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General introduction




Subsurface aeration of anaerobic groundwater

1.1 Drinking water in The Netherlands

In The Netherlands a person used in 2001 on average 126 L-day " of drinking water. The
term “drinking water” does suggest that most of this amount of water is consumed. Yet,
about 80% of the average daily use of drinking water is spent on personal hygiene and
cleaning whereas only 3.1 L-day' of drinking water is actually consumed (GEUDENS,
2001). In order to provide 126 L-day’' per person a large amount of drinking water is
required. In The Netherlands four different sources of water are used to produce drinking
water. Mostly groundwater is used as source for drinking water (58% in 2001). In 2001
surface water accounted for 39% of the drinking water produced. 1% of the drinking
water was gained as natural dune water. The remaining 2% of drinking water was gained
as riverbank filtrate. This water originates from a river, but is gained as groundwater after
passage through a riverbank. Table 1 summarises the amounts of drinking water extracted
in 2001.

Source extracted in 2001 (m**10°)

Groundwater 758

Riverbank water 26

Natural dune water 16

Surface water 503

Total 1303

Table 1 Drinking water sources in The Netherlands in 2001(GEUDENS, 2001).

Groundwater and surface water are different in composition and quality. Groundwater
has a relatively constant composition with low concentrations of microorganisms. In
general groundwater contains fairly high concentrations of iron (Fe), manganese (Mn),
ammonium (NH,) and other natural elements that are characteristic for the aquifer from
which the groundwater originates. Further, groundwater does contain only very low
concentrations of anthropogenic substances such as Bentazon. However, for the coming
years it is expected that the concentrations of these substances could increase
(WEERSPIEGELING, 2001).

By way of contrast surface water has a highly variable composition. In comparison
with groundwater surface water contains more harmful components including
microorganisms. Therefore surface water undergoes a pre-purification process before the
actual purification process can start. This pre-purification process can either be via
riverbank filtration, via dune filtration or storage in a reservoir. Noticeable is that all
three forms of pre-purification make use of a natural purification process.
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1.2 Producing drinking water from groundwater

1.2.1 An introduction to purification station “De Put”

This study was initiated by a drinking water company (Hydron Zuid-Holland; The
Netherlands). Their purification station “De Put” in Nieuw-Lekkerland (The Netherlands)
was chosen as the starting point for all experiments performed in this study. The
purification station was chosen because this station played a key role in “The Miracle of
Nieuw-Lekkerland” (see also Section 1.3.2).

The purification station in Nieuw-Lekkerland is close to the river Lek and from
the water that is processed at the purification station approximately 90% originates from
the river Lek. This water has been stored in the riverbank for approximately half a year
till one year (personal communication Mr A. Romeijn). In order to produce drinking
water, the groundwater is extracted from the wells and transported to the purification
station. At the purification station at Nieuw-Lekkerland the wells are at 16-28 m below
the surface and the surface is at —1.5 m under the mean sea level. The groundwater level
is approximately at —7 m below the surface. Table 2 summarises the major components
and parameters of the groundwater at the purification station in Nieuw-Lekkerland. The
redox potential of the groundwater is approximately —200 mV (anaerobic) and the
average pH of the groundwater is 7.3. The ionic strength is approximately 0.02 M. Main
components in this groundwater are ammonium (NHy), iron (Fe), phosphate (PO,),
manganese (Mn), silicate (SiO,), dissolved organic carbon (DOC), calcium (Ca) and
bicarbonate (HCO;).

Component average value at minimum value maximum value

Nieuw-Lekkerland

NH, 244 yM 65 uM 656 uM
Fe 49 yM 26 yM 113 uM
PO, 37 uM nr.’ n.r.

Mn 8.6 uM 6.7 uM 11.0 uM
SiO, 25 uyM n.r. n.r.
CH, 54 yM n.r. n.r.
TOC 220 mg/L 215mg/L 227 mg/L
pH 7.32 7.14 7.43

" not reported

Table 2 Average composition of the groundwater that is processed at the purification station in
Nieuw-Lekkerland, The Netherlands (source: Hydron Zuid-Holland).

Inside the purification station the extracted groundwater is treated. At the purification
station in Nieuw-Lekkerland the purification process consists of four steps. Figure 1
presents a schematic outline of the purification process that is used at the purification
plant “De Put”. When the groundwater enters the purification plant the groundwater
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passes (1) an unsaturated sand filter, (2) a water-saturated sand filter, (3) a carbon filter
and (4) an UV-desinfection unit. In the first unsaturated sand filter mostly Fe, Mn, NH,
and CHy is removed by oxidation. The second (water-saturated) sand filter removes the
small concentrations of Fe, Mn and NH, that are left after the first purification step. In
the carbon filter organic substances are removed, which improves the taste and clearness
of the water. The last step is an UV-disinfection, which is used to eliminate
microorganisms.

sdneage o

§  drinking waler
—_— i
I b _
BECIED | |
safd Bty p |
e
- EAET T
i T L
wemlb i the i s nberdion
Figure 1 Schematic outline of purification process performed at the purification station in Nieuw-

Lekkerland (source: Hydron Zuid-Holland).

1.2.2 Drinking water quality standards for Fe and NH,

In anaerobic groundwater reduced substances like iron (Fe) and ammonium (NHy) can be
found in fairly high concentrations. These substances have to be removed when
groundwater is used as a source of drinking water. The drinking water quality standards
for elements such as Fe and NH, are laid down in the Dutch Drinking Water Act (2001).
The standards for these two elements are not health-based, but they have a technical and
cosmetic origin. Table 3 summarises the Dutch and WHO drinking water quality
standards for Fe and NHy. Table 3 shows that Dutch drinking water has to comply with
higher quality standards than the WHO requires.

Element Dutch standard WHO standard basic assumption for standard (WHO, 1996)

(2001) (WHO, 1993)

Fe 02mg-L" 0.3mg-L" —  turbidity of drinking water
—  staining laundry and sanitary fixture
—  clogging the piping
— unpleasant taste of drinking water

NH, 0.20 mg - L™ 1.5mg-L" - unpleasant smell and taste of drinking water
— nitrification in piping leading to anaerobic water

and nitrite in drinking water
Table 3 Drinking water standards for Fe and NH,.
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The strict quality standards reflect the fact that drinking water is consumed. When the Fe
or NHy concentration in the groundwater exceed the Dutch drinking water quality
standards, these elements need to be removed from the groundwater before the water can
be used as drinking water.

1.2.3 The use of an unsaturated sand filter

At the purification station in Nieuw-Lekkerland a rapid filtration process is used for the
purification of anaerobic groundwater containing Fe and NH,. First the anaerobic water is
aerated; next the groundwater is led over a porous medium (e.g. a sand filter). Both
physical-chemical and microbiological oxidation processes are responsible for cleaning
the water. Fe is removed from the anaerobic groundwater by a physical-chemical
oxidation process. Instead, the removal of NH; from groundwater is a strictly
microbiological oxidation process. The microbiological removal of NH, is denoted as the
nitrification process. The aeration provides the oxygen required for both oxidation
processes.

The sand in the filter is responsible for the physical part of the physical-chemical
oxidation process and captures the insoluble product of the chemical oxidation process.
In addition the filter material provides an immobile phase on which the microorganisms
can grow. The insoluble products of the physical-chemical oxidation of Fe (and other
elements such as Mn) accumulate in the sand filter and results in sludge. To avoid that
this sludge will block the sand filter, the sand filter is flushed regularly. This process is
denoted with backwashing.

In a filter the physical-chemical and microbiological processes are performed
simultaneously and both processes are carried out throughout the filter. Mostly the
processes are concentrated at a specific depth in the filter leading to a certain degree of
stratification within the filter. It is commonly assumed that in a sand filter the processes
follow the reversed sequence of reduction processes. Usually first most of the Fe is
oxidised whereas somewhat deeper in the filter the nitrification process follows.

1.2.4 The physical-chemical removal of Fe

In anaerobic groundwater Fe is mainly present as ferrous iron (Fe’") (STUMM and
MORGAN, 1981). During the filtration process Fe** from the groundwater is oxidised by
0,. The result of the oxidation of Fe*" is ferric iron (Fe’"). Next Fe** will be hydrolysed,
which results in insoluble iron(hydr)oxides (LIANG et al., 1993; ROTT and LAMBERTH,
1993). The insoluble iron(hydr)oxides are captured by the filter material.
Stoichiometrically the oxidation of Fe’" can be described as (LERK, 1965):

4Fe* +0, +(2x +4)H,0 — 2(Fe,0,-x-H,0) +8H " M

From reaction (1) it follows that the stoichiometric ratio of the chemical oxidation of F&*"
is Fe’" : O, = 4 : 1 (moles). It also shows that the oxidation of Fe&’* results in
acidification.
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During the purification process the rate of iron oxidation is an important parameter. The
oxidation rate of Fe*" can be described with a general rate law:

2+
—M:k'[Fe%]'[OH*]LPO ?)
dt 2
in which
k = oxidation rate constant (M2 atm™-min™)
t = time (minutes)
[Fe™] = Fe®* concentration (M)
[OH] = OH" concentration (M)
Poy = partial pressure of oxygen (atm)

The general rate law (2) shows a first order dependency on the Fe’* and oxygen
concentration. In addition the Fe’" oxidation rate shows a second order dependency on
the pH (STUMM and LEE, 1961).

When the pH is higher than 7 the oxidation of Fe is catalysed by the
iron(hydr)oxide surface (SUNG and MORGAN, 1980; SHARMA, S.K. et al., 2001). This
process is denoted as the autocatalytic oxidation of Fe*". Also the homogeneous
oxidation (i.e. oxidation of Fe*" in the solution) continues unabated for pH >7. As a result
the oxidation of Fe*" is a mixture of both a homogeneous and an autocatalytic process at
a pH higher than 7. The sum of the homogeneous and autocatalytic oxidation process is
denoted as a heterogeneous oxidation process.

For a pH lower than 7 the oxidation rate of Fe*" decreases rapidly with pH due to
the strong pH-dependency (STUMM and LEE, 1961; MILLERO, 1985; WEHRLI, 1990).
Consequently, the autocatalytic oxidation of Fe** becomes negligible for pH < 7 and the
oxidation can be considered as a homogeneous oxidation process (SUNG and MORGAN,
1980).

1.2.5 The nitrification process

Nitrifying bacteria, denoted with the collective term Nitrobacteraceae, carry out the
microbiological oxidation of NH, (nitrification process). Characteristic for nitrifying
bacteria is that they are obligatory chemotrophic and use ammonium or nitrite as their
sole source of energy (SHARMA, B. and AHLERT, 1977, SCHLEGEL, 1986). The
nitrification process is performed in two distinctive steps. First ammonia-oxidising
bacteria (e.g. Nitrosomonas europaea) oxidise NHy to nitrite (NO,’) according to reaction
(SCHLEGEL, 1986):

NH,* + 1.5 O, — NO, + 2H" + H,0 + energy ®)

The ammonia-oxidising bacteria are obligatory aerobes (SHARMA, B. and AHLERT, 1977)
and chemo-autotrophic (BOCK et al., 1986). Second, nitrite-oxidising bacteria (e.g.
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Nitrobacter winogradskyi) oxidise NO, to nitrate (NOj;) according to reaction
(SCHLEGEL, 1986):

NO; + 0.5 O, —» NOj3™ + energy 4)

Also the nitrite-oxidising bacteria are obligatory aerobes (SHARMA, B. and AHLERT,
1977). In addition most nitrite-oxidising bacteria are autotrophic (BOCK et al., 1986).
The net result of the nitrifying process can be summarised as:

NH4* + 20, — NO3 + H,0 + 2H* Q)

From the net reaction follows that 2 moles of O, are needed to oxidise 1 mole of NH,.
Since the nitrification process consumes a high amount of O, the supply of O, is
important when the groundwater contains high concentrations of NHj.

1.3 Subsurface aeration

1.3.1 In-situ oxidation of iron

When the groundwater contains high concentrations of Fe the in-situ oxidation of Fe can
be applied as a pre-purification measure. The main objective of the in-situ oxidation of
Fe is to reduce the Fe concentration in the groundwater before the groundwater reaches
the purification station (ROTT and LAMBERTH, 1993; APPELO et al., 1999). In case of the
in-situ oxidation of Fe’" oxygen-containing water is introduced into an anaerobic
groundwater well in which iron is mainly present as ferrous iron Fe*". In terms of the
groundwater purification process subsurface aeration can be considered as the in-situ
utilisation of the oxidation process of Fe.

Although earlier microbiological mechanisms have been proposed to explain the
mechanism behind the in-situ oxidation of Fe nowadays this process is assumed to be a
physical-chemical process (VAN BEEK, 1983; APPELO et al., 1999). The principal effect
of the in-situ oxidation is that Fe is oxidised and precipitated in the subsurface. The
secondary effect is that Fe*" will adsorb to the freshly precipitated iron(hydr)oxides.
Accordingly the Fe that is retained in the groundwater well includes both the precipitated
Fe’" and adsorbed Fe*". In fact the in-situ oxidation results in two fronts, which move in
the opposite direction. First the injection of oxygen-containing water results in a front
that moves away from the groundwater well. The O, in this front oxidises reduced
components that are present in the subsurface. This retards the O, front relative to the
injected waterfront. Due to the oxidation process there will be a very low amount of F&*"
left in the volume between the groundwater well and the O, front.

At the moment the well comes into use for the production of drinking water
groundwater will move towards the well. This results in a movement of Fe*" towards the
well. This new supply of Fe** can adsorb to the freshly formed iron(hydr)oxides, which
in turn results in a decrease of the Fe’" concentration in the passing groundwater. This
situation is similar to the O, front that lay behind the injected water (VAN BEEK, 1983;
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APPELO et al., 1999). Groundwater with very low Fe’* concentrations can be extracted for
the period that high Fe*" concentrations do not yet reach the groundwater well.

1.3.2 The Miracle of Nieuw-Lekkerland

The primary goal of the in-situ removal of Fe** was to reduce the Fe concentration in the
groundwater before the groundwater reaches the purification station. In addition to this
intended effect the drinking water company Hydron Zuid-Holland (The Netherlands)
noticed that the in-situ removal of Fe strongly enhanced the nitrification process in the
sand filters, which are part of the purification plant. Since the positive effect of the in-situ
oxidation of Fe on the nitrification process was first noted in Nieuw-Lekkerland the
application was called “The Miracle of Nieuw-Lekkerland” in popular speech. The
positive effect of subsurface aeration on the nitrification process in sand filters was
demonstrated repeatedly on different occasions and locations. Until now, subsurface
aeration and the nitrification process were not specifically considered as related
processes.

Hydron Zuid-Holland started to use the in-situ oxidation of Fe primary to enhance
the nitrification process rather than for the in-situ removal of Fe. Besides Hydron Zuid-
Holland decided that the term subsurface aeration was more appropriate since the effect
of the in-situ oxidation of Fe*" was not confined to the in-situ removal of Fe. Also in this
thesis the term subsurface aeration will be used.

1.3.3 Application of subsurface aeration

The application of subsurface aeration is disputed from a soil protection point of view.
The precipitation of iron in the subsurface is considered as a problem. In addition it is not
clear what other physical-chemical and microbiological effects could be expected.
Therefore, in 1997 the application of subsurface aeration was evaluated by governmental
order. Several uncertainties related to the application of subsurface aeration were
identified (TCB, 1997). The first uncertainty concerns the principle result of subsurface
aeration, which is the freshly formed iron precipitate. The iron precipitate can adsorb
both cations and anions including heavy metals (SUNG and MORGAN, 1981; PIERCE and
MOORE, 1982; DAVIES and MORGAN, 1989; ZHANG et al., 1992). As a result, iron
precipitates with the (co)precipitated species could accumulate in the subsurface. At
present the composition of the subsurface iron precipitates is not completely clear. Due to
reductive dissolution of the iron precipitate the concentration of heavy metals can be
increased temporarily after the application of subsurface aeration has stopped. Further,
the capillary space can decrease locally due to the precipitating iron, although no cases
have been reported yet. Also it is not known what volume of soil is affected by
subsurface aeration. Together these uncertainties make the application of subsurface
aeration subject to discussion in The Netherlands (TCB, 1997).
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1.3.4 The effect of subsurface aeration on the nitrification process

Until now subsurface aeration and the nitrification process were not specifically
considered as related processes and at present it is still unclear which underlying
processes can account for the effects of subsurface aeration.

Five important observations are made:

1. Subsurface aeration reduces the Fe’* concentration in the groundwater before the
groundwater enters the purification station.

2. Subsurface aeration is a physical-chemical process whereas the removal of NH, is a
strictly microbiological process.

3. The effect on the nitrification in the sand filters is spatially separated from the actual
application of subsurface aeration in the groundwater well.

4. The decrease of the Fe’" concentration in the groundwater that reaches the
purification station is small due to mixing of the groundwater from an aerated well
with groundwater from a non-aerated well. This decrease in Fe" concentration in the
groundwater is too small to explain the significant improvement of the nitrification
process.

5. The effect of subsurface aeration on the nitrification process decreases only
gradually after the application of subsurface aeration itself has already stopped.

Several possible mechanisms were discussed that could explain the effect of subsurface
aeration on the nitrification process. Table 4 summarises all the possible mechanisms that
have been discussed beforehand. As a result a hypothesis was formulated. It may be
noted that also more exotic mechanisms were discussed.

The results of the discussion initiated a preliminary research. The effect of
subsurface aeration on the speciation of Fe in the aerated groundwater was an important
issue during the preliminary research. Of special interest was the question whether
mobile iron colloids could be the link between the application of subsurface aeration and
the enhanced nitrification process. This could explain why the effect of subsurface
aeration is spatially separated from the application itself, as is for instance the case with
colloid facilitated transport (MCCARTHY and ZACHARA, 1989; FLURY et al., 2002).
Another important issue was the bacterial composition in the sand filter.
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Possible mechanisms and its effect

considerations conclusion

Speciation of Fe in the aerated Increased availability of
groundwater is changed nutrients, especially POy,
MOO4

Speciation of Fe in the aerated Reduced availability of toxic
groundwater is changed substances, especially H,S

Speciation of Fe in the aerated The nitrifying bacteria can
groundwater is changed attach stronger to the sand
in the filter

Speciation of Fe in the aerated Fe enters the sand filter as

groundwater is changed flocculated Fe(lll)
Organic matter in the The activity of enzymes
groundwater is oxidised involved in the nitrification

process is enhanced

The inorganic removal of NH, Increased removal of NH,
(assimilation) is enhanced by other mechanisms than
nitrification

The microbiological population in  The nitrification process
the sand filter has changed overgrows other
microbiological processes

The surrounding of the well is Nitrifying bacteria can

temporarily aerobic survive in the well and start
the nitrification process in
the subsurface

The nutrient not likely
concentrations are high

enough in the anaerobic
groundwater

This contradicts the fifth not likely
observations (effect lasts

after stopping

subsurface aeration)

The presence of more  starting point
(active) nitrifying for

bacteria in the sand filter hypothesis
enhances the nitrification

process

When Fe is partly starting point
present as flocks rather for

than on the sand in the  hypothesis
filter, more surface on

the sand is available for

the nitrification process

This cannot be not likely
measured.

Assuming a C/N ratio of not likely
15: 1 only 0.13 mg/L
NH, can be assimilated

Especially the starting point
competition between for

nitrifiers and methane hypothesis
oxidising bacteria is of

interest

Aerated groundwater did not likely
not contain more

nitrifying bacteria than

anaerobic groundwater

Table 4 Possible mechanisms that could explain the effects of subsurface aeration.
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The experimental data from the preliminary research resulted in the following additional

observations:

1. On average the nitrification process (Figure 2) and the microbiological removal of
methane (Figure 3) were performed better in the aerated system.

2. The nitrifying bacteria seemed to attach preferably to the sand in the sand filter.
(sampled during the backwashing procedure of the filter; see also Section 1.2.3).

3. The non-aerated system contained more sludge than the aerated system.

4. On average the composition of the sludge from the non-aerated system can be
represented as Fe : Ca : POy : Mn=1:0.28 : 0.38 : 0.08 (molar ratio).

5. The sludge from the aerated system contained more Mn and Co than the sludge from

the non-aerated system. On average the composition of the sludge from the aerated
system can be represented as Fe : Ca : PO, : Mn=1:0.31:0.38 : 0.15 (molar ratio).

In both the aerated and non-aerated groundwater geo-colloids could be sampled. The
results of the preliminary research together with the observations support the line of
thought that mobile iron colloids could form the link between the application of
subsurface aeration in the field and the improved nitrification process in the sand filters.
Considering all observations we formulated the following hypothesis:

Subsurface aeration results in the formation of mobile iron(III) colloids that play a key

role in creating an optimal environment for the growth of active populations of nitrifying

bacteria living in an unsaturated sand filter.
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Figure 2 Average oxidation rate constants (+ standard deviation) for the nitrification process as

function of depth. The oxidation rate constants were calculated using a first order rate
law.




Subsurface aeration of anaerobic groundwater

oxidation rate constant (hour'1)
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Figure 3 Average oxidation rate constants (+ standard deviation) for the microbiological

methane oxidation as function of depth. The oxidation rate constants were calculated
using a first order rate law.

1.3.5 This thesis

Subsurface aeration as a practical management tool to enhance the nitrification process
could be very useful for the production of clean drinking water. Since the application of
subsurface aeration is under debate, ideally this tool should be available without the
additional effects on the subsurface. Therefore the objective of this project is to gain
insight into the physical-chemical and microbiological processes, which are resulting
from the application of subsurface aeration. If the effects of subsurface aeration can be
understood, it could become possible to develop a method to enhance the nitrification
process in a sand filter without the additional effects on the subsurface environment.
Starting point of this study is the hypothesis that is formulated in Section 1.3.4.

During this study the emphasis lay on three main questions:
1. Can mobile iron colloids be formed as a result of subsurface aeration?
2. If so, what is the composition of the iron colloids and is it possible to prepare a
synthetic analogue?
3. Can the synthetic analogue enhance the nitrification process in an unsaturated
sand filter?

The main approach of this study was to follow the track of the aerated groundwater from
the groundwater well to the first phase of the purification process. The mobility of iron
colloids was of particular interest. First a method had to be developed that could be used
to study the subsurface aeration of an anaerobic groundwater well. In Chapter 2 a
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laboratory system set up is presented that is developed to study the oxidation kinetics of
Fe*" in an anaerobic environment.

As is described in Section 1.2.2 at a pH higher than 7 the oxidation of F&’" is a
mixture of both a homogeneous and autocatalytic process. This heterogeneous oxidation
process was studied in order to evaluate whether subsurface aeration could result in
potentially mobile iron colloids. The oxygen concentration is an important parameter for
the oxidation of Fe’*. In Chapter 2 the effect of the oxygen concentration on the
oxidation rate of the heterogeneous oxidation of Fe*" is described. Components such as
phosphate, manganese, silicate or dissolved organic matter are commonly present in
(Dutch) groundwater. In Chapter 3 the effect of phosphate, manganese, silicate and
dissolved organic matter on the heterogeneous oxidation kinetics of Fe’" is described.

To assess whether mobile iron colloids were actually present a field experiment
was performed. Chapter 4 describes the results of this field experiment. Next, in Chapter
5 the iron colloids from the field were studied and the composition of the iron colloids
was derived. Also a synthetic analogue of the iron colloids was prepared. In Chapter 6
the effect of this synthetic iron analogue on the nitrification process was studied using an
artificial purification station on laboratory scale. The results of this experiment could
either make or break our hypothesis (see also Section 1.3.4).
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Abstract

Wolthoorn, A., 2003. Subsurface aeration of anaerobic groundwater — Iron colloid
formation and the nitrification process. PhD-thesis, Wageningen University.
Wageningen, The Netherlands. 134 p.

In anaerobic groundwater iron and ammonium can be found in relatively high
concentrations. These substances need to be removed when groundwater is used for the
production of drinking water. Subsurface aeration can be applied to remove iron before
the groundwater reaches the purification plant The primary goal of subsurface aeration is
to oxidise iron in-situ. As a side effect subsurface aeration can strongly enhance the
microbiological removal of ammonium (i.e. nitrification) in sand filters. It is recognized
that subsurface aeration could be a practical tool to enhance the nitrification process.
Until now, subsurface aeration and the nitrification process were not specifically
considered as related processes. It is hypothesized that mobile iron colloids may be the
link between subsurface aeration and the positive effect on the nitrification process. To
gain insight into the processes that can explain the effects of subsurface aeration the fate
of iron after the application of subsurface aeration was studied. The potentially mobile
iron colloids are of particular interest. A method is developed that could be used to study
the effects of subsurface aeration of an anaerobic groundwater well under well-defined
laboratory conditions. The first issue was whether mobile iron colloids could be formed
as a result of subsurface aeration. At a pH > 7 the oxidation of F&’" is a heterogeneous
oxidation process. The heterogeneous oxidation was described using a model with a
homogeneous and an autocatalytic oxidation rate constant.

The results of this study showed that the application of subsurface aeration of a
groundwater system with a pH higher than 7 leads to the formation of iron colloids. A
field experiment was performed to assess whether mobile iron colloids could be detected
in an aerated groundwater well. From this field experiment it followed that a subsurface
aerated well contained more iron colloids than a groundwater well that was not aerated.
The iron colloids from the field were analysed using both chemical analysis and electron
microscopy. The characteristics of the iron colloids from the field were used to prepare a
synthetic analogue. The effect of the synthetic iron colloids on the nitrification process
was studied by building a purification set up on a laboratory scale.

In conclusion the results of this study strongly support the hypothesis that mobile
iron colloids may be the link between subsurface aeration and the positive effect on the
nitrification process.
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Subsurface aeration of anaerobic groundwater

2.1 Introduction

Groundwater that contains iron needs to be purified before it can be used as drinking
water. To remove iron from groundwater subsurface aeration may be applied. Subsurface
aeration is a small-scale application of artificial groundwater recharge and it is a method
that oxidises iron in situ (HUISMAN and OLSTHOORN, 1983; ROTT and LAMBERTH, 1993).
When subsurface aeration is used, oxygen-containing water is added to a reduced
groundwater well. In terms of the groundwater purification process subsurface aeration
can be considered as the in situ utilisation of the oxidation process of iron. Because the
well is reduced, iron is mainly present as dissolved ferrous iron (F&*") (STUMM and
MORGAN, 1981). As a result of subsurface aeration Fe*" oxidises into ferric iron (Fe'") in
the subsurface (AGERSTRAND, 1982; ROTT and LAMBERTH, 1993).

The oxidation of iron depends on many factors. With regard to the kinetics of the
oxidation process the pH is an important factor. When the pH is higher than 7 the
oxidation of Fe*" becomes a heterogeneous reaction. For batch experiments Tamura ef al.
(1976a) and Sung & Morgan (1980) derived a model to describe the heterogeneous
oxidation of Fe’" using a homogeneous and an autocatalytic oxidation rate constant.
Instead, for a pH lower than 7 the oxidation rate of Fe’* decreases rapidly with pH due to
the strong pH-dependency (STUMM and LEE, 1961; MILLERO, 1985; WEHRLI, 1990).
Consequently, the autocatalytic oxidation of Fe*" becomes negligible for pH < 7 and the
oxidation can be considered as a homogeneous oxidation process (SUNG and MORGAN,
1980).

In this study the average pH of the groundwater system of interest is higher than 7.
Hence in our case the oxidation of Fe*" following subsurface aeration is heterogeneous.
Initially Fe** is oxidised homogeneously and iron(hydr)oxides are formed. Next these
freshly formed iron(hydr)oxides provide a surface for the autocatalysed oxidation of Fe'"
(SARIKAYA, 1990; CHOI et al., 2001; SHARMA et al., 2001). As more iron(hydr)oxides are
formed, the autocatalytic oxidation process progressively gains in importance. Both the
homogeneous and the autocatalytic process compete for the available Fe*" concentration
(SUNG and MORGAN, 1980). As a result the homogeneous oxidation rate decreases in
time. Subsequently at some moment during the course of the process the autocatalytic
oxidation becomes the predominating process.

To study the heterogeneous oxidation of Fe*" a system is needed that separates the
autocatalytic from the homogeneous oxidation process. As far as laboratory studies of the
heterogeneous oxidation of Fe** are concerned, these usually refer to batch experiments.
Batch experiments are suitable to study homogeneous oxidation of F&**, but problems
can arise when heterogeneous oxidation of Fe’" is studied. Namely, in a batch experiment
Fe** will be oxidised simultaneously by the homogeneous and the autocatalytic oxidation
process. The autocatalytic oxidation rate is related to the homogeneous oxidation rate
because the result of the homogeneous oxidation process provides the iron(hydr)oxides
needed for the autocatalytic oxidation process. As a consequence of this dependence
batch experiments are not ideal to derive the parameters for the individual oxidation rates
and a system is needed that separates the autocatalytic from the homogeneous oxidation
process better.
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In addition, to study a field application like subsurface aeration a system is needed that
combines the advantages of experiments performed in a laboratory environment with the
dynamics of a field application. For example, many experiments are performed with a
fixed oxygen concentration whereas during subsurface aeration the oxygen concentration
varies from a surplus to an inadequate oxygen concentration (BOOCHS and BAROVIC,
1982; ROTT and LAMBERTH, 1993). As result of the changing oxygen concentration the
oxidation rate is expected to change (LIANG et al., 1993). When faced with an analogous
analytical situation Van Grinsven and Van Riemsdijk (1992) designed a column system
in which the influent flow rate was adjusted in order to keep the pH of the effluent
constant. Likewise we need a system that is easily adjustable to variable oxygen
concentrations and the accompanying oxidation rates without altering the output range of
Fe*" concentrations. Therefore, the objective of this study is to design and validate a
laboratory set up that dovetails both with the heterogeneous oxidation process following
subsurface aeration and with conditions that are relevant for dynamic anaerobic
groundwater systems. This new set up is based on a laboratory column system. The
system was used to follow the heterogeneous oxidation of Fe*" in time using different
concentrations of oxygen.

2.2 Theoretical background

2.2.1 Abiotic heterogeneous oxidation of Fe’"

In order to follow the course of heterogeneous oxidation of F&*" in time a system is
needed with chromatographic features to separate the homogeneous oxidation from the
autocatalytic oxidation. Therefore a column system was chosen as the principle of our
laboratory set up. With a column system the input of Fe** can be kept constant and the
resulting iron(hydr)oxides will be retained by the column matrix. When the column does
not contain ferric iron at the beginning of the experiments, the homogeneous and the
autocatalytic oxidation rate can be separated relatively easy. In that case only the
homogeneous oxidation is of importance at the beginning of the experiment During the
experiment, as iron(hydr)oxides are formed, the autocatalytic oxidation process will gain
in importance and after a certain moment the autocatalytic process will be the most
important process.

Further, the results from the column experiments can in principle be translated to a
subsurface aeration experiment. For instance, the column system offers the possibility to
study the oxidation of Fe’" at different overall oxidation rates by simply choosing an
appropriate flow velocity through the column.

2.2.2 Mass balance

The mass balance of iron is used in order to calculate the total amount of ferric iron in the
column in time (n(Fe*"),). In our column system the input concentration of total ferrous
iron ([Fe%]inpm) is constant. The output concentration of total ferrous iron ([Fe%] A, output)
is the net result of the heterogeneous oxidation process and therefore [Fe%] At, output
decreases in time. We assume the oxidation product to be an insoluble form of ferric iron
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that will be effectively captured by the column matrix. In addition the column system
does not contain ferric iron at the beginning of the experiments.

Next, the mass balance for iron is calculated using a discrete approach. Each
column experiment is divided in a series of samples. During consecutive time intervals At
the effluent from the column was collected and in the effluent [Fez+] At, output Was
measured. Az, in turn, is a measure for the volume passing the column commonly
expressed as the number of pore volumes. Important to notice is that the oxidation
reaction starts at £ = 0 (min). At this moment the column system does not yet contain any
solution and only after the first pore volume effluent can be sampled. So At and the
corresponding volume AV define each step, taking in account that the volume is corrected
for the first pore volume when no effluent can be sampled.

First, the amount of n(Fez+),, input and n(Fez+), ,output are calculated over time ¢ (min):

n(FeZJr)t,input = ZAK[F62+]input (mOI) (1)
and
I’Z(F€2+ )t,output = z AI/; [Fe > ]output (1’1101) (2)

Second, n(Fe%), is calculated as the difference between the amount of n(Fey),, input and
n(Fez+)t, output-

n(Fe™), =n(Fe** —n(Fe™

)t, input )t, output

(mol) 3)

2.2.3 Oxidation rates

For solutions with constant pH and a constant dissolved oxygen concentration a model
was derived to describe the abiotic heterogeneous oxidation rate of Fe&'™ in batch
experiments (SUNG and MORGAN, 1980; BARRY et al., 1994):

d[Fe*]

7 actual _ k, .[Feh]acmal n kz.[Fez+]aC[lllll ,[Fe3+] 4)

whereas [Fez+]ama/ is the actual total ferrous iron concentration available at some moment
in the batch system, [Fe3+] is the total ferric iron concentration, k; is the homogeneous
oxidation rate (min) and , is the autocatalytic oxidation rate (L-mol-min™).

Equation (4) is based on concentration because the model is derived for batch
experiments. However, in case of a column system it is more convenient to use moles
rather than concentrations. Hence equation (4) is reformulated using moles instead of
concentrations:

dn(Fe™),

dt - kl .n(Fez-F)t,actual + k'Z .n(Fez+ )t,actual.n(FeS+)t (5)
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where n(Fez+),, actal 18 the actual amount of Fe** in the column system (mol) and £’, is the
autocatalytic rate derived for the column system (m01'1~min'1). n(FeZJ’),, actual 1S estimated
as the average value of n(Fez+)[, input and n(Fez+),, output- 1he homogeneous oxidation rate
constant k; is independent of the amount of ferric iron. Therefore k; reappears in equation
(5) without any modifications. In contrast the autocatalytic oxidation rate constant is
related to the amount of ferric iron. Consequently the unit of k, (L-mol™-min") and &,
differs (mol™'min™") and:

k, =k',-AV (L'mol™"min™) (6)

where AV represents the volume of solution that passed the column. In addition, &, or £,
can both be converted to an autocatalytic rate constant k£’’,, which is directly comparable
to the homogeneous oxidation rate constant k;:

kz'[Fez+ ]input = k'z'n(Fez+)t,input =k", (min™) Q)

Further, to estimate a homogeneous and autocatalytic oxidation rate constant two
methods can be used. The first method (denoted further as method A) calculates the
homogeneous oxidation rate constant separately from the autocatalytic oxidation rate
constant. Since the column system does not contain Fe'™ at the beginning of the
experiment, we assume that the initial deposition of Fe’* only results from the
homogeneous oxidation process. So in this limiting case equation (5) reduces to:

dn(Fe** .
(dt)t = kl.n(]:e2 )t,actual (8)

With n(Fez+),, acwal Calculated, the homogeneous oxidation rate k; can be readily fitted
(min™"). The calculated value for k, is then substituted in equation (5) and the value for
k’», can be fitted (mol'*min™).

The second method (denoted further as method B) calculates the k; and &’, values
simultaneously. With this method both the autocatalytic and the homogeneous oxidation
process are taken into account from the beginning of the oxidation process. The overall
oxidation rate in time, the n(Fez+),, actual and the cumulative amount of n(Fe3+), in time is
known. Therefore, from a mathematical point of view equation (5) can be summarised as
a matrix problem, with unknown values for &, and £’,. The matrix problem can be solved
with multiple regression.

2.2.4 Experimental design

In a column system basically physical and chemical processes are responsible for
isolating and concentrating the colloids from the solution (O'MELIA, 1980; MCDOWELL-
BOYER et al., 1986). In the groundwater system we are oriented to, the average pH is 7.3.

| 27



Subsurface aeration of anaerobic groundwater

At this pH most iron(hydr)oxides have a slightly positive or neutral surface potential
(STUMM and MORGAN, 1981; DAVIES and MORGAN, 1989; MANNING and GOLDBERG,
1996). Considering this expected surface charge of the iron colloids, we focussed on
negatively charged and chemically inert glass beads. At a pH value of 7.3 glass beads are
negatively charged (FITZPATRICK and SPIELMAN, 1973; ELIMELECH, 1991). Besides
Litton and Olson (1993) demonstrated that the zeta potential of the glass beads was
independent of the surface preparation methods.

2.3 Material and Methods

2.3.1 Column system

Figure 1 summarises the general outline of the laboratory system. The experimental
conditions are based on the field situation at the groundwater purification station in
Nieuw-Lekkerland (The Netherlands). The redox potential of the groundwater is
approximately —200 mV and iron is mainly present as ferrous iron (Fe’"). Subsequently,
all experiments were performed under anaerobic conditions using a glovebox. The
glovebox was continuously flushed with nitrogen gas at a rate of 150 — 200 ml'min™". The
oxygen concentration inside the glovebox was monitored continuously (Servomex,
Xentra 4100). Inside the glovebox the temperature was kept constant at 22 +3 °C.

The system consists of three columns labelled I, II and III that are placed in the
glovebox. The columns I and II were used to purify the solutions prior to the experiments
in case iron colloids are formed while preparing the solutions. Column I was percolated
with the synthetically prepared anaerobic groundwater while column II was percolated
with a synthetic aerobic solution. The column III was the central component of the
system; in this column the iron precipitate was separated from the solution. The columns
were percolated using saturated flow.

The columns are made of Plexiglas (20.4 cm by 1.6 cm in diameter) and the
connecting tubes are made of Teflon. The columns are packed under anaerobic
conditions. Column I and II are packed with of 50.0 g of glass beads 0.8 mm in diameter
(Dragonit 30, Fisher Scientific). To provide a sufficient collector surface area as well as a
surface suitable for electron microscopy, column III was packed with 50.0 g of glass
beads 1.2-mm in diameter (Dragonit 30, Fisher Scientific). To keep these small glass
beads in place, each column had a layer of 10.0 g glass beads 3 mm in diameter (Dragonit
25, Fisher Scientific) at both endings. Prior to the experiments the glass beads were
rinsed thoroughly with concentrated HC1 (12 M). After that the glass beads were washed
with ultrapure water (Elga; Elga Maxima-HPLC unit) and were dried at 100 °C.
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98.75% N, 78.75% N,
Figure 1 Outline of the laboratory system set up.

2.3.2 Effect of oxygen concentration at pH 7.3

Table 1 summarises the composition of the synthetic groundwaters that were used. At the
groundwater purification station in Nieuw-Lekkerland the average pH of the groundwater
is 7.3. To achieve a pH of 7.3 a carbon dioxide (CO,)/bicarbonate (HCO5") buffer system
was used (TAMURA et al., 1976b). The synthetic anaerobic groundwater (column I) was
prepared by adding 300 mg CaCO; to 1 L of ultra pure water. Inside the glovebox this
solution was stirred and bubbled with a gas mixture containing 1.25% CO, and 98.75%
N,. After 24 hours the synthetic groundwater was anaerobic and the pH was 7.3. Next the
Fe** was added using a stock solution of FeSO,. The synthetic groundwater only
contained iron because we intend to study the effect of other ions typical for groundwater
separately.

The aerobic solution (column II) was prepared similarly. The oxygen was added by
using a gas mixture containing 1.25% CO,, 78.75% N, and 20.0% O,. After 24 hours the
solution was saturated with oxygen and the pH was 7.3. The aerobic solution was kept at
a constant temperature of 20.0 + 0.1 °C during all experiments. The pH was measured
continuously both in the synthetic anaerobic and aerobic solutions. All solutions were
prepared using ultrapure water and the experiments were done in duplicate.

The experiment started at the moment the anaerobic synthetic groundwater from
column I was mixed with the aerobic solution from column II. The solutions were mixed
using peristaltic pumps (Gilson; tubes from Skalar). The mixture finally contained about
50 uM of total iron (denoted as [Fez+]inpm). Choosing six ratios in which the anaerobic
solution was mixed with the aerobic solution varied the concentration of O,. The final
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mixture contained 0-7.5-12.5-50-83.3 and 125 uM O, (denoted as [O,]inpu). According
to the stoichiometric ratio of the chemical iron oxidation of F&'":0, = 4:1 (KING et al.,
1995) the range of oxygen concentration varied from a surplus ([F62+]input:[o2]input =04,
0.6 and 1) to a critical ([FeZJ’]inpm:[Oz]input = 4) and an inadequate oxygen concentration
([Fez+]inpm:[02]input = 6.7) relative to Fe*".

Next the mixture was led through column III. At regular time intervals the total

iron concentration ([Few]a, outpur) and Fe*" concentration ([Fez+] a1, output) Of the effluent
were measured to follow the oxidation rate of F&** with time. [Fez+] A, output AN [Feor] ar,
output Were analysed using the 1,10-phenanthroline method (CLESCERI et al., 1989).
[Fez+] A, output Was analysed immediately after sampling by leading the effluent from
column III directly in volumetric flasks containing a buffered 1,10-phenanthroline
solution. Consequently, the colour reagent fixated [Fez+] A, output at the moment the sample
left the column system. The volume of the samples was measured by weighing the
volumetric flasks before and after sampling.

After the experiment the precipitate in column III was extracted from the glass
beads with 250 ml of 0.2 M HCI. In the extract Fe*" and the total iron concentration was
measured using the 1,10-phenanthroline method.

When the oxygen concentration changes, the oxidation rate is expected to change.
Notwithstanding this change in the overall oxidation rate it is preferred that the range of
[Fez+] Aroutput 18 Similar to the iron concentrations found in the groundwater in order to
measure [Fez+] 4, output accurately. So, for each experiment the course of n(Fe3+), plotted as
a function of the number of pore volumes should be similar and irrespective of the
oxygen concentration. This can be achieved by adjusting the mixing rates of the pumps
and therefore the length of the experiments to the expected overall oxidation rate.

Stock FeS0O,* [Fe?] synthetic water  [O2] [mM] mixing ratio [Fe” Tnput : [Oalinput

[a/L] before mixing [uM] before mixing [F92+]inputi[02]input after mixing
13.96 100 0.25 1:1 50 uM : 125 uM
10.04 75 0.25 2:1 50 uM : 83.3 uM
8.664 62.5 0.25 4:1 50 pM : 50 pM
7.520 52.6 0.25 19:1 50 uM:12.5uM
7.340 52 0.25 24:1 50 uM: 7.5 uM
6.952 50 - - 50 uM : 0

? The concentration of SO, was below concentrations that interfere with the kinetics of the oxidation
process (DAVISON and DE VITRE, 1992).

Table 1 Composition of the synthetic groundwater used in the experiments.
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2.4 Results and discussion

2.4.1 Column system

The results of the experiment in which 0 M of oxygen was added to 50 uM Fe*" were
used to assess the system for its technical limitations. During this experiment [Fe&*'] A,
output aNd [Fewlaroupur Only decreased slightly (<3.6%) showing that the glovebox
provided a sufficiently anaerobic environment for the experiments. Furthermore, the
results demonstrated that neither the tubing nor the glass beads acted as a sink for F¢*". In
the effluent from column III no Fe’™ could be measured ([Fe* 14 ouput = [Fetotlr, outpur)-
Therefore it was concluded that the glass beads effectively removed the insoluble ferric
iron from the solution. The average pH was 7.20 £ 0.05. The initial ratio of
[Fe2+]inpm:[02] input differed slightly for the duplicates. Because of this slightly different
ration, the duplicates are treated separately.

The mixing ratio was chosen in a way that it was possible to accurately measure
the change in iron concentration. As a result the changing overall oxidation rate could be
followed while the range of [Fe2+] A, output Was still similar to the iron concentrations found
in the groundwater (49.4 £ 1.9 uM at the beginning and 15-29 uM at the end of the
experiments). The number of pore volumes passing the column varied from 40 for the
experiment with the highest overall oxidation rate to 145 pore volumes for the
experiment with the lowest overall oxidation rate.

2.4.2 Effect of oxygen concentration at pH 7.3

Figure 2 presents the cumulative amount of n(Fe’"), as a function of the ratio
[Fe%]inpm:[oz]input. When the oxygen concentration increased, the overall oxidation rate
increased. It could be calculated that the total Fe concentration in the column was > 54.9
M when the amount of n(Fe’"), progressively began to increase. This is in agreement
with the reported minimum concentration needed to initiate the autocatalysed oxidation
of iron (TAMURA et al., 1976a; SARIKAYA, 1990; KING et al., 1995).

Figure 2 illustrates that the experiments with a surplus and critical oxygen
concentration relative to Fe*" could be reproduced very well. However, during the
experiment with an inadequate oxygen concentration the physical possibilities of the
laboratory system were approached. Especially with the length of the experiment it was
difficult to maintain a constant fixed mixing ratio with the peristaltic pumps used. In
addition, the effluent collected overnight partly evaporated in the glovebox. As a result
the volume that had passed the column could not be calculated accurately.
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Figure 2 Cumulative n(Fe*"), in time. For each experiment the ratio of [Fe2+]inpm:[02]mpu, is
displayed. The experiments were done in duplicate (filled and open marks).
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Figure 3 Cumulative n(Fe3+), in time calculated for the experiment with [Fe2+]inpm:[02]inpu. =0.41.
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Exp. ratio method A method B
[Fe* Tinput * [Oainput
k4 [min™] R? K p[umol™min?] R? ki [min™] K, [pmol*min™] R?

0.41 0.100 0.920 0.036 0.986 0.075 0.039 0.981
0.40 0.094 0.932 0.041 0.981 0.076 0.041 0.982
0.60 0.062 0.882 0.034 0.981 0.045 0.033 0.986
0.51 0.049 0.942 0.027 0.966 0.034 0.029 0.987
1.13 0.089 0.913 0.052 0.949 0.093 0.047 0.972
1.12 0.073 0.920 0.050 0.967 0.072 0.045 0.979
4.15 0.079 0.976 0.023 0.938 0.039 0.023 0.990
3.99 0.096 0.975 0.020 0.908 0.047 0.021 0.993
6.59 0.152 0.955 0.012 0.835 0.145 0.011 0.921
6.81 0.314 0.943 0.011 0.935 0.307 0.0083 0.724

Table 2 Calculated homogeneous and autocatalytic oxidation rate constants (ks respectively

K’;) and the regression coefficient.

Table 2 presents the results of describing the heterogeneous oxidation process with a
homogeneous oxidation rate constant k; and autocatalytic oxidation rate constant k',
using method A (the homogeneous oxidation rate constant fitted separately from the
autocatalytic oxidation rate constant) and B (the homogeneous and autocatalytic
oxidation rate constant fitted simultaneously). For the experiment performed with an
inadequate oxygen concentration we assumed that the cumulative amount of n(Fe*"), did
not exceed the maximum amount of ferric iron possible considering the stoichiometry of
the iron oxidation process (KING et al., 1995). Figure 3 presents an example of the
cumulative n(Fe*"), plotted against time for the experiment with [F e2+]input:[02]mput =0.41.
In the same Figure the predicted values of n(Fe*"), (method A) are displayed in which the
values are subdivided in the n(Fe’"), oxidised by the homogeneous respectively
autocatalytic process. The calculated values show that in the beginning of the experiment
the homogeneous oxidation is important. During the experiment the homogeneous
oxidation rate decreases while the autocatalytic oxidation rate progressively increases. It
can be calculated that after 33 minutes the amount of n(Fe’"), oxidised by the
autocatalytic oxidation process exceeds the amount of n(Fe’"), oxidised by the
homogeneous oxidation process.

Figure 4 presents the oxidation rate constants k; and k", as a function of the
oxygen concentration (min™'). From the data it follows that the homogeneous oxidation
rate constant k; is independent of the oxygen concentration. As a result an average
oxidation rate k; is 0.08 + 0.018 min™' can be derived for the experiments performed with
a surplus and critical oxygen concentration. In contrast to k; Figure 4 shows that the
contribution of the autocatalytic oxidation process to the overall oxidation process
decreases with the decreasing oxygen concentration.
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Figure 4 The homogeneous oxidation rate k1 (filled marks) and the autocatalytic oxidation rate
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ratio [Fez"]mpm:[og]input = 1.13 respectively 1.12. The predicted values using method A
(filled marks) and method B (open marks) are displayed.
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For method A and B the calculated cumulative amounts of n(Fe’"), were plotted against
the data. An example is displayed in Figure 5. The methods resulted in similar
homogeneous and autocatalytic oxidation rate constants. The only exceptions were the
homogeneous oxidation rate constants fitted for the experiment performed with a critical
oxygen concentration. In addition, for every experiment the average normalised square of
residuals (ROSE and WAITE, 2002) were calculated in order to evaluate the fitted
homogeneous and autocatalytic oxidation rate constants. Figure 6 displays the average
normalised square residuals for each experiment. From Figure 6 and from plotting the
calculated values against the data it was apparent that the values for k; and k’, can be
estimated very well for the experiments with a surplus and critical oxygen concentration
relative to the Fe*™ concentrations. As could already be expected from the course of the
experiment, the values for the experiment performed with an inadequate oxygen
concentration did not fit as well.

0.50
0.45 - method A
0.40 - Omethod B

average normalised square residuals

041 040 060 051 113 112 415 399 6.59 6.81
ratio [Fe2+]input : [OZ]input

Figure 6 Calculated cumulative n(Fe*"), evaluated with the data. The average normalised square
residuals are displayed for each experiment.

Table 3 presents the results of the extraction of the glass beads from column III using 0.2
M HCI. This table also presents the calculated total amounts of F&’* in the column using
equation (3) to verify whether this equation can be used to calculate the amount of Fe'
retained in the column. The extracted amounts of Fe'" differ slightly from the calculated
total amounts of Fe** (Fecalculated © Feextractea = 0.93 £ 0.22). The discrepancies between the
calculated and extracted amount of Fe’™ are due to a combination of the uncertainties
accompanying the discrete approach of calculating the amount of Fe*', the extraction
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procedure and technical aspects of the laboratory set up. As mentioned before, the
technical aspects were especially limiting for the experiment performed with an
inadequate oxygen concentration.

Experimental ratio [Fe* Jinput : [O2linput Fe* (uM) Fe** (uM)
calculated extracted
0.41 8.03 9.91
0.40 8.96 11.28
0.60 8.39 11.56
0.51 4.78 7.00
1.13 7.24 8.08
1.12 6.87 8.59
4.15 20.23 20.18
3.99 20.37 19.26
6.59 37.63 29.19
6.81 52.20 40.43
Table 3 Calculated total amounts of Fe** retained in the column at the end of the experiment

(equation 3) and the extracted total amounts of Fe** from the column (0.2 M HCI).

2.4.3 Heterogeneous oxidation
The average value of the homogeneous oxidation rate constant calculated for this study
seems relatively high when compared to reported values e.g. (STUMM and LEE, 1961;
SUNG and MORGAN, 1980; DAVISON and SEED, 1983; LIANG et al., 1993). In comparison,
it is quite difficult to compare the autocatalytic oxidation rate constant with literature due
to only few data and experimental differences like oxygen concentration or ionic
strength. For the experiment with the highest oxygen concentration the autocatalytic
oxidation rate constant k, (374 + 29 L-mol-min™) is in the same order of magnitude as
the values derived by Sung and Morgan (1980).

Alternatively the autocatalytic oxidation rate &, (L-mol”’-min™) can be normalised
for pH and oxygen concentration (TAMURA et al., 1976a; SUNG and MORGAN, 1980;
CHoI et al., 2001):

JH?
s A [H ) (L'mol " min™) ©9)
[0,]-K

where K represents an dimensionless equilibrium constant for the adsorption of F&" on
ferric hydroxide (10*%). As can be seen from Figure 7 the k, values seems to be
independent of the oxygen concentration for the experiments performed with a surplus
and critical oxygen concentration (ks ~ 238 + 33 L-mol's™). By way of contrast the &,
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value decreases for the experiment performed with the inadequate oxygen concentration
(ks ~ 93 + 3.6 L-mol™s™), which is in agreement with Figure 4.

The rather low k; calculated for the experiments using an inadequate oxygen
concentration illustrate the limitations of our approach. While using a surplus of oxygen
the oxidation process does not affect the oxygen concentration much. Also the iron
precipitate is not distributed homogeneously over the column (most near the inlet).
Again, this is no problem in case of a surplus of oxygen because the concentrations
relevant for the model can be considered to be constant over the whole column during
each time step. However, problems arise when the oxygen concentration is strongly
reduced by the oxidation process. So when an inadequate oxygen concentration is used to
oxidise Fe*" this in principle will lead to a non-homogeneous oxygen profile in the
column due to both the low oxygen concentration and the non-homogeneous distribution
of iron. For these cases the calculation of the rate constant k; can improve slightly by
using an average actual oxygen concentration O, ,a (mol) to calculate k; instead of
using [O2] inpur. The calculation of Oy, 4ewar is similar to the calculation of the amount of
n(Fez+)[, actual While using the calculated n(Fe3+), and the stoichiometric ratio (KING et al.,
1995). This approach results in a k, value (149 + 9.3 L-mols™) that is more consistent
with the k, values calculated for the other experiments. Still a more sophisticated
approach is needed for dealing with the heterogeneous oxidation of Fe*" limited by the
oxygen concentration, but this is beyond the scope of this study. More experiments are
required to assess whether equation (9) still holds at very low oxygen concentrations.

N N

o [3)]

o o
! !

150 - I

ks value (L-moles™-s™

100 - I

50 -

0 T T T T T T T

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
ratio [Fe* Jinput : [Olinput

Figure 7 The autocatalytic oxidation rate k, normalised for pH and oxygen concentration
according to equation (9). The [O2]input (closed marks) and an average actual amount of
oxygen Oy ..wal (Open marks, experiment with inadequate oxygen concentration) are
used to calculate ks (L-mol™-s™).
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2.5 Conclusions

A laboratory system is presented that studies the utilisation of the heterogeneous
oxidation process of Fe’" in a way that dovetails both with the heterogeneous oxidation
process and with the conditions relevant for the practise of groundwater purification:

1. The laboratory set up is suitable to study the heterogeneous oxidation of F&'" in
solutions containing oxygen concentrations ranging from 12.5 to 125 uM
relative to a constant Fe’" input concentration of 50 pM.

2. The heterogeneous oxidation of Fe’" can be described well using a homogeneous
and autocatalytic oxidation rate constant.

3. The homogeneous oxidation rate constant is independent of the oxygen
concentration. An average homogeneous oxidation rate of 0.08 + 0.018 min™
can be derived.

4. In contrast the autocatalytic oxidation rate constant decreased with decreasing
oxygen concentration. The autocatalytic oxidation rate decreased from 0.039 £
0.003 pmol"‘min™ for the experiment performed with 125 uM oxygen to 0.021
+0.002 pmol™‘min™" for the experiment performed with 12.5 uM oxygen.
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Subsurface aeration of anaerobic groundwater

3.1 Introduction

Subsurface aeration is the in-situ oxidation of iron from groundwater that is used to
produce drinking water. Subsurface aeration introduces oxygen-containing water into an
anaerobic groundwater well in which iron is mainly dissolved as ferrous iron (F&'")
(STUMM and MORGAN, 1981). As a result from the subsurface aeration Fe** oxidises via
ferric iron (Fe'") into iron(hydr)oxides (AGERSTRAND, 1982; ROTT and LAMBERTH,
1993). At high pH (pH > 7) the oxidation of Fe*" is a mixture of both a homogeneous and
an autocatalytic process. The sum of the homogenecous and autocatalytic oxidation
process is denoted as a heterogeneous oxidation process. For batch experiments Tamura
et al. (1976a) and Sung and Morgan (1980) derived a model to describe the
heterogeneous oxidation of Fe** using a homogeneous and an autocatalytic oxidation rate
constant. Recently this model was modified in order to describe more dynamic
heterogeneous oxidation processes like subsurface aeration in groundwater systems with
pH > 7 (Chapter 2).

In this study the average pH of the groundwater is higher than 7. According to the
model for heterogeneous oxidation Fe** is initially oxidised homogeneously and
iron(hydr)oxides are formed shortly after applying subsurface aeration. Next these
freshly formed iron(hydr)oxides provide a surface for the autocatalysed oxidation of Fe**
(SARIKAYA, 1990; CHOI et al., 2001; SHARMA et al., 2001). As more iron(hydr)oxides are
formed, the autocatalytic oxidation process progressively gains in importance. Both the
homogeneous and the autocatalytic process compete for the available Fe** concentration.
As a result the homogeneous oxidation rate decreases in time. Subsequently at some
moment during the course of the process the autocatalytic oxidation becomes the
predominating process (SUNG and MORGAN, 1980).

With regard to the oxidation products of subsurface aeration this could either be an
in-situ formed suspended iron colloid or non-mobile iron precipitate. These products
could become involved in different processes (RYAN and ELIMELECH, 1996;
KRETZSCHMAR et al., 1999). For instance, the non-mobile iron precipitate could co-
precipitate with both cations and anions including heavy metals (SUNG and MORGAN,
1981; PIERCE and MOORE, 1982; DAVIES and MORGAN, 1989; ZHANG et al., 1992). As a
result, iron precipitate with the (co)precipitated species could accumulate in the
subsurface. As for the in-situ formed iron colloids these colloids can be considered as
potentially mobile. Subsequently these potentially mobile colloids could play a key role
in colloid-facilitated transport of contaminants (MCCARTHY and ZACHARA, 1989; LIANG
etal., 1993a).

Still, only when colloids are mobile they can play a key role in e.g. colloid
facilitated transport. The mobility of colloids depends on the water flow rate in a porous
medium (e.g. soil matrix) and on chemical features like the morphology and colloidal
stability (DEGUELDRE et al., 1996; KUHNEN et al., 2000). In turn the chemical features of
the colloids depend on the ionic composition of the groundwater system (KRISHNAMURTI
and HUANG, 1991; DEGUELDRE et al., 1996; MAYER and JARRELL, 1996; DENG, 1997;
KRETZSCHMAR et al., 1999; Liu and HUANG, 1999). In anaerobic groundwater ions such
as phosphate, manganese, silicate and dissolved organic carbon are commonly present.
These ions can affect the heterogeneous oxidation process of Fe'* following the
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subsurface aeration. So in order to qualitatively asses a field application such as
subsurface aeration in terms of the formation of non-mobile iron precipitate or potentially
mobile iron colloids, it is important to measure the effect of these ions which are
commonly present in groundwater on the heterogeneous oxidation of Fe*". Therefore the
objective of this study is to measure the effect of phosphate, manganese, silicate and
dissolved organic carbon on the heterogeneous oxidation of Fe*" for conditions relevant
for a groundwater system.

3.2 Theoretical background

3.2.1 Abiotic heterogeneous oxidation of Fe’"

To study the heterogeneous oxidation of Fe’" in time a flow through system is used. The
chemicals are mixed in the tubes and the produced colloids are captured in a column
system. With this system the input of Fe’* can be kept constant and the resulting
iron(hydr)oxides will be retained by the column matrix. When the system does not
contain ferric iron at the beginning of the experiments, the homogeneous and the
autocatalytic oxidation rate can be separated relatively easy. The flow rate of the system
can be adjusted to the kinetics of the reaction, which allows for optimal experimental
conditions to measure the oxidation rate for a broad range of experiments.

The mass balance of iron is used to calculate the total amount of ferric iron in the column
in time (n(Fe’),) (mol). In our column system the input concentration of total ferrous
iron ([Fe2+]mput) is constant. The output concentration of total ferrous iron ([Fe2+] At, output)
is the net result of the heterogeneous oxidation process and therefore [Fe2+]At, output
decreases in time. We assume the oxidation product to be an insoluble form of ferric iron
that will be effectively captured by the column matrix. In addition the column system
does not contain ferric iron at the beginning of the experiments.

Next, the mass balance for iron is calculated using a discrete approach. Each
column experiment is divided in a series of steps. The steps are defined by the
measurements of [Fe*'],, ouput 1N time and every step (step 7) takes a definite time Dr. Dr,
in turn, is a measure for the volume passing the column commonly expressed as the
number of pore volumes. Important to notice is that the oxidation reaction starts at t = 0
(min). At this moment the column system does not yet contain any solution and only after
the first pore volume effluent can be sampled. So D¢ and the corresponding volume DV
(L) define each step, taking in account that the volume is corrected for the first pore
volume when no effluent can be sampled.

First, the amount of n(Fe*"), ipur (mol) and n(Fe*), ouput (mol) are calculated over
time ¢ (min):

n(FeZ+ )t,input = Z DI/[ [F62+ ]input (1’1’101) (1)
and
I’Z(F€2+ )t,output = z DI/I [Fe o ]output (1’1’101) (2)
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Second, n(Fe3+), is calculated as the difference between the amount of n(Fez+),, input and
n(Fe™), output:

n(Fe*"), =n(Fe*" - n(Fe*

)t, input )t, output

(mol) 3)

3.2.2 Oxidation rates

For solutions with constant pH and a constant dissolved oxygen concentration a model
was derived to describe the abiotic heterogeneous oxidation rate of Fe** in a column
experiment in time:

dn(Fe™),

df - kl.n(Fez+ )t,actual + k'2.n(Fez+)t,actual.n(Fe3+)t (4)
where n(Fe2+),, actual 18 the actual amount of F ¢’ in the column system (mol) and £’ is the
autocatalytic rate derived for the column system (mol'min™"). n(Fe*"), s is estimated
as the average value of n(FeH),, input and n(Fe%),, output- 1he overall oxidation rate in time,
the n(Fe%)tﬂ actual and the cumulative amount of n(Fe3+)t in time is known. Therefore, from
a mathematical point of view equation (4) can be summarised as a matrix problem, with
unknown values for k; and k’. The matrix problem can be solved with multiple
regression.

3.2.3 Effect of phosphate, manganese, silicate and DOC

Millero (1985) distinguished three ways in which ions can affect the oxidation of metals
in aquatic media: (i) the oxidation of metals is affected by the primary salt effect, which
is the net effect of ionic charge, ionic strength and composition of the solution; (ii) the
pH affects the degree of hydrolysis of Fe** and thereby the (overall) oxidation rate
(MILLERO, 1985; WEHRLI, 1990); (iii) specific ionic interactions resulting in ion-pairs,
complexes or catalytic interactions can affect and even overrule the primary salt effects
on the oxidation of Fe*".

With regard to common components of groundwater like phosphate (e.g. H,PO, or
HPO,*, denoted further as a sum term PO,), manganese (e.g. Mn”", denoted further as a
sum term Mn), silicate (e.g. H4SiO4 or H3SiO,4 denoted further as a sum term SiO4) and
dissolved organic carbon (DOC) it can be expected that specific ionic interaction will
affect the oxidation of Fe**. Specific ionic interactions can affect the oxidation rate in
three different ways. First, it is reported that ions like PO,, SiO4 and Mn increase the
homogeneous oxidation rate of Fe’" (SCHENK and WEBER JR, 1968; TAMURA et al.,
1976a; DAVISON and DE VITRE, 1992). DOC may either retard (THEIS and SINGER, 1974;
KRISHNAMURTI and HUANG, 1991; SANTANA-CASIANO et al., 2000) or accelerate the
homogeneous oxidation process (LIANG et al., 1993b; SANTANA-CASIANO et al., 2000).
Second, the product of the oxidation process is a freshly formed and therefore reactive
iron(hydr)oxide surface. This iron(hydr)oxide surface specifically adsorbs Fe*" and Mn*"
(ZHANG et al., 1992; SHARMA et al., 1999; CHOI et al., 2001; JEON et al., 2001) and
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catalyses the oxidation process of these reduced species (HEM, 1977; SUNG and
MORGAN, 1981; DAVIES and MORGAN, 1989; SHARMA et al., 1999). Also anions like PO,
and SiO, adsorb readily to iron(hydr)oxides (Manning and Goldberg, 1996; Geelhoed et
al., 1997; Davis et al., 2002). Third, several researchers concluded that Si and DOC can
alter the morphology and surface charge of the iron(hydr)oxides (MAYER and JARRELL,
1996; DAVIS et al., 2001).

Considering literature we expect that the homogeneous oxidation rate constant will
increase when POy, SiO,4 or Mn is present. Besides it can be expected that the presence of
these ions could interfere with surface related processes. To study the effect of POy, Mn,
SiO4 or DOC we used eight different synthetic groundwaters varying in composition.
Both single ion additions as well combinations of added ions were studied. For all eight
synthetic groundwaters the heterogeneous oxidation of Fe’" is described with Eqn (4) that
results in a homogeneous and autocatalytic oxidation rate constant. These oxidation rate
constants were used to assess the net effect on the heterogeneous oxidation process.
Furthermore the net effect on the heterogeneous oxidation could be reduced to an effect
on the homogeneous or the autocatalytic oxidation process.

cooling element

[V AVRVAVVAVAVAVAVEVAVIVAVIVAY

outlet N,=—= ,/— mixing =—inletN,

ﬁ effluent

7 ORONS)
glovebox —-e
M| =20.4cm
J airlock
pump W=1.6cm
influent influent
Fe™ 1.25% CO,
1.25% CO, 20% O,
98.75% N, 78.75% N,
Figure 1 Outline of the laboratory system set up.

3.3 Material and Methods

The experiments were performed using a laboratory set up that is developed to study
heterogeneous oxidation of Fe** in an anaerobic system. Figure 1 summarises the general
outline of the laboratory system. The system consists of three columns labelled I, II and
III that are placed in a glovebox. Columns I and II were used to purify the solutions prior
to the experiments in case colloids are formed while preparing the solutions. Column I
was percolated with the synthetically prepared anaerobic groundwater while column II
was percolated with a synthetic aerobic solution. Column III was the central component
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of the system; in this column the iron colloids were separated from the solution. The
columns were percolated using saturated flow. The columns are made of PMMA
(Plexiglas) (20.4 cm by 1.6 cm in diameter) and the connecting tubes are made of PTFE
(Teflon). The columns are packed under anaerobic conditions. Column I and II are
packed with of 50.0 g of glass beads 0.8 mm in diameter (Dragonit 30, Fisher Scientific).
To provide a sufficient collector surface area column III was packed with 50.0 g of glass
beads 1.2-mm in diameter (Dragonit 30, Fisher Scientific). To keep these small glass
beads in place, each column had a layer of 10.0 g of glass beads 3 mm in diameter
(Dragonit 25, Fisher Scientific) at both endings. Prior to the experiments the glass beads
were rinsed thoroughly with concentrated HC1 (12 M). After that the glass beads were
washed with ultrapure water (Elga; Elga Maxima-HPLC unit) and were dried at 100 °C.

The experimental conditions are based on the field situation at the groundwater
purification station in Nieuw-Lekkerland (The Netherlands). Table 1 summarises the
characteristics of the groundwater in Nieuw-Lekkerland. The main components in this
groundwater are Fe, POy, SiO4, Mn, DOC, Ca* and HCO5". The redox potential of the
groundwater in the well is approximately —200 mV (Pt electrode in combination with a
calomel reference electrode; Radiometer) and iron is present as ferrous iron (Fe’"). The
average pH of the groundwater is 7.3.

Component average value at
Nieuw-Lekkerland®

Fe 50 uM

PO, 37 uM

Mn 10 uM

SiO, 25 uyM

DOC 23mg-L" ™

Ca 2 mM

HCO; 3.8 mM

Mg 0.46 mM

Na 2.4 mM

K 0.11 mM

SO, 0.58 mM

EC 73.2mS 'm”

| 0.02 M

pH 7.29

redoxpotential -200 mV

" Measured as TOC.

@ Groundwater level 8.5 m below sea level. Depth well 17.5 — 29.5 m below sea level. Average
temperature of groundwater 11.9 °C.

Table 1 Description of field site at Nieuw-Lekkerland (The Netherlands) (data published by
courtesy of Hydron Zuid-Holland).
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The synthetic anaerobic groundwater (column I) was prepared by adding 300 mg CaCO;
to 1 L of ultra pure water. To achieve a pH of 7.3 a carbon dioxide (CO,)/bicarbonate
(HCOj3") buffer system was used (TAMURA et al., 1976b). Inside the glovebox this
solution was stirred and bubbled with a gas mixture containing 1.25% CO, and 98.75%
N,. After 24 hours the synthetic groundwater was anaerobic and the pH was 7.3. The
composition of the synthetic groundwater was based on the average composition of the
groundwater at the purification station in Nieuw-Lekkerland (Table 1). To study the
effect of POy, SiOs;, Mn and DOC and combinations of these ions, eight synthetic
groundwaters were prepared varying in composition. Table 2 presents the composition of
the eight synthetic anaerobic groundwaters. Since humic acid is expected to flocculate
under these conditions (WENG et al., 2002), DOC was added as fulvic acid (FA; produced
by Dynatrade, Nieuw-Vennep, The Netherlands) in which [FA] = 2 times [DOC]. All
solutions were prepared using ultrapure water (Elga; Elga Maxima-HPLC unit). Prior to
the experiments it was measured that neither the glass beads nor the tubes acted as a sink
for Fe, PO4, Mn, SiO,4or FA. All experiments were performed in duplicate.

The synthetic aerobic solution was prepared in a similar way and led over column
IT (Fig. 1). The oxygen was added by using a gas mixture containing 1.25% CO,, 78.75%
N, and 20.0% O,. After 24 hours the solution was saturated with oxygen and the pH was
7.3. The bottle containing the aerobic solution was kept in a water-jacket with a constant
temperature of 20.0 £ 0.1 °C during all experiments. The pH was measured continuously
both in the synthetic anaerobic and aerobic solutions.

The experiments started at the moment the anaerobic synthetic groundwater from
column I was mixed with the aerobic solution from column II. The solutions were mixed
using peristaltic pumps (Gilson, Fig. 1). In the mixture the concentrations of Fe, POy,
SiO4, Mn and DOC corresponded with the average concentrations measured at the
purification station in Nieuw-Lekkerland (Table 2). The mixture also contained 125 pM
0O,. Considering the stoichiometric ratio of the chemical iron oxidation (KING et al.,
1995) all experiments were performed with a surplus of oxygen relative to Fe. Next the
mixture was led through column III. Every 3.3 minutes the total iron concentration
([Fetot] ar, output) and Fe*" concentration ([Fez+] A, ouput) Of the effluent were measured to
follow the oxidation rate of Fe* with time. [Fez+] r, output AN [Feéoe] 4, outpue Were analysed
using the 1,10-phenanthroline method (CLESCERI et al., 1989). [Fez+] A, output WAas analysed
immediately after sampling by leading the effluent from column III directly in volumetric
flasks containing a buffered 1,10-phenanthroline solution. Consequently, the colour
reagent fixated [Fez+] A, ouput at the moment the sample left the column system. The
volume of the samples was measured by weighing the volumetric flasks before and after
sampling. Beforehand it was measured whether the glass beads effectively removed all
insoluble iron(hydr)oxides from the eight synthetic groundwaters. In the effluent from
column I1I no Fe** could be measured ([Fez+] A, output = [F€tot]ar, ouput)- Every 3.3 minutes
also samples were taken in order to measure the total concentrations of Fe, PO,, Mn,
SiO4 and DOC in the effluent. In these samples P, Mn, Ca, Fe, Na and S were measured
using ICP-OES (Spectro, Spectro Flame); Si was measured by the molybdosilicate
method (CLESCERI et al., 1989). Total organic C was measured using a Total Organic
Carbon analyser (Skalar, SK12).
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The experiments continued for 50 minutes. During the experiments the temperature in the
glovebox was kept between 20 to 24 °C using a cooling element (Fig. 1). The redox
potential in the anaerobic (column I) or aerobic solution (column IT) was determined by
the Fe*" respectively O, concentration. Therefore, the Fe* and the O, concentration was
measured in the anaerobic respectively aerobic solution before the experiments started.
For practical reasons the redox potential of the anaerobic synthetic solution, which was
prepared inside the glovebox, could not be measured.

[Fe* [PO,] [Mn] [SiO4] [FA]' [O2]
column!| columnl columnl columnl| columnl! columnll
100 uM - - - - 250 uM
100 uM 74 uM - - - 250 uyM
100 upM - 23 uM - - 250 yM
100 uM - - 50 uM - 250 yM
100 uM - - - 46mgC 250 uM
100 uM 74 uM 23 uM - - 250 uyM
100 pM 74 uM - 50 uM - 250 yM

100 yM 74 pM 23 uM 50uM  4.6mgC 250 uM

' Cis added as FA.

Table 2 Composition of the anaerobic synthetic groundwater in column | and the aerobic
synthetic solution in column Il before mixing.

Composition groundwater kq (min") 95% confidence k', (umol"-min™) 95% confidence interval R?
interval k; (min™) k', (pmol'1-min'1)

Fe?* 0.075 [0.064 - 0.086] 0.039 0.036 - 0.041 0.98
Fe?* 0.076 [0.065 - 0.088] 0.041 0.038 - 0.043 0.98
Fe + PO, 0.097 [0.094 - 0.100] 0.015 0.013-0.016 0.97
Fe + Mn 0.068 [0.064 - 0.073] 0.032 0.030 - 0.035 0.99
Fe + SiO, 0.108 [0.091 - 0.126] 0.029 0.022 - 0.036 0.97
Fe + FA 0.076 [0.071 - 0.081] 0.019 0.016 - 0.022 0.96
Fe + PO, + Mn 0.097 [0.095 - 0.099] 0.024 0.023 - 0.025 1.00
Fe + PO, + SiO, 0.069 [0.057 - 0.080] 0.025 0.018 - 0.033 0.82
Fe + PO, + Mn + SiO4 + FA 0.090 [0.077 - 0.102] 0.021 0.014 - 0.028 0.80
Table 3 Calculated homogeneous and autocatalytic oxidation rate constants (ks respectively

k), the 95% confidence interval and the regression coefficient. The experiments were
performed in the glovebox (T =20 - 24 °C, | = 0.02 M, pH = 7.23 + 0.02).
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3.4 Results

The oxidation of Fe** was followed in the eight synthetic groundwaters by measuring the
concentrations of [Few]a, outpur and [Fez+] 4, output 10 time. The influent solution contained
Fe, PO,4, Mn, SiO4 and FA and Fe?" was oxidised in aquatic media containing the added
ions and combinations of these ions. The average pH was 7.23 £ 0.02. The number of
pore volumes passing the column varied from 30 to 40 pore volumes. Figure 2a presents
the cumulative amount of n(Fe*"), calculated (Eqn 3) as a function of time for the
experiments in which a single extra ion was added (Fe + POy4; Fe + Mn; Fe + SiO,4 and Fe
+ FA). In all four experiments the net heterogeneous oxidation was retarded in
comparison with the experiment performed with only Fe. When SiO, was added the
heterogeneous oxidation was retarded least. POy and FA retarded the heterogeneous
oxidation most whereas the effect of adding Mn was intermediate. Figure 2b shows the
cumulative amount of n(Fe®"), calculated (Eqn 3) in time for the experiments in which
combinations of ions were added (Fe + PO, + Mn; Fe + PO,4 + SiO,4 and Fe + PO, + Mn +
SiO4 + FA). Again the net heterogeneous oxidation process was retarded for these four
experiments. The combined additions do not have a distinct synergistic or antagonistic
effect on the heterogeneous oxidation process. Instead it seems that PO, overrules the
effect of Si0;,.

9 | o Fe oFe o
8 AFe+P m Fe + Mn °
74 o Fe + Si x Fe + FA

n(Fe*),/umol
[3,]

e
e
fe IR 4
A ¢

0 10 20 30 40 50 60
Time/min

Figure 2a Cumulative n(Fe3+)1 in time. The graph presents the data of the experiments in which a
single ion was added to the synthetic groundwater containing ferrous iron (Fe + POy;
Fe + Mn; Fe + SiO, and Fe + FA.
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Figure 2b Cumulative n(Fe3+)1 in time. The graph presents the date of the experiments in which
combinations of ions were added to the synthetic groundwater (Fe + PO, + Mn; Fe +
PO, + SiO4 and Fe + PO, + Mn + SiO,4 + FA).

The heterogeneous oxidation process was described with a homogeneous oxidation rate
constant k; and autocatalytic oxidation rate constant k', using Eqn 4. Table 3 (see page
46) presents the calculated k; and k£, for the eight experiments. For the experiments in
which Mn, FA, PO4 + SiO4 or PO4 + Mn + SiO4 + FA were added, the homogeneous
oxidation rate constant k; did not significantly (a = 0.05) differ from the value found for
the experiment with only Fe. For the experiments in which POy, SiO4 or PO, + Mn were
added, &, was significantly (a = 0.05) higher than for the experiment performed with only
Fe. The elevated k; value when PO, or SiOy is present is in agreement with the results of
batch experiments in which PO, or SiO, was added to Fe** (SCHENK and WEBER JR,
1968; TAMURA et al., 1976a; DAVISON and DE VITRE, 1992).

In contrast to k; the autocatalytic oxidation rate constant £’ decreased for all
experiments when other ions in addition to Fe were added. This was significant @ =
0.05) for all experiments except for the experiment in which SiO, was added. The
smallest values of k£’, were derived for the experiments in which PO, and FA were added.
The k’, value derived for the experiment with PO, was reduced with a factor 2.7 whereas
the k’, derived for the experiment with FA was reduced with a factor 2.1 both relative to
the k7, derived for the experiment with only Fe.

Since PO, or FA retarded the net heterogeneous oxidation process most, the data of
these experiments were used to investigate the effect of the decreased k’, value on the net
heterogeneous oxidation process. Figure 3 shows both the calculated homogeneous and
autocatalytic oxidation of Fe** in time for the experiment with only Fe and the
experiment in which both Fe and PO, (Fig. 3a) or Fe and FA (Fig. 3b) were added. The
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heterogeneous oxidation is the sum of the homogeneous and the autocatalytic oxidation.
The model for the heterogeneous oxidation (Eqn 4) describes the data very well (R* >
0.95). This figure illustrates that the distinct acceleration typical for the autocatalytic
oxidation process is far less pronounced when £, is decreased.
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3.5 Discussion and conclusion

3.5.1 Effect of POy, Mn, SiO, or FA

The oxidation rate constants can be used to qualitatively assess whether subsurface
aeration results in the in-situ formation of iron colloids. As can be seen from equation (4)
the homogeneous oxidation rate constant &, is independent of the amount of ferric iron. It
implies that the homogeneous oxidation process results in suspended iron colloids that
are initially present in the (synthetic) groundwater. Accordingly, the homogeneous
oxidation process can be considered as a primary source for iron colloids. In contrast, the
autocatalytic oxidation process depends on the amount of ferric iron. Non-mobile iron
precipitate or freshly formed iron colloids in the solution provide the iron(hydr)oxide
surface needed for the autocatalytic oxidation process. As a result these iron(hydr)oxide
surfaces grow and as a secondary result the iron colloids in the solution will soon become
susceptible to settling due to their increase in size. Either way it is clear that the
autocatalytic oxidation process does not lead to the production of more (colloidal)
particles. Correspondingly the homogeneous oxidation rate constant k; can be considered
as a measure for the rate of formation of iron colloids. Consequently from the results it
follows that adding PO,, Mn, SiO, or FA does not affect - or in some cases elevates - the
rate of formation of iron colloids. Further, in terms of colloid formation the results imply
that the utilisation of the heterogeneous oxidation of Fe’* in an anaerobic groundwater
system, i.e. subsurface aeration, can be considered as a source of iron colloids.

From the fact that &, was found to be similar or even significantly higher it follows
that initially fresh iron(hydr)oxides are formed in solution at approximately the same rate
in all eight synthetic groundwaters. These freshly formed iron colloids provide a surface
for the autocatalytic oxidation process. Thus, with regard to the available surface we
would expect similar values for k’,. Nevertheless, the autocatalytic oxidation rate k£’
decreased distinctly for all experiments in which other ions were involved in addition to
Fe. In other words, though there is initially a similar amount of iron(hydr)oxide surface
available in all eight (ground)waters, the autocatalytic oxidation process is retarded when
PO4, Mn, SiO4 or FA is present. The first step of the autocatalytic oxidation of Fe’" is the
specific adsorption of Fe*" to the freshly formed iron(hydr)oxide surface (SHARMA et al.,
1999). Hence the retarded autocatalytic oxidation process could indicate that the added
PO4, Mn, SiO,4 or FA interferes with the specific adsorption of Fe*" to the iron(hydr)oxide
surface. A direct way in which POs, Mn, SiO4 or FA can interfere with the specific
adsorption of Fe?" could be by competition between Fe? and Mn, POy, SiO4 or FA for
available binding sites. For instance Mn can be adsorbed to the iron(hydr)oxide surface
and oxidized catalytically by this surface (HEM, 1977; SUNG and MORGAN, 1981; DAVIES
and MORGAN, 1989). Also PO, Mn, SiO4 or FA could interfere with the specific
adsorption of Fe’* in an indirect way by changing surface properties locally when for
instance PO, (MANNING and GOLDBERG, 1996; GEELHOED et al., 1997) or SiO, (DAVIS et
al., 2001; DAVIS et al., 2002) adsorbs to the iron(hydr)oxide surface.

In addition to the reduced availability of binding sites, it is possible that a
decreased availability of the free Fe** species could explain the retarded autocatalytic
oxidation. In order to calculate the Fe*" activity available for oxidation the speciation of
Fe, PO,4, Mn, SiO4 and FA was calculated for the synthetic anaerobic groundwater with
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pH 7.3 and a redox potential E; of —200 mV. The speciation was calculated using the
chemical speciation program Equilibrium Calculation Of Speciation And Transport
(ECOSAT) (KEIZER and VAN RIEMSDIJK, 1998) and the results are summarized in Table
4. The calculations showed that Fe is mainly present as Fe(OH)' in this reduced system.
Phosphate is mainly present as H,PO,and HPO,”, although 36.8% of the total P is
predicted to form brushite (CaHPO, -2H,0) (LINDSAY, 1979). Mn and Si are present as
Mn** and H,SiO, in the synthetic groundwater. Using the NICA DONNAN model with
parameters obtained by Milne et al. (2003) it can be calculated that approximately 8% of
Fe*" (4.2 uM Fe™) and less than 0.5 % of Ca®" (13.2 uM) in solution is bound by FA.
From the calculations it follows that complexation of Fe" species by other components
can only explain a small part of the retarded autocatalytic oxidation process.

lon species fraction (%) activity of species (UM)
Fe Fe? 17.9 8.02
Fe(OH)" 72.8 32.6
FA-Fe2* 9.34 4.2
PO, H,PO, 26.2 7.5
HPO,* 37 10.6
brushite 36.8 10.5
(CaHPO, -2H,0)
Mn Mn?* 96.8 8.38
FA-Mn 3.14 0.2
SiO, H,SiO, 100 24.9
Ca ca®* 93 1810
CaHCO," 5.19 101
FA-Ca 0.68 13.2
CO.* HCO;5 88.5 4231
H,CO3 9.07 433
Table 4 Main species in the different synthetic groundwaters (before aeration). The species are

calculated (ECOSAT) for an aquatic anaerobic solution with pH 7.3, a temperature of
20 °C and a redox potential of —200 mV.

3.5.2 Exploratory calculations of adsorption of PO, and FA to goethite

To gain insight in whether the retarded autocatalytic oxidation of F&*" can result from the
adsorption of POy, Mn, SiO, or FA interfering with the specific adsorption of Fe*" it is of
interest to model the (specific) adsorption of Fe*" and other ions to the surface of the
freshly formed iron(hydr)oxides. However, the eight solutions used in this study are
complex media containing several ions, which could also adsorb specifically to

| 51



Subsurface aeration of anaerobic groundwater

iron(hydr)oxides. Besides it is not known which iron(hydr)oxide is formed in our
groundwater system. Alternatively, some exploratory calculations were performed that
focussed on the adsorption of PO, or FA to iron(hydr)oxides because these ions retarded
the net heterogeneous oxidation process most. With these calculations goethite was used
as a proxy for the iron(hydr)oxide formed in our synthetic groundwater system. In order
to model the adsorption of PO, and FA to goethite the CD-MUSIC (Charge Distributed
MUIti Slte Complexation) model (HIEMSTRA and VAN RIEMSDIK, 1996) is applied to our
system.

The CD-MUSIC model is based on the structure of the surface and the structure of
the adsorbed species. This model distinguishes between specific adsorption (inner sphere
binding) and non-specific adsorption i.e. ionic pair formation (outer sphere binding). Ions
such as PO,, FA, Ca®* or SO,* bind specifically to singly coordinated surface groups of
goethite (HIEMSTRA and VAN RIEMSDUK, 1996; GEELHOED et al., 1997; FILIUS et al.,
2000). Yet there are no parameters available to describe the specific binding of Fe&* or
CO5™ to goethite using the CD-MUSIC model. Therefore at this moment it is not possible
to model the adsorption of Fe*" and relate this directly to the specific adsorption of PO,
or FA. Notwithstanding, the adsorption of PO, or FA to goethite can be calculated for the
synthetic aquatic media. Both PO, and FA bind to the singly coordinated surface sites of
goethite (HIEMSTRA and VAN RIEMSDUK, 1996; GEELHOED et al., 1997; FILIUS et al.,
2000). Further, if other specific binding cations such as Cd*" or Ca** (VENEMA et al.,
1997; RIETRA et al., 2001) are considered, it is reasonable to assume that Fe*' also
involves binding to the singly coordinated site, although other reactive sites may also be
involved. This would imply that PO, FA and Fe** compete for the same reactive surface
sites. In that case and as a first approximation, the model calculations of the adsorption of
PO, or FA can be used to calculate the effect of adding PO, or FA on the binding sites
potentially available for the specific adsorption of Fe*'.

Two kinds of exploratory calculations were performed that focused on the
availability of binding sites and on the surface charge of goethite. To perform the
calculations a groundwater system was defined in a similar way as the set up of the
column experiments (Table 1). Due to the aeration iron-containing particles are formed
gradually. To simulate this increase of iron particles concentration, the concentration of
suspended iron particles is increased gradually from 0 to 35 mg - L. Table 5a
summarises the model parameters of goethite (as a proxy for the iron particles) that are
relevant for the CD-MUSIC model and Table 5b presents the surface species of goethite
in a system with either PO, or FA. The calculations were performed using ECOSAT
(KEIZER and VAN RIEMSDIJK, 1998).
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Parameter value modeling using CD-MUSIC
Particle surface goethite
BET-N, surface area 100.7 m? -g”"
Stern layer capacitance C 0.9 F-m?
Inner layer capacitance C 1.1Fm32
Outer layer capacitance C, 5.0 F-m?
Site density singly coordinated binding site 3.45 nm2
Site density triply coordinated binding site 2.7 nm?
pH of PZC 9.2
Temperature 20 °C
lonic strength 0.02M

pH groundwater system 7.3

Eh -200 mV
Concentration of goethite (suspended) 0-35mg L7

Table 5a Parameters for using CD-MUSIC model with goethite (GEELHOED et al., 1997).

surface species log Ko FeOH®® Fe,0%° reference

FeOH,*%* 9.2 1 - (Hiemstra and Van Riemsdijk, 1996)
FesOH* 9.2 - 1 (Hiemstra and Van Riemsdijk, 1996)
Fe,0,P0,% 29.4 2 - (Geelhoed et al., 1997)
Fe,0,POOH" 35.7 2 - (Geelhoed et al., 1997)

FeOP0O,%% 20.8 1 - (Geelhoed et al., 1997)
Feu(OH,)FAH,> " 73.0 3 1 (Filius et al., 2000)
Feuy(OH,)FAH," 70.2 4 - (Filius et al., 2000)

Fe(4)(OH2)FAH5' 62.2 4 - (Filius et al., 2000)

Fem(OHZ)FAB' 53.7 4 - (Filius et al., 2000)

"The subscript (4) stands for the number of goethite surface groups that binds the FA (Filius et al., 2000).

Table 5b Surface reactions of PO, or FA with singly (FeOH™®) or triply (Fes0°®) coordinated
surface groups of goethite. For the inner sphere complexation and the protonation
reactions the logKj, is given (GEELHOED et al., 1997). For FA a molar weight of 1000
g/mole was assumed.

First the adsorption of 37 uM PO, or 6.3 mg ‘L™ FA (= 2.8 mg -L"! DOC) to goethite was
calculated. Next the results of these calculations were used to calculate the concentration
of bindings sites potentially left for Fe*" adsorption. Figure 4 shows the results of these
calculations. The calculations show that the concentration of available bindings sites will
approximately be halved when 2.8 mg ‘L' DOC is present in the groundwater system.
Also the calculated k’, value was halved for a system with Fe’* and FA in comparison
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with the k', value calculated for a system without FA. Therefore the results of the
calculations support the explanation that FA and Fe** compete for the same binding sites
which in turn results in a retarded autocatalytic oxidation of Fe*".

In comparison, very few binding sites are left for the adsorption of F&'* once 37
uM of PO, is present in the system. The concentration of bindings sites left for Fe’" is
reduced by approximately a factor 13 while £, is only reduced by a factor 2.7 for the
experiment in which PO, was added. So, other processes in addition to competition
between PO, and Fe** for the binding sites interfere with the autocatalytic oxidation of
Fe*". Moreover the adsorption of POy results in another effect that further complicates the
understanding of the autocatalytic oxidation of Fe’* in presence of POy. In fact there are
two opposite effects when PO, adsorbs to goethite. On the one hand the availability of
singly coordinated sites decreases when PO, adsorbs to goethite. On the other hand the
surface of the goethite becomes gradually negatively charged when more PO, adsorbs to
the goethite. Another complicating factor is that PO, could become a part of the
iron(hydr)oxides (BUFFLE et al., 1989; LIENEMANN et al., 1999). POy, in the effluent did
decrease slightly. Although this decrease was rather small and difficult to quantify using
ICP-OES, it is likely that some P is associated with the Fe precipitate. Thus the presence
of PO, has various (and sometimes even opposite) effects on the specific adsorption of
Fe™'.

12
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Figure 4 Binding sites on goethite potentially available for Fe*ina system with only goethite,

goethite + 37 pM PO* and goethite + 6.3 mg L™ FA. At the purification station a
maximum of 6.2 mg L7 goethite can be formed (vertical dotted line). The calculations
are performed also for goethite concentrations ranging from 0 to 35 mg L. The
maximum goethite concentration in the system is used as an approximate measure for
the maximum concentration of a more amorphous kind of iron(hydr)oxide.
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Although the model calculations are useful to gain insight in the adsorption processes,
this approach is still only an approximation. It would be essential to have more data on
the specific binding of Fe** to iron(hydr)oxides in order to be able to model the
competition between Fe*" and other ions such as PO, for adsorption to iron(hydr)oxides.
For now this is beyond the scope of this study.

Also when FA adsorbs to goethite, it can be calculated that the surface becomes
more negatively charged. A negatively charged surface is important for in particular the
mobility of the iron colloids. Namely, when the surface of an iron colloid becomes more
negatively charged this could enhance its mobility relative to a neutral or positively
charged colloid in a predominantly negatively charged natural porous system.
Summarising this study shows that the heterogeneous oxidation of Fe’* in presence of
POy, Mn, SiO4 or FA leads to the formation of potentially mobile iron colloids. Therefore
the utilisation of the heterogeneous oxidation of Fe*’, for instance subsurface aeration,
can be considered as a source of potentially mobile iron colloids when it is applied to an
anaerobic groundwater system containing PO,, Mn, SiO4 or FA. Yet in practice mainly
the local chemistry together with the features of the iron colloids will define the fate of
the freshly formed iron colloids.
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4.1 Introduction

Colloids are common in groundwater systems(STUMM, 1993; DEGUELDRE et al., 1996a;
PLASCHKE et al., 2002; SANUDO-WILHELMY et al., 2002). Colloids are dymamic particles
with diameters between 1 nm and 1 pm (STUMM, 1993; DEGUELDRE et al., 1996b).
Within this broad range colloids with a diameter between 0.1 and 1 um are relatively
unsusceptible to interception by Brownian diffusion. Also these colloids are mostly foo
small fo be susceptible to interception by settling. Therefore colloids with a diameter
between 0.1 and 1 pm are considered asrelatively stable colloids which in turncould be
mobile (O'MELIA, 1980; BUFFLE and LEPPARD, 1995a; BECKER et al., 1999).
Subsequently these colloids can play a key role in colloid-facilitated transport of
contaminants (MCCARTHY and ZACHARA, 1989; VAN DE WEERD et al., 1998; FLURY et
al., 2002). The mobility of colloids depends on both the colloidal stability including the
chemical properties of the colloids and the interaction of the colloids with the immobile
phase (DEGUELDRE et al., 1996a; KUHNEN et al., 2000). The colloidal stability can be
described with the Derjaguin — Landau — Verweij — Overbeek theory whereas the
chemical properties of the colloids (composition, morphology, surface charge) depend
largely on the jonic composition of the groundwater system (DEGUELDRE et al., 1996b;
Chapter 3). Asfor the interactions, there are two ways in which the colloids interact with
the immobile phase. Firstly the interaction canbe electrostatic. Secondly, colloidscan act
as some kind of cement befween immobile aggregates (RYAN and GSCHWEND, 1990;
SWARTZ et al.,, 1997; RYAN et al., 1999). Factors that either affect the electrostatic
interaction between a colloid and the immobile phase or act upon the colloid itself can
alter the mobility of colloids The pH and the ionic strength are two important factors
capable of doing this The ionic strength can overrule the effect of surface charge on the
mobility of colloids (KRETZSCHMAR and STICHER, 1997; DESHIIKAN et al., 1998;
KUHNEN et al., 2000; GROLIMUND et al., 2001; BUNN et al., 2002). The pH can either
affect the surface charge or dissolve for instance the colloids that act as a cementing
factor between immobile phases (SWARTZ and GSCHWEND, 1998; RYAN et al., 1999;
BUNN etal., 2002).

Before mobile colloids can play a key role in colloid-facilitated transport of
contaminants colloids need fto be present in sufficienfly high concentrations. In
groundwater systems mobile colloids can be gercrated as a result of chemical
perturbations (RYAN and ELIMELECH, 1996; KRETZSCHMAR et al., 1999). Subsurface
aeration is an example of a chemical perturbation of a groundwater system and it is used
to oxidise iron in-situ (ROTT and LAMBERTH, 1993; APPELO et al., 1999). Subsurface
aeration infroduces oxygen-containing water info an anaerobic groundwater well in
which iron is mainly dissolved as ferrous iron (Fe&’") (STUMM and MORGAN, 1981). Due
to the subsurface aeration Fe*' oxidises via ferric iron (Fe*") into iron(hydr)oxides
(LIANG et al., 1993; ROTT and LAMBERTH, 1993; APPELO et al., 1999). At pH>7
subsurface aeration results in both an iron precipitate and iron colloids The iron
precipitate is not considered fo be mobile. In contrast the iron colloids could be mobile
(Chapfer 3).

It is unknown whether the iron colloids generated by subsurface aeration are
mobile. In case the colloids only consist of iron the colloids are expected fo have a
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neutral or slightly positively surface charge at pH 7 — 8 (DZOMBAK and MOREL, 1990).
These neutrally or positively charged iron colloids are not expected to fravel long
distances in a predomimantly negatively charged porous medium such as a soil matrix.
However, the chemical properties of the colloids reflect the ionic composition of the
groundwater system (TIPPING and COOKE, 1982; KRISHNAMURT/ and HUANG, 1991;
MAYER and JARRELL, 1996; DENG, 1997; KING, 1998; MAGNUSON et al., 2001). For
instance, due to adsorption of phosphate, silicate or dissolved organic matter (GEELHOED
et al., 1997; DESHIIKAN et al., 1998; DAVIS et al., 2001) the surface charge of the iron
colloids could locally be negative. In addition, the local solution chemistry can affect the
mobility of colloids (KUHNEN et al., 2000; GROLIMUND et al., 2001). So, when both the
chemical properties of the iron colloidsand the local chemistry are taken in account, itis
not a priori ruled out that the iron colloids resulting from subsurface aeration could be
mobile.

When iron colloids are indeed mobile, they could sort an effect that is separated in
location and time from the actual application of the subsurface aeration of the well asis
the case with colloid facilitated transport of contaminants. Therefore the aim of this study
is to assess the mobility of in-situ formed iron colloids, which result from subsurface
aeration of an amerobic groundwater well. To study whether the iron colloids are mobile,
we performed a field experiment. We explicitly choose fo perform a field experiment
since the mobility of colloids largely depends on the local solution chemistry. The iron
colloids in the amerobic groundwater were sampled in-situ by using a column system
packed with glass beads The glass beads were chosen as collecfor maferial because in
this field experiment the glass beads did have two advanfages over the field flow
fractiomation or commonly used (cascade) membrane filtration techniques (LEPPARD et
al., 1989; BUFFLE and LEPPARD, 1995b; CONTADO et al., 1997). First, filtration using
glass beads is not limited to certain colloid size ranges This is especially an advantage
when it is not known what colloid sizes could be expected. Second, problems like
clogging of the membranes are avoided. In advance it is not known what colloid
concentration could be expected. Moreover, the groundwafer is a complex mafrix
containing all sorts of particles including e.g. sand grains which easily can clog a
membrane Ssystem. The glass beads do allow for amalytical techniques such as elemental
amlysis using ICP-AES/ICP-MS or amlysis using electron microscopy (LEPPARD, 1992).
In addition, the glassbeadsare negatively charged (LITTON and OLSON, 1993), which is
comparable with the predominant kind of surface charge available in the porous medium
of the well.

4.2 Materials and Methods

4.2.1 The field site in Nieuw-Lekkerland

The field experiment was performed at two wells af a drinking water purification station
in Nieuw-Lekkerland, The Netherlands Table 1 summarises the major components and
paramefers of the groundwater at the purification station in Nieuw-Lekkerland. The redox
potential of the groundwater is approximately —200 mV and the average pH of the
groundwater is 7.3. The jonic strength is approximately 0.02 M. Main components in
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this groundwafer are iron (Fe), phosphate (PO,), manganese (Mn), silicate (SiO,),
dissolved organic carbon (DOC), calcium (Ca) and bicarbomates. Groundwater was
sampled from two wells At the first well (further denoted as aerated well) subsurface
aeration was applied and at the sscond well no subsurface aeration was applied. The
second well (further denoted as non-aerated well) was sampled fo measure the matural
background concentration of colloids

Component average value at  minimum value maximum value
Nieuw-Lekkerland
Fe 49 M 26 M 113 uM
PO, 37 uM nr.’ n.r.
Mn 8.6 uM 6.7 uM 11.0 uM
SiO, 25 uM n.r. n.r.
DOC 220 mg /L 215 mg/L 227 mg/L
Ca 2mM n.r. n.r.
bicarbonates 3.7 mM 3.5mM 4.0 mM
pH groundwater 7.32 7.14 7.43
pH drinking water 7.39 7.28 7.62
redoxpotential -200 mV n.r. n.r.

'n.r. = not reported

Table 1 Main components and parameters of the groundwater in Nieuw-Lekkerland (The
Netherlands) (data published by courtesy of Hydron Zuid-Holland).

At the purification station in Nieuw-Lekkerland subsurface aeration is applied in cycles
of two times 4 weeks Each cycle starts with injecting 2,000 m’ of oxygen containing
(saturated) drinking water in an amerobic groundwater well. After the injection the
aerafed well remains undisturbed for 4 weeks Then the well is used for another 4 weeks
to extract 40,000 m® of groundwater. After the extraction period of 4 weeks the cycle
starts again by injecting 2,000 m’ of oxygen containing drinking water in the aerated
groundwater well.

The groundwater extracted from the aerated well is transported fo the purification
station. The aerated groundwater is collected fogether with amaerobic groundwater
extracted from other (nomn-aerafed) groundwafer wells The management of the
puwrification station is to aerate only one well a time. As a result approximately one
volume of the aerated groundwater is mixed with ten volumes of anaerobic groundwater.
Inside the purification station all groundwater is treated further in order fo produce
drinking water.
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4.2.2 Sampling

AtNieuw-Lekkerland the wellsare at 16-28 m below the surface and the surface isat 1.5
m below the mean sea level. The groundwater level is approximately at 7 m below the
surface. For sampling the tapsmounted on the wellswere used.

Groundwater representative of a well can only be sampled when the well isin use
for the production of drinking water. Therefore the aerated well was sampled during the
period that corresponded with the second half of the cycle of subsurface aeration. Instead,
the sampling of the non-acrated well was irrespective of time. Both the aerated and non
aerafed well were sampled for one month. The sampling of the aerated and nonaerated
well did not always coincide in time because priority wasgiven to the management of the
puwrification station. In total three experiments were performed. During the first and
second experiments (November - December 2000) only the colloids were sampled. The
third experiment (May — July 2001) wasa more extensive experiment. In this experiment
also the groundwater was sampled regularly in order fo follow the fofal concentrations of
Fe, Ca, Na, Mg, P, K (ICP-OES; Spectro, Spectro Flame) and P, Mn, S (ICP-MS; Perkin-
Elmer, Elan 6000) in the groundwater in time. In addition the redox pofential and pH of
the groundwater were measured on-site.

4.2.3 Experimental set up

Figure 1 presents the general oufline of the field experiment. At each well the
groundwater stream was divided in two; in one stream the redox pofential and pH was
measured, in the other stream the geo-colloids were sampled. The redox pofential (Pt
electrode in combimation with a calomel reference electrode; Radiometer) and the pH
(Radiometer) were measured continuously. The electrodes were recalibrated regularly.

A column system packed with glassbeadswas used fo sample the colloids Prior o
the experiments the glass beads were rinsed thoroughly with concentrated HCI (12 M).
After that the glassbeads were washed with ultra pure water (Elga; Elga Maxima-HPLC
unit) and were dried at 100 °C.The columns were made of Plexiglas (20.4 cm by 1.6 cm
in diameter) and the connecting tubes were made of Teflon.

The columns were packed under anaerobic conditions (glovebox flushed with a gas
mixture of 1.25% CO, and 98.75% N,) in the laborafory. The column was packed with
50.0 g of glass beads 1.2 mm in diameter (Dragonit 30, Fisher Scientific). To keep the
glass beads in place, each column had a layer of 10.0 g glass beads 3 mm in diameter
(Dragonit 25, Fisher Scientific) at both endings The column with the glass beads was
placed inanairtight glovebag. The glovebag wascontinuously flushed with a gasmixture
of 1.25% CO, and 98.75% N, inorder to provide an amerobic environment to sample the
groundwater. The CO, gasprevents the pH from changing due fo release of CO, from the
groundwater to the air. The percentage of the CO, in the gas mixture was based on the
average pH of the groundwafer at the site according to Tamura et al. (1976b). Just before
the start of the field experiment the glovebag with the column inside was transported to
the field site. In the ficld the tubing that connected the glovebag with the groundwater tap
was flushed with the gas mixture of N, and 1.25% CO, before the glovebag was
connected fo the groundwater tap. To make sure that oxygencontaining air was excluded
from the tubing, a few hundreds ml of groundwater were discarded. The column was
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percolated using a saturated flow. The wells were in use for the production of drinking
water during the sampling. As a result the flow varied from approximately 55 up to 140
ml - howr™.

supply of
gas mixture T effluent groundwater
gas mixture (discarded)
1.25% Co, pH electrode
98.75% N, redox electrode
) datalogger
column with
| glass beads
L SN
glovebag influent
" groundwater _, effluent
outlet gas mixture groundwater
and water lock — é ’:‘ (discarded)
o9 tap mounted on well
surface 00 ’:
/. %

groundwater to purification station
—_—

groundwater level
-8.5m under m.s.1.

A\

=

groundwater well
16-28m below surface @ pump

Figure 1 Experimental set-up in the field. M.s.I. stands for mean sea level (m).

4.2.4 Analysis of geo-colloids
After the experiment the glovebags with the columns were transported back fo the
laborafory. At the laboratory the columns were drained and the glass beads were dried
under amerobic conditions (glovebox). Once the glass beads were dried the precipitate
on the glass beads was exfracted using 250 ml of 0.2 M HNO; outside the glovebox. In
the extract Fe, Ca, Na, P, K, S (ICP-OES; Spectro, Spectro Flame) and P, Mn (ICP-MS;
Perkin-Elmer, Elan 6000) was measured. Beforchand 68 g of clean glass beads were
extracted using 250 ml of 0.2 M HNO; to measure the background concentrations of Si,
Ca, and Na origimating from the glassbeads Besides the speciation of Fe wasamalysed in
the extract. Both the Fe*" and total Fe concentration was measured in the extract using
the 1,10-phemanthroline method (CLESCER/ et al., 1989). The Fe'" concentration in the
extract was calculated as the difference between the total Fe and Fe'* concentration.
Before the extraction procedure was performed approximafely 2 g of glass beads
were kept apart to study the iron precipitate in detail using a high-resolution scanning
electron microscope (SEM). The glass beads were fransported outside the anaerobic
environment (glovebox) shorfly before amlysis with a SEM fo prevent the geo-colloids
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from changing when handled in an aerobic environment. Six glassbeads were fixed ona
stub with conductive carbon adhesive (LeitC, Neubauer Chemikalien). The samples
were Sputter-coated with a layer of 10 nm of platinum. A voltage of 2.5 respectively 5
keV was used to study the ssmples(Jeol, Jeol 6300 F).
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Figure 2 Redox potential E,, (mV) in the aerated well (line) and in the non-aerated well (dotted
line). The redox potential of the groundwater was measured during the third
experiment. The dotted line marks the start of the sampling of the aerated
groundwater.

Figure 3 Calculated iron species (ECOSAT) in the groundwater at Nieuw-Lekkerland as function
of the redox potential. The composition of the groundwater is presented in Table 1. The
species are calculated for pH 7.3.
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4.3 Results and discussion

4.3.1 Redox potential E;, and pH

During the third experiment the redox potential and pH of the groundwater was measured
on-site and contincously in both the aerated and non-aerated well. The measurement of
the redox potfential and pH in the aerated well started 36 hours before the well was used
to extract the aerated groundwater in order to produce drinking water. Day 0 of the field
experiment was defined as the moment that the aerated well came in use in order to
produce drinking water. Asa consequence at day 0 aerated groundwater is sampled in the
aerated well. Both the aerated and non-acrated groundwater was sampled until the 25"
day. The on-site measurement of the pH and redox potential of the nonaerated well
started at the 8™ day.

Figure 2 (see page 63) shows the redox pofential in the aerated and nonaerated
well in time. The measured redox pofential (Pt electrode in combination with a calomel
reference electrode) isexpressed as the standard redox pofential E,. In the aerated well E;,
sharply increases from —140 mV fo approximately +200 mV shorfly affer the moment the
aerafed groundwater was sampled. The speciation of Fe was calculated for the
groundwater with pH 7.3 and a redox potential E; varying from —300 fo +400 mV. The
average composition of the groundwater at Nieuw-Lekkerland is presented in Table 1.
The speciation was calculated using the chemical speciation program ECOSAT (KEIZER
and VAN RIEMSDIK, 1998) and the results are summarized in Figure 3 (see page 63). For
pH 7.3 it canbe calculated that at—140 mV the system is anaerobic and Fe ispresent as
the reduced qoeciesFe2+ (19.7%) and Fe(OH)" (80.3%). At a redox potential of +200 mV
Fe is still mainly present as the reduced species Fe** (18.0%) and Fe(OH)" (73.1%)
although also oxidised species like Fe(OH)," (4.2%) and Fe(OH); (4.7%) are present. In
addition it follows from Figure 3 that the redox pofential of +200 mV is at the sfart of a
turning interval, which means that small changes of the redox potential lead to strong
effects on the main iron species present. The higher E, and accompanying presence of
oxidised iron species in the aerated well canbe explained by the addition of oxygen to an
anaerobic well. The application of subsurface aerationresuited in an increase of the redox
potential of at most 413 mV. Further, in the aerated well E, decreases from +200 mV fo
+120 mV with time. This isin agreement with the cycle of subsurface aeration; while the
field experiment was running the well was in use and the aerated groundwater was
extracted and gradually replaced by momraerated groundwater. The average redox
potential of the non-aerated groundwater was —162 + 38 mV, which indicated that the
well wasamaerobic.

Figure 4 shows the pH in the aerated and non-aerated well in time. Shorfly after the
moment that the aerated groundwater is sampled (day 0), the pH sharply increases from
7.1 to 7.4. In the aerated well the pH decreases with time whereas in the nonaerated well
the average pH is sfable. From Figure 4 it follows that initially the pH in the aerated well
is slighfly higher than in the non-aerated well. By way of contrast, one would expect a
lower pH in the aerated well than in the non-acrated well when the oxidation of Fe**
following the subsurface aeration is considered. Altermatively the higher pH in the
aerated well canbe explained by the higher pH of the 2,000 m® of the water that was used
to aerate the groundwater well, which had an average pH of 7.4 (Table 1). Again the
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aerafed groundwater is gradually replaced by nonaerated groundwater due fo the
withdrawal of the groundwater in order fo produce drinking water. This in turn can
explain the decrease inpH in the aerated well.

8
7.8 1 — aerated well
- - - non-aerated well
7.6 - :
7.4 -
7.2
I
Q 7
6.8 -
6.6 -
6.4 -
6.2 -
6 T T T T T T
-5 0 5 10 15 20 25 30
Time (days)
Figure 4 pH in the aerated well (line) and in the non-aerated well (dotted line). The vertical line
marks the start of the sampling of aerated groundwater.
Analysis experiment 1 experiment 2 experiment 3
aerated well non-aerated  aerated well non-aerated aerated well  non-aerated
well well well
total Fe (umol) 45 9.95 347 0.45 0.30 2.67
Fe?* (umol) 4.95 3.46 4.19 <d.)2 <d.l. 0.42
Fe® - total Fe 0.89 0.65 0.88 1.0 - 0.84
total Fe column : total Fe - - - - 1.57 x10° 6.14 x10™
Ca (umol) 15.34 8.17 15.87 5.86 4.51 5.34
Na (umol) 4.98 2.43 11.67 5.42 5.29 3.77
Mn (umol) 0.24 0.09 0.12 0.02 0.07 0.04
P (umol) 19.52 5.25 14.56 0.02 0.27 1.18
S (umol) 1.25 1.17 1.71 0.90 1.09 0.73

' Calculated as the difference between the total Fe concentration and the Fe*" concentration.
% < d.I. = below detection limit

Table 2 Results of the analysis of iron in the precipitate from the aerated well and the non-
aerated well. The extracted amounts of elements are adjusted for the amount of
elements extracted from the 68 g of clean glass beads.
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4.3.2 Chemical analysis of the geo-colloids and the groundwater

Table 2 (see page 65) summarises the results of the elemental analysis of the precipitate
found on the glass beads The results showed that Fe is the dominant element in the
precipitate. Further, amlysis showed that the Fe in the extract was mainly present as
ferric iron (Fe'"). In the first and second experiments considerably more iron was
precipitated on the glass beads in the aerated well than in the third experiment. The
smaller volume that passed the column connected to the acrated well can partly explain
this During the third experiment in total only 34 L of aerated groundwater had passed the
column in the aerated well whereas in the non-aerated well 96 L of groundwater passed
the column.

In addition to the elemental amlysis of the precipitate on the glass beads the
concentrations of Fe, Ca, Mn, P, Mg, Na, K and S were measured in the aerated and non
aerafed groundwater in time. The elemental analysis showed that the elements could be
divided in two groups The first group consisted of Fe, Mn and P. Characferistic for this
group of elements was that the concentration in time increased in the aerated well
whereas this was clearly not the case for the nonaerated well. Figure 5a illustrates this
result for Fe. Figure 5b shows the course of P and Mn with time. The second group of
elements consisted of Ca, Na, K, Mg and S. The concentrations of these elements do not
change in time and thisholds for both wells Asan example of elements from the second
group the concentration of Ca, Na and S is presented as a function of time in Figure
5¢.The fact that these concentrations hardy changed with time is fo be expected since
these ions are present in concentrations much higher than the Fe concentration. Therefore
co-precipitation with Fe is not expected fo have a noticeable impact on these
concentrations

The comparable course for Fe, P and Mn in time in the groundwater from the
aerafed well indicates that P and Mn could be associated with Fe within the same geo-
colloid. The elemental amalysis of the precipitate on the glass beads showed that this
contained Ca, Na, P and Mn in addition fo Fe (Table 2). So, when both the chemical
anmalysis of the groundwater and the elemental composition of the precipitate are taken in
account, the results show that P, Mn, Ca and Na could be associated with iron colloids
This is in agreement with results from other field studies(BUFFLE ef al., 1989; LEPPARD
et al., 1989; LIENEMANN et al., 1999). Instead K, Mg and S are most probably not
associated with the iron colloids

For the first and second field experiment the Fe, Ca, Na, P and Mn present in the
precipitate from the aerated groundwater well can be used fo derive a possible
stoichiometric composition of the mineral. The amount of precipitate in the third
experiment is too small fo perform this calculation. Since iron is an important element
present in the colloids the amount of iron (moles) is set as point of referemce. The
amounts of Ca, Na, PO, and Mn (moles) are expressed relative fo the amount of iron.

When the surplus of positive charge is meutralised by either OH or CO;> the
possible sfoichiometric composition of iron colloids can represenfed by
FeCag 4Nag 23Mmy 095(PO4)0.430H, 76 or FeCag 4Nag 23M My 005(PO4)0.43(CO3)1 38 (Chapter 5).
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4.3.3 Fe retained in the wells

The Fe concentrations measured in the groundwater in time can be used fo calculate the
fraction of Fe that isretained in the wells The input concentration of Fe isassumed fo be
constant. Asan approximation for the input concentration we used the annual average Fe
concentration, which applies for the purification stationasa whole

(50 uM; Table 1). The oufput concentration of iron is the Fe concentration in the
groundwater that was extracted from the well, which is presented in Figure 5a. The
concentration of iron that is retained in the well is calculated as the difference between
the average input concentration and output concentration of iron. Figure 6 (see page 70)
shows the percentage of Fe that isretained in the wells From Figure 6 it follows that no
large amounts of Fe are retained in the nonaerated well. By contrast all Fe isretained in
the acrated well until the 8™ day. After the 8" day oxidation processes gradually
consumed all oxygen and the aerafed groundwater is replaced by amerobic nonaerated
groundwater. As a result the Fe concentration in the acrated groundwater increases in
time affer day 8.
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Figure 5a Course of Fe in the aerated well (filled dots) and in the non-aerated well (open dots)
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Since the speciation of Fe is determinant for the formation of (potentially mobile) iron
colloids, the Fe speciation in the acrated well isan inferesting issue. The Fe concentration
in the aerafed groundwafer can be regarded as the net result of two main effects of
subsurface aeration. The principal effect of subsurface aeration is that Fe is oxidised and
precipitated in the subsurface. The secondary effect is that ferrous iron (Fe*") will adsorb
to the freshly precipitated iron(hydr)oxides (APPELO ef al., 1999). Accordingly the Fe
that is retained in the well includes both the precipitated ferric iron (F¢'") and adsorbed
Fe*'.

The data presented in Figure Sa fogether with the injected volume of groundwater
canbe used to gain insight in the sum of the amount of total Fe and its speciation (i.e. Fe'™
and adsorbed Fe™") that is retained in the acrated well. For that purpose it was calculated
what amount of Fe could be oxidised if all oxygenwasonly used for the oxidation of Fe'™.
In the aerated well 2,000 m’ of drinking water wasinjected that was saturated with oxygen.
If we assume that all oxygen in this volume is used to oxidise Fe’" at most 2800 moles of
ferric iron could have precipitated in the well. During 4 weeks 40,000 v’ is extracted,
which correspondsonaverage with 1,400 m’ -day™. For anextractionrate of 1,400 m’ -day”
it can be calculated that in that case the groundwater should contain no iron at all for 41
daysbefore a volume isextracted that equals an amount of 2800 moles of oxidised Fe. As
canbe seen inFigure 6 thisis clearly not the case; affer eight days not all Fe isretained in
the acrated well. Therefore it canbe concluded that part of the oxygen injected in the well
was used for other oxidation processes in addition to the oxidation of Fe*
Correspondingly this calculation makes it likely that the retained amount of Fe in the
aerated well consists of both Fe’™ and Fe’* adsorbed fo the freshly precipitated
Fe(hydr)oxides. Nevertheless the dafa from this field experiment are inmadequate to
quantify the speciation of Fe in the aerated well any further. Therefore an extended field
experiment is needed to study the speciation of Fe in the aerated well.

Further, with the data presented in Figure 5a and an extraction rate of 1,400
m’-day” it can be calculated that the aerated well refained 1600 moles of Fe after 4
weeks Instead it was calculated that only 132 moles of Fe were retained in the non
aerafed well. This result is in agreement with the observation from the column
experiment that the acrated well contained more colloids than the non-aerated well.

4.3.4 Analysis using electron microscopy

Figure 7 (see page 71) showsimagesof a glassbead from the aerated system viewed with
SEM. On some of the glass beads clear flow patferns could be distinguished (Figure 7a
and 7b), which were marked by precipitated geo-colloids Although few colloidscould be
distinguished on the glassbeads from the non-aerated well these kinds of patterns could
not be found on glass beads from the nonaerated well. The SEM-images confirmed that
the aerated well contained more geo-colloids than the non-aerated well (data not shown).
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Figure 6 Calculated percentage of Fe that remains in the aerated well (filled dots) and the

non-aerated well (open dots).

When the geo-colloids are studied in more detail, the images showed that the geo-
colloids formed aggregates (Figure 7c and 7d). At the edges of the aggregates loose
components of the aggregate could be found. These components were irregularly shaped
structures without sharp edges The Size of the components variesbetween 0.3 fo 1 um.

4.3.5 Mobility of iron colloids

The field experiment demonstrated that subsurface aeration resuits in elevated
comncentrations of geo-colloids Iron is an important element in the geo-colloids
Accordingly the geo-colloids could be considered as iron colloids The surface charge of
the freshly formed iron colloids is at first sight expected fo be neutral or positively
charged (DZOMBAK and MOREL, 1990). Herce, in a predominantly negatively charged
porous medium the iron colloids are not expected fo be very mobile. However, there are
two important factors that can change the mobility of the iron colloids in a porous
medium. Firstly, adsorption of DOC, PO, or SiOy4 fo iron colloids canreverse the surface
charge of iron colloids into a negatively charged surface. For DOC and SiO,4 it is
demonstrated that the reversal of the surface charge enhances the mobility of initially
positively charged colloids (DESHIIKAN et al., 1998; DAVIS et al., 2001). Kretzschmar et
al. (1995) found that a concentration aslow as 1 mg/L humic acid mobilised soil colloids
in a column experiment. In another column experiment Kretzschmar and Sticher (1997)
observed that 0.2 mg/L of fotal organic carbon isenough fo mobilise hematite particlesin
a soil column. Considering these observations and the DOC concentration at the
purification station at Nieuw-Lekkerland (Table 1), we would expect the DOC o enhance
the mobility of the iron colloidsat our field sSite.
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Figure 7 SEM-images from the precipitate on a glass bead from the aerated well. Image A
presents an overview of the precipitate on the glass bead (100x, 5 kV). Image B is a
close-up from image A (1000x, 5 kV). Image C is a close-up from the precipitate
(10,000x; 2.5 kV) and image D is a close-up from image C (25,000x; 2.5 kV).

Secondly, a high ionic strength can undo the effect of the electric double layer on the
mobility of a colloid. Asa result the surface charge isa less an important factor as far as
the mobility of the colloidsisconcerned. From the chemical amlysis of the groundwater
it follows that the ionic strength is 18 mM. Considering this ionic strength we expect the
influence of the electric double layer o be limited (KUHNEN ef al., 2000). This effect of
the ionic strength is even more pronounced when the solution predominantly consists of
bivalent ions At our field site the Ca’ concentration is 1.8 mM and the Na’
concentration is2.1 mM, which resuits ina Ca® to Na' ratio close to 1 (0.92). Although
Na' is clearly present this ratio can be interpreted as a Ca’* dominated system
(GROLIMUND et al., 2001). This together with an ionic strength of 18 mM leads fo
different surfaces interacting with other surfaces irrespective of their surface charge i.e.
the mobility of the colloids no longer depends on the surface charge. It also implies that
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the deposition (i.e. the opposite of mobility) of the colloids is diffusion limited rather
than reaction limited (BUFFLE and LEPPARD, 1995a). That in turn can result in multi-
layers of iron colloids on the collector material (KUHNEN et al., 2000). The SEM-images
of precipitate on the glassbeads from the aerated well confirmed that the mobility of the
iron colloids waslimited and that multi-layers were formed.

It may be noted that the adsorption of ions to the surface of the iron colloidson the
ore hand and the local solution chemistry on the other hand could have an opposite effect
on the mobility of the iron colloids In addition other physical factors like the
heterogeneity of the porous media (ELIMELECH et al., 2000) and size exclusion
(KRETZSCHMAR etal., 1995; GROLIMUND et al., 1998) may play a role. The results of our
field experiment give an insight in the net effect of these factors Yet since the
experimental set up is spatially separated from the groundwater well (Figure 1), the
column system captured geo-colloids that were apparenfly not retained in the
groundwater well itself. Thiscanbe explained by taking in account that the glassbeadsin
the column system are initially clean and that a very low percolation flow is used. We
expect the collector efficiency of the initially clean glass beads fo be higher than the
collector efficiency of the soil matrix. Also the low flow (55 - 140 ml -howr™) could have
improved the collector efficiency of the filter material (O'MELIA, 1980).

Summarising this field experiment demonstrated that the aerated well contained
more iron colloids than the non-aerated well. Further, the course of the Fe concentration
in the aerated groundwater with time indicated that Fe mainly remained in the aerated
well after the application of subsurface aeration. However, whenboth the local chemistry
and the results of the column experiments are considered, the field experiment did
demonstrate that a fraction of the iron colloids was mobile. Ultimately, it is this fraction
of colloids that could be responsible for effects that are separated in locationand time
from the actual application of the subsurface aeration of the well.
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5.1 Introduction

In anaerobic groundwater iron, manganese and ammonium can be found in fairly high
concentrations. These substances have to be removed when groundwater is used as a
source of drinking water. Subsurface aeration is used to oxidise iron in-situ (ROTT and
LAMBERTH, 1993; APPELO et al., 1999). Subsurface aeration introduces oxygen-
containing water into an anaerobic groundwater well in which iron is mainly dissolved as
ferrous iron (Fe*") (STUMM and MORGAN, 1981). As a result from the subsurface aeration
Fe** oxidises via ferric iron (Fe’") into iron(hydr)oxides (LIANG et al., 1993; ROTT and
LAMBERTH, 1993).

In this study the average pH of the groundwater system of interest is higher than 7.
Due to this high pH subsurface aeration results in a non-mobile iron precipitate and
mobile iron colloids (Chapter 3). Both non-mobile and mobile oxidation products could
become involved in different processes (RYAN and ELIMELECH, 1996; KRETZSCHMAR et
al., 1999). The mobile iron colloids could sort an effect that is separated in location and
time from the actual application of subsurface aeration as is for instance the case with
colloid facilitated transport (MCCARTHY and ZACHARA, 1989; FLURY et al., 2002). As
for the non-mobile iron precipitate, this is a freshly formed and therefore reactive
iron(hydr)oxide surface. This iron(hydr)oxide surface specifically adsorbs cations like
Fe** and Mn”" and catalyses the oxidation process of these reduced species (HEM, 1977;
SUNG and MORGAN, 1981; DAVIES and MORGAN, 1989; SHARMA et al., 1999; Chapter 2).
Also anions like PO4 and As(V) or As(Ill) adsorb readily to iron(hydr)oxides (GEELHOED
et al.,, 1997, MANNING et al., 1998; KNEEBONE et al., 2002). As a result, the iron
precipitate with the (co)precipitated species could accumulate in the subsurface.

Since originally the goal of subsurface aeration is to remove iron in-situ, the non-
mobile iron precipitate is in essence the desired result. In addition to this intended effect
at a purification station in The Netherlands it was observed that subsurface aeration
strongly enhanced the microbiological removal of ammonium (NH,") in the sand filters,
which are part of the purification plant. This positive side effect of subsurface aeration
was demonstrated repeatedly and on different occasions. Since subsurface aeration is
predominantly a physical-chemical process, a strongly positive effect on a strictly
microbiological process was not expected. Moreover, the effect on the microbiological
removal of NH," is spatially separated from the actual application in the field. To
investigate the effects of subsurface aeration in more detail a field experiment was
performed. From the field experiment it followed that an aerated groundwater well
contained more iron colloids than a groundwater well that was not aerated (Chapter 4).
Considering this and the fact that the effect on the microbiological removal of NH," is
spatially separated from the application of subsurface aeration we hypothesize that
mobile iron colloids link the application of subsurface aeration in the field with the
improved microbiological removal of NH," in the purification station.

Nevertheless, the possible accumulation of iron and (co)precipitating species in the
subsurface may also be considered as a risk. The composition of the iron precipitate
including the (co)precipitating species is not completely known. It is possible that heavy
metals accumulate. Due to reductive dissolution of the iron precipitate the concentration
of heavy metals can be increased temporarily after the application of subsurface aeration
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has stopped. Further, the pore volume can decrease locally due to the precipitating iron,
although no cases of clogging wells have been reported yet. Together these uncertainties
make the application of subsurface aeration subject to discussion in the Netherlands.
Still, subsurface aeration as a practical management tool to enhance the microbiological
removal of NH;" could be very useful for the production of clean drinking water. Ideally
this tool should be available without the additional effects on the subsurface. This can be
achieved when it is possible to prepare synthetically the iron colloids, which are believed
to be responsible for enhancing the microbiological removal of NH,". In order to derive
such a synthetic substitute for the iron colloids, the colloids first need to be characterised.
In addition, synthetic iron colloids need to be identified that could act as a synthetic
analogue for the iron colloids.

Therefore the objective of this study is to characterise the mobile iron colloids that
result from subsurface aeration and to find a matching synthetic iron colloid. Since the
composition, morphology and surface charge of the colloids reflect the ionic composition
of the groundwater system (KRISHNAMURTI and HUANG, 1991; MAYER and JARRELL,
1996; DENG, 1997; KING, 1998) the average elemental composition of the anaerobic
groundwater at Nieuw-Lekkerland is used as a starting point to find matching synthetic
iron colloids. Eight synthetic solutions were prepared differing in elemental composition.
Later these eight synthetic solutions were oxidised in the laboratory. Finally the resulting
synthetic iron colloids were compared to the mobile iron colloids that were sampled at
Nieuw-Lekkerland.

5.2 Material and methods

5.2.1 The field site in Nieuw-Lekkerland

The field experiment was performed at two wells at a drinking water purification station in
Nieuw-Lekkerland, The Netherlands. Table 1 summarises the major components and
parameters of the groundwater at the purification station in Nieuw-Lekkerland. The redox
potential of the groundwater is approximately —200 mV and the average pH of the
groundwater is 7.3. The ionic strength is approximately 0.02 M. Main components in this
groundwater are iron (Fe), phosphate (PO,), manganese (Mn), silicate (SiO,), dissolved
organic carbon (DOC), calcium (Ca) and bicarbonate (HCO;).

Groundwater from the well that was aerated in the subsurface was sampled (further
denoted as the aerated well). At the purification station in Nieuw-Lekkerland subsurface
aeration is applied in cycles of two times 4 weeks. Each cycle starts with injecting 2,000
m’ of oxygen containing (saturated) drinking water in an anaerobic groundwater well.
After the injection the aerated well remains undisturbed for 4 weeks. Then the well is
used for another 4 weeks to extract 40,000 m’ of groundwater. After the extraction period
the cycle starts again by injecting 2,000 m’ of oxygen containing drinking water in the
aerated groundwater well. The groundwater extracted from the aerated well is transported
to the purification station together with anaerobic groundwater extracted from other (non
aerated) groundwater wells. The management of the purification station is to aerate only
one well a time. As a result approximately one volume of the aerated groundwater is
mixed with ten volumes of anaerobic groundwater.

| 75



Subsurface aeration of anaerobic groundwater

Component average value at minimum value maximum value
Nieuw-Lekkerland
Fe 49 uM 26 uM 113 uyM
PO, 37 UM nr ! n.r.
Mn 8.6 UM 6.7 uM 11.0 yM
Si0, 25 UM n.r. n.r.
DOC 2.20 mg /L 2.15mg /L 2.27 mg /L
Ca 2 mM n.r. n.r.
bicarbonates 3.7 mM 3.5 mM 4.0 mM
pH groundwater 7.32 7.14 7.43
pH drinking water 7.39 7.28 7.62
redoxpotential -200 mV n.r. n.r.

"nr. = not reported

Table 1 Description of field site at Nieuw-Lekkerland (The Netherlands) (data published by
courtesy of Hydron Zuid-Holland).

5.2.2 In-situ sampling of the iron colloids

Figure 1 presents the general outline of the field experiment. In order to separate the geo-
colloids from the groundwater a column packed with glass beads was used. The surface
of the glass beads is negatively charged (LITTON and OLSON, 1993), which makes the
surface charge of the glass beads comparable with the predominant kind of surface
charge available in the porous medium of the well (i.e. soil matrix). Correspondingly, we
expected to sample geo-colloids that were representative for the subsurface soil system.
The column was made of Plexiglas (20.4 cm by 1.6 cm in diameter) and the connecting
tubes are made of Teflon. Before the experiment started, the column was packed under
anaerobic conditions (glovebox flushed with a gas mixture of 1.25% CO, and 98.75% N,)
in the laboratory. The column was packed with 50.0 g of glass beads 1.2 mm in diameter
(Dragonit 30, Fisher Scientific). To keep these small glass beads in place, each column
had a layer of 10.0 g glass beads 3 mm in diameter (Dragonit 25, Fisher Scientific) at
both endings. Prior to the experiments the glass beads were rinsed thoroughly with
concentrated HC1 (12 M). After that the glass beads were washed with ultrapure water
(Elga; Elga Maxima-HPLC unit) and were dried at 100 °C.
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In the laboratory inside the glovebox the column with the glass beads was placed in a
glovebag. Just before the start of the field experiment the glovebag with the column
inside was transported to the field site. In the field the tubing that connected the glovebag
with the groundwater tap was flushed with the gas mixture of 98.75% N, and 1.25% CO,
before the glovebag was connected to the groundwater tap. To make sure that oxygen
containing air was excluded from the tubes, a few hundreds ml of groundwater was
discarded. The column was percolated using saturated flow.

supply of
gas mixture T effluent groundwater

gas mixture (discarded)

1.25% Co, pH electrode

98.75% N, redox electrode

) datalogger
| column with
glass beads
LN
glovebag influent
——/  groundwater __, effluent
outlet gas mixture groundwater
and water lock [ é (discarded)
o9 —) tap mounted on well
surface 00
7z
groundwater to purification station
groundwater level
-8.5m under m.s.l.
P~
groundwater well
16-28m below surface @ pump

Figure 1 Experimental set-up in the field. M.s.l. stands for mean sea level (m).

Groundwater representative of a well can only be sampled when the well is inuse for the
production of drinking water. Therefore the aerated well was sampled during the period
that corresponded with the second half of the cycle of subsurface aeration. At Nieuw-
Lekkerland the wells are at 16-28 m below the surface and the surface is at 1.5 m below
the mean sea level. The groundwater level is approximately at 7 m below the surface. For
sampling the tap mounted on the well was used.

During the sampling in the field the glovebag was continuously flushed with a gas
mixture of 1.25% CO, and 98.75% N, in order to provide an anaerobic environment to
sample the anaerobic groundwater. The CO, gas was added to prevent the pH from
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changing due to the dissolution of the CO, from the groundwater. The percentage of the
CO; in the gas mixture was based on the average pH of the groundwater according to
Tamura et al. (1976b). After the experiment the glovebag with the column was
transported back to the laboratory. At the laboratory the column was drained and the
glass beads were dried under anaerobic conditions (glovebox) (Chapter 2).

cooling element

SAVAVAVAVAVAVAVAVAVAVAVAVAVAY

outlet N,== /— mixing == inlet N,

> * effluent

O OO

glovebox —-e

airlock

pump
influent influent
Fe* 1.25% CO,
1.25% CO, 20% O,
98.75% N, 78.75% N,
Figure 2 Outline ofthe laboratory system set up.

5.2.3 Preparation of synthetic iron colloids
The synthetic iron colloids were prepared using a column system that is especially
developed to study heterogeneous oxidation of Fe’* in an anaerobic system. Figure 2
summarises the general outline of the laboratory system. The system consists of three
columns that are placed in a glovebox. Columns I and II were used to purify the solutions
prior to the experiments in case colloids are formed while preparing the solutions.
Column I was percolated with the synthetically prepared anaerobic solution while column
IT was percolated with a synthetic aerobic solution. All columns were percolated using
saturated flow. The columns are made of Plexiglas (20.4 cm by 1.6 cm in diameter) and
the connecting tubes are made of Teflon. The columns are packed under anaerobic
conditions. Column I and II are packed with of 50.0 g of glass beads 0.8 mm in diameter
(Dragonit 30, Fisher Scientific). To keep these small glass beads in place, each column
had a layer of 10.0 g glass beads 3 mm in diameter (Dragonit 25, Fisher Scientific) at
both endings.

To identify the elements that are important for the formation of the synthetic iron
colloids, eight synthetic solutions were prepared differing in elemental composition. The
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composition of the synthetic solutions was based on the average composition of the
groundwater at the purification station in Nieuw-Lekkerland (Table 1). The synthetic
anaerobic water (column I) was prepared by adding 300 mg CaCO; to 1 L of ultra pure
water. To achieve a pH of 7.3 a carbon dioxide (CO,)/bicarbonate (HCO;") buffer system
was used (TAMURA et al., 1976b). Inside the glovebox this solution was stirred and
bubbled with a gas mixture containing 1.25% CO, and 98.75% N,. After 24 hours the
synthetic water was anaerobic and the pH was 7.3. From the anaerobic water eight
solutions were prepared according to Table 2 (see page 81). Since humic acid is expected
to flocculate under these conditions (WENG et al., 2002), DOC was added as fulvic acid
(FA (Dynatrade) assuming a carbon content of 50%). All solutions were prepared using
ultrapure water (Elga; Elga Maxima-HPLC unit).

Next the eight anaerobic solutions were oxidised using synthetic aerobic water.
The synthetic aerobic water was prepared in a similar way as the synthetic anaerobic
water and led over column II. The oxygen was added by using a gas mixture containing
1.25% CO,, 78.75% N, and 20.0% O,. After 24 hours the water was saturated with
oxygen and the pH was 7.3. The aerobic water was kept at a constant temperature of 20.0
1 0.1 °C during all experiments. The pH was measured continuously in both the synthetic
anaerobic and aerobic solutions. The oxidation process started at the moment the
anaerobic synthetic solution from column I was mixed with the aerobic water from
column II. In the mixture the concentrations of Fe, PO,;, SiO;, Mn and DOC
corresponded with the average concentrations measured at the purification station in
Nieuw-Lekkerland (Table 1). The mixture contained 125 uM O,. Considering the
stoichiometric ratio of the chemical iron oxidation (KING et al., 1995) all experiments
were performed with a surplus of oxygen relative to Fe*".

Column III was the central component of the system; in this column the synthetic
iron colloids were separated from the solution. The plastic housing of a 10 ml syringe
(Plastipak Luer-Lok, B-D) was used as column. The preparation of the synthetic iron
colloids results in only small amounts of iron colloids. So, to concentrate this small
amount of iron colloids, only 15.0 g of glass beads was used. The glass beads in column
IIT were from the same batch as the glass beads used for the field sampling (1.2 mm in
diameter, Dragonit 30, Fisher Scientific) and were cleaned in the same way (Chapter 2).
The mixture was recirculated over column III in order to ensure that most of the synthetic
iron colloids were concentrated on the glass beads. After concentrating the synthetic iron
colloids on the glass beads, column III was drained and the glass beads were dried inside
the glovebox.
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5.2.4 Analysis of the colloids

The iron colloids concentrated on the glass beads were analysed using two
complementary techniques. First, the iron precipitate on the glass beads was extracted
using 250 ml of 0.2 M HNO;. From the field experiment 68 g of glass beads were used
for the extraction. Second, the remaining 2 g of glass beads were used for analysis using
the electron microscope. To extract the synthetic iron colloids from the glass beads, 12 g
of the glass beads was used. The remaining 3 g of glass beads were kept apart for the
electron microscope. Beforehand also 68 g respectively 12 g of clean glass beads were
extracted using 250 ml of 0.2 M HNO; to measure the background concentrations of e.g.
Si, Ca, or Na originating from the glass beads.

The extract was analysed for Fe, Ca (ICP-OES; Spectro, Spectro Flame) and P,
Mn, S, K, Na, Mg (ICP-MS; Perkin-Elmer, Elan 6000) and Si (molybdosilicate method;
(CLESCERI et al., 1989)). In addition the extract from the field experiment was analysed
for Co, Ni, Cr, Zn and Al (ICP-MS; Perkin-Elmer, Elan 6000). This was only done for
the iron colloids from the field because none of these elements were added to the
synthetic solutions. Besides the speciation of Fe was analysed in the extract. Both the
Fe" and total Fe concentration was measured in the extract using the 1,10-phenanthroline
method (CLESCERI et al., 1989). The Fe’" concentration in the extract was calculated as
the difference between the total Fe and Fe** concentration.

The iron colloids were studied using electron microscopy. For that purpose the
glass beads were used as a microscopic slide. The glass beads were transported outside
the anaerobic environment (glovebox) shortly before analysis with SEM to prevent the
geo-colloids from changing when handled in an aerobic environment. The glass beads
were fixed on a stub with conductive carbon adhesive (Leit-C, Neubauer Chemikalien).
First the iron colloids were studied using Scanning Electron Microscopy in combination
with Energy Dispersive Analysis of X-rays (SEM-EDAX; Stereoscan 240 from
Cambridge Instruments equipped with a digital detector from Princeton Gamma-Tech).
The samples were coated with carbon and a voltage of 20 kV was used. From the
elemental analysis using SEM-EDAX it followed that iron oxides were accumulated
around the point of contact between two glass beads. The accumulated iron oxides
formed a characteristic circle or semicircle on the surface of the glass beads. Figure 3
shows a SEM-image of a characteristic semicircle of accumulated iron oxide. Next, these
characteristic accumulations of iron precipitate were used to study the morphology in
more detail. For that purpose a high-resolution Scanning Electron Microscope was used
(SEM; Jeol, Jeol 6300 F). The samples were sputter-coated with a layer of 10 nm of
platinum. A voltage of 2.5 kV was used to study the samples.

Noticeable is that the elemental analysis with SEM-EDAX cannot be used for
analysis of silicate or carbon. To a lesser degree this also holds for Ca and Na. The glass
beads contain substantial amounts of Si, Na and Ca. Since the iron colloids are attached
to glass beads, it is not possible to distinguish between Si, Na or Ca originating from the
glass bead or as part of an iron colloid. Due to the carbon coating it is not possible to
analyse whether the iron colloids contain carbon.
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[Fe'] PO  Ma]  [Si0d  [rAf [0:]
columnl columnl columnl columnl columnl column Il
100 M - - - - 250 yM
100 yM 74 UM - - - 250 yM
100 M - 23 uM - - 250 uM
100 M - - 50 pM - 250 uM
100 uM - - - 4.6mgC 250 uM
100pM  74pM 23 pM ; o 250 UM
100 M 74 uM - 50 uM - 250 uM

100uM  74pM  23uM  50uM  4.6mgC 250 uM

' Cis added as FA.

Table 2 Composition of the anaerobic synthetic solution in column I and the aerobic synthetic

solution in column II before mixing.

Figure 3

A SEM-image ofa characteristic semicircle
of accumulated iron oxide (high-resolution
SEM; 250x; 2.5 kV).

5.3 Results

5.3.1 Iron colloids at Nieuw-Lekkerland
The sampling of the iron colloids from the field was performed in duplicate (November—
December 2000). During both experiments a considerable amount of precipitate was
concentrated on the glass beads in the column. Table 3 summarises the results of the
elemental analysis of the precipitate after extraction with 0.2 M HNO;. Elemental
analysis of the precipitate showed that the precipitate not only contained Fe (39.3 £
8.4%) but also contained considerable amounts of Si (18.7 £ 7.5%), P (16.9 £ 3.8%), Ca
(15.4 £ 0.04%) and Na (8.2 + 4.5%). The Fe in the precipitate was mostly present as Fe'*
(88.5 £ 0.8%). Zn, Ni, Cr, Al or Co was not detected in the precipitate.

In order to specify which of the elements found in the extract of the precipitate is
associated with iron, the precipitate was studied using SEM-EDAX. This analysis
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showed that P and Mn were associated with Fe. In most cases also Ca was associated
with Fe. Instead, the analysis with SEM-EDAX did not indicate that Mg or S were
associated with Fe. These elements are most likely part of other precipitates, for instance
a calcium sulphate precipitate. Figure 4a presents an example of an image (SEM-EDAX)
of two similar looking precipitates. However, the elemental scans for Fe, P, Ca and S
(Figure 4b) clearly demonstrate that the precipitates differ in elemental composition. The
precipitate at the bottom of the image contains Ca and S and the precipitate at the top of
the image contains Fe and P. So, the precipitate at the bottom is likely to be a CaSO,
precipitate (for instance gypsum) whereas the precipitate at the top is likely to be a co-
precipitate consisting of Fe and other ions.

Also in other field studies it was found that Ca and P are associated with natural
iron colloids. Nevertheless, another possibility could be that P is associated with Ca
rather than with Fe. In order to explore this possibility the molar ratio of Ca : PO,
measured in the precipitate can be used. From Table 3 it follows that on average the
molar Ca : PO, ratio in the precipitate is 1 : 1.10 £ 0.18. This Ca to PO, ratio of
approximately 1 : 1 can be found for brushite (CaHPO, -2H,0) or monetite (CaHPOy).
However, it is not likely that these calcium phosphates precipitated in our column system
since these precipitates are more soluble than hydroxyapatite (Cas(PO,);OH) at pH 7.3.
Instead, when less soluble calcium phosphates such as octacalcium phosphate
(CagH(POy); 2.5H,0) or hydroxyapatite (Cas(PO4);0H) are considered, a molar ratio of
Ca : PO, close to 1 : 0.6 should be found. Yet, this was not found in the precipitate (Table
3). Also it is not likely that monocalcium phosphate monohydrate (Ca(H,POy), -H,0)
precipitated in our column system due to its high solubility and a molar ratio of Ca : PO,
of 0.5 (LINDSAY, 1979). Consequently, the molar Ca : PO, ratio in the precipitate is in
agreement with the results of the SEM-EDAX, which indicate that a part of P is
associated with the Fe precipitate.

Some field studies report that Si and Al are associated with the iron colloids
(BUFFLE et al., 1989; LEPPARD et al., 1989; MAYER and JARRELL, 1996; LIENEMANN et
al., 1999). According to the results of the chemical analysis Si could be associated with
the iron colloids sampled in the field. Alternatively Si could be originating from
dissolved soil particles, which occasionally remained in the column (BUFFLE et al.,
1989). The analysis using SEM-EDAX did not indicate that Al is associated with the iron
colloids.

When the iron colloids were studied in more detail, the images showed that the
colloids formed an aggregate (see also Chapter 4). Figure 5 shows an example of the geo-
colloids on a glass bead from the aerated system viewed with SEM. At the edges of the
aggregate loose components of the aggregate could be found. These components were
irregularly shaped structures without sharp edges. The size of the components varied
between 0.3 to 1 um. The small crystalline shape of the iron colloids is in agreement with
the results of other field studies, in which mostly spherical structures were found. The
reported size range is quite broad and ranges from < 0.1 pm till 0.5 pum (BUFFLE et al.,
1989; LEPPARD et al., 1989; MAYER and JARRELL, 1996; LIENEMANN et al., 1999). Our
colloids from the field seem relatively big. However, it cannot be excluded that the
colloids continued to grow during the sampling procedure.
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Experiment Fe Ca Na Si Mn P S Fe’' : total Fe
Aerated well, experiment 1 45.1 15.3 4.98 13.4 0.24 19.5 1.25 0.89
Aerated well, experiment 2 343 15.9 11.7 24.6 0.12 14.6 1.71 0.88
Table 3 Elemental analysis of the iron colloids sampled at Nieuw-Lekkerland (0.2 M HNO;).

The extracted amounts of elements (umoles) are adjusted for the amount of elements
extracted from 68 g of clean glass beads.

Figure 4 SEM-EDAX images of'the iron precipitate on the glass beads from the field experiment.
Image Ais an image of'the precipitates (SEM-EDAX; 1500x; 20 kV) viewed before
elemental analysis. Inage B shows an elemental scan for Fe, P, Ca and S.

Figure 5
SEM image from the precipitate
on a glass bead from the aerated well

(high-resolution SEM; 25,000x; 2,5 kV).
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5.3.2 Synthetic iron colloids

The oxidation of the eight synthetic solutions resulted in iron colloids in all eight cases.
The addition of Mn, SiO4 or FA did not have effects on the colour of the iron precipitate.
In contrast the addition of PO, resulted in a lightly coloured precipitate on the glass beads
instead of the common reddish-brown colouring typical for most iron(hydr)oxides. The
oxidation procedure resulted in small amounts of synthetic iron colloids, especially for
the experiments in which both PO, + SiO4 were added or in which PO, + Mn + SiO4 +
FA were added. This can be explained when the kinetics of the oxidation process are
taken in account. In a kinetic study it was found that both phosphate and fulvic acid
significantly retarded the oxidation process (Chapter 3).

Table 4 presents the results of the elemental analysis of the synthetic iron
precipitates using 0.2 M HNO;.The results show that the synthetic colloids always
contained iron. The amounts of synthetic iron colloids were too small to apply the 1,10
phenanthroline method in order to analyse the speciation of the iron. Furthermore the
results show that the synthetic iron colloids reflected the elemental composition of the
synthetic solution although not all added elements became part of the iron colloids. Mn
could be found in the extract when it was added to the synthetic solution, but only low
amounts of Mn were found in the precipitate. The presence of PO, and Ca in the
synthetic solutions resulted in considerable amounts of Ca and P in the precipitate.
Instead Si could not be detected in the extract. In the synthetic solutions also Na and S
were present because these elements were added together with Fe, POy, SiO4 or FA while
preparing the synthetic solutions. Na was present in the extract but no S could be
measured in the extract. Elemental analysis using SEM-EDAX confirmed that Fe, P and
Mn were associated within one kind of precipitate.

Composition synthetic solution Fe Ca Na Si Mn P

Fe 5.26 1.61 0.40 - <d.L 0.02
Fe + POy 2.64 2.07 0.33 - <d.l 1.44
Fe + Mn 4.61 1.32 0.42 - 0.05 <d.l
Fe + SiO, 3.10 1.26 0.47 <d.1! <d.lL <d.l
Fe + FA 2.65 3.03 0.44 - <d.l <d.L
Fe + POy + Mn 4.91 3.16 0.60 - 0.09 2.65
Fe + POy + SiO, 1.34 1.94 0.23 <d.l <d.lL 0.58
Fe + PO4 + Mn + SiO4 + FA 1.46 1.84 0.34 <d.L 0.03 0.92

' < d.l = below detection limit

Table 4 Elemental analysis of the synthetic iron(hydr)oxides (0.2 M HNO;). The extracted
amounts of elements (Umoles) are adjusted for the amount of elements extracted from
12 g of clean glass beads.

From the elemental analysis of the extract together with the analysis using SEM-EDAX it

was concluded that P, Ca, Na and to a much lesser extent also Mn are associated with the
iron colloids. Besides it was concluded that it is not likely that S or Si are part of the iron
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Figure 6

SEM images of'iron colloids formed in synthetic solutions
differing in elemental composition (high-resolution SEM;
25,000x; 2.5 kV). Image A shows iron colloids formed in a
system that contains only Fe. Inage B shows iron colloids
formed in a system that contains Fe and PO,. Image C
shows iron colloids formed in a system that contains Fe
and Mn. Image D shows iron colloids formed in a system
that contains Fe and SiO4. Image E shows iron colloids
formed in a system that contains Fe and FA. Image F
shows iron colloids formed in a system that contains Fe,
PO,4 and Mn. Image G shows iron colloids formed in a
system that contains Fe, POy, Mn, SiO4 and FA.
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colloids. This is in agreement with Deng (1997), who stated that Si did not become a part
of the synthetic iron colloids. It is not clear whether FA is associated with the iron
colloids.

The morphology of the synthetic iron colloids was studied using a high-resolution
SEM. Figure 6 (see page 85) shows the SEM-images of seven synthetic iron colloids. In
the sample of the synthetic iron colloids formed in the solution containing Fe, Mn and
Si0O4 the characteristic (semi) circle of iron precipitate could not be found. Without this
identifying marker it was not possible to study the iron colloids in detail using the high
resolution SEM and therefore no SEM-images are available for these iron colloids. The
synthetic iron colloids are at most 0.5 pm. The addition of POy resulted in the smallest
iron colloids, which were smaller than 0.2 um. This size is in agreement with the size of
iron-phosphate colloids synthesized by Magnuson et al. (2001). The synthetic iron
colloids formed in the synthetic solutions containing Fe, Fe + Mn or Fe + SiO, showed a
preferential growth direction, which resulted in plate-shaped and sharp-edged structures.
The addition of PO, resulted in small and more spherical-like structures, although the
particles may still have well defined crystal planes. The addition of FA resulted in
irregularly shaped structures. From the morphology of the iron colloids formed in
synthetic solution containing both PO4 and Mn it is clear that the effect of PO, overrules
the effect of Mn. Both PO, and FA strongly influence the morphology of the iron colloids
formed in the most complex synthetic solution (Fe + PO, + Mn + SiO4 + FA).

Noticeable is that the morphology of the seven synthetic iron colloids is in
agreement with the results of experiments in which the kinetic aspects of the oxidation of
ferrous iron (Fe*") were studied using the same seven synthetic solutions (Chapter 3). In
our synthetic solutions with pH > 7 the oxidation of Fe*" is a mixture of both a
homogeneous and an autocatalytic process. The autocatalytic oxidation of Fe&*™ is
catalysed by the surface of iron(hydr)oxides (CHOI et al., 2001; SHARMA et al., 2001). It
was found that the presence of PO, or FA in the synthetic solution retarded the
autocatalytic oxidation profoundly. Further, the results indicated that the presence of POy
or FA interfered with the surface related processes required for the autocatalytic
oxidation of Fe*". Weidler et al. (1998) demonstrated that the oxidation of Fe** that is
catalysed by the goethite surface results in preferential growth of the goethite surface.
Although the scale is somewhat different also for our synthetic colloids it can be seen
that the incidence of the autocatalytic oxidation process corresponds with the presence of
preferential growth. So plate-shaped structures can be found for the experiments in which
the autocatalytic oxidation was retarded least (experiments with Fe, Fe + Mn and Fe +
Si04). By way of contrast small and more spherical-like structures were found in exactly
these cases in which the autocatalytic oxidation was retarded most i.e. all experiments in
which PO, or FA were involved. In addition Kodama and Schnitzer (1977), and Barron et
al. (1997) stated that the presence of FA or PO, inhibited respectively retarded the
crystallisation of ferric iron. Hence, the morphology of the synthetic iron colloids
supports the assumption that the presence of PO, or FA interferes with the surface related
processes required for the autocatalytic oxidation of Fe*. A more detailed study is
needed to describe a possible relationship between the morphology of iron(hydr)oxides
and the autocatalytic oxidation of Fe**, but this is beyond the scope of this study.
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5.3.3 Iron colloids from the field and their synthetic counterparts

From the chemical analysis and the elemental analysis using SEM-EDAX it follows that
Fe, Ca, Na, PO, and Mn are the most important components in both the synthetic iron
colloids and the iron colloids sampled at the purification station. In addition the results
from the field experiment supported the assumption that PO, and Ca are associated with
the Fe precipitate. The molar ratio of PO, : Fe in the extract is 0.51 £ 0.09. This high
ratio cannot be explained by assuming that PO, only adsorbs to the iron colloids. Instead
this ratio indicates that PO, is part of the iron colloid (BUFFLE et al., 1989; DENG, 1997,
LIENEMANN et al., 1999). Mn is present in very small concentrations in the extract and
only occasionally the Mn-content was high enough to detect Mn with SEM-EDAX.
Nevertheless Mn is considered as an important part of the iron colloids because it is
reported that the iron(hydr)oxide surface specifically adsorbs Fe** and Mn*'.
Subsequently the iron(hydr)oxide surface catalyses the oxidation process of these
reduced species. As a result oxidized Mn could become a part of the iron(hydr)oxide
surface (HEM, 1977; DAVIES and MORGAN, 1989). In contrast it is not clear whether Si or
FA could be important parts of the iron colloids. Yet this does not rule out the possibility
that these elements can have an effect on the morphology as was clearly demonstrated for
FA.

The five most important elements present in the iron colloids can be used to derive
a possible stoichiometric composition of the mineral. Since iron is the main element
present in the colloids, the amount of iron (in moles) is set as point of reference. The
amounts of Ca, Na, PO, and Mn are expressed relative to the amount of iron. The iron
colloids are the result of an oxidation process. So in the mineral we assume iron and
manganese to be present in the oxidised form (Fe&’* respectively Mn*"). At pH 7.3
phosphate is present as HPO,* and H,PO, in approximately similar concentrations. At
this point it is not known in what form PO, could be present in the iron precipitate and
for simplicity we assume phosphate to be present as PO,”. The bulk of the mineral is
electrically neutral and the surplus of positive charge is either neutralised by OH™ or
COs*. The resulting mineral can be summarised as FeCa,Na,Mn,(PO4),OH, or
FeCa,Na,Mny(PO4),(CO3),.

Table 5 presents the resulting iron minerals using the discussed assumptions. The
synthetic iron colloids contain more Mn than the iron colloids from the field. This holds
also for POy, but to a lesser degree. The average PO, : Fe ratio for the synthetic colloids
(0.59 £ 0.06) is in reasonable agreement with the ratio of 0.5 observed by Buffle et al.
(1989) who also formed synthetic iron colloids by oxidation of ferrous iron. Further, the
average PO, : Fe ratio for the iron colloids from our field experiment (0.43 + 0.01) is in
agreement with the ratio of 0.48 £ 0.11 as observed by Lienemann et al. (1999), which
was derived for iron colloids sampled in an eutrophic lake. For this study it can be
observed that the PO, : Fe ratio derived for our synthetic iron colloids and for the iron
colloids from the field seem to reflect the PO, : Fe ratio in the solution (Table 1). By way
of contrast this is not the case for the synthetic iron colloids produced by Buffle et al.
(POg4: Fe in solution = 0.25) nor for the colloids sampled by Lienemann et al. in the
eutrophic lake (PO4: Fe in lake water > 8).
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Experiment Fet ca® Na* Mn** PO, OH Cco,>
‘u” ‘w” x” ' A A
Aerated well, experiment 1 1 0.34 0.11 0.005 0.43 2.51 1.26
Aerated well, experiment 2 1 0.46 0.34 0.004 0.42 3.01 1.50
Fe + PO4 + Mn 1 0.65 0.12 0.018 0.54 2.86 1.43
Fe + PO4 + Mn + SiO4 + FA 1 1.26 0.24 0.024 0.63 3.97 1.99
Table 5 Calculated mineral composition for both the synthetic iron(hydr)oxides and the iron

colloids sampled at Nieuw-Lekkerland. The calculated iron mineralis summarised as
FeCa,Na,Mn,(PO,4),OH, or as FeCa,Na,Mn,(PO4),(CO3),.

It may be noticed that the synthetic iron colloids prepared in the most complex solution
(Fe + PO4 + Mn + SiO4 + FA) seems to contain more Ca than iron. However, for the
synthetic iron colloids it cannot be fully excluded that part of the Ca originated from the
CaCOs; that was used to buffer the pH. In spite of the purification of the synthetic
solutions by percolating the solutions through columns I and II (Figure 2) it was not
possible to prevent CaCO; from entering column III. Therefore it was not possible to
distinguish between Ca originating from CaCO; or Ca as part of the iron colloids. Since
CaCOs; was not used as buffer in the field experiment, this problem does not apply for the
Fe : Ca ratio derived for natural iron colloids.

Summarising this study demonstrated that the synthetic colloids formed in the
solutions without PO, or Mn cannot act as synthetic analogues for the iron colloids from
the field. This leaves the synthetic colloids formed in the synthetic solution containing Fe
+ PO, + Mn or Fe + PO, + Mn + SiO4 + FA as potential synthetic analogues for the iron
colloids sampled in Nieuw-Lekkerland. This number of potential synthetic analogues can
be reduced to one when also the morphology of the iron colloids is taken in account.
When the morphology of the iron colloids sampled in the field (Figure 5) is compared to
the morphology of the eight different kinds of synthetic iron colloids (Figure 6) the
morphology of the iron colloids formed in the most complex synthetic water (Fe + PO, +
Mn + SiO4 + FA) corresponds most with the iron colloids from the field. Therefore,
considering both the morphology and the elemental composition of the iron colloids, we
think that the synthetic iron colloids formed in the most complex synthetic solution
match the iron colloids from the field best.
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Subsurface aeration of anaerobic groundwater

6.1 Introduction

In anaerobic groundwater iron and ammonium can be found in faidy high concentrations.
These substances have to be removed when groundwater is used as a source of drinking
water. Subsurface aeration is used to oxidise iron in-situ (ROTT and LAMBERTH, 1993;
APPELO et al., 1999). Subsurface aeration introduces oxygen-containing water into an
anaerobic groundwater well in which iron is mainly dissolved as ferrous iron (Fé'")
(STUMM and MORGAN, 1981). Due to the subsurface aeration Fe** oxidises via ferric iron
(Fe’") into iron(hydr)oxides (LIANG et al., 1993; ROTT and LAMBERTH, 1993).

At a pH>7 subsurface aeration results in a non-mobile iron precipitate and mobile
iron colloids (Chapter 3). Both the mobile and non-mobile oxidation products could
become involved in different processes (RYAN and ELIMELECH, 1996; KRETZSCHMAR et
al., 1999). The mobile iron colloids could sort an effect that is separated in location and
time from the actual application of subsurface aeration as is for instance the case with
colloid facilitated transport (MCCARTHY and ZACHARA, 1989; FLURY et al., 2002). As
for the non-mobile iron precipitate, this is a freshly formed and therefore reactive
iron(hydr)oxide surface. This iron(hydr)oxide surface specifically adsorbs cations like
Fe’" and Mn®" (SUNG and MORGAN, 1981; DAVIES and MORGAN, 1989; SHARMA, S.K. et
al., 1999; Chapter 2). Also anions adsorb readily to iron(hydr)oxides (GEELHOED et al.,
1997; MANNING et al., 1998; KNEEBONE et al., 2002). As a result, iron precipitate with
the (co)precipitated species could accumulate in the subsurface (DAVIES and MORGAN,
1989; MANNING et al., 1998; APPELO et al., 1999; KNEEBONE et al., 2002).

Since originally the aim of subsurface aeration is to remove iron in-situ, the non-
mobile iron precipitate is in essence the desired result (APPELO et al., 1999). However, in
addition to this intended effect, at a purification station in The Nethedands it was
observed that subsurface aeration led to a strongly enhanced microbiological removal of
ammonium (NH,") in the sand filters, which are part of the purification plant. The
positive effect of subsurface aeration on the microbiological removal of NH," in sand
filters was demonstrated repeatedly on different occasions and locations.

The microbiological removal of NH," is denoted as nitrification. Nitrifying
bacteria, denoted with the collective term Nifrobacteraceae, carry out the nitrification
process. The nitrification process is performed in two distinctive steps. First ammonia-
oxidising bacteria oxidise NH," to nitrite (NO,") according to equation (1) (SCHLEGEL,
1986):

NH," + 1.5 O, - NO, + 2H' + H,O + energy (moles) (1)

Second, nitrite-oxidising bacteria oxidise NO, to nitrate (NO;") according to equation (2)
(SCHLEGEL, 1986):

NO, + 0.5 O, »> NO3™ + energy (moles) (2)
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Characteristic for nitrifying bacteria is that they are obligatory chemotrophic and use
ammonium or nitrite as their sole source of energy (SHARMA, B. and AHLERT, 1977;
SCHLEGEL, 1986).

Noticeable is that subsurface aeration is mainly a physical-chemical process
whereas the nitrification is a strictly microbiological process. Besides it is striking that
the effect on the nitrification in the sand filters is spatially separated from the actual
application in the field. From a field experiment performed eadier, it followed that a
subsurface aerated groundwater well contained more iron colloids than a groundwater
well that was not aerated (Chapter 4). Considering the colloid concentrations and the fact
that the effect on the nitrification is spatially separated from the application of subsurface
aeration we hypothesize that mobile iron colloids form the link between the application
of subsurface aeration in the field and the improved nitrification in the sand filters.

Nevertheless, the possible accumulation of iron and (co)precipitating species in the
subsurface may also be considered as a risk. The composition of the iron precipitate
including the (co)precipitating species is not completely clear. It is possible that heavy
metals accumulate. Further, the pore volume can decrease locally due to the precipitating
iron, although no cases of clogging wells have been reported yet. Together these
uncertainties make the application of subsurface aeration subject to discussion in the
Netherdands. Still, subsurface aeration as a practical management tool to enhance the
nitrification process could be very useful for the production of clean drinking water.
Ideally this tool should be available without having additional effects on the subsurface.
This can be achieved when it is possible to prepare synthetically the iron colloids, which
are believed to be responsible for enhancing the microbiological removal of NH,". With
regard to the effects of subsurface aeration, the iron colloids from the field were
characterised and a synthetic analogue iron colloid could be prepared (Chapter 5). In
addition it was demonstrated that a synthetic analogue prepared in a synthetic solution
containing iron, phosphate, manganese, silicate and dissolved organic matter matched the
iron colloid from the field best (Chapter 5). Still, at this point it has not yet been
demonstrated whether these synthetically prepared iron colloids actually can enhance the
nitrification process in sand filters. Therefore the objective of this study is to assess
whether the synthetic iron colloids do have a positive effect on the nitrification process.
The effect of the synthetic iron colloids on the nitrification process was studied using a
laboratory scale purification set up.

6.2 Material and Methods

6.2.1 The small-scale purification set up

The first step of the purification process of anaerobic groundwater at a purification
station in Nieuw-Lekkerland served as a model for our small-scale purification set up.
The purification station in Nieuw-Lekkerdand is described in more detail elsewhere
(Chapter 4). Figure 1 summarises the general outline of the small-scale purification set
up, which was built in the laboratory. A two-step purification process was used to purify
the synthetic groundwater. First the synthetic anaerobic groundwater was aerated
(denoted as B in Figure 1). The oxidation of ions present in the groundwater (e.g. Fe,
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Mn) started at the moment the synthetic groundwater was aerated. Shortly after the
aeration the synthetic groundwater was led over a column packed with glass beads (C).
At that point also the microbiological purification process of the synthetic groundwater
could start. In addition the glass beads in the columns captured the oxidation products
(e.g. iron(hydr)oxides).

glovebox @ @ @
A
gas mixture stock synthetic airlock
1.25% CO, anaerobic
98.75% N, groundwater
pH=73

@ pump

pumpé

@ pump

E 3 4 5 D
as mixture as mixture
% 255 GO ultra pure c{ic||c||c ultra pure g1_25% co,
0% 0. water water 20% O,
78.75% N PH=73 PH=73 78.75% N,
2 0, 0,
effluent
synthetic
colloids
Figure 1 General outline of purification set up on laboratory scale.

There were six columns prepared according to Table 1. The purification process (the
process after B) itself was not different for the six columns, only the synthetic
groundwater differed for the six columns. In all columns iron colloids were formed,
especially after the aeration of the synthetic groundwater (B). These colloids resulting
from the purification process itself are not believed to enhance the nitrification process.
The synthetic groundwater that was led over columns 5 and 6 contained synthetic iron
colloids (100 ml -L™', prepared according to Section 6.2.5: D) whereas the groundwater
that was led over column 1 to 4 did not contain synthetic iron colloids (E). The synthetic
iron colloids were added before the groundwater reached point B. The synthetic iron
colloids are believed to be responsible for enhancing the microbiological removal of
NH,'.
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The small-scale purification set up was built to run for four months continuously. The
columns were covered (tinfoil) because visual blue light and ultraviolet-light is lethal to
nitrifying bacteria (BOCK et al., 1986). The columns were percolated using unsaturated
flow. The effluent was extracted from the column using a pump. With that also air was
drawn through the columns, which was necessary to supply the nitrifying bacteria with
O,. To follow the nitrification process in the effluent NH," and NO;™ concentrations were
measured twice a week (SFA, Skalar). The NH;" and NO;™ concentration in the influent
was measured once a week. Occasionally NO, in the effluent was measured. The pH of
the anaerobic stock solution and the aerobic solutions were measured regulady.

Column glass beads  inoculated with nitrifying bacteria synthetic iron colloids present
1 (blank) no no no
2 (blank) glass beads no no
3 and 4 glass beads once (start) no

2.3 ml/400 ml medium
5and 6 glass beads once (start) 100 mI/L
2.3 ml/400 ml medium

Table 1 Experimental set up of the six columns.

6.2.2 The anaerobic synthetic groundwa ter
The anaerobic synthetic groundwater was prepared in two stages. First in the glovebox a
stock solution was prepared (denoted as A4). The stock solution was kept in dark to
prevent the growth of microorganisms. Second, the stock solution of the anaerobic
synthetic groundwater was pumped from the glovebox to the columns. At a point close to
the columns, the anaerobic stock solution was diluted and aerated (B). The aeration was
part of the purification process. In order to dilute and aerate the synthetic groundwater
one volume of the anaerobic stock solution was mixed with three volumes of the aerated
ultra pure water at pH 7.3. The final composition of the synthetic groundwater after
mixture is summarised in Table 2. The composition of the synthetic groundwater was
based on the average composition of the groundwater at the purification station at Nieuw-
Lekkerand (Table 2). However, the concentrations of NH,", Fe, Mn, Si, DOC and PO,
were increased with a factor 3.6. A flow of 32 ml -hour' together with the elevated
concentrations finally resulted in a load per m’ of filter material on the small-scale filters
that was similar to the load employed at the purification station in Nieuw-Lekkerand.
Instead, the synthetic groundwater did not contain elevated concentrations of Ca,
Mg and trace elements (e.g. Cu, Co, Zn). At Nieuw-Lekkerand the concentrations of
these elements are well below the Dutch standards for drinking water
(WATERLEIDINGBESLUIT, 2001). Therefore these elements were not considered as elements
that need to be removed from the groundwater. The concentrations of Mg, Zn and Cu
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used in our experiment were based on average concentrations measured in the
groundwater at Nieuw-Lekkerand. The concentrations for Co and Mo are based on the
medium prepared by Schmidt & Belser and Yamagata (SCHMIDT and BELSER, 1982;
YAMAGATA et al., 1999).

Component average concentration concentration in
in groundwater synthetic anaerobic

groundwater

Fe 50 uM 180 uM

PO, 25 uM 132 uM

Mn 10 pM 41 uyM

SiO, 25 uM 90 uM

DOC 2.3 mg/L 9.07 uM

Ca 2 mM 1.8 mM

HCO; 3.7 mM 4.2 mM

Mg 0.46 mM 0.46 mM

NH," 202 uM 728 uyM

Cu 0.064 uM 0.064 uM

Zn 0.15 pM 0.15 pM

Mo - 0.37 M

Co - 0.0068 uM

Table 2 Average composition ofthe anaerobic and reduced groundwater at the purification

station in Nieuw-Lekkerland (The Netherlands) and the composition of the synthetic
anaerobic groundwater used in the small-scale purification set up built in the
laboratory.

As far as the purification is concemed, Fe is regarded as an element that needs to be
removed. In contrast, Fe is considered as an essential trace element for the nitrification
process. Preparatory batch experiments confirmed (data not shown) that Fe was needed
for the nitrification process in a dissolved form e.g. FeEDTA or Fe** (NIES, 1999).
During the experiment dissolved iron was provided as Fe’". In addition the preparatory
batch experiments demonstrated that 10 mg/L of Fe’* was not toxic to the nitrifying
bacteria (data not shown). Also the concentrations of Mn, Zn and Cu in our synthetic
groundwater were not toxic (NIES, 1999).

6.2.3 Batch culture of nitrifying bacteria

At the start of the experiment columns 2 to 6 were inoculated once with nitrifying
bacteria. The nitrifying bacteria were cultivated from effluent water, which originated
from an unsaturated sand filter. For the cultivation of the nitrifying bacteria
approximately 400 ml of effluent water was used. Further, medium was added for
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ammonium oxidisers (SCHMIDT and BELSER, 1982; YAMAGATA et al., 1999), which was
prepared according to Table 3. The NO, produced by the ammonium oxidisers served as
substrate for the nitrite oxidisers. To maintain a pH 7.6 — 7.8 (BOCK et al., 1986) CaCO;
was added to counteract the protons produced by the ammonia-oxidising process. The
medium was bubbled with an air mixture to supply the nitrifying bacteria with O,. The
cultivation was kept in 500 ml serum bottles, which were stored at 20 °C in a climate-
controlled room. The culture was stored in the dark (Bock et al., 1986). The pH, the
NH,", NO, and NO;™ concentrations were measured regulady (SFA, Skalar) to follow the
growth of the cultivated nitrifying bacteria.

Component concentration
(NH,)SO, 2 g/l
K,HPO,-3H,0 0.66 g/L
Fe-EDTA 5 mg/L
MgSO,-7H,0 50 mg/L
CaCO; 0.3 g/L'
NaHCO; 0.25 g/
MnCl,-2H,0 1.5 mg/L
CuS0O,'5H,0 0.1 mg/L
ZnS O, 7H,0 0.1 mg/L
Na,MoQ,-2H,0 50 pg/L
CoCl,-6H,0 1 pg/L

' This compound was added as the dry salt.

Table 3 The preparation of the medium in which the nitrifying bacteria were cultivated (SCHMIDT
and BELSER, 1982; YAMAGATA et al., 1999). The final volume is 500 ml.

6.2.4 Preparation of the columns for the small-scale purification set up

The plastic housings of 60 ml syringes (Plastipak Luer-Lok, B-D) were used as columns.
The columns were packed with 60 g of cleaned glass beads 0.8 mm in diameter together
with 50 g of cleaned glass beads 1.2 mm in diameter (Dragonit 30, Fisher Scientific).
Prior to the experiments the glass beads were rinsed thoroughly with concentrated HCl
(12 M). After that the glass beads were washed with ultra pure water (Elga; Elga
Maxima-HPLC unit) and were dried at 100 °C.

Before the columns were used to purify the synthetic groundwater, the columns
were incubated for two weeks. All columns were connected with a serum bottle that
contained 400 ml of medium (SCHMIDT and BELSER, 1982; YAMAGATA et al., 1999). The
medium was circulated through the column (unsaturated flow) using a closed circulation
system. To the medium 20 mg/L ammonium was added.
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At the start of the incubation period the medium that re-circulated through columns 3 to 6
was inoculated with 2.3 ml of the batch culture of nitrifying bacteria. At that moment the
batch culture was in the late exponential growth phase (SCHLEGEL, 1986). After one
week almost all ammonium was consumed in the inoculated medium. Therefore the
medium was refreshed after one week (all columns). The medium was bubbled with an
air mixture to supply the nitrifying bacteria with O,. In addition, only the medium
passing column 5 and 6 contained 40 ml of the solution with the synthetic iron colloids.
After two weeks of incubation the columns were ready to use for the small-scale
purification set up.

6.2.5 Preparation of the synthetic iron colloids

The synthetic iron colloids were prepared using a column system that is especially
developed to study heterogeneous oxidation of Fe’" in an anaerobic system (Chapter 2).
Figure 2 summarises the general outline of the laboratory system. The system consists of
two columns labelled I and II that are placed in a glovebox. Columns I and I were used
to purify the solutions prior to the experiments in case colloids are formed while
preparing the solutions.

The synthetic iron colloids were prepared by mixing a synthetic anaerobic solution
with a synthetic aerobic solution. First synthetic anaerobic water was prepared in the
glovebox and led through column I. To achieve a pH of 7.3 a carbon dioxide
(CO,)/bicarbonate (HCO;") buffer system was used (TAMURA et al., 1976b) and 300 mg
CaCOs; was added to 1 L of ultra pure water. Inside the glovebox this solution was stirred
and bubbled with a gas mixture containing 1.25% CO, and 98.75% N,. After 24 hours the
synthetic water was anaerobic and the pH was 7.3. A synthetic anaerobic solution was
prepared from the anaerobic water according to Table 4. Since humic acid is expected to
flocculate under these conditions (WENG et al., 2002), dissolved organic matter (denoted
further as DOC) was added as fulvic acid (from Dynatrade, assuming a carbon content of
50%).

The aerobic water was prepared in a similar way as the synthetic anaerobic water
and led over column II. The oxygen was added by using a gas mixture containing 1.25%
CO,, 78.75% N, and 20 % O,. After 24 hours the water was saturated with oxygen and
the pH was 7.3. The aerobic water was kept at a constant temperature of 20.0 £ 0.1 °C
during all experiments. The pH was measured continuously both in the synthetic
anaerobic and aerobic solutions.

The oxidation process started at the moment the anaerobic synthetic solution from
column I was mixed with the aerobic water from column II. The mixture contained 125
M O,, which is a surplus of oxygen relative to Fe*" (KING et al., 1995). The solution
containing the synthetic iron colloids was stored at pH 7.3 by using the gas mixture of
1.25% CO,, 20% O, and 78.75% N,. The solution with the synthetic iron colloids was
produced in batches. In every batch the Fe, Mn, Ca, Mg, Na, S and PO, concentration
was measured (ICP-AES; Spectro, Spectro Flame).
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cooling element
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outlet N,=3—= — mixing =—inlet N,

O 0o

glovebox —-e

effluent
+ .
synthetic airlock
iron colloids
pump
influent influent
Fe* 1.25% CO,
1.25% CO, 20% O,
98.75% N, 78.75% N,
Figure 2 General outline of preparation of synthetic iron colloids.
Component column I, Figure 2 column II, Figure 2 mixing ratio mixture, synthetic iron
I:1I colloids included
Fe 100 pM 0 1:1 50 yM
PO, 74 uM 0 1:1 37 M
Mn 23 uM 0 1:1 11.5 uyM
Si0O, 50 uM 0 1:1 25 uM
DOC 4.6 mg/L 0 1:1 2.3 mg/L
Ca 0.3 g/Las CaCQO; 0.3 g/Las CaCO; 1:1 1.8 mM
HCO; 0.3 g/Las CaCO; 0.3 g/Las CaCO;s 1:1 4.2 mM
0O, 0 250 uM 1:1 125 yM
Table 4 Preparation of the synthetic iron colloids (Chapter 3).

6.3 Resultsand discussion

6.3.1 The nitrification process

The small-scale purification set up did run continuously for 117 days. The columns were
percolated using unsaturated flow. In order to remove the sludge resulting from the
purification process the columns were rinsed once a week using saturated flow in back
flush. This was sufficient to keep the small-scale purification set up running. Only the
tubing that supplied column 2 (blank) with the synthetic groundwater was clogged
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irreparable after 24 days. Therefore, column 2 is not taken in account while discussing
the results.

To follow the nitrification process in the columns the NH," and NO;
concentrations were measured in both the influent and effluent. In addition the NO,
concentration was measured occasionally. In the influent more than 99% of the sum of
total N was present as NH,". Instead, in the effluent of column 3 to 6 mainly NO;™ was
present. On average 69 + 19% of the sum of N-NH," and N-NO;" was present as N-NO;
after 14 days. From this it was concluded that both the ammonia-oxidising and the nitrite-
oxidising bacteria had to be present in the columns inoculated with the nitrifying bacteria.
Further, from the mass balance (NH4+, NO;™ and NOy) it became clear that in the effluent
approximately 1/3 of the total nitrogen was lacking. This loss of nitrogen can be
explained when it is assumed that NO;™ is consumed by denitrification. It is possible that
downwards locally anaerobic zones were developed, as was found for soil columns
(KHDYER and CHO, 1983). These locally anaerobic zones could have provided a suitable
environment for denitrifying bacteria, especially when the constant supply of NO; is
considered. Since other (microbial) processes consume NO;™ (e.g. denitrification) only
the NH," concentration was considered to follow the nitrification process in time.

In Figure 3 the NH, concentration in the effluent is presented in time for each
column. At the beginning of the experiment high NH," concentrations were found in the
effluent. After 14 days the nitrification process did catch on well in the inoculated
columns (columns 3 to 6). Subsequently the NH," concentration in the effluent did not
exceed 450 uM after day 14. Only the effluent concentration of column 5 on the 59" day
was an exception to that. However, this is believed to be an artefact when the very low
concentrations at the 56™ and 63™ days are taken in account. Further, between the 92"
and 94™ day the columns ran dry, which was the result of a severe leakage. Immediately
after the leakage nitrification in all columns was affected negatively. Nevertheless, the
columns needed only a few days to recover. This fast recovery is in agreement with the
characteristic biomass growth in a column reactor or fixed bed, which can adapt fast to
changing conditions (BAZIN et al., 1982; POUGHON et al., 1999). At the end of the
experiment more than 84% of the NH," concentration added was removed in columns 3
to 6. In the blank column (1) the nitrification was negligible. This was to be expected
since this column did not contain glass beads and was not inoculated with nitrifying
bacteria at the start of the experiment.

6.3.2 Effect of the synthetic iron colloidson the nitrification

In Table 5 the microbiological removal is specified per column. From Table 5 it follows
that within the inoculated columns the nitrification process improved from column 4
(71% of added amount of NH," removed) < 3 <5 < 6 (85% of added amount of NH,"
removed). This result is consistent; both the columns that purified the groundwater with
the added synthetic iron colloids (D in Figure 1) performed better than the two columns
that purified the groundwater without the added synthetic iron colloids (E). The
consistency of the results was confirmed by statistical analysis. With a Students t-test it
was tested (2 = 0.05) whether the NH," concentrations in the effluent at time t (days)
(denoted further as [NHy]etnuent, » in M) from the columns within the same treatment were
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significantly different from each other. This was not the case and accordingly
[NH4]efruent,t from columns 3 and 4 respectively columns 5 and 6 could be regarded as one
data set. With that [NH,]emyent, ¢ from columns 3 and 4 represented the treatment in which
no synthetic iron colloids were added to the synthetic groundwater (E) whereas
[NHg]efmuent, ¢ from columns 5 and 6 represented the treatment in which synthetic iron
colloids were added to the synthetic groundwater (D).

—e—blank (1) --o-- blank (2)
1200 - —e— without synthetic colloids (3) --o-- without synthetic colloids (4) |

— —a— with synthetic colloids (5) --A-- with synthetic colloids (6)
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0
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Time (days)
Figure 3 NH," concentration in the effluent in time.
Column total amount of  total amount of NH,” % of NH," removed
NH," that was that was removed
added (mmoles) (mmoles)

1 (blank) 74.9 3.88 5.5
2 (blank) -1 - -
3 (without colloids) 75.3 56.8 75.4
4 (without colloids) 78.2 55.6 71.1
5 (with colloids) 76.7 63.1 82.3
6 (with colloids) 78.7 66.5 84.6

' Column 2 was clogged irreparable after 24 days.

Table 5 The total NH," load and removal per column for the small-scale purification
setup after 115 days.
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The next question is whether the groundwater with the added synthetic iron colloids (D)
can improve the nitrification in the columns. Again a Students ttest was performed to
test whether the treatment with synthetic iron colloids resulted in a significantly smaller
average NH,' concentration in the effluent than the treatment without synthetic iron
colloids. It was calculated that the average NH, concentration in the effluent from
columns not treated with the synthetic iron colloids (E) was significantly higher (a =
0.05) than the average NH," concentration in the effluent from the columns treated with
the synthetic iron colloids (D). Accordingly it was concluded that the microbiological
removal of NH," was better in columns that purified synthetic groundwater treated with
the synthetic iron colloids (D) i.e. the synthetic iron colloids added to the synthetic
groundwater were able to significantly (a = 0.05) improve the nitrification process.

Another way to quantify the effect of adding the synthetic iron colloids to the
groundwater is to calculate the cumulative amount of NH," that has been nitrified in time
in the columns. This amount is calculated using a series of steps (discrete approach). The
steps are defined by the NH," concentration in the influent and respectively in the
effluent at time ¢ ([NHq]infiuent, ¢ respectively [NHy]etnuent, ¢ in M) and every step takes a
definite D time t (days). Time £ in turn, is a measure for the volume V (L) passing the
columns. [NHy]infiuent, ¢ Was measured weekly. Accordingly DV was the volume (L) that
had passed a column the corresponding week. The [NHy]esnyent, ¢+ Was measured twice a
week. So DV corresponded with the volume that had passed a column during the period
between two measurements (alternately 3 and 4 days). First, the amount NH," added to
the columns (M(NH4)input, ¢ in moles) and the amount of NH," extracted from the columns
(PM(NH4)output, ¢ in moles) were calculated over time &

t
’KNH4)input,t = Z[NH4 ]inﬂuent,t,- D\/,
i=0 (3a)
t

’(NH4 )output,t = Z[NH4 ]efﬂuent,t,- D\]l (Sb)

i=0

Second, the amount of NH,  nitrified (P(NH4)ninifiea, ¢ in moles) in the columns was
calculated as the difference between the amount I(NHy)input, ¢ and M(NHy)output, £

n(NH4)nim‘ﬁed,t = n(NH4)inpuu - n(NH4)outpuu )

Figure 4 shows the cumulative amount of NH," nitrified in time. Since the statistical
analysis did not show significant differences between the concentrations of NH," in the
effluent from columns 3 and 4 respectively columns 5 and 6, an average of (NHy)nigified, ¢
representing the treatment with (D) or without (E) the synthetic iron colloids was
calculated. From Figure 4 it follows that after 115 days approximately 10 + 3% more
NH,;" had been removed in the columns that purified the groundwater with the added
synthetic iron colloids (columns 5 and 6; D). A deviation of the NH, rate can be seen
between the 77" and 87™ day. During this period the purification set up was run at a
slower pace. After this period the rate of NH, removal was restored very fast for each
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column. This is in agreement with the ability to adapt fast to changing conditions, which
is characteristic for a column reactor or fixed bed (BAZIN et al., 1982; POUGHON et al.,
1999).

70.0
—e— blank (1)

60.0 - . . .
- --o-- without synthetic colloids
[}
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£ 50.0
E
c
£ 400
2t s
o
£
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Figure 4 Cumulative amount of NH," that is removed in the columns in time. For the treatment with

and without the synthetic iron colloids also the standard deviation is displayed.

Noticeable is that it took some time before the synthetic iron colloids sorted a positive
effect on the nitrification process. This can be explained when the average surface area of
the nitrifying bacteria relative to the synthetic iron colloids is considered. On average
nitrifying bacteria are 1 pm x 1.5 pm (ammonium oxidisers) or 0.5 um x 1 um (nitrite
oxidisers) (SHARMA, B. and AHLERT, 1977), which makes them lager than the synthetic
iron colloids (Chapter 5). Since the nitrifying bacteria are lager than the iron colloids, a
large surface area covered with synthetic iron colloids is needed before this surface area
starts to become of relevance relative to the surface area occupied by nitrifying bacteria.

As a first estimation it can be calculated what time it would take before the
synthetic iron colloids cover the surface provided by the clean glass beads. During the
experiment only 100ml -L™' of the synthetic groundwater contained the synthetic iron
colloids.

The composition of iron colloids is represented by:
FeCay4Nay ,3Mny,005(PO4)0.430H,.76 or FeCag sNag 23Mny 95(PO4)0.43(CO3)1 .35 (Chapter 5).
If we assume that the specific area of the colloids is approximately 100 m’/g, we can
calculate that 100 ml of solution contains approximately 0.1 nt’ of synthetic iron colloids.
For simplicity a cubic geometry is assumed for the synthetic iron colloids. When in
addition it assumed that only that the projected area of the particle is the area of
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relevance it can be calculated that approximately one sixth of the total area can cover the
surface of the glass beads. The surface that is provided by the clean glass beads is
measured. Taking in account the estimated relevant area provided by the synthetic iron
colloids together with the initially clean surface area available in the column we estimate
that 15 to 19 L of synthetic groundwater is needed to cover the surface of the glass beads.
In tum this volume corresponds with 18 to 26 days. It should be noticed that during this
period also new particles are formed, which will be intercepted by the glass beads in the
column. To complicate the interpretation of this calculation even further this calculation
does not take in account the changes in the available surface area in the column due to
the weekly rinsing in order to remove the sludge from the columns. Nevertheless the
result of the calculation indicates that it was not to be expected to observe clear
differences between the treatment with (D in Figure 1) or without (E) the synthetic iron
colloids before a period of 15 to 19 days had passed.

This experiment does not address the question in what way the synthetic iron
colloids can improve the nitrification process. However, we hypothesise that the surface
of the synthetic iron colloids could be the key factor in enhancing the nitrification
process. For instance, the ability of the iron(hydr)oxide surface to autocatalyse the
oxidation of Fe’" is a distinctive characteristic of the iron colloids (SHARMA, S.K. et al.,
1999; Chapter 2). The oxidation of Fe’" and the nitrification process will certainly
interact in the whole process since dissolved Fe is an essential nutrient for the
nitrification process. In the purification station dissolved iron is only provided as Fe'". So
the rate of the oxidation of Fe’" is determinant for the Fe’" that is available for the
nitrification process.

In addition, the surface characteristics can be very important for the formation of
bio films, which could be the result of the nitrification process. For instance, phosphate
can actively be used to reduce bio-film growth on corroded iron pipes (APPENZELLER et
al., 2001). Appenzeller et al. demonstrated that a Fe : P ratio of 1 : 0.02 was sufficient to
create a negative zeta potential of goethite prepared in presence of phosphate. As a result
of the reversed zeta potential the bio film growth significantly decreased (APPENZELLER
et al., 2002). As for the synthetic iron colloids, the colloids contain Fe, P, Mn, Na and Ca
(Chapter 5). The presence of these elements in addition to Fe does not rule out the
possibility that the surface charge of the iron colloids could locally be negative rather
than neutral or positive. Nevertheless, the surface charge or surface potential of the
synthetic iron colloids is at this stage still not known. Further experiments are needed to
measure the surface charge or surface potential of the synthetic iron colloids and its
effect on the formation of bio films in unsaturated sand filters.
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7.1 Introduction

Subsurface aeration can be used to oxidise iron in-situ. Subsurface aeration introduces
oxygen-containing water into an anaerobic groundwater well in which iron is mainly
dissolved as ferrous iron (Fe*"). Due to the subsurface aeration Fe** oxidises via ferric
iron (Fe’") into iron(hydr)oxides. The primary goal of subsurface aeration was to oxidise
iron in-situ. In addition to the in-situ oxidation of Fe the nitrification in sand filters,
which are part of the purification plant. Striking is that the effect on the nitrification
process is separated in location and time from the actual application of subsurface
aeration. It is also noticeable that an entirely physical-chemical process such as
subsurface aeration has a pronounced effect on a strictly microbiological process.

Subsurface aeration as a practical tool to enhance the nitrification process has
proved to be very useful for the production of clean drinking water. Therefore, the
objective of this project was to gain insight into the physical, chemical and
microbiological effects of subsurface aeration. If these effects are understood, a method
can be developed that enhances the nitrification process in sand filters without having
additional effects on the subsurface.

7.2 Main conclusions: Analysis of the Miracle of Nieuw-Lekkerland

1. With the application of subsurface aeration the oxygen concentration and the
composition of the groundwater are two important parameters. It was found that a
decrease in oxygen concentration decreases the heterogeneous oxidation rate of Fe*".
The heterogeneous oxidation rate is also decreased when phosphate, manganese,
silicate or fulvic acid is present in the groundwater in addition to Fe**. Phosphate and
fulvic acid decreased the rate of oxidation process most.

2. The decrease of the heterogeneous oxidation rate could not be attributed to the
decrease of the average homogeneous oxidation rate constant k. The average
homogeneous rate constant (0.08 + 0.02 min") was not affected by the oxygen
concentration. When other ions were present in addition to Fe’* the homogeneous
oxidation rate constant k; was not affected or even slightly elevated.

3. Instead the decrease of the heterogeneous oxidation rate could be attributed to the
decrease of the autocatalytic oxidation rate constant k. k', decreased with
decreasing oxygen concentration. In addition the autocatalytic oxidation rate
constant k£, decreased for all experiments when other ions were added in addition to
Fe. The smallest values of k', were derived for the experiments in which PO, and
fulvic acid were added.

4. The homogeneous oxidation process is a primary source for new iron particles. The
autocatalytic oxidation process strongly depends on the concentration of ions such as
PO, and fulvic acid, and leads to growth of the iron particles formed by the
homogeneous oxidation process. Therefore the application of subsurface aeration
will result in the formation of iron colloids at the purification station in Nieuw-
Lekkerland.

5. A field study demonstrated that an aerated well contained more colloids than a non-
aerated well and that a fraction of the iron colloids was mobile. Ultimately, it is this
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fraction of colloids that could be responsible for an effect that is separated in
location and time from the actual application of the subsurface aeration of the well.

6. The iron precipitate sampled in the field did not only contain Fe (39.3 + 8.4%) but
also contained considerable amounts of Si (19 + 8%), P (17 + 4%), Ca (15 £ 0.04%)
and Na (8 + 5%). The Fe in the precipitate was mostly present as Fe'* (89 £ 1%).
Additional analysis using SEM-EDAX confirmed that P and Mn were associated
with Fe. In most cases also Ca was associated with Fe. When the iron precipitate was
studied in more detail the SEM-images showed that the colloids formed an
aggregate. At the edges of the aggregate loose basic particles of the aggregate could
be found. These basic particles were irregularly shaped structures without sharp
edges. The size of the basic particles varied between 0.3 to 1 pm.

7. The characterisation of the iron colloids from the field enabled the preparation of a
synthetic analogue. When both the elemental composition and the morphology of the
iron colloids are taken in account, the synthetic iron colloids formed in the synthetic
solution containing Fe, Mn, POy, SiO4 and dissolved organic matter match the iron
colloids from the field best.

8. It was possible to prepare a synthetic analogue of the iron colloids formed in the
field that can reproduce the positive effect of subsurface aeration on the nitrification
process. In a small-scale purification set up the nitrification was significantly (a0 =
0.05) higher in columns treated with the synthetic iron colloids. In addition, from the
cumulative amount of ammonium nitrified after 4 months it can be seen that about
10% more ammonium was nitrified in the columns that were treated with the
groundwater containing the synthetic iron colloids.

7.3 Future challenges

Although this study clarified some of the effects of subsurface aeration, the mechanism
behind effect of the (synthetic) iron colloids on the nitrification process remains
unknown. In Chapter 6 we hypothesised that the surface of the synthetic iron colloids
could be the key factor in enhancing the nitrification process. For instance, the ability of
the iron(hydr)oxide surface to autocatalyse the oxidation of Fe*" is a distinctive
characteristic of the iron colloids. In addition, the surface characteristics can be important
for the formation of bio films, which could be the result of the nitrification process. It
could be possible that the iron colloids, which are either synthetically prepared or the
result of subsurface aeration, provide a surface that qualitatively favours the growth of
(active) populations of nitrifying bacteria. When the results of this study are considered, a
more specified hypothesis can be formulated: The surface of the iron colloids, which are
either synthetically prepared or the result of subsurface aeration, can play a key role in
the availability of dissolved iron and the attachment of nitrifying bacteria.

In line with this new hypothesis three fields of interest can be formulated.:

1. Surface characteristics of the inorganic components present in the sand filters
2. Kinetics of the oxidation process of Fe*"

3. Characteristics of the population of nitrifying bacteria living in a sand filter
These three issues are explained in more detail in the following sections.
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7.3.1 Characterisation of surface characteristics of synthetic iron colloids

The surface characteristics of the iron colloids could be important for the attachment of
nitrifying bacteria. The surface characteristics in turn, depend on the composition of the
iron colloids. The experiments described in Chapter 4 and 5 demonstrated that the iron
colloids from the field contained Fe, Ca, Mn, PO4 and Na. These five elements were used
to derive a possible stoichiometric composition of the mineral. During the preliminary
research this calculation was also performed for the sludge from the unsaturated sand
filters. At this point it would be interesting to see whether there are differences between
the possible stoichiometric compositions of the iron colloids from the field and the
sludge. Table 1 presents the possible stoichiometric composition of the iron colloids and
the sludge (see also Sections 1.2.3 and 1.3.4).

Experiment F* ca® Na°  Mn" PO OH
Sludge (non-aerated groundwater), experiment 1 1 0.27 - 0.07 0.37 2.7
Sludge (non-aerated groundwater), experiment 2 1 0.28 - 0.08 0.38 2.8
Sludge (aerated groundwater), experiment 1 1 0.31 - 0.14 0.37 3.1
Sludge (aerated groundwater), experiment 2 1 0.30 - 0.15 0.38 3.1
Colloids sampled in aerated well, experiment 1 1 0.34 0.11 0.005 0.43 2.5
Colloids sampled in aerated well, experiment 2 1 0.46 0.34 0.004 0.42 3.0
Table 1 Calculated mineral composition for the sludge from the sand filters and the iron colloids

sampled at Nieuw-Lekkerland. The mineral composition is based on the molar ratio.
The amount of iron (moles) is set as point of reference.

As can be seen in Table 1 the iron colloids contained more Ca and PO, than the sludge
from the sand filters. In contrast the iron colloids contained far less Mn than the sludge
from the sand filters. Accordingly this could indicate that the iron colloids resulting from
subsurface aeration are different from the sludge, which is formed during the purification
process. Correspondingly also the surface characteristics of the iron colloids (surface
charge, morphology) could be different from the surface characteristics of the sludge in
the sand filter.

Although the overall chemical composition can be useful, the possible
stoichiometric composition by itself does not provide information about for instance the
surface potential and surface charge. For instance the presence of PO,;, Mn, Ca or Na in
addition to Fe does not rule out the possibility that the surface charge of the iron colloids
could locally be negative rather than neutral or positive. Nevertheless, at this stage the
surface characteristics of neither the synthetic iron colloids nor the sludge in the
unsaturated sand filters are known. Further experiments are needed to characterize the
surface of the synthetic iron colloids and the sludge in the unsaturated sand filter. These
characteristics could be used to gain insight into the formation of bio films in unsaturated
sand filters. Moreover, with respect to clarifying the effects of subsurface aeration
especially possible differences between the surface characteristics of the iron colloids on
the one hand and the sludge on the other are of particular interest.

110 |



Chapter 7 — Epilogue

7.3.2 Kinetics of oxidation process Fe’"

The ability of the iron(hydr)oxide surface to autocatalyse the oxidation of Fe’' is a
distinctive characteristic of the iron colloids. The oxidation of Fe* and the nitrification
process will certainly interact in the whole process since dissolved Fe is an essential
nutrient for the nitrification process. In the purification station dissolved iron is only
provided as Fe’". Accordingly the rate of the heterogeneous oxidation of Fe&’' is
determinant for the Fe’" that is available for the nitrification process. This was also
demonstrated during the preparatory batch experiments, in which the availability and
possible toxicity of Fe*" was assessed (data not shown). In the experiment, in which only
Fe was used for colloid formation, the nitrification process performed poorly. This can be
explained when especially the autocatalytic oxidation rate constant (k) is considered.
For the synthetic iron colloid containing only Fe the £’, is significantly higher than the
k’, for a synthetic colloids formed in a solution containing Fe, PO,, Mn, SiO4 and FA (k"
= 0.039 respectively £ = 0.021). Instead the k; did not differ significantly for the two
kinds of synthetic iron colloids. Due to the high value of £’, the net heterogeneous
oxidation of Fe*" was very fast. As a result it did not take long before no Fe** was left for
the nitrification process.

In Chapter 6 it was noticed that in the small-scale artificial purification set up the
nitrification process performed better than the physical-chemical removal of Fe*". In a
filter the physical-chemical and microbiological processes operate simultaneously. It is
assumed that in an unsaturated sand filter the processes follow the reversed sequence of
reduction processes. However, this was not the case for our small-scale set up. Also it
was noted that it took some time before the synthetic iron colloids sorted a positive effect
on the nitrification process. The high load used for the small-scale artificial purification
set up is likely to be one of the causes. The load was increased with a factor 3.6 in order
to create a load per m’ of filter material, which is similar to the load employed at the
purification station in Nieuw-Lekkerland. Subsequently the Fe** concentration was 180
uM instead of 50 uM (see Chapter 6). In Chapter 2 the heterogeneous oxidation was
described using a model with a homogeneous (k;) and an autocatalytic oxidation rate
constant (k’,). This model can be used to calculate the effect of changing the Fe**
concentration from 50 uM to 180 uM. Figure 1 presents the results of this calculation.

Figure 1 demonstrates that for a higher Fe** concentration the importance of the
homogeneous oxidation process decreases relative to the autocatalytic oxidation process.
From the model described in Chapter 2 it follows that the homogeneous oxidation
strongly depends on the Fe*" concentration. Consequently, when the Fe*" concentration is
increased, more iron(hydr)oxide colloids will initially be formed in solution in the same
period of time. This is somewhat counter intuitive: The higher the Fe’" concentration, the
higher the rate in which the fresh iron(hydr)oxides are formed by the homogeneous
oxidation process i.e. the higher the rate in which surface is produced for the
autocatalytic oxidation process. Due to this fast production of iron(hydr)oxide surface the
autocatalytic oxidation process progressively gains in importance, which in turn quickly
overrules the importance of the homogeneous oxidation process.
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Figure 1 The relative contribution of the homogeneous respectively autocatalytic oxidation

process (%) calculated for a solution initially containing 50 yM of Fe?* and a solution
initially containing 180 uM Fe?".

Also, it is important to notice that the initial product (iron colloids) of the homogeneous
oxidation process is most similar to the synthetic iron colloids. Accordingly, when a high
Fe*" concentration is used the product of the homogeneous oxidation process could easily
outnumber the concentration of added synthetic iron colloids (e.g. 100 ml -L™" in Chapter
6). Thus it is possible that at a high Fe*" load the effect of the synthetic iron colloids is
less than in the field situation. Therefore it would be interesting to measure whether the
same concentration of synthetic iron colloids (100 ml ‘L") could sort a positive effect on
the nitrification process faster and more pronounced when a smaller load of Fe&** is
applied.

Another unresolved issue is the speciation of Fe in the aerated groundwater well
itself. The speciation of Fe in the well is determinant for the formation of (potentially
mobile) iron colloids. With an extended field experiment the effects (e.g. speciation of Fe
in the groundwater well, volume around the well that is affected) of subsurface aeration
in the well could be studied in more detail. In addition, the surface charge and surface
potential of the colloids are important parameters to measure since the mobility of the
colloids in the field will depend on these surface characteristics.

7.3.3 Characterisation of the nitrifying bacteria present in a sand filter in a
purification station

In this study the nitrifying bacteria, which were used in the small-scale purification set
up, were not identified. In order to perform the experiment described in Chapter 6
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literature was used that dealt mainly with nitrifying bacteria in wastewater treatment
plants or in soils. However, it can be expected that different biological systems contain
different populations of nitrifying bacteria since the environmental conditions are
different for each system. In the purification station not all environmental conditions are
optimal for the nitrifying bacteria. For instance, the nitrifying bacteria must endure a flow
rate of 100 m’ -hour’. The average temperature at the purification station (11.9 °C,
(BOEREKAMP, 1998)) is relatively low for the nitrification process (SHARMA, B. and
AHLERT, 1977). So the question arises whether an unsaturated sand filter accommodates
a population of nitrifying bacteria that is characteristic for these particular environmental
conditions. Moreover, it would be interesting to know what environmental condition
could make the surface area available in the sand filters qualitatively more favourable for
the nitrifying bacteria living in the sand filter.

Also the attachment of the nitrifying bacteria to the sand in the filter or to the glass
beads in the column experiments was a given in this study. From the preliminary research
it followed that the nitrifying bacteria had a slight preference to attach to the sand in the
sand filter. This was confirmed by the small-scale purification set up, in which the
column without glass beads performed poorly. At first sight the attachment of (nitrifying)
bacteria seems similar to the physical-chemical attachment of colloids to an immobile
phase, which is (qualitatively) summarised by the DLVO-theory (SIMONI et al., 2000).
However, the attachment of (nitrifying) bacteria to an immobile phase could be more
complicated since a biological component is introduced (TRUESDAIL et al., 1998; BoS et
al., 1999; SHELLENBERGER and LOGAN, 2002). For instance, mircoorganisms can be
mobile, excrete surfactants, or have extensions such as flagella. In order to gain insight
into the mechanism behind the effect of subsurface aeration it could also be necessary to
study the biological component next to the physical-chemical surface characteristics of
the (nitrifying) bacteria.

In conclusion, this study did not address the question in what way the (synthetic) iron
colloids can enhance the nitrification process. As is only sketched briefly in Sections
7.3.1 to 7.3.3 this question leaves several interesting issues open for further research.
Notwithstanding, the results of this study strongly support the hypothesis that mobile iron
colloids may be the link between subsurface aeration and the positive effect on the
nitrification process.
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