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ABSTRACT
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Degree Program of Chemical Technology

Sixing Cao

Studies on the reactivity activation of zerevalent iron (ZVI) with
hydrogen peroxidefor nitrate reduction in mine water

Master 6s thesi s
2016
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The emission omining wastewater with high concentratiohnitrate leads to the risk
of the aquatic ecosystem, being detrimental to human health and extessts of
water mdies The aim of this thesis work was ifmprove the reactivity of zergalent
iron (ZVI) on theredudion of nitrate to ammoniumn mine water. The selected
method for thereactivity improvement of ZVI surface was ZVI/ H,O, system.
Preliminary testsvere performed to demonstrate the feasibility of ZM40, system.
The effect of pH value, iron mass ahgdrogen peroxideoncentration on nitrate
reduction were evaluatday batch experiment3he effect of addingon oxide waste
with ZVI was tested awell. The result of this thesis indicated that nitrate reduction
rate achieved 99.5% with the experimental setups in omthdanditions.Thus, it
was possible to increase the nitrate reduction rate at near neutral pH conditions by

adding a strong oxidanit,O,.
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1. INTRODUCTION

The content of this chapter is to describe motivation and objectives of this master
thesis by giving an overview about the nitrate prolsleand possible treatment

techniques. Furthermore, the thesis outline is pilssented below.

1.1. Motivation and objectivesof the thesis

The mining industry haan enormous influencen global economyarious mining
productsplay important rols in most industrial societies for human development in
everyday life for exampleelectronics, machinergonstruction materialand many
others(BRGM 2001) With abundant natural mineral resources, the European mining
indudry has a long standing historparticularly in Finland (GTK 2013) The

Si i | i nj éfrFwland hane thee biggestapatite production for manufacturing
fertilizers. However, the mining wastewater from the production line of nitric
phosphate fertilizer still contains a large amt of nitrate and phosphate, which is

consideredo cause many troubles to environment.

The presence of nitrate in surface water and groundwater around miningpadsts

the risk of ecosystery which results inthe excess nutents of water bodies
(eutrophization)(Katri et al. 2007) As a result of eutrophicatiorthe waterbody

creates a dead zone, whéikeng organismscannotsurvive any moreThe presence

of nitrate in waters have impact in human health by caudisgass, suchas
fimethemoglobiemia - ibl ue baby syndr omgéver damagesn e wbor n

and thee is a higtrisk of bladdeand ovarycances (Samarghandi et al. 2013)

Due to therisks of nitrate, several treatment techniquesewrvestigatedn order to
remove nitate fromwater These includeon exchange (I1X),everse osmosis (RO),
biological denitrification, electrodialysis (ED) electrodialysis reversal (EDR)
photocatalytic reductioradsorptionand chemical denitrificatio(Jenseret al.2012)
While the group ofphysicmchemicaltechnologiescan remove nitrate with high

efficiency, howeverthe generabn of concentrated nitrate require further treatment
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and residual disposaiological denitrification processsare slower when compared
with the physicochemical onemnd require huge infrastructure and manufacturing.
The technique of adsorption with natural materiala ssmple designwhereas some

adsorbents are costly.

Chemical reduction method ¥VI/( / system was selected in this thefis
nitrate reduction in nme water from a phosphate mine managed Ygra Oy. The
main objective othis thesis work is to study the reactivity activatiorz™ with the
addition of hydrogen peroxide ¢B,) and the optimization gfH, ZVI load and HO;
concentratiorin nitrate reduction reaction as well as the influencéhefaddition of

iron oxide wasteas a possible iron source

1.2. Thesisoutline

This thesis work consists of nine chapters described as following

Chapter Ipresents the motivationpjectives and outline @his study.n the literature
section, he following chapter2 gives the general overview of mines and mining
wastewater characteristics regarding European and Finnish mining industry
(Siilinj2 r v i ). @haptee 3 discuss the nitrogen cycle and th@roblenatic of
nitratein the waterMoreover, six developetieatment technologies to remove nitrate
from wastewateare indicated in Chaptdr. For example, the photocatalytic reduction

by UV-light and titanium dioxide recognized akotocatalyst and adsorption with
bioresources like agricultural wasfer examplewere presentedChapter 5 analyzes

the mechanism of chemical denitrification processpeciallythe redox reaction of
ZVIwith ( /

In the experimeratl section Chapter 6 describethe materialsand methodsused
including theexperimental setup, laboratory procedures and analytical technigues.

Chapter 7 the results and discussion reported, beinglivided in three sections
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preliminary teststhe optimizaton of ZVI reactivity activation with HO,, which
consistson the studies of theffect of pH, effect of ZVI dosagend effect of ( /
concentrationin nitrate reduction; Orhe last sectianthe iron/H,O, system igested
with iron oxide waste and ZVYlalone and combined for comparison purposes
Furthermore, theconclusions of té thesis are shown in Chapter 8ltimately,

Chapter 9 presents the possible subjects for further resstadibs

12



LITERATURE PART

2. GENERAL OVERVIEW OF MINES AND MINING WASTEWATER
CHARACTERISTICS

Mining activities includes the extraction of mineral substanceand some
nonrenewable resourckke natural gasandpetroleum from the eartlBesidesmetals
coal, gravel, gemstones, limestone and clay exteactedfrom ores.The mining
industry has a powerful influence on global econoBRGM, 2001) Different
mining products play important raein most industrial societiegor human
developmentin everyday life, such as electronicsmachinery and construction

materials fobuildings and roads

2.1.European mining industry

With abundant naturamineral resourcesthe European mining industry has a long
standing history. The extraction and supply of minerals play a kelg in the
Europeaneconomy andsociety during thousands of yeats. spite of European
mining has decreased over the last 150 yelaesconsumption of mining products for
industry hasstill increasd rapidly in recent yearsRelying on a great deal of raw
materials the European manufacturing industries ultimately evolvehatbundreds

of thousands of products and enterpridéswadays, ie most ofmining projects are
usually related to the emdiction of mineral deposits for instance nickel, copper, zinc,
cobalt,lead, gold, silver and platinu@&sTK, 2012)

Comparing with the other continents, Europe is not a main producer for nBztsils.
mineral deposits are located in Ireland, Swedénland, France, Serbia, Romania,
Slovakia, Spain and Portugal. Coahsinly produced in Poland and Germany. Some
ore depositare so rictthatdeserve the exploration of international mining companies.
For example,one large mineral deposit of iron, qogr and nickel is situated in
Finland and Swedeim the Baltic Sea region (Vos et ,@005. Between the boundary

of Czech Republic and Germany thaseanother major polymetallic ore deposit
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named A Er z ga\miiety gfesibver, sulphides, pitcldride andbthers The

lower carboniferous carbonate rocks of Ireldrabeplenty of limestone, sphalerite,

galena and dolomitgroducing lots okinc and leadThe Iberian pyrite belt which

belongs to the south Portuguese zone hosts a great amautplaties, copper, lead,

zinc silver and goldThe main mineral deposites in Europe are shown in Figure 1.

MAIN MINERAL DEPOSITS
OF EUROPE
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Figure 1.Main mineral deposits of EuroEuromines2008.

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 worldNew technologylike the flash smelting method for

refining of copper concentrates were integshandtiurned intot he wor |

(GTK, 2013) There are several world class rich mines in Finland such as nickel ores

dos

in Pechenga, copper ores in Outokumpukeli in Kola Peninsulavhich belongs to

Norilsk Nickel, zinc at Kokkola, chnmium at Kemi and iron at Raah&innish

mining. 2012) The mineral deposits in Lapland arery rich holding reserves ot
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number of massive uranium, rare earth minerals, gold, nickel,

platinum metalsThe primary industrial minafs exploied in Finland are limesten

phosphorus and

talc, apatite and carbonat@dational report) Finland produce the largest amount of

talc in Eurog which is one of the most important material in paper industry as

pigment. Thlargest apati te

mine.Figure 2 representle location of the metal ores in Finland.
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(GTK2012.

23.Si i | immne? r vi

Si il i nj2r whowrcimaKigore Bisaomneiot tiee worldwide oldest carbonatite

depositsin situ with 4.2% of phosphorus pentoxidé>{Os) whose age i®ver 2600
million years The area of aite rocks is 14.%m long, width up to 6560 and depth

15



is over 800n from surfacdYARA,. TheSi i | i nj 2 r v itoopecaf@ml1diAt st ar t e
Currently the mine is owned by Yara, whishaglobal supplier of mineral fertilizers

and industrial chemicald he factory hasthreeproduction unitsa phosphate mine,

sulphuric acidphosphoric acid and nitric @cplant anda fertilizer plant. Two open

pit operationy S2 r ki |j @ r v iaregerfdrmedSnaocaderio preduce fertilizers,

phosphoric acids and apatite concentr&egarding le tailings managementhe

pond zone keeps more @&h 5km away from concentrator. Aftehe purification

process le mine water with no harmful substanseis circulated back tothe
concentratorHowever, the mia water from theproduction line of nitric phosphate

fertilizer still containsa large amount of nitrate and phosphate.

it mi ne

2.4.Min e water

Mine wateris consideredo beone ofthe most serious isssie water treatmentThe
water isgenerated from miningrocesesandare usuallyacidic and highly polluted
by various toxic metajswhich affect the quality of surface water and ground water
(Banks et a].1997) Acid mine drainag€AMD) is athreatto the environmenusually

generated by rainfall and snow melh abarmloned mins, tailings, heagdeach piles

16



and waste rock As a result, ground minerals are oxidized and thetagoed
compounds are dissolveidto the water Without control, AMD may leach into
groundwater (MINEO Consortiun2000).Because of the hydrological cycle system,
the produced contaminant of surface water may also directly flow down to ground
water. Separated by different production operasiothere is another type of mining
watersi effluents (Wang et gl.2014). Effluents are the waste streamswhich are
produced during the refining operation procéasth a large number of very fine
solids and dissolvedompounds, the effluents are injected into tailing porde
slurry containplenty of salts and metals which are abstracted by natural minerals and
waste rock.However there arelots of varioustoxic chemicab like cyanidein
effluents that are used for extraction operaso(Azapagic, 2004). A mining

operation sketch is shown Figure 4.

Extraction

iltration

Modified
flow paths

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

To monitor water management the mining industry some procedures have to be
controlled: decrease the requirement of water volume during the whole process,
purify the polluted water and leachatpsgventthe contaminationfayroundwater and
surface wate(Charbonnier et gl2001) If the water is cont@inated by toxic mining
water, people who are exposed to it would get health issues, like skin @shes
diarrhea,amongothers Even fishe and other living organisms would be ultimately

killed in the river.
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3. THE PROBLEM ATIC OF NITRATE IN THE ENVIRONMENT

3.1. The nitrogen cycle

Nitrogen s one of the crucialutrierts for the survival of lifgPatil et al. 2013)The
Earth atmosphere has abundant nitrate resources, in addiwmttogen gas.( ),
nitrogen occur in many vans forms, such as nitrate (N§) ammonium (NH") and
ammonia (NH) and the convertion from one form to another under different

processegAnne et al.2010 )

Nitrogen undergo through many complex chemical, biological and physical changes
among the atmgphere andhe landin a continuous cycléCarbin et al.2009) This

kind of biogeochemicalcycle is known asthe 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 cy¢knne et al., 2010)

Nitrogen cannot be absorbed as a nutrient for most living organisms in gaseous state

18



(- ), but only when it is converted into biological available nitrogen. Nitrogen
fixation is the process to convert into NH; by nitrifying bactera, as it can be seen

in equation 3.3.1.

W wAoc ( ( (3.3.1)
When an organism dies, bacteria and fungi will decompose it and convato N H;

in the ecosystem. This decaying process is called ammonification and the NH

becomes available f@ants in the nitrogen cycle.
Ammonia (NH) is then transformed into / 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:

G cAo . (/ ( (/1 (3832

./ (/9.1 uv( 1A (833

. -1 ° (3.3.4)

The first step in nitrification is when Nitrosomonas bacteria oxidize to . /
via intermediate hydroxylamine, by microorganisms called amnmxidizers (Anne
et al., 2010). The second stép carried out by Nitrobacter, as nitrbidizing
bacteria, which oxidize. / to. / .
Denitrification is an anaerobic process that reduces nitrate to . , and it is

represented in equation 3.3.5. The process is performed by various species of

anarobic bacteria, such &scillus, Paraoccus andPseudomonas

¢. ! pmApc(o. o / (3.3.5)
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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 plagtandis
required for planting vegetables as fertilizer, butessive usef fertilizers will be
harmful to water resourcéPRatil et al, 2013) The largessourceof nitratepollution

are digestion tarddrom animal wastesorganicand chemicalertilizers inagricultural
activities. Farmers usually keep manure large storage underground, which easily
leads to excessive nitrates leachifigge et al.2010. Excessof nitrogenbased
fertilizers are used ly farmers to improve thecultivation of plants, causing
groundwater contaminatewdth nitrate.All these sources increase the concentration of
nitrogen compounds in water the most industrialized countriesoF example the
concentration of nitrate in D0 lakesgot twice higher over than10 years ago in
Norway. Inmany partof Europe, rivemitrate concentrationisave raised 1Emesin

the past hundred yeai&lobal Nitrogen.2004)

As it was refered previodly, nitrate contamination ifarmful towater ecosystem
leading toeutrophication.Nitrate, as a sustainable sourk nutrients,helps algae
bloomgrowingrapidlyin coastal zoneWhen the algae die, they consume the oxygen
present in thewvater causinga deadzone, where living organismsanrot 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 isrtfustfamous one,

which is loaded by thaitraterich Mississippi River owning the size fro3,000 to

8,000 square milggslobal Nitrogen.2004)

Another concern of nitrate contamination is about health risk of hudkemally
nitrate doesnot directy harm humanspnly when itis reducedo nitrite in human
gastrointestinabn the oxygerfree condition.Nitrite pass through thatestinesinto
the bloodstream then combinewith hemoglobinmoleculesand conves hemoglobin
to other form which cannot carry oxygeff. high concentratios of nitrate is

completly reduced to nitritepitrate ions would weaken the capacity of blood to

20



transport oxygen thatill result in a disease called asethemoglobinemia as well as
Abl ue b ab yn nswborrthildrean @ex@ndamage to liver and increassks
for cancer $amaghandiet al, 2013. A study conducted byhe epidemiological
researchenlso showed thehigh concentration of nitrate in drinking water increase

the risk for bladder and ovary cancers.

3.3. Nitrate in mine water

The presence of nitrate in surface wated 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 whictcontain 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).

o (.1 #(9x(/ #/ o. EAAQpEH T 1 (3.1.1)

After the explosion, some residual chemicals like ammomitrate (NHNO3) 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 ammoniuphste 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 nitrag@eooypounds

in mine water. The equation of cyanide destruction reaction, equation 3.1.3, describes

the cyanates (CN{oxidized to ammonia and bicarbonates (Akcil et al., 2002).

#.1 c(lo#l . (3.12)
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4. TREATMENT TECHNOLOGIES FOR NITRATE REMOVAL

Sincenitrate has higlchemicalstability and highly solublity, it is hard to remove
from water by conventionatreatmentprocesses like coagulation, filtration and
precipitation (Westerhoffet al, 2009) Other modern treatment tediogies have
been developed by scientists. These technologies canclasgsified into
physicochemical, biological and catalytic meth@disnseret al, 2012).The group of
physicochemicareatmenimethods includ@n exchange (IX), reverse osmosis (RO),
electrodialysis (ED) adsorption and chemical denitrification. This kind of
physicochemical treatment can remove nitrate with high efficiehowever they

only generate concentrated nitrated requirdurthertreatment and residual disposal.
Biological reatments approved as asefulbiological denitrification process, which

is the conversion oNO3; or NO,  into harmlesggaseousN, by anaerobic bacteria.
Nevertheless, there are several concerns: process conduct vety, gfooduce
undesirable bacterial contamination, require huge infrastructure and manufacturing.
All of these treatment technologies have their own advantages and disadvantages,

hybrid procesgombiningvarious technologies makes them work more effityen

4.1. lon exchange

lon exchange is the mogtidely employedreatment technology for nitratemoval
owing to i costeffective and maneuverable characteristitsn exchanges a
reversibleexchange process of ions from ion exchanger in an electrebjtgion
which is usually applied to remove contaminants or hard(esisay et al. 2007)

The direction of the exchange processgetermined by two factorthe concentration

of the ions in the solution, the selective attraction of the resin for thieyar ions.

lon exchange resin is an insoluble matrix (brblael materials) commonlyfabricated
from crosslinked polymers that remove ions from water for water softening and

water purificationprocesss(Westerhoffet al, 2009)
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Anion exchange resiwith a preferential affinity for nitrates usually used for nitrate
removal on wkth nitrate replaced chlorid®ns and sulfate ions in the solution
(Jenseret al, 2012) Howeverthis kind of resinglo have shortagenstead of nitrate
most of thempreferto absorbsulfate which reduces the efficiency of ion exchange
process. Hengehe concentration and exchange capaotysulfate and nitrate ithe
solution must be consideredfter dealingwith manyliters of solution, it will led to

the saturatiorof chloride in resin In order torepla@ nitrate from the resin,he
regeneration of the resin is needkdan becarried out by a highly concentrated salt
solution, like sodium chlorider sodium bicarbonateSalts ad organics in waste
brine solution will foul the nitrate 1X resins when the system operate for a long time.
For the sake of keeping higifficiency nitrate removal capacitythat requires
disposal of waste brin€&igure 6 describes the process of ion exchange unit for nitrate

removal

Nitrate
contmainated
water inlet
Treated water
outlet

Waste brine «e— - - =
Regernating brine
|~ (Sodium Chloride) flow

Resin tank

Nitrate & sulfate — Brine tank

water

Nitrate & sulfate

Nitrate & sulfate
was Nitrate & sulfate

odium chloride \/ "
resin Sodium

chloride
(recharged
resin)

water
Resin blowup showing ion exchange

Resin blowup during regeneration cycle

Figure 6.lon exchangenit for nitrate remova(Swistocket al, 2016)

4.2. Reverse osmosis

As the second mosbmmonlyusednitrate treatment technology, reverse osmosis is a
membrane separation proceskich is drivenby osmotic pressure(Jensenet al,

2012) Its applicationsnvolve the removal obther ions, molecules and largarticles
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from water, including inorganic camninants,microorganisms anerganic matter
(Symons et al, 2001)The reverse osmosis process works under pressure where
nitrates or other target substargeare retained on the pressurized side of the
membrane anébrcing purewater passes through a semipermeable mem/oatie
other side Darbi et al, 2003. The RO process occurred owing to the pressure
differential between two sides of the membrandWH, 2005. The thin film
composite (TFC) membrane made from cellulose isroonly used for nitrate
removal in RO unitsUsing thin film composite membranes can achieve the result
that the concentration of nitrate reduction by 9%%. While the nitratdevel is
higher than 30 mdy/, reverse osmosis technology will turn into lefficiency. Then,

it is better to choose other treatméethnology(Bebee et al 2006) In addition to
concentration, other factors of RO should be taken into account, for insthace,
pretreatment of water, materials of membrane, water temperatunesisspressure
andthedisposal of waste concentrate. The drawbadiRO are its high cost ankigh
energy consumption for undperation(Bergman et a).2007) The schematicRO

process is shownn Figure 7.

P Reverse osmosis membrane

High
pressure

Nitrate pump Treated
contaminated — = =P ——— water
inlet water Water outlet
containing Purified
ek water

|

Brine discharge

Figure 7.Schemeof the reverse osmosis proces@ryan et al,. 2016)

4.3. Biological denitrification

In comparison with ion exchange and reserve osmosis methiatbhgibal
denitrification treatment methods the most effectiveor nitrate removal, since it is
economical with lower operatingosts and does not changéhe ®ntent of other

existingions(Samatya et gl12006.
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In biological denitrification process,itrate is microbidly reducedto different
nitrogen intermediates and ultimately tyaseous nitrogenwhich steps can be
generalized as below / © ./ © . /O [ O (Soares, 2000Each step of
denitrification are associated with enzymes as catalybherntrate reduction process
can be prformed bytwo different kinds of electron donors: organic carbon electro
donors like acetic acid or methanol; inorganic electron donors like reduced sulfur or
hydrogen YWesterhoffet al, 2009).As a natural biological process, heterotrophic or
autotroplic bacteria can be used to drive denitrificatpmocessas electron acceptor
for reducing nitrates and release nitrogen @witali et al, 2001). Moreover, as a
respiratory process, energy sources suanasidisablesubstrate must be required in
denitrification. An organic compound is the source of eneagyl carbonin
heterotrophic denitrification, whereas inorganic compound is the source of energy
and carbonin 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 applicatigks.an electron acceptor,
oxygen has an inhibitory effect on denitrification competed with nitrate. Henee, th
concentration of dissolved oxygen in the water should be lower than OL1famg/
guarantee the reduction process occurs norm@hghna et al. 2012. In some
particular casg the biological denitrification processarise under aerobic conditions
(Rittman et al.2001)

There are some limitatigrof this process. The residual contaminations presented in
denitrified water, such as bacteria, residual carbon organicegdsssary to be
removel (Haugen et aJ.2002) The post treatment like filtration and clarification is
helpful for that.The otherkey factoris temperatureestrictions low temperature can
deaeasedenitrification (Archna et al. 2012) Low production ratef nitrate for

biologicaltreatmenprocesssshould be considered as well.

4.4. Electrodialysis and Electrodialysis Reversal

The application of electrodialysi€ED) technology in water treatment for nitrate

removal beame more popularrecently It provides the minimum requirement of
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chemical andcenergy, the good selectivity to remove nitrate ions, high water recovery
and a small quantity of residu@rchna et al.2012).Electrodidysis is performed by
passing airect electric current through ioselectivemembranes where nitrate and
other ions are transferred from a low concentrated solufibinte) to a high
concentrated solutiofpermeate, concentratéfhe solution with high concentration

of nitrate or other undesirable iorssconsidered to be wastestream(Kabay et al.
2007).

ED treated the waten the multiplescell units, which consist of an anion exchange
membrane and a cation exchange membrane located between two elddteodes
al., 2005). The dilute feedsolutionshould bepressuried into units Then influenced

by an electric field the solutionis in an electrodialysis systemvhere thecharge
carriers change into motiorAs the electrical potential differencéie negatively
charged ions in the low concentrated solution move towidn@lpositively charged
anodepassing through anion exchange membrame the positively charged cations
towards thenegatively chargedathodepassing through cation exchange membrane
(Jingjing et al.2011).

To separate nitrate or other ions from salnfi the particular semi permeability
membrane should be selected for the permeation of targete@hercharge balance
must be maintained in the whole electrodialysis system as well, in oréeepothe
migration of anion and catipwherethe electric arrent flows betweethem TheED
processresults ina salt concentrationincrease in the concentragtreamwith a

depletion of charge carriers in the dilsteeam Kakay et al.2007)

The whole ED system is shownt&igure 8.Different from othermembrane based
processes like R@lectrodialysis metholas less quantity of dissolved species in the
feed solution thamwf the fluidas well as the strength of higher feed recovBather
than in other membrane based processes, dissolved speciesared&om the feed

solution.The nitrate removal capacity of ED and RO process is nearly the same.

26



- Electrodialysis R
~ Feed Solution "

H,0 |— + -l ® @ [*|*°
®-°® ° i+ e i)
- . . ! + . ) -'/-/

!l —|» +o Oe At
Anode |~ P A @ ¢ g ® |*| Catode
- @+ | @ +
-| ® + = +
x.\ Diluate Concentratfa/ /

Figure 8. Electrodialysis (ED) for denitrification

In order to minimizeanembrandouling, the electrodialysiseversal (EDR) process is
required, in which the polarity of the electrodes can be reversed several times per hour
to convert the direction of ion moveme®y means of reversing the solution flow
direction, ionsmove in the opposite direction through timembranes, reaching the
minimum heap(Ted et al. 2005). In comparison to conventional ED process, the
electrodialysis process can decretimgformationof scale and the usage of chemicals,
applied for nitrate rich water in drinking water treatmehite EDR processhas
high-efficiency for nitrate reduction when the nitrate concentration is in the range of
50 mgL to 25 mgL. There are some critical factors to be considered into EDR
application, such as the pretreatment requirements, the system operdtibe aaste

concentrate management.

4.5. Photocatalytic reduction

Photolysis disinfection and other lighaised technologieare commoly used for
water treatment in nowags. Among them, photocatalytic reductions gradually
developedto split waterfor nitrate removal from waterThe preliminary data

demonstrate that photocatalytic nitrate reduction presegg&nerate innocuous
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nitrogen gas (B as byproductsand there isno need for extra treatmentlany

scientists have studied thatrate can be activated with ligit the aqueous solution

by a metatloaded photoatalyst with a reducing ageas co-catalyst(Nubia et al.

2010) This method utilizes the properties dpecific materials to absorb
electromagnetic radiationand stimulae active sites, then to declinea charge

transfer and light emission phenomefi&isana et al. 2014) The photocatalytic
reduction process is induced by nfnelectroni
of light-induced charge separatioi©xidation reactionssubsequently occur to

compensate for the formed electronic gap.

In general, the photocatalytic reduction of nitrates to nitrogen workaqueous
conditiors. The processieed the addition of organic compoundss active sites,
which are hole scavengershat supply electrons to fill the electron holes in the
valence band. Methanol, ethanol, formic acid, oxalic acid and suallosEnused as
electron hole scavengé€Kobwittayaa at al.2014) A number of research studies
reported that formic acid is the best chemical agent for nitrate reductiotitamerm
dioxide (TiO2). When formic acidis added, it brings out the formation oérbon
dioxide CO,) and hydrogen as well as the reduction rieactMoreover, the different
pH conditiors of formic acidleadsto entirely different result. At aciclpH (pHU 2.5),
the result achieve88% conversion of nitrate® molecular nitrogen formationn
strongacidic conditios, the result brings the formaticof nitrites and ammonium

ions.

The reductionprocess coulde achieved by using different kinds of photocatalysts
(inorganic semiconductoxswhile TiO, and TiO, modified with iron, silver or copper
as reducing agent are the best knashmoices(Krisanaet al, 2014) Usually, TiO,
photocatalysts prepared by the simplified sgkl techniquewhereit is coated to
form a thin film on the surface of materials, which aseially stainless steel sheets.
The choice of using stainless steel sheetiues to theexcelent corrosion resistance

as well as good strengtteformation characterissc (Nubia et al.2010)

The photocatalytic reductioprocess dr nitrate removal in water usdtraviolet light

(UV-light) as photo energy that brings out highergy consumption ant is very
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costly for large scale industrial wastewater treatmdnt.Figure 9 is shown the
schematic UV/TiQ photocatalytic reduction reactorSeveral variables were
discovered to affect the activity of process, for instance, ¢atalystsurfaceareapH
value and recombination rateg(Ferro et al, 2003) Furthermore, the demand of
additional processes act as the main shortage of the photocatalytic reductioriswhich
separation and recovery of the photocatalysts from the aqueduison by using

filtration or centrifugation.

~—————m— UV light ( 365 nm)

Water outlet — &= \J

- (== 3 )
N
]
TiO, membrane
14| Cooling jacket N
BDD anode P \\ DC power supply
| Stainless steel

\ I'_;- - - Water inlet
N

Magnetic stirrer

Figure9. Schematic UV/TiQ photocatalytic reduction reactor

4.6. Adsorption with natural materials

Adsorption is a physicochemical process in whighfluid (liquid or gas)is
concentrated athe surface of a solidThe fluid substancebeing adsorbed ishe
adsorbatewhile the solid bind with dissolved substansecalled adsorbentarious
adsorbentareused for different systems, for instance, sediments and soils, activated

carbon, metal xidesand biosolidgMishra et al.2009)
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Many studies have proved that adsorptimmatment technologis very feasible for
removing nitrate from aqueous mediumainly owing toits simple desigriMishra et
al., 2009) Fromthe economial point of viewof theindustrial scale, some adsorbents
are costly, thus more and more inexpensive natural materials especiatgbimces
have been investigated in the preparation of adsortfeeneral natural materials with

high potential are utiliz for nitrate removasuch as

Biochar isa porous biomassderive charcoal produced by thermal carbonization of
biomass under exclusion of oxygen conditions whiek 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 e2@09). There

are various sources of biochar produced by pyrolgisiomassthat canbe used as
adsorbent for nitrate removals well as materials such wsody materials (bamboo
power charcoal, moso bamboo), agricultural residues (wheat straw charcoal, mustard
straw charcoal, pomegranate) (Kei et 2004; Wang et la 2007; Mishra et al.

2014).

Activated carbon is well-known adsorbent used for wastewater and gas treatments,
since itis highly efficient with large surface area (30067/g), high porosity and high

degree of surface reactivifiziang et al. 2011)

While activated carbon remains costly material, some studies observe that agricultural
wastesas useful valuable adsorbeh&ve become a better option to produce activated
carbon such asorn cob, palm shell, cherry stone, coconut shell, hazblagasse,
apricot stones and rice huskugar beet bagassevhich is obtained after sugar
production as a bproduct is illustrated as below.The produced activated carbons
were used for nitrate removal from aqueous soluti@ontaining 300mg/lL of

. A . byadsorption.

Chitosanrefers tonitrogenous polysaccharide as a linear copolymer which is made up
of glucosamide andN-acetyl glucosamingSowmya et al. 2014)Chitosan is
biodegradable, biocompatible and-toxic extract obtained by thermoschemical

deaetylation 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 conductegiMike and hisco-workers, ,surfactant modified
natural zeolite is a very promising material to manage excess amounts of nitrates in
ground waterWith positively charged surfacsurfactant modified zeolite will attract

anionic pollutants such as nitrates via electisinteractions.

Natural clays as a natural scavenger of contaminanteo clean and pufiy water.
Wasseand his ceworkers(2014)achievel 80% of nitrate removal ratby using acid
activated bentonite clay as adsorbertcid activation treatment assists the
modification of claymineralsvia acid leaching process to improtreeir 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/¢ "E SYSTEM

5.1. Chemical denitrification

Chemical denitrification is being considered as an emgrggechnique for nitrate
removal from contaminated watdrhe potential of using nitrate chemical reduction
for in situ groundwater and aboysgroundwater treatment systems vast with the
strengthof unnecessary disposal of concentrated waste sadtienseret al, 2012)
Metals such as zenmlent iron (ZVI) copper zinc, platinum and palladium can
transform nitratéo other nitrogercompoundgWesterhoffet al, 2009) However,the
weaknesss of thesematerialsrestrict the chemical denitrification process used for
water treatmentlue to the use dbw pH levek, heat additbn andrequirement of

strong reductanhedium(nitrogen gak

Thechemical denitrification is performed by two stepsrateis converedinto nitrite;
nitrite is redwed into molecular nitrogen.Since nitrate is very stable, the

transformationof nitrate into nitriteis sufficient to produce ammonia subsequently.
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Moreover, the chemical reductioprocessesused for nitrate removabk not only
purely a chemical process, but alsynergisticallyassociated with other processes,
such as catalytic reduction processasl electrochemical processebefro et al
2003.

The process occurs with very active metalshe metallic formThe indirect nitrate
reduction procesbappens with the help of nascent (H) or molecular hydrogehn (
In aerobic conditionsthe dissolved oxygenas the preferrecelectron acceptor
(equation 5.1.1) captures electron from zewalence metaland results in the

production of hydroxide iong (( ).

C&A /1 ¢(19c&A 1/ ( (5.1.1)

The indirect nitrate reduction process occurs by the means of activity of the zero
valent metalUnder anoxic condition&VI is availableto redue nitratedirectly and
hydrogencan be used for reducing them indirecBerformed reactiorsre shown as
below in equation5.1.2 5.1.7. The reduction process mayoceedfurther to the
synthesis of ammoaj howeverthe performance ofOQ HOQ FOQ) ROQ)

restricts to reaction conditions.

&Aoo &A A (5.1.2)
¢. ! w( ok . (/M (5.1.3)

pmm&Ae./ ol /v&A o ( o. (514
v&A ¢./ o /v &A p¢ ( . (5.1.5)

¢ ( ¢ .1 (1 (516)
o( ¢./ ¢(©°. T (/ (5.1.7)

Many studiegdiscoveredhat it is necessary to inject acid constamtlguaranteen
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

zerovalent iron is generated by nitrate reduction prasesvhich refers to a
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passivation layer containing oxides iron and hydroxides iron, decreasing reaction
efficiency. The removal of the passivatideyer can be commonly performed by acid
washing or acidity treatment of the solution, as weltrasking such films by means

of ultrasoundHwang et al., 2011)

The use ofzVI for nitrate reduction has been demonstrad@d brings out the
formation of ammonium (Crane et al. 2012). For enhance theproduction of
molecular nitrogerf. , iron particlesaremodified by the depsition of copper, lead

and preciousnetalsto improvethe catalytic activity.In terms ofmodified zerevalent

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 nit@beentrated
solution withcadmiumor znc associated with silver, copper or mercury as catalysts.
The preliminary pathway ithe convertion of nitrate taitrite in wherethe solution
passes through a cadmiwrantained column(equation 5.1.8) Subsequentlythe
agueous solution with nitritproduce nitrogen and carbon dioxide facilitated bg
amide(( . ! (equation 5.1.9)such as uredgrroet al 2003. The combination of
zinc and sulfamic acid (. 3 () has been indicated by many scientists for chemical

reduction of nitrate as well.

#A .1 c( o#A ./ (I (518)

L (.10 v (1 (519

5.2. Nitrate reduction by zero-valent iron (ZVI)

Zerovalent iron (ZVI)has been used for denitrification of water since it is easy to use,
it is environmentally safe and the costs are (6w et al., 2014)ZVI is very reactive
in water wherethe oxidation reaction of iroreleases electronsvhich can be usg

for further nitratereduction as an electron don@tiroyuki et al, 2014) In aqueous
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solutions, zerevalent iron(& A) is readily oxidizedinto ferrous ion & A and two
electrons are released in the solut{@quation 5.2.1due toZVI metal corrosion.
Nitrate, the electron acceptoryopeedto the reductive decomposition withhe
electrors released from the oxidization @I (Guo et al. 2015) The final products
of this electrochemical corrosion reactions couléimnoniumor nitrogen(equations

5.2.2 and 5.2.3)The whole process is an oxidaticeduction (redox) reaction

&Aoo &A A T QEAA@AI T (5.21)

.l optt Ao . ( o / (5.2.2)
T&A ./ pft O T &A . ( o/ (5.2.3)

t&Aao. 1 o ©9c&A .1 o [ (5.2.3)
c./ W Ao . 1/ 523

A lower pHconditionis morefavorable forthis reaction, since acid can dissolve the
passivation layefmagnetite or green rustpvered on the surface of iron particles

guarantemg a freshZVI surface(Gordon et al.2005).

53. 'HAfE "E systemi n Fentonds peroxidati on

ZV1 is commonly combined with hydrogen peroxifle / ), a strong oxidantin
Fent on 6 d9n oxidater grocegssfor organic matter degradation in wastewater
treatment(Neyens et al.2003) In Fenton oxi@tion process, hydroxyl radical/ (%)

are generated fronmthe degradation of hydrogen peroxide with iron ions in the acid
conditions (equation 5.3.1), while iron, usually in £eform, is oxidized to F&
(equation 5.3.2)Behrooz et a). 2013). Ferric ions & A  are obtainel in this
processwhich ha low capability tocatalye hydroxyl radicas due to the production

of hydroperoxyl (HOE) radicals which are weaker thah (*, decreasing the
efficiency of the reactiofSamarghandi et aR013)Usual | 'y Fent onds
with a catalyst in F& form but it is possible to have a catalyst irt'Fer F& (ZVI)

and in these cases the reaction is called Fdikemeaction (equation 5.3.3).
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(1 Ao/l (1 (5.3.1)

&A (1 o&A 1 (¢ 1 ( &AT ©OAAADOEI(E.3.2
&A (/1 o&A ( &AT ONTEEBRAAOET 15.3.3)

Despite not b e i n hydragen peraxitidms keen demerstcated to n
improve the reactivity of ZVI surface thabntribute to remove passivatitayer and
enhance the capacity of nitrate remof@iioet al., 2015Karimi 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 seems tha{ / canoxidize andcorrode

ZV| surface with high rate of reaction drivirige nitrate reductiarNo studies were

performed with real waters, which can bring scientific value to this thesis.

5.4. Other additive materials (oxidants) associated with ZVI

Due tothe formation of surface passivation byides iron and hydroxides irpthe
reactivity of ZVI becomes lower than befoseriously restriéghg the potential of
nitrate reduction (DongVan et al.2011).The performance of ZVlehctivation limits

the mass transmission of targeted contamindgmtsighpassive oile layer forwater
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, magetite ( O ), DI OAOBE®DI AT GI-A R
AEOT [ EEIGH O hoxygen ( ) as well as#/ gas bubbling and ultraviolet
(UV) light (Dong-Wan et al.2015)

DongWan et al.(2011) indicated that red mud, as a waste residue of alumina
production containing aluminum, iron, titanium, silicon hydroxides and oxislable

to promote ZVI activity maintainin@ fresh surface for nitrate reduction in solution.
Magnetite nanoparticlesere usedn another study performed yongWanand his

co-workers(2015 to addwith a ZVI system tamprove the ZVI surface
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Regardingto theirmagnetic characteristic, magnetite particles are evenly distributed
and attached on ZVI surface, generating localized electron intermediariésghelp
electrontransferencdrom ZVI into adsorbed nitrate ion#luang 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 reducti&mo et al.
(2015) observed that some oxidants like , + - T /and # O were used to
improve the surfaceeactivity of ZVI, which contributes to the enhancement of
targeted nitrate removal rate. These combined systems prevented the formation of
ZV| surface passivation layers and ultimately achieved 97% of nitrate reduction
(Figure 10)Moreover, Jiang et a{2012) demonstrated that the addition®&f and

& A in zVI system can promote the reductive denitrification rate98.26. As

good conductor;OQ and & A facilitate the transference of electsom the iron

surface through the redox reaction @cdelerate the reductive efficiency of nitrate.

Fe(lll)
" o
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) * roleof Fe*

Fast corrosion & dissolution

Fe(lll)
{ Fe(II)/Fe(IIl)
hydroxides

H:O: ¢ MnO,; 5 Cr:O':'

Oxidants exhausted

>, Mn**, Cr”

V

Strong oxidative attack

Figure 10. Schematic model of oxidarts{ h+ - T f# O) in nitrate reduction by
ZVI1 (Guo et al.2015)
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EXPERIMENT PART

6. MATERIALS AND METHODS

In this chapter, all used materials, espeental setups and proceduras well as

analyticaltechniquesisedduring theexperimentswvill be introduced.
6.1. Materials

Mi ne water samples were taken from an open
Oy. pH, electric conductivity (EC) andxidation reduction potential (ORP) were

measure on site. Water was kept in the freezer for further angbhgsi®rmed by

Ramboll Analytics The analysis performed can be seen in Table 2.The main ions

present in the water ar&é80 mgL of . / , 0.55 mgL of . ( , 0.65 mgL of

./ and200 mgL of SO,%, 65mg/l K', 100mg/l C4", 19mg/l M¢*, 76mg/l N4.

Figure 11. Mine waterfrorBi i | i nj 2 r vi Mi ne.
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Tablel. Chemical analysis of theine watesamples r om Yar a Si il inj @2

+ = 2+ + 2+ 4P

NO, NH, NO, Mg Na | Ca K" SO,
(mg/L) (mglL) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

8.15 180 0.55 0.65 19 76 100 65 200

o, PO cCl F Ba Mn Mo Si U

(mg/L) (mg/L) (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, 5.6 | 0.0068

Iron powder {325 mesh, 97%a nd hydr ogen p e werepuraiased( O 30 %
from SigmaAldrich, without further pretreatmenSynthetic nitrate solutionvas

prepared bydissolvingd @ "Y&¢'O0 and + . / (MercK) in deionizedwater Iron

oxides powder (OQ) ), a byproductfrom Yara Oy in Kokkola site,as a side

product ofpyrite roasting unit. The chemicaharacterizatiomf iron oxides is shown

in Table 3.

Figure 12. Used chemicalsdgn powder Iron oxides powdehydrogen peroxide
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Table2. Characterizatiof iron oxides

HO Fe S Zn SiO, TiO, Al 03 MnO MgO CaO BaO
mg/L 1 20.2  60.5/0.85|/0.2|6.04 0.02 129 001 035 05 |0.31

6.2. Experimental setups and procedures

Before apply ZVIH,O, system to nitrate reduction in real mine water, some
preliminary tests were performed according to paper from (Xuejah €015). The
purpose was tpreliminarily estimate the feasibility of ZVIA,0, system for nitrate
reduction This group of experimes were carriecdut by diluted mine water and
synthetic nitratecontaining solution with 14 mg/L ofitrate prepared wittby "O0 0.

The reduction was performed inraund botton flask with a volume of 200 mbf
nitrate solution whereas added to 1 giroh powder was added. The reaction was
stirred by a magnetically mixer gbesed of 400 rpm abom temperature (241 N ).

A small droplet of 204 GOU (1 mM) was injected into reactiosolution after 2
hours. The pH of solution was adjusted continuously by adding NaOHH&hah
order to maintain pH 7Throughout the six hours reaction period, the ORP were

detected constantly by HACH redox electrode.

Moreover,because of too many interferential computsan real mine water, a group

of synthetic water test was carried out to further predict the potential feasibility of
OO0 systemin real mine waterAs shown in Table 1, besides 180 mg/I0 ,

other principal components in real mine waterav@®0 mg/l SG*, 65mg/l K*, 100

mg/l C&*. Thus, suitable chemicals for preparation of synthetic nitrateentrated
solution wered @ "YOCOO and O U U8 The nitrateconcentrated solution was
synthesized by dissolving calculated amount of 160 mgl U (104.37 mg) and

100 mg/l 6 & "YHCOU (171.84mg) in the deionized water. A 500l two-necked

flask filled with 400 ml synthetic watemwas used for @anducting experiment. The
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reactionsolutionwasmixed by magnetite stirrer and simultaneously purged nitrogen
gas bubblingThe reaction was performed in 5 hours, where §.k6n powder (ZVI)
was added in synthetic water in the very beginning of reactiben p TV &
hydrogen peroxie ¢&® @ 0 O0  was injected into system after one hour reaction.
The initial pH values were adjusted to 5, 7, 9 by adding drops af0 @& "O06 @nd

maintained constantly within the five hours reaction duration.

The group of normal nitrate reduction experimenby ZVI/H,O, system was
conducted in a 50L two-neckedround bottom flaskvith 400 mL of mine water
(180 mg/L NOg3), where a certain amoumif iron powderwas added in a range of
1g/Lto 13 g/L, for 5 h under a continuous Nbubbling The reaction was stirred at
speed of7f00rpm with a magnetic stirremat room temperaturaround24 p 38 After
onehourof reaction,a range oH,0, between 1 mM to 100 mMasquickly injected
into thereactor The initial pH of the water was adjusted for a range between® to
during the experiments andvitas kept constant bgdding. A/ éand ( # Huring
the reactionSimultaneously, mund p ¢ , of sampleweretakenevery 20 minutes
and it was passed through &.20 {i cellulose acetatemembrane filter
Experiments were repeated three timedor the calibration of processThe

experimental setup for nitrate reduction is shown is Figure 13.

In the last section of experiments, iron oxide was used for nitrate ti@uuo
iron/H,O, systemand 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 ottwee only iron oxide waste.
Experimental setups were exactly the same as before, except the dosage of reducing
agent. The dosage of 261ig iron oxide waste and 5.16F€ were used at first part,
meanwhile, the dosage of 7.3§4ron oxide waste was added into second part. Both

of themwere calculated as proportion as previous work.
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Figurel3. Experimental set up fantrate 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 nitratBR 2800M spectrophotometer is 35
mg/L, theoriginal mine watemwas diluted by deionized wattr the measurement of
nitrate concentratian. In order to acderate experiments proceedingl samples
were sat to RambollAnalytics (Lahti, Finland)for chemical analysis of / ,. (
and . / concentrationsThe pH value oxidationreduction potential (ORPand
electric conductivity (EC)vere measured bysing a Hach HQ40d portable device
with an inteliCAL™ pHC101 pH probean inteliCAL™ REDOX MTC101 redox
probe and an intelliCA™ CDC401conductivity probe
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Figure 14. DR 2800 Spectrophotometer

Characterization of iron powder and iron oxide waste from @aravere performed
by X-ray diffraction (XRD), BET Brunauer-Emmett-Teller) surface aredefore
nitrate reduction reactioand scanning electron microscopy(SEM) after nitrate
reduction reactionThe iron samples taken after the nitrate reduction reaciene
dried invacuumfor 24 tours andsentimmediately for analysisThe characteziation

of iron sources, iron powder andhste(& A ) were carried out bBET surface area
which results showed to be 0.257/gn and1.508m?g, respectivelyat a101.3250
kPa pressure BET adsorption isotherm diagrarm shown in Appendies1 and 2
XRD pattern of zerevalent iron and iron oxide waste are presented in Appes8i
and 4.The surface micrstructuresof zergvalent iron and iron oxide waste were
analyzed bySEM Hitachi SU3500, where acceleration voltage was 5 kV and
detecors SE or BSE was used in timeaiges.
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7. RESULTS AND DISCUSSION.

7.1. Preliminary tests

Preliminarily studies were performed in orderdstimate théeasibilityof : 61§ /
system for nitrate reductipmaking into account the research conducte&ibejun et

al. (2015) This group of experiments were carriedt by diluted mine water and
Synthetic nitrag-contained solution with 14 mg/li 0 . Throughout6 hoursreaction

of synthetic nitratecontained solutionORP vas followed continuoug. The potential
gradualy decreasag from 298 mV to -218 mV, after the addition of iron powder,
indicating that a reducing medium was seltlallowing the reduction of nitrate.
After spiking ( / , the potential immediately increased to 189, since HO; is a
strong oxidantHowever, wthin 2 min the potential wsadropped dowrto -178 mV,
achiewng -312 mV at the end of6 h, leading toa new reduction medium. This
phenomenon was observed by Guo et al. (2015) after spiking oxidants to synthetic
waters with N@Q. It demonstrate that nitrate alonewith ZVI before the oxidant
additionhad no effect othe increase oORPand this parameter only changed after
the addition of HO,. The ORP dropped te312 mV after HO, reduction and
elimination, creating a reducing medium suitable forsN€duction.This meclanism

was studied later by investigating the iron surface after reaction.

As the consequence of experiments, the nitrate removal efficiency of synthetic
nitratecontained solutiorwas 83.6%(2.3 mg/L of NQ), overtaking diluted mine
water with 29.326 (9.9 mg/L of NQ),). The results have demonstrated the
preliminarily feasibility of : 6f§ / systemapplication for nitrate reductiolsome
dilution and analytical errors might be associated with these determinations since the
Hach kits used for the qutiincation had a limit on the nitrate presence in the water
which was 35mg/Land 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
nitrateconcentrated solution was particularly needed to further predict the potential
feasibility of w cfO0 systemin real mine waterThe chemials 6 @ "Y8¢O U

and 0 0 U were used for preparing synthetic nitratencentrated wateilhe initial

pH values were adjusted to 5, 7, 9 by adding drops) @ 0 ©r "O0 ¢and
maintained constantly within the five hours reaction duration. Thriferetit pH
values including acidic (5), neutral (7) and alkaline (9) were tested in this group of
experiments to investigate the feasibility @O0 system Figure 15 shows that

the nitrate removal efficiemes were 99.44% at pH5 and pH 7, wherea
approximatelyclose to zero at pH 9. After two hours reaction, the nitrate reduction
rate of pH5 achieves 99.44%, overtaking pH only 30%. This results demonstrate
that acidic condition could be favorable in the nitrate reduction process 0 0
system(Shima et al.2013).

Synthetic water - nitrate reduction
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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 H ,0,

In order b optimize the: 6f] / reactivitymethodology for nitrate reduction, a set
of operating variablesuch as the effect of pH, dosage of ZVI and concentration of

( / were investigated

7.3.1. Effect of pH on nitrate reduction

The naturalpH valueof mine water(pH=8) was tested and was adjusted tdfive
different values 5, 6, 78 and 9, while it waskept constantZVI load and HO,
concentrations used for testing the effect of pH were 13 g/L of iron powder and 2.58
mM of H,O,. .

The addition of HO, was made at 60 min of reaction, indicating ttiegrewas no
removal ofNOs™ without the spiking of KO, for pH 8 and YFigure 16a) and b).
However, t seems that for pH 5, 6 and 7, some removal was achieved®.i4%,
35.5%, 12.9%respectivelyGuo et al. (2015achievedaround5% of NOs™ rediction
beforethe addition ofthe oxidants In general, whemH is notcontrolled during the
experiment, the pH increases during the reaction due to the formation b3
which stops the reduction. In this particular case, some reduction was possible since
the pH was kept constantllaing the entrance of Hinto the system needed for
surface washingChoe et al., 2004)It is noticeable fromFigure 16 thatnitrate
reduction rate achievd 99.5%o0f NOs reductionat pH 5 and pH 6 after 180 minutes
reaction, overtaking 82.2% at pHI77.7% at pH 8 and 8% at pH 9When reactions
were accomplished by 5 hours, thendli nitrate removal efficiencywere
approximately 99% at pH7, compared witt59.1% at pH8 and5.6%at pH9.

The most efficientNO3™ reduction occurreét pH 5, where the nitrate concentration
reduced from initial value of 18thg/L . / to residual value less than 0.9 mg/l.
However, n alkalineconditiors, the NO3* concentration only decreaseg to 69.5
mg/L at pH § while pH 9 remainedunchangedThe dficiency of NOs™ reduction by

. 6ff / systemincreass with the decrease in the pH frofnto 5. These results
illustrate that the reaction of nitrate reduction o6 Y( / system as a process of

acid consumption and alkaline productigfavorable when maintaining the solution
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under acidic conditions.

Figure 16a). Effect of pH on itratereductionin real mine water at pH-9

Figure B b). Nitrate reduction rate of real mine water at pi9.5

In fact, strong acislmay facilitatethe proces 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 accepB®hrooz et al(2013),studied tharon

oxide and hydmyl passivéion layer which wasdeposited on the surface of ZVI
during reactionThe oxide layewould dissolve away at lower pH, that acquire more
freshactive sites for nrate reduction. This phenomenshowsthat the thickness of
passivation layeincreases as pH increas@xplaining the advantages of keeping the

pH constant during the reduction reaction
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