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Abstract

The development of the mining industry has led to an increase in the environmented gapardted by the industr
Mining influencedwaters have a severe impaceothe surrounding aquatic environment as the waters may ¢
pollutants indissolved and particulaferm, such as heavy metals and metalloids. The severityese impactss
dependenbn, among other factorh)e hydrological characteristics of thexeiving water bodies as well as the m
water compositionrAmong the numerous methods that have been developetining water purificationadsorptior]
via biosorbents has proven to be an effectind sustainable optio number of biosorbent matelsahave bee
extensively studied for their metal adsorption capacity sudhads seaweed, modified cotton, lignin, and p
among others. In Finland, peat is of interest because it is widely available. Although neditinalspbeen found {
possess higsorption capacitjor metal and metalloids variety oftreatmentgphysical, chemical, etchave alsg
been investigated aiming increasesorptioncapacityor to modify chemical andr physical propertieshat can
improve its application as a sorbdis important to note that although several studies have reported on the s
capacity of natural and modified pe#tiese studies have been mostly conducted laboratoryscaleand useq
synthetic water samplesn@ a small number of purificatiosystems using peat as a biosorbent have been re
in pilot-scale orfull-scale scenarioShere is therefore a lack of knowledge regarding the suitability of pea
biosorbent for metal removal from real water samples containing a mix of contésniRarthermore, there is a n¢
for reports describing the performance of peat in pilot systems simulating real applications.

The main objective of this thesis wimsisto evaluate the suitability of using peat as a sorbent for the purifiazt
mineprocess and drainage waters in two ploale purification systems. Another objective was to evaluate the
of the systems design parameters avetal removal and use the obtained results to conclude on the viabil
full-scale applications. Fdhis purpose, a miandsettling system and a horizontal filter system were tested

natural and chemically modified peat as sorbents and real drainage water was collected from a mining site ir
Finland.

A factorial design was used in the plammof experiments to evaluate the effect of operational factors (sorben
dose, mixing intensity and mixing time) in a r@rdsettling systemThe purification efficiencies achieved in t
system showedemovalefficiencies as high as 80% for Ni a68% for As, when a high dosage of natural peat
combined with high levels of mixing time and mixing intensity. Further statistical analysis showed that sorb
was the most influential fact@ffectingpurification efficieny. Two smallscalehorizontal filters were built (thre)
compartments, sangeatsand) to evaluate the suitability of natural and modified peat as sorbent agents
systems. lifh removalratesof selected metals was achieved, eNgwith 98% and 96% of removal in the mad
and natural peat filters respectively ak&l87% removal bytte natural peat filteRemoval efficiencyat the end o
test period was still satisfactory althougliécrease treated water volumeboth pilots (2630%). Low hydraulic
conductivity of pat makes thacalingup of the filter system to a fullscale application nemiable, as theequired
retention timesvould beexcessively high for this purpose.

Overall peat proved to maintain its adsorption properties velpgtiedto pilot-scalesystemswith the mix-and
settling system showing to be a promising technology for the pdidficaf mine influenced waters.eNertheless
concerns such as the improper mixing of peat in the system and poor settling of particles need to befeody
full-scde applicationcan become a reality
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1 INTRODUCTION

Regardless of then-going economic crisis, the mining industry continuesgrow to
supply the increasg global demand for minerals. Finland,the mining irdustry has
been on the rise in the last deeswith over 2 million metric tons of minerals being
extracted in2014, whichrepresented a value of 5.339 million USD to the Finnish
economy (World Mining Data, 2016However, although mining actities play an
important role in economic and socelpects, it is well known that as the mining industry

grows the environmental impacts related to extraction activities also increase.

Despitemining techniques and processesihgymprovel throughout theears, mining
still imposes severe impaitt the environmen&nvironmental impacteelated tamining
activitiesoccur during thesetup of the mine, its operation and after its closurendty
affect: theatmospherdy the releasefdine particles, gasmissions andoise pollution;
the soil through the change of physi@d chemical properties; the water by the
disturbance of the fluvial dynami@nd hydrologic regimeand the contamination of
receiving water bodies by mine water that carries dissawebparticulateollutants
(Lottermoser, 2010 pp3-7) These environmental impacteay have asignificant

detrimentaleffectonthe surrounding@cosysters

Of interest hergare the impacts to water resourdéater is employed in mining fahe
extracion andon-site processingf minerals,dustsuppression and coal washing. Once
the water has been utilizelliringthese processas has been in contact with the mine
area its composition changess it will now containdissolved and particulate pollutant
Some of the most severe environmental impacts associated witlingnoterived
wastavater, come fromthe generation adicid mine drainage (AMD)AMD is caused by
theexposure of certain minerals to oxygen and water, which translates into the oxidation
of sufide minerals. l(ottermoser, 2010 pp.12P26). Even though AMD generation
occurs naturally, miningctivitiespromote its production by increasing the exposure of

sulfide minerals.



The quality of wastewater flows from mining activities can vary sicguiftly depending
on local conditions (solil, climate, hydrology, gtcmine type, extraction process used,
etc. These wastewater flowgspeciallyAMD, can be very acidic andontain high
concentrationsf dissolved metaland other hazardous pollutatiterefore they required
adequate purification process@alasubramaniam and Panda, 2018pme of the
commonly apply water purification processes in mining dnengcal precipitation, ion

exchange, membrane filtration, coagulation and flocculatidsorpion, etc

The purificationprocess that is the focus of this waskadsorptionwhich has been
proved an efficient method for metal removaActivated carbor{AC) basedadsorbents
arewidely useddueto theirhigh efficiencyfor metal uptakéecausef their high surface
area.However, thecontinuousncreasen thecost of activated carbon sorbents and the
impacts related to the energy intensive production and rec@vecgssehas driven
research to focus otme questfor low costand more sustainabkorbents(Marsh &
Rodriguez, 2006 ppi67) A large numberof studies have beatonductedocusing on
low cost adsorbents suasagricultural and industrial wastes, industrial byprodacis
natural substancesAmong these biosorbents have proved to laelow cost and highly
effective magrial, making biosorption anain research focus in the recent yeéfs. &
Wang, 2019

Biosorption is aphysicochemicaprocess whereertain biomass properties allow the
concentratiorand bounahg of contaminants to $t cellular surfacethe process is much
similar to conventional adsorpti and simple in its operatio(Chojnacka, 2010
Biosorbentsnay beany type of biological material thpbssesbiosaptive properties, to

this day avast variety of biomass has bestndied in search for low cost biosorbents that
possess high biosorptive properti@ailey et al. (1999) reportedn the adsorption
capacities of a number of leeostbiosorbents abundant in nature, such as bark, seaweed,
modified cotton, ligninand peg among others. Of interest to our research is peat, which
is abundant inFinland with peatlands coveringa total area of 9.3 million hectares
(Geological Survey of Finlan@01]) of the Finnish surface are@eat has been shown

to possess high sorptian capacity for metaJsuch as cadmium (Cd), copper (Cu), iron
(Fe), manganese (Mn), nickel (Ni) and zinc (Zn), fresfution (Champagne et al. 2005).
Chemical modification via acid and other treatments can also be used to improve natural

peat sorption caeity or its physical properties to improve its usability as a sorbent
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material Kuupusamy et al2009. However, most studies report findsgbtained in
laboratory studiege.g., Kalmykova et al. 2008; Kuupusamy et al. 200R)us thereis
a clear neetbr pilot to full-scaleinvestigations, whiclean truly evaluate the potential of

peat as a sorbent for metal removal from wastewater streams

The objectiveof this thesisvasthusto evaluateheeffectivity of peat as sorbent material

in two differentpurification systems in pilot scale. Natupeat and chemically treated
peatwere used in a miandsettling and on a horizontal filter systems treating real
drainage water collected from a mining site in Northern Finland. The goal was to
investigate thaeuitability of the tested systems for the purification of drainage water when
peat was the sorbent of chaidéhe aim was alsdo evaluate the effect dhe systems

design parameters on metal removal and use the obtained results to conclude on the

viability of the tested systems and applied sorbiemtfull -scaleapplications.



2MINING  WATER  QUALITY IMPACTS  AND
PURIFICATION

As the mine industry continues topand so does its water consumpteond the waste it
generates. Total global production reachéd269 688784 tonnes of minerals in P15

(World Mining Data, 2017) with svaste productin estimated at 20 06@®5 000tonnes

each year (Lottermoster, 2018)d awater usage estimated to be between seven and nine
billion cubic meters each year &&son, @11) The miningndustryis the second largest
consumer of water after the power generation industry (Gasson, 2011). Mining industry
consumes water through multiple processes such as mineral processing,
hydrometallurgical processes, for cooling in pyreafiarigical procsses, transpouf

ore and wastes, dust suppression, dewatering of mines and other less water consuming

activities such as domestic use in administration buildings (Prosser et al, 2011).

Over the lastlecadesa number of actions havedieapplied in the effort to reduce, reuse

and recycle the water use in the mining activities, but there is still a significant volume of
water that ends up being discharge in water bodies. The discharged mining wastewater
(process or drainage related) ains dissolved and particulate matter that can r@sult

an increase in sedimentation and the change in temperattnieity and corposition of
receiving water bodiesvhich can have a harmful impact on the aquatic ecosystem
(Younger & Wolkersdorfer, 2004Knowledge abouthemining wastewater composition

is essential when determining thest purification method to applgefore the discharge

into a water body occurs (Lottermoster, 2010).

2.1 Mining water quality

The quantity and quality of watersshargng from mining sites hadeveloped into a
major hydrological and geochemical issue as mining industry continues to grow. Mining
water is a complex problem tackle,as there is not a typical mining water composition.
This is because there are severaledéhtfactors thataffect the water composition such
as: the type of ore being mined, the hydrometallurgical prasest the type of additives
appliedin the process, etc. (Lottermoster, 2010). According to McLemore (2009), the
mostcommon characteriss ofmining wastewates are high acidityhigh concentratios
of sulfate, iron, manganese and alumingmesence of zinc, arsenic,draium, copper,
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lead and mercuryand in a less frequent occurrence nickel, antimony, cobalt and
selenium. An important ise related to water discharging from mining areas is the
formation of AMD which generates when sulfide bearing materials are exposed to oxygen
and/or water, and although this process ocoatsrally, mining can increase the amount

of sulfides exposed heagpromoting the formation of AMD.

2.2 Impacts of mining water in receiving water systems

There are multiple potential environmental impactsnafing, which can be divided in

land surface, biological, hydrological, air qualignd societal impacts (McLemore,
2009). Of interest to us are the possible impadisedaquatic environment from mining

which in some cases are not immedibteé gradual and possibly acute. In general, the
severity of the impacts generated by the pollutants released from mining wétdre
dependent on different factors: the persistence of the pollutant in the water, the degree of
toxicity to the organisms living in the surrounding ecosystenbaccumulation and
biomagnification by the same organisms, and other indirect effeatsinfér &
Wolkersdorfer, 2004).

Persistence of the pollutants refers to their continuous bioavailability, thus persistence
gives a good valuation of how toxic pollutants can be (Skatadf 2002). Since metals

tend to associate in the sediment and instepended material, the degree to which the
settling of particles occurs can also have an effect on their impact. Pollutants that have
been generated from mining can have a negative effect not only in the immediate
receiving aredut alsoin a wide radis, if the flow velocity of the water bodies drigh

enough to prevent particles frasettling.

Toxic effects vary vastly among the organisms living in the surrounding ecosystem
affected by mine waters. While primary producers and decomposers usuallg hagh
tolerance for high concentrations of metals and do not show adverse effects, organisms
higher in the food chain starting from herbivores and detrivores have a lower tolerance
for metals ingested and can show adverse effects as well as orgarisfesdon them

such as a variety of fish. Bioaccumulation is the process of accumulation of substances
by an organism in a way that it can reach higher concentrations than the ones in its

surroundings or in the organisms that were ingested. Bioaccunmulaites greatly

11



between gecies asrganisms use different mechanisms to deal with the hazardous effects
of different pollutants and different organisms excrete or store pollutants in its tissues in
different ways. As bioaccumulation, biomagnificatiorersfto the increase of a pollutant
concentration, but in thisasehe increase of the pollutant level occurs through the trophic
food chain. (Younger & Wolkersdorfer, 2004)

Mine influenced waters contain heavy metals which are likely to accumulateainismgs

and as concentrations become higher the possibility of becoming toxic and/or
carcinogenic increases (Fu & Wang, 2011) sTbkiicity of heavy metals tend increase

with higher temperatures and lowering of oxygen content (Younger & Wolkersdorfer,
2004). Metalloids, also present mine-influencedwaters, may accumulate in plant and
animal tissue Metalloids such as Arsenic are considered carcinogens and exposure to
high concentrations of its different compounds can also lead to acute or chronic

arenicosis (Saha et al., 1999).

This multiple environmentadffectshave raise awareness thie importance of removing
contaminants from mine waters before discharging them into water bodies. Several

guidelines have been redacted to prevent contaminatieatef bodies,

Impacts of acid mine drainage

Impacts caused by AMD are among the most significant impacts causkd rmining
industry. Gray (1997) encompassed the most common environmental effects caused by
AMD derived from the mining of different mingls and categorized them infour
different groups: chemical, physical, biological and ecological. Showigurel (Gray,

1997).
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2.3 Common purification methods applied in mining water purification

Multiple methods exist for the purification of mine waters, the application of a particular

method depersbn multiple variables such as the volume of effluent, composition of the

mining water, operatnal costs, regulations, among others. Some of the most commonly

used methodsire chemical precipitation, ion exchange, coagulation and flocculation,

membrane treatment and adsorption.

Chemical precipitation

Chemical precipitation is a simple and effeettechnique were a reagent is added to the

polluted wates and reacts with positive ionsuch as heavy metate formaninsoluble

precipitate. The @cipitated is later removed byher processes such as sedimentation

and/or filtration. Chemical preciition is one of the most popular methods used in

wastewater and mine water treatment due to its effectivity in removing Zn, Cu, Cr, Pb,

13



Hg, Cd, Mn and Mg with removal efficiencies above 9®8Psynthetic wastewaters (Fu
& Wang, 2010). Among the disadvanésgof using chemical precipitation are the large

guantities of chemicals used and the large quantities of sludge generated.

lon exchange

lon exchange is a process used extensively in water purification to remove heavy metals,
soften waterand remove othe charged pollutats such as nitrates, satés, fluorides,

among others. The process of ion exchange consists in passing the water through an ion
exchange resin, which has the ability to exchange its ions with the pollutants dissolved in
the water, by irgractingits positive or negatively charge functional groups with the
anions or cations from the pollutants. (Keller, 2005)

lon exchange continues to be one of the most pEcesses in water treatment due to its

high removal efficiency, fast kinetics @righ treatment capacity (Fu & Wang, 2010).
Some of the disadvantages of using this technology are the high operational costs and the
poor selectivity of theresins, whichmakes the removal of some pollutants, such as

arsenic, hard to achieve (Kurniawetral, 2006).

Coagulation and flocculation

Coagulation is the process of chemical destabilization of colloidal partidespension;

the process is widely used in treatment of different typesastevater. Removal of
contaminantss achieved by the adtbn of coagulant chemicals into the polluted water.

The coagulant is added under turbulent mixing to facilitate its spread within the water
mass. Coagulants have opposite charges to the colloidal suspensions, which due to its
electrical charge repel eadither, once the charges are neutralized the particles are

capable of agglomerating andfofming microflocs. (MRWA, 2003)

Chemical and physical characteristics of water have a central impact on the coagulation

process and the type and amount of coaguéntired for the process to work efficiently

(Bratby, 2006). Some ofhese characteristicre concentration and nature of colloids,

pH, alkalinity and temperature (Bratby, 2006). The type and dafagmgulant needed

are dependemdn the water charaaistics and on the desired removal efficiencies. Metal

salts of iron and aluminum are the most commonly used coagulant agents around the
14



world. Other used coagulants are natural and synthetic organic polymers, lime, activated
silica, etc. (Bratby, 2006).

After the addition of coagulasprimary particles are formed. For an effective solid/liquid
separationthese primary particles need to agglomerate and form larger particles called
flocs. This is achieved in the subsequent process called flocculatimmmdists in the
introduction of slow mixingallowing the primary particles to collide and agglomerate.
This agglomeration increases thige of theflocs, whichlater can be removed using a
solid/liquid separation process such as flotation, sedimentatifltration (Tripathy and
Rajan, 2006).

Membrane treatment

Membranesystemshave proven to be efficient processes in wastewater treatment,
especially in waters contaminated by heavy metals such as mining waters. It consists in
flowing water throughmembranes thaonly allow certain ions to pass through its pores.
The different membrane systems used for wastewater treatment are microfiltration,

ultrafiltration, nanofiltration, reverse osmosis and electrodyalisis. (Fu & Wang, 2010)
Adsorption

Adsorption isan effective method for water treatment. In the adsorption process particles
and dissolved molecules in solution attach to the surface of the sorbent in its adsorption
sites. Depending on the type of adsorbent used and the compounds being adsorbed,
different adsorption mechanisms may take place during this process. Some of the most
common types oadsorbentsised for water treatment aaetivated carbon adsorbents,
zeolites, carbon nanotubes, dmwbents and some other low cost adsorbents, such as

industral and agricultural waste adsorbents. (Fu & Wang, 2010)

2.4 Biosorption

Biosorption has become a promising process as a water treatment technology, proving
effective in the removal of heavy metals (Fu & Wang, 2010). Biosorption is a complex
process, due tde variety of chemical compounds that are present in the biosorbents used

and the multiple sorption mechanisms involved. Examples of sorption mechanisms are
15



physisorption, chemisorption, microprecipitation and ion exchaogjagthis last onethe

most esential for metal binding(Chen, 2016). These mechanisms and their effectiveness
are strongly affected by different factors such as pH, temperature, composition and
concentration of the sorbate in the water, and type and concentration of the bioadsorbent
used (Chen, 2016).

2.4.1Biosorbents

There isa wide range of organic material that has been studied for its potential as
biosorbents and their capacity for removing pollutants from wastewalatde(l).

Typical biosorbents can beassified as following: bacteria, fungi, algae, industrial
wastes, agricultural wastes and other polysaccharide materials (Vijayaraghavan and Yun,
2008). From thiglifferent types of biosorbentie usage of nehving biomass, such as

peat, has shown s advantages over living organisms (bacteria, fungi, algae) especially
because of the lower costs, as the toxicity of the pollutants removed do not affect its
performance as well as not needing a continuous feed of nutrients (Bailey, 1999; Fomina
& Gadd,2014).

Table 1. Removal efficiencies of different biosorbents, tested with different pollutant

concentrations

Pollutant Removal efficienc
Biosorbent  Pollutant concentrations y Reference
(%)
(mg/l)
Bacteri Cr 13 57 85 a 61 5
(Ea;cﬁgﬁchia Cd 8 54 81 4 90 7 Quintelas etl.,
coli) Fe 6 43 77 100 100 100 2009
Ni 11 63 88 asgs 8
Yeast Cd 562 65.3
(Se;:charom ce Cu 317.73 50.7 Mapolelo and
aromy Pb 1036 50.2 Torto (2004)
S cerevisiae)
Zn 326 47.6
Algae cd 11,24 y 62 Pavasant .,
(Caulerpa Cu 6,35 aro0 2006)
lentillifera) Pb 20.70 ag6 ’
E hell Cd 17 24
(n%%j’r;) Cr 451 30 Jai etal., 2007
Pb 16.5- 20.6 86-100
Cu 20 50 200 97.4 56.5 20.9
Peat (natural) Ni 20 50 200 616 409 152 Ho et al., 1995
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2.4.2Peat as a sorbent for metal removal

Peat has been widely studied for its capacity to adsorb a variety of dissolved substances
such as metals and polar organic molecules, making it a valuable resource for wastewater
treament. It presents a variety of advantages over other biosorbents due to its low cost
and ready availability, especially in regions on the northern hemisphere where the largest

peat deposits ate befound. (Brownet al 2000)

Sometimes referred as a puesor of coal, peat is a complmaterialthatformsin poorly
oxygenated wetlands (Clymo, 1987). Its main constituents are lignin, cellulose and
different humic substances. The functional groups of lignin are: alcohols, aldehydes,
carboxylic acids, ketorse phenolic hydroxides and ethetisat together with the
functional groups of the humic substances which are: carboxyl, hydroxyl and carbonyl,
are responsibléor the sorption properties of peat (Couillard, 1994). This is because of
the ineractions that acur between thedeinctional groups with metals ions and other
polar moleculeswhich happen through different processes such as ion exchange,

chemisorption, surface adsorption, complex formation (Bretai 2000).

Peat sorption capacity is dependehiultiple factors, being pH the most important of

them as lower pH values can cause the protonation of its sorption sites, thus reducing its
capacity to retain metal ions (Bartczak et al., in press; Couillard, 1994). Other important
factorsthathaveprevn t o af fect peatédés sorption cap
properties of the pollutants in the waterbetreated, contact time and surfeea of
contact(Brown et al 2000).

Peat modification

The capacity opeat functional groups to biwdth different ions will determine, in great
scale, the efficiency of its sorption capacity. This is also true for other types of
biosorbentsMultiple studies have been done regarding the modification of some of the
physicochemical properties diosorbats aiming at increasing their natural sorption
capacity(Gautamet al, 2014). Modifications on the following properties: pore size and
distribution, pore volume and functional groups on the sorbents surface area; have shown
positive results enhancingelbiosorbents sorption pacity (Ruthven, 1984, pp.-&

Gautamet al, 2014). Biosorbent modification can include chemical, physical and

17



biological modifications, with chemical modification being the most popular (Gaettam
al., 2014).

Chemical modificabn or pre-treatment opeat has shown positive resulégardingthe
increasein the metal removalfor treatments usinglkaline solutions (Bulgariu et al.,
2017 and acidic solutions (Leiviskéat al in press). Bulgariu et al (2011) reported
removal eficiency values of 8B89.8% for Pb, 7®9% for Co and 698% for Ni in
solutions with metal concentrations of 0.41 to 4.05 mmuos#ing a chemically NaOH
modified peat dosage of 5 glleiviskaet al(in press) obtain similar reowal efficiencies

for Ni, with >98% and 793% of removal, at doses of 2 g/l and 0.5egpectivelyusing

HCI modified peain a 10 mg/l of synthetic Ni solution. Both experiments used a batch

technique with constant mixirandretentiontime of 24h.

2.5 Purification systems usingsorbents

Multiple purification systemsnvolving sorbents have beeatudied in the treatmeimtf

mine waters, indugtl waters, landfill leachajestc...(Fu & Wang, 2010Acheampong

and Lens, 201&Kangsepp et al, 2008Sorbents such as activated carbadbeen widely

use in system#volving different purification techniques such as filter beussing
reactorsetc.(Modin et al 2011;Margot etal., 2013. Low cost sorbentsuch as zeolites
sugar beet pulpalgae,yeast, peat, among othegiBe Gisiet al, 2016) have shown
promising results in water treatmentsing purification techniques such elannels

( Mat D gtlalp 2085) mixing reactors treatment (Reddatl al, 2003) continuous
packed bed reactors (Kharet al, 2016)andfilters (Kangsepp et al, 2008Techniques

such agmixing reactors relyn the efficient dispersion of the sorbgatticlesinto the
solution to be treate@uibalet al, 2005) whereagechniques such difters and channels

rely on the proper fixation or attachment of #mbentdo the system or ita/alls, through

which thesolutionto be treateflows (Ma t I j ekab, 2085. A recurrent issue that has
stopped the proliferation of sorption technologies is the difficulty to separate the sorbate,
such as heavy metals, from the sorbent so it can be reused multiple times. Another issue
is the recovery of the sorbenthen not in a fixed bed, to prevent it from escaping the

solution in combination with the effluent. (Tsezos, 2001).

18



Treatments involving biosorbentsavereceived special attention ey are considered

low cost solutionsespecially in combination witlpassive treatmentsiethods which
depend on naturally occurring processes and do not require the input of energy and
chemicals, thus lowering its operation and maintenance costs (Younger & Wolkersdorfer,
2004)

A comparison between the efficiencymirification systems usingjfferentbiosorbents
in pilot-scale or reascale scenarios difficult to conduct as there arenly few studies
thatreport experiments in such a scaMso, due to the significant number &dctors
(water propertigscontact timeetc) which haveto be taken into account as they have
big effect on the sorbentperformanc€Westholmet al, 2014; De Gisiet al, 2016, a

straight comparison between reported studies is mostly not possible

Peat in purification systems

Even thogh multiplestudies have shown the potential of peat as an efficient biosorbent
in the removal of pollutants from wastewat#iere is very little information available on
purification systems using peat as a sorbent ingitaleor realscalescenariogKeranen

et al 2016). To aid in a better understanding of the performance of peat in different
purification systemsTable 2 shows some of the purification efficiencies achieved by
different realscale and pilescale studies. $0e laboratory scale studies have also been

included for a better comparison.
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Table 2. Removal efficiencies and/or adsorption capadighieved by different

purification methods using peat as a biosorbent

Purification Sorbent Type of Pollutant Removal Reference
method solution removed efficiency (%)
andbr
adsorption
capacity(mg/g
Pilot-scale  Modified Stormwater Cr 99% 1.35 mg/g Egeret al,
Vertical peat granules Cd 93%0.57mg/g 2012
filter tanks  (APTsord™) Zn 85% 1.34 mg/g
Pilot-scale  Peat AMD As 207 28 % Clydeet al,
Peat Cu 317 40 % 2016
biofilter Fe -6681 59%
Mn -71571 40%
Ni 1371 34%
Zn 1071 17%
Benchscale Peat Synthetic Fe 96% Champagne
Column AMD Al 88% et al, 2005
filter test solution Cu 99%
Ni 40- 100%
Mn 18- 100%
Cd 26-100%
Zn 37-100%
Benchscale Peat Landfill Cd 50.51 78.6 % Champagne
Fixed bed leachae Ni 64.9-83.8 % & Li, 2009
columns
Column Peat Synthetic  Cu 80% Ringgvistet
filter test sulfide mine Cd 75% al., 2002
leachate Fe 51%
Ni 70%
Zn 77%
Batch tests Iron modified Arsenic As 98% 15.1mg/g Ansoneet
peat solution al., 2013
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Table 2.(continuation)

Purification Sorbent Type of Pollutant Removal Reference
method solution removed efficiency (%)
and/or
adsorption
capacity (mg/y
Batch tests Natural peat Arsenic As 0.1-0.4 mg/g Ansone et
Iron modified solution 0.67 5.3 mg/g al.,, 2012
peat
Lab-scale, Peathumic Acid mine Fe 21-95% Bogush &
mixing in agent drainage Al 177 99.9% Voronin,
beaker Zn 117 99.9% 2011
Cu 81 99.9%
Cd 81 99.9%
Pb 98 %
Ni 31 95%
Co 51 94%

As previously mentioned peat presents various advantages over other biosorbents as it is
cheap and abundant particularly in the northermisphereln addition to thisit tackles

one of the afoementionedssues recurrent in biosorbents, the difficulty of separation
between sorbate and sorbent, as it is considered an energy aodigiter its usage in a
purification system it could possibly be burntegroduce heat and electricityis worth

to mention that studies have shown that some metals, sk&h@s Mn andNi, among

others, have a catalytic effantthe combustion of peaffio et al, 1991).
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3 MATERIALS AND METHODS

During the study, the suitability ohé peat as sorbent materighaural peat and
chemically modified peat) for the purification of mining wastewater was evaluated in two
different, pilot scale, treatment systems: (1) a mixing and settling system; (2) a horizontal

flow filter.

3.1 Water quality

The water samples to be tted were collected fromminesite in Northern Finlandrhe
mining water collected consest of a mixture of drainage water from open pits and
underground mining/Vater was collected in two occasions, firsApril 2016and itwas
used in preliminary latratory batchexperimentswvhere the sorptio capacity of used
sorbents wasvaluated. Procedure followed described inGogoi et al.2017 This first
sample was also usetliring the evaluation of the mix and settling systefmsecond
samplewas collectedn October2016, where approximately 900 liters of water were
collected In bothoccasionsthe water was pump from tlaétch network (prior to wetland
treatment)into 351 plastic gallons, whichwere acid wash beforehand to prevent any

contamination.

Themining water utilizedduringthe mixing and settling systeavaluatiorwas storedn

a cold room at5-10 °C. While the mining water utilized for the evaluation of the
horizontal filter was first stored albors(averageemperaturd °C) in individualgdlons
(until 26.10.2016) and then transferred to a 1m?3 container at room temperatdo C)5
until the end of the pilot operational period (23.12.2026pump was introduced into
the 1m3 container to provide constant mixprgventinghe sedimentatioof particulate

matter.

Prior 1o the start of both experimentsater quality analygs of the untreated mining
drainagewater wereconducted.In the case of thevaluation of the drizontal filter
systemtwo analyse®f the raw watewere made, onatthe beginningf the pilot filter
operatioml period(1 sample)andanother after three weeks of operasi¢2'® sample)
This was donéo monitor changes iwater quality and toeduce the possibility of errors
when evaluating purification efficiencAnadysesconducted at the thouse laboratory
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were: suspended solids (SS): (1i&n filtration); SFSEN 872:2005; turbidity: EN
27027:1994 (Hatch Ratio/XR Turbidity meter); electric conductiaitg pH(EC) SFS

EN 27888:1993 (WTW Universal meter Multiline P4thvsensor WTW TetraCon 325)

and temperature: SHSN 13037:1994 (WTW Universal metedjssolved organic carbon

(DOC) analyses were performed using the Sievers 900 PortableAr@igzer, samples

were filtered (0.45um) prior to analyses and the manufactues i nstruct i
followed. While analysesf Ni, As, Sb, Fe, Al and Mn were performed by a certified
laboratory according to tre#gandard metho(SFSEN ISO 172942:2005. Water quality

characteristics of used samples sttewnin Table3.

Table 3. Mix-Settling systen{filtered sample)yand horizontal filter systertunfiltered

sample) mining water characteristics

Mix-Settling Horizontal Filter ~ Horizontal Filter

parameter  syseminng | SCEDNNG sy Miing
water(filtered) unfiltered unfiltered
pH 7.92 - -
Turbidity (NTU) 6.58 - -
Searcomd 2a - -
Temp. (°C) 16.2 16.8 18.1
SS (mdl) - 35.20 0.0
DOC (mdl) - 0.642 -
Ni (pgll) 127 101 90
As (ugl) 15.9 31.9 26.7
Sb (udl) 163 232 231
Fe (udl) 6.2 13.8 6.1
Al (ng/l) <5.0 7.2 8.4
Mn (ug/l) 1470 14.9 1.1
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3.2 Sorbent characteristics

The peat utilized as biosorbent was obtained from Stora Enso Veitsiluoto in Kemi,
Finland. Peat was amually grinded into powder, using a mortar and pestle, and then
sieved to achieve a particle sizeofZ® e m. Thi s was the treat men
utilized in the experiment receivellodification of the grinded and sieved natural peat was
sulsequentlyaccomplished via chemical treatmeuding hydrochloric acid (HCI) via a
procedure fully described in Gogoi, 2016involved theexposure of the peat to the acid at
controlled temperaturandthe subsequent washing of the material with deionizater and

drying (oven dried at 60 °CBorbent characterization analyses carried out by Getgal

(2017) in a collaborating projecshowed that no identifiable changes to the sorbent surface
could be seen via Fourier transform infrared spectroscopyR{F It also reported as
expectedthe presence d¢fydroxyl and carboxyti groups and hydrogen boridghe sorbents
surface. Xray photoelectron spectroscopy (XPS) also carried out by Gatgal (2017)

showed that natural peat and HCl treated,pgatn now on refer to as
contained mainly carbon and oxygen with small amounts of nitrogdar suld iron.

3.3Mixing and settling pilot system

The main objective of thiexperimentwas to investigate the suitability of peat as
biosorbent for mial removal applied in a mixing and settling system. Furthermore, the
goal was to identify the effect of a number of process parameters or factors on purification
efficiency. A full X factorial experimental design was employedirtvestigate the
influenceof multiple factors thatould affect the system efficiency and, through this,
select the optimum parameters which provide the highest rembradtals contained in

the sampld waters(Table3).

The experiments were performedngsa jar tesequipment Figure2). The experiment
consisted on the mixing of a pselected sorbent type and dosagd tf inining drainage
water for a controlled (intensity and time) mixing period followed by adetermined
sedimentation period. Samples of supernatant wetee then extracted and analyzed.
Removal of concerning substances achieved in all experimentalenasvaluatecand
the complete data set submittedstatistical analysis using the SPSS statistctilvare

In addition the settling characteristics othe added particulate sorbentsas also

evaluated.
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3.3.1Design of experiments

Design of experiments (DOE) is a statistical tool that helps to identify and quantify the
causes of an effect in an experimted study. In a DOE one or multiple factors are
manipulated to measure their effect upon a response variable. One of the most popular
experimental strategies wsen DOE is the factorial design, a design that alldivs

examiration ofthe effects of mulple factors and their interactior{®ontgomery, 2009)

The effect of a factor is defideasa change inthe responsevariable produced bythe
variationin the level of that factoaveraged over the levels aif other factors. Whethe
observeckffectis only due to changes in the level of one of the factbis,calledmain
effect On the contrary when tlabservedeffectfrom variations in the level of one factor
is dependentin the level of one or more other factors it is defined astaraction effect
(Montgomery, 2009)

For the experimenta 2 full factorial design (FFD) was used in the planning of the
experimental procedure where fdufactors (factors A, B, C and D) were varied at two
levels (low and high).These resulted in 16 treatmeobmbimations, whichwere
conducted in two replicates totalizing 32 experimental ruhgs @esignevaluateshe
effect of four mainfactorsA, B, C and D andheir 11 interactions AB, AC, AD, BC,
ABCé ABCD.

The 16 treatment combinations are presented in standardd e r or Yat e
(Montgomery, 2009): (1), a, b, ab, ¢, ac, bc, abc, d, ad, bd, abd, cd, acd, bcd, abcd. The
design matrix forthe2lesi gn, f ol |l owi ng THdedwlhesr erdkee ,
0O and fA+0 ndtoeeprésenntise low arel highdegels of the factorshis
representationthe appearance of the Isentencease lette(a, b, ¢ or dsignifies the
application of the high level of that factavhile the absencef the lettersignifies the
applicaton of the lower levelForexamplet he tr eat ment combi nat.
corresponds to a treatment where factors A and B dhemhigh levels The notation

(1) is used to describe a treatment where all factwesapplied ata low level.
(Montgomery, 2009)
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Table 4. 2*factorial design matrix

Factor

Treatment
combination
(1) - - - -
A + - - -
B - + - -
Ab + +

C - -
Ac + -
Bc - +
Abc + +
D - - -
Ad + - -
Bd - + -

Abd + +
Cd - -
Acd + -
Bcd - +
Abcd + +

+ + + + + + + +

Determination of factors and factors levels

Based on the main characteristicpodviouslystudiedsystens and on results from the
preliminary laboratory study (Gogat al, 2017, four factorswere ®lectedto be
evaluatecas well as the low and high levelstb&sefactors to be applied. Factors to be
evaluated weresorbent type (A), sorbent dose (B), mixing time (C) and mixing intensity

(D). The selected low and hidévels of each facto@re preented inTableb.

Table 5. Factors andheir selected low and high levels in thfactorial design

Levels
Parameter Factor Low High
Sorbent type A Natural Modified
Biosorbent dosage A B 0.250 20
Retention time (min) C 10 60
Mixing intensity (rpm) D 40 300
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Table 6 presents the treatment combinations of the 16 experimental runs conducted in
two replicates.To prevent the influence of experimentabgedure on the obtaed
results, he two replicates of the ldéperimentafunswereconducted in a randomized

order.

Table 6. Experimental runs and treatment combinations

Treatment Biosorbent Biosorbent Retention tme Mixing intensity
combination type dosage (£) (min) (rpm)
(1) 1 Natural 0.25 10 40
A 2 Modified 0.25 10 40
B 3 Natural 2.00 10 40
Ab 4 Modified 2.00 10 40
C 5 Natural 0.25 60 40
Ac 6 Modified 0.25 60 40
Bc 7 Natural 2.00 60 40
Abc 8 Modified 2.00 60 40
D 9 Natural 0.250 10 300
Ad 10 Modified 0.250 10 300
Bd 11 Natural 2.0 10 300
Abd 12 Modified 2.0 10 300
Cd 13 Natural 0.250 60 300
Acd 14 Modified 0.250 60 300
Bcd 15 Natural 2.0 60 300
abcd 16 Modified 20 60 300

3.3.2Jar test

The mixing and settlingxperimentsvere performeditilizing the jar testprocedure and
usinga Flocculator 200@&quipmenta six-jar programmable paddle stirrer from Kemira
Kemwater Figure2). The jars used in the test werkliakerswvith a dimension of 18 x

9 cm (height x diameter).
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Figure 2. Jar test equipment

The 32 experimental runs were carried out according to the following jar test procedure:

1. The jars were filled with 1 liter of untreated mining water at a temperature of 20
+20C.

2. A 25 ml suspension was prepared by addingmitSof deionized water to a
centrifuge tube with the corresponding biosorbent type and dose for each
treatment combination. The suspension was mixed manually.

3. The mixing intensity and retention time of threatment combination to be run
were programmed in the equipment.

4. The suspension containing the biosorbent was added to the water samples in the
jar. 510 ml of deionized water were used to wash the centrifuge tube to ensure
all the biosorbent was addedib@ jar. Oncehe entirebiosorbent dose waslded,
the mixing was started.

5. After the mixing periodconcludedthe stirrers were removed and ar8thute
sedimentation time was given bef@epernatant water samples were collected

from 1-2 cm below the wtar surface
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Sampling

1. After the sedimentation time concluded, 200 ml of supernatant water were
transferred to a plastic bottle.

2. From the 200nl samples50 ml were filtered using a 0.45 um syringe filbeto
a different sample bottlén addition,0.25ml of nitric acid (HNQ, 65%, Merck)
were added to preserve the water samples for the metal analysis.

3. The remaining 150 ml were used to measure pH, temperature, EC and turbidity of

each sample.

3.3.3Statistical analysis

The statistical analysis of the factdriesign consisted in evaluatitige effect of the
factorson the response variableglectedover the 16 experimental runs. The selected
response variables were thesidual concentration of As and Nihe magnitudeand
directionof the factoreffects andtheir interactions wagalculatedusingan orthogonal
contrast (OC) approach amlde significance of the observed effestas evaluatedia

analysis of variance (ANOVA).
Selection of response variables

The selection of the response variables for thessizl analysis was madaking under
consideration theresidual metal concentration (flig found in the samples of all
experimental rung-or this, apreliminary comparison of the metal removal efficiency
(MRE - Equation } achievedwas performed and theompounds which present¢he
highest removal efficiencieduring the 16 xperimental runs were selectetihese

compounds were As and Ni.

MRE :"Tj’z (1)

where Cy is theinitial metal concentration (B in filtered mining water sample and C
is the residual metal concentration {xgn filtered treated samples.
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Analysis of factors effect

To estimate the edtt of a factarthe contrast associated with that effect must be
determined first. The method described by Montgomery (2009) was use to apply the

algebraic signgTable4) in the determination of contrastsqiation 2).
Contrast, ek @ p @ p 8 Q p 2)
where A,Bé Kis the factor effect.

When expanding Equation@r di nary al gebra is wused wit
the final expression. The signs inside the parenthesis are negative or positive depending
if the factoris included in the effect (negative) or not included in the effect (positive). To
exemplify this the contrast of AB in & factorial design is consideréBquations 3 and

4):

Contrastis @ p W p @ p €))
Contrastis OOOOMO ® p OO O © (4)
where( 1), a, b, the totabofithee respenger obsgreation at all n replicates

taken at the treatment combinations.

Once the contrasbf the effects were determined, the magnitude and the direction of the
effects were calculateusing Equatio.

6680 — #1171 00A00 (5)

where nis the number of replicates akthe number of factors.

3.3.4Settling test

The settling test followed procedures 1 to 4 describe in se®tBoB with the difference
thatduring thesettling testonsecutive samples were extracted from tharlduring the
sedimentation proces$he samples collected from the settling test were analyzed for

turbidity, pH and electric conductivity (ECT.he sampling procede was performed
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following the method described by Bratby (2006). Succeeding the coagulation and
flocculation mixing period a total dfL1) eleven samples, of 3@l, were collected by
inserting a volumetric pipette in the corresponding jar at a distan8ecm from the
bottom of the jar. The samples were collected in sequence at the following timas: 0
(collected 1 minute before mixingeriod was completedl, 2, 3, 4, 6, 8, 11, 13, 17 and

25 min. Turbidity (NTU) was used to evaluate the settlicbamlacteristicsof the

particulates in the water.

3.4 Horizontal filter system

The objective othis experimentvas to test the suitability of a peat filtration system in
pilot scalethereforeahorizontal flow filter was selected for the experimeénhorizontal
system could make use of thkeeadyexisting ditch network area for its construction and
therefore could be amppropriate design toe used in &ull-scaleapplication. The design
followed the guidelines for a horizonttbw roughing filter (HRF)sincedata available
about horizontal flow peat systems is scarce, as most of the peat filters are typically
designed as vertical flow systems (Ko&iv et 2009.

3.4.1Pilots design and construction

During the design of thelRF pilot (following guidelines fromWegelin, 1996 pp. X7
X10) a number of modification® the filter dimensions and flow rate were made to
achieve optimal condition§hese modificationsiere made to accouaspeciallyfor the
hydraulic conductivity of themall particle sizpeatused whichwas substantialliower

thanthe standard hydraulic conductivity of mediarmallyutilizedin a HRF

The construction of the pilots wakcomplished via the use tfo plastic containers
(Figure3), the pilot set to contain natut peat as the filter med
the pilot set to contain modified peat wae
2.5 cm on its inflow side to generate a 15% slope to aid the water flomn*fpdllet tank

was used to store thmine water during the course of the experiment with a centrifugal
pump placed inside tprovide mixing and prevergedimentation from happening. To
regulate the inflow othe mine water into the pilofswo peristaltic pumpgGilson,

Minipuls 3)were used.
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Figure 3. Plastic containers for pilot 1 & Pictures: Felipe Campos Lopez.

The containers were divided into three compartments of different lengths and filled with
three types of media describedTable 7. To separate the medidivision wdls were
assembled using plastic squares with hole8.5 cm of diameter drilled throughout its
surface, to allow the flow of water. Additionally l@igh flow-through nomwoven
geotextile mesh (LEKTEX, maanrakennasigas N1) with a 90 m (x27um) pore
opening size waattached to the wall® preventoss or mixing of filtermediawithin the

compartmentgFigure4).
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Figure 4. Containers' plastic divisions and thehered high flowthrough noawoven

geotextile meskRictures: Felipe Campos Lopez.
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Table 7. Dimensioning parameters of the pilot filters compartments and characteristics

of filter media.

Filter Section Filter Filter volume Media Media size
Length
First 10.6 cm 513.3 cm3 Quartz sand 3-5mm
Natural peaf
. 479.7 cm3 . 2
Second 9.85cm 9.7 cm Modified peat 90-250 pm
Third 5.55cm 268.6 cm?3 Fine quartz sanc  0.7-1.2 mm

3.4.2Pilot set up

Prior to the pilot setup, the amount of media to be usedbhael calculated as well as the
optimal flow rate to which the pilots would be running. For this, a number of column
tests were performed to est i nfa)bfeghenatuml de n:
and modified peat and both of the quartz samskd as filter material. The results of the

tests are presentedTable8.

Table 8. Properties of filter media materiabtained from column tests

Filter , Dry density Wet density Effect|_ve
) Media porosity
section (gricm?) (gricm3) (%)
First Quartz sand 1.626 2.26 56.69
Natural Peat 0.282 1.095 81.31
Second ..
Modified 0.274 1.104 83
Peat
Third ~ TNeQuartz. g eos 228 45.97
sand

Effective volume (Ve) from each of the three compartments in the tots pvias obtained

usingEquation6:

OQ 0wz J (6)

Where V is the volume of the compartmert{3®) andf . effective porosity (%).
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Based on th&e values for each of the compartmeritalfle9), the optimal flow rate for

the sytem was calculated using Equatibaiming at attaining the desired retention time
The initial retention time, selected based meliminary laboratory studyas of 15
minutes which would result in a requireitbw rate of 26 ml/min for pilot 1 and 26.54
ml/min for pilot 2. However, the preliminary study used a batch experiment where the
sorbents were as a suspended media tarw&aking under consideratitime differences
appliedtothe fixed media setpin filter systemsit wasdecided to increasié retention

time to 30 minutes and test the pilots with the new flow rates: 13 ml/min {iland
13.27 ml/min (Pilot 2).

Q=Ve/RT (")

Where Ve is the effective volume and RT is the retention time in the peat compartment.

Filling of the pilot

The first media to be introduced in the containers was the peat. Before doing so, the peat
was saturated by submerging it in water and manually mixing it for approximately 15
minutes and then letting it settle for 20 hours. This was done to ensure thatativeas

fully saturated before running the experiment, which due to its low hydraulic conductivity
does not become fully saturated by simply running water throughig wasattempt to
prevent preferential flowfrom occurring Before introducing the peainto the
compartmentsthe supernatarthat was formed during the 20 hours of settling was
removed and the remaining saturated peat was then utilized to fill upettuand
compartment of the filtet Compartment 2 from Pilots 1 and 2Zas'filled up with
saturated peat to an approximate volume of 479.3 wimich accounts to a total amount

of 525.3g of natural peat and 529.63 of modified peat respectively, according to the
previous column tests results. Witlese valueghe dry weight was calculated aitds
shown inTable9. To prevent that waste coming from the peat would interfere with the
results,tap water was run through the second compartmentil clear water started

coming out athe outflow.
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Table 9. Dry weight and effective volume calculated for filter compartments

. . Effective
slzlclztt?cr)n Media Dry(wre)zlght volume
9 (cm?)

First Quartz sand 834.89 290.98
Natural Peat 135.23 390.07

Second -
Modified ;4 47 398.16

Peat
Third ~ TNEQUarz. - jap o5 123.49

sard

The remaining compartments were filled with quartz sand (compartment 1) and fine
quartz sand (compartment 3). Both compartments were filled to a total volume of 513.29
cm3and 268.64ms3 respectively. The amount of sand introduced tactimpartments

was calculated using the density values obtained in the columnTsdde 8) and are
presented i able9. During thetest part of the fine quartz sand had to be removed from
the third conpartment due t@ clogging that started ttorm in the outflow pipe of the

filter. All compartments filled and set up, as before running theassshown irFigure

5.

Figure 5. Contairers with filter media Pictures: Felipe Campos Lopez.
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Flow rate adjustment

Once the pilots were set up, the pumps were set for the flows previously selected: 13
ml/min (pilot 1) and 13.27 ml/min (Pilot 2). Running this flow through the pilots resulted

in an overflow in the peat compartment for both pilots, possibly due to the low hydraulic
conductivity of thepeat and the fact that this istreo close systemAs opposed to the
column tests where the water could heave the systeradding pressure and ingving

flow conditions

It was decidedo conduct ammptimization oftheflow rate of both pilotshrough a number

of trial and error tests, which included testing different flows and different inclinations of
the container to aid the flow through the pédter a series of testd was concluded that

the maximum flow that the pilots could support, without overiitmywas of 8 ml/min

for pilot 1 and7.7 ml/min for pilot 2, with a slope of 15% for both pilots. This was the

setup selected to be usedts start of the test.

3.4.30peration and monitoring of the pilot

The pilots started to operate on November 23, 2016 with a flow of 8.3 ml/min for pilot 1
and 7.7 ml/min for pilot 2. Theperational period lastaghtil December 20, 201%®r a

total of 27 daysDuring thistime, the flow had to be adjusted in several occasions when
overflow could be observeih the peat compartment or when the rpm in the ggirad

to be adjusted due wogging in the silicon pipes. The flokatesvaried from 8.3 to 7.3
ml/min in Pilot 1 and from 7.7 to 6.3 ml/min in Pilot 2. The exact flows for the different

sampling dates can be seeppendix 1.
Water sampling and flow rate measurement

Monitoring the pilots included sampling the treated mine water coming out of the pilots
at the first 24h and 48(S1, S2)after starting the test and then evefyghd 4" day
alternately(S3,S 4 €59), for a total of 9 sample$he water samples were s€nb
filtration) to a certified laboratorfor metalanalysis as described in secti®id. During

each othesesamplingsthe flow rate was also measured by collecting the effluent of the
pilots for one minute in a graduated cylinder and measuring the total volume at the end

of the minute.
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Once per week two extramsales were taken to measuhe DOCand SS. Theséwo
measurements were performed in thenause laboratory following the procedures
mentioned in sectioB.1 An EC sensor was placedthe outflow of each of the pilots to
mesure the changes of the effluentdés EC

readng of the EC every 10 minutes.

3.4.4Purification efficiency and adsorption capacity

An evaluation of the purification efficiency of both pilots was made with the analysis
resultsof the residual metal concentration (Qgf the measured pollutants (Ni, As, Sb,

Fe, Al and Mn). The purification efficiency was obtained using Equatioacti¢s3.3.3,

with a modification in @, as the untreated miningater was not filtered previous to be
analyzed. For a more accurate calculation of the purification efficiency, two different
initial concentration values were used, for the samples taken in the first two weeks of the
experiment (S1 S5) values from thmine water 1 sample Table3) were used and for

the remaining samples ($659) values from the mine watel*8ample Table3) were

used.

The pollutants with the best removal rates were further eteduhrough an adsorption
breakthrough curve to obtain the maximum adsorption capacity.

Breakthrough curve and maximum adsorption capacity

The breakthrough curve was made by plotting the cumulative sorption capagitya(al
thecorresponding cumulatvwvolume (\Mum). To obtain thistheload adsorbed @) was
calculatedas shown in Equation 6, followed Hgtermination othe sorption capacity (q)

shown in Equation 7:

0 06 zdf (6)

where, V is the treated volume at the time of sampln@y is initial metal concentration
(ug/l) in unfiltered mining water sample ard the average residual metal concentration

between the present sample and tlexipus one(ud).
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n — (7)

where, m is the mass of biosorbent (g)

At last gumwas calculated using Equation 8:

n B 1 (8)

where, n corresponds to the samples from 1 to 9.

An extrapolatiorof the breakthroughurve was made to obtain the maximum adsorption
capacity of the biosorbents and fdvetter evaluation of thefficiencyof the pilotsin the
future, as the test mightavefinished before the saturation point in the biosorbentd ha
been reached. Tdetemine the extrapolategoints and add them to thadsorption
breakthrough curve, a trend line was generated by plottingcthavith its corresponding
MRE values. Tie equation describing this trend line was used to predict the future
removal efficienciesat different future cumulative volumeand untilthe efficiency

value reached 0%.

3.4.5Retention time and tracer test

The teoretical peat RWas calculated usingdgaation8:

RT=Ve/Q (8)

Where Ve(cm?3) is the effective volume in the peat compartmant Q(ml/min) the

discharge or outflow rate
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Tracer test

To corroborate the theoretical RTracer test using sodium chloride (NaCl) was
performed in both pilots at the beginning and at the end of the experiment. The procedure

followed for the four tracetests performedas the following

1. A solution of 1 ¢ of NaCl (table salt) was preparading tap waterDuring the
preparation, its EC was taken at different concentrations, with an EC sensor
(Solinst, Levelogger)to create a calibration curvepresating concentration of
NaCl x EC A linear regression line was fitted and a linear regression equation of
the fitted data noted.

2. The flow rate was measured and it was corroborated that the peat compartment
was fully saturated. At thistage,the pilot wasstill being fed only with clean
water.

3. A two minutepulse of the NaCl solution was introduced to the pilots, followed by
an inflow of clean water which was kept until the end of the tracer test. During
the test, the EC of the outflow was recorded withghme EC logger used to
create thealibrationcurve, with an interval of 30 seconds per reading.

4. The readings were recorded for 6 hours after which the EC sensor was removed
and the procedure was repeated in the second pilot.

5. The EC readingwere downloadnto theLevelogger PGoftwareto be analyzed
The tracer testperformed at the end of tiexperimenfollowed the same procedure,

with exemption that the NaCl solution was prepared with untreated mine water, as the

pilot was stillin operation and treéimg the mining water
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The readings from stepwere used to createtracer breakroughcurvefor each of the
four tracer tests performed. Theeakthrough curvesere plotted by first using the linear
equation from the calibration curve (step 1) todfarm the recorded EC values to NacCl
concentration values. Theean residence time)(wasestimatedusing Equatior® and
the total mass of the tracer recoveréd ( was estimated using Equatitf (AWWA,
1996)

~ B z 2y
° T ®)
G 0zB  wzYo (10)
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4 RESULTS AND DISCUSSION

4.1 Mix ing and settling system

Four factors were evaluated sorbent type- (#atural peat and modified pgasorbent
dose (B- 0.25 g and 2 g mixing time (C- 10 min and 60 minpand mixing intensity (D

30 rpm and 300 rpjrto determine the suitability of a mixing and settling system for metal
removal using peat as a biosorbent¢ Afactorial design was used in the desigrihaf

test, resulting in 16 different treatment combinations with two replicates.

4.1.10verall purification efficiency

Tablel10 presents the residuabncentrationsf theanalyzed water quality parameters in

the treated sampleBocusis placeon the selectetbsponseariablesresidual ickel and
ArsenicconcentrationsOverall, it can be seen that the variations applied to the factors
had a measurable influence on purification results. Removal of the response variables
varied signifcantly between the experimental rumsth leaching of ion andaluminum
observedespeciallyin the treatments were modified peat was applied (ab, abc, abd and
abcd) Treatments with high peat dosagedependent of sorbent typ®; ab, ke, abc, bd,

abd bd and abcd) ere the ones that in average had the highest removal efficieocies,
both response variables. The highest removal efficiency rates were achieved in the
treatment combination bgavith 79.9% and 60.7%emoval ofNi and Asrespectively.

| tidteyesting to see that the treatments where low dosages (0.250g) of modified peat
were applied (a, ac, ad, agggnerally higher purification efficienciesiere observed in
comparison tahosetreatmentsvere low dosage of natural peag¢neapplied (1), c, d,

cd).
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Table 10. Residual concentrations and removable efficiency of response variables and residual concentrations of other analyagdragsabé 2

replicateswith max and min valugs

Response variable

Other measwd parameters

Nickel (Ni) Arsenic(As) Antimony (Sb) Iron (Fe) Aluminum (Al)  ManganeséMn)
Treatment Residual (ug) Removal eff.  Residual (ud) Removal eff. Residual (ug) Residual (ug) Residual (ug) Residual (ug)
combination (%) (%)

() 109.5 £3.5 13.8% 14.6 £0.2 8.2 % 162.5£1.5 10.05 £0.35 1314 1435 +5
a 115 +6 9.4 % 14.4 +0.4 9.4 % 155.5+1.5 53.351£6.95 16.25 £5.45 1415 5
b 76.85 £6.85 39.5% 12.4 £0.6 22.0% 156 +£3 46.4 £0.5 17.55 +£1.45 1425 +25
ab 72.65 £3.95 42.8 % 13.3+0.1 16.4 % 1535125 372545 26.25 £1.25 13255
c 90.75 £1.75 285 % 13.05 £0.35 17.9 % 160 +1 8.65 £0.15 22.25 £2.45 1410 10
ac 84.515.8 335% 12.65 £0.35 204 % 159 +1 28.95+1.75 10.85 +2.15 1385 +5
bc 51.1£3.2 59.8 % 9.75 £0.35 387 % 157.5£0.5 34.8 £0.3 16.35 £1.15 1395 +5
abc 57.85 £0.75 54.4 % 12.85 +0.05 19.2 % 154 0 318.5%55 25,5104 13155
d 97.3 2.7 234 % 13.95 £0.25 12.3% 158.5+£2.5 1051 184 +1.1 1415 +25
ad 95.05 £3.65 25.2 % 13.65 +0.15 14.2 % 159 +0 51+2.1 7.7 0 1405 +5
bd 48.1 £6.3 62.1 % 9.7 £0.6 39.0 % 158 +0 37.55 £0.35 13.9+0.2 1400 20
abd 74.85 +19.45 41.1 % 12.8 +0 19.5% 161.5 +3.5 384 +6 27.55 +1.15 1300 +30
cd 68.4 £2.5 46.1 % 12.8 £+0.1 19.5% 157.5+£2.5 17.85 +£8.55 53.1 8.2 1405 +5
acd 63 +3.3 50.4 % 12.75 +0.45 19.8 % 158.5+2.5 19.15 +2.55 16.7 £0.8 1385 +5
bcd 25.55 £0.25 79.9 % 6.25 £0.05 60.7 % 156.5 £3.5 28.65 £1.65 15.8 £0.1 1325 +5
abcd 36.17 0.13 71.5 % 11.85 +0.05 25.5 % 156 +2 2225175 16.7 0.3 1250 +0




4.1.2 Analysis of factoreffects

The effect of factors variation on the residual concentration of selected response variables
was evaluated via ANOVA using SPSS statistical softwEne.twoway ANOVA was

carried at using an alpha level of 0.0& evaluatehe facor and factolinteractioneffects

on theselectedresponse variableghich were theesidual concentration &s and Ni

(Table 11). The effect of a factorcorresponds t@ changeobserved in theesponse
variable die to achange in the level of that factor, whereas an interaefif@ct occurs

when the factor effect depends on the applied level of one or more other {bioties

1973)

Table 11. Magnitude offactor effects and significancef factor effect(confidence

interval 95%)on the response variablessidual concentration afsenic andhickel

Nickel Arsenic
Factor Percent Factor Percent

Factor effect P-value Contribution Effect P-value Contribution
A 4.0 0.219 0.6 % 15 0.000 129 %
B -35.0 0.000 50.7 % 24 0.000 335 %
C -26.5 0.000 29.0 % -1.6 0.000 154 %
D -18.7 0.000 144 % -1.2 0.000 8.0 %
AB 6.1 0.068 15% 17 0.000 174 %
AC -25 0.434 0.3 % 0.6 0.002 21 %
AD 35 0.274 0.5 % 0.6 0.001 23 %
BC 11 0.733 0.0 % -0.3 0.109 04 %
BD 0.3 0.924 0.0 % -0.8 0.000 35%
CD -4.0 0.212 0.7 % 0.0 0.969 0.0 %
ABC 12 0.695 0.1% 0.6 0.002 20%
ABD 5.2 0.110 11% 0.6 0.003 1.8 %
ACD -2.3 0471 0.2% 0.1 0.562 0.1%
BCD -1.1 0.727 0.0 % -0.3 0.061 0.6 %
ABCD -4.4 0.171 0.8 % 0.0 0.907 0.0 %

4.1.3Evaluation of factor effectson nickel residual concentration

Theresults from the ANOVA revealdtiat at a 95% confidence interval, there were no
significant factor interaction effects on the residuaickel concentrationTable 11).
Meaning thatthe effect of individual factors on the residual Ni concentration did not

depend on the levels applied in other factérgthermore, factor A (peat type) did not
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present a statistically significant effect on Binmoval. Regarding the magnitude of factor
effect, factor B (peat dosage) presented the higindistence(-35.0) on residuatickel
concentrationn a negative directigrmeaning that wenthe level of factor B went from
low to highlowernickel concentrabns were achieveds in factor B, the effects of factor
C (retentiontime) (-26.5) and factor @mixing intensity)(-18.7) were significant and in
a negative direction, meaning that at their high levels (60aman300 rpm respectively)
lower residual nckel concentrations were achieve@raphical representations of the
magnitudeof factor effecs are presented iRigure6. The significant effect of facteB,

C and Don Ni residual concentration can bees on tk steep slope presented by the

obtained linegFigure6).

a) b) c)
100~ 100~ 100~
00— o0~ o0~
. g \ S0~ 30~
Averager e s i dual) Ni

70~ 70 70~
al— a0 a0—

50— I 1 0= I | 30— 1 l

0,250 2,0 10 60 40 300

Daosage (21) Retention time (min) Mixing intensity (1rpm)

Figure 6. Significant main effects on the response variable residual Nickel: a) Dosage,

b) Retention time, ¢) Mixing intensity

4.1.4Evaluation of factor effectson arsenic residual concentration

The results from the ANOVA revealed that, at a 95% confidence interval, all main factors
exerted a significant e#tt on the residual arsentoncentratios (Table 11). And in
contrastto theeffects observed inickel residualkconcentrationsa couple of interaction

effects werelso statistically significant

Regarding the magnitude of factors effeatitbrs A (peat type), B (dosage), C (retention
time) and the intaction effect (factor AB) had the mostignificantinfluenceover As
residual concentration. Thedfect of factor B(-2.4) wasthe highest followed by the AB

interactioneffect (1.7). It was observed(Table 11) that five out of he six significant
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interactionsincluded factor A and that alhteractions were in g@ositive direction
Meaning that when changing from natural to modified,egher residual concentration
of As occurred.This pointed to atrongeffect of the individual factor A(peat type)
These effectare easier to analyze lvaluatingthe graphical representations of the

factor effectqFigure?).

Figure 7a-c containall two-factor interactiors, which includepeat type(Factor A)as a
common variableAB (1.7), AC (0.6) and AD (0.6)The positive directiorof the factor
effecs is easy to observe as the lines go from a low point to a high point when moving
from fAinatur al 0 t dFigireYaed shbwingah ihcrepseiraresidualy p e
arsenic concentratian A negative effect was obses for the interaction effect AB
where at a low dosage the utilization of modified peat resulted in lower regidual
concentration. This phenomenimeasier to observe in the thremy factor interaction
graphical representatiofBigure7e-h). The biggest contrast between the effects is shown
when factor Bdosage)n combination with either factor Cetention timepr D (mixing
intensity) werein their high levels anevent from natural to modified peat (factor A).
Even when comparing the low levels of C or D of natural peat against the high levels of
the same factors in modified peat, the results showed to be moreblavarathe
treatments with the natural peat. Thus confirmirag in the factor interactiodswas the

most influential factor(Figure 7e-h). Another phenomenon found in the graphical
representation is that the level of factord®gage) greatly affextrsenic removal, but

this mainly happened in samples treated also with naturalTgasd.it can be concluded

that the effect ofactor B (dosage\was clearly dependent on the level of the factor A

(peat type).
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Figure 7. Significant interaction effects on the reaspe variable residual Arsenic: two

factorinteraction effects (@) and thredactor interaction effects {e).
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Eventhoughthe applied dosage had the highest individual factor effeenalyzngthe
obtainedfigures it can be concluded that peat type produced significant effect over the
arsenic residual concentratidfactor interactionsontaining factor A exerted significant
influence andt is easy to observe the negative effibetthe useof modified peahad on

thearsenic residual concentration

4.1.5Settling characteristics of tested sorbents

Settling characteristics of the sorbent particles evaduatedy checking the decrease in
turbidity with time during thesedimentation stagd theprocess. The goalas to evaluate

which factors had the biggest effemt thesettling ofthe added sorbenparticles and

could contribute to achieve shorter sedimentation times. Sorbent dose (B) proved to be
the factor with the biggest effect over turlydiwith an average difference of 515 NTU
between its low and high level. Due to thise effect oftreatment combinationthat
included high and low levels of sorbent type, mixing intensity and contact time on settling
of sorbent particleare presenteth two graphs where Fig. 8a present treatments with
high level of sorbent doséfactor B)and Fig. 8b presents treatments watv level of

sorbent dosage.

Among the different treatment combinatiofisa ¢mdified peat, lower dosage, longer
retention tine and low mix intensityyvas the treatment combination that showed the
biggest decrease in turbidity, with a final turbidity (25 min) of 5.6 NTbis was the
only treatment combinatiothat reached turbiditywalues below thosef the raw water
(6.58 NTU) after 25 min of sedimentatiodppendix 2contairs the complete datat

regarding the settling characteristics of added sorbent particles for all experimental runs
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Figure 8. Removal of turbidity with time for the applied tresnt combinations,
arranged according to the level of factor B (sorbent dose), low leveh@@highlevel

(b). (High level of factors A (peat type), B (dose), C (retention time) and D (mixing
intensity) are represented by the low sentence case letteentefo the factor. Absence

of the letter implies that the factor was applied in its low level.)

48



4.1.60verall aspects regarding the influence of evaluated factors and purification
efficiency achievedn the mixing and settling system

Regardingpurification efficiency achieved(removal of metals)it can beseen that in
average higher purificatiolevelswere reached when high sorbent dosage was applied
compared to the treatments with low dos#&@able 10) This was confirmed by the
statistical analysis performaduring the evaluation of factors effeshowingthat dosage
(factor B) was the most influential factor theremoval of Ni and AsTable11). This

can be attributed to the increase in the number of adsorption sttes siface area of
contact between water and sorbent increases with increasing désageasinghe and
Williams, 2007; Bartczak, in pressverall, higher levels of factorsodage, retention
time and mixing intensity2 g/l, 60 min, 300 rpmphad a positive eéfct on removal
efficiency for both Ni and AsHigher leves of these factorgicreasd the availability of

the peat functional groups to interact with pollutant ions in solution, each in a specific
manner,this increased availabilitys the determinant féor to obtain high sorption
capacity in peat astated by Couillard (1994).

Although etention time(factor C) and mixing intensity(factor D) influenced the
purification efficiencyachievedthey didit soto a lower extend than sorbent dosage.
Generally,retention time had a slightly higher effect on the removal of Ni and As than
applied mixing(Table 11). The results obtained are in line with findings of batch
experiments conducted an earlier studgs part of the proje¢Gogoi et al, 20179 where

increased removafficiencywas achieved with increasing retention time.

Peattype (factor A) did not prove to be anajorcontributor in Ni removal as neithtdre

main factor or its interactioneffectswere statistically significat ata 95% confidence
interval(Table11), dthough the highest removal efficiency (79.9%) was achieved when
natural peat was applied. On the othand,As removal was affected in a negative way
by peat typewith substantially lgher removals achieved in treatment combinations
where natural peat was appli@hble 11) This differs fromwhat was found iprevious
studies using HCl treated peat (Leivightal in press) where modified peat shalieetter
purification efficiencieson Ni than natural peatn synthetic nickel solutias However,

our results are in line with reporis which real wastewater was used where higher
removal of Ni and in particular As were achieved by natural mesing batch

experiments (Ggoiet al, 2017). It is important to note thaip the specific cases where
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a low dosage (@5 g/l) was applied, modified peat performed slightly better than natural
peatduring our experimentd={gure 7a for the removal of AsThis phenomenocannot

be clearly seeim the overall factor effectfata (TableLO) buttreatments applying natural

peat had an average of 9.2% higher removal efficiency of As than the treatments applying

modified peat.

After this remarks it is comprehensible why the highest removal efficisates were
achieved in the treatment combination #fb
time, high mixing intensity¥or both Ni and As, with 79.9% and 60.7% of removal
respectively. Meanwhile in treatments where modified peat was apfitedinent
combi nat i, thehigheat bemaval gfficiency achieved was moderately lower for

Ni with at 71.5% of removal and significantly lowfar As with 25.5% of removal

Regarding the settling of sorbent particlesrbent dosag@resented thestronges
influence on turbidity values. The differencen measured turbidity valueletween
treatments applying high and low sorbent atgswas significant, with an average
difference of 800 NTU at time 0. For this reasibrtame to no surprise that the highest

final turbidities (25 min) were presentithet r eat ment combi nati on:¢
(modified peat, igh dosagehigh mixing intensity)(Figure 9), while the lowest final
turbidities were presentn t he t r e at nile maturacpeam low dosagjewo ns
retention time antbw mixing intensity) a n dmodifeed geat/ow dose, low mixing

intensity, high retention timg(Figure10). Therefore because of the great difference in

the amount of parties added inhesetwo different dosages, it is not really possible to
compare the settling characteristics between treatments where different dosages were

applied.

Whennot consideringorbentdosage, it can be said that generally the best settlingsurv
were achieved for runs were longer retention time was apligdré8-a andFigure8-

b).In addition the highest final turbidity values were found in samples whegrerhixing
intensity had being applied. Thus, longer retention time seems to be beneficial for the
settling of added sorbent particles, while high mixirtgnsitynot. Nevertheless, through
visual observations made during the tedtsvas possible to sethat with low mixing
intensity more particles were prone to float and to get stuck to the walls of the glass beaker
(Table9 and 10), phenomenon also observed by Leivetkdl (2017). Therefore, lower

turbidity values at low mixig intensityweremost probably a result of the loss of particles
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to floating and attachment to the beakers walls other than to sedimentation. If applied in
realscale scenario this floating particles represeptablem,as most probably they
would be disharged with the outflowing water after the sedimentation stage. Therefore,

any adsorbed pollutants would be discharged with the particles into the environment.

In the case of peat type, no significant difference was shown in the settling curves in
treatments were natural peat or modified peat was applied, showing that HCI modification
of peat does not improve itstdmg characteristics in this type of system

b)

Figure 9. Samples with the highest final turbidities, treatmenmhbtoi nat i ons A b
and A a lHigb levél bf)factors A (peat type), B (dose), C (retention time) and D
(mixing intensity) are represented by the low sentence case letter referent to the factor.
Absence of the letter implies that the factor was agpliets low level.)Pictures: Felipe

Campos Lopez.
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