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Summary

Folla is one of Norway’s most affected rivers by acid mine drainage today. Acidic water
with a high concentration of metals is formed during pyrite oxidation in the spoil masses
from Folldal Mines in Folldal centre, discharging into Folla and making it inhabitable
for aquatic life.

After many years of investigation of different solutions to the problem, The Directorate
of Mining proposed a three-step solution in early 2022. One of the solutions proposed
is the active treatment of AMD.

This study investigates the use of nature-derived chemicals to remove metals from AMD.
Samples were first collected for preliminary tests. Later was chitosan, a biopolymer, used
in experiments with model water based on results from the preliminary tests. Chitosan
was used as a primary coagulant and as an adsorbent after being modified with biochar
to chitosan-covered biochar.

AMD was collected a second time for adsorption batch tests with chitosan-covered
biochar and jar tests with NaOH and chitosan as flocculant aid.

The results show that the chitosan-covered biochar removed 99.76% of Cu, 99.83% of
Al, 97.88% of Zn, and 99.99% of Fe in the acidic model water, while only removing Fe
(93.54%) and Cr (53.57%) in the collected AMD. Chitosan did not remove any metal as
a primary coagulant. Chitosan as a flocculant aid did not disrupt the removal of metals
through conventional methods; an increase in the sludge volume was observed. Further
research is needed to investigate the use of chitosan-covered biochar and chitosan as
flocculant aid.
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1. Background and Objectives

1.1 Problem Context
While vital to our development, the mining industry brings numerous environmental
issues. Acid mine drainage (AMD) is one of the issues stemming from the mining
industry, which causes problems and pollutes local environments in many countries
worldwide. In several cases, active treatment of the acidic water with chemicals has
been implemented as a solution to the problem (Akcil and Koldas, 2006). However,
some downsides often appear in the cost of chemicals, sludge production and treatment,
and effectivity (Johnson and Hallberg, 2005; Kefeni et al., 2017). Chemicals deriving
from nature are biodegradable, non-toxic and often sourced from waste, contributing to
a circular economy. One type of nature-derived chemical is chitosan, with early research
indicating a great potential in metal removal (Kim and Park, 2021).

In Norway, have mines existed for centuries, with the mining industry becoming an
essential part of the national trade in the early 17th century (Gvein et al., n.d.). Active
mines are mainly producing minerals for industry and gravel. Meanwhile, metal mines
have mostly been abandoned or discontinued (Norges geologiske undersøkelse, 2014;
Gvein et al., n.d.). The environmental issues derived from the industry (especially
pollution of rivers) came into public awareness in the 70- and 80s. The job to reduce
the impact was initiated at most mine sites (Statens forurensningstilsyn, 1992).

One of the most affected rivers is Folla. Folla runs through the village of Folldal (lo-
cation in Figure 1.1) and is in a very bad ecological and chemical state, with nearly
no fish found from Folldal centre and 10-12 kilometres downstream (Knutzen et al.,
1986; Løvdal, 2016; Manstad-Hulaas, 2018; Tuttle and Simonsen, 2019, 2020; Evensen,
2021; Evensen and Simonsen, 2022). There have previously been mining activities in
Folldal, which have left a visible impact on the environment in and around the village.
AMD with extremely high levels of copper and other metals is continuously discharged
into the river and will most likely continue to do so if no action is taken (Pabst and
Kvennås, 2014). After decades of evaluating possible solutions and options, an action
plan was presented in early 2022 by The Directorate of Mining (DMF, Direktoratet for
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2 CHAPTER 1. BACKGROUND AND OBJECTIVES

Figure 1.1: Folldal (red pin) is a village in a mountainous area north in Innlandet
county, Norway. Map cropped from ©norgeskart.no.

mineralforvaltning). A three-step plan was proposed and estimated to be finished by
2026 (Direktoratet for mineralforvaltning ved Bergmesteren i Svalbard, 2022). The final
proposal includes active treatment of the AMD with several conventional chemicals men-
tioned as examples. This thesis will investigate the prospect of nature-derived chemicals
like chitosan being a full-fledged option to the conventional chemicals commonly used.

1.2 Case Study - Folldal Mines

In the village of Folldal in the municipality of Folldal, Innlandet county, Norway, mining
activity occurred between 1748 and 1993. Throughout the history, different mining
companies have managed the mining industry in Folldal, the last company to do so was
Folldal A/S (Stiftelsen Folldal Gruver, n.d.). In total there were five mines in Folldal (see
Figure 1.2): the Main Mine (Hovedgruva), Northern Geitryggen (Nordre Geitryggen),

https://www.norgeskart.no/##!?project=norgeskart&layers=1002&zoom=5&lat=6776310.51&lon=139063.24&sok=Folldal&markerLat=6899018.084874388&markerLon=239272.46452865985&p=searchOptionsPanel
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Figure 1.2: Folldal mines (Folldal Verk, one of three red markers) and nearby
mines (marked with two hammers). The red markers indicate locations for other
mine-related activities (for example extracting metals from the mined minerals).
Nearby mountain tops are marked with green and named together with their height
(meter above sea level, moh.). Bigger roads are marked with yellow, and water
bodies with blue. Illustration from Bergverk i Norge - Kulturminner og Historie
(Sæland et al., 2016). Adapted with permission from Fagbokforlaget.

Southern Geitryggen (Søndre Geitryggen), the New Mine (Nygruva), and the mine of
Grimsdal (Grimsdals Gruve). Folldal Verk A/S also operated the mine (Tverrfjellet) in
the neighbour village Hjerkinn from 1964 until 1993, when the company discontinued its
last mine. The mining area in Folldal is now owned by the Ministry of Trade, Industry
and Fisheries (NFD, Nærings- og fiskeridepartementet) after it was escheated in 1990
(Direktoratet for mineralforvaltning med Bergmesteren for Svalbard, 2015).

The mined ore was used to produce mainly copper, zinc, lead, and sulphur. Around four
million tonnes of ore were extracted in total in Folldal, while fifteen million tonnes were
extracted from Hjerkinn (Stiftelsen Folldal Gruver, n.d.). The spoil from the production
was disposed of in general around Folldal centre, which is built around the Main Mine
(Pabst and Kvennås, 2014). Besides a museum on the ground level of the Main Mine,
the mines are not in use and have been closed off and flooded.

In 1992 the Norwegian Pollution Control Authority (Statens Forurensningstilsyn, SFT,
now Miljødirektoratet, MD) prepared an action plan to clean up old landfills, polluted
ground, and contaminated sediments/soil. The action plan included abandoned and
discontinued mining sites. One goal in the action plan was to reduce runoff from the



4 CHAPTER 1. BACKGROUND AND OBJECTIVES

major mines containing copper and zinc by 60-90% by 1995 (Statens forurensningstilsyn,
1992). Folla and the belonging river system was recognized as one of the most affected
river systems by AMD in Norway (Statens forurensningstilsyn, 1992).

Parts of the spoil masses were in 1992-1994 removed and disposed of in the then-newly
shutdown mine in Hjerkinn (Statens forurensningstilsyn, 1992). However, by 2000 it was
recognized that these measures had not improved the situation and that more measures
were needed if the goals set by the action plan in 1992 were to be reached (Iversen, 2000;
Iversen and Arnesen, 2003). As the landowner, NFD is responsible for the pollution
caused by the discontinued mines in Folldal (Direktoratet for mineralforvaltning med
Bergmesteren for Svalbard, 2015). In 2003, SFT ordered NFD to implement remediating
solutions to the pollution from Folldal mines within 2010 (Folldal kommune, 2021). The
orders included the goals:

• Reducing annual discharge of copper from the mining area in Folldal centre into
Folla with 60-90 % of the mapped discharge in 1998. The reduction equals 2-8
tonnes of copper yearly, down from 15-20 tonnes of Cu annually .

• Annual average of copper concentration in Folla at Folshaugmoen, 10 km down-
stream from the discharge point, is reduced to 10-15 µg/L.

Copper is the main target for removal due to its toxicity in aquatic environments
(Knutzen et al., 1986; Evangelou, 1998; Amacher et al., 1993). A sampling station
at Folshaugmoen was installed in 1966 to monitor the effect on Folla from upstream
then-active mines. Folshaugmoen is located around 10-12 kilometres downstream from
the AMD discharge into Folla and a couple of kilometers before the river Grimsa is
discharged into Folla, diluting the river (Iversen, 2000).

1.2.1 Measures and action

On behalf of NFD, DMF has had the responsibility since 2003 to find a proper solution to
the pollution situation by the mines in Folldal (Okkenhaug et al., 2015). Since then have
DMF built and improved a trench system to collect AMD from spoil masses in Folldal
centre, and tested and evaluated different treatment and remediation technologies for
AMD.

January 2022, DMF delivered a final comprehensive action plan to handle/remediate
the pollution from the mine site. All parts of the plan must be completed and so
in order to realize the order from MD. The proposed solutions are (Direktoratet for
mineralforvaltning ved Bergmesteren i Svalbard, 2022):

1. Improving the trench system currently in place. This will ensure minimal ‘clean’
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water in the system and divert surface water away from the spoil masses and
‘pollution’.

2. Covering parts of the spoil masses without compromising the ongoing conservation
efforts. This is not MD’s desired solution and is unwelcome by the local authori-
ties. DMF mentions several areas with acid-producing potential to be covered up
potentially.

3. A treatment plant for treating the AMD collected in the trench system. Based on
reports ordered by DMF (Direktoratet for mineralforvaltning ved Bergmesteren i
Svalbard, 2022), active water treatment is the most optimal.

The two first steps are estimated to cost 70 MNOK and are likely to be finished within
2024. The third step is estimated to cost 150 MNOK and is expected to be finished by
2026.

Source control and prevention are crucial to reducing AMD produced (Johnson and
Hallberg, 2005), which the two first steps cover. By diverting surface water away from
spoil masses, the volume of AMD is reduced. This will also ensure less volume needing
treatment, and so avoid treating clean surface water.

The second step will cut off the spoil masses from all surface water and stop the pyrite
oxidation from producing the AMD. Spoil masses will be wholly or partly covered.
However, due to the importance of Folldal mines as a cultural heritage, MD have con-
tinuously stated that a treatment solution is preferred over covering or removing spoil
masses (Okkenhaug et al., 2015). The local authorities also share this sentiment (Foll-
dal kommune, 2021; Løkken, 2022b,a). It is complicated by the ongoing process from
The Directorate for Cultural Heritage to protect the Main Mine and belonging area,
including the spoil heaps and other infrastructure (Folldal kommune, 2021).

The third step focuses on AMD remediation. AMD remediation can be achieved either
through passive treatment or active treatment. DMF has concluded that active treat-
ment is the most optimal way for AMD remediation in Folldal. The metals are removed
by increasing the pH by adding neutralizing chemicals to a point where the metals pre-
cipitate. The other technologies tested or evaluated have been unsuccessful or deemed
unfit for different reasons. Factors like the local topography and climate might make
solutions implemented elsewhere inadequate in Folldal (Direktoratet for mineralforvalt-
ning ved Bergmesteren i Svalbard, 2022; Okkenhaug et al., 2015; Johnson and Hallberg,
2005).
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1.3 Acid Mine Drainage

Acid Mine Drainage (AMD, also called Abandoned Mine Drainage or Acid Rock Drainage)
is very acidic water with high metal and sulphate concentrations. When sulphide miner-
als such as pyrite (FeS2) are exposed to aerobic conditions and water, chemical processes
are initiated with the result of forming AMD. The process can occur in natural rock
formations, but usually, AMD is a consequence of anthropogenic activities (Evangelou,
1998). AMD is often a significant issue related to abandoned and discontinued mines,
as active mines might have a system to avoid production disruption (Johnson and Hall-
berg, 2005). The chemical reactions leading to pyrite oxidation and AMD formation are
(Stumm and Morgan, 1995; Evangelou, 1998):

2 FeS2 + 7 O2 + 2 H2O −−→ 2 Fe2+ + 4 SO4
2− + 4 H+ (1.1)

4 Fe2+ + O2 + 4 H+ −−→ 4 Fe3+ + 2 H2O (1.2)

Fe3+ + 3 H2O −−→ Fe(OH)3(s) + 3 H+ (1.3)

FeS2 + 14 Fe3+ + 8 H2O −−→ 15 Fe2+ + 2 SO4
2− + 16 H+ (1.4)

Reaction 1.1 shows the release of acid and the formation of Fe2+ through the oxidation
of pyrite with O2. O2 then oxidizes Fe2+ to Fe3+ in reaction 1.2. Fe3+ precipitates
as Fe(OH)3 as seen in reaction 1.3 when pH is between 2.3 and 3.5, releasing more
acid into the environment. Any Fe3+ that did not precipitate through reaction 1.3 can
oxidize additional pyrite and release more acid as in reaction 1.4. Reaction 1.3 is a
major contributor to releasing acid into the environment (Evangelou, 1998).

The presence of acidophilic, iron-oxidizing microorganisms like Acidithiobacillus fer-
rooxidans, which can oxidize Fe2+, metal sulphides and S0, will accelerate the pro-
cess of pyrite oxidation. Reaction 1.2 is the rate-determining step in lower pH values;
Acidithiobacillus ferrooxidans can accelerate it by a factor of 106 through oxidizing Fe2+

(Stumm and Morgan, 1995; Evangelou, 1998; Johnson, 2003).

The four reactions summarize the oxidation of pyrite and, in the process, the release of
acid into the environment. The now acidic medium and Fe3+ lead to further oxidation
of other sulphide minerals. The result is AMD with high content of metals and acid.

Numerous concerns are related to the presence of AMD, such as public health, environ-
mental, and aesthetic issues (Simate and Ndlovu, 2014). In Folldal is the environmental
issues stemming from AMD in focus, more specific, the toxic levels of copper in Folla.
The three metals are causing ecological damage, can accumulate (Cd only) and there-
fore are also a concern for health and recreation abilities (Knutzen et al., 1986). It is
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essential to note the economic value of having a river with fish for small communities
like Folldal. The local authorities estimate that the local community have missed out
on four MNOK in turnover since 2010, when the initial goals set by MD were supposed
to be reached (Folldal kommune, 2021).

Table 1.1: Annual average concentration from 2017 to 2021 of monitored metals
at a reference point upstream Folldal centre, in the AMD, and at Folshaugmoen 10
km downstream. Based on the annual reports made for DMF (Manstad-Hulaas,
2018; Tuttle and Simonsen, 2019, 2020; Evensen, 2021; Evensen and Simonsen,
2022)

Element Point of reference Folldal centre Folshaugmoen

Cu µg/L 2.43 64967** 20.63**
Zn µg/L 5.64 42666** 37.48*
Cd µg/L 0.04 141** 0.1
Al µg/L 14.80 190541 40.54
Pb µg/L 0.18 4.21 0.18
Hg µg/L 0.02 0.014 0.02
Cr µg/L 0.43 441** 0.43
As µg/L 0.40 16.68* 0.4
Ni µg/L 0.94 594** 1.3
Fe µg/L 47.63 866693 143
**Classified as very bad by MD, causing extensive toxic effects.
*Classified as bad by MD, causing acute toxic effects. Table A.1.

The pollution situation caused by AMD is annually monitored by DMF, controlling
the ecological and chemical state of Folla (Direktoratet for mineralforvaltning med
Bergmesteren for Svalbard, 2015). The AMD in Folldal has an average pH of 2.5, with
the average concentration of certain metals of concern seen in Table 1.1. The average
annual concentration of AMD, Folla at Folshaugmoen and a reference point upstream
showcase the large volume of metals ending up in the river (Table 1.1). MD has set
copper as the main target of removal due to its toxic effects on fish. Toxic levels of Cu
have been measured in Folla several times more than 10-12 km downstream from the
discharge point. The goal of a maximum 15 µg/l annual average of Cu at Folshaugmoen
is still classified as ‘bad’ (see A), which means it has acute toxic effects. In Folla, the
metals Cu, Zn, and Cd are the main problem as they are detected in high dosages at
Folshaugmoen. High concentrations of metals have also been periodically observed fur-
ther downstream from Folshaugmoen and all the way to Glomma (Knutzen et al., 1986;
Iversen and Arnesen, 2003).

The primary source of the generation of AMD in Folldal is the spoil masses from the
previous mining activities (Pabst and Kvennås, 2014). The dominating form of sulphide
mineral in the spoil masses is pyrite (FeS2), in addition to some chalcopyrite (CuFeS2),
sphalerite ((Zn, Fe)S), and naturally occurring sulphur (S0)(Pabst and Kvennås, 2014).
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The masses are heterogeneous (including factors like size, mineral and weathering) and
have acidification potential. It is estimated that the masses will continue to oxidize
and form AMD for years (maybe hundreds) as it is now. Although it is clear that
the metal concentration in Folla originates from AMD from the Main Mine, arbitrary
measured high concentrations of some metals have been observed upstream from Folldal.
These observations indicate other sources of high background levels of metals, natural
or possibly from other older abandoned mines found upstream. However, there is no
doubt that the Main Mine is a dominant source of pollution (Evensen, 2021).

There are huge variations in metal concentration not only from day to day but year to
year. However, it is seen that within a year, the metal concentration drops during the
spring flood and melting of snow in April/May, as seen in Figure 1.3. While the spring
flood and snow melting lead to more water rich in oxygen to contribute to the pyrite
oxidation, will the general increase of water in Folla and the sampling station at the
same period dilute the streams and reduce the metal concentration.

Figure 1.3: The Cu concentration and pH in the AMD from Folldal mines over a
period from 2015 to 2020 (Evensen, 2021). Adapted with permission from DMF.

All the spoil masses have acid production potential (Pabst and Kvennås, 2014). While
the top layer of spoil masses has been exposed for a while and has reduced acid-producing
potential, there is no way to assume how long they will continue to produce acid (and in
the process also metals) (Pabst and Kvennås, 2014). The masses below the surfaces are
protected from contact with O2 and the first steps of pyrite oxidation; however, since
the pH is below 3.5, there can be oxidation of pyrite through Fe3+ in the spoil masses
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not in contact with air (Eq. 1.4) (Pabst and Kvennås, 2014).

Copper is highly toxic for many aquatic organisms, including fish (Evangelou, 1998). It
does not bioaccumulate but is acute toxic for fish and will make the river inhabitable
in high enough concentrations. Zinc is related to the same issues as Cu but is not
as toxic. Zn is more of a concern regarding its association with Cd (Knutzen et al.,
1986). Aluminium, chromium, and nickel are other metals directly affecting aquatic life
(Evangelou, 1998). Chromium can also accumulate in an organism but not further in
the food chain (Knutzen et al., 1986).

Cd and Hg are problematic due to their ability to accumulate in an organism and bioac-
cumulate (Knutzen et al., 1986). Both heavy metals can be stored for several years in
organisms and passed to the next organism in the food chain. They become toxic in
considerably small dosages, so even minimal levels can be problematic. Although Fe is
not directly toxic, the excessively high concentration of Fe discharged into Folla precip-
itates, causing visible pollution by turning the riverbanks and the river water reddish.
The precipitation of all metals when discharged into Folla also leads to sedimentation
in the river bottom. While not deemed a direct problem to the ecosystem to consider
any action (Okkenhaug et al., 2015), it is not ideal with highly concentrated metals in
the river sediments in the future.

1.4 Metal Precipitation of AMD

Figure 1.4: An illustrative description of the precipitation mechanisms: nucle-
ation, growth, and agglomeration (Lewis, 2017). Adapted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature. Precipitation
of Heavy Metals by Alison Lewis. COPYRIGHT. 2017.

Active treatment of AMD refers to actively adding chemicals to treat the polluted wa-
ter. The most common mechanism for removing the metals from the water is through
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neutralization of the water to the desired pH where the metals precipitate (Evangelou,
1998). The mechanism behind precipitation is described as the compound’s solubility
in a medium being surpassed (Stumm and Morgan, 1995). The solute concentration is
higher than the solid-liquid equilibrium, leading to the precipitation of the compound.

The precipitation goes through three mechanisms, illustrated in Figure 1.4 (Lewis, 2017).
First is the initial formation of the solid phase, nucleation, where aggregates of the col-
loids in a supersaturated solution reach the size where they will grow and not redissolve.
Then comes growth, where the particles enlarge due to the accumulation/deposition of
other particles on the existing surface. Lastly is agglomeration, where at least two
larger particles form a larger floc/particle from colliding and forming crystalline bridges
(Lewis, 2017). There are various precipitating agents, such as sulphide precipitation
(Lewis, 2017), and active technologies removing metals, such as membranes (Simate
and Ndlovu, 2014). The type of precipitation discussed by DMF is hydroxide precip-
itation; therefore, will the focus be on metal hydroxide precipitation (Direktoratet for
mineralforvaltning ved Bergmesteren i Svalbard, 2022).

1.4.1 Hydroxide precipitation

The most used chemical precipitation techniques are metal hydroxide precipitation.
The water is neutralized by adding bases such as NaOH, Mg(OH)2, NH4OH, limestone
(CaCO3), hydrated lime (Ca(OH)2) or quicklime (CaO). The results are the precipitation
of metal hydroxides (Lewis, 2017; Evangelou, 1998).

While it is easy to implement, relatively cheap and controlled through pH, it is also
related to high costs, a large volume of sludge and limited levels of final metal concen-
tration. The sludge formed is gelatinous, and sulphate removal is limited (Lewis, 2017;
Rhazi et al., 2001; Johnson and Hallberg, 2005).

Balintova and Petrilakova, 2011, did experiments on selective recovery of metals on
AMD with copper, zinc, iron, aluminium, and manganese, and through neutralization
with NaOH to pH 8.2 removed over 90% of all the metals besides manganese, which
only 15.9% was removed.

1.5 Adsorption
The basis of most surface-chemical processes is adsorption, in which particles accumulate
on the solid-water interface. The chemical species may be adsorbed due to electrostatics
or by electron sharing to a surface. Adsorption covers several mechanisms, including
some of the already mentioned ones. One form of adsorption is through hydrophobic
expulsion of hydrophobic substances. Hydrophobic matter in water are compounds not
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so soluble in water. When added to water, the matter will avoid water and instead
associate with nonpolar surfaces of other particles, accumulating (becoming ’adsorbed’)
on the surface (Stumm and Morgan, 1995). Examples of nonpolar surfaces can be
minerals or organic particles. Some matters with both hydrophobic and hydrophilic
parts tend to move towards the surface/interface of the water and self-associate. Most
particles have functional groups on their surface. One form of adsorption is surface
complexation reaction, where the functional groups form complexes with metal ions

Adsorption is described through adsorption isotherms. The adsorption isotherms show
the relationship between the dissolved concentration of the adsorbate and the adsorbed
concentration of the adsorbate at constant temperature and pressure. The adsorption
isotherms are often described through different models. The two most common models
are the Langmuir Isotherm and the Freundlich Isotherm.

1.6 Flocculation

Coagulation and flocculation are often mentioned together and sometimes interchange-
ably. Coagulation is the destabilisation of particles by coagulants, enabling the particles
to form flocs. Flocculation, the aggregation of the colliding particles, is a physical process
following the physicochemical process of coagulation in water treatment (Pivokonský et
al., 2022).

To alter floc characteristics like floc size, density, and settleability, to mention a few, floc-
culant aids are added. Flocculant aids also supplement the flocculation process, with
polyelectrolytes being effective in enhancing the flocculation rate/orthokinetic floccu-
lation (Bratby, 2016). Polyelectrolytes are generally viewed as ideal flocculant aids;
however, the flocculation mechanism depends on the polyelectrolytes’ characteristics.

The flocculation mechanism can roughly be divided/classified between charge neutral-
ization, charge patching, bridging, sweeping, and special interactions. The different
mechanisms are roughly explained in Table 1.2. The flocculation mechanism is also in-
fluenced by other factors that affect the flocculant and its characteristics. These external
factors are flocculant dose, pH, ionic strength and temperature (Yang et al., 2016).
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Table 1.2: Overview of the different flocculation mechanisms and a description
of the said mechanism.

Mechanism Description

Simple charge neutralization

Due to the dispersed colloids in wastewater being charged, the resulting electrostatic
repulsion effects stop the colloids from aggregating and forming bigger flocs. By
adding flocculant aid oppositely charged, the opposite charges ‘cancel out’, enabling
a higher collision frequency between the colloids, and therefore the formation of
flocs. If an excess of flocculant dose is added, there will be a re-stabilization effect
whereas the dispersed particles are completely surrounded and so the charge will be
more than neutralized. Therefore, it is essential when the main flocculation
mechanism is charge neutralization to know the optimal dosage of flocculant aid.
The zeta potential will quickly approach zero when the optimal dosage is added.

Charge patching

In many cases, there is no dosage where an excess dosage of flocculant leads to the
opposite of neutralization. Instead, the colloids adsorb the oppositely charged
flocculant to its surface in a heterogeneous coverage. As a result, there will be small
regions on the surface of the colloid with different charges. This leads to direct
electrostatic attractions between the suspended colloids, and later collisions between
them result in larger flocs. If the charge patching is the main mechanism behind the
flocculation, the flocculation happens before charge neutralization, opposite of the
charge neutralization mechanism.

Bridging flocculation

Bridging flocculation is a mechanism caused by polymers with long-chain
conformation. When the colloids adsorb the long-chained polymers to their surface,
the rest of the polymer will dangle freely in the water/aquatic medium. More colloids
will adsorb along the chain until there are no more dangling ends. A bridge is formed
between the particles, aggregating the colloids and making larger flocs. The
mechanism behind the adsorption depends on the type of flocculant and can be due to
cation exchange, electrostatic linkages, hydrogen bonding or ionic bonding
(Bratby, 2016).

Sweeping flocculation

One effect of the use of inorganic coagulants like metal salts is the formation of
hydroxide precipitates aggregating into large hydroxide flocs. The hydroxide flocs
trap and sweep the colloids in the water. This mechanism is also present in some
polymers with limited solubility.

Chelation

Polymer chains normally contain several active functional groups. These groups can
chemically react to certain pollutions through specific forces (Yang et al., 2016).
In the case of metals (as in AMD), chelation is a process where metal ions bond with
chelate groups. The chelating agents must be capable of associating with metal ions.
An example of such a group is NH2 (Evangelou, 1998).

1.7 Chitosan

Several issues of concern have been raised regarding the use of inorganic chemicals in the
water treatment industry. Issues include topics like possible health issues from inorganic
chemicals to the practical problems arising from using inorganic chemicals. Chitosan
can be more accessible and even produced by most countries. Sourced from the food
industry as a by-product of shrimp and crab consumption, chitosan can also be a way
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to turn into a circular economy. Chitosan is a nature-derived, cationic substance made

Figure 1.5: Illustration of a) the structure of chitin, and b) the structure of
chitosan (Yang et al., 2016). Reprinted from Water Research, Vol 95, 59-89,
Copyright (2016), with permission from Elsevier.

from the natural polysaccharide chitin. Chitin is one of the most abundant polymers
in the world, only second to cellulose (Rinaudo, 2006). It is produced/synthesized by
various organisms worldwide, and the leading source for commercial production is the
exoskeleton of crabs and shrimps. Chitosan is a linear copolymer of D-glucosamine
and N-acetyl-D-glucosamine, formed when chitin is deacetylated to a degree of around
(minimum) 50% (Figure 1.5). The characterisation of chitosan mainly depends on two
parameters: the degree of deacetylation and molecular weight. The substitution of
acetyl groups in chitin with amino groups gives chitosan various applications and makes
chitosan soluble in water.

Due to its characteristics, chitosan is used in multiple fields, including biomedicine, agri-
culture, cosmetics, food and beverage, biopharmaceutics, and water and waste treatment
(Muxika et al., 2017; Rinaudo, 2006). The chemical structure of chitosan opens for de-
signing polymers with particular abilities by specific modification (Brião et al., 2020;
Igberase et al., 2018; Markovic et al., 2020; Rinaudo, 2006; Sun et al., 2019). Chitosan
is also a cationic polyelectrolyte; when added to an acidic medium, the NH2 groups
will be protonated. Due to these characteristics, chitosan opens to become an optimal
flocculant aid (Renault et al., 2009; Yang et al., 2016).
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Figure 1.6: The protonation of chitosan (Yang et al., 2016). Reprinted from
Water Research, Vol 95, 59-89, Copyright (2016), with permission from Elsevier.

Flocculation mechanisms of chitosan

As previously mentioned, there are different types of mechanisms behind flocculation.
The mechanisms are also valid when using chitosan as a flocculant aid. Many of these
mechanisms also depend on external factors (as mentioned). For chitosan, this also
includes its characteristics and behaviour in the medium. Some of the mentioned char-
acteristics are the degree of deacetylation and molecular weight, which will be more
apparent when looking at the different flocculation mechanisms. In general, it can be
said that the flocculation efficiency of chitosan increases with lower pH, higher ionic
strength in medium, and higher temperatures. The effect of dosage depends on the
primary flocculation mechanism (if simple charge neutralization or charge patching is
the dominant mechanism). Regarding charge neutralization, the protonation of chitosan
(illustrated in Figure 1.6) in an acidic medium allows charge neutralization of negative-
charged pollutants. The effect of charge neutralization depends on the distance between
two charge units along the polymer chain (the charge density). This comes to the num-
ber of amino groups in chitosan. While the number of amino groups depends on the
degree of deacetylation, the protonation of chitosan also depends on pH, with the degree
of protonation being higher at acidic levels. The ionic strength of the medium might
also play a role in the charge density of the chitosan (Yang et al., 2016).

Chelation in chitosan depends on available amino and hydroxyl groups, making chitosan
better than other natural compounds to form chelates (Rhazi et al., 2001). When it
comes to bridging flocculation with chitosan as flocculant, the mechanism also depends
on the degree of deacetylation, pH, and ionic strength. When it comes to the degree
of deacetylation, it is difficult to predict the effects it has (Renault et al., 2009; Yang
et al., 2016).

1.7.1 Metal removal with chitosan

Several studies have investigated the removal of metals by chitosan, some of which will
be swiftly introduced.
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Bessho et al., 2019, found that using 0.1 g of chitosan in a water mix of Cu, Zn, and Mn,
almost no metal was recovered at pH 2. However, the removal of Cu and Zn increased
to nearly 90% and 60% when pH was increased to pH 3. Minimal recovery of Mn was
found in the pH range from 2 to 5. The presence of chelating groups like NH2 and
hydroxyl groups in chitosan allows for the chelation of metals (Bessho et al., 2019).

In the work of Sun et al., 2019, several chitosan-based flocculants were used under vary-
ing conditions to investigate the removal of Cu, Cr and Ni from model wastewater.
The removal mechanism was mainly chelation, charge neutralisation, adsorption bridg-
ing, and sweep flocculation (Sun et al., 2019). Cu was removed in a range of 68.2 -
85.1%, Cr in 68.5 - 76.1%, and Ni in a range of 65.4- 75.7%. It was found that different
flocculants were optimal for different metals.

Modified chitosan in the form of microspheres was used by Laus et al., 2007, to remove
acidity and metals from coal mining wastewater. The results show that the microsphere
was able to increase the pH from around 2.5 to almost neutral values and remove Fe3+,
Al3+ and Cu2+ entirely. The increase in pH was due to the protonation of the NH2

groups. These groups were the main adsorption sites for the metals and a chelating
group, forming chelates with the metal ions. The microspheres could also be reused and
recycled, suggesting more environmentally friendly than other solutions (Laus et al.,
2007).

Gidas et al., 1999, compared the effectiveness of chitosan as a primary coagulant against
alum in both municipal and industrial wastewater (siderurgical industry) based on Cu2+

removal, turbidity removal and COD. The results show that chitosan is superior to alum
in removing copper and turbidity from industrial wastewater while being much less
efficient for removal in a mix of bentonite and drinking water. The results showcased
the importance of particle types for removal with chitosan. However, it was concluded
that the removal was higher with higher pH (Gidas et al., 1999). This conflicts with
what was found by Rhazi et al., 2001, where chitosan was found to form complexes with
copper ions with the optimal pH range of 5-7 (Rhazi et al., 2001).

While several studies have been made covering the removal of metals with chitosan from
wastewater, most of the research is also difficult to compare due to different experimental
setups. Kim and Park, 2021, have reviewed the use of biosorbents to treat AMD,
including studies with modified chitosan. The review shows promising potential in
using chitosan; however, more research is needed in general (Kim and Park, 2021).

Modified chitosan: chitosan-covered biochar

Another type of nature-derived material is biochar, formed through pyrolysis of organic
waste. The temperature during the pyrolysis process ranges from 300◦C to 900◦C. The
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organic waste used as feedstock varies, ranging from municipal wastewater sludge and
food waste to animal manure and wood chips (Wang and Wang, 2019). The wide range
of waste and feedstock used to produce biochar also results in varying properties from
feedstock to feedstock and the pyrolysis process and temperature. Depending on these
properties, biochar can be used, for example, for soil remediation and water treatment
(Wang and Wang, 2019). As with chitosan, biochar can be modified to enhance specific
properties.

One form of modification which has been a popular research topic recently is the
chitosan-covered biochar (CH-B). The product combines two types of materials com-
ing from waste and has been investigated as nature-derived options for inorganic and
synthetic polymers (Gao et al., 2022). Biochar and chitosan are as they are not en-
tirely effective as they potentially can be, but through modification can be adjusted. As
mentioned, biochar and chitosan can easily be modified through different methods to
enhance specific functions in the chemical (Wang and Wang, 2019).

In the research of Zhou et al., 2013, the removal of Cd, Cu and Pb from water with
biochar made of four different feedstock (bamboo, sugarcane bagasse, hickory wood, and
peanut hull) were compared with the results from responding CH-B. All the CH-B had
higher Cu removal efficiency than the responding biochar. All CH-B besides peanut hull
had a higher removal efficiency of Cd. At the same time, only CH-B of bamboo and
hickory wood saw a significantly higher removal of Pb. In contrast, CH-B of sugarcane
bagasse and peanut hull saw a decrease in removal compared to responding biochar. It
suggests that the metal was removed through chelation with the amine functional group
(Zhou et al., 2013).

Cuprys et al., 2021 investigated the use of chitosan-covered biochar to remove As, Cd,
and Pb, simultaneously with the antibiotic element ciprofloxacin. First was biochar
made of different feedstock (pinewood, almond shell, and pig manure), where the one
with the highest adsorption capacity (pig manure) was used to make CH-B. The study
showed that the feedstock used for biochar influences the removal efficiency and adsorp-
tion capacity (Cuprys et al., 2021). CH-B had an increased adsorption capacity for all
pollutants besides Pb. CH-B also outperformed biochar and granulated active carbon
in simultaneous removal efficiency for all targeted pollutants in real wastewater.

Song et al., 2021, the removal of Cr, Cu, Se, and Pb, from oil sands process water with
biochar made of municipal sewage sludge as feedstock was compared to the removal
with the corresponding CH-B. The CH-B removed the metals at a high rate and higher
than biochar and chitosan alone. Chelation, hydrophobic interactions, electrostatic and
chemical adsorption all play a role in removing metals (Song et al., 2021).
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1.8 Research questions and knowledge gap
With active treatment of the AMD in Folldal being proposed, the choice of chemicals is
now a new issue to discuss. The cost of NaOH, the sludge volume and operating issues
with limestone, and the difficulties with sulphides are just a few issues raised with the
conventional chemicals used to remove metals from water. Additionally, there is the
issue with sludge handling,

Nature-derived chemicals are biodegradable, often non-toxic and can be more accessible,
sometimes deriving from different kinds of wastes and contributing to a more circular
economy. From mentioned studies, chitosan has removed a wide range of metals in
various types of water. This covers different ways to apply chitosan, e.g. as flocculant
aid, as a coagulant, as adsorption material and as membranes. The mechanisms behind
the removals have been identified as chelation and different adsorption and flocculation
mechanisms (Sun et al., 2019; Laus et al., 2007; Bessho et al., 2019). The studies have
been conducted with model water based on different wastewater and raw waters like
coal mine effluents. However, there is not enough research covering the use of chitosan
to remove metals from AMD (Kim and Park, 2021). The range of techniques used to
apply chitosan and the different types of wastewater used is diverse but scarce.

This study is foremost preliminary due to the varied but inadequate literature about
the removal of metals from AMD with chitosan and modified chitosan. To narrow
down which technique and removal mechanism in chitosan is most promising, different
techniques should be investigated first.

This paper will primarily investigate the most common application of chitosan for metal
removal and if the techniques can be used for removing copper in Folldal. This is being
done by narrowing it down to the following research questions:

1. How are novel methods involving nature-derived chemicals such as chitosan and
biochar performing compared to conventional treatment methods in removing met-
als from AMD?

2. Can novel methods involving nature-derived chemicals improve conventional meth-
ods’ performance for removing metals from AMD?

By answering these research questions, will this thesis work as a preliminary study into
the use of chitosan to remove metals from AMD and, more particularly, the possibility
of using nature-derived chemicals in the removal process of metals in Folldal.





2. Material and Methods

To examine the use of chitosan for removal of metals from AMD, different experiments
were planned to cover various aspects of treatment efficiency and removal technology.
The first experiments were undertaken with model water based on the composition of
the AMD from Folldal. Therefore, collecting samples and preliminary experiments were
completed first. The collected samples were used for preliminary tests at the labora-
tory at NMBU, to establish metal composition for making model water. Afterwards,
experiments with chitosan and model water were performed. Some experiments were
first performed at NMBU, while different experiments were performed in MSU, East
Lansing, MI, USA. Lastly were experiments conducted at NMBU with AMD collected
in Folldal. An overview of what experiments performed where is illustrated in Figure
2.1.

Due to a delay in the ICP-MS results from MSU, the method-section covering that part
of the experiments is moved to Appendix C on page 49.

The overall objective is to evaluate the prospect of treatment methods/technologies/techniques
involving nature-derived chemicals like chitosan, to remove metals from AMD in Folldal.

2.1 Sampling and composition of AMD
The sampling location (32N N 6889621 E 551005, 2.2) is the same as the location used
by DMF to take samples for monitoring the AMD discharge to the river. It is a collection
point where the trench system in place directs the water to before discharging it to the
river. The collection point is on the floor inside a small shed, covered with a lid.

Samples were collected two times; first time on 07.02.2022 for preliminary analyses of
the water composition, second time on 02.05.2022 for final experiments.

The samples were collected with a plastic bucket tied to a rope and poured into pre-
prepared containers. On 07.02., samples were collected in bottles; one 1 L amber glass
bottle and three 500 mL plastic bottles. Two of the plastic bottles were acidified for

19
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Figure 2.1: A schematic overview showing what experiments was performed and
location for experiments.
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Figure 2.2: The location for sampling, 32N N 6889621 E 551005, is marked with
a red pin. Cropped from ©norgeskart.no.

preservation; one with 1 mL of nitric acid, second with 1 mL of sulphuric acid. Con-
ductivity and pH were measured, after calibration of the instruments.

Back in the laboratory at NMBU was TSS, TDS, turbidity, conductivity, and pH, mea-
sured while the metal composition of the acidified water was analysed with ICP-MS.

On 02.05., a new, pre-washed 20 L container made of HDPE was filled up and acid-
ified/preserved with pure nitric acid (∼ 1.5%). pH, turbidity, and conductivity were
measured on-site after calibrating the instruments, then measured again at NMBU.

2.1.1 Temperature and weather

To properly understand the results from the samples collected is the weather through-
out January, February, and April, and the weather seven days prior to sampling dates
presented. The data are from seklima.met.no, and The Norwegian Meteorological In-
stitute and their closest weather station, which is Fredheim, Folldal, station number
SN9160, location 32N N 6888860 E 551879. The station is located 694 meters over sea
level, around 1.5 kilometres from the point of sampling. The climate of Folldal is typical
continental climate in a mountainous area in Norway. Cold winters, hot summers, and
relatively dry compared with.

https://www.norgeskart.no/##!?project=norgeskart&layers=1002&zoom=5&lat=6776310.51&lon=139063.24&sok=Folldal&markerLat=6899018.084874388&markerLon=239272.46452865985&p=searchOptionsPanel
https://seklima.met.no/
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Weather and Temperature - 07.02.2022 According to the monthly reports from
The Norwegian Meteorological Institute for January and February (Grinde et al., 2022a,b),
the period was warmer and wetter than the climate normal (1991-2020) for the same
period. In January was the mean temperature 4.3◦C over the normal mean temper-
ature, while precipitation was 225% of the normal precipitation. The precipitation,
mean, minimum, and maximum temperature for the week before sampling is illustrated
in Figure 2.3. It shows that the mean temperature for the period before sampling was
below 0◦C, with just two days having maximum temperature just over 0◦C. Therefore
is the precipitation for those days most likely being in the form of snow.

Weather and Temperature - 02.05.2022 According to the monthly report from
The Norwegian Meteorological Institute for April (Grinde et al., 2022c), the month was
colder and dryer compared with the climate normal. The mean temperature was -0.8◦C
colder than the mean temperature for the same period in the climate normal. The
precipitation was 56% of the normal precipitation. The precipitation, mean, minimum,
and maximum temperature for the week before sampling is illustrated in Figure 2.4. It
shows that there is nearly no days with precipitation seven days before sampling, and
very little for the days with precipitation. The mean temperature is over 0◦C, while
minimum temperature is below 0◦C most days.

Figure 2.3: Illustration of the mean, maximum, and minimum temperature each
day, including total precipitation each day. Covering 31.01.2022 to 07.02.2022, the
first day of sampling. Data collected from seklima.met.no.

https://seklima.met.no/
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Figure 2.4: Illustration of the mean, maximum, and minimum temperature each
day, including total precipitation each day. Covering 25.04.2022 to 02.05.2022, the
second time sampling. Data collected from seklima.met.no.

2.2 Parameters

Six different parameters were measured in one or more of the experiments. A short
summary of the importance of the parameter and type of equipment used is described
under the said parameter.

2.2.1 pH, conductivity, and turbidity

The parameters of pH, conductivity, and turbidity are standard part of water com-
position and essential for most activities (treatment, consumption, experiments, etc)
involving water and to the efficiency of different treatment/removal techniques.

To determine the pH, a pH-meter was used. The pH-meter was calibrated frequently
with the standard solutions. For measuring at NMBU and on-site, the pH-meter used
was Model 370 from Jenway.

Conductivity was measured with WTW Cond 3210, and turbidity was measured with
Hach 2100Qis Portable Turbidimeter, which was calibrated before used. Conductivity
gives an indication of the ions in the water. Turbidity is used as an indication of particles
in water based on the turbid.

https://seklima.met.no/
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2.2.2 TSS and TDS

Total Suspended Solids (TSS) are the particles with a size of two micrometres (micron)
or more, while Total Dissolved Solids (TDS) are the dissolved substances under two
micrometres. TSS gives the weight of suspended particles in the medium and is used
as a quality parameter. The TDS gives an indication of the dissolved particles in the
medium, including metals and other ions.

The method used to measure TSS and TDS is the same as described by American Public
Health Association et al., 2012. This method uses the weight difference of a filter before,
and after filtration and heating at 105◦C, to find TSS in the sample. To find TDS, the
filtrate from TSS was also heated at 105◦C. More information about the biochar can be
found in Cuprys et al., 2021.

2.2.3 Metals

The metal composition of the water is the major parameter in this case study. Induc-
tively coupled plasma mass spectrometry (ICP-MS) can detect very low concentration
of elements. The elements are ionized as they pass through a plasma source. The ions
are then sorted based on their mass.

The samples were filtered and acidified with HNO3 before being delivered to the operator
of the instrument for further preparing and analysing. For the analyses of the experi-
ments with AMD, the samples were centrifuged with Centrifuge 5702 from Eppendorf
for one minute at 400 rpm instead of filtered, then acidified.

At NMBU was Agilent Technologies’ 8800 ICP-MS Triple Quadrupole together with
Agilent Technologies’ SPS 4 Autosampler used to analyse samples for metals.

2.3 Experimental setup

Firstly, three different experiments were performed in the lab at NMBU with model
water based on the results from the analysis of the AMD collected 07.02.2022. Lastly,
precipitation experiments and adsorption batch tests were performed at NMBU with
preserved AMD collected 02.05.2022.

Chitosan and biochar KitoflokkTM 200 was obtained from Teta vannrensing AS.
The chitosan solution was mixed 50/50 with DI water to get KitoflokkTM 100, used in
the experiments. For biochar was biochar made of pig manure as feedstock used. More
details can be found in Cuprys et al., 2021.
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Model water

To make model water, the metal composition of the AMD was analysed. The samples
were prepared, first filtered, and then acidified with nitric acid and with sulphuric acid.

Based on the results from the first ICP-MS run, two different types of model water
were made. One of the types was made with the most significant (in quantity) metals
in the AMD, which where Al, Ca, Cu, Fe, Mg, Mn, and Zn. The metal salts used
was aluminium sulphate octadecahydrate, calcium sulphate dihydrate, iron(II) sulphate
heptahydrate, copper(II) sulphate pentahydrate, zinc sulphate heptahydrate, magne-
sium sulphate heptahydrate, and manganese(II) chloride tetrahydrate.

Chitosan-covered biochar

Firstly was 30 mL of KitoflokkTM 200 and 30 mL of acetic acid 2% mixed together
with 1 g of biochar. The solution was stirred for a little over four hours at 150 rpm.
The mixture was added dropwise with a pipette into 2.5% NaOH and left in room
temperature overnight. The NaOH was washed off the next day and dried in the oven
at 105◦C.

2.3.1 Adsorption batch experiments

The goal of the adsorption batch experiments is to see the removal efficiency of the ad-
sorption materials in acidic pH levels. The adsorption materials of interests are biochar
and chitosan-covered biochar beads, as used by Cuprys et al., 2021. For each of the ma-
terials, one experiment with different pH levels and a second experiment with different
dosage in the same pH level, was conducted. In addition, was two last adsorption tests
with the most optimal dose of beads and biochar performed with the preserved AMD
from Folldal. In total six adsorption batch experiments were performed.

Experimental set-up

The adsorption material was weighted in polypropylene containers. After getting the
wanted weight of adsorption material in all containers, 20 mL of model water or AMD
was added. The containers were then put to mix overnight (12 hours for the preliminary
tests with model water, 24 hours for the tests with AMD), and next day the volume
needed for measuring metal residue was extracted with a 10-mL volume pipette. The
rest of the water and the adsorption material was then properly disposed of.

Optimal dosage For finding the optimal dose of adsorption material, five different
doses were tested in 20 mL of model water in pH 3.6. Two replicas of each dose together
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with one matrix blank (the model water/AMD without the added materials) were con-
tinuously mixed at 150 rpm with PSU-20i Multi-functional Orbital Shaker from BioSan
overnight. The different doses are:

- 1.00 g/L,

- 2.50 g/L,

- 5.00 g/L,

- 7.50 g/L,

- 10.0 g/L.

Optimal pH To find the most optimal pH for the adsorption material, a range of
acidic pH was tested with a fixed dose of 2.5 g/L with the adsorption material. The
lower dosage was chosen so the influence of pH could be seen in the results. Matrix
blank and two replicas of each pH were continuously mixed at 150 rpm with a magnetic
stirrer overnight. The different pH’s are:

- pH 2.6,

- pH 3,

- pH 4.

Optimal dose with AMD The last batch adsorption tests were performed with three
replicas of the most optimal dose of chitosan-covered biochar and of biochar, found in the
experiments with the model water. The experiment was done with 20 mL of preserved
AMD, added with 0.410 mL of 10M NaOH to adjust the pH value to ∼2.6, around the
average pH found in the AMD from Folldal. Together in the run with each adsorption
material was three matrix blanks adjusted to pH 2.6 and two more blanks.

2.3.2 Jar tests with chitosan as primary coagulant

The goal of the jar tests performed with chitosan as a primary coagulant at low pH is to
get an indication of the efficiency of chitosan in very acidic waters (like AMD). Although
the use of chitosan as a flocculant aid have been discussed and been in focus, there have
been other experiments with the use of polymers as primary coagulants (Bratby, 2016;
Renault et al., 2009). The objective of the jar tests now is therefore to get an indication
of removal efficiency using KitoflokkTM 100 in acidic waters. The jar test equipment
used was Flocculator 2000 from Kemira with 1 L glass beakers. Different dosage and
different pH values were tested, including matrix blanks for each pH value.
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Experimental set-up

500 mL of model water was added to the beaker. The dose was added, and the program
started immediately after. Based on recommendation from the producer of KitoflokkTM

100, and on literature, the program was set to:

- 60 seconds with 400 rpm,

- 15 minutes with 40 rpm,

- 30 minutes with settling.

Optimal pH To find the most optimal acidic pH to use KitoflokkTM 100, a fixed dose
of 0.20 mL/L was used on different acidic pH’s. The experiments were performed with
one of each following pH values, including a matrix blank from each:

- pH 2.6,

- pH 3,

- pH 4.

Optimal dosage To find the optimal dosage of KitoflokkTM 100 in acidic water, three
different doses and a matrix blank was tested in model water with pH 3.6. Based on
recommendation from the producer, the chosen doses were:

- 0.15 mL/L,

- 0.20 mL/L,

- 0.25 mL/L.

2.3.3 Jar tests with chitosan as flocculant aid

The goal of the jar tests experiments with chitosan as flocculant aid to NaOH is to find
out if chitosan is able to enhance the removal of metals during hydroxide precipitation.
Two experiments were conducted, one with copper only model water (at MSU) and one
with AMD (at NMBU). Five different doses of KitoflokkTM 100 were assessed. Together
with matrix blank, three replicas of each dose were performed. All jars had the pH
first raised to nine with NaOH. Due to the results from the first precipitation experi-
ments performed at MSU being delayed, the objective of using chitosan as flocculation
aid changed to see if it affects the process in a pH where most of the copper will be
precipitated anyways.
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After deciding on which pH value to continue the experiments with, experiments with
KitoflokkTM 100 as flocculant aid was performed. The dosage of KitoflokkTM 100 added
are:

- 0.35 mL/L,

- 0.40 mL/L,

- 0.45 mL/L,

- 0.50 mL/L,

- 0.55 mL/L.

0.950 L of AMD was used in each jar. The pH was first raised to pH 9 with NaOH. The
flocculation program initiated was

- 60 seconds with 300 rpm,

- 10 minutes with 80 rpm,

- 1 hour with settling.

KitoflokkTM 100 was added after 30 seconds of rapid mixing. After settling was pH and
conductivity measured, and samples extracted for metal analysis with ICP-MS.



3. Results and discussion

Figure 3.1: Comparing removal efficiency (RE, %) of Cu from model water in
pH 3.6, between the most optimal dosage of chitosan-covered biochar (CH-B, 5.0
gram per litre of model water), biochar (B, 10.0 gram per litre of model water),
and KitoflokkTM 100 (CH, 0.20 millilitres per litre of model water). Adsorption
capacity (qe, milligram Cu per gram adsorption material) is included. Blank (red
line) presents the removal of copper in model water at pH 3.6, without anything
added.

The most optimal dosage (based on Cu removal) for each material from the first ex-
periments performed at NMBU (adsorption batch test with CH-B and biochar, and
KitoflokkTM 100 as primary coagulant) is illustrated in Figure 3.1. Chitosan as primary
coagulant did not remove any Cu, while as CH-B

3.1 Metal concentration
Based on the results from the ICP-MS analysis of the first samples collected in Folldal,
the chosen concentration of the model water is presented in Table 3.1. The metals
chosen were the ones present in relatively large quantities. The results from the ICP-
MS analysis is presented in Table F.1 in Appendix F on page 57. Based on earlier

29
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Table 3.1: The concentration of metals (microgram per litre water) in the model
water used for the first round of adsorption batch tests and for jar tests with
KitoflokkTM 100 as primary flocculant.

Metal Dosage (µg/L)

Aluminium 37504
Calcium 3406
Copper 12641
Iron 165179
Magnesium 50785
Manganese 13325
Zinc 8505

measurements (Table 1.1), this measurement is considerable lower than the average and
most of the lowest measurements in the last five years. The weather for the seven days
prior to the sampling shows some but little precipitation (Figure 2.3), however, the
period had much higher precipitation than normal for the period, as mentioned earlier
(2.1.1 on page 22). The temperature for the same period was warmer than the normal,
but still below zero for most of the days.

The results from samples collected 02.05.22 is presented in Table F.3. The levels are
higher than the results from the first samples, however, still lower concentration than the
average concentration of metals (Table 1.1). The weather for the seven prior days (Figure
2.4) shows almost zero precipitation and positive mean temperatures. The period was
much drier than the normal, as mentioned earlier (2.1.1 on page 22). Although the dry
weather means less precipitation to dilute the stream, this is only a considerable effect
seen during the spring flood and not when it precipitates for example during autumn.
The samples were taken just after/around the period for the spring flood. Even if the
period was dry, the melting of snow will contribute to the dilution of the stream. The
concentration of metals are around the same as seen for the previous years in the same
time (Table 1.3).

3.2 Adsorption batch tests

The results from the first adsorption batch test (with model water) is presented in Table
F.2. The removal efficiency and adsorption capacity for biochar and chitosan-covered
biochar under the different dosage and pH is presented for each metal in Figure E.2
and Figure E.3 in Appendix E on page 53. In summary, the removal efficiency of the
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different doses of chitosan-covered biochar and biochar is illustrated in Figure 3.2 and
Figure 3.3, together with the removal efficiency from a matrix blank with no adsorp-
tion materials. The corresponding adsorption capacity for each adsorption material is
illustrated together in Figure 3.4.

Simultaneously is the removal efficiency of a fixed dose of CH-B and biochar in different
acidic pH values presented in Figure 3.5 and Figure 3.6, together with the matrix blanks
for each pH. The corresponding adsorption capacity for each adsorption material is
illustrated together in Figure 3.7.

The mentioned figures show that CH-B is able to remove more of all metals measured
than biochar alone at the same dose and also have a higher adsorption capacity than
biochar alone. While biochar was able to remove nearly 100% of Al at the highest dose
tested (10.0 g/L), the removal of all the other metals measured is never on the same
level as for the removal efficiency with CH-B.

The removal efficiency of the most optimal dosages of CH-B and biochar in raw AMD,
is presented in Table F.4 and illustrated in Figure 3.8 for all metals analysed for. The
removal efficiency and the adsorption capacity of the metals with a positive removal rate
is presented in Figure 3.9.

Figure 3.2: Diagram presenting the removal efficiency (RE, %) with different
doses of chitosan-covered beads (CH-B, gram per litre of model water) in model
water with pH 3.6. Blank is model water at the same pH value but without any
adsorption material.
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Figure 3.3: Diagram presenting the removal efficiency (RE, %) with different
doses of biochar (B, gram per litre of model water) in model water with pH 3.6.
Blank is model water at the same pH value but without any adsorption material..

The results for the adsorption batch tests with collected AMD does not follow the results
seen in the experiments with model water. Now only Fe and Cr are removed, while Al
is leaking from the CH-B, opposite from the nearly 100% removal from model water.
Additionally to Al is also Mg, Ca and Mn leaking in considerable numbers from the
CH-B and also the biochar. No removal of Cd, Zn, or Cu is observed either.

The results are also differing from other experiments performed with modified chitosan
on raw waters (Laus et al., 2007; Song et al., 2021). This gives an indication that
there are other important parameters in the water matrix of the AMD that needs to be
investigated. No tests were done for sulphate or other sulfuric elements, although the
annual reports made for DMF shows high concentration of sulphate.

Overall, modifying the biochar with chitosan to CH-B improves the removal efficiency
and adsorption capacity both for model water and AMD. Additionally is CH-B leaking
less metals than the biochar alone (beside for the Al in AMD). The addition of chitosan,
which has more functional groups, results in higher removal than with biochar alone.
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Figure 3.4: Diagram presenting adsorption capacity (qe) for different doses of
chitosan-covered biochar (CH-B, in blue) and biochar (B, in green) in model water
with pH 3.6. The qe is given in milligram of metal (Me) per gram of adsorption
material, and doses of adsorption material in gram per litre model water.

3.3 Chitosan as primary coagulant

The results from the experiments with KitoflokkTM 100 as primary coagulant is illus-
trated in Figure E.1. Performance of both different doses (0.15 mL/L, 0.20 mL/L, 0.25
mL/L) in pH level 3.6, and the performance of 0.20 mL of KitoflokkTM 100 per litre
in different acidic pH levels (2.6, 3.0, 3.6, 4.0) is shown. The results indicates there
have not been any removal of any metals with the use of KitoflokkTM 100 as primary
coagulant in acidic levels. Contrary, when it comes to Al, it seems like KitoflokkTM 100
somehow reduces the removal of Al compared to the matrix blank. This goes for both
different doses and different pH values.

3.4 Chitosan as flocculant aid
Due to late results from the experiments with different pH, the objective of the exper-
iment was change to see if chitosan as flocculant aid would affect the precipitation of
metals with NaOH. pH 9 was chosen to be sure most metals precipitates. The results
from the experiments with KitoflokkTM 100 as flocculant aid in raw water/AMD is pre-
sented in Table F.5. The change in pH after sedimentation for each of the dosages of
KitoflokkTM 100 and matrix blank is illustrated in Figure 3.10. The results shows nearly
100% removal of all metal analysed beside Mg and Ca. This includes for all the doses of
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Figure 3.5: Diagram presenting the removal efficiency (RE, %) with a fixed-dose
of chitosan-covered biochar (CH-B, 2.5 gram per litre of model water) in model
water with different pH values. The blanks are model water at the same pH values
but without any adsorption material.

KitoflokkTM 100 as flocculant aid and the matrix blank with only NaOH added. While
KitoflokkTM 100 did not affect the removal, it did however affect the final pH. Figure
3.10 show that the final pH, after one hour of settling, is sinking with the increasing
dose of KitoflokkTM 100. Additionally, it was observed that the sludge was changing,
seen in Figure D.1. The sludge was not further analysed, but the volume has increased
with the addition of KitoflokkTM 100.
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Figure 3.6: Diagram presenting the removal efficiency (RE, %) with a fixed-dose
of biochar (B, 2.5 gram per litre of model water) in model water with different
pH values. The blanks are model water at the same pH values but without any
adsorption material.

Figure 3.7: Diagram presenting adsorption capacity (qe) for a fixed-dose (2.5
gram per litre model water) of chitosan-covered biochar (CH-B, in blue) and
biochar (B, in green) in model waters with different pH values. The qe is given in
milligram of metal (Me) per gram of adsorption material.
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Figure 3.8: Diagram presenting removal efficiency (RE, %) from adsorption
batch tests with 5.0 gram of chitosan-covered biochar (CH-B, blue) per litre AMD
and with 10.0 gram of biochar (B, green) per litre AMD. Matrix blank (red) is
AMD without any adsorption material but with the same pH value (2.6).
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Figure 3.9: Diagram presenting removal efficiency (RE, %) and adsorption ca-
pacity (qe, milligram of metal (Me) per gram adsorption material) from adsorp-
tion batch tests. Removed Fe and Cr with 5.0 grams of chitosan-covered biochar
(CH-B, blue) per litre AMD and with 10.0 grams of biochar (B, green) per litre
AMD. Matrix blank (red) is AMD without any adsorption material but with the
same pH value (2.6).
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Figure 3.10: Diagram illustrating the pH of the supernatant in the jar tests
with KitoflokkTM 100 (purple) as flocculant aid after one hour with settling.
KitoflokkTM 100 given in millilitre per litre AMD. Matrix blank (MB, red) is
AMD raised to pH 9 with NaOH but without any KitoflokkTM 100 as flocculant
aid.



4. Conclusions

Different novel methods have been covered by several experiments on different technolo-
gies with nature-derived chemicals.

There are no promising results with using chitosan as a primary coagulant in acidic
water. The chitosan as flocculant aid does not influence the removal rate with NaOH.
However, an increase in sludge volume is not ideal. Research is needed into the sludge
composition and if this is also observed in lower pH ranges.

The experiments with model water show promising results in using chitosan-covered
biochar to remove metals from acidic waters. Still, the results from the same experiments
but with AMD indicate other parameters in the water matrix of AMD involved in the
removal process that needs to be investigated further. The results also show how unique
each case can be, that the results from research on AMD from other mines not necessarily
can be transferred to other cases, and that individual assessment for each case is needed.

The results in this thesis indicate that there are prospects for using nature-derived
chemicals and novel methods when removing metals from AMD; however, more research
is needed to draw any conclusions to the research questions introduced in Section 1.8
on page 17.

Adsorption in model water is comparable with NaOH use; still, more research is needed
on adsorption in raw water. Coagulation with chitosan as the primary coagulant in
acidic water is not removing any metal. The combination of adsorption with CH-B
and conventional methods was not investigated, and experiments with chitosan as a
flocculant aid is not providing enough data to compare its performance.

Future recommendations should research the role of different parameters in AMD and
their interaction with nature-derived chemicals. The possibility of using nature-derived
chemicals as an adsorbent in a secondary treatment after the use of conventional methods
should be investigated, and so if it can reduce the cost of conventional chemicals and
possibly sludge volume. The regeneration of chitosan-covered biochar and metal recovery
is also of interest, as it might reduce the cost of chemicals needed.
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Appendix A. Quality Standards Fresh Wa-
ter

Table A.1: Values and limits for all monitored metals in fresh water and their
classifications in Miljødirektoratet, 2016.

Element Class I Class II Class III Class IV Class V

Background Good Moderate Bad Very bad

As 0 - 0.15 0.15 - 0.5 0.5 - 8.5 8.5 - 85 >85

Pb 0 - 0.02 0.02 - 1.2 1.2 - 14 14 - 57 >57
Cd
- CaCO3 <40 mg/L
- CaCO3 40 - <50 mg/L
- CaCO3 50 - <100 mg/L
- CaCO3 100 - <200 mg/L
- CaCO3 ≥ 200mg/L

0 - 0.003

≤ 0.08
0.08
0.09
0.15
0.25

≤ 0.45
0.45
0.6
0.9
1.5

≤ 4.5
4.5
6.0
9.0
15.0

>15.0

Cu 0 - 0.3 0.3 - 7.8 7.8 - 15.6 >15.6

Cr 0 - 0.1 0.1 - 3.4 >3.4

Hg 0 - 0.001 0.001 - 0.047 0.047 - 0.07 0.07 - 0.14 >0.14

Ni 0 - 0.5 0.5 - 4 4 - 34 34 - 67 >67

Zn 0 - 1.5 1.5 - 11 11 - 60 >60
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Appendix B. Map of spoil masses

Figure B.1: Map of spoil masses in Folldal (Pabst and Kvennås, 2014). The blue
colour indicate the depth of the spoil masses (the darker blue, the deeper). White
stripes indicates low number of samples of the masses. Adapted with permission
from DMF.
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Appendix C. Material and methods - at MSU

Experiments were performed at MSU after the first experiments were performed at
NMBU. Since the result were not ready in time for the finishing of this thesis, the
method is described in this chapter in the appendix.

Equipments At MSU, the pH-meter used was Fisher Scientific Accumet AB15. iCAPTM
Q ICP-MS from Thermo ScientificTM is used to analyse samples for metals together with
CETAC Technologies’ Analyte G2 Excimer Laser Ablation System with a 15 x 15 cm
HelExTM cell and ASX-520 Autosampler.

Model water The type of model water was made with copper only as it is the main
target of removal. The intention with the two different model water is to compare the
copper removal when there is copper only and then when other major metals is present.
The experiments with copper only were performed with copper(II) sulphate from Sigma
Aldrich as the metal salt.

Precipitation tests

The pH was adjusted with the use of NaOH, a hydroxide precipitation. Three different
pH were used. Based on the chemistry of copper, pH 7, 8, and 9 was controlled. Three
replicas of the experiment were performed, with a matrix blank each round. 1 L glass
beakers were used for the experiments, together with magnetic stirrer.

One litre model water was added to the beaker. The model water was stirred slowly
while pH was measured constantly. When the pH was stable, NaOH was added with
a pipette. NaOH was added until reaching the desired pH (either 7, 8, or 9). The
model water with precipitant was now mixed with magnetic stirrer. Based on other
experiments, the mixing time is set to:

- 60 seconds with 300 rpm,

- 10 minutes with 80 rpm,

- 1 hour with settling.
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After settling, the pH was again measured, and a picture was taken of the unit. The
volume needed of the supernatant for measuring metal residue, was extracted by pipette.
The rest of the supernatant and precipitate was appropriately disposed.

Jar tests with precipitation and chitosan as flocculant aid

The goal of the jar tests experiments with chitosan as flocculant aid to NaOH is to find
out if chitosan is able to enhance the removal of metals during hydroxide precipitation.
The jar tests at MSU were performed with the PB-900TM Programmable JarTester,
which has six square plastic 2 L jars with a tap located 10 cm over the bottom. Five
different doses of KitoflokkTM 100 were assessed. Together with matrix blank, three
replicas of each dose were performed. With exemption of jars with matrix blanks, all
jars had the pH first raised to nine with NaOH.

After deciding on which pH value to continue the experiments with, experiments with
KitoflokkTM 100 as flocculant aid was performed. The dosage of KitoflokkTM 100 added
are:

- 0.35 mL/L,

- 0.40 mL/L,

- 0.45 mL/L,

- 0.50 mL/L,

- 0.55 mL/L.

Two litre Cu-only model water was added to each jar. The paddles stirred the model
water at 50 rpm so it properly mixed and the initial pH in each jar was first controlled.
By adding NaOH with a pipette, the pH was increased to pH 9 in all jars while the
paddles rotate at 50 rpm. When all units have pH raised to pH 9, the following program
was initiated:

- 90 seconds with 300 rpm,

- 10 minutes with 80 rpm,

- 1 hour with settling.

The 30 extra seconds is for the flocculant aid to work, according to Bratby, 2016. The
KitoflokkTM 100 was added between the 30th and 60th second of first round. The pH
was measured in all jars after the settling period, and the volume of supernatant needed
for measuring metal residue was extracted through the tap.



Appendix D. Pictures from jar test

Figure D.1: Pictures of the jars after one hour with sedimentation. To the left
is a jar added with a dose of KitoflokkTM 100, to right is a jar with only NaOH.
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Appendix E. Results in diagrams

Figure E.1: Diagrams showing the performance of chitosan as primary coagulant
with different doses and pH.
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Figure E.2: Diagrams of results with different dosages.



55

Figure E.3: Diagrams of results with different pH.





Appendix F. Results in tables

Table F.1: The concentration of the metals in the AMD collected 07.02.22.

Element Concentration (µg/L)

Al 37500 ± 1291
Ca 3350 ± 370
Cd 26 ± 1.6
Cr 86 ± 3.0
Cu 12500 ± 577
Fe 165000 ± 17321
Mg 50750 ± 1708
Mn 1325 ± 50
Ni 115 ± 5.9
Pb <10 ± 0
Zn 8250 ± 500
Ba 13 ± 2.2
Co 283 ± 13
Sr 40 ± 1.59
V 16 ± 0.67

Temperature 3.3◦C
pH 2.95

Conductivity 3.82 mS/cm
TSS 160 ± 43 mg TSS/L
TDS 6213 ± 46 mg TDS/L

Model water made is based on the underlined elements.
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Table F.3: The concentration of metals in the sample of the AMD collected
02.05.2022.

Element Concentration (µg/L)

Al 160000 ± 0
Ca 200000 ± 0
Cd 110 ± 0
Cr 373 ± 5.8
Cu 43667 ± 1155
Fe 800000 ± 10000
Mg 200000 ± 0
Mn 5967 ± 58
Ni 423 ± 15.3
Zn 38000 ± 0

Temperature 3.2◦C
pH 3.6

Conductivity 4.46 mS/cm
Turbidity 23.5 FNU

Model water made is based on the underlined elements.

Table F.4: Result from last adsorption batch test with AMD.

Element Material (dose): MB (no material) B (10.0 g/L) CH-B (5.0 g/L)

Ci (µg/L) Cf,MB (µg/L) Cf,B (µg/L) Cf,CH−B (µg/L)

Al 160000 ± 0 153333 ± 5164 150000 ± 0 203333 ± 5774
Ca 200000 ± 0 190000 ± 0 516667 ± 40415 256667 ± 5774
Cd 110 ± 0 110 ± 0 110 ± 0 110 ± 0
Cr 373 ± 5.8 325 ± 24 207 ± 55 173 ± 29
Cu 43667 ± 1155 42667 ± 1033 43000 ± 0 43333 ± 577
Fe 800000 ± 10000 485000 ± 102127 79000 ± 47508 51667 ± 14295
Mg 200000 ± 0 191667 ± 4082 236667 ± 5774 210000 ± 0
Mn 5967 ± 58 5700 ± 63 7333 ± 58 6267 ± 58
Ni 423 ± 15.3 428 ± 12 433 ± 6 417 ± 12
Zn 38000 ± 0 37667 ± 516 40000 ± 0 37667 ± 577

Abbreviations: MB, matrix blank; B, biochar; CH-B, chitosan-covered biochar; Ci, initial concentration of metal;
Cf,X , final concentration of metals after adsorption batch test with(out any) material X.
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Calibration for 004CALS.d

Batch Folder:
Analysis File:
DA Date-Time:
Calibration Title:
Calibration Method:
VIS Interpolation Fit:

D:\Data\20220524 Noor_jartest3.b\
20220524 Noor_jartest3.batch.bin
6/10/2022 1:28:46 PM

External Calibration

LevelStandard Data FileSample NameAcq. Date-Time
1 002CALB.dCal Blank5/25/2022 10:17:08 AM
2 003CALS.dStd15/25/2022 10:19:36 AM
3 004CALS.dStd25/25/2022 10:22:04 AM
4
5
6
7

Page 16/10/2022 1:31:57 PM



Calibration for 004CALS.d

y = 0.0065 * x  + 0.0081
R =  1.0000
DL = 0.4878
BEC = 1.255

Weight: <None>
Min Conc: 0

y = 9.0995E-004 * x  + 7.1396E-004
R =  1.0000
DL = 1.007
BEC = 0.7846

Weight: <None>
Min Conc: 0

Page 26/10/2022 1:31:57 PM



Calibration for 004CALS.d

y = 0.0018 * x  + 0.0019
R =  1.0000
DL = 0.2228
BEC = 1.057

Weight: <None>
Min Conc: 0

y = 1.4835E-004 * x  + 0.0014
R =  1.0000
DL = 2.929
BEC = 9.76

Weight: <None>
Min Conc: 0

Page 36/10/2022 1:31:57 PM



Calibration for 004CALS.d

y = 0.1248 * x  + 0.0030
R =  1.0000
DL = 0.005015
BEC = 0.02398

Weight: <None>
Min Conc: 0

y = 0.0155 * x  + 1.9560E-004
R =  1.0000
DL = 0.02935
BEC = 0.01263

Weight: <None>
Min Conc: 0

Page 46/10/2022 1:31:58 PM



Calibration for 004CALS.d

y = 0.0597 * x  + 0.0070
R =  1.0000
DL = 0.05909
BEC = 0.1173

Weight: <None>
Min Conc: 0

y = 0.1153 * x  + 0.0910
R =  1.0000
DL = 0.132
BEC = 0.7887

Weight: <None>
Min Conc: 0

Page 56/10/2022 1:31:58 PM



Calibration for 004CALS.d

y = 0.0030 * x  + 0.0029
R =  1.0000
DL = 1.246
BEC = 0.9501

Weight: <None>
Min Conc: 0

y = 0.0837 * x  + 0.0030
R =  1.0000
DL = 0.02509
BEC = 0.03523

Weight: <None>
Min Conc: 0

Page 66/10/2022 1:31:58 PM



Calibration for 004CALS.d

y = 0.0131 * x  + 6.8630E-004
R =  1.0000
DL = 0.05854
BEC = 0.05253

Weight: <None>
Min Conc: 0

y = 0.2356 * x  + 0.0256
R =  1.0000
DL = 0.008687
BEC = 0.1086

Weight: <None>
Min Conc: 0

Page 76/10/2022 1:31:58 PM



Calibration for 004CALS.d

y = 0.0467 * x  + 0.0284
R =  1.0000
DL = 0.1238
BEC = 0.607

Weight: <None>
Min Conc: 0

y = 0.1152 * x  + 0.0127
R =  1.0000
DL = 0.0141
BEC = 0.1102

Weight: <None>
Min Conc: 0

Page 86/10/2022 1:31:59 PM



Calibration for 004CALS.d

y = 0.0285 * x  + 0.0162
R =  1.0000
DL = 0.04813
BEC = 0.5694

Weight: <None>
Min Conc: 0

y = 0.0181 * x  + 9.8391E-005
R =  1.0000
DL = 0.005003
BEC = 0.005429

Weight: <None>
Min Conc: 0

Page 96/10/2022 1:31:59 PM



Calibration for 004CALS.d

y = 0.0194 * x  + 3.4055E-005
R =  1.0000
DL = 0.004077
BEC = 0.001758

Weight: <None>
Min Conc: 0

Page 106/10/2022 1:31:59 PM



Calibration for 004CALS.d

y = 0.0463 * x  + 4.4901E-005
R =  1.0000
DL = 0.002295
BEC = 0.0009702

Weight: <None>
Min Conc: 0

Page 116/10/2022 1:31:59 PM



Calibration for 004CALS.d

Page 126/10/2022 1:32:00 PM



Calibration for 004CALS.d

Page 136/10/2022 1:32:00 PM
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