Biological selenium
removal from

wastewaters

Markus Lenz



PROMOTOREN

Prof. Dr. Ir. C. J.N. Buisman

Hoogleraar in de biologische kringlooptechnologie

Prof. Dr. Ir. P.N.L Lens
Hoogleraar in de Milieubiotechnologie, UNESCO-IHEBgIft

SAMENSTELLING PROMOTIECOMMISSIE

Prof. Dr. T. G. Chasteen Sam Houston State UsityeHuntsville,
USA

Dr. L. Diels Vlaamse instituut voor technologisch
onderzoek, Mol, B

Prof. Dr. J. Llyod Manchester University, UK

Prof. Dr. Ir. A. J. M. Stams Wageningen Universjtsil

Dit onderzoek is uitgevoerd binnen de onderzoeksicBENSE (Socio-Economic and

Natural Sciences of the Environment).



Biological selenium
removal from

wastewaters

Markus Lenz

Proefschrift
ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van Wageningen Universiteit
Prof. Dr. M. J. Kropff
in het openbaar te verdedigen
op dinsdag 27 Mei 2008

des namiddags te half twee in de Aula



Author: Lenz, Markus

Title: Biological selenium removal from wastewaters
Publication year: 2008

ISBN: 978-90-8504-801-5

Ph.D. Thesis Wageningen University, Wageningen, Nétherlands — with references —
with summaries in English and Dutch



Abstract

Markus Lenz (2008). Biological selenium removal nfrovastewaters. Doctoral thesis,
Wageningen, The Netherlands, 206 pages.

Selenium has been referred to as an “essentiai’tdye to the fact that it shows only a
marginal line between the nutritious requiremend aoxic effects upon exposure. The
environmental fate of selenium compounds variestyrdn dependence of its complex
speciation. Different current and future aqueolsrsem waste streams call for an efficient
low-tech cleanup solution.

In this thesis, microbial conversion of water-sddybhighly toxic forms of selenium
(selenate, selenite) to less bioavailable elemesédénium was investigated. By the
exploitation of different groups of microorganisrselenium-respiring, nitrate-reducing
and sulfate-reducing bacteria, methanogenic arghaba operational window of
conventional and new hybrid anaerobic bioreactamsating selenium containing
anthropogenic waste streams has been determined.

A special focus was given to selenium speciatiosdlid, liquid and gas phase. Selenium
speciation in the solid phase was assessed byt @dingcnon-destructive X-ray absorption
fine structure spectroscopy. It was demonstrated $ielenium solid phase speciation is
more complex than initially expected, as differsiaie products such as metal selenides and
organic selenium compounds are (trans)formed. Riéggathe liquid/gas phase speciation,
selenium forms volatile alkylated species undegrinttion with reduced sulfur compounds
depending on operational parameters applied. Sgtemixyanions are not only toxic to
animal and human populations, but are here showargely influence anaerobic food
webs, due to their effect on acetoclastic and hyeinotrophic methanogens.
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What has been thought once cannot be redeemed.

Johann Wilhelm Mobius in “Die Physiker” (Friedri€uirrenmatt, 1961)






Introduction

This chapter was submitted for publication as: L.énz
Lens, P. N. L. (2006). The essential toxin: thengjiag perception
of selenium in environmental science




Chapter 1

1.1 Preface

During the last decades, the perception of selertias undergone substantial changes.
While its toxic effects were recognized causing laaid hoof loss in animals during the
1930s, its essential role in microbial, animal &shan metabolism has been recognized
later, i.e. with the discovery of selenium defiadgncausing “white muscle disease” in
feedstock in the 19508% 78 Nowadays, the positive effect of systematic sekan
supplementation is discussed in manifold topicshsas cancef® or diabetes!**
prevention and avian influenza susceptibifity®*.

Treatment of selenium containing waste streamsgaswtable challenge to environmental
engineers, and to date no ultimate solution hasn bleeind for e.g. the selenium
contamination in agricultural areas of the westet®A %2, For the future, selenium
contamination carries an imminent danger, if theréasing energy demand is covered by
combustion of fossil fuels, leading to major seleni emission®®®! and toxicity ©%.
Consequently, the search for feasible treatmeribapttargeting a variety of current and
future waste streams needs to be pursued with iEatence.

1.2. Natural and anthropogenic selenium
cycling

1.2.1 Occurrence of selenium in the environment

Selenium is a metalloid that was discovered in 1Bf8he Swedish Chemist Jons Jakob
Berzelius in leaden chamber mud during sulfurid gmioduction. It was given the name

selenium in resemblance after the Greek goddeteeahoon “Selene”, in homology to the

chemically similar tellurium (afteat. tellus = earth?®®.

Selenium belongs to the group of chalcogens (peritable group 16), thus displays a
chemical behavior similar to sulfur. As a resuétlenium is foundassociated with natural
sulfides like pyrite (Fe, chalcopyrite (CuFe$ and sphalerit§(zn, Fe)S]?®® mainly in
trace concentrations, but there are no economisdgjlyificant selenium ores or ore deposits
19 Selenium is present in high-sulfur coals found sghe USA, Russia and China, with
a selenium contentip to 43 mg Se kg, although the world average is only6 and
1.0mg Se kg (hard coals and brown coals, respectivE(§). Furthermore, black slate and
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volcanic tuff can contain high selenium concentragi (e.g. 22 and 32 mgkdn the Daba
region,China™?).

Selenium is inhomogeneously distributed in the héartrust resulting in the fact that
particular countries, most prominently China anda#ilr suffer from both selenium
deficient (< 0.1 mg k) and seleniferous (> 0.5 mg Se'kgoils®*, sometimes separated
by a distance of just 20 kft?’. Although generally in the low pg Rgange, some soils in
e.g. Ireland, India and the United States display \Wigh selenium concentrations of up to
100 mg Se kg % %9 An overview of the unequal selenium distributionUSA soils is
given in Figure 1.1.

=0.1-0.1

i 0.25-0.27

.75-6.32

Figure 1.1 Selenium distribution in soil [mg Hgof the USA ?*" soils with
<0.1 mg Se kg are considered selenium deficient, soils with 5 @ng Se kg as
seleniferous™

1.2.2 Applications / Uses of selenium

Selenium is used in the glass industry for eithérsyrred coloring (as cadmium sulfo-
selenide pigments) or for counteracting greendintsed by iron oxides impuriti€&*. The
photoelectric and semiconducting properties areelyidexploited in electronicd®.
Selenium fertilizers and dietary supplements amdu® counteract selenium deficiency
(244 selenium sulfide is used in fungicides and iridamdruff shampoo%*®. An emerging
application of selenium is the “amorphous seleniglatector” in mammographic
instrumentg*©?,
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Selenium is commercially produced mainly as a ydpct during copper electrolytic
refining, where it is found in the generated anslif|mes®. This conjunction with copper
production caused strong fluctuation in seleniuecgs during the last decades, making
selenium a valuable product in periods of compeaehtilow copper production. A shortage
in selenium due to increased selenium demand aflyn@hina has caused the large peak in
selenium price during the last few years (Figu®).1.

120000
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sooooi
eooooz

40000

selenium price [US $/1)
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ol | ! f 1 1 1 | I
1920 1940 1960 1980 2000
year

Figure 1.2 Selenium price [US $ / t] during the ngeB920 to 20065 241

1.2.3 Global selenium cycling

Anthropogenic activities interfere with the globsglenium cycle on different insertion
points and influence it in a crucial way (Figur&)l.lt has been estimated that between
37.5% and 40.6% of the total selenium emissionsth® atmosphere are due to
anthropogenic activiti€$®®, including foremost the combustion of coal and odnferrous
metal melting and utilization of agriculture protiicin the atmosphere, selenium is
transported associated to particulate mdtférand subsequently dry and wet deposited.
Agricultural drainage water€!, oil refining waste water$®® and coal combustion
residues'® contaminate the lotic, lentic and marine environtm@” ! Selenium is
introduced in the terrestrial compartment mainlyfexsilizer or by mining activities. The

global selenium cycle is largely influenced by biechanging selenium speciation (section
1.3.2).
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Figure 1.3 Overview on global selenium cycle witte tinterference of anthropogenic
activities; modified aftef?”

1.3 Selenium speciation in the environment

1.3.1 Abiotic selenium transformations

Selenium speciation is complex due to the factithextists in the oxidation states -, -I, 0,
+IV and +VI in nature, in both inorganic and orgaforms, in solid, liquid and gas phase
and in 6 stable isotopes. An exemplary Pourbaigrdia (Figure 1.4) gives a simplified
overview over the thermodynamically most stableemys / solid selenium species at 25°C.

The most oxidized species, selenate and selenigefraquently encountered in surface
waters!*?! from where they are transported mostly in paréitedassociated forfi”. Both
selenate and selenite display a high bioavailgbikind bioaccumulation potential
(section 1.4.3).

Compared to selenate and selenite, the formaticgleshental selenium is expected under
more reducing conditions (Figure 1.4). The chemisfrelemental selenium is complex as
different allotropic forms can exist. Seven difiererystalline forms have been described,
including trigonal (grey) (Figure 1.5), different omoclinic (red), different cubic,
rhombohedric and ortho-rhombic forms. Red, black &ireous amorphous forms can
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exist as well™®, Moreover, elemental selenium can be mixed witlfusuin any
ratio 222 2661

pH

Figure 1.4 Selenium Pourbaix (pe—pH) diagram atC25F bar pressure and 1=0 for a
dissolved selenium activity of famol L™* %7

Most reduced selenium species include inorganicaimstlenides, organic selenium
compounds and highly toxic, volatile,&ke, which is formed as an analogue t& Hinder
strongly reducing conditions (Figure 1.4).

Figure 1.5 Native, trigonal elemental selenium gwecfound at Ronneburg Uranium
deposit, Thuringia, Germany (a) and Anna Mine, Atédhachen, North Rhine Westphalia,
Germany (b). With courtesy of Thomas WitZ#&!
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1.3.2 Biological transformation of selenium

Biotic transformations of selenium species are foéth{Figure 1.6) and can be categorized
in assimilatory and dissimilatory reduction, alkida, dealkylation and oxidation.

Water soluble selenite and selenate can be redocimoluble elemental selenium {5e
due to anaerobic microbial selenium respiratiorctisa 1.3.2.1), but also mediated by
unspecific reductions via sulfat& or nitrate reducer§®® as well as archad’. The
formation of elemental selenium is desired in Selentreatment systems (section 1.5), as it
is considered to be less soluble and thus lessailaale ®® compared to the oxyanions,
yet biologically formed elemental selenium can Issimilated by e.g. bivalve$® 2%2
Insoluble elemental selenium can be mobilized byratfiial re-oxidation to soluble
oxyanions (mostly selenite) in oxic conditioR§ 5 9 put with a 3 to 4 orders of
magnitude lower rate constant compared to microbéaluction ®”. Solubilization of
elemental selenium can proceed alternatively byctoh to dissolved selenid®, which
readily reacts with metal cations forming strongtaheselenide precipitate®”. Even
strong metal selenide complexes are subject toatigid by microorganisms, as has been
demonstrated for the dissolution of copper sele(@leSe), one of the most insoluble metal
selenides (pK= 48.1) byThiobacillus ferrooxidand?®. The chemical precipitation of
dissolved selenide metal catioff§ *°” or coprecipitation of dissolved sulfide with
selenitd® can be classified as biologically induc&d ® in contrast to biologically
controlled precipitation of elemental selenium wigcrobial respiration.

Biogenic H,S /(‘m- _

o) TR
2\Hq______’ _'\'N/_/ =
. SR\ |
e e e & _
— T o < == . © ot .
é H.Se f)‘v'( _ Metal-Se!/ > (h Alkyl-Se'! :)4 (__Se-Aminoacids /.‘
ol LT ’

TN o A o b
metal cations — _— ¢ \ @ Se-proteins 5)
b ____,/_,

Alkyl- S \!. T
T Alkyl-Se-S

Figure 1.6 Simplified biochemical selenium cyclethwia) dissimilatory reduction
(biocontrolled precipitation), b) assimilatory retion, c) alkylation, d) dealkylation,
e) oxidation, f) bioinduced precipitation and g3ptoportionation




Chapter 1

The main contribution to the alkylated seleniumlgondhe atmosphere, surface waters and
marine environments is due to biological mediatidty animals, plants and
microorganism&* %% 253 ajthough it was demonstrated that alkylated forras be
formed abiotically in photochemical reactiofi8. Alkylated selenium species can interact
with their sulfur analogues by disproportionatian rhixed selenium-sulfur speci&8®.
During deprivation of selenium, dimethylselenide ncabe degraded during
methanogenesl& 8 yet the degradation does not support grdfth

It is evident that a “cocktail” of different selemh species can be present in selenium
contaminated environments due to the variety df ladiiotic and biotic conversions, posing
a major challenge to selenium speciation analysis.

1.3.2.1 Dissimilatory metal reduction

In anoxic environments, microorganisms have dewogtrategies to use alternative
electron acceptors to oxygen for the productioersdrgy for growth. Prominent examples
are iron and manganese reducers, but alternagéetr@h acceptors are manifold, including
metalloids like arsenic and selenium, radionuclifles uranium, neptunium, plutonium and
technetium, and different transition metals like lybdenum, vanadium and
chromium™% 21 These anaerobic respiratory processes are sumedaspically under
the term “dissimilatory metal(loid) reduction®, disguishing these modes of respiration
from processes related with metal assimilation. I&ah1 illustrates that selenate and
selenite reduction can yield high energies compamed.g. sulfate reduction, commonly
encountered in anoxic environments.

Efforts were made to apply this mode of microb&dpiration in the treatment of selenite
and selenate contamination for different reasonsstMimportantly, by formation of
elemental selenium as an insoluble product, thaatézh unifies the removal of selenium
oxyanions from the aqueous phase with a detoxifinatas elemental selenium is less
bioavailable. Dissimilatory selenium reducers pesskighly specific enzymes that are
independent (i.e. not inhibited by the presence.gf nitrate, nitrite and sulfaté® 2%
thus possess a high selectivity for the targetéehsen oxyanions. Selenium respirers are
highly selenium tolerant, thus applicable for comcated waste streani&’. Selenium
respirers can use a variety of different electronats, amongst others different simple
organic acids™®, alcohols®, molassed?® | hydrogen®® or humic substance$?®.
Potentially, elemental selenium can be recovereth fthe waste streams and thus lower
operational costs, as described for the recoverpthér by-products during selenium
treatmenf®*.
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Table 1.1 Standard free energy change for the retgpi of different electron acceptors
using hydrogen as electron donor; modified affér°e: 22!

Electron acceptor

Oxygen O, + 2H, —  2H,0

Iron Fe* +0.5H, .  Fe®+H"

Nitrate NO; +25H,+H" »  0.5N,(g) + 3H,0
Manganese MnO, + HCO; +H, + H* —  MnCO; + 2H,0
Selenate SeO, ¥ + 3H, + 2H" —  Se°+4H,0
Selenite HSeQ; ™+ 2H, + H” —  Se®+3H,0
Arsenate H.AsO, + H, + H” —  H3AsO; + H,0
Sulfate SO, * +4H, + 2H" —  H,S+4H,0
Chromate CrO; % +1.5H, + 2H" —  Cr(OH);+ 3 H,0

1.4 Biochemical functions of selenium

Selenium is an essential element in animals, asnsgiroteins are involved in redox
regulation of intracellular signaling, redox homsss and thyroid hormone
metabolisn?*®. Historically, glutathione peroxidase, protectithg cell against oxidative
damage, was the first enzyme identified as comgiseleniunt®® **¥ Later, selenium was
identified in a variety of different seleno-protgjrincluding at least 25 seleno-proteins in
human®*"?, yet the function of many seleno-proteins remaimekhown so far.

The selenol group (-SeH) of selenocysteine in #dokine reductases plays a fundamental
role in protection against free radic8i€ ***! Selenomethionine is involved in protection
against radiation and UV-light—induced dam&§&. Since the late 1960s anticarcinogenic
properties of selenium have been discussed, baseoh anverse relationship of selenium
nutritional status and risk towards various carfeems 8. In this context, mandatory
selenium fortification of agricultural fertilizensas introduced by Finland in 1984, due to
the observed relationship between low seleniunkentnd lung cancéf®. However, the
mechanism that mediates the anticarcinogenic effecstill not fully understood to
date " 38 284 Recently, the role of selenium in detoxificatioh arsenic and mercury
compounds by complexation has been discud&&d

In prokaryotes, selenium is present in a variety sefeno-proteins, e.g. in formate
dehydrogenases Methanococcus jannaschii®’, formylmethanofuran dehydrogenase
(Methanopyrus kandlexi " in thiol / disulphide oxidoreductasesGéobacter
sulfurreducenand in glycine / proline reductag@l¢stridium difficilg ™%
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1.4.1 Deficiency

Selenium deficiency in humans is regarded a magaith problem for 0.5 to 1 billion
people worldwide™. The so called “Keshan disease”, a potentiallyalfdform of
cardiomyopathy (disease of the heart muscle), was dbserved in the selenium-poor
Keshan province in Chin&?%. The Keshan disease can be efficiently prevented b
supplementation with 20 pg Se dd§?® and the symptoms can be completely reversed by
selenium supplementatioi’? #** Recommended intakes for selenium vary within
geographic regions between 30 and 85 ug S& é@ymen and 30 to 70 pg Se dafor
women, respectivel{?*’. Selenium supplementation can be completed byivitathin
tablets, containing either sodium selenite or smigthionine from selenium enriched
yeast'? 21 Selenium supply has to be controlled with gremecas the range between
human dietary requirement and chronic toxicity 18 @00 pg Se day stretches only by
one order of magnitud&”.

If selenium supply falls below the optimal level 5 to 100 ug Se Kgdry forage feed,
livestock can develop so called “white muscle disgd™ 2*%! ultimately resulting in
sudden heart failure by mineralization of the heautscle (Figure 1.7). Deficiency can be
counteracted by fertilization of selenium depletsalls *° or by supplementation of
livestock with selenium compounds and selenium extating plant$*% 71!

Figure 1.7 Chalky-white necrosis and mineralizatidthe heart muscles, symptoms of the
“white muscle disease” in selenium deficient larifls

1.4.2 Toxicity

The effects of selenosis in humans are typicallymdé or neurological and comprise
defective nails and skin, hair loss, unsteady gadt paralysis. Acute oral exposure to high
selenium doses leads to nausea, vomiting and deramd occasionally cardiovascular
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symptomd?*®. Inhalation exposure to selenium compounds, @sphighly toxic hydrogen
selenide, results primarily in respiratory effectacluding coughing, eyes irritation,
headaches, vomiting, nausea bronchial spasms, titisnand chemical pneumonfa ¢!
but cardio vascular effects were also reported.

Only a few fatalities by acute selenium poisonigydibeen reported, mainly by ingestion
of inorganic selenium compoundé & 2%8l Consumption ofLecythis ollarianuts led to
several cases of acute selenium intoxication ineZerla, marked by the death of an infant
and vomiting and diarrhea followed by hair and iass in several adult®”. In cattle and
horses, dkali disease, a dystrophic change in hooves, igsed by high selenium
concentrations in forage (5 to 50 mg Sékgnd is the principal manifestation of chronic
selenium toxicity® 1 Especially grazing on selenium (hyper)accumuggptants, such
as Astragalus, Stanleyar Oonopsisthat can contain up to 0.6% of their dry weight as
seleniun™ can result in severe selenosis.

Little is known concerning the precise mechanisnseé&nium toxicity®*®, but it has been
speculated that it is associated with the generatiofree radical species inducing DNA
damage, and its reactivity with thiols, affectingeigrity and/or function of DNA repair
proteins™. The substitution of cysteine by selenocysteinealter protein function, as at
physiological pH the selenol group is ionized, thgmg a higher reactivity in comparison
to the protonated thidi®. Selenomethionine in contrast, does not signifiyaaiter protein
structure when substituting methionine, but majyuerice the activity of enzymes, if the
seleno-aminoacid replaces its sulfur analogue énvtbinity of the active sit€°¥, because
the selenoether is more hydrophobic compared tsutiar moiety.

In areas most affected by human selend&isaverage soil selenium concentration can be
as high as 26 mg Se kgalthough concentrations of only 3 mg Sé'ly soil resulted in
selenosis in some Chinese regiéfd. Thus, total selenium values are not an adequate
indicator for selenium hazard, as the toxicity efesium compounds greatly depends on its
speciation® ' and on bioaccumulation (section 1.4.3). For insahethal Doses 50
(LDsg) can differ as much as factor 2680 between watieibie selenite (LB = 2.5 mg Se
kg™ body weight, oral administration, rat) compareéhspluble elemental seleniufd®.

1.4.3 Ecotoxicological impact of selenium

In the aquatic environment, selenium poses itsiquaar threat to wildlife due to its

bioaccumulation (increased concentration in an misga compared to the surrounding
medium) and biomagnification (increasing concemdraby food chain transfer) potential.
Accordingly, selenium concentrations in the tissoe®wer invertebrates or fish can reach
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concentrations up to 2000 times the selenium watercentration®. Plant tissue

bioconcentration factors of more than 10,000 webbseoved comparing water to root
selenium concentrations @f/pha angustifolidn wetlands treating flue gas desulfurization
waters?*l |t has been shown that adverse effects on fish arise at a waterborne
selenium concentration of 5 pg™L but do not necessarily occur at higher
concentrationd®® " Consequently,hie United States Environmental Protection Agency
has proposed tissue concentration based chrortieriori values as a more appropriate

measure for ecotoxicological risk compared to wademe concentration based
valueg’® 243!

The most extensively examined case of seleniumacaination on wildlife has been the
incident in the National Wildlife Refuge KestersBeservoir, California, USA™ %2 |n
this case, weathering marine sedimentary rockssatehiferous soils provided selenium
rich irrigation water. Following concentration byaporation, subsurface drainage water
entered a series of ponds within the wildlife refued an average selenium concentration of
300 pg L, yet in some acid seeps, the concentrations veehigh as 4,200 pg Se' 1%,

By exposure through e.g. water, detritus, plant emi@t or aquatic prey, ebenium
contamination resulted in grave consequences $brdnd water bird populations. A study
of nesting birds found developmental abnormalite20% of all investigated nests, while
more than 40% of the nests contained one or moeel denbryos’®. Furthermore,
selenium caused deformities and reduced survivatliiérent fish species, e.g. larval
bluegills Lepomis macrochirgs

Although the old drain was closed in 1986 and trener Wildlife Reserve was declared as
a toxic waste dump in 198% selenium is still entering the adjacent San FismciBay
Delta (Figure 1.8). Current forecasts predict del@ntissue levels to exceed guidelines
despite the preventive scenario chosen (low, mediuhigh input via San Luis Draifff?.

In the aftermath, the biogeochemical pathway tlestd| from the origin of selenium
(weathering rock and soil) to high selenium tissemcentrations of aquatic birds and
disastrous effects on ecosystem level, has sirae lken called the “Kesterson Effect” or
simply “from rock to duck.”*®’, The Kesterson case and a vast list of other diama
exampled”™ '8 underline the need for the development of a féasklenium removal
technique.
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Figure 1.8 Forecast of selenium bioaccumulationSian Francisco Bay-Delta with
3 alternative loading scenarios by conveyance atalgural drainage through the San Luis
Drain, assuming a partitioning coefficient KD = (Bg kg'particulate)

(ng Se kg* water) of 3,000and bivalve assimilation efficiency [AE] of 0.55;odified
after!*%?

1.5 Treatment options for selenium removal
from anthropogenic waste streams

Selenium containing waste streams are manifoldomposition and differ in selenium

concentration and speciation. Consequently, a tyared different physico-chemical,

biological or combined treatment methods have bekmidated. Table 1.2 gives an
overview of most applied treatment options. Regaydhe achieved total selenium effluent
concentrations, different approaches includingdilon, adsorption and / or reductive
processes appear promising.
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1.5.1 Physical-chemical processes

1.5.1.1 Nanofiltration / reverse osmosis

Nanofiltration and reverse osmosis rely on sepamgtrocesses on micropores (< 2nm) by
hydrostatic pressure, rejecting particles as samll nm and 0.1 nm, respectivéfy, and
have been applied in the treatment of selenium aroimated agricultural drainage
watersi!% 3% 1401 Kharaka and coworkers estimated, that approxign®2® % of the
agricultural drainage waters in the Kesterson Resercould be treated by nanofiltration
regarding the achieved removal efficienci€§®. High-rejection reverse osmosis
membranes have been tested with multicomponenttrelge solutions simulating
pretreated agricultural drainage return water, @dhg more than 99.5 % rejection for
selenium oxyanions and 99% for nitrdt&. These techniques are, however, expensive
(Table 1.2) and limited by different constraintacls as gypsum precipitation observed at
higher water recoverie$®!. Both filtration techniques generate only smallumees of
concentrate, yet the total volume in case of afitical drainage waters is still
immensé*®. In addition, the oxyanions are not detoxifiedrbgluction and the brines need
to be disposed safely or further treated. Due &l residual selenium concentrations,
reverse osmosis techniques might be applied etfeipurification of drinking water.

1.5.1.2 lon exchange

Different synthetic resins or natural materialg(eeolited®”) can mediate the electrostatic
attachment of selenium oxyanions during ion exchamgcesses. Polyamine ion exchange
resins can adsorb both selenite and selenate e nange of pH, but ion exchange of
selenate faces a typical limitation of reduced gottan ability in waste streams containing
sulfate™” (Table 4.1, Chapter 4). Although cheap, ion exgleais not applicable for most
anthropogenic selenium containing wastewaters duée insufficient selenium removal,
but might be applied as pre-treatment to altereat®moval techniques.

1.5.1.3 Ferrihydrite adsorption / precipitation

Adsorption and concurrent precipitation of selenateferrinydrite (Figure 1.9) has been
tested in large scale for the treatment of grounersahighly contaminated by mining
activities (up to 10,000 pg Se'l) 249,
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Figure 1.9 Ferrihydrite precipitation process flssheme; modified aftd?*’!

Yet, ferrihydrite precipitation achieved the saiget values of <50 pg Se’l substantial
iron addition was required and technical preretgssivere high, resulting in high estimated
annual operating and maintenance cB&ts(Table 1.2).

1.5.1.4 Chemical reduction by zero valent iron

Zero valent iron (ZVI) is a relatively inexpensigad moderately strong reducing agétt
that has been applied recently in the treatmentdifferent inorganic and organic
contaminantd®® 15% 288 2900 | |ap_patch experiments ZVI removed selenate seldnite
from different salt containing solutio$”, yet sulfate, phosphate and carbonate anions
significantly reduced removal efficiencie$®”, thus limiting the application to
anthropogenic waste waters. Furthermore, a quiakeogation of the catalyst with
precipitates was observéd!, resulting in questionable long term performaffte The
application of ZVI subsequent to a biological retitut step, however, showed promising
results, both residual oxyanion and organic selanwompounds concentrations were
reduced?®®®. The removal of organic selenium compounds isafigular importance, as
these can display a higher bioavailabilfty




Table 1.2. Summary of possible physical-chemicadllzginlogical treatment options to selenium contaati

i [20; 60; 64; 106; 139; 140; 161, 286; 2
o (20 60: 64:

biological

Ferrihydrite

Zero Valent Iron

Constructed wetlands

Anaerobic bacterial removal

Algal-bacterial removal

Bacillus sp. SF-1 (Chemostat)

T. selenatis (Packed bed)

S effiuent

costs
[US$ xm™]

constraints

reference

option removal

mechanism
physico / chemical  |Nanofiltration Filtration
Reverse Osmosis Filtration

Ion exchange Adsorption

Adsorption/ precipitation
Reduction/ adsorption
Reduction/ adsorption/

volatilization
Reduction
Reduction

Reduction

Reduction

=1 ppb

=2 ppb

=50 ppb

=35 ppb

<4 ppb

=5 ppb

<2 ppb

I
w
%]

ppb

< 50 ppb

=5 ppb

3.96Y;3.67%

na.

0.26"

0.40":0.35%

0.21"

na.

TDS, operational costs, disposal of brines,

fouling

TDS, operational costs, disposal of brines,
fouling

Insufficient selenium removal. disturbed by

sulfate, fouling
Costs, high iron addition

Distwbed by sulfate, phosphate, carbonate;
long term efficiency ?

Space and time requirement, exposure to
wildlife

Cost electron donor

Increasing bioavailability, space requirement

Tested under sterile conditions: selenite

accumulation
Competitive bacterial growth. post treatment

(coagulation)
ag

Kharaka et al. (1996). Frankenberger et al.

(2004).
Marinas et a. (1992), Frankenberger et al.

(2004).: NSMP (2007)

NSMP (2007)

NSMP (2007). USEPA (2001)
Zhang et al. (2005)

NSMP (2007)

NSMP (2007). USEPA (2001)
NSMP (2007), Quinn et al. (2000)
Fujita et al. (2002)

Cantafio et al. (1996)

Y costs for selenate and nitrate removal from agrical drainage watef&"!

2 costs for treatment of mine waters (1.1mi

n—l) [60; 240]

¥ costs for treatment of agricultural drainage wa(@t51 m min) according td*”!

T Ja1deyd
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1.5.2 Biological Treatment

Biological conversions, i.e. uptake, reduction aradatilization processes have gained
importance in the treatment of agricultural dramaaters and mine watét§" 2% as they
can reduce selenium to low target levels treatiigh lwaste water volumes. However,
biological treatment utilizing “unspecific” enzynmatreductions, i.e. the reduction of
selenate via sulfaté® or nitrate reducer8®, faces a similar limitation of competitive
inhibition by alternative aniont&”! compared to adsorptive techniques.

1.5.2.1 Wetlands

Flow through or subsurface wetlands offer a redyivcheap, low tech option for selenium
treatment of large volume wastewaters, thus hawn lapplied to treat e.g. agricultural
drainage water§” or flue gas desulfurization wastewaté&’s.. Water soluble selenium is
removed by different processes, such as uptakeantspphytoextraction)yolatilization

by plants, fungi and bacteria and geochemical /rabial reduction®® **3| However,
concerns of bioaccumulation and exposure to wédlifise (section 1.4.3) and consequently
selenium treatment in wetlands should be evalueiédally.

1.5.2.2 Algal-bacterial removal

The Algal-Bacterial Selenium Removal (ABSeR) systhas been applied to avoid the
commonly encountered competitive inhibition of aig on selenate reduction. In the
ABSeR system, microalgae are grown in a first $tepeduce nitrate concentrations, and
subsequently the settled algal biomass is used @ston source for selenium reducing
bacteria in a spatially separated treatment stigpi(& 1.10)* &% ¢

Microalgal Pond Bacterial Pond Dissolved Air Flotatio
e + Nitrate removal —_— + Se reduction —— | * Removal particulate Se
+ Biomass production + Algal decomposition and algae
J J : J
t ]
Algal slurry

Figure 1.10 Flow scheme of algal-bacterial selenismoval (ABSR) technology operated
in low cost modification; modified afté¥®!
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The need for spatial separation of the two processaeases the capital and operational
costs. High removal efficiencies are achieved onlyen an external organic electron donor
is added to the bacterial pond and dissolved atiation combined with slow sand filtration
is applied as a post treatment. A major problensiragi is that the effluent displays
increased bioavailability of selenium towards aguatvertebrates’. As a result, the
ABSeR treatment system is considered promising, lgaving many possibilities for
optimization.

1.5.2.3 Biological selenium removal using dissimtafg metal
reducers

Selenium waters containing very high levels of siela, e.g. such of selenium processing
industries (620 mg Se ) ! might only be treatable by highly selenium-toléran
specialists"*4, due to toxicity effects on other bacterial groufs 2% Selenate
concentrations of 41.8 mg Sé'lin a synthetic wastewater have been treated byra p
culture ofBacillussp. SF-1 in a laboratory scale, completely mixeghobstat under excess
of lactate. At elongated cell retention times (98)2more than 99% of the selenate was
reduced to elemental selenium under these ideatiaeditions, while lower retention times
(48 h) resulted in selenite accumulation.

Agricultural drainage waters were treated in atglmale reactor inoculated witthauera
selenatisusing acetate as electron doff8r The reactor consisted of 4 packed bed tanks,
filled with carrier hollow plastic spheres and i sand (Figure 1.11A). Dissolved
selenium was reduced efficiently to elemental salan suspended in the effluent with a
concentration of 237 pg Se™L Post treatment by coagulation reduced the effluen
concentration further to an average of 12 ug Se Difficulties regarding incomplete
nitrate reduction and selenium removaR@%) were reported for the first 136 days of
operation, due to the growth of flock forming ba@ether tharT. selenatis

Moving sand bed filters (Figure 1.11B) have beepliad in the treatment of metal rich
waste waters. They rely on the principle of micadllyiinduced precipitation (i.e. sulfidic
precipitation of heavy metals) within the sand gaabiofilm and precipitate separation by
subsequent turbulent mixing. In a pilot study, adsfilter inoculated (amongst others) with
Ralstonia metalliduranga selenite but not selenate dissimilatory redudiagterium),
removed selenium te 80% from non-ferrous industrial waste wafét When treated in
fixed sand bed column witAseudomonas fluoresceas inoculum, selenate concentration
in such wastewaters was reduced from 2.6 to 0.9_thgyithin 6 days of operatioff*°.
However, selenate reduction was hampered by treepee of 10 to 50 mg'Lnitrate.
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1. Inlet distributor
2. Outlet

3. Dirty sand

4. Adr-lift pump

5. Sand washer

6. Washer labyrinth
7. Wash water outlet

Figure 1.11A (A) Process flow scheme of the pilotls bioreactor for treatment of
selenium containing agricultural drainage watercinated withThauera selenati&” and
(B) schematic overview of moving sand bed filtencept®®®!
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1.6 Outline of the thesis

Chemical speciation determines the environmentaldad toxicity of selenium. Therefore,

selenium speciation has to be assessed by cheamedytical methods that are species
specific and preserve the sample selenium spegiaBach methods for gas, liquid and
solid phases are developed in chapter Il and sulestly applied in the remaining chapters
in order to close the selenium balances.

Chapter 1l establishes the basis for direct sgithse selenium speciation analysis by
investigation of the X-ray Absorption Near EdgeuSture (XANES). A large set of
selenium model compounds, including models of atLrally occurring oxidation states is
investigated. XANES spectroscopy is then applieciaerobic biofilms after long term
operation (115 days) under methanogenic and suiéalecing conditions.

Many waste streams contain sulfate and selenateoautantly, thus sulfate reducers have
been used in batch assays to remove seléfat€he observed removal success, however,
might not be durable when selenate is fed contislypwue to the toxicity of selenate to
sulfate-reducing bacterf&’ 2% Furthermore the unspecific removal of selenatesvilfate-
reducing enzymatic systems might be inhibited lyy tligher selectivity towards sulfate.
Chapter IV presents experiments supplyingguflow AnaerobicSudge Blanket (UASB)
bioreactor with sulfate in excess to selenate amying sulfate to selenate ratios. The
selenate removal efficiency is compared to a coméactor operated under methanogenic
conditions without sulfate in the feed.

For a sustainable process aiming at the recovetyeuse, it is desirable to form elemental
selenium as the only product of reduction in lasgéenium particles that can be easily
separated from the aqueous phase. Furthermoregyidht of elemental selenium during

microbial treatment can be decreased by alkylatonvolatile selenium compounds.

Consequently, the particle size distribution of fleemed precipitates and the loss by
alkylated selenium species is investigated duramgylterm (175 days) reactor operation in
chapter V. Furthermore, the influence of disturleenin operational conditions, commonly
occurring in full-scale applications (T, upflow weity, and pH) on the latter processes is
determined.

Sequential extraction methods are applied on aim@ubasis to assess selenium
fractionation®* % 21 However, the susceptibility of both the matrixdaiie selenium

speciation to ambient air oxidation induced durfie¢d sampling or subsequent extraction
has so far been neglected. In chapter VI, a semlientraction protocol was validated by
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spiking experiments, and selenium speciation chaingee investigated by XANES
spectroscopy.

Although the treatment of selenium containing w&ter anaerobic systems has been
studied, the inhibitory influence of low (10 uM)damigh (10 mM) selenium oxyanion
concentrations on methanogenesis, the key prooegedsible anaerobic digestion reactor
operation®®® has so far not been addressed. Inhibition ofnséée and selenite to
acetotrophic and hydrogenotrophic methanogenesisnigstigated in chapter VII,

distinguishing permanent from transient effects.

Bioaugmentation — the addition of specialized micganisms - has been tested in many
different cases of environmental pollutif %, but has so far not had a breakthrough due
to the usually encountered wash out or out-compstibf the added organisms by
endogenous populations during continuous operatioahapter VIII, a novel approach for
bioaugmentation by immobilizing selenium-respirtmarteria Sulfurospirillum barnesjiin
non-degradable gels is tested in the treatment goicidtural drainage waters. The
bioaugmentation success is evaluated by compaglenate, nitrate and sulfate removal
efficiencies to conventional UASB reactors. Furthere, the performance of a hybrid
sludge bed bioreactor, consisting of anaerobic desnsludge and gel immobilized
specialists, is evaluated.

Chapter 1X concludes this thesis with a criticahleation on the applicability of biological
reduction processes in the treatment of seleniumtaccinated anthropogenic waste
streams.
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Abstract

Chromatographic (IC-CD, GC-FID) and spectroscop{ikD) techniques that allow the
specific determination of several selenium spepiesent or formed during bioremediation
processes of selenate contaminated drinking, groumneastewaters have been established.
The developed techniques are shown to be appli¢aldietermining selenium species in
the range of target concentrations for emissiorts ame thus appropriate to characterize
bioremediation processes. The applied techniqudser aidvantages regarding short
analytical times without loss of satisfactory a@taness towards more sophisticated
methods. By means of IC-CD, selenate and selerate lie detected specifically to
concentrations far below allowance levels for métashing industries (20 pgtselenate,

40 pg L' selenite) within 16.0 minutes. Thus, the reductafnselenate by anaerobic
granular sludge was quantified by IC-CD and thecoonitantly formed, red colored
precipitate was analyzed by XRD and ICP-OES. Herab@lemental selenium was
indicated within the precipitate by the XRD anadydiut no metal selenides were detected,
even if the precipitate contained iron and zincsaewn by ICP-OES. GC-FID method
developed determines two major volatile seleniunecigs - dimethylselenide and
dimethyldiselenide - formed during bioremediatidnselenium contaminated waters at a
detection limit of 1 ng and 2 ng, respectively,heitit further chemical derivatization within
7.4 minutes, offering adequate detection by singdénical means.
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2.1 Introduction

The toxicity of selenium compounds greatly depemdsts speciation. For instandsgthal
Doses 50 (LRy) for oral administration in rats are much lower $elenate (2.5 mg Se kg
body weight) than for selenite (4.8-7.0 mg S& kgdy weight) or for elemental selenium
(6,700 mg Se K body weight) according to the U.S. National Ingst of Occupational
Safety and HealtH>®. Therefore, it is necessary to investigate theiggien of selenium
during removal processes treating drinking, irigator wastewaters. However, the great
variety of environmentally occurring selenium cormapds poses a special challenge to
speciation analysis, as selenium occurs in diffeogitation states and both in organic and
inorganic formd*% 28l

As there is a legal need to reduce selenium enisSib** 2®! different selenium removal
processes have been develof&dto remove selenium compounds from ground, irragati
and wastewaters. In general, anaerobic treatmeutepses offer advantages compared to
aerobic treatment. Those advantages are lower eslpdaduction, energy savings because
of dispensable aeration, cost savings in nutriepply, smaller reactor volumes and the
possibility of energy recovery by methane producfié®. One well established reactor
type in anaerobic treatment is thépflow Anaerobic Sudge Blanket (UASB) reactor
(Figure 2.1). It shows potential for the treatmehselenium-contaminated wastewaters, as
special bioconversions can oc€df in the bacterial granules formed in these reaédrs

In contrast to adsorptive or chemical precipitatimethods for selenium removal’,
application of a UASB reactor also allows for tlmeatment of the organic fraction of
contaminated waters. Therefore, granular sludggraiing from a full scale UASB reactor
was tested towards its remediation capacity foerse under anaerobic conditions. The
optimization of the selenate removal process shoatdnly consider to form high amounts
of pure elemental selenium, which forms a solidsghand thus can be removed from
contaminated waters, but also aims to preventdahadtion of other toxic selenium species
(i.e. selenite, hydrogen selenide or seleno-amidspcConsequently, selenium should not
be determined as total selenium, but species spedifere possible. As selenium can be
present in the liquid, solid and gas phase, amalythethods for each of these phases were
developed in this chapter. It has to be stated tthiatchapter is not focused on lowering
detection limits by applying hyphenated meth8&df& but on the species-specific methods,
that have a relatively simple instrumental requiem yet are still appropriate to
characterize selenium bioremediation processes.
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2.2. Experimental

2.2.1. Instrumentation

The lon-Chromatographic system consisted of a Did»& 600 (Bavel, The Netherlands),
equipped with an lonPac AS19 column (4 mm x 250 nfan)EG40 online eluent generator
(potassium hydroxide), an ASRS Ultra Il suppressudt a conductivity detector (IC-CD).
Alternatively, an lonPac AS17 column (2 mm x 250 nwas used in the same system as
well. The applied flows were 1.1 mL min(AS19) and 0.25 mL mih (AS17). Sample
loops of respectively 25 pL and 5 pL were used.

Gas-chromatographic analyses were performed onveetttePackard 5890 Il serieSas
Chromatograph with &lamelonizationDetection (GC-FID) system. The column used for
separation was a Chrompack CP-PoraBOND Q with &rrial diameter of 0.53 mm, a
length of 25 m and a film thickness of 10 um (VaridMiddleburg, The Netherlands).
Liquid samples of 1uL were injected using splitleégection mode (purge on at 1.5 min).
Helium was used as carrier gas at an inlet heasspre of 80 kPa. The FID detector was
operated at 235°C at a hydrogen flow of 42 mL hand airflow of 276 mL mit.

A Varian Vista-MPX Simultaneoudnductively Coupled Plasma Optical Emission
Soectroscopy (ICP-OES) system with CCD detector used with a plasma flow of 15 L
min, auxiliary flow of 1.5 L min*and a nebulizer flow of 0.9 L mih The generator

power was 1 300 W.

X-ray Diffraction Spectroscopy (XRD) was conductaith a PANalytical Expert Pro
System (Almelo, Netherlands) by using nickel-fiddrCuko radiation (tube operating at
40 kV and 40 mA). The data were collected by usingautomated divergence slit (5 mm
irradiated length) and a 0.2 mm receiving slit.

2.2.2. Chemicals

Sodium selenate (SigmaUl®@agrade), sodium selenite (99 %) and elemental gefen
(99.999 %) were purchased from Sigma Aldrich (Steim, Germany). The anion standard
for the IC measurement was provided by Dionex (BaMee Netherlands). A 1000 mg'L
selenate and selenite stock solution was preparetisbolving the respective sodium salts
in Millipore Milli-Q water. This stock solution wasliluted and mixed with the anion
standard. Subsequently, the accuracy of the mitewlards was verified via ICP-OES.
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For the ICP-OES measurements, calibration standaeds prepared by stepwise dilution
of multielement ICP standard solutions under additf appropriate amounts of selenium
and sulfur ICP standards (Merck, Darmstadt, Germany

Dimethylselenide (DMSe) and dimethyldiselenide (D&H) were purchased from Sigma-
Aldrich as well. Standard solutions of the lattemmpounds were prepared by diluting
standard-solutions in HPLC-grade methanol (LabScd@eblin, Ireland). All other
chemicals used were of analytical grade.

2.2.3 Source of biomass and experimental set up

Anaerobic granular sludge originating from a fudkke UASB reactor treating paper mill

wastewater (Industriewater Eerbeek B.V., Eerbeék, Nietherlands) was tested towards its
selenate removal capacity in both batch and coatisuexperiments. Both the physico-
chemical®®® and microbiological*®”! characteristics of this sludge have been wellistud

In batch tests, 0.5 g of wet sludge and 50 mL afaral medium were put in a 125 mL
glass serum bottle, sealed with a butyl rubberptopnd flushed with nitrogen. The bottles
were placed onto a horizontal shaker (75 rotatimiis) at 30 °C. The mineral medium
was prepared in Millipore Milli-Q water after Starasal.**®), but omitting sulfide, selenite
and using a 40 mM £ (mM) PQ? buffer at pH 7.0+ 0.1 instead of the carbonate buffer.
Lactate (20 mM) was used as electron donor. To toorthe bioconversions during
incubation, liquid and gas phase samples were takeerobically (N atmosphere) at
regular time intervals. The solid phase was samppath termination of the experiments.
All batch experiments were done in triplicate.

The UASB reactor (0.46 L working volume) was in@tell with the same anaerobic
granular sludge, operated at pH 7.0, a superfipélbw velocity of 1 m i and a hydraulic
retention time of 6 h. The design and operationthef UASB reactor (Figure 2.1) are
described in detail by Omil et df*®. Lactate was used as electron donor at an organic
loading rate of 5 g CODt.d. The selenate influent concentration was 10 pMrtter to

trap volatile organic selenium compounds, the tBogeas bubbled through ethylene
glycol 24,
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Figure 2.1 Schematic overview of an UASB react@dufor the simultaneous treatment of
sulfate and selenate. (1) feed solutions, (2) UA&&:tor, (3) effluent, (4) ethylene glycol
trap, (5) NaOH trap, (6) gas meter, (7) gas outlet.

2.3. Results
2.3.1 Specific determination of selenate and sidyi IC-CD

Under the pre-requisite of achieving separatioma ¢figh number of major anions in short
analytical times, a method has been developedyatima eight anions (fluoride, chloride,
nitrite, bromide, nitrate, carbonate, sulfate ahdgphate) from selenite and selenate in less
than 22 minutes using an lonPac AS19 anion exchaogenn. The chromatogram for
separation of the anion standard can be seen iard=ig.2, the applied gradients in
Table 2.1.

Table 2.1 IC-Gradient applied for columns AS19 ag17

Time Concentration Eluent AS19 Time Concentration Eluent AS17
[min] [mM KOH] [min] [mM KOH]
0 15 0 10
16.0 15 55 10
16.0 50 10 50
19.5 50 14 50
19.5 15 14 10
215 end 16 end
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5 s Figure 2.2 IC-Chromatogram showing separation
5 f of an anion standard by means of an lonPac AS19
. column at [mg []: (1) F 1.62, (2) CI" 2.4, (3)

I NO, 7.9, (4) Br 8.04, (5) NQ 8.10, (6) C@ not
' / H quantified, (7) Se¢y 11.52, (8) S 11.99,
(9) SeQ?* 9.79, (10) PG 12.33

The method quantification limits are 0.05 mg for selenate (0.028 mg Se*)Land
0.25 mg L* for selenite (0.138 mg Se?). The method was used to show that anaerobic
granular sludge is able to remove selenate frontiglnél phase in the presence of nitrate /
nitrite (initial nitrate concentration 5 mM, Figu2e3).

In order to improve the separation of sulfate aekbrite, an lonPac AS17 column was
applied (Table 2.1), resulting in baseline sepanatif the two anions (compare peaks 6 & 8
in Figure 2.4 versus peaks 7 & 8 in Figure 2.2)e Tésulting method quantification limits
were 0.04 mg L for selenite (0.025 mg Se’). and 0.02 mg £ (0.011 mg Se ) for
selenate. The reproducibility for 3 subsequentctipas of selenate and selenite standards
is given in Table 2.2.
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Figure 2.3 Bioconversion of 0.5 mM selenate and M nitrate by anaerobic granular
sludge in batch incubation; nitrit®); nitrate ©) and sulfate ) in [mM] (primary y-axis),
selenate (---) in [mM] (secondary y-axis). Concatitms were determined via IC-CD with
column lonPac AS19
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Figure 2.4 IC-Chromatogram showing separation
of an anion standard (lonPac AS17 column) at
[mg L']: (1) F 1.00, (2) CI" 1.51, (3) NQ 5,

(4) Br ~ 4.99, (5) N@ 5.00, (6) Segy 10.00,
(7) CO* not quantified, (8) S 7.45,
(9) SeQ*'5.00, (10) PG 7.45

Table 2.2 Reproducibility of the IC method (AS17uron) for 3 subsequent injections of
the selenate and selenite standard

compound Reproducibility (R.S.D., %, n=3) Calibration (y= mx + b)
0.05ppm 0.25ppm 2.5ppm 25 ppm m o] r2

Selenite 71 1.4 09 0.4 0.0745 -0.01 0.9997

Selenate 5.8 32 0.4 01 0.1406 -0.003 0.9999

The applicability of the method under high sulfataditions was shown by an exemplary
determination of anions in the influent (A) and tdiluent (B) of a continuous UASB
reactor treating sulfate and selenate simultangd&gjure 2.5).

ay A, 8§ 10 B
| 2 8 10
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Figure 2.5 (A) Separation of anions (lonPac ASliumm) present in the influent of a in
continuous reactor system treating selenate anthtsuht [mg [Y: (2) CI 336.15,
(5) NO5y 0.41, (8) S@ 383.64, (9) Segd 1.03, (19) PG 3011; and (B) anions in the
effluent at [mg []: (2) CI 330.19, (5) N@0.56, (8) SG 52.45, (9) Se@0.15,
(10) PQ* 2883




Analytical methods for selenium speciation

2.3.2XRD and ICP-OES investigation of the bioprecipitate

Batch incubations of granular sludge were ableadiavert selenate at high concentrations
(1.6 g L* Sgy) removing significant amounts of selenate (262 Lty during 10 days of
incubation under formation of a red precipitateg(ffe 2.6 A, B). Subsequent to separation
by centrifugation, the precipitate was washed tintes with oxygen-free Millipore water
under N atmosphere. The formation of crystalline selenpimases within this precipitate
was investigated using XRD (Figure 2.7 and Tab$.2.

—_———

Figure 2.6 Reflected-light microscopic picture of @naerobic sludge granule originating
from batch culture treating selenate solutions (4.6 selenium) covered with red
precipitate (A) and precipitate floating in minenaédium (B); bars correspond to 1 mm
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Table 2.3 Peaks identified in XRD diffractogram die 2.7 top), sorted by relative
intensity; peaks indicating hexagonal elementardiam (Figure 2.7 bottom) in bold

Peak No. d-spacing Intensity ~ Peak Height Angle Background d-spacing in Relative Intensity in
(A) (%) (counts/s) (2Theta) (counts/s) hexagonal selenium hexagonal selenium
1 1.40755 100 544.89 B6.357 2291.53
2 1.72646 53.9 293.67 52.996 2204.07
3 1.40405 48.4 263.54 66.544 2291.15
4 4.23787 415 226 20.945 1282.12
5 3.01206 325 176.8 29.634 1723.96 3.00 100
6 2.60293 29.2 159.04 34.426 1707.53
7 1.72238 29.0 157.84 53.131 2206.15
8 2.14948 258 140.34 41.999 1873.51
9 2.43621 16.0 87.3 36.864 1733.13
10 3.78129 15.6 84.75 23.508 1494.41 3.78 55
11 2.9256 15.5 84.28 30.531 1723.07
12 2.06361 10.3 55.99 43.835 1942.68 2.07 35
13 7.57447 8.1 44.03 11.673 5443

Peaks number 5, 10 and 12 match with the 100, b€1182 plane of elemental selenium
with a hexagonal crystalline structure in d-spacwgh minor differences on the second
decimal place. Furthermore, the peak at an anglk® ef23.50° yields the highest relative
intensity, D= 29.63° shows the second highest ard =2 43.83° the lowest relative

intensity. This is in accordance with the standardelemental selenium. Further selenium
planes could not be identified, as the baselineewias too high.

In order to limit the number of minerals to be cargdl in detail with standard

diffractograms, the precipitate was further studiEtemental analysis by ICP-OES was
conducted after microwave-assisted aqua regia wiggtn of the precipitate. Dry

weights [%] of the investigated elements of thecjpi¢ate are shown in Table 2.4.

Table 2.4 Elemental composition of precipitate fedby anaerobic granular sludge

(pH 7.0, 20 mM Seg¥, 20 mM Lactate)

Element Dry-weight [%]
Se 49.85
Ca 3.38
Na 1.94
Mg 0.88
Fe 0.27
K 0.13
Zn 0.02
Ag, Cd, Co, < 0.007
Cu, Mn, Ni, S

Table 2.4 shows that iron and zinc are the onlgmpiidl elements present in the precipitate
in significant amounts that could form selenium enais$*”. A comparison with the highest
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intensity peaks of the standard diffractograms diadkenite (FeSy achavalite (FeSe),
mandarinoite (F&€'Se0, X 6H,0), stilleite (ZnSe) and sophiite (8eQ)Cl,) did not
result in any matches with the sample investigéteaximum difference of 0.01 A). Only
peak number 6 is in accordance with the higheengity peak of ferroselite (FeeAs the
second highest peak belonging to a d-spacing o A4of ferroselite (85 % relative
intensity) is completely missing in the sample oalsrroselite could not be shown to be
present in the sample.

2.3.3 Optimization of a GC-FID method for DMSe, D&®
determination

A Chrompack CP-PoraBOND Q column was used for stijoer of DMSe and DMDSe.
No interference with the methanol peak was obsemwetil a temperature of 140 °C,
resulting in a retention time of 3.54 min for DMSeor the resolution and detection of
DMDSe, the temperature was subsequently increased raximal rate of 70°C min

to 240 °C. To obtain a stable baseline, this teatpee was not elevated further. The result
was a short analytical time of 7.4 minutes (Fig2/@), with detection limits (& of blanc)

of 1 ng total amount injected for DMSe and 2 ngDdDSe, respectively.

counts Figure 2.8 Separation of (1) DMSe (3.54 minutes)
25000 | and (2) DMDSe (7.37 minutes) by GC-FID,
210°C injected amount 10 ng each. The dashed line

_____________

represents the temperature program applied
25000 -

’
20000 140°C+"

15000 - -
10000 - ] /\\—L‘

5000 -

minutes

0

Gas phase aliquots (50 mL) of the batch cultureewellected via syringe and carefully
bubbled through 2 mL of methanol using a glassifribrder to pre-concentrate organic
selenium compounds. The methanol extract was &eicto the GC, but neither DMSe nor
DMDSe could be detected. The ethylene glycol trdpthe continuous bioreactor
(Figure 2.1) was sampled after 30 days of bioldgetenate treatment by diluting different
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amounts of ethylene glycol in methanol under additof an internal standard; but neither
DMSe nor DMDSe were detected using the developetiode

2.4. Discussion
2.4.1 Liquid phase analysis

Among the currently applied techniques for the dabeation of selenate and selenite,
Hydride-Generation coupled tétomic Absorption Spectroscopy (HG-AASY?*® or ICP
(HG-ICP) is commonly used (e.§%). As the hydride formation is selective for the
selenite, a quantitative reduction of selenateeterste is required. This is disadvantageous,
because of possible losses or incomplete chemioaliezsion between the selenium
species. In contrast to this, ion-chromatographgsdonot require species interconversion
and has little sample preparation. Using the lor'®®at7 column as described in this work
(Table 2.1), the analysis is completed in 16.0 taau(Figure 2.4). Additionally, lon
Chromatography offers the possibility to determime variety of other anions
simultaneously, which is important to monitor rena¢idn processes in bioreactors.
Achieved method quantification levels were lowerewtapplying the AS17 column due to
the lower diameter compared to the lonPac AS19. cklerthe achieved method
quantification limits allow monitoring of selenat®d selenite as low as the ug tange,
much lower (90 times for selenate and 40 times delenite respectively) than the
allowance levels for liquid effluents in metal §hing industries of 1 mg1.Se.. applied

in some European countries (e.g. Germdt) Hence, the developed IC methods have
shown to be sufficient in determining selenium $p®cin concentrations related to
bioremediation processes. One future applicatiortHis IC method might be its adoption
to other water-soluble oxyanions that can poserafraamental hazard, e.g. molybdate,
chromate or uranates.

2.4.2 Solid phase analysis

Anaerobic granular sludge exposed to high concéotrs of selenate (1.6 g 'LS@ow)
formed a red precipitate during the removal of watduble selenate (Figure 2.6). This can
be due to amorphous selenium (red in powder formyrgstalline monoclinic selenium
(deep redy**®. Trigonal selenium has a metallic grey color; aphmus selenium is black in
vitreous form**®. The total metal analysis via ICP-OES showed #9a8 % (dry weight)
of the formed precipitate is selenium, only mineactions consist of iron and zinc
(Table 2.4). Thus, the formation of stable meté¢ides with silver, cadmium, cobalt and
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copper in significant amounts is not indicated 6f10OES, limiting the number of possible
compounds formed.

In the subsequent XRD analysis, it was indicateat th minor part of the precipitate is
elemental selenium with a hexagonal crystallineicttre. The obtained diffractogram
(Figure 2.7 & Table 2.3) showed a high baselineseand small signal for crystalline
selenium. This can be due to the small amount @cipitate investigated or the low content
of crystalline selenium in the sample. However, dhgpacing characteristic for hexagonal
selenium could be identified in the diffractogranthadifferences of 0.01 A to the selenium
standard. Monoclinic red elemental selenium wasimtitated to be present. As insoluble
metal selenides can be formed under reducing dondif*®, standard diffractograms of
6 minerals containing iron and zinc were comparethé sample (see section 2.3.2). The
standard peaks could not be matched to the peakset in the precipitate. However, the
high baseline noise hinders to safely exclude tfegination. Both the formation of these
metal selenides and the crystalline forms of sal@nneed further investigation. Higher
amounts of precipitate (some mg) would be approptia further confirm the formation of
hexagonal selenium. Such higher amounts of pretéould be produced by a continuous
bioreactor equipped with a settler.

As XRD analysis is not suitable for the confirmatiof elemental selenium at a high
number of samples, it is a future goal to find &ggille methods that give an indication of
selenium binding forms in the solid phase. Comlgrfiractionation methods like sequential
extraction schemes with the determination of ‘amthtile selenium’ could be well suited.
Unlike ‘acid volatile sulfur’ fractionation, whicls commonly used to characterize sulfur-
binding forms®*®®! its analogue ‘acid volatile selenium’ still needsbe developed and
validated using reference materials.

2.4.3 Gas phase analysis

Dimethylselenide and dimethyldiselenide represam tnajor volatile organic selenium
species in the environmeffY. The formation of methylated compounds by plamd a
associated bacteria is used in large-scale bioriatieal projects®™?. In the methods
developed by Hunter et df”, interferences of dimethylselenide and dimethgliside
with the methanol injection peak were encounteresijlting in limitations for the detection
limit. The authors used two single injections imler to analyze the latter compounds. In
the present work, these problems have been overdpmide substitution of the used
Porous Layer Open Tubular (PLOT) column by a rdgeteveloped Chrompak Capillary
CP-Pora Q column and applying an appropriate teatper program (Figure 2.8). Thus,
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the application range for the determination of DMS8el DMDSe was enlarged by the
resulting lower detection limits (5 and 2.5 timesspectively). The method was applied
both to batch cultures treating high selenate l@adbin the continuous bioreactor system,
but neither DMSe nor DMDSe could be detected. Tle¢hod represents, nevertheless, a
simple technique to analyze two main products &réem biomethylation. In order to rule
out the formation of these compounds, the detediioit can be lowered from the nano-
gram range to pico-gram range by using a photceaitin detectol’®. The adaptation of
the GC-FID method to other organic selenium complsue.g. diethyldiselenide or mixed
selenium sulfur compoundd" **® enlarging the spectrum of possibly formed vodatil
organic selenium species, is promising.
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Abstract

X-ray absorption fine structure (XAFS) spectroscapfers the possibility of assessing
selenium solid phase speciation in a direct, nairdetive way. XAFS is particularly
suited for the investigation of selenium biopreizEfes, as it does not require crystallinity of
the analyte, in contrast to classical techniqueh @is XRD. In this chapter, the basis for
speciation analysis was established by investigafiIANES (X-ray Absorption Near-Edge
Structure) spectra in a large set of model compsunith natural and synthetic origin,
including previously neglected Se (-1) selenidésvds demonstrated that no simple relation
between the selenium oxidation state and the ssteriK-edge position or the first
inflection point is found. However, using both fe@s in combination allows identification
of the selenium oxidation state and coordinatiowirenment. XANES spectroscopy
applied biofilm samples from methanogenic and $edfaducing upflow anaerobic sludge
blanket (UASB) bioreactors indicated the presendetrigonal elemental selenium.
However, EXAFS (Extended X-ray Absorption Fine-$ture) analysis elucidated that
selenium is present in a yet unknown modificatiame do the different short-range
structure.
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3.1. Introduction

Due to the disastrous effects on wildlif& 2™ different approaches have tried to convert
water soluble selenium forms into elemental, biauailable form. However, the end
products of these biological reductions may berastricted to elemental selenium, solely,
and include highly toxic aqueous selenffe®”, bioavailable organo-selenium compounds
(i.e. seleno-amino acid®f or volatile alkylated compound&* ®¥ (Chapter 5).
Furthermore, UASB reactors represent strongly riedyicmetal rich environments, thus
thermodynamically stable and insoluble metal selesifi.e. Se (-) and Se(-Il)] can form
207 As a result, significantly different environmehnttate for these compounds in
comparison to elemental selenium has to be expethed a precise determination of
selenium solid phase speciation is necessary.

X-ray absorption fine structure (XAFS) spectroscopy be used to elucidate the oxidation
state and coordination environment in a non-deSt®i@and direct way. Yet, the precise
determination of the speciation requires the carafalysis of a sufficiently large set of
model compounds, especially when applied to suchpbex samples as selenate reducing
anaerobic granular sludges. In this chapter, mesbérall environmentally occurring
formal oxidation states of selenium have been itgated regarding their X-ray
Absorption Near-Edge Structure (XANES) spectrahatgelenium K-edge. The compounds
investigated include less studied Se(-1) selenideganic selenium compounds and metal
selenides of natural and synthetic origin. Usinig thrge database of model compounds,
the speciation of selenium accumulated in anaergtdioular sludge operated in lab-scale
UASB reactors under stable, long-term methanogenit sulfate-reducing conditions was
determined.

3.2. Materials and methods

3.2.1 Source of biofilms

Two lab-scale (0.46 L operating volume) UASB wepem@ted as described in Chapter 4
under mesophilic (30 + 1°C) conditions with a stieél liquid upflow velocity of 1 m H.
One reactor (SR-R) was operated under sulfate-negliimnditions, while another reactor
(MG-R) was methanogenic (without sulfate in thedfeeSludge samples were harvested
after 115 days of operation at a selenate loadite of 3.16 mg SeL.d™. Selenium had
accumulated to 81 and 189 ug Se(get weight) in SR-R and MG-R, respectively.
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3.2.2 XANES spectroscopy

XAFS experiments were performéasitu (i.e. in anoxic conditions) at the beamline 11-2
(SSRL, Stanford, USA), at the Dubble beamline () ESRF, Grenoble, France) and at
the MicroXAS beamline (X05, SLS, Villingen, Swittand). At SSRL and ESRF, focused
beams (~0.2 x 0.5 mm and ~ 0.2 x 3 mm, respeclivebre used to obtain systematic
“bulk” XANES information, while at the SLS, a midazused beam (~ 3 x 3 [fjnwas
used to collect u-XANES spectra on selected aré#secsamples. No photoreduction due
to the X-ray beam was observed during the measumsme

A series of selenium model compounds (natural aymthstic, all in solid state and
powdered) with variable oxidation states were &ddiTable 3.1 lists their origin, their
formal oxidation state and the main features (me&dge crest or “white line” and first
inflection point) of the XANES spectra recorded. débmineral compounds were verified
using a Gandolfi-type micro X-ray diffraction (u-XR built at the Museum National
d'Histoire Naturelle (MNHN), Paris, Franté’.

3.3. Results

3.3.1 XANES calibration for the oxidation state selenium
compounds

Sodium selenate (+VI) and sodium selenite (+1V)vebd the highest energies regarding
the position of the first inflection point and maddge crest (Figure 3.1A, Table 3.1).

The o-red polymorph of elemental selenium is distingaistby a difference of +0.4 eV
form both the vitreous black and trigonal polymarpthile all polymorphs displayed
clearly different first inflection points (Table 13. Isometric-diploidal Se(-I) compounds
(penroseite, krutaite) displayed nearly identicainmedge crests and first inflection point
positions in their XANES spectra and were thus rtyedifferent from orthorhombic-
dipyramidal Se (-1) ferroselite (shift of +0.7eV main edge crest and ~ + 1.0 eV in the
position of the first inflection point ) (Table 3.Eigure 3.1A). Cubic Se(-ligompounds
were shifted up to + 4.6 eV in the main edge caest up to +3.1 eV in the first inflection
point compared to dihexagonal-dipyramidal formsrZbéanite versus achavalite and
klockmannite) (Table 3.1, Figure 3.1B).




Table 3.1 Selenium model compounds studied witmradge crest and first inflection points of the X&S8Ispectra spectraspectra.

specimen chemical origin formal oxidation crystal system space group main edge firstinflection
formula state crest[eV] point [ eV ]
Achavalite FeSe synthetic -1l Dihexagonal Dipyramidal P 6/mmc 12662.3 12659.9
Klockmannite CuSe synthetic -1l Dihexagonal Dipyramidal P 6/mmc 12662.3 12660.0
Selenocysteine CqH;NO,Se synthetic -ll - - 12663.4 12660.7
Sodium selenide NaySe synthetic -1l Cubic F m3m 12665.8 12661.1
Stilleite ZnSe synthetic -1l Cubic F 43m 12665.7 12662.9
Berzelianite Cu,Se Czech Republic -1l Cubic F 43m 12666.6 12663.0
Berzelianite CuySe Sweden -1l Cubic F 43m 12666.9 12662.9
Penroseite (Ni,Co,Cu)Sey Bolivia -1 Isometric — Diploidal P a3 12662.1 12659.9
Krutaite CuSe, Bolivia -1 Isometric — Diploidal P a3 12662.1 12659.8
Ferroselite FeSe; Utah (USA) -1 Orthorhombic — Dipyramidal P nnm 12662.8 12660.9
Red a-menoclinic Se” Se synthetic 0 Maonaoclinic P 2/n 12662.1 12659.5
Black, vitreous Se° Se synthetic 0 Amorphous - 12662.5 12660.0
Grey Se° Se New Mexico (USA) 0 Trigonal P 321 12662.5 12661.1
Sodium Selenite Na,SeO, synthetic +IV Manoclinic P 2/c 12667.3 12664.1
Sodium Selenate NasSeQ, synthetic +VI Orthorhombic F ddd 12670.8 12667.9
Sample SR-R sulfate reducing reactor 12662.5 12660.6
Sample MG-R methanogenic reactor 12662.5 12660.5

abpn|s Jejnuelb dlqosaeue Ul S4yX WNIUs|eS
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Figure 3.1 Normalized selenium K-Edge XANES of stdd model compounds (A) with
(B) highlighting differences in XANES between difémt formal oxidation states and
crystal space groups

Within the cubic Se(-Il) compounds, a shift waseed in the first inflection point of the
XANES spectra considering different mineral spaceugs, i.e. F43m and F m3m.
Minerals with F 43m were clearly shifted in comgari to sodium selenide with F m3m
space group (+1.8 eV) (Figure 3.1B). Selenocystaiae clearly different from all other
Se (-1l) compounds regarding both features.

3.3.2 Selenium speciation in anaerobic granulaigsu

The biofilm samples showed the same main edge anestirtually identical first inflection
point positions (x 0.1 eV), yet a higher relativetensity of the white line in SR-R
compared to MG-R was observed (Figure 3.2A). That fnflection points of the biofilm
samples were comparable to trigonal elemental setenferroselite and selenocysteine
(Figure 3.2A), while the main edge crest positioaswdentical to trigonal or vitreous
elemental selenium (Table 3.1, Figure 3.2B). Atahiif-0.2 and 0.3 eV in the latter feature
was found in comparison to achavalite and ferrteséliable 3.1, Figure 3.2A).
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Figure 3.2 Selenium K-edge XANES of sulfate-redggfBR-R) and methanogenic UASB
reactor (MG-R) sludge samples treating selenatengaoison to selected selenium model
compounds (first inflection point marked by arrow8) and different elemental selenium
polymorphs (B) (feature “A” exclusively presentthe bioreactor samples)

Linear combination using the least square approaelled best fits for SR-R by the
exclusive contribution of trigonal elemental selani MG-R selenium speciation was
mainly described by trigonal elemental selenium hwia minor contribution of

selenocysteine (14 atom %), whereas selenidesilpotgd less (<10 atom %) to the
modeled XANES spectrum. The combined modeled sigmadre well representing the
course of the absorption edge, yet the first adadh (feature “A”) was poorly fitted

(Figure 3.3A) and not present in the elemental rhodspounds (Figure 3.2B).

The Fourier Transform (FT) of the EXAFS spectrag(ffe 3.3B) showed Se-Se pairs
near 2.05 A for both elemental selenium model camps and biofiim samples
(uncorrected for backscattering phase-shifts), ederthe second neighbor Se-Se pairs
located at 3.05 and 3.35 A were exclusively found the trigonal and monoclinic
polymorphs of elemental selenium, respectively.
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Figure 3.3 Normalized Se K-edge XANES spectrumtf@ methanogenic UASB sludge
sample (MG-R) and best fit by linear combinatiomtodel compounds (dashed line) (A);
Fourier Transforms of the EXAFS spectra (SR-R fasedreducing UASB sludge sample)

(B)

3.4 Discussion

This chapter shows that the main edge crest (“whit®') position and the first inflection
point should be used in combination to assure arsdétermination of the selenium
oxidation state by XANES, as different valences show an identical main edge crest or
first inflection point (Table 3.1, Figure 3.1A am®j, due to interferences from the signals
arising from the local geometry interactions. Imiast to sulfur K-edge XANE$?, a
shift of these features to lower energies doesimpty a further reduced oxidation state
[e.g. reda-monoclinic Se(0) showed the lowest main edge crest and inflacpoint,
Table 3.1]. Nevertheless, selenate (+VI) and stef1V), members of the highest
oxidation states, showed these features at highengies, in agreement with a number of
previous studie§” 19% 2001

In the past, numerous studies have based the detgiom of the selenium oxidation state
exclusively on either the “white line” positidff: 104 137 154 162 200 the first inflection
point [162 19%: 192209 hya\vever, the present set of model shows thatphisocol requires
major adjustments, especially if the sample is dempi.e. rich in metals (such as
anaerobic granular sludge). In such cases, themigi@tion of selenium speciation should
be based on using both features and supported filyilag linear combination speciation
modeling with a sufficiently large set of seleniumodel compounds [especially often
neglected Se(-1) selenides]. Using both featuresvaldifferentiating between crystal space
groups of same oxidation state, e.g. between sodelamide versus stilleite / berzelianite
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and versus achavalite / klockmannite (Table 3.gufeé 3.1B). This confirms that the
selenium K-edge XANES positions (inflexion pointdaedge crest maximum) can be used
to derive valence information for selenium, yetsihdeatures are also influenced by the
selenium local-geometry. The use of the main edgstaelative intensity to determine
oxidation states of selenium at the K-ed& works well on iron selenides, but is here
demonstrated not to work on copper selenides (Ei@utA, B). Therefore, this method
must be discarded.

Regarding the main edge crests and the first itileqoint positions solely, the selenium
speciation in the bioreactor samples can be ags$igmérigonal grey selenium, although
contribution of Se(-) (ferroselite related compdsj cannot be excluded (both features
shifted by only 0.3 eV). Both selenate and selehége significantly different XANES
(Table 3.1, Figure 3.1A) and do thus not contriliatéhe speciation in the sludges.

For the SR-R sample, the linearly combined modsfetiation indeed showed exclusively
the contribution of trigonal grey selenium, whereéhs speciation in MG-R includes a
contribution of Se(-Il) selenides. This apparerffedénce can be explained by the high
dissolved sulfide concentration in SR-R (127 mg S on day 115 of operation,
Figure 4.2A, Chapter 4), resulting in sulfidic memecipitation ** * depleting the
aqueous phase from metal cations. MG-R in conttestiot receive sulfate in the feed,
consequently metal cations can be provided viarfigent (amongst others 7.5 uM iron;
0.5 pM zinc; 0.1 pM copper), resulting in minor amts of selenium precipitating as
insoluble metal selenides.

Although main edge crests / inflection point ande$ir combination indicated trigonal
elemental selenium, the EXAFS FT did not show teeoad selenium neighbors in the
bioreactor samples observed in this model compdg&iglre 3.3B). Furthermore none of
the investigated elemental selenium standards smoreled with the first oscillation
(Feature A, Figure 3.2B) that was observed in Hutireactor samples. Based on the
XANES, EXAFS FT and linear combination informatiahjs suggested that selenium is
present in the samples SR-R and MG-R dominantlgoase aperiodic form of elemental
Se (0) not included in the model compound datab@seh a aperiodic form might be red
amorphous seleniuff®, due to the optically observed color and the latk XRD signal
for crystalline selenium.

It can be concluded that sludges from both sulfatkicing and methanogenic UASB
reactors represent an efficient sink for water lsi@liselenium species (selenate, selenite) by
forming either elemental selenium or metal selenida the future, especially spatially
resolved studies using nano-focused beams shoulppléed, as precise determination of
selenium speciation can be hampered by contributibiseveral species to the XAFS
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signals. Scanning transmission x-ray microscopytifatselenium L-edge) offers a great
potential as a spatial resolution better than 50cam be achievei’® and samples are

prepared as thin sections, avoiding the contriloubibseveral layers with different selenium
speciation.
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Abstract

This chapter evaluates the use of Upflow Anaerdbiiegdge Bed (UASB) bioreactors
(30°C, pH= 7.0) to remove selenium oxyanions frantaminated waters (790 pg Sé)L
under methanogenic and sulfate-reducing condititsisg lactate as electron donor. One
UASB reactor received sulfate at different sulfeteselenate ratios, while another UASB
was operated under methanogenic conditions fordB32 without sulfatén the influent.
The selenate effluent concentrations in the sulfatieicing and methanogenic reactor were
24 ug Se [* and 8 pg Se L, corresponding to removal efficiencies of 97% &99%,
respectively. XRD analysis and sequential extrastishowed that selenium was mainly
retained as elemental selenium in the biomass. Memvehe total dissolved selenium
effluent concentrations amounted to 73 and 80 ud-$erespectively, suggesting that
selenate was partly converted to another seleniompound, most likely colloidally
dispersed Se nanoparticles. Possible intermediates of selenigmuction (selenite,
dimethylselenide, dimethyldiselenide,,$¢) could not be detected. Sulfate reducers
removed selenate at molar excess of sulfate toaldup to a factor of 2600) and elevated
dissolved sulfide concentrations (up to 168 nty, but selenium removal efficiencies were
limited by the applied sulfate loading rate. In tinethanogenic bioreactor, selenate and
dissolved selenium removal were independent ofsthifate load, but inhibited by sulfide
(101 mg LY. The selenium removal efficiency of the methamigeUASB abruptly
improved after 58 days of operation, suggesting thapecialized selenium converting
population developed in the reactor. This chaptnehstrates that both sulfate-reducing
and methanogenic UASB reactors can be applied tmve selenate from contaminated
natural waters and anthropogenic waste streams,agricultural drainage waters, acid
mine drainage and flue gas desulfurization bleeds.
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4.1. Introduction

During the last decades, the hazards associatdd seilenium contaminated aqueous
streams became a matter of public and scientifention* 2’°! Selenjum substitutes for
sulfur due to chemical similaritié€? and is thus present in sulfide ores of e.g. copper
lead/zinc mines™. Smelting of these ores in refining factories ¢ibaes an important
anthropogenic source of selenium in the environni&ht During the combustion of
selenium-bearing co” in power plants, selenium contaminates eitherfltree gas or fly
ash’?"?, thus leading to selenium pollution by direct esiis or uncontrolled leachirftf®!.
The selenium concentrations in flue gas desulftidma(FGD) scrubber liquids vary
between 0.5 and 2 mg™L with high amounts of sulfate (815 to 4,730 md)L
simultaneously preseff®’. In nature, the oxidation of selenium-containingite leads to
high selenate and sulfate concentrations in growaters™® and acid mine drainage
(AMD). Acid seeps in the Moreno Shale (United Sgteontained up to 420 pg'L
selenium and 12,500 mg 'L sulfate "8, While AMD waters are generally well
characterized concerning heavy metal concentragtibiedr selenium contamination is only
rarely reported (Table 4.1).

Table 4.1 Overview of sulfate and selenate conaénfrs in selenium contaminated waste
StreaméZZ; 48; 144; 181, 210; 212]

Waste stream S0,” Se0,” Ratio Se0,> "/ SO,
[mM ] [mM ] [mM/mM]
Acid mine drainage 19.6 20% 107" 1.0 % 107
78.4 7.2 %107 9.2x 10°
284 25% 10" 8.9 x 107
1.9 6.2x107%" 52x 107

- 2.8 107" -

Acid seeps (Moreno shale, USA) 130.2 5.3% 107 4.1 % 107
3594 2.5 %107 6.9 x 10°
FGD purge waters 85 6.8 %107 8.0x 10"
49.2 2.6x 107 53 %107

Lo I 38x 107 t0 5.1 x 107 -
a) given in reference as total selenium

Water-soluble forms of selenium can be microbiatally converted to elemental selenium,
providing energy for the growth of specialized lesiet *®°. Elemental selenium is less
bioavailable and generally less toxic than othéréem species, although e.g. bivalves can
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assimilate elemental selenium produced in sedintEftsFurthermore, elemental selenium
is a solid that can potentially be separated frbenaqueous waste stream. This separation
is particularly important, as re-oxidation of elerts selenium can occur under oxidizing
environments® when leaving the treatment system. The low levefsselenium
negatively affecting the environmeft®, the often high ratios of sulfur to selenium
oxyanions (Table 4.1) and the poor adsorptive ¢ipitative properties of selenat&”
offer a promising niche for the simultaneous treamimof selenate and sulfate in
bioreactors. Bioreactors have so far been mainiuaited to treat nitrate rich agricultural
drainage water§™. In previous studies, anaerobic granular sludgs sleown to be a
potent inoculum for selenium bioreduction (Chap®r® converting high selenate
concentrations (up to 20 mM) with different electraonors to elemental selenium
precipitates. In order to validate these resultsiokd by batch experiments and to assess
the potential of further technical applicationsntiouous upflow anaerobic sludge bed
(UASB) bioreactor systems were investigated in ¢hiapter. The bioreactor operation was
evaluated by determining commonly occurring selengpecies in the gas, liquid and solid
phase. Also the sulfate-reducing and methanogerifopnance of the reactors was
assessed. The metabolic, microbial and mineralbgicaperties of the sludges that
developed in both UASB reactors were characterdgzedell.

4.2. Materials and Methods

4.2.1 Source of biomass

The inoculum of the UASB reactors, anaerobic grmanudludge (100 g wet weight),
originated from a full scale UASB reactor treatimgpastewater of four paper mills
(Industriewater Eerbeek B.V., Eerbeek, Netherlan@ikjs inoculum has been described in
detail by Roest et af®",

4.2.2 Synthetic wastewater

The UASB reactors were fed with a synthetic wastemeontaining trace metals, prepared
according to Stams et df*®, but omitting selenite, sodium sulfide and yeastraet.
Instead of carbonate, a phosphate buffer (40 mM§ used to maintain the pH of the
reactor mixed liquor at 7.0 (+ 0.2). Lactate wasdisas sole electron donor at a
concentration of 1,172 mg™, corresponding to an organic loading rate of Shgmical
Oxygen Demand (COD) (L &)
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4.2.3 UASB operation

The mesophilic (30 £ 2°C) reactors were operated atydraulic retention time (HRT)
of 6 h and a superficial liquid upflow velocity &f m H*. To stimulate co-reduction of
selenate during sulfate reductiffl, one UASB reactor (R1) was operated under sulfate-
reducing conditions. Sulfate and selenate were tiedR1 at varying concentrations
(Table 4.2). The performance of R1 was compareithidb of a second UASB reactor (R2)
to which no sulfate was supplied in the first 1%l of operation, and thus was operating
under methanogenic conditions. The effect of selfah the performance of R2 was
investigated at the end of the experiment (days142). No selenate was added during the
start-up of both bioreactors (Period | apddiays 0 to 23).

Table 4.2 Sulfate and selenate content of the seémtding of both R1 and R2

Reactor  Period Dayof  SeO,%InfluentR1andR2 SO  SeO,* /S0 ratic COD /SO, ratic
operation [mM] [mM] [mM/mM)] [mg/L)/ [meg/L]

R1 I 0-23 n.a. 26 - 0.5
1| 24-35 107 26 385 % 107 0.5
111 36-107 107 1.3 1.92% 107 10
v 108-150 107 26 3.85 % 107 0.5
R2 I, 0-23 n.a. n.a.
11, 24-131 1072 n.a.
11, 132-143 107 26 3.85 % 107 0.5
IV, 144-150 102 n.a.

n.a. = not applicable

4.2.4 Batch experiments

Adaptation of the bioreactor sludges to selenate dedermined using inoculum sludge and
reactor sludges sampled after 287 and 150 days of operation in batch activitystes
described in Chapter 2. Wet sludge (0.5 g) was hbatad with 50 mL of synthetic
wastewater containing lactate (20 mM) as electronod in the presence of 5 mM $0O
and 0, 50 or 100 uM Set) Sulfate and selenate reduction efficiencies apecific
reduction rates were determined after 72 h.
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4.2.5 Analytical techniques

Selenate, selenite, dimethylselenide and dimetbgldhide were determined by ion
chromatography and gas chromatography as desciibe@hapter 2. Total dissolved
selenium (Sedis) was determined by Inductively GedipPlasma-Optical Emission
Spectroscopy (ICP-OES). Effluent samples wereréitieusing a 0.45 um filter. Sludge
samples were destructed by aqua regia assistedwice digestio®”. The gas phase of
the UASB reactors was passed through a NaOH soltidrap H2Sé and the solution
was analyzed via ICP-OES (Chapter 2) in regulaerirdls. To characterize crystalline
precipitates in the solid phase, the reactor slsidgenpled after 150 days of operation were
investigated using X-Ray diffraction (XRD) (Chapt@). Sequential extractions for
selenium fractionatioli®® were carried out under a N2 atmosphere.

Volatile Fatty Acids (VFAs) and biogas compositionere determined by Gas
Chromatography?®?. Methane vyield was calculated as [(gCODmethane dki}) /
(gCODinfluent L-1 d-1)-1]x 100. The dissolved sulfide concentration of thitueft was
determined colorimetrically (Dr. Lange, LYW653, Geny). Volatile Suspended Solids
(VSS) were determined following standard procedlifes

Environmental Scanning Electron Microscopy with rgiye dispersive x-ray analysis
(ESEM-EDX) was performed on an Electroscan (Wilndmg USA) Type |l LaB6gun
microscope®. Energy dispersive X-ray analysis for qualitatiglement analysis was
conducted in selected areas of 24°um

Changes of the bacterial community structures nmetiwere analyzed using Denaturing
Gradient Gel Electrophoresis (DGGE) with subseqsenquencing of the bands of interest.
DNA was extracted using a DNeasy Plant Mini Kit @&n, Germany). The 16S rDNA
genes were amplified™! using Red’y’Starmix (Eurogentech, Belgium) DNA difigation

kit and the universal primer U968 (MWG biotech, @any)*®. DGGE was performed
using gels containing a 47-70% denaturing grad{@00% defined as 7M urea and 42%
formamide). For sequencing, DNA bands of interestenexcised using a sterile scalpel,
immersed in RNase-free water (Qiagen, Germany)feormkn for 12 h. After thawing, a
TOPO TA Cloning® Kit (Invitrogen, Germany) was ustd clone the DNA fragments
contained in the supernatant for further amplifmataind sequencing.
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4.3. Results
4.3.1. Sulfate-reducing UASB reactor

After a start-up period without selenate (Period the simultaneous feeding of both
selenate and sulfate in Period Il (Table 4.2) toghifate-reducing reactor (R1) resulted in a
poor selenate removal efficiency stabilizing at 2&24day 34 (Figure 4.1A). Surprisingly,
the Sgs removal efficiency was lower than the selenate onah efficiency, with a gap
ranging between 12% and 59%. In Period Ill, a highenate removal efficiency was
observed immediately upon raising the selenateiffate ratio from 3.85 1tto 1.92 1G.
From day 41 onwards, the selenate removal effigiemaceeded 80% with a maximum
of 97 % at day 69. It should be noted that thg, 8&s removed to only 89% at best in R1
(Figure 4.1A), with 73 pg Se'las the lowest selenium effluent concentration an day .

The highest dissolved sulfide concentration in &etil (110 mg ') was reached at day
102 (Figure 4.2A), on which a selenate removateadficy of >93% was obtained. ThesSe
removal efficiency was lower than the selenate mehcefficiency over the entire
Period IlI, the gap ranged between 0.8 % on dayB® 43% on days 65 and 102.
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Figure 4.1 Reactor performance of R1 (A) and R2 (@) selenate andl) dissolved
selenium removed [%] from liquid phase) Eelenium content in biomass [ug gV'$S
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When lowering the selenate to sulfate ratio back.& 10 in Period IV (Table 4.2), both
the selenate and &eremoval efficiency dropped immediately (Figure 4)1AVhile
selenate removal stabilized above 40% (at sulfidlecentrations up to 168 mg'Lon
day 145, Figure 4.2A), gewas removed to a lesser extent or even washedramt the
reactor (Figure 4.1A). A massive wash out of digsdlselenium was observed at day 123.

While the effluent Sg concentration was 58% higher than in the influsatenate was still
removed by 50%.
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Figure 4.2 Reactor performance of R1 (A) and R2:(E#) COD removal
efficiency [%], (X) sulfate removal efficiency [%)+) methane conversion efficiency

[methane recovered x theoretical methne 100; secondary y-axisO) dissolved
sulfide [mg L]

A nearly complete COD removal efficiency was achikvn the sulfate-reducing reactor
after the start-up period of 11 days (Figure 4.2Rhe non-converted COD consisted
mainly of propionate (data not shown). The sulfa@ucing efficiency (Figure 4.2A)
reached 26% (day 34) and 27% (day 144) at a hiffatsuoading rate (Period Il + V),
while it was much higher (95% at day 104) at the sulfate loading rate (Period IlI).
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4.3.2Methanogenic reactor

Subsequently to the start-up period without sekeiratthe influent (Period,| Table 4.2),
the selenate and &eremoval efficiency of the methanogenic reactorbified at
approximately 30% until day 58 (Figure 4.1B). Af&3 days of operation, both the selenate
and Sgs removal efficiency steeply increased and furtheserin Period } While the
selenate removal was almost complete from day ¥6aois, the Sg removal efficiency
was still incomplete with a maximum gap of 33% ay 6. Nevertheless, the gap became
smaller upon prolonged reactor operation (up to18).

When sulfate was fed to the methanogenic reactarsaienate to sulfate ratio of 3.85*10
(Period IIb), the selenate removal efficiency remained neadynplete for 8 days (32
hydraulic retention times). The maximal Se&emoval efficiency (89%) was reached on
day 145, corresponding to the lowest effluent catregion (80 pg Set). However, the
formation of 101 mg I dissolved sulfide in the liquid phase (day 148jufé 4.2B) lead to
a decrease in selenate andi3emoval efficiency from 100% to 81.2% and 87.5408%,
respectively.

The COD removal was complete after a 16 days sgarteriod for the whole experiment
and methane was produced up to a yield of 78 %ante® (Figure 4.2B). The remaining
COD was either converted to @@issolved in the effluent or to biomass growthV&As
did not accumulate in the effluent (Figure 4.2B)

4.3.3Metabolic properties of the sulfate-reducing slu¢i@e)

The inoculum sludge showed low sulfate reductiotega(initial concentration 5 mM
sulfate) with lactate as the substrate, independeintthe selenate concentration
(Figure 4.3A). The sludge sampled from R1 afterd2¥s of operation had a maximal
specific sulfate reduction rate of 1,204 pg S g V&Sin the absence of selenate (Figure
4.3A). At day 107, the sulfate reduction rate wassignificantly different compared to day
23, while the specific activity of the R1 sludgemgded at day 150 amounted only
994 pg S g VS$h' in the absence of selenate.

The presence of 10 uM SgO (corresponding to a selenate / sulfate molar ratio
of 2.0 x 10°) inhibited sulfate reduction with lactate as elestdonor in the R1 sludge
sampled after 23 and 107 days of operation by I&hét11 %, respectively, in comparison
to selenate free batches (Figure 4.3A). At day 1@ latter selenate concentration did not
significantly inhibit sulfate reduction anymore, ieh 100 pM Se@F addition (ratio
selenate to sulfate = 2.0 0inhibited sulfate reduction the most (81 %). Thighest
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specific selenate reduction rate for R1 sludgelig§&Se gVS$ h)’] was observed with
sludge sampled on day 107 upon the addition of5eQ?* (Figure 4.3B).

4.3.4 Metabolic properties of the methanogenicgtu@dR?2)

In the presence of 5 mM sulfate, the R2 sludge $agifter 150 days of operation showed
the highest specific selenate reduction rates &tsalenate concentrations tested:
3.1 pg Se g VS5 h' at 10 pM Se@, 21.0 pg Se g VSSh' at 50 pM and
36.2 pg Se g VS5ht at 100 uM Se@ (Figure 4.3C). The reduction rate of this R2 skidg
at 100 uM Se@ was the highest observed in all batch experimpetformed with both
R1 and R2 sludges with lactate as electron donor.
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Figure 4.3 Effect of selenate on the specific selfag S g VSS h'] (A) and selenate
[ug Se g VSS h'] (B,C) reduction rates with lactate as electromato(pH = 7; 30°C)
determined after 72h incubation in batch experimdayt R1 reactor sludge (A,B) and R2
sludge (C). Inoculumd) and after 23q), 107 @), and 150 {\) days of operation

4.3.5 Microbial community analysis

The DNA-band pattern observed using DGGE technitjsplayed additional DNA bands
in extracts from R2 sludge sampled at 150 days mdration (lane G, bands 1-3,
Figure 4.4). This was indicative for the developimehadditional microorganisms in R2
sludges since corresponding bands were not obséwd®S rDNA extracts of R1 sludges.
These bands were further excised and prepared fdA Bequencing. One of the
determined sequences (band 1, Figure 4.4) presét@eth of similarity (276 of 348
nucleotides matched) to that @fendrosporobacter quercicoluformerly Clostridium
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quercicolum Accession Number AJ010962 NCBI CoreNucleotideabase). The DNA
sequences of the bands 2 and band 3 were similseguences obtained for uncultured
bacterial clones B2 (Accession Number AY426442, %1 homology, 329 of 406
nucleotides matched) and BA149 (Accession Numbe328#77 89 % homology, 341 of
384 nucleotides matched), respectively.

I Figure 4.4 DGGE profile (47% denaturing agent op, t60%
3\ denaturing agent on bottom) of 16S rDNA PCR fragisien
(U968 bacterial primer) of inoculum (A) and sludges
; after 65, 95 and 150 days of operation (R1: land3; BR2:
lanes E-G). DNA fragments resembled to sequencegl)of
Dendrosporobacter quercicolus and bacterial cl¢2eB2 and

(3) BA149

i

4.3.6 Solid phase analysis

The selenium content in the biomass (normalizedV&S) increased during reactor
operation (Figure 4.1A and 1B), resulting in a fifBes higher selenium content in the
methanogenic compared to the sulfate-reducing UARRctor sludge (1,785 vs.
918 ug Se g VSY. Within the 150 days of operation, this accuniakatwas not yet
saturated. A slight red color developed on the amatlgenic granules and in the biofilm
formed in the tubes of this reactor (Figure 4.3CB, In contrast, no red color developed in
the sulfate-reducing reactor (Figure 4.5A).
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Figure 4.5 Reflected-light microscopic picturesavfaerobic sludge granules originating
from R1 (A) and R2 (B) at 150 days of operation &nafilm originating from tubing of
R2 (C). Bars correspond to 2 mm, arrow marks redsspf elemental selenium

Sequential extraction of both R1 and R2 sludgeaysd.29 and day 150 showed that most
selenium was extracted in the elemental fractioigufieé 4.6). Only negligible amounts
(between 0.1 and 1.6%) of selenium were presenthén soluble/ exchangeable and
adsorbed fraction. R1 sludge showed a smaller ifmactof elemental selenium
(57.0 £ 8.5%) at day 150 compared to day 129 (67.6.8%) and a larger fractioof
residual selenium from 7.& (1.4) % at 129 days compared to 26:17(4) % at day 150. In
contrast, R2 showed a larger fraction of elemestdé¢nium at day 150 (722 2.0%) in

comparison to day 129 (594£9.1%), but the total recovery for these samples igher
than 100% (Figure 4.6).
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Figure 4.6 Selenium fractionation determined by usedgial extraction.

Soluble/exchangeable (S/Ex), adsorbed (Ads), eleahdilem), organically associated
(Org), residual (Res) fraction and recovery (Rec)
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XRD spectra of both reactor sludges after 150 ddiygactor operation did not reveal the
presence of crystalline selenium or metal seleniflhe spectra matched with two different
crystalline compounds: brushite [CaHP©D2(H,0)] and calcite [Ca(C¢)] (Figure 4.7).
Brushite was present with a probability of 60% il Rludge, while brushite (59%
probability) and/or calcite (56% probability) weseesent in R2 sludge.

Selenium precipitates could also not be observedE8¥M analysis of the R1 and R2
reactor sludge granules, nor was selenium detectabthe EDX surface scan analysis
(Figure 4.8A, B). When exposing the inoculum sludgeioreactor operation conditions,
but with a higher selenate concentration (10 mM Sgdor 10 days, globules in

the 100 - 500 nm size range developed on the geaswiface (Figure 4.8 C). The EDX
analysis confirmed these globules consisted ofnasie with phosphorus, potassium,
chlorine and zinc as further constituents.
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Figure 4.7 XRD Diffractograms of R1 (A) and R2 (Blactor sludges and matched
standards (C, D) with diffractograms correctedtfackground




Chapter 4

Intensity [Comtss]

i

Fe |

M | | Zm
Tl ia ) |

He

4 T
Enery [keV]

00 12

Intensity [Cinmntss]

2

!
il

=

Cu

R, W

Se

e B
Eneray fkev]

158

[ET)

Intensity [omniss]

\
i e |
FEL o bt ¥ |
i *

e

s I‘v-.-

i (13
Enngs [ke]

“

[T )

Figure 4.8 ESEM pictures of sludge from R1 (A) &2l (B) after 150 days of operation

and inoculum sludge treating 10 mM S&Qn a 10 days batch experiment (C). EDX
spectra are surface scans (area 24)fram R1 and R2 (A, B) and beam focused on a
selenium nanosphere solely (C). White bars reptesqmm. Note that the presence of
copper is due to the sample holder

4. Discussion
4.4.1 Selenate removal by the sulfate-reducingelictor (R1)

In R1, selenate and ggemoval occurred under molar excess of sulfaterfa¢e to sulfate
ratio: 1.92 10), while a higher excess of sulfate (ratio: 3.85)1€educed the selenate
removal efficiency (Figure 4.1A). The competitivéfeet between selenate and sulfate,
especially during the transition between Perioll [¥nd 11I/IV (Figure 4.1A), suggests that
selenate was removed by sulfate-reducing bact&RBJ in R1. The achieved effluent
concentration of 73 pg Se'Lwas well below the USEPA Universal Treatment
Standard&*? for wastewater of 820 pg S&'L

The bacteria responsible for selenate reductioRIinwere sulfide tolerant, as selenium
removal proceeded at dissolved sulfide concentratiof up to 110 mg tin Period IlI
and 168 mg L in Period IV (Figure 4.1A, 2A). This is highly desd for treatment of acid
mine drainage or other strongly metal contaminadams, as the application of these
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sludges offers the possibility to combine sulfitieavy metal precipitatioH® with the
removal of selenium oxyanions. Although sulfate ogal efficiencies increased during
Period llI, efficiencies in Period IV were compavatlow than in Period Il (Figure 4.2A).
This might be explained by a lack of COD neces$arysulfate reduction (COD removal
already ~ 80% during transition from period Ik, Figure 4.2A).

The inhibition of sulfate reduction by selenate elegs on the ratio between the two
anions?® up to a threshold concentrationoilmM selenat&®®. Above this concentration
selenate becomes completely inhibiting, independérihe sulfate concentration present.
Addition of 10 uM selenate to R1 sludges in batehidity assays after 23 and 107 days of
operation (ratio SefJ : SO = 2.0 10°) resulted in a 12% decrease of the sulfate reatucti
rate (Figure 4.3A). This is in agreement with poerd report€*, that found 25% inhibition
of the sulfate-reducing activity of lactate gro®esulfomicrobium sp(pH = 7; 30°C) by
25 puM Se@ in 5 mM SQ* medium (ratio Se@ : SO = 5.0 10°. The selenate to
sulfate ratio applied to R1 in Period Il was lovetio SeQ® : SO = 3.85 10%) and was
thus not inhibiting sulfate reduction (Figure 4.2A&he incomplete sulfate reduction during
Period Il (Figure 4.2A) is most probably due tdiinition of SRB by selenate, as the ratio
SeQ?: SO (1.9210% inhibited sulfate reduction in batch culturesi®@o. Nevertheless,
it has to be noted that selenate removal efficendtabilized at >93% for 114 HRTs
(days 85-104).

This chapter thus showed that, despite the inhipiédfect of selenate to SRB, bioreactors
based on these microorganisms can be applied fatincous selenium removal, if the
selenate to sulfate ratio is controlled carefutlye ratio of selenate to sulfate should be
higher than 1.92 1%) but the selenate threshold concentration of <M should not be
exceeded. All waste streams summarized in Tablehbdever, display ratios of selenate
to sulfate < 8.0 16, thus an incomplete selenate angi.3emoval efficiency has to be
expected, if these are treated under sulfate-raguwmnditions.

4.4.2 Selenate removal by the methanogenic reéR&jr

The stable high selenium removal efficiencies oaetime period of almost 100 days
(Figure 4.1B) showed that a selenium removing patpah established in R2. Sludge
sampled after 150 days of operation showed theesigbelenate reduction rates with all
selenate concentrations tested (Figure 4.3C). Hae that the highest specific SEO

reduction rate was observed at the highest selesteentration (100 uM) after 145 days
of operation indicates an adaptation of the slutpeards selenate during the reactor
operation. The complete selenate removal (dayslB®)-under the continuous presence of
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high sulfate concentrations in R2 for 48 HRTs (Berlll,, Figure 4.1B) suggests that
selenium-respiring specialists developed, whichwaraffected by sulfate as their selenate
reductases function independent of sulfdt®!. Note that the selenate reducing
microorganisms in R2 were sensitive to sulfide (b L") (Period IIb), in contrast to the
selenate reducing SRB in R1. In Period, \éelenate removal efficiencies recovered
instantaneously when sulfide was absent again.

DGGE analyses confirmed the different populatiomsRil and R2, i.e. bacterial bands
developing in R2 (Figure 4.4). This was consisteith the rapid increase in selenium
removal efficiency after day 58 (Figure 4.1B). et DNA sequencing indicated that
Dendrosporobacter quercicolusias present in R2. This anaerobic selenate reducing
bacterium growing at 25-30°C has been previousliated from a two chamber subsurface
passive bioreactor/wetland system treating miningeps contaminated with
250 — 1,000 ugt selenium as selenat®®. Selenate reduction observed in R2 might be
assigned to these bacteria. Two further microosgasigrowing in R2 were closely related
to uncultured bacterial clones, which have beercriteesd to proliferate in methanogenic
reactors. Furthermore, the presence of clone B2resrted in the same inoculum as used
in this chaptel*®”.

The treatment of sulfate rich waters in a previpusklenate adapted reactor under
methanogenic conditions should be explored furtasrhigh sulfate loading rates did not
interfere with the selenate removal efficiency fbe time period investigated, once the
presumed population of specialists had developedditidnally, the Sg, effluent
concentration of 80 pg SeLfell well below the US EPA Universal Treatment
Standard€*? for wastewater (820 pug S€'). Note that inhibiting effects of sulfide have to
be avoided, which can be achieved by different @gsdechnological measures, e.g. sulfide
stripping™°LIn the methanogenic reactor, lactate was convedetiethane with a yield
of < 80% (Figure 4.2B). Further research is requi@ determine, if 10 uM selenate was
inhibiting methanogenic activity.

4.4.3 Selenium speciation

Elemental selenium was the main fraction in thédsphase of both sludges (Figure 4.6).
The red color observed in the R2 sludge and tubimgs probably due to amorphous red
elemental selenium, as this is the main constitwénthe precipitate obtained in batch

experiments using the same inoculum and electrarord@Chapter 2). In the sulfate-

reducing reactor, red elemental selenium might asee been formed, whereas the red
color remained covered by dark metal sulfides,iicn sulfides.
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In previous batch experiments, a minor part withive non-diffracting red selenium

precipitate was hexagonal black selenium (Chaptel2e precipitates within the R1 and
R2 sludges did, however, not match with this steshd&igure 4.7). The highest intensity
peak for brushite on 2-theta = 29.290° correspandsd-spacing of 3.047 A, thus showing
the same d-spacing as the highest peak for blackglomal elemental selenium (101 plane,
d-spacing = 3.0 A). Also the second highest pealthef sample (d-spacing = 3.798 A)
overlaps with the corresponding peak in hexagomainental selenium (100 plane, d-
spacing = 3.78 A). Similarly, the main peak foresglim (101 plane) overlaps with calcite
(d-spacing = 3.03 A) in the diffractogram of the RRdge. The second highest intensity
peak of hexagonal selenium (d-spacing = 3.78 Arésent in the R2 sludge (d-spacing =
3.77 A), but with a very low intensity. Thereforthe presence of hexagonal black
elemental selenium within the biomass of both m@actcannot be excluded. X-ray

absorption fine structure (XAFS) spectroscopy stibhat most selenium is present in an
aperiodic form of elemental selenium in both slg@hapter 3).

Selenium washed out from the sulfate-reducing ceamter almost the complete Period IV
(Figure 4.1A), but not in the methanogenic reaciperating under identical conditions in
Period I, (Figure 4.1B). This is not due to a chemical exgfgof ionic selenium species
with sulfate, as only negligible proportions of esbm were found in the
soluble / exchangeable and adsorbed fractions (&igu6). The fact that the &e
concentration exceeded the selenium concentrattermined as selenate in the effluent
liquid phase might be due to either the presencanofindetermined dissolved selenium
species or by wash out of colloidally dispersedneletal selenium.

The first hypothesis is supported by the fact tbeganically associated and residual
fractions were found in the sequential extractiohthe sludge samples (Figure 4.6). These
possibly consist of seleno-aminoacids and / ornsefeoteins®® and could be released
upon lysis of SRB. Other dissolved selenium speeies potentially formed upon the
reaction of aqueous selenide and elemental sutfusulfur-selenium-heterocyclé®”.
None of the selenium species described to be fortmedSRBs, namely }Be %
selenitd?®, dimethylselenide and dimethyldiselenff&!, could be detected at any time in
R1 or R2 . This is a very important fact as, foamyple, selenite is more toxic to aquatic
invertebrates and fish compared to selefdte

The second hypothesis is that the;Skaction is overestimated due to the wash out of
colloidal selenium with a size smaller than theligbfilters (0.45 um). This is supported
by the particle size of the selenium nanospher@® (2400 nm) formed by selenium-
respiring microorganism&®”. Even if not observed in the ESEM pictures of&ieand R2
sludges (Figure 4.8 A,B), probably due to the l@lesium content (EDX surface scan in
Figure 4.8A, B), similar particles (100-500 nm) wdbrmed by exposing the inoculum
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sludge to higher (10 mM) selenate concentratiomgu(E 4.8C). Moreover, the sequential
extractions (Figure 4.6) showed a lower mean ptigrorof elemental selenium in R1
sludge (150 days of operation) after the extenpmeod of Sgswash out (Period V). If
the SRB population in R1 produces such seleniunoshreres, the sudden wash out during
the transition of Periods Ill to IV could be due #detachment of the extracellular
nanosphere¥” to the medium or due to a release of intracelln@nosphere¥®? after
lysis of SRB cells.

Particularly under unstable operational conditiaedenium speciation should be monitored
carefully (including bioavailable organic seleniuiorms), as formerly bioaccumulated
selenium can abruptly washout. The gap betweemagleand Sg would not have been

revealed by common analytical procedures for setendetermination [e.g. Standard
methods examination water wastewater Nr. 344 as selenate is determined indirectly in
these procedures. This underlines the importancespefies-specific analysis for the
evaluation of selenium biotreatment systems, aserothelenium species can be
misinterpreted as selenate or selenite.
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Abstract

Bioalkylation and colloid formation of selenium ¢hg selenate removal in Upflow
Anaerobic Sludge Bed (UASB) bioreactors was ingagéd. The mesophilic (30°C) UASB
reactor (pH = 7.0) was operated for 175 days wdtidte as electron donor at an organic
loading rate of 2 g COD t d* and a selenium loading rate of 3.16 mg Sed™.
Combining sequential filtration with ion chromataghic analysis for selenium oxyanions
and Solid Phase Micro Extraction Gas Chromatograpklass Spectrometry
(SPME-GC-MS) for alkylated selenium compounds a#idwthe closure of the selenium
mass balance in the liquid phase for most of th&&BAperational runtime. Although more
than 98.6% selenate was removed from the liquidspha less efficient removal of
dissolved selenium was observed due to the presehabssolved alkylated selenium
species (dimethylselenide and dimethyldiselenide) eolloidal selenium particles in the
effluent. The alkylated and the colloidal fractionentributed up to 15% and 31%,
respectively, to the dissolved selenium concemmatirhe size fractions of the colloidal
dispersion were: 4 to 0.45 um: up to 21%, 0.45.20.0m: up to 11%, and particles smaller
than 0.2 um: up to 8%. Particles of 4 to 0.45 pumeviermed in the external settler, but did
not settle. SEM-EDX analysis showed that microoigras form these selenium containing
colloidal particles extracellularly on their suréad.owering the temperature by 10°C for 6h
resulted in drastically reduced selenate removitiefcies (after a delay of 1.5 days),
accompanied by the temporary formation of an unkmowoluble, organic selenium
species. This chapter shows that a careful processol is a prerequisite for selenium
treatment in UASB bioreactors, as disturbanceshi@ operational conditions induce
elevated selenium effluent concentrations by atikyfeand colloid formation.
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5.1 Introduction

Selenium is a metalloid with a narrow thresholdwestn being either beneficial as an
essential trace element or harmful as a potenn timxbiotal™. The latter was illustrated by
ecotoxicological effects to birds and aquatic oigas in the Kesterson Reservoir
(California, USA) ?"%. Both characteristics strongly depend on the hdability of
selenium, determined by its chemical speciafih

To deal with selenium contamination of water anitl several treatment options have been
developed®”. A treatment option used for soils contaminatedhwjeogenic and
agricultural selenium sources relies on “biovoizdition” ', i.e. the methylation of
selenium to dimethylselenide (DMSe) and dimethgldinide (DMDSe) by plants and
associated microorganisms. As DMSe and DMDSe show &cute toxicity®, soil
detoxification is achieved by dilution of the valat selenium compounds into the
atmosphere. However, industrial applications dendiffdrent approaches due to the high
dissolved selenium concentrations (Chapter 4 andnd)low total maximum daily loads
(TMDL) ™ that can be discharged without exceeding the dissancentration based
chronic freshwater aquatic life criteridff®, thus protecting aquatic life against adverse

effects from long-term (continuous) exposure tesim™®.

Especially the microbial conversion of water-sofybhighly toxic forms of selenium
(selenate, selenite) to elemental selenium, which denerally considered less
bioavailablé®", is a preferred option for industrial and agriotdl wastewaters. This
reduction can be mediated by specific enzymes lehaem-respiring microorganisms that
conserve energy for growth from selenium reductimrming intra- or extracellular
elemental selenium nanospheres of ~ 300 nm diam&@r In contrast, unspecific
enzymatic selenium reduction by sulfate or nitr&dcing bacteria can yield not only
elemental selenium, but also different side prosluetg. acutely toxic j$e**.

Methanogenic UASB bioreactors can efficiently regliselenate contaminations, even in
the presence of its structural analogue sulfatelewitxing selenium in elemental form in
the biomass, presented in Chapter 4. In Chapteowever, high removal efficiencies were
obtained under constant operational conditions.rdkial selenium conversions, however,
are strongly dependent on e.g. temperature an@®g®i 2°® which can vary strongly in full
scale application§”®. Moreover, the upflow velocity applied determintge hydraulic
shearing force, thus influencing the particle stfewashed out precipitatés®™. This
chapter, therefore, evaluates the influence of afjmeral disturbances (temperature, pH,
upflow velocity) on the treatment efficiency of UBSbioreactors treating synthetic
selenium contaminated wastewater. Special attemtams given to the size fractionation of
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colloidally dispersed selenium and formation ofsdised, alkylated selenium compounds.
Furthermore, the potential of an external settberetcover bio-precipitated selenium from
the aqueous phase is explored.

5.2. Materials and Methods

5.2.1. Source of biomass

The UASB reactor was inoculated with anaerobic gi@nsludge (100 g wet weight)
originating from a full scale UASB reactor treatingastewater of four paper mills
(Industriewater Eerbeek B.V., Eerbeek, The Netneidy This inoculum has been
microbially characterized by Roest et &' and has been previously described to be
effective for selenate removal from wastewatersafsiér 4)°.

5.2.2. Synthetic wastewater

The UASB reactors were fed with an oxygen-free lsgtit wastewater containing trace
metals, prepared according to Stams efHl, but omitting selenite, sodium sulfide and
yeast extract. Instead of carbonate, a phosphdferid0 mM) was used to maintain the
pH of the reactor mixed liquor at 7.0 (+ O.lxctate was used as sole electron donor at an
organic loading rate of 2 g Chemical Oxygen Dem&@®D) L™ d*, corresponding to a
specific organic loading rate of 53.5 mg COD g \itdaSuspended Solids (VSS)d™,
based on the initial VSS concentration of 37.4 gV$S used to inoculate the UASB
reactor. The selenate influent concentration wals¥@ L, resulting in a selenium loading
rate of 3.16 mg Se'td™ (84.5 ug Se gvS5d™). To prevent selenate bioconversion in the
storage vessels, the selenate solution was pregapatately and mixed with the buffered
synthetic wastewater prior to entering the bioreact

5.2.3 Reactor operation

Experiments were done in a glass UASB reactor (Q.4@rking volume) as described in
Chapters 2 and 4. It was operated under mesogtulhiclitions (30 + 1°C) at a hydraulic
retention time (HRT) of 6 h. The effluent was rdegcvia a Watson Marlow 503U
peristaltic pump (Rotterdam, The Netherlands) tmioba superficial liquid upflow velocity
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(vup) OF 1 m h'. All reactor tubing was made of polytetrafluorogéme (PTFE) (Polyfluor
BV, Oosterhout, The Netherlands).

During the reactor operation, the effect of disturbes in operational T, pH, ang, was
investigated, as detailed in Table 5.1. The reas@s subjected to a modest decrease in
temperature (3°C, [) and two major temperature decreases (10%rd ) of different
duration (Table 5.1). The temperature decrease wuatihger duration resulted in
acidification of the reactor (fp yielding a pH of 6.1. Failure of the recycle pudgcreased
the upflow velocity temporarily () from 1 m i to 0.08 m H.

Table 5.1 Operational phases and disturbancesealpilithe UASB reactor

Phase / disturbance  Time of operation Disturbance Effect
[days]
Phase | 0-23 No disturbance na.
Phase Il 23 - 51 No disturbance na.
D, 51-53 T=27+1°C Sey, removal decreased

Formation of DMDSe
Propionate accumulation

Phase lll 53 -62 Mo disturbance ™ n.a.

D. 62 -65 Failure recycle pump 2 v,, = 0.08 m h™' Selenate and Sey, removal decreased
Phase IV 65-93 Mo disturbance Colloidal Se washing out

Ds 93-93.75 T=20%1°C Acidification (D)

DMSe production

D, 93.75- 103 Acidification of reactor topH = 6.1 Selenate and Sey, removal decreased
DM(D)Se production

Phase V 103 - 122 OLR=05gCODL"d" Colloidal selenium washing out
Phase VI 122 - 156 No disturbance ™ na.
Ds“ 156 — 156.25 T=20+1°C Selenate and Sey, removal decreased

Formation of DMSeS *

Phase VIl ¢ 156.25 - 176 No disturbance na.

YOLR =2 g COD [ d*; T = 30°C; y,,= 1 m h%; ? indicated by SPME-GC-MS)Results
presented separately in Figure 5.6; n.a. ... noticgipke
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5.2.4. Batch experiments

Selenium alkylation from endogenous selenium saumas studied in batch experiments
with reactor sludge (0.5 g wet weight correspondm@6 g VSS) sampled after 60 days
of reactor operation. The tests were performed 26 InL serum bottles with 50 mL
selenate free synthetic wastewater under anaediditions as described in Chapter 2.
Batches “A” and “C” received lactate as electromato(2 gCOD [*), while no lactate was
added to batch “B”. Batch “A” and “B” were incubdtat 30 (+ 1)°C whereas batch “C”
at 20 (£ 1)°C. Controls included batch tests wititoalaved biomass, with sulfide addition
(20 mM), and with a medium of pH =2 + 0.1 (40 mMogphate buffer, adjusted to final
pH with phosphoric acid). DMSe and DMDSe conceiuret in the liquid phase of the
batch bottles were determined after 1 week of iatioh.

5.2.5. Analytical techniques

Selenate [Method Quantification Limit (MQL) 11 pgeSL' and selenite
(MQL: 24 ug Se [!) were determined by ion chromatography as destribeChapter 2.
Total dissolved selenium ($¢ was determined by Inductively Coupled Plasma-€bti
Emission Spectroscopy (ICP-OES) (detection limit i Se [%). Effluent samples were
treated by a sequential filtration (see Figure Didihg filters of 4, 0.45, and 0.2 um pore
size. Subsequently, the samples were centrifuged2@® min at 10,000 g in a table
centrifuge (Microlite IEC, Thermo Fisher, Breda,eTNetherlands). Removal efficiencies,
the proportion of alkylated selenium species arel gloportion of colloidal selenium in
effluent were related to measured,Seot calculated Se

Dimethylselenide (DMSe) and dimethyldiselenide (DSH) were determined by Solid
Phase Micro Extraction Gas Chromatography Mass tBpeetry (SPME-GC-MS)
(fraction C, Figure 5.1). Aqueous effluent samplere filled into GC crimp cap vials,
capped under exclusion of the gas phase, and ekxdoses min at 20 (x0.1)°C to the
SPME-fiber consisting of carboxen / polydimethyizdne (CAR/PDMS, 75 pum film
thickness) (Supelco, Zwijndrecht, The Netherlané&®y. separation, a WCOT fused silica
CP-SIL 8 CB low bleed / MS column (0.25 mm x 50 .25 um ) was used in a Thermo
Finnigan Trace GC with a Polaris Q MS detector (MweFisher, Breda, The Netherlands),
operated in a mode to scan m/z = 60 to 192. Thex lemperature was set to 250°C, the
oven was heated by applying a temperature progfano (4 min at 40°C, 25°C mih
to 250 °C, 2 min hold). Fragmentation patterns weléained using the Mass Frontier
software (HighChem, Slovakia). The MQL was 1.5 @8 pg Se [ for DMSe and
DMDSe, respectively.




Selenium alkylation and colloid formation

——————

(e}
| bioreactor:|
o o
e o
L.

G

Filter: 4 pm @

ICP

._
o

Se VM removal = (1-D/B) = 100

Filter: 0.45 pm Se 4. removal = (1- H/A) x 100

icp Se[4-045um] =E-F

Se [045-02pm)=F-G

Filter: 0.2 ym
Se[<02pym] =G-H
Icp
S€ |ndet =H-C-D
Centrifuge: 20° Se, =A
at 10,000 g

ICP

Figure 5.1 Sampling scheme and calculations tdifraate selenium colloids in the effluent
based on their particle size

Volatile Fatty Acids (VFAs) and biogas compositionere determined by Gas
Chromatography*®?. For Scanning Electron Microscopy with Energy Risive X-ray
analysis (SEM-EDX), samples were fixed for 1 h iqueous glutaraldehyde solution
(2.5%), rinsed with water and subjected to a sesfesthanol rinses (10, 30, 50, 70, 90,
100%; 20 min per step) before critical-point dryimigh carbon dioxide (CPD 020, Balzers,
Liechtenstein). Samples were then fit on a brasgpkaholder with carbon adhesive tabs
(Electron Microscopy Sciences, Hatfield PA, USA)dawroated with carbon. An
additional 5 nm platinum coating was applied by nen sputtering. Specimens were
analyzed with a field emission scanning electroorasicope (JEOL 6300 F, Tokyo, Japan)
at room temperature at a working distance betweand815 mm, with selenium detection
at 3.5 kV. All images were recorded digitally (Qri6, E.L.I. sprl., Belgium) at a scan rate
of 100 seconds (full frame) at a size of 2528 x@®@bit. The images were optimized and
resized with Adobe Photoshop CS (San Jose CA, UGRB)X analyses (INCA energy,
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Oxford Instruments Analytical, High Wycombe, Englrwere performed with a voltage
of 15 kV and a working distance of 15 mm.

5.3. Results

5.3.1. Selenate and selenium removal by the UAGBtoe under
stable reactor operation

Subsequently to the start up of 23 days (phas¢hé),selenate and selenium removal
efficiency of the UASB reactor steeply increasedphmase Il (Table 5.1). The selenate
removal efficiency stabilized at values exceedirig9% (phase II, I, 1V, V), with
complete selenate removal (> 98.6%; MQL) on days Bl6 and 118 (Figure 5.2A).
Complete selenate removal was achieved on 5 additidays when the settler was
considered as well. Dissolved selenium ggpaemoval developed in a similar manner
(Figure 5.2B), but generally with lower removal ieiéncies. Towards the end of the
reactor run (phase VI and VII), sgemoval efficiencies stabilized around 90% (phake V

DMDSe and DMSe were initially detected in the reactffluent after 13 and 17 days of
operation, respectively (phase |, Figure 5.3). luh end of phase Il (operation day 47),
the concentration of alkylated selenium compoureteained below 2.2% of the total
selenium concentration present in the influent;,JS®ifferent disturbances caused an
increased concentration of methylated seleniumispedowards the end of the reactor
operation (phase VI), however, DMDSe and DMSe cotraéions decreased, accounting
for a maximum of 7 pg Se'Las DMDSe (1.1% of $¢ and 26 pg Se'tas DMSe (4.1 %

of Sg,). Dimethysulfide and dimethyldisulfide were formddring the reactor operation,
with concentrations of up to 6.6 pg $ and 15.8 pg S't, respectively (data not shown).

During the start up of the reactor (phase ), ¢dddly dispersed selenium accounted for
less than 5% of the §eFigure 5.4A). Subsequently, more selenium wasvedad to
colloidal particles (31% of $g phase II), with the main contribution by largeienium
particles (4 to 0.45 um). While the total amountofioidal selenium was comparable, the
latter particle sizes were found in higher amountshe settler effluent compared to the
reactor effluent between days 51 and 100 (peribcand V). For most sample times,
smaller size fractions (0.2 to 0.45 um and <0.2 gomtributed to less than 6% and 5% of
Se, respectively.
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Figure 5.3 Selenium liquid phase speciation inti@ato selenium in the influent [%]:
(=—-e—) dimethylselenide, —=—) dimethyldiselenide,——) sum of dimethylselenide
and dimethyldiselenide, (x) selenium undetermined

No selenium containing precipitates could be fowrd the microbial surfaces of the
anaerobic granules from the UASB sludge bed samatiesst 60 days of operation, even
after extensive search. The SEM pictures of thélivigrowing in the PTFE tubes of the
bioreactor, however, showed microorganisms of apprately 1.2 to 1.6 um length and
0.5 um in diameter, covered with a crust of pagtichith a size between 50 and 100 nm
(Figure 5.4B). Furthermore, amorphous precipitaiesapproximately 150 nm diameter
were observed (area “c”, Figure 5.4B). The EDX acefscan analysis of the selected area
“a” including several microorganisms (Figure 5.4Bowed the presence of carbon,
oxygen, copper, selenium, platinum, and iron. Thenes elements were detected in a
surface scan of an area containing only the lamjameter precipitates (area ‘“c”,
Figure 5.4B). When focusing on a single microorgani(signal “b”, Figure 5.4B),
however, the EDX analysis showed the presencd tfalatter elements, except for iron.
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Figure 5.4 Particle size distribution of colloidaltispersed selenium (A) ire—ge—)
reactor effluent [%] and ==—=) settler effluent [%] and SEM pictures of biofilm
proliferating in tubings (B) with EDX scans of sefled areas (a-c), operational phases
(roman numbers) and disturbances)(&re described in Table 5.1. Elements detecteé wer
carbon (1), oxygen (2), copper (3), selenium (4atipum (5) and iron (6). Note that the
presence of copper is due to the sample holdepriegence of carbon and platinum due to

the coating.
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Settling colloidally dispersed selenium by cengdtion together with specific
determination of selenate, DMSe and DMDSe allowedldse the selenium liquid phase
balance almost completely during the first 155 dafyseactor operation (phases | to VI,
Figure 5.3). Undetermined selenium species.(ein the liquid phase accounted for less
than 5% for most sample times, with a few excegtisimowing higher Sgietvalues.
D D DD
I il ‘mr | IV S VI
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Figure 5.5 Reactor performance=r==) COD removal efficiency [%]; secondary y-axis
(==&=) propionate concentration in the effluent [ngCO®] L

In the beginning of the reactor operation (phaseasd Il), the COD removal efficiency
stabilized around 85%, with non-converted COD muaimonsisting of propionate
(Figure 5.5) and minor amounts of acetate (datashown). The COD removal efficiency
was subsequently influenced by the reactor dishaods, reaching again 85% in phase VI
of the reactor operation. The residual COD was keddn the settler, resulting in COD
removal efficiencies exceeding 93% after phaseata(ehot shown).

5.3.2 Effect of disturbances in operational tempeea

Disturbance D did not influence the selenate removal efficieffEigure 5.2A), but the
Seys removal decreased (Figure 5.2B), caused by thadton of methylated selenium
compounds of up to 15.1% of ;Se(Figure 5.3). DMDSe showed a maximum
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of 91 pg Se L, while the contribution of DMSe was of minor impamce (maximum
11 pg Se ). The DMDSe concentration decreased quickly tu§Se [* 3 days after
cooling (day 56 of operation). Propionate accunadab 303 mg COD Lin the effluent
(Figure 5.5), resulting in a reduced COD removétricy (53%), but not in acidification
of the reactor (pH = 6.9).

Disturbance B, in contrast, caused a decrease in selenate apdr&wuoval efficiency

9 HRTSs after cooling of the reactor to 20°C (Figbr6). The selenate removal efficiency
recovered after 16 HRTs, but ;3&ontinued to decrease until day 163 (HRT 28). This
reduced removal efficiency originated from the fation of an unknown selenium species
(up to 22% of Sg), as both DMSe and DMDSe did not significantly tiiute to Sghget
SPME-GC-MS revealed two major mass fragments atri#2 and m/z=127 (retention
time 9.82 min, Figure 5.7). These might indicatbesi dimethyl selenenyl sulfide (DMSeS)
or dimethylselenone (DMSe}) with fragments m/z= 142 and m/z=127 originatfingm
83e and the surrounding isotopic pattern aroundettmek& values from other stable Se
isotopes Se,"°Se,??Se,"’Se). Note that these compounds could not be detelcténg the
first 155 days of operation (GC-MS signals examiredtimes with Sgget > 5%,
Figure 5.3). The distinction between DMSeS and D®S@as not directly possible due to
the unavailability of standards and the fact thdisturbing signal was underlying the peak
of interest (retention time 9.4 to 10.6 min, Figbt@), causing abundant mass fragments of
m/z= 96, 133, 161, 163, 177, 179, and 191.

During the disturbance 4D the COD removal efficiency was lowered (68%) only
immediately after cooling, but recovered within dyd4 HRTs) and remained higher than
83% afterwards (data not shown) without acidificati

Decreasing the temperature to 20°C for 3 HRTs distnce ) resulted in acidification
(D4) of the reactor effluent yielding a pH of 6.1 dieethe accumulation of VFASs, in
contrast to the disturbances &nd B, (VFA accumulation not accompanied by a pH drop).
Propionate accumulated up to 482 mg COB) fesulting in no net-COD removal and a pH
drop from 6.9 (day 93) to 6.1 (day 103),DSelenate and ggremoval efficiencies
remained high before a strong decrease was obsemedhy 103. Part of the residual
selenate in the reactor effluent was removed irs#tider, resulting in a 5.8% smaller drop
in removal efficiency on day 104. An increase ikykdted selenium species was observed
(up to 10.3% of Sg, with DMSe contributing to higher amounts comphbie the previous
reactor operation (Figure 5.3). Selenium was pashpxidized to selenate in the settler
during later sampling times (days 109 to 115, d®&to 130) (Figure 5.2A).
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By lowering the OLR (phase V), the pH increasedhimitone day to pH 6.6 and lower
amounts of VFAs accumulated (< 37 mg CQRnate LY. During this recovery of the
reactor, only DMDSe was formed in significant amisu¢Figure 5.3). Colloidal selenium
was increasingly washing out from the reactor, tyailispersed in the effluent as particles
of 0.45 to 4 um (Figure 5.4A).

5.3.3 Effect of disturbance in operational upflogocity

During disturbance Pboth the selenate and gga@emoval efficiency decreased, with a
higher decrease in the €10.0%) than in the selenate (4.4%) removal efficye This
was due to an increase in the,Sgconcentration (10.6%, 79.7 pug Sé)Las the DMSe
and DMDSe concentration decreased (Figure 5.3gna& washing out from the reactor
was converted in the settler liquid, but the;Seoncentrations were comparable to the
reactor liquid concentrations (Figure 5.2A and Biter the reconstitution of the recycle
flow on day 66 (\, =1 m k', phase 1V), 23.6% of $ewas washing out in colloidal form
from the settler, mainly by larger particle sizés46 to 4 um and 0.2 to 0.45 um)
(Figure 5.4A).

5.3.4 Endogenous selenium alkylation by reactargsu

Most selenium was methylated (DMSe + DMDSe) in b&te” at 20°C, whereas DMDSe
was exclusively formed at 30°C (Table 5.2). Whediagl lactate as electron donor (batch
“A”), 49% more DMSe was formed in comparison to thetch without lactate addition
(batch “B"). No methylated selenium compounds wimned in the autoclaved controls
nor batches with inhibited metabolic activity (laiet degradation) by a low pH or high S
concentration.

Table 5.2 Selenium alkylation from endogenous setensources (in the absence of
selenate) by reactor sludge sampled after 60 daysearation.

e-donor T DMSe DMDSe Sum
batch [9-CODyaciate x L' 1 | [ | [Hg Se x L] | [ug Se x LT | [ug Se x L]
A 2 30 149=16 n.d. 14.9
B 0 30 10.0+0.7 n.d. 10
Cc 2 20 124 +4 96 0.1 22
autoclaved 2 30 n.d. n.d. 0
pH=2 2 30 n.d. n.d. 0
20 mM §* 2 30 n.d. n.d. 0

n.d. = not detected (MQL = 1.5 and 2.5 ug Sedr DMSe and DMDSe, respectively)
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5.4 Discussion

5.4.1 Biological selenate removal in methanogeni&SB
reactors

This chapter shows that methanogenic UASB reacteasly completely remove selenate
(<98.6%) from the liquid phase (Figure 5.2A andaB}jl reduce the ggconcentration to a
minimal value of 28 pg Se™L These effluent concentrations meet the curretemguality
criterion for salt waters (71 ug Sé')Lset by the United States Environmental Protection
Agency®Y. UASB reactors have been evaluated previouslyhietreatment of redl’ or
synthetic (Chapter 4) selenate contaminated wastesvaMinimal effluent concentrations
reported here are in accordance to previously tegovalues e.g. 20 pg Se'lat

pH 6.9 However, here these effluent concentrations waskieved feeding more
selenate § 2 times) using a 3 times shorter HRT in comparismrOwens (1997). The
improvement in removal efficiency is probably due the more constant temperature
applied in this chapter, as selenate angl 8amoval were shown to be strongly temperature
dependent (Figure 5.2A and B, Table 5.1).

5.4.2 Alkylation products

Here it was demonstrated that substantial quastifethe selenium (up to 118 pg S&L
were alkylated, mainly following temperature dese=a (Q and D3, Figure 5.3). Batch
incubations showed that previously accumulatedngete was alkylated in a biological
reaction (Table 5.2). DMDSe was the main alkylatedhpound for most of the runtime
(Figure 5.3) and DMSe was only during a few sangpliitmes the major product. This
contrasts e.g. Dungan and Frankenbelerwho reported DMSe to be the major volatile
gas produced by most selenium alkylating bactenid fngi. DMDSe sorbs to aerobic
soils, where it is subsequently converted to Se(+I8e (0), and Se (-II}**?. In
methanogenic UASB reactors, however, this mechanigrst probably plays a minor role
due to the strongly reduced environment €p-300 mV). The lower concentrations of
DMSe in the liquid phase during stable operatidmges | to 1V) can also be explained by
its degradation to methane and carbon dioxide bshyhetropic methanogen8®® 68
which have been shown to be present in the inoctftim
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Figure 5.8 Mechanisms of selenium alkylation madifiafter Chasteen (1993), Chasteen
and Bentley (2008 22, Compounds detected in this chapter are markea byok ¢"),
undetected compounds by a craX9 (

The major mass fragments m/z = 142 and m/z = 1BSemwed after disturbance,zan be
assigned to either DMSeS or DMSgQvhich have both been proposed as possible
alkylation intermediates (Figure 5.8). Although thaling point of DMSe@® has not been
determined so far, the boiling point of its sulfanalogue (Dimethyl sulfone) is
considerably higher than the applied oven tempezat238°C), thus elution of DMSeO
between DMSe and DMDSe (boiling points of 58 and°ts respectively) is unlikel§.
Furthermore, the fact that selenate, elementahsste DMSe, DMDSe, and DMDS were
detected here indicates thdisproportionation of DMDSe and DMDS leads to the
formation to DMSeS, according to mechanism 1 (FeguB).

The alternative mechanism 2 via dimethylselenorstilisdiscussed in the literatuf&: 22

as DMSeQ can be used for the methylation to DMSe. It islit@ly to occur in the sludge
studied, as none of the intermediates, especialgnge, was detected. DMSeS has so far
been found in cultures isolated from selenium cmimated environment§? and in
genetically modifiedEscherischia colicarrying a gene of the metal resist@#obacillus
stearothermophilu§?Y. It can thus be assumed that DMSeS is presefieifiquid phase,
contributing to the Sggye here. If a purely chemical disproportionation oDSe and
DMDS to DMSeS takes pladg Y DMSeS should be detectable during stable reactor
operation, as both DMDSe and DMDS were simultangqu®sent in the reactor liquid. It
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is possible that DMSeS is indeed formed by chemdégdroportionation, but not detected
(closed selenium liquid phase mass balance, Fi@)eas it is microbially degraded during
stable operation. Operational disturbances alter rficrobial degradation rates, which
would then allow the temporary detection of DMSeS.

5.4.3 Formation of colloidally dispersed selenium

The complete surface of the microorganism foundhim reactor tubes was crusted with
nano-sized (50 to 100 nm), amorphous particlesuf€i®.4B). In contrast, when incubating
pure cultures of selenate respir€f4 or anaerobic granular sludge under higher selenate
conditions (Chapter 4) in batch tests, globulatiplas of ~300 nm were observed. In the
latter cases, the globular particles were loostgched on the bacterial surfaces in pearl
necklet form. The difference in shape and sizehef $elenium particles in this chapter
might be due to the higher sheer forces inducethbyhigh upflow velocity (38 m™ in

the recycle tube, possibly resulting in wash outlafger particles (4 to 0.45 pm)
(Figure 5.4A). Indeed, after reconstitution of tleeycle flow (transition between,and
phase 1V), a wash out of 0.45 to 4 um seleniumigast was observed (Figure 5.4A).
Interestingly,E. coli S17-1cells expressing thE. cloacaefnr gene (genetic regulator that
controlsselenate reductases activity) precipitate sligktiyaller selenium particles (with
diameters of 100 to 150 nm) than those of the maid. cloacaestrain®”®. Consequently,
other factors (e.g. different growth conditionsgoowth phase) also influence the particle
size distribution and shape of the selenium preatigs, and thus need to be considered, if
one aims at production of larger selenium particles

The EDX analysis of the smaller particles obserhece (Area B, Figure 5.4B) indicated
that selenium is rather present in its elementtesthan as metal selenides, as no further
elements than those introduced by the sample pxtparwere observed. However, this
hypothesis has to be considered with caution, aX BBRalysis gives no information on
selenium speciation. Yet, an elemental charactarldvoonfirm the results of chapters 3
and 6. EDX signals of the complete scan area (&rekigure 5.4B) also showed the
presence of iron, but this is most probably dudreo sulfides formed under reducing
conditions®®Y,

5.4.4 Implications for selenate removal in practice

This chapter demonstrates that high selenate ceioveefficiencies can be achieved in
methanogenic UASB reactors, but that careful prcesntrol is a prerequisite for
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successful removal in full scale applications. Tikidue to the fact that both the formation
of selenium nanospheres and alkylated seleniumiespesignificantly contribute to
selenium effluent concentrations in disturbed hioediation processes. The selenium
nanospheres are not separable by simple techneahsn but the recovery of biologically
formed elemental selenium before discharge of ffieemt is of particular importance for
practical applications, as re-oxidation of selenitam occur in oxidizing environmerits”
and biologically formed, nano-sized particles aseeptially bioavailablé3* 2¢°!

The formation of alkylated selenium compounds iale@ bioreactors is not advantageous,
because selenium concentrations can be up to 6207mg industrial waste streant¥’,
thus posing a potential health risk to workers. Béardilution of DMSe and DMDSe to the
atmosphere is not an option, due to the fact thiaglated selenium compounds are
malodorous in trace concentratidff§.. Furthermore, the long term toxicological effeét o
the latter compounds on living organisms has notgen investigated. They also show'a
strong synergistic toxicity with other toxins suak arsenid®!. The fact that selenium
containing UASB reactor biomass formed alkylatetbriem compounds endogenously
(Table 5.2) should be considered, especially whiemass from full scale reactors is
harvested and stored.

Particularly under unstable operational conditiorsglenium speciation (including
bioavailable organic selenium forms) should be mwed carefully, as high amounts of
alkylated selenium or seleno-sulfur species catiobmed. This chapter showed that the
formation of alkylated species occurred with a yel® the temperature decrease
(disturbance B Figure 5.6). For selenium treatment plant opesatthis offers the
possibility to prevent Sg wash out by carefully controlling temperature &ng. applying
additional buffer tanks after disturbances.

A start-up of the reactor during 23 days of operafphase |) was necessary before a steep
increase in the Qgand selenate removal efficiency by the reactor otzmerved (phase II),
probably due to the proliferation of a seleniumpigag specialist (Chapter 4). The
increase in selenate reduction rate (due to grawihduction of higher selenate reducing
activity) by the biomass retained in the reactar ba fitted linearly G=0.995; days 23-35)
with 1.32 uM selenate Lyt 02 Such a linear increase in selenate reductionhagebeen
observed before under similar conditions (HRT = BH, = 7.0; T= 30°C) in Chapter 4.
However, the increase observed here was 1.85 tomes due to the 2.5 times lower OLR
applied in this chapter. The linearity suggestapability of the retained biomass to treat
even higher selenate influent concentrations. Hawethis might induce toxic effects on
the anaerobic food web (Chapter 7) or increasehdtion of alkylated selenium species.
Note that in case of high (10 mM) selenate conedioiis, the granules become encrusted
by a layer of red elemental selenium, which camicednass transfer (Chapter 7).
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As elemental selenium is a valuable prodé®¥, selenium recovery could improve the
cost-benefit ratio of reactor operation, similarthe recovery of other by-products during
selenium removal processé¥’. Despite the fact that the external settler regifractions
with a larger particle size (0.45 to 4 um) durimgmal reactor operation (Figure 5.4A), the
formed particles were not large enough to settie wemained dispersed in solution. In
order to meet total maximum daily loads for selemiwdissolved gas flotation could be
applied®™, as it can remove the colloidal selenium partié®$ and will also strip the
alkylated selenium compounds. The fact that nonitelavas detected (MQL: 24 pg S&;L
3% of Sg) in the effluents of neither the reactor nor th#ler at any time is of particular
importance, as selenite is considered to be morie to aquatic invertebrates and fish
compared to selenaféd.

A minor part of the selenate that washed out of rdmctor was reduced by suspended
biomass using residual COD (mainly propionate) lasten donor in the settler liquid,
especially after the disturbance in,(D,) and the acidification (§) (Figure 5.2A).
Consequently, one could argue that the presentarea@s not merely a UASB reactor
system, but a chemostat from which the seleniunudied biomass washed out and
consequently that the settler was actually a sedwmeactor. Accordingly, systems with
suspended biomass retention (e.g. a membrane tiorgahould be rather used in practice.
However, the utilization of an UASB reactor systehould not be abolished for selenate
biotreatment for different reasons. First of allludges operated under similar
conditions display  improved selenate removal adficly upon prolonged
reactor operation (Chapter 4). Secondly, the bieity of sludge granules is higfi *¢7}
making the reactor less vulnerable to disturbaricas systems that rely on a single or a
few specialized microorganisms. Thirdly, the orgation in a dense biofilm can result in
concentration gradients from the bulk liquid to theide of the granul&® *°”) possibly
protecting inner microorganisms from toxins. Fipathe sludge bed can convert high loads
of COD, preventing the wash out of VFAs by convegtithem into methane and thus
offering energy recovery via biogas production. Whesing an UASB system, a high
HRT (>> 6h) or buffer tanks should be considereduarantee a complete removal of the
selenate load.
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Abstract

Wet chemical methods such as sequential extragfonedures are commonly used to
assess selenium fractionation in anaerobic enviestsn allowing an estimation of the

mobility and bioavailability of selenium. Howevelhe interpretation can be biased by
unselective extraction of targeted species andaetsi introduced during the extraction.

Here, the selectivity of the single extraction stape scrutinized for the first time by direct,
non destructive X-ray absorption near edge strect()KANES) spectroscopy. The

sequential extraction procedures seriously ovenegtid the elemental selenium fraction, as
major parts (58%) of the total selenium were presen metal selenides and organic
selenium compounds, although extracted in the al¢ah&action.

Decomposition of the XANES spectra by the leastasguinear combination method
utilizing a large set of model compounds, includprgviously neglected Se(-l) selenides,
showed a novel degree of complexity in the spematif selenium treating biofilms, with
up to 4 pseudo-compounds, i.e. different elememajanic and metal bound selenium
species, present in the biofilms. Furthermore,aswhown that a short exposure (10 min)
to ambient air during the SEP induced oxidatiommfanic selenium compounds, revealing
the fragility of selenium speciation in anaerobiafiims.
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6.1. Introduction

Selenium is characterized by its ambivalent charagt being both essential and toxic to
living organisms. It is present in the environminat least five oxidation states (-Il, -1, O,
IV, VI) B%¥'in a variety of organic and inorganic compoundse Environmental fate and
the toxicity of selenium strongly depends on itsemital speciation®®, thus a
determination of the total selenium content is ffisignt to assess the impact of selenium
contamination.

To estimate risks posed by selenium contaminata@guential extraction procedures
(SEPs) operationally define fractions of seleniuyndpplying different extractants and
extraction conditiond™? 184 231 2691 A5 SEPs do not require sophisticated analytical
equipment, they can be used on a routine basishoddth applied to anaerobic
environments like sediment$® 2% or deep soil layer§'? ?*° the alteration of selenium
speciation by oxidation through ambient air duréngraction has thus far not been given
attention®* 29 |n this context, the fractionation can be biabgdboth oxidation of the
matrix (e.g. oxidation of sulfide$'®) or by changes in selenium speciatioh. If the
speciation is not preserved or the SEPs are nactded for the targeted species,
bioavailable fractions can be seriously underegtoha

This chapter investigates the speciation changaagishort exposure to ambient air, e.g.
during field sampling or sample preparation. Theligpbility of SEPs is tested on
anaerobic granular sludge, originating from an apflanaerobic sludge bed (UASB)
reactor treating selenate contaminated synthetistemater under disturbed operational
conditions (Chapter 5).

Solid phase speciation and changes induced by ambie were assessed by X-ray
absorption near edge structure (XANES) spectroschimgar combinations with a variety
of natural and synthetic reference model compouvete used to assess the local structural
environment. Special care was given to assessrésemnce of Se(-l), an oxidation state that
has often been neglected in past XANES studiegh&unore, selenium model compounds
that have previously not been included in SEP std{aqueous selenide and
selenocysteine) were spiked to the anaerobic biddihd the possible influence of oxidation
by ambient air on selenium fractionation was inigegéed.
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6.2. Material and methods

6.2.1 Source of Biomass

Anaerobic granular sludge from a full scale UASBater treating paper mill wastewater
(Industriewater Eerbeek B.V., Eerbeek, Netherlangsy utilized for the selenium spiking
experiments and as inoculum for a lab-scale bidoeaoperated under methanogenic
conditions treating 40 UM dacior- d* Selenate (Chapter 5). Biomass of the lab-scaletora

was harvested after 60 days of operation and SERs applied to the sludges.

6.2.2 Spiking experiments

Granular sludge was autoclaved for 20 min at 12Fitber in glass serum bottles sealed
with a butyl rubber stopper and flushed with, Nr in cotton plugged aerobic glass serum
bottles. Selenocysteine (ultra-pure quality; Sigihdrich, Zwijndrecht, Netherlands) was

spiked in solid form (ultra-fine balance AT21, MeitToledo, Tiel, Netherlands) to the

autoclaved sludge (0.15 g wet weight), while sodis@tenide (ultra-pure quality; Alfa

Aesar, Karlsruhe, Germany) was dissolved in an rafée stock solution (phosphate

buffer, 40 mM, pH = 7.0 £ 0.1).

6.2.3 Sequential Extractions

SEPs for selenium fractionation were done as destrby Wright et al. (20035%%, but
using a 10 times higher extractant : solid ratiog do incomplete selenium recoveries
observed in pre-experiments. Prior to the extractioe samples were homogenized using a
glass stick. Briefly, fraction | targeted solubbedbangeable selenium (extraction with
0.25 M KCl), fraction Il the adsorbed selenium ¢eaxtion with 0.1 M KHPGQ,), fraction

Il elemental selenium (extraction with 0.25 M J$&s, sonication at 20 kHz for 2 min,
then ultrasonic bath for 4h) and fraction IV orgaly associated selenium (extraction with
5% NaOCl).

The SEPs were carried out either under ,aalinosphere in an anaerobic glove box or
aerobically on the lab bench, exposing the samg@smin to ambient air prior to
continuation with each extraction step. In casehef anaerobic extraction, centrifugation
was conducted in airtight high purity polypropylecepolymer (PPCO) vials (Nalgene,
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Neerijse, Belgium). Selenium was determined by ttidely Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES) (Chapter 2).

Subsequent to each extraction step, one batcheofetfpective samples was placed in a
custom made sample holder of polytetrafluoroethyleising the anaerobic glove box.
Samples were sealed from ambient air by kapton. tRhe sample holders were stored
(4°C) under N in a wide mouth bottle until the XANES measurersefithe residues of the
first, second and third extraction step are retetreas R1, R2 and R3, while residues of
extraction conducted under ambient air are refetwesb “Q” and anaerobic extractions as
Ny .

6.2.4 Selenium solid phase speciation

Selenium K-edge (12.66 keV) X-ray absorption fineicture (XAFS) experiments were
performedat the Dubble beamline (ID 26, ESRF, Grenoble, égaand at the MicroXAS
beamline (X05, SLS, Villingen, Switzerland). Thesfi beamline was used to obtain
systematic “bulk” XANES information, whereas theesed beamline was used to collect
M-XANES spectra on selected areas of the samplésthéd ESRF, a focused beam
(~0.2x3mm) with a 9-elements solid-state Geeder was used. At the SLS, a
microfocused beam (~ 3 x 3 Anwith a 32-elements solid-state Ge detector wiiged.

At both beamlines, Si(111) double-crystal monochators were applied, ensuring a
comparable energy resolution of about 2.5 eV aK&¥. The energy calibration for both
monochromators was achieved using grey, trigon&ngen placed in the second
ionization chamber (transmission mode), using tt@nntrest edge at 12662.5 eV. All
biofilm samples were recorded in fluorescence mtixed at an angle of 45° relative to
the incoming X-ray beam, while model compounds weeasured in transmission and
fluorescence modes (positioned normal to the inognieam to minimize self-absorption
effects). No photoreduction due to the X-ray beaas wbserved during the measurements.

6.2.5 XAFS data reduction and calculations

XANES spectra were normalized using the XAFS sofevpackagd®” using standard
procedure$Y. Least square linear combination XANES fittingsevdone using MS Excel
SOLVER, using the recorded spectra at energiesdasstw 2,635 to 12,700 eV of a variety
of model compounds, including natural and synthe@anples of all environmentally
occurring formal oxidation states (Table 3.1).
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6.3. Results

6.3.1 Effect of ambient air on fractionation by seqtial
extraction

The spiking experiments demonstrated that selemeicgs was yielded mainly in the
soluble / exchangeable fraction, while minor padsorbed to the sludge, independent from
the presence or absence of oxygen (Table 6.1)ni8elevas found to higher amounts in the
elemental fraction during the aerobic extractio8.686 versus 72.1%) and more selenium
was yielded in the organically associated and tediftaction when treated anaerobically
(Table 6.1). Only minor differences were notedha soluble/exchangeable and adsorbed
fractions. Red precipitates (probably red elemesgdénium) were noted upon spiking of
the selenide solution in both extractions, althotlgh anaerobic aqueous spiking solution
was stable.

Table 6.1 Selenium fractionation by sequentialaotton: bioreactor samples and spiking
experiments

sample extraction soluble | exchangeable adsorbed elemental organically associated residual ¥
condition (Fraction 1) (Fraction ll) (Fracticn Ill) (Fraction IV)
bioreactor sludge Q; 20£03 25 +041 1082 +19 02 £00 0503|1144
N, 08 £01 15 £041 86.8 £48 04 £01 07x03) 802
selenocysteine 0O 88127 8519 1.0+£02 01200 01200579
N 87.8£16 78201 23103 03zx00 01z00) 982
HSe 0, 27x02 0501 88621 73x02 1406 (1005
My 22+03 02+x00 72128 199+13 70x1.1 (1014

The SEPs conducted with selenium containing bidoeatudges yielded most selenium in
the elemental fraction (fraction IIl), while min@amounts £ 1.5% in the presence of,N

< 2.5% in the presence of air) were found in theeofiactions (Table 6.1). Extraction in

the presence of air resulted in a larger elemédratafion, but total selenium recoveries were
higher compared to the anaerobic extraction.

The XANES spectra of the residues obtained aftefitbt (R1) and second (R2) sequential
extraction step displayed a shifted main crest eflget0.7eV) and inflection point
(< +0.9eV) when the SEP was conducted anaerobidahi}Ng) in comparison to extraction
under ambient air (Rx€ (Figure 6.1A, Table 6.2). A shift (-0.9eV) in tfiiest inflection
point position was determined in the third resi@@80, versus R3H).
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Table 6.2 Main XANES features for SEP residues

specimen extraction residue main edge first inflection
condition crest[eV ] point [ eV ]
R1N, N, 18! 12662.8 12660.6
R2N, Na ond 12662.9 12660.8
R3N, Ny qd 12662.6 12660.0
R10, 0, 1 12662.3 12660.1
R20, 0, 2 12662.2 12659.9
R30; O, 31 12662.8 12660.9

Linear combinations suggested that the first tesiduals extracted anaerobically (R1N
and R2N) were mainly composed of compounds related totad) Sg0) and cubic Se(-II)
selenides (stilleite and berzelianite related) (Fég6.1B). Minor contributions were due to
organic selenium (related to selenocysteine) indRdl to selenate in R2, respectively.
Trigonal Se(0) and cubic Se(-ll) (sodium selenide) like compounssere mainly
contributing to the modeled R3Nspectrum. In contrast, a dihexagonal-dipyramidal
(achavalite) type (Figure 6.1C) mineral contributedhe selenium speciation in Riénd
R20, A marginal contribution (3%) of selenate to R3® reported but not considered
further. The selenium content in the samples atter fourth extraction step was low
(Table 6.1), thus XANES spectra for R4 could notrbeorded during the beam time
available.

6.4. Discussion

6.4.1 Selenium speciation in methanogenic grarsilaige

An accurate description of selenium speciation maexobic biological samples, e.g.
methanogenic granules, can be achieved by the tigaésd set of model compounds
(Table 3.1) using linear combinations, demonstrdigdthe accurate best fits shown in
Figure 6.1B and 6.1C. Although the number of rafeeecompounds used to model the
experimental XANES spectra was limited as muchassibple, considerably better fits were
achieved using 4 model compounds, demonstratingdhgplexity of selenium speciation
in selenate treating UASB granules. Two componets however, dominant in all
models: trigonal Se (0) is dominant in all residusgleite or sodium selenide are relevant
in the anaerobic extractions, while stilleite ohaealite are determining speciation in the
aerobic extraction (Figure 6.1B and C). Thus, ipdstulated that the two components are
significantly determining the selenium speciation the investigated samples, leaving
uncertainties on the two others.




Figure 6.1 Normalized Se K-edge XANES spectra:digss of the sequential extractions (A) conducteakeobically (grey
line) and in the presence of ambient air (black)limesidues R1 to R3 (solid lines) and best fitibgar combination to model
compounds (x) after extraction performed anaerdlgi¢B) and under ambient air (C). Contributionsmbdel compounds to

the best fit results are given in atom %
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It can be assumed that the speciation of the bitmealudge during treatment of selenium
containing wastewater is close to the modeled afieniin R1N due to the fact that only
minor amounts (0.8%) of soluble / exchangeablenaate were extracted (Table 6.1) and
that the extractant (0.25 M KCI) is a constituehth bioreactor feed, although in a lower
concentration (5.6 mM). The XANES model demonstidteat most selenium (88%) was
present in Se (0) and Se(-Il) cubic form, thus zarihg the ability of methanogenic UASB
reactors to immobilize bioavailable (water solubkglenium oxyanions to insoluble
mineral phases. The fact that no metal selenide swafar detected by XRD methods in
these sludges (Chapter 2 and ) can be explained by nanocrystallized (<100 nm)
forms!. Indeed, when operated continuously in UASB reactonder methanogenic
conditions, anaerobic granular sludge convertsagdeto selenium containing particles of
< 200 nm particle size, colloidally dispersed ia #ffluent (Chapter 5). The contribution of
selenocysteine observed here (and in Chapter 3)rejamesent a precursor to selenium
alkylation !, as the sludges form dimethylselenide and dimdtsglenide from
endogenous selenium sources (Chapter 5). The higinétibution of elemental selenium to
the modeled selenium speciation in the methanogemeerobic granular sludge
investigated in Chapter 3 (67 atom %) can be enpthiby the longer reactor operation
upon sludge sampling, if more selenium is fixedha biomass as elemental selenium in
comparison to metal selenides upon prolonged reagteration. However, the modeling
also implies that the total amount of selenium ptigdly being alkylated from endogenous
sources increases as well, as contribution of eelsteine is constant (12% here
versus 14% after 115 days of operation), but thengen sludge content higher.

In general, experimental XANES spectra obtainednigthanogenic granules were well
represented by the combination of model compousdd here (Figure 6.1B and C). Under
high sulfur conditions, e.g. in sulfate-reducingfbms, however, the interpretation of the
XANES spectra might be complicated by the fact gelenium can be replaced by sulfur
and precipitated selenides might comprise mixtimegifferent selenium:sulfur ratio, e.qg.

as mixed FeS/S&.

6.4.2 Influence of ambient air on selenium speomti/
fractionation

This chapter shows that a short exposure (10 nshtbeambient air, likely to occur during

field sampling of e.g. contaminated sediments aeapbic bioremediation systems, can
induce a change in selenium speciation (Table &igure 6.1A) and consequently

fractionation (Table 6.1) in anaerobic biofilms.
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The decomposition of the XANES spectra showed thesgnce of a highly oxidized
(selenate-like) species in R1@nd R2Q, which can be explained by the complete
oxidation of organic (selenocysteine like) spediés™ to selenate (R1Nversus R16).
However, this oxidation is not reflected in diffateselenium yields in the first fractions of
the SEP investigated, as both selerf&t® and selenocysteine are co-extracted in this
fraction (Table 6.1). For the disposal of biorea@rcess sludge under aerobic conditions
selenate formation is particularly problematic, iasadsorbs only badly to the sludge
matrix® and might thus leach out.

In R10G, and R2Q, a dihexagonal-dipyramidal Se(-1l) selenide of adlite type (space
group: P 6/mmc, Table 3.1) was found in the betgdilinear combinations, in contrast to a
F 43m cubic Se(-1l) selenide (here: stilleite) ibNB and R2N (Figure 6.1B versus C). Due
to the presence of cobalt and nickel in both therdaictor feed (0.5 and 0.1 pM,
respectively) and in the inoculum sludge, howewternative selenides with the same
space group (P 6/mmc) should also be considergd freboldite (CoSe, pKs= 31.2) or
sederholmite (NiSe, pKs= 32.7". Due to the contribution of several species to the
reconstructed XANES spectra and to the possibleoergstallized character hindering
exact identification by XRD, a precise mechanismtfe mineral transition observed here
cannot be assigned. Hypothetically, parallels tfusumineral chemistry might be drawn,
where a transformation of chalcocite ¢Sk to covellite (CuS) by oxygen in sulfate
solutions has been demonstraf€l To the best of our knowledge, the direct evideoce
the berzelianite (G$e, F 43m) oxidation to klockmannite (CuSe, P 6/jnioycambient air
has not been described in literature. A time reswlM-XRF study could shed light on this
oxidation mechanism.

The reconstructed XANES spectra suggest that thlengsh in speciation of R30n
comparison to R3N(Figure 6.1A) was attributed to the oxidation ofcabic (sodium
selenide) Se(-Il) type to elemental selenium (FéggrlB versus C). However, the presence
of sodium selenide as such is unlikely, as it istewasoluble. It was furthermore
demonstrated that aqueous selenide is highly la&hién under strict anaerobic conditions
and instantly oxidized to elemental selenium, a®d colored precipitate formed upon
spiking to the sludge and the SEP yielded mostnaele in the elemental fraction
(Table 6.1), although insoluble selenides mighb dterm, suggested by the organically
associated fraction. Persistence of aqueous selémithed by microbial processés 84 283

is thus unlikely in metal rich environments, e.gaarobic granular sludge or contaminated
sediments represents, providing a sink for highkid aqueous selenide. Alternatively, an
insoluble cubic Se(-1l) type with a F m3m spaceugroe.g. clausthalite (PbSe, pKs =
42.10%°™ might rather explain the modeled selenium spiciah R3N, as the inoculum

is metal ricH?® and originates from a full scale wastewater tremtniioreactor.
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6.4.3 Extraction selectivity of the SEP

This chapter demonstrates that the SEP achievestisély for selenocysteine, as mainly
found in the soluble / exchangeable fraction (TahlE) in the spiking experiments and
furthermore only contributing to the modeled spgoraof R1N, but not R2N. Selenate,
however, targeted in fraction®®® contributed to the speciation of Ri(Figure 6.1C) and
is thus insufficiently extracted. The selectivity £lemental selenium targeted in fraction 3
is poor, as the decomposition of the XANES spestiggested a high contribution of Se (0)
like species to R3Dand R3N. Furthermore, the contribution of stilleite / belianite
(Figure 6.1B) and achavalite species (Figure 6.t€kreased between R2 and R3,
demonstrating that the dissolution of these misetahds to an overestimation of the
elemental fraction, as observed by the high amoohtelenium yielded in the elemental
fraction (Table 6.1). This implies a serious migipretation when evaluating detoxification
from selenate by formation of elemental seleniurnioremediation applications.

6.4.4 Conclusion

In summary, this chapter shows that the applied,Sithough validated for several
selenium specie®®®, gives an inaccurate description of the actuarsem speciation in
complex matrixes including anaerobic granular stud§uch a selectivity lack using
sequential extraction procedures has previoushn liBsmonstrated by a XAS study for
reduced sulfur specié€®. While sulfur fractionation determined by sequahéxtraction
procedures can be verified in conjunction with ral&ive wet chemical methods, i.e. acid
volatile sulfur ™ such routine methods have not been developed sé&enium
fractionation. Thus, the precise description of ¢kéenium solid phase speciation relies on
non-destructive, direct, species specific analytioathods, such as XAFS using careful
speciation modeling with a sufficiently large numbéselenium model compounds.
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Abstract

Inhibitory effects of selenite and selenate towalgs&lrogenotrophic and acetoclastic
methanogenesis were evaluated in anaerobic toxiadggays. The 50% inhibitory
concentrations (I§) for both selenium oxyanions were below 61 uM ydregenotrophic
assays. Inhibition to acetoclastic methanogens laxsr, as indicated by the highersiC
values, 83 uM and 552 uM for selenite and selenmaspectively. Selenite completely
inhibits methanogenesis from both substrates teatecbncentrations 1 mM selenite,
while only marginal methanogenic activities occtiequimolar concentrations of selenate.
Selenite becomes already inhibitory upon a singf®sure, selenate inhibits methanogens
upon repeated exposure. The inhibition had a pezntacharacter, as it persisted in the
absence of selenium oxyanions. Consequently, metltam not be recovered during
biotreatment of highly selenium contaminated wasteams in methanogenic bioreactors.




Selenium inhibition of methanogenesis

7.1. Introduction

Selenium displays an ambivalent character of bboth essential as nutrient, but becoming
toxic to biota at elevated concentratidfi§. The border between its nutritional and toxic
limit in animals and humans is narrdf® and depends on the chemical speciation of
selenium”®. Consequently, both the selenium concentration spetiation need to be
controlled carefully during water and wastewateatment. Several physico-chemi€al’
and biological selenium removal techniques haven eveloped® ® Y with microbial
remediation techniques being promising due to thah selectivity for the prevalently
targeted selenium oxyanions selenate and sele®iitapter 4J°°°.

Anaerobic treatment of selenium containing (wasédgw streams under methanogenic
conditions offers the possibility to convert sokildelenium oxyanions to insoluble, less
toxic elemental selenium, and simultaneously comsenergy as methane from the organic
matter present (Chapters 4 and 5). Methanogenierab& granular sludge is a potent
inoculum to remove both low (POM) (Chapters 4 and 5) and high @) ©
concentrations of selenium oxyanions, immobilizisglenium mainly as elemental
selenium in the biomass (Chapter 3 and 6). Not drdynage and mine waters (Table 7.1),
but also highly concentrated selenium containingte/astreams, e.g. wastewater from
selenium processing industries with a total soluBklenium concentration of up
to 620 mg [* (7.8 x 10° M) could potentially be treated in methanogenitiayp anaerobic
sludge bed (UASB) bioreactors [64].

Table 7.1 Overview of highly selenium contaminagegieous waste streafffs?% 64 114: 144
181; 194]

Waste stream Selenium content Selenium pH coD
[107° M) speciation [mg/L]

Agricultural drainage waters 0.004 Se0? 6.8-7.0 32

(San Luis drain, California USA) Se0;” < 5ppb

Acid mine drainage 0.006 n.a. 2.7 n.a.

(T&T coal Mine, West Virginia, USA)

Selenium compounds industries 7.848 n.a. n.a. na.

(Japan)

Municipal solid waste incineration ash leachate 0.016 Se0,” 10.1 na.

(Tokio, Japan)

QOil refinery effluents 0.004 Se0,.* na. na.

(Shell oil refinery, California, USA)

Qil refinery effluents 0.052 87 % Se0.” 11 na.

(pre-concentrated, Houston, Texas, USA) 13% Se0,”

Flue Gas Desulphurization scrubber waters 0.007 na. 6.3 1,34
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The influence of elevated concentrations of sel@niwoxyanions on anaerobic
bioconversions in methanogenic systems has, howmegived little attention so far. It is,
nevertheless, crucial to bioreactor design, as @edse in methanogenic activity will
reduce the potential of the UASB reactor to rem@®D and recover energy via
methanéd®®. Selenium oxyanions can either influence directirmentation and
methanogenesis via inhibition and toxicity of theemorganisms involved, or indirectly by
altering the electron flow in the food web, as sele respirers use hydrogéff and
acetate™® as substrates (Figure 7.1). While competition tfe electron donor can be
overcome by higher organic loading rates, toxigitight irreversibly affect the reactor
operation.

Se WV 4 Organic matter |, Se VM
DSeR DSeR
v
S SRB | 4 @\ | SRB sV
57— (hee) =
AMG CH, + CO,
Se® Se?0

Figure 7.1 Simplified scheme of anaerobic food w&th interaction of sulfate and selenate
reducing microorganisms. (DSeR = Dissimilatory 8&lm Reducers; SRB = Sulfate
Reducing Bacteria; AHG = Acetoclastic HydrogenogeR®AG = Hydrogenotrophic
Acetogens; AMG = Acetoclastic Methanogens; HMG =dkbgenotrophic Methanogens)

This chapter investigates the inhibition of selerdind selenate on methanogenesis with
acetate and hydrogen / carbon dioxide as the electonor in anaerobic granular sludge.
Inhibitory concentrations (l§) were determined, representing the concentratarsiog

a 50% decrease of the maximum specific methanogecivity with acetate as the
substrate, and total methane production with hyeinofcarbon dioxide as the substrate
compared to an uninhibited control. Inhibition upoepeated exposure to selenium
oxyanions was studied by weekly / biweekly replgcthe batch liquid phase by fresh
selenium containing medium. Transient inhibition swdistinguished from permanent
effects by replacing the batch liquid phase witlesieim-free medium.
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7.2. Materials and methods

7.2.1 Source of biomass

Anaerobic granular sludge from a full scale UASBater treating wastewater of four paper
mills (Industriewater Eerbeek B.V., Eerbeek, Nedmals) was utilized as inoculum. Its
bacterial and archaeal sludge community has besaridled in detail by Roest et &,

7.2.2 Anaerobic toxicity tests

Toxicity of selenite and selenate methanogenesis was investigated in batch actie#ts
using 0.5 g (wet weight) anaerobic granular sludg®&0 mL methanogenic medium as
described in Chapter 2. The specific maximal metganic activity with acetate as the
substrate (SMA-Ac) was derived by measuring thegqree increase (corrected for methane
partial pressure) in half-hour intervals using afire pressure measurement syst&f.
The total methane production with hydrogen / card@xide as the substrate (TMP)H
was determined in weekly intervals. Acetate was edddy diluting a neutralized
concentrated stock solution to a final concentratif 1.88 g [}, corresponding to
2 g Chemical Oxygen Demand (COD)'.LIn the batch tests with hydrogen, the serum
bottles were flushed with a ,HCO, mixture (80:20, v/v) instead of ;Nand the final
headspace pressure adjusted to 1.7 bar (correspprudi, 160 mgCOD ). Note that both
substrates were provided in excess for seleniunamigy reduction. Selenium oxyanions
were added from concentrated stock solutions tal fioncentrations of 10to 10> mM
selenite and selenate. Selenium-free bottles wead as control.

The sludges were incubated for 4 weeks in the poesef selenium, whereas the medium
was renewed weekly using./@0, as the substrate, and biweekly using acetate as the
substrate, respectively. Subsequently, the mediasreplaced twice against selenium-free
medium. 1Gy values were calculated, plotting either percentay&€MA-Ac or TMP-H,
compared to the uninhibited control against theatidfmic inhibitor concentration, by
linear regression as no hormosis effect was obdeiwecase of persistent inhibition in the
absence of selenium oxyanionssJ®@alues are related to initial selenium concerdreti
given to the assays during the first weeks of iatioi.
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7.2.3 Analytical techniques

Selenite and selenate were determined by ion chogrephy as described in Chapter 2.
Volatile Fatty Acids (VFAs), methane and hydrogemrev determined as described by
Weijma et al.?®?. volatile Suspended Solids (VSS) were determir@ibing standard
procedure&™.

7.3. Results

7.3.1 Inhibition of hydrogenotrophic methanogenedyy
selenium oxyanions

Addition of low selenite concentrations (1B1) significantly reduced the TMPtby 26%
during the first week of incubation compared to ¢batrol, while the acetate concentration
simultaneously increased (Figure 7.2A).
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Figure 7.2 Influence of selenite (A) and selena® ¢oncentration [0 to IftM] on
hydrogenotrophic methane production (grey line) acdtogenesis (black line) in batch
experiments in the presence (week 1 to 4) and abdgveek 5 to 6) of selenium oxyanions

This trend became more apparent in weeks 2 tovérting the amount of COD converted
to methane and acetate in week 4, and persistiéxe iabsence of selenite (weeks 5 to 6). At
higher selenite concentrations, a virtually complathibition of TMP-H (<96%) was
observed after renewal of the selenium containiegiom in 16° M batches. The complete
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inhibition of methane production persisted and a@eeproduction was low upon omitting
selenite from the feed, in contrast to the batet taceived 10 M selenite.

The TMP-H was inhibited by equimolar concentrations of saten(10" M), albeit to a
lesser extent compared to selenite (Figure 7.2B)dntrast to the assays with selenite,
acetate concentrations remained at a low leveh& ¥0* M batch in the presence of
selenite, whereas high acetate accumulation ammagsdecrease in TMP-+bccurred the
absence of selenate (weeks 5 to 6). The addititigbir selenate concentrations (310)
resulted in further decreased, but not completalyibited, methane production and
elevated acetate concentrations, which contragsetiuimolar selenite toxicity assays
(Figure 7.2A). The methane production remainedilotihe absence of selenate.

ICso values for inhibition of the TMP-Hdecreased from initially 0.437 x o

to 0.070 x 13 M upon repeated selenite exposure (Table 7.2prAfhanging to selenite
free medium, the I§ values remained comparatively low. Although singlédition
of 102 M selenate did not inhibit the TMP,Hby 50 % in the first week compared to the
control (Figure 7.2B), the Iz values strongly (~factor 15) decreased betweerksveeand

3, resulting in a minimum 1§ value of 0.058 x 1& M in the absence of selenate
(Table 7.2).

Selenite was nearly completely removed in th&C2 fed batches with an initial selenite
concentration ok 10° M, whereas the addition of TOM selenite resulted in strongly
decreased removal efficiencies during repeatedbitbon with selenite (Figure 7.3A).
However, the total amounts of selenite removed ftbenliquid phase were the highest in
the latter H/CO, fed batches in the first 3 weeks, with a maximurs.6 (+ 0.3) x 16 M
removed (week 1). In contrast, selenate was remmaeanpletely in all batches, except for
the 10° M selenate initial concentration. Decreasing reah@fficiencies during prolonged
selenate exposure were observed (Figure 7.3B). higeest total amount of selenate
reduced (0.54 x 1DM) was approximately ten-fold lower than under ietplar selenite
concentrations.
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Table 7.2 Concentrations of selenium inhibiting atotmethane production in
hydrogenotrophic batch assays and specific metlanogctivities in acetoclastic batch
assays by 50 % (Kg). Note that weeks 1 to 4 were under presence, svéeto 8 under

selenium oxyanions absence

H,/CO,
ICs, r?  regression 1C5 r?  regression
[10°MsSe™] model [10°M Se V] model
Week 1 0.437 0.98 24586 0.99
Week 2 0.262 097 13853 0.88
Week 3 0.126 0.99 1 0.929 0.95 1
Week 4 0.070 0.90 0.574 0.93
Week 5 0.071 0.81 0.071 0.89
Week 6 0.061 0.88 0.058 0.85
Acetate
ICs; r?  regression ICso r’  regression
[10°M Se ] model [10°M Se ¥ model
Week 1-2 0.575 0.94 8973 0.99 2
Week 3-4 0.141 093 0.808 0.99
1
Week 5-6 0.083 0.99 0.552 0.99 1
Week 7-8 0.103 0.98 0.579 0.96

1) linear-logarithmic regression model, 2) lineapenential regression model

7.3.2 Inhibition of acetoclastic methanogenesis d®fenium
oxyanions

The lowest concentration of selenite causing itlubi (25.1 %) to acetoclastic
methanogens was T (Figure 7.4), with persistence in the absenceeténite (weeks 5
to 8). Higher concentrations of selenitecaused a marginal activity
(<0.02 gCOD-CH gVSS' d!) at 10°M and complete inhibition at F0M. No hydrogen
accumulation was detected in the headspace atiamy (Hata not shown). The lowest
concentration of selenate resulting in a signifigadecreased SMA-Ac was 10 fold lower
(10° M) and observed under repeated selenate expoBiger¢ 7.4). The SMA-Ac was
fully restored after the second transfer to sekeriege medium. The addition of 1M
selenate resulted in an irreversibly lower SMA-Ag. contrast to selenite, addition of
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102 M selenate did not completely inhibit the SMA-Ax(4 (+ 0.00) g COD-CiHgVSS!
d™*in week 3 to 4].
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Figure 7.3 Selenite (A) and selenate removal (Bhawal in hydrogenotrophic toxicity
assays during 4 weeks (W1 to W4) expressed as @nedficiency [%)] in filled symbols
and as [mol [}] in open symbols (secondary y-axis)
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Selenite showed a progressively stronger inhibiéiffgct on the SMA-Ac, reflected by the
decreased I§ values during selenite exposure. The inhibitiors warsistent as the lowest
ICso value was 0.083% 10° M in the absence of selenite (Table 7.2). Howetre, higher
ICso values after repeated transfers to selenite fredium indicate that the SMA-Ac
recovered slightly. The inhibition of selenate toss| SMA-Ac was initially lower
compared to the selenite assays, but thg 1@lue decreased by a factor >10 during
selenate exposure. Inhibition by selenate was giergi but the 16 values were by a
factor >5 higher compared to the selenite assagbl€T7.2).

In selenite containing batches, the highest agtiiit the 10° M incubations was observed
upon selenite removal to levels below 0.2 ¥ M after a lag phase of ~60 h (Figure 7.5A).
Selenate containing SMA-Ac batches did not disglagh a lag phase (Figure 7.5B) and the
highest activities were observed at the same fivae in uninhibited controls.
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Figure 7.5 Selenite (A) and selenate (B) removaldfivi (¥) and 10°M (A) acetoclastic
assays and influence on specific acetoclastic metyenic activity in 0 (---), 1¢M ()
and 10°M (2 ) batches (secondary y-axis)

Selenite removal was almost complete in all batckesiving< 10° M [< 96.9 (+ 0.2) %]
(Figure 7.6A), resulting in granule cross sectidisplaying red elemental selenium in the
core and outer layers (Figure 7.7A). The highestceatration of selenite reduced
[2.81 (+ 0.1) x 10 M] was observed in the fOM batch, although a repeated exposure to
selenite resulted in a decreased selenite reduefiiciency. Selenate removal was only
complete during the first two weeks of the®1l batch (Figure 7.6B) and renewal of the
medium resulted in incomplete selenium removallibatches. The lower total amounts of
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selenate reduced are reflected in granule cros®sscolored by red elemental selenium,
solely in the outer layer (Figure 7.7B). The highesncentration of selenate reduced was
0.96 (+ 0.3) x 1§ M.
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Figure 7.6 Selenite (A) and selenate (B) removaldetoclastic toxicity assays expressed as
removal efficiency [%] in filled symbols and as [io?] in open symbols (secondary y-
axis)

Figure 7.7 Reflected-light microscopic photograplisross sections of anaerobic sludge
granules treating 7OM selenite (A) and 10M selenate (B). Note that bright spots within
the granules were caused by light reflection
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7.4 Discussion

7.4.1 Influence of selenium oxyanions to methanegen

This chapter showed for the first time that seker@ind selenate strongly influence
anaerobic food webs, and ultimately methane praoluctiuring anaerobic digestion.
Moreover, inhibition occurs already at low [<100 p/eQ®; <10 pM Se@]
concentrations and within a short time span (Be® week, Se@: 2 weeks). 1§ values

in hydrogenotrophic assays were less than 61 puMbfith selenium oxyanions, while
inhibition was lower in acetoclastic assays (TabR). The inhibition of methanogenesis is
permanent, as the lowestslGralues (aceto- and hydrogenotrophic assays) wesereed
upon feeding the sludges selenium oxyanion free iumed repeatedly (Table 7.2).
However, the SMA-Ac of the T0M selenate assay recovered fully in the absence of
selenium (Figure 7.4). The igvalues for the first week(s) of incubation (TafBl@) show
that selenite inhibits methanogens already durisigle exposure, while selenate unfolds
its inhibitory effect during repeated exposure.

Interestingly, inhibition of acetoclastic and hydemotrophic methanogenesis by selenium
oxyanions was best described by a linear relatiohikition vs. logarithmic selenium
oxyanion concentration) (Table 7.2), whereas séteimhibition on SMA-Ac was better
fitted nonlinearly (exponential) (Table 7.2). Anpexential relation is expected when
additional toxic compounds (e.g.,$k or seleno-aminoacids) are formed during the
conversion of the original toxin (here selenateluiting in synergistic toxicity. Possibly
H,Se, as formed by different microbial grouffs®¥, could interfere here with the sulfur
metabolism by formation of selenocysteine and setegthionine instead of their sulfur
analogue$?®®. These seleno-aminoacids are subsequently inagabunspecifically into
enzymes®®¥ changing enzyme functionality. Several enzymesolired in methane
production from H/CO, or acetate contain cysteine (e.g. Coenzymé&H)| that could
potentially be altered in this way and contribute the inhibitory effect of selenium
oxyanions on methanogenesis. Selenate and setexitity has also been associated with
increased production of reactive oxygen speciesR@s e.g. ® and HO, %!, possible
explaining inhibition, as methanogenic archaeastret anaerobes and thus sensitive to
ROSPEY,

Selenite treating granules contained elementalngete deposits over the whole cross
section (Figure 7.7A), whereas selenate treatirenges showed elemental selenium
deposits only on the outer layer (<< 200 um, Figi#B). The selenium deposits at the
periphery of the granule might have retarded sédemyanions transport similar to
cementation by calcium carbonate precipitationrineobic granular sludd®&®, possibly




Selenium inhibition of methanogenesis

resulting in lower toxin concentrations of the inteyers of the granules as compared to
the bulk liquid. Consequently, mass transfer litioia of selenate could explain the
incomplete inhibition of hydrogenotrophic and ac#dstic methanogens observed in the
presence of I®M selenate (Figure 7.2B and 7.4) in comparisoseienite (Figures 7.2A
and 7.4). In this way, archaea protected in thee cof the sludge granules, e.g.
Methanosaetapecies®”, could explain the marginal methanogenic actisitikat were
observed in the presence of selenate (0.04 + @C@WD3CH, gVSS'd™).

7.4.2 Influence of selenium oxyanions on anaertimnd webs

Selenite and selenate inhibition of acetoclastidchamogens (AMG) yielded a reduced
SMA-Ac (Figure 7.4). This is in agreement with thgdrogenotrophic assays, where
acetate also accumulated (Figure 7.2A and B). Nbvdgen accumulation was detected in
the presence or absence of the oxyanions, suggesth hydrogenotrophic methanogens
(HMG) are either not involved or not inhibited mmetbatches using acetate as the substrate.

Interestingly, 10 M selenate resulted in acetate accumulation €8, fed batches only
after the change to selenate free medium (transiietween weeks 4 and 5, Figure 7.2B),
while it already occurred in the presence of séde(ifigure 7.2A). Figure 7.2B suggests a
non-persistent inhibition of hydrogenotrophic agetes (HAG) and a persistent inhibition
of AMG by selenate. Accordingly, methanogenesid@&@uoceed mainly over HMG in the
presence of selenate, as HAG and AMG are inhibltethe absence of selenate, however,
this inhibition of HAG is reversed and acetate wnfed (Figure 7.2B). Acetate
accumulated as inhibition of AMG persists. The assd inhibition of AMG by selenate
was confirmed in acetoclastic incubations (Figu4).7The inhibition of HAG, however,
has to be partial, as higher selenate concentmatiesulted in acetate accumulation in the
presence of the oxyanion (Figure 7.2B). In conttastelenate, acetate accumulated in the
presence of selenite (Figure 7.2A), possibly dught stronger inhibition of AMG by
selenite compared to selenate (Table 7.2). Unden ehigher selenite concentrations
(10° M), the AMG are completely inhibited (Figure 7.4).

Repeated selenite bioconversion to elemental réehisen (Figure 7.7A) during total
inhibition of methanogenesis (Figure 7.2A versi8A7and Figure 7.4 versus 7.6A) showed
that seleniteeduction is not mediated by methanogens, but hgromicroorganisms e.g.
selenium-respiring bacteria or archaea (Chaptét ¥ging either hydrogen or acetate as
electron donor.

Methanogenesis is the result of the activity ofedént microbial groups, hence it cannot be
excluded that certain genera of bacteria and metiears are more sensitive to selenium
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oxyanions than others, causing changes in the priedmt metabolic pathways and the
microbial composition. Molecular biology imaging theds (fluorescent in situ
hybridization — microautoradiography, FISH-MARY" or Denaturing Gradient Gel
Electrophoresis (DGGE) and sequenciti might help to identify less selenium sensitive
microorganisms that are present in the inoculund usehis chapter and could be applied
in anaerobic treatment of highly concentrated wastams.

In the past, selenate (next to molybdate) has heetied as so called “specific inhibitor*
for sulfate-reducing bactertq{ . The strong inhibitory effect on sulfate-reduchagteria

is due to the fact that selenate can be transpartedhe cells via sulfate permea$&5 but

is not cycled via the respiratory chain conservémgrgy in sulfate-reducing bacteR&.
This chapter shows that such a use of selenatéohazes seen very critically. Some authors
used selenate in high concentrations in order hébinsulfate reduction (e.g. 5 x Tv

in [54]; 2 x 10* M in [47]), although Table 7.2 shows that thesaaemtrations are highly
inhibiting methanogens as well. Consequently, eusrconclusions from the use of
selenate as specific inhibitor can be drawn anefghanalysis of the food web is required.

7.4.3 Implications for selenium bioremediation unde
methanogenic conditions

In anaerobic digestion, selenite is added as aomidrient to wastewaters, as it strongly
stimulates methanogenesis in different arcH&8a A hormosis effect could be expected,
but was not observed during exposure to low seterdoncentrations (Figure 7.2A, 7.2B
and 7.4). Interestingly, the nutrient requirememtdelenium for UASB reactors in medium
strength wastewater (2-10 gCOD™L) is reported to be 2.5x7T0mol up to
6.3 x 10° mol gCOD" ™. In the experiments presented here, already aectration
of 0.5 x 10" mol gCOD" selenite decreased the TMRB-KFigure 7.2A) and SMA-Ac
(Figure 7.4). Consequently, the range between sglerrequirement and toxicity in
methanogenic anaerobic granular sludge is indeewwaand amounts to a factor of 8
to 200.

This chapter demonstrates that the selenium coratemt will determine the applicability
of an anaerobic treatment system. Agricultural rrge waters usually have a low COD
content, so that the cost for the electron donahés key parameter for a cost-effective
treatment®7. If waste products from other industries are @mé, e.g. molassé®?,
methanof*™ or rice straw?®), methane production and recovery would be an @mpro
retrieve some of the operational costs. Howeveradly low selenate concentrations
(10°M), occurring in a variety of different waste stmes(Table 7.1), will reduce the COD
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removal efficiency and the potential for energyumeration via methane from waste
streams. Selenium compound processing industriaisiéT7.1) might not at all be treatable
under methanogenic conditions.

The fact that irreversible inhibition occurs upomgée exposure might deteriorate
methanogenic treatment capacity of waste streamiicing high selenite concentrations,
e.g. pre-concentrated oil refinery effluents (TalBld). Even if the selenite levels are
reduced to below inhibitory concentrations by selemrespiring specialists that develop
during UASB operation (Chapter 4), selenite coneditns might be temporarily and
spatially higher due to inhomogeneous mixing atittilient inlet point, thus irreversibly

inhibiting methanogens. Consequently, efficient lueht distribution systems

(e.g. perforated distribution plates) or mixingwihe effluent recycle prior to entering the
reactor are necessary for selenite treating UASBtogs.
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Abstract

Whole cell immobilization of selenate respiringulfurospirillum barnesii in
polyacrylamide gels was investigated to optimize tteatment of selenate contaminated
waters (790 pug Se ), under high molar excess of nitrate (1500 timas)l sulfate
(200 times). Gel immobilized cells were used tocirlate a mesophilic (30°C) bioreactor
fed with lactate as electron donor at an orgaradlitog rate of 5 g COD xtd*. Selenate
was reduced efficiently (>97 %) and minimal efflu@oncentrations of 39 pg Se %L
were achieved. SEM-EDX analysis revealed sphebagbrecipitates ok2 um diameter
mostly on the gel surface, consisting of seleniuith\@ minor contribution of sulfur. To
validate the bioaugmentation success under midrabiapetition, immobilized cells were
added to an UASB reactor, resulting in earlier sae (24 HRTs) and sulfate (44 HRTS)
removal and higher nitrate / nitrite removal conguhito a not-bioaugmented control
reactor.S. barnesiiwas efficiently immobilized inside the reactorstlas selenate reducing
activity was maintained during long term operati@®0 days). Thus, this chapter
demonstrates that utilizing gel immobilization pesialized bacterial strains can supersede
wash out and out-competition of added microorgasism continuous bioaugmented
systems.
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8.1. Introduction

Selenium contamination of soil and water is a pgobl of global importance.
Ecotoxicological effects of selenium poisoning wdoeumented in the western US already
30 years ago, however a cost-effective solutiothéoproblem has not yet been found and
the thread to wildlife persist€® 82 2° Bjological processes to decontaminate large
quantities of water polluted with low concentragorf< 1 mg [') soluble selenium
oxyanions (selenite and selenate) are considerenhiping due to their high selectivity
towards targeted anions.

Denitrifying microorganisms have been proposed &g lkiocatalysts for the treatment of
selenium contaminated agricultural drainage andafihery waters due to the selenium
oxyanion reducing ability of both membrane boundd aperiplasmatic nitrate
reductase&®®. The specific activities for selenate reductioowaver, are 15 to 518 times
lower compared to the nitrate reducti#¥ and the affinity constants (K 2.3 times higher
for selenaté'®®. Thus, selenate is reduced under low nitrate $ewaly®®. One approach
to reach low nitrate levels allowing selenate reiducis via a two compartment reactor
system, implemented in e.g. the algal-bacteriaérsen reduction (ABSR) systeff.
Firstly, nitrate levels are reduced in a high rptnd by microalgal assimilation and
secondly, selenate is biologically reduced to lew#l<100 pg [* by bacteria in anaerobic
ponds®®. However, the space prerequisite for these resluciteps is high and further
treatment steps (dissolved air floatation and stamd filtration) need to be applied to
reduce selenium concentrations prior to the digghaf the effluent to the environment.

Selenate respiring organisms contain specific sééerreductases not competitively
inhibited by nitrate”® and might offer an alternative to the two-stepcess currently
applied. However, bioaugmentation by simple addit®typically limited by wash-out and
out-competition of the added microorganisfis Immobilization in gels might counteract
these limitations, although so far not tested inticmous experiment&® 234

In this chapter, inoculation of bioreactors with nimbilized selenium-respiring
microorganisms was investigated to supersede tbklgm of anion inhibition in waters
contaminated with a molar excess of nitrate (1500ed4) and sulfate (200 times)
(Chapter 4) compared to selenaellfurospirillum barnesit**® #7 was chosen, as it can
respire a variety of substrates (including bothesieim oxyanions, nitrate and nitrite),
produces elemental selenium as end-product ofiseherespiration and is non-pathogenic.

To validate the applicability of gel immobilizatiamder microbial competition conditions,
the UASB reactor was inoculated with both immoleitizbacteria and anaerobic granular
sludge and the selenate removal success was eadluat comparison to a non
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bioaugmented reactor. Anaerobic granular sludge etessen as inoculum, as it could
simultaneously reduce nitrate/nitrite and selenatdatch assays (Chapter 2) and can
contain selenium-respiring organisms (Chapter 4).

The chemical composition of the formed seleniumplegipitates was investigated by
scanning electron microscopy with energy disperskaay analysis (SEM-EDX).
Denaturing gradient gel electrophoresis (DGGE) aaeduencing were used to evaluate
changes in the bacterial community structure otibeeactors.

8.2. Materials and Methods

8.2.1 Source of biomass

Sulfurospirillum barnesii(strain 10660) was obtained from the German Ctdacof
Microorganisms and Cell Cultures (DSMZ, Braunsclgy&ermany). Anaerobic granular
sludge originated from a full scale UASB react@ating wastewater of four paper mills
(Industriewater Eerbeek B.V., Eerbeek, The Netneida

8.2.2 Biomass immobilization

For S. barnesiicell immobilization, bacterial cells were pre-gmown medium prepared
according to DSMZ. Cells were harvested in the egmbtial growth phase by
centrifugation of 20 mL cell suspension at 11,00fdig20 min (IEC CL31R Multispeed
Centrifuge, Thermo Scientific, Breda, The Nethed)arThe pellet was re-suspended in 500
pl of S. barnesiimedium and 125 pL of this suspension was adde&OtomL of
polymerizing gel and stirred gently. Gelling comatits were used according to Tucker et al.
(1998)%%*! but using 1:10, 1:20 and 1:30 ratios of N,N'-nyéhebisacrylamide (MBAA)

: acrylamide (AA). The gel was poured into steplastic containers of 8cm x 8cm x 4mm.
After the gel had set, it was cut into cubes ofrés’. All immobilization steps were
conducted under Natmosphere using a glove-box.

8.2.3 Characterization of tl& barnesicubes

To investigate the effect of the gelling conditiamsthe fracture stress, the gel was cut into
cubes of 1 crhand the strength needed to burst the gel at itt&ehgoint was measured by
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a penetrometer (Overload Dynamics S900, Overloadnabycs, Schiedam, The
Netherlands).

The influence of the gel composition on the selenatiuction efficiency was studied in
125 mL batch bottles containing 10 cubes (totalléfl pg biomass dry weight) of gel
immobilized S. barnesiisubmerged in 50 mL of synthetic wastewater as destrin
Chapter 2. Selenate was added from a concentredekl solution to a final concentration
of 100 uM. The batch bottles were subsequentlyhidswith a sterile steam of,Nand
incubated at 30°C on a horizontal shaker at 120 tpguid phase samples were withdrawn
via syringe and selenate concentrations monitaredgular intervals.

8.2.4 Continuous UASB reactor set-up

Experiments were done in UASB reactors (0.46 L warkvolume) as described in
Chapter 2 and 4. The UASB reactors were operatddrumesophilic conditions (30 + 1°C)
and a hydraulic retention time (HRT) of 6 h. Thdlueint was recycled via a Watson
Marlow 503U peristaltic pump (Rotterdam, The Neldeds) to obtain a superficial liquid
upflow velocity (v, of 1 m h'. During operation, R1 was continuously flushedhwt
stream of N to prevent intrusion of ambient air. To avoid ritraselenate or sulfate
bioconversion in the storage vessels, influentsevermposed of three different streams,
fed in the same ratios to the reactor: (1) selermtifate, nitrate, macro- / micronutrients
and vitamins; (2) lactate and phosphate buffer;(@pdlilution water.

8.2.5 Bioreactor operation

Three UASB reactors were inoculated as follows:dRmal (R1) received 25 gel cubes
(1:30, MBAA : AA). Reactor 2 (R2) was inoculatedtivil00 g wet weight [37.4 g volatile
suspended solids (VS$)."Y] of anaerobic granular sludge. Reactor 3 (R3)iveceboth
cubes and sludge in the same quantities used tolate R1 and R2, respectively.

The UASB reactors were fed with oxygen-free syrnthelvastewater, containing
macronutrients, micronutrients (Chapter 2) and mita solution (DMSZ S. barnesii
medium). The medium was buffered at pH = 7.0 () 0sing a 40 mM phosphate buffer.
Lactate was used as sole electron donor at areintflconcentration of 13 mM, resulting in
an organic loading rate of 5 g Chemical Oxygen Dean@COD) L* d* corresponding to a
specific organic loading rate of 134 mgCOD gV/S&". Nitrate was fed to the reactors at
an influent concentration of 15 mM in period | (ddyto 24) and period Il (days 43 to 58),
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whereas no nitrate was fed in period Il (days 2829 Sulfate and selenate were fed at
influent concentrations of 2 mM and 10 pM, respetyi, during the whole reactor
operation.

8.2.6 Microscopy

For Scanning Electron Microscopy with Energy Dispe X-ray analysis (SEM-EDX),
samples were fixed for 1 h in aqueous glutaraldehgalution (2.5%), rinsed with water
and dried either in a stream of Nr in a series of ethanol solutions (Chapter @m@es
were then fit on a brass sample holder with caradhesive tabs (Electron Microscopy
Sciences, Hatfield, USA) and coated with 5 nm plati by magnetron sputtering.
Specimens were analyzed with a field emission dognrelectron microscope
(JEOL 6300 F, Tokyo, Japan) and EDX analyses (IN&#ergy, Oxford Instruments
Analytical, High Wycombe, England) were performeédaoltage of 15 kV and a working
distance of 15 mm.

8.2.7 Microbial community structure analysis

8.2.7.1 DNA extraction and PCR-amplification of 1688NA
genes

Total genomic DNA was extracted from a R2 sludgea (60 days of operation) using a
DNeasy® Plant Mini Kit (Qiagen, Germany) as per ofanturer’s instructions.

Bacterial 16S rRNA genes were amplified with thenfard primer 341F and reverse primer
517R under addition of a 40-base pair GC-clamph® 5 terminus of the forward
primer®3. PCR was performed in 50 ul reactions contain2@p ng of template DNA,
12.5 pmol of each primer, 0.125 mM MgCb pl 1XNH, reaction buffer ((N),SOy,

16 mM; Tris-HCL [pH 8.8 at 25°C], 67 mM; 0.01% Twe20), 10 nM dNTP [dATP,
dCTP, dGTP, and dTTP] and 0.5Tg DNA polymerase. The bacterial PCR cycles used
were: denaturing at 94°C for 2min, followed by Mtles of denaturing at 94°C for 45 s,
annealing of primer at 55°C for 30 s and extensibi2°C for 45 s; followed by 19 cycles
of denaturing at 94°C for 45 s, annealing of primeb3°C for 30 s and extension at 72°C
for 45 s; a final 5-min elongation incubation wasrfprmed at 72°C. Negative controls
containing no DNA were used to screen for contatethamplification, while DNA from
pure cultures oEscherichia coliwas used to positively control PCRs.
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8.2.7.2 Analysis of PCR products by DGGE

Aliquots of 20ul of respective GC-clamped PCR products were use®&GE™ ], which
was performed according to the D-Code system (BioRESA). Polyacrylamide gels were
prepared with denaturing gradients ranging from 36%0% denaturant (100% denaturant
=7 M urea + 40% formamide) and were run at 65°€ #nV for 16 h. Following this, gels
were stained for 10 minutes in 1XTAE buffer withhidum bromide (15 pl mit),
de-stained for 3 minutes in 1XTAE buffer and pho&gdied on a UV transillumination
table. Bands selected for analysis were aseptieadbysed from the DGGE gels, using a
sterile scalpel blade, suspended inub@f sterile water and stored at room temperature
for 6 h to facilitate the elution of DNA. This pregs (both the PCR and PCR product
analysis) was repeated up to five times to ach&esimgle band with new DNA eluted from
the most recent DGGE gel as template in PCR raetio

8.2.7.3 Sequencing of 16S rRNA gene fragments

PCR was performed under the same conditions asibed@bove, but without GC-clamps
attached to the forward primers. Sequences wemrdeted using a capillary sequencer
(MWG Biotech, Germany) and aligned with 16S rRNAgesequences retrieved from the
Ribosomal Database Project (RDB.

8.2.8 Analytical techniques

Selenate, selenite, nitrate, nitrite and sulfateewdetermined by ion chromatography
described in Chapter 2. The dissolved sulfide cotmagon of the effluent was determined
colorimetrically (Dr. Lange, LYW653, Germany). Tbtdissolved selenium (G¢ was
determined by Inductively Coupled Plasma-Opticaligsion Spectroscopy (ICP-OES)
(method detection limit 10 pg Se XL after filtration using a 0.45 pm pore size syeng
filter (Whatman, Hertogenbosch, The Netherlandsplatle Fatty Acids (VFAs) and
biogas composition were determined by Gas Chromapby!?%?.
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8.3. Results

8.3.1. Selenate removal in batch assays

Gels containing MBAA:AA in a ratio 1:30 had the h&sgt fracture stress (Table 8.1).
Higher AA concentrations resulted in hard, shatgrjels, whereas lower concentrations
caused incomplete gelling. Furthermore, the seterexhoval rates in the 1:30 MBAA:AA
gels were 14% and 41% higher compared to gelsavitttio of 1:20 and 1:40, respectively.
Consequently the 1:30 gel cubes were used to iate®1 and R3.

Table 8.1 Influence of different N,N’-methylenelisgamide : acrylamide compositions
on gel strength and selenate reduction rates byoinilired S. barnesicells

ratio fracture stress selenate removal

N,N’-methylenebisacrylamide : [N/em?] [Mg Se xg dw™ h]
acrylamide

1:5 a) -

1:100) 6.0+23 ;

1:20 235+4.4 60.5+ 0.4

1:30 39.3+10.9 69.1+3.9

1:40 9.3+3.0 49.0+71

3 gel did not harder?? gel hardened in 15 minutes

8.3.2 Start-up of the reactors

During the start-up period I, low selenate angs3emoval efficiencies were observed in
all three reactors (Figure 8.1, Al1l-3). R3 showeghbst selenate reduction of the three
reactors on the end of period | (20.2 % on day B@)ever selenium was washing out with
the effluent (3.8% of influent selenium).

Nitrate was removed completely from R1 and R2 witiand 6 days of operation, whereas
R3 showed already complete removal 20 and 12 HRBaslieg respectively
(Figure 8.1, B1-3). In R2, complete nitrate remowak not sustained and nitrate followed
nitrite accumulation in the effluent after 13 dayfsoperation (Figure 8.1B2). Sulfate was
not removed in any of the reactors in period | @iFgy8.2, C1-3).

The COD removal efficiency was higher than 82% &r#b throughout period | in R1 and
R3, respectively, after a start-up period of apprately 6 days (Figure 8.1D1 and D3).
When nitrate was accumulating to high amounts in(22 mM nitrate + 0.7 mM nitrite)
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(Figure 8.1B2), a slight accumulation of acetate7 (BhM) was observed, resulting in
reduced COD removal efficiency of 54 %.

8.3.3 Effect of bioaugmentation on reactor perfarosmin the
absence of nitrate

When omitting nitrate from the feed in period II1 Rnd R3 reacted with an immediate
increase in both selenate and,Semoval efficiencies (Figure 8.1A1 and A3). R2skd

a delay of 5 days (20 HRT) (Figure 8.1A2) until dthieved comparative removal
efficiencies.

Generally, the Sg removal efficiency was lower than the selenateaeahefficiency in all
three reactors, resulting in maximal differences36f9%, 33.6% and 42.5% (R1 to R3,
respectively). Towards the end of period Il, th&fedence became smaller in all three
reactors. The lowest $econcentration was 39 pg Se ®ih R1, while R2 and R3 reduced
Seys less efficiently (120 and 174 pg Se %, Icespectively).

Immediately upon the transition from period | tptHe sulfate removal efficiency increased
in the bioaugmented reactors (R1 and R3, Figur€Band C3), while this occurred in R2
with a delay of more than 8 days of operation (3RTH (Figure 8.1C2). The highest

amounts of dissolved sulfide accumulated in R3 (M, Figure 8.1C3), while 41% less

dissolved sulfide was formed in R1. COD removalcgfhcies were generally low in

period Il compared to period | and Ill (Figure 81LE» D3). Propionate was the main VFA
accumulating in R2 and R3, while propionate and taee accumulated in R1

(Figure 8.1D1).

8.3.4 Effect of bioaugmentation on reactor perfarosin the
presence of nitrate

When resuming the nitrate feed in period Ill, ammietdliate decrease in selenate angsSe
was observed in R2 and R3 (Figure 8.1A2 and A3)lewh R1 this decrease occurred with
a delay of 2 days of operation (8 HRT). Howeverpmugermination of the reactor
operation, an almost complete selenate removal acageved in R2 (<97%), while R3
removed only 56%. Due to a blockage of the nutrie, only lactate and dilution water
was fed to R1 subsequent to day 51 of operations thelenate and &eremoval
efficiencies could not be determined upon the eémakaod Il .




Figure 6.1. Reactor performance of R1 to R3. Pynaais: removal efficiency-®-) selenate,”¥-) dissolved selenium (A); removal

efficiencies ===) for nitrate/nitrite (B), sulfate (C) and COD (O =) nitrite, (=) nitrate, ) dissolved sulphide=%) acetate and

(-0-) propionate effluent concentration [mM] (secondgigxis).
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Again, Sg;s was removed less efficiently than selenate, witlffarence of up to 59% (R2)
and 64% (R3), and ggewas washing out in R3 in period Il (Figure 8.1A8j]ltration of
the R2 effluent liquid with a 0.1 um subsequenthi® 0.45 um filter resulted in reduction
of Sejs by 11% to 48% (period 1, data not shown).

Immediately upon resuming the nitrate feed, highate / nitrite removal efficiencies were
achieved that exceeded more than 91% in R2 and URBgdperiod Il (Figure 8.1B2
and B3), while sulfate removal efficiencies droppegon transition to period Il
(Figure 8.1C1 to C3). The COD removal efficiencyswégh (> 82%) throughout the whole
period Il in both R2 and R3 (Figure 8.1D2 and DBJ accumulated both acetate and
propionate in the effluent, resulting in no net-C@noval upon the end of the reactor
operation (Figure 8.1D1).

8.3.5 Biomass characterization and microbial comtgun
structure

During the reactor operation the sludge volume ®»falRd R3 more than doubled (~220 mL
final volume) and a color change from dark blackight grey with slime embedding the
granules was observed, yet the granular charadteheo sludge remained. Selenium
accumulated in the sludge granules (and the embegdslime) of R2 and R3 up to
1067 (R2) and 1194 ug Se x gv58espectively. In R1, only low amounts of whitedks
formed, that were loosely deposited on top of thieeebed.

Analysis of the additional DNA bands in R2 sludgenples compared to R1 samples were
not indicative for a microorganism described asersieim respirer in literature. Best
matches to the determined sequences are presarifadle 8.2.

Table 8.2 Identities of bacterial 16S rRNA geneieeed from Reactor 2 sludge and
percent similarities to the closest related seqeiémthe RDP database

Sample ID  closest related sequenced in database (RPD) % similarity
1 Chryseobacterium sp. PCIW 30/ TS IW 15 83.9
Chryseobacterium hispanicum 67.2
2 Bacteroides sp. 253c¢ 92.8
Bacteroides stercoris 71.0
3 uncultured bacterium MBR283-81 (Familly: Comamonadac 87.4
Diaphorobacter nitroreducens 76.8
4 uncultured bacterium TP35 80.4

Deinococcus pimensis 76.1
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8.3.6 Characterization of the selenium precipitate

During batch incubation of immobilize8. barnesiwith selenate, a red colored precipitate
was first observed within the cubes and subsequeintlthe whole batch medium
(Figure 8.2A). SEM analysis of the gel cubes foilogvthe batch experiments showed that
the gel cube surface was entirely covered withniehe precipitates (Figure 8.2B), whereas
the inside of the cube contained fewer, but laggdenium precipitates (Figure 8.2C). The
EDX maps showed these consisted mainly of seleniith,smaller contributions of sulfur
(Scan S1, Figure 8.2C and D).

5 Energy [I3<e3\5/]4 o Energy [keV]

Figure 8.2 Photograph (A) of immobiliz&l barnesiicells during production of elemental
red selenium (0, 48 and 168 h) and SEM picturesbatth cubes (B,C) with EDX

mapping (D) of selected area (S1) containing pratgs. Surface (E) and cross
section (F,G) of a cube sampled after 58 days aftoe operation with (H) EDX surface
and (I) precipitate scan within the cube
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The gel cubes obtained from R1 upon terminationthef reactor operation were entirely
crusted by calcium and phosphorous containing pitatés, as demonstrated by the EDX
surface scan (spectrum S2, Figure 8.2E and H)érisie cubes, flower like structures were
observed 70 um from the edge of the cube (FigureB &nd G), mainly consisting of

calcium and phosphorous (spectrum S3, Figure 8.21).

8.4. Discussion

8.4.1 Whole cell immobilization d&. barnesii

This chapter shows that gel immobilization can seduto immobilize both microorganisms
and their precipitation products (Figures 8.2B &)di.e. elemental selenium, and sustain
microbial reductive activity under long term (58ydpreactor operation (Figure 8.1A1
and 8.1A3). Immobilization was achieved in non-eigchdable polyacrylamide géf®,
which is important when considering applicatioreimnvironmental conditions.

Although nitrate / nitrite concentrations were reeldi to < 1 pM, selenate was not reduced
at the start-up of the reactor. When incubatthgbarnesiiunder high excess of nitrate
(5 mM) and selenate (50 uM) with lactate as electdonor, Oremland®®® observed
selenate reduction with a strongly decreased ffaigtof > 48) compared to incubation
without nitrate. Consequently, the incomplete reat@fficiencies observed in period | of
R1 and R3 can be explained by a kinetic limitatias the reactor medium is continuously
replaced. The increase in selenate reduction rategl transition to period Il (due to
induction of higher selenate reducing activity) danfitted linearly (days 25-28, R1; days
22 -25, R3) with 0.097 (R1) and 0.099 uM selenat& jparnesijji. ™~ d (R2).

8.4.2 Bioaugmentation of UASB reactors by gel imrpéd S.

barnesiicells

This chapter shows the earlier selenate and sulaliection in the bioaugmented UASB is
due to the addition of immobilize8. barnesiicells, as increased removal efficiencies for
the latter anions occurred concurrently in R1 arR] But delayed (24 and 44 HRTS,
respectively) in R2 (Figure 8.1A and C). Furthereonitrate/nitrite reduction was

complete during the start-up (period I, Figure §.18 the bioaugmented reactors in
comparison to the control reactor. The fact that 8ad selenate removal efficiencies in R3
were lower compared to R2 in period Ill, might bgplained by sulfide toxicity
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(Chapter 4), as dissolved sulfide concentrationgdbup to higher levels (1.2 mM) and
selenium conversion was already affected negativmfore resuming nitrate feeding
(day 42).

8.4.3 Selenate removal in denitrifying UASB reastor

Here it was shown that UASB reactors can reducenaéd under completely denitrifying
conditions (period 11, Figure 8.1A2) and might ¢hbe applied as an alternative to a two
step denitrifying-selenate reducing process or lte bioaugmentation with selenium-
respiring organisms.

The simultaneous reduction of both electron acesptan be due to the proliferation of a
selenium-respiring specialist, previously descrifed the same inoculum operated in
methanogenic conditions (Chapters 4 and 5) in dellioHowever, this hypothesis could
not be further underlined by the DGGE analysishef $ludge. This is probably due to the
low population size of the selenium respirer corafdato nitrate-reducing bacteria, as
nitrate (and lactate) were feed at high molar excesnpared to selenate.

8.4.4 Implications for practical applications

This chapter demonstrates that the need for a tep grocess separating nitrate from
selenate reduction spatially can be supersededppyyiag either denitrifying UASB
reactors or bioaugmented systems immobilizing $etemespiring organisms
Furthermore, hydraulic retention times applied Feemuch shorter (6 hours versus 10-16
days in the algal-bacterial systdf). In acute contamination situations, e.g. in cake
spillages of ore processing wast&', the application of bioaugmented systems might be
advantageous, due to the high time requiremerstéot-up in regular UASB reactors. It is
suggested from batch incubations (Figure 8.2A) thatspecialist colonizes the bulk liquid
from the gel cubes. Thus, this technique is tramble to other applications, where a
continuous release of biomass is requitéd

The effluent Sg, concentrations achieved <were the lowest in R1u@%e [}) and meet
the current acute water quality criterion for satiters (71 pg Se'1) set by the United
States Environmental Protection Agené§”. As 0.1 um filtration could reduce &e
concentrations by up to 48% (R2, period Ill),Sé& mainly due to colloidal selenium
passing the previously applied 0.45 pm filters. §talow sand filtration might be
dispensable and dissolved gas flotation shouldskee as sole post-treatment of the effluent
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prior to emission (instead of the combination oftbourrently applied®®). It is important

to note that no selenite was detected in any saoff®l, R2 or R3 (method detection limit
24 ng Se ), as selenite is more toxic to aquatic invertedsaind fish than selenafd.
This is probably due to the expression of nitriéeluctases further reducing selenite to
elemental seleniuf®®,

This chapter shows that the particle size of tlpigicipitates is more than a factor 5 bigger
(< 2 um, Figure 8.2C) compared to previous studigsap®r 5)*°"! using suspended
cultures. Immobilized in gel, selenium precipitatts’med by a membrane bound
enzymé?®® are not subject to sheer forces and thus not kkxligrom the cell, resulting in
larger particle sizes. Precipitation within the geparates part of the selenium from the
water phase and prevents potential re-oxidatiognateaving the treatment syst&it. As
the gel cubes did not float under the applied digiar upflow velocity, they can be easily
recovered by settling for potential selenium re-usecontrast to previous studi€§”,
however, here the precipitates consisted of setersiulfur mixtures (Figure 8.2D), which
will lower the purity when considering selenium uge. Cementation by inorganic
precipitate$®* from the feed medium (here calcium-phosphorousipitates, Figure 8.2F
and G) might limit substrate transport to the organs in longer (> 58 days) reactor
operations.

If a classical UASB or hybrid system (UASB + immi@ed cultures) is applied, an
additional requirement of electron donor compareditrate, sulfate and selenate has to be
taken into account to sustain the granular strectidrthe methanogenic biomass. Here, a
factor 2 excess to nitrate (12 moles of electroosated per mole lactate with 13 mM
lactate in influent; 5 moles of electrons reducendle of nitrate with 15 mM nitrate in
influent) was sufficient to maintain the granuldrusture. As most selenium containing
steams are depleted in electron donor and itsiaddi the primary factor in operating
costs®® this excess should be minimized. As a result, dbilization of a non-nitrate-
reducing, dissimilatory selenium respirer alone lmhige more feasible, as less electron
donor is consumed by non selenium converting osgasi(i.e. the sludge bed).
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Chapter 9

9.1. Introduction

Selenium contamination poses current and emergirggts to wildlife and human beings.
The steep dose response curve due to bioaccumulaifects have lead to the
characterization of selenium as a “time bomb” tbah be fused by exceeding a narrow
threshold concentration in ecosystems through aeptgenic activities. Ironically, an
estimated 0.5 to 1 billion people suffer from salem deficiency/®. Consequently,
remediative systems aiming at minimizing ecotoxagital risks on the one hand and
selenium recovery on the other hand, need to bdeimgnted. While the treatment of
selenium contaminated agricultural drainage waltas been given great attention in the
past ®% the treatment of industrial waste streams as tamse of manifold
problemd’® 219 220%h35 heen given little attention so far. This thesined at exploring new
bioremediative systems for both agricultur&@hépter 8) and industrial Chapters 4
and 7) waste streams. The treatment success, howeverordg be evaluated, if precise
information on selenium speciation in the solidquld and gas phase is available.
Therefore, methods to determine the speciation ibycd methods were developed in
Chapters2, 3,5 and6.

9.2. Selenium speciation
9.2. 1. Liquid / gas phase speciation

Selenium speciation in the aqueous phase is conynamdessed using indirect methods,
such as hydride generative approaches coupledfésatit spectroscopic detection systems
(e.g. AAS, ICP-OES/MS, AFS)*S 176 2731 However, this approach is limited by the
complicated conversion of selenate to seléfiteas selenate is quantified by the difference
between total hydrated selenium and selenite, amtheérmore by the fact that other
dissolved selenium species are neglectedChapter 2, an lon Chromatographic (IC)
method is developed that separates selenate amghiteelfrom e.g. nitrate, nitrite
(Chapter 8) and sulfate Chapter 4) present in high molar excess. Sample preparation
requires dilution only, thus preserves sample $ahenspeciation, and limits of
quantification were low (11 ug Sé'las selenate; 28 pg S& hs selenite).

The IC method revealed that not all dissolved setan(Sg;) in the mixed liquor of the
selenium treating bioreactors was due to selenagelenite(Chapters 4, 5 and8). Solid
Phase Micro Extraction Gas Chromatography Mass tBpeetry (SPME-GC-MS)
revealed that selenate was partially converted Hoylsded selenium compounds
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(Chapter 5). An alternative, direct GC method could sepataith dimethylselenide and
dimethyldiselenide@hapter 2), but flame ionization detection proved not seusignough
to detect these species stripped from the liquidsphof two UASB bioreactors with the
biogas produceddhapter 4). Nevertheless, this GC method might be applitiiteiwith a
more sensitive alternative detection system (elmptd?onization Detection, PID) or in
waste waters containing higher concentrations dylaled selenium compounds.
SPME-GC-MS closed the selenium liquid phase masanba during undisturbed
bioreactor operationGhapter 5). A mixed selenium-sulfur species (dimethyl seteie
sulfide) was formed as a result of disturbancesndureactor operationChapter 5),
possibly also explaining the large gap in the ligphase balance of a sulfate-reducing
UASB reactor operated i@hapter 4.

9.2.2 Characterization of the solid phase

9.2.2.1 Particle size of the precipitates

Pure cultures oSulfurospirillum barnesiand other selenium respirdreubated in batch
assays form globular elemental selenium particte300 nm diameter), loosely attached on
the bacterial surfacé¥”. When incubating non-adapted anaerobic granulafgs! with a
high selenium concentration (10 mM) in batch, samgized spherical particles are formed
(Figure 4.8c), demonstrating that selenium nano-sphere format® not limited to
selenium-respiring organisms solely.

In contrast, Sulfurospirillum barnesiiimmobilized in polyacrylamide gels, formed
precipitates within the gel matrix that were a ¢ach larger (~ 1.5 umkigure 8.5C).
Microorganisms proliferating in the recycle linedssomethanogenic UASB reactor showed
selenium particles of only 50-100 nririgure 5.4). These results suggest that larger
precipitate particle sizes can be formed when pietes are not sloughed from the
microbial cell. The combination of both harsh aad lsheer forces in the recycle lines and
the sludge bed, respectively, might thus explagtitpad particle size distribution of the
selenium precipitates between << 200 nm and 4 userobd during long term UASB
operation Chapter 5).

9.2.2.2 Solid phase speciation

Chapter 2 demonstrates that a part of the precipitates fdrinebatch (20 mM selenate)
was hexagonal black selenium, but the low signahtise ratio suggested a mainly
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amorphous character of the remaining precipitatee presence of black hexagonal
selenium might thus be an artifact of sample dryamg storage, as amorphous selenium
can transform to thermodynamically more stable paolgphs at room temperatufé®.
XRD investigation of the sludges obtained afteblgtdong term operation under sulfate or
methanogenic conditionhapter 4) did neither confirm nor exclude a hexagonal black
selenium phase due to overlaying signals.

An identification of crystalline phases by XRD igngrally hampered by particle sizes
smaller than 1000 A". Consequently, X-ray Absorption Fine Structure G
experiments were performed, as these techniquéd tyie speciation information of both
amorphous and crystalline phases in a non desteuatay. The oxidation state of elements
can be determined by the analysis of the main czdge or the first inflection point
position of their X-ray Absorption Near Edge Sturet (XANES). Numerous studies have
exclusively utilized only one the latter features tletermine selenium oxidation
Statesl'® 104 137 154; 162; 191; 192; 200; 209 hanter 3 demonstrates that no simple relation is
found between these two XANES features and thensate valence at the selenium K-
edge, thus both features should be considerec atame time. Oversimplified conclusions
might be obtained, when considering only one of tihe features using a small set of
selenium model compounds in metal rich environments

Short exposure (10 min) to atmospheric oxygen iaduchanges in selenium speciation
(Chapter 6) by the oxidation of organic selenium species #&atisformation of metal
selenides, underlining the importance of carefuhga handling preserving selenium
speciation. It was demonstrated that, althoughda#did with different selenium model
compounds previousK*®®, sequential extraction procedures can lead tondenestimation
of the selenide fraction and an overestimation loé telemental selenium fraction
(Chapter 6).

9.2.2.3 Solid phase speciation in methanogenicugan

XANES analysis of selenium speciation in intactfies has so far been studied only
using cultures oBurkholderia cepaciagrown on a-Al,O; surfaces??”, demonstrating
selenium oxyanion reduction to red elemental satenon the bacterial-mineral interface.
Yet, this system represents a rather simplifieddatory system, as it is poor in metals that
can potentially precipitate to metal selenides.t@rmore, the biofilms were cultivated
aerobically, so that interaction with reduced specie.g. sulfides) taking place in
contaminated sediments or anaerobic bioreactorsatreconsidered. These results have
thus limited transferability to anaerobic enviromtse
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Chapters 3 and 6 demonstrated that selenium solid phase speciatiomethanogenic
granules is characterized by a complex mixtureedérium species, including elemental
selenium, organic selenium compounds and metahisele Figure 6.1B), but no oxidized
species (selenite or selenate).

Upon longer reactor operation, elemental seleniemtrdouted to a larger extent to the
modeled selenium speciation in the methanogeniculga (41 atom % and 67 atom % on
days 60 and 115 of operation, respectively), wrerdwe total amount of selenium
accumulated in the sludge increased as vidure 4.1B, Chapter 4). This demonstrates
that anaerobic sludge granules can indeed immebg&enium in elemental form under
long term methanogenic operational conditions. Yatminor part of the selenium
(12 atom % and 14 atom % on days 60 and 115 ofatipar respectively) was present in
selenocysteine (or selenocysteine containing prots) form. Selenocysteine is a
precursor to selenium alkylatioi*. Such alkylation was observed in methanogenic
conditions from endogenous selenium sourdeble 5.2, Chapter 5). Consequently, the
total amount of selenium that can be alkylated \sitfenocysteine as precursor increases
during prolonged reactor operation. This might espnt a problem in full scale
applications, when the selenium rich excess slislgesposed after reactor operation.

The formation of metal selenides is probably causededuction of selenium oxyanions to
dissolved selenid®? and subsequent precipitation with metals presernhé sludge and
feed medium. Therefore, metals present in the ab#éergranular sludge represent an
important sink for highly toxic, dissolved selenigigeventing a wash out that might occur
in metal poor environments. The fact that no me¢dnides were so far detected by XRD
in the sludges Ghapters 4 and 5) might be due to either their low concentration,
overlaying signalsRigure 4.7) or nano-crystallizatioff’.

9.2.2.4 Biofilm selenium speciation in sulfate-rehg granules

Selenium speciation in sulfate-reducing sludge fusslamentally different compared to
the speciation in methanogenic sludge. Although thain XANES features were
comparable Table 3.1), linear combination modeling demonstrated the lesiee
contribution of trigonal elemental selenium to thgeciation in sulfate-reducing sludge
(Chapter 3). The formation of metal selenides, as observeda@thanogenic sludge, is
improbable due to prevailing sulfidic metal pretagion, as several millimoles of dissolved
sulfide were present in the reactor liquéigure 4.2A), depleting the bulk liquor from
metals. Consequently, aqueous selenide might waisinamn sulfate-reducing bioreactors.
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In both sludge types (methanogenic and sulfateaiady the elemental selenium
contribution to the modeled XANES spectra resembtedthe trigonal elemental
polymorph. Yet, Extended X-ray Absorption Fine $ture (EXAFS) analysis revealed that
selenium was present in an aperiodic, elementam fodifferent from trigonal (and
monoclinic red) elemental seleniurigure 3.3B). Possibly, a low symmetry polymorph,
such as red amorphous selenitifff, could explain the discrepancy between the modeled
XANES speciation and the experimental EXAFS results

9.3. Biotechnological selenium removal

9.3.1 Selenium removal by sulfate-reducing bacteria

Some studies have used sulfate-reducing bacteRB)(® remove selenate from aqueous
phase in batch assa{4 % relying on the fact that selenate is reduced asrwctural
analogue to sulfate. Due to the high toxicity desate to SRE*® *"" ##lpatch experiments
can only give little information regarding selenatemoval in continuous systems.
Chapter 4 demonstrates that the SRB present in UASB graruaade used in continuous
selenium biotreatment. Due to the competitive effetween sulfate and selenate, the ratio
of selenate to sulfate should be greater than 2 B2°. Consequently, an incomplete
selenium removal efficiency has to be expectedniost selenate and sulfate containing
waste streamsT@ble 4.1) as they display ratios of selenate to sulfateelothan 8.0< 10*.
High concentrations of dissolved sulfide (severallimoles) were not interfering with
selenate removal, which offers the possibility tanbine (partial) selenium removal with
sulfidic heavy metal precipitatiof® > in acid mine drainage or other strongly metal
contaminated streams, where selenium dischargevaite less stringent.

9.3.2 Selenium removal in methanogenic UASB reactor

Mesophilic methanogenic UASB reactors removed Isgtlenate and dissolved selenium
(Sejis) with high efficiencies Chapters 4 and 5) at short hydraulic retention times
(6 hours). In comparison to a sulfate-reducing t@a@Chapter 4), the methanogenic
reactor sludge contained 1.9 times more seleniuf851ug Se gvVS§ after 150 days of
operation, and no saturation of selenium accunuorativithin the sludge was noted
(Figure 4.1B).
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The fact that selenate removal was nearly completder 2600 times molar excess of
sulfate to selenate (this excess competitively bl selenate reduction by SRB,
Chapter 4, demonstrates the selectivity of the reduction aves explained by the
proliferation of a selenium-respiring microorganig@hapter 4). Sequencing of DGGE
bands newly developing during the reactor operatioatched, although poorly (79%),
with Dendrosporobacter quercicolua mesophilic, anaerobic selenate reducing bacteri
Selenium-respiring microorganisms were developimghie sludge bed, demonstrated by
the higher selenium removal efficiency in the pneseof sulfate after prolonged reactor
operation Figure 4.3). In addition, microorganisms covered with selemiyparticles
proliferated in the recycle line€hapter 5). Although most selenate was reduced in the
bioreactor (> 90%), residual selenate reducing/éigtivas also found in the supernatant of
the external settler Ghapter 5), indicating that a part of the selenium reducing
microorganisms grew as suspended biomass in theBUa&ctor.

Both alkylated selenium species (up to 15%) antbiiglly dispersed selenium particles
(up to 31%) contributed to the selenium presernhéneffluent, calling for a post treatment
step before discharge. The minimal effluent comegions achieved in this thesis under
methanogenic conditionsChapters 4 and 5) were comparable to previously reported
values by Owen&™, who applied methanogenic UASB reactors in thedchle treatment
of agricultural wastewaters. In contrast to thiseyiwus study, influent selenate
concentrations here were higherZ times) and hydraulic retention times shortetir{&s).

It was demonstrated that slight disturbances inatfmnal temperature can induce alkylated
selenium or mixed selenium / sulfur species prdductChapter 5). Thus, the constant
removal performance achieved @hapter 4 in comparison tcChapter 5 was due to the
constant temperature applied.

9.3.3 Selenium removal in denitrifying UASB reastor

The competitive inhibition between nitrate and sate reduction observed in many
treatment applicationd®® can be avoided in two stage systems reducing taitra
concentrations prior to selenate reductidn As an alternativeChapter 8 shows that
UASB reactors can reduce selenate under compldeiitrifying conditions in one stage.
This is possibly due to the proliferation of a s@len-respiring specialist, as already
observed when applying methanogenic conditionsht® same inoculumChapter 4),
although its identification by DGGE and sequencivels hampered by the presence of a
diverse population of microorganisms, feeding om #upplied lactate and nitrate. A
reduction of selenate by nitrate reductases, posilyodescribed as a general characteristic
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of nitrate reducers$®®, was not indicated, as the denitrifying sludge wassable to convert
selenate upon omitting nitrate from the feediRgy(re 8.1A2).

9.3.4 Selenium removal using selenium respirers

Bioaugmentation, the purposeful addition of micgsorisms capable of treating a certain
pollution, is often limited by wash out and by mampetition of the added microorganisms
by endogenous microorganism¥!. Chapter 8 delivers evidence that whole cell
immobilization of selenium respirers can overconiese constraints in long term
continuous bioreactor operation (> 60 days of dpmma A reactor inoculated with
immobilized bacteria solely removed selenate urmtampletely denitrifying conditions
(Figure 8.1A1). In a parallel hybrid bioreactor, anaerobic gtanusludge was
bioaugmented with immobilized bacteria, resultingearlier selenate, nitrate and nitrite
removal and higher COD removal efficiency compateda non-bioaugmented control
reactor Figure8.1).

The faster start up of the bioaugmented bioreac{brgures 8.1A, 8.1C) might be
important in case of urgent incidents, e.g. spélagre processing wasté*!. The
immobilization was achieved in non-biodegradablyaaylamide gels, offering potential
application under environmental conditions. Longrtdioremediation might be limited by
activity losses due to mass transfer limitationcleynentation, as the gel surfaces and the
immobilized bacteria were entirely crusted by aaici and phosphorous containing
precipitates after 60 days of operatidigire 8.2E-G).

9.4. Recommendations for selenium
biotreatment

Considerations for best available techniques tégatié selenium contamination are always
related to a case-specific scenario. Thus, thecehimir an appropriate selenium treatment
system includes technical and economical considast but also matters of social

acceptance and political prerequisit€sble 9.1 summarizes major results of this thesis
using different microbial groups that should be sidared when designing a biological

treatment system.
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9.4.1 Selenium concentration to be treated

The first consideration that needs to be taken aéctmunt is the selenium concentration of
the waste stream. Treatment of highly concentrataste streams (up to 620 mg ln
selenium processing industri&8) might be treated feasibly by physical-chemicathods
such as adsorption, precipitation or filtratiohable 1.2). However, especially physical-
chemical processes that are not based on reductfithe selenium oxyanions result in
highly concentrated brines that need to be dispsaéaly, reflected by the high operational
costs of these system$aple 1.2) 1% 40 Bijological treatment of highly contaminated
waste streams could be achieved using seleniunFrgsjprganisms, as these can tolerate
and reduce high selenium concentrations. Althouglerant to selenium oxyanions,
selenium-respiring organisms might be sensitiveth@r toxins present in the waste stream,
e.g. sulfide toxicity Chapter 4), that can be prevented by appropriate sulfideorsh
methods™*®. Toxicity of selenium oxyanions towards differenicrobial groups, amongst
others methanogen€lapter 7) and sulfate-reducing bacteri@Hapter 4) will limit the
application of mixed cultures. Even if the seleniworyanion concentrations in the
bioreactors are reduced to below inhibitory conedittns, homogeneous mixing has to be
ensured by efficient influent distribution systeifesg. perforated distribution plates or
membranes) or mixing with the effluent recycle prio entering the reactor in order to
prevent irreversible toxicityGhapter 7).

Treatment of high volume, low selenium concentrativaste streams calls for cheap,
selective processes, as offered by e.g. biologrealuction. While dilution to the
atmosphere by biological volatilization, e.g. inwlaconcentrated agricultural drainage
waters, might be acceptable in remote areas, thedm@us charactd?® and the potential
chronic toxicity of alkylated selenium species ifeéee with an uncontrolled emission to the
atmosphere in populated areas. Furthermore, ansitipl risk by acute toxicit{?® for
workers has to be considered when treating seleiritsealed bioreactors.

9.4.2 Desired target values

It has been shown in this thesis that selenateffisiemtly reduced in short hydraulic
retention times (6 hours) by bioconversion. Howeegabstantial amounts of selenium can
be converted to alkylated species or colloidalrsal® (Chapter 5). If no post-treatment is
applied, both fractions will contribute to a highselenium effluent concentration, as
alkylated selenium species are water soluble arididal selenium does not settle by
simple technical means, e.g. an external setilbagter 5).




Table 9.1 Evaluation of the major results of thhiesis using different microbial groups for biolagjiselenium treatment
(numbers in brackets indicate related chapterhisfthesis)

Methanogenic UASB

Sulfate reducing UASB

Nitrate reducing UASB

Immaobilized specialists

+ - + - + - + -
Liguid / gas | Low Seys High Segs High Segis; Low Seu (8)
phase (undisturbed) (4) | (disturbed): unknown Se
speciation DM(D)Se species (4)

DMSeS (5)
Biomass solid | High Se in sludge | Se (-1l) and Pure elemental | Low Se in
phase (4), elem. Sein organic Se Sein long term | sludge (4)
speciation long term (6) (3,6) (3)
Precipitates nm sized (5) nm sized (4) nm sized (8) | pm sized (8) Se + S particles (8)
Selectivity High (4) Low (4)
Limitation S7 (4), SeO;” | S¥resistance | Ratio SO, Possible Cementation (8)

. Se0” 4 Se0.” (4);

inhibition (7) Se0.’

inhibition
Costs /| Energy recovery Sulfidic metal NOs No SO.~ Versatile
Benefits via CH, (4,5) precipitation removal | removal (8) applicable
(8) (arsenate, ...), fast

start-up

6 Ja1deyd
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A precise process control can avoid selenium afigia(Chapter 5). The delay between
disturbance and alkylation in case of a processrabfailure (Figure 5.7) might offer the
possibility to counteract higher selenium efflueahcentrations by e.g. applying additional
buffer tanks or increased hydraulic retention timésro valent iron addition can reduce
both selenium oxyanions and organic selenium comgs/e®”, but is hardly applicable for
direct treatment of large volumes of selenium cioitg waters Chapter 1,
section 1.5.1.4). It might, however, represent an alternative piesitment, when discharge
values are stringent or organic selenium effluenicentrations are high.

The influent concentration of 790 pg Sé was reduced to a minimal value of 73 ug Se L
applying simple filtration (0.45 um) in methanogebiASBs Chapter 4) and 39 pg Set
using a selenium-respiring speciali€€h@pter 8). Filtration (0.2 um) and subsequent
centrifugation further decreased the effluengiSmncentrations in methanogenic systems
to 28 pg Se L (Chapter 5), thus effluent concentrations were well below th8EPA
Universal Treatment Standard¥’ for wastewater of 820 pg Sé'LHowever, the chronic
tissue-based freshwater aquatic life criterion,tguting against unacceptable adverse
effects resulting from long-term (continuous) exmes might be exceeded due to
bioaccumulation, even though effluent concentratiare low Figure 1.8).

The emission of nano-sized selenium particles preduduring the biological treatment
should be avoided as these can become bioavabighiirect assimilatioff** 2°% #lgr re-
oxidation Y. In the past, dissolved air floatation has beepliag to remove colloidal
selenium particle$® ! but re-oxidation of reduced selenium compoundsetenate
might occur when using compressed air. Dissolvesi flgatation?”", using e.g. biogas,
should be investigated as a promising post treatnanit can simultaneously remove
colloidal selenium particles and strip alkylatedes&im species. If very low selenium
target values are set, a post treatment with revesmosis is advisabfé®.

9.4.3 Economic considerations

In general, the economic feasibility of seleniumatment can be assessed from different
motivations: firstly, selenium treatment can be legp to remove selenium from the
effluent in order to avoid discharge fines, thugedmining the choice towards a “minimal
compliance” remediative systefft. Depending on the set target values, less effidien
cheap systems such as ion exchanbable 1.2) will be applied by companies. More
stringent target values can be achieved by bioldgieatmentChapters4, 5 and8).

A part of the investment and operational costslmmnecovered when selenium removal is
combined with resource recovery in a “process ¢eighschemé™. In this regards, a
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system consisting of a sludge bed reactor, a feilibed reactor, flocculation and
microfiltration treating selenium and sulfate riagricultural drainage waters was able to
recover more than 90% of its operational cost thhowbyproduct (sodium sulfate)
production ?**. Recovery of pure elemental selenium might furtheduce costs. In
contrast to several other studig%" 1'% 33 167 it \vas demonstrated in this thesis that
elemental selenium is not the only product of gidal selenate reductiorChapters 3
and6) and can thus not be recovered in pure form. thet,precipitate could be upgraded,
e.g. in a pyrometallurgical process. Depending @mket demands for selenium products,
these precipitates can be sold in low quality ogragded form to external customers in a
“market oriented” approadft’. However, both markets for biologically recovesedenium
products and quality control mechanisms for théareed selenium product still need to be
developed.

The requirement of an electron donor is often thengry factor in operating costs for
biological systemd®®¥ as most selenium contaminated streams are depitetetbctron
donor {Table 7.1). Combination of COD rich waste streams contairgirgy molasse€® or
methanol™™® with selenium contaminated wastewaters might alenergy recovery via
methane Chapters 4 and5). One should consider that during selenium remawaithane
yields can be seriously decreased due to selemadesalenite toxicity towards both
acetotrophic and hydrogenotrophic methanogétsagter 7). In this thesis, the lowest
organic loading rate (OLR) that could still maimtaelenate reduction under methanogenic
conditions was 0.5 g CODLday’ (Chapter 5, 103-122 days of operation), yet lower
OLRs might be obtained in the future (compare secdi.5.2.3).

9.5. Recommendations for future research

9.5.1 Selenium speciation and selenium-sulfur augons

The interaction of alkylated selenium and sulfugrniing mixed selenium-sulfur
compounds (e.g. dimethyl selenenyl sulfi@@apter 5) substantially interferes with the
selenium removal efficiency of bioreactofsidure 5.6). This demands an elucidation of
both the chemical and microbial basis of formatsom degradation of such compounds.
The application of mass spectrometric based detetdgchniques to identify and quantify
these species seems to be appropriate. Stablgésatmalysis might assist in determining
the extent of biological processes involved, inlagya to environmental sulfur isotope
analysis [e.gi""™].
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Although the efficiency of biological processes meducing dissolved selenium
concentrations was proven in several Chapté€iagters 4, 5 and 8), a comparison
regarding the efficiency in detoxification shoulde bncluded in future studies, as
ecotoxicological effects are not related to thealtatelenium concentratiod®”, but a
function of concentration and bioavailability. Howee, long term experiments using e.g.
mesocosms are costly and labor intensive. Soliggmicroextraction has recently been
applied to estimate the bioavailability of hydropimcontaminants [e.d®® "% 27, This
application could be expanded to alkylated selerspeties.

Secondary lon Mass Spectrometry (SIMS) has recéeiyn hyphenated with Fluorescence
In Situ Hybridization (FISH) methods, revealing tipdylogenetic microbial identity
together with isotopic patterns at single cell Ié¥&. This approach could be used to label
selenate reducing microorganisms and follow sefharprecipitation in situ.

Selenide oxidation observed during ambient air exMp® of selenium accumulating sludge
(Chapter 6) opens a wide field of research elucidating envinental selenium cycles on
aerobic/anaerobic interfaces (e.g. sediment/watenioe tailing/air). Now that a large set
of natural and synthetic compounds, including Iesslied S€-I) selenides, is available
(Chapter 3), the application of XAFS based techniques shouldehtarged for the
determination of mixed selenium-sulfur precipitat¢€hapter 8). Especially the
complementary use of sulflif® ¥ and selenium XAFS techniques is promising. Due to
the fact that macro beams were used, the contibwif several selenium mineral species
to the XANES spectra interfered with the elucidataf the precise mechanism of mineral
transition. Spatial variation in selenium speciatimight, however, be high and increased
spatial resolution would therefore give better ustinding of the oxidation processes, but
also in biofilm functioning regarding selenium dsjiion (Figure 7.7A and B).
Consequently, p- or nano XAFS studié¥ 2*® should be applied to resolve selenium
speciation in different locations of the biofilnfScanning transmission X-ray microscopy
(STXM) (Figure 9.1) could prevent overlaying offdifent selenium species as the sample
is prepared in thin sections. Regrettably, STXMusrently available only at the selenium
L-edge and the sensitivity of the method might espnt a problem in biological samples
treating low selenium concentratiohs Time resolved p-XAFS experiment8” could
quantify oxidation rates of mineral transition. &gum intermediates accumulating in the
sludge as organic selenium compoun@sgpter 3 and 6) could potentially be deduced
using”’Se labeled compounds by Nuclear Magnetic Resor@td&) spectroscop¥®.
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Figure 9.1 Scanning X-ray transmission microscoglyup at beamline “ID21” (European
Synchrotron Radiation Facility, Grenoble, Frafée)

9.5.2 Process technology

9.5.2.1 Inoculum

Anaerobic granular sludge is a versatile sourcaifierent groups of microorganisms,
including e.g. sulfate-, nitrate reducers and mathens Chapters 4, 5 and8), but also
specialized selenium-respiring organisntShdpters 4, 5 and 8). In the future, its
application might be enlarged for the treatmentotifer oxyanions, such as chromate,
arsenate, molybdate, uranate.

Chapter 8 demonstrated that selenium-respiring organismshbsaimmobilized in non-
degradable gels, maintaining their selenium redpcativities over a time period of at
least 60 days. The organism that was bioaugme®elfu¢ospirillum barnes)iis versatile
in using electron acceptors (selenate, arsendterate, etc.)® ***! which opens a wide
field of bioremediation applications.

9.5.2.2 Reactor design and operation

Immobilized bacteria in small sized polyacryamids lgeads, offering an ideal volume to
surface ratio, can be applied in packed bed rescémd prevent out-competition observed
in a previous stud#” (Figure 1.11A). If immobilization procedures cannot maintaindon
term selenate reducing activity, selenium respirenght be applied in membrane
bioreactors offering biomass retentiéi”, although application membranes might be
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limited by cake formatior® through colloidal elemental selenium or metal siele
formation.

9.5.2.3 Electron donor

As the electron donor usually represents the majmsts in bioremediation systems,
competition by methanogenesis, nitrate and sutdeiction conflicts the feasible reactor
operation. Co-immobilization of selenium-respiriegganisms with hydrogen releasing
compounds™® as electron donor in slow release capsifésmight be an approach to
overcome competition due to the spatial proximitglectron donor and selenium respirer.

The rate of electron donor released should be #djus the minimal electron donor
necessary for the complete reduction of the sefermmyanions to elemental selenium. For
instance, selenate was fed at a rate of 40 Mgactd;l dt in Chapters4, 5 and 8,
thus 40 x 6 pmol electronseheor d* are required for the reduction of selenate (+Vdl) t
elemental selenium (0), corresponding to e.g. 20ladtate Leacor d*. However, such low
organic loading rates are only sufficient for setenreduction to elemental selenium under
ideal (non competition) conditions, thus furthep fapilot / full scale experiments need to
be undertaken to determine the minimal OLR that sdisults in complete selenium
removal.

In highly concentrated streams,, lhight be dosed as an efficient electron d&for
(Chapter 7). H, can best be distributed by membrane sparklifigor by bubbleless
supply®?. Alternatively, B could be supplied with synthesis gas in a gasréictor
(applied in full scale for microbial sulfate redioct®®?), yet operational costs will increase
e.g. due to costs fort$upply and safety provisions.

9.5.4 Solid separation

In order to separate selenium particles from theeags stream by simple means, i.e.
gravitational settling, large, dense and uncharggdrticles are desired. Yet,
Chapters 2, 3, 4 and5 evidence that the formed particles are amorphemsg]l (<0.5 pm)
and do not settle easily. Figure 9.2 shows SEMupést of selenium precipitates formed by
anaerobic granular sludge (10 mM selenate). Dryangelevated temperature (105°C,
Figure 9.2B) in comparison to drying at room terapare (Figure 9.2A) results in
transformation of amorphous bioprecipitates to tefgsof larger particle size. This is
probably due to the transition of the red amorphselenium to trigonal or hexagonal
elemental selenium™®. Especially the formation of the trigonal polymbrpis
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advantegeous, as it is 13% denser compared to amaspseleniuf*® and can form large
crystals Figure 1.5). Consequently, thermophilic conditions (or pasttment) should be
explored to improve settleability of selenium ppitEtes, as these selenium polymorph
transformations can be observed at 70°C or ¥8s a temperature applicable for e.g.
extreme thermophilic sulfate reducti6f”. Furthermore, reactor concepts with low sheer
forces should be investigated in future studiesoider to gain bigger particle sizes
(section 9.2.2.1). Future research should alsosfoouthe questions, if surface charge of the
particles can be influenced by the applied openati@onditions. This could enhance the

bioprecipitate recovery and thus optimize the atlyeapplied coagulation post-treatment
[20]

Figure 9.2 Scanning electron microscope pictureseténium precipitates formed in batch
assays of anaerobic granular sludge treating 10seikhate. Precipitates dried at 20°C (A)
and 105°C (B). Arrows marks mineral structure rdsgmg to trigonal selenium rods
(comparé®)
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9.1 Introductie

Selenium verontreiniging vormt een bedreiging viaama en mensen, zowel nu als in de
toekomst. De dosisresponse curve is, als gevolg hiaraccumulatie, steil, waardoor
selenium in ecosystemen kan worden gekarakterisserden "tijdbom" die antropogene
activiteiten kan worden ontstoken wanneer een debngarde wordt overschreden. Deze
drempelwaarde is voor selenium zeer laag. Ironggatoeg wordt er geschat dat 0,5 tot 1
miljard mensen aan een tekort aan selenium lijiferDerhalve zouden reinigingsystemen
enerzijds  ecotoxicologische risico's moeten miniseaén en  anderzijds
seleniumterugwinning mogelijk moeten maken. De hdkéing van met selenium vervuild
landbouw drainagewater heeft in het verleden veatlacht gekregef”, de behandeling
van industriéle afvalstromen heeft echter tot ruw@inig aandacht gekregen, terwijl deze
afvalstromen bijdragen aan diverse probledf&rf*® #2% Dit proefschrift beoogt nieuwe
behandelingssystemen te onderzoeken voor zowebdamnd drainagewatetoofdstuk 8)

als industriéle afvalstromen Hpofdstukken 4 en 7). Het succes van een
behandelingsmethode kan slechts worden geévala¢®beciatie van selenium in vaste,
vloeibare en gasvormige fase bekend isHbofdstukken 2, 3, 5 en 6 zijn daarom directe
methodes ontwikkeld om de speciatie te bepalen.

9.2. Speciatie van selenium

9.2.1. De speciatie in vloeistof/gas fase

De speciatie van selenium in de waterfase worditeinalgemeen bepaald m.b.v. indirecte
methodes, zoals het genereren van hydrides in c@tidi met verschillende
spectroscopische detectiemethodes (bv. AAS, ICPHIES AFS) 145 176 273 paze
benadering wordt echter beperkt door de moeilijikzetting van selenaat naar seleffiet
aangezien selenaat wordt gekwantificeerd door leeschil tussen totaal gehydrateerd
selenium en seleniet, en overige opgeloste selemarbiindingen worden verwaarloosd. In
Hoofdstuk 2 wordt een lon Chromatografie (IC) methode ontwillkeaarin die selenaat
en seleniet kan worden onderscheiden van b.v.atjtratriet Hoofdstuk 8) en sulfaat
(Hoofdstuk 4) aanwezig in hoge concentraties. De voorbereigtany een monster behelst
slechts een verdunningsstap, de selenium specvatielt daarom behouden, en de
detectielimiet was laag (11 pg S@ selenaat; 28 pg Se'lseleniet).

Op basis van de IC methode werd vastgesteld datahieet opgelost selenium (Ggin
bioreactoren, die seleniumhoudend water behandeldanwezig was als selenaat of
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seleniet Hoofdstukken 4,5 en 8). “Solid Phase Micro Extraction Gas Chromatography
Mass Spectrometry” (SPME-GC-MS) maakte duidelijk dalenaat gedeeltelijk werd
omgezet in gealkaliseerde seleniumverbindinggoofdstuk 5). Een alternatieve, directe
gas chromatografisch (GC) methode kon zowel dimsélgnide als dimethyldiselenide
detecteren Hoofdstuk 2), maar deze vlamionisatie methode bleek niet dayagnoeg
voor de detectie van deze verbindingen in de wasstiof van het biogas van twee UASB
bioreactoren Hoofdstuk 4). Desalniettemin, zou deze GC methode kunnen worde
toegepast met een gevoeliger detectiemethode @tectic m.b.v. foto-ionisering, PID),
daarnaast is de GC methode wel geschikt voor abtalwmet hogere concentraties
gealkaliseerde seleniumverbindingen. SPME-GC-MS kiea&iet mogelijk de selenium
massabalans in de vloeistoffase tijdens een staf@aktorrun te sluitetdofdstuk 5). Als
gevolg van verstoringen tijdens een reactorrun amrderschillende selenium-zwavel
verbindingen (dimethyl selenenyl sulfide) gevorrhtbéfdstuk 5), deze verklaren het grote
gat in de massabalans voor de vloeistoffase in ufatenreducerende UASB reactor
beschreven i oofdstuk 4, waar enkel de IC gebruikt was..

9.2.2 De karakterisering van de vaste fase

9.2.2.1 Deeltjesgrootte van de precipitaten

Rein culturen vanSulfurospirillum barnesiien andere in batch gekweekte selenium
respireerders vormen bolvormige deeltjes van eléaireselenium (~ 300 nm diameter) aan
de bacteriéle opperviakté®”. Wanneer niet-aangepast anaéroob granulair slibdtwo

geincubeerd in batch met een hoge seleniumconter(ttd mM) worden deeltjes gevormd

met vergelijkbare vorm en groott€&iguur 4.8c), dit toont aan dat de vorming van de
seleniumdeeltjes niet alleen beperkt is tot sefaniespirerende organismen.

Sulfurospirillum barnesji geimmobiliseerd in polyacrylamidegel, vormt dasegen
precipitaten binnen de gel matrix die een factgr&er waren (~ 1,5 pnkiguur 8.5C).
Micro-organismen die in de recirculatie lijnen veen methanogene UASB reactor groeide
vormden elementair seleniumdeeltjes van slechts&0nm Figuur 5.4). Deze resultaten
impliceren dat grotere deeltjes kunnen worden gedowanneer precipitaten niet van de
microbiéle cel worden geschaafd. De afwisseling stabiele en turbulente condities, in de
recirculatielijnen en het slibbed respectievelgbu de brede range in de grootte van de
seleniumprecipitaten kunnen verklaren in langlogendeactor experimenten, de
deeltjesgrootte varieerde van << 200 um tot 4 Hoo{dstuk 5).
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9.2.2.2 De speciatie in de vaste fase

In Hoofdstuk 2 wordt aangetoond dat een deel van de precipitgergrmd tijdens batch
experimenten met 20 mM selenate, bestond uit hea@wart selenium, maar de lage
verhouding tussen het signaal en de ruis impliceela het resterende precipitaat vooral
een amorf karakter had. De aanwezigheid van zvea@donaal selenium zou een artefact
kunnen zijn, veroorzaakt door het drogen en opslaarhet monster, aangezien het amorfe
selenium bij kamertemperatuur naar het thermodyseammeer stabiele polymorphs kan
worden omgezet“®l. Onderzoek m.b.v. XRD, aan slib verkregen na stabiangdurige
reactorruns bij sulfaatreducerende of methanogemmaites Hoofdstuk 4), kon een
hexagonale zwarte selenium fase niet bevestigeh noisluiten door het overlappen van
signalen.

Een identificatie van kristallijne fasen door XRDndt over het algemeen belemmerd door
de aanwezigheid van deeltjes kleiner dan 1008. Derhalve zijn “X-ray Absorption Fine
Structure” (XAFS) experimenten uitgevoerd, aangezieb.v. deze technieken informatie
over de speciatie van zowel amorfe als kristallifaeen wordt verkregen op een niet
destructieve manier. De oxydatie staat van elemekda worden bepaald door de analyse
van de piekpositie of het eerste buigpunt van huay Absorption Near Edge Structure”
(XANES). Tal van studies hebben uitsluitend sle@n van de laatstgenoemde methodes
gebruikt om de oxidatiestaten van selenium te lepaf 104 137 154 162 191; 192 200; 209]
Hoofdstuk 3 toont aan dat er geen eenvoudige relatie is tusleze twee XANES
karakteristieken en de seleniumvalentie van dengete K-rand, dus zouden de methodes
tegelijkertijd moeten worden toegepasst. De cometukunnen te eenvoudig zijn wanneer
slechts één van de twee methodes gebruikt worttiimbinatie met een kleine reeks model
verbindingen.

De korte blootstelling (10 min) aan atmosferischerstof veroorzaakte veranderingen in
de selenium speciatie Hpofdstuk 6) door de oxydatie van organische

seleniumverbindingen en transformatie van metadénigies, wat het belang van

zorgvuldige bemonstering en monsterverwerking ostdegpt waarbij de selenium

speciatie wordt behouden. Men toonde aan dat, Hoeeeder gevalideerd met

verschillende selenium modelverbinding€ff”, sequentiéle extractieprocedures kunnen
leiden tot een onderschatting van de selenidef&etieen overschatting van de elementaire
selenium fractie oofdstuk 6).
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9.2.2.3 Vaste fase speciatie in methanogene korrels

De selenium speciatie in intacte biofilms is tosder alleen m.b.v. XANES bestudeerd in
Burkholderia cepaciaculturen die opu-Al,O; opperviakten zijn gekweelt?”, waarbij
selenium oxyanion reductie naar rood elementaienéein op het bacteriéle minerale
grensvlak werd aangetoond. Dit systeem is echten emgal vereenvoudigd
laboratoriumsysteem, aangezien het metalen arndiés,potentieel als metaalselenides
kunnen precipiteren. Voorts waren de biofilms abrgecultiveerd, zodat de interacties met
gereduceerde verbindingen (bv. sulfiden), die plaatlen in vervuilde sedimenten of
anaérobe bioreactoren, niet worden beschouwd. Degeltaten kunnen daarom maar
beperkt worden gebruikt voor studies in anaérobens.

Hoofdstukken 3 en6 toonde aan dat de selenium speciatie in de vaseeifi methanogene
korrels wordt gekarakteriseerd door een complex gselnvan seleniumsoorten, met
inbegrip van elementair selenium, organische setewérbindingen en metaal selenides
(Figuur 6.1B), maar zonder geoxideerde verbindingeteniet of selenaat).Tijdens langere
reactorruns droeg elementair selenium voor eenegrdeel bij aan de gemodelleerde
selenium speciatie in methanogene korrels (41 atamus 67 atom% op dag 60 en 115
respectievelijk), terwijl de totale hoeveelheideselim die in het slib wordt geaccumuleerd
eveneens steedriguur 4.1B, Hoofdstuk 4). Dit toont aan dat het anaérobe granulair slib
inderdaad selenium kan immobiliseren in elementairen tijdens langdurige methanogene
condities. Toch was een klein deel van het selerfil2ratom% en 14 atom% op dagen 60
en 115 respectievelijk) aanwezig als selenocyst@heelenocysteine bevattende eiwitten).
Selenocysteine induceert selenium alkyl&ffe Dergelijke alkylatie werd waargenomen bij
endogene seleniumbronnen tijdens methanogene mmnditabel 5.2, Hoofdstuk 5).
Derhalve stijgt de totale hoeveelheid selenium #&n worden gealkyleerd door
selenocysteine tijdens langdurende reactor rurtsz&@i een probleem kunnen betekenen
voor “full-scale” toepassingen bij het afvoeren Veat overtollige selenium rijke slib.

De vorming van metaal selenides wordt waarschijnlgroorzaakt door de reductie van
selenium oxyanions naar opgelost selerffde dat vervolgens precipiteert met metalen
aanwezig in het slib of in het medium. De metalanveezig in anaérobe granulair slib
vangen daarom een belangrijk deel van het zeeg giftgelost selenide weg, dit voorkomt
mogelijke uitspoeling uit metaalarme milieus. Hett fdat er geen metaal selenides tot
dusver door XRD in het slib werden gevondelogfdstukken 4 en5) zou kunnen worden
toegeschreven aan lage concentraties, overlappsigt@len Figuur 4.7) of nano-
kristallisatie!™.
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9.2.2.4 Selenium speciatie in de biofilm van sulf@alucerende
korrels

Selenium speciatie in sulfaat reducerend slib wasldmenteel anders dan in methanogeen
slib. Hoewel de belangrijkste XANES resultaten atijgbaar waren Tabel 3.1), toonde
lineaire combinatie modellering aan dat alleenctna@gal elementair selenium bijdroeg aan
de speciatie in sulfaat reducerend skio¢fdstuk 3). De vorming van metaal selenides,
zoals in methanogeen slib wordt waargenomen, igsghanlijk niet toe te schrijven aan
dominerende sulfide metaal precipitatie, aangezérscheidene millimol opgelost sulfide
in de reactorvloeistof aanwezig wardfiguur 4.2A), zodat geen vrije metalen aanwezig
waren in de bulkvloeistof. Derhalve zou selenidelénwaterfase van sulfaat reducerende
bioreactoren kunnen uitspoelen.

In beide slib types (methanogeen en sulfaat reduddrleek het aandeel van het
elementaire selenium aan de gemodelleerde XANEStrsp@p trigonaal elementaire
polymorf selenium. Maar toch toonde de “Extendeda)}(-Absorption Fine Structure”
(EXAFS) analyzes aan dat het selenium in een ohragigie, elementaire vorm aanwezig
was, anders dan trigonaal (en monoclien rood) eaiaire selenium Kiguur 3.3B).
Wellicht kan een polymorf met lage symmetrie, zoes®sd amorf seleniumi**®, de
discrepantie tussen gemodelleerde XANES speciatie de experimentele EXAFS
resultaten verklaren.

9.3. Biotechnologische seleniumverwijdering

9.3.1 Seleniumverwijdering door sulfaat reducerdpateerién

In sommige studies zijn sulfaat reducerende bastg/$RB) gebruikt om selenaat in batch
uit de waterfase te verwijderéfd 2! De reden hiervoor is dat selenaat wordt gereddcee
i.p.v. sulfaat vanwege de analoge structuur. Vamwag hoge toxiciteit van selenaat voor
SRB 2% 177 281 kynnen batchexperimenten maar weinig informatiesaleaffen over
selenaat verwijdering in continue systemdnofdstuk 4 toont aan dat de SRB aanwezig in
granulair UASB slib kunnen worden gebruikt vooreselat verwijdering in continue
systemen. Door de competitie tussen sulfaat ema&lezou de verhouding tussen selenaat
en sulfaat groter moeten zijn dan 1;920° Hierdoor moet een onvolledige
seleniumverwijdering worden verwacht voor de meesttenaat en sulfaat bevattende
afvalstromenTable 4.1) aangezien de verhouding selenaat tot sulfaa¢ze éfvalstromen
lager is dan 8,0x 10% Hoge concentraties van opgelost sulfide (enkelmoies)
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beinvioedde de selenaat verwijdering niet, wat ieggelijk maakt om (gedeeltelijke)
seleniumverwijdering te combineren met de predigitavan zware metalen m.b.v.
sulfide™®® ?*lyoor de behandeling het zure mijndrainage watemoler stromen met hoge
metaal concentraties waar de lozingseisen voonisgleminder stringent zijn.

9.3.2 Selenium verwijdering in methanogene UASREt@&n

Mesofiele methanogene UASB reactoren met korte duldiche verblijftijden (6 uren)
verwijderde zowel selenaat als opgeloste selenbeg (Hoofdstukken 4 en5). Het slib

uit een methanogene reactor bevatte na 150 da§ekeér zoveel selenium (1785 ug Se
gVSS? dan het slib uit een sulfaat reduceerde readtmofdstuk 4), ook was in de
methanogene reactor geen verzadiging van selergaomaulatie zichtbaaiF{guur 4.1B).

Het feit dat selenaat bijna volledig werd verwiidevanneer de sulfaat concentratie meer
dan 2600 keer hoger was dan de selenaat concenf{adize overmaat remt selenaat
reductie door SRB)Hoofdstuk 4) toont de selectiviteit van de reductie aan. Deze
selectiviteit werd verklaard door de proliferatianveen selenium respirerend micro-
organisme. De “sequences” van DGGE bandjes die apiem tijdens de reactorrun
kwamen overeen, maar niet heel goed (79%), meseéguences” vaBendrosporobacter
guercicolus een mesofiele anaérobe selenaat reduceerde iba@efenium respirerende
micro-organismen ontwikkelden zich in het slibbedit werd gedemonstreerd door de
toegenomen seleniumverwijdering in een bioreaactodeé aanwezigheid van sulfaat na
verloop van tijd Figuur 4.3). Bovendien zaten er met selenium deeltjes bedeliteo-
organismen in de recirculatielijnetdgofdstuk 5). Hoewel het meeste selenaat in de
bioreactor (90%) werd gereduceerd, was er nog el@naat reduceerde activiteit in het
supernatant van de externe bezinkdodfdstuk 5), wat erop wijst dat een deel van de
selenium reduceerde micro-organismen als gesuspateibiomassa in de UASB reactor
groeide.

Zowel gealkyliseerde seleniumverbindingen (tot 15%) colloidaal verspreide
seleniumdeeltjes (tot 31%) droegen bij aan hetngate in het effluent, wat een
nabehandeling nodig maakt. De minimale effluenteotraties die bereikt zijn in dit
proefschrift onder methanogene conditiekg¢fdstukken 4 en 5) zijn vergelijkbaar met
eerder door Owen8™ gemelde waarden, Owens gebruikte methanogenestale™
UASB reactoren die landbouw afvalwater behandeldetegenstelling tot deze vorige
studie, waren in deze studie de influent selenastcentraties hoger (2 keer) en de
hydraulische verblijftijden korter (3 keer). Het aangetoond dat een lichte storingen in
reactortemperatuur de productie van gealkyleertenisen of een mix van selenium- en
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zwavelverbindingen kan veroorzakemdofdstuk 5). De constante verwijdering in
Hoofdstuk 4 ten opzichte vamoofdstuk 5 is daarom toe te schrijven aan de constante
temperatuur.

9.3.3 Selenium verwijdering in denitrificerende UA&actoren

De remming door competitie tussen nitraat en sekemaductie, geobserveerd in vele
afvalwaterzuiveringtoepassing€fl, kan worden vermeden in twee-traps systemen waarin
eerst nitraat word gereduceerd en vervolgens saéfla In Hoofdstuk 8 wordt een
alternatief gedemonstreerd waarin selenaat wongtdgeeerd bij volledig denitrificerende
condities in een enkele stap. Dit is misschientéoschrijven aan de proliferatie van een
selenium respirerende specialist, zoals reeds waargen bij methanogene condities met
hetzelfde entmateriaaHpofdstuk 4), hoewel identificatie m.b.v. DGGE en “sequencing”
werd belemmerd door de aanwezigheid van een diveisebiéle populatie, groeiend op
het toegevoegde lactaat en nitraat. Er was geecaitel van selenaat reductie door nitraat
reductases, eerder beschreven als algemeen kenvaerknitraat reduceerder$®®,
aangezien het denitrificeerende slib geen seldmaabmzetten na het weglaten van nitraat
uit het influent Figuur 8.1A2).

9.3.4 Selenium verwijdering met selenium respiratie

Het effect van bioaugmentatie, het toevoegen vamayarganismen die geschikt zijn voor
de behandeling van een bepaalde verontreinigingaak gelimiteerd door uitspoeling van
de toegevoegde micro-organismen en door verdringthgpr endogene micro-
organismei’®. Hoofdstuk 8 laat met langdurige bioreactor experimenten (>@@et
looptijd) zien, dat deze beperkingen kunnen wordearwonnen door immobilisatie van
intacte cellen van seleniumrespireerders. Een aeaatie werd aangeént met
geimmobiliseerde bacterién, verwijderde alleen reae onder volledig denitrificerende
condities Figuur 8.1A1). In een parallelle hybride bioreactor werd anabrkorrelslib ge-
bioaugmenteerd met geimmobiliseerde bacteriénrd3itlteerde in snellere verwijdering
van selenaat, nitraat en nitriet en tevens eenrbo@OD verwijderings-efficiéntie in
vergelijking tot een niet ge-bioaugmenteerde cdatreactor Figuur 8.1).

De snellere opstart van ge-bioaugmenteerde bianeactfiguren 8.1A, 8.1C), zou van
belang kunnen zijn bij acute incidenten, zoalsléldten van afval van ertsverwerkifg.
Immobilisatie werd toegepast met behulp van nietdfbreekbare polyacrylamide gels, wat
een mogelijke toepassing biedt onder natuurlijkestamdigheden. Omdat na 60 dagen
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looptijd de gelopperviakken en geimmobiliseerdetdré@n volledig waren ingekapseld
door calcium- en fosfor precipitaten, kan bioreraéidi op de lange termijn worden
gelimiteerd door activiteitsverlies vanwege maseerdrachtslimitatie door cementatie
(Figuur 8.2E-G).

9.4 Aanbevelingen voor de biologische
behandeling van selenium houdende waters

De beslissing welke van de beschikbare technielegnrieest geschikt is voor de aanpak
van seleniumvervuiling, is altijd gerelateerd aan goor ieder geval specifiek scenario. Zo
omvat de keuze van een geschikt systeem voor debeling van selenium, technische en
economische overwegingen, maar ook aspekten gesethtaan sociale acceptatie en
politiek beleid. Tabel 9.1 geeft een samenvatting van de belangrijkste @sutvan dit
proefschrift, gebruik makend van verschillende wiitéle groepen die zouden moeten
worden overwogen bij het ontwerpen van een biotdgs/steem voor de behandeling van
seleniumvervuiling.

9.4.1 De te behandelen seleniumconcentraties

Het eerste wat in acht moet worden genomen bijat@ihdeling van een afvalstroom is de
seleniumconcentratie. De behandeling van hooggertreerde afvalstromen (tot
620 mg L* in seleniumverwerkende industff&"), zou mogelijk kunnen plaatsvinden met
behulp van fysisch-chemische methodes zoals adspppécipitatie of filtratie Tabel 1.2).
Vooral de fysisch-chemische processen die nietggdyd zijn op de reductie van selenium-
oxyanionen, resulteren echter in de vorming van leeomggeconcentreerde pekel. Deze
pekel moet op een verantwoorde manier worden vétwewat resulteert in hoge
operationele kosten van deze systemdmbél 1.2) %% % 7eer geconcentreerde
afvalstromen zouden biologisch kunnen worden bedldndmet behulp van
seleniumrespirerende organismen, aangezien dezedebgniumconcentraties tolereren en
kunnen omzetten. Hoewel seleniumrespirerende csgaam tolerant zijn ten opzichte van
seleniumoxyanionen, zouden ze gevoelig kunnen wegor andere giftige stoffen die
mogelijk aanwezig zijn in een afvalstroom, zoalHfide (Hoofdstuk 4). Sulfide-toxiciteit
zou door de beschikbare methodes voor sulfidevdenijg kunnen worden
verhinderd™*®. Toxiciteit van seleniumoxyanionen voor verschitle microbiéle groepen,
waaronder methanogeneHdofdstuk 7) en sulfaatreducerende bacteriéto¢fdstuk 4),
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zal de toepassing van mengcultures beperken. ZeHaneer de concentratie van
seleniumoxyanionen in bioreactoren wordt verlaagl ¢oncentraties waarbij geen
remming plaatsvindt, is een homogene menging Jemis irreversibele toxiciteit te
verhinderen. Deze homogene menging kan worden Kbedeor gebruik te maken van
efficiénte influentdistributiesystemen (bijvoorbéelgeperforeerde distributieplaten of
membranen), of door menging met de effluent resyadem, voordat het influent naar de
reactor wordt gevoerdioofdstuk 7).

De behandeling van grote hoeveelheden seleniumhdudévalstromen met een hoog
volume en een lage concentratie vraagt om goedksptectieve processen, zoals
bijvoorbeeld biologische reductie. Emissie van siele naar de atmosfeer, veroorzaakt
door biologische verviuchtiging zoals bijvoorbeell laag geconcentreerd landbouw
drainagewater, zou in afgelegen gebieden aanvaardbanen zijn. De sterk gelif® en
potentiéle chronische toxiciteit van gealkyleer@éesium soorten belemmert echter een
ongecontroleerde emissie naar de atmosfeer in kievgebieden. Daarnaast moet een
blootstellingsrisico door acute toxicitéft! worden overwogen voor arbeiders, wanneer
selenium in afgesloten bioreactoren wordt behandeld

9.4.2 Gewenste streefwaarden

Dit proefschrift toont aan dat selenaat efficiéiptkorte hydraulische verblijftijden (6 uur)

biologisch kan worden omgezet. Een substantielevdwlbeid selenium kan echter in
gealkyleerd- of colloidaal selenium worden omgeétofdstuk 5). Wanneer er geen

nabehandeling wordt toegepast, zullen beide fracti®jdragen aan een hogere
seleniumconcentratie in het effluent, aangezienkgksgerde seleniumsoorten in water
oplosbaar zijn en het colloidale selenium niet deenvoudige technieken, zoals een
externe bezinker, kan worden afgescheid¢oofdstuk 5).

Een nauwkeurige procesbeheersing kan alkylering salenium vermijden
(Hoofdstuk 5). De tijdsvertraging tussen een verstoring van preices en alkylering
(Figuur 5.7) zou de mogelijkheid kunnen bieden om hogere efiiconcentraties van
selenium tegen te gaan door bijvoorbeeld extraebtaffiks te plaatsen of verhoogde
hydraulische verblijfstijden toe te passen. IJzarteging kan de concentratie verlagen van
zowel seleniumoxyanionen als organische seleniumpomenter?®!, maar is nauwelijks
toepasbaar voor directe behandeling van grote wdunselenium-houdend water
(Hoofdstuk 1, sectie 1.5.1.4). 1Jzertoevoeging zou wel toegepast kunnen wordisn
nabehandeling, wanneer voldaan moet worden aamgsti®zingswaarden of wanneer de
effluentconcentraties van organisch selenium hgog z




Tabel 9.1 Opsomming van de belangrijkste resultatan dit proefschrift, gebruikmakend van de
verschillende microbiéle groepen voor biologiscleesiumbehandeling (de getallen tussen haakjes

verwijzen naar hoofdstukken van dit proefschrift)

Methanogene UASB

Sulfatereducerende UASB

Nitraat reducerende UASB

Geimmobiliseerde specialisten

+ + - + - + -
Vioeistof- /| Lage Seqp Hoge Seqp Hoge Seqp; Lage Seq (8)
gasfase (onverstoord) (4) | (verstoord): onbekende Se
speciatie DM(D)Se species (4)
DMSesS (5)
Biomassa Hoge Se in slib Se (-Il) en Pure Lage Se in slib
vaste fase | (4), Se (0) na organisch Se elementaire (4)
speciatie lange duur (6) (3,6) Se nalange
duur (3)
Precipitaten nm-grootte (5) nm-grootte (4) nm-grootte um grootte (8) Se + S deeltjes
@) (8)
Selectiviteit Hoog (4) Laag (4)
Limitatie S (4), SeO;”, | S7resistentie | Verhouding Cementation
Se0,” remming | (4) S0 Se0” mogelijk (8)
(7 (4); Se0,”
remming
Kosten /| Energie Metaalsulfide NO5 Geen SO, Veelzijdig toepasbaar
Baten terugwinning via precipitatie verwijdering | verwijdering (arsenate,...), snelle
CH,4 (4,5) (8) (8) start-up

aISsSNJsIp ua Bumeauswes



Chapter 9

De influentconcentratie in methanogene UASB reattoran 790 pg Se“Lwerd door
middel van eenvoudige filtratie (0,45 pm) terug@gehbt tot een minimale waarde
van 73 pg Se T (Hoofdstuk 4) en tot 39 ug Set bij gebruik van seleniumrespirerende
specialisten Hoofdstuk 8). De effluentconcentraties in methanogene systewesd door
middel van filtratie (0,2 pm), gevolgd door cenigéren, verder verlaagd tot 28 pg S L
(Hoofdstuk 5). Effluentconcentraties bleven dus ver benedenU&EPA “Universal
Treatment Standard®? voor afvalwater (820 pg Se’). Merk op dat het criterium voor
chronische toxiciteit, dat beschermt tegen onaaamae gevolgen van lange termijn
(ononderbroken) blootstelling, zou kunnen worderersghreden als gevolg van bio-
accumulatie, ook al zijn de effluentconcentrataesgl Figuur 1.8).

De emissie van nano-seleniumdeeltjes die tijdensbidéogische behandeling worden
geproduceerd, zou moeten worden vermeden aangezleme door directe
assimilatid™®" 2°% 283 of her-oxidatie®" biobeschikbaar zou kunnen worden. In het
verleden is dissolved air flotation toegepast omllotdale seleniumdeeltjes te
verwijderen® ! maar de her-oxidatie van gereduceerde seleniupooemten naar
selenaat zou kunnen plaatsvinden wanneer er gelwnilt gemaakt van samengeperste
lucht. Dissolved gas flotatioff’! zou, gebruik makend van bijvoorbeeld biogas, als
veelbelovende nabehandeling moeten worden onddrzaahgezien hiermee colloidale
seleniumdeeltjes en gealkyleerde seleniumcomponemelijktijdig kunnen worden
verwijderd. Wanneer zeer lage waarden van selemangist zijn, is een nabehandeling met
omgekeerde osmose aan te rad&h

9.4.3 Economische overwegingen

De economische haalbaarheid van seleniumbehandkéingvastgesteld worden vanuit
verschillende optieken: ten eerste kan de selergéhanideling worden toegepast om
lozingsboetes te vermijden, waarbij de keus womlingakt voor een systeem met een
"minimale inspanning"". Afhankelijk van de vastgestelde streefwaarder, dwor
bedrijven een goedkoop, minder efficiént systeeralzaonenuitwisseling Tlabel 1.2)
worden toegepast. Lagere streefwaarden kunnen kbiotwgische behandeling worden
bereikt Hoofdstukken 4, 5 en8).

Een deel van de investerings- en operationele kdsta worden teruggewonnen wanneer
seleniumverwijdering wordt gecombineerd met terumpivig in een "proces georiénteerde”
aanpak™. Bij een proces bestaande uit een slib-bed reastorgefluidizeerde bed reactor,
flocculatie en micro-filtratie, is het gelukt omlseium- en sulfaatrijk agrarisch drainage
water te behandelen. Hierbij kon meer dan 90% vanoderationele kosten worden
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teruggewonnen door de productie van een bijproghattiumsulfaat}***. De terugwinning
van zuiver elementair selenium zou de kosten vekdenen drukken. In tegenstelling tot
verscheidene andere studiB&" 15 133 1871 wordt in dit proefschrift aangetoond dat
elementair selenium niet het enige product van ogisthe selenaat reductie is
(Hoofdstukken 3 en 6), en niet in zuivere vorm kan worden teruggewonnklet
precipitaat zou echter kunnen worden opgewerktobijpeeld in een pyrometallurgisch
proces. Afhankelijk van de markt voor seleniumpicidn, zouden de precipitaten van lage
kwaliteit of de opgewerkte producten met behulp \emn "marktgerichte" benadering
kunnen worden verkocht aan externe klanteh Zowel de markt voor biologisch
gewonnen seleniumproducten als mechanismen voorlitéitgbeheersing van het
gewonnen seleniumproduct, moet echter nog wordemikiceld.

Het gebruik van een electronendonor is vaak denpejaste factor voor de bedrijfskosten
van biologische systemeR®, aangezien de meeste met selenium vervuilde strome
hieraan een tekort hebbehapel 7.1). De combinatie van COD-rijke afvalstromen, zoals
molassé®®” of methanol*’® met selenium vervuild afvalwater, zou energieteinging
via methaan mogelijk kunnen maked cofdstukken 4 en 5). Hierbij zou wel rekening
gehouden moeten worden met het feit dat tijdensensghverwijdering de
methaanopbrengsten ernstig kunnen verminderen \genwexiciteit van selenaat en
seleniet voor zowel acetotrofe als hydrogenotroé&hanogenenHoofdstuk 7). De in dit
proefschrift beschreven laagst mogelijke organischelasting (OLR) waarbij
selenaatreductie nog kon worden gehandhaafd, ig €®D L* dag' (Hoofdstuk 5, dag
103-122). Nog lagere belastingen zijn in de toekommogelijk haalbaar (vergelijk
sectie 9.5.2.3).

9.5. Aanbevelingen voor toekomstig
onderzoek

9.5.1 Seleniumspeciatie en selenium-zwavel intesct

De interactie tussen gealkyleerd selenium en zwawelaruit zich een mengsel van
selenium-zwavel verbindingen vormt (bijv. dimethgklenylsulfide, Hoofdstuk 5),
beinvioedt de efficiéntie van de seleniumverwijdgrimet behulp van bioreactoren
(Figuur 5.6). Dit vraagt om opheldering van de chemische &sa@ microbiéle
achtergrond van zowel vorming als afbraak van digkge componenten. Voor de
identificatie en de kwantificatie van deze stoffbjkt de toepassing van technieken
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gebaseerd op massaspectrometrie geschikt te zgnarlalyse van stabiele isotopen zou
kunnen bijdragen aan het bepalen van de rol valodgigzhe processen, analoog aan de
analyse van de aanwezigheid van zwavelisotopes imatliur [ bijv ™.

Hoewel de efficiéntie van biologische processenrvbet verlagen van opgeloste
seleniumconcentraties in verscheidene hoofdstulgkend bewezenHoofdstuk 4, 5 en8),
zou een vergelijking van de efficiéntie van detmgfie in toekomstige studies moeten
worden meegenomen, aangezien ecotoxicologischdggvaiet direct gerelateerd zijn aan
totale seleniumconcentratié®), maar een functie zijn van concentratie en bisiciy
beschikbaarheid. Langdurige mesocosm experimeiijfieeehter duur en arbeidsintensief.
Vaste-fase microextractie is onlangs toegepast enbidlogische beschikbaarheid van
hydrofobe verontreinigingen in te schatten [ bif#: 2% 2. Deze toepassing zou met
gealkyleerde seleniumcomponenten kunnen wordeehurigig.

Onlangs is “Secondary lon Massa Spectrometrie” lgecombineerd met “Fluoresce In
Situ Hybridisatie” (FISH) methodes, waardoor defignetische microbiéle samenstelling,
alsmede de verdeling van isotopen op het niveau wdacte cellen kan worden
vastgesteld®®. Deze benadering zou ook kunnen worden gebruikt sefenaat
reducerende micro-organismen te merken en selenagipjitatie ter plaatse te volgen.

De oxidatie van selenide die is waargenomen tijdblmoststelling van slib waarin
selenium is opgehoopt aan de buitenluetidfdstuk 6), opent een onderzoeksgebied naar
de natuurlijke selenium kringloop op aérobe/anaérajrensviakken (bijvoorbeeld
sediment/water of mijn afvalwater/lucht). Nu eemk® van natuurlijke en synthetische
stoffen, inclusief minder bestudeerde Se (-1) sééeny beschikbaar idHpofdstuk 3), zou

de toepassing van op XAFS gebaseerde techniekegroe¢rkunnen worden om de
samenstelling van gemengde selenium-zwavel prao#pit te kunnen bepalen
(Hoofdstuk 8). Vooral het bijkomend gebruik van XAFS techniekeror zwavell*’8 179

en selenium is veelbelovend. Omdat bij deze te&hniacro-stralen werden gebruikt,
bemoeilijkte de bijdrage van het XANES spectrum vanschillende selenium mineralen
de bepaling van het exacte mechanisme van minevaiggang. De ruimtelijke variatie in
seleniumspeciatie kan echter hoog zijn. Een vertteagsolutie zou daarom leiden tot een
beter begrip van de oxidatieprocessen, en een betgip van de rol van de biofilm in
selenium depositieFfguur 7.7A en B). Daarom zouden - of nano XAFS stud&g ¢!
moeten worden toegepast om seleniumspeciatie cgchitende plaatsen in biofilms te
bestuderen. Het gebruik van Scanning TransmissicnayX Microscopie (SXTM)
(Figuur 9.1) zou het overlappen van verschillende seleniuntesnockunnen verhinderen,
aangezien de monsters in dunne secties wordenpgepexd. Helaas is STXM nu alleen
mogelijk bij de L-edge van selenium. De gevoelighean deze methode zou mogelijk voor
problemen kunnen zorgen wanneer biologische mansteet een lage selenium
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concentratie worden gebrufkt Met tijdsafhankelijke p-XAFS experimentBff! bleek het
mogelijk om oxidatiesnelheden van minerale overganigwantificeren. De aanwezigheid
van intermediairen van selenium, die als organiselenium zijn opgehoopt in het slib
(Hoofdstuk 3 en 6), zou mogelijk kunnen worden afgeleid met gebruiking van’’Se
gelabelde componenten in combinatie met Nuclear netixgy resonance (NMR)
spectroscopi&®.
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Figuur 9.1 Scanning X-ray transmissie microscoigezet bij beamline "ID21" (European
Synchotron Radiation Facility, Grenoble, Frankrfj),

9.5.2 Proces technologie

9.5.2.1 Inoculum

Anaéroob korrelslib is een veelzijdige slib dat satillende groepen micro-organismen
bevat, zoals bijvoorbeeld sulfaat- en nitraatredwbers en methanogenen, maar ook
gespecialiseerde seleniumrespirerende organisriofdstukken 4, 5 en 8). In de
toekomst zou de toepassing hiervan kunnen wordegro@ voor de behandeling van
andere oxyanionen, zoals chromaat, arsenaat, medybeh uranaat. IRloofdstuk 8 is
aangetoond dat seleniumrespirerende organismerekunorden geimmobiliseerd in niet-
afbreekbare gels, waarbij de selenium reducerewtieitait gedurende een periode van
tenminste 60 dagen behouden bhijft. Het organismé ward gebioaugmenteerd
(Sulfurospirillum barnes)iis veelzijdig in het gebruik van elektronenacoeph (selenaat,
arsenaat, telluraat, enzZl§ % wat een breed toepassingsgebied voor bioremediati
mogelijk maakt.
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9.5.2.2 Reactor ontwerp en bedrijf

Wanneer bacterién geimmobiliseerd zijn in kleindyacryamide gel bolletjes, die een
ideaal volume-opperviakte verhouding hebben, kundeme in gepakte bedreactoren
worden toegepast en de verdrijving door andereebiéct verhinderen die in een eerdere
studie werd waargenoméf? (Figuur 1.11A). Wanneer met immobilisatieprocedures de
selenaat reductie activiteit niet langdurig gehaadtt kan worden, zouden
seleniumrespireerders in membraanbioreactoren kuwoeden toegepast, aangezien hierin
betere biomassa retentie plaatsviffdf. Echter, het gebruik van membranen wordt
mogelijk beperkt door cakevorminy! door colloidaal elementair selenium of de vorming
van metaalselenides.

9.5.2.3 De elektronendonor

Omdat de elektronendonor meestal de belangrijkststek vertegenwoordigd in
bioremediatie systemen, bemoeilijkt competitie doorethanogenese, nitraat- en
sulfaatreductie de haalbaarheid van het procesm@mbilisatie van seleniumrespirerende
organismen met stoffen die waterstof als elektrdoenr vrijgeven® in slow-release
capsules®™, zou gebruikt kunnen worden om de competitie terwinnen door de
nabijheid van elektronendonor en seleniumrespirzeide snelheid van het vrijkomen van
elektronendonor zou dan moeten worden aangepast dearminimale vraag naar
elektronendonor die nodig is voor de volledige iiguvan seleniumoxyanionen naar
elementair selenium. Zoals beschrevermdiwofdstukken 4, 5 en 8, werd selenaat gevoed
met een snelheid van 40 pM L reactod®, dus zijn er 40 x 6 pmol
elektronen L eacor o vereist voor de reductie van selenaat (+ VI) nelmentair
selenium (0). Dit komt overeen met 20 pM lactaaeactor' d*. Dergelijk lage organische
belastingen zijn echter alleen voldoende voor seleductie onder ideale (geen
concurrentie) omstandigheden. Er moeten dus verdalg- pilot- of full-scale
experimenten worden gedaan om de minimale OLR fmlba waarbij nog volledige
seleniumverwijdering wordt bereikt. In hoog gecamceerde stromen zou waterstof als
efficiéente elektronendond® kunnen worden gedoseetddofdstuk 7). Waterstof kan het
best worden gedoseerd met behulp van een memiffasf bellenvrije doserind®?.
Tevens zou waterstof kunnen worden gebruikt in gaslift reactor (wat reeds op volle
schaal wordt toegepast voor microbiéle sulfaatréeue®®), al zullen de operationele
kosten hoger zijn, bijvoorbeeld door kosten voorleering van waterstof en vanwege
veiligheidsmaatregelen.
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9.5.4 Afscheiding van vaste deeltjes

Om seleniumdeeltjes met behulp van eenvoudige ndddan de waterstroom te scheiden,
bijvoorbeeld door middel van bezinking, zijn grotmgeladen deeltjes gewenst met een
hoge dichtheid. IHoofdstukken 2, 3, 4 en 5, wordt echter aangetoond dat de gevormde
deeltjes amorf zijn, klein (< 0,5 um), en niet gékwijk bezinken. Figuur 9.2 toont SEM
beelden van seleniumprecipitaten die door anaéréobrelslib worden gevormd
(10 mM selenaat). In vergelijking met het drogep KamertemperatuurF{guur 9.2A),
resulteert het drogen bij een verhoogde tempera{@@5°C, Figuur 9.2B) in de
transformatie van amorfe bioprecipitaten naar geokeistallen. Dit is waarschijnlijk toe te
schrijven aan de overgang van het rode amorfe isehenaar trigonaal of hexagonaal
elementair seleniufi*®. Vooral de vorming van trigonaal polymorf seleniisrvoordelig,
aangezien het een 13% hogere dichtheid heeft igelifing met amorf seleniutt*® en
het grote kristallen kan vormerriguur 1.5). Daarom zouden thermofiele condities (of
nabehandeling) moeten worden onderzocht om de lkiezanheid van seleniumprecipitaten
te verbeteren, aangezien deze polymorfe seleniansformaties bij 70°C of lager worden
waargenomeft*®. Deze temperatuur zou toegepast kunnen wordextsgem thermofiele
sulfaatreductie®®. Daarnaast zouden reactorconcepten met lage éfaeiniten in
toekomstige studies moeten worden onderzocht, omtemgr deeltjes te krijgen
(sectie 9.2.2.1). Toekomstig onderzoek zou zich ook op vraag moetehten of de
oppervlaktelading van de deeltjes door de gebruwkiedities kan worden beinvioed. Dit
zou het terugwinnen van bioprecipitaten kunnen etenen, en zo de momenteel toegepaste
techniek van coagulatie nabehandeling kunnen ofiieran’®®,
330" D i tapl ;

Figuur 9.2 Elektronenmicroscopische beelden van seleniunjutatgén, gevormd tijdens
batch experimenten met anaéroob korrelslib dat M selenaat behandelt. Precipitaten
zZijn gedroogd bij 20°C (A) en 105°C (B). Pijlen rkaren de minerale structuur die lijkt op
die van trigonaal selenium (vergelfjR).
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