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Abstract------ Laboratory-scale sequencing batch reactor(SBR) activated sludge processes
were operated to investigate the stability of phosphorus removal capacity and population of
bio-P-bacteria under short term disturbances (2 to 5 days) and characterize the structure and
dynamics of bacterial population of activated sludge for phosphorus removal. The
performance on phosphorus removal deteriorated in 3 days, whereas it took more than 1 week
for the recovery and the time required prolonged with the length of disturbances. The
responses of phosphorus removal activity and quinone profiles suggested the deterioration and
slow recovery was dependent not on the decrease in the activity of each bio-P-bacteria but on
the decrease in their population, i.e. species succession of bacteria. The isolated strains of
Acinetobacter and Pseudomonas. were seemed to be predominant species in the total bacterial
population in the activated sludge. These strains showed high activity of phosphorus removal
and low specific growth rate

Key words----- activated sludge population dynamics, phosphorus removal, rainwater
intrusion, quinone profile, Acinetobacter, Pseudomonas

INTRODUCTION

Biological phosphorus removal processes are studied widely to prevent water pollution
caused by artificial eutrophication.  Although most studies have been carried out by
continuous flow reactors (CFS), sequencing batch reactor, SBR, activated sludge processes
with anaerobic and aerobic operations have also been accepted to be one of the promising
processes for phosphorus removal (Okada e al., 1991).

Both in SBR and CFS systems for phosphorus removal, it is widely known that
activated sludge must be subjected cyclically to anaerobic and aerobic conditions. An
adequate supply of volatile fatty acids was also shown to be a key factor in successful
phosphorus removal (Mostert et al., 1989; Jones et al., 1987 ). In addition to these
environmental or operational conditions, it is also essential to have a specific group of bacteria,
bio-P-bacteria, that is able to accumulate polyphosphate and, hence, to remove phosphate in
wastewater (Okada er al., 1987, Wentzel et al., 1986). Selection, accumulation, or
enrichment of bio-P-bacteria are regarded to be the most important factor for starting up and
stable operation of effective biological phosphorus removal processes (Bowker and Stensel,
1987).

Among numerous bacteria in activated sludge ecosystem, Acinetobacter spp. were
claimed to be responsible for phosphorus removal. Actually, many strains of the genus
Acinetobacter have been isolated from activated sludge processes for biological phosphorus
removal and was regarded to be a dominant polyphosphate-accumulating species in the sludge
(Fuhs and Chen, 1975; Hao and Chang, 1987; Murphy and Lotter, 1986; Lotter et al., 1986).
Numerous studies to elucidate the metabolic control mechanisms involved in the enhanced
removal of phosphorus, therefore, have been reported presupposing a strain of Acinetobacter
as a model organism (Lotter and Dubery, 1987; Groenestijn and Deinema, 1987; Groenestijn
et al., 1989),



However, Acinetobacter spp. were found to form a large fraction (40%) of isolated
strains not only in the activated sludge for phosphorus removal but also in conventional
activated sludge with fully aerobic condition (Lotter et al., 1986). Those strains isolated from
conventional sludge were equivalent in terms of substrate utilization, polyphosphate and
polyhydroxybutyrate (PHB) accumulations with those isolated from phosphorus removal
sludge.

It was also demonstrated that a strain of Acinetobacter calcoaeticus did not exhibit
typical features of phosphorus removal sludge, i.e. anaerobiosis did not accelerate the rate of
phosphorus uptake, and no significant uptake of acetate was observed in anaerobic condition
(Ohtake et al., 1985). Another strain of Acinetobacter sp. isolated from activated sludge for
phosphorus removal did not release phosphate under anaerobic condition fed with acetate (Hao
and Chang, 1987). The aeaerobiosis also reduced viability of the strain in spite of the
reported fact that prolonged anaerobic condition in a Phoredox system had no detrimental
effect on sludge characteristics and improved phosphorus removal capacity.

The efforts to identify or isolate other strains than Acinetobacter spp. revealed that such
genus as Pseudomonas and Klebsiera might be regarded as bio-P-bacteria (Suresh et al.,
1984; Gersberg and Allen, 1984). The isolation of new strains, however, does not always
assure that total population of bacteria in the activated sludge was examined. It is practically
impossible to recover all kinds of bacteria present in activated sludge (Pike and Curds, 1971).
In fact, the number of aerobic heterotrophic bacteria detected as "viable colonies” only
accounts for small percentages of total population. The isolation and pure culture studies
provides only limited information on the "countable and cuitivable” bacterial population rather
than the total population.

Recent development of methods for in situ identification and enumeration of specific
microorganisms presented quantitative information on the role of Acinetobacter. By using
electron dispersive micro-analysis of X-rays, Cloete and Steyn (1988) estimated that a
maximum of 34% of the observed phosphorus removal could be removed by Acinetobacter as
polyphosphate. Also, in situ counts of Acinetobacter by the fluorescent antibody technique
indicated that they constituted less than 10% of total bacterial count by the acridine orange
staining, whereas the common API-20E identification system based on cultivation indicated
that Acinetobacter was the dominant species.

Although the above mentioned methods give us quantitative information on
Acinetobacter or a selected species of bacteria, still they do not provide little information on the
total population. The microbial chemotaxonomy has been applied to mixed bacterial
populations such as activated sludge for their in situ characterization on total population
(Hiraishi, 1988). The analyses of isoprenoid quinones in the activated sludge both for
conventional and phosphorus removal revealed that there were no significant difference in the
structure of bacterial community, nor any evidence on the dominancy of Acinetobacter
(Hiraishi er al., 1989).

Practical applications and pilot plant studies in Japan on biological phosphorus removal
during the decade pointed out that disturbances such as rapid decrease in temperature and
inflow of rainwater, i.e. hydraulic shock loading and/or dilution of wastewater, may cause
serious damage to plant performance (JSWA, 1988; Minagawa et al., 1989). It was
recommended, in addition to prevent rainwater intrusion, to utilize primary sludge as an agent
to increase inflow organic concentration and stabilize effluent quality and actuvated sludge
bacterial population.

The purpose of this study is to investigate the stability of phosphorus removal and
population of bio-P-bacteria under short term disturbances such as rainwater intrusion and to
characterize the structure and dynamics of bacterial population in activated sludge for
phosphorus removal. Laboratory systems of SBR were given disturbances from 2 to 5 days
by introducing full-time aeration or diluted wastewater and the responses of bacterial
population in activated sludge was monitored by phosphorus removal activity, quinone
profiles, and species identification in addition to plant performance.



MATERIALS AND METHODS

Configuration and operation of SBR activated sludge systems

Two laboratory-scale SBR activated sludge processes were operated in an air-
conditioned room of 20 + 2 deg. C. Each reactor consisted of a 5 1 acrylic vessel with
facilities for wastewater inflow, mixing , aeration, effluent discharge and excess sludge
removal (Okada, et al.,1991). Acetate was used as a carbon source (TOC =320 mg 1'1) and
inorganic nutrients were added to have T-N and T-P concentrations of 106 mg 1-! and 15 mg
1-1, respectively. Actually, concentrated wastewater was prepared and fed into reactors with
tap water for dilution after autoclaving it for 15 min at 120 deg. C. BOD loading was 0.36 kg
BOD m-3 d-1. BOD concentration of the wastewater was 720 mg -1 and the ratio of BOD : N
: P were 100 : 14.7 : 2.1. Hydraulic retention time (HRT) was kept at 2 days. MLSS was

maintained at around 4,000 mg 1-1,
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Fig. 1. Operational schedules for normal operation and disturbances.

The SBR systems were operated in a cycle of 24 h. Fig. 1 shows operational
schedules of normal operation and two types of disturbances, i.e. OX and 1/4. The SBR was
operated on the schedule of normal operation for more than one month to confirm steady-state
operation both in effluent quality and activated sludge microbial ecosystem.
Anaerobic/aerobic operations in the normal operation was changed into fully aerobic operation
throughout a cycle, i.e. continuous aeration from the beginning 10 23.5 h, with the same
wastewater inflow for 2 to 5 days and returned to the normal operation in the disturbance OX.
In the disturbance 1/4, the wastewater was diluted down to 1/4 of the original concentration
without any change in the operational schedule.

The SBR operations were monitored by MLSS, SVI and effluent water quality, i.e.
dissolved organic carbon (DQOC), volatile fatty acids (VFA), orthophosphate (PO4-P), redox
potential (ORP) and dissolved oxygen concentration (DO). All the chemical analyses were
carried out according to Standard Methods (APHA, 1985).

Activity of phosphorus removal

The activity of phosphorus removal by activated sludge in the reactor was determined
by separated batch cultivations. A sample of activated sludge taken from the reactor was
washed by the same synthetic wastewater as in the reactor and separated by centrifugation to
remove remained organic substrate and phosphorus. The sludge was suspended into the
synthetic wastewater. The mixed liquor was kept anaerobic for 8 h after purging DO less than
0.2 mg 1! by nitrogen gas. The amount of phosphorus release from the activated sludge was
determined in 8 h. Based on the fact that the activity of phosphorus removal in anaerobic
condition is in proportion to that of phosphorus release, the activity of phosphorus removal
was defined as the amount of phosphorus release for & hours per unit mass of MLSS, mg

phosphorus mg-1 MLSS (Okada et al., 1991).



Isolation of bio-P-bacteria and determination of phosphorus removal activity

Plate culture was used to isolate bacteria in the SBR systems using the medium with
the same composition as the synthetic wastewater. Actually the concentration was increased
up to 5 times of that of original. After the number of colonies became maximum, typical and
representative colonies in shape and color were purified. The strain was cultivated under
aerobic condition at 20 deg. C in a liquid culture of the same medium. Specific growth rate of
the strain was estimated from turbidemetric determinations of the increase in the cell mass
concentration.  When the growth of bacteria levelled off, the culture was turned into
anaerobic condition for 8 h and the activity of phosphorus removal by the strain was
determined.

Quinone profile analysis in activated sludge

Activated sludge was collected by centrifugation and washed with disulled water and
freeze-dried. Quinones were extracted from the dried sludge (0.2 - 0.5 g) by chioroform-
methanol (vol:vol = 2:1). The extract was purified by thin-layer chromatography developed
with benzene. Quinone components were separated by reverse-phase high performance liquid
chromatography (Shimazu LC-6A, column ; Zobax ODS) and then identified by comparing
their retention times with those of standard quinones (Katayama et al., 1980; Hiraishi et al.,
1984; Hiraishi, 1988). Identified quinones were ubiquinones and menaquinones with n
1soprene units and expressed as Q-n and MK-n, respectively.

RESULTS AND DISCUSSION

Responses of reactor performance to the disturbance

Profiles of DO in a cycle of operation before and during the disturbance of 5 days are
shown in Fig. 2. Changes in DO in a cycle before the disturbance was typical in SBR
operation with anaerobic/aerobic condition. As shown in Fig. 3(a), no DO was observed for §
hours. Although not shown here, ORP dropped from +100 mV down to -100 mV and nitrate
nitrogen remained in the beginning of the cycle was removed by denitnification indicating
anoxic and anaerobic reactions. Corresponding profiles of orthophosphate are shown in Fig.
3(a). Remarkable release of phosphorus was noted during anaerobic period. The released
phosphorus was taken up in the following aerobic reaction.

Both the disturbances changed DO profile as shown in Fig. 2(b). The system was
changed into aerobic condition throughout a cycle in the disturbance OX.  Although no
aeration was carried out in the disturbance 1/4 for 8 hours at the beginning of each cycle, the
diluted wastewater could not turn the system into ananerobic condition. The aerobic condition
suppressed phosphorus release in the beginning of each cycle and subsequent luxury uptake of
phosphorus as shown in Fig. 3(b). Effluent phosphorus concentration, therefore, increased
as shown in Fig. 4 (see later on).

The shown profiles were observed in day 3, whereas similar profiles were observed
from the beginning to the end of the disturbances. It must be noted that it took more than 3
weeks to recover the same profile of phosphorus release and uptake as that shown in Fig.
3(a). Both in the disturbances for 2 and 3 days, similar profiles of DO and PO4-P were noted.

In case of 2 days disturbance, however, effluent phosphorus concentration was kept
unchanged.

Fig. 4 shows responses of effluent quality and phosphorus release activity in the
disturbances of 5 days. Effluent phosphorus concentration was kept low for two days both
for the disturbances of OX and 1/4. It increased remarkably after day 3 and showed
maximum values at day 5. The disturbances were removed at day 5 and returned to the
normal operation after that, whereas it took more than three weeks to recover the same
performance as that in the steady-state condition in the normal operation. Significant
differences were not noted between disturbances of OX and 1/4.



differences were not noted between disturbances of OX and 1/4.

The disturbance of 3 days showed very similar responses to those of 5 days. Effluent
phosphorus concentration, however, returned to the normal level within 1 week (not shown
here). Taking the fact that the hydraulic retention time was kept at 2 days throughout the
operation, it is most probable that phosphorus removal activity of the activated sludge was
damaged during the disturbances. No deterioration in effluent quality was noted in the
disturbances for 2 days. The longer disturbances seemed to have resulted in the more serious

damage.
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Fig. 4. Response of effluent quality (upper} and phosphorus removal activity (lower)
for the disturbance of 5 days from day O to day 5.

Responses of activated sludge

As shown in Fig. 4, phosphorus removal activity was kept unchanged for 2 days and
decreased after day 3 of disturbance. It decreased less than 50 % of the activity in the steady-
state in day 5 and took more than 3 weeks to recover the original level. Similar to effluent
phosphorus, the activity decreased at day 3 and took 1 week to recover the original level in the
disturbance of 3 days. There was no change in the activity, however, for the disturbance of



2 days. These behavior are well coincident with that of effluent phosphorus concentration.
Phosphorus removal capacity, therefore, seemed to be dependent on the activity of
phosphorus removal by activated sludge.

SVIincreased from 40 to 60 by the disturbance OX, whereas it was kept unchanged
throughout the disturbance 1/4. Thus MLSS did not washout during the disturbances and
MLSS was kept between 3,000-and 4,000 mg 1. SRT estimated from excess sludge removal
was more than 40 days during these operations. Taking the facts that phosphorus removal
activity dropped during the disturbance and total biomass, i.e. MLSS, was kept unchanged
without significant removal of biomass, the deterioration of plant performance can be referred
to degradation of phosphorus removing bacteria in the activated sludge.

Responses of bacterial population

Quinone profiles in the activated sludge was determined before (day -2), during, and
after the disturbances. Ubiquinone contents per unit mass of MLSS are shown in Fig. 5 with
the corresponding phosphorus removal activity.  The major ubiquinone detected in the sludge
with high activity of phosphorus removal (day -2; steady-state operation) had 9 isoprene units,
i.e. ubiquinone-9 (Q-9). The second was (-8. Although small amount of Q-10 was
detected, other quinone homologs were negligible.

Representative bacteria which contain Q-9 as a major constituent are Acinetobacter and
Pseudomonas (Hlraishi and Morisawa, 1990). It is most probable, therefore, that the
dominant bacteria in the sludge studied are one or both of these two genus. This supports the
most common understandings based on isolated strains that Acinetobacter and/or
Pseudomonas are predominant in activated sludge for phosphorus removal (Fuhs and Chen,
1975; Hao and Chang, 1987; Murphy and Lotter, 1986; Lotter et al., 1986; Suresh et al.,
1984; Gersberg and Allen, 1984).
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Fig. 5. Ubiquinone contents and phosphorus removal activity in the activated sludge
for the disturbance of 5 days from day O to day 5.

On the contrary, Hiraishi et al.(1989) reported that Q-8 was present as the predominant
ubiquinone, Q-10 was the second most common type, and Q-9 and other homologs occurred
as minor component irrespective of anaerobic/aerobic or aerobic operation, i.e. activated
sludge for phosphorus removal do not have different microbial population from conventional
activated sludge processes. This discrepancy may partly due to the substrate used. Although
not shown here, Q-9 was dominant even in fully aerobic activated sludge if it was fed with
acetate. In our system, peptone, the substrate Hiraishi ez al. used, changed the structure of
bacterial community.  Major constituent was Q-8 when the sludge was operated under



aerobic condition. Cyclic anaerobic and aerobic reactions, however, increased Q-9 to be the
predominant.

Fig. 6 shows menaquinone contents in the activated sludge for the same disturbances
of 5 days. Major menaquinones detected were MK-7 and MK-8. The other homologs were
not significant. This is in agreement with the previous reports on activated sludge (Hiraishi,
1988; Hiraishi er al., 1989).
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Fig. 6. Menaquinone contents in the activated sludge for the disturbances of 5 days.

The disturbances of 5 days decreased quinone contents in the activated sludge.
Although the decrease were not significant on day !, both ubiquinone and menaquinone
decreased remarkably after day 3 and took more than 3 weeks to recover their original
contents. It is well known that quinone contents of bacteria are species specific and, in most
cases, constant irrespective of environmental conditions. In fact, no significant differences in
quinone profiles of isolated strains of Pseudomonas from this sludge (strain 2-15-W1 and 2-
17-W3, see Table 1) were noted between aerobic and anaerobic conditions.

Thus it is most likely that the decrease in the activity of phosphorus removal was
dependent not on the decrease in the activity of each bio-P-bacteria but on the decrease in their
population. The facts that it took longer time to recover phosphorus removal activity than to
lose it and the longer time was necessary if the duration of disturbances were longer may also
support the decrease in bio-P-population.

Homologs of ubiquinones were shown in Fig. 7 by percentages out of total
ubiquinones. Although little change in percentages of menaquinone homologs was noted (not
shown here), those for ubiquinone showed significant change, i.e. Q-9 decreased during the
disturbances. This may correspond to the decrease in the population of bacterial species with
high Q-9 contents.

Previous studies on quinone profiles of activated sludge suggested that the introduction
of anaerobic conditions into totally aerobic operation has little influence on its bacterial
community structure (Hiraishi er a/., 1989; Hiraishi and Morishima, 1990). Also a
conventional study on isolation and enumeration of activated sludge bacteria revealed that the
cyclic change in anaerobic and aerobic conditions did not appear to stimulate microbial
succession to a new species of Acinetobacter, but rather to stimulate the ability for the
accumulation of polyphosphate and PHB inherent in the strains already present (Lotter et al.,
1986).

The present study, however, suggested completely different response of bacterial
community. Although further studies would be necessary, not only the quinone profile but
also slow responses in plant performance and phosphorus removal activity may support the
change in bacterial community rather than physiological changes in bacterial community.

Fig. 8 shows relationships between specific growth rate of isolated strains from the
sludge in steady-state operation and their activity of phosphorus removal. Similar to the



previous study (Okada et al., 1991), strains with high activity of phosphorus removal were
low in specific growth rate. This results also support the above mentioned slow succession
of bacterial population and recovery of phosphorus removal after the disturbances.

Table 1 shows specific growth rate, phosphorus removal activity and ubiquinone
homologs of representative strains isolated. The bacteria with high activity of phosphorus
removal and low specific growth rate were identified as genus of Acinetobacter or
Pseudomonas. The fact that major ubiquinone detected was Q-9 suggests that these strains
were predominant species in the total bacterial population of activated sludge. Their high
activity also suggests that they played major role for phosphorus removal. Their slow rate of
growth may explain the slow recovery of bacterial population and activity. The strain with
low activity and high specific growth rate, however, had Q-8 indicating not to play major role
for phosphorus removal.
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Fig. 7. Ubiquinone homologs as percentages out of total in the disturbances of 5 days.
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and their phosphorus removal activities.



Table 1. Specific growth rate, phosphorus removal activity and ubiquinone homologs
of isolated strains.

code species specific growth activity ubiquinone (%)
rate (day‘l) (mg-P mg‘lMLSS) Q-8 Q9

2-12-W1 Acinetobacter lwoffi 0.66 0.18 8 88
2-13-W1 Acinetobacter anitratus 0.06 0.19 - 89
2-15-W1 Pseudomonas aeruginosa 0.50 0.18 33 61
2-17-W3  Pseudomonas maltophilia 0.80 0.18 - 91
4-08-W1 Pseudomonas aeruginosa 0.50 0.13 14 88
4-18-W1 Pseudomonas aeruginosa 0.43 0.15 7 92
2-08-W2 Pseudomonas maltophilia 0.80 0.07 93 -
4-02-W1 Enterobacter agglomerans 1.94 0.01 92 -
4-03-W1 Enterobacter agglomerans 1.84 0.01 92 -
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P-removal: state of the art in the Netherlands.

Introduction.

The care for the guality of Dutch surface-water rests, in the executicon of it
with 31 water quality authorities.
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Figure 1. Waterquality authorities in the Netherlands

Besides phosphate-containing fertilizers wahing from the soil and direct,
unpurified discharges, the load with phospates is determined for a considerable
part by residue-discharges from waste-water treatment plants (WTPs). All these
streams ultimately end up in the North Sea.

Besides that, water-management in the Netherlands is determined for an important
part by influences of border-transgressing rivers: a considerable part flows via
the Rhine and the Meuse directly to the North Sea, whereas an other part is first
guided by way of surface-water.

Since the Rhine and the Meuse flow through a number of Eurcpean countries, making



agreements to arrive at a reduction of P-lcad on the North Sea (and partly in the
Netherlands) 1is an international affair.

In 1986 the total locad with phospate of Dutch surface- and wastewater amounted to
about 44 million kilos P per annum, coming from national contributions. Via
border-transgressing rivers 46 million kilos P reached ocur country. From this
amount a part is removed (in WITPs) or accumulated in dredge or bottom, after
which the total load of the North sea amocunted to abcut 42 million kiles P
(figure 2).
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Figure 2. P-load on Dutch surface waters

Plan-modelling.

During an assembly o©of Rhine-border states in October 1987, agreements were made
to reduce the load of the North Sea for a great number of matters/chemicals,
amongst others phosphates,

A month later the conference of Ministers of countries on the North Sea confirmed
the agreements made.

In 1995 the load with respect to phosphor and other chemicals should be reduced
by 50 per cent in comparison to the 1985 situation. Percentages for scme chemi-
cals may even be higher.

These agreements were incorporated by the Dutch government into the Third Note
for Water-management, in which plans and water quality aims are embedded.

The aim for the quality of Dutch surface-water in the long run is get for
phospate at 0.15 mg P-total/l

An integral approach has been chosen upon, in which all important sources are
tackled. With respect tco industrial discharges with phosphate, notably the
fertilizer industry and the intensive stock-farms, reduction by 50 per cent have
been laid down. The same reduction-~claim holds good for discharges from waste
water treatment plants and the international agreements have been translated into
a policy in which effluent-reguirements are applied.

The above mentioned requirement depends on the capacity c¢f the WTP and will
ultimately be 1, respectively 2 mg/l total P.




Table I Limits for phosphate concentraticns in effluent of WTPs

Limit New WTIPs Existing WIPs
mg P/l from from
For WTPs > 100,000 p.e. 1 1/7/1930 1/1/199%
For WTPs between 20,000 p.e.
and 100,000 p.e. 2 1/7/1990 1/1/1998
For WIPs < 20,000 o.e. 2 1/1/1995 1/1/199%

The water quality authorities are, however, alsc allowed t¢ opt for an elabora-
tion in which they see to it that within their area, 75 per cent of all incoming
quantities of phospates are removed, By doing so the reguirements set are also

met.
In the rest of this lecture attention will be paid only to those measures which

will be taken at WTPs in order to meet these requirements

Technical possibilities.

* Reduction at the source.

Reducing phosphate quantities from waste water is the most effective scurce

measure.
As far as discharge of industrial waste water with high degrees of phosphate is

concerned, reduction will be aimed at by way of granting licences,
For domestic discharges the most important possibility will be the reducticn in
the use of P-containing detergents.

* Chemical dephosphatation.

Chemical dephosphatation is of all the technigues currently available the one
that is being applied on the widest scale. This processe relies on chemical
additives which react with phosphate in the water phase to produce an insoluble
phosphate—-salt. There are three basic types of chemical dephosphatation methods.
The first is pre-precipitaticn. This involves dosing of chemicals to the waste
water entering the primary clarifier. The compound commonly used is ferric
chloride. Iron(II) salt can not be used. Besides removal of phosphate also
reduction of BOD is normally achieved depending on dosing gquantities. Therefore
this technique is sometimes used as a means of reducing the locad for the
biological part of the installation.

The second method is simultaneous-precipitation. Compounds used are ferrous
chloride, ferric chloride and aluminum salts. When ferrous chloride is used, the
iron ions have to be oxidized first by the oxygen in the treatment plant.

The disadvantage of simultaneous dephosphatation is the large increase of sludge
amount that is produced in the treatment plant.

The third method is that o©f post-treatment. This involves treating the bioclogi-
cally purified effluent in a further processing stage. The chemicals used are
generally the same as those applied during simultaneous dephosphatation, except
ferrous chloride. One advantage of the post-treatment process is that the
phosphate sludge is kept separate from the rest of the sewage sludge. This factor
is of particular importance when considering the potential recycling of materi-



als.

On the wheole, simultanecus dephosphatation is more commenly applied than a post-
treatment stage because of the lower costs involved. Experience has shown that,
en average, phogsphate levels of 1-2 mg/l total P are achievable with this

technigue.

* Bioleogical dephosphataticon

Biological dephosphatating technigues are based on the principle that, given the
right conditions, certain bacteria are able to remcve phosphates from water.
These bacteria, which comprise among others the Acinetobacter genus, are able to
accumulate more phosphate than is required to maintain the cell-structure thereby
reducing the phosphate content in the water phase. Acinetobacter organisms need
volatily acids to grow, which means that an anaerobic zone must always be
provided within the sewage treatment plant. Phosphates are removed from the waste
water during the subseguent aerobic phase.
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Figure 3. Biclocgical uptake and release
of phosphate

In this process, inorganic phosphates are converted to energy-rich polyphospha-
tes, which accumulate in the cells of the bacteria. If the bacteria are moved to
an anaerobic enviroament, the stored energy is released as the phosphates are
returned to the water phase (figure 3).

In a normal conventicnal aercbic treatment process

gome 30~40% of all phosphates are being removed from the waste water. Biolegical
dephosphating techniques can do more than 80%.

At the moment much attention is being
paid to the research and development of

e \"i;/f_* the pho-strip process and other biolo-

gical dephosphating processes in the
Netherlands (figure 4).

Mcre about this subject will be presen-
ted in ancther lecture by Mr Rensink.

Figure 4. Phostrip process



* Fluid-bed pellet reactor

A new dephosphating method is the use of the so-called fluid-bed pellet reactor.
This process does not result in sludge but in pellets of calcium or sodium
phosphate. These pellets can be used in the phosphor-industry thus bringing the
phosphate into a cycle.
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Figure 5. The fluid-bed pellet reactor

The priciple of the fluid-bed reactor is as follows: a part of the reactor is
filled with a proper basis for the pellets, such as sand. The effluent of the
waste water treatment plant is brought in the fluid-bed in an up-flow direction.
With the addition of calcium or gsometimes scdium ions the process conditione are
adjusted to form phosphate pellets with the calcium ions and the sand as a
nucleus. When the pellets are big enough, they are removed from the system.

This technology is capable of bringing total phosphate—P content in the effluent
down to about 1 mg/l or lower. Normally, filtration of the effluent using a mand-
anthracite filter will be necessary to hold back phosphate in suspended form
(figure 5).

The first fluid-bed granular reactors to operate at full scale have been
introduced in Denmark and the Netherlands.



* Magnetic separation

Magnetic separation was originally thought to be suitable only for removing
certain metallic elements from waste water. However, it soon became clear that
non—magnetic materials could also be separated in a similar way. In the latter
case it is necessary to add magnetite, a magnetic ferric oxide. The magnetite
becomes adsorbed onto certain particles, present in the water phase, which allows
them to be removed under the infliluence cf a magnetic field. Adsorption is
enhanced by the addition of small amounts of polymer. Under these circumstances
it is also possible to remove phosphate (figure 6).
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Fiqure 6. Magnetic separation

For sake of economics it is essential to recover the magnetite from the residual
fraction. Reccveries of about 99% have been achieved on a pilot-plant scale. In
trials it has become clear that phosphate levels in the effluent down below 1
mg/l are possible. If the effluent quality has already been brought down to a
level of 1 mg/l by means of preliminary treatment, the effluent quality after
magnetic separation may reach 0.2 mg total P/l or lower.

Combining chemical or biological techniques with magnetic separation can
therefore yield extremely favourable results.

In the Netherlands two full-scale magnetic separation systems for municipal waste
water are now under construction. They will be in operaticn from April 1991.



* Sand filtration

Sand filtration should not be regarded as a dephosphating technigque in its own
right, as it is always applied in combination with other methods. The effective-
ness of this technigue in reducing the amount of phosphate in waste water has
already been demonstrated in many practical applicaticns, particularly in
Switzerland. It has been shown that levels in the order of 0.2 mg/l total P can
be achieved. Futhermore, sand filtration can be considered as an extremely useful
way of protecting the quality of surface waters.

Costs.

Next to the height of costs per unity, there are alsc differences in the
structure of costg to be discriminated, when dephosphating.

Within the structure of costs a subdivision can be made into principal parts such
as capital costs, running costs (amongst others chemicals) and the costs of
sludge disposal.

In table II waste water treatment plants having different capacities, namely
50.000 and 100.000 p.e., have been compared as far as costs are concerned for
four different implementation situations.

Table II. Costs of dephosphatation (Dfl/(p.e. &.)}

simultaneocus phe-strip fluid bed magnetic

precipitation process pelletreact separation
treatment plant cap. I II I I1 I 1T I iI
Capital costs 1.1 0.6 3.7 2.8 l2.1 8.7 7.8 6.3
Running costs 2.1 2.0 3.6 3.5 7.1 6.7 6.9 6.8
Sludge disposal 4.7 4.7 2.2 2.2 - - 2.4 2.4
Total 7.9 7.3 9.5 8.5 19.2 16.4 17.1 15.5

I: capacity 50.000 p.e.
II: capacity 100.000 p.e.

The figures in this index originate from a desk study. In the influent a
concentration of 10 mg/l total P is assumed, while effluent concentration is set

upon 1-2 mg/l.
Research

In the Netherlands especially biological dephosphatation is being employed in
order to do research in different places.

A number of these research-projects is being subsidized by various authorities
(e.g. RIZA and STORA) and a national commitee that pursues and steers its
progress.

In the next table you will find a brief survey of these research-projects.

At the same time it is indicated whether it concerns a laboratory, a pilot-plant
or a full-scale experiment.



plant size research-scale principle

Eindhoven 750.000 full sc.(partial) phostrip/simultaneous
Bennekom 25 lab. phostrip+pellet reactor
Bergambacht 7.000 full sc. phostrip

Bennekom 16.500 full sc. simultaneous

Ede 100.000 pilot pl. bicodenipho/phostrip
Costhuizen 7.000 full sc. biclogical

Kralingse Veer 300.000 pilot pl. phostrip+pellet reactor
Almelo-Vissedijk 130.000 full sc. biclogical
Lichtenvoorde 48.000 full sc. biclegical/chemical

The index shows that in many experiments a lot of attention is being paid to
biclogical dephosphatation, whether or not in a side stream treatment. In a
number of cases the pellet reactor is used for the treatment of side streams,

The term of these experiments varies from several months up to one year and is in
some cases followed up by an adaption on a full-scale.

Full-scale situation.

* Source—approach.

A considerable reduction ©f phosphates—-sup-
plies in the waste water treatment plants
has been established in the years 1985-1989
mainly as a result ©¢f the mass switch-over
by families to phosphate-free detergents
(figure 7). As a result of this supplies
have dropped to about 35 %.

In the years tc come, a further reduction is
to be expected, because the market-portion
of phesphate-free detergents has not vyet
. reached its full capacity.

& 3t A i B The average concentratioen of P-total in
Figure 7. Influence of P-free influent dropped from about 15 mg/l to about

detergents on P-concentration 10 mg/l in this period.
in wastewater An even further reduction may be expected.

* P-removal technigues.

The number of waste water treatment plants in the Netherlands, where next to the
normal P-reduction by biological processes, extra attenticn is paid to a further
reduction of phosphate is still limited, but it will rapidly increase in the next
few years, In 1988 about 23.5 million p.e. 's were handled in municipal waste
water treatment plants, of which 1.4 million p.e.’'s underwent a dephosphating
treatment.

In the table below the number of waste water treatment plants is indicated where
dephosphating is used in some way or other. At the same time the technigues used
have been indicated.



Dephosphating techniques Number of WTPs

Chemical: simultaneous 22

pre-precipitation 8
Biclogical ’ + 15
Pelliet reactor 1
Magnetic dephosphatation 2
Total + 48
Total number of WIPs about 470

Most waste water treatment plants show spontaneous biological dehosphatation
as a result of special process-circumstances or the composition of waste water.

Pogtscript.

At present dephosphatation, mainly chemical, is being applied on a modest scale
in Dutch WIPs.

Since 1987 when internaticnal agreements were made with regard to reducing
discharges with a great number of chemicals, amongst others phosphate, all water
quality authorities in the Netherlands have been working out plans to attain a 50
% reduction with respect to the 1985 situation.

In doing seo a lot of attention in research-projects is paid to biological
dephosphatation and new techniques such as the pellet reactor and magnetic
dephosphatation.

Additional phosphate-removal 1s realised in about 10 % of the WTPs besides the
normal removal as a result of the biclogical purification-process.

The number of p.e.'s which is involved in this is still small and amounts to
about 5 % of the total that is dealt with in municipal waste water treatment
plants in the Netherlands. On the other hand the aim of 50 per cent reduction of
phosphate discharges to surface water in compariscn with the situation in 1985
has already come in sight for many WIPs because of the massive switch-over to
phosphate-free detergents. Therefore only moderate extra efforts have to be
undertaken for additional measures.
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INTRODUCTION

It has been proved that biological nutrient removal of wastewater
by the activated sludge process is a great succes. In many cases
phosphorus and nitrogen removal processes can be easily incor-
porated in existing activated sludge treatment plants.

This paper reviews the principles of biological nitrogen and
phosphorus removal from municipal wastewater by the activated
sludge process. Introduction of these processes in modified

activated sludge systems will be presented.
BIOLOGICAL P-REMOVAL

Anaerobic zone
It has been generally known that the genus Acinetobacter is the

most important representative of luxury phosphorus uptake in
activated sludge. The bacterium Acinetobacter is normally present

in activated sludge, but in minority due to the low growth rate.
To promote the growth of Acinetobacter in activated sludge, the
growth conditions of this bacterium must be well-known. Acineto-
bacter prefers as substrate low molecular compounds such as low
fatty acids - especially acetate- and ethanol. The production of
low fatty acids from wastewaters in an activated sludge system
can be realized by incorporating an anaerobic zone, mostly at the
beginning of the aeration tank, where the return sludge meets the
incoming wastewater. See Figure 1. The overall content of low
fatty acids is the result of low fatty acids already present and
produced in the sewerage system and production of low fatty acids
in the anearobic zone by facultative anaerobic bacteria.

Owing to the typical energy metabolism of Acinetobacter this




Anaerobic Aerobic

Fig. 1. Introduction of an anaerobic zone for biological P-

removal

bacterium is capable to consume low fatty acids under anaerobic
circumstances and to form poly-B-hydroxybutyrate and higher fatty
acids. The energy need for this process has been derived from the
conversion of polyphosphate to phosphate - the so-called release
of phosphate- by way of ATP. During the following aerobic period

Acinetobacter metabolizes the storing products via oxidation and

synthesis of new cells. Phosphate from the waterphase is
accumulated in the cell as polyphosphate. The degree cof P~removal
from the waste water corresponds with the net growth of Acineto-
bacter. The more low fatty acids in the anaerobic zone, the more

growth of Acinetobacter and as a consequence the more P-removal.

A simplyfied metabolic pathway is given in Figure 2.
Although an anaercobic zone is a prerequisite for biological P-
removal many factors can affect positively or negatively the

degree of P-removal as described below.

Factors affecting biological P-removal performance.

1. Wastewater characteristics

The composition of the wastewater plays an imporant role in the
biological phosphorus removal process, especially to have organic
fermentation products available for the phosphorus-accumulating
organisms. The greater the amount of low fatty acids made
available to the P-removal system, the greater will be the amount

of phosphorus removal. As the fermentation products in the
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Fig. 2. Metabolic pathway of Acinetobacter

anaerobic zone are assimilated by the P-accumulating micro-
organisms about as fast as they are produced, it is not possible‘
to directly measure the fermentation substrate available in a
given wastewater. Therefore this makes it difficult to define the
P-removal capacity for a given wastewater. Attempts to charac-
terize the wastewater has been made by the BOD/P and BOD/Ng-
ratio. The higher these ratio's, the greater the P-removal
degree. The soluble BOD may be a better measure of substrate that
is available for low fatty acids production than the total
influent BOD, because not all of the influent BOD is considered
to be readily fermented.

The other part of the BOD - present in the primary sludge - can
be encouraged to low fatty acids production by seperate fermen-
tation of the sludge. By adding this influent enriched with low
fatty acids to the biclogical phosphorus treatment plant, the
effluent phosphorus will decrease to lower values.

Domestic wastewater containing also wastewater from e.g. dairy

factories and slaughterhouses with easy dJegradable organic



material, increases the quantity of fermentation products in the
anaercobic zone and as a consequence higher P-removal.

Normally the detentiontime of the mixed liguor in the anaerobic
zone amounts to 1 - 2 hours by using settled wastewater, but is
strongly influenced by the low fatty acids concentration in the
influent. By using raw wastewater longer detentiontimes are

needed to fermentate organic material to low fatty acids.

2. Oxygen
Alternation of an anaerobic period with an aerobic period is a

prerequisite for biological phosphorus removal. The oxygenation
capacity (0C) must be so high that sufficient oxygen is available
in the aerobic zone for the phosphorus-accumulating micro-
organisms. If the oxygenation capacity is not sufficient the P-
uptake will not be optimal. A complete or nearly complete
nitrification indicates an optimal P-uptake. Also the sludge
detentiontime in the second clarifier affects the degree of P-
release during the settling period. In practice the sludge

detentiontime does not exceed two hours.

3. Sludge loading/sludge age

Pilot plant studies with settled domestic wastewater have led to
results presented in Table 1. The higher the sludge loading the
greater the amount of P-removal. This must be attributed to the
sludge age and the degree of nitrification. At a high sludge
loading, a maximum of P-uptake is possible. At lower sludge
loadings and higher sludge ages the degree of nitrification and
sludge mineralisation increases, which has an adverse effect on
the biological phosphorus removal. See Table 1.

4. Nitrate

Nitrate inhibits the biological phosphorus removal process in the
anaerobic zone, because denitrification consumes low fatty acids
to transform nitrate into N,, N,0 and NO. When nitrate is present
in the anaercobic zone, the redoxpotential is too high for produc-
tion of low fatty acids by facultative anaerobic bacteria. As

soon as the nitrate has been removed the release of phosphate



Table 1 P-removal at different sludge loadings

Sludge loading P-removal Sludge age % P of
gCoD/kg sludge/day in % in days dry sludge*
140 80 30 -

280 50 17 5,0
400 87,5 5,3 6,8
600 91 4,0 6,5

* P-influent 18 mg P/1l, 1983

takes place as a sign of low fatty acids production. The degree
of nitrate inhibition is estimated by the quantity of nitrate
present in the return sludge. To lower the nitrate concentration
in the return sludge, denitrification have to take place in an
anoxic zone downstream in the activated sludge plant. The
reduction of nitrate is especially important for biological

phosphorus removal in the mainstrean.

5. Feed back of phosphorus by sludge treatment
Sludge treatment has an adverse effect on the bioclogical

phosphorus removal process. The release is strongly influenced
by the way of sludge treatment. Two extremes can be considered,
viz. removal of excess sludge directly from the aeration tank and
sludge disposal via anaerobic digestion. In the first case no
release of phosphorus takes place, in the second case anaerobic
digestion can lead to a high feed back of phosphorus to the
sewerage system and consequently to the plant. The internal
recirculation can be blocked by chemical treatment of these

enriched flow streams.

6. Effluent suspended solids
Small gquantities of suspended solids are discharged with the

effluent over the weir of the second clarifier. Normally the

limits of suspended solids in effluents are values lower than 30




mg/l. These solids always contains some phosphorus, which is
included in the total phosphorus content of the effluent. However
in biological phosphorus removal systems, the phosphorus content
of the effluent with suspended solids can become a significant
fraction of the total phosphorus discharged. If for example an
effluent contains 20 mg suspended solids per 1liter with a
phosphorus content of 5 percent, the effluent has already a
concentration of phosphorus of 1 mg/l, which is only the result

of the suspended solids.

7. Wastewater temperature
The temperature does not appear to play a significant role in

biological phosphorus removal. If anything, an improvement of the
phosphorus removal process at extremely low temperature has been
observed, possibly due to a shift in microbial population from
mesophilic to psychrophilic, inclusive a higher cell yield.
Although the wastewater temperature may not significantly affect
biological phosphorus removal, the rate of biochemical reactions,

especially hydrolysis, are reduced.

8. The composition of the micre-organisms in the activated

sludge
Although an anaerobic zone is a prerequisite for the growth of

Acinetobacter it may be possible that due to a wrong feed pattern
of the anaerobic zone filamentous bacteria will predominate. 2
completely mixed anaerobic zone can lead to filamentous growth,
as a plug flow system or a plug flow selector just suppress

growth of filamentous bacteria.

BIOLOGICAL NITRIFICATION AND DENTRIFICATION

Nitrification

Municipal wastewater of predominantly domestic origin contains
nitrogen in the organic and ammonium forms, which originate from
protein metabolism in the human body. Arriving at sewage
treatment plants an important part of the organic nitrogen has

been already converted to the ammonium form.



Nitrification is the bioclogical oxidation of ammonia to nitrate
with nitrate as an intermediate. This conversion is the action
of the autotrophic species Nitrosomonas and Nitrobacter, which

carry out the reaction in two steps:

Nitrosomonas
2 NH,* + 3 0, > 2 NO, + 2 H,0 + 4 H* + new cells.

Nitrobacter
2 NO, + O > 2 NO;y + new cells

The overall reaction is:

The net growth of biomass from Nitrosomonas and Nitrobacter is

roughly 0,15 g NVS8S/ g NH;.N oxidized. The empirical overall

reaction including assimilation and oxidation is:

NH,* + 1.83 0, + 1.98 HCO; ————> 0.98 NO; + 0,021 CH,NO,
+ 1.88 H,CO; + 1.04 H,0

From this equation it can be concluded that 1 gram of ammonium-

nitrogen means:

4.33 g of O, are consumed,
0,15 g of new cells are formed,
7.1 g of alkalinity ( as CaCO;) are destroyed,

0,08 g of inorganic carbon are consumed.

Factors affecting nitrification

In activated sludge processes nitrification can be affected by
the following factors:

1. Sludge loading and sludge age
The degree of nitrification is dependent on the sludge loading

or sludge age. Above a sludge loading of 0.10 - 0.15 kg BOD;/kg




MLSS.day the degree of nitrification will bhe lowered. This
corresponds with a sludge age of less than 5 - 6 days.

2. Temperature

The optimum temperature for nitrification is generally placed in
the range of 28 to 32° C. There is a significant reduction as the
temperature reduces. It 1is generally assumed that for all
practical purposes nitrification ceases to proceed below 5° C.
The required detentiontime for succesfull nitrification may be
several times greater in the winter than in the summer for
adaequate nitrification. This means higher sludge ages in the

winter.

3. Oxygen
Oxydgen is of great importance for the nitrification process.

There is no apparent inhibition of nitrification at dissolved
oxygen levels exceeding 1.5 mg/l. Dissolved oxygen levels below
0.5 mg/1l will have a negative influence on nitrification as the

micro-organisms are cbligatory aerobic.

4. PH

The pH range of ammonia oxidation to nitrate declines in the acid
range. The rate of nitrification begins to decrease somewhere at
pH of 6.3. to 6.7. Generally the rate is assumed constant in the

range of 7.2 to 8.0.

5. Alkalinit
Alkalinity is destroyed by the oxidation of ammonia to nitrate.

Approximately 7.1 g of alkalinity as CaCO; is destroyed per gram
NH, - N oxidized. In wastewater with low alkalinity and/or high
ammonia concentration, alkalinity may have to be added in order
to maintain the pH at the optimum level for nitrification.

Bicarbonate or lime can be used for this purpose.

6. Inhibition of nitrification
The autotrophic nitrifiers are extremely sensitive organisms.

Compounds which are most noted for toxity are heavy metals,



cyanides, halogen compounds, phenols, mercaptans and thiourea.

Denitrification.

Denitrification is the biological conversion of nitrate-nitrogen
to more reduced forms as N,, N,0 and NO. The process is carried
out by a variety of facultative heterotrophs which can utilize
nitrate instead of oxygen as the final electron acceptor.
Denitrification depends on the carbonaceous matter involved. The

reaction with methanol - electron donor - is as follows:
6 NO; + 5 CH,0H ——> 3N, + 5C0, + 7H,0 + 60H
Including cell synthesis the reaction is:

NO, + 1.08 CH,0H + 0.24 H,CO, —>
0.056 CH,NO, + 0.47 N, + 1.68 H,0 + HCOy

The reaction expresses that for 1 gram of nitrate-nitrogen:

2.47 g of methanol are consumed,
0.45 g of new cells are produced,
3.57 g of alkalinity are formed.

In activated sludge the most applied system concerns the single
sludge system with mixed liquor recycle, because this system
needs no external carbon source, lower neutralization chemical
requirements and lower oxygen requirements. For denitrification
an anoxic zone is incorporated into the activated sludge system.
The recycled mixed liquor amounts to 3 - 5 times influent flow.

See Figure 3.

Factors affecting denitrification
As in nitrification, there are factors which influence both rate

and extend of denitrification.



Anoxic Aerobic

Fig. 3. Denitrification in a single sludge system

1. Temperature

As in all biochemical reactions, denitrification is temperature
dependant. Denitrification does occur in the 5 to 10 °C range
although slow. The decreased rate can be compensated by the
increase of highest possible MLVSS.

2. Oxygen

Presence of oxygen is not toxic for denitrification but it is in
competition with nitrate. Absent of oxygen is desirable. On that
reason mixed liquor recycle must contain a minimal oxygen

concentration.

3. pH

The optimal pH range for denitrification is from 6.5. to 8.
Denitrification tends to raise the pH of the system by producing
alkalinity from the organic electron donor as demenstrated in the
reaction:

S CH,OH + 6 NO,

>5CO, + 3N, + 6 OH + 7 H,0

It has been estimated that alkalinity gained via denitrification
is approximately half the loss in which occurs during nitrifica-
tion.



4. Carbon source

The selection of the organic carbon source depends in reactivity
with nitrate consumption, availability and costs. The use of raw
wastewaters for denitrification is possible the most economical
and effective way of achieving denitrification.

Under anoxic conditions a portion of the wastewater BOD will be
used as a carbon source for denitrification. In comparison with

biological phosphorus removal Acinetobacter only use low fatty

acids while denitrifiers can consume higher components as well.
The uptake of low fatty acids by denitrifiers is faster than by

Acinetobacter.

ACTIVATED SLUDGE SYSTEMS WITH COMBINED PHOSPHORUS/NITROGEN
REMOVAL

Many plants are faced with effluent limits on both phosphorus and
nitrogen. It has been pointed out, that the principles of
phosphorus and nitrogen removal processes can be introduced into
the standard activated sludge treatment. This chapter reviews
different modifications of activated systems for biological

nutrient removal.

AA/O process

The AA/QO process is a modification of the A/O process which
stands for anaerobic/oxic. The A/O process 1is one of the
simpliest of the bioclogical phosphorus removal systems, being
very similar to a standard activated sludge process. The mixed
liquor passes an anaerobic zone followed by an aerobic zone.
Finally the mixed liquor passes a secondary clarifier where the
phosphorus-enriched sludge is settled from the process and
returned to the anaerobic zone. The removed phosphorus from the
wastewater is wasted by the excess sludge. For both phosphorus
and nitrogen removal the plant is expanded with an anoxic zone
between the anaercbic and aerobic zone for denitrification of the
nitrified nitrogen. See Figure 4. The mixed liquor recycled from
the aerobic zone to the anoxic zone amounts to 100-300 percent
of the influent flow.
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Fig. 4. The AA/O process

Modified or five-stage Bardenpho process.

The five-stage Bardenpho process is a modification of the four-
stage Bardenpho process by including an anaerobic zone at the
beginning of the four-stage Bardenpho process. The modified
process is shown in Figure 5. The anaerobic zone encourages the
production of low fatty acids for the growth of Acinetobacter.
The phosphorus uptake takes place in the first aerobic zone. The
nixed liguor recycled from the first aerobic zone to the first
anoxic zone 1is 400 percent of the influent flow. The function of
the second anoxic zone is to denitrify the incoming nitrate from
the first aerobic zone by using the endogenous carbon source. The
final aeration zone is provided for sedimentation to stimulate

the release of nitrogen gas and to improve sludge settleability.

4Q
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0.5Q
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Fig. 5. The modified Bardenpho process



UCT process
The UCT process stands for University of Cape Town and is derived

from the modified Bardenpho process. The modification of this
process lowers extensively the nitrate concentration flowing to
the anaercobic zone by extra internal recirculation of mixed
liquor as demonstrated in Figure 6. In the UCT process the
recycle of nitrate from the aerobic reactor must be controlled
so that the anoxic zone is underloaded with nitrate to minimize
the recycle of nitrate back to the anaerchic zone. The mixed
liquor recycles amount to 100-200 percent of the influent flow.
Oowing to the long sludge retention time in the anoxic zone the

sludge inclines to bulking sludge.

1-20Q
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Fig. 6. The UCT process

Modified UCT process
To shorten the anoxic retention time of the mixed liquor the

anoxic zone has been changed in two anoxic zones. See Figure 7.
The return sludge is sent to the first anoxic zone to denitrify
only the nitrate in the return sludge. The second anoxic zone
serves where the most nitrate is denitrified. The mixed liquor
streams are 100-200 percent of the influent flow.
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Fig. 7. The modified UCT process

Bicdeniphe process

The Biodenipho process is based on the Biodenitro process, which
exists of two coupled aeration tanks with intermittend aeration.
By alternating wastewater supply, optimal nitrification and
denitrification occur as well. Because both processes take place
in the same tank, recirculation of nitrified water to the anoxic
zone has been excluded. The Biodenipho process (see Figure 8) has
been eguiped with an anaerobic zone in front of the plant to
encourage the biological phosphorus processes. The anaerobic zone

receives the incoming water and the return sludge.

Anaerobic

Fig. 8. The biodenipho process



BB process
The BB process, which stands for the villages Bunnik and

Bunschoten where this modification initially was introduced, is
a two staged activated sludge process with an alternating
aeration. This process includes the same basic anaercbic/anoxic/
aerobic components as other modifications but the zones are
spatial and temporal alternation. See Figure 9. During the
anaerobic/anoxic phase the mixed liquor is not mixed but settles
on the bottom of the first aeration tank. The supernatant
enriched with nitrate doesn't inhibit the fermentation process
in the sludge layer, which results finally in a higher degree of
phosphorus removal. The nitrification and denitrification takes
place in the first and second aeration tank. By periods of
aeration in the first and second aeration tank Acinetobacter
accumulates phosphorus. The process is easily controlled by an

oxygen electrode.

Angerobic ,
. Aerobic

Anoxic _
Aerobic Anoxic

Fig. 9. The BB process

Modified carrousel and oxidation ditch

In a carrousel or oxidation ditch the activated mixed liquor
flows continuously around a loop-type channel. An aerator system
cares for the aeration of the activated sludge. By a low
oxygenation capacity it is possible to create an aerobic zone

capable of nitrification immediately downstream of the aerator




and an anoxic zone upstream of the aerator for some distance. By
discharging the influent at the upstream limit of the anoxic
zone, some of the wastewater carbon source is used for denitrifi-
cation. By placing an anaerobic zone in front of the ditch, where
the return sludge meets the influent an optimal combination of

phosphorus and nitrogen can be attained. See Figure 10.

Aerobi__c_ Anoxic

Anaerobic

. “Aerator

Fig. 10. The modified oxidation ditch

Renpho process or modified Phostrip process

The Phostrip is characterized by a standard activated sludge
plant with a stripper (an anaerobic thickener) in the sidestreamn.
So a part of the return sludge has been sent to the anaerobic
stripper tank to release the phosphorus from the sludge. The
stripped sludge is sent back to the activated sludge plant for
phosphorus uptake, while the enriched supernatant is treated with
lime. The precipitated calciumphosphate is sent to the primary
clairifier for settlement and removal from +the plant. To
stimulate the release process in the stripper tank acetate can
be added. To remove the phosphorus from the sludge area elutra-
tion water is pumped through the stripper.

The modified Phostrip process 1is based on incorporation of
anaerobic/anoxic/aerobic zones into the mainstream to remove the
nitrogen. See Figqure 11. To eliminate nitrate sludge recir-
culation for denitrification, a part of the influent is led to
the anoxic zone.
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BIOLOGICAL NUTRIENT REMOVAL WWTP BENNEKOM

Introduction

The Waste Water Treatment Plant (WWTP} Bennekom was constructed in 1870. The
WWTP was designed as an oxidation ditch without a primary settling tank with a BOD-
sludge loading of 0.05 kg/{kg x day)}. The final settling of the effluent took place discon-
tinuously within the oxidation ditch. The original lay-out of the WWTP is given in
appendix |,

Rebuild in_1989

Due to an increasing amount of sewage, in 1982 the WWTP was rebuild mainly by
increasing the maximum hydraulic capacity and constructing a new continuously opera-
ting final settling tank. To introduce a system for biological phosphorus removal, about
1/6 part of the original oxidation ditch volume has heen changed in an anaerobic
compartment. The capacity of the WWTP now is 22,000 population equivalent with a
maximum hydraulic capacity of 600 m®/hr.

The new lay-out of the WWTP is given in appendix Il.
The design data of the 1989 rebuild are given in appendix Ill.

In December 1889 the new parts of the WWTP were taken into operation. After some
start up problems during the first quarter of 1990, now the WWTP is in stable operation.
The excess sludge of the WWTP Bennekom is pumped to the nearby large WWTP in Ede
through a 5 km iang pipeline. This prevents the potential recycling of phosphorus in the
WWTP Bennekom as a result of phosphorus release out of the activated sludge.

Comparison of results 1989 and 1990
The 1989 rebuild had to result in a more efficient P-total removal in a biological way

without adding any chemicals. Besides that, some increase of the N-total removal
efficiency was expected, due to the increase of anoxic volume in the oxidation ditch.




In the next table the removal rates in 1980 are given as well as those in 1988. For more
details see appendix IV.

Parameter 71989 1990

% removal % removal
CoD 94 94
BOD 98 a8
N-Kjeldahl a0 0
N-total 78 81
P-total 66 B7

Before the rebuild, the Sludge Volume Index (SVi) had an average value of 175 ml/g. In
1890 the average SVI was 128 ml/g.

Discussion

The resuits are satisfactory in relation with the expectations. in 1990, including some
start up problems, the average P-total content in the effluent was 1.06 mg/l with an
average N-total concentration of 9.2 mg/l.

It can be concluded that on the long term, the new effluent standards in the Netheriands
of 1.0 mg/l P-total and 10 mg/l N-total can be reached.



Appendix 1: WWTP Bennekom before rebuild 1989
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Appendix 1I: WWTP Bennekom after rebuild 1989
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Appendix LIl

Design data WWTP Bennekom, rebuild 1989

Sewage lgad

population equivalents 22,000 p.e.
dry weather flow 2,500 m®/day
COD-load 2,100 kg/day
BOD-load 800 kg/day
TKN-load 190 kg/day

Storm wvater tanks {4 units)
total volume 7,500 m’

Influent_pumping station

1 archimedean screw 100 m®/hr
1 " " 200 m*/hr
1 " " 300 m*/hr
maximum flow through WWTP 600 m*/hr

Screening installation
screening distance 6 mm
press unit and container

Inlet compartment
total voiume 18 m?

plug flow without mixing

Anaerobic compartment

total volume B850 m’
water depth 0.9 m
mechanical mixers 2 units

Aerobic compartment

total volume 4,850 m’

water depth 0.9 m

dry solids content 33 kg/m®
BOD-siudge loading 0.05 kg/ikg x day}

brush aerators {6 m length) 6 units




Appendix lil

Final settling tank

designed for future influent flow of
diameter 41.5

surface 1,350

surface loading at 600 m®/hr
surface loading at 850 m*/hr

Sludge return pumping station
designed for future influent flow of
centrifugal pumps

capacity each pump

Excess-sludge pump
capacity 12

850

0.44
.63

850

380

m*/hr

m>/hr

m3/{m? x hr)
m*/im? x hr)

m*/hr
units
m®/hr



Appendix IV: Details WWTP Bennekom

Parameter Influent/effluent/removal 1989 1980*
before after
rebuild rebuild

CcCOoD Influent (mg/l 594 b81

Effluent {mg/) a3 34
Removal {%} 24 94
BOD Influent {mg/i) 209 187
Effluent {mg/l) 3.2 3.1
Removal (%) 98 98
N-Kjeldahl Influent {mg/l) 54 49
Effluent {mg/l) 5.4 5.0
Removal {%) ac 90
N-total** Influent {mg/l} 54 49
Effluent {mg/l) 11.9 9.2
Removal (%) 78 81
P-total Influent {mag/l} 9.6 8.1
Effluent {mg/l) 3.3 1.06
Removal {%) BE*** 87%**
ss Effluent {mg/l) 9 7

*® incl. start up ** Sum of N-Kjeldahl and N-NO, *** No use of chemicals
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INTRODUCTION

Nitrification (the oxidation of reduced nitrogen compounds, generally ammonia, to nitrite, nitrate or
other nitrogen oxides) and denitrification (the reduction of oxidized nitrogen compounds to gases; N,O, N,)
are two of the dominant driving forces in the biological nitrogen cycle. Thus far, there are only a limited
number of species known to be able to grow at the expense of energy generated by nitrification, the best
studied of which are members of the genera Nitrosomonas ( which oxidize ammonia to nitrite via
hydroxylamine) and Nitrobacter (which oxidize nitrite to nitrate). These Gram negative bacteria are obligate
chemolithoautotrophs and depend on CO, fixation for biosynthetic carbon. In denitrification, the nitrogen
oxides serve as terminal electron acceptors rather than donors, and the denitrifiers are considerably more
diverse, as is illustrated by the examples shown in table 1. There are both Gram negative and Gram positive
denitrifiers with represematives from most physiological (e.g. from obligate chemolithoautotrophs to
chemocheterotrophs) and morphological types. The complete reduction of nitrate proceeds via nitrite, nitric
oxide and nitrous oxide, but not all denitrifiers can carry out the complete reduction from nitrate to N,,
enzymes most commonly missing being nitrate reductase or nitrous oxide reductase.

TABLE 1. Examples of denitrifying reactions, and some of the bacteria which employ them {(adapted from
Kuenen & Robertson, 1987).

Reaction Denitrifying species

nitrate to nitrite Thiobacilfus thioparus, Lysobacter antibioticum

nitrate to nitrous oxide Aquaspitillum itersonii, pseudomonads

nitrate to nitrogen Paracoccus denitrificans, Thiobacillus denitrificans, Alcaligenes

eutropha, Hyphomicrobium sp., Halobacterium sp.
nitrite to nitrogen Neisseria and Flavobacterium sp. Alcaligenes faecalis strain TUD

nitrous oxide to nitrogen Vibrio succinogenes

Because of their respective natural roles in returning dinitrogen originally fixed in (organic) nitrogenous
compounds by nitrogen fixing bacteria to the atmosphere, and also because of their importance in nitrogen
removal in today's wastewater treatment systems, both the nitrifiers and the denitrifiers have been the subject
of considerable research effort over the years, both in the laboratory and in the field. This research has been
extensively reviewed (Stouthamer, 1988; Payne, 1981; Kuenen & Robertson, 1987; Winkler, 1981; Wood, 1986).
An examination of the history of research into the nitrogen cycle, especially where denitrification and
nitrification are concerned, reveals a number of difficulties and sometimes even controversies which are only
becoming resolved as methodology and equipment improve. Among the topics which have controversial
aspects are heterotrophic nitrification with aerobic denitrification, and anaerobic nitrification. As both of these
processes begin with ammonia and end with gaseous nitrogen, they have obvious attractions for single stage
nitrogen removal,



Simultaneous nitrification_and denitrification

Aerobic denitrification

For over 100 years, the occurrence of "aerobic denitrification® (i.e. active denitrification in the presence
of significant amounts of oxygen) has been a matter of dispute. Despite regular reports of aerobic
denitrification, the difficulties of making accurate measurements of parameters such as dissolved oxygen and
gas production made the production of convincing results difficult (for a review of the historical arguments see
Robertson & Kuenen, 1984a; 1990). However, the availability of modern oxygen and ion-specific electrodes,
well-aerated bioreactors vessels and analytical techniques has made it possible to establish that a group of
denitrifiers are able to simultaneously utilize oxygen and nitrate or nitrite in completely homogenous cultures,
even when the dissolved oxygen concentration approaches air saturation. Indeed, these bacteria
simultaneously use both electron acceptors (Kuenen & Robertson, 1987). One of the best-studied members
of this group is Thiosphaera pantotropha, a mixotrophic colourless sulphur bacterium which was isolated from
a denitrifying, sulphide-oxidizing wastewater treatment plant (Robertson & Kuenen, 1983).

Puring comparisons of the newly-isolated strain with known denitrifiers (e.q. Thiobacillus versutus, and
Paracoccus denitrificans) in anaerobic respirometry experiments, it was observed that aerobically grown Tsa.
pantotropha began to denitrify immediately when it was supplied with substrate and nitrate. Similarly-grown
cultures of the other strains required 2 10 4 hours to induce their denitrifying enzymes (Robertson & Kuenen,
1984b). Oxygen and nitrate electrodes were used to monitor the activity of these cultures, and simultaneous
nitrate and oxygen removal in Tsa. pantotropha suspensions were clearly observed (Robertson et al., 1986).
When grown in batch cultures {Robertson & Kuenen 1984b) with acetate as their substrate, Tsa. pantotropha
cultures provided with both oxygen (at a dissolved oxygen concentration of 80% air saturation) and nitrate
grew more rapidly than similar cultures which had only one electron acceptor (table 2). Moreover, the protein
yield at the end of the experiments with the cultures supplied with nitrate and oxygen was lower than that
cbtained when oxygen was the sole electron acceptor (table 2), and higher than when nitrate served this
function in anaerobic cultures (40 mg per |). As denitrification tends to generate less energy, and thus lower
biomass yields, than oxygen respiration this observation indicated that both pathways were in simultaneous
use by the culture. Sufficient nitrate had disappeared from the oxygen/nitrate cultures to account for half of
the acetate dissimilated. Obviously, the other half of the acetate was dissimilated with oxygen as the terminal
electron acceptor. A possible explanation of the higher growth rates obtained when both electron acceptors
were supplied could be that Tsa. pantotropha has a rate-limiting step in the transfer of electrons from its
substrate to oxygen. The provision of a second electron acceptor, in this case nitrate, would allow it to use
an additional branch in the electron transport chain, overcoming the problem.

Table 2. Comparison of the maximum specific growth rates (u ), final protein concentrations and nitrate
reduced from aerabic batch cultures growing with acetate as substrate and ammonia as the nitrogen source.
Results obtained with a Paracoccus denitrificans strain which does not denitrify aerobically have been added
for comparison (data from Robertson et al., 1989a).

Organism H oo (B Protein (mg/) a nitrate
0, OJ/NO; NO; Q. O, /NO; {mM)

Pseudormnonas sp. 0.1 041 0.15 78 68 5.0

A. faecalis 017 025 0.01 30 14 4.1

Ps. aureofaciens 019 021 0.07 66 66 5.0

Tsa. pantotropha 028 034 025 81 60 5.5

Pa. denitrificans 0.28 028 - 92 88 <1

Since these batch culture experiments indicated that the denitrifying enzymes of Tsa. pantotropha were
not only constitutive, but indeed active during aerobic growth (Robertson & Kuenen, 1984b, Robertson et al.,
1986) a further detailed analysis of this phenomenon was made, from both ecological and physiclogical points
of view. In order to make accurate nitrogen balances, aerobic denitrification was quantified using chemostat
cultures and carefully defined environmental conditions. As soon as these studies were initiated, it became



apparent that Tsa. pantotropha was also able to nitrify, provided that an organic substrate was available, an
ability termed heterotrophic nitrification. -

Heterotrophic nitrification.

During the batch culture experiments to discover whether Tsa. pantotropha was denitrifying aerobically,
nitrite replaced nitrate in a series of experiments, and it was observed that the nitrite concentration increased
before eventually decreasing to 0. This phenomenon only occurred in the presence of an organic substrate,
ammonia and oxygen, indicating that Tsa. pantotropha is a heterotrophic nitrifier. In other words, Tsa.
pantotropha can catalyze the oxidation of ammonia to nitrite provided that an erganic electron donor (in this
case acetate) is available. Subsequent experiments revealed that the nitrifying enzymes of Tsa. pantotropha
were similar to those of autotrophic nitrifiers such as Nitrosomonas europaea in that the ammonia
monooxygenase required NAD(P}H, the hydroxylamine oxidoreductase was light sensitive (Robertson &
Kuenen 1988), and the nitrification was sensitive to the same chemicals which inhibit autotrophic nitrification
{e.g. allylthiourea, nitrapyrin, reduced sulfur compounds). Nitrite only accumulated in the presence of nitrite
or an inhibitor of nitrite reductase, and it became clear that Tsa. pantotropha was simultaneously reducing all
or most of the nitrite to N,, (Kuenen & Robertson 1987, Robertson et al., 1988).

As it has proved impossible to separate the two phenomena, aerobic denitrification and heterotrophic
nitrification will be considered further together.

Heterotrophic nitrification and aerobic denitrification - a combined process.

Chemostat experiments carried out with acetate-limited Tsa. pantotropha cultures (Robertson et al,,
1988) revealed that both the nitrification and the denitrification rates increased as the growth rate increased
(table 3) and as the dissolved oxygen concentration decreased. For example, a culture growing at a dilution
rate of 0.04 h™' in the presence of ammonia and nitrate at a dissolved oxygen concentration of 25% air
saturation nitrified and denitrified at rates of 12 and 107 nmol min™ mg protein”, respectively. In similar cultures
maintained at only 5% air saturation, these rates had risen to 33 and 393 nmol min™ mg protein™, respectively.
Moreover, the presence of nitrate or nitrite in the medium reduced the amount of nitrification taking place
(table 3). If nitrate or nitrite were not provided, and ammonia oxidation was inhibited in sore way (e.g. by the
presence of hydroxylamine in the medium), Tsa. pantotropha synthesized large amounts of poly-B
hydroxybutyrate (PHB). These observations, considered with the higher growth rates observed during growth
in batch on oxygen and nitrate together, led to the hypothesis that both aerobic denitrification and
heterotrophic nitrification are mechanisms by which a rate limiting step in the flow of electrons to oxygen can
be overcome, The model is shown as a flow chart in figure 1. It is assumed that denitrification has priority over
heterotrophic nitrification because the latter costs, rather than generates, energy.

Table 3. Nitrification and denitrification rates obtained with chemostat cultures of Tsa. pantotropha growing
aerobically (dissolved oxygen = 80% air saturation) on acetate with different nitrogen compounds in the
medium (adapted from Robertson et al., 1988). Nitrification and denitrification rates as nmol ammonia and
nitrate oxidized per minute per mg protein, respectively.

N-compounds Dilution Nitrification Denitrification
rate (™) rate. rate.
ammonia 0.02 13 13
0.05 43 43
0.10 94 94
ammonia/nitrate 0.02 8 38
0.04 12 107
0.18 26 507
ammonia/nitrite 0.02 10 13
0.04 21 41
0.17 44 177

Tsa. pantotropha is not unique.
it was also important to establish whether Tsa. pantotropha was unique in its ability to respire oxygen



and denitrify simultaneously. A second line of research was therefore to screen other denitrifiers for the ability .

to use oxygen and nitrate or nitrite simultaneously (Robertson et al., 1989a; 19838b). The results of the initial
experiments with known heterotrophic nitrifiers, where stimulation of growth rate and depression of aerobic
protein yields were the parameters tested, are shown in table 2. It can be seen that, with the exception of the
negative control, Paracoccus denitrificans (a strain which does not nitrify significantly and requires
anaerobiosis for denitrification) all of the strains tested had used a significant amount of nitrate. Pseudomonas
aureofaciens did not show the expected lower yields, and its growth rate was only slightly stimulated by the
presence of both electron acceptors. This species is atypical in other features as its denitrification pathway
terminates at N,O, and further work is required in order 1o understand its physiology.
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Figure 1. Flow chart to show the hypothesis worked out to explain the physiological controls behind aerobic
denitrification and heterotrophic nitrification by Tsa. pantotropha. Each of the Yes/No decisions would be
controlled by the degree of reduction of the cytochromes involved (from Robertson et al., 1988).

Because they were simultaneously denitrifying, only insignificant amounts of nitrite accumulated in
these cultures, indicating that the reported low activities of heterotrophic nitrifiers might, at least in some cases,
be underestimates of in vivo nitrification rates, Nitrification is traditionally judged from the amounts of
nitrification products which accumulate, and these results serve to emphasize a need for the making of
element balances for cultures in order to measure nitrogen losses and assess both nitrification and
denitrification activity. Aerobic denitrification has now been reported for a number of other species (e.g.
Bazylinski & Blakemore, 1983; Krul, 1876; Lioyd et al.,, 1987; Strand et al., 1988; Trevors & Starodub, 1987),
and it will be interesting to investigate whether these are also heterotrophic nitrifiers.

Ecological significance

The comptliation of out cwn and published data shpown in figure 2 emphasizes that the ability to
denitrify aerobically is strongly dependent on the organism and the environmental oxygen concentration, with
the denitrifying pathways of different strains having differing *cutoff* levels of oxygen above which denitrification
becomes impeded, Most of these bacteria are also heterotrophic nitrifiers, and this property, if present, is likely
to show a similarly wide response to environmental parameters in various species. Further work is required
to determine the scope of these phenomena, and their inter-relationship. Heterotrophic nitrification is slower
than autotrophic nitrification when specific activities are compared (by a factor 10° - 10° rather than the factor



10* previously believed), but when the vastly superior numbers of heterotrophs present in, for example, soil
is considered, it can be seen that these organisms can make a significant contribution to nitrogen turnover
rates.

% air saturatian

o
4 A A
Zooglea ramigera Tsa. pantotropha
Alcaligenes sp.
Ps _lstutzeri Alcaligenes sp. *Ps . denitrificans”™
Hyphomicrobium X A. faecalis
Ps. fluorescens Pa. denitriticans(b)
Pa. denitriticans(a) A. faecalis S6
T. versufus Ps . aeruginosa

T. dentlriticans

Figure 2. *Spectrum* indicating the thresholds at which denitrification by different bacteria begins to be
affected by the dissolved axygen concentration. % air saturation is shown rather than oxygen concentrations
to allow for the different growth temperatures of the various bacteria (from Robertson & Kuenen, 1990).

The contention that one must view the combination of heterotrophic nitrification and aerobic
denitrification as a processwhich is multi-dimensional in terms of species, space, time and environmertal
conditions ios supported by recent work in our and other laboratories. For example, it has been shown that
two other nitrifying/denitrifying species show similarities to each other and to Tsa. pantotropha, but that they
also differ in some respects (Robertson et al., 1989a; van Niel et al., 1990). For example, all of the aerobic
denitrifiers thus far tested have the copper-based nitrite reductase rather than cytechrome cd (Robertson et
al. 1989a; Robertson & Kuenen, 1890}, Pseudomonas sp. was very similar to Tsa. pantotropha, except that
its denitrifying nitrate reductase was inducible. The remainder of its denitrification pathway was constitutive
(Robertson et al., 19892a). Denitrification by Alcaligenes faecalis strain TUD proved to be partially inhibited by
oxygen at concentrations of 50% air saturation, and completely lacked a nitrate reductase (van Niel at al.,
1980).

In order to gain an impression of the patential of heterotrophic nitrifers, compared with autotrophic
nitrifiers, Tsa. pantotropha and N. europaea were co-cultured in chemostats under different dissolved oxygen
concentrations (figure 3) and C:N ratios (figure 4) (van Niel, 1891). Tsa. pantotropha was limited by acetate,
and the two bacteria competed for ammonia (as a source of energy as well as nitrogen for N. europaea, as
the primary source of nitrogen and a substrate for heterctrophic nitrification in Tsa. pantotropha. On the basis
of the results of these experiments, combined with physiological data from axenic cultures, mathematical
models were made to describe the behaviour of the two types of nitrifier (salid lines on figures 3 and 4). Under
most conditions, the two species co-existed, with N. europaea as the primary nitrifier. However, N. europaea
was unable to maintain itself at low oxygen concentrations and high C:N ratios, when Tsa. pantotropha
dominated the culture, and was responsible for most of the ammonia oxidation. Similarly, Tsa. pantotropha had
a much higher u_,, than N. europaea, and therefore did better at higher dilution rates. N. europaea was not
inhibited by the acetate concentrations used, and actually appeared to be able to assimilate a small amount
as a carbon supplement.

As yet, there is insufficient data available to allow the evaluation of the activity of bacteria capable of
heterotrophic nitrification and simultanecus aerobic denitrification in the field. Inhibitors are frequently used
in order to estimate microbial activity in & particular situation. The use of inhibitors can prove valuable. For
example, acetylene can block N,O reduction. As N,O is much easier to measure than N,, this can make the



measurement of denitrificaticn rates in, for example, soil or water samples, much more convenient and
accurate. However, care should be take in the interpretation of results as these inhibitors are seldom
completely specific, and all necessary controls must be done. For example, acetylene also inhibits autotrophic
nitrification, and therefore it is essential that NO, is already present in, or added to the test system because
it will not be generated biclogically once acetylene has been added to the experimental system. Another
example of the potential pitfalls is that a commenly used inhibitor of nitrification, nitrapyrin, is not solubie in
water, and is frequently used as a solution in acetone. Hall (1984) showed that in some cases, the acetone,
alone, can be as inhibitory as the nitrapyrin solution. This has proved to be the case not onily with the obligate
autotrophs, but also with heterotrophic nitrifiers such as Thiosphaera pantotropha. A final example of a
potential problem associated with inhibitors involves the so-called autotroph-specific inhibitors such as
nitrapyrin and allylthiourea. For a long time, it was believed that these compounds only inhibited autotrophic
nitrification, and thus only the activity which was not inhibited by them was considered to be due to
heterotrophic nitrifiers. Recent research (Robertson et al, 1989b) has shown that nitrification by many
heterotrophic bacteria is, in fact, also sensitive to nitrapyrin, allylthiourea and thiosulfate. It seems likely that
at least some heterotrophic nitrifying activity may have been included in estimates of autotrophic activity.
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Figure 3. The effect of the dissolved oxygen concentration on 7sa. pantotropha (circles) and N. europaea

{triangles} when competing for ammoria in chemostat cultures. The solid lines show the results predicted by
the model (from van Niel, 1991),

This, of course, leaves the problem of how to distinguish between heterotrophic and autotrophic
activity in the field. Most heterotrophic nitrifiers appear to also be aerobic denitrifiers (see below), and it might
therefore be profitable to measure the production of *N labelled gases from "N labelled ammonia in the
presence of an organic substrate. Alternatively, ammonia-stimulated CO, fixation would give & measure of
autotrophic activity. A less direct method might involve the determination of the type of nitrite reductase
dominant in a denitrifying community. All of the aerobic denitrifiers thus far tested have possessed a copper-
based nitrite reductase rather than the more usual cytochrome ¢d (Kuenen & Robertson, 1987; Robertson et
al,, 1989a). A larger number of species must be screened before it is certain whether this is universal, but the
two nitrite reductases are sensitive to different inhibitors (copper chelators and azide, respectively) and it might
be possible to use this fact to detect the presence of bacteria capable of aerobic denitrification and
heterotrophic nitrification in & community, Last, but certainly not least, there is the wide range of modern tools
which are becoming available to taxonomists, including fluorescent antibody stains and DNA fingerprinting.
The most obvious drawback to the use of such methods in natural systems is the need for extensive
databases (derived from known, pure cultures) in order to interpret experimental results. This information is
gradually accumulating, and the drawback is therefore only transient.

After sucesstully isolating a range of at least 10 different heterotrophic nitrifier/aerobic denitrifiers from



wastewater treatment systems, van Rijn, Wirenfeldt-Kruse, Robertson & Kuenen {in preparation) were able to
show simultaneous nitrification and aerobic denitrification in intact sludge, in the laboratory. Ammonia and
nitrate or nitrite were added to the sludge which was then incubated in Kluyver flasks at a dissolved oxygen
concetration above 50% air saturation. By means of frequent sampling and analysis of the different nitrogen
compounds, it could be shown that nitrate and nitrite both disappeared from these aerobic cultures, despite
the presence of ammonia {figures 5 and 6, respectively). A certain amount of nitrification is evident in the
culture to which nitrite was added (figure 6) as the nitrate concentration increased, but this appears to have
only involved about half of the nitrite, the rest disappeared, presumably to nitrogen.
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Figure 4. The impact of different {organic)C:N ratios supplied to chemostat cultures of Tsa. pantotropha

(circles) and N. europaea (triangles) competing for ammoriia. The solid line shows the results predicted by the
rnodel (from van Niel, 1991).
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Figure 5. The change in the concentrations of various nitrogen compounds during aerobic incubation of
sludge from a Pasveer ditch after the addition of ammonia and nitrate, Circles = nitrate, triangles = nitrite,
squares = ammonia. The insert at the top right shows the anaerobic control experiments. From van Rijn,
Wirenfeldt-Kruse, Robertson & Kuenen (in preparation)



*Anaerobic nitrification®,

Following the confirmation that aerchic denitrification takes place, at least under some conditions, it
did not, perhaps, come as a total surprise that anoxic nitrification would also be found to occur. Using
Nitrosomonas, Nitrosococcus and Nitrosolobus species, Poth (1986) showed the production of °N,O and N,
from *NO," under oxygen stress. It was postulated during this work that the '*NO,” was serving as an electron
acceptor, so that any available oxygen could be used by the ammonia monooxygenase. However, it has since
been reported (van de Graaf et al., 1990) that a mixed culture from a wastewater treatment system is capable
of nitrification under fully anaerobic conditions provided that nitrate or nitrite is present, implying that ammonia
monooxygenase may not be the sole ammonia oxidizing enzyme available to these bacteria, Poth suggested
that it should be possible to grow autotrophic nitrifiers anaerobically, while denitrifying, provided that they were
provided with hydroxylamine rather than ammonia, but this limitatiocn need possibly not apply for the bacteria
invoived in this reaction.
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Figure 6. The change in the concentrations of various nitrogen compounds in aerobically incubated Pasveer
sludgeto which ammonia and nitrite had been added. circles = nitrate, triangles = nitrite, squares = ammonia.
From van Rijn, Wirenfeldt-Kruse, Robertson & Kuenen (in preparation)

It should be mentioned here that it has been shown that some nitrite-oxidizing Nitrobacter species can
grow anaerobically as heterotrophs, with nitrate serving as the terminal electron acceptor (Bock et al., 1986},
This finding stresses, once again, that the traditional concepts of nitrification and denitrification need rigorous
adjustment.

Implications for wastewater treatment and the atmosphere

Nitric oxide and nitrous oxide are both important pollutants of the atmosphere. At a recent meeting
organised at the University of Georgia (USA) organised by the Environmental Protection Agency, it was
claimed that at least 25% of the nitric and nitrous oxides in the atmosphere come from badly managed
wastewater treatment plants. It is thus the responsibility of the aperators and the designers of novel treatment
systems to ensure that their systems are not only operating as efficiently as possible, but that they are fully
understood so that the response of the systems to stresses can be predicted. If aerobic denitrification is as
widespread in the field as it appears to be in the laboratory, this implies that denitrification is not limited to
anaerobic zones caused by water-saturation or large soil aggregates resulting in anaerobic microsites.
Although only a few denitrifying species are known to terminate their denitrification at N,O, it has been shown
in a number of cases that N,O reductase is one of the first denitrifying enzymes to be inhibited by increasing
amounts of oxygen. It is therefore not unlikely that some aerobic denitrification may resutt in the emission of
N.O rather than N,, particularly in poorly controlled wastewater treatment plants. As some nitrifying bacteria
have also been shown to produce N,O under *oxygen stress®, sewage and effluent treatment systems are both




potential sources of atrospheric NO,.

If NO, emission into the atmosphere is to be controlled, a two-pronged attack on the problem is clearly
needed. Firstly, accurate measurements of the actual release of N,O and NO from likely sources such as
marshes, sulfide-rich sediments (sulfide also inhibits nitrous oxide reductase) and water treatment plants is
necessary. For example, Sorensen (1987) showed that sulfide can inhibit N,O reduction by marine bacteria,
resulting in measurable concentrations of N,O in sea water. Secondly, more laboratory studies, with controlied
conditions, are needed in order to reveal the mechanisms which determine whether N,O, NO or N, is released
from a particular system. The factors which determine whether NO remains enzyme-bound or is released,
especially, require a great deal of further research.
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ABSTRACT.  Acinewobacter suwain 210A accumulates intra-cellularly polyphosphate. Its
concentraton in the csil rematns almost conostant during all stages of growth. Under optimat
conditions up 10 36% of the cell's dry weight consists of phospnate. The amount of
polvphospbate in the cells depemds on the energy stage of the cell and the phosphate
availability. The polvphosphate concentration is highest at low growth rates (0.1 b"') and low
temperatwres (< 13°C). Polyphosphate cam serve as source of energy, catioms (in particular
magnesium), and of course phosphate. Polyphosphate can be used for ATP generation bv
the combined action of twe enzymes, namely polyphosphate: AMP phosphotransferase and
adenyiate kinase. [n case emergy gemeration is not possible, a certain ATP level is conserved
in the cell by poiyphosphate degradation. As a consequence, phosphate is released into the
medium. When ATP can be formed, by e.. respiratory processes. phosphate is taken up
again and polyphosphate synthezised Though acinetobacters are strict aerobic organisms,
they are enriched in wastewater (reatment plants runming in apaerobic/asrobic cveies. There.
thev take up phosphatz during the aerobic phase and store it as poivphosphate. Subsequent-
ly phosphate is released during "epergy starvation’ in the anaerobic phase. [n treatment
piants in which the waste water passes first through an anaerobic and then throueh an
aerobic phase, large amounts of phosphate can be removed by these microorganisms.

1. Intreduction
Already in 1959 Srinath et al. have reported that wastewater treaiment plants

spontaneously removed more phosphate than expected. From studies with full scaie
plants it appeared that biclogical phosphate removal took place in trearment planis



with plug flow aeration reactors in wiich the return siudge and intluent were added
at the beginning ot the reactor (Vacker et al. 1967, Milbury et al. 1971, Gurber 1972,
Yall et al. 1972). Bamard (1976) discovered that trearment pianws designed tor
nitrogen ehminauon were aple to remove up to 97% of phospnate as weil. The
presence Of an anaerobic zone in the reactor was compuisory (Daveiaar et al. 1976).
The most simple design was a reactor with an anaerobic zone at the beginning 10
which influent 2nd return sludge were added. and an aercbic zone at the end. In the
anaerapic zone the sludge reieased large amounts of phospnate. wniie in the aerobic
zone phospnate was taken up almost compietely.

[t had been argued for many years whether this process of phospnate reiease and
subsequent uptake 1s of chemical or biological nature. Evidence :or a bioiogically
catalyzed reaction was presented bv Levin and Shapiro (1965). They showed that 2.3-
dinitrophenoi addition tc the siudge mhibited compietely phospnate uptake. In 1975
Fuhs and Chen isolated several Acinerobacter strains from ghosphate removing
activaied sludge. All these organisms were able to store phosphate intracetlularly as
polvphosphate granuies. Pure cultures accumulated phospnorus up to 30 me per gram
dry biomass under aerobic conditions, Acinetobaciers appeared 0 be the domunant
genus [n wastewater treatment plants where phosphate was removed biclogicaily
{Nichoils and Osborn 1979), however also other species with poivphosphate granuijes
were found in siudge flocs (Streichan et al. 1990). Up to 66% of the bacterial cells in
this type of activated sludge were acinetobacters (Buchan 1983). In an acetate fed
pilot piant with aiternating aerotic and anaercbic conditions acinetabacters were also
found to be the dominant organisms (Wentzel et al. 1987).

In the fallowing some aspects of phosphate accumuiation in .Acinetobacter. in
particular strain 210A, will be discussed together with new deveicpments 1n biclogical
phosphate removai technology from waste water.

2. Polyphosphate in Acimetobacter
2.1 POLYPHOSPHATE ACCUMULATION

Acinetodbacter strain Z10A grows best berween a pH of 6 and 9. The poiyphosphate
conten: of the biomass remained around 60 mg phosphorus per gram dry ceils at all
pH's. In batch at pH 7.0 and 25°C the amocumt of phosphorus in the ceils was about
the same during the entire growth period. No specificailv higner accumuiation couid
be observed during either the lag-, the log-, or the stationary phase (Fig.1). Con-
tnous cultivatuon at p,, (0.69 h™), pH 7.0 and 25°C resuited in the same phosphorus
content as in barch cultures. However, at lower growth rates the amount of poly-
phosphate increased, reaching 1ts maximum of 83 mg phosphorus per gram biomass
dry weight a1 a growsh rate of 0.11 h™'. The highest amoun: of phosphorus in the cell
(88 mg) was found when the cells were grown under sulphur limitanion at a rate of
0.04 h'' (van Groenesuin et al. 1989b). Concomutantly with orthophosphate, mag-
nesiurn and potassium were taken up by Acinetobacrer stramn 210A.  Although




magnesium was the preferred ion. it couid be repiaced by calcium. The presence ol
potassium was essential. [n its absence phosphate uptake was strongiy reguced.
Magnesium acts as counterion in polvphospnate (van Groenestijn et al. 19885
whereas potassium 1S probably necessary tor the energy metabolism of Acnewsbacter
(Neijssei and Tempest 1984).
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Figure i. Growth and accumuiation of phosphorus by Acinerobacrer strain 210A in
batch cuiture at 25°C znd pH 7.0 from van Groenestiin et al. 1989.

2.2 POLYPHOSPHATE DEGRADATION

Acinerobacter sirain 210A is a strict aerobic bacterium. When incubated anaerobicaily.
it degrades polypnosvhate which was accumuiated during aerobic growth (Fig.l). In
fact, any manipuiauon which prevented Acinerobacrer strain 210A of ATP generation
induced the reiease of phosphate (van Groenestijn 1988). Besides anaerobiosis (lack
of electron acceprory, also the absence of an electron donor (e.g. aceratel. of
inhibitors of ATP svnthesis. such as o-dinitrophenol (DNP), N.N'-dicvcichexvicaroodii-
mide (DCCD). erc.. triggered the reiease of phosphate. Phosphate release 'was
stoichiometrically paralicled by an excretion of magnesium. However. potassium
extruded from the cell at a higher initial rate than phosphate and magnesium once
energy conversion by respiration ceased. Some release of ammonium could aiso be
observed after the potassium concentration ourside the cell remained constant {van
Groenestijn et al. 1988).



3. ATP production from polyphosphate
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Figure 2. ATP regeneration trom poiyphosphate by cell-free extracis from Acineto-
bacter 210A by the combined acucn of polvpnosphate: AMP phosphotransterase «f)
and adenyiate kinase (2}, from van Groenestyn and Deinema (19871,
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Figure 3. NADPH, { ) and ADP (_ _ -, production during the polyphospha-

1e:AMP phosphotransferase assay. Hexokinase and giucose-6-P-dehvdrogenase were
coupled to polyphosphate:AMP phosphotransierase and adenyiate kinase (see insert).
NADPH, was measured continousiy with 2 speciropiotometer. At 18 minutes 100
nmol ADP was added per mi reaction mixture !0 demonstrate that the activities of
the enzymes in this system were not saturated. Medified from van Groenestijn ct al
{1987).



Ceil-free extracts of Acinetobacters strain 210A contain poivphosphate:AMP phos-
photransterase and adenyiate kinase. Foivphosphate glucokinase and polyphosphate
dependent NAD kinase were not detected. With the first two enzymes ATP can be
formed according to Figure 2. The specific activity of polyphospnate:AMP phos-
photransterase in this strain is 43 nmol min mg* protein in presence of 1 mM
AMP. The adenviate kinase has an equiibrium constant of 0.7 and an activity of 54
nmol min* mg* protein. The combined action of these two enzymes couid produce
ATP in cell-free extracts from chemicailv prepared poivphosphate. the so-cailed
Graham's salt (van Groenestin et al. 1987). ATP production could continousiv be
monitored as formauon of NADPH, by coupling ATP formanon to the hexokinase
and glucose-6-P-dehvdrogenase reaction {Fig.3).

The measured octivities of polvphosphate:AMP phosphotransterase and adenyiate
kinase are in accordance with the rates by which phosphate is reieased by purc
cultures of Acinetobacter sp.. namely ! nmoil PO,-P min™ mg™ dry weight as tound by
Adamse et al. (1984) or 0.6 nmol PO,-P min"' mg* dry weignt in activaied sludge
reported by Rensink et al. (1981).

4. Polyphosphate degrading enzymes in activated siudge

TABLE 1. Activity of poiyphosphate: AMP phosphotransterase and
adenylate kinase in various activated sludges from treatment piants with
different capacities for biologicai phosphorus removal

Tyvpe of zcuvated sludge Phosphorus ADP Adenylate
removal® production”  kinase”

Phosphorus accumuiating

sludge:
pilot plant P1 100 64 146
pilot piant Bunschoten 70 16 87
Renkum train 3 55 13 7
Conventional sludge:
Renkum train 2 16 5 40
conventional pilot piant n.r.% 2 13

*'Percentage phosphorus removai from waste water.

*ADP production from AMP and Graham's sait as 2 measure for polyp-
hosphate:AMP phosphotransferase activity. The numbers are given as
amoi ADP formed per mg protein in 2 hours.

¢ Acitivity given as nmol min’*(mg protein)™.

* No removal detected.



The activities of polyphosphate:AMP shosphotransterase and adenyiate kinase in ceil-
free extracts of activated sludge correiated weil with the capacny of the siudge 10
remove biologically phosphaie fram wasie water (Table 1). The activity of poly-
shospate:AMP phosphotransterase was measured as ADP formation from AMP and
Craham’s sait (van Groenestijyn et al. 1989a3). The good correiation and the easy essav
‘or adenviate kinase, makes this enzyme a swiable indicator tor the potenual of
acuvated siudge to reduce the phosphaie concentration in the waste water by
bwoiogical means.

5. Recent advancements in biological phosphate removal
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Figure 4. Flow sheet of the Renpho process (van Groenestiin 1988).

Based on the fundamental research with Acinerobacter and the extended investigation
done by engineers, rwo new processes have been deveioped for bioiogical phosphate
removal. They are the Phostrip process (Levin and Sala 1987) and the Renpho
process (Rensink er al. 1988). The Renpho process retlects aimost ideaily what was
found with Acinetobacrer strain 210A and therefore this process is discussed in more
details. The Renphe process {Fig.4) is able to remove to a great extend both
phosphorus and nitrogen from waste water (Fig.5). Influent and return siudge are
added nto an anaerobic zone in which phosphate is released. The mixed liquor flows
subsequently into an aerobic zone in which phosphate is taken up and nitrification
takes place. In a third anoxic zonre nitrate is denitnified. A part of the influent is
directly added to the denitrification zone. because here the originai mfluent is aiready
devoid of degradable organic carbon compounds. The fresh influent adds the
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Figure 5. Horizontal phosphate and nitrogen (N,; = Kjeldahl nitrogen) profile

through the phosphate removal tank iz the Renpho process. Modified from Rensink
et al. {1988).

necessary electrons for denitrification. Phosphate is only released in minor amounts,
since denitrification inhibits phosphate reiease (Appeidoorn et al., in preparation). At
the end of the reactor an additional aerobic zone creates the environment tor the
removai of the last traces of biodegradable crganic pollutants and of course also the
last traces of phosphate. After setiling, the siudge is devided into rwo pars: One part
is returned directiv to the beginning of the plant. The second part of the concen-
trated sludge is made anaerobic with some (resh influent and as a consequence
phosphate is released. After the stripping, this second part s returned to the first
aerated zone. In essence, in this whole process phosphate at low concentrations is
removed biologicaily from a large volume of waste water and is reieased during
stnpping into a smail volume of water, resuiung m a high concentration of phospha-
te. Phosphate at high concentrations can then be chemically precipitated as caicium
salt (Eggers 1988) and be re-used as raw materal.

6. Concluding remarks

The combined etforts of microbiwologists anc engineers in the last decade on the
fundamentai and applied aspects of biological phosphate removal has led to the
development of an alternative process tor the chemical phosphate precipitation in



waste water. This s an exampie how basic micropiologicai xnowiedge can neip 0
QDUMIZE an empunicatly touno process and how engineers can sumuiale research on
ine level of microorganisms and their metabolism. The central role of the biopoivmer
cotvpnosphate and the reguiation ol ils farmauion and degragation 0 bioiogical
cnosphate removal is not vet entrely elucioatea. The Nnding thatl this polvmer can
sct us an ATP reserve in a microorganism might De O imperiance :n understanaing
the survival strategles of bacteria zna showd zad @ our ungerstanding of the
svoiution of hiciogical energy conserving svstems.
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Preface

The biological wastewater treatment proccesses,a typical
representative of which is activated sludge process, are
widely applied for treatment of organic wastewaters such
as sewage, night soil, wastewater of food factory, etc.
At present many atempits are being made to apply these
biclogical treétment.processes not only to decomposition
removal of carbohydrates but also to oxidation and reduc-—
tion of nitrogen compounds in wastewaters, removal of
phosporic compounds, etc. ©On the other hand, from view-
point of resources saving and energy saving, efforts are
being made tc develop more effective treatment processes.
As to the activated sludge process, many studies have
been made, aiming at developing the low aeration power

process.

The major part of the running cost of conventional activated
sludge process was occupled by that of blower. Hence, the
low cost oxygen supplying system has been reguired to be
developed. The unigue super-deep aeration process
(so—-called U-tube aeration} developed by our company is

an energy saving process featuring increased soclubility of
oxygen, formaticn of finer air bubbles and prolonged contact

time.



Before putting this process in practical use, we conducted

1) hydraulic experiment by using small-size column,and

2) hydraulic experiment on the pilot plant to examine the
hydraulic characteristics., '

Below is reported the relation between design conditions and
operating conditions, parameters of which are diameter of outer
tube, downflow velocity, gas voidage fraction, and area ratio

which were determined on the basis of the executed experiments.

U-tube Aeration .
Conception of U-tube Aeration
Oxygen transfer in the aerobic wastewater treatment process
such as activated sludge process is realized in the follow-
ing two steps, i.e.
1) solution from gas phase to ligquid phase,
2) utilization of oxygen dissolved in liquid phase by
activated sludge.

This 1s mathematically expressed as follows;

| %%? = Kpa(Cs = CL) = Tr  evemnnnnennen e (1)
where
Cs = concentration of saturation dissolved oxygen
(mg/ %)
Cp, = actual amount of dissolved oxygen in liquid
(mg/ L) '
Kypa = overall oxygen transfer coefficient expressed by

gas-liguid mixing condition and gas-liquid contact
area, etc. (1/h)
ry = biblcogical respiration rate (mg 0./%h)
1f a steady state is taken into consideration in
equation(l), we get Krna(Cg =~ CL) = Iy cievvaneana.(2),

dcCy,

a5 = 0.

since



Accordingly, to increase ry, i.e. to increase the amount

pollutants to be treatedkufactivated sludge, it 1is

necessary to increase the oxygen transfer rate to

ligquid phase Kra{Cs - Cu).

Therefore, many of conducted studies on the activated

sludgé process have heen intended to increase the oxygen

transier rate.

Accordingly, in most cases the examinations have been

made in the following directions:

(1} To increase Krz by improving contact between gas
phase and liquid phase

{(2) To increase concentration of saturation dissclved
oxygen Cs.

As is well known from Henry's law, the solubility <f gas

in liquid proportionally increases as pressure rises.

(1) 2)

Bruijin ‘ Speece{ et al.reported the results of study
and actual application of the U-tuhe aeration process
which employs the vertical dual aeraticn tank incorporat-
ing the upflow and downflow tube as well as a great

water depth affcrding high oxygyen transfer rate.

Figure 1 shows the schematic diagram of Bruijin's U-tube

aeration process.

Speece pointed out the advantages of the U-tube
aeration process as follows.

{1} Owing to hydrostatic pressure the concentration of

of

Ssaturation dissolved oxygen increases, hence the amount

of dissclved oxygen increases.

(2}y The ccefficient of renewal of gas-liguid interphase in-

creases due to effect of turbulence in the tube, as a
result of which the oxygen transfer rate increases.

(3) Since air is blown in the upper part of the downflow

tube, air blowing-in power is low.



3)

Moreover, Babbitt and Mavinic(4) reported the result
of research in which attemp was made to apply circulation
with pump to wastewater treatment. The method for cir-
culation through ceep upflow and downflow tubhes has tws
versionsts), i.e. pump-alded circulation and circulation
employing air. The pump-aided circulaticon is more
praqticabie because of its high maneuverability in

practical wastewater treatment.

Mechanlism of U-tube Aeration Frocess

The U-tube aeration developed by the authors utilizes

a vertical aeration tank incorporating a downflow tube
and upflow tube of 30 to 100 m or above in depth

and solid-liquid separation tank as shown in Fig. 2.
Activated sludge mixed ligquor is made to flow downward
through the downflow tube at a velocity of about 1 to

2 m/sec., and air is blown in near the water level of
the downflow tube. This alleows the blower discharge
pressure to be reduced. The activated sludge mixed ligquor
descends, carrying blown—in, air, and since hydrostatic
pressure is applied, a large guantity of oxygen is dis-
sgclved in the mixed liguor accoerding to Henry's law.
¥Mext, the mixed liquor transferred to the upflow tube
rises up to the intermediate tank where the mixed liquor
1s sent to the downflow tube through the head tank by
the circulation pump together with raw water and return
sludge. While the liguid is circulated in such a circu-
lation system, the dissclved oxygen is consumed by the
activated siudge. A part of mixed liquor is transferred
to the sloid-liguid separation tank where sludge and

treated water are separated.




Thus, a sufficient mixing 1s ensured for the mixed liguor
and ailr during circulation, and high sclubility is obtained
pased on pressure depending on water depth. This enables

to cope with high value of rr and save aeration power.

(@)

Hydraulic Characteristics
The U-tube aeration process shown in Fig. 2 employs the
vertical dual tube aeration tank. In the case when gas-
liquid mixture flows through such a vertical tube, flows
are classified into bubbkle flow, slug flow, froth flow,
(6)

annular flow, and mist flow Accordingly, unlike the
conventional aeraticon tank, 1t 1S5 necessary to examine
especially carefully the hydraulic characteristics, which

reguires the focllowing conditions to be made clear.

1} Entrainment of air by circulating liguid in downflow
tube.
2} 2lown-in air becomes bubble flow owing to turbulence,

thus forming stable two-phase flow.
So as to confirm the abovementioned conditions, we conducted
the hydraulic experiments with small-size column and on the
pilet plant.
3.1 Experiment with Small-size Column
3.1.1 Experimental Equipment and Method
We performed the experiment, using the U~shaped trans-
parent acryl column of 130 mm in diameter and 10 m
in depth as shown in Fig. 4. Fresh water filled in the
column was circulated according to the experiment
conditions shown in Table 1, the difference in water
level of the intermediate tank and head tank in each
condition was determined, and pressure change was mea-
sured with the aid of the manometers Pl to P7 provided

on the column shown in Pig. 4.




The flow mattern during experiment was checked by

rhotographic measurement. The experiments were
arranged depending on shéepe of the ailr discharge pipe
as fcollows.

Run I : Straight tube, diameter of outlet 20 mm~ 1 pc.

Run II : Filling of static mixer in Run I.

Results of Experiments, Dlscussion

Figure 5 shows the relation of dewnflow velccity, cas
voidage fractron {amcunt of air A/ (amount ©f air & +
amount of circulating water W)} and bubble forming zone

in Run I. Figure 6 shows the relation betwsen down-

flow velocity and total pressure loss in the circulating
system at different air klow-in conditions in FRun I.

4s seen from the obtained results, the critical gas voidage
fraction allowlng air to be entrained by the downflow
increases as the downflow velocity rises. Thils 15

followed by increase of pressure loss.

Figure 7 shows change of head at P3 position when the
gas voildage fraction 1s changed. When the gas wvoidage
fraction is (.05, change of head i1s very little, and
stable flow 1s obtained. As the gas voidage fraction
crows to 0.09 and 0.13, the width of fluctuation rance
and the total pressure loss 1ncrease sinultaneously,

although air flows as dispersed air hubbles.

In Run I , we used the static mixer shown in Fig. 8 at
the air outlet. 1In this case, the critical gas voidage
fraction is 0.3 when the downflow velocity is 0.63 m/s
as shown in ®ig. 5. The result obtained in Run I 1is
significantly better than that of Run I. Figure 9 and
Figure 10 show state near the air outlet in Fun I and

Run 1I .



3.2
3.2.1

3.2.2
1)

The results revealed that to form stable alr bubble
flow it 1s necessary to take into consideration the
downflow velocity, gas voidage fracticon and air

dischrge conditions.

Experiment on Pilot Plant

Experimental Equipment and Method
Water depth of the pilot plant was set to 100 m
corresponding to full-scale condition, and ductile

cast iron *tube of 0.8 m in diameter andé steel tube
of 0.3 m in diameter were used as outer tube and

inner tube, respectively. To measure pressure,

the pressure gauges were fitted at inlet, ocutlet orx
air flow-in part, etc. of the circulation pump, blower
and U-tube. In this experiment, we confirmed the
relation between gas voidage fraction and flow
characteristics obtained in the cloumn experiment,
measured pressure loss_in full-scale condition, compared
the measured wvalues with the calculated values, perform-

ed calculation of oxygen transfer efficiency, etc.

Result of Experiment, Discussion
Pressure loss in one—-phase flow
Figure 11 shows pressure loss in one-phase flow of fresh

water.

The U-tube aeration process emplcys concentric circle
vertical dual tubes shown in Fig. 2. Since the activated
sludge is allowed to circulate between the dual tubes,
in practical use it is necessary to check pressure loss
caused by circulation.. Here, we determined friction loss

by using the formula of Hazan~Williams(7).




h = 10.667-Cy % cD7%% L8 01 ... (3)

where

h = friction loss hezd (m)

Cd = coeificient of flow velocity

D = I.D. of tube (m)

o = flow rate (m’/s)

1 = total length of tube (m)

The term CH of the formula above varies Zepending on
material of tube, duration of its use, etc. Usually,
value of about 60 to 150 is applied. The value of

Cx measured for the test plant was about 120 to 130

as shown in Fig. 1ll. Change of the waluve of C: of the
equipnent with the lapse of time will be examined
further.

Total pressure loss in air bubble f£flow

Figure 12 shows measured values of total pressure loss
in ailr bubble flow. Here, assuming that the total
pressure loss 1s sum of friction loss and static head
loss, we made convension from single-phase flow to air
bubble flow as to friction loss by using the correlation

8)

f
of Martinelll and Davis' shown below.

Martinelli defined the parameter X for the two-phase
flow. In the case when liguid and gas are turbulent
flows,the ratic of parameter ¥ 1s defined by the follow-

ing foumula.

Kbt = (g TR ke (4}
where

vl = flow rate of liquid (kg/hr,

ol = density of liguid (kg/m’)

i = viscosity of liguicd (cg)

Wg = flow rate of gas (kg/hr)

vy = density of gas (kg/m7)

g = viscosity of gas {(crn)



On the other hand, the friction loss (APF)tp of air
bubble flow is expressed as follows:

(APF)EP = B2ttt (APF) & it i it e ittt enaeaanns (5)
where

{APF) 2 = friction loss (mAqg) in single-phase flow
grt? = 1 + %%@ (E%E)z ......................
The Martineli's correlaticn given above was solved for
the horizontal two-phase flow. Since the pilot plant
was vertical tube, we used Daviss correlation employing

X'ttt in place of Xtt.

1 _ 1 — 0.185
TET =5.26 (iizd-(Fr) ..................... (7)
where .
Fr = Froude number 1n the case when no slip occurs

between two-phase flows.

Static head loss occurs due to difference in gas
hold-up of downflow tube and upflow tube which

is caused by air bubble flow. Since air bubble in

the downflow tube tends to rise against flow,

it moves more slowly than water flow, whilst air bubble
in the upflow tube rises in the direction of flow of
liguid with a speed higher than that of liquid flow.
Accordingly, at the same water level, the gase voidage
fraction in the upflow tube 1is smaller than that
the downflow tube. At air blow-in depth of h, (m),
water pressure P; and P, in downflow tube and upflow
tube is expressed as follows:

P1=SLP(g/gc)(l-81)d£ + P* + NiP{G/gC) «.uuunn. (8)

h
rL

P2=) P{g/gc) (L-g,)d8 4+ P* & ieer i e srennnnnn {9)
h ‘



£1, £, = gas voidage fraction in downflow tube and

upflow tube (%)

P* = atmospheric pressure (kg/cm®)
h = head difference (m)
= gravity acceleraticn im/h4)
gc = gravity ceonversion factor (kg.m/kg/s)

* In this case the friction loss is assumed to be equal
Lo zeroc.

Accordingly, 1f stakle state is esteblished in the system

at Py = P;, we get

~ L ~ L
h, + (1l + 2,)ds% = . (1 = £€4)dh ot i e (103,
Jhy o h

hence static pressure difference i1s obtained.

The s0lid line of Fig. 12 shows the relation between the
total pressure loss and the gas voidage fraction which
was obtained by calculation. Acccrdingly, the calculated
values almost match with the measured values, and it is
possible to determine total pressure loss according to

the operating conditions.

Oxvygen transfer efficiency

We measured concentration of dissolved oxygen in the
pilot plant, and determined transfer efficiency.

Figure 13 shows distribution of dissolved oxygen in the
downflow tube of pilct plant. Amount of dissolved
oxygen in the intermediate tank was 13.8 mg/L.

Based on these data we determined the oxygen transfer
efficiency, using the following formula.

(DOr-DOR) > 100

°f % TE/mE 71000

where

Op = Oxygen transfer efficliency (%)

DCg = Ccncentration of dissolved oxygen at tube bottom

{ppm)



DOy = Concentration of dissclved coxygen in intermediate
tank (ppm)

rmount of air/amount of circulation water : gas-—

e

~
=
i

liquid ratio

K = 0.2%232/22.4; REmount of oxygen in &air of 1 mol

(g/ %)
Hence, the transfer efficiency is about 76%. Accordingly,
it i1s possible to take extremely high value as compared
to efficiency ©f 5 to 10% in the usual aeration tank.
Moreover, since this measurement was made for the mixed
liguor containing activated sludge, the actual transfer

efficiency will be hicgher.

As to Kra we supposed as fcllows. Assuming that circula-
tion in the equipment is plug flow and liquid flow
velocity is U, we obtain a formula expressing depthwise
change of dissolved oxygen from the equation{l).

U-SF = Kra-(Cs - C) - rr ..... s L(12)
Although Cs changes depending on molar fraction of oxygen
in alr bubble and pressure, we used the following formula,
considering that it can be expressed as primary linear

approximation against water depth.

CS = 2l + B et e et i et a et (13)
where
%, B = constant

Making a comparison with the measured amount of dissolved
oxygen by using the equaticons(12) and (13), we presumed
an average value of Krpa of tank. The obtained resuit

was alsc plotted by s0lid line in Fig. 12.



Estimation <f Total Pressure Loss and Oxygern Suppiy
Comprehending the hydraulic properties in this experiment
15 necessary not cnly to obtain stable alr bubble flow
but also to plan and make eccnomical equipment featuring
low running crnzi znd construction cost. In practical
trez-mznt of wastewater the specification of eguipment
must be changed depending on kind of wastewater to be
treated, since the decomposability varies dependlng on
kind of wastewater. Hence, the total pressure loss and
oxygen supplving capacity were calculated: by using the

fcllowing parameters:

-

13 Lrea ratio of upflow chamber and downflow chamber

2 Downflow velocity
3) Gas voidage fraction
4) Diameter of outer tube

Eelow 1s glven one example.

The total pressure loss was determined by the method stated

in item 23.2.2,(2). The pressure loss is minimum at the area
ratio of 3 to 4. Focllowing is the result of calculation
made for the area ratioc of 2. As the downflow velocity

increases, the static head loss reduces but the friction
loss increases. Accordingly, if the diamester of cuter tube
is small as. shown in rig. 14, influence of flow velccity

is remarkable. 1If the diameter of outer tube is large, the
total pressure loss becomes minimum at flow wvelocity of

1l to 2 m/s. The total pressure loss tended Lo increase

as the gas voldage fraction increased.

The pump power was determined from circulaticn flow rate
and the required pump head which was eguilvalent to the
total pressure loss. The sum 0f pump power and blower
power was taken to be total power. The value obtained

.
by dividing the blower deliverwv by total power was taken

to be oxvgen supply.



5.2

The result 1s shown in Fig. 15. As the diameter of cuter
tube increases, oxygen supply per unit power increases 1in

any condition. As regards the déwnflow velocity, the optimum
velocity varies depending on the diameter of outer tube.

When the diameter is 1 m, the optimum velocity is 1 m/s,

and whén the diameter 1is 4 m, the optimum velocity is

1.5 m/s. As to the diameter being within the abovementioned
range, the best conditions lie alsoc within the abovementioned
range of velocity. The oxygen supply capacity tended to

increase as the gas voidage fraction increased.

Thus, the optimum value can be obtained for each condition, hence

it is possible to determine the optimum specification by

making simulation for each wastewater.

Examination of Treatment Capacity
Treating Experiment on Test Plant
Wastewaters of company I which were taken as objects of .
treatment are cone starch production wastewater and sugar
refining wastewater. A factory to be newly built requires
treatment of 7500 m’ of wastewater per day. Hence, we
performed a treating experiment on the test plant eguiped
with aeration tank of 75 mm in diameter and water depth
of 100 m(capacity of about 1 m'). The obtained result is
shown in Fig. 16. We obtained BOD removal of higher than
96% in the range of BOD load of 10 to 34 kg/m’.4.

Application to Full-scale Plant

5.2,.1 Result of Treatment

Based on the result of treatment cn the test plant, we
errected a U-tube aeration plant (having outer tube of
2.2 m in diameter, dual tube type ensuring ‘water depth
of 100 m, capacity of 615 m’} which can treat wastewater
at BOD load of 27 kg/m®.d in the conditions that amount
of water to be treated is 7500 m®/d, raw water BOD is
2200 mg/%, total BOD is 16.5 t/d, and raw water COD is
8106 mg/%, total COD is 6.1 t/d. This plant was put into




operation in February, 1979. Table 2 snows yearly treat-
ment record in 1%20, and Figure 17 zhows dailly change

of treatmen:z. The amount of raw water was 2300 to

5500 m®/d, and raw watar 700 was within 360 to 730 mg/4,
i.e. lowaer *“han chose designed. Moreover, pH varies
within cthe range of 2.0 to 11.5. As a result of
treatment we attained average (0D removal of £9%
‘(average COD load of 3.4 kg/m’.d, daily fluctuation

of 0.6 to 24.8 kg/m’.d), and a high value of dissoclved
oxygen in the intermediate tank, i.e. 10 mg/i in the

averadge.

Amount ©f Oxygen Utilized

O: (kg/d} = a = 4LBOD{kg/d) + b(l/d} = MLSS(kg}..... (14)

From the oxygen consumption determined from the removed

BOD, amount of activated sludge in system and parameter
ry,we get the parameters "a" and "b" following the

equation given above, i.e, a = 0.227, b = 0.079.

Amount of oxygen necessary for gquantity, guality and
MLSS of ‘present typical raw water 1is evaluated by the
aid of the eguaticon(l4) as follows:

Amount ¢of reguired oxygen = 1400 kg/d.

In the case when the designed BOD is loaded, amount of
required oxygen 1is as follows:

Peguired amount of oxygen = 4200 kg/d.



Conclusion

So as to solve one of the important problems concerning the
aerobic wastewater treating with microorganism, i.e.
oxygen supply capacity, we have developed a unique
U-tube aeration system which enables 1) to ilncrease
concentration of saturation dissolved oxygen and 2)

to reduce bubbkle size and prolong gas-liguid contact
time. Since this process needs formation of uniform
bubble flow, the gas voidage fraction becomes an
important factor. The results of small scale column
experiment revealed that the critical gas voidage frac-
tion allowing to entrain the blown-in air increases with
the increase of liquid flow velocity in the downflow
chamber. Moreover it was revealed that the critical gas
voidage fraction is increased by improving the gas-liquid

mixing condition at the air outlet.

In the hydraulic experiment conducted on the pilot plant,
the measured values well coincided with the evaluated
values obtained by using Hazan-Williams's formula, gas-
liguid two-phase correlationof Matinelli and Davis and
from the static head loss caused by difference in gas
hold-up.

On the basis of the obtained results of experiments we
determined the total pressure loss and the oxygen supply
capacity, using area ratio, downflow velocity, air

voidage fraction, and diameter of outer tube as parameters.
In the treatment of corn starch production wastesater

and sugar refinery wastewater with the full scale plant
which had been designed with due regard to the results

of experiment, we obtained the expected results. Hence,

it was proven that the oxygen necessary to decompose

substrate can be sufficiently supplied.
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Table 1 Conditicns of Column Test

Circulating water (m?/min) 0.5, 1.0,

Downflow velocity (m/s) 0.63, 1.3,

Gas-liquid ratio (A/W) g, 0.05, 0.1,

.3
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Fig. 8. Static mixer

Fig. 9. Flow pattern(Run I)

Fig. 10. Flow pattern(Run II)
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Table 2 Average Analytical Data (Full-scale Flant)

b

Raw Water

Treated Water

[In-tube Operating

Conditions
Month i\rgo;l?;‘ter cop | pH coD | pH | MLSS | DO fg:;;grature
m?/d mg/%| -~ mg/ %2, -- |mg/% {mg/% °C
1 4190 540 12.5011.4{60.7| == {4510 {11.9 23.8
2 4416 789 [4.2711.4{71.4|7.3 [ 4740 | 8.99 26.3
3 3786 450 4.6~ 8.4[49.6[7.3 | 46350 | 8.91 27 .4
4 4054 442 (2.2710.4]45.6/7.3 [ 6920 | 6.30 33.5
5 4838} 4693.7% 7.7)55.7|7.2 | 8930 | 6.23 36.7
6 5518 380(2.6711.2(48.2(7.2 | 6770 | 6.20 35.5
7 4710 37712.1010.7(36.517.2 | 6260 | 7.86 34.6
8 5066 360 (3.8% 6.4]35.0(7.1 | 5050 [11..7 33.1
9 4509 41612.0010.538.61(6.9 {6380 {11.0 32.2
10 5445 40313.9% 7.4[35.5(7.0 | 6910 110.9 30.3
11 5397 43412.8711.1]42.7(7.0 {6970 [12.7 25.9
12 4180 481 {2.7~11.5/42.917.0 | 6510 |14.3 23.1
arnual | gggg 4623.1~ 9.8l46.9|7.1 6220 | 9.7 30.1
average
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MULTIREACTOR AND DEEP-SHAFT SYSTEMS;
FEASIBILITY FOR SEWAGE TREATMENT IN THE
NETHERLANDS

E. Eggers
DHYV Water B.V.



Abstract

The Multiresctor and Deep Shaft are systems for the biological trestment
of waste waters. Industrial waste water treatment at higher concentrations
were the principal application areas until now. As treatment schemes with
reduced land requirements and decreased environmental nuisances are of
increasing importance in the densely populated urban areas in Europe,
Japan and elsewhere a feasibility study has been performed to assess the
position of both technologies in the future treatment of domestic waste
water. It is shown that in the present trend of stricter environmental
guidelines including requirements for efficient removal of nitrogen and
phosphorous compounds from the waste water the Deep Shaft system is
applicable under specific conditions. The Deep Shaft requires relatively
high Investment costs compared with alternative technologies, making it
less relevant as a State-of-the-Art treatment system for the year 2000.
The Multireactor is still under study so that definite feasibility
statements can not be made.

1. INTRCDUCTION AND DESCRIPTION OF THE SYSTEMS

Due to its compactness the Deep Shaft and the Multireactor system are
thought to be relevant in the future of sewage treatment in the
Netherlands. Both systems have in common that they are subsurface
constructions with a relatively small diameter to depth ratio of 1:10
to 1: 20 and more so that the land requirements for these schemes are
theoretically very low compared with the conventional activated
s5ludge systems.

Therefore a further assessment of the future role of these systems

in the sewage systems in the Netherlands has been initiated by RIZA
and STCRA in the framework of the "rwzi 2000 programme”. The study
has been performed by DHV Water b.v. (formerly DHV Consulting
Engineers).

As far as the Deep Shaft system is concerned information about design
data , operational figures and experiences of the system has been
gathered from a number of sources, such as literature, discussions
with the proprietors of the preocess, ICI Ltd, and interviews and
discussions with the users of the process in Germany, the United
Kingdom and Japan.

The Multireactor is a system with applications in the food industry
in the Netherlands. The Multireactor has been developed and marketed
by the Multireactor h.wv, the Netherlands. The very good performance
of the process and the positive properties as minimum land
requirement, minimal odour emission and effective aeration system
prompted RIZA and STORA to include this reactor in the study. As
there are nc experiences with the Multireactor in the field of sewage
treatment available a pilot scale project has been started to
investigate the possibilities to apply the reactor also for sewage
treatment purposes. At this moment no definite conclusions of the
pilot scale investigations can be presented.

In the sections dealing with experiences, evaluation and conclusions
the emphasis therefore will be on the Deep Shaft system.




Description of the Deep Shaft system

The Deep Shaft consists of a vertical shaft, 30 to 150 m deep with a
diameter of 0,4 to 6 meter. Shafts with larper diameters are in the
development stage but not yet applied. From evaluation of full scale
experiences the designers of the process consider a shaft depth of
60 meters as the optimum regarding investment costs, treatment
performance and hydraulic flow stability.

In the shaft the activated sludge mixture is circulating by two
channels, the "downcomer" with downwards directed liquid flow and the
"riser®, the channel with upward flow. Internal circulation is
maintained by the aeration air transported by a compressor to the
downcomer. See figure I. The air also provides the oxygen for the
activated sludge process.

As the downward liquid velocity exceeds the rise velocity of the air
bubbles, the bubbles are entrained in the liquid in downward
movement. By increasing hydrostatic pressure the oxygen dissolves
relatively quickly in the process liquid. More oxygen will be
effectively available for the bacteria compared with conventional
processes under atmospheric conditions. So a higher oxygen transfer
rate is the result. The amount of air for the process and the amount
of off-gas (to be treated for environmental reasons) can be reduced.
This positive feature has to be offset against the higher energy
consumption per m3 of air due to the increased static head. It can be
calculated that the net positive effect on aeration efficiency is
only minimal.
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Figure 1. Deep Shaft cross section

The air expands in the riser section of the shaft. So a density
difference occurs between the gasfree watercolumn in the downcomer
and the corresponding part of the riser section. Liquid circulation
is maintained by this density difference. See figure 2.
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Figure 2. Voidage in downcomer and riser sections of the Deep Shaft.

To start the process initial air has to be supplied to the riser
section of the shaft. As soon as the desired liquid velocity is
generated, the start up air is shut off and the air suppletion is
continued in the downcomer.

In the Shaft a very intensive turbulence occurs to promote a good
mass transfer of oxygen to the cells but also of dissolved substrate
to the cells. By the rapid transition from hydrostatic pressures of
over 10 atm to atmospheric pressure problems can occur with the
separation air/sludge/water. To promote separation different methods
have been developed such as vacuum degasification, flotation or
downstream stripping/second stage activated sludge. See figure 3.
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The selection c¢f the separation process depends on the type of
wastewater to be treated and on leocal factors.

The Deep Shaft is a high loaded biological system with a relatively
short sludge residence time of only 1 to 2 days. Nitrification is
therefore impossible. Denitrification is possible if nitrified
effluent is recycled and the functions of circulation and aeration
are separated as is the case with the Deep Shafts of the Leer sewage
treatment plant in Germany.

Descripion of the Multireactor system

See figure 4. The raw water flows by gravity into the reactor just
under the bottom plate of the separater. The riser pipe with the
mushroem shaped syphoncarriers takes care of mixing of the influent
stream with the contents of the reactor. The influent flows
downstream countercurrent with the rising air bubbles, passing
through the aeration chambers. At the bottom the sludge/water
mixture flows upward through the riser pipe to the topmounted
flotation unit separating the sludge from the effluent which is ready
for discharge.

The sludge/water mixture is subjected to a decreasing hydrostatic
pressure flowing upward to the separator, Therefore the dissolved gas
in the mixture is released in the form of small bubbles attaching to
the sludge particles. The sludge is then floating in the flotation
chamber. To increase the separation efficiency a separate circulation
loop is equipped with a flotation cell where air under presure is
introduced into the liquid.

The sludge content in the reactor can be as high as 8 to 15 gram MLSS
per liter. The sludge content is controlled by the thickness of the
flotation layer in the flotator which can be adjusted by automatic
control.
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Figure 4. Schematic drawing of the Multireactor

The compact subsurface way of realization of Deep Shaft and
Multireactor demonstrates the similarity of the two systems. But
there are also a number of remarkable differences:

* the Deep Shaft is a perfectly mixed reactor while the
Multireactor shows plug flow behaviour

* the contents of the Deep Shaft circulates many times in the
system while the Multireactor essentially is a one pass system

* aeration is for propulsion/mixing and oxygen input in the Deep
Shaft.
sderation in the Multireactor is only for oxygen input

* opportunities for integrated nitrification/denitrification are

greater with the Multireactor



2. EXPERIENCES

According to the reference list on this moment 50 Deep Shaft
installations have been realized and are in full operation. See
Appendix.

These instalilations have been distributed as follows:

40 in Japan
in the USA
in the UK
in Canada
in Germany

N w &= O

14 of these installations, mainly the Japanese, have been designed
for treatment of sewage (see Table 1), 4 for the treatment of mixed
waste water and the rest is only for industrial use. The relatively
big penetration of the systems in Japan is remarkable.

BOD

capacity load influent effluent efficiency

[p.e. of 54g] [kgfd] [g/m’] [g/m’] [Z]
Toyonaka 13.000 700 300 20 93
Tilbury 130.000 7.050 800 30 96
Portage 105.000 5.670 500 30 94
Matsushima 1.500 80 60 20 67
Virden 5.000 270 200 30 85
Leer 230.000 12.480 830 80 90
Osaka 2.600 140 620 20 97
Osaka 6.100 329 500 20 96
Osaka 1.300 68 68 S 93
Tokyo 4.600 250 616 20 97
Tilbury 407.000 22.000 600 60 80
Mie 10.600 570 1.580" 170 89
Tokyo 2.500 136 135 8 94
Tokyo 3.100 170 444 20 95
Kanagawa 1.400 75 75 3 60
Homar 12.000 450 1580 30 81
Osaka 2,200 117 390 10 97
Osaka 1.500 79 600 20 97

1) nightsoil

Table 1. Deep Shaft references for sewage treatment

From Table 1 it can be concluded that the removal of BOD generally is
in the order of 90 Z.




Space limitatijons and other factors in Japan are responsible for this
development. Very important is the recycling concept of the Japanese
waste water teatment in the larger building and office complexes. See

figure 5.
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Figure 5. Schematic of water reuse in Japanese building complexes

There is a separate collection system in these buildings for kitchen

waste water and toilet water.

The kitchen waste water is collected

and treated locally by for instance a Deep Shaft system. The Deep
Shaft effluent then is used as flush water for the toilet system.



EVALUATION

The patent holder, ICI, and the licensee for the UK, formerly PCI,
state that the Deep Shaft process offers to the user the following
advantages:

*

S0 Z less space requirements in comparison with conventional
processes

noe separate sludge stabilization

good sludge dewaterability

reduction of capital costs for larger sewage treatment plants
with incoming BOD exceeding 400 mg/il

no noise and odour emission

low sludge volume index

These issues are discussed below.

Space reguirements

In the ICI and PCI brochures the relative reduction of land
requirement is illustrated. See figure 6.
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Figure 6. Claimed space reduction by application of Deep Shaft system




The claimed space reduction is brought about by the following
factors:

* no pretreatment
* smaller azeration tank surface
* no sludge stabilization

The relative space reduction is dependent on the concentration of the
wastewater to be treated. In the literature an example has been
described of a waste water with a BOD of 2500 mg/l. The Deep Shaft
showed a space reduction of 85 I in comparison with an oxidation
ditch. It is not known however if the effluent gquality of both
systems was comparable.

In Tilbury (UK) the Water Authority did not give much priority to
space considerations. It was decided to degas the Deep Shaft mixture
by bubble aeration. The reduction of space requirements was only
minimal. Another scheme, in Leer (Germany), showed some reduction in
aresa.

In general it can be concluded that a proper comparison of systems
will show only minor reductions in area requirements by the
application of Deep Shafts systems for the treatment of sewage.
Hardly any reduction is to be expected in those cases where strict
requirements are to be fulfilled with respect to nitrogen and
phosphorous removal. Important reductions are however possible when
treatment of waste waters with elevated BOD concentrations is
necessary. This can be the case with the (co)treatment of
concentrated industrial wastewaters,

Sludge stabilization

The licensor does not require separate sludge stabilization. This
decreases of course the capital and operation costs. Moreover the
treatment plant is simpler in operation and maintenance. Seen the
design sludge age of 1 to 2 days it can not be expected that the
sludge despite the higher oxygen tension and higher conversion rates
will be fully stabilized. So sludge stabilization measures should be
considered for strict environmental control.

Dewaterability

In general non stabilized sludge is difficult to dewater. By lack of
relisble data no definite statements can be made on this point.

Reduction of capital costs

ICI states that in Japan in 30 I of the cases an important argument
in the clients decision were the lower investment costs. In the
literature ne indications have been found supporting this remark.
Therefore a cost comparison under Dutch conditions will be presented
later.




Reduction of environmental emissions

Because of the reduced interface between the aeration tank and the
atmosphere the emission of odour from the Deep Shaft will be minor.
But if degassing is realized by bubble aeration ( as is the case in
Tilbury and Leer) the emisgion will increase again. Furthermore, the
treatment of non stabilized sludge will also be a potential odour
source, although no literature data could be found to confirm this.

Sludpe Volume Index

Although the explanations in the referred literature are not clear
the values of the SVI in literature are mainly below 100 ml/g.

Nitrification

Deep Shaft systems can be retrofitted to nitrification in the
following two ways (see figure 7):

* nitrifying trickling filter downstream from Deep Shaft

* gxpansion of downstream activated sludge tank

Also retrofitting an activated sludge system with an upstream Deep
Shaft tc remove BOD can be an attractive proposition at those
{industrial waste treatment) Situations where a waste stream with a
high cencentration of BOD is to be treated and strict nitrification
requirements have to be fulfilled.
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Figure 7. Retrofitting an existing Deep Shaft system for
nitrification.



The Multireactor performs well in the food industry where three full
scale applications are in operation now in the Netherlands.

But until now no experience has been gained with the effect of
diurnal flow variations on the efficiency of the flotation system.
Therefore a pilot plant study is now under way to reveal these
effects. Important dimensions and preliminary research results are
shown below:

Shaft: depth 18.5 m
diameter 1.5 m
volume 30.5 m
Flotation: surface 6.4 m?
volume 13.5 m?
Influent CoD 500 mgfl
{arg. dry weather) BOD 275 mg/l
TEKN 70 mg/l
NH,-N 60 mg/l
BOD/sludge leoad 0,15 kg/kgMLSS.d (arg.)
Flotation DS load 14 kg/m?.h (max. )
Flotation surface load 4 m?/m?.h (max.)
DWF /RWF 1: 4
DWF 3,8 m*/h (max.)
RWF 15 m*/h (max.)
MLSS in reactor 8 kglm3 {(arg.)

13 kg/m® (max.)

Treatment efficiency for T > 12° and S5 < 20 mg/l:

coD 892
BOD 98%
TKN > 882
NH,-N > 902
Total N 452

FEASIBILITY IN THE NETHERLANDS

The feasibility will be discussed using the following items:

* effluent quality

* energy consumption

* sludge production and dewaterability
* space requirements

* investment costs



Effluent quality

At a proper design load an average BCD concentration in the effluent
of 20 to 25 mg/l BOD is feasible. By P incorporation at sludge growth
a phospherous removal of 30 to 40 X can be predicted.

As there i1s no nitrification/denitrification possible due to the low
sludge residence times, the reduction of nitrogen compounds will only
be minimal. Therefore it can be concluded that application of one
pass Deep Shaft systems is not attractive in view of the wvery strict
requirements regarding nitrogen and phosphorous. If Deep Shaft
systems can be interesting as a first step of a staged system is a
matter of cost comparison which will be presented later. The
Multireactor shows promise according to the first results, but
definite conclusions can be drawn after full evaluation of the total
test period.

Comparative energy consumption data of the Multireactor are not
available yet,

Energvy consumption

The energy utilization efficiency in Tilbury ranges from 0,5 to 2 kg
BOD/kWh. That numbers are not better than the data of a conventional
sewage treatment system. In Tilbury it is obvious however that the
installation is not operated properly and with a better
instrumentation and control a higher efficiency is possible. See
figure 8.
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Figure 8. Energy utilization efficiency as a function of load of the
STP Tilbury



Sludge production and dewaterability

In the Deep Shaft and Multireactor literature it is reported that the
sludge production is less compared with the conventional systems.
However these statements are not underligned by operational data, so
that no firm conclusions on this issue are possible.

Only two references of CST-data have been found, indiceting that
dewaterability of Deep Shaft sludge is better than oxydation ditch
sludge. These findings should be considered with care as there the
C8T-value is only indicative of dewaterability. Dewatering
characterics of Multireactor domestic surplus sludge is still to be
tested.

Space reguirements

The original lav-out of the Deep Shaft (with vacuum degasification)
and with conventional effluent requirements, only pertaining to BOD-
removal, offers a distinct advantage in space requirements over
conventional activated-sludge systems.

The relative advantage is proportional with the strength of the waste
water to be treated.

Modern requirements, especially with respect to nutrient (N,P)
removal have changed the picture dramatically. For the Deep Shaft a
staged process scheme is necessary, almost eliminating the relative
advantages of the past.

If the sludge separation unit of the Multireactor is able to deal
effectively with the fluctuating behaviour of domestic sewage flow,
then the Multireactor will show promise as this reactor is better
able teo nitrify and {(partly) denitrify.

Cost comparison

To be able to compare the investment costs of the Deep Shaft and of
conventional technology respectively these costs have been estimated
on a basic design basis.

Stating point was an effluent value of max. 20 mg/l BOD and full
nitrification above 10°C.

The design basis for both systems was:

- load p.e. 50.000 population equivalents
hydraulic 500 m3/h DWF
1.500 m*/h RWF
7.500 m*/d average
organic 2,700 kg/d BOD

Both schemes consisted of the following units:
- influent pit

- screen
- influent pumping station
- sand-trap
- aeration:
A, Deep Shaft depth 70 m
diameter 3,6 m
volume 700 m?

sludge load 0,5 kglkg.d



The "Leer"-variant of the Deep Shaft with a screw pump on the head
tank, see Figure 9, has been selected for the cost estimation.
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Figure 9. "Leer (Germany)"-variant of the Deep Shaft with separate
propulsion by a screw pump.

- 2nd stage aeration/degassing/nitrification (only Deep Shaft)

volume 1.080 m?
BCD load 270 kg/d
sludge load 0,05 kgl/kg.d

B. Carrousel volume 13.500 m?
sludge lcad 0,05 kgl/kg.d

- final clarifier
surface 1.500 m
surface load 1 m*/m?.h

Sludge treatment was considered comparable and has not been
estimated.

With an accuracy of + 30Z the cost estimations resulted in the
following figures (in DFL, price level Feb. 1991}.



Deep Shaft Carrousel

Civil 4,35 * 108 1 3,5 * 106
Mechanical 1,95 * 10° 1,8 * 108
Electrical 1,05 * 10° 1,05 * 10
Total 7,35 * 10° 6,35 * 10

1) The separale estimate of the Deep Shaft is DFL 1,1 ® 108,

It can be concluded that the investment costs of a Deep Shaft system
are DFL 1 * 10% higher than conventional treatment with the stated
design capacity and identical strict effluent requirement. The cost
difference lies within the accuracy limits of the estimates.

CONCLUSIONS

1. Application of the Deep Shaft in the Netherlands for the
treatment of domestic waste water with a BOD of 250 mg/l or less
is not attractive given the cost figures and minimal space
advantages under the present strict environmental requirements.

2. Although definite figures on the sludge producticn and sludge
dewatering fail it is not expected that these factors will make
the Deep Shaft more feasible.

3. Under certain condition, e.g. high strength waste water with
BOD-values for above 250 mgfl, the Deep Shaft can be an
attractive option.

4, The applicability of the Deep Shaft concept has been increased
by the system-users as follows:
- strippingfaeration tank in stead of vacuum degasifier
{(Tilbury, UK)
- separate propulsion by a screw pump (Leer, Germany)
- aeration system

5. The remarkable Japanese interest in the Deep Shaft technology
{40 of 50 references) can be explained from specific factors as
the immanent urgence of water conservation and recycling,
together with very high ground costs. These factors are quite
different from the situation in the Netherlands.

6. The Multireactor shows promise as a compact, high-performance
system for waste water treatment on the basis of preliminary
pilot-plant results. Definite conclusions can be made after
finishing the test period and full evaluation of pilot plant
results.
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INTRODUCTION

Industrial 1use of synthetic membrane for desalination has been
started since asymmetric membrane was developed in 1880. Then,
the continuous development of membrane technology including
microfiltration and ultrafiltration has expanded its application
fields; e.g., wultrapure water production for IC industry,
refinery of pharmaceuticals, antibiotic production, concentration
and decolorization of products in food industry, solid-liquid
separation in bioprocess and so forth. It also gives a new
direction in water/wastewater treatment.

Pressure driven c¢rossflow filtration is wusually applied in
micro/ultra-filtration as well as hyperfiltration. Micro-
filtration (MF) removes particles down to submicrons and
hyperfiltration (reverse osmosis, RO) rejects dissolved ion
molecules. Ultrafiltration (UF) 1is in between and removes
macromolecules, such as protein, starch and so forth.

Strathmann(1984) summarized successful applications of
ultrafiltration to industrial wastewater treatment, such as the
recovery of electrophoretic paints, separation of oil-water
emulsion, recovery of proteins and starch in food industry,
treatment of pulp and paper industry effluents and so forth. One
of the lgrgest treatment plant of pulp processing wastewater with
8,000 m¥/d has been successfully operated 1in Japan, using
polysulfene UF tubular membrane module with molecular cut size of
8,000 (Ikeda, 1990).

In water purification process, it 1is necessary to remove
particulate and c¢olloidal matters. Besides RO, MF/UF can
acnieve it without chemical addition. Moreover, microfiltration



membrane with a lower pore size can assure bacteria removal and
ultrafiltration membrane with a lower molecular cut off size can
assure virus removal.

An attempt of use of hollow fiber ultrafiltration has been made
in France, demonstrating that, from a pilot scale experiment, the
ultrafiltration is a readily available technology for small scale
drinking water treatment (Mallevialle et al., 1989).

In Japan, wide pollution of water resocurces scometimes requires
high degree of treatment in water purification plants. The plants
are usually suffer from the space for additional treatment
processes, such as blological filter, activated carbon,
ozonation and so forth. It is, anyhow, advantageous that the
membrane process makes the system compact eliminating
coagulation/sedimentation tanks and sand filtration units. The
membrane filtration might replace the traditional treatment unit
processes when the replacement period for existing water
purification plants comes in the early next century. However, the
long term performance, reliability and economy especially in
large scale operation are unknown. So the feasibility studies
have been recently started 1in some laboratories and water
purification cites in Japan. Preliminary evaluaticn of a water
purification plant designed with microporous hollow fiber
membranes shows that the membrane plant could be constructed from
1/4 to 1/8 in space and from 1/10 to 1/18 in tank volume of a
conventional plant 1if the designed volume flux of 1 to 2 m/d
could be achieved (Fujita, 1990).

An activated sludge/ultrafiltration process has been developed in
the TUnited States for domestic wastewater treatment in 1960's
(Smith et al., 1969, Bemberis et al., 1971). High concentration
of microorganisms achieved by membrane separation gives some
advantages to the process: compact size and 1little sludge
production. In addition, the process operation does not suffer
from sludge bulking and disinfectlion of the effluent might not be
necessary.

Membrane-coupled biological wastewater treatment processes have
been used for nonpotable water reclamation system 1In office
buildings, department stores and others in large cities in Japan,
Ohkata(1989) reported a successful example: Fig.l shows the
schematic flow diagram of the treatment process in a department
store building in Tokyo. The treated water quality of the UF
filtrate was quite satisfactory (Table 1). He also showed an
estimation of the operating and maintenance cost (Table 2) and
compared it with the charges for tap water usage and wastewater
discharge to sewerage, as shown in Table 3. This table clearly
shows the cost of water consumption in large cities in Japan 1is
very high especially for large users because those
administrations have adopted gradual increase systems of water
charge., 1In addition, Tokyo and Hukuoka City administrations make
effort to have nonpotable water reuse system in large buildings.
These situations give incentive to the membrane applications.
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Influent

Dissolved Ligquor
in bioreactor

UF effluent

max. min. av. max. min. av. max. min. av.
pH 6.98 4.90 T7T.20 6.72 7.30 6.79
BOD mg/1l 1800 33.4 385 14.5 2.4 7.8 3.2 <1 <1
CODpmp mg/l 1440 34.2 261 34.9 26.1 30.8 7.1 4.0 5.9
5SS mg/1 1000 90 830 0 0 0
n-hexane 760 19.2 130 tr tr tr
extract mg/l1
color deg. 85 53 71
turbidity deg. 0 0 0
note. bioreactor MLSS 1400-8800 (av. 4600} mg/l

water temperature 18.5- 35,3 C.




Table 2. Operating and maintenance cost of UF water
reclamation system (after Ohkata, 1989)

Membrane replacement 108 q
Electricity 80 (ven/m*)
Chemicals 8
Maintenance 55

total 251

Table 3. Water charges for tap water usage and
discharge to sewerage in large cities
in Japan (based on 200 cubic meter per
day of usage) (after Ohkata, 1989)

(yen/m3)
City tap water sewerage total
Tokvo 382 295 677
Yokohama 325 215 540
Kawasaki 298 125 423
Nagoya 284 203 487
Ohsaka 298 130 428
Hukuoka 453 173 626
Kitakyushu 290 137 427

However, the power consumption of the exlsting membrane process
appllied tg the nonpotable water reuse system 1s as high as 3 to
5.5 EKwh/m of water treated (Uchida, 1983). Since the energy
consumption is about ten times higher than that of the
conventional activated sludge processes, its applications are
still limited so far.

Another example of the application of existing ultrafiltration
membrane processes is in collected human excreta treatment
plants, because high concentrated sludges from biological
treatment of night so0il c¢reate a problem of solid 1liquid
separation in traditional treatment processes. Several intensive
researches have been done to obtain raticnal designs of
ultrafiltration used for the human excreta treatment (Magara &
Itoh, 1991, Sato & Ishiil, 1991).

Anaercbic treatment coupled with membrane separation were also
investigated by several researchers (Grethlein, 1978, Li et al.,

1984, Okuno et al., 1988). Kimura (1991) summarjized Japan's
Aqua Renaissance '90 Project which aimed to c¢reate a new
wastewater treatment and water reuse system, i.e., energy

recovery by methane gas production from anaerobic wastewater
treatment and 1its advanced post treatment with membrane
separation for water reuse.

Ultra/micro-filtration of raw wastewater 1s also worthwhile to be
considered, although it requlires post treatment of dissolved
organic pollutants which can pass the membranes.

A shortcoming of existing crossflow filtration 1is 1its high




operational cost. The main reason for the high cost is due to the
recirculation pump which maintains high c¢ross flow velocity
parallel to the membrane surface in order to keep the flux
undeclined. The elimination of the recirculation pump will
reduce the power consumption remarkably. This gives an idea of
direct membrane separation of blological sludges in a bioreactor.

In cross flow ultra/micro-filtration, many attempts have been
made to attain high volume flux, which needs a well designed
operation and maintenance, such as frequent chemical <¢leaning,
backwashing, etc., and increases operational cost. It 1is not
easy to maintain high flux especially in wastewater treatment,
because serious fouling or <clogging may occur during the
filtration of the wastewater contaminated by unknown materials.
Increase of membrane surface area per unit velume 1is another
approach to obtain enough filtrate. Hollow fiber membranes can
be used for this purpose.

The following part of this article aims to summarize the series
of the author and his colleagues' works on the membrane
bioreactors for wastewater treatment.

MEMBRANE SEPARATION CHARACTERISTICS

Figures. 2 and 3 show the results obtained in a laboratory scale
experiment where synthetic wastewater was treated in activated
sludge process and the cross flow filtration through flat sheet
membrane was applied (Fuchigami et al., 1987). As shown in Fig.
2, the volume flux Increased with increase In the pore size in a
certain range, 1i.e. between UF10 (nominal molecular weight
{n.m.w.) cut off of 10,000) and UF5C (n.m.w. cut off of 5¢,000).
At pore sizes larger than UF50, the volume flux reached a plateau
up to a limit pore size, i.e. about 1.0 #m (MF0.1). The flux then
decreased again beyond the limit. Chiang (1988) determined the
membrane resistance and gel layer resistance in the range of UF
and showed that the observed gel layer resistances were almost
the same regardless of UF cut off size. The membrane resistance,
however, decreases with increase in UF cut off size. In the
range from UF10 to UF50, a decrease 1in membrane resistance
contributed a decrease in total resistance resulting an increase
in wvolume flux. On the other hand, gel layer resistance became
predominant heyond UF50 so that the flux changes little up to a
certaln 1limit. Beyond the limit, the pore size became too 1large
comparing bacterial size and/or particle size of suspended
materials, and they were allowed to enter the inner pores of
membrane, causing severe clogging inside the membrane at last.

As for the effluent water quality, little difference was observed
in different pore sizes of membranes. Actual cut off
characteristics, as shown in Fig. 3, were almost similar
regardless of nominal m.w. cut off/pore size. This 1s because
separation characteristics 1is determined not by an intrinsic
membrane characteristics but by a dynamic state of membrane {(i.e.
membrane and gel/polarization layer).
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There should be an appropriate range of pore sizes for activated
sludge separation. In economical sense, microfiltration (MF)
membrane is cheaper than UF membrane. Therefore, around 0.1 um
in MF range was chosen as an appropriate pore size in the
following studies.

How about virus removal? Urase et al. (1991) investigated the
permeablility of RNA-F-specific coliphage, Qg, through MF membrane
made of polyvinylidene fluoride with pore size of 0.1 um during
the crossflow filtration of poly-methyl- metaacrylate (PMMA)
suspension (average particle size = 0.15 #m) and pond water (8§ =
21 mg/l, COD = 30 mg/l). Fig. 4 shows that the flux decreased
similarly in both PMMA suspension and pond water filtration,
however, the respective rejections of Qg were quite different. As
a nature of PMMA suspension, the cake layer was formed on the
membrane which mainly contribute to the total resistance increase
but could not reject Qg effectively. On the other hand, the
rejection of Qg was rapidly increased in the pond water
filtration, suggesting that the barrier deposition, as
categorized by Fane et al. (1983), took place due to the gel
layer formation by dissolved organic matters in the pond water.
Similar result was observed in the filtration of activated

sludge.
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DEVELOPMENT OF HOLLOW FIBER MEMBRANE BIOREACTOR

Direct membrane separation vusing hollow fiber membranes in
activated sludge processes is to be discussed below. Several
questions may arise.

How is the clogging problem? It may be seriocus, 1f a membrane is
directly immersed 1in high concentration of suspended solids.

Yamamoto el al. {1989) made use of microporous hollow fiber
membranes for direct solid-liquid separation in activated sludge
aeration tank. Their results gave the conclusion that the key
factors for the stable operation are low transmembrane pressure
and intermittent filtration. Figure 5 shows transient flux
changes from the start of {filtration at various initial
transmembrane pressures. It 1s obvious that the flux became
insensitive to the pressure in a very short time of operation.
The sclid lines {a) and (b) are the clean water fluxes through
new and used membranes, respectively. The difference between the
lines (a) and (b) indicates degree of fouling/clogging inside
membrane. On the other hand, the difference between the line (b)
and the data points indicates degree of resistance/clogging on
the membrane and/or inter fibers: this kind of <clogging may
result unrecoverablly 1in dead end of operation but c¢can be
prevented by choosing an appropriate pressure applied. In this
sense, lower pressure operation, which results in little progress
of such kind of clogging, is more preferable.

Figure 8 shows the results of continuous filtration. The fluxes
decreased rapidly in a short period of operation. Suction was
used in getting filtrate, accordingly transmembrane pressure
increased to almost vacuum pressure with the progress of
clogging. An intermittent filtration was found to be effective
in order to keep flux undeclined. The stable operation (4 h
detention time) were kept over an 9pe§atianal period of 4 months
at an average net flux of 3 x 10 ' m*/(m* s) (0.026 m/d).

Since the sludge was not removed from the process, 1n other words
the process includes aerobic digestion of sludge, organic
stabilization and inorganic accumulation in the aeration tank was
investigated.

It was concluded that a steady_ state F/M ratio (on a COD - MLSS
basis) approached ca. 0.1 4+, establishing the corresponding
steady state MLSS concentration about ten times as large as the
volumetric organic loading and that almost complete oxidation of
biodegradable influent organic materials could be achieved. Even
though the flux was low encugh to get stable operation, there
was the «c¢ritical sludge concentration beyond which severe
clogging could happen: it was 30,000 to 40,000 mg/1 which was
correspond%ng to the critical volumetric organic loading of 3 to
4 kgCOD/(mvd).
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Treatment of actual wastewater gave similar results as shown in
Fig. 7. The effluent COD and turbidity was as low as 10 mg/l and
0.2 NTU, respectively. At a high flux had tendency to give
severe clogging, nevertheless it was operated under the critical
organic loading mentioned above. No accumulation. of non-volatile
solids was observed after reaching steady state condition
(Yamamoto and Mahmood, 1988).

Hiasa et al. (1990) investigated the operational mode of
intermittent filtration to get higher average net flux: 1 min.
on/1l min. off intermittent operation was found to give an enough
and stable flux of 0.14 m/d for 22 days of operation.

Modification of the process to SBMR (sequencing batch membrane
reactor) was tested for the treatment of high strength organic
wastewater including heavy metal, chromium (see Fig. 8 and
Table 4). A combination of aeroblc anaerobic treatment increased
the c¢ritical organic loading. When the sludge was removed, the
critical,_ organic loading increased also, e.g. it would be 10
kgCOD/(m3d) at SRT of 10 days, as 1illustrated in Fig. 9
(Yamamoto and Win, 1991).

The application teo on-site domestic wastewater treatment was also
investigated in both laboratory and pilot scale experiments ( see
Fig. 10}. Results are summarized in Table 5. For small scale
treatment, 1t is not necessary to make the bioreactor too small
because fluctuation of inflow needs, anyhow, an eqaulization
tank. HRT was, therefore, chosen 0.5 to 1 day so that the
bioreactor could equalizing the flow fluctuation. Low MLSS
concentrations means the bioreactor was operated at far below the
critical organic loading. The average fluxes were about 0.1 m/d
for a month- operation (Yamamoto and Sopajaree, 1990).
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Table 4. Performance of SBMR (Yamamotoc & Win, 1981)

Influent Effluent Influent Effluent
Reactor R1 R2 R3 R1 R2 R3
SRT (day) 550 20 10 550 20 i0
YOL* (kgCOD/ (m3d) 3 3 3 5 5 5
PH 9.5 7.6 7.6 7.6 9.6 7.8 7.8 7.8
o0 {mg /L) 2960 186 139 161 4980 225 185 218
$ removal 93.7 95.3 94.6 95.5 96.3 95.6
NH3—N (mg/L) 105 45.3 4.1 43.5 155 47.7 37.0 51.7
% removal 56.9 67.6 58.9 69.2 76.1 €6.7
Org-N {mg/L} 45 6.5 5.8 5.9 47.2 9.9 7.4 11.8
NQO,-N (mg/L) 0.12 19.0 14.6 18.6 0.13 19.3 13.1 16.4
NO3-N (mg/L) 3.8 0.14  0.11 0.13 3.8 0.23 0.22 0.34
$ TN removal 53.9 64.5 55.9 62.5 71.9 61.2
Cr {mg/L) 25.3 1.08 1.11 1.15 24.6 0.8B4 0.90 0.99
& Cr removal 95.7 95.5 95.4 96.6 96.3 96.0
Influent Effluent
Reactor R1 R2 R3
SRT {day) 550 20 10
VOL* (kqCOB/{m3d) 10 10 10
pH 9.7 7.8 7.8 7.7
Cop {mg/L) 9580 357 328 3861
% removal 96.3 96.6 96.2
NH3—N (mg/L) 173 26.3 21.0 23.6
% removal B84.8 87.8 B6.3
Org-N (mg/L) 41.7 15.2 13.5 16.4
NO,-N (mg/L) 0.14 16.4 12.8 12.6
NOL-N (mg/L) 4.0 2.0 0.57 0.65
% TH removal 72.6 78.1 75.6
Cr (mg/L) 25.1 0.57 0.70 0.85
%2 Cr removal 97.7 97.2 96.6

*Note VOL:

Volumetric Organic Loading
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Table 5. Performance of membrane bicreactors (Yamamoto &
Sopajaree, 1990).
Laboratory scale Pilot scale
Reactor k] R2 R3 R1 RZ2 _ R3 without /wjth partition
HRT (day) 1 0.5 1
air flow (L/min) 1.5 1.5 11,5 11.0
MLSS (mg/L) 2230 2540 25130 3230 3400 3590 1320 1280
MLYSS/MLSS (%) 60.9 56.6 58.2 51.7 53.4 57.5H 66.2 -
pressure head {(m) 0.40 0.44 G. 45 0.98 1.15 1.18 0.395 -
Inf. Effluent inf, Effiuent Inf. Eff. Inf. Eff.

Cob (mg/L) 155 10.% f2.4 13.0 153 10.5 11.8 12.4 228 21.0 255 9.0
%C0D removal 93.2 92.0 91.6 93.1 92.3 91.9 90. 8 96. 5
TN  (mg/L) 17.6 13.5 4.1 14.0 15.¢ 13.0 14.2 9.8 9.1 7.4 18.2 8.0
NOx-N {mg/L) 0.81 12.5 13.4 13.0 0.48 11.6 [2.5 B.2 0.33 6.0 1.4 1.5
pH 7.3 8.0 1.8 7.8 7.0 8.0 7. % 8.0 8.0 g.1 7.5 1.8




PERFORMANCE OF CROSS FLOW HOLLOW FIBER FILTRATION OF
POLYMER SUSPENSION AND ACTIVATED SLUDGE

Hollow fiber membrane module usually consists of hundreds of
fiber threads. It was obtained that intermittent filtration was
effective to achilieve long-term stable operation of the module as
mentioned above. This implies that the filtration was controlled
by cake/gel layer on the hollow fiber membrane and that the
cyclic release of applied pressure by intermittent filtration
recovered compaction of the cake/gel layer to some extent. In
addition, mutual influence of neighbor hollow fibers would
significantly affect accumulation of sludges in the module.

In order to separate the effect of intermittent filtration
through single hollow fiber from that through a bundle of hollow
fibers, the performance of single hollow Tiber filtration of poly
methyl meta acrylate (PMMA)} particles and activated sludges was
investigated in a well controlled tubular flow channel. The
results showed the effect of intermittent filtration on the flux
was large when the particle size was much larger than the pore
size of the membrane. Little effect was observed, however, when
the particle size was almost equivalent to the pore size. This is
because the clogging took place due to the particles entrapped
inside membrane pores and it was hardly recovered by the
intermittent operation. The effect on activated sludge
filtration was in between but a little (Wong et al., 1990).
Therefore, it 1is concluded that the intermittent suction (or
filtration) mainly contributes to prevent unrecoverable
accumulation of sludge Iin-between fibers, 1i.e. interfiber
clogging.

The mutual influence of hollow fibers was intensively
investigated (Wong et al. 1991). They used UF polysulfone hollow
fibers with outer skin layer (n.m.w. cut off = 20,000, outer
diameter = 1.4 mm, inner diameter= 0.8 mm), Figure 11 shows the
experimental apparatus and the results. Pure water flux was
unchanged with various numbers of the hollow fibers. On the other
hand, the <flux changed with changes 1n packing density of
membrane in activated sludge filtration.

Up to a certain packing density, the flux was kept constant at a
constant crossflow velocity. In this region, the fibers were
dispersed well and acted independently like single fiber. Beyond
the region, the flux decreased sharply with iIncrease in the
packing density, where sludge accumulation inside the Tfiber
bundle started. Then, the flux increased a little again, where
the fully accumulated sludge inside the bundle was observed. This
was explained by a theoretical consideration that a relative
decrease of accumulated sludge portion to unit membrane surface
by increasing number of fibers corresponded a decrease in average
thickness of gel laver on the membrane, resulting in increase
in flux. When the packing density reached its maximum wvalue, the
flux decreased again because the accumulation of sludge took
place on the peripheral surface of the fiber bundle.




Membrane -
| ’

{b) (c)
600 T T — T
0.5 Y T T ot g
= a 0O 081 m/g
%‘ crossflow veloclty g © 0.%) n/s
\“E‘ 0.4\l b O 0.3 n/s L svs |- A 1.1 n/s
vl oY) © 0.9 n/s = g
= a 1.3 n/s “ b
. g 3 o;U
=] 2 —
o pP——o——x _:“-i 250 |- .
2 5 ot
"oz = \8
: oD—-1a1 5
{8 b 1258 |-
o : /\\
17
Fvl
-3
1
o . 1 n b 1 0 g o N i l Q}_O/D]’O\U
0 ; ?TE' b HBO(TI 45 , 8o O o 18 30 45 g0
acrlng anl
sHY resds/en®) Packing Denslty (Threads/cem?)
Fig. 11. (a) Experimental set-up, (b) Flux vs. packing
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pressure difference = 59 kPa, temperature = 25 C),
(Wong et al., 1991)

As expected, the maximum flow rate per unit velume of the fiber
bundle was obtained at the critical point of packing density,
below which the fibers were well dispersed. It is very important
to have a well dispersed condition for fibers to get a high flux.

These results suggests there would be the optimum hellow fiber
spacing and the importance of the design of hollow fiber modules.
With an appropriate design, the flux would become much higher
than that presently obtained. This will make hollow fiber

microfiltration economically feasible for both water and
wastewater treatment.



IMPROVEMENT OF HOLLOW FIBER MEMBRANE BIOREACTOR

Those fundamental studies mentioned above gave an idea to modify
the hollow fiber membrane bioreactor. If the hollow fibers are
kept in well dispersed condition by modification, we can expect a
higher flux. A small mixing tank was used for such purpose.
Figure 12 shows the_experimental set up. The maximum 4 hollow
fiber modules (0.3 mz of surface area per module) can be set in
the inner small tank ( ca. 10 L) with a mixer (ca. 290 rpm). The
tank 1is open toc the main reactor tank (ca. 60 L} at the top and
the bottom, where mixed liquor comes from the top and returns
through the bottom holes. The experiment has been recently
started using synthetic wastewater at a ccontrolled temperature of
20 €. Continuous flltration was applied. Rings were tested to

separate hollow fibers 1in a medule as shown 1in Fig. 12. A
reverse rotational mode of mixer (30 seconds clockwise and 30
seconds anticlockwise rotation) was also tested. Although the

data obtained so far are not enough, Fig. 13 shows a potential
in getting higher flux by addition of a small mixing tank in the
reactor.

Note : All dimenslons are inmillimetre
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Fig. 12. Membrane bioreactor with hollow fiber module
in a small mixing tank.
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CONCLUDING REMARKS

Series of studies on the development of hollow fiber membrane
hioreactors revealed the process feasible for various wastewater
treatment in terms of satisfactory and rellable operation. We can
expect high degree of treatment in terms of organic removal,

bacterial removal, nitrogen removal and so forth, with suspended
solid free effluent all the time.

It is important to find an appropriate design of hollow fiber
membrane module, with which a high enough flux is obtained to
make the process economically more feasible, One promising
improvement of the hollow fiber membrane bioreactor would be the
enhancement of mixing in membrane separation zone; a small mixing
tank, for example, was very effective to get higher flux.
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ABSTRACT

A new aercbic reactor concept has been developed for the
aerchic purification of sulfide, COD and NH,-containing
waste water. This reactor is based on biofilm formation on
small suspended particles in an air-lift suspension reactor.
Aspects to be discussed are design considerations, scale-
up of transport phenomena and biologlcal purification
pesformance from 0.35 m? to 300 m®,

INTROD N

Biological treatment of waste waters has been developed
since the beginning of this century for the purification of
municipal waste-waters. This has resulted in a large variety
of systems. Since the early seventies there has been an
Increasing demand for the purification of industrial waste
waters. However the available large scale aerobic tech-
nologies of sewage treatment are nog very suitable for
appiication on industria! production sites for reasons in-
dicated in Table 1.

Iabie 1 Negative aspects of conventional reatment technologies

and their origin
Reqgaiive aspact oflgin
- large reactor volume : low studge concantration
-ilarge settier area ; low setiling rate biomass
- sméssions of noise, od and : large, open vessles
asrosols
- high energy consumption : asrobic processes
- low tragtment efficiency ; low sludge age
- high surplus sludge production : low siudge age

This has prompted the development of anaerobic purifica-
tion technoclogies, which have the advantage of begin
compact, having energy-production and low surplus sludge
production (Lettinga).

However an anaerobic pretreatment always needs an
aerobic post treatment to purify residual COD, sulfide and
ammonia. Furthermore its becomes increasingly difficult for
the conventicnal sewage treatment systems 1o meet the
increased effluent standards of nitrogen. In addition the
aspect of surplus sludge production and emissions
becomes more important. Due to increased quality stan-
dards the application of sewage sludge in agriculture
becomes more and more restricted. Also the standards of

acceptable emission of noise, odours and aerosols from
the treatment plants are being tightened. This leads to
costly medification of existing conventional treatment
plants

Tablg Z Design requirements of an advanced aerobic reactor

- high capacity for COD, NH,* and $% oxidation
- small area

- completely closed

- low sludge production

- high treatment sfficisncy

- jow energy consumption

Therefore there appears a need (Table 2) for an aerobic
treatment system which has a high treatment capacity of
COD, sulfide and ammonia, which has a small area and
is completely closed, has a low surplus sludge produc-
tion, a high treatment efficiency, low energy con-
sumption,

In this paper a reactor design will be presented which
meets these requirements to a considerable extent.

THE CONCEPT OF THE AIRLIFT SUSPENSION
BEACTOR

Table 3 Jists a number of requirements which are
relevant for an advanced reactor type. The question is
now which reactor type would best be sulted to meet
said requirements. In Table 3 a number of arguments
and solutions are listed.

Ta.bia 3 Reactor design in relation 1o requirements

Raquiremeant Design

- small area/completely closed - tall reactor
- no sulfiide inhibition - ideally mixing by air
sparging
- high siudge age - growth in biofilms
* nitrification
: low surplus sludge
: high efficiency

- high treatment capacity - high active biomass
congentration trough
high surface area using

small cariers




AIRUFT-SUSPENSION REACTOR

A completely ctosed reactor with a small area means that a
tail reactor is required. This is in iine with the concepts of
Deep shaft, Biohoch rector, Turmbiologie etc.

The treatment of NH,” in the presence of sulfide poses a
problem because sulfide inhibits the nitrification (Ref. 1).
This means that the microbial oxidation of sulfide should
pe promoted and that the influent waste water should
preferably be ideally mixed. This can be achieved in a tall
column by air-sparging. Hence, oxygenalion with dissolved
oxygen is excluded.

The realization of a high treatment efficiency, a low sludge
production and nitrification all point to the need for a high
sludge age. This can be most directly realized by growing
the bicmass as a biofim on a surface in the reactor (Rei.
2).

A high treatment capacity can only be achieved with a high
biomass concentration. This means that in the reactor a
high surface area is needed.

This area can be provided in many ways, but a particularly
efficient method seems to be to use small suspended
(sand) particles upon which biofim formation occurs (like
in fluidized bed reactors, Ret. 4)

These design requirements can in principle be met in an
airlift suspension reactor (Figure 1).

MNRELFT - SUSPEWTION - REACTOR

et

Foam . 06 5T M Femm

LR AT

Al

Pa st
[rtrir

I | =sti - mant

Fig. 1 Geometiry of tha air-ilt suspension reactor

In this reactor the area for growth of biofims is present as
small suspended particles. The integrated reactcr contains
a lower reaction space and a separator on the top. The
reaction space is in fact an internal airdift reactor which
provides the O,transfer, the ideal mixing and which also
keeps the biofilm particles In suspension. An additional
advantage is that the shear force on the bicfilms is not to
high in such a kind of reactor.

In the separator, the 3-phase mixture of air/waste water/
carrier material is first degassed in the annulus.

The downward flowing water and carrier mixture then flows
into the settler space. Here the biofilm particles do settle,
while the water flows upward into the headspace and
subsequently leaves the reactor. The settled carriers finally
have o return into the reactor; this is performed, not by
pumping to avoid shear on the biofims, but by the action
of a secondary air iit.

In relation to the {ull scale application of this reactor con-
cept the following three aspects will be dealt with
- choice of carrier-particle material and diameter

- comparison of pilot and fuli scale in relation to gas
hold-up, liguid circulation and O,transfer and carrier
losses

- comparison of waste water purification results of pilot
and full scale

CHQICE QF CARRIER DIAMETER AND MATERIAL

The amcunt of bicmass which can be accumulated in
the reactor is related o the amount of carrier surface
which is available and the biofim thickness.

With respect to the biofilm thickness cne has to consider
the fact thal in aerobic biofilms the O,-penetration depth
is seldom higher than 100 um. Therefore, a biofilm thick-
ness of around 100 um guarantees that all biomass is
aerobically active. Thicker biofiims contribute not to the
aerobic conversion capacity.

The amount of carrier surface is relaled to the solids
volume fraction in the reactor and the carrier diameter.
With respect to the volume fraction of solids &t is well
known that too high values lead 10 a decrease in O,-
transfer. Furthermore, it will appear that the aidift cir-
culation velocity drops to zerc at too high values of
solids. Therefore, a value of maximally 10% (v/v) of
carrier material is assumed.

It is then possible to investigate the effect of carrier dia-
meter cn the maximal amount of biomass in a bioféim
reactor using conventional liquid-salid fluidization theory
(Ref. 8,9). The result is shown in Figure 2.
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Figure 2 Effect of carrier diameter on biomass concentration in a
fluidized bed reactor

It can be seen thal, with respect 10 biomass
concentration, there is an oplimal carrier diameter
around 0.2 mm i one uses sand-like materials (for
economic reasons). A smaller diameter gives a lower
setlling velocity (and hence wash out) and a larger dia-
meter gives less surface area (and hence less biomass).
Both effects lead to sub-optimal bicmass concentrations
below 40 g/l. Although these calculations are based on
liquidd /solid fluidization theory it is assumed that they are
relevant for the airift reaclor, because the reactor
biomass content is controlled by the liquid solid settling
tank on top of the reactor. Based on these calculations a
particle diameter of about 0.2 mm and a volume fraction
of about 10% was chosen.



The second question is the choice of the carrier material in
redation to the biofitrn formation properties. Considerations
of cost and sufficient mechanical strength 1o endure the
shear stress in the aidift reactor limits this choice to the
natural, mineral, sand-like matenals. An extensive inves-
tigation (Ref. 10) with respect to biofim forming properties
{in an airlift suspension reactor fed with a COD/NH,” /8%
medium) revealed that 3 types of biofim formation occur
on different carriers (Table 4).

Class 1 carriers (lava, basalt, pumice) show extensive
bioflm formation which is homogeneous distributed. Nitrifi-
cation to NO,” occurs within 5-10 weeks. Class 2 carriers
{quartz, sand) contain rmuch less biomass, which is not
homogeneous distributed over the carrier surface. Nitrifica-
tian only reaches the NO, stage. Class 3 shows very little
biclim formation (Ref. 10).

These results can be rationalized to some extent by the
chservation that bicfilms always start in the surface cavities
of the carriers and that class 1 carriers have very rough
surfaces with many cavities, while class 2 and 3 carriers
are much more smooth. Based on these results basait of
0.2 mm diameter has been chosen.

Figure 3 shows a picture of all-around biofilms of about
150 um thickness on lava carrier (0.2. mm)

Figure 3 All-around asrobic blofitm on carrier

ALE-UP OF TRANSPORT PHENDMENA

In an aerobic purification reactor the O,-transfer is of major
importance. Furthermore, for the 3-phase aidift suspension
reactor a major requirement Is to keep the carrier

materials, which are present in a mass concentration of
100-250 g/l. in suspension.

Finally, the 3-phase separator should keep the carrier
material inside the reactor; only a very limited washout-
loss of carrier solids can be tolerated.

Therefore, these aspects were studied on a piiot reactor
(H = 11m, D = 0.2m) and finally compared with a full
scale reactor (H = 19m, D = 4.5m) as a function of
superficial air-velocity.

Figure 4a shows the gas hold-up in waste water of the
pilct aifift suspension reactor. it appears that the gas
hold-up compares favourably with the regular bubble
column (Ref. 11). Furthermore, &t is found that the
presence of carrier material (up to 250 g/I) has not a
very dramatic impact on the gas hold-up.

Figure 4b shows the gas hold-up in canal water or waste
water in the full scale reactor as a function of supetficial
gas velgeity and carrier concentration.

Compared to the pilot reactor nearly the same results
are obtained, although, now one observes a small sys-
tematic effect of increased carrier concentration. Also
one observes that in waste water a higher hold-up is
obtained than in canal water. Probabiy there is less
bubble ccalescence in waste water, which contains
much more salts than canal water.
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Figure 4a Gas hold-up in & pilot {H = 11m, D = 0.2 m) air lift
suspansion reactor in waste water
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The airdift liquid circulation velocity is of major imponance
1o keep the carrier material in suspension. The liquid velo-
city was measured by an Ultra Sonic measurement device.
Figure 5a shows the results on the pilot reactor, where
superficial air velocity and carrier concentration was varied.
Three important results can be observed.

Fust it appears that already at low gas velocities the cir-
cutaticn velocity is higher than the single bubble rise velo-
city (25 cm/sec). This means that the gas most probably
circulates into the downcomer. This is in accordance with
the finding that the obtained gas hold-up is nearly the
same as for a bubble column. Secondly the addition of
carrier material Jeads to a decrease in circulation velocity.
More specifically it is found 1hat there exists a critical
superficial gas velocity below which the circulation cannaot
be maintained. This velocity Is, however, quite low (3.5 to
1.5 cm/sec). Finally, it should be mentioned that the ob-
tained circulation velocity for the situation without carrier
agrees well with the correlations for the liquid velocity in
gasdiquid airifts (Ref. 11), which predict a cube root
Influence of superficial alr velocity and column height.

Vae = (@ H V)"

Figure 5b shows the liquid circulation velocity for the full
scale reactor. It appears that the observed effects of gas
superficial velocity and carrier concentration are similar 10
the pilct scale. There are, however, two differences, which
merit some attenlion. The liquid circulatlon velocities are
higher on a full scale, in accordance with the mentioned
cube root effect of reactor height. Furthermore, the carrier
reains in suspension at full scale even at low gas velocity
(< 1 cm/sec).
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Figure 5a Liquid circulation velocity in a prlot airlitt suspension reactor
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From these results it appears that the full scale airlift sus-
pension reactor can be considered ideally mixed for
liquid and solid. Sampiing of reactor contents at different
heights has indeed shows that there is no gradient in
solids content. For the full scale airlift, operating at 5
cm/sec air velocity with 270 g/1 carrier one obtains a
solids circutation of about 1.8 ton of cammer per secand
and a liquid circulation time of about 40 seconds.

The O,-transfer has been measured (stationary method)
on pilot scale. The found k a-values are shown in Figure
6 for the pilot reactor containing 150 g/l camier. The
effect of superficial gas velocity on k.a compares well to
the correlations found for bubble columns (Ref. 11).
However, the absolute k a-values in the aidiff suspension
reactor are about 20% less then in the bubble column.
Probably this is due to the presence of carrier material,
Furthermore, &t appears that at a gas superficial velocity
of 4 cm/sec the maximal O,transpon rate {(at dissolved
0, is zero) is about 15 kg O,/m® day. For the full scale
plant the O -transfer data ara not availabie yet. However,
based on the gas hod-up data and the biological purifi-
cation capacity (see below) there appears to be no
major discrepancies from the piot results.
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Figure § O,-transfer in a pilot aidift suspension reactor

The performance of the 3-phase separator with respect
10 carrier wash-out has been quantified on the pilot reac-
tor. Figure 7 shows the solid wash-out as a function of
liquid superficial wvelocity in the settler and of the
downward liquid velocity in the annulas. It is found that
the wash-out of carriers starts above a liquid superficial



of 5 m/br and that wash-out rises rapidly if the downward
annular liquid velocity (Figure 1} exceeds 4 cm/sec. It has
been observed that the small foam like air-bubbles become
then entrained through the annulus into the settler, where
the carrier settlement becomes disturbed. It should be
noted that a solids loss of 100 g/mfhr (Figure 7) still
means a half-time of carrier solids in the reactor of 3 years.
Measurements of carrier loss on full scale (Figure 9) have
shown that the full scale 3-phase separator performs satis-
factorily,
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Figure 7 Carrier wash-out at the pilot airlift suspension reactor

In conclusion it appears that the technological scale-up of
the airift suspension reactor has been achieved
successiully from the point of view of gas hold-up, liquid
circulation, O,transfer and solids wash-out.

COMPARISON OF PURIFICATION RESULTS ON
PILOT-SCALE AND FLUILL SCALE

On lab (2 and 2.5 #tr) and pilot scale (0.35m”) the aerobic
purification of anaerobic effluent containing sulfide, residual
COD and NH, was studied. Figure 8 shows a typical
example (Ref. 12).

The experimental conditions and overall results are listed in
Table 4. The reactor was ioculated with 1% carrier
particles with biclayers.

COD and sulfide oxidation occurred within a few days,
ammonia oxidation into NO, took about 2 weeks and
NQ,-oxidation into NO, needed about 7 weeks. The total
oxidative purification capacity reached about 15 kg O,/m*
day. The observed microbial sequence is probably the
result of S* inhibition on NH,* oxidation and of NH,*
Inhibition on NO, oxidation. Furthermore, it appeared that,
despite the relatively high shear rate, biolayer formation
posed no problems and a high biomass concentration of
1525 g/l was achieved. Typical biofilm thicknesses are
50-15¢ wm. The nitrification capacity of the biomass was
0.10.2 g N/gVS$ day, which resulted in a high N-removal
capacity of about 1.5-2 kg N/m® day.

Based on the favourable lab and pilot results two full scale
aifift suspension reactors were constructed in Delft, The
Netherands and were started-up medio 1987. Table 5
contains the reactor dirmensions, the operating conditions
and the design removal rates. The reactors are about 300
m® volume each at a height of 19 m and a diameter of 4.5
m. The carrier material is basall of 0.23 nmun diameter at a
concentration of 140 kg/m’.
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Figure 8 Aerobic purification of anaerobic sulfide and arnrnonia con-
taining waste water in a pilot ainift suspension reactor (o.ozsm“)

Takle 4 Aerobic purification of anaerobic sulfide and ammonia
cantaining waste water;
reactor conditions, purification results and time sequence

CONDITIONS ARRIER

reactor scale 251 concantr. 200 g/1
Temp./oH 30C/7.1 density 1600 kg/m>
residence time 2-2.5 hr. diameter 0.1-0.3 mm
air velocity 5.6 cm/sec

RESULTS Efficiency
Nitrification 1B kgN/mday 9698 %
Sulfide oxidation 2 kg$/m day 100 %

Fatty acids etc. 1.5 kgCOD/m>day 100 %

Total exidation 14 kgO,/m’day

Biomass 15-25 g/1

Biofilm 50-100 gm

Nitrific, activity 0.1-0.2 gN/gVSS day

TIME SEQUENGE

Sulfide oxydation: > 3 days

Ammoniurn oxydation: > 2 weeks

Nittite oxydation: > 7 weeks

The carriers are kept uniformly in suspension at an air
superficial velocity of about 4.2 cm/s. The waste water
residence time is 2 hrs. The volumetric design removal
rates are 3.8, 1.6 and 0.8 kg/m°® day for carbonaceous
COD, nitrogen and sulfide, amounting to a total oxidation
rate of 11 kg O,/m® day.

Table § Full scale airlitt suspension reactor; dimenslons, operating
conditions, design removal rates

REACTOR DIMENSIONS

Volume 284 m*

Liquid height 19m

Diameter 4.5m
PERATION

Temperaturs BC

pH 7.5

Basalt casier 140 kg/m? (0.23mm)

Air 2400 Nm*/tr

Superficial air vel. 4.2 cm/sec

Alr hold-up 8% {v/v}

Waterflow 3500 m*/day

Residence time 2 hrs



CESIGN REMOWVAL RATE:

VOLUMETRIC BIOMASS SPECIFIC
fkg/m3day) {g/g cay)

coo 38 0.085

NeKj 1.6 0.040

Sulfide 0.9 0.022

Oxygen 1 0.28

The growih ot biomass as biofilm on ihe carrier has been
very impressive. Figure 9 shows that within 5 mentins the
biomass concentration reached 40 gvSS$/l. The carrier
concentration remained nearly constant at a level of about
140 g/l, indicating that the 3-phase separator performed
satisfactorily in the prevention of carrier wash-out. The
volumetric hold-up of settled particles reached a value of
50%, which is very high. The biofilm formation on the
carrier is extensive, leading to 200 mg of biomass per
gram of carrier. Usually a bicfilm thickness of about 200
wm was observed. However, large fluctuations in film
thickness sometimes occur, with rapid recovery (day 11Q).
The reasons for this are not known yet, but this shows the
need for a more fundamental understanding of biofilm
dynamics in this type of reactor.
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Figurs 9 Biomass and biofilm devetopment during start-up of
the fuil scale airlift suspension reactor in Delft

The purification performance has been quite satisfying cver

the past several years. Typical results are shown in Fig. 10,

which covers a 38 day period in 1989. The COD remaoval

amounts to about 700 mg/l (where all fatty acids are
oxidized), the ammonia removal is about 70 mg/l which is
then only converted into NG, and the §*-remaval is about

150 mg/| (where all 5% is oxidized into $0,*). This reactor

performance leads to the following three remarks.

- Despite the plentiful presence of S* there are no odour
problems due to the completely closed reactor concept
and the complete $%-oxidation,

- There is apparently no surplus sludge production of
organic solids as can be seen from the in- and out-
flowing solids-COD of about 700 mg/l.

- Contrary to the pilot resulls only partial NH,*-oxidation
is achieved.

The biomass concentration on full scale (40 g/l) is
much higher than on lab or pilot scale (20 g/l).

Table £ Purification perfarmance of ull scale
aerobic ar-itt suspension reactor Delft

PARAMETER  ANAEROCBIC AEROBIC EFFICIENCY
tmg/l) EFFLUENT EFFLUENT (%)

COD-toal 1960 1266 33

COD-soluble 1173 522 53

COD-solids 787 714

N-Kj.-1otal 246 167 33

NH,*-N-soluble 171 S 43

NO,;-N @ 74

80,559 153

A possible explanation of the last three points follow
from a comparison (Table 7) of design (Table 5) and
actual removal rates.

Table 7 Comparison of actual and design removal rates for the
full scale airlift suspension reactor

VQUUMETRIC REMOVAL RATE (xg/m reactor day)

ACTUAL DESIGN
cop 85 3.8
N-K]j {to nitrite} 0.9 1.6
S, {to sulphate) 1.8 0.3
Cnygen consumption 12 3

BIOMASS SPECIFIC REMOVAL RATE [(9/g day)

ACTUAL DESIGN
con a.210 0,085
N-Kj 0.022 0.040
S, C.045 0.022
Oxygen consumption  0.300 0.280

it appears that the actual organic COD-lcad and the §%-
load on the system are about double the design values.
This Is rainly due to a changed waste water
composition. Not surprisingly this leads to a decreased
N-removal capacity. Of particular interest is that the
actual aerobic purification capacity of 12 kg O,/m® day
indeed meets the design value.

The absence of surplus sludge production is probably
due to the low sludge load of about 0.2 g/g day in
combination with the high temperature of 35°C. It has
been shown before (Ref. 2) that such low sludge locads
lead to negligible sludge production As such this
property of the airift suspension reactor is very atiractive
due to the ever increasing problemns of sludge disposal.
Therefore, the aspect of blomass yield in biofilrn systems
merits more fundamental understanding.

The higher biomass concentration on full scale com-
pared to the pilot scale probably is due to the much
higher organic load on full scale. This promotes a higher
biomass accumulation. On the other hand, the possible
aspect of less shear on full scale, cannot be excluded.

In conclusion it appears that the biological purification
performance on full scale is satistying. The differences to
the piot scale are probably due to a changed waste
water characteristic. Most notably is however, the result
of no surplus siudge production.



CONCLUSION

The airlift suspension reactor using biofilms on small
suspended particles has been successfully scaled-up from
lab to fulf scale using a difficult waste water. This reactor
concept is promising due to its high purification capacity
for COD, sulfide, ammonia, small dimensions, and absence
of surplus sludge production. A wider application of this
process seems possible, especially for difficult waste water,
A better understanding of biofilm dynamics and biomass
production on small suspended particles is however, desi-
rable.

At this moment the reactor has aiready been tested on lab
scale {0.025 m* for the purification of municipal waste
water (Ref. 13) and its application to industrial effluents is
under way. Especially the results for sewage are promising
with maximal nitrification and COD-removal at 1-2 hrs
wasle water residence time,
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POSSIBLE ROLE OF ANAEROBIC DIGESTION IN SEWAGE TREATMENT.
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INTRODUCTION.

The application of anaerobic digestion for wastewater treatment is of
rather recent date, although there exist already considerable ex-
perience with the method in the Netherlands for more than 15 years.
As far as the interest in the research and in the practical applica-
tion of anaerobic treatment concerned the Netherlands can be con-
sidered as a pioneer. Research started in the Netherlands in 1970 at
the Agricultural University, since 1972 in close cooperation with
polluting industries, i.e. the sugar beet industry and potato starch
industry, and later on various others and other research institutes
and universities as well. Polluting industries in the eraly 70-ties
became highly interested in the anaercobic wastewater treatment op-
tion, in view of the expectation that this method would reduce the
wastewater treatment costs substantially, but also because of other
important principle benefits of the anaerobic treatment method over
the conventional aercbic treatment systems as well.

The anaercbic digestion technology is in fact mainly effective in
removing organic pollutants from wastewaters, slurries and/or solid
organic wastes. As a matter of fact it is mineralization process,
converting biodegradable organic compounds in methane and carbon
dioxide, and leaving in the aqueous solution compounds like ammonia,
sulphide, phosphate. Contrary to conventional low loaded aerobic
treatment systems anaercbic treatment therefore principly comprises a
pretreatment method. However, despite that anaerobic treatment never-
theless offers big potentials. This applies both for treatment of
industrial wastewaters and sewage, although unfortunately the poten-
tials of the method for treating sewage and low strength industrial
wastewaters in many countries still is hardly recognized and/or
accepted. The sometimes obstinate reluctant attitude of many was-
tewater treatment authorities, including professors and engineers
from consultancies and pollution control industries, frequently can
be attributed to a basic lack in insight in the principles of the
anaerobic digestion process, frequently to a certain prejuidice, but
presumably scometimes also to the fact that anaerobic treatment in
terms of technology is not really a 'high technology!', requiring a
lot of advanced exXpensive instrumentation. Moreover, as far as highly
industrialized countries concerned, there sofar exists little need
for alternative methods, because well performing conventialaerobic
systems have been implemented and applied here for many years. These
systems, or modern meore sophisticated versions of these systems,
frequently can meet the high standards set for effluent discharge.
This certainly is impossible when applying solely anaercbic treat-
ment, particularly for moderate c¢limatic regions, which conditicns
apply for major part of wealthy world.

Despite these problems with respect to the implementation of anaero-
bic sewage treatment, the method offers big prospects. First of all



this applies for the tropical regions and very likely also for sub-
tropical climates. The following reasons exist herefore:

1. An effective environmental protection can be accomplished at
very low costs, i.e.

- the method can be applied in technically simple and inexpen-
sive reactors, and for its operation it generally doesn't
need high grade energy, like is the case for most cof the
conventional aerobic systems. Its application therefore does
not depend on the supply of electricity or any other high
grade energy source. Instead it produces an useful energy
carrier in the form of biogas from the biocdegradable organic
pollutants.

- the method is applicable to a large variety of wastewaters.

- the method can be applied at practically any place and at any
scale, which will lead to very significant savings in the
construction costs, the use and the maintenance of expensive
sewer systems.

- the production of excess sludge (generally well stabilized)
is low.

- anaerobic sludge can be preserved unfed for long periocds of
time without any serious detoriation in quality. This makes
anaercobhic treatment quite attractive for application in
campaign industries.

2. The method may result in the development and the application
of integrated environmental protection systems, e.g. the
application of fish ponds for post treatment (i.e. combined
treatment and fish cultivation), reuse of effluents for
irrigation and fertilization, reuse of sludge for soil con-
ditioning, recovery of bulk products like ammonia, sulfur.
Natural resources therefore can be recovered and/or preser-
ved.

At the present stage of knowledge and technological development
little of the presumed previous drawbaks remain, such as the rela-
tively low rate of first start-up, and high susceptibility. Although
the methanogens are quite suscebtible for a large number of xenobio-
tics, the situation is significantly less serious than thought previ-
ously.

IT. ANAEROBIC WASTEWATER TREATMENT.

Anaerobic wastewater treatment systems.

Unlike aerocbic treatment systems, the loading rates of anaerocbic
reactors are not limited by the supply of any reagent, e.g. like
oxygen in aerobic systems. The more sludge retained within the reac-
tor system under operational conditions, the higher are the potential
loading rates of the system, provided a sufficient contact between
sludge and waste water can be achieved and maintained. These two
conditions have to be met. In addition there should not exist any
serious transport limitations of the substrate and endproducts in the
bacterial biomass.

The required high sludge retention of the modern high rate anaerobic
reactors 1is based an:

1. Bacterial sludge entrapment, in the interstices between
support material present in the reactor and bacterial attach-




ment on the external surfaces of the packing material. The
wellknown upflow Anaercbic Filter is based on these ideas.

2. Bacterial immobilization by an _attachment mechanism to fixed

support material, i.e. the well known down flow stationary
fixed film system (AFF) as developed by van der Berg and co-
workers or to mobile particulate surfaces, such as the
Anaerobic Attached Film Expanded Bed (AFFEB) process and
fluidized bed systems (FB).

3. Sludge bed (blanket) reactors, such as the Upflow Anaerobic
Sludge Bed (Blanket) process

All the modern concepts can be designated as high rate systens,
although there exist considerable differences in the maximum achiev-
able (organic and hydraulic) loading potentials of the various sys-
tems, as well as toward their applicability for treating partial
soluble waste waters. The reasons for the different loading poten-
tials have to be found in differences in the maximal sludge hold-up
and/or the amount of contact that can be achieved between sludge and
incoming waste water.

The research in the Netherlands started in 1970 using upflow anaero-
bic filter systems. Although rather satisfactory results were ob-
tained at laboratory scale in treating potato starch wastewater, the
further development of AF system was abandonned for the following
reasons:

- maximum achievable space loading rates exceeding 15 kg/m3
.day "1 were considered impossible, unlesss a high treatment
efficiency is not the main objective.

- severe clogging problems were expected upon scaling up the
system.

- distinct indications were obtained, that a more proper system
could be developed.

By far the most research in the Netherlands has been carried out
since 1971 on the Upflow Anaerobic Sludge Bed (UASB} reactor concept
) and - since more recently - also on Fluidized Bed systems (Heynen)
and Expanded Granular Sludge Bed (EGSB) reactors (Lettinga et al.).
The UASB- (and EGSB~) concept is based on the following ideas:

1. Anaerobic sludge inherently has good settling properties,
provided the sludge is not exposed to heavy mechanical agita-
tion. For this reascn mechanical mixing generally is omitted
in UASB~-reactors, and if not, only intermittent and/or gentle
mechanical mixing is employed.

2. For achieving the required sufficient contact between sludge
and waste water, the system relies on
- the agitation brought forth by the natural gas production.
- an even feed inlet distribution over the bottom of the

reactor.

3. Well settling sludge aggregates dispersed under the influence
of the biogas production (which is particularly gquite heavy
at higher organic space loads and in tall reactors) are
effectively retained by separating (collecting) the biogas in
a gas collector system placed in the upper part of the reac-
tor. The biogas is released from the reactor via this device.
By separating the biocgas in this way, a settler is created in



the upper most part of the reactor. Sludge particles can
coalesce and settle out here.

4. Sludge aggregates settled out in the settler compartment are
enabled to slide back intc the digester compartment, situated
beneath the Gas-Solid-Separator (GSS-) device.

5. The wash-out of a scum layer at the liquid interface in the
settler compartment, e.g. consisting of floating active
anaercbic sludge, can be substantially reduced, by installing
a baffle in front of the effluent weir.

The GSS-device represents an essential accessory of a UASB-reactor
and in specific modifications of this system as well. Although some
researchers suggest to replace the GSS-device by a packed bed in the
upper part of the reactor, this idea to our opinion doesn't represent
a proper alternative for a GSS-device, because it is much less effec-
tive in retaining viable - less well settling - sludge aggregates.
Moreover, neither there exist econonmical nor technical reasons to
look for alternatives. Very effective designs for the GSS-device are
available, and - after all - these devices dcen't increase the in-
vestment costs substantially.

The UASB-concept is by far the most widely applied high rate system.
Although coriginally developed for mainly soluble and medium strength
types of wastewaters its application to more complex (partially
soluble), to cold (i.e. sub-mesophilic conditions) and to very low
strength waste waters, such as sewage, certainly is quite well pos~-
sible.

The experience obtained sofar with the full scale application of the
UASB-system with a large variety of different types of wastewaters,
including also domestic sewage, is quite satisfactory.

EGSB-systems use granular sludge and operated at high superficial
liquid velocities (> 6 m/hr) in order to improve the contact between
sludge and wastewater by expanding (at least partially) the sludge
bed. These systems look quite attractive for various types of was-
tewaters, but sofar a 'true' EGSB-reactor (i.e. in which granular
seed sludge is used) has not been implemented at full scale. However
a specific kind of expanded granular sludge bed reactor, the Internal
Circulation-UASB system, has recently been installed for treating
brewery wastewater. This IC-UASB in fact is an EGSB reactor in which
an internal sludge and liquid recirculation is accomplished by col-
lecting the biogas halfway the reactor height using an in-built
gascollector. (Vellinga, 1986: Voorter, 1989). In fact the lifting
forces of the separated biogas are employed in this system to recir-
culate granular sludge via the lower part of the reactor.

A presumed interesting development in the anaerobic reactortechnology
concerns the socalled attached-film Fluidized Bed concept. As far as
reactor-system concerned it resembles closely the UASB-concept,
except that relatively very tall reactors are employed, e.g. as
proposed for the EGSB-system. In this FB-concept one completely
relies on the existence of consistent and more or less uniform at-
tached films. An complete and uniform fluidization otherwise would
be impossible. It is obvious that the control of the very complex
process of film build-up ( and de-attachment or detoriation) repre-
sents the big practical problem. In the case complete fluidization of
the bed would be pursued, which in fact was considered to be the pre-
requisite for anaerobic FB-systems, the lighter (more flocculent)
aggregates will continucusly rinse out from the system.

In the Netherlands considerable emphasis has been put on the develop-
ment of anaerobic, but also of acidogenic, anoxic and aerobic FB-
systems (Heynen). Although results achieved at pilot plant scale



looked promising, the performance of full scale instalations in fact
didn't meet completely the high expectations. Presently the installed
reactors are no longer operated in a complete fluididized bed mode,
but instead in an expanded bed mode. As a matter of fact the FB-
concept has been converted in an EGSB-reactor. This mode of operation
provides in an excellent performance, e.g. for treating yeast was-
tewater.

IIT.THE APPLICATION OF ANAEROBIC TREATMENT TO SEWAGE.

Based on the laboratory and pilot plant experiences with industrial
wastewaters, cmprehensive investigations on the anaerobic treatment
of raw sewage at the Agricultural University commenced in 1976. The
first main objectives of these investigations were to assess the
feasibility of flocculent sludge UASB-systems at temperatures exceed-
ing 20 °C, under tropical conditions, viz.:

- for removing biodegradable soluble COD,

- for removing and stabilizing dispersed solids present in the

sewage.

After the promising results obtained under the higher ambient tempe-
rature conditions (viz. approximately 20 ©C), since 1978 experiments
were started at lower temperatures, viz. ranging from 8 to 20 ©¢,
characteristic for Dutch conditions.

The reasons for starting these investigations are to be found in the
principle advantages of the anaerobic sewage treatment method over
conventional methods. Table 1 lists these potential advantages, while
Table 2 summarizes the drawbacks of this approach.

TABLE 2. Benefits of anaerobic (pre)treatment of domestic sewage over
conventional aerobic methods.

1. The method is simple in construction and operation, consequently
inexpensive.

2. The method generally doesn't require the supply of
electricity.

3. The method can be applied at very small and at very big scale,
enabling a decentralized application.

4. Application of anaerobic wastewater treatment, when applied in a
decentralized mode, will lead to very substantial savings in the
investment costs of sewerage systems.

5 The excess sludge production is low, particularly when expressed
in volume, because the thickening characteristics of the sludge
are very good.

6 The sludge is well stabilized.



TABLE 3. Drawbacks of anaercbic treatment of domestic sewage

1. The method can not accomplish a complete treatment, because in
fact merely organic compounds and TSS will be removed.

2. The method is fairly susceptible to the presence of large
number of chemical compounds. However generally toxicity
problems will not occur for domestic sewage.

3. The application of the method is quite sensitive for lower
ambient temperatures.

ITTI.1. Applicability of anaerobic treatment under tropical condi-
tions.

Although for the still very few insiders there don't exist any seri-
ous doubts about the big potentials of anaerobic sewage pretreatment
under tropical conditions, unfortunately the big majority of was-
tewater engineers very likely has a very different opinion, mainly
due to a lack of reliable information. Until sofar only very few
people have been active in the research in this field, while the
number of people inveolved with the implementation presumably is even
smaller. Fortunately the situation is slowly improving, gradually
more engineers, university professors, pollution control authorities
are becoming informed about and interested in the method.

The research in the Netherlands on anaerobic treatment started with
experiments carried out at the Agricultural university at 20 °C and
conducted in 0.03, 012 and 6 m°> pilot plant scale-*

Based on the promising results obtained, a proto-type UASB-reactor
was designed for domestic sewage treatment. A schematic diagram is
shown in Fig. 1.

A pilot plant of 64 m3 volume (dimensions 4 x 4 x 4 m) was built in
Cali (Cclombia) according to this design. The investigations with
this plant were started in the beginning of 1983. The experiments
were carried cut by the Uiversidad del Valle, the Agricultural Uni-
versity and HASKONING consultancies, Empresas Municipales de Cali.
One of the major reasons to start the research in Cali, was the
presumed urgent need for inexpensive waste water treatment systems in
many developing countries. The execution of this project has been
made possible by grants of the Dutch government. The first phase of
these fairly extensive investigations were concluded in 1986 and the
second phase early 1990.

The results of these investigations are summarized in Table 4.

The UASB-system for sewage treatment can be employed at very small
scale (house on-site or community on-site), but alsoc at very big
scale. Moreover the process can be applied for unsettled and for
settled wastewater. Most experience sofar exists for raw sewage and
raw domestic wastewater. In latter case we in fact are dealing with
combined primary and secondary treatment.
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Figure 1. Schematic diagram of the 64 m3 pilot plant investigated in
Cali, Colombia. Basically the same appraoch was choosen for various
full scale installations installed in Colomba, Brazil and India.

In the meantime results very similar to those in the Cali-plant have
been obtained at full scale, viz. a 1200 m3 reactor in Kanpur, India,
and various installations in Colomkia and in Brazil (Gomez, 1985.

Evidence has been obtained that in UASB-type reactors at temperatures
in the range 20 - 24 ©C very similar results can be achieved com-
pared to those in Cali at temperatures exceeding 24 °©C at the same

liguid detention times.



Table 4. Summary of the results obtained in the 64 m3 pilot plant in
Cali treating domestic raw sewage sewage.

1.

A UASB-plant treating raw domestic sewage can be started up at a
HRT of appr. 6 hrs within a period of 6 - 12 weeks without sup-
plying seed sludge. Immediately after starting feeding of the
plant at least 50 % COD-removal efficiency will be obtained with
types of sewages similar to those of Cali.

Treatment efficiences (at HRT 4 - 6 hrs):

CeD (total/total) : 50 - 75 % (65%)
COD (total/ filtered) : 70 - 90 %(80%)
BOD (tetal/total) : 70 ~ 90 %(80%)
coD (filt/filt) : up to 60 %

TSS : 60 — 85 %(70%)

Treatment efficiency can be improved by simple post-treatment
facilities.

Under conditions of low night-time and high day-time flow even
higher treatment efficiencies will be obtained.

Gas production and conversion of COD in methane:
methane-gasproduction:
0.19 Nm>/kg CODyemoved
0.33 CH4-COD/kg CODremoved
56 - 63% of the methane leaves the reactor with the ef-
fluent solutiocn.

Sludge production:
generally : 0.1 kg COD/kg CODjp
max. value found: 0.25 kg COD/Kg CODjip
0.4 - 0.6 kg TSS/kg TSSj, (= 0.06 - 0.1 kg TSS/m3)

Sludge retention of the reactor and sludge age.
sludge retention:
31 - 37.5 kg TSS/m3
9.4 - 12.5 kg VSS/m>
sludge age:
35 - 100 days (when reactor is full)

Sludge characteristics:

ash content : 556 - 65 %
spec. meth. act.: > 0.1 kg COD/kg VSS.day
stability : 20 - 50 1 CHy/ kg sludge

drying characteristics: 20 kg/m2 in 7 days results
up to 40 % DS.




IIT.2. Applicability of anaerobic treatment of sewage in moderate
climates.

IITI.2.1. Introduction.

The big challenge obviously is to demonstrate the feasibility of the
anaerobic treatment of sewage in moderate climates.

Since many years we conducted investigations in this field at the
Agricultural University, initially on the basis of own funds, later
increasingly on the basis of grants provided by the Dutch government.
The experiments were started in 1978 using 0.06 -to 0.24 m” UASB-
reactors, since 1979 we with a 6 m® and 3 m tall pilot plant and
since 1985 with a 20 m3 and 6 m tall UASB-reactor. The initial ex-
periments were conducted with raw sewage and with flocculent sludge,
from 1979 onwards also granular seed sludges, i.e. cultivated on in-
dustrial wastewaters, were used.

In 1986 a research project was started dealing with EGSB- and FB-
systems and settled sewage.

All pilot plant experiments were complemented with a variety of bench
scale experiments.

ITI.2.2. Assessment studies of potentials of anaercbic treatment.

A large number of laboratory treatability assessment studies have
been made using conventional batch digestion experiments and UASB-
and/or EGSB- recirculation experiments using granular sludge columns
and a batch of wastewater. Particularly the latter type of experi-
ments provide reliable information about the maximum achievable
treatment efficiency at different ambient temperatures, types of
sludge used, hydraulic retention times etc., towards various distin-
guished pollutants present in the wastewater.

Batch recirculation trials under UASB-conditions (superficial velo-
city vg¢ = 1 m/hr) conducted with raw sewage showed that an almost
complete removal of SSa,par5e—COD can be accomplished, whil 50 - 78 %
558c0110idal and 73- 85 % CODgoiyple €an be removed in the temperature
range 10 - 20 ©c.

Conventional batch experiments conducted with settled sewage and with
sewage adapted granular anaerobic sludge revealed that at 20 and 30
Oc up to 53 % of the pollutants present in settled sewage can be
converted in either methane or sulfide (depending on the sulfate
content of the wastewater). At 8 °C this is only appr. 20 %. With a
sugar beet wastewater cultivated sludge the conversion in methane is
5 % higher, which at the same % of sulfate reduction would result in
appr. 58 % efficiency.

The results of the batch recirculation experiments conducted under
EGSB-conditions gave maximum removal efficiencies for settled sewage
( with verage fractional composition: 41 % soluble, 28 % Collidal, 31
% coarse S8) as summarized in Table 5.

When operating the column under UASB~conditions, viz. at a superfi-
cial velocity ve= 1 m/hr (instead of at 6 m/hr), the coarse SS-COD is
removed for >84 %, the removal of soluble COD drops to 44 % and the
removal of colloidal matter remains practically unchanged, resulting
in an overall removal efficiency of 65 %.



Table 5. Results of batch recirculation experiments conducted under
EGSB-conditions.

Temperature range  12- 20 °C 8 °c
coarse SS : 0 % o 3
colloidal S8 : 60-70 % 60 %
soluble : 53-56 % 33 %
overall 1 40 % 30 %

Clear evidence was cbtained that it is also possible to remove almost
completely the colloidal fraction by modifying the design of an EGSB-
system in such a way that in the upper part of the reactor a layer of
flocculent sludge is maintained. As it is relatively simple to eli-
minate well settleable coarse suspended matter from the effluent,

the maximum achievable treatment efficiency in a well designed and
properly operated combined EGSB-clarifier system would approach
approximately 82.5 % (when 58 % of the soluble COD is removed).
Assuming that in the primary treatment step 33 % of the COD of the
raw sewage will be removed, the absolute maximal overall COD-treat-
ment efficiency of total system would amount to appr. 88%.

ITT. 2.3. UASB-systems.

One-step flocculent sludge bed reactors.

The experiments were conducted with raw sewage using reactors varying
in size from 0.03 to 6.0 m® (in height from 1 m to 3 m). In the
smaller reactors 1 static feed inlet point was used, while in the 6
m3 reactor it was possible to introduce the feed via a rotating
manifold.

The results obtained at 18-20 ©C, at HRT= 8 hrs and higher, both at
0.12 and 6.0 m3 scale were fairly promising in terms of treatment
efficiency (E), applicable space load (Q) and sludge stabilization.
On the basis of unfiltered effluent and influent samples, a COD-
treatment efficiency (E¢,¢) Yp to 65 % .an be achieved under dry
wheather conditions (dwc{, i.e. at influent COD-values exceeding 300
mg/1l. However Et, drops to 20 - 40 % when influentCOD-values become
significantly lower than 300 mg/l. Based on paper filtered effluent
samples, the treatment efficiency (Ef/¢) amount to 70-80 % for dwc-
conditions and to appr. 45- 65 % for rwc-conditions. The investiga-
ted HRT ranged from 8 - 12 hrs. The conversion of CODgyppijed into
CH,-COD amounted to 50 - 70 %.

At temperatures ranging from 18 - 20 9C, the removal of SS represents
the main limiting factor with respect to the performance of the
system. Under these temperature and losding conditions a fairly
satisfactory sludge stabilization can be achieved.

At lower temperatures the removal of SS still is the main bottleneck,
but then also the removal of soluble COD becomes poorer. Clear evi-
dence has obtained that for improving the removal of soluble com-
pounds, the sludge water contact in the system needs to be improved
in some way or another. However whatever method will be choosen for
that, it should be accomplished in a mode that the removal of S5 (or
washout of sludge) is not detrimentally affected.



As far as the as the use of flocculent sludge concerned, it can be
concluded that certainly is a proper material.

One-step granular sludge UASB-reactors.

The use of granular seed sludge for treating sewage was investigated
in UASB-reactors ranging in size from 0.030 to 20 m3, in height from
1 mto 6 m, and in diameter from 0.18 to 2.1 m. The bigger reactors
were equiped with a rotating feed inlet system. The investigations in
the 20 m3 reactor was partially also granted by Paques B.V.

The 0.12 m3 granular sludge experiments with Bennekom sewage gave
Et{t values under dwc-conditions varying from 50 -60% and Ef /-
values ranging from 75 - 85 % at HRT= 7hrs and temperatures exceed-
ing 12 ©C. At temperatures below 12 ©C the HRT has to be increased to
9 -14 hrs for achieving these values for Et/t- At loading rates below
1.5 kg COD/m3.day 40 - 80 % of the CODp gopoveq 1S converted in CHy.
The average excess sludge production over the year amounts to 10 kg
DS/p.e.year. Under rwc-conditions Et /¢ drops to 30 %, but the Ef/¢
remains in the range 50 ~ 70 %.

Parallel experiments conducted in reactors of different heights, but
further under the same conditions in terms of temperature, HRT and
wastewater compositions, clearly demonstrated that the treatment
efficiency drops down at increasing reactor height. When applying
superficial velocities exceeding 0.5 m/hr the sludge retention of one
step granular sludge UASB-systems becomes distinctly poorer.

On the other hand experiments conducted with EGSB-systems revealed a
better soluble COD-reduction compared to conventiocnal UASB-systems,
which mainly can be attributed to the significantly better contact
between sludge and wastewater in EGSB-systens.

The investigations in the 20 m3 reactor were made at three locations,
viz. successively at the pilot plant site of the Agricultural Univer-
sity treating domestic wastewater of the village Bennekom, the muni-
cipal sewage treatment sites of Bergambacht and of Lelystad. In
latter case the experiments were carried out with sewage of a separa-
ted sewer systemn.

As far as sewage from combined sewers concerned the results show that
60 % COD-reduction (Etét) only can be achieved for Bennekom sewage at
temperatures below 13 YC in an one step granular sludge UASB-system
under dwa-conditions (COD; > 300 mg/l, provided the influent is
distributed as evenly as possible over the bottom part of the reac-
tor.

For the Bergambacht sewage (BOD/COD= 3.5), which is more septic
compared to the Bennekom sewage, Et/t—values varied from 44 - 54 % at
dwa-conditions for temperatures in the range 13 - 17 ©C and HRT = 8.7
- 15 hrs. When cperated at high hydraulic loads under rwa-conditions
(HRT =2.8), the system suffered from a considerable wash-out of
accumulated flocculent sludge present in the reactor (i.e. entrapped
during the period of lower hydraulic loading rates).

The experiments conducted with sewage from the separated sewer in
lLelystad revealed a dramatic decline in the specific activity of the
granular seed sludge EB (cultivated on paper wastewater at the Eer-
beek industrial site, EB) during the winter season, viz. from app.
0.33 to less than 0.02 kg COD/kg .day at 30 ©C. Such a decline didn't
occur with the sewage from a combined sewer. Moreover any recovery of
the methanogenic activity was not cbserved during the summer period.
The reactor in fact mainly acted as an acidifying system, i.e. VFA-
concentrations up to 200 mg COD/1 were found in the effluent. Conse-



gquently the system can better be used under these conditions as VFA-
generating system, e.g. for promoting the biological phosphate remo-
val in an aerobic treatment system. On the other hand by placing a
second granular sludge UASB-reactor in series with acidifying reac-
tor, the VFA-COD can be removed satisfactorily, whereas a serious
drop in specific methanogenic activity of the granular sludge doesn't
occur in that case. The main reason for the deterioration in the
methanogenic activity of the sludge presumably has to be found in the
sorption of colloidal solids at the surface of the granules. As a
result, the active organismens will become entrapped in a layer of
solid substrate ingredients through which the supply of substrate to
the bacteria from the bulk of the solution is seriously hampered.
This particularly is the case at lower temperatures, because the rate
of degradation (hydrolysis) of these ingredients - at least as far as
biodegradable - will drop to very low values. This phenomenon has
thoroughfully been investigated in experiments with slaughterhouse
wastewater (Sayed,Thesis, Agricultural University, 1988). On the
other hand in parallel experiments conducted in_the laboratory it was
shown that the granular sludge used in the 20 m3 was of poor gquality.
Significantly better results were cobtained with granular sludges
cultivated on other wastewaters (investigatioins conducted by G.Rijs,
1989).

Like was found earlier with sewage from a combined sewer, the 20 m3
reactor suffered from a poor water sludge contact. From this, but
also from other results obtained with one step granular sludge UASB-
systems it is clear that the design of the concept needs distinct
improvements in order to achieve a satisfactory COD-reduction for raw
sewage. 8 it was found that:
- the height should be below 3 - 4 m,
- the feed inlet distribution should be as even as possible; at
lower temperatures (< 12 ©C) the number of feed inlet points
should be at least 1 per m2,
- it looks advantageous to subdivide the digester compartment (see
Figure 2),
- presumably the GSS-device can be improved.

Although some of these points already were known at the time the 20
m3 pilot plant experiments were programmed for treating the sewage
from the separate system in Lelystad, it was decided to continue the
experiments with the original - consequently in fact inadequate -
reactor system.

Two and three step reactor configurations.

On theoretical grounds it can be shown that an one-step reactor
configuration in terms of performance is less effective than a two or
more step configuration, operated at the same HRT. In latter case
plug flow conditions, which are beneficial for achieving a higher
treatment efficiency, will be approached somewhat more closely. This
is true for treating medium strength soluble wastewaters under higher
loading conditions (in which case the separate reactor modules behave
more closely as completely mixed systems), but also for treating low
strength, partially scluble wastewaters like raw sewage, although
there then exist some additional reasons for this.




Figure 2. A UASB-reactor design with a subdivided digester compart-
ment for improving the contact betwen sludge and wastewater.

Indeed significant better results were obtained in a two-step and
three-step reactor systems. The first reactor in that case serves for
removing

major part of the SS from the raw sewage, and also as a liquefying +
acidification system. The second reactor (and third reactor) serves
for the removal of soluble and/or colloidal compounds. The results
obtained with such a multi-step configuration are significantly
better than with an one-step reactor operated with the same wastewa-
ter, at the same HRT.

There exists no doubt that this multistep configuration offers inter-
esting prospects, the more so because the design and mode of opera-
tion of the separate modules can be optimized, while the different
modules also can be integrated in one reactor unit. The second and/or
the third module could be designed and operated as an EGSB-system.
Latter systems, provided they are well designed and operated, are
superior over conventional UASB-reactors for removing soluble matter,
but sometimes alsc for the removal of finely suspended matter from
wastewater, as was demonstrated by Rinzema (1988) in experiments with
edible o0il wastewater.



ITIT. 2.4. EGSBE- and FB-systems.

As follow-up of the UASB-experiments and on the basis of promising
results cobtained in preliminary small scale laboratory experiments
conducted with soluble substrates, extensive investigations were
started with EGSB-systems in 1986 in order to assess the use of these
systems for treating settled sewage. Simultanecusly also FB-systems
of the concept developed by Heynen et al were investigated. The
reason to include these systems in the research were the rather
promising results obtained in comprehensive pilot plant experiments
conducted with an medium strength industrial wastewater. It was
expected that the concerning FB-concept might represent an attractive
alternative for the treatment of settled domestic sewage. This par-
ticular part of the research was partially granted by the Gist Broca-
des Company.

One step systems.

In the various experiments conducted different reactor sizes have
been used, viz. varying in height from 2 m to 5m. The applied super-
ficial velocities (vg) in EGSB-systems always amounted to appr. 6
m/hr and in the FB-systems up to 12-24 m/hr at the start and 10-12
m/hr after completion of the start-up. These Vg-values were adjusted
by applying the appropiate effluent recycle ratio at the imposed HRT.

FB-systems.

The results obtained with FB-systems started at HRT= 2.6 and at 0.67
hrs (Vg= 24 m/hr, later 10-12 m/hr) and at a temperature of 10 - 13
O¢ (spring time) using sand as carrier, were gquite clear as far as
their applicability to settled sewage treatment concerned. For COD-
reduction they don't offer any prospect, i.e. less than 7 %. As a
matter of fact, after a kind of biofilm has been developed on the
carrier material, they merely act as a pre-acidification reactor.
Under dry wheather conditions and at HRT 2.6 and 0.67 hr approximate-
ly 59 % respectively 46 % of the amount of VFA formed in a long term
batch experiment can be produced. Assuming that the coarse suspended
solids will not be acidified in these reactor types considering the
poor removal of these pollutants in FB-systems, the extent of acidi-
fication achieved in fact amounts to 67 % and 52 % respectively of
that obtained in a long batch experiment.

Somewhat better results were obtained at HRT= 6 hrs and at a tempera-
ture of 18-21 ©C (and at v¢=12-13 m/hr), particularly when using
basalt as carrier particles, because up to 33 % CODgoi1yble €2n be
removed 3 month after the start of the system, while with sand as
carrier material this still was only 7 %.

Experiments carried out with basalt + precultivated attached biofilm
(spec. act. 0.3 kg COD/kg VSS.day at 30 ©C) in a 205 L reactor at
ambient temperatures 10 - 14 ©C, HRT= 2.0 - 2.7 hrs gave very poor
results. The system was started at 10 ©C and the first 90 days of
cperation the avaerage COD amounted anly to 250 mg/l due to an ex-
tracrdinary rainfall.

At higher temperatures (appr. 20 ©C) using a 15 L reactor approxima-
tely 31 % of the soluble COD could be eliminated at HRT=1.5 hrs,
which is 15 % lower than obtained in an EGSB~reactor under comparable

conditions.



EGSB-systens.

EGSB-systems perform significantly better than FB-systems. 1n reac-
tors using paper wastewater cultivated granular sludge, viz. EB-
sludge (also used in the 20 n3 UASB-reactor) and BT-sludge up to 46 %
of the soluble COD-fraction could be eliminated under dwa-conditions
at temperatures exceeding 13 ©C and at HRT = 2 hrs. The efficiency
increases only slightly upon increasing the HRT from 2 to 7 hrs.
During winter time ( average temperature 9.4 ©C) the efficiency
drops to appr 20 %. The efficiencies obtained with the different
types of paper wastewater cultivated granular sludges were fairly
similar.

The acetoclastic activity of the BT-granular sludge improves during
the experiment from 0.17 to 0.25 kg COD/kg VSS.day at 30 ©c.

When using a higher quality granular sludge, viz. a granular sludge
cultivated on settled sewage, up to 43% of the soluble fraction can
be removed at HRT as low as 0.8 hrs under dwc-conditions and tem-
peratures exeeding 13 ©C. The Ei /4 amounts to 30- 35 % under dwc-
conditions at HRT = appr 2 hrs. énder rwc-condtions 18 -23 % of the
soluble COD-fraction is removed.

A very interesting finding of the experiments with the granular
sludge cultivated on settled sewage undoubtedly is the observation
that this sludge exerts a relatively very high specific acetoclastic
activity, viz. amounting to 0.31 kg COD/kg VSS.day, consequently
higher than the acetoclastic activity of granular seed sludge after
it has been exposed for a prolonged period to sewage. The phenomenon
of sludge granulation as it proceeds in the FB-EGSB reactorsystems is
of particular practical interest.

Two step configurations.

The investigations with a FB-FB combination gave poor treatment
results when operated at a total HRT =4 - 5 hrs. A two step FB-system
doesn't offer any promise for practice. However, a two-step EGSB-
configuration may represent an attractive solution as pretreatment
step. The average CODgojyble—reduction in that case amounts to 51-53
% under dwa~-conditions, at HRT{ot51= 4.2. hrs (1.0 hr in the first
reactor} and in the temperature range 13 - 20 ©C. The values found

for Ep,/y ranged from 43 to 55 %.

IIT1.2.5. Formation of active granular sludge.

Although FB-systems performed quite disappointing in terms of treat-
ment efficiency, the experiments with inert carriers (sand and ba-
salt) were very informative with respect to the cultivation of an
active granular sludge on settled sewage. The experiments clearly
reveal that in the operation of a system using inert carrier mate-
rials, the attention should be focussed on the retention of biomass
aggregates and not on accomplishing a complete fluidization of the
bed, which in fact is an illusion regarding the inhomogenity and non-
uniformity of the particles/aggregates present. A sufficient sludge
bed expansion suffices for achieving the required good contact bet-
ween sludge and wastewater.

Az a matter of fact the granulation process as it proceeds in an
expanded (or fluidized) inert carrier system, doesn't deviate from
that in a UASB-reactor. The conditions for granulation in such a
system become favourable when it is operated at vg= up to 5 -7
m/hr, consequently as applied under EGSB-conditions. It was also



shown that granulation proceeds well at appr. 20 ©C using digested
sewage as seed, provided the reactor is operated at HRT= 5 hr and V¢
= 8 m/hr. After 1 month small granules were alreadyocbserved in both
reactors investigated, and after two months the reactors contain
granules with a diameter of approximately 1 mm. Like observed in the
granulation in UASB-reactors the first generations of granules are
mechanically rather fragile, but gradually they mature to more rigid
aggregates. The VSS-content of the aggregates gradually increases up
to appr 70 -80 %, and the methanogenc activity raeches values as high
as 0.31 kg COD/kg VSS.day.

IV.Conclusions.

From the information available sofar it can be concluded that anaero-
bic treatment of sewage indeed may offer some potentials for the
Dutch situation as pretreatment step in specifiuc cases, although
the design of the UASB- and/or EGSB-system needs distinct improve-
ments. From the investigations adequate data was obtained about how
these improvements can be accomplished.

The prospects of anaerobic sewage pretreatment using UASB-or EGSB-
reactors looks particularly promising for regions were sewage tempe-
ratures don't drop below approximately 10 - 12 ©C. Such conditions
may prevail in sub-tropical regions, e.g. in the Mediterranean re-
gions.

Of particular interest is the observation of the formation of a
granular sludge of a relatively very high specific activity on set-
tled sewage. Together with the information obtained from previous
comprehensive investigations, sufficient insight is available in the
mechanism of the granulation process.
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ABSTRACT

The influence of retention time{RT) on reactor performance and bacterial
trophic populations has been investigated by using a starch-processing
chemostat reactor. RT has a considerable effect on the population levels of
Hz-producing acetogens. methancgens and hydrogenctrophs and on the
composition of fermentative products, but it has little effect on the
population levels of fermentative bacteria and the practical acidification.
The population levels of acetate-utilizing methanogens and CHsz0H-utilizing
one decreased as RT decreased. and they were washed out at RT 12 h and 4.2 h
. respectively. The populations of Hz-utilizing methanogens and
homoacetogens increased with the decrease of RT, and the maximum levels of
these bacteria were 7.9x10°, and 3.5x10'° (MPN/ml), respectively. at RT 6 h
and 12 h, respectively. Even at RT 1.5 h, methane was still produced in the
acidogenesis. which meant that it was impossible to separate completely
methanogens from acidogens using the method of kinetic control. The
population of fermentative bacteria was always as high as 10® to 10°MPN/ml
when RT were between 244.8 h and 1.5 h. The population of H:-producing
acetogens was 10® to 10'' MPN/ml when RT was longer than 3.12 h. The
reasonable proportion of Hz-utilizing bacteria and H.-producing bacteria
maintained the fermentation mainly to acetate even under the condition of
high concentration hydrogen in headspace of the digester. The best time for

- phase separation is at the RT of about 12 h.

KEY WORDS

Anaerobic digestion process. retention time. MPN method. bacterial
population levels, fermentative bacteria, H:-producing acetogens.

homoacetogens. methanogens. phase separation. fermentative products.



INTRGDUCTION

Much intensive research has been carried out by investigating on both
abiotic and biotic components and their interactions in order to elucidate
the mechanism of anaercbic digestion process and to improve the practical
applications of the process. Since anaerobic digestion process is a
relatively slow and complex process, the studies are very important on
shortening the retention time (RT) for various kinds of waste in digesters
and on obtaining the combined and coordinated metabolic activity of the
digester population. When RT was reduced. the changes in the composition of
the methanogenic population were occurred(Lawrence et al..1969: Noike et al
1985) . furthermore, the so-called rate-limiting step of the
methanogenesis could be speeded up in digesters fed with a mixture of VFA
because the volumetric acetate (HAc) degradation rate in a digester fed with
a miXxture of VFA was about three times faster than that in a digester fed
with a single component of VFA (Lin et al.. 1989). Since the rate of
methanogen growth depends on the substrate catabolized. Zeikus [1980)
pointed out that it should now be recognized that methanogens were not slow
growing per se but possess a most efficient metablism. Previous studies on
two-phase anaerobic digestion process showed that methanogens would be
washed out of the first phase reactor when RT time was at 12.5 h (Ghosh et
al.. 1974; Endo et al. 1982), while Chartrain et al. (1987) demonstrated that
gradually decreases in the chemostat RT showed excellent biomethanation
performence at RT as low as 25 h and caused the levels of important carbon-
degrading populations to fluctuate and decreased. Studies on the
characteristics of substrate degradation in anaerobic digestion process
indicated that the effect of RT on the distribution of fermentative preducts
was very great but very complicated. The investigation of Hanaki et al.
(1987) using a infant milk processing chemostat demonstrated that with the
increase of RT, propionate (HPr} increased markedly, HAc increased
moderately and n-butyrate (n-HBu} decreased. while the experiment of
Chartrain et al. (1987) using a whey-processing chemostat indicated that the
intermediary carbon metabolites accumulated with the decrease of RT in the
following order: HAc. HBu. HPr, lactate. ethanol. and lactose and the
variation pattern of HAc in their experiment was the same as that in the
studies of Ghosh et al. (1974) and Noike et al. (1985) employing glucose and
starch processing chemostats. In addition. it was reported that longer RT
resulted in increased HAc but no change in HPr (Dinopoulou et al.. 1987).
All of these experiments show that it is very important to study the effect
af RT on anaercbic digestion process, but sufficient data are not available
to reveale a comprehensive integration of knowledge to clarify the effect of

RT on reactor performance and the bacterial population levels in anaerobic



digestion, to say nothing of the effect of RT on phase separatiocn in two-
phase anaerobic digestion process.

The main purpose of the present study is twofold: first. to investigate
the influence of RT on the performance of a starch-processing chemostat
ecosystem and on the bacterial trophic pOpﬁlations in the same degester:
second. to interpretate the correlations among the bacterial trophic
populations in the reactors. the metabolic characteristics of bacteria and

the distribution of fermentative products of the reactors.

MATERTAL AND METHODS

Reactors and Substrate.

A schematic drawing of the apparatus utilized in this study is presented
in Figure I. The chemostats had $-liter total capacity vessels with a 6-
liter working volume for the RTs of 244.8, 120, 60, 48, 42. 33.6 and a 1.4-
lite total capacity vessels with a 0.6-1iter working volume for the RTs of
48, 24, 12, 8.4, 6, 4.2, 3.12, 2.5, 1.5 (h). Table 1 shows the chemicail
composition of synthetic substrate., in which the soluble starch was used as
the sole source of energy and carbon. Substrate stored in a refrigerated
reservoir at about 5C was continuously fed to the reactors and completely
mixed by gas circulation. The temperature in the digesters was controlled
to 35 + 1 C and no external pH control was exerted. The seed sludge.
obtained from a mesophilic night-soil digester in the Minamigamo Sewage
Treatment Plant of Sendai., Japan. had been acclimatized to the synthetic
substrate for more than 3 months by gradually decreasing RT from 488 h to

244.8 h.

Experimental Design and Analytial Methods.

The experimental work consisted of a number of steady-state. continuous-
flow runs with RT ranging from 1.5 h to 244.8 h. In order to achieve a
steady state. the digesters were operated over 6 to 8 RT or three weaks.
whichever was longer. after which the analyses of the performance of the
reactors were repeated 5 or 7 times for 2 te 3 weeks under the steady state
condition and the average of the analytic results was used as the steady
state data.

The mixed liquor volatile suspended solids {(MLVSS). COD.. and pH were
measured using the Standard Methods. Volatile fatty acid (VFA) were
analyzed with a gas chromatograph having a flame ionization detector. Gas
composition analyses were carried out with a gas chromatograph equipped with
a2 thermal conductivity detector. Total and soluble saccharides were measured
with the Anthrone method. Total and soluble proteins were analyzed by the




Table 1 Composition of Substrate

/R

Component  Content (mg/1)

Starch 10500
NH.HCO, 4740
NaH(D, 2000
K.HPO, 125
MeClL, -6H.0 100
WnS0, - 58,0 15
CIISL ‘Ezo

COCLz * 20 0.125
FeS0, -TH:0 2

I .\
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RO: One-phage reator G: Mixed liquor sampling port
B.C.D: Mixed liquor overflow system PF: Feed pum
E: Gas collection system F: Gas sempling port
PG: Gas recirculatio pump S: Substate tank
TC.PC.CC: Cool dip system

Fig. 1 Schemtic of Experimental Apparatus



Lowry s method.

Procedures for Bacterial Counts

For the enumeration of bacteria, the procedures developed by Hungate {(1950)
and its modification (Chartrain et al.. 1986) were utilized in this study.
The basal media shown in Table 2 for the most probable number (MPN)
determination and the anaerobic dilution sclution were made up based on the
references (Braun et al.. 1979: Li et al. 1989b). Straight-sided culture
tubes {12 by 280 mm) that were screw-capped and sealed with flanged butyl
stoppers were used in this study. Gases that entered the tubes through the
gassing manifold were always scrubbed free of oxygen traces by passing
through a 350 °C heated copper column. 10ml of digester sample withdrawn
from each reactor was immediately injected into a 120 ml pressure vial
containing 90 ml of anaerobic dilution solution. and then the vial was place
on a Vortex mixer for 2 min. for the disruption of the bacteria flocs.
After diluted by serial 10-fold dilution, 1 wl of the apprepriate dilution
was used to inoculate different media with serial syringes as transfers.
The enumerations were performed by the MPN technique with five tubes per
dilution. The tubes were incubated for 40 to 60 days at 37 °C. and the
results were interpreted by MPN according to the analytical methods for MPN
determination shwon in Table 3. Morphological examination and the counting
ot the total number of bacteria were made with the aid of a phase-contrast

microscope.

Table 3 Analytical Methods for MPN Determination

Metabolc Groups Analytical Methods
Fermentative Bacteria Velatile Fatty Acid
H:-producing Acetogens HAC and H:. Gas
Homoacetogenic Bacteria HAC and H:, C0.. CH. Gas
Hz-utilizing Methanogens CH. Gas
HAC-utilizing Methanogens CH, Gas
HCOOH-utilizing Methanogens CH. Gas
CH;0H-utilizing Methanogens CH. Gas

RESULTS AND DISCUSSION

Effect of Incubation Time on the Enumeration of Methanogens

The optimum time of incubation at 36X 1 C was determined using the medium
containing different carbon source for enumerating different trophic-grops
methanogenic bacteria. Figure 2 shows the effect of incubation time on
bacterial counts by using the MPN technique. Siebert and Hattingh (1967)
have suggested that the optimum time of incubation at 38°C was 8 days.
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according to their experiments with the incubation period of 13 days. In
this investigation, the incubation time ranged from 7 days to 82 days as
shown in Fig. 2. It was possible to yield visible methane gas production in
the tube inoculating with a 107° to 10°° dilution for 7 days after the
inoculation, but methane gas production was not observed in the test tube
which was inoculated by further higher dilution. The incubation time of 25
to 30 days is necessary to obtain the most stable experimental results, and
significant change in the count was not observed at the incubation time of
over 30 days. These results agree with incubation time reported by other
researchers (Chartrain et al. 1986; Makie et al. 1981: Qian et al, 1385)}.
Therefore, The incubation time of one month was adopted in this study.

Influnce of RT on the Performance of Anaerobic Reactor.

Figure 3 shows the steady-state data on gas production rate and gas
composition. When RT was longer than 24 h, gas prodction rate increased
slightly with the decrease of RTs, but when RTs were between 24 h and 3.12 h

the gas production rate increased dramatically until the maximum 28460
ml/1/d being reached. After 3.12 h. the gas production rate decreased.
which meant that the fermentation retarded. The major gas products was
carbon dioxide. The amount of methane produced decreased as RTs decreased
from 244.8 h to 12 h. and increased sligtly beyond that point until it
dropped again after 3.12 h. The production of methane in acidogenesis has
been reported by many workers. Cohen et al (1979} reported that no methan
could bedetected in the reactor at RT 10 h, pH 6.0 and using glucose as
subtrate. Others reported that the production of methane ceased at RT 0.83 h
(Ghosh et al..1874).and 7.0 h (Noike et al..1985). The variation pattern of
methane ip this study, although different from the results reported by
previous workers, showed that the methanogenic process did exist in
acidogenesis even though RT was as short as 1.5 h. Like previous studies
(Hanaki et al.. 1887). hydrogen gas was produced vigorously at shorter RTs.
The amount of hydrogengas were 12%, 21%. 26%.33%. at RT 12. 8.4, 6. 4.2 (h),
respactively. When RT was shorter than 4.2 h., the hydrogen produced
decreased with the decrease of RT. This variation pattern of gas composition
. 1s due to the transition of anaerobic bacteria, especialy H:-producing and
Hz-utilizting bacteria. in chemostat in response to the changes of RT.

The composition of the individual VFA in the effluent of the reactors,
MLVSS and pH are shown in Figure 4. HAc. HPr and n-HBu were always the main
products. The concentration of HAc increased as the RT decreased from 244.8
h to 60 h, after that it decreased as the RT decreased to 24 h. and then it
increased again with the decrease of RT until it reached its maximum
concentration of 3261 mg/l at the RT of ca. 12 h. after that. the variation
pattern of HAc showed a general tendency to vary proportionally with RT. The
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accumulation of HPr was found as the RT decreased from 244.8 h to 42 h., and
between the RT of 36 h and 12 h, the ratio of HPr to the total VFA became
very small. therefore there was no obvious evidence showing that the
accumulation of HPr occurred duing this period. So did the variation pattern
of n-HBu. When RT was shorter then 8.4 h., the accumulation of HPr and n-HBu
occurred again. It was found that. althousgh at the RT of 244.8 h the VFA
concentrations were relatively low, they showed the dramatic increase with
the decrease of RT. which meant that the function of reactor was changed
from methanogenesis to methanogenesis plusing acidogenesis and finally to
acidogenesis as the RT decreased from 244.8 h to 1.5 h. It should be noticed
that the composition of VFA at the RT of 12 h seemed to be more reasonable
than those at other RTs if the effluent of the reactor at this RT was used
as the effluent of acidogenesis, the first-phase of two-phase anaerobic
digestion process. This is because that HPr and n-HBu with low
concentrations, as well as HAc with high concentration is more sutiable for
methane production in methanogenesis., the second-phase of two-phase
anaerobic digestion process.

In order to investigate the shifting of methanogenesis to acidogenesis,
and to understand the capacity of acid prodution of acidogenesis. the total
practical acid production rate and practical acidifiction were calculated
employing the following equations based on the two-stage theory of anaerobic
degestion:

Vvra = Q/Vk(Cae-Ca:}+Mp/Y+Hp (1)

where: Vvra: total practical acid production rate {mg-COD/1-day).
Cai: total acid concentration in influnt (mg-C0D/1).
Cae: total acid concentration in efflunt {mg-COD/1).
Q: loading rate of influnt (1/day}.
V: working volume of reactor (1),
Mo: methane production rate (mg-C0D/1/d).
Ho: hydrogen production rate (mg-C0D/1/d).
Y: methane yielding coefficient of acid (Y=0.96(Hanaki et al..1980))
{ mg-COD/mg-COD) .

quantities of fermentative products

practical acidification = (2}
initial substrate concentration

Fig.5 shows the calculating results of total practical acid production rate.
COD loading rate and the practical acidificaton in relation to the changes
of RTs. The degree of practical acidification varied between 60 and 78% of
the initial COD concentration. showing no dramatic change with RT when RT
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was longer than 3.12 h. but it dropped sharply at the RT shorter than 3.12 h
. These results meant that the practical acidification of a conventional
anaerobic digester remained almost constant regardless of the digester being
methanogenesis or being acidogenesis, that is to say, the practical
acidification did not affected greatly by RT as long as the RT did not

short enough to make a large number of anaerobic bacteria been washed out of
the reactor. Even 1f RT affected the practical acidification., the degree of
the effect did not excessed 15 %. furthermore, the COD loading rate did not
affected drastically the practical acidification. These results corresponded
with the results reported by Dinopoulou et al. { 1987). From Fig. 5. it can
also seen that. although the total practicail acid production rate was not
greater than 584 mg-COD/1-day at the RT of 244.8 h, it increaced
exponentially as RT decreased from 244.8 h to 3.12 h, in other words. it
increaced dramaticlly with the increase of COD loading rate, showing the
great acidogenic capacity of the digester without any overloading phenomenon
occured. In the light of the above statement. in addition to the fact that
the degradation of starch in the reactors was as high as 95 to 98%(see
Figure 4) even that RT was as short as 4.2 h., it can be concluded that the
hydrolysis of starch and acid forming would not be rate-limiting stages.
furthermore. the tremendous acid production capacity of anaerobic digestion
process can be exploited by introducing acidogenesis of the two-phase
digestion proces to 1ts maximum limitation without any sacrificing of the

practical acidification.

Influnce of RT on the Population levels of Anaerobic Bacteria.

Microbial populations in anaerobic digestion has been reported by many
investigators. It has been found that RT was a significant factor in
selecting the predominant microbial species(Lawrence et al., 1969: Ghosh et
al..1974.: Cohen et al.,1980: Chang et al.. 1982: Chartrain et al.. 1987: Li
et al.. 1989). One of the objectives of the present study is to obtain
direct experimental evidence for the influnce of RT on the population levels
of anaerobic bacteria. and therefore we can use this information to study
the ecophysioiogical features of the anaerobic digestion process. Figure 6
shows the shifting of the microscopic appearances in the steady-state
chemostats with the decrease of RT. When RTs were longer than 48 d. the
coccus-like bacteria was dominant with very small guiantity of short bacilli
ones. both of them being free~living. When RTs were between 40 to 15 h. the
rod-shape bacteria increased rapidly. ¥hen RTs were between 12 to 3 h the
rod-shape bacteria. most of them being straight. but some of them slightly
curived. became dominant and a large number of long filaments were observed,
and they existed mainly in the form of the skeleton of flocs with
considerable quantities. During these periods, the bacteria reached their
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maximum quantities as shown in Fig. 7. After RT 2 h, the long filaments
disappeared completly, and the dominant bacteria was strightly rod-shape
bacteria. Although flocs still existed, their quantities were very small
and their skeletons consisted of the same bicilli-form bacteria as the free-
living cell. It is interesting to notice that the time for maximum MLVSS to
appear was different from the time for maximum population levels to appear
{see Table 4}, which. in fact. meant the shifting of bacteria.

Table 4 shows the culture counts and direct counts of different trophic
group population levels on steady state condition. From these results. we
can get Figure 7 which shows the influnce of RT on the bacterial population
levels. Recently, fermentative bacteria in anaerobic digester have been
enumerated by several workers who have found that the total number of
fermentative bacteria. the number of lactose degrading bacteria.the number
of cellulose degrading bacteria, the number of protein degrading bacteria
and the number of starch degrading bacteria are 10° to 10'' (Mah et al..
1968: Toerien et al., 1967; Kotze et al., 1968; Kirsch. 1969; Chen, 1987).
10® to 10'' (Chartrain et al.,1987), 10* to 107 (Toerien et al.,1967;: Chen.
1987}, 10* to 10®(Siebert et al..1969:; Chen, 1987), and 107 to 10°MPN/ml
(Chen.1987). respectively. The result of the enumerated fermentative
bacteria in this study is in accordance with these studies. The number of
fermentative bacteria increased slowly with the decrease of RT when RT was
longer than 12 h. When RTs were between 12 h and 3.12 h. the population
levels of the fermentative bacteria was ca. 3.3x10° MPN/ml. the maximum
number of this kind of bacteria in this study. When RT was shorter than
3.12 h. the levels of these bacteria began to decrease. but even at RT 1.5 h

the levels of the bacteria was still as high as 3.3x10® MPN/ml. These
results meant that RT had little effect on the population levels of
fermentative bacteria. rather the organic loading rate might be very
important for fermentative bacteria to grow as long as RTs was longer than
the minimum generation time of the fermentative bacteria. In other words,
the fermentative bacteria can grow very well within large range of RTs. and
therefore make it sure for the first step of anaerobic digestion to advance
smoothly. Table 5 shows the results of MPN counts using other substrates
. such as starch, peptone, meat extract., etc. as the source of energy and
carbon. From Table 5., it can be seen that., although the substrate of the
digester was starch, there existed a large number of fermentative bacteria
in the reactors who can degrade protein and meat extract even though amoung
those protein and meat degrading bacteria. there might be possible for some
of starch degrading bacteria, who could degrade protein and meat extract as
well, to be existencn. On the contrary, celluose degrading bacteria was
found to be 4.7x10° MPN/ml in the reactor.

Fig. 7 shows that the population levels of H.-producing acetogenic



Table 4

Trophic Group Populations on Stead State Condition {MPN Cell/ml)#

Bacterial RT (b)
groupe 244.8 120 60 24 12 6.0 4.2 J.12 2.5 1.5
Fermentative) 1.8x10% 2.3x10° 7.0x10° 9.4x10% 3.3x10° 3.3x10* L.1x10® 3.3x10° 4.6x10* 3.3x}0°
Ha-producting
acetogenic)
Total 2.8x10% 5.6x10% 7.9x10% 2.3x10® 5.4x10'° 1.6x10'% 7.9%10° 1.3x10® 7.9x107 4.9x%107
HPr-utilizing 1Ix10% 2.4%10% 3J.2x10% 3.5x10® 2.4x10* 2.8x10® 3.3x10" 1.3x10%* 4.9x107 2.4%107
WBr-utilizing 2.8x10% 3.3x10% 4.9%10% 5.4x10% 9.2x10% >1.6x10% 7.9x107 4.9x107 3.3x107 2.4x107
Homoacetogenic) LLIXI0? 4.6XxI07 2.4x10° 7.9x10° 3.9%10'° 6.4%10% 7.0x10% 1.1x10" 2.4x107 7.9x]0®
Methanogenic)
Total L4XI0" 7.9>107 L7x10* 1.4x10® 1. ix10° 5.4x10° L.1x10® ND ND ND
Ha-utilizing 1.26%10%  7.9x107 L.iIxi0® L.3x10® 1.ixigY 7.9%10° 1.2x10° 1.4X107 4.6x10* 4.9x]0°
HAc-utilizing 1.9x10% 1.7x10% 1.1x10° 1.7x10% &.0x10° 4.9x10* 2.4x10% 2.3x10% 2.3x10' {.3x10"
HCOOH-utilizing 9, 4x10% 3.9x107 4.9x10° 5.4x10% 5.0x10® 1.i1x10% >5.4x10% ND ND ND
Hz0H-utilizing 1.2x107 1.7x107 L.I1x107 1.6x107 1.3x10° 4.9x10% 7.9x10° ND ND ND
SHB ND* % ND ND >L.6x10% 7.8x107 4.9x107 3.5%10° 4.9x10° 4.9x10° 2.4x10%
MLVSS (mg/1) 484.3 493.5 529.17 1183.7 1254.0 1307.7 1510.1 1742.6 1563.1 628.4
*: 5 tubes por dilution. Only one enumeralion was performed on cach steady state condiction.
¢+: Nu determinalion.
Table 5 the fermentative bacteria utilizing different substrates ( RT= 4.2 h)
Substrate Cellulose Peplone Starch Meat extract Glucose Totals
 Population (MPN/ml) 4.7x10°  1.7x10" 1.1x10° 7.9%10" 1.1x10° 1.1x16°

»: Total=Glucose + Peptone + Meal extract.
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bacteria increased greatly with the decrease of RT when RT was longer than
6 h, and after that . it decreased with the decrease of RT. It is very
interesting to notice that the increase of the levels of H:-producing
acetogens with the decrease of RT was usually greater than that of
fermentative bacteria with the same decrease of RT. This. in fact. implied
that the specific substrate uytilization rate of the fermentative bacteria
was greater than that of H.-producting acetogens so that H:-producing
acetougens could have more abundant substrate, such as VFA. for them to
utilize, and consequently. to grow. The levels of HBu-utilizing acetogens
was usually greater than that of HPr-utilizing one, which means that HBu is
easer to be utilized by acetogens than HPr. Comparing the results of this
study with those of other studies, it can be found that the population
levels of H.-producing acetogens in this is 10 or 100 times higher than the
levels of 10° to 107 MPN/ml. reported by the previous studies (Mackie et al.

1981; Zinder et al.. 1984; Li et al., 1989a). but compared favourably to
the levels of 10% to 10'° MPN/ml (Chartrain et al.. 1986a. 1987}, and 10® to
10" *MPN/ml (Zhao et al.. 13887). Since the determination of the population
levels of He-producting acetogens using MPN method is very difficit unless
these bacteria are in syntrophic association with H:-utilizing bacteria such
as methanogens and sulfate reducer. For this reason, some researchers
inoculated Hz-utilizing bacteria into the tubes for MPN count of these
bacteria. In this study. limited by the experimental condition. we did neot
use this method. When the VFA and gas composition in the tubes for MPN count
of these bacteria were checked. it was found that the concentrations of HAc
and H:; were very high when the tubes with low dilutionii.e. 10° to 107) were
checked (for the reason of hydrogenotrophs existing in these tubes) and
therefore. in this situation, the determination of the bacteria was not
difficult: while the concentrations of HAc and H: were relatively low in the
tubes with high dilution (i.e. higher than 10%®)., in  this situation, we
compared the concentration of HAc and H: in the tubes for MPN count with
those in the tubes for background. and obtained the results showen in Table
4. Because the method for the determination of these bacteria (checking
hoth gas and VFA compositions) was very clear and the addition of yeast
extract as well as the digester supernatant has no noticable effluence to
the compositions of gas and VFA in this study {data not showed ). moreover.
the incubation time was very long. we concluded that the resulis presented
in Table 4 reflected the real population levels of H:-producing acetogens in
the reactors used in this study. Further. since the experimental conditions
are usually different from each other., it shoule be cautious in comparing
the experimental results with each other.

From Fig. 7. it is very interesting to find that a relative high

population levels of sulfate-reducing bacteria(SRB) was also in present in




the sulfate-limiting environment in the digester emploied in this study. The
reasons might be twofold: first many SRBs are able to utilize a vast veriaty
of the fermentative end products produced by other anaerobes as electron
donors while sulfate, though very little in the reacter, been utilized as
electron acceptor (Ueki et al., 1986). Even if the sulfate is not available

interspecies hydrogen transfer can allow the growth of the sulfur reducer
by substrate-level phosphorylation (Bryant et al.,1977: McInermey et al..
1981; Chartrain et al.,1986b), and second. other bacteria such as acetogens,
enumeated for a long time in sulfur-rich culture for MPN count of SRB, might
transform their genetic factor to be able to utilize sulfur as electron. It
should be pointed out that the color of the digester fluid was white in
stead of black. This was because the concentration of Fe®** was very low so
that the sediment of FeS was not rich enough to make the digester fluid
black. Recently. besides the isolation of various species of SRB., the
anaerobic digestion of various intermediates such as lower fatty acids.
alcohols and H: by SRB has been investigated experimentally, in addition.
the relationship between SRB and methanogens has been studied, especially in
relation to the competiton between SRB and methanogens for substrate such as
HAc and H.. Some workers used SKB and other bacteria to investigate the
mechanism of interspecies H: transformation. In this study. SRB not only
competed with methanogens and homoacetogens or even Hz-producing acetogens
for substrates such as HAc. H: and lower fatty acids but also showed the
HPr-producing ability (data not  showed). All of these facts,in addition
to the relatively large number of SRB (107 to 10®MPN/ml} exsiting in the
sulfate-limiting environment in the digester employed in this study even at
very short RT. make us conclude that it is necessary to make further study
on the characteristis of this bacteria.

The variation pattern of the methanogens with the change of RT was very
comples but full of interesting. Figure 7 shows that the HAc-utilizing
methanogens decreased slowly with the decrease of RT when RT was longer than
12 h, after that, it dropped sharply to the insignificant levels of 10' to
102 MPN/ml, which meant that the HAc-utilizing methanogens were unable to
exist at short RT. i.e. RT short tham 12 h. Of all kinds of methanogens,
only Methanosarcina and Methanothrix can utilize HAc as substrate(Smith et

al.., 1978; Zinder et al., 1979; Huser et al..1982: Zehnder et al..1980).
Since the standard free energy ofthe reaction for acetoclastic methanogens
to cleave the acetate molecule{-31KJ/mol of methane) is nearly equal to that
required for synthesis of a molecule of ATP from ADP and inorganic phosphate
(+31.8KJ/mol). the specificgrowth rates of acetoclastic methanogens are very
low (Thauer et al., 1977). When methanogens are cultivated with pure
cultures, the doubling times of M. soehngenii and Methanosarcina in
mesophilic condition are 6.3 d (Zehnder et al..1980), 23 to 37.8 h (Smith et




al.,1978; Sowers et al..1984 }. respectively. but when other substrates are
used, the doubling time of them may change. (i.e. Methanosarcina acetivorans
C2A have doubling times of 24.1.5.2, 6.7. 7.8, and 7.3 (h)., respectively,

with respone to the substrates of sodium acetate. methancl, methylamine.

dimethylamine. and trimethymine. respectively (Sowers et al.,1984)). While
in cocultures, the acetoclatic methanogens' doubling times are 2.32 d (Chang
et al., 1982}, 2.05 d {Lawrence et al..1969). 15.94 h (Chartrain et al..1987
). 4.8 h (Ghosh et al..1974). The result of this study is in accordance
with the studies reported by Chartrainet al. and Ghosh et al.

In contrast to HAc-utilizing methanogens. the levels of H:-utilizing
methanogens increased with the decrease of RT. especially whan RT was
lowered below 24 h. It has been reported that there were 10® to 10'%cell/ml
Hz-utilizing methanogens in the Chemostat (Zinder et al..1984: Chartrain et
al.. 1986a ). and once the partial pressure of H. in the digestor was
enhanced the rates of methanogenesis would enhanced greatly. these results
implied that Hz-utilizing methanogens were quite far from saturation for H..
In fact, of 50 species of methanogens discovered up to now, 38 species of
methanogens can utilize H. as their substrate(Vogels et al..1988}.
Researches show that the minimum generation time of these methanocgens (in
mesophilic and pure culture} can be as short as 4 to 11 h (Vogels et al..
1988) . these rapid multiplicative characteristis make itpossible for H.-
utilizing methanogens to increase with the decreasing of RT uniess RT is
shorter than the minimum generation time of them. In the reactors employed
in this study, the population levels of fermentative bacteria and H:-
producting acetogens increased when RT became shorter and hydrogen gas was
produced vigorously at shorter RTs. therefore, it is reasonable that. in
contrast to the washout of acetate-utilizing methanogen at RT shorter than
12 h, Hz-utilizing methanogen increased with the decreaseof RT because they
could obtain a larger quantity of substrate for them to grow. This result
provides the first evidence that H:-utilizing methanogens increase with the
decrease of RT as long as RT is longer than the minimum generation times of
these methanogensese.

Methanogens utilizing HCOOH as their substrates showed irregulate
.variation pattern with the change of RT. Since half of methanogens who can
utilize H: as their substrate can usually utilize HCOOH for the same thing
(Vogels et al..1988), the increase of H.-utilizing methanogens made it
possible for these methanogenes utilize HCOOH as their substrates for their
growth and for methane production at the same time. Although the specific
substrate utilization rates would determine whichever substrates were
utilized by these H./HCOOH utilizing methanogens in the reactors in this
study. they did emerge in bacterial counts as long as the substrates in the

incubation tube could be degraded by them. Unlike HAc-utilizing



methanogens who showed dramatic decline after 12 h, the CHaOH-utilizing
methanogens decreased slowly with the decrease of RT. 0f 10 species CH:0R-
utilizing methanogens. there are 5 species who can utilize H: as well
(Vogels et al.,1988). which may be the reason of the veriation pattern of
the CH;0H-utilizing methanogens.

The variation pattern of homoacetogenic bacteria in Figure 7 is the most
complex one. With the decrease of RT, the homoacetogens decreased at the
RT longer than 48 h. After RT 24 h, these bacteria increased tremendously
until the maximum number 3.5x10'° MPN/ml heen reached at RT 12 h. When RT
was shorter than 12 h, the levels of these bacteria declined again with the
decrease of RT, but even at RT 1.5 h., there was 7.9x107 MPN/ml
homoacetogens still existing in the reactor. Up to now., the population
levels of homoacetogens been reported are usually 10° to 107 cell/m}
(Dhwaki et al..1977:; Braun et ai..1979: Chartrain et al..1986a; Li et al..
1989b), but it should be noticed that all of these results were obtained
using the samples of fresh water sediments or anaerobic digesters with
binlogical solid retention time (SRT) longer than ] d. The results of this
study at RTs being longer than 24 h  comfored to the previous studies.
According to the recent studies, when SRTis longer than 1 d. as H:
scavengers. homoacetogens are out competed by SRB and methanogens since
homoacetogens have much higher H: threshold levels (520 to %50 ppm) than SRB
(5 to 9 ppm) and methanogens (28 to 100 ppm) (Ralf et al..1988). For the
reasons of the lack of H: and the competition betweenhomoacetogens and other
fermentative hacteria for the substrates. the rapid growth of homoacetogens
is limited seriously. therefore. homoacetogens is  usually consided as a
kind of non-important or low-level bacteria. In this study. RT was shortened
to such a degree that the accumulating of H: in the reactor made it possible
for homoacetogens to break through their H: shreshold levels sg that they
could not only utilize H:/C0. but also the complax substrats for HAc
prodution and their growth. In the light of above statement. in addition to
the fact that the doubling time of hemoactogens are between 1.75 h and
sevrel hours (the longest one is only 29 h) (Noike et al.. 1989}, it is
reasonable for homoacetogens to grow rapidly until the populations reach
. the numbers of 10° to 10'° MPN/mi. With such large number of the population.
homoacetogens play at least three important roles in anaerobic digestion.
that is.@ by using Hz to produce acetic acid (in COD banlance of anaerobic
digestion, the amount of acetic acid produced by homoacetogens from C0:+H:
is about 1.3 to 5.3% (Mackie et al.,1981)}., they contribute to the
interspecies hydrogen transfer (IHT)., and therefore., make it possible for
syntropic bacteria to maintain high substrate turnover rates. This is of
very lmportance, especially under digester overload conditions, in which the

syntrophic reactions become rate limiting (Zeikus,1983): ® fermating



intermidiate organic materials such as lactat. methanol. formate., pyruvic
acid etc. into acetic acid. and therefore. promoting the recovery of acetic
acid (Yang et al..1987): and, even more pimportant., © promoting the
fermantative stage of anaerobic digestion by converting complex compounds
such as carbohydrate. amino acid, etc. directly to acetic acid (Zeikus.1980:
Ruyet et al..1984: Baronofsky et al..1984: ). This characteristic has been
reported by some workers (Noike et al. 1989: Li et al.1989b). In this study
when using CHCls as inhibiter. it was found that., of total acetic acid
produced in the reactor. at least 20 to30% was produced directly by
homoacetogens (Zhang et al.,1989b). Based on the above discussion, it is
necessary that the important role of homoacetogens in anaerobic digestion

needs to be investigated further.

The Relationship Between Anaerobic Bacteria and Their Fermentative Products.
Recently., a general perspective of substrate conversion rates and
nutritional requirements of major groups of anaerobic bacteria are explored
in more detail, focused particularly on the role of hydrogen in selecting
populations and directing the nature of metabolic intermediates (Mclnerney
et al.,1981: McCarty et al..1986: Harper et al..1986: Thiele et al..1988 akb
: Mosey et al.1989). It has been reported that the increase of H: presure in
digester will usually cause the change of VFA distribution (i.e. the
accumulation of HPr(Bryant et al.,1967: Rufener et al..1968: Boone et al..
1987)) or even the type of fermentation (Jouner et al..1366: Miller et al..
1973: Thauer et al..1977: Cohen et al.. 1982: Harper et al.,1986). but not
inhibit the syntrophic methanogenic reactions in microbial aggregates {(i.e.
floc) (Conrad et al.. 1985: Thiele et al..1988 akb}. In this study, although
the concentration of VFA was raletively low at RT 244.8 h, it showed the
increase between RT 244.8 h and 48 h. The reasons may be twofold: first, the
decrease of RT (which meant the increase of COD loading rate in this study)
made it possible for fermentative bacteria with shorter doubling time to
increase rapidly second, since the population levels of Hz-utilizing
methanogens. homoactogenic bacteria as well as SRB were 10{0-fold lower than
those of fermentative and acetogenic bacteria ( Fig. 7) the removing of
hydrogen and/or the IHT were not perfact, caursing the accumulations of
hydrogen and the inhibition of the convensions of HPr.HBuland presumably
other VFAj to HAc. On the other hand. in spite of the vigorous increase of
hydrogen gas in headspace phase (see Fig.2) at the RT shofter than 24 h., the
concentrations of HPr and HBu showed the tendency of decrease to be varied
proportionally with RT between 24 h and 12 hisee Figure 4). To understand
these results, it is important to notice that the H:-utilizing methanogens
and homoacetogens increased rapidly with the decrease of RT during the same

period (see Fig. 7). The larger quantities of these hydrogenotrophs made it



possible for them to grow together with syntrophic bacterias by species
Jjuxtapositioning. This was true when we saw the phase-contrast
photomicrographs which showed that when RT was shorter than 24 h. the number
of large flocs. within which the bacteria immobilized. increaced. These
results support the general concept that cell size increases, and slime
formation and intracellular reserve material accumulation account for the
increase of biomass when RT are shortened. The dramatic increase of hydrogen
in the reactor (Fig.3.) seemed to show that the regeneration of NADH was
accomplished predominantly by the reduction of proton to form hydrogen gas ,
instead of by the fermentation of pyruvate to HPr. etc. and/or that of
acetyl-CoA to HBu, which resulted in the decrease of the production of HPr
and HBu. According to the above statement, it seems that the enough
population of hydrogenotrophs (Hz-utilizing methanogens.homoacetogens and
SRB).who can integrat with syntrophic acetogenic bacteria to form microbial
aggregate., is the most important factor for the acidogensis of two-phase
digestion. In other words. syntrophic acetogens and hydrogenotrophs were
predominantly located in an ecological compartment { i.e..floc). in which
the H: produced by fermentative and acetogenic bacteria was then to be used
as protomotive force by SRB, the formation of acetic acid by homoacetogens
and the formation of CHs by methanogens so that the overall conversion of
VFA. such as HPr and HBu was maintained without the potential inhibition by
high H. concentrations in the bulk aqueous phase( Thiele et al..1988a).

The veriation pattern of HAc is the same as that of other studies( Endo et
al., 1982: Chartrain et al.,1987). that is. the decreased RT caused the
level of HAc to increase until the concentration of HAc reaches its maximum
at the RT 12 h (although the time for maximum concentration may be different
from one study to another), after that, the concentration of HAc decreases
with the decrease of RT. Mosey has pointed out that scavenging of hydrogen
by lithotropic methanogens enables the anaerobic fermentation of sugars to
proceed directly to acetate, by passing both the formation and subsequent
degradation of higher acids(Mosey et al..1989). but we would like to think
that the following may acount for the accumulation pattern of HAc: first,
the increase of the number of acidogenic bacteria (here homoacetogens is not
inciuded though they migth be as well to be considered as a kind of
acidogenic bacteria) may increase the production of acetate straightly :
second. the increase of the metabolic efficiency and the growth yield of the
syntrophic acetogenic bacteria make it possible that transformation from
butyrate and propionate acids to acetate been enhanced: third. what we want
to emphasize is that the contribution of homoacetogenic bacteria to the
accumulation of acetate: and finally., the washout of acetate-utilizing
methanogens make acetate accumulation.

When RT was between 8.4 and 3.12 h, the variation of VFA showed complex



pattern. but the tendancy of it was that the decrease of HAc. the increase
and then the decrease of HPr and HBu, which resuited from the change of the
distribution of the bacteria in the reactor. The dramatic decrease of the
H:-producing acetogens and the homoacetogens during RTs between 8.4 and 3.12
h may be one of the reasons for the decrease of HAc¢. and the increase of HBu
When RT was shorter than 3.12 h,the quantity of total practical VFA

producing rate, gas producing rate began to drop sharply. which showed the
overloading phenomenon of the reacter. From the results showen in Fig.7. it
can be understood that the washout of the bacteria was the very reason of

the overloading phenomenon.

Washout Phenomena and Phase Separation

The washout phencmena and the mechanisms of two-phase digestion process as
well as phase separationn have been discussed for nearly 20 years. Since
the influence of RT on the distribution of anaerobic bacteria. especially on
the acetogens and methanogens. is not known very clearly, 1t is very
difficult for researchers to anwser many basic questions such as the washout
phenomena of methanogens in acidogenesis. whether methanogens. especially
Hz-utilizing ones. really do not exist in acidogenesis after the washout of
HAc-utiliting methanogens, the function of H:-producing acetogens in first
and second phase., even that Hz-producing acetogens belong to the first phase
or the second one was not fully understood. The resuilts of this experiment
show that the washout phenomena are directly in relation to the change of RT
From Fig.7. it can be found that instead of the washout of all of the
methanogens, only HAc-utilizing methanogens and CH:0H-utilizing methanogens
decreased rapidly with the decrease of RT when RT was shorter than 24 h and
6 h. respectely. which means the washout phenomena of these bacteria did
occured. Since the number of HAc-utilizing methanogens and CH:0H-utilizing
ones at RT of 12 h and 4.2 h, respectly . were only 8.0x10°%, 7.9xi0°MPN/ml.
respertly, it can be concluded that the washout of HAc-utilizing methanogens
and CH;0H-utilizing ones were completed at RT of 12 h and 4.2 h, respectly.
From Figure 8, it is known that the washout of HCOOH-utilizing methanogens
vccured when RT was shorter than 24 h, but when RT wasshorter than 12 hr..
_the population levels of these bacteria showed the tendency to increase.
On the other hand, the H:-producing acetogens. the homoacetogens and most
importantly. the Hez-utilizing methanogens showed not only no washout in the
range of RT from 244.8 h to 6 h took place but also the increase tendency in
this certant RTs. and even at RT 1.3 h. there was no sufficient evidence to
show the completion of the washout of these bacteria.

it should be noticed that at long RT (i. e. 244.8 h). the concentration
of VFA in the effluent of the reactor was relatively low. but the

distribution of anaerobic bactiera was not reasonable because the levels of



fermentative bacteria and H:-producing acetogens were 10 to 100 times higher
than those of methanogens and homoacetogens. These resuits implyed the
limitation of conventional anaerobic digester. On the other hand., at short
RT (i.e. 12 h), the distributions of both VFA and the anaerobic bacteira
were reasonable. By shortening RT to the best time for phase separation, a
larger quantity of fermentative bactaeria can be obtained. and what is more,
the same large quantities of Hz-producing acetogens and hydrogenotrophs with
a reasonable proportion can be obtained. which not only brings the potential
ability of fermentative bacteria into full play but also intersifies the IHT
so that a reasonable and constant production of major intermediates such as
VFA can be maintained in the acidogenesis. If the effluent of this
acidogenesis is used as the influent of a methanogenesis, it will result in
a efficient second phase hecause it is easy for the bacteria in second phase

especially the Hz:-producing acetogens and hydrogenotraphs, to establish a
harmonious ecosystem. Therefore, these results demostrated that the phase
separation by high dilution rate would strengthen the ecological
relationship among anaercobic trophic groups rather than weaken or destroy
this relationship.

Now, the problem is that what the best time for phase separation is. Some
workers pointed out at RT 12.5 h methanogens would be washed out of the
first phase reactor using kinetic controls (Ghosh et al.,1974; Endo et al..
1982). 1t shoud be noticed that the time for maximum MLVSS to appear (at RT
3.12 h)was different from the time for maximum MPN to appear {12 to 6 h}. and
that the maximum practical acidification (77 to 78%) appearedat RT 42 to 48
h. but another summit of practical acidification (74%) occurred at RT 8.4 to
4.2 h. These results correspond to that reported by previous resechers
(Ghosh et al..1974; Endo et al.. 1980; Chartrain et al.,1978}. The
phenomenon that the time for acidogens to present in maximum levels is
different from the time for maximum acidification to appear is called non-
linking kinetics fermentation. Therefore, the best RT for phase separation
is different when the object of achieving the maximum MLVSS or maximum
fermentation efficiencyis considered. Since the object of anaerobic
digestion is to achieve the maximum degradation of pollutant and maximum

.recovery of methane, it is necessary to engineer the operation of
acidogenesis towards those acids which are suitable substrates for
methanogens. From the results of our study, at RT 42 to 48 h. the rate of
practical acids production was too slow to guarantee the treatment
efficiency, while at RT 3.12 h, the fermentative products was not reasonable
for the second phase, on the contrary. at RT 12 h or so because the
raletively high practical acidification {74%) and the rate of practical
acids production apperaed and the fermention of substrate was proceeded

mainly to acetate, the best time for phase separation was at RT 12h or so.



Here.we want to point out. based of the above statements, it is unnessary
to worry aboui that the vigerous production of hydrogen will lead to the
accumulation of propionic acids or other acids and to the waste of H:/C0..
Since hydrogen will be one of the excellent energy resources in the near
future.why not we engineer two-phase anaerobic digestion toward the maximum
production of hydrogen and VFA with reasonble proportion in the first phase
as well as the maximum production of methane in the second one so that the
two-phase anaercbic digestion may be fuil of more attractive than ever

before.

CONCLUSIONS

In particular., the following specific conclusions may be drawn from the
work presented herein:
i. RT has a considerable effect on the population levels of anaerobic
bacteria and their fermantative products, but it has little effect on the
population levels of fermentative bacteria and the practical acidification.
2. By decreasing RT., the washout of acetate-utilizing methanogens and CHi0H-
utilizing ones were accomplished at RT 12 h, 4.2 h or sco, respectly.
3. When RT were shorter than 1| d. about 10 to 30% H: was produced. which
resulted in the rapid propagations of hydrogenotrophs. The levels of H.-
utilizing methanogens were 4.9x10° to 7.9x10° MPN/ml. with 7.9x10°MPN/m}
being the maxmum number at & h, and therefore. the methane production was
still proceeded even when RT was as short as 3.12 h; while the levels of
homoacetogens were 7.9x10° to 3.5x10'°MPN/ml. with 3.5x10'°MPN/ml being the
maxmum number at SRT 12 h, the dramaticly propagated homoacetogens played an
important role in the respects of fermentating complex compounds as well as
a broad spectrum of intermidiaters into acetate and the interspecies
hydrogen transfer.
4. The principle of phase separation is the achievement of a large quantity
of fermentative bacteria. the establishment of healthy populations of
syntrophic acetogens and hydrogenotrophs with a reasonable propotion and the
.production of constant and reascnable distribution of major intermediates
instead of orienting the object of the simple and artifical seperation
between acidogens and methanogens. In fact, it is impossible, and it is
unnecessary to separate completely enrichment cultures of acidogens and
methanogens in phase by kinetic control invoiving manipulation of RT.
5. The best time for phase separation may be at SRT of 12 h.
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INTRODUCTION

The conventional aerobic treatment of domestic wastewater cannot meet
modern standards. For example, the conversion rates per volume of
wastewater components are too low, nitrogen removal is insufficient and
sludge production is too high. These problems are caused by a non optimal
performance of treatment plants, i.e., the removal rate of siudge from the
plant has to be too high. This results in a low biomass concentration, a high
biomass production and the wash out of slowly growing bacteria, e.g.,
autotrophic nitrifiers, and organisms such as ciliates, rotifers and nematodes.
The basis for this behaviour of activated sludge is easily explained by
physiological considerations. Bacteria need energy to remain viable and
they use energy for the formation of biomass. The energy needed to remain
in a viable state is called the maintenance demand; the maintenance of
intracellular ion concentrations and the right intraceliular pH, and the
continuous reptacement of enzymes and RNA are among the processes
contributing to the maintenance energy demand. If the energy supply is a
carbon source, for most bacteria the only source of energy, maintenance
processes result in carbon dioxide production. On the cther hand, during
growth the carbon source is converted to biomass. It is obvious that energy
expenditure 1o remain viable has priority over expenditure for growth. So,
bacteria will convert substrate to carbon dioxide for maintenance purposes
and they will use substrate provided in excess for growth and multiplication.
In a conventional wastewater treatment plant: the sludge concentration is
low, thus the energy content of the influent is divided over a limited number
of bacteria. This leads to a relatively high biomass increase. If the biomass
produced is continuously removed from the plant, the remainder wilt

continue to produce biomass. Furthermore organisms such as nitrifiers,




protczoa and metazoa, which are unable to adjust growth to the removal
rate, are bound to become extinct.

A simple solution seems to be the deletion of sludge removal. Biomass
concentration will then increase and the energy supply per bacterium will
decrease until the supply equals the maintenance demand. Intuitively one
would expect that, at a maximal biomass concentration, all the carbon
sources in the influent are converted to carbon dioxide, i.e., the carbon
sources are fully mineralized (as explained in the next paragraph, this is a
simplification). Unfortunately, this solution is not practicable for technical
reasons. As sludge would accumulate, the separation of activated sludge
and effluent would become impossible. Therefore we need a new
generation of plants, in which sludge and effluent are not separated by a
conventional settling tank.

We can think of two reactor modes in which biomass is compietely retained:
one in which the biomass is attached to sand, basalt, plastic, etc, particles
and one in which the biomass is retained by a filter with a diameter less then
one micrometer (recycling fermentor). The latter mode turned out to be too
expensive for practical purposes, but it is the most suitable one for research
purposes, because it has fewer variables due o spatial uniformity. So, the

recycling fermentor is the best option for physiological studies.




QOUTLINE

We don't expect that biomass retention will lead to a complete mineralisation
of carbon sources, because the composition of activated sludge is complex.
It consists of many different species of bacteria and various species of
protozoa and metazoa may be present. In this complex system many
ecological interactions occur. Bacteria compete for various substrates, and
protozoa and metazoa predate on bacteria and in some cases on each
other. So, it is unlikely that the total sludge concentration wili gradually
increase at a continuous slower rate tifi @ maximum is reached. Changes in
the celluiar physiclogy also affect the validity of the simplistic expectation. {f
bacteria are shifted to a low specific growth rate, regulatory mechanisms are
triggered. This is called the stringent response. During this response the
protein content of cell increases (in the formation of biomass protein
synthesis demands the most energy). The maintenance will also increase
(Stouthamer ef al.;1330). Finally, the ever changing gquantity and quality of
the influent of a wastewater treatment plant is an important factor. At a
sudden decrease of the energy content of the influent the population is faced
with starvation. If part of the population dies, the performance of the piant
might be reduced.

If we want to predict the increase in sludge production and carbon dioxide
evolution in a treatment piant, we need to cover many physiological and
ecological phenomena. in view of all this our research strategy is as follows:
1 Investigation of the degree of mineralisation in a recycling fermentor. For
that purpose activated sludge from an oxidation ditch has been cultured on
both synthetic medium and wastewater. Some results will be discussed in

the next paragraph.




2 Use of mass balances (of nitrogen, oxygen and carbon) to describe the
behaviour of subpopulations. These are used to estimate the growth of
autotrophic nitrifiers in a recycling fermentor.

3 Determinaticn of the physiological status of the whole population in the
recycling fermentor. This will be done to explain the change in energy
expenditure.

4 Investigation of the of protozoa and metazoa. Predation by these
organisms introduces an extra step of mineralisation. Moreover this prevents
the activated sludge from aging and increases the viability. This is par of a
co-project and will be dealt with by C.H. Ratsak and S.A.L.M. Kooijman.

5 Interpretation of the results by a mathematical model. The model was
developed and tested for a variety of higher organisms by Kooijman (1986).
The model is based on the energy budgets of individual organisms. Last
year it was further developed for bacterial monocultures under chemostat
like conditions (S.A.L.M. Kooijman et al.; submitted). The investigations will
be extended to monocultures in dynamic systems. The implementation of the

model in an ecological context is subject of future research.



SOME EXPERIMENTAL RESULTS AND DISCUSSION

Activated sludge from an oxidation ditch, in which domestic wastewater is
treated, was cultured in a recycling fermentor on both synthetic and natural
wastewater. The biomass was retained by an internal or external membrane
unit with 0.22 um pore size. The pH was kept constant between 6.8 and 7.0.
The carbon and nitrogen content of the synthetic medium was 3 mM glucose,
3 mM acetate, and 5 mM ammonium chloride. The provision rates were
varied; the hydraulic loads are less than one day and the food to
microorganism ratio's are comparable 1o those of oxidation ditches. The real
wastewater varied in quality: 100 to 500 mg carbon per litre, and 1 to § mM
ammonium. The carbon source was mainly acetate, while the nitrogen
supply was mainly ammonium. The carbon concentration in the influent
expressed as acetate equivalents varied from 4 to 20 mM. Samples were
regularly drawn to determine biomass concentration, nitrate concentration
and effluent guality. The gas exchange was continucusly measured by mass

spectrometric analysis.

In all experiments the increases in biomass conceniration, the rate ot carbon
dioxide production and oxygen consumption and nitrate formation followed
the same pattern. During the first ten days the biomass concentration
increased, while the supplied ammonium was not completely converted to
nitrate. After this period of adaptation, biomass concentration increased
slowly, while ammonium that was not incorporated in biomass and excreted
proteins, was fully nitrified. After that, 70-80% of the supplied carbon was
mineralized to carbon dioxide (see Table 1 and Fig. 1).

At times, part of the microbial population lysed. This resulted in an immediate
increase of carbon dioxide production, oxygen consumption and nitrate

formation. This oxidation of biomass is called cryptic growth. This



phenomenon indicates prevention of aging and loss of viabiiity by turnover
of biomass. See figure 1 for a typical example. After day 15 pan of the
biomass lysed. The dead biomass is immediately used by the remainder for
mineralisation processes (see the peaks in oxygen consumption, carbon
dioxide production and nitrate formation; the latter even exceeds 3 times the
concentration of the supplied ammonium). In reactors with internal recycling
filters the abundance of protozoa and metazoa increased. Especially rotifers,
thecamoebae and ciliates increased in number. This was not observed in
fermentors with external recycling filters. The shear in those fermentors is
considerable higher. Shear is known to damage these organisms. In both
modes the number of flagellates increased. These increments also indicate
that aging of bacterial biomass is prevented.

in one experiment the carbon to nitrogen ratio (C/N) of the influent was 4
times increased. After 39 days the glucose and acetate concentrations were
increased while the ammonium supply remained the same. Before the shift-
up the culture behaved similarly to the previous ones. After that, the
heterotrophic biomass concentration rapidly increased. The nitrate
concentration in the culture felt to zero, because it was all built in biomass
(see Fig. 2). For that reason the heterotrophs also used alt ammonium. The
autotrophs disappeared, probably because they were starved or predated.
After one week the growth of the heterotrophs stabilized. The culture lost the
ability to nitrify and therefore the ammonium concentration increased (see
Fig. 2). This shows that nitrification heavily depends on the carbon to
nitrogen ratio.

We determined the production and consumption rates of components
containing carbon, nitrogen and oxygen. We were thus able to construct
mass balances. Therefore, the accuracy of the measurements can be
determined by calcutating the recovery of each element. This procedure is

indispensable for scientific reasons, but, as far as we know, it has not been



used before in wastewater research. Mass balances allow one to predict the
magnitude of one missing component. We calculated the growth behaviour
of autotrophic nittifiers, because the carbon dioxide fixation of these bacteria
can be made explicit. This method showed that at the end of the experiment
the nitrifying biomass was a considerable part of the total biomass.

Twenty years ago Gaudy et al. (1970) investigated the growth behaviour of
activated sludge and the stability of purification of synthetic wastewater in. a
reactor with complete sludge retention. They showed that biomass retention
results in stabilization of sludge production (i.e., increases in biomass
concentration were followed by decreases accompanied with sludge
oxidation). During this experiment, which lasted for two years, the
performance of the reactor didn't change. Unfortunately, they used glucose
as sole carbon source. Sugars have a high energy content and do not occur
in domestic wastewater. Moreover, the substrate was supplied intermittently,
while the bacteria had to survive an anaerobic phase. This procedure could
have selected a population which is able to grow anaerobically and is able
to take up substrate rapidly. More recently Chaize and Huyard (1991) treated
wastewater in a reactor with membrane retention. Their results were
principally the same: sludge production is stabilized, while the effluent had a
low carbon content.

The results of Gaudy ef al. and Chaize and Huyard are consistent with our
conclusion that, from a biclogical point of view, biomass retention is a
feasible alternative to the conventional treatment. However, much

physiological research remains to be done.
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Experiment SYNTHETIC WASTEWATER REAL WASTE-

A B WATER
Duration of experiment (days) 40 as 60
Substrate provision rate (mmol per liter culture per day)
- glucose 3.0 6.2
- acetate 3.0 6.2 4-201
- ammonium 5.0 10.4
Maximal oxygen demand (gram per liter culture per day} 0.75 1.6
with nitrification 1.0 2.3
% carbon recovery 98.4 97.8 902
% carbon to biomass 9.3 4.5 7
% carbon to carbon dioxide 78.0 79.2 72
% carbon to effluent 9.0 13.3 7
% carbon lost by sampling & technical failure 5
% nitrogen recovery 97.2 2
% nitrogen to biomass 8.9
% nitrogen to nitrate 67.1
% nitrogen not (completely) nitrified 0.9
% nitrogen to protein in effluent 18.3

Table 1; Allocation of nitrogen and carbon in influent to biomass, carbon dioxide and components in effluent at two
different hydrolic loads with synthetic waste water and one with real waste water of varying quality. !the carbon
content of the waste water is expressed as acetate equivalents; see text for explanation. 2 The calculations with
data from the experiment with real waste water are only prelimenary, because not all components are yet
determined.



Figure 1: Biomass concentration, ammonium and nitrate concentration, and gasevolution
during the first 25 days of the experiment denoted as A in table 1.

ES
E
]
a
@
£
& 1
3
0 T T T AR B T hi—
0 5 10 15 20 25
Time in days
0.027
—a—  [NH1|
3 } —— Nog
E
£
=
2 o.ow
-]
=
-]
E p
E‘ L
000 O= Eon o n D=L}
0 5 10 15 20 25
Time in days
0.04 -
© w
= e
g 003 . =-~ =
E "
5 .
8§ ood /
! ke
b _M‘J" Q\\ M—
5
§ 0.01 4 . dCOzd
Q k O/t
-
0.00 T ) A S T T 1
0 5 10 15 20 25

Time in days



Figure 2: Increase of biomass concentration and change of the nitrate and ammonium
concentration after a shift-up of the glucose and acetate but not the ammonium concentration
at day 38. Conditions and results of the first 39 days are summarized in Table 1 under
experiment B
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ABSTRACT

We tried to monitor directly NH4-N and NOx—N in a mixed liquid of biological
denitrification reactor by using UF unit.

The problem of clogging in the automated analyzer was solved by the UF
treatment prior to the determination. New automated NH4-N analyzer consists of a
gas separation unit and a deteciton wunit. For more than 6 months, the NH4-N
monitoring system has worked continuously.

For determination of NOx—N in a mixed—liquid of bioreactors, we developed UV 2
wavelengths (220nm & 250nm) absorption method to eliminate color interference
This is a simple and fast method, and applicable to any  biological
denitrification reactor(municipal wastewater and collective human excreta etc.)

Also we tried to control the feed air ratic in a biological denitrification
reactor by NH4-N itself, Direct AmmoniUm Control system [DUC system] using fuzzy
inference enabled quick response and high nitrogen removal.

KEYWORDS

biological denitrification; control; NH4-N; NOx—-N; UV absorption:
ultra—membrane—filtration; fuzzy inference; human excreta; automated analyzer;

INTRODUCTION

With the remarkable development of micro—processing technology, in many
wastewater treatment plants, automation of data logging and process monitoring
have made possible. Control techrologies have been also popularized, but in
biclogical treatment processes (aeration reactor etc) popularizations of
control technelogy are not so fast due to restriction of development of water—
quality sensors.

Application in plant use, water—quality electrodes (DO, ORP, pH, NH4-N etc.)
have some problems such as reliability, reproducibility and response speed.

Recently, magnetic—stirrer—type electrodes have been developed to solve these
problems.

In this report, we studied as an application of this ftype automated NH4-N
analyzer in a biological denitrification reactor.

In recent years, the biological denitrification technology has oonsiderably




been improved especially in collective human excreta treatment plants in Japan.
In order to cope with the stringent effluent quality regulations set for human
excreta treatment plants, the  non—dilutbion and high—lcad biclogical
denitrification process with  ultra—membrane—filtration for  solid/liquid
separation has been developed.

In this study, a typical example of this process is reported. Alsc we studied
an application of direct NH4-N control system using fuzzy inference to a
non—dilution high—lcad plant

1 MAGNETIC~-STIRRER-TYPE CONTINUOUS POLISHING
SYSTEM FOR ELECTRODES AND IT'S
APPLICATION TO AUTOMATED ANALYZERS.

Magnetic—stirrer—type continuous polishing system for electrodes was developed
for automated analyzers. The surface of electrode membranes is polished by an
abrasive or a plastic coated magnet bar which is driven by a motor to eliminate
adsorbing substances and reaction products brought in  measurements{Fig.2). The
reproducible Nernstian responses were obtained for the ion—selective ceramic and
metal electrudes for a long term.

The system could be efficiently applied 4o automated analyzers such as for
total cyanide, ammonia, ORP and pH.

FIG~1 shows appearance of this type of pH detector. The detector is ==t in a
sample solution and both pH glass electrode and reference electrode are
continuously polished. The detector is  calibrated by injecting pH7 and pH4
standard solutions through compressed air {carrier) tube to pH glass electrode
without pulling up.
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FIG—2 shows sectional view of a magneticstirrer—type continuous polishing
conductivity cell of NH<—N automated analyzer. FIG—4 1is schematic diagram of
this analyzer. FIG—3 shows a conventional type gas permeable-membrane electrode.
In this new automated NH.—N analyzer, the gas sepatation wunit having a gas—
permeable membrane is separated from the detector unit measuring electric
conductivity and both units are set in thermo—controled boxs. NaOH injection
into a sample turns ammonium ion to ammonia gas. The gas separation unit
collects only an ammonia gas and again turns to ammonium ion into the carrier
solution (dil H.S0.) which reaches the electric conductivity cell.
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Fig.2. Sectional view of magnetic—stirrer
type continuous polishing conductivity
cell of NH4—-N automated analyzer.
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Table—1 shows the features of the improved analyzer. Rate determining step of a
conventional electrode is the diffusion process (reaction speed several 10sec—
several 10minutes). On the other hand, the improved analyzer can minimize the
thickness of diffusion layer by strong turbulence of stirrer, then response

speed can be minimized.

TABLE 1 Comparison of magnetic—stirrer type oonductivity method
with conventional type electrode.

ITEM

Conductivity method

Conventional method

Measureing method

Measurement range
Output charactaristic
Effect of temperature
Response speed

Sensitivity
Washing period

concentration with membrane

tube and measurement by

coductivity

0~01mg/I N to

0 -~ 100 mg/1 N variable

linear to NH4—-N

concentration

small (separation unit and
detector unit are set in
thermo~controlled box)

quick

min 0.002mg/1 N

every time after detection

gas permeable membrane
electrode

0-20 mg/1 N

logarithmic to
NH4-N concentration
large (electrode is
directly dipped in a
sample solution)
slow
min 0.04mg/1 N
periodically




2. REAL-TIME MONITORING OF AMMONIUM NITROGEN
IN A BIOLOGICAL DENITRIFICATION TANK
USING MAGNETIC-STIRRER TYPE AUTOMATED

ANALYZER PRETREATED WITH UF UNTT.

MONITORING SYSTEM

FIG—5 shows the flow of the real-time monitoring system. The system is placed in
a non~dilution and high—load biological denitrification pilot plant treating
collected human excreta(10kl/day).

UF unit consists of a tubular UF{made of poly—olefin 11.5¢) and a2 recirculation
pump. The MLSS of the reactor is as high as 15000-18,000mg/1, but SS in
permeate s Omg/1 to prevent clogging of sampling tube. FIG—6 shows the
specification of the automated NH,—N analvzer.

Utra ) [SPeC i cat onJo TAthe INAIN FAUTGANALY ZER!
BIW Filtf'atlon Unit Automated
(with Inverter) NHZ-N Measurement Informet ion
IS Anatyzer Method Concentraiton by Menbrane
\ & Condictivi | = Py
' Renge 010 me/| NStenderd) [ [ (]
00/} to O-100me/| N .
(Cption) G B
— One Cycle 30min or B0min
infiuent = — Accuracy 5% of full Scale cii=B
R Size(m) WS00 x D670 x HZAO G
°, . 050 ‘; Treated water “Biﬂ’]t(k&)m @ ﬁ .
tmij (to Settier) Spel ler KIMOTO ELECTRIC CO..LTD. ‘
Biologica Denitrification Reactor. Model  VS-3820
Fig5. Flow diagram of real—time Fig.6. Specification of NH4-N
monitoring system. automated analyzer.

RESULT AND DISCUSSION

FIG-7 and FIG—8 show NH4-N values measured once an hour. For more than 6 months
this system has worked continuously in the plant only with supply of reagents

and chart paper. This system can be maintained very easily.

TABLE-2 and FIG-9 show the analytical data of NH4-N in the bloreactor by this
system and by distillation—titlation method. As shown in FIG-9, the results of
parallel analysis of 47 samples obtained by both methods agreed well throughout

the analyfical range. The statistical data demonstrating the agreement was as
follows: r=0992; y=0.98x+1.88; n=47.

Fig.7. Values of NH4-N monitored once an hour.




TABLE-2 Comparison of NH.-N valves(ng/ 2} wValues of ammonium nitrogen in € plant

date NH.-N valves(ng/ Q)
Aulomated [Distiuation —~ 27
1989 ana ) yzes titlation methnd E
5/18 0 1.65 & 29
b} 1 0.91 T
% 22 29.2B -
% 1 1.6
% 0 1.33 ; o
28 4 5.46 !
2 3 1.34
30 3 4.13 0
31 3 3.92
671 rl 3.57 DATE
2 3 173
: 2 ra Fig8. Values of NH4-N monitored
5 0 3.71
H 1 12.2 once an hour.
7 11 4.1
8 15 11.6
9 38 7.3
10 76 80 it :
u 57 | 0.9 sd oo
12 23 2 sHad
13 7 7 Ra,l
14 7 8.4 ]
15 %5 %.4 gg“’
16 2 | 26 Foo| oo AT
17 22 5.5 B > IR T
18 42 ViR — ‘ QO T P
> z zt b T 0.0 y0. BB+, 84T |
z 14 15.3 e e S S———
7.2 e ® 49 68 P 108
z a4 2.2 N#-NCppmoby AUTOANALYZER(VS-3820)
5 10 iﬁ.g
% 17 . ) ) .
77 18 18.5 Fig.9 Relationship between NH4—-N values
2 z 21 found by the distillation/titlation
L Zl 2.5 method and by the automated analyzer.

3. MEASUREMENT OF OXIDIZED NITROGEN BY UV ABSORPTION
METHOD IN A BIOLOGICAL DENITRIFICATION TANK.

To know the trend of inorganic nitrogen in a biclogical denitrification
reactor, a simple rapid and reliable method to determine NOx—N is necessary in
addition to rapid detection of NH4-N .

It is well known that NO2-N and NO3-N have shbrong absorbancy in the range
{200nm-250nm) of UV spectra. But in this range, many substances have shbong
absorbancies, so determination of NOx—N by UV ateorption is limited to clean
water such as field investigation (sea, lake or river).

Effluents from oollected human excreta treatment plant are coolored brown.
elimination of color interference is very important

We developed UV 2 wave-lengths absorption method to eliminate coolor
interference.

ANALYTICAI, METHOD AND SAMPLING PLANTS.
FIG-10 and FIG—11 show absorption spectra of NO2-N and NO3~N standard solution
(1-25mg/1) respectively.
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ESTIMATE NOX-N(me/1) = (E220-1. €5+4E250) /0. 264

“| BASIC CONCEPT of UV ABSORPTION _
259 METHID MEASUREING OXIDIZED NITROGEN
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L . . :
[
g ; 2y sorbency of NOxN)
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Figl3. Basic oonceept of UV absorption
method measuring NOx—N.

TABLE-3 NO:~N,NO: N Canoentration by Technicon aralyzer and UY method in different plants.

PLAKTS

Technicon Method Niag/t)! UY Method Nleg/t) ‘

j T T 1
NAE, PRICESS | n [NO:-N NO;-N' KON (o)

CNOxN (o) |E220°/EZS0(z) period

saxpling

A [D-N(ZETAGE) 22

B DNGSTAE), 28

t

C [AEROBIC DIG!

|

D [p-N0sTAG) | 10

0.06

0.09 2.14) 2.23(0.260) | 2.24(0.335) | 1.641(0.046) 190-9/25-10/8
019 049} 0.68(1.082)| 0.60(0.996) | 1.626(0.019) 90-5/24-1071
005 0.03' 0.0800.040 | 0.090.491
12.48.12. 7201, 657) 112. TL(1. 254) | 1.241(0.156)5%—]0/140/]_2

1.825(0.032) '90-9/27-10/11

[ANOTATIONY (o) :STAMDARD DEVIATION.

E220" :ABSORBANCY eliminated that of NOx-K.

DN :DeNitrification process.
AEROBIC DIG

(AEROBIC DIGESTION prooess.

Absorbancies of NOZ2-N and NO3-N are almost zero at 250 nm or more.
¥I1G-12 is a calibration curve of NO2—N and NO3-N. As NOZ-N and NO3~-N have equal

sensitivities at UV 220 nm

and absorbancy at 220 nm shows total NOx—N

absorbancy. The UV spectrophotometer used in these experiments is a HITACHI U-
2000 double—beam spectrophotometer with flow cell.

FIG-13 shows the basic concept of UV absorpbon method measuring NOx—N.

NO2-N and NO3-N concentration by the Technicon analyzer and UV method in four
plants are shown in TABLE~3. Sample liquids from treatment plants were filtered

by No5C paper before measurement.




FIG-14 shows typical UV absorption spectra in different plants(dilution ratio=10).
FIG-15 shows revised UV abtsorphion spectra by eliminating absorbancy of NOx—N.
This specir2 is supposed to show absorption of color. These spectra from each
treatment plants resembles very well and E220(absorbancy at 220nm)/E250 ratics
are almost constant in these plants.

RESULT AND DISCUSSION

ORGANIC INTERFERENCE

According o previous studies, organic materials which have absorbancies in  the
UV range interfere NOx—N determination. However, data show no interference in
this test because of decomposition of interfering materials.

COLOR _INTERFERENCE

Sample solutions of each plants treating collective human excreta are oolored
brown. This color has absorbancy in UV range. It is obvious in this test that
E220 (without NOx—N adsorption) has constant ratio to E250 in each plants. In
this way interference by color can be eliminated by calculation.

COMPARISON OF METHODS

As shown in FIG-16, the results of parallel analysis of 60 samples obtained by
both methods agreed well. The statistical data indicating the agreement was as
follows.

r=0.998; y=0.990x + 0.03; n=60

it T " - n " )
e.;— A 9/2TA0  NDX-N= 2. B6ppm 55 14 - RS ,,,,,, ..... 2o
5 o] B 10/ NDAF 4.3%pm| SR ef oo 3
s .7 C 10/6M NX-N=0.%8pm| =@ 0 o T
5 . D 10/10MM NOX-N=14.5%pom| @R 1 i T
D o LUTION RATIO =10) = 1 A ; Y=0.880X + 0.03
5.2 - D ad
8.2 ] — % oA e (r=0.888 n=60)
e.]—' . N : . . . * 4 T T T Y T T T
Bz;e - Zéa . 2.5’{5 T ?"?B T 2‘;@ T 3i0 T 3& T [} 4 8 12 16
WAVELENGTH. nm NOx-N(mg/1) by TECHNICON
Figld. UV absorption spectra in each Figl6. Comparison of NOx—-N
plants freating oollective human between UV method and
excreta. TECHINCON method.

- (DLUTION RATIO =)

e 2= | | 7m | 7 me | T
NAVELENGTH. nm

FiglB. Revised UV absorption spectra in

each plants by elimiating absorbancy

of NOx—N.




4. TYPICAL CONTROL SYSTEM IN A NON-DILUTION AND HIGH-LOAD
BIOLOGICAL DENITRIFICATION PROCESS IN JAPAN.

The treatment technology of collected human excreta has rapidly changed by the
development of biological denitrification process in Japan.

And recently non—dilution high—load biological denitrification systems with
high performance aeration devices have been operated. In these systems, Total—-N
removal ratio was increased and caustic soda to adjust pH and methanol for
carbon source are disused.

Ultra—membrane filtration process is now applied for the  solid/liquid
separation step.

In this section, we study KUBOTA U—tube process as a typical excellent example
applied in Japarn.

GENERAL VIEW OF U-TUBE PROCESS.

Fig—17 shows a structure of U—tube deep reactor system. Standard composition of
screened collected human excreta are as follows: BOD 12,000mg/1 S8 18,000mg/1
T-N 4500mg/1 PO L000mg/l. This process is fed intermittently with
pretreated human excreta and air, and the pH, DO, ORP are monitored.

Mixed liquid is fed to the top of air—liquid mixing pipe, where air is aspirated
through the ejector. Efficlency of oxigen uptake rate is as high as about 50%.

In the U—tube reactor DO level is controlled about 05mg/l, nitrification and
denitrification proceed simultanecusly. Then BOD and Total-N are removed in the
single reaction tank. Fig—18 shows vertical wvariation of DO levels in this
reactor.

Omp——#&—
3 -
g l
E 5m
<
B .
1{iml
6 1z
DO{mg/1)
Figl8 Vertcal variation of DO Figl7 Structure of U=tube deep

levels in the reactor. reactor system.



OPERATION AND CONTROL

OF U-TUBE PROCESS. a;a: 1.0l
Figl9 shows a operation control mode e
of U—tube oprocess. Screened human - i%
excreta is fed intermittently once in 3 ~ 0
— 4 hours. Air flow rate is increased = OBf
stepwise to follow the preset DO pattern ;%“ 0.5
by computer control. = 0.5} \\\\\\\
Rapid increase of DO level in the final <. 0
part of the cycle means ending of '?'.32
nitrification and denitrification. That £ 1t \ ,__/_/\
is to say, rapid increase of DO level 8 O nnam™
shows appropriate air volume was fed in TIME(mm) IN 1 CYGLE
this cycle. 7.41
The computer inputs total air volume T 7.0 P
. * ——
fed in the cycle and average DO level at 7.0t e N
the final part(in 5 — 10min), then . , . *
outputs air feed volume to next cycle. - 00!
In this way, DO levels in the U~tube & —, e
reactor are automatically controlled in % 0} S
the range about 05 mg/l
S
g
=
Figl9 Operation control ol # )
mode of U—tube 0 204060 80100 40 180
proeess: TIME(min) IN 1 CYCLE

5. NEWLY DEVELOPED DIRECT AMMONIUM CONTROL SYSTEM
USING FUZZY INFERENCE.

The U—~tube process just mentioned is a very excellent control system and T-N
removal rate exceeds 99% or more. But this system utilizes DO level and DO trend
pattern, intermittent feed is necessary and 1 cycle consumes 3—4 hours.

NH4—-N is one of the most difficult substance to be removed in a biological
denitrification process. NH4-N had been controlied so far by indirect indexes
such as DO, ORP, pH etc., because NH4-N is invisible and no automated analyzer
had been served due to less stability and disturbance of SS compornents.

SEQUENCIAL, PROGRAM OF DIRECT AMMONIUM CONTROL.

We tried a direct ammonium control system by using the improved NH4-N automated
analyzer with UF unit Fig.20 shows the flow diagram of this pilot plant. Volume
of the biological reactor is 38m® (2.2m¢ X 10mD), and highly efficient
submerged axial flow aerator and air blower with Inverter-motor are wused for
aeration devices. Screened human excreta was fed oontinuously (10ki/d), and
aeration of this reactor was intermittent(30 min / cycle).



Fig.21 shows an example of sequential control program Fig.22 shows a daily
change of NH4-N wvaluee As the resuit, NH4-N wvalue wvaried wp and down
periodically because of {ime lag in the control program. This control program
was not proper in this case. But it it obvious that NH4-N can be controlled by

feeding appropriate air.

P o ?NHA-N SENSOR
; Yop
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i JAYSE (Valiable)
Y N
4 o> o

ek

RECEIVER BIOLOGICAL
TARK REACTOR ~ RECIRCULATION
TAMK

Y <528>-8 N
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. ) . 03P ) SXUP GE‘ J
Fig.20 Flow diagram of pilot plant T T Cﬁ\}i o DPNN 10!20“
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Fig.21 An example of sequential
r J control program using
; R R A S ' ammonium analyzer.
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Fig.22 Daily changes of NH4-N value.

DIRECT AMMONIUM CONTROL USING FUZZY INFERENCE

Biological freatment such as denitrification is a complex reaction of many unit
operation and biological reaction. In such treatment, using single index +to
control has limitation. Fuzzy control is a multi—index control, we wused fuzzy
inference combined with direct ammonium control system.

Human excreta was fed oontinuously and aeration of this reactor was
intermittent( 30min/cycle).

Fig.23 shows the conirol system using fuzzy inference. Indexes used are DO,
ORP, pH and NH4—-N, output is air flow rate. As this fuzzy control system changes
output every 5 minutes, this system is stable and performs quick response,

Fig.24 shows trend pattern of each indexes. <—values show set point of each
indexes. Fuzzy controller takes each deviations and adequate air flow rate is
delivered to inverter.




In Fig.24, feed of human excreta was rapidly increased 2.4times and continued 2
hours. Fuzzy controller increased air flow rate rapidly and within 2 hours, NH4-
N concentration recovered.

Very flexible control can be done using direct ammonium control system with
fuzzy inference.

In this test, we used ORPX-system ( fuzzy control software of OC Engineering.)
and 16bit personal computer (180286 + i80287) set.

[INPU T DO ORP pH NH4-N

‘ E%

2

FUZZY CONTROL UNIT ~

1o Membership ’:'g

ol function >

PERSONAL “GOMPUTER .~

CPU 180286 FPU 1BU2BY ° =

CUIET AR ELOW RATEGRS/HD’ §
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280 JAN. 1991
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Fig.23 Basic concept of fuzzy
control system/FUZZY-DUC]
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Fig.24 Operation data of
FUZZY DUC system.
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Introduction

Eutrophication preblems in long and narrow islands surrounded with great
oceans such as Japan where is surrounded with the pacific ocean and the Japan
sea might be different from them in continental countries where have many
inner lakes. Because the carrying capacity for N and P in a great ocean is very
larger than that in inner lakes.

In this paper, we report about 1) An outline of water pollution in the
enclosed water areas of Japan, 2) Strengthening of area wide total pollutant
load control system for COD, 3) Environmental quality standards for N and P in
lakes and reservoirs, 4) Approach to enactment of environmental quality
standards for N and P in enclosed coastal seas, 5) Future and recent progress
in wastewater treatent techniques and 6) Fundamental strategies for reduction
of pollution load for COD, N and P discharged into the enclosed water areas in
Japan.

Water Pollution in the Enciosed Water Areas of Japan

In the enclosed or semi-closed water areas where little exchange of water
take place and pollutants contained in the water are prone to accumlate, above
all population and industries concentrate, water pollution is a very serious
problem. The environmental quality standards (EQS) for CODw, have not met in
the representative lakes in Japan such as lake Biwa, lake Kasumigaura, or lake
Suwa. The transition of CODw. in the representative lakes is shown in Fig. 1.

Water pollution in enclosed sea areas is actualized in the compliance ratio
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with EQS or outbreaks of red tide. The transition of compliance ratio with EQS
for CODu. in the representative enclosed sea areas such as Tokyo bay, Ise bay
and Seto Inland Sea is shown in Fig. 2. Yearly changes in the number of
confirmed outbreaks of read tide in the Seto Inland Sea is shown in Fig. 3.

Strengthening of Area Wide Total Pollutant Load Control System for COD

Since 1979, the Area Wide Total Pollutant Load Control System for CODy.
has introduced to Tokyo bay, Ise bay and Seto Inland Sea as shown in Table 1.
With this system, the following measures have promoted strongly with the first
control from 1979 and the second control from 1987,

1) Determinating the control standards for the total COD load discharging into
the area.

2) Promoting the measures concerning municipal and domestic wastewater
including expansion of areas coverd with the sewage treatment system.

3) Determinating the control level of COD load that is discharging from each
industrial plant.

As organic water pollution in these 3 sea areas, however, has not dissolved
yet and population or industrial products have a tendency to increase still,
the third control is being planned to further reduce the total COD load as
fol lows.

1) Promoting construction of domestic wastewater treatment facilities,

2) Promoting introduction of advanced treatment in domestic wastewater
treatment facilities.

3) Promoting practical activity to make reduce domestic pollutant load in
the genaration stage.

4) Strengthening of control measure to industrial plants that are
discharging high COD load in considering impartiality of control measure.
5) Strengthening of control measure to industrial plants that are regulated

already.
6) Application of harder control measure to new constracted industrial
plants.
7) Enlargement of control measure to small scale plants where their




Figure 2. The Transition of Compliance Ratio with Enviromental Quality
Standards for CODua.
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Source: Japan Environmental Agency
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Tahle 1. Area Wide Total Pollutant Load Control for CODw. applied to
in the Tokyo bay, the [se bay and the Seto Inland Sea.

Actual COD Loads Goal of COD Ratio of
in Generation Stage Reduction Reduction
(ton/day) (ton/day) (%)
1979 1984 1988 1889 89/84 89/79
Tokyo bay
Domestic Sewage 324 290 255 249 86 717
Indust. Wastewater 115 83 80 78 94 68
Others 38 40 38 38 g5 100
Total 477 413 373 365 88 77
Ise bay
Domestic Sewage 151 150 145 140 93 93
Indust. Wastewater 119 101 99 98 97 82
Others 37 35 34 34 97 92
Total 307 286 278 272 95 89
Seto Inland Sea
Domestic Sewage 486 443 416 402 91 83
Indust. Wastewater 429 367 358 355 97 83
Others 95 89 88 87 98- 92
Total 1010 889 862 844 94 84
3 Sea Areas
Domestic Sewage 961 883 8§16 7491 90 82
Indust. Wastewater 663 551 537 531 96 80
Others 170 164 160 159 37 94
Total 1794 1598 1513 1481 33 83

COD load from Pulp and Paper industries occupies 27 % of the total COD load

from all industrial wastewaters within these 3 sea areas.



wastewaters have not regulated.
&) Taking measures for livestock wastewater.
9) Taking measures for aquarculture wastewater.
10) Taking measures for the removal of bottom sediments.

For reduction of COD load from industrial plants, severer effluent
standards for COD than national effluent standards are applied to the designated
industrial plants where the Area Wide Total Pollutant Load Control System is
applied,

Environmental Quality Standards for N and P in Lakes and Reservoirs

According to progress of eutrophication, many lakes and reservoirs in Japan
had been damaged by outbreaks of green or red algae for their water use such as
drinking water or fishing. In order to control eutrophication of lakes and
reservoirs, Environmental Quality Standards and Effluent Quality Standards for
N and P in Lakes and Reservoirs as shown in Table 2 and 3 were established in
1985,

The efflyent quality standards for P are applied to all eutrophicated lakes
and reservoirs. That for N of are applied to lakes and reservoirs where
nitrogen is considered to be a limiting factor for algal growth on account that
the N/P ratio is less than 20 on the weight base, P concentration is over (,02
mg/1, AGP test results and so on.

The categories of environmental quality standards for N and P have been
designated in 44 water areas in 40 lakes. And the effluent quality standards
have been applied to 1,066 lakes for P and 78 lakes for N respectively.

Approach to Enactment of Environmental Quality Standards for N and P in
Enclosed Coastal Seas

In order to establish the environmental quality standards for N and P in
Enclosed Marine Coasts, the investigation is continued by a working group of
Japan Environmental Agency. A result of this investigation for 3 years from
1987 till 1989 was demonstrated as a interim report. This outline is as follows.

1) Analysis of correlation among water quality items




Table 2. Environmental uality Standards for N and P in Lakes and Reservoirs,

Category Purpose of water use otandard Values
Total-Nitrogen|Total-Phosphorus

I Conservation of Natural Environment,| 0.1 mg/l 0. 005 mg/l
Uses listed 1nIl, I, IV, V. or less or less

i Water supply class 1,2,3, 0.2 mg/l 0.01 mg/l
Fishery class 1, Bathing, or less or less
Uses listed in I, IV, V.

m Water supply class 3, 0.4 mg/l 0.03 mg/l
Jses listed in IV, V. or less or less

v Fishery class 2 0.6 mg/l 0.05 mg/l
Uses listed inV or less or less

Vv Fishery class 3, Industrial water, 1.0 mg/l 0.1 mg/l
Agricultural water, or less or less

Conservation of Environment.

Conservation of natural environment : Conservatlion of scenic points and other

natural resources.

Conservation of : Up to the limits at which no unplesantness is caused to the

people in their daily lives including a walk along the shore,




Table 3. Effluent Quality Standards for N and P into Lakes and Reservoirs.

Standard Values
Total-Nitrogen : Maximum 120 mg/l, Daily Average 60 mg/l or less
Total-Phosphorus Maximum 16 mg/l, Daily Average 8 mg/l or less

Effluent Quality Standards for P are adopted to all eutrophic lakes and
reservoirs,

Effluent Quality Standards for N are adopted to the eutrophic lakes and
reservoirs where N is understood as a limiting factor for phytoplankton growth.
Provisional standards within limited 5 years are adopted to the industrial

wastewater that it is difficuit to adopt the standards immediately.



From analysigses of many water quality data in 14 japanese marine coastal
areas such as Tokyo bay, 0Osaka bay, Ise bay, Mikawa bay, Hiroshima bay, Hakata
bay, Harimanada, Kagoshima bay, Saroma lake and Sagami bay, the relationships
between 2 kinds of water quality items are shown as Table 4,

2) Algal growth potential test in each water area

In order to confirm the limiting factor for phytoplankton production, the
algal growth potential (AGP) test was adopted to water samples in these areas.
From the AGP test of 469 samples, the limiting factor for phytoplankton
production was proved as shown in Table 5.

In 469 tested samples, the limiting factor was N for 173 samples (37 %), P
for 150 samples (32 %), both ¥ and P for 48 samples (10 %), other matters such
as vitamin B,., F. etc. for 84 samples (18 %), unknown for 14 samples (3 %)
respectively. Therefore, N and P occupied about 80 ¥ as the limiting factor in
these water areas.

As the limiting factor for each phytoplankton class, N and P occuptied
about 90 ¥ in Mixed classes, 80 ¥ in Bacillariopkyceae and Rhaphidophyceae,
about 60 % in Eugenophyceae, about 37 ¥ in Dinophyceae respectively.

3) Water Quality Troubles in Japan Coastal Seas
Water quality troubies caused by eutrophication or organic pollution
occured in Japan coastal seas are as follows.
(1) Water quality troubles caused by eutrophication
As water quality troubles caused by eutrophication, the troubles such as
fishery damage, swimming troubles and troubles to industrial water supply
caused by outbreaks of red tide, odour troubles and scenic troubles caused by
outbreaks of red tide or seaweeds have been confirmed in Japan coastal seas.
(2) Water quality troubles caused by organic pollution
As water quality troubles caused by organic pollution, fishery damage and
decrease of aquatic products, odour troubles and scenic troubles caused by
formation of D0 deficit water area or anaerobic sediment areas have been
confirmed.

4) Desirable N and P levels for marine utilization
As each desirable N and P level for each marine utilization from the

relationships between the occurrence of water quality trouble for water use and




Table 4. The Relationships between 2 kinds of Water Quality Items.

Regression Line

Regression Line (Logarithm)

Items
Chlorophyll-a : T-N, T-P
(Summer) (Year)

Chl-a(S)=34.3 T-N—1.84 r=0.875

Chl-a{S= 453 T-P—4.52 r=0.942

n= 730

n=30

log Chl~a(§)=1.4510g T-N-+1.53

r=0.808 n=30
log Chl-a(8)=1.641og T-P+2.31
r=0.824 n=30

Transparency :Chleorophyll-a

Transp=—10.113 Ch1-2(8)+ 7.06

log Transp=—0.32710g Chl-a(S)+0.984

(Year) (Summer) =—0.661 n=30 r=—0.833 n=30
C 0D : Chlorophyti-a COD=0.0627 Chl-a{8)+1.47 log COD=0.29810g Ch1-a(S)+ 0.0707
! (Year) (Summer) r=0918 n==30 r=0.881 n=30
g : -
)] CoD DO=—12.6 COD+ 101 r=—0.762 pn=24 logDO 0.56710gCOD+2.33
{Summer, Bottom) (Year) r=—0.774 n=24
Transparency : C 0 D Transp=—184 COD+9.79 log Transp=—0.99310g COD+ 1.03
(Year) (Year) r=—0.732 n=30 r=—0856 n=30
: Chl 1- . — - A ) 0.0585
C 0D : Chlorophyll-a COD=0111Chl-alf)+ 134 r=0.853 n=30; 08 COD=0.367log Chi-aM)+00565
{(Year) (Year) r=0.918 n=30
_ _ _ log Chl-a(Y)=1.27log T-N+1.32
Chlorophyll-a :T-N, T-P | Chl-a)=20.0 T-N—0.141  r=0.869 n=30 ‘ r- 0833 n=30
(Year) (Yeﬂr) - — o =0 — logChl—a(Y)= 14410gT-—P+289
Chl-aY)=266T-P—1.79 r=0.944 n=230 r—0.854 n=30
Chlorophyll-a:Chlorophyll-a log Chl~a(8)=1.151ng Chl-a{Y)+ 0.0120
Chi-a(S)=1.67 Chl1-a(Y)— 1.15 r=0.976 n=230] ¢ ' g e
(Summer ) (Year) 5)=1.67 2 r g r=0.974 n=30
T-N=-—0.0767 Transp + 0.B68 log T-N=—0.9541l0g Transp+0.213
T-N, T-P :Transparency r=—10.517 n=30 r=—0.672 n=230
(Year) (Year) I T-P=-—0.0073 Transp -+ 0.0801 log T-P=—1.01log Transp—0.783
r=—0.605 n=230 r=—10.787 n=30
log T-N=—1.8110g DO+ 2.91
T-N, T-P : p 0 T-N=—0.0182 D0+ 1.75 =—0.771 n=24 r=—0.814 n=24
(Year) (Summer, Bottom) | T-P=—0.0014D0+0.144 r=—0.747 n=24| logT-P=—1.6610g DO+ 1.59
r=—20.776 n=24

Chlorophyll-a :(mg/m*), T-N :(mg/l),
DO : (%)

COD: (mg/l),

T-P :(mg/1),

Transparency : (m) ,




the N or P concentration level at that place and on that time, the following
levels as shown in Table 6 are proposed by the working group.

(1) Conservation of the natural environment
As desirable N and P levels for conservation of the natural environment,
the N and P level in marine park areas are selected. Trancparency in many
marine park areas of Japan coasts is over 10 m. The N and P level where

trancparency is over 10 m corresponds to below 0.2 mg/l and below 0.02 mg/l
respectively.

(2) Sea bathing and swimming
The 75 % value of N and P levels in marine resort areas of Japan coasts is{,
40 mg/1 and 0.03 mg/l respectively. As the N and P levels where water
quality troubles have occured 0.30-0.90 mg/l and 0.03-0.14 mg/1 respectively,
As desirable N and P levels for sea bathing and swimming, Below 0.3-0.4 mg/l
for N and below (.03 mg/1 for P are proposed respectively.

(3) The minimum level for the environmental conservation
As the minimum eutrophic level for the environmental conservation, the
minimum DO level for existance of benthos in the bottom layer in a summer
season 1s selected. From many data, it is estimated that the minimum DD level
requested is to be 2-3 mi/]l and its DO level corresponds to below 0.6-1.0 mg/l
for N and 0.05-0.09 mg/1 for P respectively.

Table 5. The Limiting Factor for phytoplankton Growth in Marine Coast of Japan.

Phytoplankton

Class N P NP V.B,» Fe Mn Other Unknown [ Total
Cryptophyceae 1 1
Dinophyceae 1 5 4 2 2 16
Bacil lariophyceae 67 40 24 5 11 4 13 164
Rhodophyceae 57 82 17 2 18 3 1 16 196
Eugelenophyta 1 6 2 2 11
Chlorophyceae 18 3 21
Mixed Classes 29 23 1 2 1 4 60

Total 173 150 48 13 33 3 11 38 469




Table 6. Performances in biological treatment plants

An example of an industrual waste water treatment plant{fermentation industry)

Raw Treated Removal
water water ratio

me/1 ng/| %

CoD 3000 900 70 Activated sludge process. Treated

T-P 4) 12 70 water is discharged after being

T-H 1200 480 60 diluted with 12 times cooling water.
Raw Treated Removal
water water ratio

oD 170 54 68 Activated sludge method.

T-P 3 I 68

T-N 140 120 14

Ah example of a Night soil treatment plant (1975)

Raw Treated Kemoval
water water ratio

mg/!  mg/l %
coD 7000 2100 70 Activated sludge process. Treated
T-p 340 240 30 water is discharged after being
T-N 5000 3500 30 diluted with 19 times fresh water.
BOD 13500 600 g5

An example of a Night soil treatment plant (1984)

Raw Treated Removal
pater water ratio
me/| ve/l )4

CoD 7000 60 > 99 High loading activated sludge process
T-P 340 2 > 93 with UF membrane for separation.

T-N 5000 40 > 99 Treated water is discharged after

BOD 13500 20 > 99 being diluted with 1 times fresh water.

An example of a sewage treatment plant

Raw Treated Removal

water water ratic

e/l mg/l %
COoD 76 B 93 Biological nitrogen removal process.
T-P 3.6 0.1 ° 97
T-K 29 6 79

BGD 260 > 99




(4) Fishing industries
The relationships among the amount of fish catch, the primary product
or the N and P load per sea area were investigated. Desirabie N and P levels
for fishing industries are between the level for conservation of the natural
environment and the minimun level for the environmental conservation. However,
that levels have not concreted yet. Un this subject, the investigation is

continued now,
Future and Recent Progress in Wastewater Treatent Techniques

In order to pass the national effluent standards based on the water
pollution control law, the more stringent effluent standards regulated by the
local governments or the most stringent effluent standards that promised to the
regional inhabitants, the treatent techniques for industrial and municipal
wastewater have progressed.

Remarkable progress is recognized in newly constructed night soil
treatment plants or sewage treatment plants as shown in an example of table 6.
As almost of night soil in Japan has been treated with some methods already, in
order to reduce further the pollution loads from municipal and domestic
wastewaters, it is reguested to raise the ratio of treatment of municipal and
domestic grey wastewaters (excluding night soil) so far as about 100 % from
present about 45 % and to raise the removal efficiency in all treatment plants.

Most of industrial wastewater treatment plants were constructed in 1970 s,
Remarkable progress for the industrial wastewater treatment had been recognized
on that time too. In the factories where high pollution loads are discharged,
however, the margins for improvement of industrial wastewater treatment
techniques are still remained. Therefore, the further improvement of industrial
wastewater treatment is requested to these factories.

Fundamental Strategies for Eutrophication Control

Pollution loads discharged into the marine coast of Japan are summarizes
in Taable 7. For the reduction of pollution loads for COD, N and P, the
following strategies are proposed.

(1) The movement of N and P due to food relating matters has to be paid
attention to and the management strategies to reduce their movement has to be
taken seriously. '

(2) The most fundamental strategy for reduction of COD, N and P load
discharged into water areas is to reduce in each origin of their loads. This



Table 7. Pollution loads discharsed into the marine coasts of Japan
(Nakanishi,Ukita, et al.)

1970 1984 note
(10%t/Y) (10%t/Y)
Origin N P N P
Residential 281(32.9) 43.7(46.5)  B315(38.7) 32.4(43.3)  reaching-ratio

Food-processing 55( 6.4)  9.7(10.3) 4( 5.4)  8.0310.7) N:83%
Chemical fertilizer 128(15.0) 22.0(23.4) 77¢ 9.5) 16.8(22.4) P:814

production (reaching-ratio for industries
Stockbreeding 32( 3.7)  8.8( 9.5) 26( 3.2)  8.0(10.7) that located at coastal area,
Agricultural land 213(24.9) 8.5(6.9)  213(268.2) 8.5 8.7) such as Chemjcal fertilizer,

Coal,petrochemical 33( 3.9) 26( 3.2) Coal,petrochemical, and

Other natural 120 1.4 3.2( 3.4) 12( 1.5)  8.2( 4.3) Precipitation is set to 1.0)
organic matter ' .

Precipitation 100(11.7) - 100(12.3) -

Total 854(100%) 94.0(100%)  813(100%)  74.9(100%)

e e e e R R R R i i R, —
e — —— e —————. —_——



strategy has to be promoted strongly. Reduction of P content in synthetic
detergent, treatment of garbage not as sewage but as solid waste, reuse of
human and livestock waste as fertilizer and so on are good example for this

purpose.

(3) Adjustment of sewage treatment system has to be promoted strongly. In
Japan, 96 % of night soil and 45 % of municipal and domestic grey wastewaters
are treated in sewage treatment plants, Jokasou (the treatment facilities for
flush toilet) and night soil treatment plants (the treatment facilities for
storage tank toilet) and so on in 1990. Therefore, treatment of the rest of
%5 % of grey wastewaters is urged.

Remarkable good results in performances of night soil treatment plants or
sewage treatment plants are obtained as shown Table 6.

(4) Industrial wastewater had beem improved strinkingly for several yeara of
1970 s. However, as the remarkable improvement thereafter has not recognized,
more effort for reduction of pollution loads from industrial wastewater is
should be requested.

(%) Judging from the eutrophic levels and the carrying capacities of
pollutants that are not toxic substances and nutrient matters as COD, N, P,
selection ofwater areas to receive these pollution loads from is a very
effective strategy for eutrophication control. Diversion after treatment of

the nutrient loads discharged from highly eutrophicated water areas such as
lake Kasumi, lake Suwa, Tokyo bay, Osaka bay into the adjacent sea areas of
Japan where have larger carrying capacities might be recommend.
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Introduction

The state of the surface water is not just determined
by the effluent from the treatment plant. Other sources
also have a part to play. For the situation in the
Netherlands these might include the intensive cattle
farming and the non point sources. Other mayor points
are the contamination on the surface water and the
water sediments. The target for the future has to be
the reduction of this contamination.

From this it must be clear that the treatment of waste

water cannot be seen as an isolated activity.

In the past research was planned at the moment when
stricter effluent requirements appeared. For getting an
idea of the research in the future, you have to predict
the development in the effluent requirements. On this
basis appropriate measures have to be taken.

These appropriate measures generally concern research
with the purpose of identifying the technological tools
that will be needed to reach the new requirements. In
a number of cases it will be possible to meet tighter
requirements by applying existing technologies. 1In
other cases the new requirements are almost impossible
to fulfil with the means now available. Research will
then have to lead to equipment and methods that can

meet the future standards.

The guestion that arises -- and it 1is dguite a
legitimate one -- is: can we predict what requirements
will be current in the year 2000 -- that is, 9 years
ahead. The answer to this is clear enough: no, we

can't. Nor have we ever been able to. History makes




this clear. If we look at the recent past, for instance
the requirements related to nitrogen and phosphate, we
see that very few people, including the policymakers,
were able to foresee that already in 1990 many water
guality boards would be so intensely occupied with the
removal of these substances. Qur failure to foresee
this is no disgrace. We are not in the business of
forecasting. The only thing expected of us here is an
understanding of waste-water treatment in its broadest

sense.

1. Present standards

This introduction makes clear that talking about
effluent 2000 can only be a discussion of scenarios.
Scenarios and their consequences for the treatment
plant. We will therefore look at the possible scenarios
and derive from them measures that will have to be
taken to meet the requirements imposed. In a number of
cases these requirements cannot be met with available
technoleogy and so the need for research is obvious.
At present the requirements that treatment plants in
the Netherlands must meet are roughly:

BOD 20 ng/l
Suspended solids 30 mg/l
Total phosphate 1-2 mg/1l
Total nitrogen 10-15% mg/1

In recent years the requirements have been tightened,
particularly for the nutrients nitrogen and phosphate.
In view of the seriousness of the eutrophication
problem, it may be expected that the requirements for
these substances will become even tighter. Values of 1
toe 2 mg/l +total phosphorous are now frequently
mentioned. These levels can be attained with the
present technology. With chemical dephosphatation the
effluent contents are of this order of magnitude. With
advanced post-treatment systems, such as the pellet
reactor or magnetic separation even lower levels can be
obtained. This helds also for biological



dephosphatation by the phostrip process. These
techniques will still perform adequately even for
requirements of 1 mg/l or less. Requirements of 0.5
mg/l or 1lower will only be attainable with the
combination of post-treatment sand filters and chemical
dosing, or with more closely optimized pellet reactors
or magnetic separation units. Well-optimized sand
filters can possibly reach about 0.3 mg total P/1l. If
a still 1lower figure is required only membrane
filtration has to be taken into consideration.

For nitrogen removal the situation will be difficult.
To remove nitrogen we have to rely entirely on
bioclogical methods -- in fact only one biological
-method. First nitrification, then denitrification. This
is in strong contrast to phosphate removal, where there
is a choice of three or four technigues that should all
be able to meet the most likely future reguirements.
With the current techniques, and the nitrogen contents
that apply for Dutch waste water, a regquirement like an
annual average of 10 mg total nitrogen/l is attainable.
A much lower value can not be achieved because of the
prevailing water  temperatures. At the winter
temperatures of 10 °C or 1lower the nitrification
activity decreases strongly. The incomplete
nitrification means that the concentration of nitrogen
compounds remaining in the water is too high, even
after the subsequent denitrification. Requirements that
exceed the 10 mg/l mentioned of total nitrogen/l are
only attainable with new treatment systems, that should
be less sensitive to low temperatures (for example by
covering) or systems that maintain sufficient activity
to oxidize the nitrogen. At the end we can think of
systems in which the nitrifier content is that high
that even at very low temperatures the total activity
is still sufficient. The individual activity per
bacterium decreases, but this is amply compensated by
the large amount of biomass. Something similar could

also be achieved by the continuous addition of




nitrifying organisms. These organisms have to be
produced in a separate process.

Research into organisms that nitrify at very 1low
temperatures can be very interesting here.

Heavy metals and organic micropollutants are alsc
present in raw sewage. In view of the effluent
standards for municipal waste water treatment plants,
these components have not been discussed so far. We may
expect that this may change in the very near future.
Developments in analytical chemistry have enlarged the
possibilities to determine very low contents of these
components in water.

Another item is the extensive range of problems caused
by the sediments of the surface waters. In the
Netherlands the sediments of almost all the larger
surface waters are found to be seriously polluted. A
number of causes for this can be identified. Two
important sources are industrial discharges and the
inflow of pollutants from abroad through the big
rivers. The latter in particular is of great
consequence for the waters that are strongly affected
by the international rivers. For smaller regional
waters the effluent from treatment plants also plays a
part. Heavy metals and organic micropollutants are
xencbkiotics that ought not to be tolerated in surface
water, not even in low concentrations. Many opinions on
this have been expressed 1in recent years. The
possibility of such substances ending up in the food
chain is generally admitted to be very real. Because of
this point in particular it can be assumed that the
effluent requirements will be made much more strict.
Technigues are already available that will largely meet
such standards. The substances mentioned in the treated
waste water are largely bound to the suspended matter
still present in the effluent. Removal of the suspended
matter is generally sufficient to meet the requirements
imposed. Sand filtration with coagulation filtration,
which will also take care of the lower phosphate




contents, seems the obvious method. If much lower
contents are regquired, and here we are usually already
looking below the detection limit, then even more
advanced forms of filtration come into the picture.

Disinfection of waste water is hardly applied in the
Netherlands. Effluent is only treated in a limited
number of cases, in particular by chlorination. At the
moment it can be stated that treatments like UV or
chlorination followed by a filtration phase is also
sufficient for future requirements to be met.

After the attention payed to nitrogen and phosphate in
recent years, I expect that sulphate will be the object
of attention in the near future. It is not easy to
remove sulphur compounds from water. In aerocbic
treatment these compounds are converted into sulphate,
which makes removal very difficult. In the Netherlands
there is a system for removing sulphur compounds from
industrial effluent; 1in this method an anaerocbic
reactor has to be used as the first stage. This will
not be a practical option for domestic wastes.

The conclusion is that we have to tackle the problen at
its source, in this case, for example, by not adding

sulphur containing compounds to detergents.

The most important constituent of the raw sewage is
organic matter. Requirements for removal have been set,
by the requirements for bioclogical and chemical oxygen
demand. The standards vary according to the capacity of
the receiving surface water. For the big rivers the
annual average is akout 20 mg/l, for smaller waters
about 5-10 mg/l. These requirements turned out to be
attainable. The question is, can stricter reguirements
be fulfilled too. Probably they can, and possibly
without many preblems  because of the strict
requirements related to the nitrogen removal. If the
annual average content has to be lower than 10 mg of
total nitrogen/l the organic matter has also to be

decomposed extensively. In general the biological




oxygen demand will then already be below 10 mg/l. With
the tightening of phosphate requirements and the
installation of effluent filtration automatically a
sharp decrease in the content of organic matter will be
achieved.

2. Future policy

The examples for the various substances actually show
that tightening the effluent requirements will
eventually lead to a form of effluent filtration.
Except for those components for which a biological
method can be used, of course. It appears to be a good
idea to approcach the matter in another way. This
approach is based on various scenarios. The scenarios
tie in with the quality requirements for the surface
water.

In recent years a number of policy documents have been
published, all with the objective of improving the
quality of the environment. Aims for the development of
surface water quality are indicated in these documents.
The most recent one, the Third Policy Document on Water
Management, talks about the General Environmental
Quality (GEQ) for the year 2000. GEQ is based on strict
requirements with respect to heavy metals and organic
micropollutants. A prediction with respect to the
quality requirements for the effluent could for example
be the GEQ or a multiple of the GEQ. Other scenarios
are even meore strict. For example, the effluent must be
suitable as the raw material for the production of
drinking water or it must be possible to discharge it
into surface water intended ambience for fish of the
salmon type. It will be clear that the last scenario in
particular will 1lead to far-reaching technological
intervention into the treatment plant. Filtration seems
likely here. From all the programs and scenarios it
emerges that many of the requirements can be achieved
in much the same way. A very low loaded biological
treatment plant, a phosphate removal and effluent




filtration. Here we are thinking about technigues that
certainly cost a lot of money, but are already
available now. The nitrogen removal should result in
effluent contents of 5 mg of total nitrogen/l. To
achieve this with reliable technoleogies new techniques
should be developed. This will be one of the objectives
of research in the years ahead. Effluent filtration,
through the removal of suspended matter, causes low
contents of heavy metals and organic micropollutants.
So far membrane filtration has not been taken into
consideration for the post-treatment of sewage.
However, since membrane technology is developing very
fast, research aimed at the application of membranes
for the filtration of treated effluents should be
started without delay.

If the requirements imposed on the effluents have to be
satisfied, there will be a moment that the deciding
factor is not longer the method of treatment, but the
quality of the waste water supplied. At this point we
have to go back to the source. In a number of cases the
source will be industrial, with a discharge of effluent
into the sewerage system. Sometimes exclusively
domestic discharges are concerned. Certain products can
be the reason for certain effluent requirements not
being met. The only remaining possibility in those
cases is to ban the product or to replace it by other
means. A recent example 1is the introduction of
phosphate-free detergents. At this moment consideration
has to be given to the full integration of effluent

treatment and contreolling pollution at the source.

3. Research in future
From the preceding research programmes (like programme
RWZI 2000) on the treatment of waste water a number of

unsolved items will remain.

The space required, sludge production, nuisance to the
environment, and the high costs are aspects that will




also continue to play a part in the future. For these
reasons these questions will also have to be addressed
to in a future programme. The space required and the
strongly related nuisance to the environment will only
increase. Built-up space 1in countries 1like the
Netherlands and Japan will continue to grow, and people
are growlng more sensitive to nuisance like foul odours
and noise. This means that the need for treatment
plants with a good answer to these problems becomes
even larger. The disposal of the sewage sludge produced
in itself remains a problem. Many methods for sludge
processing are in operation. The processing of sewage
sludge to yield a useful product is in fact an option
of the past. The main objective of the methods employed
in sludge processing therefore 1is reduction of the
problem by reducing the volume. What generally happens
during the processing of sludge 1is still largely
unknown. Research in this field should proceed without
delay. The same applies for the research that might
lead to a reduction in sludge production. It will never
be possible to develop a treatment plant that does not
produce any sludge. In any case a guantity of primary
sludge will always be generated. Nevertheless a
reduction in the production of secondary sludge does
seem possible. Every reduction is important here, and
helps to reduce the problem. The costs of the treatment
of waste water have become very high, largely because
of the many problems that alsc demand a solution.
Research with reduction of the costs as its primary

objective therefore continues to be necessary.

A future research program will therefore deal less with
meeting new effluent regquirements in the strict sense,
but will rather take the treatment plant as a whole as
the object of research. This is the only way of giving
a balanced interpretation to a future project effluent
2000. In scheming such a programme it is important to
take the lessons of the past to heart. Up to now,
research is planned at the moment when the problem is



identified. The short term was considered far more
important than the rather longer term. The long-term
work was usually dismissed as being too fundamental.
The philosophy is partly altered because of the project
RWZI 2000. In this project the short-term work has been
included but so did a number of other factors that come
into play in the long term. For the first time the
waterboards appear to be prepared to support work that
would not lead to the solution of a problem in the
short term. The long-term research on the reduction of
sludge production as well as the research into the
mechanisms underlying the dewatering of sewage sludge
have been good examples of this. This kind of approach
should continue in the future. On the one hand research
that will lead to useful results in the short term, on
the other hand research with results that will be
useful in 5 or 10 years' time. This will inevitably be
the only approach that will enable anticipation of new
and future effluent standards in good time.

To have the needed technology avallable at the right
time in the next decade is a challenge for all people
who are involved with waste water treatment but also
for the politicians who will have to supply money.
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INTRODUCTION

Municipal wastewater treatment is normally carried out in steps , traditionalily
with primary settling as the fTirst step , biological treatment as the second step
and sometimes chemical treatment as the third step. The most popular municipal
wastevater treatment system has been the activated sludge processes consisting
of the primary clarifier, aeration tank and secondary clarifier. Recently, the
biofilm processes such as the rotating biclogical contactors and the submerged
biofilters have become popular, especially in the small scale municipal wastewater
treatment plants. However, the system itself is the same ,except that the aeration
tank is replaced by the biofilm reactor.

I{ has been reported that the major part of the contaminants 1in rav municipal
wastewater is associated with particles and the effluent from the primary
clarifier contains many organic particles with the size of less than 0.1 mm. In
the conventional municipal wastewater treatment processes such as the activated
sludge or biofilm processes, such organic particles are biologically dissolved then
oxidized in the aeration tank or biofilm reactor.

Chemical treatment has been used to remove the phosphorous from the wastewaters.
According to the Scandinavian experience (ﬁdegaard.lQSB). the direct chemical
treatment of municipal wastewater can prodece an effluent with a very low con-
centration of suspended solids and phosphorous. However an additionral biological
treatment is usually required, because the effluent still contains rather high con-
centration of soluble organics and ammonia nitrogen.

In order to meet more striet effluent standard, it would be required to develop the
combined physico-chemical and biological municipal wastewater treatment systems.
The principal objectives of this paper are, {1) to present the experimental results
on the chemical treatment of municipal wastewater by the Jet Mixed Separator (IMS)
which can be used as a unit process for the physico-chemical treatment , (1) to
demonstrate the performance of an upgraded Rotating Biological Contactor (RBC)
which can be used as a unit process for the biological treatment,and {3)to show
the experimental results on combined municipal wastewater treatment system of the
JMS and upgraded REC



CLASSIFICATIOR OF CONTAMINANTS IN MUNICIPAL WASTEWATER

Contaminants of interest in municipal wastewater range in size from less than
0.001 aam to well over 100 4um. The size ranges of typical organic contaminants
characteristics of settled municipal wastewater are presented in Fig.1{Levine, et.

al, 1985). Imhoff(1939) presented in his classical pocket book, table showing the
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Fig.1 Typlcal organle constituents in settled wastcwater.

distribution of settleable and non-settieable suspended matter in wastewater,
demonstrating that half of the organic matter was associated with the suspended
solids. In early Americal studies, the organic contaminants in wastewater were
separated into four size fractions by successive sedimentation, centrifigation and
filtration. The fractions were classified by size range as settleable, supra-
colloidal, colloidal and scluble. A later study by Munck et al. (1980) confirmed
the results of the wearlier investigations ,even though Munck used a slightly
different definition of the size ranges and used only filtration to separate the
fractions. As shown in Table | ,Munck et al. also investigated the distribution of
total phosphorous and organic nitrogen. Even if most of phosphorous in wastewater
appeared as soluble phosphorous . the amount of phosphorous associated with parti-
cles was found to be significant, and even more so was the amount of organic
nitrogen. The primary effluent still contains a lot of particles with the size of
more than 0.1 m ,as shown in Fig.2 ,which demonstrates that 60 - 70 ¥ of the
organic material measured by the TOC test was associated with particles larger

than 0.1 m, while virtually no organic matter was detected in the size range




Table 1 Classification of contaminants in waslewater.

Size Range Classification
Soluble Colloidal Supra- Settleable
colloidal
<0.025um| 0.025-3 gm 3-106 pmn >106 pm
BOD; (% of total) 17 16 a6 21
COD (% of total) 12 15 30 43
TOC (% of total) 22 6 36 36
Tot P (% of total) 63 3 12 22
Org. N (% of total) 27 15 38 20
210
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Fig.2 8Size distribution of the organic constituents in
primary effluent.

Table 2 Percentage of total metal assoclated with
suspended solids 1n raw wastewater.

Metal Zn Cu Ni Cr Pb Cd

p-suspended 51 48 13 M1 7r 82




between 0.001 - 0.1Aim. Table 2 demonstrates that the percentage of total metal
associated with suspended matter in the raw wastewater of a Swedish wastewater

treatment plant was in the range of 50 - 75 %, with the exception of nickel.

POYSICO-COEMICAL MUNICIPAL. WASTEWATER TREATMENT

It is generally known that trivalent salts are good at removing suspended solids

from a turbid water. In the process used to treat surface water , to produce

potable water, aluminum salts are often used to destabilize and flocculate the

pollutants. Scmetimes , highly charged metal ion complexes such as polymerized

aluminum chloride(PAC) are used because they are more effective in this process

than a salt with a lower valency or charge. Also the ccnbination of an inorganic

salt and an organic compound can be used.

The same types of chemicals are used for wastewater treatment , both for direct
coagulation and ficecculation, pre-coagulation and flocculation |, and for post-coagu-
lation and floceculation., Physico-chemical treatment may be applied to raw waste-
water as shown in Fig. 3. A good example of the physico~chemical treatment plant is
the VEAS treatment plant outside Oslo which has been designed to handle about

400,000 m°/day. In Norway there are over 100 such treatment plants. Table 3 shows

Screening and Pre- ngg.
gril removal settling 40¢ Floce. Post-settling
1 il i I| i l ] 1
/Ay T .
|

(I

I;______ Sludge treatm.

Fig.3 Schema of non-blological and chemlcal treatment plants.

Table 3 1985 yearly averaged treatment results in 56 chemical
treatment plants In Norway.

Number cs aQDn coD TOT.P
Procoss of
piants In oul Ve In out | % in out Ya In out Ve
PP 23 172 2T (84.3| 218 | 42 |BO.8 | 313 92 |708| 55 [0.54|90.2
SP a3 218 22 1899 238 38 1849 404 74 18168 | 7.1 10.60]93.0
PP & SP 50 387 24 [ BT.6 | 229 39 | 83.0| 360 B3 | 769 | 6.2 |D52]91.8

PP:primary precipitation, SP:secondary precipitation.



the 1985 year average treatment results obtained in 56 randomly selected physico-
chemical treatment plants in Norway.

The Scandinavian experience clearly shows that the physico-chemical treatment
produce an effluent with a very low concentration of suspended solid and phospho-
rous, but rather high concentration of soluble organic matter and ammonia nitrogen.
Therefeore, the additional biological treatment is required to achieve a higher

removal efficiency of organic matter and ammonia nitrogen.

Physico—chemical Treatment by Jet Mixed Separator

The authors(1990) invented a solid-liquid separator with porous plates inserted
vertically in the channel perpendicular to the flow. On the one-half of the plate,
alternating right and left side , there are many small holes. The water passes
through holes in the plates ,thus creating jets which gently mix the water on
itself. If the coagulant is added ., simultaneous flocculation of suspended particles
and sedimentation of grown-flocs occur in the channel ,which is called the Jet
Mixed Separator (JMS).

In the previous paper{(Watanabe et. al, 1990), the followings have been described:
{1) the development of the theoretical basis of the JMS; (2) a description of the
hydraulics of the JMS; {3) a picture of the solid-liquid separation efficiency.
The JMS has been applied to the chemical treatment of municipzl wastewater.

The length ,width and depth are 200 cm, 30 e¢m and 85 em , respectively. The porous
plate, which has 48 holes with the diameter of 0.8 cm on the cne-half side, was
arranged at a constant distance of 10 em or 20 c¢cm. Settled municipal wastewater
vas fed into the JMS. The hydraulic retention time was 4% or 90 min. Polymerized
aluminium chloride{PAC) was wused as the coagulant with the addition of 5 or 10
ppm. Fig.4 shows the removal efficiency of the suspended solids at the plate
distance of 10 cm. As the colloidal particles was removed ,turbidity decreased
as shown in Fig. 5. TOC concentration decreased as the result of the removal of
organic particles (Fig.§). However, as the removal of soluble organics by the
chemical coagulation was almost negligible , the removal efficiency of TOC was not
high. Fig.7 shows the size distribution of TOC in each stage of the JMS.Figs.8 and
9 show the reduction of soluble and total phosphorous {(as P0:°). As seen in Fig.
10 ,which show the size distribution of phosphorous in each stage of the JMS,
soluble phosphorous were effectively precipitated ,and removal efficiency of the
precipitated phosphorous were very high. Fig. 11l shows the effect of plate distance
on the performance of the JMS as the simultaneous coagulation -sedimentation

process of municipal wastewater.
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PERFOBMANCE OF AN UPGRADED ROTATING BIOLOGICAL CONTACTOR

The Rotating Riological Contactor (RB{) is an aerobic biofilm reactor for treating
demestic and industrial wastewaters. [t consists of series of large-diameter
mediae, mounted on a horizontal shaft and placed in a trough. The biofilm consists
of various bacteria such as heterotrephs and autotrophs that naturally develope on
the media surface. Dominant species and properties of biofilm depend on the
wastewater characteristics and the reactor operating conditions. The mediae slowly
rotate with approximately 40 to 50 % of the surface area submerged in the waste-
water to be treated. The rotation of the media plays an important role on the
following aspects:

(1)Aeration ;it provides an alternative exposure of the biofilm to air and water.
During the rotation of the biofilm in air ,oxygen is supplied toc the biofilm
microorganisms ,while during the rotatien in the water, substrates diffuse into the
biofilm, and (2) Mass transfer;far from the rotating media, the liquid moves toward
the media surface and ,irn a thin laver immediately adjacent to its surface the
liquid acquires a rotating motion. The liquid alsc acquires a radial velocity
under the influence of centrifugal force. Therefore , the rotating action of media
hastens the mass transfer to the biofilm.

The goal of the mathematical modelling of biofilm reaction is to express the
substrate flux as a direct function of the bulk substrate concentration which is
readily measurable and the concentration of interest. Watanabe et ai. (1980, 1982,
1984) presented the RBC kinetics based on a heterogeneous biofilm model and ana-
lyzed the experimental data of the denitrification, nitrification, and simultaneous
organic oxidation,nitrification and denitrification by the simulation and steady~-
state approximation of the kinetics. In this paper, the proposed biofilm kinetics
is applied tc prediet the relationship between the ammonia flux and bulk anmmonia
concentration at various sizes and rotation speeds of media. Experimental verifi-
cation of the calculated relationship is also carried out. The effect of bulk
organic concentration on the ammonia flux is experimentally examined. In order to
promote the external diffusion of soluble substrates and to reduce the media
weight, 2 new media, i.e., reticulated media with the surface protrusions is propesed,
and the performance of the nitrification RBC with new media is analized by the
proposed biofilm kinetics.

In a conventional RBC system, the final clarifier has been used to separate the
treated wastewater and detached biomass. The detached biomass is exposed to the
turbulent sheat {n the trough during the transport to the final clarifier. Due to
such an exposure , the detached biomass is broken down intc smaller particles which
can not settle in the clarifier.As a result, it has been reported that the effluent

from the RBC system contains a lot of small organic particies.




In this paper . the solid-liquid separation efficiency of a two-story RBC is in-
vestigated tc demonstrate that it has a high removal efficiency of the detached
biomass . 1t means that the final c¢larifier may not be necessary in the two-story
RBC.

Based on the above fundamental reseaeches , the author(1989) inncvated an upgraded
two-story EKBC consisting of the reticulated media with surface protrusions. This

paper includes the experimental results on the performance of the upgraded RBC.
Fundamental Basis of Upgraded RBC
(a) Significance of External Mass Transfer in RBC

The biofilm attached to a partially submerged REC rotates alternately into air and
water. During the rotation in the air phase ,oxygen is supplied to the micro-
organisms inhabiting the biofilm, while the substrates diffuse into the biofilm
during 1its rotation in the water phase. The fcllowing assumptions are made to
formulate the biofilm kineties:{l) The substratum is assumed to consist of flat
and impermeable media, (2)The portion of the media exposed to air contains a liquid
film of thickness,Lu, (3) A ligquid boundary layer of thickness,Ls exists at the
biofilm/liquid interface ,and (4) The wastewater in each RBC stage is assumed to
be completely mixed.

lising the derived RBC kinetics ,the computer simulation of nitrification was
carried out to estimate the concentration profles of oxygen and ammonia in the
biofilm at various sectors of biofilm during rotation in air and water phases.
According to the simulation results ,it has been clarified that under oxygen limi-
tation, the dissolved oxygen concentration profile in the biofilm system approaches
to its steady-state profile in a very short time after the biofilm sector contacts
the air phase, and under ammonia limitaticn ,the ammonia concentration profile in
the biofilm approaches to its steady-state prefile in a very short time after the
biofilm enters the water phase. Based on this evidence ,the RBC kinetics can be
simplified to steady-state model if the zero-order intrinsic reaction rate is ap-
plicable ,and Watanabe{1985) formulated an RBC kinetics which is available to cal-
culate the flux of rate-limiting substrate at a given bulk substrate concen-
tration. With the steady-state assumption , the substrate flux through the liquid
boundary layer, Jzi, is equal to the substrate flux at the biofilm surface, J1i, if
Dri is a constant fraction of Dui {(Dri = ot Dui, where o is a constant less than or

equal to unity), the following expression is obtained:

J,. = (Duy/Lg)(Cy, - €3;) = (2 @D, r] CjHI/? (1)



The unknown value of Ci1i is calculated from the above equation as follows:

_ b 2 b y1/2 (2)
A =ar] L,/D,, (3)
1f the RBC is operated under oxygen limitation and 50 % of the media area is
submerged , the oxidizing substrate flux is given by Eq. {4
]
Jyy ™ (r}/x3) (Joa *+ Jou) (1)

From the similar procedure used for deriving Eq.1 , the oxygen flux to the biofilm

rotating in the air phase{(Js») and that in the water phase(Js.) are expressed as:

Joa = (Dyo/L,) (C; - C},) ~ (2 aD,, £ c}, )12 (5)
J°"’ - (D"O/Ld) (Cl]).n - 'l'o) = (2 a Dwo rg Io)llz (6)

The above mentioned RBC kineties contains two physical parameters: Lo and La.
They express the diffusional resistance of oxygen and substrate to the biofilm
during its rotation through air and water.

Liquid boundary layer thickness. The liquid boundary layer thickness on the clean

surface of a submerged disk is described by Eq.7 (Levich, 1952).

L, = 1.16(D,,/v)1/3 (v/2nl, ) /2 m

Watanabe and Nishidome(1989) have evaluated the effect of the submerged ratio,
rotating speed, surface roughness ,diameter of media on the liquid boundary layer
thickness of the RBEC attached by the nitrifying bacteria.As predicted by Eq.7 , the
liquid boundary layer thickness is not a function of media size if the flow near
the media surface is laminar, which is the case of the usual operation of the RBC

It is, however, a strong f{unction of the media submerged ratio .since the hydro-
dynamic boundary layer may not completely develope in a partially submerged media
because of its alternate rotation into air and water. Accordirg to Levich{1962) ,a
rough surface changes the nature of the flow past that surface very materially
and ., consequently ,changes the size of the diffusional flow to the surface. In the
case of laminar flow, assuming that the height of the protrusion is large compared
with the hydrodynamic bourdary layer thickness ,these protrusions rise above the
boundary layer and the flow past them will be the main flow, unrestricted by prox-
imity to the surface. If Repro. =U(h) h/p ( h= height of the pretrusion ,U(h)=flow
velocity at the top of the protrusion and p* =dynamic viscosity of water) exceeds
20 to 50 the flow past the protrusion,as in the case of any other non-streamlined

body, will be accompanied by separation of turbulence. On the downstream, turbulence



appears ,while the upstream side is subjected to laminar flow. Watanabe and Okabe
(1986) evaluated the effect of surface protrusion on the liquid boundary layer
thickness. The height and location of protrusions on the media surface are shown in
Fig.12. They observed the appearance of

. . Rotating disk
turbulence behind the protrusion.Fig.13

Protrusian
shows the bateh experimental result for
various numbers of protrusion at a Shaft
fixed rotating speed of 5 rpm Using the :I 5 cm
bicfilm kinetics .many batch experi-
mental data were analyzed to determine e 15 cmggg{

0.5 om
the 1liquid boundary {ayer thickness

{Watanabe and Nishidome, 1989). Fig. 14 Fig. 12 Media with surface protrusions
summarizes the rerationship between the

liquid boundary layer thickness and operating parameters such as media rotating
speed ,media submerged ratio and protrusion number.

Liquid film thickness . There are two expressions available to estimate the

thickness of the liquid film. Levich{1962) studied the film thickness entrained
on a flat plate vertically withdrawn from a quiescent liquid , and deduced the

following equation for the film thickness, Lu:

(8)
L, = 0.944(uv)2/3 g1/8(pg)t/2

If the physical properties of the wastewater are similar to pure water at 20 C,

Eq. 9 is simplified to (Famularo et al, 1978):

g
L, = 6.85 v2/3 )

An alternate expression for the rotating media is given by Bintanja et al(1976):

L, = 0.93 (vN_R/g)!/? (10
Because of irregularity in the biofilm surface , the retained liquid film will be
thicker than that obtained in a flat plate. Values reported in the literaure range
between 40 and 200 m (Hartmann, 1960:Grieves, 1972;Hansford et al, [978; Famularo
et al, 1978). For the nitrification RBC, ¥atanabe et al. {1982) obtained a liquid
film thickness of 40 m which resulted to a good agreement between simulated and
measured ammonia fluxes. Eq.l0 yielded a thickness of about 40 m for the same

system.

Intrinsic ammonia oxidation rate The zero-order intrinsic ammonia oxidation

rate has been determined by analyzing a batch experimental result of ammonia oxi-
dation (Watanabe and Nishidome, 1989). All batch experimental data used for de-
terminining the liquid boundary layer thickness were analyzed to calculate the

zero-order intrinsic ammonia oxidation rate at various water temperatures.
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Saturation and bulk concentrations of dissolved oxygen. The  saturation concen-

tration of dissolved oxygen is readily known in a given water temperature. As far
as the bulk dissolved oxygen concentration is concerned ,Watanabe et al.{(1980)
found that it was kept at about 4.0 ppm in the nitrification RBC operated under
oxygen limitation. Experimental verification of the proposed kinetics was made by
comparing the calculated and measured ammonia fluxes in various water temperatures
and media rotating speeds.

A small scale RBC with the

. — 8 rpm
Calculaticn 2 rom

media diameter of 30 cnm

v LTTT

was used and the steady-

state ammonia flux was

measured at a given experi-

mental condition. The liquid

e 8 rpm

boundary layer thickness Experiment

NH4—N flux(g/mzh)

) o O 2 rpm
and intrinsic ammonia oxi-

dation rate were obtained 0.01 g g ] e dadatd
0.1 1.0 10 100

Bulk NH4-N concentration(g/mB)

from Fig. 1% and our previ-
ous results ,respectively

The liquid film thickness Fig.15 Measured and calculated NHs-N fluxes

was assumed to be 10 _um

thicker than that calculated by Eq.10. Fig. 1% shows the comparison of calculated
and measured NHa-N fluxes in the media rotating speed of 2 and 8 rpm.

Basd on the azbove fundamental researches , the authors (Watanabe et al., 1988} have
innovated a reticulated media with protrusions in order to reduce the mediz weight
and the liquid boundary layer thickness. The stainless net of 60 mesh was used as
reticulated media. The height and location of 8 protrusions are the same as Fig. 13

The performance of the RBC with the new media was examined by measuring the
ammonia flux. Figs.16 and 17 show the experimental results. At a rotation speed of
10 rpm, half-order biofilm kinetics seems to be realized ,which means no liquid
boundary layer near the biofilm surface. Masuda, Watanabe and Ishiguro(1987) demon-
strated that the heterotrophic,nitrifyning and denitrifying bacteria inhibit the
biofilm treating domestic sewage. These microorganisms change their population and
activity ,depending on the environmental conditions within the biofilm. In aerobic
treatment of wastewater with organics and ammonia, competition between heterotrophs
and nitrifiers occurs. In a staged RBC, the activity of nitrifying bacteria becomes
higher in the later stages where the residual organic concentration is low. Fig. 18
shows the effect of bulk soluble TOC concentration on the NHs4-N flux under oxygen
limitation. These experimental data were obtained in the experiment by the RBC unit
described in Fig.12. The ammonia flux is strongly affected by the bulk soluble

TOC concentration(SOC). The proposed kinetics can not be applicable to predict the
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bulk SOC concentration effect on ammonia flux ,but the measured ammonia flux ap-
proapches the calculated ammeonia flux for the nitrification KBC if the SGUC concen-

tration is below about 7 ppm.
In
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{b) Simultaneous Removal of Detached Biomass

In a conventional RBC the detached biomass is \\\\\\\\\

Sludge
™ storage

/

transported through troughs , then removed in the
secondary clarifier. During the transportation
the detached biomass is exposed under the mixing

produced by the rotation of mediae. [t is some-

times broken into smaller non-settleable debris. | sludge
Two-story RBC was designed to achieve the simul- drain —
taneous removal of detached biomass in the Fig. 19 Two-story RBC

trough. Its upper and lower parts function as

the RBC trough and storage space of settled biomass ,respectively. Experimental
unit was a single-stage unit {Fig. 19) which was used to make 2z mass balance of
suspended solids in a two-story RBC and to measure the settling velocity of the
detached biomass. The settled wastewater from a dormitory was continuously fed into
the unit.The average soluble TOC ,SS and ammonia concentrations of the wastewater
were about 70,130 and 60 ppm,respectively. Detention time and media rotating speed
were fixed at 70 min. and 10 rpm ,respectively. Suspended solid concentration in
the influent and effluent and the settled sludge volume were measured every day
during a week. The same experiment was conducted two times. Table 4 summarizes

the average data of mass balance in both experimental runs.

Table 4 Mass balance of S5 In two-story RBC

Item Run 1 Run 2
Water temp. (°C) 18 12
rlow rate (m3/4) 2.6 2.6
Detention time (min.) 72 66
Influent SS conc. (ppm) 136 135
Effluent SS conc. (ppm) 27 47
Weight of effluent

sludge (g/d) 73 130
Weight of settled

sludge (g/d) 193 195
Weight of detached

biomass (g/d) 266 325
Detached bhiomass

conc. (ppm) 104 120

Removal efficiency (%) 76 66



It is demonstrated that about 70 % of detached biomass was removed into the lover
part of the two-story KBC even in a single-stage operation. Fig. 20 shows the
settling velocity distribution of influent and effluent suspended sclids along
with the data for the influent to the secondary clarifier in the four-staged RBC
The opening between the upper and lower parts was closed in the experiment of the
settling velocity measurement of detached bjomass. Fig.20 shows that the settling

velocity of most of the detached biomass is more than | em/min.
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Fig. 20 Cumulative settling velocity distribution of detached biomass

Application to Municipal Wastewater Trealment

(a) Experimental Procedures

Photo. 1 shows the two-story RBC
operated in a4 four-stage. The
stalnless mesh media %ith the 8
protrusions was used. Each stage
has 14 mediae with the total

surface ares of 1.98 m°. The

media submerged ratic was 40 %
The media rotating speed was Photo. ! 1Upgraded RBC unit
9.5 rpm. The unit was set in =z

municipal sewage treatment! plant and the effluent from the primary settier was fed

into it.

(b} Lxperimental Results

Fig. 2! shows the influent and effluent concentrations of TGC{suspended+soluble),
suspended solids and NHs-N during four months’ operation of the RBC. The water
quality was measured in the grab sample. This demonstrates that SOC (soluble TQC)

and TOC concentrations in the effluent were about 5 and [0 ppm , respectively, and
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Fig. 22 shows the recent experimental results when the RBC was operated in a three-
stage unit. The cperation of RBC started on 9 October 19%0. From the data shown
in Fig.2Z, it is understood that the biofilm development on the mesh media is very
fast and the performance of the upgraded RBC was excellent. Fig. 2% shows the water
quality in each stage on 28th October. Figs. 23 to 25 demonstrats the amount of
attached biomass and sedimentation rate of detached biomass 1in each stage which

were after one month operation.
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{c) Performance of Combined System of JMS and RBC

Figs. 27, 28 and 29 show the experimental results of the combined system of the
IJMS and RBC. A part of the effluent from the JMS was fed into the RBC. HRT in the
IJMS and RBC was 45 min. and 3 hours ,respectively. Aluminum dosage to the JMS was

5 or 10 ppm. Water temperature was around 13 C.As seen in these figures, the water

quality of the RBC effluent was very good.
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SUMMARY AKD COLCLUSIONS

Since the major part of the contaminants in municipal wastewater is associated
with particles, direct particie separation is an effective way of lowering the
wastewater contaminant level. However, an additional biological oxidation is
required to remove the residual soluble organics and ammonia nitrogen. Based on
the above point of view, we need to develop the municipal wastewater treatment
system composed of physico-chemical and biological methods to meet more strict
effluent standard.

In this paper, the experimental data was presented on the chemical treatment of
municipal wastewater by the Jet Mixed Separator (JMS} which can be used as a unit
process for physico-chemical treatment. The JMS produced an effluent with low
phosphorous and suspended solid contents in the hydraulic retention time of less
than 1 hour. Removal efficiency of TOC associated with particles was also high.
However, the effluent from the JMS is required to be treated bicologically for the
oxidation of soluble TOC and ammonia nitrogen.

It was also demonstrated the performance of an upgraded RBC which can be used as
a unit process for the biological treatment. It is a two story RBC consisted of
the stainless mesh media with surface protrusions ,whose upper and lower parts
function as the RBC trough and storage space of the detached bicomass. The upgraded
RBC produce an effluent with low TOC, ammonia nitrogen and suspended solid contents
in a rather shorter hydraulic retention time.

The perfomance of the combined system of the JMS and upgraded RBC wcs very high to
produce the effluent with very low concentration of TOC, phosphorous and suspended

solids in a rather short hydraulic detention time.



NOMENCLATURE

= bulk substrate concentration (ML ?)

- Influent substrate concentration (ML)

~ substrate concentration at biofilm surface (ML ?)

- DO concentration at biofilm surface during air phase (ML"?)
= DO concentration at biofilm surface during water phase (ML™3)
= DO saturation concentration (ML ?)

= molecular diffusion coefficient in biofilm (L2T°!)

- molecular diffusion coefficient in water (L2T"!)

- molecular diffusion coefficlent of dissolved oxygen (L2T°1)
- effective blofilm depth (L)

- liquid boundary layer thickness

= liquid film thickness (L)

- zero-order intrinsic reaction rate of biofilm (ML 3T !)

- zero-order intrinsic oxygen utilization rate of bilofilm (ML 3T !)

Disk rotating speed (771}
Disk radius (L)
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Introduction

The present sewage treatment plants have several disadvantages. The
most important drawbacks are:

low volumetric capacity

large area in use

high sludge production

high energy costs

emission of noise and stench

limited sludge age failing to support growth of slowly growing
organisms (nitrifiers and protozoa)

low effluent quality

Aim of this project

One way to reduce sludge-production is to select micro-organisms with a
high maintenance energy requirement. Lowering the substrate/biomass
ratio is a possible selection mechanism. Under these circumstances the
bacterial growth rate is low and most utilized substrate is spent on
maintenance processes. As a result biomass production is low. This can be
realized in reactors which permit biomass retention either by the use of

carrier material or by recycling.

Another option is to introduce organisms which predate on bacteria.
Through predation the sludge will be converted into energy, water and
carbon dioxide. Under optimal conditions the total loss of energy will be

maximal and the biomass production minimal.




Biological sewage treatment systems: artificial ecosystems

Besides bacteria, many other (predator) organisms occur in biological
treatment plants, for example, ciliates, rotifers nematodes and oligocheates
(Curds, 1982, Eikelboom, 1988). Little is known about the relationships
between these organisms in a plant, and of the quantitative effect of
predation on the bacterial populations.

From an ecological point of view, the activated sludge can be
represented as a foodweb. Processes like competition, inhibition, predation,
lysis, and cryptic growth are important (Fredrickson and Stephanopoulos,
1981). To study the relationship of predator and prey organisms, several
experiments will be performed with single and mixed cultures.

Oligochaetes and nematodes are frequently found in oxidation discs
and activated sludge systems. Metazoa ingest 5000 and ciliates 10 cells per
minute. Thus these organisms can possibly be a tool for reducing sludge.
Experiments will be set up to quantify feeding, maintenance and production
rates, on the basis of a dynamic energy budget model (D.E.B.) developed
for bacteria and metazoans (Kooijman, 1986).

These experiments aim at a better understanding of predation which
may help to realize an extra "predation trap” in the water-purification
proces. The positive impact of predation on mineralization and nitrification
in sewage treatment plants will also be studied.

The implications of the D.E.B. model for the population dynamics in
the reactor will be evaluated. This will facilitate optimization of the
process.

Preliminary Results

Ciliates isolated from activated sludge were shown to eliminate bacteria in
batch cultures within one day. However, ciliates obtained from a culture
collection did not survive on the same bacteria.

Nais elinguis (an oligochaet, length < 12 mm, volume 212 pum3,
volume pharynx 2.64 x 106 ym3) is able to consume as much as 36 million
bacteria per day per individual. For a Nais population in river sediment,
this would amount to 5-50% of the total population of bacteria per day. In
natural habitats 30-40 worms per ml exist (Pfannkuche, 1977).




A ciliate (length 40 um, volume 2 x 104 pm3) consumes 15,000 bacteria
per day (Curds, 1982).

Especially when the sludge loading factor (F/M ratio) is low, that is
about 0.1 kg BOD per kg sludge per day, blooms of oligochaetes and
nematodes occur. In activated sludge systems 25-50 oligochaetes per ml
sludge, and in oxidation ditches 100-1,000 nematodes per ml film are
found (Eikelboom, 1988). Hence grazing seems to offer prospects to
reduce sludge production.

Experiments to measure the uptake and allocation of energy in
isolated individuals are now in progress.
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Introduction

Biodegradation is crucial in the breakdown and mineralization of organic
chemicals in soii and water, and as such it is an indispensable link in the
carbon, nitrogen and oxygen cycles of our biosphere.

The exponential increase in the production of new synthetic organic
compounds during the past century has strained the scope and capacity of these
natural cycles. Consequently, there is a need for more information on the
detailed operation of the various natural cycles, so that technical and
regulatory options can be developed, evaluated, and implemented.

The environment is usually taken to consist of three compartments: soil,
(ground)water, and air. For soil and groundwater, biodegradation refers to the
removal of contaminants introduced in the past. For wastewater and air,
biodegradation refers to the removal of pollutants at the source, to prevent
contamination of surface and groundwaters and the atmosphere.

Each compartment requires specific biodegradation technologies. For soil,
these may range from tand-farming to the application of scil slurry bioreactors.
For groundwater, recirculation coupled to water-treatment may be the system of
choice, while for wastewater a variety of open and closed bioreactor systems has
been developed. Industrial waste air or gas streams may be treated in simple or
sophisticated biofiltration systems.

While the technologies differ in appearance, they have major features in
common.

First, the contaminants, true to their name, form only a very minor portion
of the relevant phase. As a result, large installations and high fluxes are
necessary to process small amounts of pollutants.

Second, biodegradation depends on the presence of microorganisms in the
relevant installation. They must either be present, remain in, grow in, or be
added to the installation.

Third, microorganisms require a balanced supply of nutrients and appropriate
environmental conditions (pH, temperature, moisture, electron donors, electron
acceptors). These conditions must be met and maintained in the installation.

Fourth, microorganisms are often fairily specific and sometimes quite
fastidious with respect to the substrates which they utilize. 1t may therefore be
necessary to tailor the microbial flora in the installation to the composition of
the pollutant stream to be treated.

Since the above four features are important for every biodegradation systiem,
it is clear that investigations of the enzymology, genetics and physiology of the
bacterial degradation of xenobiotics should contribute significantly to the
development of practical biotreatment technoiogies.




Potential applications of bacteria in biodegradation

A traditional viewpoint among many microbiologists has been that the entire
range of microbial 1ife is represented throughout the biosphere, as long as the
environmental conditions meet the requirements of the microorganisms in gquesticn.
In other words, if a pollutant is released at an arbitrary location, and if
microorganisms exist which can degrade said poliutant, a population of these
organisms will develop locally and consume the pollutant. Conversely, if the
pollutant is not degraded, it is considered evident that there are no organisms
to degrade it: the pollutant is “recalcitrant" because evolution has not yet
selected strains which can dispose of it.

We do not share this viewpoint, First, the utilization of a given pollutant
by an organism which does in fact have the necessary genetic information to
express relevant enzymes may be limited by local environmental conditions.
Second, it is unlikely that every representative of the microbial world is indeed
present in every geographic location on this planet. Thus, it is to be expected
that a considerable number of “recalcitrant” compounds is in fact biodegradabTe.

In support of the above viewpoint we have developed a databank, in which
microorganisms described in the literature have been matched with the compounds
which they can utilize or co-metabolize. A comprehensive literature study was
carried out to describe the biodegradability of the compounds that have been
designated as priority or black list pollutants in The Netherlands, and to
indicate the possibilities and Timitations of biological treatment techniques for
these compounds (1).

Biodegradation of priority and black 1list poliutants

The Dutch priority and black lists contain approximately 140 different (groups)
of organic compounds inctuding:

- aliphatic hydrocarbons

- halogenated aliphatic hydrocarbons

- polycyclic aromatic hydrocarbons (PAH's}

- (chloro)aromatics

- organotin compounds

- organochlorine pesticides

- organophosphorus pesticides

The literature study showed that:

- complete or partical micrebial degradation under aerobic conditions has at
present been described for approximately 75% of the priority and black list
pellutants.

- Anaerobic degradation has been described for approximately 30% of the
priority and black list compounds.

- Relatively many recalcitrant compounds are found among the halogenated
aliphatic hydrocarbons: 50% are refractory to biodegradation under aerobic
conditions as shown in Table 1.

The database on which these cenclusions are based contains literature
information on the biodegradation of each of a large number of environmental
pollutants. The database is updated four times per year and specific information
can be retrieved easily*.

* The database is accessible via Bioclear Environmental Biotechnology, Zernike
Park 2, 9747 AN Groningen, The Netherlands.




Table 1. Biodegradability of halogenated aliphatic hydrocarbons under aerobic
and anaerobic conditions.
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bis (2-chloroisopropyljether - -

2-chloroethanol ++ P -
chloref luoromethane - -
3-chloropropene - -
chloralhydrate - -
chloroprene - -
1,2-dibromoethane + P +
1,2-dichloroethane ++ P +4
1,1-dichloroethene + +
1,2-dichloroethene + P +
dichloromethane ++ P -
1,2-dichloropropane - -
1,2-dichtloro-2-hydroxypropane ++ P -
1,3-dichloropropene ++ P -
epichlorohydrin ++ P -
hexachlorobutadiene - -
hexachlorcethane - -
methylbromide + P -
menochlorcacetic aced ++ P -
1,1,1,2-tetrachloroethane - -
1,1,2,2,-tetrachioroethane - +
tetrachloroethene - +
tetrachloromethane - ++
1,1,1-trichloroethane - +
1,1,2-trichloroethane - -
trichloroethene + P +
trichloromethane + P ++
vinyl chloride ++ P -

R e et e T e S ——

++ mineraltization
+ partiai degradation
P Pure culture

Thus, at least 75% of the top pollutants on the Dutch lists, which closely
resemble the EPA priority list, can be degraded by one or more microorganisms.
As more information accumulates, this percentage will increase. Selection
procedures and genetic engineering experiments may result in additional strains
capable of degrading some of the remaining "recalcitrant" compounds.



Biodegradation of haiogenated hydrocarbons

Chlorinated aliphatic and aromatic compounds have been considered
recalcitrant to varying degrees. An investigation of the relative prevalence vs.
recalcitrance of a number of these compounds led us to conclude that it would be
worthwhile to search for bacteria which degrade short haloaliphatics.

Chlorinated aliphatic hydrocarbons are produced industrially in large
amounts for use as solvents, cleaning agents, intermediates for further chemical
synthesis, pesticides, etc. (Table 2?. Many cases of pollution of aguifers,
surface waters, and scils have been reported (2). Furthermore, applications of
these chemicals are a cause of increased concentrations of volatile halogenated
compounds in some industrial areas, partly due to emission of exhaust gases.
Contamination of drinking water by chlorinated methanes, ethylenes, and propanes
has alsc occurred.

Table 2. Production and use of some chlorinated aliphatic hydrocarbens.

e b R L L L T T e

compound production  use

(10® tonnes/yr)
1,2-dichioroethane 13 vinylchloride, gasoline
vinylchleride 12.0 polyvinylchloride
perchloroethylene 1.1 solvent
trichloroethylene 1.0 soivent
carbon tetrachioride 1.0 solvent, CHC
1,1,1-trichloroethane G.45 solvent
methylene chloride 0.4 solvent
methylchloride 0.35 solvent, blowing agent
2-chlorobutadiene 0.3 polymers
chloroform 0.24 solvent, CHC
1,1-dichloroethylene 0.1 solvents, polymers

D e L e L T e

1,2-dichloroethane is a particularly interesting compound. At a production
rate of 13 million tons per year it is one of the top man-made products in
volume. Until the early 1980's, no organisms were known to degrade this compound.
Since then, however, a strain (Xanthobacter autotrophicus GJ10) has been isolated
in our laboratory which can grow exclusively on 1,2-dichioroethane (3), and
various other strains have been isolated with specificities for a number of
other haloaliphatics {Table 3).

When a series of inocula is tested, often only a few enrichments are
positive, dependent on the compound tested and the nature of the inoculum. Not
all chloroaliphatics are difficult to degrade, however. Chioroacetate utilizing
bacteria, for exampie, can easily be isclated from samples of soil with no
history of chemical pollution. Dichlioromethane degraders seem to be rare, The
distribution of 1,2-dichloroethane degrading bacteria is even more limited, since
we observed that most enrichments with non-polluted inocula do not give growth

(4).




Table 3. Pure bacterial cultures that use haloaliphatics for growth.
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strain isolated on grow%h rgte reference
h-l

Hyphomicrobium methylchloride 0.09 5
Pseudomonas DM1 dichloromethane 0.11 50
Hyphomicrobium DM2 dichloromethane 0.07 51
Methyiobacterium DM4 dichloromethane 0.22 12
Xanthobacter GJ10 1,2-dichloroethane 0.12 3
Pseudomonas CEl 2-chloroethano] 0.09 13
Arthrobacter HAl 1-chlorohexane 0.14 8
Mycobacterium mi5-3 1-chiorobutane - 9
Pseudomonas 1,6-dichlorchexane - 7
strain GJ70 1,6-dichlorchexane - 6
Mycobacterium L1 vinylchloride 0.05 14
Pseudomonas ADl epichlorohydrin 0.20 52

L R e e e T

A1l 1-monochloro-n-alkares (C1-C12) are degradable by pure bacteriai
cultures that use these chemicals as a carbon and energy source for growth (3,
5). In general the generaticon times of these bacteria are in the order of 5-10 h
(Table 3). There is quantitative dechlorination, which points to complete
detoxification. Pure cultures have also been obtained for dichloromethane (10-12)
and the a, w-dihaloalkanes {C2, C3, C4, C6, C9) (3,6,13; Table 3). Terminally
halogenated alkanes are in general easier to degrade than secondary
alkylchlorides (4). The presence of two or three chlorines bound to the same
carbon atom seems to prevent aerobic degradation, since attempts to isolate
cultures utilizing 1,1-dichioroethane, 1,1,1-trichioroethane, and 1,1,2-trichlo-
roethane were unsuccessful {4). The same was found with trihalomethanes and
carbon tetrachloride. Of the chlorinated ethylenes, only the isolation of a
vinylchloride utilizing Mycobacterium strain has been reported (14). In general,
the lower the number of halogen substituents, the better the chances of
degradation by organisms utilizing the compound for growth under aercbic
conditions.

Under anaerobic conditions, several conversions of highly chlorinated
aliphatic hydrocarbons to lesser chlorinated compounds that may serve as a growth
substrate for aerobic organisms have been found (15), but these will not be
further discussed here,

A critical step in the microbial metabolism of chlorinated compounds is the
dehalogenation. The enzymes that catalyze dehalogenation act on carbon-halogen
bonds in compounds which are absent or occur at very low concentrations in
natural environments. As an alternative, dehalogenation may be caused by enzymes
that do not directly cleave carbon-halogen bonds but produce unstable
intermediates by incorporation of oxygen atoms. During dehalogenation the
organochlorine character of the compounds, which is the actual cause of toxicity,
is lost. This makes dehalogenation a key step in the bacterial metabolism of
chlorinated compounds.



Five dehalogenation mechanisms have been observed in aerobic bacteria. Not
all mechanisms have been characterized in detail, but in some cases the enzymes
have been purified and studied. Based on the likely degradation mechanisms, their
substrate range, the products formed, and the properties of the enzymes, it is
possible to understand why some compounds are recalcitrant and what remedies
could lead to improved degradation.

Hydrolytic dehalogenases

Hydrolytic dehalogenation has been well documented for the conversion of
2-halocarboxylic acids by bacteria that utilize chloropropionate or chloroacetate
for growth. Most of these dehalogenases are small proteins, with molecular
weights in the range of 17 to 68 kDa (16,17). The dehalogenases seem to form a
rather heterogeneous class of enzymes, since they show different dehalogenation
mechanisms and are immunologically distinguishabte,

Direct hydrolytic dehalogenation of a chlorinated hydrocarbon was first found
with the haloalkane dehalogenase from Xanthobacter autotrophicus GJ10, an
organism obtained in our laboratory using enrichment with 1,2-dichloroethane as
sole carbon source (3,18). Other 1,2-dichloroethane degrading bacteria have been
isolated by us and other groups (4,53). Most of these are facultative methylo-
trophs, which can partly be explained by the involvement of the quinoprotein
methanol dehydrogenase in chloroethanol oxidation. Some chloroethanol-utilizing
Pseudomonas strains also produce an inducible PMS-coupled alcohol dehydrogenase
for chloroethano] oxidation.

The hydrolytic dehalogenase from X. autotrophicus GJ10 has been purified,
characterized (19), and crystallized (20). The three dimensional structure of the
protein is currently being resoived (20). Furthermore, we have cloned and
sequenced the gene encoding this enzyme. The gene encodes a 310 amino acid
polypeptide of molecular weight 35,143 Da and is preceded by two E. coli
consensus promotor sequences, explaining the high expression observed in Xantho-
bacter and other Gram-negative bacteria.

Three other dehalogenases that convert haloalkanes to their corresponding
alcohols have been found in Gram-positive bacteria (21-23; Table 4). These
proteins have an activity toward the environmentally less important long chain
chloroalkanes, but do not convert 1,2-dichloroethane. A1l enzymes found are
composed of a single polypeptide chain of molecular weight 28-36 kDa. The
haloalkane dehalogenases seem to form a distinct class of enzymes since no
overlap in substrate range with other hydrolytic dehalogenases has been found and
the enzymes are not immunologically cross-reactive with the halocarboxylic acid
dehalogenases tested so far. We found that antiserum against the haloalkane
dehalogenase from X. autotrophicus GJ10 does not react with the halocarboxylic
acid dehalogenase from a 2-chloroethanol utilizing Pseudomonas, Pseudomonas 113,
Moraxella, or haloalkane dehalogenases from other organisms (4,17).




Table 4. Characteristics of haloalkane dehalogenases.
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organism {ref.) mol. wght substrates

X. autotrophicus 35,143 Da C1-C4 l-chloroalkanes

4,19) C1-C12 l-bromoatkanes
epichlorohydrin

strain GJ70 28 kDa C3-C6 l-chloroalkanes

(22) C4-C9 a,w-dichlioroalkanes
bis(2~-chloroethyl)ether

Arthrobacter HAl 36 kDa C2-C9 1-chloroalkanes

{21) C3-C6 dichloroalkanes

Corynebacterium mi5-3 36 kDa C3-C9 1-chloroalkanes

(23} C3-C9 a,w-dichloroaikanes

£3-C4 a-chloro-w-alkanols
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Hydrolytic dehalogenation is particularly attractive for the
conversion of chlorinated aliphatics since the enzymes do not need oxygen or
cofactors for activity and catalyze simple dechlorination with water as the
nucleophile, yielding alcohols as products. A limitation of the dehalogenases is
that they are not active with halogens bound to unsaturated carbon atoms, since
vinylic halogens are very resistant to nucleophilic displacement reactions. Other
compounds that are not converted in this manner are trihalomethanes and alkanes
with more than one chlorine bound to the same carbon atom. Furthermore, the
enzymes have a relatively low affinity for their substrates. It is not yet clear
whether this is directly related to the affinity of the microorganisms for their
substrates, causing high Monod constants.

Oxidative conversions

Compounds with vinylic halogens, trihalomethanes, and several other highly
chlorinated aliphatics may be degraded by oxidative conversion mediated by
monooxygenases produced by methanotrophic bacteria (24-30). Monooxygenases
require a reduced cofactor or cytochrome for activity and incorporate one oxygen
atom of molecular oxygen in the substrate, while the second oxygen atom is
reduced to water (31{. Monooxygenase reactions are electrophilic in nature
instead of nucleophilic and therefore oxidation provides an alternative for
degradation of various compounds that are structurally insensitive to
nucleophilic substitution reactions.

The methane monooxygenases are very aspecific (31,32) and have been proposed
to oxidize halogenated methanes, ethanes, and ethylenes (24-26). Oxidation can
tead to dehalogenation as a result of the formation of chemically labile
products, such as gem- nalohydrins or chloroepoxides. Typical half lifes of
chlorinated epoxides in neutral puffers are 30 h {trans-1,2-dichloroethylene
oxide), 5 h (trans-1,3-dichloropropene oxide), 1.5 min (vinyl chloride oxide),
and 12 s (trichloroethylene oxide) (26,33,34).

Initial observations on trichloroethylene degradation were made with soil
columns (30) and with mixed enrichments of methanotrophs (24). Pure cultures also
showed degradation of trihalomethanes and chlorinated ethylenes (4,26,27,35).



Chloroform and chloroethylenes have been found to be converted in soil exposed to
methane (4,25,29).

Methanotrophs can, for example, efficiently degrade trans-1,2-di-
chloroethylene (26). This cometabolic process required the presence of 16 moles
of methane per mole of dichloroethylene and produced trans- 1,2-dichloroethylene
oxide as a chemically unstable intermediate. The metabolism of other chlorinated
ethylenes by a strain of Methylomonas was found to be hindered by the toxicity of
primary products of the methane monooxygenase. Conceivably, the unstable
gem-halohydrins, epoxides, or reactive aldehydes that are produced from the sub-
strates are toxic to the cells or inhibit methane monooxygenase. As a result,
compounds such as chloroform and trichloroethylene, which are relatively inert
and of low toxicity to cultures that grow with methanol, caused inhibition of
%ro?th at concentrations above 100 pM when methane was supplied as carbon source

26).

We have found that very efficient degradation of trichloroethylene and
several other chloroaliphatics can be achieved by a culture of Methylosinus
trichosporium, which can produce a soluble type of methane monooxygenase (36)
that converts several chlorinated compounds (35; Table 5). Only when cultivated
under copper limitation, which caused expression of the soluble type methane
monooxygenase, were cells able to degrade trichloroethylene. Dechlorination of
the compound was achieved, with only traces of 2,2,2-trichlorcethanol and
trichloroacetaldehyde being formed. The methane monooxygenase seems to have a low
affinity for trichioroethylene since degradation proceeded according to first
order kinetics at concentrations below 0.1 mM, with a rate constant of 2
nmol.min-*.(mg cells)-%. Higher concentrations were toxic and inhibited
degradation. In these experiments, formate was used as the electron-donating
agent. Besides trichloroethylene, other chloroaliphatics were degraded by M.
trichosporium, inciuding dichloromethane, chloroform, dichloroethanes,
1,1,1-trichloroethane, and dichloroethyienes, but feormation of chlorinated
organic products occurred in some cases (Table 5). The perchlorinated compounds
tested, carbon tetrachloride and tetrachloroethylene, were not converted.

The biochemical characteristics of soluble methane monooxygenase from M.
trichosporium OB3b and Methyiococcus capsulatus (Bath) are very similar and have
been studied in detail (31,37). The enzyme is a three component complex. The
hydroxylase component A has a molecular weight of 210 kDa containing 2.3 non-haem
iron atoms/mclecule (37).

The rates that we have observed with cells of M. trichosporium expressing
soluble monooxygenase are much higher than the rates found with the same organism
expressing particulate monooxygenase (35), and with a type I methanotroph that
was grown in the presence of copper, and thus presumably alsc expressed a
particulate type of enzyme (27).

CataboTism of trichioroethyiene and dichloroethylenes has also been found
with toluene utilizing strains of Pseudomonas putida (38,39). Degradation was
concluded to be mediated by toluene dicxygenase encoded by the todC gene (39),
and induction of the degradative activity with aromatic compounds was necessary.
First order kinetics with a rate of 1.8 nmol.min-* (mg protein)-* at 80 uM
trichloroethylene was found. These data indicate that trichloroethylene
conversion by P. putida proceeds faster than that shown by methanotrophs




producing particulate monooxygenase, but about 100 times slower than the rate
that can be obtained by M. trichosporijum expressing the soluble enzyme (35).

Table 5. Degradation of chloroaliphatics by M. trichosperium 0B3b (35).

e e e TR N e R G e R e N R e e e e S R S NS W R MR S e e e NS RS R R AR TR A A0 SN e am g e R e e

compound chlorinated product(s)
dichloromethane chloride

chloreform chloride

carbon tetrachloride no conversion
1,1-dichloroethane chloride
1,2-dichloroethane chloride
1,1,1-trichloroethane 2,2,2-trichloroethanol
trans-1 ,2-dichloroethylene chloride, epoxide
Cis-1,2- d1ch10r08thy]ene chloride, epoxide
tr1chioroethyiene chloride, 2,2,2-trichloroethano?
tetrachloroethylene no conversion
1,2-dichloropropane 1,2-dichloro-3-propancl

s e R A e e o R e S R e TS N EE Ay S ED SE AR MR b G e ey A SR M R SR TR ER AR MR R e A R M MR GRS G e e ey e

a2 Incubations were done at 30 =C with resting cells from chemostat cultures
grown in medium containing no added copper. Compounds were added at 0.1 mM and
formate was used as electron donor.

Recently, a DNA fragment that harbors genes for toluene oxidation in
Pseudomonas mendocina was expressed in E. coli and found to enable this organism
to degrade toluene at a rate of 1-2 nmol.min-1.(mg protein)-:(40). Although this
rate is rather low when compared to the velocity of tr1chloroethy1ene catabolism
in M. trichosporium, degradation was found not to require the presence of an
inducer, which 1s, in case of toluene, an important advantage compared to the P.
mendocina strain when practical app]ication is considered.

Oxidative conversions seem of primary importance in organisms that convert
chloroaliphatics cometabolically, i.e. the organisms do not use these compounds
as a sole carbon source and need a second oxidizable electron donor for growth
and for supplying reducing equivalents. The involvement of oxidative conversion
as the mechanism for dehalogenation in organisms growing with chloroalkanes, such
as methylchloride, 1,2-dichloroethane, and l-chlorobutane has been suggested
(Table 3), but no biochemical experiments with cell free extracts to support this
have yet been reported.

Causes of recalcitrance

For some chlorinated aliphatics, attempts to isolate pure bacterial cultures
that use these compounds as a growth substrate have repeatedly been unsuccessful.
Thus, no cultures have been jsolated that use 1,1,1- or 1,1,2-trichloroethane,
trichloroethylene, 1,2-dichloropropane and tri- or tetrahalomethanes for growth.

Highly chlorinated aliphatics obviously do not serve as an energy source
under aerobic conditions since oxidation does not provide a net yield of reducing
equivalents and hydrolysis directly produces carbon dioxide. This holds for



compounds such as chloroform, carbon tetrachloride, and tri- and perchloroethy-
lene.

in other cases, there seems not to be a biochemical factor that makes
utilization as a carbon and energy source impossible. Compounds such as
1,1,1-trichloroethane and 1,2-dichloropropane could theoretically be converted by
hydrolysis to acetic acid and l-chloro-2-propanot, respectively, which support
growth of pure cultures. Hydrolytic dehalogenases that carry out these conver-
sions have never been found, however. Recalcitrant behavior is therefore probably
due to a lack of enzymes that carry out hydrolytic dehalogenations with these
substrates. It is possible that enzymes that can hydrolyze these compounds will
be found in the future or can be selected in the laboratory.

The same compounds can be converted to, respectively, trichloroethanol and
1,2-dichloro-3-propanol by oxidation, but the methanotrophs that carry out these
reactions are unable to derive carbon and energy from the products. Recalcitrance
is thus caused in part by the absence of the appropriate combination of a set of
catabolic enzymes. A similar situation has been described with bacteria that
degrade aromatic compounds, and assembly of new catabolic routes for chlorinated
aromatics metabolism has been proposed (41}.

Accumulation of toxic intermediates also appeared to be a cause of poor
degradation of some haloaliphatics. The soil fumigant 1,2-dibromoethane, for
example, can be converted by dehalogenase to 2-bromoethanol and ethylene glycol
(6). Furthermore, Z-bromoethanol is a substrate for the halohydrin dehalogenase
of another organism, producing ethylene oxide. Although several reactions are
possible, 1,2-dibromoethane was found to be very resistant to degradation. We
propose that this is caused by the accumulation of toxic bromoacetaldehyde,
formed by alcohol dehydrogenase activity and lethal to organisms that carry out
the initial dehalogenation. Mutant strains lacking alcohol dehydrogenase still do
not utilize 1,2-dibromoethane due toc the fact that they could not grow with ethy-
lene giycol. X. autotrophicus GJ10 was also very sensitive to the toxic effects
of 1,2-dibromoethane (2 uM), possibly due to accumulation of aldehyde. Thus,
recalcitrance was again caused by the absence of the right combination of
metaboiic activities in a single organism.

Assembly of new catabolic routes using recombinant DNA techniques for
combining catabolic genes from different organisms, as suggested for the
degradation of substituted aromatic compounds (41), could become feasible for the
construction of organisms with enhanced catabolic potential (40). Hydrolytic
dehalogenases and monooxygenases would be good targets for such an approach since
the substrate ranges of these enzymes generally includes several envirconmentally
important compounds that do not support growth of the organisms that produce the

enzymes.

Prospects for the biological treatment of chlorinated hydrocarbons

Specialized cultures, as described here, will become increasingly important
for the application of biological techniques for environmental protection and
cleanup. Main fields of application include: treatment of industrial waste gases,
soil and aquifer decontamination, and elimination of chioroaiiphatics from waste-




and groundwater. For slowly growing organisms, immobilization can help to obtain
a high steady state level of biomass in the reactor used. With compounds that
support growth of microorganisms that perform catabolic reactions, the approach
seems straightforward. Only problems related to volatization are expected.
Fluidized bed reactors (42} and trickling filters (43) have been investigated for
the elimination of, respectively, dichloromethane and 1,2-dichloroethane from
contaminated water. Furthermore, the development of treatment systems for
removing chlorinated hydrocarbons from waste gas is under way (44,45).

An important goal will be to achieve biclogical removal of chlorinated
hydrocarbons by microorganisms that rely on cometabolic conversion. The
applicability of methanotrophs for the removal of trichloroethylene and related
compounds will be complicated by three factors. First, degradation is
cometabolic and reguires the availability of another carbon source for
stimulating growth of the desired population. Selective growth of the organisms
that exhibit the desired catabolic feat can not always be achieved simply by
adding a growth supporting substrate such as methane or toluene, since this often
will not be selective for the required species. This is caused by the fact that
cometabolism is very strain specific (36,38,39). Thus, only specific cultures of
methanotrophs and only certain toluene catabolizing bacteria rapidly degrade
trichloroethylene. For the application of such cultures a detailed insight into
the ecophysiology of the organisms will be necessary. The development of
recombinant DNA techniques as a tool for studying the distribution of catabolic
traits may be very useful to tackle this problem.

A second factor is that oxidative cometabolic conversion requires the
presence of a second substrate for supplying reducing equivalents needed by the
monooxygendse system. Methane may not be optimal for this purpose because of
competition. Finally, the first order kinetics, as observed with
trichloroethylene, may cause degradation to proceed to sufficiently Tow levels
only after long residence times.

Applicability of methanotrophs has now been studied for aquifer
decontamination in the field (46) and with lab scale simulation systems for in
situ hiorestoration (47). In general, the observations made indicate that
trans-1,2-dichloroethylene conversion proceeds more rapidly than trichloro-
ethylene removal., It is possible that the population of methanotrophs used in
these systems was far from optimal in the sense that mainily organisms that
produce the less efficient particulate methane monooxygenase were present.

So far, nc aerobic transformation has been found with perchlorinated
compounds, although there seems to be no reason why this is impossible per se.
Anaerobic conversions that cause dechlorination have been described for several
highly chlorinated compounds, such as carbon tetrachioride, perchloroethylene,
and 1,1,1-trichloroethane. These conversions could become very important for
removing chlorinated aliphatics at low redox potential, e.g. in anaerobic
subsurface environments. The rates are generally in the order of 0.1-10
nmol.min-*(mg protein)-1 (see reference 49 and publications cited there), which
is rather low compared to what can be achieved with cometabolic trichloroethylene
oxidation or with aerobic organisms that use chloroaliphatics as a carbon source.



An interesting option might be to combine anaerobic treatment steps

for initial dechlorination of highly chlorinated compounds, such as
perchloroethylene to tri- and dichloroethylenes, with oxidative treatment to give
complete mineralization.
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