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STELLINGEN

Naast thermodynamische overwegingen kan stikstofoxide een rol spelen
bij de ruimtelijke scheiding wvan denitrifikatie, ijzerreduktie en

sulfaatreduktie in anaercbe aquifers en sedimenten.

Dit proefschrift.

De vorming van ferro-nitrosyl complexen kan de kinetiek van chemodeni-

trifikatiereakties beinvlioeden.
Dit proefschrift.

De door Unden en Trageser voorgestelde werking van molekulaire
zuurstof op het fumaraat-nitraat-regulator (FNR) eiwit in E.coli kan
de derepressie van nitraatreduktase gedurende aérobe groei In een

kontinue kultuur in onvoldoende mate verklaren.

Unden . and Trageser M. {1991) Oxygen regulated gene expression in Escherichia coli: Control of
anaerobic respiration by the FNR protein. Antonie van Leeuwenhoek 59: 65-76. Dit proefschrift.

De bewering van Nealson en Myers dat Shewanella putrefaciens spp. 200
anaeroob kan groeien met driewaardig ijzer als elektronenacceptor

blijkt niet uit de door deze auteurs geciteerde literatuur.

Nealson K.H. and Myers G.R. (1992) Wicrobial reduction of manganese and iren: New approaches to
carbon cycling. Appl. Environ, Microbiol. 58: 439-443.

In tegenstelling tot hetgeen Mat&ju et al. in hun overzichtsartikel
beweren moet de eerste bakterie die in staat is tot denitrifikatie met

tweewaardlg ijzer als elektronendonor nog beschreven worden.

Mateju v., Cizinska S., Krejci J. and Janoch T. (1992) Biologicat water denitrification - A review.
Enzyme Microb, Technol. 14: 170-183, Dit proefschrift.

Nog steeds wordt bij studies naar metaalcorrosie vercorzaakt door sul-
faatreducerende bakterién verwezen naar een artikel aver kathodedepolarisatie
dat in 1934 werd gepubliceerd door van Von Wolzogen Kihr en Van der Vlugt,
Voer een van origine Nederlandstalig artikel is dit een opmerkelijke

verdienste.

von Wolzogen Kuhr C.A.H. en Van der Viugt L.S. (1934) De grafiteering van gietijzer als electrobiochemisch
proces in anaérobe gronden. Water 16: 147-165.

De promovendus wikt, maar de promotor beschikt; wetenschap is een

tijdloos en universeel houvast.
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Wetenschap geeft weliswaar geen antwoord op alle vragen, maar kan wel
op een tot de verbeelding sprekende wijze de grenzen van het onzegbare

aangevern.

Een proefschrift is uniek in de zin dat het zichzelf is en niet iets
anders; in dat opzicht is het in feite allerminst uniek, want hetzelf-

de geldt voor al het andere.

Indien men de arbeidsparticipatie zou willen vergroten verdient het
aanbeveling om de kostwinnersvoordelen in de belastingheffing geleidelijk

af te schaffen.

De wettelijke verplichting van het emissie-arm uitrijden van mest met behulp
van een bodeminjekteur is een stap maar een milieuvriendelijke landbouw

die een groot gevaar inhoudt voor het reeds bedreigde grondwater.

Een personeelsparkeerplaats kan men opvatten als een visitekaartje en

daardoer als een graadmeter voor de heersende bedrijfskultuur.

Naar analogie van de aardbevingsschaal van Richter is er iets voor te zeggen
om de eerste wet van Murphy (als iets fout kan gaan, dan gaat ‘'t ook fout)

te nuanceren met een logaritmisch opklimmende blunderschaal.

De vaccinologie in Nederland is een typisch voorbeeld van een weten-

schapsgebied waar onderzoek en toepassing ver uit elkaar liggen.
Met dank san J.T. Poolman van het RIVM te Bilthoven.

Arbeidstijdverkorting (ATV) gedraagt zich volgens de tweede hoofdwet van
de thermodynamica: arbeid, ongeacht de duur, vult de dag zoals natuurlijke

processen verlopen in een richting van toenemende entropie.

Stellingen behorende bij het proefschrift 'Biogeochemical aspects of aquifer

thermal energy storage’. H.J. Brons, Wageningen, 30 juni 1992.
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CHAPTER 1

GENERAL INTRODUCTION

Brons H.J. and Zehnder A.J,.B. (1990) Biogeochemical aspects of aquifer thermal
energy storage. In: Hydrochemistry and energy storage in aquifers, TNO
Committee on Hydrological Research, no.43: 73-81. (Hooghart J.C. and Posthumus

C.W.5., editors} TNO, The Hague.



1.1 AQUIFER THERMAL ENERGY STORAGE

Economic- and environmental developments in the 1970's and 1980's have strongly
augmented the need for efficient energy conversion and energy saving
strategies. Since 1973 long term economical developments have been influenced
by the continuous changes in oilprices. It became clear that the constant
increase in fossil fuel burning can cause environmental problems on a glabal
scale. The use of nuclear fission as a major future energy source is strongly
debated after severe accidents and remaining doubts about a satisfactory
solution of the nuclear waste problem within a reasonable time frame. Concerns
about sufficient energy supply in the future have stimulated research for
alternative energy sources and efficient energy saving strategies. Aquifer
thermal energy storage (ATES) constitutes one of the savings strategies which
is promising enough for future exploration. ATES is aimed at the utilization
and storage of periodical surplus heat and solar energy om a large scale.
Aquifers are natural geological formations of porous rock material saturated
with groundwater. Most aquifers In The Netherlands are covered with clay and
peat deposits and overlie an impervious clay stratum. The aquifer itself
consists of fairly homogeneous unconsolidated sand sediment with a median grain
size varying between 0.2 and 1.0 mm. The groundwater temperature in The
Netherlands reflects the annual average temperature of 10-11°C and generally
no specific elements or gases are present in high concentrations (76).
Basically, ATES-systems have a cool and a warm well (54). As shown in Figure
1 groundwater is pumped from the cool well to a heat exchanger and after being

heated reinjected into the aquifer through the warm well. The stored thermal

heat exchanger

warm well

A

H
' thermal ‘
— = energy /

Fig. 1. Schematic representation of an aquifer thermal energy storage system.




energy is recovered in a reversed process. The warm water is pumped back to
the heat exchanger and after cooling reinjected into the cool well,

Several ATES-systems have been investigated on pilot plant scale in a number
of countries. The main objective of these investigations was to explore energy
storage at varying depths and temperature ranges and In different kinds of
geological formations. Until now it has been difficult to interpret the results
that were cbtained in these studies because detailed information on chemical
and biogeochemical reactions in aquifers was lacking. In addition, ATES-
research has been specifically related to particular projects in different
countries and there was no attempt to undertake systematic investigations (30).
Because of the promising results of ATES, both technically and econcmically,
an international coerdination of the various ATES-studies was regarded to be
necessary. In 1987 the International Energy Agency (IEA) implemented a research
and development program entitled: Environmental and Chemical Aspects of Thermal
Energy Storage in Aquifers and Development of Water Treatment Methods (32).
In this IEA-program the feollowing subtasks have been defined:

A. To develop and wvalidate a simulation model that calculates the
space and time dependent mass transport of discrete chemical
constituents in an aqueous medium in soil.

B. To undertake theoretical and experimental investigations of
blogeochemical reactions and related environmental impacts caused
by heat storage in different aquifers.

c. To classify and analyze different water treatment techniques for
heat storage with respect to enviroumental impacts, long term
efficiency and costs.

D. To wundertake theoretical and experimental studies of the
microbiological processes occurring during thermal energy storage
in relation teo sanitary aspects, bacterial clogging processes, and
relevant treatment techniques.

E. To analyze scaling and corrosion problems in installations
connected to aquifer heat stores (heat exchangers, mains and
screens) in relation to water chemistry and water treatment,

F. To test the water treatment techniques selected in subtasks C and
D and to evaluate their environmental effeects in laboratory and

field experiments.




G. To develop a generally applicable procedure for the choice of an
optimized water treatment method to be used at future aquifer heat

storage sites.

Currently, there are eight countries that participate in this IEA-program:
Canada, Denmark, Finland, Germany, The Netherlands, Sweden, Switzerland and
the United States of America. In The Netherlands research related to subtasks
B and D has been carried out in the Institute of Earth Sciences of the Free
University and the Department of Microbiology of the Wageningen Agricultural

University.

1.2 BIOGEOCHEMICAL REACTIONS IN AQUIFERS

1.2.1 Thermodynamic considerations

Confined aquifers used for thermal enerpgy storage are isolated from the soil’s
gas phase. Hence, oxygen consumed by chemical and biclogical processes cannot
be replenished fast enough from the atmosphere. When the dissolved oxygen in

groundwater is depleted the chemical- and biological reduction of inorganic
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Fig. 2. Electron free-energy-level diagram for microbially mediated redox
reactions with organic carbon {(CH;0) acting as an electron domor. (CHR0)

represents one-sixth of glucose (i.e.-153 ki/mol). After Zehnder (92).



elactron acceptors proceeds in accordance with their decreasing redox potential
levels (73). Thermodynamically speaking more energy yielding reactions precede

processes that are less energy yielding.

Table 1, Equilibrium constants of redox processes pertinent in aquatic

conditions at 25°C (73,92),

Reaction pe° (=1ogk) pe® (pH?
H1/40, () + H' + ¢ ¥ |2H0 +20.75 + 13.75
(@) USNOy +6/5 H +e € 1/10 Ny + 3/5 H0 +21.05 +12.65

(3) 1/2 MnO, () + 1/2 HCO, (10% + 32 H' +e
2 1/2 MnCO, (s) + H0 - +8.9"

() 1/8 NO, +5/4 H* +e © 1/8 NH," + 3/8 H,O + 14.90 +6.15

(5) FeOOH (s} + HCO, (10%) + 2H* +e

2 FeCO, (s) +2H.0 - -0.8Y
(6) 1/8 SO + 9/8 H* + ¢ ¥ I/§ HS + 12 H,0 +4.25 -3.75
(M1BCO, (g + H +e & L/ACH, (g + +2.87 - 4.13
1/4 H,O
@H +e¢ & 1/2H, (@) 0.00 - 7.00

a) Values for pz® (pH) apply to the electron activity for unit activities

of oxidant and reductant in water of 25°C and pH = 7.
b) These data correspond to (HCCG3 ) = 103 ¥ rather than unity, so they are
not exactly p:z® (pH); they represgent typical aquatic conditions more

nearly than pe® (pH) values do

The elements that predominantly participate in natural redox processes are:
carbon, hydregen, nitrogen, oxygen, sulphur, iron and manganese. Table 1 and
the right hand side of Figure 2 present equilibrium constants of natural redox
processes. The equilibrium constants are expressed as pe® units (pc = -log[e’];

[e"] = electron activity) and have been calculated for neutral water of pH 7




and 25°C, The left hand side of Figure 2 lists the sequence of redox reactions
from strong reductants derived from organic carbon {CH;0) at the top to strong
oxidants at the bottom. This ordinate readily shows that sulphate, e.g., can
from a thermodynamic point of view, oxidize organic carbon to carbon dioxide
but cannot oxidize ammonium to nitrate. Figure 2 may thus be interpreted as
a free-energy-level diagram of which the ordinates measure the energy
{expressible as kJ/mol e  or pe° units) that is reguired for the transfer of
electrons from one free energy level to another. When reductants such as
organic matter are added to a system that contains several redox couples, the
lowast unoccupied electron levels will be filled first, followed sequentially
by the higher levels. For example, during the biological mineralization of
organic compounds in a confined anaerobic aquifer, the reduction of inorganie
electron acceptors should from a thermodynamic point of view (but not
necessarily a kinetic one) proceed in the order: nitrate, manganese ({IV),
ferric iren, sulphate and carbon dioxide. Consequently, when the rate at which
these oxidants are depleted exceeds the rate of oxidant import the redox
potential {mV) will decrease. The energy gained in such processes per mole of
electrons transferred can be read from the central ordinate in Figure 2: AG®
(pH 7Y = 2.3 RT (pep - pey); where R is the gas constant (kJ/mol.K) and T the
absolute temperature (K). The pz-values are related to equilibrium redox
potential Ey (Volts, pH = 7 scale) by: ps = Ey/2.3RTF! (F is the Faraday

constant in Coulomb/mol).

The data given in Table 1 and Figure 2 can be used to predict the thermodynamic
possibility and sequence of microbially mediated redox reactions under
equilibrium conditions. For example Table 1 and Figure 2 show that ferrous iron
can, from a thermedynamic peint of view serve as a reductant in the process
of chemodenitrification. In fact, it has been reported that ferrous iron is
oxidized during denitrification in anaerobic waterlogged soils (39) and in
anaerobic lake sediments to which nitrate was added (19,34). No pure cultures
of bacteria capable of denitrification at the expense of ferrous iron have heen
obtained thusfar (21,46). Under equilibrium conditions in soils and sediments
ferrous iron is not found in the presence of nitrate (28,40) and as far as we
know denitrification and biological iron reduction are spatially separated
(36,69). Wicth regard to non-equilibrium conditions the data in Table 1 and
Figure 2 are not necessarily applicable. For instance, in microbial chemostat

cultures it has been well established that aerobic denitrification can occur




(45,71). Many examples given in the literature indicate that denitrification
is pessible in perfectly well aerated systems. Klebsiella (18} and Hyphomicro-
bium (49) still contain considerable nitrate reductase activity when grown in
a chemostat culture at 10 and 35% air saturation, respectively. Zoogloea
ramigara reduces nitrate at considerable rate at 8 mg oxygen per liter (72},
Thiosphaera pantotropha, a denitrifying mixotroph, could use oxygen and nitrate
concomitantly as terminal electron acceptors at 90% air saturation (64).

The thermodynamic data in Table 1 and Figure 2 only provide evidence about the
direction and extent of chemical equilibria rather than actual reaction rates,
Therefore, it should be emphasized that general conclusions regarding chemical
dynamics of blogeochemical reactions cannot be drawn. For example, the
spontaneous oxidation of both iron and sulphide is thermodynamically possible
but can actually be prevented by slow kinetics in the environment (37,67} which
enables chemolithotrophic bacteria to act as redox catalysts and use these
compounds as energy sources for their growth. In marine sediments for instance,
Beggiatoa can successfully compete with the spontaneocus oxidation of sulphide
to elemental sulphur in sulphide-oxygen gradients that are present at redox
potentials between -100 and +100 mV and oxygen concentrations between 10 and
35% air saturation (79). Likewise, in aquifers Gallionella ferruginea can
compete with spontansous ferrous iron oxidation to ferric iron in the redox
potential range between +200 and +320 mV and oxygen concentrations varying from

0.1 to 1.0 mg/1 (26).

1.2.2 General aspects of biogeochemical reactions and groundwater characteris-
tics during aquifer thermal energy storage.

During the process of aquifer thermal energy storage considerable fluctuations
of the in situ groundwater temperature occur. This will influence the activity
of chemoheterotrophic- and chemolithotrophic bacteria in the aquifer. As a
consequence, the biogeochemical reactions mentioned in Table 2 will affect the
groundwater characteristics which in turn may have a negative influence on the
operational performance of wells, pipes and heat exchangers. For instance, in
Table 2 it is shown that aerobic chemolithotrophic bacteria can use sulphide
and ferrous iron as a substrate. Clogging problems in groundwater heat pump
systems resulting from the growth of sulphide oxidizing Beggiatoa have actually
been reported (44). The same holds for the ferrous iron oxidizing Gallionella
ferruginea, which is a notable bacterium for the clogging of groundwater wells

(67) . The most important biogeochemical reactions during aquifer thermal energy




Table 2. Changes in groundwater characteristics as a result of biogeochemical

reactions during aquifer thermal energy storage (93).

Bacteria Substrates Respiration Products Groundwater reactions
biological chemical
biomass + organic increase: CO, CaC0O, + H,CO,
d
compounds —
aerobi decrease: pH,
N 502, HO, e "
pe, O, Ca®* + 2 HCOy
NO,, CO,
chemo- organic com-
hetero pounds, biomass + organic increase: CO, Fe** - Fe¥*
trophic bac- compounds Fe'* ~» Fe§
teria NH,*, NO,, anaerobic decrease: pH, CaC0, + H,CO,
802, Fe't H,, H.0, pe -
NH,*,CQ,,
Fe’*, N,, HS Ca** + 2HCOy
biomass + organic increase: pe Fe** -» Fe(OH),
NH,*, NO;, compounds -+ Fe, 0,
H,, BS,
$°, CO,, aerabic NO,, H,0, decrease: CQ,,
Fe** 502, €O, PH,
chemo- §?, Fe** 0,
litho
trophic bac- biomass + organic increase: pH
teria ,, CO,, anaerobic compounds Fe?* ~-» Fe$
NO;, 80, decrease: pe,
o NH,", H0, erease: e
Co
HS ,CO,, :
CH,




storage are probably catalyzed by the large and diverse group of chemchetero-
trophi¢ bacteria. The group of chemoheterotrophic bacteria mentioned in Table
2 are able to convert organic compounds into organic products such as biomass
and slime deposits, which may eventually cause well clogging. Chemcheterotrophs
can also produce ferrous iron and sulphide which may lead to iron precipitation
near wells and anaerobic metal corrosion in pipes and heat exchangers. Table
2 also shows that during the biomineralization of organic matter the production
of carbon dioxide will affect the calclium carbonate solubility, which may
result in precipitation reactions and scaling of pipes and heat exchangers.
The changes in groundwater characteristics that result from the discussed
biogeochemical reactions will be outlined in more detail in the following

chapters.

1.2.3 Bacterial growth and slime formation

The growth of bacteria in groundwater is in general determined by the presence
of biodegradable dissolved crganic carbon (8). The major source of dissolved
organic carbon (DOC) in aguifers are humic substances derived from lignin,
polysaccharides and protein degradation processes (20,75). In cligotrecphic
aquifers (DOC < 10 mygC/l) the amount of bicdegradable dissolved organic carbeon
can actually be measured with the microbially availabkle organic carbon {AOC)
assay {55,78). In this assay the number of colony forming units of Pseudomonas
fluorescens (CFU/ml) is compared with the growth yield of this bacterium on
acetate as a standard source of carbon and energy. The available organic carboen
content of a given water sample is usually expresesed as mg acetate-carbon
equivalents per milliliter (78). In general, the amount of groundwater A0C is
less than 1% of the DOC in oligotrophic aquifers that are used for thermal
energy storage. The AOC concept enabkles to quantitatively describe a well
clogging process as a result of bacterial growth. The contribution of bacterial
growth to well clogging depends on the so called AOC-charge {(gram c/mz.h) near
a groundwater well {(29). The AOC-charge results from the product of the AOC
concentration (gram C/m3) and the groundwater flux (m3/m2.h) near the aquifer-
well interface. From the AOC concentration the potential bacterial growth near

a groundwater well can be estimated as follows:

uv
X(t) = X(0) + exp| - |




With:

{rocy
H = Hpax —————m—— = b
[AOC] + Kapc

Where,
4 oand fpax : specific growth rate and specific maximum growth rate (h'1)
Kaoc : AOC concentration at which g = g, /2 (g.m'3)
[AOC) : AOC concentration (g.mq)
b : biomass decay rate (hq)
X(t) and ¥(o) : bicmass present at time (t) and at time (o) (o)
v : sediment volume located near the aquifer-well

interface (mﬁ)
F ¢ groundwater flow rate through the sediment volume

denoted V (nF.h'H

During ATES the bacterial growth rate is not only dependent on the availability
of organic carbon but also on the temperature and on the presence and
concentration of inorganic electron acceptors. Bacterial growth rates generally
increase with temperature, as is true for most chemical reaction rates.
Ideally, the temperature dependency of chemical reaction rates can be described
with the Arrhenius equation (73). In aguifers with poorly defined mixed
bacterial populations the relation between growth rates and temperature
increase of e.g. 10 K can be characterized with an empirical constant termed
factor Qy3. For example, studies with mineralization rates in lake sediments
have shown an average Qg of 1.5 after an adaptation period of two weeks at
55°C {93). Dutch aquifers used for ATES are anaerobic and contain only little
amounts of nitrate. Therefore only sulphate reduction and methanogenesis are
likely to contribute to biomass increase. As shown in Table 1 and Figure 2
sulphate reduction and methanogenesis are less energy yielding than oxygen
respiration. In anaerobic habitats the bacterial growth yield will thus be
lower than in other natural aerobic systems (76). Despite the low bio-
avallability of organic carben and low growth yields it appears from field
studies that small amounts of AQC ncnetheless can cause microbiological
clogging problems in groundwater wells that are used for drinking water
production (29). Both under aerchic and anaerobic conditions microbioclogical
well clogging is associated with slime formation and the development of organic

deposits (57,81). Under aerobic conditions these organic deposits are located

10




in and around screen slots (77). Clogging material under anaerobic conditions
is located more towards the gravel pack—aquifer interface (77). Bacterial slime
found in organic deposits arcund groundwater wells consist to a large extent
(98%) of water and only small amounts of bacterial extracellular polymeric
carbon compounds (50). Generally, bacterial extracellular polymeric carbon
compounds occur in two forms: capsular polysaccharides (CPS), and exopolysac—
charides (EPS} (Y4). Capsular polysaccharides are intimately associated with
or covalently bound to the bacterial cell surface (87). Such in contrast to
exopolysaccharides which can be readily found free in the growth medium. Among
the structural elements that can be found in EPS or slime polysaccharides are
D—glucose, D-galactose, D—glucuronic acid, pyruvic acid and varioug amounts
of succinyl and acetyl substituents (94)., With regard to the regulation of
polysaccharide excretion in bacterial pure cultures both the carbon to nitrogen
ratio and the dissolved oxygen concentration are considered as important
parameters (27). Currently little is known about the mechanisms that control

slime formation in natural environments.

1.2.4 Carbon dioxide production and caleium carbonate precipitation

During the biological and chemical mineralization of organic matter in agquifers
carbon dioxide will ke precduced. The amount and rate is a function of
groundwater temperature and the presence and concentration of specific
inorganic electron acceptors., In a given constant aquifer environment, an
increase in the carbon dioxide partial pressure will affect the solubility of
carbonates (73). The solubility of calcium carbonate (calcite) as influenced

by the carbon dioxide partial pressure is given by:

Cato; + €0, + H0 & ca?* + 2HCO,”

In ATEsS—technology it is important to know whether groundwater is in
egquilibrium with calcium carbﬁnate and whether or not water softening is
required to prevent carbonate precipitation (89). The tendency of groundwater
to deposit calcium carbonate can be accurately determined by solving chemical
equilibrium equations with geochemical computer models. For such purposes a
modified version of the computer model WATEQ (60,61) can be used for natural
waters in the temperature range between 0 and 95°C, pH-values between 4.4 and
9.5 and ion strengths between 0 and 700 mM. Less accurate but more widely used

(74) for the calculation of the calcium carbonate saturation state is the

11



Langelier Index {(42,43). The Langelier Index (LI) is the difference between
the measured pH of a water and the hypothetical pH the water would have if it
were in equilibrium with solid CaCOz at the existing concentrationg of hydrogen

carbonate (HCO3 ) and calcium (Cab):
LI = ApH = pH measured - pH eguilibrium

Provided that hydrogen carbonate makes up the majority of the total alkalinity,
the hypothetical pH egquilibrium can be calculated (48,66) using the following
equation:

Kueo-

pH equilibrium = - log — - log{Ca®*] - log[HCO3 ]
Keaco,

Where Kico- is the second dissociation constant for carbonic acid, Keaco, is the
calcite solubility constant and [] denotes the activity of the free ion
species.

The commonly used Saturation Index (SI) with respect to calecium carbonate has

been derived from the Langelier Index (6):

[ca®j[cos?)
SI = leg
Keaco,

Negative SI-values indicate that carbon dioxide is dissolving calcium
carbonate, whereas positive values are a sign of calcium carbonate over-
saturation. A SI that equals zero indicates that the water is in equilibrium
with respect to calcium carbonate. However, a positive SI value will not
necessarily lead to the precipitation of calcium carbeonate, as reports on
sustained super-saturation at elevated temperatures during ATES have shown
{22,90). Super-saturation with respect to calcite may be caused by a
combination of factors, such as increase iﬂ solubility of calcite with
increasing magnesium concentration (10,635, inhibition of precipitation by
ortho phosphate (52,91) and inﬁibition by naturally occurring fulvic and humic
acids (3). These organic compounds have been shown to either complex calcium
and magnesium or to adsorh onto potential calcite seeds, thereby rendering the

surfaces inactive as sites for crystal growth (31).

12




1.2.5 Iron precipitation

In anaerobic waterlogged $0ils that contain organic carbon the poorly scluble
ferric iron is usually reduced tc the mere mochile ferrous form (80). During
the extraction of groundwater from wet soils mobilized ferrous iron is readily
oxidized near drainpipes and wells. This results in the formation of ochreocus
deposits, a mixture of ferric hydroxides and organic matter which may hamper
or entirely clog the discharge system. The mobilization of manganese in
anaercbic groundwater may cause analogous clogging phenomena. Because manganese
clogging is less frequently observed than iron clogging (76) it will not be
further considered here.

The mobilization and redox c¢ycle of iron in aquifers is schematically
represented in Figure 3. Iron reduction in anaerobic aquifers is a complex
biogeochemical process involving both biotic and abiotic factors. Ferric iron

can spontaneously be reduced to ferrous iron by metabolic end products such

2+ w— reduchon 3
Fe oxidation — F€
mobile dissolved ic carbon
s solved organic £ h
chelation cmnblexuﬁon ard
l reduction
mobile
Fe’-D0C| =
complex

Fig. 3. Schematic representation of the iron redox cycle and the mobilization

of ferrous iron in agquifers.

as sulphide and formate (53). Studies on ferric iron reducing enzyme systems
indicate that bacterial respiratory pathways can be involved (4,15,16). Iron-
respiration driven proton translocation has been reported (68) and coupling
to oxidative phosphorylation is possible in some cases {(7,46,47). Figure 3
shows that in the presence of dissclved organic carbon ferrous iron may occur
in soluble complexes of humic substances (38,51). Some of these compounds

either keep the chelated iron reduced or are able to reduce ferric iron

13




{70,85}. Mobile non-chelated ferrous iron can also be relatively stable in
aerobic aquifers provided that either the Ph or the oxygen concentration is
low. Because of slow kinetics abiotic oxidation of ferrous iron does not occur
below pH 3. However, at these pH's the acidophilic chemolithotroph Thiobacillus
ferrooxidans can form ferric iron (2,41). At a pH between 6.0 and 7.6 and a
pec between +200 and +320 mV spontaneous ferrous iron oxidation is very slow
when oxygen concentrations are lower than 1 mgOp/l. Under such circumstances
iron oxidation is catalyzed by Gallionella ferruginea (26).

The possibility of well clogging as a result of iron precipitation (59) may
require the need for treatment of iron rich groundwater. In situy treatment of
groundwater with more than 5 mg Fe?'/1 can be accomplished with the Vyredox
process (11,23). In this process groundwater is extracted from the aquifer,
aerated and degassed. The aerated groundwater is injected back into the agquifer
at a certain distance from the extraction well (Fig. 4). The Vyredox process
ig based firstly on the precipitation of ferric oxides around the injection
wells and secondly on the adsorption of ferrocus iron onto the ferric oxide

complexes. When oxygenated groundwater is injected back into the aquifer the

ground level
_ = purified groundwoter

-— gergted and degassed
groundwater

phreatic surfoce

T T I T

iron precipitation
ond adsorption zone
aquifer

Gnoxic zone

groundwater
flow lines

Fig. 4. With the Vyredox process an iron precipitation and adeorption zone is
achieved in the aguifer. The groundwater is filtrated through this zone before

it is pumped up to the ground level. After Hallberg {23).
adsorbed ferrous iron will be converted to ferric iron, and so the efficiency
of the iron removal process is increased after each extraction and injection

cycle. As a result the volume of the extracted, iron-free anaerobic water is
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considerably larger than the volume of aerchic water injected. In addition,
clogging of the aquifer is prevented, since the 2zone in which iron is
precipitated is much increased, namely from just around the extraction well

to an area exceeding 20 meters in diameter.

1.2.6 Anaerobic metal corrosion

Microbial corresion. The most important anaerobic metal corroding microbes are
the sulphate-reducing bacteria (88}. Anaerobic corrosion of iron caused by this
group of bacteria constitutes an economic problem of massive proportions {24).
Therefore, it is important to understand the eco-physiclogy of sulphate-
reducers if their corrosive impact should be minimized.

A mechanism for anaerobic metal corrosion by sulphate reducing bacteria was
originally propesed by Von Wolzogen Kuhr and Van der Vlugt in 1934 (83). These
authors state that iron immersed in water releasesg ferrous ions. As a result
the metal surface becomes negatively charged by the remaining electrons (Table
3, equation 1}, The dissolving process will go on continuously as long as the
electrons are removed by an oxidant. In the absence of oxygen, the electrons
left on the metal surface reduce protons from the dissociation of water. The
50 formed hydrogen remains con the ircn surface and protects the iron from fur-
ther dissclving (equation 2 &% 3). Thus, an equilibrium is established which

keeps the iron polarized. The ocriginally proposed mechanism of anaerobic metal

Table 3. An overview of the reactions during the depolarization of iron by

sulphate-reducing bacteria (84).

[1] Anodic reacticn : 4Fe = 4re?t + 8e

[2] Water dissociation : BH0 = 8H” + BOH"

[3] cathodiec reaction : 8H* + 8e = 4m

[4) Cathodic depclari- : Sng + 4H; = HzS + 2HO + 20H
zation

(5) Sulphide precipita- : Fel* + HaS ¥ Fes + 2d*
tion

[6] Hydroxide formation : 3Fe?" + GOH™ ¥ 3Fe(QH);

[7) Overall reaction : 4Fe + 504} + = Fes + AFe(OH)z + 20H
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corrasion (84) is a cathodic depolarization of the iron surface by hydrogen
consuming sulphate reducing bacteria (equaticn 4)}. With hydrogenase-positive
strains of Desulfovibrio vulgaris (12,58) it was shown that sulphate-reducers
can provoke corrosion by oxidation of cathodically formed elemental hydrogen
with sulphate as an electron acceptor (equation 3 & 4). The result is a net
oxidation of the metal termed pitting corrosion (Fig. 5). Besides for sulphate
reducers, growth at the expense of cathodic hydrogen has also been reported
for several methanogenic genera (17) and homoacetogenic bacteria (62).
Several other models for bacterial mediated corrosion have been proposed which
will bhe briefly outlined here. The corrosive activity of sulphate-reducers has
also been ascribed to the metabolic production of highly corrosive reduced
phosphorous compounds (33). Extensive corrosion of iron has been found in media
from which sulphate reducing bacteria and sulphide have been removed.Iron
phesphides have been identified among the corrcsion products, but the corrosive
metabolite itself has still not been characterized further than as a volatile
phosphorous compound (86). A different type of severe iron corrosion may occur
in intermittent anaerchbic/aerobic environments where sulphide-oxygen gradients
induce the formation of dissolved elemental sulphur (65). The corrosion mecha-
nism was proposed to be the high local acidity generated on particles of solid

sulphur reacting with water (25). A Pseudomcnas spp. originally isolated from

80H 3Fe®
‘ 4 HD 2H_soF

IFel0H), &Fe% H,S E@{ LH,
pz H L

FeS an
l
fermsw 8e" cathode
metal A Fel]

Fig. 5. Proposed cathodic depolarization reactions for pitting corrosion of

ferrcus metals by sulphate-reducing bacteria (SRB). Adapted from Widdel (8B).

crude oil was described to be capable of generating a corrosive environment
by reducing ferric iron (%6). The mechanism of steel corrosion depended cnh the
ability of Pseudomonas spp. to convert a protective, inscluble ferric oxide
film into unprotective, soluble ferrous iron (56). Denitrifying and nitrate

respiring bacteria may also cause steel corrosion {1). In such cases anaerobic
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corrosion results from a chemical reaction between nitrite (from nitrate

reduction) and elemental iron:

-
2Fe + NaNO; + 2Hy0 «— y-Fey03 + NaOH + NH3

It was ghown (5) with rontgen-analysis that a temporarily protective film of

v-Fep03 is formed according to this equation.

Control of sulphate-reducing bacteria. In absence of oxygen, growth of
sulphate-reducing bacteria can be expected in groundwaters that contain organic
carbon and sulphate. In aerobic aquatic environments bicfilms attached to
surfaces may become oxygen depleted through microbial respiration within a
distance of 10 to 25 um. Relatively thick biofilms can provide anaerocbic
microniches for sulphate-reducers {14). In analogy to the offshore oil and gas
industry control of growth and activity of sulphate-reducing bacteria during
aguifer thermal energy storage can be achieved by cathodic protection using
a sacrificial magnesium ancde {9,13). Another preventive measure could be the
use of preotective coating in pipes for instance with fibre glass, rubber
derivatives and other inert materials. Biocides such as guaternary ammonium
compounds (QAC's) with alkyl chain length €12-C18 and glutaraldehyde are widely
used in the offshore industry to control sulphate-reducers (82). Obviously,
the general toxicity of piocides used against desulphuricants militates againsat
their use in aquifers. A treatment technique suitable for practical application
against sulphate-reducers in agquifere might be the in situ injection of aerated
groundwater as is done in the Vyredox process {(11). Because kiogenic sulphide
production is not only inhibited by oxygen but also by nitrate (35), the
Vyredox process would be even more effective against sulphate-reducers if the

aerated groundwater contained nitrate.

1.3 OUTLINE OF THIS THESIS

Depending on the operational temperature, the performance of an ATES-facility
can be considerably affected by bacterial growth and slime formation and
biogeochemical precipitation reactions. Besides the influence of temperature
on these processes, the effect of various concentrations of electron donors
and electron acceptors on groundwater condition is of pivotal importance. When

the present investigations were started, only limited knowledge was available
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on the influence of thermal energy storage on groundwater gquality. A more
fundamental understanding of processes affecting groundwater quality was
regarded necessary for the development of both groundwater treatment metheods
and hydrochemical modelling. Therefore, the objective of the present research
was to study bacterial slime formation and the biogeochemical aspects of
carbonate and iron precipitation during aquifer thermal energy storage.

Chapter 2 describes the contribution of bacterial growth and slime formation
to well clogging in an ATES-process that was simulated in continuous column
experiments. Studies with columns were carried out under aerobic and anaercbhbic
conditions at 10 and 30°C with synthetic groundwater and aquifer material from
an ATES test site. In order to quantify elime formation the various column
effluents were passed through a hellow fiber membrane that was periodically
backflushed. The recovered organic material was analyzed for proteins and
polysaccharides. Chapter 3 deals with the influence of disgsolved organic matter
and carbon dioxide production on the precipitation of calcium and magnesium
carbonates at temperatures between 4 and 95°C in samples from two different
aquifers used as ATES test sites. The kinetics of carbon dioxide production
have been measured. An attempt has been made to distinguish between
biologically mediated processes and purely chemical reactions. In Chapter 4
it is reported that ferric iron precipitaticn resulting from anaerobic ferrous
iron oxidation in denitrifying mixed cultures is caused by nitric oxide
formation. This subsequently caused a total inhikbition of sulphate reduction
in these cultures. Nitric oxide is spontanecusly formed from the reaction of
nitrite (from nitrate reduction) with ferrous iron. In Chapter 5 nitric oxide
productien was studied in detail using Escherichia coli E4 as a model
bacterium. The influence of nitrate on the L-lactate-driven ferric iron
reduction in E.coli E4 is described. Considerable amounts of nitric oxide were
formed during the concurrent reduction of nitrate and ferric iron. Nitric oxide
was found to be inhibitory for L-lactate oxidation and concomitant nitrate
reduction in E.coli E4. Chapter 6 reports aerobic reduction of nitrate to
ammonium, a hitherto unknown feature of E.coli which is of general biogeochemi-
cal interest. The influence of molecular oxygen on nitrate and nitrite
reduction was studied. It was shown that both enzymes, nitrate and nitrite
reductase, are active in the presence of oxygen when E.coli E4 was grown in
a chemostat. In addition it was found that E.coli E4 is able to grow
aerobically on nitrate as sole source of nitrogen. Finally, concluding remarks

and the summary of this thesis are presented in Chapter 7.
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MICROBIOLOGICAL ASPECTS OF WELL CLOGGING DURING AQUIFER THERMAL ENERGY STORAGE
ABSTRACT

In the present investigation column experiments were conducted to simulate well
clogging during the process of aquifer thermal energy storage (ATES) . Using
aquifer material from a heat storage site and synthetic groundwater, the well
clogging potential of column effluents was studied at 10° and 30°C under both
oxic and anoxic conditions. The clogging potential of the various column
effluents was determined with a hollow fiber membrane from which slime
depositions were recovered. A temperature increase from 10° to 30°C caused a
slight increase in slime deposition only under oxic conditions, Neo significant
difference was observed in the bacterial plate counts of oxic and anoxic column
effluents, despite the increase in disseolved organic material concentrations
at elevated temperatures. This material was mobilized from the seil organic
carbon., The available organic carbon concentration was less than 1% of the dis-
solved organic carbon concentration, which was not enough te either allow

excessive growth of bacteria or slime formation.

Brons H.J., and Zehnder A.J.B. (1988). Proceedings of the 4th International
Conference on Energy Sterage for Building Heating and Cooling, pp.607-613.

Versailles, France,

27




2.1 INTRODUCTIOR

The reduction of hydraulic conductivity or clogging of saturated porous media
during periods of prolonged liquid flow has been observed by many investigators
{(12). Reductions in conductivity may hamﬁer or entirely block the functioning
of wells that are used for the withdrawal or artificial recharge of
groundwater. Since withdrawal and injection of groundwater is used in aquifer

thermal energy storage (ATES), clogging might alsc hamper this process.

Clogging in the strictly physical sense is defined as the process of settling
of particles that are hydrologically transported into the original pores of
a porous medium, thus reducing hydraulic conductivity (18). Field observations
have indicated that besides particle transport processes the hydrological
performance of a well can decrease through a combination of physicochemical
and microbiological phenomena (25). Therefore, various types of clogging
processes can be distinguished around water wells. For instance for aquifers
containing a sulphide-oxygen gradient near a well, the transport of soluble
iron will result in the precipitation of ferrous sulphides and ferric hydroxi-
des (31). For soils containing clay, reductions in conductivity may be caused
by the flocculation of clay particles at high electrolyte concentrations of
the permeating water (ll). Gas accumulation in the porous medium may also
reduce the conductivity, either from air entrapped during initial wetting of
the medium or from gas\released by the permeating water (7). The work of
Allison (1) has established that microbiclogical processes near greoundwater
wells can account for marked conductivity reductions, Microbiological clogging
is caused by pelysaccharides excreted by bacteria when the available organic
carbon to nitrogen ratio in the permeating water is higher than 10 (3). For
the prolonged operation of wells used for thermal emergy storage in
oligotrophic aquifers, a groundwater dissolved organic carbon concentration
lower than 10 mgC/l and a suspended solids concentration below 2 mg/l are to
be recommended (23). To significantly limit bacterial growth the available
organic carbon concentration in groundwater should remain below 10 ug/l
(1%,20).

In the present study a test system was developed to investigate and quantify
clogging by bacteria and microbial siime formation under oxic and sulphate

reducing conditions. Continuous column experiments were carried out at 10° and
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30°C with synthetic groundwater and sediments obtained from an ATES testing
site. Slime was collected in a hollow fiber membrane and its polysaccharide

content was quantified.

2.2 MATERIALS AND METHODS

Organism. The organism used in this study was Pseudomonas fluorescens P8. It
was cobtained from the culture collection of the Department of Microbiology of
the Wageningen Agricultural University. The organism was maintalned on yeast
extract glucose agar slants, containing (g/l): yeast extract {(2,5), glucose
(5) and agar (12). The agar slants were stored at 4°C and subcultured every
2 months. Rhizobium meliloti TA-1 was kindly provided by M.W. Breedveld,

Department of Microbiology, Wageningen Agricultural University.

Growth conditions, media and determination of bacteria. Pseudomonas fluorescens
P8 was cultivated in demineralized water (pH = 7.2) containing (g/1): sodium-
acetate.3H0 (1), NHCl, (0.82), KoHPO; (0.25), MgS50,.7Hz0 (0.1}, NaHCOz (0.5)
and 1 ml/l of a trace element solution. This trace element solution was
composed as follows (gram per liter of distilled water); CaCl;.2H;0 (10), Nacl
.~ (10), FeClz.6Hp0 (1), HBOs (0.05), CuS0,;.5H;0 (0.0l), CoClp.6H0 (0.02),
NiCl,.6H0 (0.02), KI (0.01), MnClp,4H20 (0.04), NaMoO, (0.02), ZnS0,.7H;0
(0.04), P.fluorescens P8 was grown at 30°C on an orbital shaker and was used
for the determination of availahle organic carbon in column effluents.
Rhizobium meliloti TA-1 was cultivated in demineralized water (pH = 7.2)
containing {g/1): mannitol (2.5), sodium-acetate.3Hz0 (5.2), KzHPO; (3), KHzPO,
(2), Mg50,.7H30 (0.1) and 1 ml/1 of the trace element solution described above.
Nitrogen was added as NH,Cl in concentrations varying from 0.15 g/1 to 5.9 g/1.
R.meliloti TA-1 was grown for 6 days at 30°C on an orbital shaker. The organism
was used as a reference for the production of extracellular pelysaccharides
(34).

The number of colony forming units (C.F.U.) per milliliter in oxic and anoxic
column effluents was determined after two and four days in a series of
dilutions on agar plates. The agar plates were incubated at 30°C and consisted
of (g/1): agar (10), nutrient broth (4), and NaHCO3 (0.5).

The number of sulphate reducing bacteria per milliliter of the anoxic column
effluent was determined 1 and 3 weeks after diluting and plating in an anoxic

chamber (Coy Laboratory Products, Ann Arbor, MI, USA). The anoxic counting
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plates were incubated at 30°C and were composed as follows (g/l): agar (10},
sodium-acetate.3H0 (6.6), NapS0; (5}, NH,C1 (0.82), KHPO, (3), KHPQ, (2),
Mg80,. 7H30 (0.10), cysteine (0.12), NapS.7-9H,0 (0.025), NaHCOz (0.5) and 1 m1/1
of the trace element solution described above.

Gram-negative aercbic rods present in the 30°C oxic column effluent were
characterized as follows: Gram-staining, pigmentation on nutrient broth agar
plates, motility, oxidase-reaction (19), oxic and anoxic degradation of glucose
{16), anoxic degradation of arginine (29) and the capability of denitrification
(27).

Sediment and groundwater. The sediment that was used in this study was obtained
from an ATES test site at Bunnik, The Netherlands. The sediment comprised
medium fine sand with an organic matter content of 0.48% volatile solids, a
porosity of 40% and a cation exXchaunge capacity of 0.4 meq/100g (14). The
sediment was obtained from the Betuwe Formation (Holocene} at a depth of 5.6
to 6.3 meter below surface. The in situ temperature of the groundwater at the
test site was 10°C, the pH 7.1 and the electric conductivity 74 mS/m . The
chemical oxygen demand (COD) of the groundwater was 15 mg0p;/l, the total
organic carbon (TOC) 41 mgC/l and the dissclved organic carbon (DOC) 5 mgC/l.
The composition in mg/l of the inorganic ions was: 48 Na*, 15 K*, 15 Mg?*, 131
ca?*, 2Mn?*, 10 Fe?*, 0.9 NH,*, 25 C1°, 484 HCO3", 95 50,27, 0.3 NO3~ and 1.8 PO
(14). Sediment and groundwater were stored at 4°C for not longer then 3 days

before further use.

Column experiments. Oxic and anoxic column experiments were carried out at 10°
and 30%C with 1600 g wet weigth of sand (7.4 g volatile solids) in perspex
columns (length: 45 cm; internal diameter: 5 cm). The experiments were done
with sterilized synthetic groundwater which was pumped through the column in
an up-flow mode at a rate of 40 ml/h. The synthetic groundwater had a COD
identical to the in situ groundwater and was composed as follows (mg/l): Na-
acetate.3Hz0 (30), NH,C1 (2.7), KZHPO, (3.5), MgS0,.7H0 (120), NaHCO3 (500) and
1 ml/1 of the trace element solution. After autoclaving in 10 liter carboys
the synthetic proundwater was continuously flushed at a rate of 2 1/h with
filter sterilized air/C0; (99.5%/0.5%) or with nitrogen/C0; (99.5%/0.5%). 0.1
mg/1l Resazurin as a redox indicator (17) and 25 mg/1L NapS.7-9Hp0 (24) were
added to the anoxic carboy. A bacterial filter was placed between carboy and

sand column to prevent back growth from the column. This bacterial filter was
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a 5 ml glass tube with a P-oo type bottom plate containing 2 grams of bacteri-
cidal iodine resin (10). The column effluents were led through a hollow fiber
membrane (volume: 10 ml;internal surface: 0.03 m?) with an average pore

diameter of 0.1 um (Amicon Nederland B.V., Rotterdam, The Netherlands).

Quantification of the available organic carbon. Pseudomonas fluorescens P8 was
used for the determination of available organic carbon in the oxic and anoxic
column effluents. Strain P8 was precultured in the carbon limited acetate
containing medium deseribed above. At the stationary growth phase of strain

P8, 0.1 ml of the culture medium was used as an inocculum for 100 ml of

sterilized column effluent. To avoid growth limitation by a lack of minerals
the following salts were added before sterilization (g/1): NH,C1 (0.82), KHFOQ,
(0.25) and MgS04.7H0 (¢.1). The number of Pseudomonas P8 (CFU/ml) in the
inoculated medium was determined with plate counts. A calibration curve made
with acetate as a standard. It showed that the yield of strain P§ was 3,7x10¢

CFU per ug acetate-carbon added.

Chemical determinations. For the determination of dissolved organic carbon the
samples were filtered through a 0.22 pm filter (Millipore B.V., Etten-Leur,
The Netherlands) that was previously washed with 15 ml of 10 mM HCl. Total
organic carbon and dissolved organic carben (DCC) were determined with a
Beckman 9154 type organic carbon analyzer (Beckman Instruments Nederland B.V,,
Mijdrecht, The Netherlands} using K,H-phthalate in 0.1 M HpS0, as standard,
The oven temperature was 1000°C, carrier gas was COp-free air at a rate of 200
ml/min.

Polysaccharides with hexose units were determined with anthrone-sulphuric acid
reagent using glucose as a standard (9). '
Polysaccharides with hexuronic acid residues were determined with M-CH-
diphenyl-sulphuric acid using glucuronic acid as a standard (6).

Protein was determined after boiling for 5 min. in 0.5 M NaOH according to a
modified Lowry methed (8) with bovine serum albumin as a standard.

Volatile fatty acids were analyzed on a Varian type GC (Varian Benelux B.V.,
Amsterdam, The Netherlands) equipped with a Chromesorb 101 glass column (200
cm x 1/8 inch internal diameter). Flow-rate was 30 ml/min of formic acid
saturated nitrogen gas. Oven 190°C, FID-detector 240°C and injection port was
170°.

Sulphate was measured with a LKB type 2142 Differential Refractometer
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{(Pharmacia LKB Biotechnology, Woerden, The Netherlands). Column length was 100
mm x 3 mm internal diameter, packed with Ionosphere-tm-A (Chrompack B.V.,
Middelburg, The Netherlands). Injection temperature was 30°C, injection volume
was 20 pl, flow-rate was 0.4 ml/min 27 mM K,H-phthalate,

Dissolved oxygen in carboy and celumn samples was determined in a thermo-
statically controlled reaction wvessel of a YSI model 53 biclogical oxygen
monitor equipped with a polarographic oxygen probe (Yellow Springs Instruments,
Tamson B.V., Zoetermeer, The Netherlands}.

The hydraulic conductivity in the sand columns was measured as centimeter
watercolumn using a glass tubing (3 mm internal diameter) connected te a column
sample port.

The dry matter content of aquifer material was determined after overnight
heating at 100°C; ash percentage was determined after rveheating at 600°C for
2 hours.

Determination of chemical oxygen demand {(chromic acid method), nitrate
(alkaline salicylate method), ammonium (nesslerization}), and organic nitragen

(Kjeldahl method) were done following standard methods (2).

2.3 RESULTS

Chemical groundwater composition. In Table 1 the observed changes in synthetic
groundwater composition are given for the oxic and anoxic column effluents at
10°C and 30°C. Nitrogen was partially nitrified in the oxic columns. The
effluents contained 0.17 mg/l nitrate-N and 0.35 mg/l ammonium-N at 10°C and
0.16 mg/1 nitrate-N and 0.34 mg/l ammonium-N at 30°C. The effluent CCOD varies
little between the oxic and the anoxic incubations at 10° and 30°C. The GOD/DOC
ratios are inversely proportional to the operational temperature, suggesting
that at 30°C relatively oxidized organic compounds are mobilized from the
organic content of the sediment. Material that accumulated in the hollow fiber
membrane was backwashed after wvolume throughputs of 5, 10, 15 and 20 liters
and analyzed for total organic carbon (Fig. 1). The results show that in
contrast to oxic conditions, the organic carbon accumulation under anoxic
conditions is both smaller and independent of the operational temperature. The
accumulated organic carbon in the membrane device was analyzed for carbe-
hydrates and protein after an effluent throughput of 20 liters (Table 2}. Under
oxlc conditions at 30° hexoses and hexuronic acids were both found in the

*slime fraction’ of the membrane retentate. Under anoxic conditions much less
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slime was formed and no hexoses and hexuronic acids were found, The effluent

temperature and the presence or absence of oxygen are more important parameters

Table 1. The composition of influent and effluent from oxic and anoxic
sulphate-reducing sand columns incubated at 10° and 30°C. All effluent values

are the average of at least three independent measurements.

Influent Oxic effluent Anoxic effluent
10°¢ 30°¢ 10 30°C

Acetate (mg/l) 13 1.9 -a} 8.4 -
Nitrogen compoundst 0.70 0.52 0.50 0.48 0.56
(mgN/1) '
Sulphate (mg/l) 49 45 46 42 34
Oxygen (%)% 100/ - 40 35 - -
pH 7.8 7.8 7.8 7.8 7.8
COD (mg0>/1) 15 19 21 18 19
DOC (mgC/1) 7.8 4.4 13 6.3 10
AOC (mgC/1) 5.3 0.63 0.05 2.8 0.02
Plate counts (CFU%/ml} n.d,® 3.2x10%  5.3%10*  2,0x10%  1,5x103
SRETY(CFU/m1) n.d, n.d. n.d. 1.8x102  6,2x102

8}: Not detected. 9); Nitrogen was added as NH4C1l. °': Oxygen is given as
percentage air saturation; influent values refer to aerobic and anaerobic

e

columns respectively. 9 CFU means Colony Forming Units. ®7: SRB means Sulphate

Reducing Bacteria.

for slime formation than the C/N ratios presented in Table 3. The dissolved
organic carbon concentrations increased with temperature and as a consequence
alse the C/N ratio because in all effluents inorganic nitrogen coumpounds
varied only little (Table l). COrganic nitrogen was never detected in the
effluent. The temperature dependent mobilization of organic carbon results an
increase of the DOC/N ratio at 30°C, From the concomitant decrease of the AOC/N
ratio at 30°C, it can be calculated that less than 0.5 % of the organic car-

bon present in the effluent can be metabolized. This is in good agreement with
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