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Nowadays, the utilisation of algae in industriabgesses to produce useful compounds
or to treat waste streams is of great interesudtrchl wastewaters such as wastewater
from mineral processing are becoming more and ranrenvironmental issue. A lot of
research projects all over the world are tryindind a sustainable, effective and cost-
efficient way to treat these waste streams and w@éhlthe usage of algae and Algae
Turf Scrubbers (ATS).

In this Bachelor Thesis, the treatment of wastemwimtem mineral processing using al-
gae in an Algae Turf Scrubber is presented. Far tiesis project, wastewater from
mineral processing from the Talvivaara Mining Comp®&Ic. was used. The difficulties
that this water creates for algal growth and vigbis shown. Pollutants such as heavy
metals (Ni & Zn), alkali metals (Na & K) and sulgba were analysed to investigate
algal removal possibilities. The pH-level and illmation were monitored all the time

in order to control for their effects.

For purposes of comparison, in addition to the AyS&tem, two other systems, a willow
stack tower and an ebb and flow system, were usadcomparable way in this project

to treat wastewater from mineral processing.

The first test runs in this research project shawy ways in which it is not possible to
treat wastewater from mineral processing with alddevertheless, the tests gave good
background information about which properties hevbe adjusted to treat wastewater

from mineral processing successfully.
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1 INTRODUCTION

Water is essential to life on our planet. A preis@ of sustainable development must
be to ensure uncontaminated streams, rivers, @kéoceans. There is growing public
concern about the condition of fresh water. Minaftgcts fresh water through heavy
use of water in processing ore, and through watlufpon from discharged mine efflu-

ent and seepage from tailings and waste rock imghoents. As mine technologies are
developed to make it more profitable to mine lowadg ore, even more waste will be

generated in the future (Safe_drinking_water_fotinda2009).

Through mineral processing metals and metal comgmuend to become chemically
more available, leading to the generation of acidlkaline drainage loaded with large
guantities of dangerous substances, such as heatalsmin many cases tailings are
stored in large ponds, where they are retained &gns of dams. The collapse of dams
or heaps may have serious impacts on environmethithaman health and safety

(European_Comission, 2012).

Conventional technologies, such as ion exchandaner precipitation, are often inef-
fective and/or expensive, particularly for the remloof heavy metal ions at low con-
centrations (below 50 mg/L). Therefore cheap argtasnable treatment methods for
wastewaters from mineral processes are requiregheAtan provide an appropriate so-
lution for this issue, because their ability to @bsheavy metals has been recognized
for many years. Especially at low concentratiorgaal are effective in HM removal
(Dwivedi, 2012).



2 BACKGROUND

In the following chapter the background to thisjpcb is given. The mining company
Talvivaara is shortly introduced and the processrelwastewater is produced simpli-
fied explained. Then the idea of an Algae Turf $ber and the utilized system is
scarcely presented, before algae in common anccieigethe available species are

introduced.

2.1 Talvivaara

Talvivaara Mining Company Plc. (further called Tighara) is a mining company locat-
ed in Sotkamo in the east of Finland. Talvivaarenising basically for nickel, but by-
products like zinc, copper and cobalt are gainedels To obtain the metals from ore a
bioheapleaching process is used. In October 20808t metals had been produced at
Sotkamo mine from the first industrial size heapl{ivaara, 2009).
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Figure 1. Process steps Talvivaara (TalvivaaraQp01
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At the mining area the production process consisfsur main steps, shown in Figure

1: open pit mining, crushing, bioheapleaching amdaiprocessing / metal recovery.

The wastewater from mineral processing analysethignresearch project is produced
during the last steps of this production procesdeaching solution is spread over an
ore heap during 13-14 month. Additionally the hesaperated, so that special bacteria
convert slightly soluble metal ions in readily dakiions, which are washed out by
leaching solution. As a result the metal conceiungtincrease and a pregnant leaching
solution (PLS) is generated. During the metal recg\process, shown in Figure 2, the
metal ions are precipitated from PLS with hydrogetphide. A part of the arising wa-
ter is treated in addition with limestone or limedaaerated to neutralize and precipitate
metals and sulphates so it can be reused in theaoiting process (Talvivaara, 2009).
Residues like thickener underflows are sent to abored in gypsum ponds

(Net_Resources_International, 2012).

In November 2012 one of these gypsum ponds wasigdér around two weeks. The
acidic and with heavy metals loaded water flew ofuthe gypsum ponds into safety
areas on the mining area, but also into the enmeont (Talvivaara, 2009). This gave

reason to think about a way to treat this wastemfeden mineral processing.
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The wastewater which is treated in this projectfrmm the recovery process at
Talvivaara area and already pre-treated. The pHeva between 3 and 4, it contains
lots of metals in different concentrations, whidnde seen in Table 1, the sulphate
content is between 15000-18000 mg/l and the nudtgentent in form of nitrate and

phosphate is very low.

Table 1. pH values, sulphate and metal concentratieeasure by Talvivaara

Tank TAMK 3 |TAMK 1 |Average
pH 3 3.9 3.45
S0,” mg/l 14900 17600| 16250
Al mg/l 175 207 191
As mg/I 0.54 0.6 0.57
Ca mg/l 318 378 348
Cd mag/l 0.26 0.3 0.28
Co mg/l 1.38 1.63 1.505
Cr mg/l | <0.0121| <0.0121| <0.0121
Cu mg/l | <0.0121| <0.0121| <0.0121
Fe mg/l 1360 1595| 14775
Mg mg/l 1736 2045 1890.5
Mn mg/l 1318 1559 | 1438.5
Na mg/l 824 952 888
Ni mg/l 64.6 77.7 71.15
Si mg/l 13 15.4 14.2
Zn mg/l 121 143 132
U mg/l 0.77 0.82 0.795

2.2 Algae Turf Scrubber

Today ATS are already a quite old idea, but stil nsed very often in industrialized
processes. The ATS was invented at the Smithsdnigtitution, by scientist, Walter
Adey in the 1980s for the application in highly elise model ecosystems. Sometimes
ATS are also called Managed Aquatic Plant SysteM#RS) (Adey & Bannon, 2008).
Today ATS are object of many wastewater treatmesjepts all over the world (Adey,
Kangas, & Mulbry, 2011).

Usually benthic algal communities of common gretya@ Chlorella, Scenedesmus,
Cladophora), cyanobacteriaSpirulina, Oscillatoria, Anabaena) or consortia of both are
used in ATS (Perales-Vela, Pena-Castro, & CaniZdiléenueva, 2006). They can
grow attached to all kinds of surface like rockignps, wood items or even artificial
materials (Adey & Bannon, 2008).
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ATS have a lot of advantages in wastewater treatn#fnS systems use consortia of
filamentous cyanobacteria and suspended green éfgaiales-Vela et al., 2006). They
provide a wide biodiversity of local algae and #i®r they are less affected by contami-
nation or changing environments. Algae have a kifiiciency capturing solar energy.
Compared to other plants, algae are able to cagtleg energy as much as 10 times
that of agriculture and even as much as 50 timasahforestry. Thin layers of water in
ATS support the capturing of solar energy and tigh hates of mixing or continuous
flow of water increase the chemical exchange wittew ingredients. Therefore indi-
vidual cells are able to take up carbon, nitrogeh phosphorus at fractions of ppb lev-
els. Algae can also efficiently remove heavy metalpermitted levels or break down
toxic hydrocarbons and in addition oxygenate watkn®ther advantage in operation of
ATS is the low energy and land requirement for piiihn. Even in barren areas ATS

can be setup (Adey & Bannon, 2008).

ATS can also play a role in energy production. S@igae have relatively high lipid
contents and can be used to produce biofuel, whdlues of biomass can ferment in
digester or burned in incineration processes. A®® tdcompete with food production,
cause it can be built in for agriculture uselessaarand municipal wastewater and flue
gases can be used as resources. In theory it $ibpoto combine wastewater treatment
and flue gas clarification of a power plant withARS to produce fuel, methane or/and

energy.

The ATS, which is present at TAMK was designed byG®obler and is made of poly-
acrylics. It has a basin with dimensions (LxB) @00mm x 700mm divided into 4
lines, where water flows with a height of 1-2 cmtthe whole system around 25| water

fit in, a storage vessel included.

The basin is propped up on pedestals and watemmgped from the storage vessel into
the basin. Then it runs through all 4 lines badk ithe storage vessel which is partly
closed with aluminium foil to avoid splashing. Imetstorage tank water is aerated with
aeration stones, usually used in aquatic systenasagH-meter is placed in one corner.
The pH-meter is connected to a computer to recondtantly the pH-value in the sys-
tem. The computer is also connected with a lightem@pper left corner in PICTURE
1) recording the illumination. PICTURE 1 shows #ystem running with wastewater
from mineral processing and the used netbook onighée site.
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For more information about ATS, please have a ladke Final Thesis ,Algae Cultiva-

tion for Wastewater reclamation” (Grobler, 2013).

PICTURE 1. ATS system TAMK

2.3 Algae

In this chapter basic information about algae averg The focus will be on freshwater

algae, especially the used species of chloropmdecganophyla/bacteria.

The world of algae is tremendous. Algae are (withharous exceptions) aquatic organ-
isms that (with frequent exceptions) are photosstnth oxygenic autotrophs that are
(except for the kelps) typically smaller and lessigurally complex than land plants.
Algal taxonomists believe that there are from 36,880,000 (John and Maggs, 1997)
and possibly more than 10 million (Norton et. 4B96) species of algae (Graham &
Wilcox, 2000). They are divided into 11 divisiong morphological or phylogenetic

differences, but since microscopic possibilitieftigg better and better and even DNA

analyses are possible, the taxonomy is in a chgrgiocess.

As the world of algae is tremendous, there existilgge species adapted to completely
different environments. There are species growmgnarine or freshwaters, species
growing in cold or hot, basic or acidic, nutrierdhr or poor waters. It's possible to find

algae in all kind of extreme environments.
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Most freshwater algae species grow in neutral l@iters with limited amounts of nu-

trients. In general the concept of limiting factbns Liebig is valid for algae as well as

for plants. Often phosphorus is the limiting mineratrient for algal growth, but also

nitrogen, carbon sources (carbon dioxide or hydnoggrbonate ions) or iron can get a
limiting factor. The needed N/P ratios for algabgths can differ from species to spe-
cies. Some species need more, some fewer nutt@msow successfully (Graham &

Wilcox, 2000).

In this study 10 different algae species from 4lphyprovided by SYKE had been
available. Most of these species are Chlorophyl@€y@anophyla/bacteria; species 5 be-
longs to the Chrysophyta and species 9 to the @blyta. For the species Burpurae-

mus sp., no information at all could be found.

Names of the 10 available algae species:

1) Selenastrum capricornutum
2) Pediastrum simplex

3) Synechococcus sp.

4) Anabaena cylindrical

5) Fragilaria crotonenis

6) Scenedesmus sp.

7) Chlorphyta sp (Pekari strain)
8) Purpuraemus sp.

9) Navicula pelliculosa

10) Haematococcus pluvialis

The algal species 1, 2, 6, 7 and 10 belong to liylum of Chlorophyta. This phylum is
with around 7000 species one of the biggest dimisiogreen algae. Especiatbg enas-
trum capricornutum is known and commonly used as biomonitor, reacsegsitive to
the presence of toxic substances. Other specig€shlmfrophyta are used as food in

freshwater aquaculture systems for fish (Graham i&aX, 2000).
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The algal species 3 and 4 belong to the Cyanophiga,known as Cyanobacteria. The-
se algae are the only one known to be capableankfiorming molecular N gas into
ammonia, which can be easier used by algae. Tleglso known for tolerance to high
temperature differences. But most cyanobacterianaoéerant of low pH water, disap-

pearing as the pH approaches 5 (Graham & Wilco@020

2.3.1 pH dependency

The pH value describes the concentration of proioisslution and has normally values
between 1 and 14. A low pH describes a higkcbhcentration and a high pH a low-H
concentration. It can be calculated with the negalibgarithm to the base of 10 of the

pI’OtOI’] concentration.
pH = —log(c(H™"))

The pH-value of an aqueous environment is very i@ for algae. Algae normally
grow in alkaline medium of 7-9 with an optimum rangetween 8.2—-8.7 and pH value
exceeding 9.2 could inhibit the photosynthetic\attiof phytoplankton (CELESTINO
LADU, LUKAW, & Kenyi, 2012). Although there is a eomon pH algae normally
grow, it has to be mentioned, that every algaeispdt@s its own optimum range of pH.
A lot of algae are able to survive in a wide ranfgeH, like the acidotolerant species
Mougeotia, which can survive in pH between 4 and 10. Theadyction might not
work in optimum over the whole range, but thesaalstill survive in low or high pH
environments (Graham & Wilcox, 2000).

All algae have to regulate their cytosolic pH, whis in most cases neutral. Several
mechanisms have been observed, how algae can thiéacinner pH. Figure 3 shows a
general scheme of an acidophilic alga cell witheesal parts of cell walls like carrier
or channel (bold squares) and pumps (bold circles)concentrations (like K Na" or
CL) are regulated through carrier and channels. Tirdbhese holes also protons get
inside the cell. On the one hand proton pumps iméednto cell walls carry needless
protons outside of the cell. These pumps requier@n because they have to work
against the concentrations gradient. This protfilmetan even lead to acidification of
the surrounding, if efflux is higher than influxn@he other side a mechanisms is possi-

ble, which can change the composition of the call.\Wwhe acidophilic alga€yanidi-
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um caldarium and Galdieria sulphuria have developed mechanisms to make their cell
membrane temporarily impermeable for protondDimaiella acidophila a highly posi-
tive membrane potential and positive surface chakgads entering of protons into the

cell interior (Gross, 2000).
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Figure 3. Summarising scheme of essential (A, d&fe) and optional properties (B,
right side) of acidophilic algae. (Fig, 9,8 A.Beprinted from H. Gimmler (2001) Aci-

dophilic and Acidotolerant Algae. In: L.C. Rai dt geds.), Algal Adaptation to Envi-

ronmental Stresses, pp.259-290); with kind permssf Springer Science+Business
Media

In highly acidic environments the biodiversity iery small. Under pH of 2.5, the spe-
cies diversity is drastically reduced and oftensists of just a handful of bacterial, fun-
gal and algal species (Gross, 2000). Only acidaphigae are able to survive in pH
smaller than 3 and as low as 0.05, but they arblarta grow at neutral pH's. Acidotol-

erant called algae have their optimum in pH 3-5 &&aur, 2001).

A low pH-value has several impacts, that can efédgal growth more than the pH-
value itself. Most metals have a higher solubilitylow pH's and concentrations can

easily get toxic for organisms (Gross, 2000).
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Carbon is especially soluble as £i@ acidic waters with low pH. Usually algae can
take up hydrogen carbonate ions easier than cadimade. At low pH the carbon
source for algal growth is inhibited by absencehpdirogen carbonate ions. In acidic
waters with a pH lower than 4-6 hydrogen carbonats are present only in small
amounts, while most carbon is present as @0seen in Figure 4.

PERCENTAGE
o
=

Figure 4. Dependence of GAHCO; and CQ* solubility from pH (After Boyd, 1982)
(M.N.Kutty, 1987)

Sulphate concentrations can increase as well goecidly in mining areas, sulphuric
acid is a prominent acid formed from decompositbpyrite (Gross, 2000).

2.3.2 Heavy metals

It is already long well-known, that algae are ableemove HM from aqueous systems.
In water bodies they play an important role regagaHM pollution. In all organisms
trace amounts of HMs are essential as constitugnoé enzymes, but in high concen-
trations they can have toxic effects (Traviesalgt1999). Hence algae need adequate
mechanisms to distinguish between essential aneeasential HM and mechanisms to
regulate HM concentrations, but not all speciesshitnose. Therefore some algae spe-
cies can be used as indicator for toxic environswdike Selenastrum capricornutum.

On the other hand some algae species are abletilehaven relatively high concentra-
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tions of HM and bind or precipitate them. Again oather species are able to prohibit
the uptake of HM into the cell cytoplasm under dffof energy and survive even in
highly polluted areas (Perales-Vela et al., 2006).

The occurring mechanisms in algae to manage HMertra&tions are not completely
investigated and can differ from species to spedeas some mechanisms should be

presented here.

The first of these mechanisms is a combinationhyfsjzal adsorption, absorption and
sequestration called bioremediation. HM ions asodaed within seconds or minutes to
the negative charged cell surface. Studies sugpestthe constituents of algae cell
walls such as alginate and fucoidan which have fhegtional groups are chiefly re-
sponsible for biosorption of heavy metal ions. Thaakes time, until the adsorbed HM
ions are absorbed into the cell interior (DwiveD]12). Inside microalgae have prefer-
entially developed the production of peptides céoéb bind heavy metals. One of the
most important ones is the polypeptide named plmgiatin or metallothionein Il
(Mtlll). The production of these polypeptides igiaated by a wide variety of HM itself
(Perales-Vela et al., 2006). In Figure 5 the gdremiaeme of this mechanism is shown.
Inside the cell HM ions are converted into Mtllingplexes in low or high molecular
weight forms. These molecules, as organometallioptexes, are further partitioned
inside vacuoles to facilitate appropriate contrbltlte cytoplasmic concentration of
heavy metal ions, thus preventing or neutralizingirt potential toxic effect (Perales-
Vela et al., 2006). Species which are known fordig metal binding proteins are
Fragilaria crotonensis andNavicula pelliculosa, which are used in this project (Rai &
Gaur, 2001).

The other mechanism of algae to survive in HM comtated water bodies is prevent-
ing the entrance of HM inside the cell and actiffene of HM. Therefore the cell wall
composition is changed to reduce the permeabiRiyi & Gaur, 2001). Extra-cellular
polymers, mainly carbohydrates are responsiblethi change. The active efflux of
HM is an energy consuming process, in form of AT8laaules, (Perales-Vela et al.,
2006).

Next to these both mechanisms, also oxidation of iH8ide algal cells and precipita-
tion through elevated pH values by photosynthesssnaentioned in literature (Rai &
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Gaur, 2001) & (Santas, Danielides, & Santa, 1998 pH has an influence on HM
concentrations, as described above and also oadgwrption to cell surfaces. With in-
creasing pH the surface charge becomes more negatil the amount of free sites for
HM-ions increase (Dwivedi, 2012). At small pH HMtake is blocked, so that uptake
rates and adsorption of HM by cells is significamdduced (Gross, 2000).
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Figure 5. General scheme of HM detoxification mectra mediated by class Il metal-
lothioneins in microalgae; reprinted from Chemosph@4, Perales-Vela et al.. Heavy
metal detoxification in eukaryotic microalgae, pfd@, (2006), with permission from

Elsevier

All of these mechanisms have been observed foifgpkid/s in specific alga, but often
algae have to tolerate more than one toxic meka,ih this project. It is possible that
alga species are tolerant to several metals, bstalso possible that one HM interfere
the uptake of another HM or even initiate the re¢eaf already adsorbed HM ions (Rai
& Gaur, 2001).

The amount of HM algae are able to take up dependke algal species and it's cell
composition as well as on HM concentrations an@rmognoperties of the surroundings.
One example is given in (Travieso, et al., 1999)Huoglena gracilis, which could ac-

cumulate Zn until 5mg/g dry algae weight. Assunteat the used algae mix in this pro-
ject could accumulate the same amount of Zn a ld@geabiomass of 60g is required to
accumulate the Zn amount of 1l of wastewater, winad an initial concentration of

approximately 300mg/I.
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3 AIM OF THE WORK

As mentioned before, industrial wastewaters comtated with HM like wastewater

from mineral processing are an actual environmessale. At the moment there exists
no treatment method for this kind of wastewatericiiis affordable and environmental
friendly, although wastewater contaminated with kVproduced at several places all
over the world. Common treatment processes likeskarihange or lime precipitation are
often ineffective and/or expensive. The reachableentrations with payable amounts
of chemicals are often still too high, so that algae very useful particularly for the
removal of HM ions at low concentrations (below Sin(Dwivedi, 2012).

Algae Turf Scrubbers showed in many research proped applications, that they are
able to remove nutrients like nitrate, ammonia goitbsphate from municipal

wastewater to permitted amounts. It is also knowat algae are able to remove lots of
metals from water bodies, especially in trace anmuResearch projects could illustrate

that specific algae species are able to removédesingtals from basic solutions.

In this project the purpose of an Algae Turf Sceablor the treatment of complex
wastewater from mineral processing is content & thvestigation. In the beginning

following questions had been of interest:

1. Are algae able to grow in wastewater from mineraicpssing and how much
biomass can they generate?

2. Are there algae able to remove HM from this wastew# reduce concentra-
tions to permitted amounts?
Is it possible to remove sulphates with ATS frons thastewater?
Is a treatment of wastewater from mineral procesasing ATS systems possi-
ble?

5. How high is the lipid and carbohydrate content lgfaea biomass produced in
wastewater from mineral processing (if algae grow)?

6. What possibilities exist to use algae biomass fAIs?
Is it possible to raise the pH value through tresatmn ATS?

8. Is a treatment for huge amounts of wastewater froimeral processing with

ATS systems imaginable?
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4 MATERIALSAND METHODS

In the following chapter first the methods and linstents of analyses are shortly ex-
plained. Then two small-scale experiments are destrand evaluated, before the two

test runs in ATS are described.

4.1 Methods of analyses

In the first part of this chapter the used methadd instruments of analyses are ex-
plained. Some of these methods had been alreadlyingbe former project on ATS
and description of these methods can be founderiihal Thesis “Algae cultivation for

wastewater reclamation” by (Grobler, 2013).

4.1.1 pH reader & light meter

During the complete test runs in ATS the pH-valad the illumination had been rec-
orded constantly. Therefore Phidget pH Lab Eled@sodnd a LiCor Quantum sensor
have been used. All pH-meters and the light me&cannected to a netbook, where all
values are saved. It is the same kind of equipmelnich has been used before by G.
Grobler in his thesis. Cause of algae residueshensensors of the pH-meters, com-
pletely new ones had been used. The detailed gésarican be found in his Final The-

sis — Algae cultivation for wastewater reclamation.

412 TOC

To measure the total organic carbon content thal Tatganic Carbon Analyzer TOC-
5000A made by Shimadzu was used. In the laboratoRAMK it is used together with
the autosampler ASI 5000A also made by Shimadze. ilktruments are connected
with a computer where the software TOC-Control gitmn 1.05.01) is used to control
and record the measurements. The measurement pisa@snpletely automated.
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In the TOC-Control software the standards vesit@nd vesiic.cal are used. As method
vesitoc.met is chosen. For each measurement 6asthsdlutions of N&LOs;/NaHCG;
and GHsKO,4 have to be prepared with the concentrations &f&)d 10 mg/l. The test
tubes have to be put into the gadget beginninglaivMgh the concentrations from 0 to
10 mg/I first of GHsKO,4 and then 0 to 10 mg/l of N&Os;/NaHCG. In the ASI 5000A
up to 78 samples can be measured during one rwery Eme two samples filled with
distilled water have to be in the beginning anthatend.

413 AAS

The metal content of the wastewater from mineratessing has been measured with
atomic absorption spectroscopy (AAS). ThereforeAtmmic Absorption Spectrometer
AAnalyst 400 made by PerkinElmer Instruments hagnhbesed. The content of Ni, K,
Na and Zn had been analysed with wavelength anmdiatd solution concentrations
shown in Table 2. As calibration curve type, Lindarough Zero has been used and
samples had been diluted if necessary. On the camfar this instrument the software
WinLab32 for AA (Version 6.0.0.0065) made by PeBdmer is used to control the

hardware.

Table 2. Used wavelengths and standard concentsafito AAS analyses

Metal Ni K Na Zn
Wavelength [nm] 341.48 766.48 330.24 307.59
Standard Solution [mg/l] 1| O 0 0 0

2 |5 0.1 ) 10

3 |75 0.25 7.5 25

4 |10 0.5 10 50

5 |15 0.75 15 75

6 |20 1 20 100

414 BOD

The BOD was analysed with OxiTop system as BOIhe procedure is described in

the Final Thesis “Algae cultivation for wastewateclamation” by Grobler.
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415 HACH

The HACH system was used to analyse sulphate, ndtalgen and phosphate concen-
trations. In the beginning it was planned to araliso nitrate and total phosphorus, but
a control of the methods showed that somethingfered and therefore these results

are not reliable.

The total nitrogen concentrations had been analysddHACH Lange LCK 138 kits,
providing a measurement range of 1-16mg/l. The $amppeparation and instructions
can be found in the Final Thesis “Algae cultivatifum wastewater reclamation” by
Grobler.

The sulphate content was analysed with the metb&d 8nd powder pillows, providing

a measurement range of 2-70 mg/I

Phosphate concentrations were analysed with meé&t@48 and powder pillows, provid-

ing a measurement range of 0.02-2.50 mg/°PO

4.1.6 Spectroscopy

Spectroscopy analyses had been done with UV/VISt8preeter Lambda 20 made by
Perkin Elmer and the software Perkin Elmer UV Wibl(aersion 6.0.3.0730) to assess
the algal growth in small-scale experiment solwtjondicated by the absorbance rate.

As wavelength program “Lambda 20" was used withvigelength of 620nm.

4.2 Small-scale experiments

During this project small-scale experiments hadhbemning to observe the growth of

algae under different conditions. They had beenenworless useful for the bigger test
runs in ATS.
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In the first small-scale experiment different pHues had been probed to find out the
dependency of algae from pH-values. In the secomallsscale experiment the second
test run in ATS is imitated in Erlenmeyer flasks.

4.2.1 Algae species experiment with different pH values

The wastewater from Talvivaara has an initial pHugaetween 3 and 4. As described
in the tremendous world of algae there exist sjgewigich are able to grow in low (<3)
or high (>11) pH-values, but most algae species dlightly basic media. In this exper-
iment the in chapter 2.3 listed 10 algae speciesiged by SYKE in Helsinki had been

available.

Unfortunately no one of these algae species argvikrior acidophilic or acidotolerant
characteristics. However a small scale test run stated with the wastewater to ob-
serve, if algae will grow in this water with difeart pH values. In this context also a
stock solution for each species was created as aasop to the wastewater solutions
and also as algae source for the ATS test runs.tliiertest a range from pure
wastewater with a pH value around 4 to pH values afhd 6 had been chosen. To raise
the pH value calcium hydroxide (Ca(QMHpand calcium carbonate (Cag)had been

used.

For each test row (named pH 4, 5 and 6) and alsthéostock solution 11 Erlenmeyer
flasks were prepared. Each row consists of a swiutr each species and a "blank™

solution without algae.

The algal growth was assessed spectroscopicallynbgsuring the absorbance at
620nm.

The solutions were prepared as follows:

First the Erlenmeyer flasks were cleaned with ethand distilled water. To conserve
the solutions of contamination the flasks were etbwith cotton and aluminium foil.
The flasks were filled with 250 ml of water accaglito the test row (pH 4, 5, 6 and
distilled water with fertilizer) and 2.5 ml of alg&olution (from SYKE).
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The pH 4 test row was using pure wastewater fromenal processing. The pH value of
test row pH 5 and 6 were raised with calcium hyditexCa(OH)) and calcium car-
bonate (CaCg) to 5.01 (4.91 after 1 day) respectively 5.82 2Gafter 1 day).

Every day the solutions were stirred a few timeshagd. The spectroscopy was made
in the beginning (15.03.2013) and on the 18.03.201Bon the 22.03.2013.

4.2.2 Algae adaptation experiment

In the algae adaptation test the process of thensetest run in ATS should be imitated.
Three different beginning conditions shall be tésfehe basic idea behind this experi-
ment is to have good conditions for algae growtthanbeginning and change the water
conditions slowly to wastewater from mineral prasieg by
adding the amount of evaporated water. Anothersaeflpart is
the amount of nutrients. Measurements during tree fest run
showed, that the amount of nutrients is low in wastter from

mineral processing, cause of pre-treatment at miamea. In this antenzering

rukvaxtnaring

small-scale experiment and in th& gst run in ATS water will

be enriched with nutrients. For this small-scalpesinent a
mixture of all algae species and the fertilizer BSwal”
(PICTURE 2) used also for the stock solutions wsesdu

The scale of this experiment is 1/100 of ATS. le &TS 25| fits PICTURE 2. Usec
in the system and storage tank together. Every dagending fertilizer Substral

on sunshine and temperature in the green houset &ds of
water evaporates. It is estimated, that 25 ml @n@5n Erlenmeyer flasks will evapo-

rate each day. After 2 weeks the complete amouwtiasged into wastewater.

For this experiment three times three Erlenmeyekl were prepared in the same way
as in the pH experiment before and one “blank’klahree different stages (0, 2 & 4

days ahead) of addition of wastewater were prepaseshown in PICTURE 3.

The Erlenmeyer flasks were filled with algae sauati nutrient enriched water and
wastewater according to the plan, seen in TablEa8h day the flasks were stirred by

hand a few times. The original plan was to addyeday 20 ml of wastewater and 5 ml
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of nutrient enriched distilled water. The pH-valwas measured before and after each

addition.

b, . ) e ————

PICTURE 3. Algae adaptation test in the beginning

Soon we realised that the amount of evaporatedrwagte smaller than 25 ml each day,
so that in the beginning only once wastewater vaated to all solutions. After that the

pH was measured for a few days.

43 Testrunsin ATS

During this project it was only possible to arrarig® test runs in the ATS systems,
cause of the short project time and the necessawtlys time of a sufficient algae

stock. For both test runs it was decided to runaivithe three available ATS systems at
TAMK with the same conditions. The first test rumsvdone with pure and untreated
wastewater from mineral processing, while the sddest run started with comfortable
conditions for algae without wastewater and a sybset phase of adaptation to

wastewater from mineral processing conditions.
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Table 3. Water addition and pH values of algae tdimm experiment; AS=Algae solution, NS=nutrieolusion, WW=wastewater from mineral pro-
cessing

control | O days ahead 2 days ahead 4 days ahead
Sample| 1 2 3 4 5 6 7 8 9 10 Temperat
ture
content | AS [ml]| 50 50 50 50 50 50 50 50 50 50 23.5
NS [ml] | 200 200 200 200 160 160 160 120 120 120
ww 0 0 0 0 40 40 40 80 80 80
[mi]
pH (initial) 5.47 5.25 / / 3.35 3.24 3.26 3.22 82 |/
day addition
1 NS [ml] | 25 5 5 5 5 5 5 5 5 5 25.3°C
ww 0 20 20 20 20 20 20 20 20 20
[mi]
pH (before adding) 5.89 5.55 5.5 55 3.54 3.53 3.53 3.37 3.38 3.38
pH (after adding) | / 3.55 3.56 / 3.47 3.47 / 3.31| 3.32 /
2 NS[ml]| O 0 0 0 0 0 0 0 0 0 28°C
ww 0 0 0 0 0 0 0 0 0 0
[mi]
pH 5.66 3.49 3.5 3.52 3.34 3.34 3.34 3.13 3.15 3.16
4 NS[ml]| O 0 0 0 0 0 0 0 0 0 24°C
ww 0 0 0 0 0 0 0 0 0 0
[mi]
pH 5.6 3.61 3.59 3.57 3.15 3.15 3.14 2.96 2.98 2.97
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4.3.1 Firsttest run (March 2013)

The first test run started on the™6f March 2013. During this test run pure and un-
treated wastewater was used. It was quit alreadyvteeks later on the™sof April,
because algae growth occurred neither in ATS nohenearlier started pH test experi-

ment.

Table 4. Water changes during test run 1 in AT8 WW= Wastewater from mineral

processing, AM= Algae mix

Water changes
Date/Time What? ATS 1 ATS1sum |[ATS2 |ATS2sum
25.03.2013 | WW 25 25 25 25
AM 0.5 25.5 0.5 25.5
26.03.2013 | Sample -0.045 25.455| -0.045 25.455
27.03.2013 | Sample -0.05 25.405 -0.05 25.405
ww 3 28.405 3 28.405
Sample -0.045 28.36| -0.045 28.36
28.03.2013 28.36 28.36
29.03.2013 | WW 5 33.36 5 33.36
30.03.2013 33.36 33.36
31.03.2013 | WW 5 38.36 5 38.36
01.04.2013 38.36 38.36
02.04.2013 | Sample -0.045 38.315| -0.045 38.315
ww 5 43.315 5 43.315
03.04.2013 | Sample -0.045 43.27 | -0.045 43.27
Sample BOD -1 42.27 -1 42.27
04.04.2013 | Sample -0.45 41.82 -0.18 42.09
Ww 5 46.82 5 47.09
05.04.2013 STOP 5 52.09
06.04.2013
07.04.2013 STOP
sum 46.820 52.090

Before the test run could be started, the com@gstem and the used equipment and
instruments like pH-meters, pumps and tubes hdaetaleaned first with soap water

and in the end with clean tab water, as far as tiaen't been new. Then the system is
arranged in a horizontal level. The pH-meter idalsd in the storage tank and the

pump and aeration stones are inserted like in PREW. After the first 10-15 liter

filled in the storage tank the pump and aeratiam & launched and water can be filled
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into the system up to around 25l. It is importantrtind that water is running over the
whole surface of ATS and adjustments on the peldestmht be necessary. The soft-
ware to record the pH and illumination values dasaaly run during preparations.

In this test run the pure and untreated wastewieden mineral processing was used.
The water was taken from container 2. Before it taften it was stirred in the container
to get a well-mixed sample. The same procedurebead done, when water had to be
added later. Through evaporation and also by takmgples for measurements the
amount of water decreased in the systems, so tiat Wwad to be added every couple of

days. Table 4 shows the water amount changes in1AFi®l 2.

During this test run the BOnutrients like nitrate and phosphate, TOC andatresin-
tents of Ni, K, Na and Zn had been measured evegkw

4.3.2 Second test run (April)

The second test run started on th& @0April 2013. First a proper batch of algae grew
under comfortable conditions in nutrient enrichad tvater (NW) before wastewater
from mineral processing was added gradually. Thelevtvastewater, which was added
to the systems, had been enriched with nutriekéstiib water before. The test run was

quit on 18" of May, when the algae biomass went completelywhbrand looked dead.

The setup is equal with the setup in test run dstfhe systems had been cleaned and
then arranged like described in 4.3.1. The usedtmbwastewater was enriched with

the following recipe of ingredients. All values ameg /1.

Bio Bact 1.29
Urea 0.0477
Glucose 1
Di-Sodium hydrogen phosphate 0.0445

In the beginning the systems had been filled wihritrient enriched tab water and 1l
of algae mixture. Over the first two weeks just #meount of evaporated water was re-
placed with nutrient enriched tab water. When vegtstl to add wastewater from min-
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eral processing it was decided to keep the amduntter in the ATS systems at 25| to
add relatively the same amount of wastewater tsydtems even to WST and EBB
systems, to make it comparable. On thd @BApril adding of wastewater began. Every
day 1l of nutrient enriched wastewater was addeeak not stirred before taking it

from container 2 to avoid adding of solids. Theavathanges can be seen in Table 5.

During this test run measurements have been dadyrthe same way as in test run 1.
In the beginning initial values have been measdoedmetals, nutrients, sulphates,
BODs and TOC. To keep the nutrient level constant] tuteogen and phosphates have
been analysed 2 times a week. The TOC and mettdmsrhave been analysed 3 times
at all. The amount of metals added to the systentalculated with earlier measure-

ments of pure wastewater from mineral processing.
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Table 5. Water changes during test run 2 in ATE MwW=nutrient enriched tab water,

AM=algae mix, NWW= nutrient enriched wastewatemnirmineral processing

Water changes

Date/Time |What? ATS1 |ATS1day |ATS1sum |ATS2 |ATS2day |ATS2sum
10.04.2013 | NW 25 26 26 25 26 26
AM 1 1
11.04.2013 | Sample -0.1 11 4.9 -0.1 11 4.9
Sample BOD -1 -1
12.04.2013 | NW 2.5 2.5 27.4 2.5 2.5 27.4
13.04.2013 27.4 27.4
14.04.2013 27.4 27.4
15.04.2013 27.4 27.4
16.04.2013 27.4 27.4
17.04.2013 27.4 27.4
18.04.2013 | NW 2.5 2.5 29.9 2.5 2.5 29.9
19.04.2013 29.9 29.9
20.04.2013 29.9 29.9
21.04.2013 29.9 29.9
22.04.2013 | NW 1 1 30.9 1 1 30.9
23.04.2013 | NW 10 10 45.9
NWW 1 15.5 46.4 1 15 45.9
NW 4.5 4 45.9
24.04.2013 | N\WW 1 5 48.4 1 5 47.9
NW 1 1 47.9
25.04.2013 | N\WW 1 5 0.4 1 5 49.9
NW 1 1 49.9
26.04.2013 | N\WW 1 1 51.4 1 1 50.9
51.4 50.9
27.04.2013 51.4 50.9
28.04.2013 51.4 50.9
29.04.2013 | N\WW 1 36 cc 1 36 54.5
NW 2.6 2.6 54.5
30.04.2013 | NWW 1 35 c8.c 1 35 58
NW 2.5 2.5 58
01.05.2013 58.5 58
02.05.2013 | NWW 1 7 65.5 1 7 65
NW 6 6 65
03.05.2013 | NWW 1 55 68 1 55 67.5
NW 1.5 1.5 67.5
04.05.2013 68 67.5
05.05.2013 68 67.5
06.05.2013 | NWW 1 c 73 1 5 72.5
NW 4 4 72.5
07.05.2013 73 72.5
08.05.2013 73 72.5
09.05.2013 73 72.5
10.05.2013 73 72.5
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5 RESULTSAND DISCUSSION

In the following chapter observations during alstte problems which occurred and

results for the experiments and test runs are prede

5.1 Resultsof the small-scale experiments

In the first small-scale experiment the resultséctroscopy analyse, shown in the ap-
pendix 3, showed algae did not grow. The valueslimost all species and test rows are
very small in the beginning, what was expectedabse the amount of added algae
mass (2.5ml) had been very small. But also thenesisurement shows very small val-
ues. The algae growth was better seen by eyedthapectroscopy. Within one week it
was visible in some stock solutions (1, 6 and @) tdgae grew, because it coloured
light green. In the wastewater solutions a changgpecies 8 was visible. The solution
was in all test rows turbid and spectroscopy valneseased accordingly. The other
wastewater solutions did not change in colour amblidity. Even the wastewater solu-
tions of species 8 became clear by and by. In afitewater solutions solids precipitated
and Erlenmeyer flask walls got brown colour insitetest row pH 6 precipitated solids
were brown to grey in colour, because through amdiof calcium probably gypsum

(CaSQ) precipitates.

After 3 weeks no changes occurred in the wastewstikitions, so that the test run
stopped. The stock solutions had been kept alivi tine end of this project time by

adding nutrient enriched distilled water.

Already after 4 days the algal adaptation test expmnt was stopped, because without
the exception of solutions 2-4 on days 2 to 4 thkvalue decreased after adding
wastewater and stayed on a low level. The moreemader was in test solution the
darker got the colour of solution after adding wastter and the more brown solids

precipitated. Algal growth could not be observed.

During these experiments we realised several issiles time range for spectroscopy

measurements, done in the first small-scale exm#rirhad been chosen badly. Meas-
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urements should have been done in the beginningvaed in the stock solutions algae

growth was visible.

Further occurred, that the process of taking sasnjglespectroscopy should have been
done every time a certain time after stirring thenples. The first measurement results
are higher, because solids couldn't precipitathénbeginning. Some of them are even

higher, because solution was mixed during pipettiregsample.

Another problem applying to both small-scale expents is that the conditions in the-
se test rows and the conditions in test runs in A&& been different. Solutions had not

been aerated at all and the water was not contstudlowing.

Beside the composition of nutrients used in the@sdsmall-scale experiment was an-
other one than used later in ATS, because Substaalused instead of the recipe of

nutrients.

It is assumed neither elevation of pH nor addibdémutrients alone is the essential and
significant change of water conditions for algabwgth. No one of the 10 algae species
grew in any of the solutions. As in TablelBown, the pH-value decreased even without
adding of wastewater except in the solutions 2-& hot clear, if there algae had been
able to raise the pH-value a little bit, because &xperiment stopped after day 4 and

measurements are connected with uncertainties.

But even if algae raised the pH-value, the reslitsv, each pre-treatment on its own is
not successful for algal growth. The next experinstould be a combination of both.
Wastewater from mineral processing with elevatedgpid added nutrients should be
added gradually into a proper algae solution ifed#int amounts. The pH and nutrient

concentrations have to be monitored.

5.2 Firsttest run ATS

5.2.1 Observations

In the beginning the used wastewater from minematgssing was relatively clear with-

out any intensive colour. Solids precipitated oe blottom of ATS basins and storage
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tank as seen in PICTURE 4. By and by the colounghkd into brown and more and
more solids precipitated as seen in PICTURE 5. &bbdue to the fact, that algae spe-
cies arrived in small batches of algae, which haveeen well grown, when they were

added to the systems, no algae growth was visible.

o

PICTURE 4. ATS 1 on the 26.03.2013

The pH-value of both systems started between 3andnd decreased over two weeks
to around 2.5 as seen in Figure 7. At the firgs2 tlays there is a spiky profile in this
figure, because the netbook turned off over nighile it was connected to the internet
and therefore some measurements are missing. fethitd test day on the pH curve
goes on in a sinus profile due to temperature absnghich are not adjusted automati-
cally through measurement and software. The ill@tdam shows a slightly increase
from maximum 580 pmol’sm?on the first day to around 700 pmdi s on the last

days, as it is spring time.

In the end of testing time the aluminium foil staitto break down like seen in PIC-
TURE 6. This is a sign for acid water conditionartRermore this shows splashing of
water. In addition to the water changes due totemtdof water caused by evaporation,

taking samples for measurements and inexact wrdimgn of water changes makes it
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difficult in case of successful growth of algaectdculate the reduction of pollutants,

particularly small reductions.

PICTURE 6. Break down of aluminium foil

A white, slightly yellow solid, shown in PICTURE @ppeared around the storage tank.
The analysis of this solid with HACH showed thatansists of 40% sulphates.
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PICTURE 7. Solid appearing at ATS after two weekgest run 1

5.2.2 Results

In Figure 7 the recorded pH values and illuminatoa presented in a diagram over the
test run time. During this test run the TOC waslys® two times. It increased within
one week from around 4.7 to 10.6 mg/l in ATS | d8ito 9.3 mg/l in ATS II.

In Table 6 the results of pollutant analyses amvsh As seen in Figure 6 all concentra-
tions rose within one week. Every concentratiomeased with factor 1.5-2 except the

zinc concentration which increased with factor 5.

The nutrient analyses of total nitrogen and phosgphad been difficult due to interfer-
ences. The available results of total nitrogen phdsphate analyses are not reliable
during the first test run. Initial values had beeseasured with wastewater from mineral
processing taken from a different container, sd timy one result is available for the

used water in ATS which is not comparable.



Table 6. Pollutant concentrations in mg/l test tun

35

Pollutants
Sulphate TS| 26.03.13 02.04.13
18000 | 18000 | 17000 | 35000 | 36000 | 33000
26.03.13 02.04.13
ATS I
25000 | 25000 | 26000 | 35000 | 35000 | 38000
K 27.03.13 03.04.13
ATS |
766.48 nm 39.6 | 383 | 390.1 | 62.8 | 61.6 | 615
27.03.13 03.04.13
ATS I
383 | 384 | 383 | 648 | 64.9 | 65.1
Na ATS | 27.03.13 03.04.13
330.24 nm 1494 | 1496 | 1533 | 2364 | 2448 | 2266
27.03.13 03.04.13
ATS I
1658 | 1665 | 1679 | 2256 | 2194 | 2154
Ni ATs | 27.03.13 03.04.13
341.48 nm 92.12 | 91.88 | 92.25 | 138.0 | 137.7 | 138.4
27.03.13 03.04.13
ATS I
92.64 | 92.49 | 91.97 | 136.3 | 135.8 | 135.6
Zn TS| 27.03.13 03.04.13
307.59 nm 347.6 | 357.7 | 362.1 | 1833 | 1857 | 1704
27.03.13 03.04.13
ATS I
335.7 | 342.0 | 350.9 | 1602 | 2095 | 1870
) ,500 250
Con'centratlon //- Concentration
in mg/| 2,000 200 in mg/I
i
"
1,500 M= // 150
—
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Figure 6. Trend of metal-concentrations in ATS timy first test run; Na & Zn plotted
on left X-axis, K & Ni on right X-axis
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5.3 Secondtest run ATS

5.3.1 Observations

As shown in PICTURE 8 a proper batch of algae bgswaew in the first two weeks of
test run 2 with nutrient enriched tab water. On 288 of April, 2 days after adding

wastewater algae had an intensive dark green ¢adsushown in PICTURE 9. By and
by the colour of algae biomass turned from greém lmown and the systems got con-
tamination by something looking like fungi, showm PICTURE 11. In the end this

fungi, or slime clogged often the sucking partte pumps, so that they couldn't work
and the turf scrubbers got a little bit dry. It paped often directly after adding water,
because that creates a sensation in storage tahkliame parts were sucked by the

pump.

PICTURE 8. Algal growth in ATS 1 during the firstd weeks of test run 2
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PICTURE 10. ATS 1 after adding wastewater from mahprocessing

After a few days, when it was visible that algaenbass is turning brown, it was possi-
ble to see, that the upper surface of algae isngrbrown, but not the bottom layer.
PICTURE 12 shows two different parts at differanids, where it is visible that there
are several layers. On the left side a small daatgae is removed with a finger. While
the lower layer is light green, the upper layeuising brown-grey. On the right side of

this picture algae is darker, but the upper lageen on the right side, is removed on the
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left side. When algae are uncovered it starts to brown as well and on surfaces,
where it's removed it doesn’'t grow again. On tigatrside of PICTURE 11 it can be
seen, that algae biomass starts to lift from threasa through the higher flow rate, indi-

cating algae are dying.

PICTURE 12. Different layers in algae biomass; &fte: picture from the 29.04.2013
where a small part is removed by hand; right spleture from the 14.05.2013 at the
water entrance where upper layer is removed wittemfiow.

On the one side the preparation of nutrient enddiad water goes relatively fast. All
ingredients solved relatively quick. On the oth&testhe preparation of nutrient en-

riched wastewater took much more time, especialigmwpreparing a high concentrate
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for 501 in a 5| vessel it took several hours toveatverything. The colour of wastewater

from mineral processing turned a little bit in gresdter adding all ingredients.

After the addition of nutrient enriched wastewatdrite foam (PICTURE 13) appeared
on the surface of the storage tanks. It was ewery heavier directly after adding nutri-

ent enriched wastewater.

PICTURE 13. Foam on storage tank

5.3.2 Reaults

In Figure 8 the recorded pH values and illuminatwa presented in a diagram over the
test run time from the 15of April to 10" of May. Before the 1B the results haven't
been recorded, because the netbook turned offpfHh@ecreased from around 8 to 2.5.
Although less wastewater from mineral processing a@ded to the systems in the end
the pH was nearly as before in the first test Amwell as in the first test run a sinus
curve appears, because temperature differencasoaienplemented. The illumination

reached maximum values of 1010 pmbihs?during the second test run time.

In Table 7 the results for total N, phosphates, B@id TOC are presented. As seen in
Figure 9 the total nitrogen results are relativetyistant and only slightly decreasing,
while the phosphate concentrations decreased afiding wastewater from 32.4-36.5
mg/l to a minimum of 1.24 mg/l. This huge diminiskmb indicates together with the
white foam, that something inside the wastewatactsewith phosphates. The B@D
was just measured in the beginning and in the edddacreased with a factor around 10
from 322 to 36.6 mg/l in ATS | and 370 to 36.6 migflATS II. Also the TOC de-
creased from 783 to 464 mg/l in ATS | and 800 t #x/l in ATS II.
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Table 7. Nutrient results test run 2

Experimental system Algae Turf Scrubber

Analysis/test | SystemsID Week 1 Week 2 Week 3 Week 4
(initial) 1L MW 5L MW (Final)
Nutrients [T)QQEINOIG: 10-17.04 18-24.04 25.04-1.05 02.05-08.05
Total N | 11.04.2013 24.04.2013 20.04.2013 | 03.05.2013 07.05.2013
[mg/] 403 | 415 | 418 | 37.6 | 28.8 | 408 [35.0[25.2]33.4]20.0[29.4[30.9] 34.4 | 357 [ 36.9
sl 11.04.2013 24.04.2013 20.04.2013 | 03.05.2013 07.05.2013
428 | 419 | 408 | 37.4 | 34.4 | 318 [39.6[40.2[326(27.9[27.5|26.2] 36.2 | 353 | 34.7
Phosphate | 11.04.13 24.04.2013 29.04.13 03.05.13 07.05.13
[mg/l 358 [ 365 [ 350 [ 174 | 172|184 [32 3032151714 57 [ 61 | 59
TS 11.04.13 24.04.2013 29.04.13 03.05.13 07.05.13
334 | 324 [ 332|134 138|152 |22 |26 |28|12]|13]|13] 71 | 72 | 70
BOD. 23.04.2013- 07.05.2013-
ATS | 29.04.2013 12.05.2013
[mg/] 329.0 | 315.0 30.4 | 338
23.04.2013- 07.05.2013-
ATS I 29.04.2013 12.05.2013
374.0 | 366.0 | | | || || 33.8 | 30.4 |
TOC | 11.04.2013 24.04.2013 08.05.2013
[ma/1 776.2 | 777.4| 7965 |698.8|696.7|6920] | | | | [46244621 4681
TS 11.04.2013 24.04.2013 08.05.2013
793.9 | 801.0 | 804.0 | 668.8 | 668.2 | 658.3 4406 | 444.9 | 439.3
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Table 8. Measured pollutant concentrations innast2

Experimental system Algae Turf Scrubber
Analysis/test Systems ID Week 1 Week 3 Week 4
(initial) 5L MW 9L MW (Final)
Pollutants
Sulphate 11.04.13 07.05.13
ATS |

[mg/] 67 | 63 | 64 | | 12000 | 6000 [ 4000

11.04.13 07.05.13

ATS I

71 | 72 | 79 | | 5000 | 5000 | 5000

K ATS | 11.04.13 30.04.13 08.05.13
[mg/] 456 | 46.8 | 46.9 790 | 788 | 800 1344 | 1304 | 134.0

404.41 nm ATS | 11.04.13 30.04.13 08.05.13
472 | 476 | 481 834 | 793 | 802 1242 | 1178 | 1200

Na ATS | 11.04.13 30.04.13 08.05.13
[mg/] 502 | 525 | 49.6 250.2 | 3016 [ 3036 7972 | 8115 | 859.2

330.24 nm ATS I 11.04.13 30.04.13 08.05.13
489 | 518 | 501 3458 | 3744 | 3490 829.1 | 8149 | 8682

Ni ATS | 11.04.13 30.04.13 08.05.13
[mg/] 0.00 | 000 | 0.0 2488 | 2620 [ 24.94 4084 | 4056 | 40.06

341.48 nm ATS | 11.04.13 30.04.13 08.05.13
000 | 000 | 0.00 2710 | 2824 | 26.16 4038 | 4014 | 40.08

Zn 11.04.13 30.04.13 08.05.13

ATS 1/1

[mg/] 130 | 155 | 141 | 22000 | 16562 | 21880 | 11268 | 1360.8 | 1033.2

307.59 nm ATS 271 11.04.13 30.04.13 08.05.13
164 | 163 | 164 | 18816 | 21000 | 17672 | 11562 | 13358 | 1039.0
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The measured metal concentrations in the secohdutesan be seen in Table 8. Figure
10 shows that like in the first test run all matahcentrations increased. The expected
concentrations without removal by algae are catedlavith the initial concentrations in
the beginning of test run 1 and the water changeimgl test run 2, shown in Table 5.
The water amounts are only approximately, becangstunately not all water changes
had been written down. As initial concentrations riatrient enriched tab water (NW)
the initial concentrations of Table 8 are used. Thecentrations of nutrient enriched
wastewater from mineral processing (NWW) are edtohavith the initial concentra-
tions of the first test run plus the concentraidrNW, because initial metal concentra-
tion of tab water can be neglected. The finallydusencentrations can be seen in Table
9.

Table 9. Used concentrations for calculated metatentrations

Metal NWW NW
K [mg/l] 85 46
Na [mg/l] 1650 50
Ni [mg/l] 92 0

Zn [mg/l] 365 15

The concentrations are calculated for the two goofttime, when 5I respectively 9l
NWW has been added. The first analysis (51) wasddter 501 of NW and 5| of NWW

has been added to the systems. About 21.5| hadlekém the system at that point. The
second analysis (91) was done after 641 NW and @IW has been added. Approxi-
mately 20l had been left in the systems at thattpoi

The concentrations are calculated as shown in kgquéat

c(Myw) - VINW) + c(Mypw) * V(NMW)

c(M) = Equation 1

Vsystem

Table 10. Calculated and measured concentratioesimun 2

5| 9l \
Metal Measured | Calculated | Measured | Calculated
K [mg/l] 80.1 126.7 126.8 185.5
Na [mg/l] 320.8 500.0 830.0 902.5
Ni [mg/l] 26.3 21.4 40.3 41.4
Zn [mg/l] 1965.5 119.8 1175.3 212.3
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As seen in Figure 11 & Figuf® the calculated concentrations for K and Na ar# a b
higher than measured but quite equal, whereas MNierdrations are more or less equal.
The Zn concentrations are totally different and the explained with inaccuracy.
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6 CONCLUSIONS

The used algae species in this project are notedlyeknown for acidic environments.
However some of them are known for building polyatie or metallothioneine Il
molecules which bind HM, lik&ragilaria crotonensis andNavicula pelliculosa (Rai &
Gaur, 2001).

In the application of ATS for the treatment of weagaters from mineral processing, on
the one side evaporation reduces water amountgrbilte other side already toxic pol-

lutant concentrations concentrate and get even mgre

Obviously a removal of the analysed pollutantsas visible or measurable neither for
metals nor sulphates. Different measured and akdiiconcentrations (Table 10) for K
and Na, indicating a removal of this alkali met&sifortunately these results are asso-
ciated with big uncertainties and further testsehmvproof the removal. Ni as one of the

main concerning HM is not removed at all.

In the first test run Zn-concentration increased\ir with factor 5 while in EBB and
WST Zn-concentrations increased just slightly aticeometal concentrations increased
just with factor 1.5-2. In the second test rundestof 10-20 are between measured and
calculated Zn-concentrations, in ATS, EBB and W&®t other metal concentrations
the differences are smaller. Changes between sheues are different amounts of nu-
trients and wastewater additions. But neither itrient enriched tab water, Table 8
show only Zn-concentrations of 15mg/l, nor in waster Zn-concentration is high
enough to explain these high factors by water amditPossible are interferences in
AAS analysis through built compounds or increasmacentrations of other compounds

added with nutrients.

The very high sulphate content of about 18000 nsgfiot removed. The results are
connected with uncertainties, because samplesohael diluted with 1/1000.

The pH is as described in 2.3.1 a very importanperty for algal growth. Like pollu-
tant concentrations also the proton concentratramensed in all tests and was not
changed by photosynthesis or algal growths. Thedpkteased to around 2.5-3 and
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even elevation of pH to 5-6 during' mall-scale experiment brought no successful
algal growth. The pH value could be influenced adye with small amounts of waste-
water. In test run 2 the pH decreased from 8-9%cafter addition of 2| wastewater.

The influence of illumination on algal growth couidt be investigated. Only the influ-

ence on water temperatures and evaporation cageers Figure 7 & Figurs.

As a result of pre-treatment at the mining area,ubed wastewater from mineral pro-
cessing has very small amounts of nutrients. Fat teason an imitated municipal

wastewater had been used to initiate and backgg gtowth in the second test run.

In the beginning of test run 2 the concentratiohsotal nitrogen and phosphate had
been quite high with around 40mg/l total nitrogem 85 mg/l phosphate. The phos-
phate concentration decreased rapidly and whitenf@gppeared after addition of
wastewater. Explanation might be a reaction of phate and aluminium, which is used
in acid mine drainage water to precipitate phosgh#@Gross, 2000). This explanation

applies also to EBB and WST systems, because watgewontains aluminium.

In the end it is ambiguous, if algae removed antaiagbecause neither water nor algae
biomass was analysed for all kind of metals. Iise @ossible that the occurred slime in
the end of test run 2 consists of polychelatinsatiethioneine Ill, which possibly

bound some metals. Particularly in the first test the change of colour into brown and
the precipitated solids indicate oxidation of methy aeration. But the amounts are

small and they are not analysed.

In summary a treatment of wastewater from minerat@ssing using algae in an ATS
is not possible in the applied way. In both testsra similar development of all concen-
trations appeared and algae couldn't grow or sarinvthis toxic wastewater. Hence
this project can be continued with these algaeiepeand water properties (pH, nutri-
ents, pollutant concentrations) changed by chenpoaitreatment or other acidophilic
or acidotolerant algae species, IMeugeotia or Spirogyra, which are known for acidic

environments and also for HM uptake, can be usedny case the toxic concentrations
and properties of pollutants in this wastewatel W of interest. In progress of this

project small-scale experiments should be use@ep kvastewater amounts small.



50

7 ACKNOWLEDGEMENT

First of all | would like to thank my project grodigr all the assistance. Big thanks go to
my student partners Paula Ruiperez and Lorena leoaeld our project engineer Ger-
brand Grobler for all the hours we spend togethethe laboratory and mutual assis-

tance.

| also would like to express my gratitude to oupeswisors Hilda Szabo, Eeva-Liisa
Viskari and Seija Haapanmaki for positive and piitke meetings and their permanent

helpfulness.

| have to express my special thanks to Gerbrandl&ravithout whose initiative this
project wouldn’t have been possible. Thank you ltisauld continue with the ATS sys-
tems and your great job as project engineer. |mesoe grateful about all our discus-

sions and the ideas we generated and thought thrétugnriched the project work a lot.

Thank goes also to Kristian Spilling from SYKE, wpmvided us the algae species and

gave us advices about algae and was the wholeoj®e for questions.

| also would like to enunciate my thanks to theolabory staff of the TAMK depart-
ment for their help and advices they gave during thtensive time of work. Renja
Yrjonen and Heli Knuutila ordered equipment forvesy fast, if necessary, so that we

could smoothly continue our project.

In the end | would like to express my gratitudeTampere University of Applied Sci-
ence and Hanover University of Applied Sciencetlier opportunity to do this exchange

and double degree in Finland.



51

8 REFERENCES

Adey, W. H., Kangas, P. C., & Mulbry, W. (2011, @unAlgal Turf Scrubbing:
Cleaning Surface Waters with Solar Energy while daoing a Biofuel.
Biocience, pp. 434-441.

Adey, W., & Bannon, J. M. (2008Algal Turf Scrubbers. Cleaning Water While
Capturing Solar Energy, 197-206. Retrieved May 17, 2013, from
http://www.physicsegypt.org/epc08/epc823.pdf

CELESTINO LADU, J. L., LUKAW, Y. S., & Kenyi, D. D(2012). Predicting the
Effects of water temperature, pH, nitrogen and Phorus on the abundance of
Melosira in.Nature and Science 10(9), pp. 158-163.

Dwivedi, D. S. (2012). Bioremediation of Heavy Meby Algae: Current and Future
PerspectiveJournal of Advanced Laboratory Research in Biology, pp. 195-199.

European_Comission. (2012, September M8hing Waste. Retrieved June 09, 2013,
from http://ec.europa.eu/environment/waste/mining/

Graham, L. E., & Wilcox, L. W. (2000Algae. Upper Saddle river NJ US: Prentice-
Hall Inc.

Grobler, G. (2013)Algae cultivation for wastewater reclamation. Tampere University
of Applied Science.

Gross, W. (2000, August 01). Ecophysiology of aldaeng in highly acidic
envrionmentsHydrobiologia, Volume 433, Issue 1-3, pp. 31-37.

M.N.Kutty. (1987, March).Ste Selection For Aquaculture: Chemical Features of
Water. (Fisheries_and_Aquaculture_Department, ProduBafrieved August
21, 2013, from http://www.fao.org/docrep/field/088183e/ac183e06.htm

Net_Resources_International. (2012jlvivaara Bioheapleach, Finland. Retrieved
May 28, 2013, from http://www.mining-technology.ctmrojects/talvivaara/

Perales-Vela, H. V., Pena-Castro, J. M., & Cangafilanueva, R. O. (2006). Heavy
metal detoxification in eukaryotic microalg&hemosphere 64, pp. 1-10.

Rai, L., & Gaur, J. (2001)Algal Adaptation to Environmental Sresses. Berlin
Heidelberg: Springer.

Safe_drinking_water_foundation. (2008)ining and Water Pollution. Retrieved June
08, 2013, from
http://www.safewater.org/PDFS/resourcesknowthefitsng+and+Water+Pol
lution.pdf



52

Santas, P., Danielides, D. B., & Santa, R. (19%moval of Heavy Metals from
Instustrial and Municipal Waste Waters Using an Algal Turf Scrubber.
Retrieved May 18, 2013, from
http://www.oikotechnics.org/papers/heavy%20metalfeval%20from%20i
ndustrial%20wastewaters%20using%20an%20ATS.pdf

Talvivaara. (2009). http://www.talvivaara.conV. Retrieved May 05, 2013, from
http://www.talvivaara.com/

Talvivaara. (2010, May 4Mineral Processing by Bioheapleaching at The Talvivaara
Nickel Mine in Sotkamo, Finnland. Retrieved May 28, 2013, from
http://bergforsk.se/wp-content/uploads/2011/08tkajarvi.pdf

Travieso, L., Canizares, R., Borja, R., Benitez,Ffominguez, A., Dupeyron, R., et al.
(1999, February 01). Heavy Metal Removal by Micgaa. Bulletin of

Environmental Contamination, Volume 62, Issue 2, pp. 144-151.



53

FIGURES

Figure 1. Process steps Talvivaara (TalvivaaraQp01 7
Figure 2. Metal Recovery Process at TalvivaaraviVahra, 2010) 8
Figure 3. Summarising scheme of essential (A, d&fe) and optional properties (B,
right side) of acidophilic algae. (Fig, 9,8 A.Beprinted from H. Gimmler (2001)
Acidophilic and Acidotolerant Algae. In: L.C. Rat al. (eds.), Algal Adaptation to
Environmental Stresses, pp.259-290); with kind pssmon of Springer

Science+Business Media 14
Figure 4. Dependence of GAHCO; and CQ* solubility from pH (After Boyd, 1982)
(M.N.Kutty, 1987) 15

Figure 5. General scheme of HM detoxification meifra mediated by class il

metallothioneins in microalgae; reprinted from Closphere 64, Perales-Vela et al..
Heavy metal detoxification in eukaryotic microalgae 1-10, (2006), with permission
from Elsevier 17

Figure 6. Trend of metal-concentrations in ATS fimy first test run; Na & Zn plotted

on left X-axis, K & Ni on right X-axis 35
Figure 7. pH and illumination changes during test t 36
Figure 8. pH and illumination changes during test 2 41

Figure 9. Total N and Phosphate concentrationsli§ A & 2 during second test run 43
Figure 10. Trend of metal-concentrations in ATSuting second test run; Na & Zn
plotted on left X-axis, K & Ni on right X-axis 45
Figure 11. Measured and Calculated metal-conceémtrafter addition of 5| wastewater
47
Figure 12. Measured and Calculated metal-concémisat after addition of 9l

wastewater 47

TABLES

Table 1. pH values, sulphate and metal concentraticeasure by Talvivaara............... 9

Table 2. Used wavelengths and standard concentsafito AAS analyses................... 20



54

Table 3. Water addition and pH values of algae &d@m experiment; AS=Algae
solution, NS=nutrient solution, WW=wastewater frammeral processing .................. 25
Table 4. Water changes during test run 1 in AT WW= Wastewater from mineral

Processing, AM= AlJAE MIX .........cuuuuururmimmmmmeeeeeeeeeeieeeeeeererr e e e e e eeaaaaaaaaaaaaeeees 26
Table 5. Water changes during test run 2 in ATE MwW=nutrient enriched tab water,
AM=algae mix, NWW= nutrient enriched wastewatemnirmineral processing .......... 29
Table 6. Pollutant concentrations in mg/l testTun...........cccceeeiiiiiiiiiiiiiieeee 35
Table 7. NULrent reSUItS TEST FUN 2 ........cuummmeeeeeeeee e e e e e e 42
Table 8. Measured pollutant concentrations INABS2 ...........cccoeeeeeeeeeiiieeeeeeiiiiinie. a4
Table 9. Used concentrations for calculated metatentrations..................ccccvvvveeee. 46
Table 10. Calculated and measured concentratiof@SimuN 2 .............ceeeeeeeeiniinnnnnns 46
Table 11. Results of EBB system test run L in mg/l......cccooeeeiiiiiiiiiiiiiiiiiieeeiiiiees 55
Table 12. Results EBB systemtestrun 2 in mg/l...........oooovveiiiiiiiinieeeeeeeee 56
Table 13. Results WST system test run 1 in M@/l ..o 57
Table 14. Results WST system test run 2 in MG/l ... 58
PICTURES

PICTURE 1. ATS SYStEM TAMK ....ciiiiiiiiiiiiie it e e eeneeens 11
PICTURE 2. Used fertilizer Substral.........ocooo oo 23
PICTURE 3. Algae adaptation test in the beginning.............cccccceiiiiiiiiiiiiiiinnnes 24
PICTURE 4. ATS 1 0n the 26.03.2013......ccicoeeiieieeeeeeiiiiieee e esieieeee e e sieeeeens 32
PICTURE 5. ATS 1 test run 1 colour change .........ccoovvvvveviiiiiiiiiiiiiiee e 33
PICTURE 6. Break down of aluminium foil .......ccccooiiiiiiii e 33
PICTURE 7. Solid appearing at ATS after two weektestrun 1..........cccoooevvvinnnnnnnnn. 34
PICTURE 8. Algal growth in ATS 1 during the firstd weeks of testrun 2 ............... 37
PICTURE 9. ATS 1 0N 25.04.2013 ....ooiiieiiiiieeiee e e ee e e e 38
PICTURE 10. ATS 1 after adding wastewater from mahprocessing ....................... 38
PICTURE 11. ATS with contamination of somethingkog like fungi...................... 39

PICTURE 12. Different layers in algae biomass; s&fte: picture from the 29.04.2013
where a small part is removed by hand; right spieture from the 14.05.2013 at the
water entrance where upper layer is removed WitlerfBOW. ............ccceeeeiiiiiiiiennne. 39
PICTURE 13. Foam on storage tank...........ooooeeiiiiiiiiiiiieee e eeeeee 40



APPENDICES

Appendix 1. Results of EBB

Table 11. Results of EBB system test run 1 in mg/I

Experimental system EBB
Analysis/test Systems ID 0 (initial) Week 1 Week 2 Week 3
Nutrients
Total N
EBB 1/1
545 | 591 | 589 537 | 576 5.98 560 | 607 | 586
Phosphate
EBB 1/1
032 | 282 | 1/ 09 | / / | |
BODs 13-18.03.2013 18-23.03.2013 03-08.04.2013
EBB 1/1
rooL o 132 | 12.9 11.8 42 | 45 | 45
TOC EBB U1 13.03.2013 20.03.2013 27.03.2013
2.805 1071 | 1083 | ? 3273 | 3289 32.58 97 [/ |
Pollutants
Sulphate EBE U1 12.03.13 18.03.13 26.03.13
18000 | 17000 | 13000 | 13000 20000 | 19000 | 19000
K - 13.03.13 20.03.13 27.03.13
EBB 1/1
404,41 nm 4715 | 470 | 464 663 | 655 62.2 434 | 438 | 429
Ni BB U1 85 13.03.13 20.03.13 27.03.13
341,48 nm g2.08 | 8L72 | 8123 85.05 | 8495 85.12 8466 | 8460 | 84.65
Na BB U1 1044.2 13.03.13 20.03.13 27.03.13
330,24 nm 1216 | 1206 | 1194 1037 | 1074 1078 1360 [ 1383 | 1360
zn EBB U1 291.15 13.03.13 20.03.13 27.03.13
307,59 nm 281.1 | 3074 | 2902 3125 | 3209 315.4 3357 | 3420 | 3509

55



Table 12. Results EBB system test run 2 in mg/l

56

Experimental system Ebb and flow system
Analysis/test |Systems ID Week 1 Week 2 Week3 Week 4 Week 5
(initial nutrient water) 10L MW 50L MW (Final)
Nutrients  |DATE OF TESTING 10-17.04 | | | | | |
Total N B 1 11.04.2013 24.04.2013 29.04.2013 03.05.2013 07.05.2013
350 | 349 | 342 400 | 236 [ 370 440 | 418 | a2 620 | 5710 | s21 60 | 352 | 380
Phosphate B 1 11.04.13 24.04.2013 20/04/1/2013 03.05.13 07.05.13
930 | 840 | se0 032 | o034 [ o036 120 | o080 | 100 197 | 178 | 17 230 | 150 | 160
BODs 23/04/2013-29/04/2013 07/05/2013-12/05/2013
EBB 1
500 | 535 | 563 | | | | | | 206 | 206 | 296
TOC e 1 11.04.2013 24.04.2013 08.05.2013
700.7 700.8 702.0 182.6 178.9 183.2 124.6 124.4 123.8
Pollutants
Sulphate 11.04.13 30.04.13 07.05.13
EBB 1
17 | w7 | e | | | | | | 22000 | 10000 | 15000
K 11.04.13 30.04.13 08.05.13
EBB 1
404,41 nm 435 | 432 | 434 | | 635 | 611 | 630 | | 1066 | 946 | 96.0
Ni 11.04.13 30.04.13 08.05.13
EBB 1
341,48 nm 007 | o007 | o007 | | 1948 | 2128 | 2214 | | 3344 | 3296 | 3288
Na 11.04.13 30.04.13 08.05.13
EBB 1
330,24 nm 543 | 534 | 556 | | 89 | 1012 | 1034 | | 588.3 | 6082 | 6469
zn BB 1 11.04.13 30.04.13 08.05.13
307,59 nm 147 | 158 | 141 | | 20020 | 25140 | 18236 | | 1207.0 | 15846 | 1275.0




Appendix 2. Results of WST

Table 13. Results WST system test run 1 in mg/I

Experimental system Willow stack tower
Analysis/test Systems ID 0 (initial) Week 1 Week 2 Week 3
Nutrients
Total N 12.03.2013 18.03.2013 26.03.2013
WST 11
545 | 591 | 589 965 |  10.70 10.80 19.40 | 19.00 | 17.90
Phosphate 12.03.2013 18.03.2013
WST 11
032 | 282 | 181 | / / | |
BODs 13-18.03.2013 18-23.03.2013 03-08.04.2013
WST 11
roL o 197 | 19.7 20.2 70 | 76 [ 79
TOC 13.03.2013 20.03.2013 27.03.2013
WST 11
2.805 11.08 | 1071 | 1931 | 1871 18.88 5303 | /[
Pollutants
Sulphate 12.03.13 18.03.13 26.03.13
WST 11
18000 | 17000 | / 15000 [ 15000 / 20000 | 21000 | 21000
K - 13.03.13 20.03.13 27.03.13
WST 11
766,48 nm 475 | 470 | 464 97.8 | 97.6 95.5 1104 | 1076 | 106.9
Ni 85 13.03.13 20.03.13 27.03.13
WST 11
341,48 nm 8208 | 81.72 | 8123 87.85 |  88.03 88.16 9297 | 9192 | 9273
Na 1044.2 13.03.13 20.03.13 27.03.13
WST 11
330,24 nm 1216 | 1206 | 1194 1200 | 1181 1208 1381 | 1352 | 1399
Zn 291.15 13.03.13 20.03.13 27.03.13
WST 11
307,59 nm 281.1 | 3074 | 290.2 3784 | 3625 324.0 3744 | 3535 | 3421




Table 14. Results WST system test run 2 in mg/I
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Experimental system Willow stack tower
Analysis/test |Systems ID Week 1 Week 2 Week3 Week 4 Week 5
(initial) 1L MW 5L MW (Final)
Nutrients
Total N WST 1 11.04.2013 24.04.2013 29.04.2013 03.05.2013 07.05.2013
335 | 340 | 342 484 | 546 | 556 478 | 404 | 368 441 | 38 | 428 486 | 465 | 474
Phosphate WST 1 11.04.13 24.04.2013 20.04.13 03.05.13 07.05.13
180 | 25 | o090 340 | 360 [ 360 060 | 100 | 120 100 | 102 | 102 143 | 142 | 14
BODs WST 1 23/04/2013-29/04/2013 07/05/2013-12/05/2013
169 | 169 | 155 | | | | | | 107 | 18 | 104
TOC WST 1 11.04.2013 24.04.2013 08.05.2013
5089 | 5060 | 484.1 3881 | 3873 | 3848 [ [ | | 1007 | 1089 | 1089
Pollutants
Sulphate 11.04.13 30.04.13 07.05.13
WST1
140 | 160 | 150 | | | | | | [ 2000 | 2000
K 11.04.13 30.04.13 08.05.13
WST1
404,41 nm 493 | 491 | 483 | | 1008 | 1036 | | | 1552 | 1680 | 1742
Ni 11.04.13 30.04.13 08.05.13
WST1
341,48 nm 018 | o1 | o017 | | [ 1608 | 1720 | | 2880 | 2738 | 27.36
Na 11.04.13 30.04.13 08.05.13
WST1
330,24 nm 565 | 555 | 547 | | 242.4 | 1831 | | | 507.2 | 4900 | 4946
zn 11.04.13 30.04.13 08.05.13
WST1
307,59 nm 100 [ 142 | 154 | | 22540 | 2566.0 | 1790.0 | | 1811.8 | 15722 | 12406




Appendix 3. Results of spectroscopy

Solution Stock
Algae species |15.03.2013 |18.03.2013|22.03.2013 | comment
1 0.009 0.004 0.007
2 0.004 0.002 0.005
3 0.004 0.002 0.008
4 0.008 0.006 0.011
5 0.006 0.003 0.006
6 0.006 0.002 0.006
7 0.006 0.004 0.01
8 0.003 0.001 0.01
Algae

9

0.005 0.005 0.028 grow
10 0.004 0.001 0.009
control 1 0.002 0.002 0.003
control 2 0.002 0.003 0.003
Solution pH 4
Algae species |15.03.2013 |18.03.2013|22.03.2013 | comment
1 0.1141 0.024 0.012
2 0.0973 0.027 0.015
3 0.09 0.06 0.026
4 0.068 0.023 0.016
5 0.099 0.029 0.017
6 0.091 0.025 0.013
7 0.1044 0.026 0.015
8 0.1002 1.1357 0.018 ???
9 0.111 0.024 0.013
10 0.092 0.041 0.0211
control 1 0.0159 0.03 0.009
control 2 0.017 0.031 0.009
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Solution pH 5

Algae species |15.03.2013 |18.03.2013|22.03.2013 | comment
1 0.4943 0.0632 0.017

2 0.1209 0.061 0.016

3 0.1295 0.04 0.016

4 0.3383 0.052 0.0152

5 0.1129 0.061 0.0157

6 0.1176 0.04 0.013

7 0.1039 0.056 0.013

8 0.3171 0.5703 0.015 ???
9 0.1184 0.061 0.0166

10 0.229 0.053 0.018

control 1 0.2954 0.071 0.049

control 2 0.2805 0.078 0.044

Solution pH6

Algae species |15.03.2013 |18.03.2013|22.03.2013 | comment
1 0.2063 0.015 0.023

2 0.1336 0.026 0.034

3 0.1562 0.025 0.024

4 0.1217 0.026 0.013

5 0.1499 0.033 0.015

6 0.1107 0.024 0.072

7 0.091 0.032 0.0408

8 0.1467 0.749 0.1071 ???
9 0.1784 0.018 0.017

10 0.1191 0.033 0.048

control 1 0.013 0.011

control 2 0.013 0.015
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