N

Universitat Autonoma de Bar celona
Dep. Enginyeria Quimica
08193 Bellaterra, Barcelona, Spain

MEL | SSA

Memorandum of Understanding
ECT/FG/IMMM/97.012

Contract Number : ESTEC/CONTRACT11549/95/NL/FG

TECHNICAL NOTE : 43.3

Operation of the packed-bed pilot scale bioreactor

Version : Draft
Issue: O

PEREZ, J.; MONTESINOS, J. L.; GODIA, F.

December 2000



Operation of the packed-bed pilot scale reactor

Document Change Log

Version | ssue Date Observation

Draft 0 8/12/00 Original Version




Operation of the packed-bed pilot scale reactor

Table of contents

1. INTRODUCTION ..ottt bbb bbb s e s 4
2.- START-UP PROCEDURE FOR THE NITRIFYING PILOT REACTOR.....cccoiiiiiirereceeeee 5
3- MAXIMAL AMMONIUM LOAD ..ottt 6
- OXY GEN SUPPLY ..ttt ittt r et n e b bt h e e e e sn e n e b sneeb e e e enne e 7
5-TEMPERATURE EFFECT ..ot 13
B.- CONGCLUSIONS..... .ottt et b et e e b s b h e bt s s e se e s e s e nnesresbesneebe e e ennennens 15
T.REFERENGCES ... e s 15




Operation of the packed-bed pilot scale reactor

1. Introduction

The preliminary work carried out in the MELISSA Pilot Plant with the third
compartment bioreactor has been focused on its physical characterisation and definition
of the control system (TN 25.310, TN 25.330).

The nitrifying pilot reactor has been operated throughout a first period of
approximately one year. During this period of time a set of experiments was carried-out,
and both transient and steady states were studied in different situations (TN 37.42.):
different conditions of ammonium input load with steps in both influent ammonium
concentration and flow-rate were investigated, providing a full set of results about the
stability and high conversion of the influent to nitrate. Nevertheless, the operation of the
third compartment of the MELISSA Pilot Plant had to be stopped due to the clogging of
the packed bed, after one year of operation. This fact obliged to stop the continuous
experiments, and introduce a number of changes in the hardware of this reactor, that
would ensure a proper operation for even longer periods, without bed compactation or
clogging. This upgrade of compartment 111 pilot reactor is reported in TN 47.2., and has
been successfully applied. Indeed, a new operation period of one year has been
completed, and the results are presented in this technical note. It is remarkable that no
compactation or clogging limitations have appeared in this period, as a result of the
upgrade of the hardware to prevent this problems, and the continuous operation of the
reactor is kept beyond one year, to complete other experiments such as the connection of

compartment |11 and 1V at pilot scale.

In this present technical note, the results of this second year of continuous
operation after the reactor upgrade are reported. They include the start-up of the reactor

and the study of the effect of oxygen concentration and temperature on the evolution and
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steady state of the concentration of ammonium, nitrite and nitrate in the effluent of this

compartment.

2.- Start-up procedure for the nitrifying pilot reactor

To start-up the operation of the reactor, the procedure previously desecribed (TN
37.420.) was followed, particularly, with respect to the sterilisation protocol. The reactor
was inoculated with a co-culture of Nitrosomonas europaea and Nitrobacter
winogradskyi obtained from the operation of the Biostat B fermenter (as described in
TN 37.410.), the volume used was 700 mL.

The strategy used to carry out the start-up of this bioreactor has been to operate
in continuous mode just after the inoculation. In that way, the risk of cellular
contamination is lower and the attachment phase is stimulated (van Loosdrecht et al.,
1993).

Specifically, the residence time used initially was 80 h, and after 30 days it was
decreased to 56 h. In table 1 a comparison between the conditions used in the start-up of
the reactor in the first and second period of operation are detailed. In the present, the
time required to complete the start-up and the initial development of the biofilm islower
than in the previous period of operation. This is a relevant fact, since due to the low
growth rate of these bacteria, start-up time is an operational condition that should be
reduced.

The evolution of the ammonium, nitrite and nitrate concentrations during this
period of operation are detailed in figure 1.

Table 1.- Duration and residence time in the start-up period of the nitrifying pilot reactor.

Approximate interval of Residence time
start-up (days) employed (h)
First period of operation 70 35
Current period of operation 45 80/56
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time (days)
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start-up

Figure 1.- Start-up of the pilot reactor. Evolution of the ammonium (@), nitrite (A), nitrate (m), and total
nitrogen (‘O’, sum of the ammonium, nitrite and nitrate concentrations). The dashed line is the residence
time. The dotted line is the ammonium input medium concentration.

The experimental conditions used during this period were: (30t£1) °C, pH of
(8.1+0.1), 400 r.p.m. with magnetic stirring in the bottom section. The recirculation

flow-rate was maintained 6 times higher than the input flow-rate.

Asin the case of the first period of operation (described in TN 37.420.) once the
initial development of the nitrifying biofilm had been attained, the ammonium input
load was increased using lower residence times trying to determine the maximal load

treated with high conversion by the pilot reactor.

3.- Maximal ammonium load

The steady state achieved during the operation of the reactor in which the load
was increased to attain the maximal ammonium input load treated with high conversion
by the pilot reactor are detailed in table 2. The values of load that appear in table 2 are
calculated per unit of total reactor volume, in order to compare with values obtained

from bibliography for this kind of systemsin wastewater treatment.
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Table 2.- Steady states in nitrifying pilot reactor in different conditions of ammonium input load.

Input Input ammonium Output Output nitriteload Ammonium Conversion
concentration load ammonium load (kgN- m?3. removed to nitrate
(GN-NH, /L)  (kgN - lm'3- (kgN - lm'?’- day™) load (%) (%)

day)) day))

0.3 0.13 23 10* 30- 10 99.8 99.6

0.3 0.53 88 10 2.7 103 99.8 99.3

0.3 1.29 1.2- 10° 48. 102 99.0 95.4

0.6 0.93 79. 10 1.1- 10° 99.9 90.8

0.6 1.35 34- 10° 34. 10° 99.8 99.5

1.1 1.18 13- 10° 1.9- 10° 99.9 99.7

The maximal load attained in the pilot reactor is 1.35 kg N-NH," - m™ - day™.
The volumetric nitrification load in floating beds from bibliography isin the range 0.5 —
1.5 kg N-NH;" - m™. day™® (Martins dos Santos et al., 1998) in systems with specific
area between 200 and 700 m* m™. The specific area of the pilot reactor has been
estimated in 705 m?- m™. In this type of bioreactors the nitrification capacity is limited
precisely by the specific area (Campos 2000, Martins dos Santos et al., 1998). The
comparison between reactors is difficult due to the following causes. the operating
conditions used and the nitrification capacities of the reactors are in general referred to
the reactor volume, therefore without taking into account the percentage of the total
volume occupied by the bed. Due to these reasons, the values of nitrifying capacities
have a direct relationship not only with the operating conditions used (pH and
temperature among others), but also with the specific area. Taking into account the
specific areain each case (that is, experimental values and values from the literature), it
day™;
1.9 10°kgN-NH," m?. day™ (experimental for the pilot reactor), and
1.7 - 10°kgN-NH," m?. day™ (mean referenced for floating beds).

is possible to calculate the value of capacity in kg N-NH4 - m2.

Therefore, the maximal ammonium load treated is high and agrees with the

maximal values reported in the bibliography for these type of reactors.

4.- Oxygen supply

In the pilot reactor the aeration flow-rate is maintained constant (3 L/min) during

all the operation, and dissolved oxygen set point is achieved adding to the gas |oop pure
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oxygen or nitrogen using the mass flow controllers. In that way, it is possible to enrich
the composition in oxygen or nitrogen to manipulate the level of dissolved oxygen

required in all the possible situations.

To study the effect of the dissolved oxygen in the nitrification process a set of
experiments have been carried out. Using a high ammonium input load (1.18 kg N-NH,4"
m?3. day™), the dissolved oxygen level in the bioreactor was decreased to know the
effect in the ammonium and nitrite degradation by Nitrosomonas europaea and

Nitrobacter winogradskyi respectively.

The changes in the dissolved oxygen concentration were made by decreasing the
dissolved oxygen set point in a step from 80 % to 40 %, and also to 20 %. After this
step, the dissolved oxygen concentration was set again to 40 % and after this, returned to
the initial 80 %. The evolution of the ammonium, nitrite and nitrate concentrations were

determined, and are shown in figures 2-5, and also in the table 3.

20
T 80
I 70
- 60

T 50

gN/L

- 40
30
- 20

- 10

dissolved oxygen concentration (%)

OO '?' M T a I T T T T T T T T T T T O
516 518 520 522 524 526 528 530 532

number of residence times

Figure 2.- Step perturbation of the dissolved oxygen from 80 to 40 %. Evolution of the concentration of
ammonium (@), nitrite (A), nitrate (m), and total nitrogen (‘o’, sum of ammonium, nitrite and nitrate
concentrations). The dashed line is the dissolved oxygen concentration of the set point. The residence time
employed is 10 h. The ammonium input concentration in al the experimentswas 1.1 g N/L.
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dissolved oxygen concentration (%)

530 535 540 545 550 555 560
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Figure 3.- Step perturbation of the dissolved oxygen from 40 to 20 %. Evolution of the concentration of
ammonium (@), nitrite (A), nitrate (), and total nitrogen (‘O’, sum of ammonium, nitrite and nitrate
concentrations). The dashed line is the dissolved oxygen concentration of the set point. The residence time
employed is 10 h. The ammonium input concentration in all the experimentswas 1.1 g N/L.
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Figure 4.- Step perturbation of the dissolved oxygen from 20 to 40 %. Evolution of the concentration of
ammonium (@), nitrite (A), nitrate (m), and total nitrogen (‘o’, sum of ammonium, nitrite and nitrate
concentrations). The dashed line is the dissolved oxygen concentration of the set point. The residence time
employed is 10 h. The ammonium input concentration in all the experimentswas 1.1 g N/L.
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Figure 5.- Step perturbation of the dissolved oxygen from 40 to 80 %. Evolution of the concentration of
ammonium (@), nitrite (A), nitrate (m), and total nitrogen (‘O’, sum of ammonium, nitrite and nitrate
concentrations). The dashed line is the dissolved oxygen concentration of the set point. The residence time
employed is 10 h. The ammonium input concentration in all the experimentswas 1.1 g N/L.

Table 3.- Steady states in the different steps of dissolved oxygen concentration, the values of load are
calculated per unit of total volume reactor. The ammonium input concentration in all the experiments was
1.1 g N/L, and the residence time used was 10 h.

Dissolved Input ammonium Output Output nitrite Ammonium  Conversion
oxygen load ammonium load load removed load  tonitrate

concentration ~ (kgN- m?- (kgN - m?3. (kgN - m?3. (%) (%)
(%) dia?) dia™®) dia?)
40 1.18 37- 100  44- 10° 68.5 64.8
20 1.18 47- 10 73 10" 96.0 34.3
40 1.18 18- 10° 45. 10" 990.8 61.6
80 1.18 13- 10° 19- 10° 99.9 99.7

Discussion

The partia nitrification to nitrite by manipulation of dissolved oxygen
concentration has been described and studied by severa authors. In the experiments
carried out in the bibliography an increase in the nitrite concentration in the effluent is
detected when a decrease of the dissolved oxygen is applied. Frequently the decrease in
the dissolved oxygen concentration is an effect of a decrease in the superficial gas

velocity (e.g. aeration flow-rate). This phenomenon has been studied in reactors with

10
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immobilised biomass in different systems: moving bed (Nogueira et al., 1998), gas-lift
reactor (Garrido et al., 1997), floating bed (Joo et al., 2000).

During the experiments carried out in the present work, the partial nitrification to
nitrite have been obtained by decreasing of the dissolved oxygen concentration, but in
this case, manipulating the partia pressure of oxygen (because the gas flow-rate has
been kept constant). Therefore, the decrease of the dissolved oxygen concentration has
been achieved through variation of oxygen composition of the gas phase in the inlet

flow to the bioreactor.

The partial nitrification to nitrite in free cells is produced because Nitrosomonas
europaea has a higher oxygen affinity than Nitrobacter winogradskyi (Hendrikus et al.,
1993). Due to this fact, when competence is established in conditions in which the
oxygen is limiting, an accumulation of nitrite (and not ammonium) is detected. In
immobilised cells, nevertheless, the exact mechanism that produces the partia
nitrification is unknown. It is still unclear if the partial nitrification is produced due to a
spatial segregation of the two strains in the biofilm or equal than in free cells, the partial
nitrification is due to different oxygen affinity of the two bacterial strains (Garrido et al.
1997).

In the experiments described by figures 2-5, it can be observed that the nitrite
concentration in steady state increases when the dissolved oxygen concentration
decreases. This happens in all the perturbations except in figure 2; in this experiment it
can be observed an initial accumulation of both ammonium and nitrite in a transitory
state. While in steady state, only the ammonium is maintained constant at a high value
(0.330 g N-NH,"/L), and the nitrite is much more lower (0.039 g N-NOy). This
behaviour can not be attributed (at least totally) to inhibition of Nitrosomonas because
the concentration of free ammonia do not attain (in the conditions of temperature and
pH of the experiment) the values fixed by Anthonisen (1967). Therefore, in this case,
the increase of ammonium in the effluent could be linked to the biofilm structure,
concretely to the spatial distribution of the relative populations of Nitrosomonas and
Nitrobacter.

11
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During the first steady state (pseudo-steady) internal mass transfer in the biofilm
restricts Nitrosomomas activity (due to its spatial distribution), despite its higher oxygen
affinity. Nevertheless in these conditions Nitrobacter is inhibited by the free ammonia
concentration (Anthonisen, 1976). If the nitrite concentration between residence times
528 to 532 (figure 2) is examined, it can be observed as this value has a little increase
possibly due to inhibition. Therefore, the nitrite accumulation is determined not only by
adifferent oxygen affinity of the strains, but also due to inhibition of Nitrobacter by free
ammonia (the accumulation of ammonium is produced due to the spatial distribution in

the biofilm, which determines that Nitrosomomasis limited by oxygen).

Therefore, in the concrete case of the biofilm formed in the bed studied, the
partial nitrification to nitrite at low dissolved oxygen is produced due to two factors. the
different oxygen affinity between the two strains, and on the other hand, the inhibition
of Nitrobacter due to free ammonia concentration. Consequently, to attain in the studied
conditions an effluent with a high nitrite content it has been necessary a previous stage
in which Nitrobacter suffer inhibition by free ammonia due to the spatial distribution of

the two strainsin the biofilm.

On the other hand, in the experiment presented in figure 3 it can be observed a
decrease of the ammonium concentration with time, during a very long transitory state
(7.5 days). This behaviour may be caused due to two different situations: a phenomenon
of adaptation of Nitrosomonas, influenced partialy by Nitrobacter inhibition, or due to
changes in the relative population and/or in the spatial distribution in the biofilm of the
two strains. Up to now, it can cot be established neither which of the two situations is

occurring, nor even whether a combined situation is proceeding.

After this situation, a new step to attain 40 % of dissolved oxygen was made
(figure 4), and in this case, a “conventional” partia nitrification is observed, showing a
hysteresis phenomenon if we compare with the results obtained in the same conditions

during the first step (figure 2) are compared.

12
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5.- Temperature effect

The effect of temperature on the nitrification process has been widely studied in
wastewater treatment. The optimal temperature of the nitrifying process is in the range
28-30°C (Leenen et al., 1997; Polanco et al., 1994).

Although in the field of wastewater treatment the effect of temperature is a very
important parameter, and its study is carried out in a wide range: 5 — 30 °C, in the case
of the MELISSA project, in which the bioreactors have an efficient temperature control,

the range of temperatures studied has been narrowed.

While the reactor was operating at maxima ammonium load, perturbations in
the temperature were carried out, determining the effect on ammonium, nitrite and
nitrate concentrations in the effluent. The results obtained are shown in table 4 and

figure 6.

Nitrosomonas europaea shows higher temperature sensitivity than Nitrobacter
winogradskyi (Wijffels et al., 1995), therefore, it can be observed a major ammonium

accumulation (instead of a nitrite accumulation), when the temperature decreases.

On the other hand, Leenen et al. (1997), demonstrated that immobilised
Nitrobacter cells have a reduced temperature sensitivity. If the obtained results are
compared with the variation of the relative activity as a function of temperature in free
cells (figure 7), it is observed a clear reduced temperature sensitivity of the immobilised
cells. On the other hand, in figure 7 the results obtained in the pilot reactor are also

compared with other references of immobilised cultures.

Table 4.- Decrease of the nitrification capacity as function of temperature. The relative activity has been
determined from the total removed load at 30 °C.

Output ammonium  Output nitrite Relative

Temperature concentration concentration activity
(C) (g N-NH,IL) (GN-NG, /L) (%)
30 0.019 0.002 100
28 0.032 0.001 98
24 0.039 0.002 96

13
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Figure 6.- Temperature step perturbations. Evolution of the concentration of ammonium (@), nitrite (A),
nitrate (W), and total nitrogen (‘O’, sum of ammonium, nitrite and nitrate concentrations). The dashed line
is the temperature of the reactor. The residence time employed is’5 h.
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Figure 7.- Effect of temperature in the removed load (relative activity to 30 °C). The simbols ‘@’ are the
experimental points. Solid line: temperature effect in an up-flow aerated biological filter with a support of
clay particles (Polanco et al., 1994). Dashed and dotted line: temperature effect of Nitrobacter agilis
immobilised as carrageenan beads (Leenen et a., 1997). Dashed line: temperature effect in afree cell
culture of Nitrobacter agilis (Wijffelset al., 1995). Dotted line: temperature effect of afree cell culture
Nitrosomonas europaea (Wijffels et al., 1995).
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6.- Conclusions

The experiments carried out with the pilot reactor investigating the effects of
nitrification with reduced dissolved oxygen have revealed the importance of the internal
structure of the biofilm. This fact acquires a major relevance in the case of the transitory
states, in which the nitrite and ammonium accumulations are important. For this reason
a simple modelization of the problem, which does not bear in mind the internal mass
transfer limitations and the distribution and relative concentration of the two bacterial

strains in the biofilm will not successfully predict these effects.

On the other hand, the effect of temperature in the removal efficiency has shown
a clear reduced sensitivity of immobilised bacteria respect to free cells, what makes the
compartment Il of MELISSA more robust with respect to potential temperature

fluctuations.
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