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Abstract: Nitrate is the most common form of nitrogen in water. The presence of nitrates in drinking
water can harm human health, this is why the maximum concentration of nitrates in potable water is
imposed by law. The main treatment technologies used for treating this kind of water are reverse
osmosis, ion exchangers, electrodialysis and biological denitrification. The goal of this paper is to
determine the efficiency of biofilters in reducing the ammonium concentrations in water, depending
on the carrier/filtration media used in the biofilters, the C:N:P ratio used and contact time between
water and the attached biomass. The paper is based on the result obtained during experimental tests
in which the concentration of nitrates in the raw water was 150 mg/I.
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1. Introduction

The nitrate ion is a chemical compound made up of a nitrogen atom bound to three oxygen atoms
and which is designated by the symbol "NOz™. This is the most common form of nitrogen in water
and also, the main source of nitrogen for plants, being at the same time a nutrient without which
they cannot grow.

The main cause of nitrogen pollution is considered to be intensive agriculture. Other causes as well
as discharges of insufficiently treated or untreated wastewater and a lack of a centralized system
for collecting and treating domestic wastewater in localities where there are centralized drinking
water distribution systems.

The concentration of nitrates in surface waters has increased in recent decades, in some areas,
doubling in the last 20 years. In the United Kingdom, there is an increase in the concentration of
nitrates of about 0.7 mg / | for some rivers [1]

In the case of groundwater, the natural concentration of nitrates is a few milligrams per liter, but
this is strongly influenced by the type of soil and the geological situation. As a result of agricultural
activities, the concentration of nitrates in groundwater can increase dramatically, reaching values
of hundreds of milligrams per liter. In groundwater in agricultural areas in India, concentrations
of 1500 mg / | of nitrate have been recorded [2].

An increase in nitrate concentrations is observed worldwide for groundwater.

In 1970, the World Health Organization imposed a maximum allowable concentration of 100 mg/I,
the recommended concentration of nitrates being below 50 mg/l. The guideline level according to
the World Health Organization for Nitrates has remained the same today - 50 mg/I [3] [4] [5].

The maximum concentration of nitrates in drinking water required by Directive 2184/2020 / EU
is 50 mg/l.

In Romania, the maximum permissible limit for nitrates in drinking water, according to law
458/2002, is 50 mg/l [5]
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According to the EPA in the United States, the maximum allowable limit for nitrates in drinking
water is 10 mg N/I [6]

The lethal dose of nitrates for humans varies between 67 and 833 mg/kg body weight and 33 to
250 mg/kg body weight for nitrites [1].

The presence of nitrates in drinking water can have negative effects on human health. Nitrates can
turn into nitrites, affecting children under three months old and inducing methemoglobinemia.
Nitrates can also form compounds such as nitrosamines and nitrosamides, compounds with
carcinogenic potential [1].

The lethal dose of nitrates for humans ranges from 67 to 833 mg/kg and 33 to 250 mg/kg for nitrites [1].

Most of the time, the use of an alternative source of water is not possible, imposing treatment of
water before distribution. Over time, several methods have been developed to reduce the
concentration of nitrates in water intended for human consumption:

- Biological processes;

- Reverse osmosis;
Electrodialysis;
lon exchangers.

2. Biological processes

The use of biological processes has been introduced relatively recently in water treatment for water
with high nitrates concentrations.

Biological denitrification is the biological process of reducing nitrates to gaseous nitrogen with
the help of denitrifying bacteria. The process of biological denitrification has the great advantage
that as a result, nitrate is transformed into gaseous nitrogen, which has no harmful effects on the
environment or human health [6] [7].

This process is performed in several stages, the nitrate being successively reduced to nitrogen
compounds according to the following relation.

NO3s—NO2 —-NO—-N20—N2 [3] 1)
In most cases, the process of converting nitrate to nitrogen gas is considered a two-step process,
namely, the conversion of nitrate to nitrite (NO3” — NO2’) and the transformation of nitrite into
nitrogen gas (NO2” — NO — N20 — Nby).

Each step of the denitrification process can be written, representing the equivalent electrons
transferred from the organic substrate (e°).

2" +NOsz +2H " — NO;z + H:0 )

e +NO2 +2H" — NO + H,0 (3)

2¢” + 2NO + 2H* — N0 + H,0 (4)

2e” +N20+2H* —»No+H,0 (%)
Combining the above equations, we obtain:

10e” + 2NO3 +12H" — N2+ 6H20 (6)
Or the equivalent

0.2NO3™ +1.2H" + e —0.INz + 0.6H.0 (7)
Similarly, the oxygen reduction equation is:

0.250,+H*+e” —0.5H.0 (8)

It follows that 0.25 moles of oxygen are the equivalent of 0.2 moles of nitrate in the case of the
transfer of an electron in the oxidation reaction [8].
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Because the oxygen needed in bacterial respiration is supplied by nitrate, the denitrification
process is designed to occur in the absence of oxygen (anoxic conditions).

The denitrification process is influenced by certain inhibitory factors such as temperature,
dissolved oxygen concentration, pH and alkalinity, inhibitors and the ratio between electron donor
and nitrogen [7].

Advantages of biological denitrification

The main advantages of using biological processes are:
— Low costs, compared to other technologies used (reverse osmosis, ion exchangers, etc.);
— Good efficiency, regardless of the amount of nitrates from the raw water;
— The process does not need chemical substances addition.

Disadvantages of biological denitrification

The main disadvantages of the biological denitrification technique are:

— The amount of time required for the startup of the biological process is larger than all the
other available technologies;

— Additional processes are needed to eliminate substances resulting from microbial activity;
— Foraproper operation, careful maintenance and monitoring of biomass and its composition
are required.
2.1. External carbon source
Based on utilized food and energy sources, bacteria are classified into two main categories, named
,heterotrophic” and ,,autotrophic”.

Heterotrophic denitrifying bacteria require a source of organic carbon for respiration. If sufficient
amounts of organic carbon are not dissolved in water, added substances such as methanol, ethanol,
etc. may be used [7].

Autotrophic denitrifying bacteria are bacteria that do not require carbon sources for respiration and
therefore produce denitrification by themselves. They use hydrogen or reduced sulfur species as a
substrate and carbon dioxide or bicarbonate is used as the carbon source [1].

The rate of denitrification and multiplication of bacteria is influenced by the amount and type of
carbon source.

The main external sources of carbon used are acetic acid, methanol, ethanol and glucose.

It has been observed that the most effective substrate is acetic acid, followed by ethanol and
methanol [8].

Methanol carries the risk of the potential toxicity of residual methanol in treated water [11]. 4-15
ml of methanol can cause blindness, and a dose of more than 300 mg/kg body weight can be fatal
[9]. To eliminate the problems caused by the toxicity of methanol as a carbon source in nitrogen
removal, ethanol is used as a safe alternative carbon source. No limit has been set for ethanol in
drinking water [10].

The stoichiometric reactions for the use of methanol, ethanol, glucose and acetate are as follows

Methanol [11]
5CH30H+6NO3” —3N2 +5CO2+H,0+60H 9)

Ethanol [8]
5CH3CH20H +12NO3~ —6N2 +10CO2 + 9H20 +120H (10)
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Glucose [8]

5CeH1206+ 24NO3~ — 12N> + 30CO2 +18H20 + 240H (11)
Acetic acid [11]

5CH3COOH + 8NO3™ —4N2 +10CO2 + 6H20 + 80H"~ (12)
2.1 The biofilm

All microorganisms can form biofilms. It can develop in days or months, depending on the intake
of organic substances. The biofilm uses a solid medium as a support layer, forming EPS-
Extracellular Polymeric Substances [3] [12].

The most important processes that occur in the activity of a biofilm are the fixation of
microorganisms, the development of biomass and the detachment of the biofilm from the support.

Biomass fixation defines the adhesion of microorganisms to the support state.

The development of biomass requires the contribution of organic components and substrate for
feeding microorganisms.

The main factors that influence the use of the substrate in a biofilm are:
— Transport of the substrate mass to the biofilm;
— Substrate diffusion in biofilm;
— Biofilm Kinetics.

The relationships that govern the phenomena that take place in biofilm during the development
stage are presented below [3].

The transport of the mass of the substrate to the biofilm is given by Fick's first law [3].

J

__ AD(S-Ss)
iy

(13)
Where:

J - substrate flow to biofilm [mg/m?/s];

A - surface area of the support medium [m?];

D - molecular diffusion coefficient of the substrate in the whole mass of the liquid [m2/s];

S - concentration of substrate in the mass of solution [mg/1];

Ss - substrate concentration on the outside of the biological film [mg/I];

L4 - the thickness of the diffusion layer [m].

The transport of the substance into the biofilm by molecular diffusion is given by Fick's second
relation [3].

(14)

rq - the degree of substrate accumulation due to diffusion [mg/m?/s];
Dr - molecular diffusion coefficient from biofilm [m?/s];
Sb - biofilm substrate concentration [mg/I];
Z - distance to the surface of the biofilm [m].
The substrate usage relationship is given by Monod's relation [3].
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Where:

ru - the degree of use of biofilm substrate [mg/m?/s];

k - maximum specific degree of substrate use [mg substrate/mg biomass/s];

Xs- biomass density of biological film [mg/l];

Ks - Monod coefficient [mg/l];

The rate of development of biomass in conditions of instability can be calculated using the
following relation [3].

_ YEXfSp

Ks+Sp

Where:
ry - the rate of biomass development in the biofilm [mg/s];
Y -vyield [mg/ mg];
k - maximum specific degree of substrate use [mg substrate/mg biomass/s];
Xt - biomass density of biological film [mg/I];
A¢ - The surface area of the biofilm [m?];
L+ biological film thickness [m];
Sb - biofilm substrate concentration [mg/I];
Ks- Monod coefficient [mg/l];

Detachment of biomass from the substrate is one of the most important mechanisms that
influence the efficiency of the biological process. The most common mechanisms that lead to
biomass detachment are erosion, exfoliation and abrasion.

3. Material and methods
3.1 Scope of the experimental tests

Experimental research was performed on a pilot biological denitrification installation. The main
objectives of the experimental study were:

— Testing the efficiency of biological denitrification for three types of filter media used:
activated carbon granules, ceramic granules and sand;

— Estimation of the active height of the filter layer in the biofilter;

— Studying the behavior of biomass at a low amount of carbon in raw water and low
retention time;

— Estimation of a nitrogen reduction capacity for developed biomass.
3.2 Experimental installation

The experimental tests were performed on an experimental stand that is part of the Technical
University of Civil Engineering of Bucharest laboratories.

The experimental stand is represented by a pilot installation, consisting of 3 biofilters with fixed
bed and descending flow. The height of the filtration bed is 1 m for all biofilters.
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The diagram of the pilot plant is shown in the following figure.
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Fig. 1 — The pilot installation.

3.3 Experimental protocol

The experimental tests lasted for three weeks, one week for every cycle. The samples were taken
during the weekend.

For every cycle, the following steps were followed:

After completion of biomass development/finishing of an experimental cycle, a solution
with a concentration approximately equal to 150 mg/ was used as raw water. The plant
operated by recirculating the biofilter effluent for three days.

After 3 days, the water in the plant was replaced with a new solution with the same
concentration of nitrates and the plant continued to operate using effluent recirculation.

The day before the experimental determinations, the water in the installation was replaced
again and the installation operated without recirculating the flow until the next day.

On the day of the test, the raw water was replaced again and the experimental
determinations began, taking water samples from both the effluent of each biofilter and
their filter layers.

At the end of the experimental cycle, the water in the installation was replaced with a
solution that had the characteristics used in the next experimental cycle.

The steps were repeated for each experimental cycle.

3.4 Raw water

The parameters considered for each experimental cycle are presented in the following table.

Synthetic raw water parameters [13]

Experimental test Nitrates (mg/1) C:N:P ratio Flow rate
(m/h)
First cycle 150 13:01 2.54
Second cycle 150 1.3:1 2.54
Third cycle 150 13:01 5.08
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The following table shows the quantities of substances needed for raw water preparation. Sodium
sulfite is used to keep the dissolved oxygen concentration in water below 0.2 mg /1. The stoichiometric
ratio is 10 mg sulfite for 1 mg of oxygen, a value taken from the literature [14] [15] [16].

Chemical substances used for raw water preparation [13]

Experimental Water Nitrates C:N:P KNO3 Phosphoric Alcohol Sodium
test volume (1) (mg/l) ratio (9) acid (ml) 96% (ml) | sulfide ()
First cycle 1000 150 01:00.2 245 14 282.5 280
Second cycle 1000 150 1.3:1:0.2 245 14 28 300
Third cycle 1000 150 01:00.2 245 14 282.5 300

4. Results and Discussions
4.1 Biofilters efficiency

The following table shows the results obtained in the experimental test for biological
denitrification.

Biological denitrification — results obtained [13]

Nitrates (mg/l) Efficiency
Filtrate %
Experimental Raw (%)
cycle i i i i
Y! water Active carbon Ceramic Sand Active carbon Ceramic Sand
granules granules granules granules
1 150 2.13 1.07 7.83 98.58% 99.29% 94.78%
150 0.24 54.1 77.1 99.84% 63.93% 48.60%
3 150 ubDL* 0.387 ubL* 99.99% 99.74% 99.99%
Minimum efficiency (%) 98.58% 63.93% 48.60%
Medium efficiency (%) 99.47% 87.65% 81.12%
Maximum efficiency (%) 99.99% 99.74% 99.99%

UDL™* - Under detection limit

For all the concentrations of nitrates in the raw water, under a C:N:P ratio of 13:1:0.2, the biofilters
reduced the nitrate concentration in the water to values below the 50 mg/I limit for all analyzed
samples.

In the case of reducing the carbon dose from the external source by 90%, the concentration of
nitrates was below the limits imposed by law only for the water treated in the activated carbon
biofilter, which has a very high reduction efficiency of 99.84%. Resulting that the biomass attached
to the activated carbon filter being less sensitive than the biomass from the other two filter media
analyzed, which have shown a higher sensitivity of the biomass attached to reducing the amount
of nutrients.

In the case of halving the retention time in the filter layer, all biofilters reduced the concentration
of nitrates in water to a value below the imposed limit (50 mg/l), thus demonstrating the ability of
biofilters to reduce the amount of nitrates even at high speeds. filtering. By doubling the filtration
rate, a flow rate treated by each filter of 40 I/h was obtained, an amount of nitrates in the raw water
of 6.0 g NOzs/h in each biofilter. The concentration of nitrates in the filtered water is close to 0
mg/l, the retention time in the filter layers is 11.8 minutes, resulting in a reduction rate of nitrates
of about 150 mg/I/h.

The following graph shows the nitrate concentration reduction efficiency of each biofilter at the
end of each experimental cycle. The C:N:P ratio used in the experimental cycle is shown for each
filtration cycle.
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Fig. 2 — Denitrification efficiency [13].
4.2 Reduction of nitrates inside the filter

It is observed that the reduction of the largest amount of nitrates from the raw water occurs in the
first third of all biofilters. The values of the nitrate concentration determined for the filtered water
taken from the first 30 cm of each filter layer as well as the reduction efficiency for each filter
layer are presented in the following table.

Reduction efficiency — first third [13]

Raw Active carbon granules Ceramic granules filter Sand filter
Cycle Water - filter - - - - -
Nitrates Nitrates Efficiency Nitrates Efficiency Nitrates Efficiency
(mg/1) (mg/1) (%) (mg/1) (%) (mg/1) (%)
First cycle 150 14.6 90.27% 10.4 93.07% 13.1 91.27%
Second cycle 150 41.3 72.47% 88 41.33% 80.8 46.13%
Third cycle 150 0.325 99.78% 1.12 99.25% 1.18 99.21%

The following graph shows the nitrate concentration reduction efficiency in the first third of each
biofilter at the end of each experimental cycle. The C:N:P ratio used in the experimental cycle is
shown for each filtration cycle.
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Fig. 3 — Denitrification efficiency — first third [13].

The following figures show the distribution of nitrate concentration in the filter layers of the
biofilters for water taken at the end of every filtration cycle. To create the distribution graphs of
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the reduction of the concentration of nitrates inside each filter layer, the values determined for the
water samples taken from each filter layer, from different heights, were considered.
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Fig. 4 —Distribution of nitrates inside the biofilters — cycle 1 [13]
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The highest amount of nitrates was reduced in the first part of each filter, in the first 30 cm of the
filter, the influential amount of nitrate was reduced by 90%. It turns out that in biological filtration,
the active height of the filter is about 30% of the total height of the filter.

5. Conclusions

According to the results obtained from the experimental tests, the following can be stated:

— The biological denitrification process worked during the experimental tests, a reduction of
nitrates from the raw water was obtained;

— The results show that the biofilter of carbon active granule filtration bed gives the best result,
being the only one who could reduce the nitrates value from the raw water under the imposed
concentration (50 mg/l);

— Retention time, one of the most important factors in bioreactors design was very short, 23.6
minutes, but the biofilters reduced the quantity of nitrates from the raw water under 50 mg/I
even in case of doubling the filtering speed and thus reducing the retention time by half to 11.8
minutes;

— The maximum quantity of nitrates from raw water was reduced in the first third of every
biofilter, resulting that the active height of the biofilters was three times smaller than the filter
height;

— From the technologies available for reducing the amount of nitrates in water, biological
denitrification is an efficient solution that can treat waters with large amounts of nitrates, can
take large variations of loading and can prove to be a cheaper and easier to implement solution
than commonly used solutions such as ion exchange technologies and reverse osmosis.
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