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Method for removing nitrogen from an aqueous solution

The present invention relates to a method for removing nitrogen from
an aqueous solution, such as waste water and drinking water, by
simultaneous microbial nitrification and denitrification comprising
treating the aqueous solution in one or more fixed bed reactors
containing a porous carrier material having nitrifying and
denitrifying microorganisms fixed thereto.

Nitrification is usually effected by aerobic autotrophs in a
two-step reaction. Firstly, ammonium is converted to nitrite by e.qg.
Nitrosomonas, and then nitrite is converted to nitrate by e.qg.
Nitrobacter. The overall reaction may be represented as follows:

NH3 + CO2 + O2 + bacteria =+ NO3 + new bacteria

Denitrication is effected by facultative heterotrophs under anoxic
condition and using organic carbon as electron donor. As a result of
the denitrification, nitrate ions are reduced to free nitrogen,
which is Tliberated in gaseous form. The denitrification may be
represented as follows:

NO3 + organic matter + bacteria - N2 (gas) + new bacteria

As will appear from the above, nitrification and denitrification
take place under different physical conditions. However, when a
porous carrier material is used, nitrification and denitrification,
i.e. the conversion of ammonium to gaseous nitrogen, can be carried
out simultaneously in one reactor. Thus, by using a porous carrier
material, it 1is possible to establish anoxic conditions in the
interior of the pores and aerobic conditions at the surface of the
carrier material.

DE patent publication No. 38 10 564 Al discloses a carrier material
for fixing microorganisms, particularly nitrifying and denitrifying
microorganisms, said carrier material being made up by a mixture of
pumice and clay having a pore size of from 0.05 to 0.5 mm.

DE patent publication No. 36 39 153 Al discloses a carrier material
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for use in different types of bioreactors, which carrier material
consists of porous, inorganic beads of sinter.

The prior art carrier material may be used for removing nitrogen
from waste water.

DK patent application No. 160/90 discloses a method of nitrification
and removal of nitrogen using nitrifying bacteria, which method
comprises immobilizing the bacteria on a porous carrier material,
such as activated carbon, zeolite, ceramics and ion exchangers.

JP patent application no. 85/58228 discloses pellets of calcium
alginate gel containing clinoptilolite and immobilized nitrate-
forming bacteria and nitrifying bacteria. The pellets may be used in
connection with lake water purification.

In the process of simultaneous nitrification and denitrification,
the overall nitrogen removal is usually Timited by the nitrification
reaction, which is believed to be due to the fact that the specific
reaction rate of the nitrification reaction is much lower than that
of the denitrification reaction.

Furthermore, the growth rate of nitrifying bacteria is lower than
that of denitrifying bacteria, and accordingly in a heterogenous
culture containing both nitrifying and denitrifying bacteria, there
is a risk that the denitrifying bacteria will propagate at the
expense of the nitrifying bacteria, thus resulting in a reduction of

the total amount of nitrifying bacteria and hence the total nitri-
fication rate.

The object of the present invention is to provide a more efficient

and a more reliable method for removing nitrogen from an aqueous
solution.

The method of the invention is characterized in that an ammonium
selective ion exchanger is used as carrier material.

The invention is based on the discovery that by using an ammonium
selective ion exchanger as carrier material an extremely high
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nitrogen removal rate can be achieved.

It is believed that the high removal rate achieved by the method of
the invention is the result of an increased transport of ammonium
across the biofilm as explained in the following.

The nitrifying and denitrifying bacteria are contained in a biofilm
covering the carrier material, the nitrifying bacteria being posi-
tioned in the outer layer of said biofilm and the denitrifying
bacteria being positioned in the inner layer thereof.

The transport of ammonium across the biofilm is dependent on the
magnitude of the ammonium concentration gradient across the biofilm.

When an ammonium selective ion exchanger is used as carrier materi-
al, part of the ammonium molecules crossing the biofilm will be
absorbed onto the ion exchanger, and part of the absorbed ammonium
molecules will continuously be desorbed from the ion exchanger and
taken up by the nitrifying bacteria.

The ammonium molecules absorbed on the ion exchanger, which
molecules are being replaced continuously by new ammonium molecules,
do not have any influence on the concentration gradient across the
biofilm, i.e. the transport driving force, the result being an
increased overall ammonium transport across the biofiim.

A further advantage of the method of the invention is that when the
method is being used for removing nitrogen from aqueous solutions
containing both ammonium and nitrate, which is the case with many
types of waste water, the above discussed increased ammonium trans-
port across the biofilm will result in an increased transport of
nitrate as well, the oppositely charged ionic molecules acting as
counter ions during the transport.

The ammonium selective ion exchanger used in the method of the
invention is preferably macroporous. By using a macroporous carrier
a high nitrogen removal per unit of reactor volume and per unit of
time can be achieved. This is i.a. due to the fact 1) that a macro-
porous carrier material provide a large surface area for the fixing
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of microorganisms and thus a high concentration of microorganisms,
and 2) that the nitrification and denitrification take place within
micrometers from each other, thus reducing the time of transport of
the nitrate between the site of nitrification and the site of
denitrification to a minimum.

Examples of suitable ammonium selective ion exchanger are
clinoptilolite, phillipsite, mordenite and irionite.

Preferably, activated clinoptilolite is used as carrier material.
Clinoptilolite is activated by replacing the potassium ions of the
natural clinoptilolite with sodium ions, the latter having a high
potential for being exchanged for ammonium ions.

A preferred embodiment of the method of the invention is
characterized in that the ammonium selective ion exchanger is
inoculated with nitrifying microorganisms, which are allowed to

propagate before the supply of the aqueous solution to the reactor
is initiated.

The ion exchanger is inoculated with nitrifying microorganisms 1in
order to ensure a high starting concentration of said microorganisms

and hence a high concentration of the microorganisms during the
subsequent purification process.

When the ammonium selective ion exchanger is inoculated with
nitrifying microorganisms, the propagation of the inoculum of
nitrifying microorganisms is preferably carried out in a buffer
solution, e.g. a phosphate buffer solution, in order to prevent a
lowering of the pH-value of the solution surrounding the microorga-

nisms, such a Towering having an adverse effect on the growth of the
microorganisms.

In another preferred embodiment of the invention, the ratio of
carbon to nitrogen in the agueous solution supplied to the fixed bed
reactor is controlled in order to control the relative growth of
nitrifying and denitrifying microorganisms so as to secure that a

high concentration of nitrifying microorganisms is maintained at all
times.
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The ratio of carbon to nitrogen (C:N) in the aqueous solution
supplied to the fixed bed reactor is preferably from about 1.0 to
about 6.0, more preferably from about 3.0 to about 5.0.

A further preferred embodiment of the invention is characterized in
that subsequent to the propagation of the inoculum of nitrifying
microorganisms, the ion exchanger is inoculated with denitrifying
microorganisms, e.g. in the form of activated sludge containing
denitrifying microorganisms, which are allowed to propagate before
the supply of the aqueous solution is initiated.

Sti11 another embodiment of the method of the invention, whereby
carbonaceous matter is removed from the aqueous solution, is
characterized in that prior to the treatment in the fixed bed
reactor using an ammonium selective ion exchanger as carrier
material, the aqueous solution is treated in a separate fixed bed
reactor containing a carrier material having microorganisms capable
of decomposing carbonaceous matter fixed thereto.

When carbonaceous matter is to be removed from the aqueous solution,
a bark ion exchanger is preferably used as carrier material in the
separate fixed bed reactor. Such a bark ion exchanger is particu-
larly suitable for holding bacteria capable of decomposing car-
bonaceous matter and hence for obtaining removal of carbonaceous

matter.

When carbonaceous matter is to be removed from the aqueous solution,
the method of the invention is preferably carried out so that the
carrier material in the separate fixed bed reactor is inoculated
with microorganisms capable of decomposing carbonaceous matter, e.g.
in the form of activated sludge containing said microorganisms,
which microorganisms are allowed to propagate before the supply of
the agqueous solution is initiated.

Preferably, the fixed bed reactor used in the method of the inven-
tion is an upflow column.

Alternatively, the fixed bed reactor used in the method of the
invention may be a reactor having a progressively diminishing
cross-sectional area in the flow direction of the aqueous solution.
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In a reactor of this type, the fiow rate of the aqueous solution
will increase through the column, and hence the hydraulic retention
time will decrease through the reactor.

Such a reactor can e.g. have the form of a box-shaped tank divided
into two compartments by an inclined wall so as to form two com-
partments having different volumes, the larger compartment having a
larger bottom area than the smaller compartment and the two com-
partments having top areas of substantially equal sizes.

The above described reactor operates as follows:

The aqueous solution is supplied to the bottom of the larger com-
partment under pressure and pumped up through said compartment to
the top thereof, from where it is carried to the top of the adjacent
smaller compartment and allowed to pass down through the smaller
compartment, from the bottom of which the purified aqueous solution
is collected.

In a traditional upflow column, the flow rate of aqueous solution is
constant through the column, and thus the amount of nitrogen sup-
plied to a given point in the column per unit of time, which amount
in the following will be referred to as the nitrogen loading, will
decrease rapidly through the column as more and more nitrogen is
being removed from the aqueous solution supplied to the bottom of
the column. Thus, in a traditional upflow column, the nitrogen
removal rate, i.e. the nitrogen removal per unit of reactor volume
and per unit of time, will decrease up through the column.

By using a reactor having a progressively diminishing cross-sec-
tional area, the decrease of the nitrogen loading in the flow
direction of the aqueous solution can be reduced and thus, the
efficiency of the reactor can be improved.

The ammonium ion selectivity of a ion exchanger may be determined
using the following test:

A suitable amount of ion exchanger is contacted with an excess
amount of an aqueous solution containing ammonium ions in a
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concentration of 0.1 M and sodium ions in a concentration of 0.1 M.
The mixture of ion exchanger and solution is stirred, e.g. by
shaking.

Then, the solution is separated from the ion exchanger, and the
amount of ammonium ions and sodium ions, which have been absorbed to
the ion exchanger are determined, e.g. by determining the amount of
ammonium ions and sodium ion removed from the separated solution.

In connection with the present invention, "ammonium ion selectivity
relative to sodium ions" is defined as the ratio of the amount of
ammonium ions absorbed to the ion exchanger to the amount of sodium
ions absorbed to the ion exchanger (NH4+/Na+) when applying the
above described test.

In connection with the present invention, the term "ammonium select-
ive ion exchanger" is to be understood as meaning any ion exchanger
having an ammonium ion selectivity relative to sodium ions of above
1.0, preferably above 1.5, more preferably above 2.0, still more
preferably above 2,5 and most preferably above 5.0.

In the following, the present invention will be described in further
detail with reference to the example below.

Example

An aqueous solution containing from 30 to 1000 mg nitrogen per litre
in the form of ammonium and from 0.1 to 0.70 mg nitrogen per litre
in the form of nitrate was purified using the method of the inven-

tion.

The nitrogeneous aqueous solution was prepared to simulate different
types of waste water. The ammonium of the aqueous solution was added
in the form of ammonium chloride. The organic carbon source required
in the denitrification was added in the form of stoichiometric

amounts of ethanol.

Activated clinoptilolite having a grain size of from 2.0 to 4.0 mm
and montmorillonite (40% ammonium selective relative to activated
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clinoptilolite) were used as carrier materials, and for comparison
purposes also Leca® (0% ammonium selective) was used.

The carrier material was packed in a tubular container of plexiglass
and having an inner diameter of 200 mm and a height of 1.10 m. The
fixed bed reactor had a bed volume of about 28 litres and a void
volume of about 8 litres. The reactor was aerated in upflow direc-
tion so as to obtain a concentration of dissolved oxygen of between
2 and 3 mg/1 (aerobic conditions).

The temperature of the reactor was 20°C at all times, and the

pH-value of the reactor was maintained at a level of from 7.7 to
7.8.

The inoculation of the reactor with nitrifying bacteria was carried
out as follows. The nitrifying bacteria was propagated in a concen-
trated nutrient solution (TGY-medium) to obtain a cell concentration
of about 109 cells per litre. The propagated cells were then added
to a solution containing 30 mg nitrogen in the form of ammonium per
litre and 230 mg ethanol per Titre.

The resulting solution was then supplied to the fixed bed reactor,
which contained a phosphate buffer solution having a pH-value of
6.8. The bacteria was then allowed to propagate for a period of 2 to
3 days, during which the mixture of the supplied solution and the
buffer solution was circulated and during which ammonium was
continuously being added to the reactor to maintain a suitable
concentration of ammonium at all times.

Subsequent to the propagation of nitrifying bacteria, the reactor
was inoculated with sludge containing denitrifying bacteria, which
was then allowed to propagate before the supply of the nitrogeneous
aqueous solution to be purified was initiated.

In Tables 1, 2 and 3 the results obtained are listed for activated
clinoptilolite, montmorillonite and Leca®, respectively.

Fig. 1 shows the results Tisted in Tables 1, 2 and 3 (curve A, B and
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C, respectively) in an (X = Nitrogen loading; Y = Nitrogen removal
rate)-diagram.

Fig. 2 shows the nitrogen removal rate at a nitrogen loading of
3.960 kg N/m3 . day (Y) plotted against the degree of ammonium
selectively of the carrier material (X).

As will appear from Tables 1, 2 and 3 and from Fig. 1, the perform-
ance of the two methods using ammonium selective ion exchangers as
carrier material are highly superior to the method using a carrier

material having no ammonium selectivity.

Furthermore, it will appear that the method using activated clinop-
tilolite is highly superior to the method using montmorillonite.

In the method using activated clinoptilolite, the efficiency obtain-
ed, i.e. the ratio of nitrogen removed to nitrogen supplied, is very
high even at very high nitrogen loadings. As will appear from Fig.
1, the efficiency do not show any sign of decrease within the
nitrogen loading interval tested, i.e. up to 14,118 kg nitrogen per
m3 reactor volume per day.
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As will appear from Fig. 2, the nitrogen removal rate obtained
appear to be linearly dependent on the degree of ammonium selec-
tively of the carrier material.
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Claims

1. A method of removing nitrogen from an aqueous solution by
simultaneous microbial nitrification and denitrification comprising
treating the aqueous solution in one or more fixed bed reactors
containing a porous carrier material having nitrifying and
denitrifying microorganisms fixed thereto, characterized
in using an ammonium selective ion exchanger as carrier material.

2. A method according to claiml, characterized in
using a ion exchanger having an ammonium ion selectivity relative to
sodium ions of above 1.0, preferably above 1,5, as carrier material.

3. A method according to claim 1l or 2, characterized
in using a macroporous ammonium selective ion exchanger.

4. A method according to any of the preceding claims, char -
acterized in using clinoptilolite, phillipsite, mordenite
or irionite as carrier material.

5. A methed according to claim 4, characterized in
using activated clinoptilolite as carrier material.

6. A method according to any of the preceding claims , char -
acterized in that the ammonium selective ion exchanger is
inoculated with nitrifying microorganisms, which are allowed to

propagate before the supply of the aqueous solution to the reactor
is initiated.

7. A method according to claim 6, characterized in
that the propagation of the inoculum of nitrifying microorganisms is
carried out in a buffer solution.

8. A method according to any of the preceding claims, c har -
acterized in that the ratio of carbon to nitrogen in the
aqueous solution supplied to the fixed bed reactor is controlled.

9. A method according to claim 8, characterized in
that the ratio of carbon to nitrogen is from about 1.0 to about 6.0.
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10. A method according to claim 8, characterized in
that the ratio of carbon to nitrogen is from about 3.0 to about 5.0.

11. A method according to any of the preceding claims, char -
acterized in that subsequent to the propagation of the
inoculum of nitrifying microorganisms, the ion exchanger is inocu-
lated with denitrifying microganisms, which are allowed to propagate
before the supply of the aqueous solution is initiated.

12. A method according to any of the preceding claims, whereby
carbonaceous matter is removed from the aqueous solution, c har -
acterized in that prior to the treatment in the fixed bed
reactor using an ammonium selective ion exchanger as carrier
material, the aqueous solution is treated in a separate fixed bed
reactor containing a carrier material having microorganisms capable
of decomposing carbonaceous matter fixed thereto.

13. A method according to claim 12, characterized in
using a bark ion exchanger as carrier material in the separate fixed
bed reactor.

14. A method according to claim 12 or 13, characterized
in that the carrier material in the separate fixed bed reactor is
inoculated with microorganisms capable of decomposing carbonaceous
matter, which microorganisms are allowed to propagate before the

supply of the aqueous solution is initiated.

15. A method according to any of the preceding claims, char -
acterized in using an upflow column as the fixed bed
reactor.

16. A method according to any of the preceding claims, char -
acterized in using a fixed bed reactor having a progres-
sively diminishing cross-sectional area in the flow direction of the
aqueous solution.

17. A method according to claim 16, characterized in
using a fixed bed reactor having the form of a box-shaped tank
divided into two compartments by an inclined wall.
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