replaced by other cations (i.e. they are exchangeable). The
channels or pores are typically smaller than 20 A, hence zeolites are classified as microporous
materials [8], yet the pores are large enough to allow the passage of small compounds [25]. Therefore,
they are also called “molecular sieves”. Note that only the trivalent aluminium brings any negative
charge into the frame, hence the lower the Si:Al ratio the more negatively charged and hydrophilic is
the zeolite framework, and conversely, the higher the Si:Al ratio the more hydrophobic is the zeolite
framework.

The basic zeolite Nano-sized
structure cage

Zeolite A

| |
-Al-0-Si-0-Al-0-Si—-0-Al-
| |

Figure 1. Illustration of zeolite A from the basic structure via the nano-sized cage with a Si/Al ratio of
1 to the full characteristic zeolite A crystalline structure (LTA).

3.2. Naturally and synthesized zeolites

About 60 varieties of natural zeolites have been identified, distinguished by their framework
structure and crystalline system [8,26,27]. Large deposits of sedimentary zeolite have been found,
generally in volcanoclastic rocks, though only rocks with zeolite content >50% may be of economic
interest [8]. As can be seen from the ternary diagram in Figure 2, the volcanic ashes that these natural
zeolites are developed from are usually very rich in silica (S5iO2) and/or alumna (AL:O3). However, as
already mentioned, the mineralogical and chemical composition and the crystal structure and pore
sizes are typically varying much in naturally occurring zeolites, both between and within the mineral
deposit they are extracted [9]. Due to the possibility of synthesizing zeolites with a higher degree of
ordering in the crystalline structure and with standardized pore sizes resulting in more uniform and
predictable properties, a lot of research have put into developing zeolites that facilitate targeted
applications in the process industry as heterogeneous catalysts, sorbents and ion exchange resins [8].
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Figure 2. Ternary diagram showing relative proportions of SiO2, Al20s and CaO, K20, Na:0, MgO
and Fe20:s in various fly ashes (FA) and bottom ashes (BA). Refuse-derived fuel (RDF) are produced
from various types of waste such as MSW, industrial waste or commercial waste. Reproduced from
[28] with permission from the Royal Society of Chemistry.

3.3. Zeolite synthesis

Historically, zeolites have mostly been prepared by hydrothermal synthesis at moderate
temperatures (353-523 K) under autogenous pressure [8,29]. Until the end of the 1950s, only purely
inorganic systems had been used. This imposed a major constraint on the Si/Al ratio of the
framework, which was always very low, thereby generating very hydrophilic zeolites with great
cation exchange properties. However, by introducing different organic additives to the reaction
mixtures, the Si/Al ratio could be drastically raised; the first high-silica zeolite (beta) having a Si/Al
ratio from 5 to 100, and then the first zeolite having a pure silica end-member (ZSM-5; Silicalite-1).
This was possible since the organic molecules could act as void fillers (probably the role of small
neutral organic molecules such as e.g. 1-propanol, 1-propanamine and 1,6-hexanediol in the synthesis
of ZSM-5) or as structure directing agent (SDA) promoting the crystallization of different zeolite
phases [8]. The relatively large organic molecules compensate a lower number of negative framework
charges than the small inorganic cations (e.g. Na+, K+) used in the pure inorganic system, hence a
lower number of trivalent metal ions (Al**) are incorporated in the framework. By varying the size of
the organic molecule, the maximum trivalent ion concentration can be modulated [8]. Hence, it has
been possible to synthesize zeolites with larger pore volumes than those present in natural zeolites
[30]. However, other parameters also influence the final structure of the synthesized zeolites; the
composition of the reaction mixture, crystallization time, temperature and the SiOz/ Al2Os molar ratio
in the reaction mixture. Today several different methods (e.g. hydrothermal, solvothermal,
ionothermal and solven-free methods) and strategies are applied to synthesize zeolites to improve
specific qualities of the end product, to increase reaction rates and save energy [11,31]. Due to the
obvious benefits of increased access to the internal structure while still having a high specific surface
area, significant attention has been given to the possibility of producing zeolites with mesoporous
characteristics (20 to 500 A). According to [8], the most versatile and promising route to the
preparation of micromesoporous hierarchical systems is probably the recrystallization of preformed
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zeolites in the presence of a surfactant [32,33]; the zeolite crystals are partially destroyed with an
alkali solution and the zeolite fragments extracted from the crystals generate mesoporosity and are
reassembled in a mesostructured phase with the help of the surfactant. The treatment conditions (OH-
/zeolite ratio, temperature, time) determine the degree of dissolution of the zeolite crystals and,
ultimately, influence the characteristics of the final products. Low dissolution degrees favour the
formation of mesoporous crystals coated with a thin film of mesostructured phases, while composites
of cocrystallized phases are obtained upon increasing the dissolution degree. Finally, when the
dissolution of the zeolite crystals is complete, mesostructured materials with mesoporous walls
formed by assembly of zeolite fragments are produced [8,34]. An alternative method to generate
mesoporous structures is to synthesize nanosheets or nanosponges using a dual-porogenic surfactant
as described by [34] for a ZSM-5-type zeolite, for a MFI-type zeolite as described by [35] or a *BEA-
type zeolite as described by [36]. The dual-pyrogenic surfactant plays several roles: as a structuring
agent of the zeolitic framework, as a crystal growth inhibitor along the b-axis (formation of the
nanosheets) and as a mesopore generator [36].

3.4. MSW-FA as source to silicate and alumina in zeolite synthesis

Using silicate and aluminate from pure chemicals makes the production of zeolites expensive,
hence a lot of research has been carried out to find alternative sources to silicate and aluminate from
cheaper and abundant sources during the last decades [10]. The prerequisites of such sources are that
they must be cheap, readily available, generated in large quantities and rich in silica and/or alumna
with low content of contaminating elements [11]. Fly ash from coal-burning is one such source that
has been researched considerably. As can be seen from the ternary diagram in Figure 2, these fly
ashes are very rich in silica and alumna, and more than the bottom ashes (BA) from coal-burning.

The fly ash fraction of the MSW incineration (MSWI) residues consist of greyish, fine, irregular-
shaped dust-like particles [37]. The size of the particles are in the range of ca. 1-2000 pum, but the main
weight fraction appears to be within a relatively narrow size range of 50-200 pm [38—42]. The average
specific surface area of FA is typically in the range of 250-850 m?2/kg [43,44], while the specific densities
of the particles are typically 1.7-2.4 kg/m? [12].

In terms of the silica and alumna content in ashes from the incineration of MSW, the situation is
the opposite that of coal-burning ashes; the BA are much richer in silica and alumina than MSW-FA,
and similar to BA from coal-burning. The reported concentrations of Al and Si in MSW-FA indicate
that the relative contents of SiO> and ALOs are in the range of 12-41 weight% and 5-24 weight%,
respectively, with typical values of ca. 20 weight% SiO2 and ca. 10 weight% ALOs. A summary of
reported elemental composition of MSW-FA is shown in Table 1.

MSW-FA also contain significant amounts of Cl, Ca, Na and K, where most of the alkali metals
(Na and K) are present as water soluble chlorides. Most of the Ca is present as calcium oxide (CaO),
probably due to the decomposition of calcite (CaCO3) [45] and to the excessive use of lime in the
scrubbing process [46]. The high levels of chloride probably originate from significant volumes of
polyvinyl chloride (PVC) present in MSW [46]. The high content of certain heavy metals (Pb, Cd, Zn,
Cd, etc.) in the MSW-FA (see Table 1) is also problematic. Moreover, the FA may contain significant
concentrations of organic micropollutants such as polycyclic hydrocarbons (PAH; 18-5600 ug/kg),
chlorobenzenes (CB; 0.03-890 pg/kg), polychlorinated biphenyls (PCB; <40 ug/kg), polychlorinated
dibenzo-p-dioxins (PCDD; 0.7-1000 pg/kg) and furans (PCDF; 1.4-370 ug/Kg) [4]. Therefore, proper
management of MSW-FA involves some sort of stabilization or solidification of the FA prior to
landfilling or other confined placement to minimize potential leakage of salts, heavy metals and
organic micropollutants [47].

Another important issue regarding MSW-FA is that their composition will vary much more than
FA from incineration of fuel that is more homogeneous (e.g. coal-burning). The relative abundance
of each component is influenced by 1) the composition of the incinerated waste and 2) the conditions
during incineration. The former is usually affected by human habits, socioeconomic factors and the
recycling system before incineration [48], while the latter is affected by the types of fuel, operating
parameters, types of furnaces and the APC system design used [49].
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Hence, both the inherent low and potentially highly variable concentrations of silica and
alumina in MSW-FA and the potentially high contamination level of inorganic and organic
micropollutants disqualifies it from being an interesting raw source for zeolite synthesis directly
[50,51].

Table 1. Chemical composition range of FA/APC residues from MSW incineration based on reported
literature values [12,47,52-62].

) Fly ash/APC residues
Element Unit Min g Max Median
Main elements
Si g/kg 36 190 -
Al g/kg 6.4 93 -
Fe g/kg 0.76 71 -
Ca gl/kg 46 361 -
Mg g/kg 1.1 19 -
K g/kg 17 109 -
Na glkg 6.2 84 -
Ti g/kg 0.7 12 -
S g/kg 14 32 -
Cl g/kg 45 380 -
P g/kg 1.7 9.6 -
Mn gl/kg 0.2 1.7 -
TOC g/kg 49 17 -
LOI g/kg 11 120 -
SiO2 % 11,5 41,4 19,1
AlOs % 4,7 24,3 10,9
CaO % 17 31,5 22,0
SOs % 3 10,2 6,4
Na:0 % 3,8 9,6 59
K20 % 2 8,1 4,5
FexOs % 1,3 5,9 2,5
MgO % 1,7 6,9 2,7
Minor elements
As mg/kg 18 960 -
Cd mg/kg 16 1660 -
Cr mg/kg 72 570 -
Cu mg/kg 16 2220 -
Hg mg/kg 0.1 51 -
Ni mg/kg 19 710 -
Pb mg/kg 254 27 000 -
Zn mg/kg 4308 41 000 -

3.5. Producing zeolite-like material from MSW fly ash

As described above, there are three main limitations using MSW-FA as source for producing
zeolites; i) the Al and Si content is too low, ii) the elemental composition is variable and partially
unpredictable, and iii) there is a high level of salts and contaminants that may leach out and have
negative health and/or environmental implications depending on the applications of the zeolites or
how any residues from the production process are managed.

Ideally, as much of the Al and Si should be separated from the MSW-FA, while generating two
distinct pure compounds (e.g., Naz2SiOs, AI(OH)s) or solutions (Na20- SiO2, NaAlO2) e.g. to facilitate
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tailored synthetization of zeolites. These fractions would add to the salt and heavy metals (i.e., Zn
and Cu) fractions that may have commercial interest.

3.5.1. Generating Al- and Si-containing zeolite precursors

The main property to play with for separating Al and Si from the other compounds in the MSW-
FA are their pH-dependent solubilities. Most metal hydroxides, including aluminium hydroxides,
are readily soluble at acidic conditions, while both crystalline and amorphous silicas are stable [63].
When clay minerals and materials based on silicates and aluminosilicates are treated with acids
(typically hydrochloric or sulphuric acid) all the components of the clay minerals except SiO: are
substantially leached out by the acid, leaving internal cavities as pores in the final product, making
acid leaching a simple and cost-effective method to prepare quite pure silica [64]. Since silicas are
completely dissolved at basic conditions (pH>10), alkali leaching (usually with soda) at pH 11-12 can
be used to produce sodium silicate (Na20-5i0z) solutions either from the silica separated by acid
leaching or directly from Si-rich waste [65]. At this pH also aluminium is highly soluble, while most
transition metals and alkali earth metals remain largely insoluble [66]. Hence, aluminium metal can
be leached with soda to generate sodium aluminate (NaAlOz) solution [67]. Iron should be oxidized
to Fe3* by air or oxidants prior to the alkali leaching to precipitate it as stable Fe(OH)s at pH 11 [68].
Alkali fusion with soda to reduce the necessary temperature (from 1800 K to 1100 K) may also be
used to produce sodium silicate directly from Si-rich waste [69]. The leachate from the acid leaching
will contain the aluminium fraction together with the clay minerals. Aluminium can be precipitated
as aluminium hydroxides by neutralisation [70]. The different options to extract and purify Si and Al
to generate the Al- and Si-containing zeolite precursors from Si- and/or Al-rich wastes discussed
above are briefly illustrated in Figure 3. Table 2 lists other Al-rich (>10% Al:Os) waste sources that
may be used as secondary sources to generate zeolite precursors [31,66].

Acid leaching

| Alkali fusion | ‘ Soda leaching H Sio, F——'{ Leachate H Neutralisation ‘ | Basic tr;eatment |

| Na,Si0, | | Na,0-5i0, solution | [ Alhydroxides | [ NaAlO, solution |

Figure 3. Simplified experimental flowsheet for the extraction of Si and Al and subsequently the
preparation of microporous materials from Si and Al wastes.

Table 2. Al and Si sources from different waste products that contain a minimum of up to 10% AL
Sources: [66,71]; MSW-FA see Table 1.

Waste material Al20s3 SiO: CaO
Aluminium scrap Almet >90-99%
.. Altotal 25-40
Aluminium dust Al 15-25 6-11 14
Black aluminium dross 42-88 1.3-14 0.6-1
White aluminium dross 40-50
Spent Fluid Catalytic Cracking catalysts 40-50 40-50 0-1
Coal combustion ashes 15-40 40-60 3-15
.. 20-30
Aluminium salt slag Al 5-10 2-10
Coal gasification ashes 5-30 25-60 2-30
Liquid Crystal Displays glass panel 15-25 50-75 0-7

MSW-FA 5-24 12-41 15-50
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Electric furnace steel reduction slag 15-20 1520 50-60
Lithium slag 15-20 50-55 10-12
Red mud from the Bayer process (dried) 1020 3-50 240
Drilling and cutting muds (dried) 5-20 30-70 2-30
MSW-BA 1-20 5-50 10-50
Waste porcelain 19 70 3
Blast furnace iron slag 10-15 3040 40-50
Wood ash 0.5-15 10-70 10-70
Waste foundry sand 0-15 75-90 0-5
Palm oil fuel ash (POFA) 0.5-12 45-75 3-15
Zinc slag 7-10 15-20 1520
Electric furnace steel oxidation slag 5-10 10-15 2025

3.5.2. Specific leaching of salt and heavy metals

Washing the FA with clean water has been shown to efficiently leach out salts, primarily
chlorides (e.g. NaCl, KCl, CaClz and CaCl>-Ca(OH)2-H20) [46]. [72] found that a single wash cycle
with water (L/S ratio of 2) for 60 min extracted more than 65% of Cl, greater than 50% of K and Na
and about 20% of Ca. When the L/S ratio was increased to 20, ca. 95% of Cl and ca. 50% of Ca were
washed out, but with no additional effect on K and Na. However, by increasing the L/S ratio, the
leaching of certain heavy metals (Pb, Cu, Zn), and particularly Cr (8%), was increased. A limited loss
of Al and Si was observed, but the total loss of mass was not provided. Though, [57] did a similar
washing test with MSW-FA (L/S ratio of 2) but for a shorter time (15 min) and measured a total mass
loss of ca. 12% due to the removal of chloride- and sulphate-based salts as well as elevated levels of
Pb in the leachate (34 mg/L). [45] observed fairly similar levels of loss of Cl (73%), K (ca. 67%) and Na
(58%) from MSW-FA as [72] when using treated process water (pH 7.9-9,5) from the incineration
plant in the washing step with a L/S ratio of 10 for 1 hour with a final pH of 10.8. In contrast to [72],
they observed no depletion of Cr, Pb, Cu or Zn. Pb-bearing sulphates were dissolved but was
cemented as PbCu® on the surface of Al particles. Aluminium was dissolved and recovered as
precipitated aluminium hydroxide (AI(OH)s. However, significant amounts of Si (21%) were lost
during the washing process. It must be noted that this MSW-FA had very low CaO content (<1%)
compared to “normal” MSW-FA (17-31.5%; Table 1) as it contained no lime from the scrubbing
treatment. [73] found that injecting CaO in the scrubber could make the fly ash alkaline and promote
the formation of Cas(AsOs)2, CaCrOs and PbCl2 process, which significantly reduced the leaching rate
of Pb and As from the FA. The cementation of soluble metal salts into less soluble silicates, hydroxides
and carbonates was also observed by [74] for Hg, Mn, Pb and Zn, and notably also for Al and Si
(leaching less than 3%), in compacted APC samples. In addition to the presence and nature of the
cementitious material, the process is dependent on the amount of water that is added, the
temperature and the time it is allowed to work; it may to take weeks or month to complete [74,75].

As already mentioned in Section 3.5.2, most heavy metals show increased leaching rates at low
pH making acid leaching a commonly used method to facilitate their recovery from the MSW-FA
[6,12,57]. Though, some of the most abundant heavy metals in MSW-FA (Pb, Zn, Cu and Cd) are
amphoteric, meaning that they are characterized by a high leaching potential under both high- and
low-pH conditions but not in between [52]. However, the same is the case for Al as discussed in
Section 3.5.2 [76].

Leaching of heavy metals has been done in full scale in Switzerland since 1997 by the FLUWA
process, currently treating >60% of all FA in Switzerland [77]. The process uses scrub water from wet
flue gas cleaning to leach heavy metals from MSW-FA. [45] showed that the main parameters
controlling the mobilization of the heavy metals were pH and redox conditions, the L/S ratio, the
extraction time and temperature. The exothermic reaction between CaQO in the FA and the scrub water
brought the temperature in the process to up to ca. 60°C. The ideal leaching pH was determined to
be <3.8, but the variable buffer capacity of the FA (due to carbonates) made it challenging to control
the pH by the addition of HCI (32%), particularly in a continuous process [6]. They argued that the
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process must be individually adjusted to the composition of the FA being processed and the scrub
water used in each specific FLUWA process. The acidic FA leaching resulted in depletion factors of
40% for Zn, 53% for Cd, 8% for Pb and 6% for Cu, with the extraction of Pb and Cu primarily limited
by the cementation process and the formation of a PbCu’-alloy-phase [45]. The addition of hydrogen
peroxide (H202; 40 L 35% per ton FA) during the acid FA leaching (termed optimized acidic leaching)
and a high L/S ratio (3.5) prevented this reduction through oxidation of the redox-sensitive metals
(mainly Pb, Cu and Cd) and thus significantly higher depletion factors for Pb (57%), Cu (30%) and
Cd (92%) were achieved with an extraction time of 75 min [45]. Fe?* was converted into Fe3*, which
was precipitated as Fe-hydroxide and accumulated in the remaining filter cake. And moreover, Al0
was oxidized by the H202 and quickly precipitated as aluminium-hydroxide and thus no AI0 was
available for contact-reduction of more noble dissolved metals [45]. By twerking the different
parameters as much as 60-80% Zn, 80-95% Cd and 50-85% Pb and Cu is stated to be extracted by
optimized acidic leaching [6,45,77].

The treated FA was dewatered on a vacuum belt filter with the heavy metals being accumulated
in the leachate, which can later be used for heavy metal recovery. In 2012 the FLUREC process was
implemented in full scale at the MSW incineration plant in Zuchwil, Switzerland to recover ca. 300
tons of high-purity Zn (>99.995%) from the heavy-metal-enriched filtrate from the FLUWA process
[7].

The total mass loss during the optimized acid leaching was 32% but the concomitant losses of
Al and Si were 14% and 15%, respectively, hence the overall enrichments of Al and Si were relatively
marginal; from 31.8 g Al/kg to 35.9 g Al/kg (13% increase) and 69.5 g Si/L to 77.9 g/kg (12% increase).
If calculated as Al:Os and SiOz, these concentrations make up 6.4% and 15.6%, respectively. FA from
coal-burning, which has been used as an Al- and Si-source for zeolite synthesis extensively, contains
AlOs and SiOz in the ranges of 12.5-35.6% and 28.5-59.7% with mean values of 24.3% and 46.6%,
respectively [78]. However, as shown in Table 1, alumna and silica contents vary considerably in
MSW-FA, and with median concentrations of ca. 10.9% and 19.1% for Al2Os-and SiO, respectively,
the potential concentrations after optimized acid leaching would be 12.3% ALOs and 21.4% SiO..
These values are still below the indicated range of their contents in FA from coal burning, indicating
that additional Al and Si need to be supplemented to synthesize zeolites from MSW-FA.

4. Targeted sorption of cations

4.1. Zeolites as cation exchange resins

A wide range of zeolites, both natural and synthetic, have been used to capture different
compounds in different types of matrices. Zeolites with a low Si:Al ratio will be negatively charged
(and hydrophilic) and the dominating mechanism for capturing compounds will most probably be
the exchange of the compensation cations (e.g., Na*, K*, Ca?, etc.) with the target cations [13]. Hence,
cations that fit well into the three-dimensional crystalline structure and show stronger affinity to the
negatively charged framework are more likely to be adsorbed. A theoretical cation exchange capacity
(CEC) of a zeolite can be calculated as the amount of exchangeable cations that can be accommodated
by a weight unit of zeolite material using the idealized chemical formula of the zeolite and assuming
all exchangeable cations are sodium. Table 3 shows the CEC range of natural and synthetic zeolites
typically used in wastewater treatment together with key structural and chemical features. According
to [13], CEC of natural zeolites depends on several factors including the structure and electrostatic
field strength of the framework, its cation charge density, the composition and pH of the contacting
solution, the raw mineral composition and work-up as well as the process apparatus and operating
conditions (e.g., continuous stirred tank vs. fixed bed column, contact time and solid:liquid ratio)
used for the measurements. Hence, comparison of reported CEC in the literature is extremely difficult
and often contradictory, and the operating CEC is generally far below (till a half) theoretical one [13].
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Table 3. Selected natural and synthetic hydrophilic zeolites applied in wastewater effluent treatment.
Framework type code (FTC); window size refers to the largest channel; Si/Al ratio range;
exchangeable cations more frequently found; theoretical cation exchange capacity (CEC) range as
calculated from the idealised chemical formula assuming sodium as only exchangeable cation.
Sources: [79-83].

Structure Chemistry
Zeolite FTC Winodow Si/Al Cation CEC
A mol/mol - meq/g
Natural zeolites
Clinoptilolite HEU 3.1x7.5 4.0-5.7 Na, K, Ca 2.0-2.6
Chabazite CHA 3.8 1.4-4.0 Na, K, Ca 2.5-4.7
Phillipsite PHI 3.8 1.1-3.3 Na, K, Ca 2.9-5.6
Analcime ANA 1.6x4.2 1.5-2.8 Na 3.6-5.3
Erionite ERI 3.6x5.1 2.6-3.8 Na, K, Ca 2.7-34
Faujasite FAU 7.4 2.1-2.8 Na, K, Mg 3.0-3.4
Ferrierite FER 4.2x5.4 49-5.7 Ca 2.1-2.3
Heulandite HEU 3.1x7.5 4.0-6.2 Na, K, Ca, Sr 2.2-25
Laumontite LAU 6.5x7.0 1.9-24 Na, K, Mg 3.8-4.3
Synthetic zeolites
X FAU 7.4 1.0-1.5 - 2.7-6.0
Y FAU 74 <3 - 3.9
Mordenite ! MOR 6.5x7.0 4.0-5.7 Na, K, Ca 2.0-24
A LTA 4.1x4.5 1.0-3.2 - 3.9-5.3
NaP1 GIS 29 1.7-3.9 - 2.0

! Mordenite is a natural zeolite but the synthetic version of the zeolite is more in use.

A summary of the factors that determine the cation selectivity of the zeolites and their adsorption
rates and capacities is provided below.

4.2. Sorption mechanisms

Adsorption is a surface phenomenon in which the adsorbate (i.e., cation) transfer onto the
adsorbent (i.e., zeolite). The main adsorption mechanisms are chemisorption (involving strong
covalent bonding), physisorption (involving weak van der Waals forces) and electrostatic interaction
(involving attraction between ions or molecules with full permanent charges of opposite signs) [84].
For the latter to occur, an ion exchange with the already present compensation ions (or counterions)
need to occur. Both physisorption and electrostatic interactions may govern the adsorption of cationic
materials to zeolites, but the latter is generally believed to be the most important [85].

For a cation to be adsorbed to a particular site on a zeolite it first needs to travel by diffusion
from the bulk liquid phase through the stagnant liquid film layer outside the zeolite surface. The
concentration gradient over the stagnant film governs the driving force; higher bulk concentrations
give faster diffusion. As most of the surface of the zeolite is within its porous structure, the cation
needs to fit into these pores and diffuse through the interior voids of the crystalline structure of the
zeolite. For the electrostatic interaction to be active, the cation needs to exchange place with the
existing compensation ion; hence the electrostatic force between the cation and the anionic charge of
the zeolite surface needs to be stronger than that between the surface and the compensation ion. In
many cases, particularly for heavy metals, the cations are divalent (e.g. Pb%, Cu?, Zn?, Cd*, Ni*)
while the compensation ions are monovalent (e.g. K*, Na*) and therefore two compensation ions need
to be exchanged for the cation to take their place [80,84]. Though, the opposite can also be the case;
[86] measured the adsorption rate of ammonium (NHs4*) in swine manure by a calcium-rich chabazite
and argued that the diffusion rate of Ca* for the exchange with NHs* was the rate limiting step in the
adsorption as compared to the exchange between Na+ and NH4*.
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4.2.1. Adsorption of heavy metals

As summarized by [80], the reported sorption kinetics of heavy metals such as Pb?%, Cd%, Cr%,
Ni%, Zn?, Cu?, As> and Cr® by zeolites with low Si/Al ratios (i.e. strongly negatively charged) all
seems to be satisfactorily fitted by a pseudo-second-order kinetic model given by the general model
equation [87]:

t/qe = 1/keqe? + t/qe (1)
, where k_2 is the pseudo-second-order rate constant of adsorption (g/mg-min); q_e and q_t are the
amount of metal ions adsorbed (mg/g) at equilibrium and at time t, respectively; t is adsorption time
(min). The initial sorption rate is given by: h=k_2 q_e"2.

However, [80] argued that the intraparticle diffusion model, which assumes that the diffusion
of the adsorbate into the pores of the adsorbate is the rate-limiting step in the adsorption process,
would make a more appropriate model:

qt = kit!”2 (2)
, where k_i is the intraparticle diffusion constant (mg/g-h®%) and t is the time in hours.

Empirical models such as the pseudo-second-order kinetic model cannot explain the adsorption
mechanism [80]. The adsorption isotherm models, however, can do that from the amount of
adsorbate at the adsorbent surface and the concentration of the adsorbate in the liquid phase, at a
constant temperature. They can also be used to estimate the maximum adsorption capacity (mg/g).
Two of the most commonly adopted models to represent the adsorption isotherms are the Langmuir
and Freundlich models [80]. The Langmuir model [88], which assume a uniform distribution in a
monolayer on the adsorbent surface that is also structurally and energetically homogeneous, takes
the following form [87]:

Ce/qe=1/Krqmax + Ce/qmax 3)
, where Ce is the equilibrium concentration of heavy metals in solution (mg/L), qe is the amount
adsorbed at equilibrium (mg/g), Kt is the Langmuir constant (L/g) and gmax is the maximum
adsorption capacity (mg/g). The Freundlich model [89], that assumes multilayer adsorption on a
heterogeneous surface of the adsorbent, can be expressed by [90]:

qe= KeCel/n 4)

, where K is the empirical constant of the Freundlich isotherm and n is the empirical parameter
related to the intensity of the adsorption that depends on the heterogeneity of the material. If 1/n is
between 0.1 and 1, the adsorption process is favourable.

According to the summary made by [80], for most of the reported zeolites (except scolecite), the
adsorption of the above-mentioned heavy metals (Pb%, Cd?, Cr¥, Ni*, Zn*, Cu?, As*> and Cr®) all
seem to be well described by the Langmuir isotherm, hence indicating that a monolayer of heavy
metal ions is adsorbed to the surface of the zeolites. However, [91] reported better fit with the
Freundlich isotherm at high metal concentrations when adsorbing Pb%*, Cu?, Ni*, and Cd* on
clinoptilolite, hence indicating more a heterogenic adsorption coverage.

4.2.2. Adsorption of ammonium

Most studies appear to report good agreement between adsorption rates of ammonium by most
zeolites and pseudo-second-order kinetics [80,92-95] under appropriate pH conditions (see Section
4.3.7). Though some studies report good agreement with the Langmuir isotherm for the adsorption
of ammonium by natural zeolites [86,93,96,97], most studies have found that the Freundlich isotherm
gave the best fit, indicating that the adsorption process occurred on a heterogeneous surface
[80,90,92,94,95,98]. [95] found that the Langmuir isotherm gave best fit for zeolites synthesized from
low-calcium FA, while the Freundlich isotherm gave best fit for zeolites synthesized from high-
calcium FA.

4.3. Factors affecting the sorption of cations

As indicated above, there are many factors that influence both the sorption rate of a cation and
the sorption capacity of the zeolite. The most important once are discussed briefly in the following.
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4.3.1. Framework type vs size of the cation

The framework type of each zeolite determines the dimensions of its internal pores and channels,
as illustrated in Figure 1. Table 3 gives the size of the largest channel in some framework types
occurring in zeolites used in effluent treatment. These vary from up to 7.5 A, 7.0 A and 7.0 A in HEU,
MOR and LAU, respectively, to 2.9 A, 3.8 A and 3.8 A in GIS, CHA and PHI, respectively. The actual
size of the cation is dependent on to which degree it is hydrated. Table 4 shows the radii of selected
ions when they are unhydrated and when they are fully hydrated. Looking at the heavy metals, the
sizes of the fully hydrated ions rank them from smallest to largest: Pb>< Ni*< Cu?< Cd*< Zn>< Cr*
with Pb? being the smallest with an assumed maximum diameter of 8.02 A. This is larger than the
largest size of the channels in the framework.

Table 4 also shows the free energy of hydration (AhydG) that quantifies the amount of energy
that is released when an ion is hydrated. The ions with the highest AhydG should prefer to remain in
the solution phase [99]. To be able to pass through the pores/channels of the zeolite the ions need to
release some of the water molecules; hence the ranking of the cations related to how easy they will
do this is: Pb%< Cd?*< Zn?*< Ni2< Cu?< Cr3+,

Table 5 summarize the ranking results from several adsorption studies that have included
multiple heavy metals in each test. As can be seen, Pb? rank on top in all studies. However, Cr?* that
has the largest hydration radius and is the ion that is most resistant to dehydration, ranked on top or
high up in several of the studies. [99] postulated that this was due to precipitation of Cr** (and Cu?)
as metal hydroxides on the surface of the zeolite (4A) or inside the pore walls. A similar observation
was reported by [100] on adsorption of Cu?* and Cr®* ions on NaP1.

Synthetic zeolites are usually made to have larger cavities (i.e. a lower framework density) to
facilitate the transport into the zeolite [8]. Synthetic zeolites with larger pore openings such as zeolites
X and A showed the highest removal capacity for NHs*.

Table 4. Unhydrated and hydrated radius and free energy of hydration (AhydG) of selected ions

[101,102].

Unhyc.lrated Hydr.ated AnyaG Unhyc?rated Hydr.ated AnydG

Ion radius radius Ion radius radius

A A kJ/mol A A kJ/mol
Li+ 0.60 3.82 -475  Cu? 0.72 4.19 -2010
Na+ 0.95 3.58 -365  Zn? 0.74 4.30 -1955
K+ 1.33 3.31 -295  Cd 0.97 4.26 -1755
Ca2 0.99 412 -1505 Pb2 1.32 4.01 -1425
NH4 1.48 3.31 -285  Cr3 0.64 4.61 -4010
NOs- 2.64 3.35 -300  Ni 0.70 4.04 -1980
H2PO+ - 2.6 -
POs - 7.91 -2765

1Stokes radius.

Table 5. Selectivity in competitive adsorption of heavy metals by different zeolites.

Zeolite Origin Si/Al Selectivity References
Synthetic zeolites

FAU-type Coal FA 2.5 Pb>>Cu?>Cd?>Zn?>Co? [103]

NaP1l Coal FA 1.7 Cr3*>Cu?>Zn?>Cd?*>Ni? [100]

4A Coal FA 1.32 Cuz>Cr3*>Zn?>Co?>Ni2* [99]

x  Peyptiankaolinand oy i5 0 s cscuzsznsNi [104]
Na:5i205

A Deyptiankaolinand o) b cuscurs znes N [104]
Na25i20s

Natural zeolites
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Mordenite Natural 44-55 Cu2>Co*=Zn2>Ni2 [105]
Clinoptilolite Natural 4.9 Pb2>7Zn2>Cu?>Ni? [106]
Clinoptilolite Natural 4.8 Cuz>Cr3>Zn2>Cd2?>Ni2 [100]
Clinoptilolite Natural 4.2 Pb2>Cd>>Zn?=Cu? [107]
Clinoptilolite Natural 2.7-53 Pb¥>Ag>Cd*=Zn?>Cu? [105]
Phillipsite Natural 24-2.7  Pb*>Cd?>Zn2>Co? [107]
Chabazite Natural 2.2-2.6  Pb2>Cd*>Cu?>Zn>>Co? [107]
2+> 2+> 2+>N]12+> 2+>
Scolecite  Natural 1.56 222 Znz>Pbr>Niz>Co [108]

4.3.2. Cation concentration and competing ions

As already mentioned, higher bulk concentrations give faster diffusion as the gradient gets
steeper. However, studies with natural zeolites from Australia and the USA have reported that also
the adsorption capacity of ammonium could be increased by 35-60% (up to 10-13 g NH4*/kg zeolite)
by increasing the bulk concentration from 250 mg/L to 1000 mg/L [90] or by 230% (up to 13 g NHa*/kg
zeolite) by increasing the concentration from 50 mg/L to 800 mg/L [109], respectively. However, [110]
reported equilibrium uptake of ammonium (ca. 40% adsorbed) by 20 g/L clinoptilolite (grain size of
71-125 pum) from a 1 M NH4Cl solution (18 g NH4*/L) after just a few minutes contact time indicating
an extreme adsorption capacity of 360 g N/kg zeolite (our calculations). Under normal conditions,
there will often be several ions that compete for the adsorption sites on and in the zeolite. Besides the
size of the ions compared to the cavities within the three-dimensional crystalline structure explained
above, the concentrations of the competing ions impact the competition. These competing ions may,
at least when considering the adsorption of NH4*, also be typical compensation ions such as Na*, K¢,
Ca? and Mg, as well as anions such as NOs, 5O+*, and CI- [98,111]. Furthermore, at low pH the
competition from H* increases significantly [112].

4.3.3. Purity of the zeolite

Natural zeolites will usually contain a variety of other minerals that may act as contaminants as
they have no or low sorption capacity. Such minerals that are frequently found are quartz, albite,
biotite, illite, montmorillonite, feldspar, calcite, halite and heulandite [100,113,114]. Synthetic zeolites,
however, usually contain a single framework type giving them high uniformity.

4.3.4. Hydrophilicity/hydrophobicity

Zeolites with low Si/Al ratios (e.g. zeolites A, X, Y and natural zeolites in general) have a the
strong electrostatic field within their cavities resulting in very strong interactions with polar
molecules. By increasing the Si/Al ratio the zeolite can be tuned to be more hydrophobic. This is
beneficial when adsorbing non-polar compounds [80].

4.3.5. Compensation cations

Natural zeolites will usually have more than one type of compensation cation in their crystalline
structure. Modification the zeolite with a solution of inorganic salts such as NaCl, CaClz, NH4Cl etc.
will contribute to uniform the compensation cations and thereby also potentially to optimize the
cation exchange capacity [115]. For instance, [116] found that the removal of NH4* by zeolite Y was
significantly better using Na* as compensation ion (92%) than with Cs* (24.8%), K+ (24.3%), Mg?*
(18.5%), and Ca?* (18.5%). Moreover, the effective dimensions of the pores of a given zeolite structure
can be modulated by the appropriate choice of the extra-framework cations, located within the pores
to balance the negative framework charge (see also Figure 1) [117]. It has been shown that following
dehydration, subsequent heat treatment of the zeolite, salt molecules with anions of up to two times
the size of the Os-ring’s “free” opening of the sodalite-cage structural units are occluded in these
cages [118].

d0i:10.20944/preprints202309.0447.v1
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4.3.6. Available adsorption surface and size of the zeolite particles

Adsorption efficiency of an adsorbent is proportional to its specific surface area, defined as the
total surface area available for adsorption. This area is dependent on the sizes of the zeolite particles,
the pore size distribution and surface roughness [119]; smaller particles have larger specific surface
areas per volume than larger particles. Due to their higher degree of crystalline ordering, compared
to natural zeolites, synthesized zeolites have a greater specific surface area, which increases their
efficiency as adsorbents [80].

Even if the availability of active sites is almost constant for both large and small particles, the
accessibility of metal ions to adsorption sites is higher when the adsorbent consists of smaller particles
because of the shorter diffusion paths for ions [120]. Hence, a smaller sized particle is expected to
enhance the adsorption. The internal surface area is more important than external surface area in
porous materials. Hence, changes on the external surface associated with grain size has very little
effect on the adsorption efficiency [121].

By using more zeolite, the overall surface area will, of course, also increase.

437.pH

The pH affects both the surface charge (i.e., hydrophilicity) of the zeolite and the cationic
character of the adsorbates; hence it is important to control the pH both to optimize the adsorption
rate of specific compounds and to maximize the adsorption capacity. In general, at higher pHs the
zeolite gets more negatively charged, but the adsorbates may lose their cationic character and be more
neutrally charged or anionic. Apparently, most zeolites have points of zero charge (PZC) at a pH near
neutral [80], though all PZCs of zeolites and other aluminosilicates reported by [122,123] were
typically <3. [123] argued also that often PZC was measured using methods that produced unreliable
results (e.g. mass titration), but that this less of a problem for metal oxides. Anyway, for zeolites to
be negatively charged, the pH should be kept above their PZC. Hence, their PZC need to be
determined properly [123].

At increasing pH, heavy metals tend to precipitate as metal oxides and hydroxides depending
on their solubilities, thereby limiting their possibility to be adsorbed. This occurs at highly different
pHs for the different metals, as indicated in Figure 4 by the theoretical hydroxide precipitation
diagram based on the solubility constants (Kso) of the different metal hydroxides at 25°C [124]:

pH = (log Kso — n log Kw —log [1])/n 5)

, where M) is the molar activity (or equilibrium concentration) of the metal ion with valence n, while
Kuw is the dissociation constant of water. The diagram says that above a given metal concentration and
pH the metal hydroxide will precipitate out of solution. As this occurs at very different concentrations
for different heavy metals, this have been used extensively in the separation of different metals in
hydrometallurgical processes [124]. Note that at higher metal concentrations, the precipitation starts
at a lower pH. However, the precipitation behaviour is also very dependent on the presence of other
anions such as carbonate, sulphate and phosphate that can contribute to the precipitation of metal
ions [124].

Also, the adsorption of ammonium (NHs*) is strongly influenced by pH as at high pH NHa* is
converted into ammonia (NHs) (pKa of 9.24) that will not have any affinity for hydrophilic zeolites
due to the lack of any electrostatic attraction [80].
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Figure 4. A: Theoretical hydroxide precipitation diagram of selected heavy metals at pH 1-10 based
on their respective metal hydroxide solubilities at 25°C. To the left of each line the hydroxide is still
in solution, while to the right they are expected to precipitate. Based on [124]. B: Calculated
relationships between metal ion concentrations in molar (M) and mg/L within the concentration range
used on the left side.

4.3.8. Temperature

An increase in temperature leads to changes in both process kinetics and equilibrium including
increased diffusion rate, increased kinetic energy resulting in greater access of metal ions to
adsorption sites, increased activity on the surface of the adsorbent resulting in greater affinity and
decrease in mass transfer resistance [120]. The temperature may also expand the crystalline structure
itself, thereby increasing the accessibility for the adsorbate to the interior of the zeolite. Furthermore,
an increase in temperature is associated with a decrease in thickness of the boundary layer
surrounding the adsorbent (reduced hydration) such that the mass transfer resistance of the
adsorbate decreases, which facilitates the diffusion of metals in the adsorbent. However, the
electrostatic interactions are weaker at higher temperatures [120].

4.3.9. Contact time

The adsorption process is quicker when the adsorbate concentration is high and/or when there
is more space available for sorption on the zeolite. Hence, an increase in contact time allows reaching
closer to equilibrium conditions and hence full utilization of the adsorption capacity. However, an
increased contact time reduces the overall process efficiency as the adsorption rate is drastically
reduced with time requiring long retention/contact times. In a continuous filtration process the
contact time is given by the flow rate and liquid bed volume, and when the necessary exposure time
to get additional adsorption is exceeded, there will be a breakthrough of the filter.

5. Sorption of nitrate and phosphate using zeolites

Anions such as nitrate (NOs) and phosphate (H2POs, HPO4? and PO+*) will not be efficiently
captured by the hydrophilic zeolites described above as they will be repelled by the electrostatic
forces otherwise attracting the cations, though zeolites derived from coal-FA has been shown to
adsorb phosphate moderately well [125-127]. Moreover, increasing the Si/Al ratio making the zeolite
more hydrophobic is not very useful either since zeolites need to be modified to be able to adsorb
these anions. Two different strategies can be used to modify zeolites:

1.  Lowering the pH to make the zeolite cationic
2. Modifying the surface of the zeolite by cationic metal-doping or using surfactants.
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5.1. pH-derived cationic zeolites

The zeolite needs to be predominantly positively charged to be cationic. This may only occur at
pHs below its PZC. As described above in section 4.3.7, the actual PZC may, however, be challenging
to measure correctly.

Phosphoric acid (HsPOs) is a triprotic acid with three dissociation constants: pKa,1 = 2.13 (to
H2POx), pKa,2 = 7.20 (to HPO+*) and pKa,3 = 12.36 (to PO+*) [128]. The ratio of the four different
phosphate compounds is determined by the pH of the solution, as depicted in Figure 5. As shown in
Table 4, the stokes radius of PO#* (7.9 A) is very much larger than the hydrated radius of H2POx (2.6
A), hence H:POxr is more likely to penetrate the micropores of the zeolites.

Relatively few studies have apparently been conducted that have tried to adsorb phosphate to
pH-derived cationic zeolites (see Table 6). However, [129] reported an adsorption capacity of 52.9 mg
P/g for a synthetic zeolite A from purified clay T just by lowering the pH to 4-5. The zeolite had a
measured PZC of 5.5. [127] reported efficient removal of phosphate at pHs between 3.5 and 9 when
testing 15 different coal ash-derived zeolites. The zeolites were not metal-doped (see section 5.2.1),
but had variable levels of Ca?, Mg?, Al** and Fe? in their framework due to their different origins.
The good removal at high pH (5.5-9) was attributed to precipitation of calcium phosphate due to the
Ca?"-rich zeolite that was used. At acidic conditions (pH 3.5-5.5) the observed immobilization of
phosphate was assumed due to adsorption to Fe2O3 through ligand exchange. [130] treated a coal
ash-derived zeolite with a low concentrated (0.01 M) H250s solution that lowered the equilibrium pH
of the zeolite to <10.5. This resulted in efficient removal of both NHs+* and phosphate over the whole
concentration range from 0.5 mg P/L to ca. 500 mg P/L with a S/L ratio of 10 g/L for 24 hours. The
formation of calcium phosphate precipitates was assumed to be the predominant mechanism for
phosphate removal.

By decreasing the pH to <2, the dominating phosphate fraction will be HsPOs, which is
uncharged (see Figure 5). At this low pH, zeolites are very likely to be neutral or positively charged
[123]. [131] demonstrated that it was possible to adsorb phosphate (as HsPOs and/or H2POx) at pH
<2. However, this requires considerable amounts of acid for pH adjustments and subsequently a
potential equivalent amount of base to compensate the low pH prior to release.

In theory, it should be possible to adsorb nitrate to positively charged zeolites as has been
documented for phosphorous (see above). Nitrate is 100% negatively charged at pH >1.0 (pKa =-1.37)
and its hydrated radius is close to that of NH4+* and K* (see Table 4). To the best of our knowledge,
there has been no studies so far documenting the removal of nitrate by non-modified zeolites.

—H3P0O4 —H2P0O4- —HPOA42- PO43-
1,0

0,8
0,6
0,4

0,2

Fractional composition (-)

0,0
0 2 = 6 8 10 12 14

pH (-)

Figure 5. Fractional composition of different phosphate compounds depending on the pH. Based on
the dissociation constants of phosphoric acid [128].
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5.2. Modification of zeolites

The dominating method to increase the adsorption rate and capacity of anionic (and
hydrophobic) compounds to zeolites has been to prepare modified zeolites. Two main methods have
been used to modify the zeolites; metal doping and cationic surfactants as discussed below.

5.2.1. Metal-doped zeolites

Transition metal cations or oxides are doped into the zeolite framework typically using oxides
of lanthanides, aluminium or zirconium to optimize the adsorption of anions [125,132,133]. The
charge properties of the modified zeolites depend both on the kind of the modifier and conditions of
preparation (temperature, amount of modifier) [133,134]. Calcination at rather high temperatures
(200-800°C) is frequently applied [135].

5.2.2. Surfactant-modified zeolites (SMZs)

A cationic surfactant is used to create a hydrophobic monolayer (targeting hydrophobic
compounds) or a cationic bilayer (targeting anions) on the external surface of the zeolite. Surfactants
such as quaternary ammonium, sulphonium, arsonium, phosphonium or idonium have typically
been used [136-138].

Hexadecyltrimethylammonium (HDTMA) is a long-chain quaternary ammonium surfactant
that has been much used surfactant to generation SMZs. The large head group of the HDTMA
molecule (three of the protons in NHs* are replaced by three methyl groups, while the fourth is
replaced by the long tail group) makes it too large to enter the zeolite channels for internal sorption
sites, and the sorption of HDTMA is therefore limited to external cation-exchange sites on the zeolite
surface [139]. The process of generating, first a monolayer, then a bilayer of the surfactant on the
zeolite is illustrated in Figure 6 and a more detailed description is given in the figure text. It is
important to note that a bilayer of the surfactant is needed for efficient adsorption of anions to the
external surface of the SMZ by ion exchange, while hydrophobic compounds may still be adsorbed
within the solvent-like hydrophobic bilayer [137,139,140]. According to [140] even cations still have
access to the microporous structure of the zeolite despite the bilayer surrounding the zeolite.
However, it has been challenging to find solid documentation that support this statement or
documentation of how much they are affected by this bilayer; first by the electrostatic repulsion
exserted by the cationic heads of the surfactant, then by the hydrophobic region within the bilayer.
A study by [141] indicates that some reduced adsorption capacity and rate can be expected. Though,
the adsorption of phosphate and nitrate to SMZs has been well documented as summarized below.
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@ Compensation cations
@ Target cations
—~—@® Surfactant with a polar cationic end
© Targeted anion
O Hydrophobic compound

e e
S)
C=CMC C<CMC

Figure 6. Illustration of the stepwise generation of a surface-modified zeolite using a surfactant: C =
0: the zeolite prior to any addition of surfactant attracting targeted cations that primarily adsorb to
the micropores structure; C < CMC: the surfactant forms micelles that start adhering to the surface of
the zeolite, replacing external compensation cations. When more surfactant molecules attach to the
surface and the critical micelle concentration has been passed breaking up the micelle, the surfactants
spreads out on the surface [139]; C = CMC: Just enough surfactant has been added to create a
monolayer of surfactants on the surface of the zeolite, held in place by electrostatic interaction
between the negative surface charge of the zeolite and the positively charged end of the surfactant
[137]. The hydrophobic tail of the surfactant attracts hydrophobic compounds in the water; C > CMC:
a bilayer of the surfactant is evolving driven by the hydrophobic affinity between surfactant tail
groups, and eventually form a fully saturated bilayer. The original net negative charge of the zeolite
has been reversed to a net positive charge attracting target anions in the water phase. Hydrophobic
compounds are still attracted to the hydrophobic region within the bilayer [139,140], and according
to [140] targeted cations still have access to the microporous structure, though a somewhat reduced
adsorption capacity and adsorption rate can be expected (as indicated by red question marks) [141].

5.2.3. Adsorption of phosphate by modified zeolites

The majority of studies have been assessing the effect of metal-doped zeolites on the adsorption
of phosphate, very few using surfactant-modified zeolites. Some literature reported studies are
shortly summarised in Table 6 and briefly described below.

Results with metal-doped zeolites

[126] tested the ability of salt-modified (Ca?, Mg?", Al** and Fe®") NaP1-zeolite derived from coal-
FA to concomitantly adsorb ammonium and phosphate compared to non-modified NaP1. Only the
Ca-modified zeolite improved the adsorption capacity for phosphate (from 34.7 mg/g to 49.5 mg/g),
but Al- and Fe-modified zeolites improved the removal at relatively low phosphate concentrations
(0.5-10 mg P/L) where the Ca-modified zeolite showed limited P removal. The mechanisms behind
the phosphate removals were believed to be precipitation of calcium phosphate by the Ca-modified
zeolite and ligand exchange for the Fe- and Al-zeolites. [142] observed efficient adsorption of
phosphate using a coal FA-derived zeolite modified with lanthanum hydroxide (La(OHzs)) at pH>2.5
with an adsorption capacity of 71.9 mg P/g. The phosphate precipitated as LaPOs on the zeolite. The
sorption appeared to be insensitive to pH in the 3-10 range for low (5 mg P/L) and medium (100 mg
P/L) concentrations but increased in the whole pH range 1-11 (highest at pH 1) at the highest tested
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concentration (500 mg P/L). At pH 3 La started to desorb from the zeolite, and at pH 2.3 99.8% had
desorbed. A similar study was conducted by [125] comparing the adsorption of phosphate by coal
FA-derived zeolites (NaP1 and A) with that of a natural zeolite (clinoptilolite), all modified with
lanthanum. The observed adsorption capacities were significantly higher with the coal FA-derived
zeolites (44.0-58.2 mg P/g) than that with the natural zeolite (24.6 mg P/g), all with an apparent pH
optimum at pH 5.3. The adsorption capacities appeared, however, to be only moderately affected by
the pH in the range 2-7. The experimental data fitted very well with the Langmuir isotherm model
(much better than the Freundlich isotherm), hence that only a monolayer of phosphate was adsorbed
to the surfactant-modified zeolite surface, and the thermodynamics showed that the phosphate
adsorption was a spontaneous and endothermic process. In a recent study by [143] they used
zirconium oxide-modified merlinoite obtained from coal fly to adsorb phosphate. The adsorption
capacity was determined to be 67.7 mg P/g at pH <5 (PZC = 4.6). Electrostatic interaction was found
to be the predominant mechanism behind the observed adsorption. However, a part of the phosphate
ions was adsorbed to the zeolite surface via strong bonding, presumably by coordination bonding,
resulting in reduced desorption of the phosphate even if the pH was turned to strong alkaline
conditions. The Freundlich isotherm gave an adequate fit to the data, indicating that the phosphate
had adsorbed as a multilayer coverage over the heterogeneous distribution of active sites on the
metal-doped zeolite.
Results with surfactant-modified zeolites

[144] tested the adsorption capacity of phosphate by HDTMA bromide-modified clinoptilolite
and hexadecylpridinium (HDP) bromide clinoptilolite and found the optima at pH 12 at 675 mmol/kg
(20.9 mg/g) and 376 mmol/kg (11.6 mg/g), respectively. Unmodified clinoptilolite had the optimum
adsorption capacity at pH 3 with 25 mmol/kg (0.8 mg/kg). They explained the increased adsorption
at high pH with a stronger attraction between the cationic head groups of the surfactants and the
PO#* form than any of the other phosphate forms. The Freundlich isotherm gave the best fit to the
adsorption data, though also the Langmuir isotherm gave acceptable correlation, suggesting that in
addition to the monolayer of phosphate that was provided by the head ammonium group of the
surfactant, some phosphate species may have been trapped between the organic chains within the
bilayer [144].

Table 6. Reported apparent sorption capacity of phosphate for non-modified and modified zeolites
with test conditions (phosphate concentration range, S/L ratio, contact time and temperature) and pH
at optimum adsorption.

App.
Zeolite sorpti.on g:::; S/L ratio C:)il;:d Temp. pH Ref.
capacity
mg/g mg P/L g/L h oC -
Non-modified zeolites
NaP1 11.4
NaA 15.7 12.5-200 1 24 25 53 [125]
Clinoptilolite 20.2
A 52.9 50-1000 6.6 4 70 55 [129]
Clinoptilolite 1.3 10-100 48 2 25 2 [132]
Zeolite from coal-FA 11.7-42.4 1000 10 24 room 3.5-9 [127]
Clinoptilolite 0.77 0.03-3.1 8 24 room 3.0 [144]
NaP1-zeolite from coal-FA 34.7 0.5-1000 10 24 18-22 - [126]
Salt-modified zeolites
LaP1 58.2
LaA 48.9 12.5-200 1 24 25 53 [125]
La-clinoptilolite 25.5

TiOz2-modified clinoptilolite 34.2 10-100 20 2 25 2 [132]
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Ca-bearing K-zeolite 142-250  100-16000 16.7 0.8-2.2 22 6-9 [145]
Zr oxide merlinoite 67.7 5-200 0.2-2 4 40 <5 [133]
CaP1-zeolite from coal-FA 49.5
MgP1-zeolite from coal-FA 31.3
AlP1-zeolite from coal-FA 29.9 05-1000 10 24 18-22 i [126]
FeP1-zeolite from coal-FA 30.9
Cu-zeolite X 87.7 10-200 1 24 25 5.0 [146]
Surfactant-modified zeolites

HDTMA-Br clinoptilolite 20.9

.03-3.1 24 12. 144
HDP-Br clinoptilolite 116 0033 8 room 120 [144]

5.2.4. Adsorption of nitrate by surfactant-modified zeolites

As far as the authors have found, all available studies on the adsorption of nitrate on modified
zeolites have been done on zeolites modified with different types of surfactants, primarily HDTMA.
Table 7 summarizes the literature findings which are also briefly presented below.

[147] found that a clinoptilolite-rich turf modified with HDTMA-Br was able to sorb 5.0 mg
NOs/g. In a later study with clinoptilolite from the same area, [148] reported that the HDTMA-Cl was
better at exploiting its anion exchange capacity compared to the same zeolite modified with HDTMA-
Br. [149] ran small-scale filtration tests on a polydopamine-coated clinoptilolite in fixed-bed columns
for the removal of nitrate from deionized water with and without other competing anions. 2.47 mg
NOs/g was adsorbed to the zeolite. Lower flow rate, pH (3-9) and temperature (10-35°C), but higher
influent concentration and bed height, increased the adsorption of nitrate. [150] used natural zeolite
modified with HDTMA-Br in ballasted flocculation to improve the settling properties of activated
sludge and at the same time remove nitrate and phosphate. When dosing 0.91 g modified zeolite per
L sludge slurry with 4 g suspended solids/L and 5 mg NO3/L, the nitrate removal was ca. 44% (2.42
mg NOs/g) (our calculations). The adsorption of nitrate was only marginally impacted by competing
anions when these were increased from 0 mg/L to 5 mg/L: 2.6% reduction by Cl- and 3.2% reduction
by SO4. When modifying natural zeolite with cetylpyridinium bromide (CPB), [151] determined the
maximum adsorption capacity to be 9.7 mg NOs/g from the Langmuir isotherm model, and the
uptake of nitrate was only slightly impacted by competing anions (CI, HCO?* and SO+*) in the
concentration range 0-200 mg/L. Interestingly, the adsorption was reported to be decreasing with
temperature in the temperature range 15-35°C. They also found that the adsorption of nitrate onto
the zeolite followed the pseudo-second-order kinetic model for the entire adsorption process, and
that both the Langmuir and the Freundlich isotherm models gave good fits with the adsorption data.
[152] measured the adsorption of nitrate by a HDTMA-Br-modified clinoptilolite in batch and found
that the maximum capacity was 6.1 mg NOs/g from the Langmuir isotherm model. The equilibrium
time for uptake of nitrate was only 0.5-1 hour, and the competition with other anions (Cl;, HCOs and
S0s%) only reduced the kinetics (uptake rate) not the absolute removal capacity. However, in a later
study with the same HDTMA-Br-modified clinoptilolite tested in a filter column, [153] reported that
nitrate was significantly reduced in the presence of SOs with SO4 and NOs being similarly adsorbed
to the zeolite. The same research group has also tested the adsorption of nitrate by differently
nanostructured MFI-, ZSM-5- and *BEA-type zeolites modified with HDTMA-Br [34-36]. First, [35]
obtained an adsorption of 37.2 mg NOs/g with HDTMA-Br-modified MFI-zeolite nanosheets. Then
[36], testing a HDTMA-Br-modified *BEA-type zeolite nanosponge, reached a maximum adsorption
capacity of 83 mg NOs/g. This was considerably better than the same HDTMA-Br-modified *BEA-
zeolite nanocrystals (19 mg NOs/g). Finally, [34] tested different HDTMA-Br-modified
nanostructured zeolites (nanosheets, nanocrystals and nanosponges). Again, the nanosponge
performed best with 132 mg NOs/g compared to 120 mg NOs/g with nanosheets and 50 mg NOs/g
with nanocrystals. The adsorption occurred very quickly; equilibrium within about 2 min fitting well
with the pseudo-second order model. A good fit with the Langmuir and the Dubinin-Radushkevich
isotherm models confirmed that the adsorption mechanism was by ion exchange and that the nitrate
molecules formed a saturated monolayer on the surfactant at equilibrium [34,36].
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Table 7. Reported apparent sorption capacity of nitrate for modified zeolites with test conditions
(nitrate concentration range, S/L ratio, contact time and temperature) and pH at optimum adsorption.

Amount Conc. S/L Contact
Zeolit factant T . pH Ref
cotte Surfactan adsorbed Range ratio time emp- p ¢

mg NOs/gmg NOs/L  g/L h °C -

Clinoptilolite polydopamine 2,47 150 - 0,30 10 3 [149]
ZSM-5 nanocrystals HDTMA-Br 50

ZSM-5 nanosheets HDTMA-Br 120 50-2500 0,5 24 room 6 [34]
ZSM-5 nanosponges HDTMA-Br 132

clinoptilolite-rich turf HDTMA-Br 4,96 124-1240 100 24  room - [147]
Natural zeolite HDTMA-Br 2,42 5 0,91 2 room 7 [150]
*BEA-type zeolite nanosponge  HDTMA-Br 83 2 2 min

*BEA-type zeolite nanocrystals HDTMA-Br 19 50-1500 25 Smin oo 55 136]
Clinoptilolite-rich tuf HDTMA-Br 6,07 1-113  20-200 24 room 5-6 [152]
Natural zeolite CPB 9,68 89 2 0,5 15 6 [151]

5.2.5. Leaching of surfactants — a potential setback

An inherent challenge with using surfactant that are only adsorbed to the surface of the zeolites
by ion exchange or electrostatic forces is that they may leach from the zeolite during actual use out
in the field. Not surprisingly, the majority of available studies on surfactant-leaching from zeolites
have been done on HDTMA [147,154-158].

A fully saturated bilayer of HDTMA on a clinoptilolite contains typically approximately 200
mmol HDTMA /kg (57 g/kg) [139]. [147] studied the loss of HDTMA from clinoptilolite placed in a
filter column continuously operated for 130-150 days. In one of the tests only the medium sized
fraction (14-40-mesh) of the zeolite was used, resulting in a relatively high hydraulic conductivity of
0.01 cm/s, and the zeolite was only partially covered with a HDTMA-Br bilayer (150 mmol/kg). In
this test, at the end of 150 days and 100 pore volumes (PV), 17% of the HDTMA had been lost. The
loss followed a first-order model, but during the initial 70 PV, the loss was markedly faster (k = 0.003)
than the later 30 PV (k = 0.0003) with a distinct transition between the two, corresponding to a quicker
loss of the bilayer than the monolayer. In a second test, only the smallest size fraction (<40 mesh) of
the zeolite was used (hydraulic conductivity of 9-10-6 cm/s), and this time it was fully covered with
a HDTMA-Br bilayer (230 mmol/kg). Due to the smaller pore volume in the column, the linear
velocity through the column was about 10 times faster and at the end of the 130 days test period 3000
PV had passed through and 60% of the HDTMA was lost from the zeolite. In this case there were two
distinct transitions between an initial very rapid loss period (0-300 PV; k = 0.007), a rapid loss period
(300-1500 PV; k=0.0003) and a slow loss period (1500-3000 PV; k = 0.00008), with the second transition
corresponding to the external cation exchange capacity of the clinoptilolite. It was not suggested by
[147], but the first initial very rapid loss may potentially have been excess HDTMA not fully bound
within the bilayer by hydrophobic forces. In summary, many factors may influence the loss of
HDTMA from the modified zeolites, including the HDTMA coverage, flow rate and conductivity
(low conductivity increases the loss; [154]).

HDTMA has been shown to be toxic to soil bacteria in the dissolved state, but not when bound
to the cation exchange sites present in soil [160]. It is also not biodegraded when bound to zeolites
[154]. [160] estimated the 50% growth inhibition concentration of HDTMA-Br (EC50) towards
Acinetobacter junii, a phosphate-accumulating bacteria important for biological phosphorous removal
in wastewater treatment plants, to be 3.27 + 1.12-10-7 mol/L (120 ug/L). [137] pointed to the lack of
data connected to the toxicity of HDTMA-Br that is needed to determine the suitability of surfactant-
modified zeolites in water remediation applications. [153] suggested that the residual amounts of
surfactants leaching out could be lowered below the maximum residual concentration limit of ca. 10-
7 mol/L by filtration through a second column filled with activated carbon.
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6. Reuse of adsorbed compounds

There are two main strategies for reusing the adsorbed compounds:

1. Use them as they are, embedded in zeolite, typically as slow-release compounds, for instance in
fertilizers.
2. Recover them from the zeolite by controlled release.

There are at least two strengths of the first strategy: 1) There are no further treatments needed,
implying limited added costs, and 2) depending on how it is applied, when the slow-released
compounds in the zeolite is exhausted, potentially no residual waste-zeolite needs to be managed.

The second strategy has potentially several strengths: 1) The compounds can be recovered as a
rich concentrate 2) that, depending on its purity and legal restrictions, can be utilized as a secondary
raw material in commercial products, 3) which could drastically broaden the range of reuse
applications, 4) hence also strengthening its potential role in the circular economy. 5) This also
potentially enables multiple reuse cycles of the zeolite as an adsorbent, 6) thereby reducing the
upstream costs per cycle, and 7) generate less residual zeolite waste that needs to be managed.

Both strategies require that it is possible to release the compounds of interest under conditions
that can be controlled or naturally occur, and that the release of unwanted compounds (e.g., toxic
substances or compounds that limit further application) is within acceptable limits. These two topics
are discussed in somewhat more detail in the following.

6.1. Slow release of compounds from the zeolite during application

Zeolites have been shown to be valuable in agriculture as soil conditioners due to their ability to
improve soil chemical and physical properties such as the saturated hydraulic conductivity, the
infiltration rate, its cation exchange capacity and great water-holding capacity [161]. They may also
help the farmer with soil or water pollution, contamination by heavy metals, loss of nutrients and
loss of water-use efficiency of drylands [161]. Moreover, they have a large carrying capacity of slow-
release macro- and micronutrients [20,161,162]. Slow release of ammonium from zeolites have been
studied for decades [162]. Slow release from surfactant-modified zeolites loaded with nitrate have
also been investigated [163]. In the case of phosphate, the ability to produce slow-dissolving calcium
phosphate compounds such as brushite (CaHPO+2H:O (s)) during sorption in the pH range 6-9 is
important, avoiding the formation of relatively insoluble Ca-phosphate minerals such as
hydroxyapatite [145].

6.2. Controlled release of compounds of interest

As discussed earlier, the main mechanism governing the adsorption of heavy metals and
ammonium (Section 4.2) and phosphate and nitrate (sections 5.1 and 5.2) to any zeolite, natural or
synthetic or modified by metal-doping or by surfactants appeared to be electrostatic interactions.
Since electrostatic interactions by nature are reversible, it may be suggested that zeolites, under ideal
conditions, could undergo a virtually unlimited number of adsorption-desorption cycles [8].
However, the real situation is never ideal, and especially not when the raw materials that the zeolites
are synthesized from are far from homogeneous.

6.2.1. Methods used to release the compounds from zeolites

Table 8 summarises results from studies that have included the release of the compounds that
have already been adsorbed to the zeolite, most often focusing on the possibility to regenerate the
zeolite for additional sorption cycles to reduce the operational process costs. In general, to optimise
the desorption of the compounds, the conditions that led to their optimum adsorption need to be
reversed. There are typically two factors that are easy to manipulate that have been used extensively
to desorb compounds from sorbents: the pH and the concentration of competing ions.

As mentioned in Section 4.3.7, at pHs below their PZC, zeolites become neutral or positively
charged, hence at these pHs the electrostatic forces diminish or gets reversed. Since heavy metals
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tend to precipitate as metal oxides and hydroxides at high pHs (see Figure 4), they are typically
desorbed using strong acids (Table 8).

Ammonium can also be desorbed by pH adjustment, either by increasing the pH to drive the
equilibrium between ammonium and ammonia towards ammonia and releasing the compound as
partially dissolved and gaseous NHs [164] or by decreasing the pH to reverse the electrostatic forces.
However, the desorption process is typically further accelerated by adding competing ions (i.e., salts)
as this will also contribute to the regeneration of the zeolite (ref).

Adsorption of phosphate is usually done using metal-doped zeolites at slightly acidic conditions
(Table 6). [142] recovered the phosphate by hydrothermal treatment at 250°C in 3 M NaOH as this
also regenerated the La-doped zeolite.

Nitrate is typically captured using surfactant-modified zeolites (Table 7), and since the inner
monolayer of surfactant is also kept in place by electrostatic forces [137], it is important to selectively
target the nitrate during desorption. [149] did this by adding a weak basic solution (0.01-0.05 M
NaOH), thereby reducing the positive charge of the polydopamine-coated clinoptilolite and
increasing the concentration of OH- as competing ion. However, the fraction of recovered nitrate was
rather low (59-71%), and the loss of polydopamine during desorption was not reported, but the 80-
87% of the adsorption capacity of the polydopamine-coated clinoptilolite was recovered after three
adsorption-desorption cycles. [153] recovered ca. 100% of nitrate from a HDTMA-modified
clinoptilolite using 1 M NaBr. The loss of HDTMA from the surface of the clinoptilolite during
desorption was apparently not substantial but the slow leaching of HDTMA both during application
(see Section 5.2.5) and desorption is a challenge both for repeated use of the adsorbent, for the
environmental application and potentially for the application of the recovered compounds.

Table 8. Reported desorption of selected compounds from different types of zeolites under given

conditions.
Compound  Zeolite Releafs.e Important  Released De?o.rptlon Ref.
conditions factors compound efficiency
Synthetic from 0.1-0.8 M High conc 96-102% (four
2+
Cu FA H2S0: H2S0: CusOs cycles) [163]
. Synthetic from 0.1-0.8 M High conc . 84-98% (four
2+
Ni FA H2S0x FLSOs NiSO: cycles) [165]
0.1 M HCI (54-
Cd» Natural zeolites 80 bed - CdClz 90% first cycle [166]
volumes)
0.1 M HCI (6-
Zn% Natural zeolites 30 bed - ZnCl2 90% first cycle [166]
volumes)
0.28 M Na2COs
and 0.5 M
ilc?(:fil;ﬁ:i_ Ei(/)l){ (L/5:3 90% first cycle
Cré* odited & ; (100% [158]
clinoptilolite-richregeneration regeneration)
tuff with 3x 0.1 M 8
HCI (L/S: 3
mL/g)
. Adsorption
Alkali-
NHy* Ikali-treated 51 per - NH.Cl unaffected after [167]
clinoptilolite
12 cycles
1 M NaCl (3x25 Ca. 10% loss in
NH. Zeolite from FA /2 8 2e0lite) NHCl o adsorbent g
at 25°C for 1.25 capacity after

h one cycle

d0i:10.20944/preprints202309.0447.v1
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100% (five
cycles).
Adsorption
NH; Clinoptilolite 20 8 NaCl/L forHigh NaCl ) capacity [169]
15h conc increased from
9.2 mg/g to 10.9
mg/g (over first
three cycles)
NHy Clinoptilolite ?fzg-lf;fé%) Low flow rate 88-95%
30 g NaCl/L to gethigh  NHiClI [170]
NH4 Synthetic NaA (43-46 BY) conc 92-95%
Increased
o desorption:
NH# Clinoptilolite ~ -0° Nacland 20 NaCl NH: 100% [164]
0.6% NaOH
and 0-0.6%
NaOH
High conc
.. 3M NaOH NaOH (<4 M o /e
PO fLri'iOE[id 2e0lite o atio 80:1) NaOH), high NasPOs z5c/fe(sf)we [142]
at 250°C for 5 hLL/S ratio, high Y
temp
Polydopamin- o\ 1214 0.05 59-71% (three
NO= coated ‘ L NaNOs ’ [149]
. _— M NaOH cycles)
clinoptilolite
HDTMA-
1 Br (L/S: .100% fi
NOs modified M NaBr (L/S: NaNO3 Ca. 100% first | o5
) oo 5mL/g) for6 h cycle
clinoptilolite

6.2.2. Downstream concentration and refinement

Ideally, the solution with the recovered compounds should be as concentrated and pure as
possible, potentially just containing other compounds that would be beneficial for any downstream
application. However, this is seldom the case. The concentrations are often low and variable, and the
level of contaminants may be significantly higher than the concentrations of the compounds of
interest. Hence, downstream processing to concentrate and refine the valuable compounds will
normally be necessary. It is not within the scope of this review to summarise all these possibilities,
but some general comments are discussed below.

Concentrating ammonia by stripping and condensation

If ammonium is desorbed as ammonia by adding NaOH and NaCl, the partially dissolved and
gaseous NHs can be stripped off directly using air or hot steam in a stripping column and recovered
as ammonium sulphate or ammonium nitrate by subsequent acid-washing with H2504 or HNOs,
respectively, in a condenser column [19,171]. The stripping process is highly dependent on
temperature and pH since both influence the equilibrium between ammonium and ammonia (both
with positive correlations). Hence, the process is more efficient at elevated temperatures due to
higher concentrations of ammonia and reduced solubility of gaseous ammonia at high temperature
as well as reduced water viscosity at higher temperatures [172]. At ambient temperatures, the typical
operating pH is >11, while it may be <10 if the operating temperature is increased to 60°C [173]. To
avoid clogging due to scaling in the stripping column, it is advisable to avoid using calcium and
magnesium salts for pH adjustments. However, problem with clogging due to scaling is avoided
using jet loop reactors [174].

Concentrating by precipitation
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Precipitation as struvite (a slow-release fertilizer) is a common method to separate ammonium
and phosphate from other dissolved compounds in a solution by adding a magnesium salt [171]. This
may also be done to selectively separate different heavy metals in a stepwise precipitation process
taking into account their pH-dependent solubilities in the presence of anions such as carbonate,
sulphate and phosphate [124].

6.2.3. Regeneration of the zeolite’s adsorption capacity

To be able to reuse the zeolite as an adsorbent multiple times it needs to be regenerated. The
methods mentioned in Section 6.2.1 for the desorption of the compounds of interest may fully or
partially regenerate the zeolite, however particularly organic compounds may be difficult to detach
from the zeolite. Then more harsh conditions must be applied in terms of forced oxidation and/or
high temperature: e.g., high temperature calcination, washing with a mixed solution of NaClO and
NaCl and Fenton oxidation [175-177]. In general, short contact times (<30 min) are needed to destroy
organic contaminants [178], but thermal regeneration requires several hours regeneration [175]. One
of the advantages of zeolites is that they are stable in oxidative conditions, but when exposing them
to high temperatures it is important to take into account their temperature stability to not destroy
their structure [179].

7. Discussion and need for further studies

7.1. MSW-FA as a source for synthetic zeolites

As outlined in Section 3.4, MSW-FA is far from being the best source for synthesizing zeolites
meant for capturing cations. Its content of SiO2 and AL:Os, the primary constituent in zeolites, is both
relatively low and variable (12-41 wt% and 5-24 wt%, respectively), and it usually has a relatively
high level of contaminants that will hamper its appropriateness for any use. Hence, significant
amendments are needed for it to be utilized as a source for zeolites, which may bring significant
production costs.

On the other hand, the increasing awareness of the need to reduce waste, and particularly toxic
waste, in combination with the large fractions of salts and certain heavy metals (e.g., zinc) in MSW-
FA that could potentially have some commercial value, may assist additional options of utilizing
these resources that are currently wasted. The processes needed to extract salts and heavy metals
from MSW-FA are beneficial to the concomitant extraction and purification of zeolite precursor
materials (e.g. Na:25iOs, AI(OH)s, Na20- SiOz and NaAlO2). A remaining important uncertainty is the
level of impurities of residual heavy metals and organic micropollutants (e.g., dioxins and furans) in
these precursor materials. The level of contamination will strongly restrict their range of applicability.
Though additional downstream purification processes may drastically reduce the contamination
level, this would also increase the size and probably also the complexity of the production plant and
increase the consumption of chemicals and energy and, inevitably, add extra investment and
production costs. However, the size of the hazardous waste fraction may be reduced, though its
specific toxicity may increase.

An obvious drawback considering using MSW-FA as a source for Al- and Si-precursors for
producing synthetic zeolites in the current situation is the almost complete lack of examples that it
will be possible, not the least, feasible. Hence, more studies focusing on optimising the extraction and
necessary purification steps to produce precursors with appropriate qualities are needed. Also, the
impact of the composition of the initial MSW should be considered.

7.2. Capturing efficiency

Since cation exchange will, in most cases, be the dominating mechanism for capturing the
targeted compound (e.g., ammonium, nitrate, phosphate or selected heavy metals), competition for
available adsorption sites on the zeolite is crucial. Hence, tailoring the zeolite (i.e., framework type
and necessary surface modifications) to the targeted compound will be important as well as
optimizing the operating conditions (see Section 4.3). However, based on the rather large variability
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in the reported adsorption capacities and selectivity of the different types of zeolites, specific tailoring
is challenging and probably need to be adapted to the conditions in each case. Furthermore, this is
made further difficult by the fact that most studies are done under relative ideal conditions and not
representative when applying zeolites as adsorbents in the “field”. From a recovery point of view, it
is appropriate to harvest the targeted compounds from rich sources such as liquid manure fractions,
rejection water after anaerobic digestion of food or sewage sludge, urine, concentrated black water
after fermentation, industrial waste streams or leachates from landfills or mines/mining areas. At
high compound concentrations, and low concentrations of competing ions, the need for tailored
zeolites may be reduced [170]. In that regard it is also interesting to note the reported increased
adsorption capacity of zeolites at elevated bulk concentrations, particularly for ammonium (see
Section 4.3.2), which would be beneficial when harvesting from high-strength sources.

There is also a balance between utilizing the whole adsorption capacity of the zeolite and the
reduced adsorption kinetics when the capacity is close to being exhausted. This implies a need for
increased exposure times or increased risk of breakthrough (in flow-through applications).

7.3. Acceptance and need of recovered end-products

The above sections have described and discussed the feasibility of extracting Al- and Si-
containing zeolite precursors from MSW-FA and using these precursors to synthesize tailored
zeolites that could be used to harvest and recover nutrients and heavy metals as secondary raw
materials. Hence, the intention is to turn a hazardous waste (MSW-FA) into valuable products
(zeolites) and secondary raw materials (zeolite precursors and recovered compounds) in a stepwise
approach. However, within the European Union and the European Economic Area waste
management is strictly regulated through the Waste Framework Directive 2000/98 (WFD). As a
general measure to minimize waste generation Article 6 (1) and (2) in WFD has defined common end-
of-waste criteria that specify when a certain waste ceases to be waste and becomes a product, or a
secondary raw material. End-of-waste may help to alleviate any user prejudice, to increase the
confidence of the users on quality standards and to encourage the use of secondary materials [180].

The two first criteria are that the substance (or object) is commonly used for specific purposes,
and that there is an existing market or demand for the substance (or object). Hence, end-of-waste
criteria will not be defined for materials for which there are no demand or for which a market has not
yet been developed. The global market for zeolites for all types of applications was ca. 6 million tons
at a value of 13.2 billion US$ in 2022 and is expected to increase by 4% annually to ca. 8.5 million tons
at a value of 21.7 billion US$ in 2030 [181]. The market for synthetic zeolites is still somewhat smaller
than for natural zeolites, which are also expected to be dominating due to a growing demand in
various applications such as constructing and building materials, soil remediation and wastewater
treatment. The largest bulk market for synthetic zeolites is as water softeners in detergents. However,
the fastest-growing market is for synthetic zeolites as adsorbents/desiccants [182]. About 60 million
tons MSW-FA are generated globally each year. However, the typical contents of SiOz and ALOs are
only in the range of 20% and 10%, respectively. This would anyway more or less cover the current
global need for zeolite precursors. Nevertheless, the local availabilities of MSW-FA and demands for
zeolite precursors are, of course, crucial to minimize necessary transport from both cost and
environmental perspectives. These need to be considered in each case.

The global market for recycled nutrients (i.e., N, P, K) from waste streams such as wastewater,
agricultural residues and food waste is also relatively substantial at a value of 5.0 billion US$ in 2023
and is expected to reach 7.4 billion US$ in 2030 [183]. However, as for zeolite precursors only the local
or reginal demands for recycled nutrients is relevant in this context, and these depend on local or
regional traditional practices and are prone to seasonal changes. Moreover, this market is possibly
more sensitive to transport costs due to smaller buyers. Hence, also here the market potentials (as a
part of a more thorough market analysis) need to be considered in each local case.

The third end-of-waste criteria is that the use is lawful, i.e., that the substance (or object) fulfils
the technical requirements for the specific purposes and meets the existing legislation and standards
applicable to products. In zeolite synthesis both liquid and solid (crystalline or amorphous) Al- and


https://doi.org/10.20944/preprints202309.0447.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 September 2023 d0i:10.20944/preprints202309.0447.v1

27

Si precursors are utilized. The variation in precursors appears to be relatively broad and include those
precursors referred to in Section 3.5.1 [66]. The MSW-FA management plant(s) that will extract and
purify the zeolite precursors will most probably receive MSW-FA from a large range of incineration
facility implying a huge variation in FA composition between a waste fraction that is inherently
heterogeneous. Hence, it may be challenging to determine optimum operational conditions for the
extraction and purification processes, which may impact the composition and quality of the final
precursors. It will be important to assess how easy it will be to control and predict the final quality
and identify any need for initial source separation to exclude problematic MSW-FA fractions [180]
and make sure that local legal requirements are fulfilled.

The fourth end-of-waste criteria is the most critical in this regard and states that the use should
not lead to overall adverse environmental or human health impacts. As discussed in detail in Section
3.5, proper strategies that prevent the heavy metals and organic micropollutants embedded in the
MSW-FA from being transferred to the zeolite precursors and to the recovered secondary raw
materials need to be in place. Also in this regard, it must be determined if any hazard(s) associated
with a particular MSW-FA source can be adequately controlled in some way during processing or
whether they need to be excluded at source to provide the requisite product quality [180]. The level
of complexity needed in these assessments is difficult to infer at the current state of development and
lack of results from properly designed studies. Anyway, the environmental risk assessment should
include both chemical analyses, toxicity testing and leaching rates of all relevant toxic compounds at
different stages along the process train until the final products or secondary raw material.

It should be noted that if a material does not meet the end-of-waste requirements, it does not
imply that the material cannot be recycled and needs to be disposed. Materials not fulfilling the end-
of-waste requirements can be recycled and reused under the waste regime [180].

8. Concluding remarks

MSW-FA is far from being the first option to use as a source for zeolite-precursor, but if its other
contents such as salts and selected heavy metals are extracted, it should be possible to isolate Al and
Si using a customized extraction process adapted to the quality of the initial MSW-FA, the processes
used to extract the other compounds and the desired types and necessary qualities (including level
of contaminants) of the zeolite-precursors. If it will be feasible economically and legal for the intended
application need to be carefully considered, possibly in each case. The implications of the associated
reduced residual hazardous waste volume, but with potentially increased toxicity, need to be taken
into account.

It is well established that zeolites may be used to adsorb compounds such as ammonium and
heavy metals, and with necessary modifications of their surface, they may also be used to adsorb
nutrients such as nitrate and phosphate. However, the large variability in reported adsorption
capacities and specificities of the different types of zeolites, as well as the inherent heterogenic nature
and variable composition and concentrations of most nutrient- or heavy metals-rich waste streams
(e.g., liquid manure fractions, reject water, urine, industrial waste streams or landfill leachate), makes
it challenging to tailor the zeolite properties and specific adaptation to the conditions in each case
may be needed. Therefore, recovery would be benefitted by high concentrations of the target
compounds and low concentrations of competing ions. Though, potential sorption of polluting
compounds (e.g., unwanted heavy metals and organic micropollutants), and loss of surfactants from
SMZ during adsorption and/or desorption of nitrate and/or phosphate, need anyway to be
considered.

The main purpose here is to turn a hazardous waste (MSW-FA) into valuable products (zeolites)
and secondary raw materials (zeolite precursors and recovered compounds). The third and fourth
end-of-waste criteria of EU’s WFD, relating to the lawful use of extracts from MSW-FA and potential
environmental or human health impacts from their applications, respectively, are probably the most
critical issues to consider in this process. Although fulfilling these criteria are currently far from being
realized, and not absolutely required to recycle extracted fractions from MSW-FA, it is recommended
to work towards such a goal since it would contribute to alleviate any user prejudice, increase the
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confidence of the users on quality standards, encourage the use of secondary materials, and support
the EU common accepted end-of-waste strategy.
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