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bstract

Biological removal of nitrate from drinking water was studied in a slow sand filter. Optimum carbon to nitrogen ratio (C/N) was found to be
.8 when using acetic acid in batch tests. The filtration rates impact on NO3–N removal through the sand filter was assessed for 22.6 mg NO3–N/l
oncentrations while keeping C/N ratio as 1.8 for acetic acid. The filtration rates varied from 0.015, 0.02, 0.03, 0.04, 0.05, and 0.06 m/h, respectively,
orresponding to an overall average NO –N removal efficiency of 94%. Although increasing filtration rates decreased NO –N removal, effluent
3 3

O3–N concentrations at the effluent port were lower than the limit value. The slow sand filter process was unable to provide NO3–N removal
ate more than 27.1 g N/(m2 day) (0.05 m/h flow rate). The NO3–N removal efficiency slightly dropped from 99% to 94% when the loading rate
ncreased from 27.1 to 32.5 g/(m2 day), but the effluent water contained higher concentration of NO2–N than the standard value.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nitrate–nitrogen (NO3–N) concentrations in surface and
roundwater have increased in many locations in the world.
an-made or man caused sources of nitrogen introduction

nto the subsurface environment include agricultural fertiliz-
rs, septic tank effluent, and animal waste disposal. Rural areas
haracterized by heavily agricultural activities are the most sus-
eptible locations to groundwater NO3–N contamination. One
f the agricultural activities contributing to the NO3–N con-
amination problem is livestock. The other problem is the over
pplication of nitrogen based fertilizers. This is the largest source
nd the primary concern of NO3–N contamination in ground-
ater.
NO3–N contamination limits the direct use of groundwater

esources for human consumption in several parts of the world
1,2].

High NO3–N is a major contributing factor in the prob-
em of eutrophication of water bodies. Consumption of NO3–N

ontaminated water may cause health problems like methe-
oglobinemia in infants. NO3 is transferred to NO2 by NO3

educing bacteria in the intestine, which reacts with the
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aemoglobin in blood converting it into methaemoglobin, and as
consequence of this, oxygen is no longer carried to cells tissues,
ausing death. Furthermore, nitrosoamines are carcinogenic
ompounds that may be formed from NO2 in the stomach [3–5].

Drinking water regulations are required in order to limit
uman risks and environmental pollution. While the United
tates Environmental Protection Agency (USEPA) [6] has set
aximum contaminant level goal (MCLG) of 10 mg NO3–N

nd 1.0 mg NO2–N/l, the World Health Organization and Euro-
ean Economic Community have set standards of 11.3 and
.03 mg NO2–N/l [7,8].

Conventional means for NO3–N removal from drinking
ater include ion exchange and a variety of membrane tech-
ologies, such as reverse osmosis. These processes have been
roven effective in NO3–N removal [9]. However, disadvan-
ages, including poor selectivity for NO3–N, concentrated waste
isposal issues, cost, and susceptibility to fouling (in the case
f reverse osmosis) have fed the search for alternative NO3–N
emoval technologies [10].

Biological treatment is the most useful process to remove
O3–N from water and wastewater. In this process, microor-

anisms first reduce nitrates to nitrites and then produce nitric
xide, nitrous oxide, and nitrogen gas. The pathway for nitrate
eduction is

O3 → NO2 → NO → N2O → N2

mailto:saslan@cumhuriyet.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.02.012
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Slow sand filtration is a simple to operate, low cost, effi-
ient and reliable technique and used successfully to remove
icroorganisms in drinking water since 1900. Contaminants

re removed by biological activity at the upper layer of the filter,
dsorption, mechanical filtration, and surface catalyzed degrada-
ion. These process features make slow sand filtration attractive
or advanced treatment of effluents [11]. Recent attention has
ocused on the use of slow sand filters for tertiary wastewater
reatment [12]. The slow sand filter was operated in wastewa-
er and drinking water treatment for removal of carbon (C) [13],
athogenic bacteria [14], protozoan parasite [15], and suspended
olids [11,16–19].

Although, slow sand filtration has been applied for the
emoval of wastewater contaminants, few studies have been con-
ucted on NO3–N removal from drinking water. The objective
f this study is to present experimental data on the biological
emoval of NO3–N through the slow sand filter depths operating
t various filtration rates under laboratory conditions.

. Materials and methods

.1. Experimental set-up of the biological sand filter

The biological slow sand filter experimental set-up consisted
f a cylindrical stainless steel biological reactor, with 10 cm of
nner diameter and 100 cm of height, completely submerged and
perating in down flow mode (Fig. 1). The filter was equipped
ith six water sampling and effluent ports and manometers were

nstalled at each sampling port to measure headloss. When the
ressure drop exceeds the maximum available of water layer of
he sand filter, the upper layer of the sand was scrapped out.

creens were placed at the bottom and sampling ports of the
lter to prevent clogging of the column outlet.

The filter column was filled with filter sand of an effective
iameter of 0.5 mm and uniformity coefficient of 1.23. The sand

ig. 1. Schematic representation of the biological sand filter experimental set-
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lter had a liquid volume of 2 l and 5 cm water depth on the top
f the filter was maintained throughout the experiment. The sand
as washed several times to remove impurities before packing

he filter.
Prior to operation, the filter was inoculated with microor-

anisms, acclimatized to acetic acid and NO3–N with medium
olution prepared in distilled water taken from the aeration basin
t Cumhuriyet University Wastewater Treatment Plant in Sivas,
urkey. The inoculation lasted about 1 month for microbial
rowth with daily replenishment of NO3–N and acetic acid in
edium solution in 500 ml bottles.
The influent synthetic solution was stored in 30 l plastic con-

ainers of C and NO3–N sources including trace elements at
oom temperature (17 ± 3 ◦C). The outer surfaces of the con-
ainers and tubes were wrapped with aluminum foil to prevent
lgal growth. The influent solution was prepared two times in a
eek. NO3–N and chemical oxygen demand (COD) concentra-

ions in the containers were measured periodically throughout
he experimental study. A piston pump was used to transfer the
ynthetic medium solutions to the sand filter. Transfer tubes were
ashed with acidic solution weekly to prevent microbial growth.
The filter was operated at filtration rates between

.015–0.06 m/h with concentration of 22.6 mg NO3–N/l and
ffluent samples of the sand filter were taken at six depths of 10,
5, 20, 40, 60 and 80 cm, and the bottom. The nitrogen loading
ate was varied by changing the influent flow rate. The flow rate
as adjusted by a valve at the bottom of the filter. The operational

ondition of the sand filter system is summarized at Table 1.
The sand filter was filled with synthetic medium solution and

0 ml inoculated microorganisms in the bottle were added to the
pper layer of the filter. The inoculation of the sand filter was
arried out at a low filtration rate and the filter effluent was with-
rawn daily to monitor the performance by measuring NO3–N,
O2–N, and COD throughout the acclimation period. After

bout 3 days, effluent NO3–N concentration started to decrease
n the sand filter. Complete NO3–N removal was achieved after
5 days of stable operation.

When the flow rate through the filter could not be maintained,
he water layer above the sand bed was drained and 2 cm depth
f the top layer of sand was scraped out to remove microor-
anisms in the sand. Sand scrapping was performed three times
hroughout the experiment. Volatile solids (VS) measurement

as carried out on the sand and then the clean sand was placed
nto the filter. After scrapping, the filter was operated for at least
hree days until achieving higher than 90% NO3–N removal in
he bottom of the filter.

able 1
he operational condition of the sand filter system

low velocity
m/h)

Nitrogen loading
rate (g N/m3 day)

Surface loading
rate (g N/m2 day)

.015 8.6 8.1

.02 11.4 10.9

.03 17.1 16.3

.04 22.8 21.7

.05 28.5 27.1

.06 34.3 32.5
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.2. Batch experiments

The majority of biodenitrification relies on heterotrophic bac-
eria that require an organic C-source. Since drinking water
as low C content, an additional C-source is required. Batch
xperiments were carried out to determine the optimal C to
O3–N (C/N) ratio for microbial activity. Experiments were
erformed in 500 ml glass bottles containing medium solutions.
/N ratios varied from 1.1 to 3.0 for C using acetic acid while

he NO3–N concentration was kept constant at 22.6 mg/l. Accli-
ated microorganisms were added into the flasks and cultures
ere placed on a shaking incubator at 30 ◦C at 100 rpm. NO3–N

nd NO2–N analyses were performed in the feed solution and
n the clear samples at the end of batch tests.

.3. Influent synthetic medium composition

The liquid medium used consisted of a mineral base sup-
lemented with NO3–N as sole electron acceptor and acetic
cid as electron donor. The medium constituents were KNO3,
cetic acid, KH2PO4 (150 mg/l), and NaHCO3 (325 mg/l). This
edium was supplemented with 1% (v/v) of a solution contain-

ng FeSO4·7H2O (0.20 mg/l), titriplex (0.565 mg/l), and with
.1% (v/v) of a trace nutrient solution containing ZnSO4·7H2O
0.1 g/l), MnCl2·4H2O (0.03 g/l), H3BO3 (0.3 g/l), CoCl2·6H2O
0.2 g/l), CuCl2·2H2O (0.01 g/l), NiCl2·6H2O (0.02 g/l), and
aMoO4·2H2O (0.03 g/l). The final pH of the medium was

djusted to 7.5 using NaOH solution.

.4. Analytical methods

NO3–N, NO2–N, and COD concentrations of the influent
olutions were measured routinely. Samples were withdrawn
aily from six effluent points and the bottom of the sand filter and
entrifuged at 6000 rpm for 30 min to remove suspended solids
rom the effluent. NO3–N, NO2–N, and COD analyses were per-

ormed with clear samples and pH was measured. Biomass was
etermined as VS by scrapping 2 cm depth layer of the sand
lter. COD concentrations of the influent and effluent samples
ere determined according to standard methods [20]. NO3–N

t
r
s
t

Fig. 2. Effect of various C/N rati
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nd NO2–N were analysed with a Merck photometer (Nova
0 Model) using analytical kits; NO2–N (14776) and NO3–N
14773).

. Results and discussion

.1. Determination of optimum C/N ratio in the batch unit

The optimum C/N ratio was assumed to be the ratio, which
chieves maximum removal of NO3–N with minimum excess

in the effluent. The batch experiments were performed for 3
ays, yielding a 90% NO3–N removal efficiency.

A low C/N ratio resulted in low nitrogen removal efficiency
nd high NO3–N level at the end of the study (Fig. 2). The opti-
um C/N ratio was found to be 1.8 when using acetic acid in

atch tests. At C/N ratios below the optimum ratio, the NO3–N
emoval was found to be dependent upon the C concentrations.
lthough no significant improvement in NO3–N elimination
as observed with the C/N ratio in excess of the optimum value,

xcess amount of C remained in the water. When C/N ratio was
.7 and below, NO2–N was observed in the effluent water. It
s clear that under limited C conditions the NO3–N elimination
ecreases and NO2–N concentration increases in the effluent
ater.
In a study involving the removal of NO3–N from water,

andbi and Elliott [21] Croll et al. [22], and Kesseru et al. [23],
ound that the optimum C/N ratio for acetic acid was 1.7, 1.86,
nd 1.76, respectively. The optimum C/N ratio of 1.8 in the
resent study is in agreement with their results.

.2. Slow sand filtration results

The slow sand filter was operated at low velocity at the begin-
ing of experiments to promote microbial growth through the
lter bed and NO3–N, NO2–N and COD concentrations in the
ffluent were measured during this stage. After 15 days of opera-

ion, NO3–N was not detected in the filter effluent. The filtration
ate was then progressively increased throughout the rest of the
tudy. Totally about 250 l synthetic solution was passed through
he filter column.

os on the NO3–N removal.
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Fig. 3. Effluent NO3–N concentrations and NO3–N remo

Most of the NO3–N removal was observed at the upper
ayer of the 10 cm filter bed. Although increasing filtration rate
ncreased NO3–N, NO2–N, and COD concentrations in the efflu-
nt water, NO3–N concentration was still below the acceptable
evel for the drinking water at the filtration rates between 0.015
nd 0.05 m/h at 10 cm filter depth.

Lower NO3–N concentration was observed for the filtration
ates up to 0.03 m/h than the standard limit of 10 mg NO3–N/l.
ncreasing filtration rates to 0.04, 0.05, and 0.06 m/h, decreased
he NO3–N removal to 55%, 51%, and 47% at 10 cm and 100%,
9%, and 94% at 80 cm filter depth, respectively. The effluent
O3–N concentration was lower than the detection limit at the
ltration rates of 0.02 m/h and increased to 0.1, 0.2, and 1.3 mg/l
t 0.04, 0.05, and 0.06 m/h at the 80 cm filter depth (Fig. 3).

Nakhla and Farooq [12] studied the impact of filtration rates
n the range of 0.15–0.38, on nitrogen elimination in slow
and filter. Although NO3–N removal efficiency was more than
5% at the filtration rate of 0.05 m/h in this study, Nakhla and
arooq [12] achieved about 80% denitrification efficiency in raw

astewater including average 3.2 mg TKN/l at the same depth
f 80 cm. It was assumed that the slowly biodegradable soluble
OD in the wastewater might hinder the denitrification process
nd the high contact time positively affects the NO3–N elimina-

1
fi
i
h

Fig. 4. Effluent NO2–N concentrations through
ficiency throughout the sand filter at various loading rate.

ion in the biodenitrification process; therefore higher NO3–N
limination was observed in this experiment.

It was evident that the process was unable to provide NO3–N
emoval rate of more than 27.1 g N/m2 day (0.05 m/h flow rate).
he NO3–N removal efficiency slightly dropped from 98.7% to
4% when the loading rate increased from 27.1 to 32.5 g/m2 day,
ut the effluent water contained higher concentration of NO2–N
1.0 mg/l) than the standard value (Fig. 4).

NO2–N accumulation was observed only if denitrification
as not completed at the upper layer of the sand filter and
ecreased with the depth. In the top layer (0–10 cm) NO3–N
apidly decreased while NO2–N concentration increased as a
esult of a reduction of NO3–N to NO2–N. The highest NO2–N
emoval occurred over the sand thickness between a 10 and
0 cm sand depth. The intermediate product of denitrification
O2–N in the effluent water at the 60 cm filter depth did not

xceed a maximum limit value of 0.03 mg NO2–N/l at the filtra-
ion rate of 0.03 m/h. The effluent NO2–N concentrations were
.1, 1.5, 1.1, and 0.4 mg/l and lower than the detection limit at the

0, 15, 20, 40, and 60 cm filter depths, respectively, at 0.015 m/h
ltration rate. Increasing filtration rate from 0.015 to 0.06 m/h

ncreased NO2–N effluent concentration to 1.0 mg/l, which is
igher than the limit value, at 80 cm filter depth.

out the sand filter at various loading rate.
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Fig. 5. Effluent COD concentrations throughout the sand filter at various loading rate.
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Fig. 6. Nitrogen loading

COD concentration of the filtrate was high at the top layer and
ecreased gradually with the sand filter depth (Fig. 5). The efflu-
nt COD concentrations were about 44, 26, 15, 8, and 4 mg/l,
nd lower than the detection limit at 10, 15, 20, 40, 60, and
0 cm filter depths at 0.015 m/h filtration rate. The C-source
as entirely consumed in the sand filter when filtration rate was

ow, but higher than 6 mg/l COD remained in the effluent when

he filtration rate higher than 0.04 m/h.

Alkalinity is produced during the conversion of NO3–N to
itrogen gas resulting in an increase in effluent pH. Throughout
he experimental study, because of the denitrification process,

t
fi
m

Fig. 7. Nitrogen conversion to vol
ts on NO3–N removal.

he final pH at the effluent was slightly higher than initial pH
nd in the range of 7.6–8.5.

As it can be seen in Fig. 6, the slow sand filter showed
ood NO3–N removal performances with daily removal
eing between 8.1 and 29.2 g NO3–N/m3 at filtration rates
etween 0.015 and 0.06 m/h (nitrogen loadings were 8.1 and
2.5 g/m2 day), respectively.
When the flow rate through the filter could not be main-
ained, VS were measured by scrapping the upper layer of the
lter. Fig. 7 shows the variation of total nitrogen conversion to
icroorganisms and VS amount at the top layer of the sand filter.

atile solids in the sand filter.
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itrogen consumption at the top of the sand filter was calculated
sing following equation:

nitrogen consumption (mg)

= water volume (l) × total nitrogen[(NO3–N + NO2–N

= NOx–N)](influent − effluent) (mg/l)

Using acetic acid as a C-source, the chemical equilibrium
quation including cell synthesis has been suggested by Mateju
t al. [24] as

0.819CH3COOH + NO3 → 0.068C5H7NO2 + HCO3

+ 0.301CO2 + 0.902H2O + 0.466N2 (1)

Based on Eq. (1), the reduction of 1 g NO3–N theoretically
roduces 0.55 g new cells.

The results of the sand filter experiment demonstrated
hat the average nitrogen conversion to VS was about
.48 mg VS/mg NO3–N. The relation was apparent that con-
umed NO3–N (mg) correlated well with conversion of nitrogen
o microorganisms.

The nitrogen balance throughout the sand filter, considering
nlet and outlet differences of NO3–N and NO2–N versus total
aily removed nitrogen showed high correlation R2 > 0.87 at
arious depths of sampling ports.

. Conclusions

Based on experimental results of this study, it can be con-
luded that slow sand filtration can be used effectively for
O3–N removal in drinking water. Most of the NO3–N was

emoved in the top layer of the sand filter. In this investigation,
O3–N concentrations were reduced from an initial concentra-

ion of 22.6 mg/l to lower than drinking water limit value at all
ltration rates. No significant NO2–N accumulation occurred in

he denitrified water at the filtration rates, except for the highest
alue. Increasing the filtration rates from 0.015 to 0.06 m/h had
o adverse effect on the filter effluent. However, 1.0 mg NO2–N/l
emained in the effluent water at the highest filtration rate. The
low sand filter was unable to provide NO3–N removal rate of
ore than 27.1 g N/m2 day
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