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Sand filtration in a water treatment plant: biological
parameters responsible for clogging
L. Mauclaire, A. Schürmann, M. Thullner, S. Gammeter and J. Zeyer

ABSTRACT
Slow sand filtration is an established technique for the treatment of drinking water. However,
clogging of these filters requires extensive maintenance. The clogging and hydraulic characteristics
of slow sand filters operated under high flow rates were investigated in a drinking water plant that
processes pre-treated lake water. Reasons for the clogging were evaluated by measuring physical,
chemical and biological parameters of the interstitial water and the filter matrix. The biomass in the
filters was characterised by quantifying bacterial abundance and activity as well as the
concentration of extracellular polymeric substances (EPS). The results of this study showed that the
clogging effects were to a large extent attributed to the presence of EPS. This microbial biomass
reduced the pore space in the highly clogged parts of the filters by at least 7%, whereas the
reduction due to particle deposition was not larger than 7%. Although the most severe clogging
occurred in the top 5–10 cm of the filters where bacterial abundance and activity were highest,
deeper layers of the filters were clogged, too.
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INTRODUCTION
Sand ﬁltration is one of the oldest technologies for treat-

The inﬁltration capacity of slow sand ﬁlters is

ing water in drinking water plants (Weber-Shirk & Dick

seriously limited by clogging processes. Despite the high

1997a). The simplicity of slow sand ﬁltration makes the

maintenance costs, regular removal of the upper heavily

process attractive and therefore it has been used as an

clogged part of the ﬁlter is an efﬁcient method to

essential element of water treatment in various European

re-establish a good hydraulic conductivity. The economic

cities (London, Paris, Amsterdam, Stockholm and Zurich)

efﬁciency of slow sand ﬁltration may be increased if

and in many countries of Asia, Africa, South and Central

clogging mechanisms are prevented.

America (Graham 1988; Graham & Collins 1996; Urfer

Clogging is deﬁned as the decrease of hydraulic

et al. 1997; Graham 1999). The slow sand ﬁlters that we

conductivity in a porous medium, and occurs commonly

investigated process water from Lake Zurich that is pre-

in a wide range of systems (e.g. review in Baveye

treated by ozonation, rapid ﬁltration and granular acti-

et al. 1998). The progressive augmentation of a medium’s

vated carbon ﬁltration. The ﬁlters at Zurich are operated

physical resistance to water ﬂow results from the

under high ﬂow rates and are occasionally designated as

reduction in the size of pore space. The mechanisms

high rate slow sand ﬁlters. Nevertheless, for simplicity we

responsible for these changes are usually classiﬁed

talk about slow sand ﬁlters throughout this paper.

into physical, chemical and biological factors or a
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Water plant of Zurich-Lengg with a detailed profile of the slow sand filters. Sampling layers are indicated in italics. H is the total head loss throughout the filter.

combination thereof (Weber-Shirk & Dick 1997b; Baveye
et al. 1998).
Biological processes can be the major reason for
clogging and they have been extensively studied in labora-

SITE DESCRIPTION AND SAMPLING
Major steps of water treatment

tory experiments (e.g. Taylor & Jaffé 1990; Vandevivere &

Raw water is collected in Lake Zurich at a depth of 30 m

Baveye 1992b; Kildsgaard & Engesgaard 2002; Thullner

( > 15 m below the thermocline) and pumped to the Lengg

et al. 2002b). However, the majority of ﬁeld studies on

indoor water treatment plant. The different stages of

clogging did not investigate hydraulic conductivity

water treatment are shown in Figure 1, and the water

because soil heterogeneities make this measurement difﬁ-

quality within the system is summarised in Table 1. A ﬁrst

cult. Field determinations of hydraulic conductivity were

ozonation (1.1 mg O3 l − 1, ± 25%) is used for disinfection,

only made for conﬁned systems such as ponds (Chang

oxidation and ﬂocculation aid prior to the treatment by

et al. 1974; Wood & Bassett 1975; Siegrist 1987). Although it

rapid sand ﬁlters. These ﬁlters, made of pumice and

was possible to monitor the water inﬁltration rate, it was

quartz sand, remove more than 95% of the particle load.

not possible to locate clogging processes in the sediment

Before activated carbon ﬁltration a second ozonation

proﬁle.

(0.5 mg O3 l − 1) is conducted. For the mechanical and

In the present study, we investigated the change of

especially for the biological superﬁne cleaning, slow sand

hydraulic conductivity in slow sand ﬁlters of a drinking

ﬁlters are used (Figure 1). The ﬁlters are constructed on

water plant in Zurich, Switzerland. Physical, chemical and

top of a ﬂoor of special bricks that serve as a drainage area.

biological parameters potentially related to the decrease of

The ﬁlters consist of four layers with increasing grain

hydraulic conductivity were investigated in the slow sand

size from the top to the bottom: a layer of ﬁne sand

ﬁlters at different stages in the evolution of clogging.

(50–85 cm), a layer of coarse sand (5 cm), a layer of ﬁne

Microbial abundance, microbial activity and extracellular

gravel (5 cm) and a layer of gravel (5 cm). The thickness of

polymeric substances (EPS) were quantiﬁed to elucidate

the ﬁne sand layer varied according to the number of

the contribution of biological parameters to clogging.

cleaning cycles (removal of the top 5 cm). Thus, the total
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Table 1 | Physical and chemical characteristics of the water along the treatment process (numbers refer to the location on Figure 1). Averages and
standard deviations for the year 2000 from monthly measurements of Zurich Water Supply
Location
Parameter

Lake water (1)

After rapid filtration (2)

Before distribution (3)

0.3 ± 0.19a

0.2 ± 0.11b

0.1 ± 0.05a

Nitrate-N (µM)

54.6 ± 3.39a

57.6 ± 2.68b

59.1 ± 2.89a

Nitrite-N (µM)

0.1 ± 0.08a

0.0 ± 0.02b

0.0 ± 0.02a

Phosphate-P (µM)

0.2 ± 0.12a

0.3 ± 0.16b

0.3 ± 0.14a

Ammonium-N (µM)

Sulphate-S (µM)

153.6 ± 1.8a

154.2 ± 2.0b

154.3 ± 2.1a

Dissolved oxygen (mg l 1 1)

8.4 ± 1.67a

15.7 ± 1.50b

14.4 ± 0.84a

Dissolved organic carbon (mg l 1 1)

1.2 ± 0.06a

1.0 ± 0.04b

0.7 ± 0.05a

pH

7.8 ± 0.13a

7.7 ± 0.09c

8.0 ± 0.06a

Total hardness (mM)

1.4 ± 0.01a

1.4 ± 0.01c

1.5 ± 0.03a

Temperature (8C)

5.8 ± 0.69a

5.8 ± 0.66b

5.8 ± 0.69a

a

n=12, bn=23, cn=22.

thickness of the slow sand ﬁlter varies between 100 and

clogged at the sampling dates with respect to the C +

65 cm. After 10 to 15 years the remaining sand in a ﬁlter

ﬁlters. The dynamics of the system can be visualised by the

must be removed and cleaned. The plant Lengg has 14

hydraulic behaviour of the slow sand ﬁlters (Figure 2).

slow sand ﬁlters (operating in parallel) designated as SSF1

Newly constructed ﬁlters (clean sand) exhibit an initial

to SSF14. All ﬁlters are operated indoors in the dark at 4

hydraulic conductivity of about 4 to 7 m h − 1. During the

to 8°C. Each ﬁlter has an area of 1,120 m2 and a maximum

following years, the hydraulic conductivity decreases

daily load capacity of around 16 m3 m − 2. They are kept at

gradually to 0.5 m h − 1, indicating the increasing clogging

constant water level. The whole system is capable of

of the system. At this point, ﬁlters are drained and cleaned

treating 250,000 m3 day − 1.

by removing the ﬁrst 5 cm of the sand. Cleaning raises the
hydraulic conductivity by 1 to 2 m h − 1 for up to three
years. However, this method does not restore the original

Hydraulic behaviour

inﬁltration capacity.

To study clogging processes, two ﬁlter types deﬁned as
highly and less clogged were sampled. The highly clogged
ﬁlters (C + ) are ﬁlters with a running time of more than 9

Sampling procedure

years with fast cleaning cycles of 2 to 3 years (Figure 2).

Samples were collected on three dates: 2 November 2000,

These ﬁlters had an average hydraulic conductivity around

20 March 2001 and 17 May 2001. The last two sampling

−1

at the sampling dates (Table 2). The less

dates were chosen before and after lake stratiﬁcation. For

clogged ﬁlters (C − ) have been running for less than

each ﬁlter type (C + and C − ), three different ﬁlters were

8 years, have never been cleaned and were only partially

selected. Samples of sand and interstitial water were taken

0.5 m h
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small and never exceeded 30% of the maximum value.
Preliminary measurements of proﬁles of polysaccharides
content and bacterial numbers showed no signiﬁcant
change below 10 cm (data not shown).

METHODS
Measurements of interstitial water characteristics
All chemical and biological analyses were performed using
nanopure water (MilliQ), and acid washed glass material.
Nitrate, sulphate and phosphate in interstitial water
were quantiﬁed using an ion chromatograph (Dionex
DX-100).

Dissolved

organic

carbon

(DOC)

was

measured with a Total Carbon Analyzer (TOC-5000,
Shimadzu) after removing the inorganic carbon with
hydrochloric acid (2M, 1 µl ml − 1) and stripping with
oxygen for 10 min. Refractory dissolved organic carbon
(RDOC) was measured as the remaining fraction after
20 days of incubation with the natural bacterial consortia at 20°C (Servais et al. 1987). The biodegradable
organic carbon (BDOC) fraction was calculated as DOC
minus RDOC. The amount of ﬁne particles in the inlet
Figure 2

|

Evolution of hydraulic conductivity for highly and less clogged filters based on
measured head differences from inlet to outlet with a constant water flow of
500 m3 h −1. Arrows indicate cleaning by removing the top 5 cm of sand.

for each ﬁlter at 3 points spaced approximately 1 m apart,

water was measured by ﬁltering 25 l of water with a
0.2 µm ﬁlter (Supor) and calculating the increase in
weight.

Physical and chemical parameters

forming an equilateral triangle. The triplicate samples of

Hydraulic conductivity (K) of the entire ﬁlter was esti-

each ﬁlter were pooled for subsequent analyses. Inter-

mated by measuring the difference in water level between

stitial water was collected using porous candles (length

the inlet and outlet of each ﬁlter at a constant ﬂux rate of

50 mm, diameter 15 mm) placed at 0–5 cm and 15–20 cm

500 m3 h − 1. To investigate the change of K with increas-

below the surface of the sand. Sand was collected by

ing depth, piezometers were placed at approximately 1, 2,

coring with a plexiglass tube (diameter 50 mm). The cores

3, 4, 5, 10, 15, 20, 30, 50 and 80 cm below the sand surface.

were separated, and two parts (0–5 cm and 15–20 cm)

The hydraulic conductivity was determined by measuring

were preserved in an icebox for later analysis. The top

the piezometric head proﬁle by using Darcy’s law:

layer (0–5 cm) corresponded to the sand removed when
slow sand ﬁlters are cleaned. Analysis of ﬁne sand proﬁles

Q

(0–1 cm, 1–2 cm, 2–3 cm, 3–4 cm, 4–5 cm) revealed that

A

⫽K .

DH
Dz

(1)

microbial products (polysaccharides, proteins and cells)
and activities were maximal between 1 and 2 cm (data

where Q is the ﬂow rate, A is the surface of the slow sand

not shown). Differences in the ﬁrst 5 cm were relatively

ﬁlter, H is the head loss, and z is the depth below the sand
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Maintenance and average hydraulic conductivity of the slow sand filters
Hydraulic conductivity (m h −1)
Beginning of operation

Last cleaning*

November 2000

March 2001

May 2001

Highly clogged ﬁlters (C + )
SSF2

June 1985

October 1997

0.60

0.52

0.50

SSF6

October 1984

July 1995

0.37

0.32

0.31

SSF8

June 1992

April 1999

0.57

0.51

0.51

Less clogged ﬁlters (C 1 )
SSF10

August 1994

1.24

1.28

1.24

SSF12

June 1993

1.00

0.93

0.88

SSF13

October 1994

1.54

1.20

1.20

*By removing the first 5 cm of sand.

surface. Measurements were conducted at different ﬂow

sand placed in 50 ml of water (Mermillod-Blondin et al.

rates (500 and 150 m3 h − 1) to verify that computed K

2001). An aliquot (0.5 ml) of the supernatant was mixed

values were constant.

with phenol solution and 95% sulphuric acid, and incu-

Grain size distribution of the sand was determined for

bated at room temperature in the dark for 1 h. Absorbance

dried sand from the top 5 cm that was separated with a

was measured at l = 495 nm with a photometer (Uvikon,

sieve series (0.063, 0.125, 0.25, 0.5 and 1 mm). Sieving was

Kontron

performed until each size class comprised at least 10 g of

expressed as mg of glucose equivalent per gram of dry

dry sand. Water content was measured by loss of weight

sand.

Instrument).

Polysaccharide

content

was

after drying (24 h at 60°C) and porosity was determined

Proteins, extracted by the same sonication procedure,

gravimetrically. In the sand carbon is present as total

were quantiﬁed using the Lowry method (Lowry et al.

organic matter (TOM) or calcite. TOM of the sand was

1951). Protein content was expressed as mg of bovine

measured by loss of weight after ignition (4 h at 550°C;

serum albumin (BSA) equivalent per gram of dry sand.

Bretschko & Leichtfried 1987) of 10 g of dry sand. Calcite
content of the sand was estimated as the carbon content of
burned samples (4 h at 550°C) measured with a carbon
analyser (CHNS-932, Leco).

Bacterial abundance and volume
Number of total bacteria were counted using DAPI
(49,6-diamidino-2-phenylindol) staining (Porter & Feig

Polysaccharide and protein quantification

1980). Wet sand (1 g) ﬁxed with formaldehyde (ﬁnal
concentration: 4%) was diluted with 100 ml 0.1% pyro-

Polysaccharides were quantiﬁed within four hours of

phosphate. Bacteria were detached by sonication as

sampling using the Dubois method (Dubois et al. 1956).

described previously, and aliquots were spotted on to

Sonication (2 min, power 7, Sonifer B-12 Branson) was

slides and stained with DAPI solution (Schönholzer et al.

applied to detach the polysaccharides from 10 g of wet

1999). The slides were examined at 400 × magniﬁcation
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with a microscope (Zeiss Axiophot Plan Neoﬂuar) ﬁtted

3 ml of phosphate buffer (pH = 7.6) with 0.1 ml of FDA

for epiﬂuorescence measurements with a 50 W high press-

solution (2 mg ml − 1) and kept at 20°C and darkness until

ure mercury bulb and a ﬁlter set 02 (Zeiss, FT395, LP420).

the green colour of the ﬂuorescein was visible (0.5–2 h).

At least 40 randomly selected ﬁelds per triplicate measure-

The reaction was stopped by addition of 3 ml of mercuric

ment were counted. The number of bacteria was expressed

chloride solution (200 mg l − 1). The supernatant was

per gram of dry sand.

ﬁltered (0.45 µm, HAWP Millipore), and absorbance of

Bacterial volumes were analysed in samples from May

the solution was measured at l = 490 nm. Results were

by image analysis of ﬁve images per triplicate with up to

expressed as µmoles of FDA hydrolysed per hour and gram

100 cells per image (Schönholzer et al. 2002). Cell volumes

of dry sand.

were determined based on measurements of area and
perimeter for each organism or bacterial agglomerate
(Bloem et al. 1995; Russ 1995). Volume of bacterial cells

Data analysis and statistical methods

was expressed as percentage of pore space.
Results are averages of measurements made in three ﬁlters
of each type (C + or C − ) ± standard errors. Spatial and
Bacterial activity

seasonal variations of parameters were examined using
the Tukey test (multiple comparison procedure) and

Numbers of ETS-active bacteria (i.e. bacteria with an

analysis of variance (ANOVA) after checking normality

active electron transport system) were measured using

and homoscedasticity (Statview 4, Abacus). Spatial

CTC (5-cyano-2,3-ditolyl tetrazolium chloride) staining

variations for each sampling season were tested using

(Rodriguez et al. 1992). Wet sand (1 g) was incubated for

ANOVA2 (ﬁlter type × sampling depth) by grouping data

3 h in the dark at room temperature with 1 ml CTC

from the three ﬁlters of each type. Temporal variation was

solution (1.4 mg ml − 1). The reaction was stopped by

investigated by ANOVA1 (date) for each combination of

adding 0.25 ml of 7% formaldehyde. Samples were stored

ﬁlter type and sampling depth.

at − 20°C before analysis. Samples were diluted with

For the determination of biovolumes we assumed that

50 ml 0.1% pyrophosphate, and bacteria were detached

with the exception of polysaccharides and proteins other

from the sand particles by sonication as previously

types of microbial substances can be neglected. Volumes

described. Ten µl aliquots were spotted on to slides. The

of biomass extracted by sonication from the sand were

preparations were allowed to air dry, and slides were

calculated by using the amount of polysaccharides and

mounted with Citiﬂuor. The preparations were examined

proteins, and reported bioﬁlm densities, which range from

at 400 × magniﬁcation as described above with the ﬁlter

5 to 130 kg dry mass m − 3 wet volume (Christensen &

set Hq Cy3 (FT 560, BP 575-640). At least 40 randomly

Characklis 1990). Volume of biomass was expressed as

selected ﬁelds were counted per triplicate measurement.

percentages of pore space.

The number of ETS-active bacteria was expressed per
gram of dry sand. Percentage of ETS-active bacteria was
calculated by dividing the abundance of ETS-active bacteria by total number of bacteria determined by DAPI
staining.

RESULTS
Physical and chemical properties of water

Hydrolytic activity

Interstitial water had similar chemical characteristics in
all ﬁlters (Figure 3). The average of all interstitial water

Hydrolytic activity of microorganisms was measured using

samples was 57.6 ± 4.6 µM for nitrate, 163 ± 10 µM for

ﬂuorescein diacetate (FDA) as a substrate for hydrolases

sulphate and 3.4 ± 0.4 mg l − 1 for BDOC. Water chemistry

(Fontvieille et al. 1992). Wet sand (1 g) was incubated in

changed little during the inﬁltration and showed few
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inﬁltration, which were signiﬁcantly higher in the deep
layer compared with the top layer (Figure 3). Nitrate and
sulphate concentrations were signiﬁcantly higher in the
top layer of C + ﬁlters in March compared with other
sampling dates, whereas DOC was signiﬁcantly lower in
the deep layer of C − ﬁlters in May compared with
November. The concentration of ﬁne particles in the inlet
water showed relatively high variations within the
measured ﬁlters. Nevertheless, the average amount of
particles was not statistically different according to the
ﬁlter type (Table 3).

Physical and chemical properties of the filter matrix
Most of the observed clogging occurred in the ﬁrst
centimetres of inﬁltration demonstrated by a dramatic
head loss in those layers (Figure 4). Average hydraulic
conductivity was calculated using Darcy’s law where
(DH/Dz) was given by the slope of linear regression of
head loss vs. depth for deﬁned layers. K was calculated
from points in three layers from approximately 0–10,
10–50 and 50–80 cm below sand surface, with values of
0.24, 1.42 and 8.49 m h − 1 in the C − ﬁlter, and 0.09, 0.87
and 6.66 m h − 1 in the C + ﬁlter, respectively (Figure 4).
K increased by a factor of 6–10 from one layer to the
next. The C + ﬁlter showed smaller conductivities in all
respective layers. The sand of the upper part of all ﬁlters
exhibited a similar grain size distribution and a similar
amount of calcite (Table 3). Calcite content was around
6% of the weight of sand and depicted no trend in C + or
C − ﬁlters. Pore volume per weight of dry sand was
calculated based on the average of porosity measurements
(0.21) and bulk density of sand (2.87 kg l − 1). The total
Figure 3

|

Chemical characteristics of interstitial water of the top (0–5 cm) and deep
(15–20 cm) layers of the two filter types: highly clogged (C+, dark grey) and
less clogged (C−, pale grey). Bars identified by different letters are
significantly different (Tukey test, 5%).

volume occupied by 1 g of dry sand was 0.44 ml, with 0.35
and 0.09 ml for sand matrix and pore space, respectively.

Biological properties of the filter matrix
temporal changes. The inlet water contained a mean of
0.4 mg l − 1 of ﬁne particles (Table 3).

Temporal pattern

Detailed statistical analyses of data given in Figure 3

Biological characteristics are shown in Figures 5 and 6,

are presented in Table 4. In November, nitrate and

detailed statistical analyses of these data are presented in

DOC concentrations showed signiﬁcant changes during

Table 4. Polysaccharide content depicted small temporal
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Particle content of inlet water, and grain size distribution and calcite content of fine sand layer
Highly clogged filters (C+)
SSF2

SSF6

Less clogged filters (C−)
SSF8

Mean±stdev

SSF10

SSF12

SSF13

Mean±stdev

Water
Fine particles

Content of ﬁne particles ( > 0.2 µm) in the inlet water (mg l 1 1)
1.08

0.44

0.25

0.87 ± 0.91

0.44

0.09

0.14

0.22 ± 0.19

Sand
Grain size diameter (0–20 cm)

Grain size distribution expressed as cumulative percentage of the dry sand

< 63 µm

0.15

0.24

0.04

0.14 ± 0.11

0.11

0.16

0.03

0.10 ± 0.08

< 125 µm

0.44

0.47

0.20

0.37 ± 0.17

0.31

0.48

0.35

0.38 ± 0.10

< 250 µm

5.82

5.52

3.12

4.82 ± 1.68

6.18

2.38

5.67

4.74 ± 2.33

< 500 µm

46.51

52.50

45.30

48.10 ± 4.36

67.08

34.91

55.72

52.57 ± 4.46

< 1000 µm

93.12

84.14

90.44

89.23 ± 5.21

94.55

74.12

88.01

85.56 ± 8.81

Depth

Calcite content of the sand (mg [g dry sand] 1 1)

Top layer (0–5 cm)

58.70

59.0

79.60

65.7 ± 12.0

61.80

60.20

64.50

62.1 ± 2.21

Deep layer (15–20 cm)

38.0

59.70

61.70

53.1 ± 13.1

41.80

66.0

83.0

63.6 ± 20.7

variations with highest values in November (Figure 5).

Bacterial

This trend was present for both ﬁlter types and sampling

2 × 108 cells [g dry sand] − 1 in November to 1.9 × 109 cells

depths, but was signiﬁcant only for the top layer of the C +

[g dry sand] − 1 in May; in the deep layer from 2 × 108 cells

ﬁlters and the deep layer of C − ﬁlters. In the top layer of

[g dry sand] − 1 in November to 1.5 × 109 cells [g dry

C − ﬁlters the polysaccharide content shows a tendency to

sand] − 1 in May. Growth was especially evident in the

decrease. Most of the measured biological characteristics

2 months between the March and the May sampling

changed signiﬁcantly according to the sampling date

compared with the 4.5 months between the November and

(Table 4). Protein content displayed a similar trend

March sampling. Number of ETS-active bacteria showed a

throughout the sampling period for both ﬁlter types

different temporal pattern (Figure 6). In the top layer

(Figure 5). In the top layer of C + ﬁlters protein content

bacterial activity was maximal in March, whereas in the

was signiﬁcantly lower in November than in March and

deep layer bacterial activity increased from November

May, while protein content in the top layer of the C −

to March and remained at that level in May. Because

ﬁlters increased continuously from November to May. In

bacterial abundance and activity had different temporal

the deep layer of C + and C − ﬁlters maximal values were

patterns, the fraction of ETS-active bacteria of total

recorded in March.

number of bacteria varied between sampling dates:

Bacterial abundance increased from November to
May for both ﬁlter types and sampling depths (Figure 6).
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0.6597

0.6319

0.7987

0.9936

0.6018

0.9277

Sulphate

Dissolved organic
carbon (DOC)

Refractory
DOC

Biodegradable
DOC

% Biodegradable
DOC

Total organic matter

0.6794

0.2215

0.2725

0.9202

0.5571

0.5971

0.8283
0.2359

0.1830

0.7119

0.3112

0.9590

0.9442

0.7635

0.2908

0.8872

0.0049** 0.3527

0.1382

0.0481* 0.7116

< 0.0001*** 0.0054* 0.0010** 0.0162*

0.1708

0.0056*

Hydrolytic activity

Pore space
occupied

0.0093*

0.0683

0.0432*

0.6871

0.7549

0.7565

0.7145

0.8838

0.1791

0.1404

0.1378

0.0870

0.0040* 0.0559

0.0610*

0.1396

0.0027** 0.9949

0.0041** 0.1492

0.0102* 0.0333* < 0.0001*** 0.0988

0.0018** 0.2900

0.0018** 0.4270

0.4250

0.1828

0.9786

0.9850

0.7855

0.9144

0.0571

0.0796

< 0.0001***

0.0003***

0.5945

0.4533

0.0319*

< 0.0001***

0.0013**

0.4596

0.9234

0.6927

0.9729

0.7141

0.2645

0.5084

0.0095*

0.0923

0.6405

0.9504

0.9064

0.2473

0.3071

0.1290

0.0271*

0.0013*

0.1096

0.4150

0.6188

0.5530

0.5506

0.9828

0.8249

0.3708

0.0002***

0.0148*

0.4333

0.3887

0.1633

0.1652

0.0018**

0.3602

0.7794

0.2241

0.0223*

0.0004***

0.0003***

0.0343*

0.0234*

0.0452*

0.0003***

0.7870

0.0081*

0.0017** 0.0261*

0.0029** 0.0102*

0.0633

0.0288*

< 0.0001*** < 0.0001*** 0.0002*** 0.0004***

0.0059*

0.0206*

0.0657

0.0149*

0.0783

0.2550

0.3757

< 0.0001***

0.0002***
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P-values: *p<0.05, **p<0.005, ***p<0.0005.
a
0–5 cm, b15–20 cm.

< 0.0001*** 0.4635

0.0997

% of ETS-active
bacteria

< 0.0001*** 0.3141

0.6960

0.0290*

0.0806

ETS-active
bacteria

0.0017** 0.7788

0.5243

Total bacteria

< 0.0001*** 0.0158* 0.0212* 0.0463*

0.0052*

Proteins

< 0.0001*** < 0.0001*** 0.0234* 0.0008** 0.0014**

0.1457

0.6445

0.4417

0.9447

0.1830

0.7256

0.7878
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Polysaccharides

Biological characteristics

0.4427

Deep layer

|

Nitrate

Deep layerb
Top layer

Filter type Depth

Top layera

Filter type Depth

Filter type Depth

Filter type

Depth

C−

C+

May

November

All dates

March

ANOVA1 (dates)

ANOVA2 (filter type×depth)

Statistical differences of chemical and microbial characteristics between sampling depths, dates, filter types (higly clogged C+, and less clogged C−) and depths tested by ANOVA 1 and 2
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Depth profile of the head loss for filters SSF2 and SSF10 as representatives of C+ and C− filters, respectively, based on measurement of piezometric levels in August 2001.

The pore space occupied by EPS (proteins and

(130 kg m − 3, Christensen & Characklis 1990). Pore space

polysaccharides) was calculated as the minimum volume

occupied by EPS (Table 5) did not change much according

by using the highest density reported in the literature

to the sampling date in the top layer of the C + ﬁlters. In
the top layer of C − ﬁlters EPS occupied an increasing
percentage of the pore space over time. The percentage of
occupied pore space almost doubled in the 6.5 months
from November till May. The almost fourfold increase of
protein content accounted for this change. In the deep
layer EPS occupied the same pore space in November and
in May, but surprisingly, signiﬁcantly more pore space was
occupied in March. Between March and May the pore
space occupied by EPS in the deep layer decreased by
about 50% for both ﬁlter types. The volume of bacteria
cells was minuscule compared with the volumes of EPS
(Table 5).

Spacial pattern
All biological characteristics, EPS (Figure 5), bacterial
abundance and activity, number of ETS-active bacteria
and hydrolytic activity (Figure 6) signiﬁcantly changed
with sampling depth. For both ﬁlter types all biological
characteristics were signiﬁcantly higher in the top layer
(Table 4). Biomass (bacterial cells, polysaccharides and
Figure 5

|

EPS produced by microorganisms of the top (0–5 cm) and deep (15–20 cm)
layers of the two filter types: highly clogged (C+, dark grey) and less clogged
(C−, pale grey). Bars identified by different letters are significantly different
(Tukey test, 5%).
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initial values of the hydraulic conductivity were between
4 and 7 m h − 1. This is only slightly higher than the
theoretically predicted value of 3 m h − 1 using the
Kozeny-Carman equation in a version given in Bear (1972):

K⫽

rg

.

d 2n

m 180(1⫺n)2

(2)

with d = 1 mm as the typical grain diameter and n = 0.21
as porosity. r is the density of water, g the gravitational
acceleration and m the dynamic viscosity of water. This
indicates that the initial hydraulic conductivity of the sand
ﬁlter was determined by the sand matrix only. Because of
the approximately homogeneous packing of the ﬁne sand
layer, it can be assumed that the initial hydraulic conductivity of this layer did not vary with depth. Measurement of
the piezometric head proﬁle and thus the hydraulic conductivity along the depth of the sand ﬁlters revealed that
the ﬁne sand layer of a clogged sand ﬁlter could be divided
into three sub-layers (Figure 4), each with a different
development of hydraulic conductivity over time. The
uppermost layer, with a thickness of approximately
5–10 cm, showed the highest reduction of hydraulic conductivity, but in the second layer, which ends at a depth of
approximately 50 cm, a reduction of hydraulic conductivFigure 6

|

Microbial characteristics of the top (0–5 cm) and deep (15–20 cm) layers of
the two filter types: highly clogged (C+, dark grey) and less clogged (C−, pale
grey). Bars identified by different letters are significantly different (Tukey test,
5%).

ity could also be observed. Below a depth of 50 cm the
measured hydraulic conductivity was actually slightly
higher than the average hydraulic conductivity of a newly
built ﬁlter, suggesting that the hydraulic conductivity in
this layer did not change over time.

signiﬁcant

The varying extent of clogging depending on the layer

especially in the top layer. C + ﬁlters contained signiﬁ-

explains the effect that the removal of the top 5 cm of a

cantly more EPS than C − ﬁlters, except the protein

sand ﬁlter has on the average hydraulic conductivity. The

content in the top layer in May. C + ﬁlters also showed

top 5 cm constitutes the most clogged part of a ﬁlter. After

higher activity (number of ETS-active bacteria and hydro-

removal, the average hydraulic conductivity of the sand

were

less

pronounced,

but

some

were

lytic assay) in March and higher bacterial abundance in

ﬁlters increased to 1–2 m h − 1, similar to the values

May than the C − ﬁlters (Table 4).

measured for the second layer from 10–50 cm depth. As
we observed no changes of hydraulic conductivity with
depth within each of these layers, it is likely that clogging

DISCUSSION
Hydraulics

processes proceed homogeneously within each layer.
Thus, samples taken from a certain depth were assumed to
be representative for the entire respective layer. In par-

The average hydraulic conductivity of all sand ﬁlters

ticular, samples taken from the top 5 cm represented the

exhibited a strong decrease over time (Figure 2). The

top layer (0–10 cm depth) and samples taken at a depth of
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Calculation of the percentage of pore space occupied by bacteria, proteins and polysaccharides
Microbial substancesb
Bacterial cellsa

Proteins

Polysaccharides

Total

November

0.01 ± 0.001

4.2 ± 0.70

5.8 ± 0.57

10.0 ± 1.27

March

0.05 ± 0.002

8.4 ± 0.19

4.1 ± 0.62

12.5 ± 0.81

May

0.16 ± 0.034

8.7 ± 0.12

4.8 ± 0.28

13.6 ± 0.40

November

0.01 ± 0.001

2.4 ± 0.88

4.1 ± 0.86

6.5 ± 1.74

March

0.05 ± 0.001

6.8 ± 0.99

2.8 ± 0.35

9.6 ± 1.34

May

0.17 ± 0.037

8.9 ± 0.18

3.1 ± 0.84

12.0 ± 1.02

November

0.01 ± 0.002

2.5 ± 0.49

3.1 ± 0.95

5.6 ± 1.43

March

0.03 ± 0.004

5.6 ± 0.51

3.6 ± 0.32

9.2 ± 0.83

May

0.12 ± 0.018

3.0 ± 0.16

1.9 ± 0.99

4.9 ± 1.17

November

0.01 ± 0.004

1.1 ± 0.11

2.6 ± 0.71

3.8 ± 0.88

March

0.03 ± 0.007

4.5 ± 0.42

3.0 ± 0.68

7.5 ± 1.11

May

0.12 ± 0.033

1.6 ± 0.36

1.5 ± 0.51

3.2 ± 0.87

Top layer
Highly clogged C +

Less clogged C ⳮ

Deep layer
Highly clogged C +

Less clogged C ⳮ

a

Bacterial volume was based on the average biovolume of May samples (0.06 mm3 cell −1).

b

To calculate the minimum volume occupied by proteins and polysaccharides, the highest density reported in literature was used (130 kg m −3,
Christensen and Characklis 1990).

15–20 cm represented the deeper layer from 10 to 50 cm

ﬁlters, the measured particle mass had to be transferred

depth.

into a volume. As we could not ﬁnd any reason for the
differences between the particle concentrations measured

Clogging due to physical and chemical causes

for the individual ﬁlters, we assumed this ﬂuctuation to be
a random process. To estimate the maximal potential

To verify whether the particles suspended in the inﬁltrat-

impact of the particle deposition on the clogging of the

ing water were contributing to the clogging of the sand

ﬁlters, we used a particle concentration of 1 mg l − 1, which
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is approximately equal to the highest measured particle

measured calcite content and the grain size distribution

concentration for an individual ﬁlter (but higher than the

were similar in all samples. Therefore, we infer that calcite

average for the C + and C − ﬁlters). Assuming this con-

precipitation was not the cause for the different degree of

centration of particles with the same density as sand and

clogging in the different layers of the sand ﬁlters.

3

an average ﬂow rate of 150 m h

−1

, a volume of 38 l of

particles entered each ﬁlter every month.
Supposing that all these particles were deposited

Clogging due to biological causes

within the top layer of 10 cm thickness and that the

Biological activities in the sand ﬁlters were in the

deposition had a porosity of 0.3, the total pore space in

same range as reported values for comparable natural

the top layer would have been reduced by 7% during the

environments such as aquifers with river water inﬁltration

typical period of 2.5 years between two cleaning cycles. In

(Mauclaire et al. 2000; Mauclaire & Gibert 2001). As a

this case particle deposition would have contributed to

consequence of biological activity, the produced biomass

the clogging of the top layer of the sand ﬁlters but not to

reduced the pore space of the sand ﬁlters. The volume of

the clogging of the deeper layers. Thus, the clogging of the

bacterial cells did not exceed 0.2% of the pore volume, but

deep layers would have been due to other processes than

the EPS produced by the bacteria occupied at least 7% of

particle deposition. In contrast, assuming that the particle

the top layer and 3% of the deep layer of the sand ﬁlters.

deposition took place homogeneously in the top and the

The sand ﬁlters in the Lengg plant were operated in the

deep layers, a pore volume reduction of only 1 to 2% would

dark and no algae were found in the pore space. In column

result in 2.5 years. In this case particle deposition would

experiments (e.g. Vandevivere & Baveye 1992b and results

not have caused major clogging effects, mainly because

reviewed in Vandevivere et al. 1995) it has been reported

large pores may still retain their full water carrying capac-

that the hydraulic conductivity of sand can be reduced by

ity (Goldenberg et al. 1993). Because these calculations

up to three orders of magnitude because of biomass, which

were based on particle concentrations higher than the

occupies only a small fraction of the pore space. This

measured averages, it is likely that the porosity reductions,

was theoretically explained by assuming that biomass

and thus the clogging, caused by particle deposition in the

preferentially plugged the bottlenecks of the water ﬂow

ﬁlters were even smaller than the values calculated above.

(Thullner et al. 2002a).

The average particle concentration was different for each

In addition, it must be emphasised that the EPS

ﬁlter type, but due to the high standard deviations, this

volumes presented in this study were determined using a

difference was not statistically signiﬁcant. Therefore, the

density of 130 g l − 1. This calculation of biovolume is

changes in the clogging behaviour of the two ﬁlter types

strongly driven by the conversion factor used for EPS

were not attributed to differences in particle deposition.

density. Values reported in literature range from 5 to

Water with a calcium content of approximately

130 kg m − 3 (Christensen & Characklis 1990). In order to

1.3 mM, such as water from Lake Zurich, may support

be stringent in our conclusions we calculated a minimum

some calcite precipitation, which contributes to the clog-

biomass volume by using the maximum bioﬁlm density

ging of sand ﬁlters (Weber-Shirk & Dick 1997a). In the

reported. So biovolumes tended to be underestimated on

present study we observed that calcite contributed to the

the whole and, consequently, the occupied pore space

weight of the sand grains by approximately 6%. Assuming

was potentially much larger. The ﬁnding that the majority

that the density of the sand was not changed due to the

of the biomass was composed of EPS agrees with other

calcite, 6% of the sand volume was composed by calcite.

studies that investigated bioclogging of porous media

In case that the calcite was built during the operation of

(Vandevivere & Baveye 1992a; Thullner et al. 2002b).

the ﬁlters, calcite precipitation may have caused a reduc-

These studies attributed the observed clogging effects to

tion of the hydraulic conductivity of the ﬁlters. Potential

the EPS produced by the bacteria, whereas the bacterial

clogging due to calcite precipitation was considered to

cells by themselves were found to have a negligible inﬂu-

occur uniformly along the depth of the ﬁlters because the

ence on occupied pore space and hydraulic conductivity.
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We observed a decrease of biomass in the deep layer
between the sampling in March and in May 2001. During
this period the lake becomes increasingly stratiﬁed and the
phosphate concentration at a depth of 30 m decreases
(data not shown). However, given the treatment steps
prior to the slow sand ﬁltration (Figure 1) it is questionable whether the observed decrease in biomass is due to
changes in the lake water composition.
Another biological activity potentially contributing to
clogging of the sand ﬁlters is the production of gas by
bacteria in excess of the solubility in water. In such cases,
the clogging due to gas bubbles may be more important
than the clogging due to the biomass (Soares et al. 1989).

Figure 7

|

Schematic composition of a unit volume of the top layer of the sand filters,
showing the volume fractions attributed to the individual clogging processes.
EPS values are averages of the three sampling dates.

However, we found no indication that gas bubble production occurred in the sand ﬁlters. In particular, the high
concentration of dissolved oxygen measured in the out-

and the deep layer, even without other clogging processes

ﬂow of the ﬁlters suggests that anaerobic processes were

taking place. According to our measurements and calcu-

negligible. Additionally, nitrate concentration did not

lations, deposited particles occupied no more than 7% of

change between inﬂow and outﬂow of the ﬁlters and

the pore space, whereas biovolume occupied at least 7%.

we could never detect any foul smell during sampling.

These results indicate that the bioclogging was at least

Thus, nitrogen gas, sulphide or methane production or

an important if not the major reason for the observed

fermentation were not likely to occur.

decrease in the hydraulic conductivity of the sand ﬁlters
(Figure 7). This conclusion agrees with Rice (1974), who
inferred that the clogging was mainly due to biological

Comparison of causes of clogging

rather than physical and chemical causes for water containing a low concentration of suspended particles, with a

Comparing the different causes for the clogging of the

slow development of clogging taking place not only in the

sand ﬁlters showed that particle deposition, calcite pre-

top centimetres of the ﬁlters. Another indication that the

cipitation and biomass production may all have been

observed clogging was mainly attributed to the presence of

responsible for the clogging (Figure 7). The extent to

biomass was the correlation between the amounts of bio-

which these different causes potentially contributed to the

mass and the different degrees of clogging in the top and

clogging of the ﬁlters varied. As calcite precipitation could

deep layers as well as the different degrees of clogging in

not explain the different clogging in the top and deep

the two ﬁlter types C + and C − (Figure 7).

layer, it is not likely that it had a major impact on
the hydraulic conductivity of the sand ﬁlters in general.
Nevertheless, it may have supported the formation of ﬂocs
composed of EPS, bacterial cells and minerals, which
potentially affect the hydraulic conductivity of the sand

CONCLUSIONS

matrix (Ali et al. 1985; Rinck-Pfeiffer et al. 2000). The

Clogging due to microbial activity contributed to a large

deposition of particles was shown to potentially con-

extent to the total clogging of the sand ﬁlters and, on

tribute to the clogging of the top layer, whereas for the

average, at least 10% of the pore space in the top layer was

deep layer, particle deposition could not explain the clog-

occupied by biomass. The development of clogging in the

ging. In contrast, we observed considerable amounts of

highly clogged ﬁlters (C + ) was different from that of the

biomass, which could account for the clogging of the top

less clogged ﬁlters (C − ). We were able to demonstrate
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that this difference correlated with varying amounts of

M

molar

biomass (particularly extracellular polysaccharides and

n

porosity

proteins) found in the two ﬁlter types. It appears that the

Q

ﬂow rate

production of these microbial substances cannot be

RDOC

refractory dissolved organic carbon

explained solely by environmental variables, suggesting

SSF

slow sand ﬁlter

that this process is also controlled at the organism level by

TOM

total organic matter

the diversity of microbial populations. Build-up of bio-

z

depth below the sand surface

|

2004

mass in well-deﬁned systems such as slow sand ﬁlters may
be a valuable model for exploring how bacterial and faunal
diversity and community structure relate to bioclogging.
This assumption will be a central topic of future research.

ACKNOWLEDGEMENTS
The authors would like to thank K. Suter and R. Stettler
from Zurich Water Supply for their warm welcome and
efﬁcient help. Thanks also to E. Kaiser (Swiss Federal
Institute for Environmental Science and Technology) and
U. Buchs (Zurich Water Supply) for DOC measurements.

ABBREVIATIONS
l

wavelength

m

dynamic viscosity of water

r

density of water

A

surface of slow sand ﬁlter

ANOVA

analysis of variance

BDOC

biodegradable dissolved organic carbon

BSA

bovine serum albumin

C+

highly clogged slow sand ﬁlters

C−

less clogged slow sand ﬁlters

CTC

5-cyano-2,3-ditotyl tetrazolium chloride

d

grain size diameter

DAPI

49,6-diamidino-2-phenylindol

DOC

dissolved organic carbon

EPS

extracellular polymeric substances

ETS

electron transport system

FDA

ﬂuorescein diacetate

g

gravitational acceleration

H

head loss

K

hydraulic conductivity

LP

log pass
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