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ABSTRACT
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The emission of mining wastewater with high concentration of nitrate leads to the risk
of the aquatic ecosystem, being detrimental to human health and excess nutrients of
water bodies. The aim of this thesis work was to improve the reactivity of zero-valent
iron (ZVI) on the reduction of nitrate to ammonium in mine water. The selected
method for the reactivity improvement of ZVI surface was a ZVI/ H2O2 system.
Preliminary tests were performed to demonstrate the feasibility of ZVI/ H2O2 system.
The effect of pH value, iron mass and hydrogen peroxide concentration on nitrate
reduction were evaluated by batch experiments. The effect of adding iron oxide waste
with ZVI was tested as well. The result of this thesis indicated that nitrate reduction
rate achieved 99.5% with the experimental setups in optimized conditions. Thus, it
was possible to increase the nitrate reduction rate at near neutral pH conditions by
adding a strong oxidant, H2O2.
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1. INTRODUCTION

The content of this chapter is to describe the motivation and objectives of this master
thesis by giving an overview about the nitrate problems and possible treatment
techniques. Furthermore, the thesis outline is also presented below.

1.1. Motivation and objectives of the thesis

The mining industry has an enormous influence on global economy. Various mining
products play important roles in most industrial societies for human development in
everyday life, for example electronics, machinery, construction materials and many
others (BRGM 2001). With abundant natural mineral resources, the European mining
industry has a long standing history, particularly in Finland (GTK 2013). The
Siilinjärvi mine of Finland have the biggest apatite production for manufacturing
fertilizers. However, the mining wastewater from the production line of nitric
phosphate fertilizer still contains a large amount of nitrate and phosphate, which is
considered to cause many troubles to environment.

The presence of nitrate in surface water and groundwater around mining areas leads to
the risk of ecosystems, which results in the excess nutrients of water bodies
(eutrophization) (Katri et al. 2007). As a result of eutrophication, the water body
creates a dead zone, where living organisms cannot survive any more. The presence
of nitrate in waters have impact in human health by causing diseases, such as
“methemoglobinemia” - “blue baby syndrome” in newborn children,liver damages
and there is a high risk of bladder and ovary cancers (Samarghandi et al. 2013).

Due to the risks of nitrate, several treatment techniques were investigated in order to
remove nitrate from water. These include ion exchange (IX), reverse osmosis (RO),
biological denitrification, electrodialysis (ED), electrodialysis reversal (EDR),
photocatalytic reduction, adsorption and chemical denitrification (Jensen et al.2012).
While the group of physicochemical technologies can remove nitrate with high
efficiency, however the generation of concentrated nitrate require further treatment
10

and residual disposal. Biological denitrification processes are slower when compared
with the physicochemical ones and require huge infrastructure and manufacturing.
The technique of adsorption with natural materials is a simple design, whereas some
adsorbents are costly.

Chemical reduction method by ZVI/H2 O2 system was selected in this thesis for
nitrate reduction in mine water from a phosphate mine managed by Yara Oy. The
main objective of this thesis work is to study the reactivity activation of ZVI with the
addition of hydrogen peroxide (H2O2) and the optimization of pH, ZVI load and H2O2
concentration in nitrate reduction reaction as well as the influence of the addition of
iron oxide waste as a possible iron source.

1.2. Thesis outline

This thesis work consists of nine chapters described as following:

Chapter 1 presents the motivation, objectives and outline of this study. In the literature
section, the following chapter 2 gives the general overview of mines and mining
wastewater characteristics regarding European and Finnish mining industry
(Siilinjärvi mine). Chapter 3 discusses the nitrogen cycle and the problematic of
nitrate in the water. Moreover, six developed treatment technologies to remove nitrate
from wastewater are indicated in Chapter 4. For example, the photocatalytic reduction
by UV-light and titanium dioxide recognized as photocatalyst and adsorption with
bioresources like agricultural waste, for example, were presented. Chapter 5 analyzes
the mechanism of chemical denitrification process, especially the redox reaction of
ZVI with H2 O2 .
In the experimental section, Chapter 6 describes the materials and methods used,
including the experimental setup, laboratory procedures and analytical techniques. In
Chapter 7, the results and discussion is reported, being divided in three sections:
11

preliminary tests; the optimization of ZVI reactivity activation with H2O2, which
consists on the studies of the effect of pH, effect of ZVI dosage and effect of H2 O2
concentration in nitrate reduction; On the last section, the iron/H2O2 system is tested
with iron oxide waste and ZVI, alone and combined for comparison purposes.
Furthermore, the conclusions of the thesis are shown in Chapter 8. Ultimately,
Chapter 9 presents the possible subjects for further research studies.
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LITERATURE PART
2.

GENERAL OVERVIEW OF MINES AND MINING WASTEWATER

CHARACTERISTICS

Mining activities includes the extraction of mineral substances and some
nonrenewable resources like natural gas and petroleum from the earth. Besides metals,
coal, gravel, gemstones, limestone and clay are extracted from ores. The mining
industry has a powerful influence on global economy (BRGM, 2001). Different
mining products play important roles in most industrial societies for human
development in everyday life, such as electronics, machinery and construction
materials for buildings and roads.

2.1. European mining industry

With abundant natural mineral resources, the European mining industry has a long
standing history. The extraction and supply of minerals play a key role in the
European economy and society during thousands of years. In spite of European
mining has decreased over the last 150 years, the consumption of mining products for
industry has still increased rapidly in recent years. Relying on a great deal of raw
materials the European manufacturing industries ultimately evolve into the hundreds
of thousands of products and enterprises. Nowadays, the most of mining projects are
usually related to the extraction of mineral deposits for instance nickel, copper, zinc,
cobalt, lead, gold, silver and platinum (GTK, 2012).

Comparing with the other continents, Europe is not a main producer for metals. Basic
mineral deposits are located in Ireland, Sweden, Finland, France, Serbia, Romania,
Slovakia, Spain and Portugal. Coal is mainly produced in Poland and Germany. Some
ore deposits are so rich that deserve the exploration of international mining companies.
For example, one large mineral deposit of iron, copper and nickel is situated in
Finland and Sweden in the Baltic Sea region (Vos et al.,2005). Between the boundary
of Czech Republic and Germany there is another major polymetallic ore deposit
13

named “Erzgebirge”, with a variety of silver, sulphides, pitchblende and others. The
lower carboniferous carbonate rocks of Ireland have plenty of limestone, sphalerite,
galena and dolomite, producing lots of zinc and lead. The Iberian pyrite belt which
belongs to the south Portuguese zone hosts a great amount of sulphides, copper, lead,
zinc silver and gold. The main mineral deposites in Europe are shown in Figure 1.

Figure 1. Main mineral deposits of Europe (Euromines,2008).

2.2. Finnish mining industry

With a long tradition, Finnish mining history can trace back to 500 years ago when
iron ore mining started. The metallurgical technologies of Finland are well known
through all around the world. New technology like the flash smelting method for
refining of copper concentrates were invented and turned into the world’s leading one
(GTK, 2013). There are several world class rich mines in Finland such as nickel ores
in Pechenga, copper ores in Outokumpu, nickel in Kola Peninsula which belongs to
Norilsk Nickel, zinc at Kokkola, chromium at Kemi and iron at Raahe (Finnish
mining. 2012). The mineral deposits in Lapland are very rich holding reserves of a
14

number of massive uranium, rare earth minerals, gold, nickel, phosphorus and
platinum metals. The primary industrial minerals exploited in Finland are limestone,
talc, apatite and carbonates (National report). Finland produce the largest amount of
talc in Europe which is one of the most important material in paper industry as
pigment. The largest apatite production for manufacturing fertilizer is the Siilinjärvi
mine. Figure 2 represents the location of the metal ores in Finland.

Figure 2. Metal concentration mills and producers of steel and base metals
(GTK2012).

2.3. Siilinjärvi mine
Siilinjärvi carbonatite, shown in Figure 3, is one of the worldwide oldest carbonatite
deposits in situ with 4.2% of phosphorus pentoxide (P2O5) whose age is over 2600
million years. The area of apatite rocks is 14.5 km long, width up to 650 m and depth
15

is over 800 m from surface (YARA,. The Siilinjärvi deposit started to operate in 1979.
Currently the mine is owned by Yara, which is a global supplier of mineral fertilizers
and industrial chemicals. The factory has three production units: a phosphate mine,
sulphuric acid, phosphoric acid and nitric acid plant and a fertilizer plant. Two open
pit operations (Särkijärvi and Saarinen) are performed in order to produce fertilizers,
phosphoric acids and apatite concentrate. Regarding the tailings management the
pond zone keeps more than 5 km away from concentrator. After the purification
process the mine water with no harmful substances is circulated back to the
concentrator. However, the mine water from the production line of nitric phosphate
fertilizer still contains a large amount of nitrate and phosphate.

Figure 3. Yara – Siilinjärvi open pit mine

2.4. Mine water

Mine water is considered to be one of the most serious issues in water treatment. The
water is generated from mining processes and are usually acidic and highly polluted
by various toxic metals, which affect the quality of surface water and ground water
(Banks et al., 1997). Acid mine drainage (AMD) is a threat to the environment usually
generated by rainfall and snow melt on abandoned mines, tailings, heap leach piles
16

and waste rocks. As a result, ground minerals are oxidized and the contained
compounds are dissolved into the water. Without control, AMD may leach into
groundwater (MINEO Consortium, 2000). Because of the hydrological cycle system,
the produced contaminant of surface water may also directly flow down to ground
water. Separated by different production operations, there is another type of mining
waters – effluents (Wang et al., 2014). Effluents are the waste streams, which are
produced during the refining operation process. With a large number of very fine
solids and dissolved compounds, the effluents are injected into tailing ponds. The
slurry contain plenty of salts and metals which are abstracted by natural minerals and
waste rock. However, there are lots of various toxic chemicals like cyanide in
effluents that are used for extraction operations (Azapagic, 2004).

A mining

operation sketch is shown in Figure 4.

Figure 4. General sketch model of surface and groundwater contamination by mining
operations (MINEO Consortium., 2000)

To monitor water management in the mining industry, some procedures have to be
controlled: decrease the requirement of water volume during the whole process,
purify the polluted water and leachates, prevent the contamination of groundwater and
surface water (Charbonnier et al., 2001). If the water is contaminated by toxic mining
water, people who are exposed to it would get health issues, like skin rashes or
diarrhea, among others. Even fishes and other living organisms would be ultimately
killed in the river.
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3. THE PROBLEMATIC OF NITRATE IN THE ENVIRONMENT

3.1.

The nitrogen cycle

Nitrogen is one of the crucial nutrients for the survival of life (Patil et al. 2013). The
Earth atmosphere has abundant nitrate resources, in addition to dinitrogen gas (N2 ),
nitrogen occur in many various forms, such as nitrate (NO3-), ammonium (NH4+) and
ammonia (NH3) and the convertion from one form to another under different
processes (Anne et al., 2010 ).

Nitrogen undergo through many complex chemical, biological and physical changes
among the atmosphere and the land in a continuous cycle (Carbin et al., 2009). This
kind of biogeochemical cycle is known as the nitrogen cycle. The primary
transformations participate in the nitrogen cycle including fixation, ammonification,
nitrification and denitrification, and it can be represented schematically as the image
in Figure 5.

Figure 5. Major transformations in the nitrogen cycle (Anne et al., 2010)

Nitrogen cannot be absorbed as a nutrient for most living organisms in gaseous state
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(N2 ), but only when it is converted into biological available nitrogen. Nitrogen
fixation is the process to convert N2 into NH3 by nitrifying bacteria, as it can be seen
in equation 3.3.1.
N2 + 8H + + 8e− → 2NH3 + H2

(3.3.1)

When an organism dies, bacteria and fungi will decompose it and convert N2 into NH3
in the ecosystem. This decaying process is called ammonification and the NH3
becomes available for plants in the nitrogen cycle.
Ammonia (NH3) is then transformed into NO−
3 by aerobic bacteria during the
nitrification process, which is accomplished in two distinct steps as following
equations 3.3.2, 3.3.3 and 3.3.4:
NH3 + O2 + 2e− → NH2 OH + H2 O

(3.3.2)

NH2 OH + H2 O → NO2− + 5H + + 4e−

(3.3.3)

1

−
NO−
2 + 2 O2 → NO3

(3.3.4)

The first step in nitrification is when Nitrosomonas bacteria oxidize NH3 to NO2−
via intermediate hydroxylamine, by microorganisms called ammonia-oxidizers (Anne
et al., 2010). The second step is carried out by Nitrobacter, as nitrite-oxidizing
−
bacteria, which oxidize (NO−
2 ) to NO3 .

Denitrification is an anaerobic process that reduces nitrate NO−
3 to N2 , and it is
represented in equation 3.3.5. The process is performed by various species of
anaerobic bacteria, such as Bacillus, Paracoccus and Pseudomonas.

2NO3− + 10e− + 12H + → N2 + 6H2 O

19

(3.3.5)

3.2.

The problem of nitrate

As a crucial water pollutant, nitrate becomes a common environmental problem of the
world (Katri et al., 2007). Nitrate is part of the natural composition of plants and is
required for planting vegetables as fertilizer, but excessive use of fertilizers will be
harmful to water resources (Patil et al., 2013). The largest sources of nitrate pollution
are digestion tanks from animal wastes, organic and chemical fertilizers in agricultural
activities. Farmers usually keep manure in large storage underground, which easily
leads to excessive nitrates leaching (Lee et al. 2010). Excess of nitrogen-based
fertilizers are used by farmers to improve the cultivation of plants, causing
groundwater contaminated with nitrate. All these sources increase the concentration of
nitrogen compounds in water in the most industrialized countries. For example, the
concentration of nitrate in 1000 lakes got twice higher over than 10 years ago in
Norway. In many parts of Europe, river nitrate concentrations have raised 15 times in
the past hundred years (Global Nitrogen., 2004).

As it was referred previously, nitrate contamination is harmful to water ecosystems
leading to eutrophication. Nitrate, as a sustainable source of nutrients, helps algae
bloom growing rapidly in coastal zone. When the algae die, they consume the oxygen
present in the water, causing a dead zone, where living organisms cannot survive.
There are several hypoxia areas all around the world, for example, the Baltic Sea, the
Yellow Sea and the Gulf of Thailand, but the Gulf of Mexico is the most famous one,
which is loaded by the nitrate-rich Mississippi River owning the size from 3,000 to
8,000 square miles (Global Nitrogen., 2004).

Another concern of nitrate contamination is about health risk of human. Actually
nitrate does not directly harm humans, only when it is reduced to nitrite in human
gastrointestinal on the oxygen-free condition. Nitrite pass through the intestines into
the bloodstream, then combines with hemoglobin molecules and converts hemoglobin
to other form which cannot carry oxygen. If high concentrations of nitrate is
completely reduced to nitrite, nitrate ions would weaken the capacity of blood to
20

transport oxygen that will result in a disease called as methemoglobinemia as well as
“blue baby syndrome” in newborn children, even damage to liver and increase risks
for cancer (Samarghandi et al., 2013). A study conducted by the epidemiological
researcher also showed the high concentration of nitrate in drinking water increases
the risk for bladder and ovary cancers.

3.3.

Nitrate in mine water

The presence of nitrate in surface water and groundwater around mining areas affects
the environment, leading to the risk of eutrophication (Katri et al., 2007). One source
of nitrate in mine water is generated from blasting agents, like Ammonium Nitrate
Fuel Oil (ANFO) explosives which contain a mix of ammonium nitrate and fuel oil.
The explosion reaction of (ANFO) is shown below in equation 3.1.1 (Morin et al.,
2009).

3NH4 NO3 + CH2 → 7H2 O + CO2 + 3N2 + heat ( 912 kJ/mol )

(3.1.1)

After the explosion, some residual chemicals like ammonium nitrate (NH4NO3) still
remain on extracted waste rock and are flushed into water bodies by rainfall (Katri et
al., 2008). Other nitrogen sources in the mine water are flotation chemicals, regulating
agents for pH control, ammonium hydroxide and ammonium sulphate used in
uranium precipitation as well as nitric acid for producing fertilizers from phosphate
rock (Jack et al., 1992). The effluents from cyanide destruction in leaching process,
which produces ammonia, also contribute to the increase of nitrogenous compounds
in mine water. The equation of cyanide destruction reaction, equation 3.1.3, describes
the cyanates (CNO-) oxidized to ammonia and bicarbonates (Akcil et al., 2002).

CNO− + 2H2 O → CO2−
3 + NH3
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(3.1.2)

4.

TREATMENT TECHNOLOGIES FOR NITRATE REMOVAL

Since nitrate has high chemical stability and highly solubility, it is hard to remove
from water by conventional treatment processes like coagulation, filtration and
precipitation (Westerhoff et al., 2009). Other modern treatment technologies have
been developed by scientists. These technologies can be classified into
physicochemical, biological and catalytic methods (Jensen et al., 2012). The group of
physicochemical treatment methods include ion exchange (IX), reverse osmosis (RO),
electrodialysis (ED), adsorption and chemical denitrification. This kind of
physicochemical treatment can remove nitrate with high efficiency, however they
only generate concentrated nitrate and require further treatment and residual disposal.
Biological treatment is approved as a useful biological denitrification process, which
is the conversion of NO3- or NO2- into harmless gaseous N2 by anaerobic bacteria.
Nevertheless, there are several concerns: process conduct very slowly, produce
undesirable bacterial contamination, require huge infrastructure and manufacturing.
All of these treatment technologies have their own advantages and disadvantages, a
hybrid process combining various technologies makes them work more efficiently.

4.1.

Ion exchange

Ion exchange is the most widely employed treatment technology for nitrate removal,
owing to its cost-effective and maneuverable characteristics. Ion exchange is a
reversible exchange process of ions from ion exchanger in an electrolyte solution,
which is usually applied to remove contaminants or hardness (Kabay et al., 2007).
The direction of the exchange process is determined by two factors: the concentration
of the ions in the solution, the selective attraction of the resin for the particular ions.
Ion exchange resin is an insoluble matrix (bread-like materials), commonly fabricated
from cross-linked polymers that remove ions from water for water softening and
water purification processes (Westerhoff et al., 2009).
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Anion exchange resin with a preferential affinity for nitrate is usually used for nitrate
removal on which nitrate replaced chloride ions and sulfate ions in the solution
(Jensen et al., 2012). However this kind of resins do have shortage, instead of nitrate
most of them prefer to absorb sulfate, which reduces the efficiency of ion exchange
process. Hence, the concentration and exchange capacity of sulfate and nitrate in the
solution must be considered. After dealing with many liters of solution, it will led to
the saturation of chloride in resin. In order to replace nitrate from the resin, the
regeneration of the resin is needed. It can be carried out by a highly concentrated salt
solution, like sodium chloride or sodium bicarbonate. Salts and organics in waste
brine solution will foul the nitrate IX resins when the system operate for a long time.
For the sake of keeping high-efficiency nitrate removal capacity, that requires
disposal of waste brine. Figure 6 describes the process of ion exchange unit for nitrate
removal.

Figure 6. Ion exchange unit for nitrate removal (Swistock et al., 2016)

4.2.

Reverse osmosis

As the second most commonly used nitrate treatment technology, reverse osmosis is a
membrane separation process which is driven by osmotic pressure (Jensen et al.,
2012). Its applications involve the removal of other ions, molecules and large particles
23

from water, including inorganic contaminants, microorganisms and organic matter
(Symons et al, 2001). The reverse osmosis process works under pressure where
nitrates or other target substances are retained on the pressurized side of the
membrane and forcing pure water passes through a semipermeable membrane to the
other side (Darbi et al, 2003). The RO process occurred owing to the pressure
differential between two sides of the membrane (MWH, 2005). The thin film
composite (TFC) membrane made from cellulose is commonly used for nitrate
removal in RO units. Using thin film composite membranes can achieve the result
that the concentration of nitrate reduction by 60% to 95%. While the nitrate level is
higher than 30 mg/L, reverse osmosis technology will turn into low efficiency. Then,
it is better to choose other treatment technology (Bebee et al., 2006). In addition to
concentration, other factors of RO should be taken into account, for instance, the
pretreatment of water, materials of membrane, water temperature, osmosis pressure
and the disposal of waste concentrate. The drawbacks of RO are its high cost and high
energy consumption for unit operation (Bergman et al., 2007). The schematic RO
process is shown in Figure 7.

Figure 7. Scheme of the reverse osmosis process (Bryan et al., 2016)

4.3.

Biological denitrification

In comparison with ion exchange and reserve osmosis method, biological
denitrification treatment method is the most effective for nitrate removal, since it is
economical with lower operating costs and does not change the content of other
existing ions (Samatya et al., 2006).
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In biological denitrification process, nitrate is microbially reduced to different
nitrogen intermediates and ultimately to gaseous nitrogen, which steps can be
generalized as below: NO3− → NO−
2 → NO → N2 O → N2 (Soares, 2000). Each step of
denitrification are associated with enzymes as catalyzer. The nitrate reduction process
can be performed by two different kinds of electron donors: organic carbon electro
donors like acetic acid or methanol; inorganic electron donors like reduced sulfur or
hydrogen (Westerhoff et al., 2009). As a natural biological process, heterotrophic or
autotrophic bacteria can be used to drive denitrification process as electron acceptor
for reducing nitrates and release nitrogen gas (Shrimali et al., 2001). Moreover, as a
respiratory process, energy sources such as an oxidisable substrate must be required in
denitrification. An organic compound is the source of energy and carbon in
heterotrophic denitrification, whereas an inorganic compound is the source of energy
and carbon in an autotrophic denitrification (Haugen et al., 2002). Autotrophic
bacteria grow slowly resulting in low efficiency of denitrification, so that
heterotrophic process is more popular for applications. As an electron acceptor,
oxygen has an inhibitory effect on denitrification competed with nitrate. Hence, the
concentration of dissolved oxygen in the water should be lower than 0.1 mg/L for
guarantee the reduction process occurs normally (Archna et al., 2012). In some
particular cases, the biological denitrification processes arise under aerobic conditions
(Rittman et al., 2001).

There are some limitations of this process. The residual contaminations presented in
denitrified water, such as bacteria, residual carbon organics, is necessary to be
removed (Haugen et al., 2002). The post treatment like filtration and clarification is
helpful for that. The other key factor is temperature restrictions, low temperature can
decrease denitrification (Archna et al., 2012). Low production rates of nitrate for
biological treatment processes should be considered as well.

4.4.

Electrodialysis and Electrodialysis Reversal

The application of electrodialysis (ED) technology in water treatment for nitrate
removal became more popular recently. It provides the minimum requirement of
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chemical and energy, the good selectivity to remove nitrate ions, high water recovery
and a small quantity of residual (Archna et al., 2012). Electrodialysis is performed by
passing a direct electric current through ion selective membranes where nitrate and
other ions are transferred from a low concentrated solution (dilute) to a high
concentrated solution (permeate, concentrate). The solution with high concentration
of nitrate or other undesirable ions is considered to be a waste stream (Kabay et al.
2007).

ED treated the water in the multiples cell units, which consists of an anion exchange
membrane and a cation exchange membrane located between two electrodes (Ted et
al., 2005). The dilute feed solution should be pressurized into units. Then, influenced
by an electric field, the solution is in an electrodialysis system, where the charge
carriers change into motion. As the electrical potential difference, the negatively
charged ions in the low concentrated solution move towards the positively charged
anode passing through anion exchange membrane and the positively charged cations
towards the negatively charged cathode passing through cation exchange membrane
(Jingjing et al., 2011).

To separate nitrate or other ions from solution, the particular semi permeability
membrane should be selected for the permeation of targeted ion. The charge balance
must be maintained in the whole electrodialysis system as well, in order to keep the
migration of anion and cation, where the electric current flows between them. The ED
process results in a salt concentration increase in the concentrate stream with a
depletion of charge carriers in the dilute stream (Kakay et al., 2007).

The whole ED system is shown at Figure 8. Different from other membrane based
processes like RO, electrodialysis method has less quantity of dissolved species in the
feed solution than of the fluid as well as the strength of higher feed recovery. Rather
than in other membrane based processes, dissolved species are removed from the feed
solution. The nitrate removal capacity of ED and RO process is nearly the same.
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Figure 8. Electrodialysis (ED) for denitrification.

In order to minimize membrane fouling, the electrodialysis reversal (EDR) process is
required, in which the polarity of the electrodes can be reversed several times per hour
to convert the direction of ion movement. By means of reversing the solution flow
direction, ions move in the opposite direction through the membranes, reaching the
minimum heap (Ted et al., 2005). In comparison to conventional ED process, the
electrodialysis process can decrease the formation of scale and the usage of chemicals,
applied for nitrate rich water in drinking water treatment. The EDR process has
high-efficiency for nitrate reduction when the nitrate concentration is in the range of
50 mg/L to 25 mg/L. There are some critical factors to be considered into EDR
application, such as the pretreatment requirements, the system operation and the waste
concentrate management.

4.5.

Photocatalytic reduction

Photolysis disinfection and other light-based technologies are commonly used for
water treatment in nowadays. Among them, photocatalytic reduction is gradually
developed to split water for nitrate removal from water. The preliminary data
demonstrate that photocatalytic nitrate reduction processes generate innocuous
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nitrogen gas (N2) as by-products and there is no need for extra treatment. Many
scientists have studied that nitrate can be activated with light in the aqueous solution
by a metal-loaded photocatalyst with a reducing agent as co-catalyst (Nubia et al.,
2010). This method utilizes the properties of specific materials to absorb
electromagnetic radiations and stimulate active sites, then to decline via charge
transfer and light emission phenomena (Krisana et al., 2014). The photocatalytic
reduction process is induced by “electronic holes” where free electrons exit by means
of light-induced charge separation. Oxidation reactions subsequently occur to
compensate for the formed electronic gap.

In general, the photocatalytic reduction of nitrates to nitrogen works in aqueous
conditions. The process needs the addition of organic compounds, as active sites,
which are hole scavengers that supply electrons to fill the electron holes in the
valence band. Methanol, ethanol, formic acid, oxalic acid and sucrose all can used as
electron hole scavenger (Kobwittayaa at al., 2014). A number of research studies
reported that formic acid is the best chemical agent for nitrate reduction over titanium
dioxide (TiO2). When formic acid is added, it brings out the formation of carbon
dioxide (CO2) and hydrogen as well as the reduction reaction. Moreover, the different
pH conditions of formic acid leads to entirely different result. At acidic pH (pH≈2.5),
the result achieves 98% conversion of nitrates to molecular nitrogen formation; in
strong acidic conditions, the result brings the formation of nitrites and ammonium
ions.

The reduction process could be achieved by using different kinds of photocatalysts
(inorganic semiconductors), while TiO2 and TiO2 modified with iron, silver or copper
as reducing agent are the best known choices (Krisana et al., 2014). Usually, TiO2
photocatalyst is prepared by the simplified sol-gel technique where it is coated to
form a thin film on the surface of materials, which are usually stainless steel sheets.
The choice of using stainless steel sheets is due to the excellent corrosion resistance
as well as good strength-deformation characteristics.

(Nubia et al., 2010).

The photocatalytic reduction process for nitrate removal in water use ultraviolet light
(UV-light) as photo energy that brings out high energy consumption and it is very
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costly for large scale industrial wastewater treatment. In Figure 9 is shown the
schematic UV/TiO2 photocatalytic reduction reactor. Several variables were
discovered to affect the activity of process, for instance, total catalyst surface area, pH
value and recombination rate (Ferro et al., 2003). Furthermore, the demand of
additional processes act as the main shortage of the photocatalytic reduction, which is
separation and recovery of the photocatalysts from the aqueous solution by using
filtration or centrifugation.

Figure 9. Schematic UV/TiO2 photocatalytic reduction reactor.

4.6.

Adsorption with natural materials

Adsorption is a physicochemical process in which a fluid (liquid or gas) is
concentrated at the surface of a solid. The fluid substance being adsorbed is the
adsorbate, while the solid bind with dissolved substance is called adsorbent. Various
adsorbents are used for different systems, for instance, sediments and soils, activated
carbon, metal oxides and biosolids (Mishra et al., 2009).
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Many studies have proved that adsorption treatment technology is very feasible for
removing nitrate from aqueous medium mainly owing to its simple design (Mishra et
al., 2009). From the economical point of view of the industrial scale, some adsorbents
are costly, thus more and more inexpensive natural materials especially bio-resources
have been investigated in the preparation of adsorbents. Several natural materials with
high potential are utilized for nitrate removal such as:

Biochar is a porous biomass-derive charcoal produced by thermal carbonization of
biomass under exclusion of oxygen conditions which has a high density of negative
surface charges and a high specific surface area. Biochar plays an important role in
agronomic and environmental fields for water purification (Mishra et al., 2009). There
are various sources of biochar produced by pyrolysis of biomass that can be used as
adsorbent for nitrate removal, as well as materials such as woody materials (bamboo
power charcoal, moso bamboo), agricultural residues (wheat straw charcoal, mustard
straw charcoal, pomegranate) (Kei et al., 2004; Wang et al., 2007; Mishra et al.,
2014).

Activated carbon is a well-known adsorbent used for wastewater and gas treatments,
since it is highly efficient with large surface area (3000 m2/g), high porosity and high
degree of surface reactivity (Liang et al. 2011).

While activated carbon remains costly material, some studies observe that agricultural
wastes as useful valuable adsorbents have become a better option to produce activated
carbon, such as corn cob, palm shell, cherry stone, coconut shell, hazelnut bagasse,
apricot stones and rice husk. Sugar beet bagasse which is obtained after sugar
production as a by-product is illustrated as below.

The produced activated carbons

were used for nitrate removal from aqueous solution containing 300 mg/L of
NaNO3 by adsorption.
Chitosan refers to nitrogenous polysaccharide as a linear copolymer which is made up
of glucosamide and N-acetyl glucosamine (Sowmya et al. 2014). Chitosan is
biodegradable, biocompatible and no-toxic extract obtained by thermos-chemical
deacetylation from abundant crustacean chitin, mainly from shellfish shells, insect
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exoskeletons and fungi cell walls.

Natural zeolite was investigated in water treatment by scientists in South Africa.
Based on experiments conducted by Mike and his co-workers, , surfactant modified
natural zeolite is a very promising material to manage excess amounts of nitrates in
ground water. With positively charged surface, surfactant modified zeolite will attract
anionic pollutants such as nitrates via electrostatic interactions.

Natural clays as a natural scavenger of contaminants is used to clean and purify water.
Wasse and his co-workers (2014) achieved 80% of nitrate removal rate by using acid
activated bentonite clay as adsorbent. Acid activation treatment assists the
modification of clay minerals via acid leaching process to improve their adsorbent
capacity and increase the specific surface area as well as number of active sites of the
solids.

5. CHEMICAL REDUCTION OF NITRATE BY ZVI/𝐇𝟐 𝐎𝟐 SYSTEM
5.1.

Chemical denitrification

Chemical denitrification is being considered as an emerging technique for nitrate
removal from contaminated water. The potential of using nitrate chemical reduction
for in situ groundwater and above-ground water treatment systems is vast, with the
strength of unnecessary disposal of concentrated waste solutions (Jensen et al., 2012).
Metals such as zero-valent iron (ZVI), copper, zinc, platinum and palladium can
transform nitrate to other nitrogen compounds (Westerhoff et al., 2009). However, the
weaknesses of these materials restrict the chemical denitrification process used for
water treatment due to the use of low pH levels, heat addition and requirement of
strong reductant medium (nitrogen gas).

The chemical denitrification is performed by two steps: nitrate is converted into nitrite;
nitrite is reduced into molecular nitrogen. Since nitrate is very stable, the
transformation of nitrate into nitrite is sufficient to produce ammonia subsequently.
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Moreover, the chemical reduction processes used for nitrate removal is not only
purely a chemical process, but also synergistically associated with other processes,
such as catalytic reduction processes and electrochemical processes (Ferro et al.
2003).

The process occurs with very active metals in the metallic form. The indirect nitrate
reduction process happens with the help of nascent (H) or molecular hydrogen (H2 ).
In aerobic conditions, the dissolved oxygen, as the preferred electron acceptor
(equation 5.1.1), captures electron from zero-valence metal and results in the
production of hydroxide ions (OH − ).
2Fe0 + O2 + 2H2 O → 2Fe2+ + 4OH −

(5.1.1)

The indirect nitrate reduction process occurs by the means of activity of the zero
valent metal. Under anoxic conditions, ZVI is available to reduce nitrate directly and
hydrogen can be used for reducing them indirectly. Performed reactions are shown as
below in equation 5.1.2—5.1.7. The reduction process may proceed further to the
2+

synthesis of ammonia, however the performance of

,

3+

,

2 𝑂3 ,

3 𝑂4

restricts to reaction conditions.
Fe0 → Fe2+ + 2e

(5.1.2)

2NO2− + 8H + + 6e → N2 + 4H2 OM

(5.1.3)

−
10Fe0 + 6NO−
3 + 3H2 O → 5Fe2 O3 + 6OH + 3N2

(5.1.4)

5Fe0 + 2NO3− + 6H2 O → 5Fe2+ + 12OH − + N2

(5.1.5)

−
+
NO−
3 + 2H + 2e → NO2 + H2 O

3H2 + 2NO2− + 2H + → N2 + 4H2 O

(5.1.6)
(5.1.7)

Many studies discovered that it is necessary to inject acid constantly to guarantee an
available reduction environment where be buffered to keep in a low pH conditions
(Ferro et al.,2003). In addition, the concomitant corrosion on the surface of
zero-valent iron is generated by nitrate reduction process, which refers to a
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passivation layer containing oxides iron and hydroxides iron, decreasing reaction
efficiency. The removal of the passivation layer can be commonly performed by acid
washing or acidity treatment of the solution, as well as cracking such films by means
of ultrasound (Hwang et al., 2011).

The use of ZVI for nitrate reduction has been demonstrated and brings out the
formation of ammonium (Crane et al., 2012). For enhance the production of
molecular nitrogen (N2 ), iron particles are modified by the deposition of copper, lead
and precious metals to improve the catalytic activity. In terms of modified zero-valent
iron application, it can alter the stability of adsorbed intermediate and contribute the
recombination to molecular nitrogen.

Another chemical reduction method is conducted by treating nitrate concentrated
solution with cadmium or zinc associated with silver, copper or mercury as catalysts.
The preliminary pathway is the convertion of nitrate to nitrite in where the solution
passes through a cadmium-contained column (equation 5.1.8). Subsequently, the
aqueous solution with nitrite produces nitrogen and carbon dioxide facilitated by an
amide (H2 NA) (equation 5.1.9), such as urea (Ferro et al. 2003). The combination of
zinc and sulfamic acid (H2 NSO3 H) has been indicated by many scientists for chemical
reduction of nitrate as well.
+
2+
Cd + NO−
+ NO−
3 + 2H → Cd
2 + H2 O

−
NO−
2 + H2 NA → N2 + AO + H2 O

5.2.

(5.1.8)

(5.1.9)

Nitrate reduction by zero-valent iron (ZVI)

Zero-valent iron (ZVI) has been used for denitrification of water since it is easy to use,
it is environmentally safe and the costs are low (Fu et al., 2014). ZVI is very reactive
in water, where the oxidation reaction of iron releases electrons, which can be used
for further nitrate reduction as an electron donor (Hiroyuki et al., 2014). In aqueous
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solutions, zero-valent iron (Fe0 ) is readily oxidized into ferrous ion (Fe2+ ) and two
electrons are released in the solution (equation 5.2.1) due to ZVI metal corrosion.
Nitrate, the electron acceptor, proceed to the reductive decomposition with the
electrons released from the oxidization of ZVI (Guo et al., 2015). The final products
of this electrochemical corrosion reactions could be ammonium or nitrogen (equations
5.2.2 and 5.2.3). The whole process is an oxidation-reduction (redox) reaction.
Fe0 → Fe2+ + 2e− (o dat o o Fe0 )

(5.2.1)

+
+
−
NO−
3 + 10H + 8e → NH4 + 3H2 O

(5.2.2)

4Fe0 + NO3− + 10H + → 4Fe2+ + NH4+ + 3H2 O
－

4Fe0 + 3NO3− + 6H + → 2Fe3+ + NO2 + 3H2 O
2NO2− + 8H + + 6e− → N2 + 4H2 O

(5.2.3)

(5.2.3)

（5.2.3）

A lower pH condition is more favorable for this reaction, since acid can dissolve the
passivation layer (magnetite or green rust) covered on the surface of iron particles,
guaranteeing a fresh ZVI surface (Gordon et al., 2005).

5.3.

𝐙𝐕𝐈/𝐇𝟐 𝐎𝟐 system in Fenton’s peroxidation

ZVI is commonly combined with hydrogen peroxide (H2 O2 ), a strong oxidant, in
Fenton’s reaction in oxidation processes for organic matter degradation in wastewater
treatment (Neyens et al., 2003). In Fenton oxidation process, hydroxyl radicals (OH )
are generated from the degradation of hydrogen peroxide with iron ions in the acid
conditions (equation 5.3.1), while iron, usually in Fe2+ form, is oxidized to Fe3+
(equation 5.3.2) (Behrooz et al., 2013). Ferric ions (Fe3+ ) are obtained in this
process, which has low capability to catalyze hydroxyl radicals due to the production


of hydroperoxyl ( HO 2 ) radicals which are weaker than OH , decreasing the
efficiency of the reaction (Samarghandi et al., 2013). Usually Fenton’s oxidation starts
with a catalyst in Fe2+ form but it is possible to have a catalyst in Fe3+ or Fe0 (ZVI)
and in these cases the reaction is called Fenton-like reaction (equation 5.3.3).
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H2 O2 + e− → OH ∙ + OH −

(5.3.1)

Fe2+ + H2 O2 → Fe3+ + OH + OH − (Fe to react o )

(5.3.2)

Fe3+ + H2 O2 → Fe2+ + H + (Fe to − l ke react o )

(5.3.3)

Despite not being a Fenton’s reaction, hydrogen peroxide has been demonstrated to
improve the reactivity of ZVI surface that contribute to remove passivation layer and
enhance the capacity of nitrate removal (Guo et al., 2015; Karimi et al. 2014). Despite
the literature seems to be really scarce on this topic and the mechanism of surface
activation is not very well described, it seems that H2 O2 can oxidize and corrode
ZVI surface with high rate of reaction driving the nitrate reduction. No studies were
performed with real waters, which can bring scientific value to this thesis.

5.4.

Other additive materials (oxidants) associated with ZVI

Due to the formation of surface passivation by oxides iron and hydroxides iron, the
reactivity of ZVI becomes lower than before seriously restricting the potential of
nitrate reduction (Dong-Wan et al., 2011). The performance of ZVI deactivation limits
the mass transmission of targeted contaminants through passive oxide layer for water
remediation (Xu et al., 2012). Therefore, several additive materials have been
investigated to activate the ZVI surface for facilitating nitrate reduction, such as: red
mud,

magnetite

(

3 𝑂4

),

potass um perma g ate (KM O4 ),

chrom um o (Cr42− ), oxygen (O2 ) as well as CO2 gas bubbling and ultraviolet
(UV) light (Dong-Wan et al., 2015).

Dong-Wan et al. (2011) indicated that red mud, as a waste residue of alumina
production containing aluminum, iron, titanium, silicon hydroxides and oxides, is able
to promote ZVI activity maintaining a fresh surface for nitrate reduction in solution.
Magnetite nanoparticles were used in another study performed by Dong-Wan and his
co-workers (2015) to add with a ZVI system to improve the ZVI surface.
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Regarding to their magnetic characteristic, magnetite particles are evenly distributed
and attached on ZVI surface, generating localized electron intermediaries helping
electron transference from ZVI into adsorbed nitrate ions (Huang et al., 2003). The
presence of magnetite significantly contributes to ZVI corrosion for a long period of
time improving the performance of ZVI systems for nitrate reduction. Guo et al.,
(2015) observed that some oxidants like O2 , KM O4 and Cr42− were used to
improve the surface reactivity of ZVI, which contributes to the enhancement of
targeted nitrate removal rate. These combined systems prevented the formation of
ZVI surface passivation layers and ultimately achieved 97% of nitrate reduction
(Figure 10). Moreover, Jiang et al. (2012) demonstrated that the addition of Fe2+ and
Fe3 O4 in ZVI system can promote the reductive denitrification rate to 98.1%. As
good conductor,

2+

and Fe3 O4 facilitate the transference of electrons on the iron

surface through the redox reaction and accelerate the reductive efficiency of nitrate.

Figure 10. Schematic model of oxidants (H2 O2 , KM O4 , Cr42− ) in nitrate reduction by
ZVI (Guo et al., 2015)
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EXPERIMENT PART

6. MATERIALS AND METHODS

In this chapter, all used materials, experimental setups and procedures as well as
analytical techniques used during the experiments will be introduced.

6.1.

Materials

Mine water samples were taken from an open pit in Siilinjärvi mine, operated by Yara
Oy. pH, electric conductivity (EC) and oxidation reduction potential (ORP) were
measure on site. Water was kept in the freezer for further analysis, performed by
Ramboll Analytics. The analysis performed can be seen in Table 2.The main ions
present in the water are 180 mg/L of NO3− , 0.55 mg/L of NH4+ , 0.65 mg/L of
2+
2+
2+
+
NO−
2 and 200 mg/L of SO4 , 65mg/l K , 100mg/l Ca , 19mg/l Mg , 76mg/l Na .

Figure 11. Mine water from Siilinjärvi Mine.
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Chemical analysis of the mine water samples from Yara Siilinjärvi.

Table 1.

pH

NO3

-

NH4

+

NO2

-

2+

Mg

+

Na

2+

Ca

+

K

SO4

2-

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

8.15

180

0.55

0.65

19

76

100

65

200

O2

PO4

Cl

F

Ba

Mn

Mo

Si

U

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

(mg/L)

10.20

0.030

30

1.10

0.091

0.015

0.0058

-

(mg/L) (mg/L)

(mg/L) (mg/L)
5.6

0.0068

Iron powder (-325 mesh, 97%) and hydrogen peroxide (≥ 30% RT) were purchased
from Sigma-Aldrich, without further pretreatment. Synthetic nitrate solution was
prepared by dissolving 𝐶𝑎𝑆𝑂4 ∗ 2𝐻2 𝑂 and KNO3 (Merck) in deionized water. Iron
oxides powder (

2 𝑂3 ),

a by-product from Yara Oy in Kokkola site, as a side

product of pyrite roasting unit. The chemical characterization of iron oxides is shown
in Table 3.

Figure 12. Used chemicals (Iron powder, Iron oxides powder, hydrogen peroxide)
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Table 2. Characterization of iron oxides

mg/L

6.2.

H2O

Fe

S

Zn

SiO2

TiO2

Al2O3

MnO

MgO

CaO

BaO

20.2

60.5

0.85

0.2

6.04

0.02

1.29

0.01

0.35

0.5

0.31

Experimental setups and procedures

Before apply ZVI/H2O2 system to nitrate reduction in real mine water, some
preliminary tests were performed according to paper from (Xuejun et al. 2015). The
purpose was to preliminarily estimate the feasibility of ZVI/ H2O2 system for nitrate
reduction. This group of experiments were carried out by diluted mine water and
synthetic nitrate-containing solution with 14 mg/L of nitrate, prepared with by 𝐻𝑁𝑂3.
The reduction was performed in a round bottom flask with a volume of 200 mL of
nitrate solution whereas added to 1 g of iron powder was added. The reaction was
stirred by a magnetically mixer at speed of 400 rpm at room temperature (24±1 ℃).
A small droplet of 20.4𝜇𝑙 𝐻2 𝑂2 (1 mM) was injected into reaction solution after 2
hours. The pH of solution was adjusted continuously by adding NaOH and HCl in
order to maintain pH 7. Throughout the six hours reaction period, the ORP were
detected constantly by HACH redox electrode.

Moreover, because of too many interferential components in real mine water, a group
of synthetic water test was carried out to further predict the potential feasibility of
𝑍𝑉𝐼/𝐻2 𝑂2 system in real mine water. As shown in Table 1, besides 180 mg/l 𝑁𝑂3− ,
other principal components in real mine water were 200 mg/l SO42-, 65 mg/l K+, 100
mg/l Ca2+. Thus, suitable chemicals for preparation of synthetic nitrate-concentrated
solution were 𝐶𝑎𝑆𝑂4 ∗ 2𝐻2 𝑂 and 𝐾𝑁𝑂3 . The nitrate-concentrated solution was
synthesized by dissolving calculated amount of 160 mg/l 𝐾𝑁𝑂3 (104.37 mg) and
100 mg/l 𝐶𝑎𝑆𝑂4 ∗ 2𝐻2 𝑂 (171.84 mg) in the deionized water. A 500 ml two-necked
flask filled with 400 ml synthetic water was used for conducting experiment. The
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reaction solution was mixed by magnetite stirrer and simultaneously purged nitrogen
gas bubbling. The reaction was performed in 5 hours, where 5.16 g iron powder (ZVI)
was added in synthetic water in the very beginning of reaction, then 105 𝜇𝑙
hydrogen peroxide (2.58𝑚𝑀 𝐻2 𝑂2 ) was injected into system after one hour reaction.
The initial pH values were adjusted to 5, 7, 9 by adding drops of 𝑁𝑎𝑂𝐻 or 𝐻𝐶𝑙 and
maintained constantly within the five hours reaction duration.

The group of normal nitrate reduction experiment by ZVI/H2O2 system was
conducted in a 500 mL two-necked round bottom flask with 400 mL of mine water
(180 mg/L NO3-), where a certain amount of iron powder was added in a range of
1g/L to 13 g/L, for 5 h , under a continuous N2 bubbling. The reaction was stirred at a
speed of 700 rpm with a magnetic stirrer, at room temperature around 24±1℃. After
one hour of reaction, a range of H2O2 between 1 mM to 100 mM was quickly injected
into the reactor. The initial pH of the water was adjusted for a range between 5 to 9
during the experiments and it was kept constant by adding NaOH and HCl during
the reaction. Simultaneously, around 12 mL of sample were taken every 20 minutes
and it wase passed through a 0.20 μm cellulose acetate membrane filter..
Experiments were repeated three times for the calibration of process. The
experimental setup for nitrate reduction is shown is Figure 13.

In the last section of experiments, iron oxide was used for nitrate reduction in
iron/H2O2 system and ZVI to investigate the feasibility of iron waste for nitrate
reduction in mine water. These group of experiments were separated into two parts:
the one is using iron oxide waste and ZVI; the other one only iron oxide waste.
Experimental setups were exactly the same as before, except the dosage of reducing
agent. The dosage of 26.1 mg iron oxide waste and 5.16 g Fe0 were used at first part,
meanwhile, the dosage of 7.384 g iron oxide waste was added into second part. Both
of them were calculated as proportion as previous work.
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Figure 13. Experimental set up for nitrate reduction reaction.

6.3.

Analytical techniques

A DR 2800 HACH device was used with nitrate kit tests for the preliminary results.
Due to the maximum measured value of nitrate in DR 2800M spectrophotometer is 35
mg/L, the original mine water was diluted by deionized water for the measurement of
nitrate concentration. . In order to accelerate experiments proceeding, all samples
were sent to Ramboll Analytics (Lahti, Finland) for chemical analysis of NO3− , NH4+
and NO2− concentrations. The pH value, oxidation-reduction potential (ORP) and
electric conductivity (EC) were measured by using a Hach HQ40d portable device
with an intelliCALTM pHC101 pH probe, an intelliCALTM REDOX MTC101 redox
probe and an intelliCALTM CDC401 conductivity probe.
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Figure 14. DR 2800 Spectrophotometer

Characterization of iron powder and iron oxide waste from Yara Oy were performed
by X-ray diffraction (XRD), BET (Brunauer-Emmett-Teller) surface area before
nitrate reduction reaction and scanning electron microscopy (SEM) after nitrate
reduction reaction. The iron samples taken after the nitrate reduction reaction were
dried in vacuum for 24 hours and sent immediately for analysis. The characterization
of iron sources, iron powder and waste (Fe2 O3 ) were carried out by BET surface area
which results showed to be 0.257 m2/g and 1.508 m2/g, respectively, at a 101.3250
kPa pressure. BET adsorption isotherm diagram is shown in Appendices 1 and 2.
XRD pattern of zero-valent iron and iron oxide waste are presented in Appendices 3
and 4. The surface micro-structures of zero-valent iron and iron oxide waste were
analyzed by SEM Hitachi SU3500, where acceleration voltage was 5 kV and
detectors SE or BSE was used in the images.
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7. RESULTS AND DISCUSSION.

7.1.

Preliminary tests

Preliminarily studies were performed in order to estimate the feasibility of ZVI/H2 O2
system for nitrate reduction, taking into account the research conducted by Xuejun et
al. (2015).

This group of experiments were carried out by diluted mine water and

Synthetic nitrate-contained solution with 14 mg/L 𝑁𝑂3 . Throughout 6 hours reaction
of synthetic nitrate-contained solution, ORP was followed continuously. The potential
gradually decreased from 298 mV to -218 mV, after the addition of iron powder,
indicating that a reducing medium was settled, allowing the reduction of nitrate.
After spiking H2 O2 , the potential immediately increased to 120 mV, since H2O2 is a
strong oxidant. However, within 2 min the potential was dropped down to -178 mV,
achieving -312 mV at the end of 6 h, leading to a new reduction medium. This
phenomenon was observed by Guo et al. (2015) after spiking oxidants to synthetic
waters with NO3-. It demonstrates that nitrate alone with ZVI before the oxidant
addition had no effect on the increase of ORP and this parameter only changed after
the addition of H2O2. The ORP dropped to -312 mV after H2O2 reduction and
elimination, creating a reducing medium suitable for NO3- reduction. This mechanism
was studied later by investigating the iron surface after reaction.

As the consequence of experiments, the nitrate removal efficiency of synthetic
nitrate-contained solution was 83.6% (2.3 mg/L of NO3-), overtaking diluted mine
water with 29.3% (9.9 mg/L of NO3-),). The results have demonstrated the
preliminarily feasibility of ZVI/H2 O2 system application for nitrate reduction. Some
dilution and analytical errors might be associated with these determinations since the
Hach kits used for the quantification had a limit on the nitrate presence in the water,
which was 35mg/L, and iron is one of the interferences with the Hach method. Thus,
the next nitrate, nitrite and ammonium species were quantified by a certified
laboratory.
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7.2.

Synthetic water test

Furthermore, as too many interferential components in real mine water, synthetic
nitrate-concentrated solution was particularly needed to further predict the potential
feasibility of 𝑍𝑉𝐼/𝐻2 𝑂2 system in real mine water. The chemicals 𝐶𝑎𝑆𝑂4 ∗ 2𝐻2 𝑂
and 𝐾𝑁𝑂3 were used for preparing synthetic nitrate-concentrated water. The initial
pH values were adjusted to 5, 7, 9 by adding drops of 𝑁𝑎𝑂𝐻 or 𝐻𝐶𝑙 and
maintained constantly within the five hours reaction duration. Three different pH
values including acidic (5), neutral (7) and alkaline (9) were tested in this group of
experiments to investigate the feasibility of 𝑍𝑉𝐼/𝐻2 𝑂2 system. Figure 15 shows that
the nitrate removal efficiencies were 99.44% at pH 5 and pH 7, whereas
approximately close to zero at pH 9. After two hours reaction, the nitrate reduction
rate of pH 5 achieves 99.44%, overtaking pH 7, only 30%. This results demonstrate
that acidic condition could be favorable in the nitrate reduction process by 𝑍𝑉𝐼/𝐻2 𝑂2
system (Shima et al.2013).

Figure 15. Nitrate reduction rate of synthetic water at pH 5, 7 and 9.
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7.3.

Optimization of the ZVI reactivity activation with H2O2

In order to optimize the ZVI/H2 O2 reactivity methodology for nitrate reduction, a set
of operating variables such as the effect of pH, dosage of ZVI and concentration of
H2 O2 were investigated.
7.3.1. Effect of pH on nitrate reduction

The natural pH value of mine water (pH=8) was tested and it was adjusted to five
different values 5, 6, 7, 8 and 9, while it was kept constant. ZVI load and H2O2
concentrations used for testing the effect of pH were 13 g/L of iron powder and 2.58
mM of H2O2. .

The addition of H2O2 was made at 60 min of reaction, indicating that there was no
removal of NO3- without the spiking of H2O2 for pH 8 and 9 (Figure 16 a) and b)).
However, it seems that for pH 5, 6 and 7, some removal was achieved with 65.4%,
35.5%, 12.9%, respectively. Guo et al. (2015) achieved around 5% of NO3- reduction
before the addition of the oxidants. In general, when pH is not controlled during the
experiment, the pH increases during the reaction due to the formation of OH- ions,
which stops the reduction. In this particular case, some reduction was possible since
the pH was kept constant, allowing the entrance of H+ into the system needed for
surface washing (Choe et al., 2004). It is noticeable from Figure 16 that nitrate
reduction rates achieved 99.5% of NO3- reduction at pH 5 and pH 6 after 180 minutes
reaction, overtaking 82.2% at pH 7, 17.7% at pH 8 and 5.9% at pH 9. When reactions
were accomplished by 5 hours, the final nitrate removal efficiency were
approximately 99.1% at pH 7, compared with 59.1% at pH 8 and 5.6% at pH 9.
The most efficient NO3- reduction occurred at pH 5, where the nitrate concentration
reduced from initial value of 180 mg/L NO−
3 to residual value less than 0.9 mg/l.
However, in alkaline conditions, the NO3- concentration only decreased up to 69.5
mg/L at pH 8, while pH 9 remained unchanged. The efficiency of NO3- reduction by
ZVI/H2 O2 system increases with the decrease in the pH from 9 to 5. These results
illustrate that the reaction of nitrate reduction by 𝑍VI/H2 O2 system, as a process of
acid consumption and alkaline production, is favorable when maintaining the solution
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under acidic conditions.

Figure 16 a). Effect of pH on nitrate reduction in real mine water at pH 5-9

Figure 16 b). Nitrate reduction rate of real mine water at pH 5-9.

In fact, strong acids may facilitate the process of ZVI corrosion, which results in the
continuous exposure of ZVI surface and contribute to the free transfer of electrons
from the surface of iron to the nitrate acceptor. Behrooz et al. (2013), studied the iron
oxide and hydroxyl passivation layer which was deposited on the surface of ZVI
during reaction. The oxide layer would dissolve away at lower pH, that acquire more
fresh active sites for nitrate reduction. This phenomenon shows that the thickness of
passivation layer increases as pH increases, explaining the advantages of keeping the
pH constant during the reduction reaction
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On the other hand, hydrogen peroxide is stable in acidic conditions, since it dissolves
a proton to form an oxonium ion (H3 O+ ). Furthermore, the oxonium ion makes
hydrogen peroxide electrophilic, where hydroxyl radicals (OH ) are generated during
the reaction, significantly reducing the reactivity with ferrous ion. At lower pH, the
amount of hydroxyl radicals would reduce in the reaction solution, where hydroxide
are generated immediately after addition of hydroxyl radicals (OH ).

Nitrite and ammonium can be the products of nitrate reduction (Xuejun et al., 2015),
according to the equations 7.3.1.1 to 7.3.1.3.
2Fe0 + 3NO3− + 6H + → 2Fe3+ + 3NO2− + 3H2 O

(7.3.1.1)

2NO2− + 8H + + 6e− → N2 (gas) + 4H2 O
+
+
−
NO−
2 + 8H + 6e → 3NH4 + 2H2 O

(7.3.1.2)
(7.3.1.3)

As shown in Figure 17, the concentration of nitrite, NO2-, at pH 5, 6, 7, 9 remained
without significant changes besides pH 8 that showed a pick at 160 min with a
concentration below 6 mg/L. Figure 18 indicated that ammonium, NH4+,
concentration gradually rose from 0.55 mg/L up to 29.5 mg/L, 33 mg/L, 42.33 mg/L,
16 mg/L at pH 5, 6, 7 and 8, respectively. Based on these results, NH4+ was
recognized as the final product in the nitrate reduction process.

Figure 17. Effect of pH in nitrite production in real mine water at pH 5-9
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Figure 18. Effect of pH in ammonium production in real mine water at pH 5-9

The pH optimization indicated that nitrate reduction efficiency at pH 5 and pH 6
reached 99.5%. However, pH 6 was selected as the optimal option for further studies,
due to the fact that pH 6 it is nearer to neutral pH, thus less HCl to decrease the pH
from the natural of the effluent is needed.

7.3.2. Effect of Fe0 concentration on nitrate reduction
In order to investigate the effect of Fe0 concentration on nitrate reduction process in
ZVI/H2 O2 system, five different dosages of Fe0, such as 13, 6.5, 3 and 1 g/L were
tested at pH 6 and with 2.58 mM of oxidant concentration. As shown in Figure 20, the
kinetics of chemical denitrification process was strongly influenced by the
concentration of Fe0. First of all, before the H2O2 addition at 60 min, there was 35.6%
and 19.38% of nitrate reduction at the higher loads of ZVI, 13 g/L and 6.5 g/L,
respectively. No reduction was observed by using lower dosages of ZVI. The highest
nitrate reduction rate achieved 99.5% at a concentration of 13 g/L of Fe0 after 180
minutes of reaction. Meanwhile, 86.8%, 51.4% and 7.0%, were reached with the
dosage of 6.5, 3 and 1 g/L, respectively. These results indicate that the nitrate
reduction process is more efficient with higher loads of Fe0, which agrees with the
studies reported in literature (Liao et al., 2003; Rodríguez-Maroto et al., 2009).
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Figure 19 a). Effect of ZVI dosage on nitrate reduction at pH 6

Figure 19 b). Nitrate reduction rate of different ZVI dosage

Since the reduction of nitrate by ZVI is performed at the surface of the particles, it
seems that the quantity of iron particles significantly influence the nitrate reduction
efficiency because there is more iron available to be corroded to Fe2+ and then Fe3+
with the help of H2O2, while more nitrate is able to be reduced. In summary, the
dosage of 13g/L of Fe0, as the maximum of tested dosage, was recommended for the
optimization.

The addition of ZVI to the reaction solution leads to two oxidation stages: the
pathway from Fe0 to Fe2+ and from Fe2+ to Fe3+. Fe0 is oxidized into ferrous ion (Fe2+)
by releasing two electrons to hydroxyl radical (𝑂𝐻 ), that mainly contribute to iron
corrosion. The by-product of iron corrosion, such as Fe2+ and Fe(OH)2, leads to the
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generation of ferrous accumulation for reducing nitrate to ammonium. Furthermore,
magnetite (Fe2O3) is the major corrosion product of oxidation reaction produced from
ferrous ion under near-neutral pH.

Figure 20 shows that the concentration of nitrite with dosage of 1g/L and 3g/L ZVI
increased to 7.6 g/L and 5.5 g/L after 3 hours reaction, while the dosage of 3g/L and
13g/L almost remained the same value as before. As indicated in Figure 21,
ammonium concentration significantly increased to 39.3 g/L and 36.3 g/L with dosage
of 13 g/L and 6.5 g/L ZVI, overtaking 7.9 g/L and 1.93 g/L with 3 g/L and 1 g/L ZVI.
According to these results, NH4+ was recognized as the main product in the nitrate
reduction process.

Figure 20. Effect of ZVI dosage on nitrite production at pH 6

Figure 21. Effect of ZVI dosage on ammonium production at pH 6.
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7.3.3. Effect of H2O2 concentration on nitrate reduction

Five different dosages of H2O2 were tested to study the impact of the oxidant
concentration on the nitrate reduction efficiency. As it can be seen from Figure 21, by
testing the concentrations of 1, 2.58, 19, 50 and 100 mM H2O2, the nitrate was
removed by 99.0%, 99.5%, 99.5%, 97.0% and 99.5%, respectively, within 180
minutes of reaction, indicating that there is not a significant difference of H2O2
concentration at the end of the reaction. Only the curves of highest H2O2
concentration (50 and 100 mM) showed to have a different behavior from 60 to 160
min, where the nitrate reductions rate was kept relatively constant for 40 min, until it
reached the 100 min. Thus, after 100 min, the nitrate reduction rate started to increase
again until the end of the reaction. This may suggest that higher oxidant dosages
might corrode the surface of the iron at a higher rate of corrosion, but it needs more
time for the complete H2O2 consumption when compared with smaller H2O2 dosages
because after the consumption of the oxidant, nitrate reduction capacity started to
increase through time for all the concentration tested. Based on these results, the
concentration of 2.58 mM H2O2 was considered as the optimal selection, with 99.5%
of nitrate removal efficiency, despite the other concentrations tested had similar
results because it seems that at the end of 5 h, spiking the water with smaller dosages
of oxidant has similar results with higher dosages, so it is more economical to choose
smaller dosages.
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Figure 22 a). Effect on the nitrate reduction rate at different H2O2 concentrations.

Figure 22 b) Effect on the nitrate concentration at different H2O2 concentrations

Hydrogen peroxide seemed to improve the reactivity of ZVI surface. Nitrate reduction
is only possible when iron is corroded (Fe0 is corroded to Fe2+ and/or Fe3+), however
if the rate of corrosion is high, higher will be the possibility of reducing nitrate. Since
H2O2 is a strong oxidant, it will act fast for iron surface corrosion, leading to higher
rates of nitrate reduction.

Besides this, the formation of the intensive corrosion layer of iron have a large
specific surface area, creating highly reactive sites for electron tunneling allowing the
inner Fe0 to react with green rusts and other iron hydroxides formed. This
combination of iron and iron hydroxides will lead to nitrate reduction. This
mechanism was described for the first time by Guo et al. (2015), however, there is no
proof of electron tunneling. Adsorption can be a good explanation for nitrate
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reduction, since iron oxides and green rusts act as adsorbents of contaminants at near
neutral pH (Fan et al., 2009a; Fan et al., 2009b). As shown in SEM image (Figure 23),
the appearance of ZVI surface is rutted and uneven in an irregular shape. It illustrates
that an intensive corrosion process was performed in the presence of H2O2, therefore,
the ZVI surface occurs a very rough texture.

Figure 23. SEM images of ZVI surface after H2O2 addition

7.4.

Effect of iron oxide waste for nitrate reduction in iron/H2O2 system

In this section, the feasibility of iron oxide waste combined with H2O2 as a spiking
oxidant was investigated for nitrate reduction in mine water. The tested iron oxide
waste came from Yara Oy.
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The iron waste was tested by XRD analysis (Figure 23 a), b).) where a pick of Fe2O3
was identified. The experiments were carried by using combination of iron oxide
waste and ZVI and iron oxide waste separately for nitrate reduction, in order to
investigate the experimental results of nitrate reduction compared with ZVI. Using
only iron waste, Fe2O3, showed to have no impact on nitrate reduction (Figure 22).
However, nitrate removal efficiency reached 99.5% when the waste was combined
with ZVI (ZVI + Fe2 O3 ) within 180 min of reaction. The same results was observed
by using ZVI only in 180 min. Figure 22 also indicate that the use of ZVI + Fe2 O3
obtained 98.3% denitrification rate after 120 minutes of reaction, overtaking 13.6%
by using ZVI alone. According to these results, the use of ZVI + Fe2 O3 seems to
have a great potential for nitrate reduction, being able to reduce the amount of ZVI
added to the chemical reaction by adding a wastes.

Figure 24 a) XRD pattern of zero-valent iron
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Figure 24 b) XRD pattern of iron oxide waste

Figure 25. Nitrate reduction rate with different iron sources
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8. CONCLUSIONS

One of the problematic issues in using blasting agents in mining activities containing
nitrate, is the contamination of the mine water with high levels of nitrate, which
constitutes an environmental concern. ZVI methodology has been used for the
reduction of nitrate from water, however, it seems this approach requires acidic
mediums in order to achieve relevant nitrate reduction efficiencies. Therefore, the
main objective of the present thesis was to improve the ZVI surface in order to use it
in a near neutral pH. This study investigated the reactivity activation of ZVI surface
with the addition of a strong oxidant, H2O2, which according to Guo et al. (2015)
would speed the corrosion of Fe0, allowing a faster rate of nitrate reduction, as well as
will be able to create a larger oxide surface area with edges, allowing the electron
tunneling to the water. Thus, Fe0 from the inner core will bond with iron hydroxides.

First of all, preliminary tests were carried out to prove the feasibility of the
ZVI/H2 O2 system for nitrate reduction in mine water. This group of experiments
were performed by using diluted mine water and synthetic nitrate-contained solution
of HNO3 , which acquired results of 28.9% nitrate reduction efficiency in diluted mine
water and 83.6% in the synthetic solution. In the next batch experiments, synthetic
water prepared by 𝐶𝑎𝑆𝑂4 ∗ 2𝐻2 𝑂 and 𝐾𝑁𝑂3 were tested at different pH levels,
such as acidic, neutral and alkaline. The mission of these tests was to demonstrate the
further feasibility of 𝑍𝑉𝐼/𝐻2 𝑂2 system at different pH conditions. The result
indicates that nitrate was reduced by 99.44% at pH 5 and pH 7, whereas
approximately unchanged at pH 9. The acidic condition could be favorable in the
nitrate reduction process by 𝑍𝑉𝐼/𝐻2 𝑂2 system.
In order to optimize the ZVI/H2 O2 system for nitrate reduction, several variables
were investigated to improve the efficiency. Five different pH levels with the range
from 5 to 9 were tested in real mine water. After five hours experiments, the nitrate
reduction rate achieved 99.5% at pH 5 and 6, 99.1% at pH 7, overtaking 59.1% at pH
8 and 5.6% at pH 9. Since the rate of nitrate reduction increases with the decrease of
pH, it was shown that ZVI/H2 O2 system works efficiently under acidic conditions,
but due to the addition of the oxidant, it was possible to obtain similar results for
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neutral pH. The optimal pH value chosen is pH 6, since it is near to neutral pH, not
having to decrease the natural pH of the water to 5. To investigate the optimal load of
ZVI on nitrate reduction process, five different dosages of ZVI (13, 6.5, 3 and 1 g/L)
were tested. The highest nitrate reduction rate achieved was 99.5% with a
concentration of 13 g/L of Fe0 after 180 minutes reaction. Around 86.8%, 51.4% and
7.0% were reached with the dosage of 6.5, 3 and 1 g/L of Fe0, respectively.
Consequently, 13 g/L of ZVI was the result of the optimization. From the five H2O2
concentrations tested, 1, 2.58, 19, 50 and 100 mM, the nitrate was reduced by 99.0%,
99.5%, 99.5%, 97.0% and 99.5% after 180 minutes of reaction, suggesting that the
spiked oxidant dosage is not a relevant parameter within the range tested. However,
from an economic point of view, 2.58 mM of H2O2 was considered as the optimal
dosage.
Iron oxide waste from Yara Oy (pyrite roasting unit) was used as an alternative to ZVI
for nitrate reduction in mine water. A X-Ray diffraction (XRD) analysis confirmed
that the waste was mainly constituted by Fe2 O3 . When the iron oxide waste was
combined with ZVI and with 2.58 mM of H2O2 at pH 6, 99.5% of nitrate reduction
was achieved, On the other hand, iron oxide waste alone at the same operational
conditions showed to have no influence on nitrate reduction.

In conclusion, the study on this thesis demonstrated that the use of ZVI/H2 O2 system
at near neutral pH value (pH 6) achieved a satisfactory nitrate reduction efficiency in
mine water but the mechanim described by Guo et al. (2015) could be more than
electron tunneling. In fact, once hydroxides or green rust are formed at near pH
neutral conditions, these iron phases can adsorb pollutans such as nitrate. The addition
of iron oxide waste with ZVI/H2O2 system had great potential for nitrate removal,
being able to reduce the amount of ZVI used. Once again, the iron waste, an iron
oxide, could act as an adsorbent for nitrate reduction. It can be summarized that the
objectives of this thesis were accomplished and this methodology improved the
previous studies of nitrate reduction in acidic mediums by ZVI.
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9. FUTURE RESEARCH WORK

This present work demonstrated that nitrate can be reduced to generate ammonium,
NH4+, at near neutral pH. Despite the best pH chosen was 6, pH 7 and 8 showed to
have high efficiencies as well, allowing the production of NH4+ at similar operational
conditions as the natural pH of the effluent by using the iron waste from Yara mixed
with ZVI, which decreases the operational costs. Thus, further studies may focus on
investigations of a fertilizer production, struvite (MgNH4 PO4 ∙ 6H2 O) from the NH4+
ions produced. Mg2+ and PO43- ions will have to be added in excess to the NH4+.
Those ions can be obtained from wastes or by-products from Yara Oy, decreasing the
experimental costs and bringing scientific innovation to the struvite production from
mine water.

58

REFERENCES

Akcil, A. 2002. First application of cyanidation process in Turkish gold mining and
its environmental impacts. Minerals Engineering 15. pp 695-699.

Anne Bernhard. The Nitrogen Cycle: Processes, Players, and Human Impact.
Department of biology, Connecticut College.2010. [online] Avaliable in:
http://www.nature.com/scitable/knowledge/library/the-nitrogen-cycle-processes-playe
rs-and-human-15644632

Archna, Surinder. K. Sharma, and Ranbir Chander Sobti. Nitrate Removal from
Ground Water: A Review. E-Journal of Chemistry, 2012, 9(4). pp 1667-1675.

Azapagic, A., 2004. Developing a framework for sustainable development indicators
for the mining and minerals industry, Journal of Cleaner Production, 12 (6), pp 639 662.

Banks, D., Younger, P. L., Arnesen, R. T., Iversen, E. R., Banks, S. B., 1997, Mine water chemistry: the good, the bad and the ugly, Environmental Geology, pp 32.

Bautista. A, Mohedano. A.F, Casas. J.A, Zazo J.A and Rodriguez. J.J. An overview of
the application of Fenton oxidation to industrial wastewaters treatment. Journal of
Chemical Technology and Biotechnology. 2008. 83. pp 1323-1338.

Bebee. J, Alspach. B, Diamond. S, Miller. C, Neill. T and Parker. C. Using reverse
osmosis and ion exchange as parallel processes to remove high nitrate levels. in
desalination of seawater and brackish water. AWWA, Denver, Colorado. 2006. pp
191-193.

Behrooz Karimi, Mohammad-Sadege Rajaei, Ali Koulivand & Reza Darvishi
Cheshmeh Soltani. Performance evaluation of advanced Fe0/Fe2+/Fe3+/H2O2 process
in the reduction of nitrate and organic matter from aqueous solution. Desalination and
Water Treatment. 2014. 52. pp 6240-6248.
59

Bergman, R. Reverse Osmosis and Nanofiltration. AWWA, Denver, Colorado. 2007.
Carin Bosman. 2009. The hidden dragon: Nitrate pollution from open-pit mines – A
case study from the Limpopo province, South Africa. International Mine Water
Conference, pp 849-850.

Chih Hsiang Liao, Shyh Fang Kang, Yu Wei Hsu. Zero-valent iron reduction of
nitrate in the presence of ultraviolet light, organic matter and hydrogen peroxide.
Water Research 2003. pp 4109-4111.

Choe, S., Liljestrand, H.M., Khim, J., 2004. Nitrate reduction by zero-valent iron
under different pH regimes. Appl. Geochem. 19, 335-342.

Cordon. C, Yang. C, Lee Hsaio-Lan. Chemical reduction of nitrate by nanosized iron:
kinetics and pathways. Water Research. 2005. 39. pp 884-894.

Crane. R.A, Scott. T.B, Nanoscale zero-valent iron: Future prospects for an emerging
water treatment technology. Journal of Hazardous Materials. 2012. 211-212. pp
112-125.

Darbi. A, Viraraghavan. T, Butler. R and Corkal. D, Pilot-scale Evalution of Select
Nitrate Removal Technologies. Jounal of Environmental Science and Health. A38.
2003. pp 1703-1715.

DG Environment, European Commission, P. Charbonnier. Management of mining,
quarrying and ore-processing waste in the European Union. BRGM 2001

Dong-Wan Cho, Hocheol Song d, Franklin W. Schwartz b, Bokseong Kim a,
Byong-Hun Jeon. The role of magnetite nanoparticles in the reduction of nitrate in
groundwater by zero-valent iron. Chemosphere.2015. 125.pp 41-49

60

Dong-Wan Cho, Hocheol Song, Bokseong Kim, Franklin W. Schwartz, Byong-Hun
Jeon. Reduction of Nitrate in Groundwater by Fe0/ Magnetite Nanoparticles
Entrapped in Ca-Alginate Beads. Water Air Soil Pollut. 2015. 226.

Dong-Wan Cho , R. A.I. Abou-Shnab , Yongje Kim , Byong-Hun Jeon & Hocheol
Song. Enhanced Reduction of Nitrate in Groundwater by Zero-valent Iron with
Activated Red Mud, Geosystem Engineering, 2011. 14:2. pp 65-70

Euromines.

Main

mineral

deposits

of

Eurpe.

[online]

Available

in:

http://www.euromines.org/mining-europe/main-mineral-deposits-europe
Evgenia Iakovleva & Mika Sillanpää. The Use of Low-Cost Adsorbents for
Wastewater Purification in Mining Industries. Mining and the Environment.
Springer-Verlag Berlin Heidelberg. 2013.

Fan, J., Guo, Y., Wang, J., Fan, M. (2009). Rapid decolorization of azo dye methyl
orange in aqueous solution by nanoscale zerovalent iron particles. Journal of
Hazardous Materials 166, 904–910.

Fan, X. Guan, J. Ma, H. Ai, Kinetics and corrosion products of aqueous nitrate
reduction by iron powder without reaction conditions control, J. Environ. Sci.21
(2009) 1028–1035.

Ferro Sergio. 2003. Removal of Nitrates from Industrial Wastewater: Critical Reviews.
University of Ferrara.

Fu, F., Dionysiou, D.D., Liu, H., 2014. The use of zero-valent iron for groundwater
remediation and wastewater treatment: A review. J. Hazard. Mater. 267, 194-205.

Geological Survey of Finland. Metal concentration mills, and producers of steel and
base metals. [online].

http://en.gtk.fi/informationservices/mineralproduction/

61

Global nitrogen. Cycling out of control. Environmental Health Perspectives. Vollume
112. Number 10. July 2004. pp 558-561.

Guo, X., Yang, Z., Liu, H., Lv, X., Tu, Q., Ren, Q., Xia, X., Jing, C., 2015. Common
oxidants activate the reactivity of zero-valent iron (ZVI) and hence remarkably
enhance nitrate reduction from water. Separation and Purification Technology 146, pp
227-234.
Hakan Demiral, Gül Gündüzoglu. Removal of Nitrate from Aqueous Solutions by
Activated Carbon Prepared from Sugar Beet Bagasse. Bioresource Technology. 101.
2010. pp 1675–1680.

Haugen, K.S., M.J. Semmens, and P.J. Novak. A Novel in Situ Technology for the
Treatment of Nitrate Contaminated Groundwater. Water Research. 2002. pp 3497–
3506.

Hiroyuki Yoshino, Masahiro Tokumura & Yoshinori Kawase. 2014. Simultaneous
removal of nitrate, hydrogen peroxide and phosphate in semiconductor acidic
wastewater by zero-valent iron, Journal of Environmental Science and Health, Part A,
49:9, pp 998-1006.

Huang, Yong H.; Zhang, Tian; Shea, Patrick J.; and Comfort, Steve D., Effects of
Oxide Coating and Selected Cations on Nitrate Reduction by Iron Metal. 2003. Civil
Engineering Faculty Publications. Paper 22. pp 1306-1315.

Hwang Yu-Hoon, Kim Do-Gun, Shin Hang-Sik. Mechanism study of nitrate
reduction by nano zero valent iron. Journal of Hazardous Materials. 2011.185. pp
1513-1521.

Jack M. Sullivan, John H. Grinstead, Jr. , and John J. Kohler. Nitric acid acidulation
of phosphate rock and pyrolysis of acidulate to produce phosphatic and nitrogen
fertilizers. Chemical Research, Tennessee Valley Authority, National Fertilizer and
Environmental Research Center, Muscle Shoals, Alabama 35660, USA. 1992. pp
62

239-240.

Jensen B. Vivian and Jeannie L. Drinking water treatment for nitrate, Technical
report 6, Addressing nitrate in California’s drinking water. Center of Watershed
Sciences, University of California, Davis. July 2012. pp 1-11.

Jiang Xu, Zhiwei Hao, Chunsheng Xie, Xiaoshu Lv, Yueping Yang, Xinhua Xu, 2012.
Promotion effect of Fe2+ and Fe3O4 on nitrate reduction using zero-valent iron.
Desalination 284, pp 9-13.
Jingjing Bi, Changsheng Peng, Huizhen Xu, Abou-Shady Ahmed, 2011.
Removal of nitrate from groundwater using the technology of electrodialysis and
electrodeionization, Desalination and Water Treatment, Ocean University of
China, Qingdao, China, pp 394-401.

Kabay.N, Yukst.M, Samatya.S, Arar. O, Yuksel.U, Removal of nitrate from ground
water by a hybrid process combining electrodialysis and ion exchange process, Ege
University, Turkey, Separation Science and Technology, Oct 2007, pp 2615-2625.

Karimi, B., Rajaei, M.-S., Koulivand, A., Soltani, R.D.C., 2014. Performance
evaluation of advanced Fe°/Fe+2/Fe+3/ H2O2 process in the reduction of nitrate and
organic matter from aqueous solution. Desalination and Water Treatment 52, pp
6240–6248.

Katri Hayrynen, Eva Pongraz, Virpi Vaisanen, Nora Pap, Mika Manttari, Jorg
Langwaldt, Riitta Liisa Keiski, 2008, Concentration of ammonium and nitrate from
mine water by reverse osmosis and nanofiltration. Third Membrane Science and
Technology Conference of Visegrad Countries, pp 281-283.

Katri Mattila, Gennadi Zaitsev, Jorg Langwaldt, 2007, Biological removal of nutrients
from mine waters, Final report – loppuraportti, Finnish Forest Research Institute,
Geological Survey of Finland, pp 5-13.

63

Kei Mizuta, Toshitatsu Matsumoto, Yasuo Hatate, Keiichi Nishihara, Tomoki
Nakanishi. Removal of Nitrate-Nitrogen from Drinking Water Using Bamboo Powder
Charcoal. Bioresource Technology. 95. 2004. pp 255–257.

Krisana Kobwittaya & Sanya Sirivithayapakorn. Photocatalytic reduction of nitrate
over TiO2 and Ag-modified TiO2. Journal of Saudi Chemical society. 2014. 18. pp
291-298.

Kobwittayaa. K, Sirivithayapakorn. S, Photocatalytic Reduction of Nitrate over
Fe-Modified TiO2 , APCBEE Procedia 10. 2014. pp 321-325.
Lee Haller, Patrick McCarthy, Terrence O´Brien, Joe Riehle, and Thomas Stuhldreher.
Nitrate pollution of groundwater. [online]

http://www.reopure.com/nitratinfo.html

Liang M., Zeng H., Zhu Y. Xu Z. and Liu H., 2011. Adsorption Removal of
Phosphorus from Aqueous Solution by the Activated Carbon Prepared from
Sugarcane Bagasse. Advanced materials research, 183-185.

Liao, C.-H., Kang, S.-F., Hsu, Y.-W., 2003. Zero-valent iron reduction of nitrate in
the presence of ultraviolet light, organic matter and hydrogen peroxide. Water Res.
37, 4109-4118.

Mike Masukume, Maurice S. Onyango, Ochieng Aoyi and Fred Otieno. Nitrate
Removal from Groundwater using Modified Natural Zeolite. Tshwane University of
Technology. South Africa.

MINEO Consortium. 2000. Review of potential environmental and social impact of
mining, pp 7-10. [online]

http://www2.brgm.fr/mineo/UserNeed/IMPACTS.pdf

Mishra. P.C, Islam. M & Patel. R.K. Removal of Nitrate—Nitrogen from Aqueous
Medium by Adsorbents Derived from Pomegranate Rind. Desalination and Water
Treatment. 52. 2014. pp 5673-5680.

64

Mishra. P.C, Patel. R.K. Use of agricultural waste for the removal of nitrate-nitrogen
from aqueous medium. Journal of Environmental Management. 90. 2009. pp 519-522.

Morin, K.A. & Hutt, N.M. 2009. Mine-water leaching of nitrogen species from
explosive residues. Proceedings of GeoHalifax 2009, the 62nd Canadian Geotechnical
Conference and 10th Joint CGS/IAH-CNC Groundwater Conference, pp 1549.

MWH. 2005. Water Treatment Principles and Design. John Wiley&Sons, New Jersey.

National reports Finland Mining. pp 1-2. [online] Available in:
http://www.un.org/esa/dsd/dsd_aofw_ni/ni_pdfs/NationalReports/finland/Mining.pdf
Neyens. E, Baeyens. J. A review of classic Fenton’s peroxidation as an advanced
oxidation technique. Journal of Hazardous Materials. 2003. B98. pp 33-50.

Patil.I.D, Husain.M, Rahane.V.R, Ground water nitrate removal by using `Chitosan`
as an adsorbent, International Journal of Modern Engineering Research (IJMER)
2013. PP 346-349.

Rittman, B. & McCarty, P. 2001. Environmental Biotechnology: Principles and
applications. International Edition 2001, McGraw-Hill, Singapore. pp 1-754

Rong Cheng, Can Cheng, Guo-hua Liu, Xiang Zheng, Guanqing Li, Jie Li. Removing
pentachlorophenol from water using a nanoscale zero-valent iron/H2O2 system.
Chemosphere. 2015.141. pp 138-143.

Samarghandi MR, Golzar Khojasteh B. Application of Photo-Fenton process for the
removal of nitrate from aqueous solutions. Jundishapur J Health Sci 2013.5(2). pp
99-106.

Samatya, S., N. Kabay, U. Yuksel, M. Arda, and M. Yuksel,. Removal of Nitrate from
Aqueous Solution by Nitrate Selective Ion Exchange Resins. Reactive and Functional
Polymer. 2006. pp 1206-1214.
65

Seunghee Choe, Howard M. Liljestrand, Jeehyeong Khim. Nitrate reduction by
zero-valent iron under different pH regimes. Applied Geochemistry. 2004. 19. pp
335-342.

Shima. Z, Meysam. K, Mehdi. K, Ali. D and Morteza. M. Experimental Evaluation of
Nitrate Reduction from Water Using Synthesis Nanoscale Zero-Valent Iron (ZVI)
under Aerobic Conditions. Journal of Scientific Research.2013.16(2). pp 205-209.

Shrimali, M., and K.P. Singh. New Methods of Nitrate Removal from Water.
Environmental Pollution. 2001. pp 351-359.

Soares, M.I.M. Biological Denitrification of Groundwater. Water Air Soil Pollution.
2000. pp 183–193.

Sowmya. A, Meenakshi. S, 2014. Effective Removal of Nitrate and Phosphate Anions
from Aqueous Solutions Using Functionalised Chitosan Beads. Desalination and
Water Treatment, 52:13-15, pp 2583-2593.

Swistock Bryan. Nitrate in Drinking Water. Penn State Extension. The Pennsylvania
State University. 2016. [online]

file:///C:/Users/asiakas/Downloads/F136.pdf

Symons. J.M, Bradley .L.C, Cleveland. T.C, The Drinking Water Dictionary AWWA,
McGraw-Hill, New York. 2001.

Ted Prato and Richard G. Parent, Ionics, 2005. Nitrate and Nitrite Removal from
Municipal Drinking Water Supplies with Electrodialysis Reversal. GE Water &
Process Technologies. pp 3-5.

The Finnish mining industry - An overview. 2012. PwC. [online] Available in:
https://www.pwc.fi/fi/julkaisut/tiedostot/pwc-mining-overview-october2012.pdf

66

Treatment technologies for removing nitrates in drinking water. Ohio Department of
Health, Residential Water and Sewage Program. July 2012.

[online]

https://www.odh.ohio.gov/~/media/ODH/ASSETS/Files/eh/water/factsheet/nitratetrea
tment.pdf

W. De Vos, M. J. Batista, A. Demetriades, M. Duris, J. Lexa, J. Lis, K. Marsina, and P.
J. O connor. Metallogenic mineral provinces and world class ore deposits in europ.

Wang, C., Harbottle, D., Liu, Q., Xu, Z., 2014. Current state of fine mineral tailings
treatment: A critical review on theory and practice, Minerals Engineering, pp 114 129.

Wang Yu, Gao Bao-yu, Yue Wen-wen, Yue Qin-yan. Preparation and Utilization of
Wheat Straw Anionic Sorbent for the Removal of Nitrate from Aqueous Solution.
Journal of Environmental Sciences. 19. 2007. pp 1305-1310.

Wasse Bekele, Gezahegn Faye and Nestor Fernandez. Removal of Nitrate Ion from
Aqueous Solution by Modified Ethiopian Bentonite Clay. International Journal of
Research in Pharmacy and Chemistry. 2014. 4(1). pp 192-201.

Westerhoff Paul, Kyle Doudrick. Nitrates in groundwater, Treatment technologies for
today and tomorrow. Dept. of Civil, Environmental, and Sustainable Engineering,
Arizona State University. Southwest Hydrology. 2009. pp 30-37.

Xuejun Guo. Zhe yang. Hong Liu. Xiaofang Lv. Qiansi Tu. Qidong Ren. Xinghui Xia.
Common oxidants activate the reactivity of zero-valent iron (ZVI) and hence
remarkably enhance nitrate reduction from water. Separation and Purification
Technology 146. (2015). pp 227-234.

YARA.

Siilinjärvi

phosphate

mine

–

fourth

decade

ongoing.

[online]

http://fem.lappi.fi/c/document_library/get_file?folderId=1405164&name=DLFE-2076
9.pdf
67

APPENDICES

68

Appendix 1. BET surface area report of iron oxide waste

Appendix 2. BET adsorption isotherm of iron oxide waste

69

Appendix 3. SEM images of iron oxide waste particles before reaction

70

Appendix 4. SEM images of iron oxide waste particles after 5 hours reaction
71

Appendix 5. SEM images of ZVI particles after H2O2 addition (1 hour)
72

Appendix 6. SEM images of ZVI surface after 5 hour reaction
73

Appendix 7. Sample results of synthetic water tests at pH 5
74

Appendix 8. Sample results of pH optimization at pH 6
75

Appendix 9. Sample results of ZVI optimization at pH 6
76

Appendix 10. Sample results of H2O2 optimization at pH 6
77

Appendix 11. Sample results of iron oxide waste with ZVI test at pH 6
78

Appendix 12. Sample results of iron oxide waste test at pH 6
79

80

