
Introduction

As a result of continuous increases in the world’s 
population, the need for drinking water is also increasing. 
Today, the use of water resources is about 6 times that 
of the 19th century. Clean water is the fundamental 
component of daily life; unfortunately, fresh water 
sources are becoming scarcer and a clean water supply 
has become a luxury – especially for rural areas. 

Usually surface and groundwater sources are used 
for potable water supplies. Since iron and manganese 
are major components in soil, surface and ground water 

sources contain high concentrations of these metals 
[1]. Although several techniques have been employed 
for removing these metals, increasing water demand 
calls for new techniques that meet this requirement 
via cheaper and more reliable processes, or upgrading 
current treatment techniques to provide an easier and 
cheaper solution to this problem. Slow sand filtration  
that employs physical, chemical, and biological  
processes [2] is one of those techniques that can meet 
water demand in towns and small cities [3]. Slow sand 
filters (SSFs) have been used for more than 200 years  
to treat potable water. Because of their simple operation 
[4], low cost [5], and high efficiency, engineers return to 
use SSFs for potable water treatment [6]. For instance, 
there are 170 SSFs for water treatment in the USA and 12 
in Zurich, Switzerland [7].
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The main difference between rapid and slow sand 
filters is that the treatment takes place in a biologically 
active medium in SSFs [8]. It is possible to achieve high 
treatment efficiencies in SSFs with slow rates of filtration 
through the sand medium that contains fine sand particles 
(effective size is 0.1 to 0.3 mm). Besides, the biological 
actions within the biofilm layer accumulated in a few 
centimeters at the top of the filter bed also contribute 
to treatment [4, 9]. This gelatinous and greasy [10] 
biologically active layer within the medium that is formed 
as a result of the presence of substrates and nutrients in the 
feed water is called schmutzdecke [11], where available 
organic material in the feed water is metabolized by the 
consortium of present biological agents [12]. Formed 
within 3 to 7 days after startup, schmutzdecke develops 
and contributes to treatment efficiencies in SSFs [13], 
and its presence can be associated with the high headloss 
through the filter bed [14-15]. Schmutzdecke usually 
contains bacteria, algae, protozoa, and some extracellular 
products [15-16], and is responsible for reducing high 
concentrations of organics as well as pathogens [12, 17-
18]. 

Collecting representative samples of schmutzdecke 
and the sand medium during the operation is somewhat 
difficult, thus different approaches have been used to 
determine the microbial biomass concentration in the 
schmutzdecke layer [19]. In his own work, Livingston 
[20] used EDX (energy dispersive x-ray spectroscopy) 
analysis and zeta-potential measurements to investigate 
the schmutzdecke layer. Joubert and Pillay [21] and Li et 
al. [22] observed the development of microbial biomass 
using environmental scanning electron microscopy 
(ESEM) and laser scanning microscopy, respectively. 
Until today, several researchers, such as Campos et al. [23-
24], have developed models to describe the development 
of schmutzdecke. Campos et al. [14] identified the total 
microbial biomass concentration as “sand biomass” and 

measured it using the modified chloroform fumigation-
extraction technique. 

Another commonly used parameter for describing the 
schmutzdecke development is the hydraulic conductivity 
(K-value) [25]. Since the K-value of a saturated soil stands 
for the average conductivity of that soil, and it depends 
on the size and shape of particles as well as spatial 
distribution of pores [26], the K-value could be used as 
a measure of the biofilm accumulation within the sand 
medium. The decrease in the K-value of SSF medium is, 
therefore, a sign of loss of a medium’s permeability [27], 
and schmutzdecke development, which can be measured 
experimentally [28]. Unfortunately, research on hydraulic 
characteristics of the media in SSFs is limited [25] and 
new research is required to fill the gap.

In this study, biofilm accumulation in a laboratory-
scale slow sand filter was investigated. In experiments, 
iron, manganese, turbidity, and total organic carbon 
(TOC) removal efficiencies were also monitored. Besides, 
samples were collected at various depths of the SSF 
during the operation and analyzed for turbidity, iron, and 
manganese. Experiments were conducted at different 
hydraulic loadings (filtration rates) and the data was 
compared with experimental hydraulic conductivities 
(K-values) measured at various days at various filtration 
rates. 

Materials and Methods

Experimental Setup

We used a laboratory-scale slow sand filter system 
with two parallel units. The filter used in the operation 
is of effluent-controlled and constant-flowrate type. 
Manometers were installed on filter walls at various 
depths (M1: 51 cm, M2: 44 cm, M3: 38 cm, M4: 32 cm, 

Fig. 1. Schematic view of the lab-sale slow sand filter (adapted from Manav Demir et al. [29]).
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M5:26 cm, M6: 20 cm, M7: 14 cm, and M8: 8 cm) for 
measuring headloss through the bed. The underdrain of 
the filters consists of the nozzles, the flow laterals, and 
the gauze for preventing sand particles from escaping. 
A schematic view of the SSF is shown in Fig. 1 and the 
dimensions are shown in Table 1. 

The SSF was operated under 6 different conditions 
that include SSF1 (0.1 m/h – 1 mg/L Fe-Mn), SSF2  
(0.1 m/h – 2 mg/L Fe-Mn), SSF3 (0.2 m/h – 1 mg/L  
Fe-Mn), SSF4 (0.2 m/h – 2 mg/L Fe-Mn), SSF5 (0.3 m/h 
– 1 mg/L Fe-Mn), and SSF6 (0.3 m/h – 2 mg/L Fe-Mn).  
The experiments were conducted at room temperature. 
Feed water was prepared by adding iron and manganese 
stock solutions as well as turbidity to tap water in a 
mixing tank. The stock solutions were prepared daily 
by dissolving FeSO4·7H2O and MnSO4·H2O in deionized 
water.  

Analytical Methods

During the study, turbidity, iron, manganese, and 
TOC measurements were performed in samples from 
different sampling ports as well as influent and effluent 
samples. Turbidity measurements were conducted 
according to the SM 2130B Nephelometric Method 
using WTW Turb 550 IR turbidimeter. Total iron and 
manganese measurements were carried out according to 
the SM 3111B method with AAS (Perkin Elmer Aanalyst 
400 atomic absorption spectrometer) after acid digestion 
(Berghof Products + Instruments GmbH). Turbidity, 
iron, and manganese measurements were performed 
daily in influent and effluent samples, and weekly in 
samples from sampling ports. Total organic carbon 
measurements were performed weekly according to the 
SM 5310B method using a TOC analyzer (HACH Lange 
IL 550 TOC-TN, Germany). Schmutzdecke development 

was determined by VS (volatile solids) analysis. For this 
purpose, three samples were taken randomly from the 
filter sand surfaces (52.5 cm) and different filter depths 
(M1: 51 cm, M2: 44 cm, M3: 38 cm, M4: 32 cm) at days 
30, 40, and 55. VS contents in the filter medium were 
determined according to method 2540G. Each analysis 
was performed in triplicate and reported as mean values 
with standard deviations. 

Hydraulic Conductivity

The hydraulic conductivity of the sand medium was 
calculated using headlosses measured at 6 different depths 
of the bed, which should be calculated by using at least 3 
measurements at different depths [29]. The K-values were 
calculated using the well-known Darcy’s law as follows:

                              (1)

…where K is hydraulic conductivity (m/s), Q is the filter 
flowrate (m3/s), L is depth of the manometer port from 
surface (m), A is the cross-sectional area of the filter 
bed (m2), and Δh is the measured headloss at the given 
manometer port (measured as the difference between 
hydraulic heads) (m).

Results and Discussion

In the previous study, a laboratory-scale slow sand 
filter (SSF) system was used to investigate turbidity, 
iron, and manganese removal under different operating 
conditions. In our previous studies [16, 30], turbidity 
removal efficiencies were calculated as 94.8±2.80%, 
95.9±2.60%, 96.3±2.4%, 97.9±1.3%, 97.7±0.83%, and 
98.2±0.79%. Iron removal efficiencies achieved in SSF1, 
SSF2, SSF3, SSF4, SSF5, and SSF6 runs were calculated 
as 90.4±4.80%, 94.4±3.20%, 92.3±6.06%, 93.1±8.11%, 
93.4±4.40%, and 95.4±4.80%, respectively. Manganese 
removal efficiencies were calculated as 90.3±5.80%, 
95.4±5.20%, 92.7±5.7%, 94.3±5.7%, 94.9±6.14%, and 
95.9±3.50%, respectively, in SSF1, SSF2, SSF3, SSF4, 
SSF, and SSF6. In this study, the SSF system was used to 
investigate biomass formation in different depths of SSF 
depending on various operating conditions in regard to 
filtration rate and influent iron-manganese concentrations. 

Iron, Manganese, and Turbidity Removal

Samples were taken from different bed depths  
(M1: 51 cm, M2: 44 cm, M3: 38 cm, M4: 32 cm, M5:  
26 cm, M6: 20 cm, M7: 14 cm, and M8: 8 cm) at various 
days starting from day 30 for turbidity, iron, and 
manganese measurements. Average removal efficiencies 
calculated using influent turbidity, iron, and manganese 
concentrations are shown in Fig. 2. 

For SSF1, average turbidity, iron, and manganese 
removal efficiencies at the uppermost layer (within 1.5 cm 

Design parameters Unit Value

Filtration rate m/h 0.1 – 0.2 – 0.3

Number of filter units - 2

Width of media cm 40

Length of media cm 60

Depth of media cm -

Silica sand medium cm 37.5

Grading of sand - effective size mm 0.1

Support gravel medium cm 12.5

Grading of gravel mm 3-4

Underdrain cm 2.5

Number of laterals per unit - 10

Spacing of laterals cm 3.4

Stainless steel gauze mesh 200

Table 1. Dimensions of the laboratory-scale slow sand filter.
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between the surface and M1: 51 cm) were calculated as 
88.2±5.6%, 70.7±10.8%, and 50.7±5.7%, respectively. At 
the first two layers (within 8.5 cm between the surface and 
M2: 44 cm), cumulative removal efficiencies increased to 
92.8±2.2%, 80.2±7.0%, and 76.9±7.7%, respectively for 
turbidity, iron, and manganese. The third layer (between 
M2: 44 cm and M3: 38 cm) also contributed to turbidity, 
iron, and manganese removal. Cumulative removal 
efficiencies at the bottom of the third layer (within  
14.5 cm between the surface and M3: 38 cm) were 
calculated as 93.3±0.8%, 90.1±5.6%, and 91.2±6.6%, 
respectively, for turbidity, iron, and manganese. No 
significant changes were observed at lower layers of the 
filter bed. 

Similar trends were observed for all operating 
conditions (Fig. 2) in regard to turbidity, iron, and 
manganese removal. For all operating conditions, it 
is possible to conclude that most turbidity, iron, and 
manganese removal take place within the first layer of 
the filter bed (1.5 cm from the surface), and the second 
and the third layers (until about 15 cm from the surface) 
also contribute to treatment efficiency, while removal 
within lower layers is negligible in comparison. Similar 
results were reported in a secondary rapid sand filter for 
iron, manganese, and ammonium removal, where iron 
concentrations decreased quickly in the first 30 cm of 

bed depth and manganese penetrated to the first 70 cm 
[31]. Hoyland et al. [32] reported manganese removal in 
a laboratory-scale biologically active column filter, in 
which manganese removal efficiency was found as 80% 
at 13 cm of bed depth and 100% at 20 cm. In another 
study aimed at iron, manganese, and ammonia removal, 
Li et al. [33] reported that the abundance of Gallionella 
decreased from 26.0% (20 cm depth) to 16.1% (40 cm 
depth) and to 0% (60 cm depth). Results of Cheng et al. 
[34] and Yang et al. [35] also suggest that iron is quickly 
removed from water within the first few centimeters of 
the filter bed while manganese can penetrate deeper. 
Results of this study agree well with literature [31-35]. It 
can be concluded that iron removal in sand filtration is 
completed within the first few centimeters of the filter bed. 
For manganese, the removal efficiency always stays lower 
compared to iron removal efficiency, and manganese can 
easily penetrate deeper within the bed. 

In addition to removal efficiencies at depths of the filter 
bed, average unit removals (∂η/∂H values) in the first three 
layers were also calculated as removal efficiencies per 
unit bed depth. Values of ∂η/∂H could give idea about the 
biofilm accumulation in these layers and could be used as 
a measure of the intensity of schmutzdecke development. 
Calculated ∂η/∂H values are shown in Table 2. Most of 
the turbidity removal takes place within the first layer of 

Fig. 2. Iron, manganese, and turbidity removal efficiencies along the depth of the filter bed for all operating conditions.
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the filter bed for all operating conditions. Unit turbidity 
removals were very close to each other, meaning that 
turbidity removal is independent of operating conditions 
(filtration rate), which agrees with the findings in [16]. 
However, a certain slight decrease in unit turbidity 
removal in the first layer was observed with increasing 
iron and manganese concentrations (SSF1-SSF2 pairs, 
SSF3-SSF4 pairs, and SSF5-SSF6 pairs). 

Unit iron removals in the first three layers were 
always less than unit turbidity removals for all operating 
conditions (Table 2). Most of the iron removal took place 
in the first layer, while the second and the third layers 
contributed slightly to iron removal. One should note 
that unit iron removal in the first layer increased by 
about 5% per centimeter with increasing influent iron-
manganese concentrations at filtration rates of 0.1 (SSF1 
and SSF2) and 0.2 m/h (SSF3 and SSF4). The change 
in unit iron removal was about 10% when influent iron-
manganese concentrations were increased by two-fold at 
0.3 m/h (SSF6). Also, unit iron removal showed a clear 
dependency on filtration rate. At constant influent iron-
manganese concentrations, unit iron removal in the first 
layer increased with increasing filtration rates. The unit 
iron removal showed different behavior in the second and 
the third layers. 

Unit manganese removals in the first layer were 
less than the unit iron removals in the same layer for 
all operating conditions, while higher unit manganese 
removals were observed in the second and the third layers. 
Similar to unit iron removals, unit manganese removal 
was also a function of filtration rate. Unit manganese 
removal increased as the filtration rate increased. In the 
second and the third layers, the contribution to manganese 
removal was inversely proportional to the unit manganese 
removal in the first layer, e.g., unit manganese removal in 
the second and the third layer decreased with increasing 
influent concentrations of iron and manganese. One 

final note on unit iron and manganese removals is that  
unit manganese removals in the first layer were always 
5 to 13% less than unit iron removals for all operating 
conditions, meaning that manganese can penetrate 
deeper in the filter bed because of the fact that the  
rate of manganese oxidation by microorganisms 
in schmutzdecke is lower compared to that of iron 
oxidation. 

Total Organic Carbon Removal

Total organic carbon (TOC) removal performances 
of the SSFs were also evaluated under all operating 
conditions. Influent and effluent samples were collected 
at various days of operation during the study. Average 
influent TOC concentrations were measured as  
3.63±0.3, 3.40±0.2, 3.25±0.3, 3.36±0.3, 3.51±0.3, and 
3.50±0.3 mg/L, respectively, for SSF1, SSF2, SSF3, SSF4, 
SSF5, and SSF6, while average effluent concentrations 
were 1.73±0.16, 1.71±0.18, 1.44±0.2, 1.49±0.3, 1.68±0.1, 
and 1.48±0.3 mg/L, respectively. The TOC removal 
efficiencies obtained for all operating conditions were 
52.3±3.6%, 49.3±5.8%, 55.3±8.3% [29], 55.5±6.8% [30], 
52.0±4.8%, and 57.6±8.2%, respectively. Results at various 
days of operation for all operating conditions are shown 
in Fig. 3. Results showed that TOC removal efficiency 
increases with time. Although negligible changes were 
observed depending on operating conditions, the highest 
average TOC removal efficiencies were observed at a 
filtration rate of 0.3 m/h and influent iron-manganese 
concentrations of 2 mg/L (SSF6).  

Grace et al. [2] used synthetic water to determine the 
performance of the slow sand filter with 0.1 m/h filtration 
rate for two different operating schemes (continuous 
loading and intermittent loading). They found that 
dissolved organic carbon (DOC) removal efficiencies 
for continuous loading and intermittent loading were 

Species Layers*
Operating conditions

SSF1 SSF2 SSF3 SSF4 SSF5 SSF6

Turbidity 
removal

Layer 1 58.8 58.4 59.6 57.3 59.5 58.9

Layer 2 0.66 0.50 0.67 1.37 0.93 1.39

Layer 3 0.08 0.63 0.10 0.37 0.25 0.02

Iron 
removal

Layer 1 47.1 52.4 49.7 55.0 46.1 57.1

Layer 2 1.36 1.13 1.80 1.23 2.70 1.31

Layer 3 1.65 1.30 0.13 0.70 0.03 0.27

Manganese 
removal

Layer 1 33.8 42.8 37.1 49.9 37.2 47.3

Layer 2 3.74 2.40 3.07 2.29 3.06 1.17

Layer 3 2.38 1.28 2.12 0.67 1.02 2.35

Layer 1: Between the surface and M1: 51 cm
Layer 2: Between M1: 51 cm and M2: 44 cm
Layer 3: Between M2: 44 cm and M3: 38 cm

Table 2. Calculated unit removal efficiencies in the first 3 layers of the filter bed.
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16.7±3.3% and 24.3±2.5%, respectively (influent DOC 
concentration 5.7±2.2 and 6±1.7 mg/L, respectively). 
Aydin [36] determined the TOC removal efficiency as 
59.4% during the treatment of stream water with TOC 
concentration of 6.7 mg/L with slow sand filter (filtration 
rate was 0.1 m/h). Bar-Zeev et al. [37] studied the 
treatment of seawater using a single-medium rapid sand 
filter and found TOC removal efficiencies of 17%, 37%, 
and 55% on days 7, 27, and 42, respectively. Linlin et al. 
[38] found that the average DOC in slow sand filtration 
decreased from 6.3±1.3 mg/L to 2.6±0.8 mg/L in the  
O3/SSF/NF combination process study (removal 
efficiency 58.7%). Zheng et al. [39] used Ruhleben  
WWTP secondary effluent in their studies. They found 
TOC removal efficiencies of 10.3% and 9.4%, respectively, 

with slow sand filtration at 0.25 m/h and 0.5 m/h. Jin 
et al. [40] used slow sand filtration for the treatment of 
Saugeen River water and found DOC removal efficiencies 
of around 30-40%. Results from the current study agree 
with the findings of previous researchers.

Biofilm Formation

Schmutzdecke is a biologically active layer of 
organic matter that allows growth of a consortium 
of microorganisms depending on influent water 
characterization [11], and that develops mainly within 
the upper few centimeters of the sand bed in SSFs 
[5, 20]. Since the investigation of the development of 
schmutzdecke is the main topic of this study, a number of 

Fig. 3. The influent and effluent TOC concentrations and removal efficiencies for each filter.
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bed samples for each operating condition from the surface 
(M0: 52.5 cm) and four depths (M1: 51 cm, M2: 44 cm, 
M3: 38 cm, and M4: 32 cm) were collected at various days 
of operation (30, 45, and 55). VS analyses were performed 
on the samples (Fig. 4). The highest VS concentrations 
on the surface (M0: 52.5 cm) were determined on the last 
day of operation as 9.05±0.12, 11.71±0.03, 11.21±0.10, 
12.62±0.01, 13.66±0.05, and 16.93±0.07 mgVS/ g dry 
sand, respectively, for SSF1, SSF2, SSF3, SSF4, SSF5, 
and SSF6. At M1: 51 cm, the VS concentrations dropped 
to 4.23±0.10, 4.82±0.09, 4.33±0.20, 4.86±0.10, 5.39±0.04, 
and 5.59±0.19 mgVS/g dry sand, respectively, for SSF1, 

SSF2, SSF3, SSF4, SSF5, and SSF6. At the lower 
levels (M2: 44 cm, M3: 38 cm, and M4: 32 cm), the VS 
concentrations were very close to each other, and no 
significant differences from the initial VS concentrations 
were observed in these layers, which shows that the 
schmutzdecke layer is mainly formed on the filter surface 
and decreases along the filter bed.

Li et al. [33] reported that the bacterial concentrations 
fall very quickly along with the depth of the filter bed 
due to substrate and oxygen deficiency. In another study, 
Campos et al. [14] investigated total microbial biomass 
concentration as sand biomass. They reported that the 

Fig. 4. Volatile solids (VS) results for each filter: a) SSF1, b) SSF2, c) SSF3, d) SSF4, e) SSF5, and f) SSF6.
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biomass concentration decreased quickly with filter 
depth, that biomass formation was mainly observed in the 
top 2 cm of the filter bed, and that biomass concentration 
in the top 2 cm of filter bed was 120 µg C/g dry sand 
on day 56. Pompei et al. [4] reported similar results as 
46.45 and 94.96 µg C/g dry sand in a slow sand filter for 
household water purification. Grace et al. [2] pointed out 
that filter clogging was mainly caused by a layer of organic 
material in both continuous and intermittent operation, 
and that higher organic matter accumulation occurs on 
the surface. In addition, biomass concentrations were 
measured as 40, 12, and 7 mg biomass per gram sand 
in upper, middle, and lower layers of a filter for treating 

microcystin analogues, in which total bed depth was 
15 cm and the biomass concentration in clean sand was 
measured as 5 mg biomass per gram sand [41]. Results 
from Ho et al. [41] also suggest that biomass formation 
takes place mainly in the top layer of the sand bed and 
decreases quickly with bed depth. Results from this study 
agree well with literature data.

Hydraulic Conductivity 

Hydraulic conductivity (K-value) is a measure of 
clogging of the filter bed, with reduced K-values meaning 
the clogging of the bed. Hydraulic conductivities of the 

Fig. 5. Hydraulic conductivities in the first three layers (M1: 51 cm, M2: 44 cm, and M3: 38 cm) during the operation of a) SSF1, b) SSF2, 
c) SSF3, d) SSF4, e) SSF5, and f) SSF6.
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filter bed at various days of operation for each operating 
condition were calculated using headloss measurements 
taken at various depths (M1: 51 cm, M2: 44 cm, M3: 
38 cm, M4: 32 cm, M5: 26 cm, M6: 20 cm) during the 
filter operation (initial and days 5, 10, 20, 30, 40, and 55). 
Since the biofilm formation takes place at the top layer 
of the filter bed and the conductivity is a measure of 
biofilm formation, K-value changes along the filter depth 
during the whole operation and weighted averages of 
K-values over all depths were calculated. The calculated 
averages decreased continuously during the operation. 
The highest initial value of hydraulic conductivity (as a 
weighted average) was calculated as 13.7 μm/s, while the 
lowest values ranged from 3.28 to 6.62 μm/s (as weighted 
average) at the end of 55 days of operation.

Hydraulic conductivities of various layers of the 
filter bed were calculated. Calculations were performed 
separately for each operating condition. In order to  
monitor the formation of biofilm (identified by the decrease 
in K-value), the initial value of hydraulic conductivity in 
each operating condition is assumed as 100%, and the 
K-values during the operation were reported as a percent 
of initial. Since there is no evidence of biofilm formation 
in lower layers of the bed, hydraulic conductivities 
calculated for only the first three layers (M1: 51 cm, M2: 
44 cm, M3: 38 cm) are reported here. Results are shown 
in Fig. 5. 

The change of hydraulic conductivities with respect to 
time showed similar patterns in all operating conditions. 
A sharp decrease of K-value after the first five days of 
operation was observed in all operating conditions. In this 
period, the K-values in the first layer dropped to around 
10% to 33.3% of initial. The rate of decrease in hydraulic 
conductivity slowed down and the K-value became 
more or less stabilized after 20 days of operation. The 
hydraulic conductivities in the first layer were stabilized 
at values ranging from 1.2% to 5.3% of initial at the end 
of operation (55 days). This means that clogging in the 
first layer was severe at the end of the operation in all 
operating conditions. 

In the second layer (between M1: 51 cm and M2: 
44 cm), simultaneous decreasing trends were observed 
along with the first layer. However, the slopes of 
decrease in hydraulic conductivity were milder in the 
first five days compared to that in the first layer of the 
same operating condition. Between days 5 and 20 the 
K-values dropped rapidly to 27.5% to 44% of initial in  
all operating conditions. At the end of day 55 the  
hydraulic conductivities became stabilized at values 
ranging 11.1-19.0%. This means that the solids mostly 
penetrated to the second layer. 

In the third layer (between M2: 44 cm and M3:  
38 cm), the K-values stayed nearly constant at around  
90% to 100% of initial during the first 10 days of 
operation. After 10 days, solids started penetrating to 
the third layer. However, penetration was limited due to 
the effect of filtration in the first 2 layers and the final 
K-values in the third layer were as high as 60% of initial 
at the end of operation (55 days). 

Btatkeu-K et al. [27] performed similar experiments 
with metallic iron-sand filter 50 cm in height and  
2.6 cm in diameter, in which they found that the  
hydraulic conductivity of the filter bed was reduced by 
80% on day 12. They also reported that, after 50 days of 
operation, hydraulic conductivity was reduced by almost 
100% in the pure Fe0 bed. In another study, Lynn et al. 
[25] reported that hydraulic conductivity dropped to 40% 
of its initial value after 107 days of operation. Results 
from this study agree with reported values.

The hydraulic conductivities in lower layers stayed 
nearly constant at around 100% of initial during the  
filter operation in all operating conditions, which means 
that the microbial growth was limited in these layers. The 
pattern of K-values with respect to time showed slight 
changes depending on operating conditions. At the same 
filtration rate (0.1 m/h), the decrease in K-value of the 
first layer in SSF1 (10% of initial) was sharper compared  
to that in SSF2 (23.1% of initial). Similar trends were 
observed between SSF3 and SSF4 as well as SSF5 and 
SSF6. The results suggest that the rate of decrease in 
hydraulic conductivity is a function of influent iron and 
manganese concentrations and that the rate decreases 
with increasing influent concentration. Depending on  
the rate of filtration with the same influent iron-
manganese concentration, the rate of decrease in  
hydraulic conductivity (the rate of solids accumulation/
biofilm formation) increases with increasing filtration 
rate. 

Conclusions

A laboratory-scale slow sand filtration system was 
used to investigate the biofilm formation depending 
on operating conditions and time. The system was 
operated under six different operating conditions based 
on the rate of filtration and influent iron-manganese 
concentrations. The system was operated 55 days for 
all operating conditions and samples were collected 
at various depths of the filter bed for measuring iron 
and manganese concentrations as well as turbidity. 
Besides, influent and effluent TOC concentrations were 
monitored. In addition, bed samples were collected from 
various depths at various days of operation and volatile 
solids measurements were performed. Finally, headloss 
measurements were conducted at various depths of filter 
bed and hydraulic conductivities of different layers of the 
bed were calculated. The following conclusions can be 
drawn from the results of this study:
 – Most turbidity, iron, and manganese removal takes 

place within the first few centimeters at the top of the 
filter bed. Iron concentration and turbidity quickly 
decrease in this layer while manganese can penetrate 
deeper in the bed. 

 – Unit removal efficiencies at the uppermost layer of 
the filter bed can be as high as 59.5%, 55.0%, and 
49.9% per centimeter of bed depth, respectively, 
for turbidity, iron, and manganese. Considering the 
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biofilm formation in this layer, schmutzdecke greatly 
affects iron and manganese removal.

 – Increasing influent iron and manganese concentration 
results in a clear increase in unit iron and manganese 
removal efficiencies, while the effect on filtration rate 
is negligible.

 – Total organic carbon (TOC) removal efficiencies 
can be as high as 57.6%, although filtration rate and 
influent concentrations of iron, manganese, and TOC 
do not affect removal efficiency at all.

 – VS concentrations in the filter bed can be used as 
a measure of schmutzdecke formation. According 
to this, a fully developed schmutzdecke is formed 
in the uppermost layer of the filter bed. Decreasing 
VS concentrations in lower layers indicates that 
microbial activity decreases with bed depth. The 
intensity of schmutzdecke formation depends 
on the rate of filtration as well as influent iron-
manganese concentrations. Higher filtration rates and 
higher influent concentrations result in higher VS 
concentrations in the upper layers of the bed.

 – Hydraulic conductivity (K-value) is also a good 
measure of schmutzdecke formation. Hydraulic 
conductivity of the filter bed decreases with time as 
biofilm formation in the upper layers of the bed take 
place. Sharp decreases in K-values in the upper two 
layers indicate that biofilm formation in these layers 
is the most intense. Although part of solids also 
penetrate into a few centimeters from the surface, no 
significant changes occur in lower layers of the bed 
where microbial growth is limited.
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