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Current groundwater treatment facilities, mostly relying on aeration-filtration configurations, aim at the
removal of iron (Fe), ammonia (NHj) and manganese (Mn). However, recently water companies
expressed the ambition to also reduce arsenic (As) concentrations in these rapid sand filters. The aim of
this study was to investigate the effect of the Fe oxidation state entering a biological filter bed on As
removal. By varying supernatant water level, either Fe(Il) or Fe(Ill) in the form of hydrous ferric oxides
(HFO) could be stimulated to enter the filter bed at alkaline groundwater pH (7.6). The experimental pilot
column filters showed that once the As(Ill) oxidation stabilised in the top layer of the filter sand, As
removal reached its maximum (+75% at 120 cm supernatant level and 1.5 m/h filtration velocity). The
increase in supernatant level from 5 to 120 cm resulted in additional HFO production prior to rapid
filtration (1.5, 5 and 10 m/h), i.e. homogeneous Fe(Il) oxidation and flocculation, and subsequently, HFO
ending up deeper into the filter bed (120 cm filter depth). At a low supernatant water level of 5 cm, Fe(Il)
oxidised heterogeneously and was removed within the top 20 cm of the filter bed. Consequently, filters
with high supernatant levels removed As to lower levels (by 20%) than in filters with low supernatant
water levels. The benefits of Fe(Il) oxidation prior to filtration for As removal was confirmed by
comparing Fe(III) to Fe(Il) additions in the supernatant water or in the filter bed. Overall it is concluded
that in biological groundwater filters, the combination of a higher supernatant level and/or Fe(lIl)

addition with biological As(IIl) oxidation in the top of the filter bed promotes As removal.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

steps (e.g., adsorbents, membrane filtration) or introduction of
invasive chemicals (e.g., strong oxidants).

Current groundwater treatment facilities, mostly relying on
aeration-filtration configurations, aim at the removal of iron (Fe),
ammonia (NHZ) and manganese (Mn). However, recently water
companies have expressed the ambition to reduce arsenic (As)
concentrations to below 1pug/L, to exclude potential undesired
health effects (Middleton et al., 2016; van Halem et al., 2009; WHO,
2011). In Belgium and the Netherlands As levels in groundwater are
generally low (<10 pg/L), though at some pumping stations con-
centrations as high as +70 pg/L are observed. As a consequence, the
existing drinking water treatment infrastructure, frequently in
good condition, needs upgrading for the removal of several ug As/L.
For water companies, optimisation of existing treatment processes
for As removal is preferred over implementation of new treatment
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In groundwater filters, rapid oxidation of As(Ill) to As(V) is
crucial for effective As removal. Previous research has found As(III)
oxidation to occur in the top of the filter bed (Bissen and Frimmel,
2003; Gude et al., 2016), facilitated by bacteria (Gude et al., 2018b;
Katsoyiannis et al., 2004; Kumari and Jagadevan, 2016). The oxi-
dised As(V) is subsequently removed by adsorption onto hydrous
ferric oxides (HFO) that originate from oxidised and subsequently
flocculated or adsorbed Fe(Il) (Dixit and Hering, 2003; Gude et al.,
2017; Sharma et al., 2001; van Beek et al., 2015). HFO is either
produced in the supernatant water or in the filter bed which is
determined to a large extent by the supernatant water level (SWL),
but also on water quality (e.g., pH), filter design (e.g., filter material)
and operational conditions (e.g., flow rate) (Stumm and Lee, 1961;
Vries et al., 2017). Therefore, the aim of this study was to investigate
the effect of the Fe oxidation state, entering the biological filter bed,
on As removal. The Fe oxidation state, entering the filter bed, can be
controlled by adjusting the SWL. The supernatant water can be

2589-9147/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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regarded as a completely stirred tank reactor (Vries et al., 2017),
therefore the major difference between high and low SWL is resi-
dence time of the aerated groundwater. Mn(Il), NHf and As(Ill) do
not homogeneously oxidise in the timespan of 1h (Diem and
Stumm, 1984; Kim and Nriagu, 2000; Tatari et al., 2016), which
can be considered the practical maximum residence time, however,
depending on O, concentrations and pH part of the Fe(Il) will ho-
mogeneously oxidise and form HFO flocs (de Ridder and van Halem,
2017; Sharma et al., 2001; Stumm and Lee, 1961). The produced
HFO typically adsorbs about 20—40% As(Ill) depending on, among
other parameters, As/Fe ratio and residence time (Dixit and Hering,
2003; Gude et al,, 2017, 2016; Qiao et al., 2012). The Fe(Il) that
reaches the filter bed can heterogeneously (or at pH < 7.5 partly
biologically (de Vet et al., 2011)) oxidise on the filter grains. Kinetics
of heterogeneous Fe(ll) oxidation are faster than homogenous
(Tamura et al., 1980), the HFO formed is less voluminous and causes
less filter resistance than HFO floc-filtration (Sharma et al., 2001)
and could have a lower sorption site density, as was observed by
Dixit and Hering (2003) for different Fe oxides minerals (HFO,
Goethite and Magnetite), where the site density on the mineral
surface increased as the density of the mineral decreased. Also
confirmed by Senn et al. (2018) where aging HFO at 40 °C caused a
release of As(V).

Impact of SWL on the oxidation can only be expected at alkaline
groundwater which guarantee a sufficiently high homogeneous
Fe(Il) oxidation rate (see Fig. 1). To test the effect of SWL, and thus
the Fe oxidation state, on the removal of As during rapid sand
filtration, two pilot scale sand columns with a filter bed height of
1.4 m were operated for a period of nine months. The filter columns
were fed with aerated, natural alkaline (+pH 7.6) groundwater,
containing 13 pg/L As(III), 2 mg/L Fe(Il), 0.6 mg/L NH4 and 20 ug/L
Mn(II). One column was operated with high (>1 m) SWL while the
other was operated with low SWL (<0.05 m). In addition, to have a
direct comparison on the influence of either Fe(IIl) or Fe(Il) entering
the filter bed on the removal of As(III), an experiment was included
by dosing 1 mg/L Fe(Il) or Fe(Ill) at equal SWL. To observe As(III)
oxidation and Fe/HFO mobility in the filter bed, water samples were
measured over the height of the filter bed, during start-up of the
sand filters (i.e. ripening) as well as during stable operation.

2. Materials and methods
2.1. Groundwater quality
The pilot experiments were performed at drinking water pro-

duction plant Hoogstraten in Belgium (Pidpa). The groundwater
quality is depicted in Table 1.

Supernatant water level:

Filter bed:

Fig. 1. Groundwater treatment: abstraction, followed by aeration and rapid filtration.
Increasing the supernatant level, increases the amount of HFO entering the filter bed
by lengthening residence time in the SWL.

Table 1

Groundwater quality of WTP Hoogstraten and feed water of the column experiment.
Water quality parameters Units avr. Min. Max.
Temperature T 11.7 10.5 12.8
0, mg/L <0.01 <0.01 <0.01
ORP mV —129 —188 —61
EC uS/cm 406 386 432
pH -1 7.56 7.45 7.70
HCO3 mg/L 225 214 229
As ng/L 125 8.3 15.0
Fe mg/L 1.97 0.89 227
Mn ng/L 17.7 11.9 259
Ca mg/L 69.3 65.6 753
Mg mg/L 52 4.6 5.8
NHz mg/L 0.68 0.62 0.74
PO3" ug/L P 257 248 283
Si0, mg/L 23 221 239

2.2. Experimental column set-up

The experimental set-up consisted of two columns with a
diameter of 300 mm (Fig. 2). Both columns were filled with sand
to 140 cm bed height, where one column was 2 m in height and
one column was 3 m in height to allow for a high SWL. For equal
flow distribution and spray aeration, raw groundwater was
increased in pressure with a centrifugal pump at the intake and
manually set (reduced in pressure) to the desired flow just before
the columns. Aeration was achieved by spraying in the columns
with a fall height of 30 cm into the supernatant water, resulting in
an average dissolved oxygen (DO) concentration of 6.6 mg/L with a
standard deviation of 1.1 mg/L. The calculated DO demand of the
Fe(Il), Mn(II), NHf and As(Ill) combined is 2.78 mg/L O,. The
additional 1 mg/L Fe(Il) adds 0.14 mg/L, making the total DO de-
mand 2.92 mg/L O,. The applied aeration sufficed to ensure oxic
conditions in the filter bed. The SWL was maintained constant
throughout the runtime with a control valve compensating for the
increased pressure drop due to clogging of the filter bed. The
columns were filled with 14m quartz filter sand of size
0.70—1.25 mm. Before starting the experiment the columns were
intensively backwashed with tap water to remove all fines. Over
the course of the experiment the filtrate of the columns was
collected and used as backwash water. Throughout the seven
months experiment, the columns were continuously fed with
aerated groundwater and were situated in a location deprived of
(sun)light.

2.3. Experimental conditions

The experiment started with virgin sand, which was ripened
with aerated groundwater for nine weeks at a velocity of 1.5 m/h
with 5cm SWL and 120 cm SWL for column 1 and 2, respectively.
Once the biological processes sufficiently progressed (only Mn was
not completely removed), the filtration velocity was increased. The
first three weeks to 5 m/h and the subsequent four weeks it was
increased to 10 m/h. Afterwards the filtration velocity was set back
to 5m/h and subsequently reduced to 1.5 m/h. For a complete
overview of the experimental conditions is referred to Table 2. In
week 22, the SWL was set to 50 cm in both columns for a period of
three weeks to stabilise conditions in both columns. At this point
two identical PVC Fe(II)/Fe(Ill) dosing unit were installed. The
outlet of the first was installed in the top of the filter bed of column
1, at a depth of 30 cm (Fig. 2) and the second in the SWL of column
2. 10% of the anaerobic groundwater was pumped through the
dosing units, right before the centrifugal pump the FeCl was dosed
with a peristaltic pump (Watson marlow U120) to ensure proper
mixing. Successively, 1 mg/L Fe(Il) was dosed in the filter bed in
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Fig. 2. Schematic overview of the filter column set-up including sample points over the height of the filter bed. Fe(II)/Fe(Ill) dosing equipment was installed only for specific

experiments.

Table 2
Experimental overview.
Period Filtration velocity SWL column 1 SWL column 2 Experiment
[week] [m/h] [m] [m]
1-9 1.5 0.05 1.20 Biological ripening
10-13 5 0.05 1.20 Flowrate increase to 5 m/h
14-19 10 0.05 1.20 Flowrate increase to 10 m/h
20 5 0.05 1.20 Flowrate return to 5m/h
21 1.5 0.05 1.20 Flowrate reduction to 1.5 m/h
22 5 0.5 0.5 Stable operation at equal SWL
26 5 0.5 0.5 1 mg/L Fe(Il) addition in filter bed (column 1) and supernatant (column 2)
27 5 0.5 0.5 1 mg/L Fe(lll) addition in filter bed (column 1) and supernatant (column 2)
30 5 0.5 0.5 Disinfection with Cl,

column 1 and 1mg/L Fe(ll) in the SWL of column 2. Samples
throughout the complete installation were taken at 3 and 7 days of
chemical injection and were averaged. The same experiment was
repeated for Fe(Ill) dosing. Finally the columns were disinfected to
confirm the biological nature of the processes by pumping chlori-
nated water of 1.5 times the reactor volume into the columns and
allowed a reaction time of 24 h. After 24h, the columns were
backwashed and operated as before.

2.4. Chemicals, sampling and analytical methods

Fe was obtained from Sigma Aldrich: FeCl,-4H,0, mw 198.81 g/
mol (99.99%) and FeCl;-6H,0 mw 270.30 g/mol (99%). 15% stock

solution NaOCl was diluted to 150 mg/L with drinking water. 10% of
the anoxic main flow was diverted and injected with the undiluted
FeCl/FeCls. The chemicals were continuously pumped into a PVC
dosing unit placed just above the filter bed in the supernatant
water and at 30 cm depth (from the top) in the sand bed. The dosing
unit consisted of a cross with 5 small holes per arm to enhance the
mixing of the Fe. The default sample frequency was once per week
and while sampling the sample-water flow remained always below
10% of the main flow to prevent large changes in filtration velocity.
Samples were processed via three methods: (1) direct, (2) filtered
over 0.45 pm, and (3) filtered over 0.45 pm and anionic resin for the
purpose of As speciation.

As speciation was done according the method proposed by
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Karori et al., (2006). Here, 150 mL sample is passed through an
anionic resin (80 mL Amberlite® IRA-400 chlorite form resin in a
100-mL syringe) that retains only the charged As(V) species. The
filtrate from the resin is considered to be As(Ill). As(V) is then
calculated by subtracting As(Ill) from the measured total As con-
centration. The first 50 mL was always discarded, the remaining
100 mL was collected and analysed using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). This is considered to be a
robust method, however, at neutral pH the resin unavoidably re-
tains 14% of As(Ill) (min= 7%, max =23%; n=24) (Gude et al,,
2018b), which was not compensated for in the Figures. pH, elec-
trical conductivity (EC) and O, were measured with WTW elec-
trodes (SenTix 940, TerraCon 925 and FD0925).

Determination of total iron concentration was performed
spectrophotometrically by the phenanthroline method (American
Public Health Association, 1985). As, Mn and P were analysed
with ICP-MS (type XSeries2 van Thermo Scientific), while NHj,
NO3, NO§ were analysed by a discrete analyser spectrophotometry
(Aquakem 250, company: Thermo Scientific).

3. Results and discussion
3.1. Biological ripening of As(Ill), Mn(Il) and NHj

In Fig. 3, the speciation of the dissolved As in the two filter
columns with different SWL is depicted in the supernatant water
and over the height of the filter bed at day 1, 8, 15 and 36.

The gradually increased As(V) concentrations over the filter bed
profile illustrates the onset of biological As(Ill) oxidation. After 36
days, before NH4 and Mn started (Fig. 4), As in the filtrate was
completely in the As(V) form, both in the 5 and 120cm SWL
columns.

Over the first 5 weeks, the As(Ill) conversion gradually moved
upwards in the filter bed, as a result of filter ripening. This process
only slowed down until the major part was oxidised in the top
20 cm of the filter bed. While As(Ill) oxidation occurred higher in
the filter bed, total As removal efficiencies increased in the filtrate.
It was observed that even though within 2—3 weeks complete
oxidation was achieved in the filtrate, the removal efficiency in the
120 cm SWL column gradually increased until week 5—6. Appar-
ently, the biological As(Ill) oxidation occurring in the top of the
filter bed contributes to increased As removal.

Apart from As(Ill) conversion, other biological processes also
started in the ripening stage of groundwater filters. The NHi and
Mn concentration profile over the filter bed are depicted in Fig. 4
during the first 63 days of operation.

NHZ oxidation commenced and was (almost) complete in the
filtrate at day 49 and, like As(III), climbed to the top of the filter bed
at least until day 63. Although NHZ oxidation started at day 36 for
both 5 and 120 cm SWL, by day 49 and 63 more was oxidised in the
120 cm SWL column, and oxidation occurred higher in the filter
bed. Mn(Il) removal did not fully develop during the ripening stage,
as only 29% and 45% was removed in the 5 and 120 cm SWL col-
umns, respectively. However, similar to both NHZ and As(Ill), the
120 cm SWL column removed more Mn than the 5 cm SWL column
at day 63, which suggests that biological processes benefit from
Fe(II) oxidation prior to filtration. The development of biomass for
As(Ill) conversion was fastest, followed by NH4 and subsequently
Mn, which is in-line with results from ripening experiments with
other natural groundwaters containing, As(Ill), Mn(Il) and NHZ
(Gude et al., 20184, 2018b). The results in Fig. 4 suggest that specific
As(Ill) oxidising bacteria were accumulated in sand filters since
As(Ill) oxidation developed prior to NHi and Mn(lI) oxidation. This
is in line with observations in Gude et al. (2018b) which showed
that As(Ill) oxidising bacteria accumulated rapidly on As(III)-

substrate in an environment of NH4 without NO3 and vise versa,
in both these systems no MnO, minerals were present on the filter
sand.

The results of increasing the filter loading (e.g. filtration veloc-
ity) are depicted in Fig. 5. Here As(Ill) and As(V) concentration
profiles are shown after 1 week of increasing the flow from 1.5 m/h
to 5m/h.

As(IIl) concentrations throughout both columns increased as a
result of an increased loading. Apparently the biological oxidation
was in equilibrium with the loading of 1.5 m/h and the columns
could not directly cope with the, more than tripling, of As(III)
loading at 5 m/h. The elevated As(Ill) concentrations were accom-
panied by a decrease in As removal efficiency. To confirm that As(III)
conversion was a biological process in the columns, the columns
were disinfected with Cl, at the end of seven months of experi-
ments. Fig. 6 depicts the arsenic speciation in the columns after
returning to regular operational mode (at 5 m/h) for a period of
24 h.

After disinfection, the As(IlI)/As(V) profile over the filter bed
closely resembled the profile of the first measurement at day 1.
Hence, As(IIl) oxidation stopped almost completely after disinfec-
tion. This confirms that the As(Ill) oxidation during these experi-
ments was of biological nature. Although not measured over the
height of the filter bed, NH} concentrations in the filtrate (0.60 mg/
L) remained identical to the influent concentrations (0.61 mg/L),
indicating that the disinfection inactivated the nitrifiers as well,
also observed by Gagnon et al. (2005). On the other hand, Fe
removal was just as effective after chlorination as before chlori-
nation, with Fe concentrations in both columns below 0.01 mg/L.
Therefore, although biological Fe(Il) oxidation in the filter bed could
have occurred (de Vet et al., 2011; van Beek et al., 2015), it is
demonstrated that for these columns with alkaline groundwater
homogeneous and heterogeneous Fe(Il) oxidation sufficed for Fe
removal. However, it is clear that the nature of As(lIIl) oxidation was
predominantly biological, as after disinfection the majority of the
As in the filtrate was in the As(Ill) form. Minerals, present on the
filter sand, potentially potent for As(IIl) oxidation, like MnO; (Gude
et al.,, 2017; Jones et al., 2012), apparently did not oxidise As(III)
while the bacteria were inactivated.

3.2. SWL and As removal

Extending residence times in the supernatant water results in
increased homogeneous HFO production, and reduces the contri-
bution of heterogeneous Fe(Il) oxidation in the filter bed. Fe
removal over the filter bed height, both total Fe and 0.45 pm filtered
Fe, are depicted in Fig. 7 together with dissolved and adsorbed As.

The profiles of the columns with 5 and 120cm SWL were
distinctly different for As and Fe. At 5 cm SWL, Fe removal was rapid
and efficient since 98.6% was removed in the first measuring in-
terval at 20 cm from the top of the filter bed. In this system, the
majority of the Fe enters the filter bed as Fe(Il) (82% was not
retained by a 0.45 um filter) and apparently this was efficiently
removed. The rapid Fe removal resulted in a low level of As
adsorption throughout the filter bed. 5 ug/L As (total) was removed
in the first 20 cm of the filter bed, whereas in the rest of the 120 cm
sand filter only 1 pug/L As was removed.

In the 120cm SWL column, the Fe(Il) was allowed to be
homogenously oxidised for 45 minat 5mg/L O, and pH 7.6. The
retention time caused 53% of the 1.93 mg/L Fe(II) to be retained by a
0.45 um filter, apparently being oxidised and flocculated into HFO
flocs. These flocs were observed throughout the filter bed and were
only completely removed after 120 cm of sand filtration (deep-bed
filtration). Apparently homogeneously formed HFO in the super-
natant water was more mobile in sand filters than dissolved Fe(II)
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as was also observed by Sharma et al. (2001). This deep-bed
filtration of HFO changed the As profile compared to the profile
in the 5cm SWL column. In terms of As removal the 120 cm SWL
column outperformed the 5 cm SWL column. In the first 20 cm of
the filter bed, an additional decrease of 2 ug/L dissolved As and an
additional 2.5 pg/L adsorbed As was observed. The adsorbed As to
the (mobile) HFO was subsequently removed in the filter bed. This
observation is in-line with an As removal profile in a full-scale rapid

filter which was operated with a high supernatant level and a NaOH
injection (Gude et al., 2016).

An additional observation is that after 20 cm of the sand filter,
the dissolved As remained steady for the rest of the filter bed.
Probably, the HFO deeper in the filter bed had already reached
equilibrium sorption and/or further flocculation of the HFO pre-
vented additional adsorption of the produced As(V). Overall,
increased SWL, at a pH high enough for homogeneous Fe(Il)
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oxidation to occur, resulted in increased HFO production prior to
filtration which was beneficial to As adsorption onto HFO and
subsequent removal in the filter bed.

3.3. Supernatant level and filtration velocity

Increasing the filtration velocity reduces the homogeneous
oxidation time in the supernatant water and therefore the HFO
production. To observe whether the positive effect of a high SWL is
maintained at higher filtration velocities, the results of the As
removal at different velocities are depicted in Fig. 8 (1.5, 5 and 10 m/
h).

Independent of the filtration velocity, 120 cm SWL resulted in an
increased As removal compared to 5 cm SWL throughout the filter
bed. The increase in As removal in the filtrate was 10%, 12% and 12%
respectively for 1.5, 5 and 10 m/h. The minor differences are more
likely to be explained by the variations in water quality than in
process conditions.

At an increased filtration velocity, As removal moved deeper
into the filter bed. At 1.5 m/h, As removal occurred in the upper
layer of the filter bed and no additional removal was observed
further in the filter bed, while at 5 m/h and even more pronounced
at 10 m/h As removal was occurring deeper in the filter bed.
Apparently the increased filter loading and/or the decreased

contact time caused the process to acquire additional surface area
at higher filtration rates. In this experiment however, although the
removal occurred deeper in the filter bed, no effect on the total As
removal in the complete filter bed was observed.

3.4. Fe(Il)/Fe(Ill) addition in supernatant water

To have a direct comparison of the influence of either Fe(IIl) or
Fe(Il) entering the filter bed on the removal of As, an experiment
was included adding 1 mg/L Fe(Il) or Fe(Ill). Fig. 9 depicts either
Fe(Il) or Fe(Ill) additions, as well as the natural groundwater
composition with process conditions of 50cm SWL and 5 m/h
filtration velocity.

Both Fe(Il) and Fe(Ill) additions resulted in a more effective
removal of As than was the case for natural groundwater without
addition, indicating that additional formation of HFO resulted in
increased As removal, as also previously observed by Qiao et al.
(2012) where As(V) removal percentages increased at lower
As(V)/[Fe(Ill) ratios. Chiew et al. (2009) observed more As removal in
filters where more Fe was present. However, Fe(lll) addition in the
supernatant water was more effective in decreasing As compared to
Fe(Il) addition. Evidently, Fe(lll) entering the filter bed is more
effective at removing As than Fe(II), which is in-line with the SWL
experiments presented earlier. The +1 pg/L increase in removal was
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obtained in the upper layer of the filter bed and remained more or
less stable further throughout the filter bed. The mechanism
involved here is that the HFO flocs formed by Fe(III) are not accu-
mulating on the surface of the top of the filter bed where the As(III)
is oxidised (observed at 120 cm SWL in Fig. 7 and by Sharma et al.
(2001)), but in majority passing them in the pore volume of the
filter bed and subsequently absorbed the produced As(V) more
effectively.

3.5. Fe(Il)/Fe(Ill) addition in filter bed

To obtain HFO in the zone of the filter bed where As(V) is pre-
sent, in order to better adsorb As in rapid filters, also Fe(Il) and
Fe(Ill) were dosed in the filter bed at 30 cm under the top of the
filter bed and compared to an equal Fe addition in the supernatant
water. The results for dissolved As and Fe are depicted in Fig. 10.

As removal as a result of Fe addition in the supernatant causes
the majority of the As removal to take place in the upper layer of the
filter bed. This in contrast to the Fe addition at 30 cm in the filter
bed. Here the removal was achieved over a larger filter bed height

and remained constant after 60 cm of sand filtration. The Fe addi-
tion in the supernatant water caused the overall As removal to be
more effective than Fe addition in the filter bed. For Fe(Ill) addition
in the supernatant, 1.2 pg/L additional As was removed. In the filter
bed where the Fe was dosed a drop of 1.0 ug/L is observed. However,
this did not result in the desired effect since the dissolved As
concentration remained higher than in the same sampling point
while dosing in the supernatant water. For Fe(Il), a similar trend is
observed. Fe(Il) dosed in the filter bed caused some additional
removal compared to highest sampling point in the filter bed.
However it did not result in increased removal compared to the
Fe(II) added in the supernatant water.

The Fe profile as a result of Fe(Ill) additions was clearly different
for dosing in the supernatant and dosing in the filter bed. Additions
in the supernatant water effectively caused (a maximum +1 mg/L)
increased Fe concentrations over the first 90 cm of the filter bed. On
the other hand, while adding the same concentration Fe in the filter
bed almost no additional Fe was observed in the filter bed.
Apparently adding in the filter bed, the flocs were more effectively
locally retained due to improper mixing and direct availability of
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sand surfaces, potentially explaining the reduced As removal
compared to the well-mixed dosing in the supernatant water
similar to observations of Sharma et al. (2001), here Fe(IIl) entering
the filter bed resulted in 2.5 times high filter resistance (rapidly
clogging a filter bed by voluminous flocs). The Fe profile for Fe(II)
addition in the filter bed and in the supernatant was similar, apart
from 2 outliers; which was, in both experiments, dominated by
rapid heterogeneous oxidation (Hiemstra and van Riemsdijk, 2007;
Tamura et al., 1980) and thus, similarly to previous experiments, not
resulting in better As removal than when adding Fe(III).

Conclusions

The research aimed at establishing an As(IIl) oxidising biomass
in the top of the filter bed and investigating the role of Fe oxidation
state prior to rapid filtration. For this purpose the SWL was varied
and Fe(II) and Fe(III) additions were compared in a pilot plant using
alkaline groundwater (pH 7.6) with naturally containing As(III).
From the experiments it may be concluded that As(Ill) oxidation
gradually moved upward in the filter columns during ripening of
biological sand filters, similar to NHZ but more rapidly. Once the
biomass established itself in the top of the filter bed, As removal
efficiency stabilised at its maximum. Disinfection by chlorine
caused the As(Ill)/As(V) profile to return to its initial values,

confirming the biological nature of this process. As removal greatly
benefitted from increasing the SWL from 5cm to 120 cm, for all
tested filtration velocities (1.5, 5 and 10 m/h). A closer look in the
filter bed revealed that HFO penetrated the filter bed further and
seemed to be more efficiently used as an adsorbent at a higher SWL.
The beneficial properties of HFO formed prior to rapid filtration
were confirmed by the increased As adsorption by Fe(Ill) addition
in the supernatant water compared to Fe(Il) addition and/or Fe
injection into the filter bed.
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