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Conventional cleaning of slow sand filters (SSFs) requires the beds to be drained before a layer of media and the
Schmutzdecke are removed, called ‘dry skimming’ (DS), which can result in significant downtime. An alternative
is proposed whereby the filter is skimmed whilst still submerged, called ‘underwater skimming’ (UWS). Previous
attempts to avoid draining the bed have led to concerns about the risks of UWS in terms of headloss development,
particle penetration, and microbial water quality. In this study, pilot scale SSFs, cleaned by either DS or UWS,
were operated concurrently, to compare and assess the potential risks of UWS in terms of filtrate quality, mi-
crobial removal, and recovery following skimming. While all filters exhibited effective turbidity removal
(0.04-0.9 NTU turbidity from outlet), UWS filters had improved performance immediately after cleaning
compared to DS in terms of recovery of filtrate microbial water quality. Specifically, total coliforms in the UWS
filter outlets, in the first seven days post-skimming, ranged from 1 to 109 most probable number (MPN)/mL,
compared to 1 to 1414 MPN/mL for DS filters. Both methods yielded satisfactory headloss recovery, indicative of
limited particle penetration at depth, and effective cleaning. Exploring different sweetening flow rates during
UWS revealed no observable differences in headloss, turbidity reduction, or microbial quality between the flow
rates tested. Schmutzdecke microbial community was similar irrespective of cleaning method and was governed
instead by seasonal changes and the ripening process. The improved microbial removal afforded by UWS pro-
vides a means of significantly improving water productivity and enabling options for much better utilisation of
SSFs.

1. Introduction

Slow sand filtration is a low energy and chemical free treatment that
removes a wide range of contaminants including inorganic particles,
dissolved and particulate organic matter, algae, and pathogens from
influent water through physical, chemical, and biological processes
(Chan et al., 2018). An important part of slow sand filter (SSF) treatment
occurs within surficial biofilm layers (Schmutzdecke), which provide a
primary site for biological activity (Hijnen et al., 2007). The

Schmutzdecke is reported to be essential for eliminating microbial con-
taminants, including coliforms (Burman and Lewin, 1961), other bac-
teria (Hijnen et al., 2004), viruses (Poynter and Slade, 1978), phages
(Wang et al., 2014), and Giardia spp./Cryptosporidium spp. (Bellamy
et al., 1985a). The unavoidable consequence of the function of the
Schmutzdecke is an increasing headloss as particles accumulate and
biofilm assembles, eventually clogging the filter (Graham and Collins,
2014). The subsurface filter bed supports filtration and biofilm,
enhancing the overall efficiency, especially the capture of
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difficult-to-filter small particles, such as viruses (Trikannad et al., 2023).

The rate and extent of SSF clogging depends on the source water
quality, hydraulic loading rate, in bed growth and cleaning frequency.
Conventional amelioration involves dry skimming (DS), where the filter
is initially drained before the top 10-50 mm layer of the bed is removed.
Once complete, the bed is refilled with water and the process restarted
with the treated water run to waste until the required water quality is
achieved. Cleaning of UK SSFs typically occurs every 1-3 months such
that over a year the filter will be operation around 80-90% of the time
(Hassard et al., 2022). A negative consequence of DS is that it may create
environmental stress within the biofilms, changing nutrient availability,
and disrupting the SSF microbial community by removing microbes at
varying rates, analogous to sludge wasting in sequencing batch waste-
water reactors (Ellis, 1985). Accordingly, minimizing drainage time and
cleaning disruption is crucial to maintain the stability of the SSF
ecosystem.

To address such concerns, underwater skimming (UWS) has been
proposed (Hassard et al, 2022), which involves removing the
Schmutzdecke and top sand layers, as achieved by DS, except with the
filter fully submerged. UWS employs a skimmer, fitted with a shrouded
horizontal auger moving along the surface of the bed that concurrently
removes sand and Schmutzdecke, which are then pumped out of the filter
as a slurry. The UWS process may involve either a complete pause of
flow or a continuous 'Sweetening’ flow regimen which is a small,
continuous filtration flow maintained during skimming to support bio-
film function), facilitating the steady provision of oxygen and nutrients
to the filter during cleaning. UWS eliminates SSF drainage, minimizing
’stop-start’ cycles and hence offers a less disruptive cleaning method,
potentially increasing water production through semi- or fully contin-
uous filter operation (Lloyd, 1996). In addition, UWS is hypothesised to
preserve the microbial ecosystems leading to enhanced resilience
(Hassard et al., 2022). In this context resilience is the ability of the SSF’s
microbial ecosystem to recover rapidly and maintain stable performance
after operational disturbances, such as cleaning events.

The potential disadvantages of UWS and alternative cleaning
methods, where the bed is left fully submerged, have been reported to be
a reduction in filtrate quality and increased post-cleaning problems
(Singer et al., 2017). These post-cleaning problems refer to operational
challenges that can arise immediately after skimming, such as delayed
ripening times for the filter, a temporary decline in microbial water
quality, and prolonged periods before the filtrate meets compliance
targets. Other reported issues include faster headloss development
(Burman and Lewin, 1961), and deeper particle penetration (Huisman
and Wood, 1974). For instance, a full-scale in-situ sand washing test
indicated reduced filter run times, over months, attributed to rapid
biofilm/algae growth and suboptimal cleaning, underscoring the need
for further refinements in UWS applications for SSFs (Burman and
Lewin, 1961). One such refinements is the ex-situ washing of the sand
slurry produced from cleaning (as opposed to in-situ in the examples
above).

In this study, an investigation into the impacts of UWS on water
quality, filter performance and microbial community is presented with a
real time side-by-side comparison with DS. Furthermore, a novel
investigation of the previously unexplored impacts of varying sweet-
ening flows on the performance of UWS is provided, offering new in-
sights that could significantly enhance filter efficiency with regards to
maintaining production through SSFs during and after cleaning.

Accordingly, this study assesses the potential risks associated with
UWS in terms of impacts on filtrate quality, hydraulic performance and
any associated shift in the microbial community or diversity using ten
0.54 m? pilot SSFs in a real-world, full-scale drinking water treatment
works (WTW) setting for 15 months. It contrasts UWS with conventional
DS comparing headloss development, recovery time to achieve micro-
bial compliance, and performance post-multiple UWS cycles. The un-
derpinning hypothesis is that UWS minimises SSF ecosystem disruption,
quickens ripening, and lessens quality impacts, enhancing performance
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during the post-skim period through reduced breakthrough risk(s). In
addition, it is suggested that the proposed benefits will occur without an
associated increase in clogging in the lower layers of the SSF. This will be
tested by comparing the post-skim headloss of UWS to DS, and whether
the introduction of a sweetening flow through the filter during UWS
promotes the improved benefits of UWS.

2. Materials and methods
2.1. Description and operation of pilot SSFs

The SSF pilot plant assembly included 10 no. ~0.54 m? rectangular
filters, containing from the top downwards: a layer of sand (0.2-0.5 m,
d;0=0.3 mm, uniformity coefficient UC=1.8), (of which the top 0.3 m
was subject to successive skims), granular activated carbon (GAC, 0.1 m,
d10=0.6 mm, UC=1.9), sand (0.2 m), and gravel (0.1 m), resting on a
metal plate containing 24 filter nozzles, with 36 no. 0.2 mm width slots
acting as a filter false floor (Fig. 1). Each gravity-fed filter was manually
controlled using outlet valves and flow meter. Each weekday headloss
was measured and outlet flow rate was checked volumetrically and
adjusted when required. Sampling from the inlet and filtrate occurred
~five days weekly, with water quality parameters measured either daily
or weekly. The GAC layer was incorporated beneath the sand layer in the
pilot filters to replicate a configuration commonly employed at full-scale
UK WTW. Additionally, slight variations in the total filter media depth
(ranging from 50-80 cm) arose due to practical operational constraints
and periodic sand top-ups conducted across multiple filter runs. While
this approach differs from conventional SSF designs reported in other
studies (e.g. Trikannad et al., 2023) — many of which utilize sand-only
media, the present setup remains representative. These differences are
highlighted and discussed in the context of existing literature (e.g., to
ensure the broader applicability and relevance of our findings).

2.2. Feed water characteristics and filter operation

The pilot plant influent came from a raw water reservoir, with a 30-
day retention, fed from the River Thames. Average feed water quality
included a total organic carbon (TOC) concentration of 3.6+0.2 mg/L,
turbidity of 0.6+0.4 NTU, and pH of 8.1+0.2 (Supplementary Infor-
mation SI, Table S1). The filters operated in air temperatures of -6 to 22
°C, and water temperatures of 3-16 °C (SI, Figure S1). More detailed
characteristics of the inlet water quality are available in the supporting
information (SI, Table S1). Initially backfilled with filtrate, the SSFs
were started at a hydraulic loading rate (HLR) of 0.1 m/h, increasing by
0.1 m/h daily until reaching an operational rate of 0.3 m/h HLR. Typical
SSF pre-treatment by roughing filtration was omitted for the duration of
the experiment due to the low feed water turbidity (<1 NTU).

2.3. Headloss measurement and skimming procedures

Headloss was measured using piezometers attached to the plenum of
each SSF, calculated as the difference between the supernatant surface
and the water pressure in the plenum under the filter media and nozzle
plate, with a maximum measurable headloss of 1350 mm. Before each
measurement, the flowrate was set to the operational rate, and values
were temperature-normalised to account for seasonal viscosity changes:

hy = hy IV
m
Where:
hy Normalised headloss (mm)
hp Measured headloss (mm) at time, t
Hy Dynamic viscosity (Pa.s) at normalising temperature of 20 °C
Him Dynamic viscosity (Pa.s) at measured temperature at time, t
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Fig. 1. SSF pilot plant assembly, showing: (A) an anterior view of feed pipes, overflows and transparent roof of the filtration tank and access platform; (B) 10
individual cells and central dividing wall, individual submerged filter dividing walls and parallel common feed pipes.

Skimming started when the maximum headloss was reached, for one
or more of the filters, or at seasonally adjusted intervals (40 days in
summer due to biological growth, 70 days in winter), whichever came
first, which is standard practise for the water utility. The decision to
skim all filters within days of each other (whether or not maximum
headloss was reached for some), was to allow all filter runs to commence
at similar times and under similar conditions. The two cleaning
methods, UWS and DS, were compared. DS used a disinfected scraper
and shovel, cleaned with 70% isopropanol and then final water, to
manually remove a 40 mm surface layer from drained filters, confirmed
by a laser measurement tool. UWS involved a specialized HDPE wet
vacuum blade for submerged sand removal, operating at varying
’sweetening flows’ (100, 67, 33% of operation flow), and zero flow, with
DS as the control (SI, Table S3 for breakdown of skimming procedure
and Method S2 for graphical representation of UWS device) and Fig. 2
for schematic of skimming procedure. During UWS, a surface layer of
approximately 40 mm of sand is removed which is equivalent to the
layer taken off in DS—but the process is carried out with the filter bed
fully submerged, eliminating the need for filter drainage prior to
cleaning. ‘Sweetening flow’ refers to a continuous and steady flow of
water through the SSF that was maintained during UWS, and denoted as
follows: 100% of the operational HLR (UWS-100), 67% (UWS-67) to

Wet Skim

Supernatant Water

Schmutzdecke

33% of the HLR (UWS-33). The “locked-in” filter (meaning no flow was
applied during UWS skimming) was UWS-0. Post-skimming, SSFs
returned to the operational HLR with 0.1 m/h increments every 24h.
UWS-100 needed no increments, UWS-67 one increment, and UWS-33
and UWS-0 two increments each. The differences in increments were
associated to differences in ‘sweeting flow’ versus operational flow rates.
DS filters were restarted in the same manner as the initial setup, with
backfilling and gradual filtration resumption using the daily 0.1 m/h
increments. For DS filters, the flow direction is effectively reset: the bed
is first drained, then refilled from the top, resuming downflow filtration
once the filter is brought back online. In contrast, UWS filters remain
submerged, and the flow direction is maintained as downflow
throughout the cleaning. When sweetening flow is applied, it simply
represents a reduced downflow rate sustained during the skimming
process, ensuring continuous oxygen and nutrient supply to the micro-
bial community while the top sand layer is removed.

Consistent with full-scale SSF practice, sand was not replaced during
skimming. After five filter runs (Phase 1), all filters were drained
(including the UWS filters), and sand levels were increased with cleaned
sand (via a re-sand event), akin to full-scale SSF practices, to maintain a
skimmable layer above the minimum 500 mm media depth (200 mm
sand above 100 mm GAC above 200 mm sand). At this point, an

Dry Skim

Dustpan/Scoop
\W Schmutzdecke
;40mm /140mm

Sand Bed (Not to Scale)
Wet/dry vacuum

980mm

Sand Bed (Not to Scale)

980mm

Fig. 2. — Schematic of skim approach using underwater skim (UWS - left) and conventional dry skim (DS - right).
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additional DS methodology was included (Phase 2) that further
increased the downtime from approximately 14 hours to about 28
hours) to better replicate conditions that are observed in full-scale SSFs.
Consequently, the UWS-67 experiment was discontinued and an addi-
tional set of DS filters (labelled as DS-Ext) were introduced (See SI,
Table S3).

2.4. Water sampling, analysis and biofilm analysis

Water samples (feed and filtrate) were aseptically obtained from the
inlet to the filters (feed) and from the outlet of individual filters (filtrate)
for microbial analysis and were collected daily during critical phases
and weekly otherwise. Total coliforms and Escherichia coli were quan-
tified using the were quantified via the Most Probable Number (MPN)
method, using Colilert and Quanti-Tray approach, which involves serial
dilution and selective media incubation to estimate bacterial concen-
trations (Standing Committee of Analysts, 2009). Heterotrophic Plate
Count (HPC) was determined by plating on yeast extract agar with up to
a 68-hour incubation at 22 °C (Standing Committee of Analysts, 2007).
The E. coli results were consistently at measured at low levels or were
non-detectable, and thus were omitted from subsequent analysis.
Turbidity was determined daily with a TU5200 instrument (Hach,
Loveland, Colorado, USA), and water temperature was monitored
hourly (Metrinet M-node). Conductivity and pH were measured with a
Hach HQ440d Multi-Parameter Meter (Hach, Loveland, Colorado, USA)
using the intellical CDC401 and PHC101 probes, respectively. TOC was
determined using an O.I. Analytical Carbon Analyser, Model 1030
(Xylem Inc., Washington, D.C., USA) and true colour was measured by
spectrophotometry using a Cecil CE 2021 Spectrophotometer (Cecil
Instrumentation Services Ltd., Cambridge, UK). Automated inline flow
cytometry was undertaken using a BactoSense instrument (bNovate,
Switzerland). This instrument features a built-in laser operating at a
wavelength of 488 nm, a side scatter (SSC) detector, and two fluores-
cence detectors equipped with bandpass filters for green-light (FL1,
525/45 nm band pass) and red-light (FL2, 715 nm long pass) emissions
(see SI, S1).

Over the first year of operation (March 2021-March 2022), small
volume media samples from the top 25 mm of the individual beds were
collected weekly while the beds were in operation. Sample collection
entailed extracting "cores’ using single use modified sterilised syringes,
with their nozzle and shoulder removed. This was then stored at -20 °C
in sterile centrifuge tubes until ready for Deoxyribonucleic Acid (DNA)
extraction. Detailed description of the DNA extraction process is pro-
vided in the SI (S2). Extracted DNA was analysed by Novogene (Cam-
bridge, UK) for amplification of the 16S Ribosomal Ribonucleic Acid
(rRNA) gene via the NovaSeq PE250 platform (Illumina Inc.). The raw
sequence data obtained from the Illumina sequencing were processed
via QIIME2 (version 2018.11) and its associated plugins (Bolyen et al.,
2019). The sequence data were analysed using PRIMER v7/
PERMANOVA+ software (Primer-e, UK). A detailed description of the
sequencing and data analysis are provided in the SI (S2).

3. Results and discussion
3.1. Treatment performance

In this study, the filter maturation period was defined by filtrate
coliform levels <50 MPN/100 mL. During the initial startup (Run 1),
before any skimming was conducted, this period ranged from 1-17 days.
Following re-sanding (Run 6), the maturation period was between 1-14
days, consistent with the performance of full-scale SSFs, with no dif-
ference between DS and UWS filters.

Comparison of the performance of the SSFs in terms of the physi-
cochemical properties such as pH and conductivity (see SI, Table S2),
and TOC and true colour (see SI, Figure S2), revealed no difference in
treatment performance between the DS and UWS operations. This
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consistent performance held true for the experiments. Except from Run 6
onward, colour removal gradually declined, which may reflect the
diminishing adsorption capacity of the GAC layer as its pores become
saturated over prolonged usage. Additionally, skimming events at the
approach to maximum headloss/run length could have enhanced the
natural biological and physical removal mechanisms at the filter surface.
It is not known which factor(s) contributed to the observed decrease in
colour removal. Accordingly, the use of UWS offered no risk of treatment
deterioration during the steady state phase of operation irrespective of
the rate of sweetening flow. This was consistent with previous obser-
vations when using backwashing (Fernando Hymno F.H. de Souza et al.,
2021), and in-situ sand washing (Burman and Lewin, 1961), which found
that filter performance remains unchanged once filters have matured,
regardless of the cleaning method employed.

For the turbidity (Fig. 3), the feed water values ranged between 0.4
NTU (March-December 2021) and 1.1 NTU (January-April 2022), rep-
resenting low values compared to previous studies that had higher inlet
turbidity values (e.g., >30 NTU (Aydin, 1996)). All SSFs exhibited good
turbidity removal, with filtrate turbidity values ranging from 0.04-0.7
NTU (UWS-100), 0.04-0.4 NTU (UWS-67), 0.04-0.4 NTU (UWS-33) and
0.04-0.9 NTU for the DS filters. Turbidity values exceeding the water
company internal target of 0.3 NTU were very infrequent in any of the
samples from the different filter skimming treatments, only occurring
during the initial maturation phase at the start of the experiment (Run
1), and on three other occasions throughout the experimental period
(0.39 NTU for UWS-0 Run 5, 0.33 NTU for DS-Ext Run 7 and 0.34 NTU
for UWS-33 Run 8). These three occurrences of filtrate turbidity mea-
surement >0.3 NTU were separate and did not suggest any pattern
favouring DS over UWS. In addition, the level of sweetening flow did not
affect filtrate turbidity. Furthermore, when comparing the DS filters,
there was no substantial difference in the treatments with the extended
downtimes.

Headloss development was characterised by three distinct phases: an
initial gradual increase (slow rate), an intermediary phase with a more
rapid increase, followed by a sharp ascent (fast rate), marking the
transition from depth filtration to surface filtration and subsequent
surface clogging (Fig. 4). These phases were determined based on the
slope of the individual sections of the headloss development curves,
where the slow rate was based on the curves where the slope was less
than 10 mm/d, and the fast rate based on the curves where the slope was
greater than 15 mm/d (further details in SI, Figure S4). The difference in
headloss development between runs was greater than that observed
between different skimming options within individual runs. In Run 2,
the initial slow rates of headloss were 1.7 mm/day for DS and 1.5, 1.3,
1.4, and 1.4 mm/day for UWS-100, UWS-67, UWS-33, and UWS-O0,
respectively. By Run 5, no initial slow phase was observed, and all fil-
ters transitioned directly to a rapid rate of headloss. After re-sanding,
headloss profiles again shifted, with UWS filters developing headloss
more rapidly than DS. Statistical analysis of the slow-rate phase across
runs (excluding Runs 1 and 6) showed no significant difference among
treatments (Kruskal-Wallis: H(80) = 10.6, p=0.385). These runs were
omitted because Run 1 was the initial startup and Run 6 followed a re-
sand event. In contrast, the fast-rate phase showed a significant differ-
ence between DS and UWS (Kruskal-Wallis: H(80) = 8.4, p=0.004)
(Fig. 5).

Here, ‘ripening’ refers to the post-cleaning period when the biofilm
re-establishes optimal filtration conditions. UWS preserves partial flow,
likely retaining portions of the biofilm and accelerating its re-
establishment — potentially by flushing microorganisms from the
Schmutzdecke downward and re-seeding the surface layer. Changes to
the ripening pattern when deploying UWS has interesting implications
for SSFs applied as a pre-distribution polishing treatment step (i.e., in
the Netherlands) where ripening periods are extended but frequency of
skim is much less. No significant difference in headloss development was
observed with varying sweetening flow within individual runs (Kruskal-
Wallis: H(56)=6.8, p=0.341). Similarly, when both slow and fast
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Fig. 3. Variation of turbidity from March 2021-June 2022 with skimming/re-sanding events. (A) feed water turbidity; (B) and (C) show UWS turbidity at operational
loadings: UWS-100(1&2), UWS-67(1&2), UWS-33(1&2), UWS-0(1&2); (D) DS treatments: DS(1&2), DS-Ext(1&2). Operational target is <=0.3 NTU.

headloss phases were analysed together, extended downtime (DS-EXT)
did not differ from DS (Kruskal-Wallis: H(24)=5.0, p=0.174). None-
theless, while slow headloss was similar across treatments (Fig. 5), dif-
ferences became more pronounced in the fast headloss phase. In this late
phase, it is probable that as a denser Schmutzdecke formed, impacts of
reduced downtime appeared to exacerbate surface clogging mechanisms
or biofilm sloughing, leading to greater divergence in headloss profiles.
This raises the prospects of operators can exploit the distinct slow/fast
headloss phases to balance removal efficiency with acceptable headloss.
By adjusting sweetening flow or downtime, they could delay or accel-
erate fast-phase clogging, thereby either enhancing particle retention
(and tolerating higher headloss) or preserving throughput (and accept-
ing slightly lower removal).

Both skimming methods recovered up to 90% headloss after cleaning
but a higher initial headloss was observed as the runs continued, and this
was similar for both DS and UWS filters. To illustrate this, the normal-
ised starting headloss for the DS beds were 25+1, 52+3, 59+2, 30+2, 52
+5, 71+7, 88+7, 109+13, 124+18 and 103+10 mm for runs 1 to 10
respectively. In comparison, the equivalent normalised starting headloss
for the UWS-100 were 27+3, 56+12, 5247, 46+13, 46+7, 81+10, 97
+9, 90+6, 125+9 and 132+15 mm. Analysis of variance showed that
there was no significant difference between the UWS and DS starting
headloss values (ANOVA: F(1, 18) = 0.063, p = 0.804), or between the
different sweetening flows (ANOVA: F(3, 31) = 0.787, p = 0.510). The

increasing starting headloss with subsequent runs was not considered to
be unusual or exceptional, as Mauclaire et al. (2004), noted extracellular
polymeric substances (EPS) occupied up to 7% of top layer pore volume,
and 3% sub-surface, thus preventing a return to clean bed conditions,
underscoring the requirement to replace sand after prolonged treatment.
This did not raise concerns about a disproportionate deep penetration of
particles and accumulation at specific depths due to UWS, as the head
recovery after skimming allowed the filters to operate at normal hy-
draulic loading rates, and sustained their performance for the entire
duration of the subsequent filter run. It is also noteworthy that the
starting headloss continued to increase even after the re-sanding activ-
ity. This was because, although the top sand layers (0-0.2 m) were
replaced, the hydraulic conductivity of the entire bed (estimated using
Darcy’s law) was not restored to its initial conditions. For instance,
during run 1, the hydraulic conductivity of the filters was 9.2+0.7 m/h
(L = 0.8 m). By the start of the second run, this had dropped, to 4.4 m/h
(L = 0.76 m), and after re-sanding in run 6, it was 3.2+0.4 m/h (L = 0.8
m). At this point, the lower part of the filter bed (0.2-0.8 m) was
operating with reduced hydraulic conductivity; as such, a marginal in-
crease in starting headloss is acceptable. In full-scale operations, this
phenomenon is accepted as normal behaviour, and there is often a set
limit on maximum starting headloss allowable. Overall, the results
indicated that UWS provided a less disruptive cleaning process and did
not pose additional risks compared to DS. In this context, ‘less
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disruptive’ refers to the reduced microbial disturbances after skimming
with UWS. Furthermore, the introduction of a sweetening flow did not
exacerbate headloss development beyond that observed with DS.

3.2. Influence of skimming on filtrate microbial quality

Barring the maturation period at the initial start of the experiments
(run 1) and after re-sanding (run 6), all UWS SSFs reduced the total
coliform count to under 50 MPN/100mL, which is below the operational

limit (defined by the water utility), with the exception of UWS-0 at the
start of run 5 and UWS-67 at the end of run 5 (Fig. 6 B - C). These two
exceedances were not of concern, as one occurred at the end of the filter
run while the other was an unusual measure which was not replicated in
the duplicate filter. For the DS filters on the other hand, there were a few
more occurrences of exceedances (see runs 4 and 5 in Figure D) and
these were mirrored in the replicates. After re-sanding there was more
consistency and less coliform variability attributed to the combination of
new sand being placed on top of seven-month mature sand. In general,
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DS SSFs showed a greater frequency for high coliform (Fig. 6) and HPC
(Fig. 7) levels immediately post-skimming compared to UWS SSFs.
Analysis of the filtrate coliform and HPC in the 7 days following a
skimming event showed that there was a significant difference between
the UWS and DS SSFs (Kruskal-Wallis for coliform: H (1) = 6.1, p=0.014;
for HPC: H (1) = 45.1, p=0.001), with the UWS filters having on average
a count of 2 MPN/100 mL (ranging from 1-109 MPN/mL) for coliforms
as opposed to 25 MPN/100 mL (1-1414 MPN/mL) for DS filters. This
shows that UWS filters may be returned to service faster, and potentially
eliminating the need for a downtime in cases where UWS is accompa-
nied by sweetening flow. One explanation for this is that UWS preserves
some of the microbial community and maintains stable conditions
during the cleaning process, unlike DS, which involves draining the bed
and exposing the biofilm to abrupt changes (temperature, light moisture
etc). By avoiding large-scale microbial detachment and shifts in envi-
ronmental conditions, UWS reduces particle and bacteria release into
the filtrate immediately after skimming, resulting in more stable and
improved post-cleaning microbial water quality.

To further illustrate this, for run 8, HPC levels post skimming for the
DS filters ranged from 300-2700 no/mL, while just before skimming
HPC levels were between 10-11 no/mL. In contrast, the range of HPC
levels for the UWS filters pre- and post-skimming were 1-9 no/mL and
3-12 no/mL respectively. The increase in HPC levels in the DS filters

post-skimming may be attributed to bacteria released following the
period where the bed was drained down. It is suggested that when the
filter is drained (as occurs during DS), the temporary loss of water dis-
rupts the microbial biofilm and causes cells to detach into the sand pore
spaces. Upon refilling and resuming flow, these previously detached
bacteria are not retained by the filter, resulting in a transient increase in
HPC counts observed immediately after the flow resumes. This deteri-
oration in filtrate quality following DS is well understood. For instance,
experiments by Bellamy et al., (1985b) showed that following filter
cleaning (using DS), filtrate tincreased from 4000 MPN/100 mL to 28,
000 MPN/ 100 mL when operating at 0.4 m/h. Other cleaning methods
such as backwashing showed similar performance when compared with
DS, with a 1.3 log reduction recorded by backwashing and 1.5 log
reduction by DS (F.H. de Souza et al., 2021). The log removal efficiencies
of HPC and total coliform bacteria in SSFs typically range from 0 to 3
before and after skimming. Immediately after skimming, removal effi-
ciency declines, most noticeably in the first 18-36 hours—due to tem-
porary biofilm (Schmutzdecke) disruption and detachment. As the
biofilm regenerates, removal rates return to baseline levels, reflecting
the normal regenerative behaviour of SSF biofilm communities. While
the DS observation holds true, the findings in this paper support the
hypothesis that the more considerate UWS method promotes fewer
bacteria in the filtrate compared to the DS. Therefore in summary,
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despite turbidity and headloss remained similar, UWS significantly
lowered post-skimming HPC and coliform spikes compared to DS,
indicating more stable microbial quality and quicker recovery

To provide further analysis of UWS performance, flow cytometry was
used to directly measure the microbial water quality before and after
skimming. Flow cytometry results showed that UWS filters maintained
more stable post-skimming microbial quality, indicated by a lower
average total cell count of 2.0 x 10° cells/mL in the first 24 hours
compared to 2.8 x 10° cells/mL for DS filters. This difference was sta-
tistically significant (Kruskal Wallis: H (1) = 35.6, p = 0.001).
Furthermore, UWS exhibited a steadier microbial profile after skim-
ming, with a deviation of 0.3 x 10° cells/mL, compared to 0.5 x 10°
cells/mL for DS (Fig. 8). This indicates that UWS can facilitate a quicker
return to consistent microbial water quality, potentially shortening the
‘ripening’ period and enhancing overall SSF productivity. The rapid
stabilization may stem from preserving portions of the biofilm and
maintaining steady conditions during cleaning, allowing microbial
communities to recover more efficiently. Because only one flow cy-
tometer was available, UWS and DS measurements were taken sequen-
tially rather than simultaneously. Nonetheless, the influent water
quality and operational conditions remained stable during the sampling
period, minimizing effects of temporal variability. While we acknowl-
edge this as a limitation, the stable conditions ensure the observed

differences are suitable. Further work is needed to replicate this
observation.

3.3. Influence of skimming regime on SSF microbial community

Analysis of the interplay between SSF operation and its biological
and physicochemical phenomena has been hindered previously by
sparse routine sampling (Graham and Collins, 2014) typically occurring
only near the end of a SSF run, and/or recording peak headloss (Chen
et al.,, 2021). This study used 16S rRNA gene amplicon sequencing
consistently throughout the SSF operation to explore the SSF microbi-
ology, assessing UWS’s impact on the SSF microbial community, based
on sampling of the Schmutzdecke (Bai et al., 2013). Genus-level beta--
diversity was visualized using Principal Coordinates Analysis (PCoA) in
Fig. 9.

The Shannon diversity index provides a measure of both the richness
(number of distinct taxa) and evenness (relative abundance distribution)
within the microbial community. By examining changes in this index,
we can determine if operational conditions, such as skimming methods,
influence the complexity and stability of the microbial assemblages in
the filter. The Shannon diversity index averaged 5.73+0.14 in all SSFs
demonstrating no impact of UWS versus DS, or the level of sweetening
flow used (Fig. 9 A). Diversity here was stable across a year, with slight
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rises per run and reductions post-cleaning (Fig. 9 A). This disproved the
hypothesis that flow maintenance and UWS would foster more diverse
microbial communities and agreed with previous studies showing min-
imal biological changes from variations in SSF operation (Campos et al.,
2002; Lautenschlager et al., 2014).

While genus-level beta-diversity in SSFs varied across runs, these
fluctuations cannot be attributed solely to temperature. Seasonal in-
fluences on influent water quality (e.g., nutrient availability, organic
content, and microbial load), in combination with operational factors
like skimming and re-sanding, likely interact to shape the microbial
community composition over time. Consequently, each run encom-
passes a distinct combination of environmental conditions and filter
states, with temperature representing only one of many interrelated
drivers of microbial assemblage changes (Fig. 9 B,C). These shifts in
community composition did not translate into reductions in microbial
removal efficiency. Even within the relatively low influent bacterial
concentrations and detection limits of our methods, total coliform log
removal remained >2 across temperatures ranging from 2-18 °C
(Figure S3). While previous studies have postulated that higher tem-
peratures might enhance pathogen removal (Anderson et al., 2009;
Jabur, 2006), the observed stability in our filters should be interpreted
within the narrow range of removals possible due to the low inlet bac-
terial concentrations. The filtrate continued to meet operational mi-
crobial quality guidelines (e.g., total coliforms <50 MPN/100 mL),
mirroring long-term observations of stable Giardia removal in similar
systems (Bellamy et al., 1985b).This observation indicates that while
removal mechanisms remain stable across seasonal shifts, attributing
them solely to physical or biological processes is challenging. It is
possible that both factors contribute, and that mature SSFs are resilient
enough to maintain effective removal under typical environmental
temperature fluctuations (Arnold et al, 2016). However, further
investigation is needed to disentangle the relative roles of these pro-
cesses. The advantage of UWS over DS was pronounced immediately
post-skimming, as clearly evidenced in the diminished HPC break-
through and flow cytometry. However, since skimming disruptions
constitute merely 3.5% of the filter’s lifespan, the overall impact on
microbial community seems minimal.

While the major removal of pathogens is attributed to the Schmutz-
decke and top sand layers of the bed (Chen et al., 2021), significant
removal occurs following cleaning, consistent with Trikannad et al.
(2023) theory of extensive subsurface biofilm activity. More specifically,
the minimal differences in performance between DS and UWS, even with
frequent top layer removal and incomplete ripening, suggest that deeper
subsurface biofilms and the GAC layer may play a more important role in
maintaining filtration efficacy, warranting further investigation into
their contributions. In conjunction with the consistency of treatment
performance by UWS in this study, it is suggested there is a need to
reassess the role of the Schmutzdecke in conjunction with the lower sand
levels to provide a more holistic view of SSFs throughout their depth.
Support for this is provided by Oh et al., (2018) who found that biofilms
below the Schmutzdecke matured quicker than expected, which was also
supported by the study of Bai et al. (2013), where a rapid two-day
development was observed. Further, Chan et al. (2018) emphasized
the sand bed’s superior organic matter degradation compared to the
Schmutzdecke, reinforcing the high removal efficiencies seen in UWS
filters post-Schmutzdecke removal in this study, and suggesting extensive
biological activity across the filter’s depth. Further, measurement of the
respiration rate of the biofilm on the sand as a function of depth revealed
activity throughout (Elemo et al., 2024).

3.4. Context of the UWS for SSF

In this study, the pilot SSFs were operated under conditions repre-
sentative of typical UK practice, where SSFs are generally employed as a
bulk turbidity and organic treatment step. These filters were configured
outdoors with a partial enclosure, mirroring full-scale conditions
encountered in UK treatment works. Such an arrangement contrasts
with practices in some other countries, such as the Netherlands and
Sweden, where SSFs may be implemented at different points within the
treatment process, or under indoor and controlled lighting conditions or
as a polishing step prior to distribution. Recognizing these international
variations is important, as different placement in the treatment flow-
sheet, environmental conditions, and operational targets can influence
both filter design and performance benchmarks. Situating this
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investigation within the UK context ensures that the findings relating to
UWS—are relevant to utilities and operators employing SSFs. Slight
changes may be applied to adapt to differences in other regions.

4. Conclusion

The UWS preserved filtrate quality, accelerated post-cleaning re-
covery, and performed comparably to or better than conventional DS in
terms of microbial and turbidity removal. Performance was unaffected
by varying sweetening flows, suggesting UWS can maintain continuous
operation with minimal downtime. The rapid headloss recovery in UWS
filters suggests that particles did not penetrate deeply into the filter bed,
helping maintain the integrity of the biofilm layers that drive microbial
removal. Sustainable biological performance occurred by which we
refer to the consistently low microbial counts such as reduced HPC and
coliform levels—and the minimal post-skimming variability in filtrate
quality. In other words, UWS filters quickly re-established stable con-
ditions, ensuring reliable microbial removal after cleaning events due
maintenance approach which reduces the disturbance from cleaning to
the process. Overall, UWS offers a practical means to enhance the effi-
ciency, consistency, and productivity of slow sand filtration systems.
Trials of UWS at increased scale of SSF are required.

CRediT authorship contribution statement

Tolulope Elemo: Writing — original draft, Methodology, Investiga-
tion, Formal analysis. Michael Chipps: Writing — review & editing,

10

Supervision, Project administration, Conceptualization. Nigel Graham:
Writing — review & editing, Supervision, Investigation. Andrew Turner:
Writing — review & editing, Supervision. Sophie Bretagne: Methodol-
ogy, Formal analysis. Bruce Jefferson: Writing — review & editing.
Francis Hassard: Writing — review & editing, Supervision, Project
administration, Funding acquisition, Formal analysis,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

The authors acknowledge the financial support of the Engineering
and Physical Sciences Research Council (ESPRC) through the STREAM
Industrial Doctorate Centre (EP/L015412/1), and financial support from
Thames Water and Northumbrian Water Group. The authors also
appreciate the support provided by Affinity Water. The authors are
grateful to Dr. Jenny O’Reilly, Ian Doggett, Dr. Richard Lake and
Michael Bradwell for their valuable contributions.

Data availability

Data is available at 10.6084/m9.figshare.26519746.



T. Elemo et al.
Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.watres.2025.123234.

References

Anderson, W.B., Deloyde, J.L., Van Dyke, M.1., Huck, P.M., 2009. Influence of design and
operating conditions on the removal of MS2 bacteriophage by pilot-scale multistage
slow sand filtration. Journal of Water Supply: Research and Technology - AQUA 58
(7), 450-462.

Arnold, N., Archer, A., Barkdoll, B., 2016. Bacterial adaptation and performance of
household biosand water filters in differing temperatures. Water Science and
Technology: Water Supply 16 (3), 794-801.

Aydin, M.E., 1996. Regression models on design and operational parameters of slow sand
filter. Journal of Engineering Science 2 (3), 227-241.

Bai, Y., Liu, R., Liang, J., Qu, J., 2013. Integrated Metagenomic and Physiochemical
Analyses to Evaluate the Potential Role of Microbes in the Sand Filter of a Drinking
Water Treatment System. PLoS. One 8 (4), e61011.

Bellamy, W.D., Silverman, G.P., Hendricks, D.W., 1985a. EPA 600/52-85/026: Filtration
of Giardia Cysts and Other Substances: Volume 2. US EPA, Cincinnati.

Bellamy, W.D., Silverman, G.P., Hendricks, D.W., Logsdon, G.S., 1985b. Removing
Giardia Cysts with Slow Sand Filtration. Journal of the American Water Works
Association 77 (2), 52-60.

Burman, N.P., Lewin, J., 1961. Microbiological and Operational Investigation of Relative
Effects of Skimming and in Situ Sand Washing on Two Experimental Sand Filters.
Journal of the Institution of Water Engineers 15, 355-367.

Campos, L.C., Su, M.F.J., Graham, N.J.D., Smith, S.R., 2002. Biomass development in
slow sand filters. Water. Res. 36 (18), 4543-4551.

Chan, S., Pullerits, K., Riechelmann, J., Persson, K.M., R&dstrom, P., Paul, C.J., 2018.
Monitoring biofilm function in new and matured full-scale slow sand filters using
flow cytometric histogram image comparison (CHIC). Water. Res. 138, 27-36.

Chen, L., Zhai, Y., van der Mark, E., Liu, G., van der Meer, W., Medema, G., 2021.
Microbial community assembly and metabolic function in top layers of slow sand
filters for drinking water production. J. Clean. Prod., 126342

de Souza, F.H., Roecker, P.B., Silveira, D.D., Sens, M.L., Campos, L.C., 2021. Influence of
slow sand filter cleaning process type on filter media biomass: backwashing versus
scraping. Water. Res. 189, 116581.

Elemo, T., Chipps, M., Graham, N., Turner, A., Jefferson, B., Hassard, F., 2024. Predicting
the impact of underwater skimming on dissolved oxygen consumption in slow sand
filters for potable water treatment. Science of the Total Environment 954, 176730.

Ellis, K.V., 1985. Slow Sand Filtration. CRC Critical Reviews in Environmental Control 15
(4), 315-354.

Graham, N.J.D., Collins, M.R., 2014. Slow sand filtration: recent research and application
perspectives. In: Nakamoto, N., Graham, N.J.D., Collins, M.R., Gimbel, R. (Eds.),

11

Water Research 276 (2025) 123234

Progress in Slow Sand and Alternative Biofiltration processes: Further Developments
and Applications. IWA Publishing, London, pp. 3-16.

Hassard, F., Elemo, T., Chipps, M., Turner, A., Jefferson, B., Graham, N., 2022.
Underwater Remote Skimming of Slow Sand Filters for Sustainable Water
Production. ACS. ES. T. Water. 2 (9), 1471-1474.

Hijnen, W.A.M., Dullemont, Y.J., Schijven, J.F., Hanzens-Brouwer, A.J., Rosielle, M.,
Medema, G., 2007. Removal and fate of Cryptosporidium parvum, Clostridium
perfringens and small-sized centric diatoms (Stephanodiscus hantzschii) in slow sand
filters. Water. Res. 41 (10), 2151-2162.

Hijnen, W.A.M., Schijven, J.F., Bonné, P., Visser, A., Medema, G.J., 2004. Elimination of
viruses, bacteria and protozoan oocysts by slow sand filtration. Water Science and
Technology 50 (1), 147-154.

Huisman, L., Wood, W.E., 1974. Slow Sand Filtration. World Health Organization,
Geneva.

Jabur, H., 2006. The effect of water temperature on the slow sand filter. In: Gimbel, R.,
Graham, N.J.D., Collins, M.R. (Eds.), Recent Progress in Slow Sand and Alternative
Biofiltration Processes. IWA Publishing, London, pp. 74-77.

Lautenschlager, K., Hwang, C., Ling, F., Liu, W.T., Boon, N., Koster, O., Egli, T.,
Hammes, F., 2014. Abundance and composition of indigenous bacterial communities
in a multi-step biofiltration-based drinking water treatment plant. Water. Res. 62,
40-52.

Lloyd, B.J., 1996. The significance of protozoa predation and adsorption for the removal
of bacteria by slow sand Filtration. In: Graham, N.J.D., Collins, R. (Eds.), Advances
in Slow Sand and Alternative Biological Filtration. John Wiley & Sons, Inc.,
Chichester, UK, pp. 129-137.

Mauclaire, L., Schiirmann, A., Thullner, M., Zeyer, J., Gammeter, S., 2004. Sand filtration
in a water treatment plant: biological parameters responsible for clogging. Journal of
Water Supply: Research and Technology—AQUA 53 (2), 93-108.

Oh, S., Hammes, F., Liu, W.T., 2018. Metagenomic characterization of biofilter microbial
communities in a full-scale drinking water treatment plant. Water. Res. 278-285.

Poynter, S.F.B., Slade, J.S., 1978. The Removal of Viruses by Slow Sand Filtration.
Progress in Water Technology 9, 75-88.

Singer, S., Skinner, B., Cantwell, R.E., 2017. Impact of surface maintenance on BioSand
filter performance and flow. J. Water. Health 15 (2), 262-272.

Standing Committee of Analysts, 2009. The Microbiology of Drinking Water - Part 4 —
Methods for the Isolation and Enumeration of coliform bacteria and Eschericha coli.
Methods For the Examination of Waters and Associated Materials.

Standing Committee of Analysts, 2007. The Microbiology of Drinking Water - Part 7 —
Methods for the enumeration of heterotrophic bacteria by pour and spread plate
techniques. Methods For the Examination of Waters and Associated Materials.

Trikannad, S.A., van Halem, D., Foppen, J.W., van der Hoek, J.P., 2023. The contribution
of deeper layers in slow sand filters to pathogens removal. Water. Res. 237, 119994.

Wang, H., Narihiro, T., Straub, A.P., Pugh, C.R., Tamaki, H., Moor, J.F., Bradley, .M.,
Kamagata, Y., Liu, W.T., Nguyen, T.H., 2014. MS2 bacteriophage reduction and
microbial communities in biosand filters. Environmental Science and Technology 48
(12), 6702-6709.


https://doi.org/10.1016/j.watres.2025.123234
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0001
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0001
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0001
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0001
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0002
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0002
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0002
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0003
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0003
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0004
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0004
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0004
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0005
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0005
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0006
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0006
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0006
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0007
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0007
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0007
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0008
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0008
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0009
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0009
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0009
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0010
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0010
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0010
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0012
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0012
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0012
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0013
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0013
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0013
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0014
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0014
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0015
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0015
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0015
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0015
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0016
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0016
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0016
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0017
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0017
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0017
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0017
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0018
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0018
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0018
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0019
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0019
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0020
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0020
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0020
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0021
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0021
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0021
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0021
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0022
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0022
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0022
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0022
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0023
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0023
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0023
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0024
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0024
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0025
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0025
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0026
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0026
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0027
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0027
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0027
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0028
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0028
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0028
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0029
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0029
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0030
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0030
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0030
http://refhub.elsevier.com/S0043-1354(25)00148-4/sbref0030

SPACE

https://dspace.org/

Evaluating the impact of underwater skimming on slow

sand filter performance and operation

Elemo, Tolulope; Chipps, Michael; Graham, Nigel; Turner, Andrew; Bretagne,
SophielL. ...

2025-05-15

Elsevier

https://doi.org/10.1016/j.watres.2025.123234

Elemo T, Chipps M, Graham N, et al., (2025) Evaluating the impact of underwater skimming
on slow sand filter performance and operation. Water Research, Volume 276, May 2025,

Article number 123234

Downloaded from a DSpace repository. https://dspace.org/


https://dspace.org/
https://doi.org/10.1016/j.watres.2025.123234
https://dspace.org

