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ARTICLE INFO ABSTRACT

Keywords: Iron (Fe2+), manganese (Mn2+), and ammonium (NH}) oxidation processes were studied in three single media
Reactive transport modelling and three dual media full-scale rapid sand filters (RSFs) using reactive transport modelling (RTM) in PHREEQC
PHBEEQC . and parameter estimation using PEST. Here, we present the insights gained into the spatial distribution of Fe and
ngafs;d filters Mn mineral coatings in RSFs and its influence on the oxidation sequence and rates. Fe?* and Mn?* oxidation
PEST predominantly occurred simultaneously in the RSFs, contrary to the expected sequential oxidation based on
Iron Gibbs free energy calculations. During backwashing, RSF grains become fully mixed, which initiates heteroge-

neous Mn®" oxidation on Mn-coated grains that end up in the top layer. The resulting grains have a mixed Fe/Mn
mineral coating, which is limiting heterogeneous Mn®" oxidation due to the limited Mn mineral surface avail-
able. Mixed coatings did not seem to affect Fe>" oxidation rates, instead oxidation rates were increasing at lower
pH. We found that RSFs can be designed to spatially separate Fe?* and Mn®" oxidation, which results in optimal
conditions for Mn?* oxidation. The RSF needs to consist of two layers with varying density to inhibit mixing and
complete Fe?* oxidation should occur in the top layer. The developed RTM can be used to estimate the depth at
which Fe?* oxidation is complete, and thus the ideal intersection depth of the two layers. A novel perspective is
provided on how mineral coating distribution in single and dual media filters influence removal rates and the

sequence of oxidation, which contributes to the design of more efficient groundwater filters.

1. Introduction

Groundwater provides drinking water to at least half the global
population (Connor, 2015). Anaerobic groundwaters generally contain
dissolved iron (Fe2+), manganese (Mn2+), and ammonium (NHZ) con-
centrations exceeding drinking water standards. Rapid sand filters
(RSFs) are designed to remove these solutes after aeration or oxidant
dosing (e.g., KMnOy, Cly). If these constituents are not removed prop-
erly, they will; (i) negatively affect human health, (ii) clog the distri-
bution system, (iii) create stains during laundry, and/or (iv) affect
colour, taste, and odour of drinking water (Tekerlekopoulou et al.,
2013). In RSFs, removal occurs by a combination of physicochemical
and biological processes in the supernatant water as well as during
transport through the filter media (Freitas et al., 2022). They are
effective, nature-based, easy to use, relatively low-cost and consume low
energy and chemicals. Therefore, RSFs are commonly used in e.g.,
Western Europe, the United States of America, and Canada, and could
also play a major role in areas that do not yet have access to safe potable
water in accordance with United Nations’ Sustainable Development
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Goal 6.

Aeration of the anaerobic groundwater before filtration initiates
redox processes responsible for most of the removal of Fe?*, Mn?*, and
NHZ. Fe?’" and Mn?" oxidation can occur via three different reaction
pathways: chemical homogeneous (or flocculent) oxidation, chemical
heterogeneous (or adsorptive, autocatalytic, or contact) oxidation, and
biological heterogeneous oxidation (Davies and Morgan, 1989; Kappler
et al., 2021; Tebo et al., 2005). The formed Fe3* and Mn** hydrolyse
and precipitate as poorly soluble amorphous metal-(hydr)oxides and
are, consequently, removed from the water phase. Fe>™ oxidation can
take place in RSF via all three pathways. RSF are periodically back-
washed to remove Fe precipitates, as these start clogging the top of the
filter bed after treating a certain volume of groundwater. Dual media
filters have a top layer of anthracite or pumice, and a bottom layer of
sand. Bed resistance builds up slower in the anthracite layer due to the
higher porosity and consequent larger storage capacity for precipitates
resulting in longer runtimes compared to single media sand filters
(Zouboulis et al., 2007).

Contrarily to Fe?* oxidation, homogeneous Mn?" oxidation is not
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expected in RSFs, as half times are in the order of years compared to
residence times in the order of tens of minutes in RSFs (Diem and
Stumm, 1984). Heterogeneous Mn?* oxidation can be orders of
magnitude faster, but is largely controlled by the amount of Mn-(hydr)
oxides available to catalyse the process (Stumm et al., 1996). Nitrifica-
tion is solely a biological process, which is conducted by autotrophic
bacteria (Lee et al., 2014). NH{ is transformed by a two-step reaction,
where first nitrite is formed, and subsequently nitrate, by
ammonium-oxidizing and nitrite-oxidizing bacteria, respectively, or by
bacteria capable of complete nitrification (so-called commamox bacte-
ria) (van Kessel et al., 2015).

These redox reactions have been extensively studied in previous
research, and specific rate equations have been reported for most abiotic
reactions (homogeneous Fe?t oxidation: Sung and Morgan (1980);
chemical heterogeneous Fe®' oxidation: Tamura (1 976); homogeneous
and heterogeneous Mn-oxidation: Davies and Morgan (1989)). Howev-
er, rate constants are often not available for heterogeneous oxidation
under the specific conditions in RSF, as they are influenced by, for
example, mineral structure, morphology, and reactive surface area of
the grain coatings (Beckingham et al., 2016; Sung and Morgan, 1980).
Similarly, rate constants of biological oxidation processes can vary
substantially, as they are dependent on, for example, the abundances of
oxidizing bacteria and their activity (Greskowiak et al., 2017; Kappler
et al., 2021). RSF are such complex systems, because physical, micro-
biological, and chemical processes are coupled and occur simulta-
neously in a timespan of minutes. Therefore, multi-component
geochemical reactive transport models (RTM) are essential to unravel
these coupled processes, and can be applied to test the possibility of
various reaction networks, reaction rates, and factors that control these
rates (Kruisdijk and van Breukelen, 2021; Siade et al., 2021; Steefel
et al., 2005).

Based on the theory of Gibbs free energy, Fe2* oxidation (potential
(E): 4+0.77 V) is more favourable at pH=7 with 1 M concentrations, than
Mn?* oxidation (+0.40 V) and will therefore occur first (Appelo and
Postma, 2004). This difference will be further exaggerated by the often
higher concentrations of Fe?' in abstracted groundwater compared to
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Fig. 1. Sequence of oxidation and distribution of Fe- and Mn-coated sand in theory (A), and in single and dual media sand filters (B and C, respectively).
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Mn2*. Hence theoretically, this oxidation sequence should result in
Fe-coated sand in the top layer of the filter and Mn-coated sand at the
bottom layer (Fig. 1A). However, in practice Fe- and Mn-coated sand
grains will be mixed in single media filters during backwashing
(Fig. 1B). The Mn-oxide coating in the top of the filter will catalyse
oxidation and initiate heterogeneous Mn?t oxidation. This results in
relevant oxidation of Mn?" in the top layer. This mixing does not occur
in dual media filters, as the grains in the two layers do not mix due to the
variation in size and density (Fig. 1C). This affects the sequence of
oxidation, as oxidation of Fe and Mn occurs simultaneously in a single
media filter (Gude et al., 2016), while oxidation is sequential in some
dual media filters (Corbera-Rubio et al., 2023; Haukelidsaeter et al.,
2023). In the current study, we developed a RTM simulating Fe?*, Mn2*,
and NHj oxidation processes with the aim, (i) to assess the variations in
oxidation kinetics observed with depth at three single and three dual
media RSFs in the Netherlands, and (ii) to use obtained insights to un-
derstand sequential oxidation in RSFs and enable its design. The insights
gained from the RTM provide a novel perspective on how mineral
coating distribution in single and dual media filters influence removal
rates and the sequence of oxidation, which provides insights for the
design of more efficient groundwater filters.

2. Methods
2.1. Sampling and analysis

The RSFs studied are all situated in drinking water treatment plants
in the Netherlands. Their function is to treat groundwater for drinking
water purposes based on aeration and filtration. The single media RSF
beds (RSF-S1, RSF-S2, and RSF-S3) are solely composed of quartz sand
grains. The dual media RSFs beds (RSF-D1, RSF-D3, and RSF-D2) are
build-up by a top layer of anthracite and a bottom layer of quartz sand.

Filtered water samples (0.45 pm) were taken from the supernatant
and at several depths in the filter bed and stored at 4 °C before analysis.
These samples were acidified (ROTIPURAN® Ultra 69%, 1% v/v) and
analysed for Fe?*, Mn®", SO%, Ca’", Mg2+, PO3, and Si using
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inductively coupled plasma mass spectrometry or inductively coupled
plasma optical emission spectroscopy. Discrete analysis or ion chroma-
tography was performed to analyse alkalinity, NHJ, and NO3, while
temperature, pH, and O, was measured using sensors directly on-site.
Furthermore, grain coatings were analysed using light microscopy
(VHX-5000 series, Keyence).

2.2. Rapid sand filters characteristics and influent water quality

Table 1 provides an overview of the operational conditions and the
dimensions of the six studied full-scale RSFs, as well as their influent
water compositions. For all RSFs, supernatant levels were approximately
0.4 m, except for RSF-S3 where the supernatant level was 0.2 m. Filter
media age ranged from 0.25 to >22 years.

Influent pH ranged from 6.9 for RSF-S3 and RSF-D3 to 8.0 for RSF-
D2. Relatively high Fe?* concentrations were observed in the influent
water of RSF-S3 and RSF-D1 (+28 mg/L), while lower Fe2' concentra-
tions were measured in the other RSFs (range 1.2-6.0 mg/L). Similarly,
NH{ concentrations were also highest at RSF-S3 and RSF-D1 (+2.3 mg-
N/L), while substantially lower at the other RSFs (ranging from
0.27-0.45 mg-N/L). Mn?* concentrations were relatively low at RSF-S1
(0.035 mg/L), and ranged from 0.2-0.9 mg/L at the remaining RSFs. O,
concentrations were close to saturation at RSF-S1, RSF-S2, and RSF-D1
(ranging from 9.2-10.0 mg/L), and slightly undersaturated at RSF-S3,
RSF-D2, and RSF-D3 (4.6-6.5 mg/L).

2.3. Conceptual model

The model was developed in PHREEQC: a regularly applied open
access multi-component geochemical 1-D reactive transport model often
used to simulate coupled processes, for example to study water quality
effects of managed aquifer recharge (Antoniou et al., 2013), surface
complexation processes in groundwater (Appelo et al., 2002), and

Table 1
Overview of operational parameters and design characteristics of the rapid sand
filters (RSFs), and the aerated influent water composition.

Location RSF- RSF- RSF- RSF- RSF- RSF-D3
S1 S2 S3 D1 D2

Operational parameters and design characteristics

Filter bed Single  Single Single  Dual Dual Dual

Flow velocity (m/ 4.8 5 10 5 6.6 5.7
hr)

Bed height (m) 2.17 2.00 2.10 2.10 2.00 2.60
total

Anthracite layer 0 0 0 1.00 1.00 0.60
(m)

Sand layer (m) 2.17 2.00 2.10 1.00 1.00 2.00

Filter media age 19 >22 0.6 0.25 8 Anthracite:
(years) 1

Sand: 5

Supernatant 0.4 0.4 0.2 0.4 0.4 0.4
water level (m)

Aerated influent water composition

Temperature ( °C) 12 11 11 11 11 12

PH () 7.9 7.6 6.9 7.2 8 6.9

DOC (mg/L) 2.2 1.5 n.m. n.m. 2.6 n.m.

0O, (mg/L) 10 9.2 4.6 9.6 6.5 5.8

NH3-N (mg/L) 0.45 0.27 2.3 2.2 0.30 0.28

NO32-N (mg/L) n.m. 0 0 0 n.m. 0

NO3-N (mg/L) n.m. 0.53 0 0 0 0.36

Fe** (mg/L) 1.2 1.9 28 28 4.5 6.0

Mn?" (mg/L) 0.04 0.9 0.3 0.3 0.2 0.7

S0% (mg/L) 0 16 45 5.8 7.3 n.m.

Alkalinity as 245 n.m. 300 300 122 301
HCOj3 (mg/L)

Ca?* (mg/L) 60.2 53.3 73.9 71.2 35.6 115

Mg** (mg/L) 7.2 3.7 4.2 4.1 2.1 13

PO3-P (mg/L) 0.13 0.020 0.28 0.31 0.22 0.21

Si (mg/L) n.m. 6.5 8.8 8.0 7.0 n.m.
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nutrient fate in aquifers (Kruisdijk and van Breukelen, 2021). PHREEQC
enables studying interactions between different equilibrium and kinetic
reactions, and their influences on, for example, alkalinity, pH, and Oy
concentration profiles. The PHREEQC 3.0 plugin for Notepad++ was
used to write, edit, and run the input files (Parkhurst and Appelo, 2013).
The WATEQA4F database was used and provided the equilibrium con-
stants for thermodynamic reactions. The database was modified to
kinetically simulate the oxidation of Fe2*, NHJ, and Mn?*. The valence
states of these solutes were decoupled from the database, following, for
example, Antoniou et al. (2013) and Rahman et al. (2015).

We departed from the conceptual model of Vries et al. (2017), but
our model and its application deviates on three points. First, nitrification
was simulated in our model, which enabled making a redox mass bal-
ance comparing reductants to oxidants. Nitrification influences the O,
concentrations and pH in the water-phase and therefore also impacts
Fe?t and Mn?*' oxidation rates (Lee et al., 2014; Tatari et al., 2013).
Second, PEST (Doherty, 1994) was used to estimate unknown parame-
ters in the rate equations to get a best fit between observed and simu-
lated concentration profiles. Third, the model outcomes of the six RSFs
and the estimated rate constants were used to compare the functioning
of the RSFs.

Fig. 2 displays the conceptual reaction network of the simulated
coupled processes. The model is divided in two sub-models. The first
sub-model simulates the redox processes in the supernatant water,
which are initiated by the aeration of groundwater before it is dis-
charged on top of the supernatant layer (see further section 2.4). The
resulting water composition of the supernatant simulation was used as
input composition for the second part: the filter bed simulation, where
the biogeochemical processes are simulated in the filter bed (details in
section 2.5). For each RSF, a separate model was set up consisting of a
supernatant and a filter bed simulation.

2.4. Supernatant simulation

Biogeochemical processes in the supernatant were simulated in a

Initial
conditions

Groundwater: Aeration:
Fe*, Mn?, NH4 + 02

Simulation 1:
Supernatant

Fe(OH)3

Simulation 2:
Filterbed

Fig. 2. Simplified conceptual reaction network of simulated coupled processes
shown in no particular order of appearance, where arrows pointing up show
increasing concentrations and contents and arrows pointing down decreasing
concentrations and contents. Solutes and pH are shown in a black font, and
solids/precipitates in white.
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PHREEQC batch model. The measured water composition after aeration
was used as input solution for each filter bed simulation. Unfortunately,
the supernatant water composition was not available for RSF-S1, D1,
and D2. Therefore, this simulation was not performed for these filters.
The presence of both dissolved O, and Fe?* initiates homogeneous Fe*
oxidation (Singer and Stumm, 1970; Sung and Morgan, 1980). For
simplicity, we assumed that heterogeneous Fe?" oxidation on the
precipitated Fe-oxides was neglectable in the supernatant layer, as the
Fe-oxide flocs formed were minor and will descend to top of the filter
bed. This assumption was also made in the RSF model of Vries et al.
(2017). A rate constant of 1.08 x 107'* mol/L/s was used in these
simulations, which corresponds to the obtained homogeneous Fe?*
oxidation rate constant at 10 °C obtained by Stuyfzand (2007). We deem
this rate constant representable for this study, as the temperatures at all
RSFs are comparable ranging from 11-12 °C. The residence time in
supernatant (=220-288 seconds), which is also the batch model run
time, was estimated by dividing the supernatant level by the flow ve-
locity for each RSF. Model results were written to the output file every
two seconds.

2.5. Filter bed simulation

2.5.1. Transport model

The simulated effluent water composition from the supernatant
batch model was used as the influent composition of the filter bed
simulation. For RSF-S1, D1, and D2 the water composition in the top of
the filter bed was used as influent composition as the supernatant
composition was not measured for these RSFs. The filter bed was
simulated with a 1-dimensional RTM, in which the kinetic processes
were simulated as presented in Table 2. The model consisted of 21-26
cells. Cell lengths were determined by dividing the filter bed height (see
Table 1) by the number of cells. The duration of each transport time step
was calculated as the cell length divided by the flow velocity. We
simulated one pore volume during the filter bed simulation using the
same number of time steps as model cells. Hydrodynamic dispersion was
not simulated to reduce complexity and shorten run-times. Homoge-
neous Fe" oxidation was simulated using the same rate equation
(equation 1, Table 2) and rate constant (1.08 x 10"'* mol/L/s) as in the
supernatant, while homogeneous Mn?* oxidation was not expected to
play a role, as the half-life time is in the order of years (Davies and
Morgan, 1989; Diem and Stumm, 1984).

2.5.2. Heterogeneous Fe>™ and Mn?* oxidation
Heterogeneous Fe?" and Mn®" oxidation likely plays a major role in
the filter bed. During heterogeneous oxidation, Fe>™ or Mn®" in the
influent water is first adsorbed to existing metal-oxide surfaces on the
coating of the grains, where it is subsequently oxidized and hydrolysed.
Heterogeneous Fe?™ oxidation was simulated based on the rate

Table 2
Kinetic processes simulated in the model, their chemical formulas, and corre-
sponding rate equations.

Eq. Kinetic process Chemical formula Rate equation Source
1 Homogeneous 2 1 TFe—homo = —
Fe** + ~0 ‘e—homo o
Fe?* oxidation Tt [Fe**][0] Sung and
2.5H20 « Fe(OH); + W Morgan
2H* (1980)
2 Heterogeneous 5 1 TFe—hetero = —
Fe2i + =0y + 2.5H,0 Ta 2
Fe?* oxidation ads T 292 + 2 k[FezJ’ads] (02] Tamura
< Fe(OH), + 2H" (1976)
3 Heterogeneous 2 1 TMn—hetero = —
MnZj + -02+ H20
Mn?" oxidation ads T 572 2 k[Mn2* ads] Po, Davies
< MnO, + 2H" and
Morgan

(1989)
4 Nitrification TNH, = — -

knma [NHJ |

NH; + 20, < NO; +
2H" + H,0
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equation of Tamura (1976) (equation 2, Table 2) with a rate constant of
73 mol/L/s (Tamura, 1976). The Fefé{; term in the rate equation repre-
sents the sites with adsorbed Fe?" on the grain surface. Heterogeneous
Mn** oxidation was simulated using the rate equation of Davies and
Morgan (1989), with the proposed rate constant of 2.4 x 10™* atm™ s!
(equation 3, Table 2). The MnﬁS term, similarly to Feg s, describes the
sites with adsorbed Mn?" on the surface of the grains. Both parameters
are depending on the Fe?* and Mn?*-oxide content on the coatings and
their adsorption site density. Note that heterogeneous Mn?" oxidation is
only occurring on the surface of Mn-oxides and not on Fe-oxides (Gude
et al., 2017), while Fe?" oxidation can occur heterogeneously on Mn-
and Fe-oxides (Appelo and Postma, 2004).

We used parameter estimation to determine Fe2d, and Mn2g by
fitting the simulated dissolved concentrations to the observed concen-
trations (for more information see Section 2.6). Therefore, surface
complexation modelling on the coated grains was not needed, which
largely simplified the model and its outcomes and decreased the model
runtime. These terms were kept temporally and spatially constant dur-
ing the model run, as (i) we expect that available sorption sites only
negligibly increase during the model run compared to the already
available sorption sites on the coating, and (ii) we assumed the terms to
be constant over the depth of the filter, as the grains in the rapid sand
filter are fully mixed during backwashing resulting in spatially alike
coatings.

Biological heterogeneous Fe?t oxidation can also occur in RSFs and
is mostly expected when the influent water has a low pH (<7) and is only
mildly aerated (Miiller et al., 2024). To the best of our knowledge,
untangling chemical and biological heterogeneous Fe?* oxidation in
rapid sand filters is challenging, and a rate equation for biological het-
erogeneous Fe?" oxidation does not exist. Therefore, biological hetero-
geneous Fe>" oxidation was not simulated as an additional process in the
model. If biological Fe?* oxidation plays a role in these systems, this will
result in an increasing FeZj; term for chemical heterogeneous Fe?*
oxidation as the rate constant for heterogeneous Fe?* oxidation is kept
stable.

2.5.3. Nitrification

In regular RSF conditions, nitrification is a biotic process (Lee et al.,
2014; Tatari et al., 2013). There is no standard or regularly used rate
equation to simulate this process in reactive transport models. We
decided to simulate nitrification using a simple first-order reaction rate
equation (equation 4, Table 2), as also reported by Breda et al. (2019),
Tatari et al. (2013), and Lopato et al. (2013).

2.6. Parameter optimization using PEST

PEST was used to estimate the unknown parameters (Feg,}fs, Mnﬁs,
and kyy4) from the kinetic rate equations for heterogeneous Fe?* and
Mn?t oxidation and nitrification. The Gauss-Marquardt-Levenberg
method algorithm was used to optimize the fit between the simulated
concentrations and the observed concentrations. This process was per-
formed in parallel for Fe?*, Mn2+, and NHj oxidation process in one
PEST run per RSF model. For the dual media filters, we decided to es-
timate the parameters Fe2d; and Mn2j; independently using PEST for
both layers.

2.7. Accessibility reactive transport model
The PHREEQC model for RSF-S1 and RSF-D3 plus the corresponding

database are available on GitHub: https://github.com/emielkruisdijk/
RTM_sandfilter 2024.


https://github.com/emielkruisdijk/RTM_sandfilter_2024
https://github.com/emielkruisdijk/RTM_sandfilter_2024

E. Kruisdijk et al.

Water Research 267 (2024) 122517

=25

- 100

- 200

=25
0 > 3 F—*
RSF-S1 Depth (
filterbed 100 D
(cm) p o,
200 g D (mg/L) g (mg/L)
0 1 0.00 0.25 0.500.00 0.02 0
Depth
supernatant —25
(cm) 0

RSF-S2 Depth

filterbed 100

(cm) Fe2+

200 (mg/L)

- waie

O
C
S,
r '
a

o

=25

100

200

o
N

00 02 04 00 05 10 O
=20

RSF-S3 Depth

filterbed 100

o
-k
£

(cm) Mn2+
200 (mg/L) (mg/L)
0 20 0 2 00 02 04 O
Depth
supernatant —25
(cm) 0 — r
RSF-D1 Derhd 100
(cm) Fe2+ Mn2+
200 (mg/L) (mg/L) g
0 20 00 02 04 O

=25

RSF-D2 Depth

filterbed 100

=l
i

(cm)
200
0.0 25 5.0 0.0 0.2 00 01 02 O
=25
T | e
RSF-D3 Depth 199
filterbed :
™ 00 Fe2* )
(mg/L) D g g ) (ma/L)
0 5 00 02 04 00 0.5 0
@® Observed Conc. O < detection - Simulated Conc.

Fig. 3. Observed and simulated solute concentrations and pH with depth in the supernatant and filter bed for six rapid sand filters. The blue, grey, and yellow

backgrounds represent supernatant, anthracite, and quartz sands, respectively.

O —

o -

-20

100

200

=25

100

200

=25

100

200

=25

100

200



E. Kruisdijk et al.

3. Results
3.1. Observed and simulated water quality changes in RSF

Fig. 3 depicts the observed and simulated concentrations over depth
in the supernatant and the filter bed for the six RSFs. For all RSFs, a good
fit was obtained between observed and simulated Fe?t, Mn3*, NHZ, and
O, concentrations. This shows that there are no other major reductants
(like DOC) or oxidants of relevance. Therefore, the oxidation-reduction
mass balance seems accurate. Additionally, a good fit (max deviation <
0.2) was obtained between the observed and simulated pH. Only the
simulated pH at RSF-D2 was somewhat lower (max deviation ~0.5) than
observed, for which no clear explanation can be provided. The model of
Vries et al. (2017) consistently underestimated pH and overestimated Oz
concentrations at the five simulated RSFs. They stated that
under-estimation of pH could be the result of an over-estimated het-
erogeneous Fe’" oxidation rate, and that overestimation of the O
concentrations could be attributed to the presence of O, depleted
pockets in the filter or O consumption by biological activity other than
nitrifying micro-organisms. The modelling approach presented in the
current research does not show these model deficits.

Fe?" was completely removed (> 99%) within the filter bed by all
RSFs, however, this was not the case for NHf and Mn?*. In RSF-S3, all
O3 was consumed by FeZ* oxidation, and, therefore, oxidation of Mn**
and NH{ could not occur. Similarly, Mn?* oxidation did not occur and
nitrification was incomplete due to Oy depletion at RSF-D1. This high-
lights that Fe?>' oxidation occurs before NHf and Mn?* oxidation,
respectively: following the expected sequence in natural systems at
circumneutral pH (Appelo and Postma, 2004; Stumm et al., 1996).

3.2. Estimated first order nitrification rate constants

Table 3 shows the estimated first order nitrification rate constants for
the six studied RSFs. A rate constant was not calculated for RSF-S3, as
nitrification did not appear to happen. The rate constants for nitrifica-
tion were relatively stable, varying only a factor 3.3, and ranged from
1.3 x 1073 t0 4.3 x 1073 sec’!. Furthermore, nitrification did not seem to
depend on pH (Figure S1), justifying our choice for a nitrification rate
equation solely depending on the NHJ concentration. Nitrification
occurred similarly on sand grains (RSF-S1, S2) and anthracite grains
(RSF-D1, D2, D3). Apparently, the type of grains, nor mineral coating or
biofilm age, impacted the oxidation rate. This is noteworthy as often
large variations, up to a factor 1000, are observed during biological
conversions (Greskowiak et al., 2017; Regnery et al., 2017). These stable
rate constants could indicate that nitrification was not substrate (=NH3Z)
and surface limited in the studied RSFs. Based on this hypothesis, we
propose that the obtained range of rate constants can be used to forecast
the bandwidth of nitrification in RSFs, as long as Oz is not limiting.
Although, this trend should be validated in future research. A better
understanding of the relatively stable NHj oxidation rate constants
could be obtained by increasing the number of simulated RSFs.

Table 3
Estimated first order nitrification rate constants in the studied RSFs.

Single media filters Dual media filters

RSF-S1 RSF-S2 RSF- RSF- RSF- RSF-
S3 D1 D2 D3
TNH, 1.3 x 2.9 x Top 1.9 x 4.3 x 2.4 x
(sec 107 1072 1073 107 107
D) Bottom

“ Oxidation was not observed, and therefore parameter estimation was not
performed
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3.3. Estimated heterogeneous Fe?* oxidation rates and pH dependency

For heterogeneous Fe?* oxidation, we assumed the rate constant to
be stable and instead estimated Fe2d; using parameter estimation for all
RSFs (Table 4). The rate of heterogeneous Fe?' oxidation increases
proportionally to FeZ3;, making it a proxy for the heterogeneous oxida-
tion rate. In RSF-S1, heterogeneous Fe?" oxidation was not clearly
observed and simulation of solely homogeneous Fe?* oxidation gave a
good fit. This is likely due to the relatively high pH (7.8) in the influent
water, at which homogeneous Fe®" oxidation dominates (van Beek
et al., 2012). In the other RSFs, heterogeneous oxidation contributed to
FeZ* removal, with FeZd; varying from 4.9 x 107 mmol/L to 2.7 x 107*
mmol/L.

Fig. 4 shows the contribution of heterogeneous and homogeneous
oxidation to the total Fe2* oxidized for all RSFs. A clear relation with pH
is observed: heterogenous Fe>* oxidation dominated at lower pH and
homogenous Fe?* oxidation dominated at higher pH, with the turning
point at approximately pH=7.7.

Fig. 5 shows the observed homogeneous and heterogeneous Fe*
oxidation rates in the six RSFs. Note that the scales on the x-axis varies
approximately two orders of magnitude. The figure clearly shows that
homogeneous oxidation contributed substantially to total Fe2* oxida-
tion at RSF-S1, RSF-S2, and RSF-D2 (pH > 7.50), but not at the other
RSFs (pH < 7.14). Heterogeneous Fe?*t oxidation rates did not seem to
depend on dissolved Fe®* concentration, as rates (~1.5 x 107° mol/L/s)
and pH (~7) in the top layer of the filters of RSF-D1 and RSF-D3 are
comparable, while Fe?>* concentrations were about 20 mg/L higher in
RSF-D1. Maximum Fe?* oxidation rates were found to be 10 to 100-fold
higher in the RSFs with the lowest pH (RSF-S3, RSF-D1 and RSF-D3),
being the RSFs where heterogeneous oxidation is dominant and very
little to no homogeneous oxidation is occurring.

3.4. Estimated heterogeneous Mn2" oxidation rates and relation to grain
coating

Table 5 presents the estimated Mn2g; for the six simulated RSFs.
Similar to heterogeneous Fe?* oxidation, the heterogeneous Mn**
oxidation rate increases proportionally to MnZg. In RSF-S3 and D1,
Mn?* oxidation was not observed, and rate constants therefore not
calculated. In the other RSFs, Mn24; was ranging from 1.3 x 107 in RSF-
D3 to 2.9 x 1072 in RSF-S2 and seemed not to be depending on pH (S1.).
In RSF-D3, heterogeneous Mn>" oxidation increased substantially in the
bottom layer (Mn2* .45t 2.2 x 107> mmol/L) compared to the top layer
(Mn?* ads: 1.3 x 107> mmol/L).

Fig. 6 shows microscopic images of the anthracite and sand grains of
the dual filter media of RSF-D2 and D3. Within the images, the per-
centage of Fe- and Mn-coating measured after chemical extraction is
shown in pie charts. The grains of RSF-D2 show a mixed coating with a
combination of Fe- and Mn-(hydr)oxides. Similarly to the studied single
media filters (Figure S2), except for RSF-S3 as there Mn2" oxidation is
not occurring. Contrarily, the grains of RSF-D3 show a relatively ho-
mogeneous Fe-coating in the anthracite layer, and a relatively

Table 4
Estimated Fe2]; in the studied RSFs.

Single media filters Dual media filters

RSF- RSF- RSF- RSF- RSF- RSF-
S1 S2 S3 D1 D2 D3
Feﬁ&s 0** 4.9 x 2.7 x Top 9.3 x 2.9 x 9.1 x
(mmol/ 107 10 10° 10°® 10°°
L) Bottom

* Oxidation was not observed, and therefore parameter estimation was not
performed

" Solely homogeneous Fe?* oxidation did already fit the observed concen-
trations well
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Fig. 4. Contribution of heterogeneous and homogeneous Fe2+ oxidation to the
total Fe2+ oxidized determined for each filter bed simulation. An exponential
function of pH is shown to estimate the fraction of homogeneous and hetero-
geneous Fe2+ oxidation. The function was fitted through the percentual con-
tributions of heterogeneous and homogeneous Fe2+ oxidation to the total
Fe2+ oxidized.

homogeneous Mn-coating in the sand layer. In the top anthracite layer of
RSF-D3, complete Fe?* oxidation is occurring while Mn?* oxidation is
almost negligible (Mn2§;:1.3 x 107). Therefore, a relatively homoge-
neous Fe-coating is formed. In the bottom sand layer the opposite is
observed. Mn?* oxidation is ~100 times faster (Mnﬁs: 2.2 x 107%) than
in the top layer, while Fe?>" oxidation is not occurring. This results in a
relatively homogeneous Mn-coating. This highlights that the Mn2*
oxidation rate is likely reflected by the grain coating, as a larger area
coated with Mn-(hydr)oxides results in higher adsorbed Mn?t,

4. Discussion
4.1. Fe?* removal accelerates at low pH

Fe?" adsorption generally decreases when the pH is lowered (Appelo
et al.,, 2002; Dixit and Hering, 2006). However, we deduced an

increasing Fe2j; at lower pH, which is directly proportional to more
heterogeneous oxidation (Fig. 7). Note, that the model uses a simplified
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reactive transport models of Antoniou et al. (2015) and Vries et al.
(2017). This rate equation is valid under constant pH and O concen-
trations, which is not the case in RSFs. It could therefore be attested that
the pH-dependent rate equation for heterogeneous Fe?* oxidation pro-
posed by Sung and Morgan (1980) and Tamura et al. (1980) should be
used:

[Fe?* ais] 02]
T'Fe—hetero = 7kT

6)

However, this rate equation results in higher rates at higher pH, as
both a lower H" and a higher adsorbed Fe?* concentration result in
increased rates.

Influent water of RSF-S3, D1, and D3 had an approximate pH of 7.0
compared to a pH around 7.75 observed in the other RSFs. Therefore,
the H' concentrations are roughly 6x higher at pH 7. The observed
~100x higher rates at RSF-S3, D1, and D3, therefore, indicate that Feﬁ[{s
should be 600x higher following equation 5. Assuming that the depos-
ited Fe-oxides have similar site densities in the RSFs, there should be
600x more Fe-oxide coating in RSF-S3, D1, and D3 compared to the
other RSFs. The microscope images of the grains (Figure 6 and S2.) do
not indicate these substantial variations in Fe-oxide coating. Therefore,
the observed higher heterogeneous Fe?>" oxidation rates at lower pH
likely result from another oxidation pathway. A potential pathway is
biological Fe?* oxidation, which can play a major role in RSFs (Miiller
et al., 2024) and has been reported to become more favourable at lower
pH (Kappler et al., 2021). Overall, this highlights the need for more
robust and sophisticated rate equations for chemical and biological
heterogeneous Fe?™ oxidation to increase the predictive capability of

reactive transport models. We recommend to increase our

Table 5
Estimated Mn2J; in the studied RSFs.

Single media filters Dual media filters

RSF- RSF- RSF- RSF-  RSF- RSF-

S1 S2 S3 D1 D2 D3
MnZg; 3.5 x 2.9 x Top - 3.6 x 1.3 x
(mmol/ 10°° 107 107 10°
L) Bottom - 2.2 x
10

* . . . .
Oxidation was not observed, and therefore parameter estimation was not

rate equation proposed by Tamura (1976), which was used before in the performed
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Fig. 5. Homogeneous and heterogeneous Fe?" oxidation rates in the six simulated RSFs and the pH in the top layer of the filter bed.
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Fig. 7. Relation between the estimated Fe2f; and the pH in the top layer of the
filter bed for the simulated RSFs. The heterogeneous Fe*‘rate was added on the
right y-axis based on equation 2 with an O, concentration of 8 mg/L, as the Fe?
adsorbed is proportional to the heterogeneous Fe?*rate. High rates in low pH
range suggest biological heterogeneous oxidation instead of chemical hetero-
geneous oxidation. The equation in the figure shows the relation between
Fe?*adsorbed and the pH.

understanding of biological processes in RSFs to potentially distinct
biological and chemical oxidation by, for example, studying presences,
concentrations, and activities of bacteria available in biofilms.

The higher heterogeneous Fe?* oxidation rates observed at lower pH
indicate the potential for operating RSFs under these conditions. A lower
pH can be established naturally by limiting aeration and the consequent
CO4 stripping. However, this will also result in lower O, concentrations
which will negatively influence homogeneous and heterogeneous Fe?*
oxidation rates. Compared to operation under higher pH, heterogeneous
Fe?" oxidation in the filter will be substantially faster, while the opposite
occurs in the supernatant as the lower pH will decrease the rate of ho-
mogeneous Fe?" oxidation. As a side effect, this will cause growth of Fe-
oxide coatings on the grains in the filter. Miiller et al. (2007) showed
that operating a RSF at lower pH and, consequently, more heteroge-
neous Fe?* oxidation caused (i) less clogging allowing for a lower
backwash frequency and (ii) potential for operation under higher flow
rates. The RTM can help to assess the trade-offs between these processes
on RSF operation at lower pH by simulating homogeneous Fe?" oxida-
tion following the rate equation stated in Table 2 and heterogeneous
Fe?* oxidation using the trendline in Fig. 7.

4.2. Reactive surface controls manganese(I)-oxidation

Fig. 8 shows the relation between the dissolved Fet/Mn2* fraction
in the top layer of the filter bed and the derived MnZ2g;. Dissolved Fe?t/
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Mn?" ratios seem to be inversely proportional to Mn2g;, which indicates
that Mn2" oxidation is surface limited as adsorbed Mn?" is lower when
Fe"/Mn2" ratios are higher. This shows the importance of Mn-coated
surface for heterogeneous oxidation. This relation is further high-
lighted in RSF-D3, where adsorbed Mn?" is almost a factor 100 higher in
the bottom sand layer as compared to the top anthracite layer, when the
dissolved Fe?>*/Mn?* ratio drops to zero (Table 5). Consequently, Fig. 6
shows that the top layer contains mostly Fe-coated grains and the bot-
tom layer Mn-coated grains, which clearly shows the effect of a high
(RSF-D3 top anthracite layer) compared to a low Fe®*/Mn?* ratio (RSF-
D3 bottom sand layer).

Single media filters have a mixed Fe- and Mn-coating, which lowers
the Mn?" oxidation rates due to the limited Mn-(hydr)oxide surface
available for Mn2" sorption prior to heterogeneous oxidation. We as-
sume that this metal surface availability influences Fe?>* oxidation rates
to a lesser extent, as this is likely compensated by Fe*! oxidation
coupled to reduction of Mn-oxides (Postma, 1985; Postma and Appelo,
2000). Furthermore, to our knowledge, a mixed Fe- and Mn-coating does
not negatively affect growth of potential Fe-oxidizing bacteria.

4.3. Separating Fe and Mn oxide layers in sand filters

This study has shown that sequential Fe?* and Mn?"* removal and
consequent uniform metal coatings on the sand grains, eliminates sur-
face limitation of the oxidation reactions. This is especially beneficial for
the treatment of Mn?" from groundwater with relatively high Fe?>" and
low Mn?* concentrations, where surface limitation is substantial in
single media filters. Another potential advantage is that extracted grains
have more value for re-use due to their more homogeneous Fe- or Mn-
coating (e.g., Chardon et al., 2022; Gupta et al., 2005). Sequential
Fe?" and Mn?* oxidation is occurring when the following conditions in
the RSF are met: (i) influent water contains Fe?* and Mn?*, (ii) Fe?*
oxidation occurs mainly in the top anthracite layer, and Mn?* oxidation
in the bottom sand layer, and (iii) both layers should not be mixed
during backwashing of the RSF.

The current study focussed on RSFs where first aeration and then
filtration occurred. These type of RSFs are commonly found in Western
Europe, for example in Denmark (Hedegaard and Albrechtsen, 2014)
and Germany (Meffe et al., 2010), but also in non-European countries

Water Research 267 (2024) 122517

like Bangladesh (Uddin et al., 2019) and Argentina (Araya-Obando
et al., 2022). Note that there are also RSFs where chemical oxidants
replace aeration, or where reactive filter material (e.g., TiO) is used
instead of anthracite/sand. These operational differences can effect the
sequence of oxidation, and are, therefore, not part of this research.

The reactive transport model presented in this study can be used to
predict the design requirements to achieve sequential removal in dual
bed filters. To avoid the formation of mixed mineral coatings, Fe?"
oxidation should mainly occur in the top layer (of anthracite or pumice),
and Mn2* oxidation in the bottom sand layer. In other words, the depth
of the anthracite layer, or alternative low density top layer (e.g., pum-
ice), should be chosen precisely upon complete Fe?* oxidation, but prior
to the onset of Mn?" oxidation (Fig. 9A). The position of the tipping
point is controlled by the concentrations of Fe?" in the influent water,
the oxidation rate, and the flow rate. If Fe?* is oxidized faster than the
residence time in the top layer, Mn?" will also oxidize in this top layer
and a mixed Fe- and Mn-coating will be formed (Fig. 9B). At the same
time, if Fe* oxidation is too slow, a part of the Fe* oxidation will take
place in the bottom layer, and therefore a mixed Fe- and Mn-coating will
be formed at the grains in the bottom layer (Fig. 9C).

For the design of new RSFs, the depth of complete Fe?* oxidation can
be approximated by, (i) estimating the heterogeneous Fe?* oxidation
rate based on the influent water pH and the equation shown in Fig. 7,
and (i) deducing this depth after simulating heterogeneous FeZ"
oxidation using the RTM. This method can give an useful first estimate of
the complete Fe?™ oxidation depth. However, note that the obtained
depth of complete Fe?" oxidation comes with some uncertainty, as the
trendline in Fig. 7 is only based on six RSFs and the fit is not perfect
(R2=0.74). Therefore, we recommend to validate this observed trend in
future research and to make it more reliable and accurate by increasing
the number of simulated RSFs.

The depth of complete Fe?* oxidation can be monitored by period-
ical sampling and analysing the water for Fe?* and Mn?" exactly at the
depth of the division of the two layers and compare this to the influent
water composition. When complete Fe?" oxidation is not observed at the
intersection depth of both layers during operation, the RTM can be used
to determine how this can be solved. First, the kinetic oxidation pa-
rameters (g, Feﬁs, and Mnﬁs) should be obtained using parameter
estimation. Second, model scenarios should be performed with various
flow velocities and/or filter bed heights, to optimize the depth of com-
plete Fe?* oxidation. Based on the outcomes, complete Fe?>" oxidation
can be established at the right depth by increasing or decreasing the flow
velocity or adding or removing anthracite to adapt the thickness of the
top layer.

Furthermore, the developed RTM can be used to simulate the effects
of operational changes in RSF operation on Fe?*, Mn®", and NH}
removal. For example, (i) to study the effects of seasonal variations in
water demand, which can be examined by changing the flow of the
influent groundwater, or (ii) to analyse the impact of influent water
composition changes, which often occurs in practice as RSF are regularly
treating water from alternating (mixtures of) groundwater wells.

5. Conclusion

In this study, we demonstrated through reactive transport modelling
of full-scale rapid sand filters (RSFs) that controlling Fe and Mn mineral
coatings on filter grains is crucial for achieving optimal removal of both
metals. Fe?™ and Mn?* oxidation occurred mainly simultaneously in the
studied RSFs, rather than sequentially as expected based on Gibbs free
energy calculations. This is caused by full mixing of the grains during
backwashing, which initiates heterogeneous Mn?* oxidation on the Mn-
coated grains that end up in the upper layer of the filter. The resulting
mixed Fe/Mn coatings limit Mn?* removal by heterogeneous oxidation
due to the limitedly available Mn-oxide surfaces on the grains. This rate
limitation can be prevented by designing filters with two separate layers
of specific thickness where Fe?™ and Mn?" oxidation occurs sequentially
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Fig. 9. Design considerations for a sequential Fe>* and Mn>" oxidizing rapid sand filter.

resulting in uniform mineral coatings. To design a filter with spatial
separation of processes, complete Fe?" oxidation should occur in the top
layer. Using the developed RTM, we can approximate the intersection
depth of the top anthracite and bottom sand layer.
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