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Clean water is vital for all living things. However, due to human activities, the availability
of clean water has decreased around the world. Medicines, heavy metals, microplastics, and
personal care products are the subjects of growing concern due to their dangerous properties
and difficult removal.

Heavy metals are generally found in nature, but concentrations have increased alarmingly as
a result of, among other things, industrialization. Heavy metals are dangerous even in small
concentrations because of their bioaccumulation. Various water treatment techniques have
been studied for the removal of heavy metals; however, this thesis is concentrated on
adsorption and a novel technology, 3D printed filters.

This thesis aimed to investigate the function of a 3D printed filter in waste incineration
wastewater purification, especially in removing heavy metals from flue gas condensate. The
results obtained through piloting experiments suggest promising fortunes, especially in the
case of aluminum removal. The reduction of aluminum was on average 50 % and at the
highest 76%.
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Puhdas vesi on elintarkeaa kaikille eldville olennoille, kuitenkin ihmisen toiminnan
seurauksena puhtaan veden saatavuus on heikentynyt ympari maailmaa. Laakkeet,
raskasmetallit, mikromuovit ja henkilokohtaiset hygieniatuotteet ovat kasvava huolenaihe
niiden vaarallisten ominaisuuksien ja vaikean poistettavuuden vuoksi.

Raskasmetalleja esiintyy normaalistikin luonnossa, mutta pitoisuudet ovat nousseet
halyttavasti muun muassa teollistumisen seurauksena. Raskasmetallit ovat haitallisia jopa
pienind pitoisuuksina, niiden biokertyvyyden vuoksi. Monia vedenkasittelytekniikoita on
tutkittu raskasmetallien poistoon vesistd, mutta tassa diplomitydssa keskitytdan
adsorptioon ja uuteen tekniikkaan, 3D-tulostettuihin suodattimiin.

Taman opinndytetyon tarkoituksena oli tutkia 3D-tulostuksella valmistettujen suodattimien
toimintaa jatteenpolton jatevesien puhdistuksessa, erityisesti savukaasulauhteen
raskasmetallien poistossa. Pilotoinnin lopputuloksena tekniikka vaikutti lupaavalta, etenkin
alumiinin poiston osalta. Alumiinin kohdalla reduktio oli keskimé&arin 50 % ja
korkeimmillaan 76 %.
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Roman characters

Qe Adsorption capacity at equilibrium

Om Maximum adsorption capacity

Qt Adsorption capacity at time t
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Ci Initial concentration of the adsorbate
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Kr Freundlich constant
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Ks Sips constant

ke Adsorption rate constant

k2 Adsorption rate constant
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m Mass
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t Time
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2D Two-dimensional, or having two dimensions
3D Three-dimensional, or having three dimensions

4D Four-dimensional, or having four dimensions
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1 Introduction

Clean water is essential to human health and all living organisms. Due to increasing
population growth, industrial development, and livestock farming, the world's freshwater
reservoirs are decreasing. The problems of access to water concern not only developing
countries; industrialized states with reasonable water reserves are also in trouble. Today's
biggest problems are micro-pollution, nutrients leaking from agriculture, and discharges
from industrial wastewater. (Azimi et al. 2017) Effective water treatment and purification
aim to remove harmful compounds and substances from the water before they end up back
in the environment and water bodies. As knowledge grows, new harmful compounds are
constantly being identified, which creates pressure to develop better treatment methods to

control even lower concentrations.

The circular economy approach aims to safeguard the preservation of nature and also the
supply of clean water in the future. By recycling valuable materials, nature is saved, for
example, from environmental impacts and emissions of mining. According to the circular
economy principle, waste would no longer be considered waste but a source of valuable
materials. By recycling and reusing, we do not yet, and may never, be able to reuse all the
material from waste, so utilizing the remaining material for energy production instead of
landfilling is a good option. For example, by incinerating waste and thus producing
electricity and heat, emissions from the energy sector are reduced by replacing fossil fuels
with waste. The side streams and end products of waste incineration can be further processed,
and still valuable raw materials can be recovered from them, which has not been successful
before incineration. (Brockl et al., 2021) One of the challenges of incineration is the
impurities that end up in the ash and water. Depending on the level of recycling, harmful
materials also get mixed into non-hazardous waste. For example, heavy metals are widely
used in various industries, such as additives to plastics and paints, through which they end
up in waste and, after incineration, either in the ash or water. (Hepola, 2003)

Heavy metals are one of the challenging groups of pollutants in water treatment. Heavy
metals are often found in water in low concentrations, but they still cause health and
environmental problems due to their bioaccumulation. Heavy metals generally occur in

nature, but concentrations have risen due to human influence. Heavy metals are used in



industry, pharmaceuticals, and personal care products, through which they are released into
nature. Heavy metals are often referred to as residual metals because of their low
concentrations, which aptly illustrates the challenge of their removal. Water treatment plants
are generally designed for high concentrations and high suspended solid amounts and cannot
remove low concentrations, leaving a residue of metals and other impurities of growing
concern in the purified water. Removing heavy metals from the water at their source would
be more effective, as they are usually in a more concerted form, facilitating their removal.
(Mitra et al., 2022)

Many water treatment techniques are effective for heavy metal removal, but adsorption and
ion exchange technologies have been found effective even at low concentrations. The
adsorption and ion exchange efficiencies are based on large surface areas and various
functional groups. Both technologies work in varied conditions due to the wide range of
materials. Many different materials have been studied specifically for the removal of heavy
metals, the most commonly used of which are activated carbon and synthetic ion exchange
resins. However, for example, the high price of activated carbon and the need for solutions
with ever more efficient removal capacity drive the development of new materials and

technologies. (Demirbas, 2008)

Additive manufacturing (AM) technology, in other words, 3D printing, is a subject of
growing interest. Additive manufacturing technology refers to manufacturing objects by
adding material layer by layer until a three-dimensional object is achieved. AM technology
has been used extensively in various industrial sectors since the early 2000s as technologies
have evolved. In water treatment, 3D printing is still a relatively new technology. The
advantages of 3D printing are the easy modifiability of materials and the achievement of
more durable structures. For example, in the production of adsorption materials, 3D printing
brings significant advantages when the surface area of the materials can be increased by
modifying the porosity, the size of the pores can be optimized for a specific contaminant,
and functional groups can be added to increase the adsorption capacity. (Bhargava et al.,
2022)

The use of 3D printed materials in wastewater treatment has been studied extensively in
recent years, but many commercial technologies are still not available. This work examines
the functionality of 3D-printed filters for the removal of heavy metals from waste

incineration wastewater, especially flue gas condensate. The work was carried out at Vantaa



Energy's waste incineration plant, where there was a need to introduce a more efficient
technology for removing heavy metals from flue gas condensate. In waste incineration, the
varying fuel composition makes water purification difficult. The metal concentrations in the
water vary greatly within just one day when traditional precipitation methods do not work
properly. The membrane technology is functional in itself, but it creates a continuous stream
of more concentrated wastewater fractions to be disposed of. Adsorption is a functional
technique for variable water quality. However, adding large filters to Vantaa Energy's
current process would have required extensive modifications, which is why the more
compact solution was chosen for piloting. The piloting was carried out with Weeefiner Oy's
4D scavenger filter, which is considerably smaller than traditional activated carbon filters.
The filter elements can be made selective for the plant’s problem components: mercury, zinc,

and cadmium.



2 Circular economy in Waste to Energy plants

The circular economy refers to a production and consumption model aiming for the smallest
possible use of raw materials, smaller amounts of waste, and lower energy consumption. The
main points of the circular economy model are sustainable design, reuse and repair, as well
as recycling. The circular economy aims to reduce greenhouse gas emissions and preserve
biodiversity. The EU has drawn up a circular economy action plan, the aim of which is, e.g.,
to achieve carbon neutrality by 2050. (European Commission, 2020)

Traditionally waste incineration has been seen as a linear process, but it can be one step in
the circular economy model if valuable materials are recovered from the by-products. Waste
incineration has been able to significantly reduce the amount of waste diverted to the landfill,
with only about 1% of municipal waste being landfilled in Finland. Because 50% of
municipal waste and 60% of recycled fuels are assumed to be biomass, carbon dioxide
emissions from energy production have decreased due to waste incineration. One of the EU
Action Plan's objectives is to increase the recycling rate and significantly reduce the amount
of municipal waste generated. From the point of view of waste incineration, this means a
decrease in the amount of fuel and possibly a change in the composition of the fuel that is
more difficult to handle. (Brockl et al., 2021)

Until the EU's targets have been met, and even after that, waste incineration will continue
to play an essential role in the circular economy. By incinerating non-recyclable waste,
energy can be recovered from it, and valuable materials can be retrieved from the waste
incineration side streams. Metals and other minerals can be separated from ash and slag for
reuse. Bottom slag from waste incineration can be used in construction under certain
conditions, but ash usually contains too high concentrations of contaminants for it to be used
in construction. As summarized in Table 1, different technologies and treatment plants for
processing waste incineration ashes are being developed to utilize the ash better. These

techniques are primarily based on chemical or thermal stabilization. (Roberts, 2022)



Table 1. Some existing treatment technologies for waste incineration ashes. (Becidan and
Johansson, 2020; Etela-Suomen Aluehallintovirasto, 2019)

Technology Principle Organization

Fly ash washing and salt recovery.
Chemical precipitation and
separation of salts from washing
liquid

Ash2Salt Ragn-Sells

Fly ash washing and metal recovery.
Acid from flue gas treatment
effluents are used to leach metals .
Fluwa & Flurec AIK Technik AG
from ash. Metals are recovered
from acidic effluent by liquid-liquid

extraction and electrolysis.

Fly ash salt treatment and Zn
recovery.
Fly ash washing with acidic
Halosep scrubber water, separation of ash Stena Recycling
and salt brine, ash washing with
water, precipitation of salts and
metals from brine.

Fly ash washing and salt recovery.
Fly ash neutralization with leftover
H,SO,, lime addition to form

ResSalt gypsum, filtration and salt recovery
from effluent.
NOAH
CarborTech Fly ash stabilization with CO,.

Fly ash is encapsuled in
carbonated form by mixing it with
CO,- rich gas.

APC ash stabilization and salt
recovery.
APC ash chemical stabilization and Fortum Waste Solutions Oy
washing, filtration and salt
recovery from effluent.

Most of these technologies are concentrated on fly ash valorization. Fly ash is separated from
flue gases before flue gas cleaning, so it is considered less hazardous than APC ash, which
is separated from flue gasses after the cleaning process. The term APC refers to Air Pollutant

Control.
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Power-to -X technology is one of the emerging interests from the perspective of the circular
economy of the energy industry. The term Power-to-X refers to processes where electricity
(renewable preferably) is converted to different applications and products. Even more
products can be synthesized when combined with carbon capture or air separation of
nitrogen. A brief overview of Power-to-X possibilities is represented in Figure 1. (Decourt,
2019)

Low-carbon
power Power Water electrolysis Hydrogen
generation Grid S [

Hydrogen-to-fuel H, (HtF-H,)

Hydrogen-to-fuel liquid (HtF-S)

* »
» Methanation m ‘ Transport

-
» Syngas =

Hydrogen-to-power (HtP)
B Hydrogen-to-heat (HIQ) 1

>

v v
Liquid fuel synthesis

" (Fischer-Tropsch)
caplu
’ 1t Residential & commercial
Power generation L ICHP

(Fuel cell and turbines)
- :
2 Ammonia synthesis
Air separation g Nirogen S (Haber-Bosch)

A 1 Hydrogen-to-industry (Htl)

Hydrogen-to-chemicals (HiCh)

]

Industry

Figure 1. Overview of Power-to-X technology possibilities. (Decourt, 2019)

When talking about the circular economy, we must not forget water. In the EU, energy
production accounts for 55% of water consumption. Already in recent years, we have seen
restrictions in energy production due to water availability, and more of them are to be
expected in the future. It has been possible to influence the water consumption of electricity
production by increasing wind and solar energy. However, heat production still consumes
enormous amounts of water, most of which is used for cooling. (Jin et al., 2019; Lohrmann
et al., 2021) Based on statistics from 2008 to 2012, Lohrmann et al. calculated that the
average water consumption in Finland in energy production is 4.22 m3/MWh, which is very
close to the European average. From Figure 2, the world’s average consumptive water

footprints based on 2015 statistics can be seen.
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-C:«?/‘:“ \
- 1y
Blue and green water footprint

related to electricity and heat
production [m*/TJ]
B o-500
I 500 - 1,000
[ 1,000- 2,000
71 2,000 - 3,000
3,000 - 4,240
4,240 - 6,000
6,000 - 10,000
10,000 - 15,000
15,000 - 20,000 ;
I 20,000 - 50,000 =
I 50,000 - 75,000
I > 75,000

Figure 2. The average consumptive water footprint related to electricity and heat production,
based on data from 2008-2012. Green countries are below the world average (4241m3/TJ)

and yellow or red above. (Mekonnen et al., 2015)

The water consumption of power plants depends on the technologies and fuels used.
Consumption can also be calculated in several ways, for example, by considering only the
plant’s internal water consumption or by taking into account the water used for fuel
production. It is very difficult to calculate the water footprint of municipal waste, but in
general, the water footprint of biomass is one of the largest compared to other fuels. When
talking about water consumption or water consumption footprint, it means how much water
has been taken from one place without returning to the same place. For example, water may
be bound directly to the product, it may evaporate, or it may be diverted from the intake
point. When it comes to power plants, part of the water is used for cooling, causing it to
evaporate, and some water becomes wastewater. (Gardoni et al., 2015; Mekonnen et al.,
2015)

The water consumption of power plants can be reduced by changing the technology used or
recycling the water produced in the process back into use. Changing technology is often not
an option, but water recycling can be easily enhanced. When recycling water, impurities

contained in water, such as metals and other minerals, can become a problem.

Per the circular economy principle, the impurities contained in wastewater can be considered
a source of materials and not waste. In order for certain wastewater fractions to be recycled

inside the plant, they must be treated to a sufficient purity level. Wastewater is still generated
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in the treatment processes, which contain the impurities initially present in the water in a
concentrated form. From this concentrated wastewater fraction, the recovery of metals,
minerals, and other commodities can become profitable with modern technology. Some of
the recently studied technologies for metal and nutrient recovery are listed in Table 2. In
addition to the techniques listed, many other researched methods are mentioned in the

literature.

Table 2. Some studied methods for heavy metal and nutrient recovery from wastewater.

Technology Principle Source
Polymer-enhanced ultrafiltration.
PEUE The water-soluble polymer is used to (Huang et al.,
bind target species, which are 2016)
separated by ultrafiltration.
Magnetic nanoparticles.
MNPs MNPs are used to adsorb heavy metals ~ (Almomani et al.,

from wastewater, and metals are 2020)
recovered with acid treatment.

Metal-organic frameworks.
MOFs MOFs are used to adsorb heavy metals
from wastewater.

(Kobielska et al.,
2018)

Nanosized metal oxides.
Different NMOs are used to adsorb
heavy metals from wastewater. Metals
are recovered by chemical treatment
with acid, organic solvent, or chelating
agents.

NMOs (Chai et al., 2021)

Electrodialysis, electrocoagulation,
electrodeposition.
Electrical current or potential
difference is used to separate metals
from effluent.

(Taghvaie Nakhjiri
etal., 2022)

Electrochemical
methods
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3 Wastewater from waste incineration

In energy production, various wastewater fractions are generated, some of which are
recycled back into use inside the plant and some of which are discharged into the municipal
wastewater sewer or directly back into nature. Here, waste-to-energy plants are no different

from other power plants.

Various wastewater fractions are formed, for example, from the cooling waters of the
process, rejected water from water treatment, various washing waters, and the condensation
of flue gases. Of these water fractions, washing water and flue gas condensate are more
likely to contain large amounts of impurities. Washing water can originate from cleaning
boiler thermal surfaces, flue gas cleaning, or water treatment equipment. Flue gas condensate
is formed when heat is recovered from the flue gases into the district heat network after the

actual flue gas cleaning process.

The amount of wastewater leaving the power plants depends very much on the plant's
internal solutions and the degree of water recycling. For example, the increased use of flue
gas condensate as process water has decreased the amount of wastewater produced in the
power plants. Also, dirtier waters created in the process can be used for slag extinguishing.

Recycling water inside the plant often requires water purification, creating more
concentrated wastewater fractions. These water fractions must meet the conditions set by
legislation and local agreements regarding purity. This could create new problems if the
concentrations of pollutants in water no longer meet the emission limits. However, with the
development of new technologies, lower concentrations can be removed from the water, thus
improving the degree of water recycling in plants and enabling the reuse of valuable

materials.
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3.1 Legislation

At the EU level, waste incineration is governed by the waste incineration directive
2000/76/EC. EU member states have their own regulations regarding waste incineration, but
Finland largely follows the EU directive in its legislation. In Finland, the Government
Regulation on waste incineration 151/2013 defines the requirements of the waste
incineration plant. In addition, the Environmental Protection Act 527/2014 and the Waste
Act 646/2011 are complied with. The waste incineration regulation has, among other things,
given limit values for emissions to air and water, which the facility must comply with and

report.

A waste incineration plant needs an environmental permit before starting operations in
accordance with the Environmental Protection Act. In the environmental permit, the operator
must present the effects of the operation on the environment and information on the

emissions caused by the operation.

In addition, the operator signs a contract with the local water supply operator, which can
set stricter limit values for the water to be discharged into the wastewater sewer. Vantaa
Energy is located in Helsinki metropolitan area, where Helsinki Region Environmental

Services, HSY, is the water supply operator.

Table 3. Emission limit values for discharges of wastewater from the cleaning of flue
gases. (Ministry of the Environment, 2013)

Emission limit values expressed in mass
Pollutant concentrations (mg/l) for unfiltered
samples, excluding dioxins and furans
1. Total solids (95%) (100%)
30 45
2. Mercury and its compounds, expressed as mercury (Hg) 0.03
3. Cadmium and its compounds, expressed as cadmium (Cd) |0.05
4. Thallium and its compounds, expressed as thallium (TI) 0.05
5. Arsenic and its compounds, expressed as arsenic (As) 0.15
6. Lead and its compounds, expressed as lead (Pb) 0.2
7. Chromium and its compounds, expressed as chromium (Cr) | 0.5
8. Copper and its compounds, expressed as copper (Cu) 0.5
9. Nickel and its compounds, expressed as nickel (Ni) 0.5
10. Zinc and its compounds, expressed as zinc (Zn) 1.5
11. Dioxins and furans 0.3 ng/l

Solids refer to solids within the meaning of the Government Decree on Urban Waste
Water Treatment (888/2006).
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Table 4. Common emission limit values for wastewater to be sent to the wastewater
treatment plant. (HSY, Accessed 19 February 2023)

Metal Limit value (mg/l) Other specific limit values

Arsenic (As) 0.1 pH 6.0-11.0
Mercury (Hg) 0.01 Temperature 40 °C
Silver (Ag) 0.2 Sulfate 400 mg/l
Cadmium (Cd) 0.01 Total cyanide 0.5 mg/l
Chromium (Cn 1.0 PAH compounds 0.05 my/l
ChromumIVv  (Cr6+) 0.1 Fluoride 20 mg/l
Copper (Cu) 2.0

Lead (Pb) 0.5

Nickel (Ni) 0.5

Zinc (2n) 3.0

Tin (Sn) 2.0

Table 3 shows the limit values for wastewater generated during flue gas cleaning according
to the waste incineration regulation. Table 4 shows HSY’s general water limit values for
the wastewater treatment plant. However, industrial wastewater is considered exceptional
wastewater, and the limits shown in the table may be something else according to the
industrial wastewater agreement. The industrial wastewater agreement may also oblige to

monitoring of some contaminants other than what is shown in the table.

3.2 Contaminants

In practice, the impurities that end up in the water come from the fuel used at the power
plant. Common contaminants in waste incineration are acidic compounds such as sulfur
oxides and hydrochloric acid, heavy metals, dioxins and furans. Modern combustion
technology and flue gas cleaning systems provide suitable purification of acidic compounds,
dioxins, and furans from flue gases, but this is not always the case with heavy metals. Metals
occur in flue gases in different chemical forms, causing them to react differently in processes,
making it more difficult to remove them. Interactions with other ions and particles also affect

the removal of heavy metals. (Hepola, 2003)

Heavy metals are classified as metals with high density and atomic weight. Most heavy
metals are toxic to humans and the environment, although some have also been found to be

vital trace elements for humans. Toxicity is usually due to the bioaccumulation of heavy
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metals. (Mitra et al., 2022) Bioaccumulation means a harmful build-up inside a living
organism. Accumulation can happen in two ways: either the organism cannot metabolize
and excrete toxic substances as fast as they come in, or the organism cannot metabolize or

excrete the substance at all.

In high concentrations, heavy metals can cause various diseases and impair the functioning
of individual organs. Heavy metals are generally found in nature in low concentrations, but
industrialization has led to significant emissions and accumulations of heavy metals in the
environment. The most common heavy metals are mercury, lead, cadmium, arsenic, nickel,
cobalt, and chromium. Also, zinc, copper, tin, antimony, thallium, and manganese are

usually treated as heavy metals. (Azimi et al., 2017; Mitra et al., 2022)

This work focuses on the removal of heavy metals from incineration wastewater, as they
have been found to be difficult to remove to a sufficient level from the effluents of studied
power plant units using current technologies. The most common heavy metals found in
wastewater from waste incineration are mercury, zinc, and cadmium. In addition, this work
also looks at arsenic and aluminum, as they have been found to be present in high
concentrations in the flue gas condensates of the studied power plant units. The following
paragraphs provide information on the health and environmental impacts of the selected

heavy metals and the potential emission sources, which are also listed in Table 5.

Table 5. Heavy metals found in waste incineration waste waters and their human health hazards.

Heavy metals Source Hazards
. Pesticides, paints, preservatives, electronics, Carcinogenic, neurological
Arsenic . . 2 .
pharmaceuticals disorders, cardiovascular disease
Cadmium Pigments, coatings, batteries, alloys Carcinogenic
Mercur Light bulbs, preservatives, thermometers, Neurological symptoms,
y adhesives, paints, health care products developmental disorders
Zinc Pigments, coatings, alloys, pharmaceuticals Disturbs protein metabolism
[Aluminium] Pigments, electronics, pharmaceuticals, Neurological symptoms, may

pesticides cause Alzheimer’s disease
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3.2.1 Mercury

Mercury occurs naturally in soil and plants and is released into the air from burning coal,
peat and wood, for example. Mercury has been widely used in industry and health products,
but its use has been restricted in recent years due to its harmful properties and toxicity.
Mercury is used, for example, in fluorescent lamps, various measuring devices, electrical
switches, and batteries, as a preservative in cosmetics, pesticides and biocides, and dental
fillings. (The European Parliament and the Council of European Union, 2017) Most of the

mercury found in municipal waste comes from batteries. (Hepola, 2003)

Mercury can occur in nature and industry as a gas (metallic Hg® or divalent form Hg?*) and
bound in particles (HgP). All forms of mercury are toxic in high concentrations, but fat-
soluble organic methylmercury bioaccumulates and absorbs into tissues better than other
forms. As a result, mercury causes neurological symptoms, developmental disorders and
increases the risk of cardiac death. (Balali-Mood et al., 2021; Hepola, 2003; Tuomisto, 2020)

3.2.2 Zinc

Zinc is a relatively tolerated metal compared to other heavy metals. In very high levels zinc
can disturb protein metabolism and damage some organs. In high concentrations, it can affect
the growth of plants and animal behavior. (Plum et al., 2010) Zinc is used in coatings, paints,

medicines, as a stabilizer, in metal alloys, and in the rubber industry. (Kobielska et al., 2018)

3.2.3 Cadmium

Cadmium is used on an industrial scale in the manufacture of coatings, paints, and batteries.
Cadmium is also used in many soldering materials. (Tchounwou et al., 2012) These should
be disposed of as hazardous waste, but all of them also end up in waste-to-energy plants for
incineration among the mixed waste. Of course, various coatings and paints can also be
found in products belonging to mixed waste, which cannot be specified in households.
Cadmium is classified as carcinogenic and accumulates especially in the kidneys and liver.
(Balali-Mood et al., 2021; Finnish Institute of Occupational Health, Accessed 20 February
2023)
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Cadmium is partially vaporized during waste incineration and forms submicron particles
when the flue gas temperature is lowered for chemical cleaning. These submicron particles
do not separate in dust separation systems but go through and can be emitted to flue gas
condensate. (Cheng et al., 2023)

3.2.4 Aluminium

Aluminum is a very common substance in the soil and is found in several different minerals
in nature. Aluminum does not belong to heavy metals, but it still has adverse health and
environmental impacts and is present in wastewater from waste incineration, which is why

it has been included in this work.

Aluminum is a multipurpose metal; it is used as such and with other metals as an alloy, in
pigments, electronics, packaging materials, explosives, as well as in building materials.
Aluminum compounds are used in the pharmaceutical industry, cosmetics, food industry,
and water purification. (Finnish Institute of Occupational Health, Accessed 20 February
2023)

3.2.5 Arsenic

Arsenic is also found in nature in elemental form, as well as inorganic and organic
compounds. Arsenic has been used in paints, pesticides, wood preservatives, metal industries
as an additive, paper and textile industry, electronics, and pharmaceuticals. (Heikinheimo,
2016; Howard, 2003) The use of arsenic as a wood preservative was banned in Finland in
2004, although arsenic-preserved wood is still in use (TUKES, 2018). Arsenic is toxic to
plants and carcinogenic to humans. (Kobielska et al., 2018)
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4 Adsorption and ion exchange in heavy metal removal

Many different methods have been studied for heavy metal removal from water. Traditional
water treatment techniques such as membrane filtration, ion exchange, adsorption, and
precipitation are all effective in heavy metal removal. However, adsorption technique is
widely used for its flexibility and effectiveness. In this paper, we are focusing on adsorption
and ion exchange techniques. Adsorption and ion exchange were chosen because they are
easy to operate, effective even in small concentrations, they have good availability and low
operational costs. (Demirbas, 2008) Some commercially available ion exchange and

adsorption materials are listed in Table 6.

Adsorption and ion exchange are similar processes; dissolved ions are bound to a solid
substance in both. In adsorption, ions attach to the surface of a solid material either by
chemical bonds or by weak physical forces. lon exchange is a stoichiometric process in
which the ion to be removed is replaced by the equivalent number of ions with the same
cationic or anionic charge. In adsorption, the removed ion is not replaced by another. (LeVan
et al., 2008)

It is often difficult to tell if the basic principle of the process is an ion exchange or adsorption
because many process variables affect both methods. The most important ones are pH,
temperature, flow rate, initial concentration of metals, adsorbent dose, and contact time. For
example, adsorbent functional groups and adsorbate charges can change as the pH changes,
changing the basic principle from adsorption to ion exchange or vice versa. Likewise, when
temperature increases, the adsorption rate is usually increased due to the increasing
movement of ions. (Diniz et al., 2002; LeVan et al., 2008)

The characteristics of the water treated with ion exchange or adsorption have high
importance when selecting the materials. As already mentioned, metals can appear with
different charges at different pHs due to the formation of different compounds. The effect of
pH change is different for different metals, so the composition of the water to be purified
should always be determined before choosing a material and possibly thinking about whether
there is a need to adjust the pH before the ion exchange or adsorption process. (Diniz et al.,
2002; Rivas et al., 2003)
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Table 6. Some commercially available ion exchange and adsorption materials for selected
metals. (DuPont Water Solution, Accessed 5 April 2023; Lenntech, Accessed 5 April 2023,;
Purolite, Accessed 5 April 2023)

Metal

Material

Basic properties

Manufacturer

Aluminium AmberSep™ G26 H

Strong acidic cation styrene-

divinylbenzene gel resin.
Functional group: Sulfonic
acid.

DuPont

Arsenic

LENNSORB 101

Granularferric hydroxide
adsorbent

Lenntech

Cadmium

Lewatit TP 208

Weakly acidic microporous
cation chelating resin.
Functional group:
Iminodiacetic

Lewatit

Mercury

Puromet™ MTS9140

AmberSep™ 43600

AmberSorb™ 493

Macroporous polystyrene
chelating resin crosslinked
with divinylbenzene.
Functional group: Thiourea

Macroporous styrene-
divinylbenzene chelating
resin.

Functional group:
Thiouronium

Macroporous styrene-
divinylbenzene adsorbent.

Purolite

DuPont

DuPont

Zinc

Puromet™ MTS9300

Lewatit TP 208

Macroporous polystyrene
chelating resin crosslinked
with divinylbenzene.
Functional group:
Iminodiacetic

Weakly acidic microporous
cation chelating resin.
Functional group:
Iminodiacetic

Purolite

Lewatit

The chemical form of the impurity to be removed affects whether it is worth choosing an ion

exchange resin, an adsorbent, or another removal method. For example, in the case of

mercury, one resin manufacturer recommends an adsorbent for the removal of zero valences,

organic and methylmercury, a thiol-functionalized chelate resin for divalent mercury, and

membrane filtration for mercury in a complex form. Synthetic ion exchange resins can also
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have different affinities for different metals, in which case one is more favorable for binding

to the ion exchange material. (DuPont Water Solution, Accessed 5 April 2023)

4.1 Adsorption materials

Adsorption materials or adsorbents, as they are commonly called, can be natural materials
such as clay, zeolite, and carbon, or they can be synthetically prepared. (Fu and Wang, 2011;
Kobielska et al., 2018) Although there are numerous adsorption materials for different
purposes, here we are concentrating on those which are commonly used for heavy metal

removal. Some of these adsorption materials are presented in Figure 3.

In adsorption, the most important properties of the material are active surface area and
porosity, as adsorption is a surface-active process. A large surface area increases the
adsorption capacity, as well as a high porosity. The size of the pores is also a determining
factor in the choice of materials; the pores must be large enough to be able to adsorb the
desired impurities inside them. On the other hand, the size of the pores can be used to

selectively choose what is adsorbed.

In solid-liquid adsorption, the particle size of the adsorbent is also a significant property.
With too fine particle size, the pressure difference across the filter unit can become too large
for functionality. Therefore, a granulated form is preferable, especially for large filter units.
When planning the adsorption process and choosing the material, it must also be considered

whether the adsorbent can be regenerated.

Most used adsorbent materials on an industrial scale are activated carbon and other carbon-
based adsorbents, silica gel, activated alumina, and molecular sieves, from which activated
carbon (AC) is the most used adsorbent for heavy metals, although it is one of the most
expensive adsorbents. Attempts are being made to overcome the high costs by preparing Acs
from recycled or waste materials, such as sawdust, sugarcane residues, and nutshells.
Activated carbon has many excellent qualities as an adsorbent: high surface area, suitable
porous structure, and customizability. In addition, with sulphuration, nitrification, and
oxidation, different functional groups can be added to AC. (Demirbas, 2008; LeVan et al.,
2008; Qasem et al., 2021)
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Figure 3. Some adsorbents. 1. 3D-printed zeolite adsorbent. 2. Activated carbon powder. 3.
MOF’ structure. 4. Molecular sieves. 5. 3D-printed graphene adsorbent. (German and
SenGupta, 2019; Juvekar, n.d.; Khalil et al., 2021; Virta, 2023)

Other carbon-based adsorbents, like graphene, fullerenes, and carbon nanotubes, have many
good features for adsorbents. However, even though these materials are commercially
available, the high costs and difficult reusability are slowing down the wider adaptation of

these materials for large-scale processes. (Qasem et al., 2021; Renu et al., 2017)

Chitosan is a cheap and efficient adsorbent, but on the other hand mechanically weak and
soluble in acidic liquids. Many attempts have been made to improve chitosan stability, which
has usually led to reduced capacity. Chitosan is still an interesting adsorption material due
to its naturally occurring hydroxyl and amino groups if the weaknesses can be overcome.
(Qasem et al., 2021)

Silica-based adsorbents also have a high surface area, optimal pore size, and good chemical
stability. Silica materials can also be easily modified to have functional groups towards
desired metals. (Renu et al., 2017)

Metal-organic frameworks, MOFs, have been studied a lot in the last decades, and the
literature contains several studies on the use of MOFs for the removal of heavy metals. MOFs

are synthetic materials formed from metal ions and organic linkers, which are connected to
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form a three-dimensional structure. MOFs have a high surface area and porosity, which can

be modified for certain uses. MOFs can also be modified for certain pH levels. However, the

downside of MOFs is their poor stability, especially in water solutions. (Kobielska et al.,

2018)

Table 7. Some 3D-printed adsorbents studied for wastewater treatment.

Material Basic properties Printing technique ~ Reference

Printing material: Synthetic
zeolite-Y, where Na* acts as an

Doprineg SR on ety

Zeolite-Y Tested for copper and lead Direct ink writing  (Khalil et al., 2021)

adsorbent
removal successfully.
Retains its structure after
several cycles.

) Printing material:
3D-printed  Montmorillonite nanosheets,

montmorillonite
nanosheets based
hydrogel

gelatin and sodium alginate
(SA).

Tested for lead removal
successfully.

Direct ink writing

(Miao et al., 2022)

Self-Supported

3D-printed lattices are enriched

3D-Printed with Mxene/metal—organic
Lattices frameworks. Digital light
Containing  Tested successfully for ink pr%cessiﬂg (Far etal., 2022)
Mxene/ MOFs ~ removal.
Composite Adsorption capacity retains
after desorption.
Printing material: Acryl based
UV-curable resin and chitosan
3D printed flakes. Photo
chitosan Tested for copper, could work | ization (Zhang et al., 2019)
monoliths for other heavy metals too. polymerizati
Adsorption capacity retains
relatively well after desorption.
Printing material:
Polypropylene and anion
Porous 3D exchange resin_. _ _
Printed Tested for platinum and Selective laser (Lahtinen et al.,

Scavenger Filters

palladium, can be modified for
other metals too.

Adsorption capacity retains
after desorption.

sintering

2018)
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In recent years, interest in 3D printing has also increased in the case of adsorption materials.
With 3D printing, it is easier to modify the properties of the materials toward more efficient
removal of the desired pollutants than with traditional manufacturing methods. (Tijing et al.,
2020) Table 7 shows 3D printed materials that have been studied for wastewater treatment.
Good results have been obtained with 3D printed materials in the removal of individual
metals from wastewater. However, most of the materials still need further research and
larger-scale testing in order to verify the materials’ resistance to regeneration and different
conditions. Furthermore, effective simultaneous removal of several different metals must

also be examined to ensure the cost-effectiveness of the materials.

4.2 lon exchange materials

Although most ion exchange materials used on an industrial scale are synthetic resins,
natural materials such as zeolites are also still used. Natural zeolites are considered the first
ion exchangers, and synthetic and natural zeolites are still widely used for heavy metal
removal. Zeolites are crystalline aluminosilicates with good ion exchange properties due to
negative charge, uniform pore size, and good surface area. Natural zeolites can be easily
modified to be more suitable for heavy metal removal. Synthetic zeolites can be made, for
example, from clay or fly ash from burning coal. It is essential to synthesize zeolites in which
the starting material contains a lot of crystalline aluminum oxide and silicon oxide. Zeolites

work especially for the removal of zinc, lead, chromium, and nickel. (LeVan et al., 2008)

Many different synthetic resins have been developed for heavy metal removal. lon exchange
resins consist of a support structure, i.e., a matrix, functional groups, and their counterions.
A schematic presentation of the ion exchange resin bead is presented in Figure 4. The most
common matrix material is cross-linked polystyrene, but other materials can also be used.
lon exchange resins are classified as cation and anion resins depending on the charge. These
are further divided into weak and strong depending on the functional group. In strong
cationic resins, a functional group is generally a sulfonic group, and in weak ones, a carboxyl
group. Quaternary amino groups act as functional groups in strong anion resins and primary,

secondary, or tertiary amino groups in weak resins.
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Na* Counterion

SOS' Functional group

Crosslinking:
Divinyl-benzene (DVB)

/\/ Polystyrene matrix

Commonly represented as: R-SO,~Na*

Figure 4. Schematic representation of cation exchange resin. (German and SenGupta, 2019)

Besides functional groups, the cross-link level, porosity, particle size, and moisture content
are important factors in ion exchange resins. Based on the pore size, the resins can be divided
into micro-, macro-, or mesoporous resins. The pore diameter of microporous resins, also
called gel resins, is under 2 nm, with mesoporous resins between 2 and 50 nm and over 50

nm in macroporous resins. (International Union of Pure and Applied Chemistry, 1994)

The cross-link level and moisture content go hand in hand; with a higher cross-linking level,
the moisture content is lower, and with a low cross-link level, the moisture is high. A higher
cross-link level increases the capacity of the resin and makes it more selective and

mechanically durable, but lower moisture content slows down the kinetics. (Michaud, 2017)

The third ion exchange resin group is chelating resins. Their functional groups can form a
complex with a metal ion, so they are usually more selective towards certain metals.
(Meyers, 1998)
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5 Adsorption theory

Adsorption is an exothermic mass transfer process where substances from the liquid or gas
phase are transferred to a solid phase. The solid phase is referred to as an adsorbent, and the
substance to be transferred as adsorbate. Desorption is a reverse process of adsorption, where
adsorbates are released from the surface of the adsorbent. Basic adsorption terms are shown
in Figure 5.

Desorption

e Oocf ..... o @TO o
@ . . Adsorptlon }Adsorbcd phase

dogeenssanscnsepetarnidograncsy ...u;n..-.u,-.--....uu.-—\ ..............

Surface

Solid phase <—I~*~'*" - Adsorbent

Figure 5. Basic adsorption terms. (Worch, 2021)

The attraction between adsorbate and adsorbent is the driving force of adsorption. Based on
the type of attraction or force, adsorption processes can be divided into chemisorption or
physisorption. Table 8 shows some of the characteristics of chemisorption and physisorption.
(Worch, 2021)

Strong chemical bonds, such as covalent bonds, are formed in chemisorption. For this reason,
only monolayer adsorption is possible via chemisorption. Chemisorption is characterized by

electron transferring or sharing.

In physisorption, weak physical forces cause the adsorbate to bind to a solid surface. Van
der Waals forces are the most fundamental forces in physisorption, also electrostatic
interactions, hydrophobic and hydrophilic interactions, hydrogen bonding, and other
intermolecular forces are involved. Physisorption is a faster process than chemisorption and
can form a multilayer to the surface. Chemisorption, on the other hand, is a more selective
process. (Chen et al., 2022)



27

Table 8. Comparison of chemisorption and physisorption. (Atkins and de Paula, 2009; Chen
etal., 2022)

Physisorption Chemisorption

Interaction van der Waals, electrostatic Chemical bond (covalent bond)

interactions

Enthalpy Low, typically in the region of High, typically in the region of
-20kJ/mol -200 kJ/mol

Saturation Mono- or multilayer Monolayer

Nature of adsorption | Reversible Often irreversible

Specificity Not specific Highly specific

Effect of temperature | Occurs at a wide temperature Occurs at low temperatures

range

Adsorption isotherms and adsorption kinetics are necessary factors to understand in any
adsorption process. The capacity of adsorption is described with adsorption equilibrium. In
an equilibrium state, there is a balance between adsorption and desorption. The adsorption
isotherms are used to illustrate the equilibrium state. Adsorption kinetics describes the rate
of adsorption, which is directly related to the adsorption efficiency. (Arshadi et al., 2014;
Chen et al., 2022)

5.1 Adsorption isotherms

Adsorption isotherm represents graphically the quantity of adsorbate adsorbed (adsorption
capacity) as a function of the equilibrium concentration or partial pressure at a constant
temperature. The equilibrium concentration is the concentration of adsorbate left in the

solution after adsorption. Adsorption capacity is calculated by using equation 1.

_ (CixVi—CeXVp)

Qe =—— 1)

m



28

Where:
ge = capacity in mg/g or mmol/g

Ci = initial concentration of adsorbate, in mg/L or mmol/L

Ce = equilibrium concentration of adsorbate, in mg/L or mmol/L
Vi = initial volume of solution, in L

Ve = equilibrium volume of solution, in L

m = the mass of adsorbent, in g

If the initial and equilibrium volumes of solution are same, can Ve and V; be expressed as V

(volume of solution).

Typical adsorption isotherm presentation is ge plotted against Ce. The shape of the isotherm
curve itself can help to understand certain phenomena behind the adsorption process. Giles,
Smith and Huidson (1974) suggested that there are four main isotherm models based on the
shape of the isotherm curve, as illustrated in Figure 6. The four models are often referred to
astype C, L, H, and S isotherm.

(a) The “C" isotherm (b} The “L" isotherm

a Q
with strict plateau

"

without strict plateau

* = C
(c) The “H" isotherm (d) The “5" isotherm
Q Q
‘W—
= C =

Figure 6. The four basic types of isotherms according to Giles, Smith, And Huidson
(1974).
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The C type isotherm show that the adsorption capacity and equilibrium concentration ratio
are the same at every concentration. This ratio is called the distribution coefficient, K.

Typically, the adsorbate concentration is low in these cases. (Limousin et al., 2007)

In the L model distribution coefficient is usually linear at low concentrations and decreases
as the adsorbate concentration increases. This model has two sub-groups, one where the
adsorbent reaches its maximum capacity (a strict plateau) and one where it does not
(without a strict plateau). This behavior is typical for chemisorption. (Limousin et al.,
2007)

The H model is basically a sub-group of the L model, but the saturation state of the
adsorbent is reached in low concentrations. This is also typical for chemisorption, but in
these cases, the affinity between adsorbent and adsorbate is very high. (Limousin et al.,
2007)

The S type isotherm is usually obtained in the case of multilayer adsorption, which is
common in physisorption. At low concentrations, affinity towards the adsorbent is low.
However, after the inflection point, the affinity increases rapidly until the surface
saturation of the adsorbent is obtained, leading to a sigmoidal curve. (Limousin et al.,
2007)

Since this one equation is not capable of explaining all the phenomena behind adsorption,
several other isotherms have been developed. The most commonly used models for
aqueous-phase adsorption are Langmuir, Freundlich, and Sips isotherms. (Arshadi et al.,
2014)

5.1.1 Langmuir isotherm

The Langmuir isotherm model was first developed for gas-solid adsorption by Irvin

Langmuir (1916). The model is based on the following assumptions.

e The adsorbent surface is homogenous, and all adsorption sites are equivalent
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e Each adsorption site can hold only one adsorbate
e Only a monolayer is formed on the surface of the adsorbent
e Adsorbed molecules do not interact with each other

The Langmuir isotherm can be expressed in a linear (Eg. 2) or a nonlinear form (Eq. 3).

C 1 C
e L gL @
de amKy dm
__ qmK1Ce
Qe = Tikice (3)

Where:

ge = Adsorption capacity, in mg/g

gm = Maximum adsorption capacity, in mg/g
KL = Langmuir affinity constant, in L/mg

Ce = Equilibrium concentration, in mg/L

The Langmuir isotherm model is originally used for one-parameter adsorption but is later
applied for other adsorption systems and can be used for two-parameter adsorption

processes. (Kalam et al., 2021)
5.1.2 Freundlich isotherm

Herbert Freundlich developed in 1906, an empirical isotherm model that can be used for
multilayer adsorption on heterogeneous sites. Thus, it can be used for both physisorption and
chemisorption. A limiting factor in the Freundlich isotherm is that it does not obey Henry’s

law at low concentrations. (Ho et al., 2002)

The linear form of Freundlich isotherm is represented in equation 4, and the nonlinear form

in equation 5.

logg, = log Ky + %log Ce 4
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:Kcl/n 5
qe F%e ()

Where:

ge = Adsorption capacity, in mg/g

Kr = Freundlich affinity constant, in L/mg
n = Freundlich exponent, dimensionless

Ce = Equilibrium concentration, in mg/L

Freundlich exponent, n, is related to the intensity of the adsorption process. A high n value
Is related to a uniform adsorbent surface, whereas low n values indicate a large quantity of
high-energy active sites. (Arshadi et al., 2014)

5.1.3 Sips isotherm

Sips isotherm is a combination of Freundlich and Langmuir isotherms that was developed to
overcome the limitations of Freundlich and Langmuir isotherms. The model is suitable for
heterogenous adsorption systems; it behaves like the Langmuir model at high adsorbate
concentrations predicting monolayer adsorption, and like Freundlich at low concentrations.
(Kalam et al., 2021)

The linear form of Sips isotherm is represented in equation 6 and nonlinear in equation 7.

Ks
B, = —1In (q—) +Ina, (6)
Bs
KsC!
= 7
Qe 1+asceﬁS ()

Where:
ge = Adsorption capacity, in mg/g

Ks = Sips affinity constant, in L/mg
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Bs = Sips exponent, dimensionless
as = Sips constant, in L/g
Ce = Equilibrium concentration, in mg/L

The constant Bs indicates if the adsorbent surface is heterogenous or not. If the Sips constant

B is close to 1, the process is homogenous, with a value greater than one heterogeneous.

(Kalam et al., 2021)

5.2 Adsorption kinetics

An adsorption process is rarely an instantaneous event; reaching the equilibrium state is
slowed down by diffusion processes and mass transfer resistances. The time that the
adsorption process takes to reach an equilibrium state is called the rate of adsorption, and it
is described with adsorption Kinetics. The graphical presentation of adsorption kinetics is
obtained by plotting the adsorbate concentration or adsorption capacity against time, as
shown in Figure 7. (Worch, 2021)

b JUNoLUE PaIoSpY

Concentration, ¢

Time, t

Figure 7. Adsorption kinetic curves. (Worch, 2021)

The adsorption process kinetics are characterized by four consecutive steps that explain the

mechanism behind adsorption. Some other mechanisms that are not included in the list below
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can also take place in the adsorption process, or some may be excluded, depending on the
surface properties of the adsorbent. (Dabroski, 2001; Worch, 2021)

1.

Transportation of the particles to the boundary layer from the bulk solution

External or film diffusion, particles are transported through the boundary layer to the

surface of the adsorbent

Internal diffusion, particles are transported into the interior parts of the adsorbent by
diffusion in the pore liquid (pore diffusion) and diffusion to the internal surfaces

(surface diffusion)

Adsorption to the active sites, the particles are trapped in the final adsorption sites

Steps one to three of the mass transfer process are represented in Figure 8. It is assumed that

steps one and four are very fast, so the rate of adsorption is mostly determined based on

external and internal diffusion. The external diffusion is highly impacted by the flow- or

stirrer velocity. With higher flow- or stirrer velocity, the boundary layer thickness is reduced,

which leads to an increase in the rate of external diffusion. The internal diffusion is not
affected by the velocities but by the particle size. (Worch, 2021)

1
L]

1. Liquid phase
mass transfer

Bulk
solution

Figure 8. Adsorption mass transfer phases. Modified from Benmahdi et al. original picture.
(Benmahdi et al., 2019)
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Like with adsorption isotherms, several mathematical models are developed to determine
the kinetics of the adsorption process. The kinetic models can be separated into diffusion
models and reaction models, where diffusion models are based on the external and internal
diffusion steps and adsorption on the active sites, whereas the reaction models consider the
whole adsorption process. The internal diffusion processes, pore diffusion and surface
diffusion, usually take place simultaneously and are difficult to separate, which is why
usually only one of them is assumed to be the dominant one and considered in the Kinetic
model. The most commonly used models are the pseudo-first-order and the pseudo-second-
order models, which are based on chemical reaction kinetics. (Atkins and de Paula, 2009;
Bonilla-Petriciolet et al., 2017; Worch, 2021)

5.2.1 Pseudo-first-order model

Lagergren introduced the pseudo-first-order kinetic model in 1898, which is still considered
to be the most suitable model to describe adsorption kinetics (Bonilla-Petriciolet et al.,
2017). The model is based on solids’ capacity to adsorb, or as Sahoo and Prelot (2020)
described: “The Lagergren pseudo—first—order model is based on the assumption that the rate
of change of solute uptake with time is directly proportional to the difference in saturation
concentration and the amount of solid uptake with time.” The linear form of the pseudo-first-
order model (Eq. 9) is obtained by integrating the model’s differential form (Eq. 8). (Sahoo
and Prelot, 2020)

d
—£=ki(qe — qr) (8)

k
log(qe — q¢) =log(qe) — 5555t ©)

Where:

t=time

gt = Adsorption capacity at time t, in mg/g

ge = Adsorption capacity at equilibrium, in mg/g
ki = Adsorption rate constant, in min™

The adsorption rate value k1 is obtained by plotting the log(ge-t) against time.
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If the adsorption process is slow, meaning that reaching the adsorption equilibrium takes a
lot of time, true equilibrium concentration is hard to determine. In these cases, the pseudo-
first-order model is only applicable to the beginning of the adsorption process, and ge value

must be found through experiments. (Sahoo and Prelot, 2020)

5.2.2 Pseudo-second-order model

The pseudo-second-order kinetic model assumes that the limiting step is chemisorption,
which means that the adsorption depends on the active adsorption sites. The equilibrium
concentration can be calculated by using this model, which is a major advantage over the
pseudo-first-order model. The linear form of the pseudo-second-order model (Eq. 11) is
obtained by integrating the model’s differential form at boundary conditions (Eq. 10).
(Bonilla-Petriciolet et al., 2017; Sahoo and Prelot, 2020)

d
= ky(qe — q1)? (10)
N (11)

ar  k2q%  qe

Where:

t=time

gt = Adsorption capacity at time t, in mg/g

ge = Adsorption capacity at equilibrium, in mg/g
k> = Adsorption rate constant, in g/mg min

k20e2 = Initial adsorption rate, in mg/g min

. . . .t L
The adsorption rate value kz is obtained by plotting w against time.
t
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6 Production of filter materials with additive manufacturing

technology

Additive manufacturing (AM) technology was initially developed over 30 years ago to meet
the demand for testing more rapidly, industrial components and prototypes. Additive
manufacturing is more commonly known as 3D printing. Other names for AM are solid free-
form fabrication, direct digital manufacturing, desktop manufacturing, and layered additive
manufacturing. Additive manufacturing technology is based on adding material layer by
layer to create 3-dimensional (3D) objects, rather than traditional manufacturing technology,
where the material is removed from the object after manufacturing. Even though AM
technology has been available since the 1980s, only in the last decade has the technology
become industrially viable due to the reduced costs and the development of materials and
technology. (Bhargava et al., 2022; Tijing et al., 2020)

3D printing is a software-based process where the desired object is first modelled with a
computer-aided design (CAD) program and then transferred to a format that the 3D printer
can read. The model is sliced into two-dimensional (2D) layers and then printed into 3D
form. (Aghaei et al., 2022) Based on the operating principle, 3D printing technologies can

be divided into the following categories:
1. Material Jetting (MJT)
2. Binder Jetting (BJT)
3. Powder Bed Fusion (PBF)
4. Material Extrusion (MEX)
5. Vat Photopolymerization (VPP)
6. Sheet Lamination (SHL)
7. Direct Energy Deposition (DED)

These are often sub-categorized based on the feedstock material used in the process.
(Bhargava et al., 2022)
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The benefits of AM over traditional manufacturing are smaller production costs owing to
time, material, and energy savings, reduced environmental impacts due to less waste being
produced and fewer materials being used, the capability to create products with complex

geometry, and high-quality finished products. (Bhargava et al., 2022)

To water treatment applications, AM technology brings many benefits. For example, more
component-specific materials can be manufactured by optimizing porosities and coating
with selective adsorption materials, optimizing the flow velocities of components, and
maximizing the performance, to mention a few benefits. (Tijing et al., 2020)

AM technologies for membranes and their parts, like feed spacers, adsorption materials,
carrier materials, and photocatalytic materials, have been studied extensively in recent years.
The most commonly used techniques that are used to manufacture water treatment materials
are fused deposit modeling (Material Extrusion), selective laser sintering (Powder Bed
Fusion), and stereolithography (Vat Polymerization). (Aghaei et al., 2022; Tijing et al.,
2020)

Besides the many benefits 3D printing offers, there are still some challenges to overcome
before the large-scale commercialization of water treatment materials is profitable.
Especially with large objects, like RO membranes, the production time and object size set
limitations for manufacturing. (Aghaei et al., 2022; Tijing et al., 2020)

Tijing et al. (2020) mentioned in their article one interesting future perspective for 3D
printing: bringing the fourth dimension into the process. So-called 4D printed materials
could change their shape or properties with time or when in contact with a certain simulant.
This could bring even more specialized materials to the market, for example, if the pore size

changes as a result of temperature or pH.

6.1 Material Extrusion

In the material extrusion process, the printing material is heated and fed through a nozzle or
orifice to a building platform, where the final product is formed layer by layer, as shown in
Figure 9. The building platform moves down between layers, and the nozzle horizontally
and diagonally to form the modeled object. By using multiple nozzles, multiple materials

can be used in the same product. Materials used in MEX processes are mostly thermoplastic
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polymers, but recently metal and ceramic materials have been developed for MEX systems.
This technique often needs a supportive element during the printing process, but on the other
hand, it is relatively fast. (Bhargava et al., 2022; Tijing et al., 2020)
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Figure 9. Schematic diagram of Material Extrusion process with two nozzles. (Freund et al.,
2019)
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Fused deposition modeling (FDM) was first the commercialized MEX system, and it is still
the most popular AM technique used. In the FDM process, the printing material is fed in
filament form through the heated nozzle. (Bhargava et al., 2022; Freund et al., 2019) The
FDM method is common in membrane manufacturing, although the mechanical strength of
the final product is low. Sometimes resins or other additives are used to strengthen the
structure, but process parameters also greatly impact the product quality and mechanical
strength. (Aghaei et al., 2022)

6.2 Powder Bed Fusion

In powder bed fusion, the heated powdery printing material is distributed evenly to the
building platform, where an energy source is used to melt or sinter the material into the

desired shape. Then, the platform is lowered, and a new layer of material is added until the
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product is finished. The schematic representation of the PBF process is shown in Figure 10.
This method can be used for polymers, metal, and ceramic materials, and the energy source

is a laser or energy beam. (Bhargava et al., 2022; Wiberg, 2019)

Energy System

Roller! Scraper z
Powder delivery /

Figure 10. Schematic diagram of Powder Bed Fusion process. (Wiberg, 2019)

Selective laser sintering printing (SLS) is acommonly used PBF method, where a laser beam
is used to sinter the printing material. With this technique very dense solid objects are
obtained. In addition, this method does not need supporting material since the powder itself
supports the printing, so that complicated structures can be easily printed with this technique.

This method is commonly used for membrane manufacturing. (Tijing et al., 2020)

6.3 Vat Photopolymerization

Vat photopolymerization (VPP) is an AM technique where liquid photopolymer resin
contained in a vat is cured by light-activated polymerization. The basic principle of this
technique is that the light is exposed to the moving platform submerged in the resin vat, in
which the light exposure causes the resin to solidify, as shown in Figure 11. The platform is
moved up or down between the layers, depending on which direction the light is coming.
Used light sources are typically ultraviolet (UV) or visible light. The VPP method is usually
restricted to only one printing material, so the functionality of the printed product comes
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from its geometry. Finished products may need some post-processing to achieve the required
mechanical strength. Some studies have been done to improve the mechanical strength by
using additives with the resin. (Bhargava et al., 2022; Vladi¢ et al., 2022)
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Figure 11. Schematic presentation of VVat Photopolymerization with UV-light. (Vladi¢ et al.,
2022)

Stereolithography (SLA) is one common method that uses Vat Photopolymerization. SLA
technique was the first commercially available rapid AM method. In this method, a UV laser
beam is used to cure the polymer. SLA method is also commonly used in membrane
manufacturing. Products are more accurately printed with this method than with FDM, but

adding selective materials is not possible. (Aghaei et al., 2022; Tijing et al., 2020)
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7 Experimental part

The experimental part of this thesis was carried out at Vantaa Energy’s Waste to Energy
plant 1. The purpose of the work was to test the functionality of a 3D-printed filter in the
removal of heavy metals from flue gas condensate. The interest of the plant would be to feed
dirtier water from the flue gas cleaning area into the flue gas condensate if the removal of
heavy metals is achieved at the desired level, i.e., to fulfill the terms of the wastewater
contract. The removal of heavy metals from these water fractions has been investigated in
previous thesis works, one of which focused on the current precipitation process and the
other on activated carbon filtration (Hyytidinen, 2022; Virta, 2023). However, precipitation
was found to be an impractical method at this site due to variable water quality and relatively
low concentrations. Activated carbon filtration was found to be suitable for this purpose, but
due to the large size of the filters, among other things, testing with a more compact solution,

3D printed filters, was a more interesting option.

7.1 Materials and methods

The pilot test was carried out at Waste to Energy plant 1, using Weeefiner Oy's 4D scavenger
filter. Preliminary tests were carried out earlier with Weeefiner, based on which it was
concluded that the method is a potential alternative to activated carbon filters. The results of
the preliminary tests are shown in Table 9, where they have been compared with the results

of activated carbon filtration.

Activated carbon used in these tests was treated with sulfuric acid to enhance its
performance. There are some variations in initial concentrations, which might be explained
by different sampling times, although the samples were taken only about five minutes apart,
or the fact that measurements were done with different techniques (ICP-MS, ICP-OES) and
different equipment. There were also differences in filtration flow velocities and when the
treated samples were taken. Weeefiner also spiked some samples to test higher
concentrations since the initial concentrations were quite close to the limit values at this

sampling.
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Table 9. Preliminary test results from activated carbon filtration and Weeefiner 4D scavenger

filter. AC tests were performed by filtrating the sample with 60 BV/h speed and Weeefiner

with 100 BV/h. (Virta, 2023)

Activated carbon tests

Weeefiner tests

Hg, Cd, Zn, Hg, Cd, Zn,
Sampling date: total total total total? total total Sampling date:
13.10.2022 Ho/L HO/L pg/l | po/L  pg/L  pg/L 13.10.2022
UF feed <0.1 0.17 310 9.9 14.4 82.2 UF feed
after treatment n/a n/a 66 4.33 <2 <2 after treatment
UF filtrate 1 11 28 111 37.7 UF filtrate
after treatment <0.1 6.4 14 <2 <2 after treatment
Clear water tank 0.6 <0.02 8 34 4.9 Clear water tank*
after treatment <0.1 <0.02 6 <2 <2 after treatment
Clear water tank* 0.3 29 10 27.3 621 Clear water tank®
after treatment <0.1 14 4.2 <2 <2 after treatment

YIncludes water from the Flue gas cleaning

area

2 Hg tests were performed later; the sample was synthetically made but close to the actual value

(9.5 pg/L)

3 Sample was spiked to test performance with higher concentrations

The preliminary tests show that both methods are capable of separating targeted heavy

metals from flue gas condensate. More testing was done before and after the results listed in

the table, but the samples were taken at different times for both techniques, so they are not

really comparable. For pilot testing, the Weeefiner 4D scavenger filter was selected due to

its reduced size compared to activated carbon filters, easier installation in the existing

process, and multi-functionality. If the piloting is successful, the same technique could be

used in other powerplant units for heavy metal removal or by changing the filter elements to

nutrient recovery.

In the following paragraphs, Vantaa Energy, Weeefiner's filter technology, and the test plan

for the pitot test run are presented in more detail.
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7.1.1 Vantaa Energy

Vantaa Energy is one of the largest city energy companies in Finland. They produce heat
and electricity, and sell heat services and circular economy solutions. Vantaa Energy
describes itself as a growing circular economy energy company and has announced that it
will be carbon negative by 2030. The company has many upcoming projects that will support
the carbon negativity goal: A High-Temperature Incineration plant, Cavern Thermal Energy
Storage, a Power-To-Gas plant, an Activated carbon production plant, and Carbon dioxide

refining. (Vantaa Energy, Accessed 1 April 2023)

Currently, Vantaa Energy has three main power plants: Martinlaakso power plant, Waste to
Energy plant 1, and Waste to Energy plant 2, and several smaller heating plants. Vantaa
Energy also owns a part of Vantaan Energia Keski-Uusimaa and provides operation and
maintenance services for its Jarvenpaa powerplant and district heat network. (Vantaan
Energy, Accessed 1 April 2023) A summary of Vantaa Energy's power plants is listed in
Table 10.

Table 10. Summary of the technology of Vantaa's energy plants. The DH and electrical
powers are the maximum outputs when all boilers and flue gas condensing are in operation.
(Vantaa Energy, Accessed 1 April 2023)

Vantaa Energy Vantaan Energia Keski-
) Uusimaa, Jarvenpaa
Martinlaakso Waste to Energy 1 Waste to Energy 2
Biofuel boiler WE_;lste Incineration Wf_;lste incineration Biofuel boiler
boilers (2) boiler
Flue gas scrubber and  Flue gas condensers  Flue gas scrubber | Flue gas condenser and
condenser 2 and condenser combustion air
humidifier

Coal boiler Steam turbine Steam turbine
Steam turbines (2) Gas turbine
Gas turbine Heat recovery boiler
Heat recovery boiler
DH power 340 MW DH power 147 MW DH power 45 MW
Electrical power 191 MW  Electrical power 76 MW DH power 85 MW Electrical power 23 MW
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Martinlaakso power plant has two boilers, a biofuel-fired boiler and a coal-fired boiler, two
steam turbines, and a gas turbine with a heat recovery boiler. Heat is also recovered from
biofuel boiler flue gases with a scrubber and condenser. The scrubber cleans residual metals
and acidic compounds from the flue gases, and the actual heat recovery takes place in the
condenser. The flue gas condensate produced is treated and circulated back to the process.
There have not been any problems yet with heavy metals in Martinlaakso, but some problems
with biological growth. Some actions are taken to reduce microbial growth; chlorine
treatment, biocides, and plans to reduce nutrient flow to water systems. These actions need
chemical dosing to the system, some manual work, and concentration monitoring.
Introducing a 3D filter to the system could save some time and reduce chemical
consumption, and in the future, it may be possible to recover some of the chemicals and

nutrients and reuse them.

Waste to Energy plant 1 has two identical waste incineration boilers, where municipal waste
is incinerated, one steam turbine and a gas turbine with a heat recovery boiler. Both boilers
have flue gas condensers for heat recovery, from which produced flue gas condensate is
treated and returned to the process. However, the uneven fuel composition and lack of
scrubber lead to emission problems to water caused by heavy metals. For this reason, the

piloting of a 3D filter is done in this power plant.

Waste to Energy plant 2 has one waste incineration boiler, where non-recyclable waste
produced by trade and industry is incinerated. There is a flue gas scrubber and a condenser
for heat recovery. Commercial use for this power plant started in the autumn of 2022, so
there are only a few results from water samples yet. Current results show that the emissions
threshold values have not been exceeded. On the other hand, there have been problems with
high acidic residues in flue gases, which cause larger chemical consumption in flue gas
condenser. Excess amounts of chemicals cause problems with the flue gas treatment plant,

and one possible future use for a 3D filter could be sodium hydroxide removal and recovery.

Jarvenpaa power plant has a biofuel-fired boiler and a steam turbine. Heat is also recovered
from flue gases with a flue gas condenser and combustion air humidifier. The flue gas
condensate in the Jarvenpad power plant is treated with chemical precipitation. The used
precipitant is aluminum based, which causes emission to water if overdosed, and the
coagulant agent is shown to be a growing platform for microbes. Changing the treatment to

chemical-free, e.g., for the reasons mentioned above, is the subject of investigations at this
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power plant unit. If the 3D pilot is successful, the technology could be one possibility for

chemical-free treatment.

7.1.2 Weeefiner 4D scavenger filter

The piloting was done with Weeefiner Oy’s 4D scavenger filter. The filters are produced
with 3D printing, and selectivity towards different metals can be adjusted by changing the
porosity or including some functional additives. In addition, the small size of the filters
enables the use of several filters with different selectivity in the same filtration unit.
(Weeefiner Oy, Accessed 10 April 2023)

The pilot test unit consists of a feed tank equipped with level monitoring for a feed valve,
feed pump, prefiltration, the actual filter elements, and clean-in-place systems, which will

be installed later. Figures 12 and 13 show the pilot equipment in more detail.

Figure 12. Weeefiner 4D scavenger filter pilot test unit with feed tank.

The feed tank level is monitored with a level switch, which controls solenoid operated feed
valve. The water is led to the tank from the top and pumped from the bottom. The feed pump

is protected with a level switch; if the feed tank level drops too low, the pump will stop, and



46

after enough water is filled to the tank, it can start again. After the feed pump is prefilters,
which includes 50 pum coarse filter and 5 um particle filter. After the prefiltration water is

led through the scavenger filters and to the flue gas condensate RO feed tank.

4D scavenger Feed valve
filters
i ’A ! Sl Prefilters
SR v “5
=y P s
< Feed pump
Inlet valve

Figure 13. Weeefiner pilot test unit. The main components of the equipment are identified

in the picture.

The control of the pilot device was implemented simply. The device is started from the on/off
switch, and the device runs until it is stopped manually, or the water runs out of the feed
tank. The pump speed is adjusted with a frequency controller. The pressure difference over
the prefilters is monitored with local pressure measurements, as the flow and total water

amount are measured with a local meter.

7.2 Test plan

The pilot unit was placed in the flue gas condensate treatment area after particle separation
but before RO membranes, as seen in Figure 14. The particle separation is done with a sand
filter; a small side stream is also treated with an ultrafilter (UF). The flue gas condensate

temperature varies between 40 and 55 °C, so it must be cooled before RO membranes. The
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cooling is done with a heat exchanger connected to a closed cooling system, where glycol
water is used as a cooling medium. The pilot test unit is placed after the heat exchanger to
maintain a steady temperature. It must be noted that the cooling power depends on the
outside temperature, and the temperature of flue gas condensate can rise to over 35 °C after
the heat exchanger in the summertime. The pilot tests are performed at 13.5 — 60.0 I/min
flow or about 0.2 — 1.0 kg/s. The normal flue gas condensate flow is 1.0 — 8.0 kg/s depending
on the operation conditions, so only a small part of the water is treated with the pilot unit.
The treated water is led to a RO feed tank among untreated flue gas condensate. The pH of
flue gas condensate is adjusted before the pilot unit; the pH value varies between 6.5 and 11,
although the setpoint is 8. Depending on the boiler’s operation, both flue gas condensers or
only one of them can be in operation. If only one flue gas condenser is in operation, some of
the condensate is softened water, which is used as make-up water for the flue gas condensers.
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Figure 14. Vantaa Energy's water treatment. The pilot unit is marked with a red dashed line.

This point was selected for piloting because it is the first point where flue gas condensate
can be drained to city sewage according to environmental permit. At this point, the water

quality must meet the limits of the waste incineration act and the wastewater contract.
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The operation of the pilot equipment was mentioned to be monitored with daily samples, but
due to timing problems only samples shown in Table 11 were collected. Samples were taken
from untreated and treated water and delivered every 1-2 weeks to Weeefiner for metal
concentration determinations. The total water amount is taken up at the sampling time to

determine the capacity of the filtration unit.

Table 11. Simple test plan for 4D scavenger pilot unit.

Week 1 |Week2 [Week 3

Only flue gas condensate

Monday
Tuesday
Wednesday
Thursday  |X
Friday X
Saturday
Sunday

X [ X |IX X

XX [X X

x= Sampling. Feed flow and total water amount are collected from pilot unit
and relevant process variables are collected from the automation at the same time.

The original plan was to feed only flue gas condensate to the pilot unit for the first three to
four weeks. After that, the second test would have been to mix flue gas cleaning area waters
with flue gas condensate and repeat test drives. The test results of the second part were not
included in this final work, due to equipment malfunction. Depending on the results also flue
gas condensate mixed with softened water can be tested if any boiler shutdowns do not

happen during tests. Different temperatures can also be tested.
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8 Results and discussion

This chapter discusses the results of the pilot test, data analysis methods, and the possibilities
offered by the technology. The main goal of the pilot test was to test how well the technology
can remove the metals that have caused problems at the waste incineration plant. Based on
the results, it is intended to assess whether the technology can be used in other applications
and at other power plants. Data analysis methods are also discussed mainly at the theoretical
level because the obtained results are not enough to make a proper analysis.

8.1 Results from the pilot test

In the end, 9 test results from the operation of the pilot device were collected for this thesis
over a four-week period, as the start of piloting was slightly delayed and due to a suspected
fault in the pilot device. The metal concentrations in the samples can be found divided into
Tables 12 and 13. The measurements were made by Weeefiner Oy with ICP-MS. The actual
target metals, mercury, zinc, aluminum, and cadmium are examined in more detail in the

results.

The results show that only once during the test period did one metal concentration, mercury,
on April 11, exceed the limit value of the industrial wastewater agreement, and no metal
exceeded the limit values of the waste incineration regulation. In some samples, the chloride
content interfered with the arsenic measurement, so the result is marked with a dash (-). Due
to the small number of results, it is difficult to draw precise conclusions about the
functionality of the equipment, but preliminary evaluations can be made according to the

results.
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Pilot test metal concentration results from test week one and two.

Pilot test results 1/2

30.3.2023 31.3.2023 3.4.2023 4.4.2023
Limit | Incoming Treated | Incoming Treated | Incoming Treated | Incoming Treated

Al (ug/L) 6,0 3.8 5.3 3.6 9.3 7.2 141 5.3
As (ug/L) 100 - - - - - - - -
Ba (ug/L) <1 <1 <1 <1 <1 <1 <1 <1
Cd (ug/L) 10 <1 <1 <1 <1 <1 <1 <1 <1
Co (ug/L) <1 <1 <1 <1 <1 <1 <1 <1
Cr(ug/L) 1000 11.3 11.9 13.9 13.0 12.2 12.0 12.7 12.4
Cu (ug/L) 2000 7.3 35 7.4 5.9 7.6 4.3 7.6 7.0
Fe (ug/L) <5 <5 <5 <5 <5 <5 <5 <5
Hg (ug/L) 10 1.0 <1 2.0 1.6 <1 1.1 2.2 2.1
Mn (ug/L) <1 <1 <1 <1 <1 <1 <1 <1
Mo (ug/L) <1 <1 <1 <1 <1 <1 1.1 <1
Ni (ug/L) 500 <1 <1 2.4 14 11 <1 21 15
Pb (ug/L) 500 <1 <1 <1 <1 <1 <1 <1 <1
U (ug/L) <1 <1 <1 <1 <1 <1 <1 <1
Zn (ug/L) 3000 2.6 2.6 <1 <1 4.2 3.2 5.8 4.7

* Chloride disturbances slightly disturb the measurement of As

Table 13. Pilot test metal concentration results from test week two and three.

Pilot test results 2/2

5.4.2023 6.4.2023 11.4.2023 12.4.2023 13.4.2023
Limit |Incoming Treated | Incoming Treated | Incoming Treated | Incoming Treated | Incoming Treated

Al (ug/L) 8.8 2.1 3.9 2.3 35 1.6 5.8 2.9 3.7 1.8
As (ug/L) 100 <1 <1 2 3 3 3 4 4 2 1
Ba (ug/L) 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Cd (ug/L) 10 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Co (ug/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Cr(ug/L) 1000 3.6 3.7 5.9 5.4 5.5 6.7 6.1 6.2 5.4 5.3
Cu (ug/L) 2000 18.2 10.7 9.3 5.3 7.6 47 6.5 2.4 75 4.6
Fe (ug/L) <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Hg (ug/L) 10 7.0 6.0 6.8 5.8 12 9.8 1.3 <1 2.3 21
Mn (ug/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Mo (ug/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Ni (ug/L) 500 3 2 2,2 1,0 1,3 1 11 <1 15 11
Pb (ug/L) 500 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
U (ug/L) <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Zn(ug/L) 3000 19.3 12.9 3 2 41 2.3 25 1.0 3.3 25
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The reduction percentage of the target metals was calculated using equation 12. The
reduction percentage and metal concentrations are listed in Table 14, together with the
process measurements and the test device measurements. Among the process values,
conductivity and pH varied mostly, so these values were compared with reduction
percentage to see if they affected the operation of the pilot device. The change in temperature
was also compared to the reduction because the temperature can influence adsorption, even
though the change in temperature was very marginal. The comparison graphs are shown in
Figures 15, 16, 17, 18, and 19.

The feed flow of the pilot device decreased slightly during the test run, but this is because
the pump is operated at a constant frequency, and the increase in the pressure difference
across the filters is not taken into account in the pump adjustment. The total flow and
turbidity of the flue gas inlet were relatively constant at each sampling time, so it is not
assumed that they affected the removal of metals. Also, the flushing of the UF filter cannot
be said to have had a significant effect, although it may momentarily increase solid matter
and metal concentrations in the flue gas condensate. The cadmium concentration was below
the determination limit in all samples, so it was not included in the comparison, and its

reduction percentage could not be determined.

CO_Cf
Co

Reduction % = x 100 % (12)

Where:
Co = Initial concentration, in pg/L

Cs = Concentration after filtration, in pg/L
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Table 14. Process measurements and concentrations of aluminium, mercury, cadmium, and
zinc. Some process measurements are taken from automation system (DCS) and others from

pilot unit meters.

Sampling date 30.3.2023 | 31.3.2023 | 3.4.2023 | 4.4.2023 * |5.4.2023 2| 6.4.2023 | 11.4.2023 |12.4.2023 °| 13.4.2023 *
and time 13:37 14:03 14:22 13:02 14:58 | 13:35 14:22 16:22 13:30
Flow (L/min) 136 136 136 125 125 11.3 125 125 113
Total water 20570 | 40283 | 45565 | 69093 | 82288 | 98512 | 39623 | 22194 | 37375
amount (L)
pH (DCS) 7.82 7.33 10.85 7.09 7.84 10.71 6.74 7.13 6.89
Conductivity 53956 | 836.1 | 956.82 | 970.98 | 1910.25| 884.51 | 87492 | 73516 | 1023.13
uS/cm (DCS)
T °C (DCS) 22.16 20.61 19.61 20.32 2047 | 2044 19.51 21.11 20.15
Turbidity mg/I 0.07 0.07 0.07 0.08 009 | 010 0.07 0.07 0.07
(DCS)
Flue gas
condensate 6.66 468 3.65 3.68 454 482 475 4.47 3.27
flow kg/s (DCS)
Untreated 6.0 53 9.3 14.1 8.8 39 35 5.8 37
Al (ug/L) Treated 3.8 3.6 7.2 5.3 21 2.3 1.6 2.9 1.8
Reduction % 38 32 22 63 76 41 53 51 52
Untreated <1 <1 <1 <1 <1 <1 <1 <1 <1
Cd (ug/L) Treated <1 <1 <1 <1 <1 <1 <1 <1 <1
Reduction % - - - - - - - - -
Untreated 1.0 2.0 <1 2.2 7.0 6.8 115 13 2.3
Hg (ug/L) Treated <1 1.6 1.1 2.2 5.8 5.8 9.8 <1 2.1
Reduction % - 19 - 8 17 16 15 - 9
Untreated 2.6 <1 4.2 5.8 19.3 3.2 4.1 25 3.3
Zn (ug/L) Treated 2.6 <1 3.2 4.8 12.9 2.2 2.3 1.0 25
Reduction % 0 - 23 19 33 32 45 57 26

Boiler 1 shut down, part of the flue gas condensate is softened water

?Boiler 1 start up 5.4. at 6 p.m. All water is flue gas condensate from 6.4. at 6 a.m.

®Backwash of the UF filter at 2.30 p.m. Also, the total water amount is smaller than last time, even though the meter has not turned around.
*The 5um cartridge filter was changed, no effect to the feed flow.

Reduction percentages vary greatly between different samples, as well as between metals.
Since the reductions were lower than expected, the equipment supplier wanted to check the
filter units for internal leaks. On-site, it was not possible to verify leaks from the filters based
on pressure difference or flows, so the filters went to the equipment supplier for more

detailed investigations, after which the test run will continue.



53

Reduction compared to pH
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Figure 15. Reduction of selected metals compared to pH at the sampling time.

Figure 15 shows the reduction on different sampling days, as well as the pH at the time of
sampling. Based on this Figure, it would seem that a high pH (>10) would have a negative
effect on the removal of the aluminium. For other metals, no clear correlation between pH
and reduction can be seen from these results. However, when reduction is plotted against
pH, no correlation can be seen (Figure 16).
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Figure 16. Reduction of Al, Hg and Zn plotted against pH.
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Reduction compared to conductivity

100 2500
90
80 2000
70 E,
60 1500 =
S B
g 50 &
2 40 1000 2
5 =]
& Ae— \/ g
30 &}
20 ™ 500
10 g n —#—Hg reduction
0 0 Zn reduction
293. 31.3. 24. 44. 6.4. 8.4. 10.4. 12.4. 14.4. —a— Al reduction
Date

—x— Conductivity

Figure 17. Reduction of selected metals compared to conductivity at the sampling time.

Figure 17 shows the reduction percentages and conductivity from the moment of sampling.
As with pH, conductivity also seems to have some kind of correlation, especially with the
reduction of aluminum. However, when drawing a graph of reduction as a function of

conductivity, no correlation is noticeable (Figure 18).
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Figure 18. Reduction of Al, Hg, and Zn plotted against conductivity.
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Reduction compared to temperature
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Figure 19. Reduction of selected metals compared to water temperature at the sampling time.

The temperature fluctuations were very small, and no clear correlation between temperature
change and reduction can be presented based on these results. Since the pilot unit was placed
after the heat exchanger, this was an expected result. However, since the temperature of the
flue gas condensate after the heat exchanger can rise to over 30 degrees in the summer, it
would also be good to test the effect of the temperature on the operation of the filters.
Technically, this is easy to implement because before the heat exchanger, there is a valve of

the same size as where the pilot device is now connected.

8.2 Statistical analysis

Due to the lack of results, a comprehensive analysis of the effect of different variables on
the reduction cannot be done. However, this chapter briefly reviews some commonly used
data processing methods, which can possibly be used in the evaluation of the final test
results. Various multivariate analyzes, such as multivariate linear regression, principal
component analysis, factor analysis, or multivariate analysis of variance could be performed
on the results. With these multivariate analysis methods, a huge amount of data can be set to
a simpler form without losing any significant information, and they can help to estimate
correlations between variables. These analyses can be performed, for example, with Matlab,

R, or in some cases, Excel.



56

Principal component and factor analysis are used to search variables that are most related.
The combination of these variables is turned into factors to reduce the number of variables.
The difference between these two methods is that factor analysis assumes that the data set
includes variables for which there are no measurement results, i.e., so-called hidden
variables, and that each factor explains the covariance of the variables. In principal
component analysis, there is no preconception about hidden variables, and the factors are
organized so the first factor explains most of the variations of the data set, the next factor
explains most of the remaining variations, and so on. Principal component analysis is a very
common method in chemometrics, as is Mahalanobis distance. (Wolfgangg and Léopold,
2015)

Mahalanobis distance is a method that can be, for example, used to tell if a singular sample
is a part of the data group or not. It measures how many standard deviations away the
objection point is from the mean value. For multiple variables, the usual visual presentation
of Mahalanobis distance, as seen in Figure 20, is the distance of observations from the center
of the data group, taking into account the covariance (which gives the shape to the data
group) of the group. (Brereton, 2015)
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Figure 20. Visual presentation of Mahalanobis distance. (Brereton, 2015)
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Regression analysis is used to search for connections between a dependent variable and the
independent variables. In multivariate regression analysis, the regression coefficient of each
variant tells how much the value of the dependent variable changes if the value of the
independent variable changes by one unit when the other independent variables are
standardized. In this way, it is possible to ensure that the change is really explained by this
particular independent variable and that a third variable does not influence the result.
(Wolfgangg and Léopold, 2015)

For example, regression analysis was run for aluminum reduction, with process variables as
independent variables, because aluminum obtained the most results. The regression analysis
report gives a lot of information, but p-values of the independent variables explains the
behaviour of the dependent variable if the value is below 0.05 (with 95 % confidence level).
Based on the results of the regression analysis in Table 15, there was no correlation between

any of the variables at the 95% confidence level.

Table 15. Regression analysis results for aluminum reduction.

SUMMARY OUTPUT

Regression Statistics

Multiple R 0,95
R Square 0,89
Adjusted R Square 0,16
Standard Error 15,03
Observations 9,00
ANOVA
df SS MS F Significance F
Regression 7 1912,41 273,20 1,21 0,61
Residual 1 225,82 225,82
Total 8 2138,22

Coefficients  Standard Error t Stat P-value Lower 95% Upper 95% Lower 95,0%  Upper 95,0%

Intercept 26,82 246,43 0,11 0,93 -3104,35 3157,99 -3104,35 3157,99
Total water amount (L) 0,00 0,00 -0,24 0,85 -0,02 0,02 -0,02 0,02
Flow (L/min) 0,44 15,64 0,03 0,98 -198,27 199,15 -198,27 199,15
pH (DCS) -8,10 5,90 -1,37 0,40 -83,08 66,89 -83,08 66,89
Conductivity uS/cm (DCS) 0,02 0,02 0,79 0,57 -0,26 0,30 -0,26 0,30
T°C(DCS) -1,66 16,31 -0,10 0,94 -208,96 205,63 -208,96 205,63
Turbidity mg/I (DCS) 1662,78 4572,61 0,36 0,78 -56437,68 59763,24 -56437,68 59763,24
Flue gas condensate flow

kg/s (DCS) -2,38 12,86 -0,19 0,88 -165,72 160,96 -165,72 160,96

However, regression analysis, like other methods, has limitations and assumptions that must

be taken into account when examining the results. With such a small amount of data, the



58

result is not very reliable anyway, so it is pointless to evaluate the significance of the result

more deeply.

8.3 Discussion and future perspectives

The reduction of aluminum was the clearest, and the results were the best in this pilot test
period, with an average reduction of 50 %. Due to legislation, aluminum does not have to be
monitored in the wastewater of the waste incineration plant, at least not yet, but it has caused
problems at the Jarvenpad power plant and in demineralized water systems in the waste
incineration plant. Based on these results, a 4D scavenger filter could also be considered for
the Jarvenpad power plant to remove aluminum from flue gas condensate. It is also worth
noting that the concentrations of all metals were very low throughout the test period; despite
that, the concentrations of almost all metals could be reduced. Only chromium was not

removed by these filters, as can be seen from the values in Table 13.

There was no clear correlation between the process variables and the reduction of selected
metals, but as already stated, the data set is too small to make any significant conclusions.
However, it is worth noting that in the samples taken 4.4. and 5.4., the reduction is at its
highest for aluminum. On those days, part of the flue gas condensate was softened water due
to the shutdown of the other boiler. It is known from experience that the pH and thus the
conductivity usually increase in the flue gas condensate when softened water is fed into it.
This is due to the poorer buffering capacity of softened water towards the pH-adjusting
chemical, sodium hydroxide. So excess amount of sodium hydroxide in the water may have
had an effect in the case of aluminum. As the test runs continue, it would be interesting to

test a longer period when softened water is fed into the flue gas condensate.

When the test runs continue, the feeding of the flue gas cleaning area's water into the flue
gas condensate will be tested also. This water fraction contains higher concentrations of
metals and solid matter, which Vantaa Energy would like to have treated with flue gas
condensate. The reason for this is that treatment of this water fraction as such is difficult and
disposal as hazardous waste is expensive. Large amounts of solid matter can hinder the
operation of 4D scavenger filters, but with pre-filtration, the treatment of this water fraction

should not cause problems for the pilot device. This test would provide higher metal
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concentrations for the pilot device, and a better understanding of the functionality of the

technology in this application.

Vantaa Energy sees the recovery and reuse of pH control chemicals as one possible use for
the 4D scavenger filter technology. Sodium hydroxide or magnesium hydroxide is used to
adjust the pH of the flue gas condensate, and since the adjustment is not always accurate
with concentrated chemicals, chemicals may be used in excess. Collecting the excess
chemical from the water and reusing it would save on chemical costs and bring positive
environmental effects, with reduced chemical loads and reduced chemical use. Phosphate is
used to adjust the pH of the boiler water, the recovery of which, especially at the
Martinlaakso power plant, would bring relief to microbiological problems due to the reduced
nutrient load. It would be worth testing the technology for these applications, although the
filters might have to be manufactured again for this.

The recovery of various valuable metals from the regeneration water of 4D scavenger filters
could also be one future application for the technology, depending on the amounts of metals

in the water.
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Conclusions

The purpose of the work was to find out the effectiveness of 3D-printed filters in the removal
of heavy metals from waste incineration flue gas condensates. The work carried out an
extensive literature review, which dealt with waste incineration from a circular economy
perspective, already used adsorption and ion exchange materials in the treatment of waters
containing heavy metals, and 3D printing in the production of water treatment materials. In
the experimental part, the operation of Weeefiner Oy's 4D scavenger filter pilot device was

tested in the treatment of Vantaa energia's flue gas condensate.

Based on the literature review, there is still a need to develop better water treatment methods,
and 3D printing brings many opportunities for this. Adsorption is an effective way to remove
trace concentrations from water, but among other things, increasing material prices drive
further development of more efficient and cheaper materials. With 3D printing, the
properties of the materials can be modified to be more selective towards individual
impurities, which makes it possible to increase the capacity of the material compared to
traditional materials. Thinking about the future, in the testing and development of 3D printed
materials, even more attention should be paid to the simultaneous removal of several
impurities, as well as the use of different matrices. Wastewater, especially from waste
incineration, is often of varying quality, with metal and salt concentrations varying greatly.

The techniques used should also work in these varying conditions.

In the experimental part, scheduling and technical problems caused challenges. The results
were not collected as much as planned, so drawing conclusions about the functionality of
the technology was challenging. The interpretation of the results was also complicated by
the fact that the equipment supplier suspected that one or more filter units were leaking,
which may be why the reduction percentages obtained were worse than assumed based on
preliminary tests. Based on the results obtained, the removal of aluminum in particular
seemed promising, and the technology was also seen to have applications at other power
plants. However, the piloting was continued after the completion of this thesis, and based on
the new results, it will be possible to make a more comprehensive assessment of the

functionality.
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