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Abstract

In this paper, the kinetic constants V, . and K-qp occurring in the Monod equation, which describe the denitrification process
in the moving bed, are determined. For this purpose, a laboratory moving bed biofilm reactor (MBBR) was used. The filling
of the reactor consisted of EvU Perl carriers. The experiment was carried out with an excess of nitrate, and denitrification
rate was dependent on the concentration of external organic carbon, which constituted the Brennta Plus preparation. Deter-
mination of constants was made by Hofstee—Eadie method, whereby there was obtained: V,, =0.78 g NO; —N/g D.M./
day and Kqop=16.97 g O,/m>. The new Monod equation was verified using MBBR constructed on an industrial scale in
wastewater treatment plant in Gronowo Gérne (Poland). After joining the MBBR to the technological system and after a

period of biomass adaptation, total nitrogen removal efficiency increased from 53.5 to 86.0%. The results of the research

have been discussed with several similar researches.

Keywords MBBR - Moving bed biofilm reactor - Denitrification - Nitrogen removal - Wastewater treatment - Monod

equation - Kinetics of denitrification

Introduction

In Poland, in small biological treatment plants designed
for less than 2000 people (using usually activated sludge
or biofilters) the removal of ammonia nitrogen, due to its
toxic effect, was the one of the most important issues so far.
The matter of removing oxygen forms of nitrogen—nitrite
and nitrate (denitrification process), is usually secondary
importance and often remains unresolved. It contributes
to the contamination of surface water in Poland, which is
exposed to eutrophication process (Obarska-Pempkowiak
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et al. 2015; Jucherski and Nastawny 2012; Sytek-Szmeichel
et al. 2016).

To protect the surface water-efficient devices for the com-
plete removal of contaminants from wastewater, resistant to
variable rate and the leaching of biomass should be sought.
This is especially important for non-urbanized areas, where
process control is hindered (Gajewska et al. 2011).

Ammonium removal (more accurately nitrite/nitrate
removal) is really a big challenge faced by both large-
scale and small-scale WWTPs, mainly due to the insuf-
ficient carbon sources in wastewater. Moreover, there
are significant differences between centralized waste-
waters (i.e., large scale) and decentralized wastewaters
(i.e., small scale) according to Chen et al. 2016. Full-
scale evaluation of aerobic/extended-idle AEI zone was
affected by seasonal variation, and the efficiencies of
contaminant removal were stable and excellent (total
nitrogen > 86%, others >92%) in the integrated system.
This study offers an attractive option for biological nutri-
ent removal (BNR) from carbohydrate-rich wastewaters
and also provides a prototype for wastewater treatment
in remote areas. For small treatment plants relationship
between the rate of nitrates removal and available sub-
strate can be described by Monod equation. There is no

* @ Springer


http://orcid.org/0000-0002-4116-7662
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-018-1829-1&domain=pdf
http://mostwiedzy.pl

A\ MOST

International Journal of Environmental Science and Technology

need to apply any advanced equation, but simple one
with two constants: V. —describing the maximum rate
of denitrification and K-op—characterizing the substrate
concentration at which half the maximum rate is reached.
The aim of this study was to determine the kinetic con-
stants V., and K-op occurring in the Monod equation.
The constants describe denitrification process in a moving
bed. The laboratory moving bed biofilm reactor (MBBR)
was used to determination. The filling of the reactor con-
sisted of EvU Perl carriers. Designated equation was veri-
fied using a MBBR constructed on an industrial scale in
WWTP in Gronowo Goérne (Poland). The study which was
conducted during a summer period (August—September
2015) has also determined the efficiency of denitrifica-
tion before and after joining the MBBR device to the
technological system in order to enhance biochemical

processes efficiency of wastewater.

Materials and methods

A test stand simulating the operation of a small MBBR was
constructed in the laboratory. It was assumed that the opera-
tion of the laboratory reactor is similar to MBBR under deni-
trification process in the real conditions. The construction
of these two reactors (in the laboratory and the pilot scale)
is shown in Fig. 1a, b. During the constructing of the reac-
tors, the description of MBBR given by Rusten et al. (2006)
was used.

The laboratory MBBR (Fig. 1a) consisted of container
with a capacity of 28 L, and it was made of transparent

Mechanical stirrer
with speed control

(a)

Moving bed - EvU
Perl shapes

Blades of stirrer

Wastewater from
Gronowo Goérne
(outlet)

plastic (Plexiglas). A working volume of device was 24 L.
Moving bed—Evu Perl carriers took 25% of the working
volume (6 L). Centrally in the reactor a stirrer with two
blades of 8 cm length was placed. Stirrer shaft was driven
by a motor with speed control. Frequency of mixing was
100 rpm (because at this value did not occur oxygenation
and all moving carriers of filling were touched). More details
of the construction and operation of a laboratory MBBR has
been shown in studies by Kope¢ et al. (2016).

The reactor was filled with wastewater coming from
the WWTP in Gronowo Goérne (Poland). The wastewa-
ter imported from this facility is characterized by a high
concentration of nitrates (86 mg N/dm?) and low values
of biodegradable COD. The ratio COD/N was 8.6. To the
reactor a variable dose of nitrates (NaNO;) and the external
organic carbon source in the form of Brennta Plus formula-
tion were added. After addition of substrates, the biomass
able to denitrification grew itself. The research was carried
out at 20 °C during a summer period (August—September
2015).

The external organic carbon source (expressed as COD)
was the rate-limiting substrate for the denitrification reac-
tion. Nitrates were always in excess, as not to affect the rate
of the process. According to Metcalf & Eddy Inc. et al.
(2013), Liwarska-Bizukojé (2014) and Makinia (2006),
nitrates could be rate-limiting substrate for the denitrifica-
tion; however, the Monod constant value for nitrate (Ky)
is very low in the range 0.2-0.4 mg N/dm? and difficult to
determine, even under laboratory conditions. The low value
of this constant proves that practically it does not affect the
process.
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Fig. 1 Scheme of moving bed biofilm reactor: in the laboratory (a) and in the industrial scale (b)
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The measurements included readily and slowly biode-
gradable COD fractions. In order to obtain a division into
fractions, after each series of measurements reactor was
aerated for 3 h and COD concentration was analyzed. This
value corresponds to the fraction, which was slowly degrada-
ble. From the difference of the total COD and slowly biode-
gradable fraction of COD concentration, readily degradable
fraction was obtained.

During operation of the reactor, denitrification rate was
determined by measuring the time intervals and the con-
centration of nitrate, readily biodegradable COD and the
biomass concentration. Denitrification rate value depending
on the initial concentration of the substrate established a set
of points [Ccop), V1 by which constants in Monod equation
were determined.

Denitrification rate Eq. (1) given by Henze et al. (2008)
comprises a kinetic constants, in which knowledge is nec-
essary to specifically describe the process. These are: the
maximum rate of denitrification—V, ., Monod constant
for nitrates—Ky and Monod constant for organic matter
expressed in COD—K .

Cy ) Ccop
Ky +Cn Keop + Ceop

V = Vmax * (1)

According to Makinia et al. (2006), Monod constant for
nitrate (Ky) is very small, so it can be applied in a simplified
form of Monod Eq. (2):

Ccop
V= Viay - ——0
max Kcop + Ceop @

Sets of points [Cop (g); V1 obtained in a laboratory exper-
iment were the basis for plotting Monod function. The pro-
cedure was performed according to the calculation instruc-
tions given by Klimiuk et al. (1995), Cema et al. (2012) and
Liwarska-Bizukoj¢ (2014). Hyperbolic function of Monod

Vimax o

tga = -Kcoo

Vimax/Kcop VICcon(

Fig.2 Graphic presentation of the Hofstee—Eadie linearization
method

was converted into a linear form using Hofstee—Eadie lin-
earization method. According to Szewczyk (2005), this
method has the smallest calculation error. Graphic form of
the conversion is shown in Fig. 2. The linear Eq. (3) has the
coefficients a and b, which correspond to kinetic constants
Kcop (4) and V. (5).

rsu

ra = —Kyg - C, + Vmax 3)
a=-Kg 4
b = Vimax )]

In the laboratory, eight series of measurements were carried
out, where the denitrification rate was limited by concentra-
tion of readily degradable organic carbon external source
(Brennta Plus), nitrates were in excess and the biomass con-
centration mostly in suspended form was increasing from
0.11t0 0.16 g D.M./L. during 2 days.

The reactor working in the WWTP in Gronowo Gérne
(Fig. 1b) was a tank in the shape of a cylinder with a diam-
eter of 2.3 m and a height of 2.5 m. Its volume was 6.4 m>.
The wall of the reactor was made of laminate. It consisted
of two layers with a polyurethane foam between them that
provided good thermal insulation. In the upper part of the
reactor (over the surface of the wastewater), a platform was
mounted, on which a mechanical stirrer was installed with
a power of 1.1 kW and a speed of 50 rpm. An interior of
the platform cover was a room, where a control panel and
a dosing pump of external organic carbon were placed. In
the reactor was present the floating moving bed—Evu Perl
in total volume of 1.6 m>, which constituted 25% of the
active volume. The amount of filing was adjusted taking
into consideration that its too extensive percentage share
caused problems with mixing. In the MBBR, the condi-
tions necessary to achieve denitrification were maintained,
such as:

(a) pH:6.5-8,

(b) The availability of an external organic carbon,
(c) Temperature about 20 °C (August—September)
(d) The presence of nitrates,

(e) Total surface of EvU Perl filling 800 m*/m?

By the MBBR at full scale (Fig. 1b), the Monod equation
was verified. Eleven measuring series were performed in
which biomass varied from 0.1 to 2.1 gD.M./L. The MBBR
was conducted in anoxic conditions and continuously moni-
tored, according to the measurement of the redox potential
value, which was around — 50 mV. Wastewater in the reac-
tor was completely mixed; therefore, the hydraulic retention
time (HRT) was amounted to about 6 h.

]
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The collected data (including 430 measurements) were
used to calculate the Monod equation of the denitrification
process in the reactor MBBR. All measurements were made
according to the APHA (1992) by Standard Methods. This
research used the following equipment:

1. Nitrates (NO;)—the measurement was performed using
a set of WTW ION 340i meter and the probe of nitrate
NO800 (350 measurements).

2. COD—Macherey—Nagel Nanocolor cuvette tests used.
The absorbance measurement was made by the portable
photometer PF-11 of the same producer company (80
measurements),

3. The redox potential—performed a second WTW ION
340i meter and SenTix ORP probe (350 measurements).

4. The concentration of biomass—determination was car-
ried out by gravimetric method using the Radwag MAC
50/1 moisture analyzer (150 measurements).

5. Ammonia—Macherey—Nagel Nanocolor cuvette tests
used. The absorbance measurement was made by the
portable photometer PF-11 of the same producer com-
pany (80 measurements).

Results and discussion

The result of the Hofstee—Eadie linearization method is
shown in Fig. 3. Through the points [Ccqp (g); V1, which were
obtained in the measurement, a linear function described by
the equation was conducted (6):

Vv Vv

V = _KCOD N C + Vmax = - 16.97 N + 0.78
COD(0) COD(0)
(6)
1,2 —
14
- J
3’ -
o 08—
d -
E 4 S~a
c =~
o A '~
S 0,6 - ~~o y=-16,97x+0,78
] E Iy R2=0,84
= 4 ~.
£ A TS~
0,2 -
0 | T L | T T 17T | L T | L T | T T T | T T T |
0 0,005 0,01 0,015 0,02 0,025 0,03

Dentrification rate / Beginning concentration of COD (V/Ccooo))

Fig.3 Determination of V,,, and K g by Hofstee-Eadie lineariza-
tion method
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With a high determination coefficient of 0.84,
the coefficients a and b corresponding to the con-
stants: V_,, and Kqgop, were determined. These val-
ues are: a=—Kpop=—1697 + 697 g O,/m?,
b = Vmax = 0.78 + 0.10 gN/gD.M./day.

After substituting constants, a Monod equation was
obtained (7) characterizing the process of denitrification in a
laboratory MBBR, which is shown in Fig. 4.

—V =0.78(+0.10) Ccop
= 0.78 (+0.10) - ™)
16.97 (+6.97) + Ccop

V max constant (0.78 g NO;~-N/gD.M./day) corresponds to
the maximum rate of denitrification in a laboratory MBBR.
This value is often determined by other authors by “k” sym-
bol and depends on the technology used in the realization
of denitrification. Therefore, V,,,, is variable that in a wide
range depends on the type of reactor, its location in the
technological system, kind of external carbon source, envi-
ronmental conditions (e.g., temperature) and other factors.
Relative to previously used external organic carbon sources,
the most similar values are obtained for ethanol Aspergen
et al. (1998)—0.80 gNO;™-N/gD.M./day and Pastorelli et al.
(1997)—0.71 gNO5;™-N/g D.M./day. These results confirm
studies of Yen-Hui (2008), who in presented calculations
gained 0.82 g NO; —N/g D.M./day. Rusten et al. (2006)
achieved significantly higher rate of denitrification amount-
ing 1.28 g NO; —N/gD.M./day for ethanol.

Based on the value of Monod constant K-op, when the
results relate only to the readily biodegradable fraction
of COD, it can be known for which substrate concentra-
tion of the half of the maximum rate of denitrification is
achieved. This value is a measure of the susceptibility of

-
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Fig.4 Relationship between the denitrification rate and the initial
concentration of external organic carbon
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the substrate for biodegradation. The resulting value of
the constant Kqqp is 16.97 g O,/m® and is comparable
with the values given by other authors. Makinia (2006)
reported that a glucose value of the constant is 17.4 g
02/m3. In research of Yen-Hui (2008), this value is simi-
lar—15.85 g O,/m°.

The producer of external source of organic carbon—
Brenntag Ltd., did not specify the chemical composition of
the preparation—Brennta Plus. However, based on the value
of Kqop, it can be assumed that readily degradable substrate
compounds have properties similar to glucose. Brennta Plus
preparation is susceptible for biodegradation as dissolved
organic matter in the wastewater (as volatile fatty acids—
VFA). By Henze et al. (2008), VFA allow to get the value
of the Kcqp, in the range of 10-20 g O,/m>. A similar value
of the K¢qp (20 g O,/m®) is also declared by Onnis-Hayden
and Gu (2008) for another commercial source of organic
carbon—MicroC preparation.

Similar research was performed by Aesoy and Odegaard
(1994), who obtained a V,,,,, of 0.567 g NO;™—N/gD.M./day
and a Ko, of 3 g O,/m®. The course of the Monod function

Fig.5 Comparison of labora-
tory research with the results of
Aesoy and Odegaard (1994)

o o o
> o ™
i I AT AN A A AN A |

o
Y

Denitrification rate, g\N/gvs-d

¥V =0,78-

achieved by the authors is compared with the results in
Fig. 5.

The maximum rate of the process in a pilot reactor was
similar to the value obtained in laboratory. The initial
concentration of 300 g O,/m> was 0.69 g NO;™-N/gD.M./
day, subsequently for 500 g O,/m> was 0.76 gNO; -N/g
D.M./day, and finally for 700 g O,/m? the value was 0.73 g
NO; -N/g D.M./day. It means that the rate of denitrifica-
tion slightly varied in a wide range of concentrations start-
ing from 120 g O,/m>. On average, the denitrification rate
in the MBBR in Gronowo Gérne was 0.73 g NO; -N/g
D.M./day.

However, the Monod constant Kqqp for an external
carbon source, expressed in COD, is different from the
value determined in laboratory conditions. The full-size
MBBR in Gronowo Gdérne achieved half speed of rate
when the value of the biodegradable COD was about
80 g O,/m® (Fig. 6), but in the laboratory this value was
about 17 g O,/m>. The difference may be due to the fact
that in the initial measurement series denitrifying bac-
teria have not completed the phase of adaptation to the
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process. Furthermore, in the field research total COD was
performed with samples containing a higher amount of
biomass, which could affect the value of the readily bio-
degradable COD.

Despite small differences, a verification of Monod equa-
tion is found in laboratory proceeded satisfactorily. The val-
ues of the maximum denitrification are consistent, and the
differences in the values of Monod constant are insignificant
in the range of low concentrations of COD. Comparison
of the results in a pilot reactor with the Monod function
obtained in the laboratory is shown in Fig. 6.

The study indicates that MBBR is capable to carry out
efficiently and stable denitrification. When a biomass con-
centration is about 2 g D.M./day m® and when the COD
concentration is above 120 g 02/m3, the device is able to
remove even 60 g NO,"N/m? in 1 h.

Expanding the wastewater treatment plant in Gronowo
Gorne made the expected environmental effect. Previously,
the object discharged wastewater about 18 mg NH, N/
dm? and 37 mg NO3—N/dm3. After joining the MBBR to the
technological system and after a period of adaptation bio-
mass, effluent did not exceeded 6 mg NH,™N/dm? and 6 mg
NO,-N/dm”®. Total nitrogen removal efficiency increased
from 53.5 to 86.0%.

In this study, a relatively high efficiency of total nitro-
gen removal was achieved. Comparing this value with other
methods used to carry out denitrification, it can be con-
cluded that the effectiveness of the process depends not only
on the reactor type, but also of its location in the technologi-
cal system. The process is the most efficient (at 85-95%),
when the denitrification is performed simultaneously or at
the end of the system with the addition of external organic
carbon source. (Odegaard 2005; Dymaczewski 2011; Qiqi
et al. 2012; Lariyah et al. 2016; Kope¢ et al. 2016; Chen
et al. 2016).

Monod constants in the equation results indicate a higher
maximum rate of denitrification (V,,,) than in the activated
sludge. However, it should be remembered that there are
two types of biomass in MBBR, because besides the sus-
pended form there is also a biomass on EvU Perl filling in
the form of a biofilm. There is a phenomenon of diffusion

* @ Springer

in the biofilm, so the constant K, is higher than in the
activated sludge. These differences between MBBR and AS
make the Monod equation for both these methods of waste-
water treatment depend on other factors and there is no point
in comparing them.

The external carbon source used in the experiment was
easily consumed by denitrifying microorganisms, which
causes their rapid growth and denitrification occurs effi-
ciently. It can be used in non-urbanized areas, where effi-
cient installations with short wastewater retention times are
useful. From the calculations, it is known that the reactor is
able to remove 60 mg NO;—Nin 1 h.

Conclusion

Assessing the effect of moving bed reactor, it can be con-
sidered that the device is capable to the efficient post-den-
itrification with high rate and efficiency of 86.0%. Good
performance of reactor is confirmed by determined kinetic
constants: the maximum rate of denitrification (V,,,,) of
0.73 g NO;7—N/g D.M./day and Monod constant for sub-
strate (Kop) amounting 16.97 g O,/m°.

Hofstee—Eadie linearization method used to determine
the constants turned out to be correct, even with a small
number of data. Using this method, Monod equation for the
denitrification process in the reactor was determined with a
determination coefficient of 0.84. A high correlation means
that there is a strong relationship between the denitrification
rate and the concentration of the organic matter dissolved
in wastewater. In a pilot MBBR maximum rate of denitri-
fication may be obtained starting at 120 mg O,/dm?, which
means the Brennta Plus preparation is an efficient source of
external organic carbon.

The advantage of the process is the ability to change
the degree of the reactor filling, which makes this method
very flexible. An additional benefit is the immobilization
of a small amount of biomass on the surface of carriers,
so that generally intense recirculation of wastewater is not
important. A moving bed is a habitat of rapidly reproduc-
ing microorganisms, so that the MBBR is less prone to
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leaching the biomass for example due to the intense flow
of wastewater.

The presence of two types of biomass (suspended and
attached biomass) in one reaction space causes the rise of the
denitrification rate. It can be the explanation, why recently
so often the existing WWTPs are adapted to increasing
loads by adding a moving bed biofilm reactors to activated
sludge systems. Moreover, the potential of MBBRs can be
used to remove large concentrations of contaminants for the
treatment of leachate from municipal sludge dewatering or
industrial wastewater.

Assessing the moving bed biofilm reactor in terms of the
use in small plants in scattered settlement, it can be stated
that it is an appropriate device to prevent the ingress of oxy-
gen forms of nitrogen to surface waters, and thus contribute
to improve their quality.

Moreover, the authors of paper consider it important to
develop and test in practice the method for determining the
kinetic constants. The presented method can be used for any
other device used in sanitary engineering.
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