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Abstract

Access to clean drinking water is a human right and essential to a sustainable society. There-
fore, it is vital to ensure the access to and quality of the drinking water produced in the
Swedish drinking water treatment plants and other drinking water treatment plants around
the world. Thus, the Swedish National Food Agency, and other international organizations
and authorities such as the European Union and the European Food Safety Authority, have
introduced legislation and recommendations to ensure the production of healthy drinking
water.

As Norrvatten plan on expanding their drinking water treatment plant Görvälnverket, they
wish to have better treatment of per- and polyfluoroalkyl substances, also called PFAS
substances, to ensure the fulfillment of new legislation that will be implemented by 2026.
Therefore, this report investigates how different adsorption materials reduce the concentra-
tion of PFAS substances in the water through experimenting with pilot scaled carbon filters.
Beyond PFAS substances, this report also examined the treatment of dissolved organic car-
bon, ultraviolet absorption at 254 nm, and odor.

This study found that the carbon filter’s empty bed contact time did not significantly
affect the reduction of PFAS-substances and dissolved organic carbon when it comes to
biological activated carbon. Thus, a significant increase in the empty bed contact time only
slightly increased the removal of these substances. However, this study showed that the
empty bed contact time significantly affects the ultraviolet adsorption at 254 nm. Regard-
ing the reduction of PFAS substances, granular activated carbon gave a more significant
decrease compared to biological activated carbon. This trend was also seen in the reduction
of dissolved organic carbon and ultraviolet absorption at 254 nm. Higher concentrations of
dissolved organic carbon in the incoming water gave a lower decrease in PFAS reduction.
Higher values of ultraviolet absorption at 254 nm in the incoming water also decreased the
PFAS reduction. When it comes to odor, there was only one sample from the carbon filter
pilot plant where an odor was detected.

In the future, there needs to be a decision on what type of adsorption material to use
in Norrvatten’s future drinking water treatment plant. Dimensioning of the carbon filters
for the new drinking water treatment plant should also be made, as well as for deciding the
empty bed contact time, how often backwashing should be performed and how often they
should change the adsorption material.
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Sammanfattning

Tillg̊ang till rent dricksvatten är en mänsklig rättighet och en viktig del av ett h̊allbart
samhälle. Därför är det viktigt att säkerställa tillg̊angen till samt kvaliteten av dricksvattnet
som produceras i Sveriges vattenverk och i vattenverk världen över. Därför har Livsmedels-
verket, och andra internationella organisationer och myndigheter s̊a som Europeiska unionen
och Europeiska myndigheten för livsmedelssäkerhet, infört lagstiftning och rekommendatio-
ner för att säkerställa produktionen av ett hälsosamt dricksvatten.

I samband med Norrvattens utbyggnationer av deras vattenverk Görvälnverket önskas bättre
rening av högfluorerade ämnen, även kallade PFAS-ämnen, för att säkerställa uppfyllandet
av ny lagstiftning som träder i kraft år 2026. Denna rapport undersöker därför hur olika
adsorptionsmaterial reducerar mängden PFAS-ämnen i vattnet genom försök p̊a kolfilter i
pilotskala. Utöver rening av PFAS-ämnen undersöks även rening av löst organiskt kol, ult-
raviolett absorption vid 254 nm samt lukt.

Denna studie fann att uppeh̊allstiden i kolfiltret inte hade n̊agon större effekt p̊a reduk-
tionen av PFAS-ämnen och löst organiskt kol för biologiskt aktivt kol. S̊aledes, en stor
ökning i uppeh̊allstid gav endast en liten ökning av reduktion av dessa ämnen. Däremot vi-
sade uppeh̊allstiden ha en större effekt p̊a ultraviolett absorption vid 254 nm. När det gäller
reduktion av PFAS-ämnen gav granulerat aktivt kol en större reduktion jämfört med biolo-
giskt aktivt kol. Detsamma gällde reduktion av löst organiskt kol och ultraviolett absorption
vid 254 nm. Högre halter av löst organiskt kol i inkommande vatten minskade reduktionen
av PFAS. Samma trend kunde ses för ultraviolett absorption vid 254 nm, där högre värden
i inkommande vatten gav en minskad reduktion av PFAS. Vad gäller lukt p̊avisades lukt i
endast ett prov fr̊an kolfilter-piloten.

I framtiden bör beslut tas ang̊aende vilket adsorptionsmaterial som ska användas i Norr-
vattens nya vattenverk. Man bör ocks̊a dimensionera kolfilter för det nya vattenverket samt
bestämma deras uppeh̊allstid, hur ofta backspolning skall genomföras samt hur ofta adsorp-
tionsmaterialet bör bytas ut.
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Chapter 1

Introduction

Access to safe, affordable, and accessible water for drinking and domestic use is a human
right and is vital to human health. Access to clean drinking water can also improve the
economic situation and reduce poverty in exposed areas. Thus, clean water is essential to
sustainable development. Therefore, water is a part of the Sustainable development goals as
goal number 6, where target 6.1 aims for ”safely managed drinking water services” by 2030.
(WHO, 2019)

Besides personal use, access to clean drinking water is also a necessity for the food in-
dustry. The producers of drinking water are the ones responsible for the safety of the water.
Thus, they are accountable for guaranteeing that the drinking water does not contain any
bacteria or compounds that could be harmful to human health. (Livsmedelsverket, 2021a)

In Sweden, having access to clean drinking water is a given fact. The country’s citizens
use approximately 160 liters of water per day, whereas about 10 liters are used for drinking
and cooking (Livsmedelsverket, 2021a). Norrvatten is a municipal association located in
Stockholm that delivers drinking water to 14 municipalities in northern Stockholm. The
drinking water produced by Norrvatten is used by approximately 700 000 people in the
14 municipalities, by several hospitals, and at Arlanda airport. Norrvatten’s drinking wa-
ter treatment plant (DWTP) is called Görvälnverket and is located by the lake Mälaren
(Norrvatten, n.d.-b), from which they take their raw water (Norrvatten, n.d.-c).

As the population in northern Stockholm is increasing, Norrvatten will have to increase
its drinking water production. Due to this, Norrvatten plans to expand its DWTP to pro-
vide the growing population with clean and safe water. Also, the treatment process can be
improved, leading to better treatment of bacteria, viruses, and parasites. Norrvatten will
do the expansions of the DWTP in several steps. (Norrvatten, n.d.-a)

As part of Norrvatten’s future drinking water production, they want to include better treat-
ment of per- and polyfluoroalkyl substances (PFAS). Therefore, they have implemented a
carbon filter pilot plant to investigate what type of adsorption material to use in their future
DWTP. The carbon filter pilot plant is also used to test parameters such as dissolved organic
carbon (DOC), ultraviolet absorption at 254 nm (UV254), and odor. Measurements have
been made regularly since the carbon filter pilot plant was started in March 2021.
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1.1 Aim and objectives

The project aimed to give Norrvatten a basis for further investigation of what adsorption
material to use in their future DWTP. The main focus of this project is PFAS removal, but
removal of DOC, UV254 and smell was also investigated.

The objectives of this project were to:

• Investigate different adsorption materials to remove PFAS, DOC, UV254, and odor
from water.

• Investigate if the removal and/or concentration of PFAS, DOC and UV254 are influ-
enced by each other.

• Investigate if and how the empty bed contact time (EBCT) influences the removal of
PFAS, DOC, UV254, and odor from water.

1.2 Delimitations

This project was limited to the carbon filter pilot plant at Görvälnverket and focused on the
treatment of PFAS, DOC, UV254, and odor. Other important factors such as the reduction
of genotoxic effects will be evaluated elsewhere.
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Chapter 2

Background

This chapter aims to introduce the topics discussed in this report, including Norrvatten’s
water treatment process, relevant contaminants for this project, suitable separation tech-
niques, and the carbon filter pilot plant at Norrvatten. This part is based on a literature
review of research articles and textbooks on the subjects.

2.1 Water treatment at Görvälnverket

At Görvälnverket, the water is treated in several steps, both physically and chemically. This
process is illustrated in Figure 2.1, to which the numbers in the text below refer while ex-
plaining the different steps. (Norrvatten, n.d.-c)

The raw water is taken from Görvälnfjärden in Mälaren (1). Depending on the quality
of the water, the raw water is taken from two different depths, one deeper and one more
shallow. The water is then let through a sieve where larger objects are removed (2), for
example, algae or fish. After the sieve, there is a pump station (3), which makes it pos-
sible to control the flow rate of the water entering the treatment process. (Norrvatten, n.d.-c)

The water is pumped to a mixing chute (4), where aluminum sulfate is added as a co-
agulant. The water is then let into a flocculation chamber (5), where the aluminum sulfate
builds flocs that bind to organic particles, microorganisms (MOs), and mud. Sodium silicate
is added to make the flocs bigger. (Norrvatten, n.d.-c)

After flocs have been created, the water is let into a settling tank (6). In the settling
tank, the flocs sink to the bottom of the tank, where they are removed. After this, the
water goes into a sand filter (7), with a thickness of 1.5 meters, where the remaining flocs
are removed. After the sand filters, the water is pumped (8) through a carbon filter (9) to
increase the water quality further. The carbon filter has a thickness of 2.5 meters and is
filled with granulated activated carbon (GAC). The carbon filter decreases odor and tastes
disturbing substances in the water, giving it a better taste and smell. (Norrvatten, n.d.-c)

The water then goes through an ultraviolet (UV) reactor (10), where it is disinfected. The
final step of the treatment is to adjust pH (11), which is done by adding lime water until
a slightly alkaline pH is reached. The higher pH decreases the risk of corrosion in the pipe
network. A small dose of monochloramine is also added in this step to prevent bacterial
growth in the piping network. Lastly, the water is led to a reservoir from where it is pumped
to the customers (12). (Norrvatten, n.d.-c)
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Figure 2.1: Process scheme of Görvälnverket.

Görvälnverket has an enduring capacity of 160 000 m3/day and a maximum capacity of 200
000 m3/day. Due to the increasing demand for drinking water in the area, Norrvatten is
planning to increase the maximum capacity of Görvälnverket to 220 000 m3/day by 2030.
Also, due to future stricter requirements for PFAS substances, Norrvatten has implemented
requirements regarding PFAS, which will apply until further notice. For PFAS 11 the re-
quirement follows the Swedish National Food Agency’s limit of <90 ng/l, for PFAS 21 the
requirement follows Dricksvattendirektivet’s limit of <100 ng/l and for PFAS 4 the require-
ment is following The European Food Safety Authority’s (EFSA) limit of <3.8 ng/l. (Heldt,
2021)

2.2 PFAS

Per- and polyfluorinated alkyl substances (PFAS) are a large group of anthropogenic chem-
icals that have been used since around the 1950s (Hauk̊as, Berger, Hop, Gulliksen, &
Gabrielsen, 2007). However, it was not until the 2000s that the insight of PFAS widely
spreading in the environment came (Livsmedelsverket, 2021b). The unique properties of
PFAS (Hauk̊as et al., 2007), such as being waterproof, greaseproof, and having non-stick
properties (Pelch, Reade, Wolffe, & Kwiatkowski, 2019), make them very attractive within
the industry. Therefore, PFAS substances are often used in pesticides, paints, medicines,
stain repelling agents, lubricants, fluoropolymers, and fire-fighting foams. However, these
properties also make them harmful to organisms and ecosystems, and they are highly resis-
tant to degradation (Hauk̊as et al., 2007).

There are over 4700 substances of PFAS, and the most common ones are Perfluorooc-
tane sulfonic acid (PFOS) and Perfluorooctanoic acid (PFOA). The molecular structures
of PFOS and PFOA are shown in Figure 2.2. Since 2008, it is not allowed to use PFOS
or other substances that could break down into PFOS within the European Union (EU),
with some exceptions, while from 2020, the use of PFOA was also forbidden. Therefore,
other PFAS substances have replaced PFOS and PFOA in many cases within the industry.
(Livsmedelsverket, 2021b)
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Figure 2.2: Molecular structures of PFOS (top) and PFOA (bottom).

Some essential physical and chemical properties of PFOS and PFOA are molecular weight,
boiling point, vapor pressure, water solubility, and half-life in water and atmosphere. These
properties for PFOS and PFOA are presented in Table 2.1. (Kucharzyk, Darlington, Benotti,
Deeb, & Hawley, 2017) (EPA, 2017)

Table 2.1: Physical and chemical properties of PFOS and PFOA.

Property PFOS PFOA
Molecular weight (g/mol) 538 414
Boiling point (°C) 259 192
Vapour pressure (mm HG at 25 °C) 0.002 0.525
Water solubility (mg/L at 25 °C) 680 9500
Half-life in atmosphere (days, at 25°C) 114 90
Half-life in water (years, at 25°C) 41 92

The properties of PFAS show that they are not suitable for long way travels in the at-
mosphere. However, they can travel a long way in water as dissolved or bound to particles
(Hauk̊as et al., 2007). PFAS substances are also known to accumulate in snow and ice; hence
the concentration of PFASs in raw water decreases during the wintertime and increases in
spring when the snow and ice melt (Muir et al., 2019).

Since 2014, there has been an action limit of 90 ng PFAS/l in Sweden set by the Swedish Na-
tional Food Agency. In 2014, this limit included seven PFAS substances (PFAS 7); however,
in 2016, this was extended to eleven substances (PFAS 11). The PFAS substances included
in PFAS 11 are presented in Table 2.2, together with the current/suggested limit value.
The full names of the PFAS substances presented in Table 2.2 can be found in Appendix
A (Livsmedelsverket, 2022). Producers of drinking water are recommended to follow the
action limit of 90 ng/l and to take action if the concentration of PFAS is over the limiting
value. (Lindfeldt, Gyllenhammar, Strandh, & Halldin Ankarberg, 2021)

The EU decided in December 2020 to incorporate limit values for PFAS substances, bind-
ing to all countries in the union. However, countries within the union may have stricter
legislation in their regulations. The European Commission has set limit values for PFAS in
drinking water, where the limit value for PFAS 20 (the sum of 20 PFAS substances) is set
to 100 ng/l, and the limit value for all PFAS substances is 500 ng/l. (Livsmedelsverket, 2022)
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The Swedish National Food Agency suggest to implement a limit value for PFAS 21 (PFAS
20 + the PFAS substance 6:2 FTS) of 100 ng/l. They also suggest implementing a limit
value for PFAS 4 (the sum of four PFAS substances) of 4 ng/l. New legislation, including
limiting values for PFAS 4 and PFAS 21 is proposed to be implemented by the 1st of Jan-
uary 2023. The new limit values for PFAS should be applied by drinking water producers
the 1st of January 2026. The substances included in PFAS 4 and PFAS 21 are presented
in Table 2.2, together with the current/suggested limit value (Livsmedelsverket, 2022). The
full names of the PFAS substances presented in Table 2.2 can be found in Appendix A.

Table 2.2: PFAS substances included in PFAS 4, 11 and 21 and the limit values.

PFAS 4 PFAS 11 PFAS 21
4 [ng/l] 90 [ng/l] 100 [ng/l]
PFOA PFOA PFOA
PFNA PFNA PFNA
PFOS PFOS PFOS
PFHxS PFHxS PFHxS

PFBA PFBA
PFPA PFPA
PFHxA PFHxA
PFHpA PFHpA
PFDA PFDA
PFBS PFBS
6:2 FTS 6:2 FTS

PFUnDA
PFDoDA
PFTrDA
PFPS
PFHpS
PFNS
PFDS
PFUnDS
PFDoDS
PFTrDS

PFAS substances can be divided into short- and long-chain PFASs, where short-chain PFASs
are PFAS substances that have six or fewer carbons, and long-chained PFASs have more
than six carbons. Short-chain PFASs include PFBS, PFBA, PFPnA, PFHxA and PFHpA.
Examples of long-chain PFASs are PFOS, PFOA, PFNA, PFDA, PFUdA, and PFDoA. A
study performed by Zhao et al. (2016) of water from the Yellow River in China showed that
up to 88% of the PFAS substances were short-chain PFASs. (Zhao et al., 2016)

Humans are more sensitive to exposure to long-chain PFAS substances since long-chain
PFASs accumulate more easily in the human body. Long-chain PFASs also accumulate eas-
ier in animals and the earth’s sediment than in short-chain PFAS substances. Short-chain
PFASs, on the other hand, accumulate easier in the environment because they are more
persistent and have higher mobility in water and air compared to long-chain PFASs. (EEA,
2019)

A study performed by Filipovic et al. (2018) assessed the concentration of PFAS substances
in different places of the lake Mälaren, including Görväln. The water samples were collected
at the water surface at a depth of 0.5 meters. Görväln, together with Rödenstensfjärden,
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had the lowest concentrations of PFAS in the surface water. The reason for this could be
that these two basins are deeper than the other sample points and are located in areas with
lower populations, according to the authors. The PFAS substances found in Görväln in this
study are presented in Table 2.3. (Filipovic et al., 2018)

Table 2.3: PFAS substances found in Görväln year 2018 at 0.5m depth.

Substance Concentration [ng/l]
PFBA 2.36
PFPeA 1.26
PFHxA 2.01
PFHpA 0.65
PFOA 1.77
PFNA 0.54
PFUnDA 0.02
PFBS 1.91
L-PFHxS* 1.42
B-PFHxS** 0.23

* L means Linear isomer. ** B means Branched isomer.

2.2.1 Health effects of PFAS

Humans are exposed to PFAS substances in several ways, including PFAS contaminated
drinking water and foods, through inhalation of PFAS contaminated air, and contact with
PFAS contaminated surfaces. Since PFAS easily accumulates in oceans and other water
sources, it is hard to avoid PFAS exposure even if products with direct exposures are phased
out. Thus, it is important to understand the exposure pathways. (Sunderland et al., 2019)

Studies have shown that PFAS substances can remain in the human body for up to 8-9
years and can negatively affect human health. For example, exposure to the PFAS sub-
stance PFOA could lead to high cholesterol levels, kidney cancer, testicular cancer, thyroid
disease, and preeclampsia during pregnancy. PFAS exposure is also critical to children and
can affect growth and learning, reduce fertility, disturb the hormonal balance, and affect the
immune system. (Anderko & Pennea, 2020)

EFSA established a tolerable daily intake (TDI) of PFOS and PFOA in 2008. TDI is
the amount of a substance that a human can consume daily without it being harmful. The
TDI for PFOS is 150 ng/kg body weight, and the TDI for PFOA is 1500 ng/kg body weight.
These numbers are based on studies performed on animals. (Livsmedelsverket, 2021b)

The intake of PFAS substances varies a lot in the EU; however, the mean exposure of
PFAS substances from foods and drinks is between 3 to 22 ng/kg body weight and week.
The exposure to PFAS is about twice as high for children compared to adults, and young
adults (Livsmedelsverket, 2021b). The reason for this is that children are still in the de-
veloping phase and may therefore be more sensitive to harmful substances. Children also
eat more food, drink more water, and breathe more air per kg of body weight compared
to adults. Another reason why children are more exposed to PFAS substances is that they
crawl on floors that might be covered in carpets treated with PFAS substances. Also, they
are more likely to put things like toys in their mouth that may also be contaminated with
PFAS substances (EPA, n.d.-a). The foods and drinks that contribute the most to PFAS
exposure are drinking water, fish, fruit, and eggs. (Livsmedelsverket, 2021b)
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2.2.2 Removal of PFAS

There are several treatment technologies to remove PFAS substances from water. The
most commonly used treatment technology for removing the substances PFOS and PFOA
is carbon adsorption. Other promising treatment technologies are sonochemistry, filtration
(Kucharzyk et al., 2017), and ion exchange (Woodard, Berry, & Newman, 2017).

Adsorption of PFAS substances on activated carbon (AC) or GAC is very effective and
can remove over 90% of PFOS. However, smaller PFAS substances’ sorption kinetics is
slower than longer-chain PFAS substances. Therefore, adsorption on GAC is optimized
for PFOS removal and thus might not remove other PFAS substances with shorter chains.
Using thermal destruction is a common way to handle spent GAC from water treatment.
Though, since PFAS substances have high thermal reactivity, high temperatures are needed
in order to destroy them. Usually, a temperature of around 1000°C is used. However, lab-
oratory studies have shown that over 99% of PFOS is degraded at a temperature of 600°C
(Kucharzyk et al., 2017). Adsorption on GAC can also be coupled with pre-ozonation. This
will reduce the number of organic micropollutants in the finished product and increase the
lifetime of the GAC filters (Ullberg, 2022).

Sonochemistry for PFAS removal uses acoustic waves in water at frequencies between 20
to 1000 kHz. This results in cavitation, where microbubbles are formed, grow and then
collapse. As a result of the cavitation, the temperature and pressure increase. The temper-
ature during cavitation can reach 5000 K, and the pressure can reach 2000 atm (Nzeribe,
Crimi, Mededovic Thagard, & Holsen, 2019). According to a study performed by (Vecitis,
Park, Cheng, Mader, & Hoffmann, 2008) the concentrations of PFOS and PFOA decreased
within the range of 39% to 44% when the initial concentrations of PFOS and PFOA were
between 20 nM to 200 mM and using irradiation of 354 kHz (Kucharzyk et al., 2017). Even
though sonochemistry seems like a promising method for PFAS removal, more research is
needed to make practical applications out of current research (Cao, Zhang, Wang, & Liang,
2020).

When using filtration for PFAS removal, filters with smaller pore sizes are desirable. There-
fore, nanofiltration (NF) or reverse osmosis (RO) are the most applicable filters. However,
microfiltration and ultrafiltration could also be used. For RO, the rejection rate of PFOS is
usually higher than 99%, while for NF the corresponding number is within the range of 90%
to 99% (Kucharzyk et al., 2017). This technique is often called membrane separation, and
it does not solve the problem itself. Membrane separation separates substances, in this case
PFAS, from the main stream, generating another stream with a higher PFAS concentration.
Hence, PFAS contaminated water remains a problem (Singh, 2014).

Ion exchange resin was compared to GAC for PFAS removal in a study performed by Amec
Foster Wheeler and Emerging Compounds Treatment Technologies, Inc. The result from
their study showed that when using the same empty bed contact time (EBCT), the ion
exchange resin could treat over eight times more bed volumes (BV) of water compared to
GAC before the limit for PFOS set by the Environmental Protection Agency (EPA) was
exceeded. For PFOA, the ion exchange resin could treat six times more BVs. EPA set
the limit of 0.070 g/L of both PFOS and PFOA combined. The EBCT for this study was
five minutes (Woodard et al., 2017). However, ion exchange is much more expensive than
other separation techniques for PFAS removal. Ion exchange resins are, for example, ap-
proximately three to five times more expensive per unit volume than GAC (CalgonCarbon,
n.d.).
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2.3 Parameters influencing the water quality

Several parameters can influence the quality of drinking water. Some examples are taste,
odor, DOC and UV254. These parameters are explained in this sub-chapter to give a better
understanding in order to conclude the project results.

2.3.1 Taste and odor

Acceptable drinking water does not only concern health effects but also more noticeable
qualities such as taste and odor. These more noticeable qualities often determine whether
the drinking water is acceptable to customers. Noticeable qualities such as taste and odor
occur more often in drinking water from groundwater sources compared to sources from
surface water. This is because the groundwater reacts with the sediment and aquifer rocks.
(USGS Water Resources, 2018)

Compounds that can disturb taste and odor are presented in Table 2.4, together with sec-
ondary maximum contaminant levels (SMCL). The SMCL are guidelines created by EPA to
assist public waterworks in handling the noticeable qualities of the water. (EPA, n.d.-b)

Table 2.4: Secondary maximum contaminant levels (SMCL) in drinking water.

Contaminant SMCL Noticeable Effects above the SMCL
Chloride 250 mg/L Salty taste
Copper 1.0 mg/L Metallic taste
Corrosivity Non-corrosive Metallic taste
Foaming agents 0.5 mg/L Bitter taste, odor
Iron 0.3 mg/L Metallic taste
Manganese 0.05 mg/L Bitter metallic taste
Odor 3 TON* ”Rotten-egg”, musty or chemical smell
pH 6.5-8.5 Low pH: bitter metallic taste.

High pH: soda taste
Sulfate 250 mg/L Salty taste
TDS** 500 mg/L Salty taste
Zinc 5 mg/L Metallic taste

*Threshold odor number. **Total Dissolved Solids.

The SMCLs are not based on human health and are not enforceable; however, some of
the contaminants presented in Table 2.4 can indicate human health risks. For example, a
high concentration of total dissolved solids (TDS) is not hazardous but could indicate ele-
vated concentrations of elements such as uranium or arsenic. Therefore, the SMCLs can be
indicated when broader testing of contaminants in drinking water is needed. (USGS Water
Resources, 2018)

2.3.2 Dissolved organic carbon

Dissolved organic carbon (DOC) are naturally occurring components in water sources and
consist of a complex mixture of carbon-rich compounds, both aliphatic and aromatic car-
bons. DOC is of high importance for aquatic ecosystems. However, an increasing amount
of DOC has been observed in the Northern Hemisphere, which can harm the water quality.
Higher concentrations of DOC can lead to more colored or darker water. The concentration
of DOC can also impact the water’s composition, including nutrients and pollutants such as
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heavy metals. (Pagano, Bida, & Kenny, 2014)

Since the raw water used for drinking water treatment is often taken from natural water
sources, an increasing amount of DOC can significantly influence the quality of the drinking
water (Pagano et al., 2014). DOC has also been shown to affect the formation of disinfection
by-products (DBP); thus, increasing amounts of DOC leads to increasing amounts of DBP
(Curl, Swaim, & Bellamy, 2014). It is not yet certain what has caused the increase of DOC
in natural water sources; however, some explanations have been proposed. The two main
mechanisms are the increasing amounts of climate change agents, and a decreased deposition
of atmospheric acid (Pagano et al., 2014).

Some treatment techniques that can be used to remove DOC are adsorption by GAC,
lime softening, enhanced coagulation, and ozone/biologically active carbon filtration. When
comparing these four techniques, adsorption by GAC is relatively expensive due to both
construction costs and operational costs. However, when comparing the annual greenhouse
gas (GHG) emissions, adsorption on GAC is a promising method. Though, the decision
of treatment technique should not be based only on the costs and the GHG emissions as
some techniques can provide other benefits than just the removal of DOC. For example,
ozone/biologically active carbon filtration can also remove turbidity. (Curl et al., 2014)

A study by Lavonen (2020) showed that the reduction of DOC is increased by increas-
ing the EBCT when using new Norit 1240W (GAC). Thus, a longer EBCT gives a higher
reduction of DOC. This study also investigated the effect of pre-ozination; however, the
pre-ozonation did not have a significant effect when it came to DOC removal. For DOC the
breakthrough was seen at approximately 11 000 BVs where the reduction was stable around
5 ± 2%. (Lavonen, 2020)

2.3.3 UV transmission and UV absorption

When using UV disinfection, an important parameter is how transparent the water is to
UV light, often indicated as UV transmission or UV absorption. UV transmission and UV
absorption are measured in a spectrophotometer where UV light, with the wavelength 254
nm, is passed through the water sample in a cuvette. The cuvette length is usually 1 cm,
but 4 and 5 cm are also common lengths of the cuvette. (Svenskt Vatten, 2009)

The UV transmission shows how many percent (%) of the ingoing UV light passes through
the water sample in a specific cuvette. The UV-absorption shows how much the intensity is
reduced in the same cuvette. UV-absorption is affected by the amount of organic matter in
the water, mainly humic substances. (Svenskt Vatten, 2009)

In a study performed by Lavonen (2020) it was shown that the reduction of UV254 increases
as the EBCT increases when using new Norit 1240W (GAC). The reduction of UV254 was
also shown to increase by using pre-ozonation. The pre-ozonation reduced the UV254 in the
water by 40% and 50% for 20-24 minutes and 43-46 minutes EBCT, respectively, compared
to not using pre-ozonation. When it came to UV254, breakthrough was seen at around 12
000 BVs, where the reduction was stable around 9 ± 2%. (Lavonen, 2020)

2.4 Adsorption

Adsorption is a surface process where a molecule or ion (adsorbate) sticks to a surface
(adsorbent). The adsorbate can be present in either a gas or a liquid, hence the adsorption
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process can remove particles both from gasses and liquids. The reverse process is called
desorption (Artioli, 2008). Figure 2.3 shows a schematic representation of the adsorption and
desorption processes (Pourhakkak, Taghizadeh, Taghizadeh, Ghaedi, & Haghdoust, 2021).

Figure 2.3: Schematic representation of adsorption and desorption.

Separation processes are affected by both chemical and physical conditions. For adsorption,
these are particularly pH, temperature and reduction–oxidation conditions. Since adsorp-
tion is a surface process, another important condition for the process is the surface area
of the adsorbent (Artioli, 2008). When the surface area of the adsorbent is larger, the ad-
sorbent is able to adsorb more substances. Thus, porous substances are better adsorbents
since they generally have a larger surface per volume (Dabrowski, 2001). Example of porous
adsorbents are AC or clay (Artioli, 2008). When the adsorption capacity of the adsorbent
is consumed, no more adsorbates can be adsorbed onto the surface (Chowdhury et al., 2013).

Adsorption is a commonly used separation technique in the industry mainly due to its
economical, environmental and energy saving aspects (Dabrowski, 2001). Using AC for
adsorption is often economically feasible due to the high internal surface area. However,
different adsorbents are suited for adsorption of different compounds. Therefore, the choice
of adsorbent is also dependent on the properties of the compounds that are to be removed
(Chowdhury et al., 2013).

2.4.1 Adsorption in water treatment

In water treatment, adsorption is often used to remove contaminants that are dissolved in the
water. This is done by either a steady-state process or a non-steady state process. Powdered
activated carbon (PAC) is often used for the steady-state process. When the PAC is spent,
it is removed from the process as a solid residual. GAC is often used for the non-steady
state process. When the GAC is spent, it is replaced by new GAC. (Chowdhury et al., 2013)

Adsorption for water treatment is relatively cheap compared to other techniques, where
the adsorbent stands for about 70% of the operational costs. Therefore, when choosing the
type of adsorbent, it is important to consider its price while also choosing an adsorbent that
can be regenerated and reused. Other important factors when choosing an adsorbent are
the adsorption capacity, efficiency, and kinetics. (Dotto & McKay, 2020)

For large-scale water treatment, adsorption often proceeds in a fixed bed where the ad-
sorbent is packed in an adsorption column. Contaminated water is pumped through the
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adsorption column until the adsorbent is saturated (Dotto & McKay, 2020). This pro-
cess can handle a continuously high effluent flow rate, and it removes dissolved pollutants
(Karunarathne & Amarasinghe, 2013). If AC is used as an adsorbent, the fixed bed column
can be called a carbon filter. Figure 2.4 illustrates a carbon filter.

Figure 2.4: Illustration of a carbon filter.

Adsorption can remove emerging contaminants (ECs). ECs are mainly organic compounds
of growing concern, and they come from anthropogenic sources. Examples of some ECs are
pesticides, flame retardants, disinfectants, pharmaceuticals, personal care products, laundry
detergents, and reactants. Adsorbents such as AC, modified biochars, and composite adsor-
bents are being used to remove ECs from water and wastewater. (Lima et al., 2018)

MOs often colonize GAC used in DWTPs, forming biofilms. The biofilm can increase the
removal of natural organic matter by biodegradation. However, biofilm can cause clogging
of the system; therefore, backwashing is needed more frequently (Gibert et al., 2013). The
MOs in the biofilm biodegrade particles in the water, which extends the lifetime of the GAC
since the MOs will remove particles from the water when the GAC can no longer adsorb
them. Hence, letting the GAC turn into biological activated carbon (BAC) has environ-
mental benefits. (Simpson, 2008). It takes approximately six to seven months for GAC to
become BAC (Doederer et al., 2018). Biofilm is also known to bioaccumulate PFAS present
in water (Zhang et al., 2022).

2.5 Carbon filter pilot plant at Norrvatten

Norrvatten has an active carbon filter pilot plant where they investigate the reduction of
PFAS and genotoxicity present in water. The carbon filter pilot plant was put into opera-
tion in March 2021 and will run for 18 months. Measurements are done every 1-3 months
and include analysis of PFAS, genotoxicity, and other water quality parameters such as UV,
turbidity, DOC, and odor.

Before the water enters the carbon filter pilot plant, it is treated by the sand filter from
the full-scale treatment process. Figure 2.5 shows the setup of the carbon filter pilot plant
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at Norrvatten. In the figure, raw water is indicated by RW, and SF indicates sand filter.
The columns in the carbon filter pilot plant is indicated by K1-K9.

Figure 2.5: Schematic representation of the carbon filter pilot plant at Norrvatten.

Eight of columns in the carbon filter pilot plant are filled with different materials. Seven of
them are filled with different types of GAC, and one is filled with leca (K1). One column
is empty (K5) to use as a reference, thus sand filtrate was going through K5. The reason
for testing different materials is to see if GAC generally can remove 50% of the incoming
PFAS and genotoxicity, as well as how long the carbon can be operated before regeneration.
Another reason to test different materials is to get a basis for further research of which
material should be used at Norrvatten’s new waterworks. Table 2.5 shows the material and
material type in every column, along with the age and the EBCT. As shown in Table 2.5,
column 4 (K4) and coulmn 7 (K7) are filled with saturated GAC, and are known to have
biofilm (BAC). Column 1 (K1), which is filled with leca, is also known to have biofilm.

Table 2.5: Parameters of the different columns of the carbon filter pilot plant at Norrvatten.

Code Type Material Age EBCT [min] Abbreviation
K1 Filtralite Mono Leca New 20 K1 Filtralite
K2 Norit 1240W Coal New 20 K2 N1240
K3 Norit 1240W Coal New 20 K3 N1240
K4 Norit 830W Coal Sat.* 20 K4 N830 20’
K5 - Ref.** - 20
K6 Filtrasorb 300 Coal New 20 K6 F300
K7 Norit 830W Coal Sat.* 6-20 K7 N830 6’
K8 Filtrasorb 300HA Coal New 20 K8 F300HA
K9 Filtrasorb 400 Coal New 20 K9 F400

* Sat. = Saturated. ** Ref. = Reference.
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Chapter 3

Methods

3.1 Start-up for new GAC

Before filling the columns with new GAC, the GAC needs to be washed. This is done by
soaking it in Milli-Q water in order to remove fine particles. For the fine particles to float to
the surface, one needs to stir the coal. The fine particles can then be removed with paper,
and the water is poured off.

The columns are then filled with wet GAC from the top of the column to a bed height
of approximately 1 meter. For this experiment, columns 1, 2, 3, 4, 5, and 7 were started on
the 25th of March 2021, column 8 was started on the 23rd of July 2021, and columns 6 and
9 were started on the 17th of August 2021.

3.2 Backwashing and flow control

Backwashing must be performed on columns 1-4 and 6-9 weekly. This is done by changing
the direction of the flow and pumping water up the column. The pump used for backwashing
the columns is a 1.5 kW pump made by Grundfoss.

The flow rate is increased so that most of carbon bed is lifted up and gets fluidized. However,
the carbon must not be let out in the water outlet at the top, which would lead to losses of
GAC. After a few minutes, the flow rate should be decreased so that it is about 30% of the
original height, where it is backwashed for about 15-20 minutes.

After the backwashing has been performed, the flow rate needs to be controlled. This
is done by measuring the amount of water that comes out from each column during 30
seconds using a 500 ml measuring glass. If the flow rate is too low or too high, the flow rate
is changed by adjusting the valve. This is done until the retention time is approximately
20 minutes for columns 1-5 and 8-9 and about 6 minutes for column 7. The flow rate is
documented in order to calculate the BV.

3.3 Sample collection

Sample collection is done regularly by collecting water from the outlets of carbon filter pilot
plant’s columns and other places in the DWTP. The water is collected in different bottles
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made of plastic or glass, depending on the type of sample. Abbreviations for the different
sampling points for this project are listed in Table 3.1.

Table 3.1: Sampling points, abbreviations and explanations.

Abbreviations Explanation
PP100 Raw water
PP140 After sand filter
PP160 After full-scale GAC
K1 Column 1
K2 Column 2
K3 Column 3
K4 Column 4
K5 Column 5
K6 Column 6
K7 Column 7
K8 Column 8
K9 Column 9
PP208 Outgoing drinking water

Sample collections included in this report were made on the 13th of September 2021, the
25th of October 2021, the 29th of November 2021, the 17th of January 2022, the 14th of
February 2022 and the 16th of March 2022. The collected samples were tested for PFAS,
DOC, UV254, and odor.

3.4 Analysis

The analyses for the collected water samples were performed by the laboratory at Norrvatten
and by Eurofins, see Table 3.2. The uncertainties for the measurements are also presented in
3.2. The uncertainties for sums and reductions were calculated using the equations presented
in Appendix B.

Table 3.2: Analyses of water samples.

Type Laboratory Measurement uncertainty
PFAS Eurofins 29%
DOC Norrvatten 15%
UV254 Norrvatten 5%
Odor Norrvatten

3.5 Compiling of data

The compiling of data for this project was mainly done in Microsoft Excel. In Microsoft Ex-
cel, the BVs were calculated as well as the reduction of PFAS, DOC, and UV254. Microsoft
Excel was also used to plot the concentrations of PFAS, DOC, and UV254. aCurve has also
been used to find raw data for DOC and UV254 in the raw water (PP100).
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The BVs were calculated using equation (1):

BV [l] = 100 · (
∆t ·Qaverage

Vbed
)

where ∆t is the difference in time between backwashes and/or flow controls in minutes,
Qaverage is the average of the flow rate over ∆t, and Vbed is the volume of the carbon in
the column. This yields a value of how many liters of water have been treated for each liter
of carbon that the column is filled with, making it easier to scale up. The BV has been
calculated after every backwash and flow control. The value for the BV from the previous
calculation was always added to the new value of the BV, yielding the current BV.

The reductions were calculated using equation (2):

Reduction[%] = 100 · (
C0 − C

C0
)

where C0 is the concentration of the incoming water (after sand filtration) and C is the
concentration of the outgoing water (after the column of the carbon filter pilot).
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Chapter 4

Results and discussion

In this chapter, the results from this project are presented and discussed. The results are
divided into subchapters to make the results and discussion easier to follow. The BVs of
the columns in the carbon filter pilot plant are relevant for all the subchapters; hence they
are presented here.

The BVs of the columns in the carbon filter pilot plant were calculated using equation
(1) and are presented in Figure 4.1. The columns of the carbon filter pilot plant were
not started on the same date; hence the starting points for the graphs in the figure are
different. K1-4 and K7 were started on the 25th of March 2021, K8 was started on the
23rd of July 2021, and K9 and K6 were started on the 17th of August 2021. As shown
in Figure 4.1, the BVs are increasing over time, which is expected as water continuously
flows through the columns. The BVs of K1-6 and K8-9 also increased at approximately the
same rate, which is also expected since the EBCT is approximately 20 minutes for all of
them. However, the EBCT of K7 was deliberately reduced from 20 minutes to 6 minutes
on the 29th of October 2021; hence the bed volume increased at a higher rate after this date.

The data for the BVs of all of the columns, as well as the gone time in months (GTM), is
presented in Appendix C.

Figure 4.1: Bed volumes of the columns in the carbon pilot plant over time.

In this report, the results are primarily compared on the basis of the BVs of the columns
since this is more accurate than the time when it comes to the treatment of substances. The
reason for this is that the flow rate fluctuated over time, thus the columns do not have a
consistent EBCT of precisely 6 or 20 minutes. Due to this, the columns will have treated
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different amounts of water, even though they were started at the same time and have the
same intended EBCT. Thus, the carbon in the columns has a different degree of saturation,
which need to be considered when making comparisons. Therefore, the BVs were used for
comparison when possible.

Since the measurements have uncertainties, as shown in Table 3.2, it is essential to con-
sider these when comparing the results and drawing conclusions. Due to the measurement
uncertainties, some data points significantly have the same value. However, one can always
see trends in the results.

The measurement uncertainty for PFAS is 29%, giving an uncertainty of 41% for sums
of PFAS and about 50% uncertainty for reductions of PFAS. For DOC, the measurement
uncertainty is 15%, yielding an uncertainty of 26% for reductions of DOC. Lastly, the uncer-
tainty for UV254 is 5%, resulting in an uncertainty of about 8.7% for reductions of UV254.
For more information on the equations used for these calculations, see Appendix B.

4.1 PFAS

The PFAS substances that have been detected in the raw water from Görväln, Mälaren,
during this project are PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFBS, PFHxS, PFOS
and PFNA. The measured concentrations of these substances are presented in Figure 4.2.
As can be seen in Figure 4.2, the trend is that the concentrations of most of the PFAS
substances decrease during the winter months (November to February). This could be due
to PFASs accumulating in snow and ice during the winter, to then being released into the
water systems when the snow and ice melt during the spring. The trend shown in Figure 4.2
indicates that PFBA and PFOS generally have higher concentrations than the other PFAS
substances detected in Görväln.

As can be seen in Figure 4.2, most of the data points for one given PFAS substance sta-
tistically have the same value. Therefore, statistically, the concentration of the measured
PFAS substances could mostly be considered constant throughout the year. This may also
be related to the absolute concentration values, which are quite low, thus hindering the
measurements due to the detection limits of the analytical techniques. The only exception,
in this case, is PFHxA which decreases between November and January.
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Figure 4.2: Concentration of PFAS substances detected in raw water from Görväln over
time.

In Sweden, there are no legislations or guidelines for individual PFAS substances. However,
the Swedish National Food Agency has implemented an action limit for PFAS 11 which is
90 ng/l. The concentrations of PFAS 11, together with the concentrations of PFAS 4 and
PFAS 21, in the raw water from Görväln are presented in Figure 4.3. The sum of PFAS
11 and the sum of PFAS 21 have the same value for all of the data points throughout this
project. This is because the substances included in PFAS 21, which are not a part of PFAS
11, were under the limit of detection (LOD) and have therefore been excluded.

As shown in Figure 4.3, the sum of PFAS 11 and PFAS 21 in the raw water from Görväln is
always lower than the action limit of 90 ng/l. However, the sum of PFAS 4 in the raw water
from Görväln is over the limit of 4 ng/l that is going to be implemented in Sweden for most
of the samples. One can also see a trend for the concentrations of PFAS 4, PFAS 11, and
PFAS 21 that shows a slight decrease during the winter months (November to February)
and then an increase towards the spring. This was expected since the same trend could
be seen in Figure 4.2. However, the uncertainties in the measurements shadow the macro
trends shown in the figure. Thus, statistically, the total PFAS concentration throughout the
year can be considered constant. This could be beneficial since it makes it easier to treat
them.

The raw data for all PFAS substances for every sample collection and the sum of PFAS
4, PFAS 11, and PFAS 21 is presented in Appendix D.
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Figure 4.3: Concentration of PFAS 4, 11 and 21 in raw water from Görväln over time.

The reduction of PFAS 4 for columns K1-K4 and K6-K9 were calculated using equation (2)
and are presented in Figure 4.4. Figure 4.4 a) and b) show the BVs on the x-axis while
Figure 4.4 c) and d) show the gone time in months (GTM) since the columns were started.
Figure 4.4 a) and c) include the columns filled with GAC and Figure 4.4 b) and d) include
the columns filled with BAC.

As expected, the trend is that the reduction decreases when the BV and GTM increases for
most of the columns. However, this is not the case for K1 (Filtralite), K2 (N1240), K4 (N830
20’), and K7 (N830 6’). The reason why the reduction increases for K1, K4, and K7 could be
because these columns have biofilm (BAC). The MOs on the biofilm could have contributed
to the removal of PFAS substances. The reason why the reduction of K2 increased towards
the end could be because a biofilm has been formed in the column. In that case, the MOs in
the biofilm could have, indirectly or directly, contributed to the removal of PFAS, through
for example bioaccumulation. An indirect removal of PFAS by biofilm could be that the
biofilm remove organic matter that was adsorbed onto the GAC, leaving empty slots on the
GAC for PFAS to be adsorbed. According to the trend in Figure 4.4, the PFAS 4 reduction
in K2 increased from 29.8% to 56.4% between 21 000 and 22 800 BVs (10.7 to 11.7 months).

When analyzing the broad picture in Figure 4.4, one can see a trend indicating that the re-
ductions were decreased between the first and last measurements conducted for K3 (N1240),
K6 (F300), K8 (F300HA), and K9 (F400). This would be expected since the GAC is ex-
pected to be more saturated over time. The trends shown in the figure also indicate that
these columns could be near breakthrough, since the curves have seemed to flatten. This
happened between approximately 10 900 and 13 300 BVs (10.7-11.7 months) for K3, between
10 900 and 13 500 BVs (5.9-6.9 months) for K6, between 12 900 and 14 600 BVs (6.8-7.7
months) for K8 and between 11 200 and 13 300 BVs (5.9-6.9 months) for K9. However,
the result show that no column filled with new material have reached breakthrough when it
comes to PFAS 4 reduction.

The reduction of PFAS 4 was approximately 75-80% for Filtrasorb materials (K6, K8 and
K9) at the first sample collection which occurred 2-3 months after the columns were started.
At this time the columns had approximately 2 700 BVs, 5 700 BVs and 2 800 BVs respec-
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tively. For the last sample collection, which occurred after 7-8 months, the reductions had
decreased to approximately 42%, 47% and 36% at 13 500 BVs, 14 600 BVs and 13 300 BVs
respectively.

When it comes to Norit1240 (K2 and K3) the reduction of PFAS 4 was approximately
65-80% at the first sample collection which occurred 5.6 months after the columns were
started. During this sample collection the columns had approximately 9 900 BVs and 8700
BVs respectively. For K3 the reduction decreased to approximately 38% for the last sample
collection (at 20 400 BVs and 11.7 months). For K2 the reduction decreased to 30% for the
second do last sample collection (20 900 BVs and 10.7 months) but then increased to 56%
for the last sample collection (22 800 BVs and 11.7 months)

For the materials known to have biofilm (K1 Filtralite, K4 Norit830 and K7 Norit 830)
the reduction of PFAS 4 was approximately 43% and 51% for K1 and K4 respectively for
the first sample collection. This occurred at 7 900 BVs and 5.6 months for K1 and at 7 700
BVs and 5.6 months for K4. After about 1.5 months, the reduction decreased to approxi-
mately 14% and 5% respectively, to then increase to then increase again. The reduction of
PFAS 4 for K1 increased to 23% at 9.8 months (18 000 BVs) and then decreased again to
14% for the last sample collection (24 700 BVs and 11.7 months). The reduction of PFAS 4
for K4 increased to approximately 20% for the last sample collection (20 000 BVs and 11.7
months). For K7 the reduction of PFAS 4 was -2% for the first sample collection (12 600
BVs and 7 months) and increased to approximately 10% for the last sample collection (41
000 BVs and 11.7 months). The fact that K7 had a reduction of -2% for the first sample
collection could be a sign that it reached breakthrough.

None of the columns, expect K7, have showed breakthrough so far. However, sample collec-
tions will continue.

For some of the data points in Figure 4.4, the reduction represents a minimum reduction.
This is because some of the PFAS substances that were detected in the raw water were
under the LOD after the carbon filter pilot for some sample collections. In these cases, the
concentration was set to the LOD, yielding a minimum reduction. For raw data and more
information about what raw data was set to the LOD, see Appendix D. For reduction more
information about the reductions and what data points in Figure 4.4 represent a minimum
reduction, see Appendix E.
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Figure 4.4: Reduction of PFAS 4 in each column over the bed volumes (a and b) and months
(c and d).

The same trend as for the reduction of PFAS 4 can be seen for the reduction of PFAS 11
and PFAS 21, which is presented in 4.5. Therefore the same reasoning as for PFAS 4 can
be done. However, this is not true when it comes to K2 (N1240), as here, it is certain that
there was a decrease in the reduction between the second and the fifth sample collection.
It is also certain that there was an increase in the reduction between the last two sample
collections for K2. This could be due to the formation of a biofilm in K2 where MOs in the
biofilm contribute to the removal of PFAS, hence an increased reduction of PFAS. However,
this is not certain. No columns filled with new material have reached breakthrough when it
comes to PFAS 11 and PFAS 21 reduction according to the results.

Figure 4.5 a) and b) show the BVs on the x-axis while Figure 4.5 c) and d) show the
gone time in months (GTM) since the columns were started. Figure 4.5 a) and c) include
the columns filled with GAC and Figure 4.5 b) and d) include the columns filled with BAC.
Just as for Figure 4.4, some of the data points in Figure 4.5 represent a minimum reduction
(as explained above). For more information about the reductions and what data points in
Figure 4.5 represent a minimum reduction, see Appendix E.
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Figure 4.5: Reduction of PFAS 11 and PFAS 21 in each column over the bed volumes (a
and b) and months (c and d).

4.2 DOC

The concentration of DOC in raw water from Görväln, Mälaren, is presented in Figure 4.6.
As shown in Figure 4.6, the minimum value for the DOC concentration was approximately
7.4 mg/l and was measured in December (winter). The highest concentration of DOC was
approximately 8.3 mg/l and was measured in March (spring). The raw data for 4.6 can be
found in Appendix F.

Figure 4.6: Concentration of DOC in raw water from Görväln over time.
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As expected, the reduction of DOC in the columns of the carbon filter pilot plant filled with
GAC decreases as the BVs and the GTM increase, as can be seen in Figure 4.7. Figure 4.7
a) and b) present the results against the BVs and 4.7 c) and d) present the results against
the GTM. Figure 4.7 a) and c) include the columns filled with GAC and Figure 4.7 b) and d)
include the columns filled with BAC. It is clear that the reduction of DOC for K1 (Filtralite),
K4 (N830 20’), and K7 (N830 6’), which have biofilm, is not as high as for the rest of the
columns. This could be because the biofilm is not as efficient at removing DOC as GAC.
However, one can see that the reduction of DOC increases for K1, K4, and K7 towards the
end of the project. This might be because an older biofilm is better at treating DOC than a
new biofilm since older biofilm has more MOs, and therefore can remove more organic matter.

However, the same trend can also be seen for K2 (N1240) and K3 (N1240), which are
not known to have a biofilm. The reason for this could be that a biofilm has been formed
in these columns towards the end of this project (about 11 month after K2 and K3 was
started). Since K2 and K3 are filled with the same material, these columns are expected to
follow the same trend, as is confirmed in Figure 4.7.

In Figure 4.7, it can also be seen that the reduction of DOC in K6 (F300) and K9 (F400) has
started to flatten around 9% for both of them, about 6-7 month after they were started be-
tween approximately 10 900-13 500 BVs and approximately 11 200-13 300 BVs respectively.
This is a slightly higher results as was presented in the report written by (Lavonen, 2020),
where the reduction of DOC for fresh GAC was static around 5±2%. However, according
to the results from Lavonen’s report (2020), the DOC reduction became static after around
11 000 BVs which is similar to these results.

The reduction increased slightly for K6 and K9 in the last sample collection compared to
the previous one, which could be an indication that a biofilm is starting to form. However,
these two samples statistically have the same value. Therefore it is not certain that there
was an increase. Furthermore, it is worth noting that the saturation entails a dynamic equi-
librium relation, in which some adsorption-desorption fluctuation is also expected. However,
the trend indicates that K6 and K9 are near or have reached saturation when it comes to
reducing DOC.

K8 (F300HA) is the only column in the carbon filter pilot plant where the trend has not yet
shown an indication of flattening or a possible formation of biofilm, as shown in Figure 4.7.
K8 had reached approximately 14 600 BVs and had been run for about 7.7 months when the
last sample was collected. This is slightly higher than the results from the report written
by (Lavonen, 2020). However, the trend says that the rate of decrease for K8 is not as high
towards the end of this project compared to the beginning, which could be an indication of
it getting close to saturation. Since the samples from K8 towards the end of this project
statistically have the same value, it not certain that a decrease of the reduction was actually
made, even if the trend indicates a reduction.

The raw data for DOC concentration from every sample collection is presented in Appendix
G. The calculated DOC reduction for every sample is presented in Appendix H.
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Figure 4.7: Reduction of DOC over the bed volumes (a and b) and months (c and d).

4.3 UV254

The UV254 in the raw water from Görväln, Mälaren, is presented in Figure 4.8. As can be
seen in Figure 4.8, the UV254 decreased from June to January (from 1.2 to 0.93 Abs 5 cm)
and then increased from January to April (from 0.93 to 1.15 Abs 5 cm). Since UV254 is
dependent on organic matter. The raw data for 4.8 can be found in Appendix I.

Figure 4.8: UV254 in raw water from Görväln over time.
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Figure 4.9 presents the reduction of UV254 over the BVs (a and b) and the GTM (c and
d). Figure 4.9 a) and c) include the columns filled with GAC and Figure 4.9 b) and d)
include the columns filled with BAC. As expected, the reduction of UV254 decreases as the
bed volume increases for most of the columns. As shown in Figure 4.9, the biofilms in K1
(Filtralite), K4 (N830 20’), and K7 (N830 6’) are not as effective for reducing UV254 com-
pared to the columns that were filled with new GAC. The reason for this is probably that
the MOs in the biofilm are not as efficient for removing the organic matter that influences
the UV254 compared to how efficient GAC is at removing this organic matter. However, the
reduction of UV254 for K4 increased for the last two sample collections. This unexpected
increase could be related to a more thoroughly performed backwashing.

Since K2 and K3 are filled with the same material (N1240) and have the same EBCT
these should be rather similar. When looking at K2 and K3 in Figure 4.9, one can see that
this is the case except for the last data point where K2 increases and K3 decreases. The
reason for this could be better backwashing of K2 before this specific sample collection. The
same trend as for K2 can be seen for K9 (F400) and K4 (N830 20’), which could also be due
to good results of backwashing. For K3, K6 (F300), and K8 (F300HA), the trend for the
reduction of UV254 has flattened, at around 12%, 13% and 18% respectively. This happened
between 18 400-20 400 BVs (10.7-11.7 months) for K3, 10 900-13 500 BVs (6-7 months) for
K6 and 12 900-14 600 BVs (6.8-7.7 months) for K8. The results found in the report written
by (Lavonen, 2020) showed that GAC was static around 9±2%, however, here GAC was
static at a slightly higher value for reduction of UV254.

The raw data for UV254 from every sample collection is presented in Appendix J. The
calculated UV254 reduction for every sample is presented in Appendix K.

Figure 4.9: Reduction of UV254 over the bed volumes (a and b) and months (c and d).
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4.4 Comparison of PFAS, DOC, and UV254

A comparison between some of the columns was made to get an idea of how different the
adsorption materials perform compared to each other. The columns that were compared to
each other are K4 (N830 20’) and K7 (N830 6’), which both have biofilm (BAC) but different
EBCT, K2 (N1240) and K4, which both have the same adsorbent, Norit, but with different
particle sizes where one has biofilm, and one does not, and lastly K2 and K3 which are
duplicates (N1240). The comparisons were made to see how the concentration of DOC and
the reduction of DOC affect the PFAS reduction and how UV254 and reduction of UV254
affect the PFAS reduction.

4.4.1 Comparison of PFAS and DOC

When comparing the concentration of DOC in the incoming water with the reduction of
PFAS 4 and PFAS 11/PFAS 21 as shown in Figure 4.10, one can see that the reduction of
PFAS generally decreases and at the same time the concentration of DOC in the incoming
water increases and vice versa. The reason for this could be that a higher concentration of
DOC leads to more molecules in the water that have to share the same amount of slots on
the adsorption material. If fewer PFAS molecules are adsorbed due to fewer slots available,
the reduction of PFAS decreases.

By looking at Figure 4.10 a) it is clear that the reduction of PFAS for K4 (N830 20’)
and K7 (N830 6’), which both have biofilm, is similar. Hence, the longer EBCT for K4 does
not affect the PFAS reduction significantly when it comes to BAC. However, an increase
in EBCT seems to slightly increase the PFAS reduction since the PFAS reduction for K4
is slightly higher than the PFAS reduction for K7 for almost every sample. Though, the
increase in EBCT has a rather small effect on the PFAS reduction.

When comparing GAC (K2 N1240) and BAC (K4 N830 20’) as in Figure 4.10 b), one
can see that the reduction of PFAS for BAC seems to follow the inverted trend for the
concentration of DOC in the incoming water more than the reduction of PFAS for GAC.
This could be because GAC has a higher capacity to remove higher amounts of molecules
at the same time. Thus the treatment capacity of GAC does not get as affected when the
concentration of DOC increases. When looking at Figure 4.10 b) one can also see that the
removal capacity of PFAS seems to be higher for GAC compared to BAC.

If comparing K2 (N1240) and K3 (N1240), as illustrated in Figure 4.10 c), it seems like
K3 generally has a higher removal efficiency of PFAS compared to K2. Since K2 and K3
are duplicates, they are expected to perform the same. However, since the flow rate is set
manually, they do not have the exact same BV. The fact that K3 has a smaller BV than
K2, as can be seen in Figure 4.1, might be the reason why K3 seems to remove more PFAS.
Since a higher BV means that the column has treated more water, this should mean that K2
is closer to saturation than K3. This could therefore be an explanation for why K3 seems to
remove more PFAS than K2. However, when considering the error bars, one can consider
that, statistically, the two columns are the same.

Figure 4.10 c) also shows that the reduction of PFAS 4 is higher than the reduction of
PFAS 11 and PFAS 21. The reason for this is because the PFASs included in PFAS 4
mainly are long-chained PFASs, while PFAS 11 and PFAS 21 include more short-chained
PFASs that has higher mobility in water.
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Figure 4.10: How the incoming concentration of DOC affects the reduction of PFAS.
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If the PFAS reduction instead is compared with the reduction of DOC, as done in Figure
4.11, one can see that the reduction of PFAS seems to increase when the reduction of DOC
increases, and vice versa. Thus, they seem to follow the same trend. This assumption seems
to be more accurate for the columns that are filled with GAC (K2 N1240 and K3 N1240),
but not as much for the ones filled with BAC (K4 N830 20’ and K7 N830 6’).

In Figure 4.11 a), it is clear that the reduction of DOC is close to zero during most of
this project for K7 (N830 6’) but not as much for K4 (N830 20’). This could be because K4
has a longer EBCT compared to K7, giving the biofilm more time to treat the DOC.For K4
the reduction of DOC was mostly stable around 5% and for K7 the reduction of DOC was
mostly stable around 2.5%, hence the reduction of DOC in K4 is generally slightly higher
than the reduction of K7. This is probably because K4 has a longer EBCT, giving the BAC
more time to biodegrade the DOC.

When looking at Figure 4.11 b) one can see that GAC generally gives a higher reduction of
DOC compared to BAC. This may be because GAC is better at adsorbing DOC than BAC
is at biodegrading it. The reduction of DOC also seems to follow the reduction of PFAS
more for K2 (N1240) than K4 (N830 20’).

The reduction of DOC for K2 (N1240) and K3 (N1240) are rather similar, as shown in
Figure 4.11 c). This is expected since these columns are duplicates. It is also expected that
they are not entirely the same since the flow rate is set manually; hence, the BV is not
entirely the same. The DOC reduction is relatively low compared to the reduction of PFAS
for both K2 and K3. This shows that GAC has a higher adsorbance of PFAS than DOC.
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Figure 4.11: How the reduction of DOC affects the reduction of PFAS.

30



4.4.2 Comparison of PFAS and UV254

When comparing UV254 of the incoming water to the reduction of PFAS, the trend of the
reduction of PFAS is similar to the trend for UV254 for GAC. However, when it comes to
BAC, the trend is almost inverted. These trends can be seen by looking at Figure 4.12. The
reason for this could be that BAC is not as efficient at reducing UV254 compared to GAC.

Figure 4.12 a) shows that, as mentioned above, the trend for PFAS reduction is almost
the inverted trend of UV254 of the incoming water for K4 (N830 20’) and K7 (N830 6’),
which both are BAC. This could mean that UV254 has a negative impact on the reduction of
PFAS when it comes to BAC. However, towards the end of this project the PFAS reduction
do not seem to follow the same inverted trend.

If comparing GAC (K2 N1240) and BAC (K4 N830 20’), as in Figure 4.12 b), it is clear that
the trend of the reduction of PFAS for GAC is similar to the trend of UV254 in the incom-
ing water more than the reduction of PFAS in BAC. This could mean that the reduction of
PFAS for columns filled with GAC is not as affected by UV254.

Almost the same trend as for K2 (N1240) can be seen for K3 (N1240) by looking at Figure
4.12 c). However, the trend for K2 and K3 are not exactly the same. This would be expected
since the BVs of these two columns are not the same, as can be seen in Figure 4.1. As can
be seen in Figure 4.12 c) the reduction of PFASs increased even though the UV254 increased
for the last sample collection.

In Figure 4.12 d), e) and f) the reduction of PFAS is compared to the reduction of UV254.
Since the trend of the UV254 reduction is similar to the trend of the DOC reduction (see
Appendix L), similar conclusions can be drawn as those made for Figure 4.11.
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Figure 4.12: How incoming UV254 affects the reduction of PFAS (a-c) and how the reduction
of UV254 affects the reduction of PFAS (d-f).

4.5 Odor

For most of the samples, no odor was noticeable. The samples that had noticeable odor
were on the 25th of October 2021 at 50°C for PP100, K6 (F300) and PP208, on the 29th of
November 2021 at 50°C for PP100 and on the 17th of January 2022 at 20°C and 50°C for
PP100. Every other sample had no noticeable odor. The odors that were noticed were lake,
musty, and chlorine. For information about the odor for every sample, see Table 4.1.

*Lake. **Musty. ***Chlorine.

All noticeable odors except one were found in samples that had been heated to 50°C. The
sample where the odor was noticed at 20°C was collected from PP100 on the 17th of January
2022. All odors noticed from PP100 had an odor of lake. The sample collected from K6
(F300) had a musty odor. The sample from PP208 had an odor of chlorine.

In all cases where the odor was noticed in the raw water, the odor was removed after
the sand filter (PP140). Therefore, it can be assumed that odor is rarely noticed further
down the process. The only sample where an odor was noticed after the columns in the
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Table 4.1: Odor of each sample at 20°C and 50°C.

carbon filter pilot plant was in K6 (F300) on 25th of October 2021. The odor of this sample
was noted as musty and could be due to bacterial growth due to poor backwashing.
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Chapter 5

Conclusions

The carbon filter pilot plant at Norrvatten was used to study the performance of different
adsorption materials over time when it comes to the reduction of PFAS, DOC, UV254, and
odor. This study showed that the EBCT does not seem to impact the reduction of PFAS
significantly when it comes for BAC. Only BAC was tested for different EBCTs. A higher
EBCT yields only a relatively small increase in the PFAS reduction, given the same amount
of adsorption material. A longer EBCT also seems to increase the reduction of DOC, given
the same amount of adsorption material. However, when it comes to UV254, a longer EBCT
does not seem to affect the reduction significantly.

This study also showed that when the concentration of DOC in the incoming water in-
creases, the reduction of PFAS decreases, and vice versa. When it comes to PFAS removal,
GAC yields a higher reduction compared to BAC. For both GAC and BAC, the removal
efficiency was higher for PFAS compared to DOC. Though, GAC was shown to be more
efficient in reducing DOC than BAC. When it comes to UV254, it is shown that a higher
value of UV254 in the incoming water has a negative effect on the reduction of PFAS when
it comes to BAC, and GAC gives a higher reduction of UV254 compared to BAC.

Since the concentrations of PFASs in Görväln are rather small, all GAC materials used
in this project should be able to decrease the concentrations of PFAS under Swedish Na-
tional Food Agency’s limiting values. The limiting value of PFAS 4 (4 ng/l) could however
be problematic since the concentrations of PFAS 4 in raw water from Görväln was in the
range of 3.6 to 4.8 ng/l during this project. Due to this, the treatment in Görvälnverket
has to decrease the concentration of PFAS 4 by approximately 10% to be slightly below the
limiting value. To ensure this, GAC should be used with a reactivation interval of 1-2 years.
However, since the columns of the carbon filter pilot plant still has not showed breakthrough,
one cannot say with certainty how often the GAC should be reactivated.

The odor was always reduced to ”None” by the sand filter, thus before the water entered
the carbon filter pilot plant. The only sample from the carbon filter pilot plant with an odor
was from K6 (F300) on the 25th of October 2021, which had a musty odor. The only sample
from the outgoing drinking water that had an odor was on the 25th of October 2021 that
had an odor of chlorine, thus from the same sample collection as the sample for K6 (F300).
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5.1 Further research

Further research should include decisions on what type of adsorption material evaluated
in this project should be used in Norrvatten’s future DWTP. Further research should also
include dimensioning the carbon filters that will be used in the future DWTP, their EBCT,
time between backwashing, and time before changing adsorption material.
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Appendix A

PFAS substances

The names of the substances are retrived from (Livsmedelsverket, 2022).

PFBA Perfluorobutanoic acid
PFBS Perfluorobutane sulfonic acid
PFDA Perfluorodecanoic acid
PFDoDA Perfluorodecanoic acid
PFDoDS Perfluorododecane sulfonic acid
PFDS Perfluorodecane sulfonic acid
PFHpA Perfluoroheptanoic acid
PFHpS Perfluoroheptane sulfonic acid
PFHxA Perfluorohexanoic acid
PFHxS Perfluorohexane sulfonic acid
PFNA Perfluorononanoic acid
PFNS Perfluorononane sulfonic acid
PFOA Perfluorooctanoic acid
PFOS Perfluorooctane sulfonic acid
PFPA Perfluoropentanoic acid
PFPS Perfluoropentane sulfonic acid
PFTrDA Perfluorotridecanoic acid
PFTrDS Perfluorotridecane sulfonic acid
PFUnDA Perfluoroundecanoic acid
PFUnDS Perfluoroundecane sulfonic acid
6:2 FTS Fluorotelomer sulfonic acid
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Appendix B

Equations used for uncertainty
calculations

If S is a sum, i.e.
S = a+ b

with uncertainties δa and δb, then the uncertainty of the sum S is

δS =
√

(δa)2 + (δb)2

If R is a reduction, i.e.

R = 100 · (
a− b

a
)

with uncertainties δa and δb, then the uncertainty of the reduction R is

δR =

√
(
δa

a
)2 + (

δb

b
)2
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Appendix C

BV and GTM

Table C.1: Bed volumes (BV, [l]) and gone time in months (GTM, [months]) for every
column.
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Appendix D

PFAS raw data

The data points that are marked with a * have been set to the LOD.

Table D.1: Concentration of PFAS [ng/l] in the raw water on 13th September 2021.

Table D.2: Concentration of PFAS [ng/l] in the raw water on 25th October 2021.
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Table D.3: Concentration of PFAS [ng/l] in the raw water on 29th November 2021.

Table D.4: Concentration of PFAS [ng/l] in the raw water on 17th January 2022.

Table D.5: Concentration of PFAS [ng/l] in the raw water on 14th February 2021.
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Table D.6: Concentration of PFAS [ng/l] in the raw water on 16th March 2021.
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Appendix E

PFAS reduction

The data points that are marked with a * represents a minimum reduction.

Table E.1: PFAS reduction [%] in K1.
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Table E.2: PFAS reduction [%] in K2.

Table E.3: PFAS reduction [%] in K3.
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Table E.4: PFAS reduction [%] in K4.

Table E.5: PFAS reduction [%] in K6.
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Table E.6: PFAS reduction [%] in K7.

Table E.7: PFAS reduction [%] in K8.
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Table E.8: PFAS reduction [%] in K9.

49



Appendix F

DOC raw data from aCurve

Table F.1: DOC concentration in the raw water [mg/l].
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Appendix G

DOC raw data from sample
collections

Table G.1: DOC concentration [mg/l].
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Appendix H

DOC reduction

Table H.1: DOC reduction [%]. Raw data from sample collections.
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Appendix I

UV254 raw data from aCurve

Table I.1: UV254 in the raw water [UV Abs 5 cm].
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Appendix J

UV254 raw data from sample
collections

Table J.1: UV254 [UV Abs 5 cm].
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Appendix K

UV254 reduction

Table K.1: Reduction of UV254 [%]. Raw data from sample collections.
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Appendix L

Relationship between reduction
of DOC and reduction of UV254

Figure L.1: How the reduction of DOC affects the reduction of UV254 in K4 and K7.
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Figure L.2: How the reduction of DOC affects the reduction of UV254 in K2 and K4.

Figure L.3: How the reduction of DOC affects the reduction of UV254 in K2 and K3.
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