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Abstract−A packed bed external loop airlift bioreactor (PBELAB) was proposed as an alternative treatment system

for wastewater containing ammonia and nitrate compounds. The 60L PBELAB consisted of aeration and non-aeration

zones, both of which were packed with plastic bioballs to enhance the surface area for the attachment of bacteria. The

system was able to achieve complete removal of all nitrogen compounds with simultaneous nitrification and denitrifica-

tion, i.e., ammonia was decomposed in the aeration zone and nitrate was biodegraded in the non-aeration zone. At

normal operation, the nitrification rate obtained from the system was in the range of 0.14-0.87 gNH3-N/m2d and the

denitrification rate was 0.04 gNO3-N/m2d. The factors found to have great influence on the system included dissolved

oxygen concentration and biofilm thickness. In addition, PBELAB was proven to perform well under nitrate shock

load condition.
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INTRODUCTION

During marine culture such as shrimp cultivation, the seawater

in a shrimp pond accumulates several unwanted components such

as uneaten feed, feces and metabolic wastes. Some of the degrada-

tion products are toxic to the shrimp and may also cause stress and

mortality through disease and oxygen depletion. Hence, periodical

or partial exchanges of seawater in the pond are necessary to main-

tain high quality medium for further growth of the shrimp. How-

ever, the exchange of spent seawater, which is usually required in

large quantity, often leads to environmental problems in the dis-

charge area, particularly the deterioration of a natural seawater sys-

tem. Closed culture systems are, therefore, presented as a foresee-

able alternative for the conventional flow-through pond which holds

much promise for profitable and sustainable shrimp culture. Closed

systems require that spent culture seawater be treated for reuse and,

hence, a proper water treatment is needed in addition to the culture

pond. The objective of the treatment of the spent seawater is to pre-

vent the accumulation of metabolic wastes, particularly nitrogen

compounds, e.g. ammonia, nitrite, and nitrate in seawater through

nitrification and denitrification processes. Examples of this treat-

ment system include the work of Menasveta et al. [2001] who em-

ployed a combination of an aerated fixed film biological filter and

a nitrogen purged filter for the removal of nitrogen contaminants in

shrimp farming. However, the separation of nitrification and deni-

trification units required that a large area must be available for the

installation of the treatment system, and this often led to an extra

need for other facilities such as energy and maintenance. Other re-

ports on nitrification and denitrification are available and have been

reviewed by Hargreaves [1998].

This work proposes a novel nitrification and denitrification appa-

ratus based on the airlift reactor configuration. The airlift system

provides both aerated and unaerated compartments which serve as

the nitrification and denitrification in the same unit, respectively.

The operation of this airlift system requires relatively low energy

input when compared to other systems as there is no need for me-

chanical circulating devices, which makes the system attractive as

an alternative treatment process. The performance of this novel airlift

bioreactor in treating a synthetic wastewater containing ammonia

and nitrates is described in this article.

MATERIALS AND METHODS

1. Preparation of Immobilized Nitrifiers/Denitrifiers

Unidentified microorganisms both for nitrifying and denitrifying

mechanisms were immobilized on plastic bioballs. The immobili-

zation was achieved simply by immersing the plastic bioballs in a

shrimp culture pond for 2 weeks.

2. Preparation of Nitrification/Denitrification Experimental

Setup

Seawater was prepared with a salinity of 30 g/L, and 8.7 mg NH4-

N/L of ammonium chloride (NH4Cl) or 10 mg NO3-N/L of potas-

sium nitrate (KNO3) was added as initial nitrogen components. Cal-

cium carbonate (CaCO3) at 100-120 mg/L was added as inorganic

carbon for nitrifying bacteria and methanol (95% v/v of CH3OH)

was employed as an organic carbon source for the denitrifying bac-

teria [Menasveta et al., 2001]. The C/N ratio of the prepared seawa-

ter was controlled at 2.

3. Packed Bed External Loop Airlift Bioreactor (PBELAB)

Nitrification and denitrification in synthetic seawater were per-

formed in a 60 L external loop airlift reactor packed with immobi-

lized nitrified and denitrified plastic bioballs. The schematic diagram

of this experimental setup including the picture of bioballs is shown

in Fig. 1. The plastic bioball packing had a diameter of 2.5 cm with

a surface area of 32 cm2. The PBELAB was designed as one aerated
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column (riser) interconnected with two unaerated columns (down-

comer). The heights of both aerated/unaerated columns were 1.2 m.

The aerated section (riser) of the PBELAB was a cylindrical col-

umn with a diameter of 9 cm and a volume of 6 L. Each unaerated

column was 20 cm in diameter, resulting in a volume of 27 L and

this made a total volume of 60 L for this PBELAB. The cross-sec-

tional area of the unaerated column (AD) was larger than the aerated

(AR) with a ratio between AD/AR of about 9.87. This was to ensure

adequate retention time for denitrification which was reported to

require approx. 5-10 times longer reaction time than the nitrification

reaction [Balderston and Sieburth, 1976]. The aerated and unaer-

ated columns were connected with 50 cm long conduits with a di-

ameter of 4.5 cm. The aerated section was packed with 200 bioballs,

whereas each unaerated column was packed with 2000 bioballs. A

porous gas sparger for air dispersion in the PBELAB was located

at bottom of the aerated column. The airflow rate was determined

as a minimum that could induce liquid circulation between aerated

and unaerated sections, i.e., approx. 0.66 m3/h, and was kept con-

stant throughout all experiments in this work. Several experiments

were performed during the three month period; the initial condi-

tions for each experiment are summarized in Table 1.

4. Analytical Measurement

Ammonium-nitrogen (NH4-N), nitrite-nitrogen (NO2-N) and ni-

trate-nitrogen (NO3-N) were determined by the Strickland and Par-

son method [1972]. The dissolved oxygen (DO) was measured with

a DO meter (Hanna HI 964400), and the oxidation/reduction poten-

tial (ORP) was monitored with an ORP meter (Hanna HI 98240).

RESULTS AND DISCUSSION

1. Packed Bed External Loop Airlift Bioreactor: Nitrogen Com-

pound Removal

In this experiment, nitrification and denitrification of synthetic

aquacultural seawater were performed in a novel designed packed

bed external loop airlift bioreactor (PBELAB). One primary advan-

Fig. 1. Experimental setup.

Table 1. Initial condition for experimental periods carried out in
the PBELAB

Period*
Initial condition Reference

symbolNH4-N (mgN/L) NO3-N (mgN/L)

1 (day 1)** 09.67 04.54 P-I

2 (day 9) 10.89 16.11 P-II

3 (day 22) 08.01 00. P-III

4 (day 26) 08.93 00. P-IV

5 (day 39) 12.72 13.15 P-V

6 (day 46) 09.83 11.98 P-VI

7 (day 60)*** 00. 25.31 P-VII

8 (day 65) 08.70 12.71 P-VIII

9 (day 70) 07.78 20.85 P-IX

*The starting date was provided in parenthesis after the time period.
**The first day of experiment was started with newly inoculated plas-

tic bioballs.
***Only nitrate was provided in this time period.
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tage of the airlift system is that it provides both aerated and unaer-

ated compartments, which serve as nitrification and denitrification

compartments in the same unit. The recirculation of water was driven

from the aeration where water moved up in the riser as the aeration

was provided and down through the unaerated downcomer sec-

tion. In the riser section, the high dissolved oxygen in wastewater

was consumed by nitrifying bacteria, where ammonia was oxi-

dized to nitrate. The low dissolved oxygen effluent flowed through

downcomer section, ready for nitrate removal by denitrifiers. All

experiments were performed at room temperature and the stripping

of ammonia was accounted for by a blank experiment in a simple

2 L bubble column. The results (not shown here) demonstrated that

the stripping rate of ammonia was quite low at about 3-5% in 200

hours of normal aeration, and this rate was deducted from the total

removal rate of ammonia in the calculation for the ammonia degra-

dation rate.

The performance of this PBELAB in removing total inorganic

nitrogen in the synthetic waste-seawater is demonstrated in Fig. 2.

The total inorganic nitrogen compounds including ammonium, nitrite

and nitrate during several experiment periods could be satisfacto-

rily removed. At the beginning of each experimental period, am-

monia and/or nitrate was added into the synthetic waste-seawater

with initial concentrations as indicated in Table 1. The system was

operated in a batch mode with respect to the nitrogen compounds,

i.e., the system was operated until all nitrogen compounds were re-

moved before a new experimental period was started. However,

the packing was not changed between each experimental period,

which means that the system was operated with new/fresh biofilm

(both nitrifying and denitrifying bacteria) during the first experimen-

tal periods and with older biofilm in the later periods. The oxida-

tion reduction potential (ORP) in the downcomer sections was found

to be in a range suitable for denitrification reaction, and in this ex-

periment, it ranged from −100 to 80 mV [Balderston and Sieburth,

1976].

Fig. 3 demonstrates the ammonium-nitrogen, nitrite-nitrogen and

nitrate-nitrogen concentrations obtained from the experiment, where

Fig. 3A displays the results from the initial period of the experiment

and Fig. 3B was the results with 22 days old biofilm. This data set

indicates that a complete removal of ammonium-nitrogen was ob-

tained quite rapidly with new biofilm. The rate of nitrification in

this case was as much as 0.87 g NH4-N/m2d. In the later experi-

mental periods, the biofilm grew thicker leading to a drop in the

nitrification rate as depicted in Fig. 3B where the nitrification rate

was found to be only about 0.14 g NH4-N/m2d. This drop in nitrifi-

cation rate was potentially due to the extra mass transfer resistance

from excessive growth of nitrifying bacteria on the bioballs in the

nitrification section of PBELAB. As the biofilm grew older, its thick-

ness also increased steadily; this excessive growth of biofilm finally

caused clogging in the packing, which rendered oxygen transfer

between bulk liquid and biofilm difficult. Hence, a lower nitrifica-

tion rate was obtained. Nevertheless, after this experimental period

(22 days), the biofilm growth no longer had great influence on the

nitrification rate as the increase in biofilm thickness after this period

was much slower than the initial period (No data on biofilm thick-

ness are presented as the measurement of the biofilm thickness was

not possible in PBELAB.).

In all experiments, no accumulation of nitrite and nitrate was found.

This indicated that denitrification was quite rapid in PBELAB. The

actual rates at which nitrite and nitrate removal took place could

not be determined from the experimental data in Fig. 3 because these

two components were intermediates in nitrification/denitrification

reactions and it was not possible to measure their exact time pro-

files. However, experimental results suggested that the nitrate deg-

radation increased with biofilm age, i.e., nitrate removal rate at the

later experiment period occurred more rapidly than that from initial

runs. It is also possible that the thick biofilm in the riser led to a low

dissolved oxygen level in the riser, which helped reduce the dissolved

oxygen in the downcomer section of the PBELAB. This, as a result,

Fig. 2. Total inorganic nitrogen compound concentration profile
for all experimental periods (P-I to P-IX).

Fig. 3. Ammonium-nitrogen, nitrite-nitrogen and nitrate-nitrogen
concentration profiles during: (A) Experiment P-I; and (B)
Experiment P-III.
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facilitated the growth of the denitrifying bacteria leading to a rapid

decomposition of nitrate.

2. Effect of Dissolved Oxygen Concentration on the Perfor-

mance of PBELAB

PBELAB was found to perform well in decomposing ammonia

with a high dissolved oxygen level in the riser. Fig. 4A shows the

influence of dissolved oxygen concentration on the ammonia re-

moval rate. High riser dissolved oxygen was obtained by increasing

the aeration rate in the riser section of PBELAB, and the results

suggested that a 46% increase in dissolved oxygen could increase

ammonia removal rate by as much as 75%. However, high dis-

solved oxygen in the riser often posed problems with the anaerobic

denitrification in the downcomer as it meant more time was required

in the downcomer section for the reduction of dissolved oxygen to

the level appropriate for denitrification. Hence, it can be seen in Fig.

4B that a higher level of dissolved oxygen resulted in a lower re-

moval rate of total inorganic nitrogen. This was because ammonia

was converted to nitrate which was not further decomposed prop-

erly, and hence, an accumulation of nitrate in the system was ob-

served. In other words, a high aeration rate in the riser could lead

to a better ammonia removal rate but not the total nitrogen removal

rate as the dissolved oxygen in the downcomer would not be ade-

quately low for a proper decomposition of nitrate.

3. Nitrate Shockload

Nitrate was often found to be completely removed and no nitrate

was detected at all in most of the experimental runs. Additional ex-

periments were performed to investigate the performance of the sys-

tem in terms of nitrate removal. This was to determine the rate at

which nitrate was removed and to examine the stability of the system

under nitrate shockload condition. For this, two sets of experiments

were carried out, and the results are demonstrated in Fig. 5. During

Experiments P-VII (Fig. 5A) and P-IX (Fig. 5B), the PBELAB was

operated with high level of nitrate (approx. 25 and 21 mg NO3-N/L,

respectively), and the results illustrated that the system could per-

form satisfactorily. No ammonia was added to the system at the start

of Experiment P-VII, which enabled the determination of the nitrate

removal rate which was at 0.04 g NO3-N/m2d. This indicated that

the performance of PBELAB was rather stable with an adequate

level of nitrate removal rate. In Experiment IX, on the other hand,

both ammonia and nitrate at a high loading rate were added into

the system. The system still could cope with this condition and all

nitrogen compounds were totally decomposed within 110 hours of

operation.

Note that the area for the denitrification in PBELAB was much

greater than that for nitrification. Hence, although the specific re-

moval rate for nitrate seemed to be relatively low compared to that

of ammonia, the total nitrate removal rate was found to correspond

well with the removal rate for ammonia, i.e., the total nitrate removal

rate was approx. 0.51 g NO3-N/d, whereas the total ammonia removal

rate was 0.09-0.56 g NH4-N/d.

4. Comparative Evaluation of Nitrification and Denitrification

Performance

Table 2 summarizes the ammonia removal rate from various nitri-

fication systems compared to the rate obtained from PBELAB. It

Fig. 4. Effect of dissolved oxygen concentration in riser on the per-
formance of PBELAB: (A) ammonia nitrogen removal, and
(B) total inorganic nitrogen removal.

Fig. 5. Ammonium-nitrogen, nitrite-nitrogen and nitrate-nitrogen
concentration profiles during: (A) Experiment P-VII; and
(B) Experiment P-IX.
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can be seen that PBELAB offered a reasonable degree of ammo-

nia removal rate. Similarly, Table 3 indicates that the nitrate removal

potential of the PBELAB could be compared satisfactorily with the

published denitrification rates, i.e., the rate from the PBELAB was in

a range similar to that obtained from standard fixed film columns.

Overall, the performance of the PBELAB in treating wastewa-

ter containing inorganic nitrogen compounds was comparable with

other treatment systems, although it seems, at times, that the effi-

ciency of nitrification/denitrification was not sufficiently high. It

should be mentioned, however, that the PBELAB offered both nitri-

fication and denitrification in one step where both of the reactions

took place at similar rates with other individual treatment units. In

other words, a satisfactory nitrogen compounds removal could be

accomplished with one airlift bioreactor setup whilst most systems

require a sequence of two reactors.

CONCLUSION

This study demonstrates the possibility of applying the airlift biore-

actor as an integrated system for nitrification/denitrification. PBELAB

was relatively stable taking into account the active performance with

nitrate shock load and it also provided a satisfactory level of degra-

dation rate at normal operation. Despite several significant differ-

ences between the nitrification and denitrification reactions, the airlift

bioreactor could still be arranged such that these two reactions occur

simultaneously. The application of PBELAB to the treatment of

actual shrimp pond medium is considered possible as the level of

ammonia and nitrate should be considerably lower than those tested

in this article. What remains to be examined is the mode of opera-

tion as the treatment of actual medium will require that wastewater

flow through the PBELAB system. The results from this work pro-

vide an insight into how the system performs and illustrate the pos-

sibility of extending PBELAB to actual shrimp pond operation. Fur-

ther development of this system will be one attractive option for

the treatment of wastewater containing nitrogen compounds, and this

will be useful particularly for the sustainable aquaculture industry.
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