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ABSTRACT

In this study a laboratory-scale slow sand filter (SSF) is used for removal of iron and manganese and the
effects of various inlet concentrations on removal efficiency were investigated. SSF was operated at a
filtration rate of 0.2 m.h”" with two different synthetic inlet waters (Runl and Run2). Iron and manganese
concentrations in two runs were 1.09+0.13mg.L"'-1.06+0.10 mg.L"' for Runl and 2.02+0.15 mg.L'-
2.10£0.14 mg.L"' for Run2. In Runl, the removal efficiencies of 96.3+2.48%, 92.3+6.1%, 92.6+5.7%, and
55.3£8.3% were obtained for turbidity, iron, manganese and total organic carbon (TOC), respectively. In
Run2, on the other hand, the removal efficiencies were obtained as 97.9+1.3%, 93.1+8.1%, 94.4+5.8%, and
55.5+6.8%, respectively. Results suggested that the SSF was the most efficient in turbidity removal at a
filtration rate of 0.2 m.h™'. Sequence analyses of DGGE bands from Runl and Run2 were also performed and
results indicated that a range of bacteria were present, with 16S rRNA gene sequences similar to groups such
as Gallionella, Leptothrix, Crenothrix, and an uncharacterized environmental clone.

Keywords: Slow sand filter, iron-manganese removal, microbial community, schmutzdecke.

FARKLI GiRiS DEMiIR VE MANGAN KONSANTRASYONLARININ YAVAS KUM FiLTRESI
PERFORMANSINA ETKILERI

0z

Bu ¢alismada demir ve mangan giderimi igin laboratuvar 6lgekli yavas kum filtresi kullanilmis ve farkli giris
konsantrasyonlarmimn filtre verimi iizerine etkisi arastirilmustir. Yavas kum filtresi, 0,2 m.sa’ filtrasyon
hizinda iki farkli sentetik girig suyu ile ¢alistirilmistir (Runl ve Run2). Sentetik girig sularindaki demir ve
mangan konsantrasyonlart sirastyla 1,09£0,13mg.L" ve 1,06£0,10 mg.L" (Runl) ile 2,02+0,15 mg.L" ve
2,10+£0,14 mg.L"' (Run2) olarak belirlenmistir. Runl igin bulaniklik, demir, mangan ve toplam organik
karbon (TOK) giderim verimleri sirastyla %96,3+2,48; %92,3+6,1; %92,6+5,7 ve %55,3+8,3 olarak
belirlenmistir. Run2 i¢in ise giderim verimleri sirasiyla %97,9+1,3; %93,148,1; %94,4+5.8 ve %55,5+6,8
olarak hesaplanmistir. Sonuglara gére, 0,2 m.sa” filtrasyon hizinda galistirtlan yavas kum filtresi bulaniklik
giderimi agisindan en yiiksek verimle ¢aligmistir. Runl ve Run2 i¢in elde edilen DGGE bantlarinda sekans
analizleri de gergeklestirilmis olup, sekans analizi neticesinde Gallionella, Leptothrix, Crenothrix ve heniiz
tanimlanmamig mikrobiyal tiirlerin aritimdan sorumlu oldugu tespit edilmistir.

Anahtar Sozciikler: Yavas kum filtresi, demir-mangan giderimi, mikrobiyal topluluk, schmutzdecke.
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1. INTRODUCTION

Virtually all natural waters including surface waters, soil pore waters, and groundwaters [1]
contain colloidal particles. Groundwater sources, being one of the most important drinking water
source all over the world [2, 3], are facing contamination by a number of heavy metals (e.g., As,
Fe, and Mn). Ma et al. [1] reported from previous studies that colloidal matter facilitates the
transport of contaminants (e.g., heavy metals, radioactive pollutants, and organic matter).
Hedegaard et al. [2] stated that groundwaters usually require treatment before using due to the
fact that concentrations of inorganic and organic compounds such as iron (II), manganese (II),
ammonium, arsenic and pesticides may exceed drinking water guidelines [4]. The presence of
these metals in high concentrations in water sources prevents their use as potable water sources.
More importantly, the use of such waters containing iron and manganese can result in congestion
in the transmission lines and several health problems.

Slow sand filtration is a commonly used technique for water treatment, which employs
physical, chemical and biological mechanisms [5]. Slow sand filters have been proven to offer
the advantages of simple construction and maintenance as well as low operating costs [6].
Nitzsche et al. [7] reported the use of household sand filters as low-cost and efficient method for
removing As, Fe, and Mn from groundwater in rural areas of Vietnam. In Europe, on the other
hand, the most commonly employed technique for manganese removal is conventional aeration-
rapid sand filtration. This technique is also advantageous in that, because no chemicals (KMnOQOy,
03, Cl,) are utilized, it offers a cost-effective and environmentally friendly solution for oxidation
of Mn*". During the period of ripening of virgin filter media, the efficiency of manganese
removal in slow sand filtration strongly depends on the ability of filter media to adsorb dissolved
manganese [8].

Slow sand filters can be built from easily accessible materials. Besides, their simple
construction and operation as well as low operating costs make them very advantageous for water
treatment. Nitzsche et al. [9] reported that water demand of a single household can be treated
within a few minutes.

Mechanisms of treatment in sand filtration involve physical entrapment, gravity settling,
adsorption, impaction, interception, straining and flocculation. The treatment occurs within the
upper few millimeters of bed depth [10]. At the surface of slow sand filters forms the
schmutzdecke, which is a layer of gelatinous structure typically containing sand particles, humus,
algae and other microorganisms and it is the region where most of the bacterial action takes place
[6]. Since the degree of treatment is closely related with the development and activity of the
schmutzdecke, identification of microbial species enrolled in iron and manganese removal in
slow sand filters is of great importance for improved treatment performances.

The aim of this study is to investigate the removal of iron and manganese from drinking
water by slow sand filtration. For this purpose, a laboratory-scale slow sand filter was operated at
a filtration rate of 0.2 m.h' with synthetic water containing 1 and 2 mg.L™" of iron and
manganese. In addition to the investigation of the relationship between removal efficiency and
headloss, microbial species that are responsible for the treatment were also determined.

2. MATERIALS AND METHODS
2.1. Slow Sand Filter

The laboratory-scale slow sand filter system consists of two parallel units with dimensions 40
cm x 60 cm x 50 cm and it was operated as effluent-controlled, constant-flowrate filter. Influent
water from raw water tank was fed to the system by a peristaltic pump and a common feed pipe.

Periodic cleaning was performed in feeding system. A stainless steel screen that has 80 pum
openings was placed on top of the nozzles to prevent sand and gravel loss. The bed consists of
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the sand layer with 37.5 cm depth (0.1 mm silica sand) over 12.5 cm of gravel layer (3-4 mm), as
shown in Fig. 1. A detailed design of the SSF system was previously given in Manav Demir [11].
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Figure 1. Laboratory-scale slow sand filter system

The slow sand filters were operated for at a filtration rate of 0.2 m.h™" with synthetic waters
containing about 1 mg.L™" Fe-Mn for Runl, and about 2 mg.L"' Fe-Mn for Run2. FeSO,.7H,0
and MnSO,4.H,0O were added to water to obtain desired concentrations of iron and manganese.
For turbidity, kaolin was added to water. The system was operated for a period of 55 days in each
run. Results of analyses in synthetic water are given in Table 1.

Table 1. Characterization of synthetic water used in this study

0.2 Runl (1 mg.L"' Fe-Mn) Run2 (2 mg.L"' Fe-Mn)
m .h" Turbidity Iron Manganese TOC Turbidity Iron Manganese TOC
i NTU mg.L" mg.L" mg.L’ NTU mg.L" mg.L" mg.L"
Mean® 10.10 1.09 1.06 3.25 10.90 2.02 2.10 3.36
STD" 1.70 0.13 0.10 0.31 1.50 0.15 0.14 0.27
Min. 7.10 0.88 0.90 3.04 7.83 1.64 1.85 3.08
QI° 8.40 1.02 1.01 3.09 9.60 1.93 2.01 3.19
Q2 10.30 1.08 1.05 3.14 10.80 2.05 2.08 3.33
Q3° 11.20 1.18 1.09 3.24 12.15 2.12 2.18 3.41
Max. 14.10 1.56 1.35 3.99 14.60 2.36 2.48 3.95

*Average value in 55 samples

°STD: Standard deviation from 55 data points
‘Q1: First quartile

4Q2: Median value

°Q3: Third quartile
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2.2. Analysis of the Influent and Effluent of the Two SSF Operation

Influent and effluent samples were collected and analyzed for turbidity, iron, and manganese.
Turbidity, iron, and manganese analysis was performed daily and the TOC analysis was
performed weekly. A WTW Turb 550 IR turbidimeter was used for turbidity measurements.
Total iron and manganese (soluble and insoluble) concentrations were measured by atomic
absorption spectroscopy (Perkin Elmer Aanalyst 400) after the samples were prepared by acid
digestion (Berghof Products + Instruments GmbH). Total organic carbon (TOC) was determined
using a TOC analyzer (HACH Lange IL 550 TOC-TN Analyser, Germany). Headloss
measurements were performed by manometers (plexiglass tubes) placed on the outer wall of the
filters vertically at 6 cm intervals (Fig. 1).

2.3. Molecular Characterization of Microbial Community

Samples were collected from different depths of the filter bed from surface (52.5 cm —
surface, 51 cm, and 44 cm). The identification of the bacteria in the mixed culture was performed
using DNA extraction and PCR-DGGE (polymerase chain reaction-denaturing gradient gel
electrophoresis) of partial 16S rRNA genes followed by their sequencing. DNA was extracted
from the samples with an MN Nucleospin soil DNA isolation kit (Macherey-Nagel GmbH & Co.
KG). Amplification of partial bacterial 16S rRNA genes of the community DNA, DGGE and
analysis of sequence data were performed as previously described by Manav Demir [11].

3. RESULTS AND DISCUSSION
3.1. Turbidity and TOC Removal

During Runl1, the highest and the lowest turbidity values observed in filter effluent were 0.85
NTU and 0.04 NTU, respectively. The turbidity removal efficiency was calculated as 96.3+2.4%.
In Run2, the highest and the lowest effluent turbidities were 0.12 NTU and 0.08 NTU while a
turbidity removal efficiency of 97.9+1.3% was calculated. The changes in influent and effluent
turbidities measured during the operating period are shown in Fig. 2a for both Runl and Run2.
The determination coefficients (R?) between removal efficiency and influent turbidity were
calculated as 0.316 and 0.111 (correlation coefficients as 0.562 and 0.334) for Runl and Run2,
respectively. Results showed, for both runs, that turbidity removal efficiency is independent of
influent turbidity. Similarly, the determination coefficients between removal efficiency and
headloss, which is a measure of solids accumulation and filter clogging, were calculated as 0.082
and 0.093 for Runl and Run2, respectively. Similar to that of influent turbidity, results indicated
no significant dependency of removal efficiency on filter headloss. Turbidity removal efficiency
of SSF was high starting from the beginning of operation and did not show significant changes
during the operation. Average effluent TOC concentrations in Runl and Run2 were calculated as
1.4+0.2 mg.L" and 1.5+0.3 mg.L", respectively, with average removal efficiencies of 55.3£8.3%
and 55.5+6.8%, respectively (Fig. 2b).
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Figure 2. Experimental results of turbidity and TOC removal in SSF. (a) influent and effluent
turbidities as well as removal efficiencies, (b) influent and effluent TOC concentrations as well as
TOC removal efficiencies

3.2. Iron Removal

Average iron removal efficiencies in Runl and Run2 were calculated as 92.3+6.06% and
93.1+8.11%, respectively, with effluent iron concentrations of 0.08++0.05 mg.L™" and 0.13£0.15
mg.L"', respectively. Fig. 3 shows the changes in influent and effluent iron concentrations as well
as iron removal efficiencies during Runl and Run2. Results suggested that no significant
correlation between influent iron concentration and iron removal efficiency. The determination
coefficients were calculated as 0.109 and 0.032 correlation coefficients as 0.331 and 0.178) for
Runl and Run2, respectively, which indicates a very weak correlation between these operating
parameters. For filter headloss, the determination coefficients were calculated as 0.306 and 0.258
(correlation coefficients as 0.553 and 0.508) for Runl and Run2, respectively. The calculated
values showed that iron removal efficiency increases with increasing level of clogging, which
indicates a strong correlation between these two operating parameters. Iron removal efficiency
increased rapidly in the first stages of operation while no significant changes were observed after
a certain period of operation.

Figure 3. Experimental results of iron removal in SSF: influent and effluent iron concentrations
as well as removal efficiencies.
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3.3. Manganese Removal

The changes in manganese concentrations in SSF influent and effluent as well as manganese
removal efficiencies for Runl and Run2 are shown in Fig. 4. Average manganese removal
efficiencies were calculated as 92.7+5.7% and 94.3£5.7% for Runl and Run2, respectively.
Clearly, there is no significant dependency between influent manganese concentration and
manganese removal efficiency as the coefficients of determination were calculated as 0.004 and
0.000 (correlation coefficients as 0.063 and -0.007) for Runl and Run2, respectively. On the
other hand, the correlation coefficients between manganese removal efficiency and filter headloss
were calculated as 0.604 and 0.605 (coefficients of determination as 0.365) for Runl and Run2,
respectively, which indicates a good correlation between these two operating parameters. Clearly,
manganese removal efficiency increases with increasing level of solids accumulation in filter bed

(clogging).

Figure 4. Experimental results of manganese removal in SSF: influent and effluent manganese
concentrations as well as removal efficiencies.

3.4. Headloss

One of the important operating parameters for assessing SSF performance is the filter
headloss. The changes in filter headloss with bed depth along with measured values are shown in
Fig. 5 in both Runl and Run2. Headloss increases with increasing depth from the surface of the
filter bed. It is clear that, at constant filtration rate, the headloss through SSF increases with
increasing iron and manganese concentrations. It is clear that schmutzdecke is the most important
contributor to the headloss through SSF. After 55 days of operation in Runl and Run2, the
headloss through the SSF reached 14 cm and 24 cm, respectively, which suggests that an increase
in iron and manganese concentration results in increased headloss through SSF. The results
suggested that a two-fold increase in iron and manganese concentration leads to about a two-fold
increase in headloss.

3.5. Microbial community

Information on bacterial communities that contribute to high treatment efficiency in slow
sand filters is limited. Microbial community was also identified in laboratory-scale SSF. It is
possible by DGGE technique to separate various sequences in a DNA sample. In DGGE, the
number of bands corresponds to microbial diversity in the sample while each band represents a
dominant microbial species. In sequencing results of DNA samples from DGGE, clustering was
performed to identify similarities and a high similarity (> 92%) of the major bacterial species was
obtained in samples from SSF for both Runl and Run2.
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Figure 5. (a) The change in headloss at manometer ports with respect to depth in various days of
operation for Runl, (b) total filter headloss with respect to time for Run1, (c) the change in
headloss at manometer ports with respect to depth in various days of operation for Run2, (b) total
filter headloss with respect to time for Run2.

Ten sequences from Runl and eleven sequences from Run2 were obtained during the
operation. Fig. 6 shows DGGE profile of the samples from various depths. For Runl and Run2,
microbial communities in schmutzdecke were not significantly different. For both runs, the
microbial diversity decreases with increasing depth from the surface. The sequences obtained are
used for comparative analyses in BLAST software and results are shown in Table 2.
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Figure 6. DGGE profiles of 16S rDNA amplified using the total genomic DNA extracted from
schmutzdecke and sand collected from two systems (Runl and Run2)
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Table 2. Phylogenetic sequence affiliation and similarity to the closest relative of amplified 16S
rRNA gene sequences excised from DGGE gels

Sim.  Isolation

Band  Access no Microorganism name / Organism o, Reference
o source
Runl
1 KF515099 uncultured bacterium / Bacteria 96 a [12]
2 JF429322 uncultured bacterium / Bacteria 95 b [13]
3 AB252929 uncultured Gallionella sp. / Betaproteobacteria 93 c [14]
4 FM878000 uncultured Gallionella sp. / Betaproteobacteria 92 - [15]
5 LN543247 uncultured bacterium / Bacteria 94 d [16]
6 KF611948 uncultured bacterium / Bacteria 94 e [17]
7 AB670152 uncultured Gallionella sp. / Betaproteobacteria 100 f [18]
8 GU747260 uncultured bacterium / Bacteria 99 g [19]
9 JQ288616 Uncultured Leptothrix sp. / Betaproteobacteria 100 h [20]
10 725774 Leptothrix discophora |/ Betaproteobacteria 100 - [21]
Run2
11 AB670152 uncultured Gallionella sp. / Betaproteobacteria 100 f [18]
12 TN936833 uncultured Crenothrix sp- / 100 ; [22]
Gammaproteobacteria
13 HQI117914  uncultured Gallionella sp. / Betaproteobacteria 96 j [23]
14 LN543247 uncultured bacterium / Bacteria 94 d [16]
15 KJ670675 uncultured bacterium / Bacteria 96 k [24]
16 725774 Leptothrix discophora | Betaproteobacteria 100 - [21]
17 AB252929 uncultured Gallionella sp. / Betaproteobacteria 93 c [14]
18 JQ288616 uncultured Leptothrix sp. / Betaproteobacteria 100 h [20]
19 GUS72372 uncultured Leptothrix sp. / Betaproteobacteria 95 1 [25]
20 GU747260 uncultured bacterium / Bacteria 99 g [19]
21 KF611948 uncultured bacterium / Bacteria 94 e [17]

a: drinking water, b: source of drinking water, c: Iron-oxidation biofilm, d: rapid sand filter of groundwater
treatment, e: biofilm in drinking water distribution system, f: an Fe biofilm, g: drinking water (treatment 1),
h: full-scale drinking water treatment plant green sand filter media, i: drinking water sludge, j: coastal
shallow groundwater, k: BioTrap samplers in groundwater monitoring well, 1: an Fe-rich seep

The bands 3, 4, 7, 11, 13, and 17 were identified as Gallionella sp., which is reported to be
the species responsible for iron oxidation in water treatment processes [23, 18, 11]. Gallionella
sp. were identified in both Runl and Run2. Katsoyiannis and Zouboulis [26] reported that
Leptothrix sp., which are identified in DGGE bands 9, 10, 16, 18, and 19, contribute to both iron
and manganese oxidation in water treatment processes. The 12" band was identified as
Crenothrix sp. and these species were reported to be one of the species contributing both iron and
manganese removal [27]. The bands 1, 2, 5, 6, 8, 14, 15, 20, and 21 were identified as uncultured
bacteria, which are reported in groundwaters and drinking water treatment processes.

3.6. Discussion

Differences between effluent turbidity and turbidity removal efficiencies were observed
between Runl and Run2. For Run2, higher concentrations of Fe and Mn (2 mg.L™") lead to rapid
increase in headloss and it stabilized after the 10" days of operation. In both runs, turbidity
removal efficiencies were observed to be over 90%. It can be concluded that slow sand filtration
is an efficient method for turbidity removal in low filtration rates. Effluent concentrations of iron
and manganese showed decreasing trends with time in both runs. Removal of iron in the filter
and expansion of schmutzdecke resulted in significant reduction in porosity of filter bed,
therefore leading to gradually decreasing effluent concentrations. In Run2, clogging was quicker
than Runl because of higher influent iron and manganese concentrations in Run2, with removal

512



Effects of Varying Inlet Iron and Manganese ... / Sigma J Eng & Nat Sci 34 (4), 505-515, 2016

efficiencies over 90% in both runs. Results from similar studies are given in Table 3 and
compared with results of this study.

Table 3. Comparison of results from current study with the literature data

Ref. (Process) Water Filtration Influent conc. Removal efficiency
. source rate (m/h) (mg.L") Turbidity Iron M Organic matter
ggif_;‘ﬁgf) 0.2 151::: 11‘%96 96.342.4%  92.3%6.06%  92.7%5.7%  55.3+8.3% (TOC)
This study Synthetic Fe=2.02 o o o o .
(SSF-Run?) 0.2 Mn=2.10 97.9+1.3% 93.1£8.11% 94.3+£5.7% 55.5+6.8% (TOC)
[28] (SSF) - - - <1,0NTU >67% >67% <50% (DOC)
[4] (SSF) - - - - 45% 45% 48% (TOC)
Largely Largely 60-75%
[29] (SSF) B ) . <LONTU removed removed reduction in COD
[30] (SSF) - - <1NTU 30 - 90% 30-90% < 15-25% (TOC)
[31] (PAC- Fe*'=10-17 o o
MBR) Groundwater 5 Mn2*= 0.8-1.4 >98.7% >91.7%
. Fe?'=0.8-1.5
[32] (Biofilter) Groundwater 3,4,5 Mn¥=1.0-1.2 96.2 97.7 -
i 3.0 B A ) 65% (TOC)
[33] (GAC) River 72 TOC=3.0-3.5 779% (DOC)

SSF: Slow sand Filter

PAC-MBR: Powdered activated carbon-amended membrane bioreactor
GAC: Granular activated carbon

DOC: Dissolved organic carbon

4. CONCLUSIONS

Following conclusions can be withdrawn from the results of this study.

e Turbidity removal efficiency of SSF is satisfactory immediately after starting the filter
and the removal efficiency is independent of influent concentrations.

e [Iron and manganese removal efficiencies are not functions of influent concentrations. The
performance of the filter in iron and manganese removal rely on the level of clogging of SSF and
after a certain level no significant changes are observed in removal efficiencies.

o Gallionella sp., Leptothrix sp., Crenothrix sp., and uncultured bacteria were identified in
the laboratory-scale SSF, which contribute to iron and manganese removal in the filter.
Therefore, they play major roles in the removal of iron and manganese in the slow sand filter.
This information could help future researchers design slow sand filters with selected microbial
species for better performance.

The results showed that slow sand filters can be used successfully for iron and manganese
removal from groundwaters.
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