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Lately, we have proved that biological phosphorus (P) removal can be achieved in the aerobic/extended-
idle (AEI) regime using glucose as the sole carbon source, which might develop a potential simple strategy
for simultaneous removal of P and organic substrates from wastewater. Since acetate and propionate
are the two most common substrates present in real domestic wastewater, this paper further assesses
the P removal performances in the AEI process using acetate and propionate as the sole carbon source.
The results showed that 3.91 and 3.64 mg of P/g of total suspended solids were, respectively, removed
in the acetate-reactor and propionate-reactor after 50 days, respectively. After 90 days P removal in the
propionate-reactor increased to 4.91 mg P/g of total suspended solids whereas that in the acetate-reactor
keptinthe samelevel (3.98 mg/g). Though both acetate and propionate could be used as carbon sources for
P removal in such a novel system, the latter was more effective after long-term operation. Further inves-
tigations showed that, after 90 days’ acclimatization, sludge poly-P content in the propionate-system
was more than that in the acetate-system, which was the primarily reason for the propionate-system
showing higher P removal.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the traditional theory of wastewater treatment, biological
phosphorus removal is accomplished through two modes: bio-
logical assimilation and enhanced biological phosphorus removal
(EBPR) [1]. The biological assimilation is in the use of the microor-
ganisms cultivated in wastewater to uptake phosphorus and
convert it to microorganism component. In this process, the
microorganisms could take about 5.5 mg P-PO43~ /L in the sewage
[2]. To reduce P levels in freshwater ecosystems effectively, EBPR
is prior to choose due to its economical and low environmen-
tal impact. This process is based on the selective enrichment
of bacteria accumulating inorganic polyphosphate as an ingre-
dient of their cells [2]. Polyphosphate accumulating organisms
(PAOs) uptake volatile fatty acids (VFA) and convert it to poly-
[-hydroxyalkanoates (PHA), decompose the intracellular stored
polyphosphate (poly-P) and glycogen anaerobically [3,4]. In the
aerobic phase, PAOs oxidize PHA to gain energy and carbon sources
[5], reincorporate the orthophosphate into intracellular poly-P,
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thus EBPR is achieved. Although the current EBPR technology (i.e.,
anaerobic/aerobic process) is widely applied in full-scale waste-
water treatment plants, its stability and reliability can still be a
problem due to external disturbances such as high rainfall, exces-
sive nitrate loading to the anaerobic reactor [6-8].

Recently, we have found excess phosphorus removal could be
obtained in an activated sludge system with an extended idle period
using glucose as the sole carbon source, and then Wang et al. [9-11]
made further researches on this peculiar phenomenon, and named
this process for the aerobic/extended-idle (AEI) process [12]. Com-
pared with the conventional EBPR process, a strictly anaerobic
period was not conducted whereas an extended-idle zone was
operated between the decanting and the next aerobic phases.
Though the extended-idle phase seems as a post anaerobic phase
performed in the conventional anaerobic/oxic (A/O) regime for it is
also not aerated, mixture stirring does not require to be performed
during the idle period. Further, besides a significant idle phosphate
release, external substrate consumption and PHA and glycogen
transformations, however, are not obviously observed during this
idle period [12]. This metabolic behavior indicates that the idle
period operated in the AEI regime is different from the anaerobic
period performed in the A/O regime. Unexpectedly, this extended-
idle period was also proved to provide a selective advantage to PAOs
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over other populations [12]. The previous results obtained by us
suggested that the AEI regime might serve as an alternatively effec-
tive supplement to the existing method of phosphorus removal.

As is known, carbon source plays an important role in biologi-
cal phosphorus removal. The microbial-accumulated biopolymers
(PHA, poly-P and glycogen) are vital for the metabolism of PAOs,
and the formation of polymers composition is mainly dependent
on the substrate [13]. Consequently, a mass of carbon sources in
wastewater is a prerequisite for achieving EBPR process [2,4]. How-
ever, the components of real wastewater are comple, including
several organic carbon sources such as macromolecular organic
compounds, and volatile fatty acids (VFAs). Acetate and propio-
nate are two kinds of familiar VFAs in wastewater, among which
acetate accounts for 60-70% and propionate accounts for 20-30%
[2,6]. Through summarizing data from four full-scale systems with
prefermenters (in Canada and Australia), Von Muench [14] showed
that acetate ranged from 49% to 71% of total influent VFAs (by
weight), and propionate ranged from 24% to 33% of the total VFAs.
Therefore, most of studies on traditional P removal focused on using
acetate as the carbon source, which could obtain considerable per-
formances of EBPR [14,15]. Moreover, Chen et al. [16] reported that
a higher phosphorus removal level was achieved in a propionate
fed system than that in an acetate fed system with a long-term cul-
tivation, then the potential effect of propionate on EBPR behavior
has been further studied [17-19], which suggested that propionate
may be a more favorable substrate than acetate for successful EBPR
performance. Although the effects of acetate and propionate on bio-
logical P removal induced by the conventional A/O regime are well
investigated, information regarding the two most common VFAs
as carbon sources for biological P removal driven by AEI regime is
lacking.

Therefore, two kinds of typical VFAs (acetate and propionate)
as the sole carbon source were selected to maintain the activated
sludge system in this work, which aimed to assess P removal effi-
ciencies and to evaluate the feasibility of the two VFAs as carbon
sources for Pi removal in such a novel system. First, the efficien-
cies of BPR between the acetate- and the propionate-reactors were
compared. Then, we analyzed the reasons for propionate-reactor
showing higher P removal efficiency than acetate-reactor after
long-term acclimatization. Finally, we compared the stoichiometric
relation between acetate and propionate as the sole carbon source
for P removal in the AEI and the A/O systems.

2. Materials and methods
2.1. Experimental device and operational method

Experiments were carried out in two identical sequencing batch
reactors (SBRs) (R1 and R2) made of Lucite, with each reactor having
a working volume of 2 L.

Inoculated sludge was taken from the First Municipal Waste-
water Treatment Plant of Changsha, China, and the initial
concentrations of mixed liquor suspended solids (MLSS) in the
two reactors were all set at around 4000mg/L. The opera-
tion of the two SBRs is described below: influent— aeration
(4h)— settling/decanting (0.5h)— idle zone (7.5h). During the
aerobic time, air was supplied into both SBRs at a flow rate of
1.5Lmin"1.

For each SBR cycle, 1.5L supernatant was discharged after the
settling period, and the sludge retention time (SRT) in the two SBRs
was maintained at approximately 20 days.

During the process, 2 mg/L EDTA was added to the synthetic
media to eliminate the effects of metal phosphorus on biological
P removal. The pH was around 7.5 during aerobic periods through
the addition of 0.5M HCI and NaHCOs.

2.2. Synthetic media

Synthetic wastewater was used in this research. R1, R2 were
fed, respectively, with acetate and propionate, but they had almost
the same influent amount of carbon element (about 15 mmol/L).
The concentrations of other nutrients in the synthetic media fed
to the two SBRs are the same as below: PO4-P (20 mg/L); NH4Cl
(100 mg/L); MgS0O4 (10mg/L); CaCl, (5mg/L) and 0.3 mg/L trace
metals solution. The trace metals solution had been described in
Smolders et al. [20].

2.3. Analytical methods

TP was determined by phosphoantimomolybdate ascorbic acid
spectrophotometry, mixed liquor suspended solids (MLSS) and
mixed liquor volatile suspended solids (MLVSS) were measured
by standard method [21], glycogen was measured by the phenol-
sulfuric method with glucose as standard [22], total organic carbon
(TOC) was determined using a TOC analyzer (ShimadzuTOC-500,
Japan), and sludge TP content was measured by the method
described in Wang et al. [9]. VFAs were measured using high
performance liquid chromatography (HPLC) with a HPX-87H
300mm x 7.8 mm, BioRad Aminex ion exclusion HPLC column
operated at 65.1 °C. FIA and VFA samples were obtained through fil-
tering mixed liquor from the SBR using 0.22 mm Millex GP syringe
driven filters [22]. PHA was measured with gas chromatography
(GC) [9]. Poly-P staining was carried out with 4-6-diamidino-2-
phenylindole (DAPI) according to the method described by Liu et al.
[23], and examined using a confocal scanning laser microscope (FV
500).

3. Results and discussion

3.1. Premoval performances and related multi-parameter
transformations in the acetate fed and the propionate fed AEI
reactors during the steady-state operation

Table 1 showed the data of the effluent TP concentration and
phosphorus removal efficiency during the period of 96 days exper-
iments. It was clearly observed that a poor level of TP removal was
achieved in both reactors during the initial 10 days. R1 operated
steadily after 10 day operation, and 5.29-6.27 mg/L were mea-
sured in effluent between day 10 and day 96. Compared with R1, P
removal efficiency in R2 was lower during the initial 50 days, but
was higher during the next 50 days operation, and the average P
removal increased to 18.41 mg/L during the operation of day 50-96.
In this test, the researcher set the influent P concentration high
in order to assess the feasibility of acetate and propionate serving
as carbon source for phosphorus removal induced by AEI regime.
Although the effluent P concentration was high, the net amount
of P removal in both reactors was more than 14 mg/L after long-
term operation. In the first phase (0-10 days), the average MLSS of
the two reactors was 3348 mg/L and 3252 mg/L, respectively. Dur-
ing 10-50 day operation, the average MLSS of the two reactors,
respectively, increased to 3582 mg/L and 3656 mg/L, while the ratio
of MLVSS/MLSS in both reactors dropped below 0.7, corresponding
with the increase of the P removal capability. MLVSS/MLSS ratio
kept steadily in R1 after 50 days, whereas decline continued in
R2, which was consistent with the improvement of TP removal.
Oehmen et al. [24] suggested a low VSS/TSS ratio implied a high
level of phosphorus was stored in the sludge. The results suggested
there was an increase in the numbers of microorganisms perform-
ing P removal in R2 after 50 day operation.
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Table 1
Comparison of multi-parameters in two AEI-reactors.
R1 R2 Units
0-10 days 10-50 days 50-96 days 0-10 days 10-50 days 50-96 days
TP in effluent
Avg 8.38 5.51 5.49 9.72 5.64 1.59 mg/L
Max 12.82 6.25 6.27 12.12 7.72 1.94
Min 7.08 5.37 529 8.04 3.37 0.96
TP release?
Avg 13.95 11.68 11.64 8.49 5.51 11.36
Max 19.63 12.09 12.27 15.32 7.93 12.57
Min 11.45 11.04 10.68 5.25 4.37 9.34
TP removal
Avg 11.62 14.49 14.51 10.28 14.36 18.41
Max 12.92 14.63 14.71 11.96 15.63 19.04
Min 7.18 13.75 13.73 7.88 12.28 18.06
Efficiency of TP removal
Avg 58.1 72.4 72.6 514 71.8 92.1 %
Max 64.6 73.1 73.6 59.8 78.1 95.2
Min 35.9 68.8 68.7 394 61.4 88.9
MLVSS (Avg) 2578 2457 2432 2439 2523 2093 mg/L
MLSS (Avg) 3348 3582 3561 3252 3656 3610
MLVSS/MLSS (Avg) 0.77 0.69 0.68 0.75 0.69 0.58 glg

2 TP release = end of idle zone TP — end of aerobic zone TP.

3.2. Transformations of TP, glycogen and PHA during one cycle
after short-term acclimatization

As shown in Fig. 1, VFAs were fully exhausted in both reactors
during the initial 30 min of the aerobic period. Meanwhile, glycogen
and PHA were produced significantly. After the external substrate
was exhausted, PHA was degraded accompanied by glycogen syn-
thesis and P uptake. P concentration in effluent was 6.52 mg/L in
the acetate-reactor (R1) and 7.25mg/L in the propionate-reactor
(R2), respectively.
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Fig. 1. Transformations of TP, VFA, PHA and sludge glycogen in the AEI-reactors
during a typical cycle in 50th day. (A) Acetate (R1) and (B) propionate (R2).

In R1, the maximal accumulations of PHA and glycogen were,
respectively, 3.8 mmol-C/g and 2.47 mmol-C/g, but the correspond-
ing data were, respectively, 2.62 mmol-C/g and 2.29 mmol-C/g in
R2. It can be clearly seen that the PHA and glycogen accumulated
in R2 was lower than those accumulated in R1. Also, it can be found
some different metabolic transformations between the AEI regime
and the A/O regime. It is known that, external substrate is consumed
in the anaerobic period [4,19,25]. However, external substrate is
consumed aerobically, which might be the reason for the AEIregime
showing some metabolic differences from the A/O regime. In R1,
the main energy storage was PHA, while accumulations of PHA and
glycogen were nearly at the same level in R2. In both reactors, the
accumulation time of glycogen was longer than that of PHA. When
external substrates were depleted, glycogen continued to be accu-
mulated in a short time. R1 produced PHB (73.6%) as the main PHA
while R2 produced PHV (83.8%) as the dominative PHA. The report
of Albuquerque et al. [26] suggested PHV content related to the
amount of propionate and valerate in the feed, which was consis-
tent with the research results. During the idle phase, P release was
observed obviously in R1, but the concentration of P release was
lower in R2. PHV was accumulated in R1. However PHV did not
change significantly in R2.

3.3. Transformations of P, glycogen and PHA during one cycle
after long-term acclimatization

The carbon and P transformations during a cycle after long-
term acclimatization in R1 were shown in Fig. 2(A). Compared with
Fig. 1(A), transformations of related parameters were similar in R1.
P in effluent was 5.78 mg/L. At the end of one cycle, 10.4 mg/L of
P was released. The P removal microbe in R1 also produced PHB
(75.7%) as the main PHA.

Transformations of P, VFA, PHA and sludge glycogen in R2 during
a typical cycle on 90th day were shown in Fig. 2(B). P in efflu-
ent decreased to 2.77 mg/L. The maximal accumulation of PHA
was 2.66 mmol-C/g, and PHV was also the main component, which
accounted for 84.3% of the total PHA. In the research of Oehmen
et al. [19], there was also only a little PHB accumulated in the
propionate fed reactor. The accumulation of glycogen increased
slightly, 3.67 mmol-C/g of glycogen was accumulated after 60 min
of aeration. During the idle phase, phosphate release was observed
to be higher in R2 than that in R1. At the end of the cycle, 9.36 mg
P-PO,43~/L was released. It was reported that phosphorus removal
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Table 2
Comparison between unadapted sludge and 40- and 90-day VFAs enriched sludge.
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0-Day R1 R2 Unit
40-day 90-day 40-day 90-day
1st P release rate 0.42 0.34 0.07 - - mg P-PO43~ /g VSS h
P uptake rate 0.28 1.56 1.59 1.55 3.49
2nd P release rate 0.87 0.47 0.45 0.11 0.50

capability showed well correlation with idle phosphate release
[12]. Thus the higher idle phosphorus release detected in R2 was
consistent with the P removal capability.

A character of the EBPR process is the interaction between dif-
ferent microbial intracellular biopolymers [4,27]. Therefore, the
understanding of the effects of these biopolymers on extended
idle period performing enhanced biological phosphorus removal
is helpful to further understand the mechanism of the process.

3.4. DAPI staining of the sludge samples taken from the two
reactors during short- and long-term operations

According to the above studies, it seemed that after short-
term acclimatization higher P removal efficiency was obtained in
the acetate reactor than that in the propionate reactor whereas P
removal efficiency of propionate reactor was greater than that in
the acetate reactor after long-term acclimatization. Therefore, DAPI
staining was further carried out to confirm the above data.

Fig.3(A) and (C) showed the results of DAPI poly-P staining of the
sludge samples taken from the acetate reactor in day 50 and day 90,
respectively. Although both DNA and poly-P can be bound by fluo-
rescent dye DAPI, the two binding states emit different fluorescence
under epifluorescence microscopy. DNA-bound DAPI appears pale
whereas poly-P-bound DAPI appears strongly bright white [23],
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Fig. 2. (A and B) Transformations of TP, TOC, PHA and sludge glycogen in the AEI-
reactors during a typical cycle in 90th day.

which can distinguish the poly-P granules easily. From Fig. 3, it
can be found that Fig. 3(A) and (C) have a lot of bright spots, so the
activated sludge system with an extended idle period has a large
number of accumulated poly-P granules (33% vs. 32%). Fig. 3(B) and
(D) showed the poly-P staining graphs of activated sludge samples
taken from the propionate reactor in day 50 and day 90, respec-
tively. In Fig. 3(D), bright spots were more than that in Fig. 3(B)
obviously (43% vs. 28%). It can be concluded that P in the waste-
water was mainly converted to poly-P granules in this research.
Further, the main reason for the long-term acclimated propionate
reactor showing higher phosphorus removal performance was due
to the more poly-P containing cells cultured in the activated sludge.

3.5. Effect of acclimated time on the specific phosphate release
and uptake rates

Table 2 compares the P release and uptake rates of 40- and 90-
day acetate and propionate adapted activated sludge in AEI system.
Although an unacclimated biomass was not able to perform a suit-
able AEI, after a period of biomass adaptation (10-90 days), the
population dynamics of the activated sludge evolved to an efficient
phosphorus removal process.

When acetate was used as carbon source, the first P release
rate was observed in the beginning of aerobic phase, the second
P release rate was observed in idle phase. The first P release rate
corresponded with the VFA depletion (0.34 and 0.07 mg P/g VSS
h for acetate on 40- and 90-day), while the 2nd specific P release
rates (0.47 and 0.45mg P/g VSS h for acetate on 40- and 90-day)
could result from the enriched P removal microbe using their excess
intracellular poly-P to generate energy which was required for
maintenance. Also from Table 2, it can be seen that when propio-
nate was used as carbon source, the 2nd phosphate release rate
was detected but the first P release rate was not observed. With
the increase of the acclimated time, both the 2nd P release rate and
P uptake rate increased.

3.6. Comparison of the stoichiometric values of P removal in the
AEI and the A/O systems

The PHA produced during the aerobic phase for each carbon
source tested (acetate, propionate) in the AEI system are presented
in Table 4. PHA was synthesized in the anaerobic phase in the tra-
ditional A/O process, but was accumulated aerobically along with
carbon source consumption in the AEI process.

In our study, the P removal microbes mainly accumulated PHB
(75.7%) in the acetate reactor whereas in the propionate reactor
the P removal microbes primarily accumulated PHV (84.3%). These
results were in accord with the data reported in the literatures
which were shown in Table 3. PHA production was higher in the
acetatereactor (4.2 mmol-C/g VSS) than thatin the propionate reac-
tor (3.18 mmol-C/g VSS) (Fig. 1). The storage polymer produced by
the P removal microbe in a 90-day propionate acclimated sludge
was mainly PHV (84.3%; 2.68 mmol-C/g VSS). In the A/O regime,
Pijuan et al. [22] found that PAOs also produced a low level of
PHB (4%) in a 140-day propionate-acclimated biomass, and more
glycogen is needed than acetate to produce PHV, which were in
agreement with the data obtained in the AEI reactors (this study).



T. Zeng et al. / Biochemical Engineering Journal 70 (2013) 151-157 155

Fig. 3. The poly-P staining procedures on activated sludge samples taken from the AEI reactors. (A) Acetate, day 50; (B) propionate, day 50; (C) acetate, day 90; and (D)

propionate, day 90.

Table 3

Date from the literature concerning the PHA accumulated and from produced in
activated sludge system with an extended idle period using acetate and propionate
as carbon sources.

Carbon source  PHB (%) PHV (%) Other (%) References

AEI  Acetate 75.7 243 NM This study
Propionate 15.7 84.3 NM This study

A/O  Acetate 90.2 9.8 NM Smolders et al. [20]
Acetate 46.6 20.2 31.2 Puig et al. [28]
Propionate 4.0 46.5 49.5 Pijuan et al. [22]
Propionate 20 45.0 53.0 Oehmen et al. [24]
Propionate 21 50.7 47.2 Puig et al. [28]

Table 4 showed that the amount of PHA stored in the sludge was
higher in R1 than that in R2 at any investigated time. On day 50,
the PHA-produced/VFA-uptake and the glycogen-produced/VFA-
uptake ratios were 0.58 vs. 0.37, and 0.33 vs. 0.35 in the two
reactors, respectively. On day 90, the accumulation of PHA/VFA

did not increase obviously in R1, whereas this ratio increased to
0.52 in R2. This indicated that there was enough VFA available for
P removal microbe, thus leaded to an increase in the intracellu-
lar storage of PHA as their dominated intracellular storage in R1.
However P removal microbe took VFA to synthesize PHA and glyco-
gen in R2 (dominated storage not obvious). In addition, the values
obtained (Table 2) for the carbon recovery ratio increased from 0.8
and 0.76 C-mol/C-mol, after 50 days the values in the two reactors
increased to 0.91 and 0.72, respectively. After long-term acclimati-
zation, the carbon recovery ratio unceasingly increased to 0.98 and
1.09 in two reactors, respectively.

To further understand the differences between the AEI and
A/O regimes, the experimental results obtained in the AEI-reactors
were compared with the stoichiometric coefficients monitored in
the A/O-reactors of previous studies, as outlined in Table 5. It
was clear that the stoichiometry of the metabolic stoichiometric
coefficients displayed in AEI reactors and other A/O studies for
both acetate and propionate. PAOs of A/O system uptake VFAs to

Table 4
Ratios calculated from the experimental results obtained in R1 and R2.
Ratios R1 R2 Units
0-day 50-day 90-day 0-day 50-day 90-day
PHA/VFA 0.54 0.58 0.62 0.52 0.37 0.52 C-mol/C-mol
PHB/VFA 0.32 0.48 0.56 0.29 0.05 0.07
PHV/VFA 0.22 0.1 0.06 0.23 0.32 0.45
Glycogen/VFA 0.26 0.33 0.36 0.24 0.35 0.53
Carbon recovery ratio? 0.8 0.91 0.98 0.76 0.72 1.05
P-release/VFA-uptake 0.053 0.032 0.028 0.042 0.0068 0.026 P-mol/C-mol

a Carbon recovery ratio = (PHA-synthesized + glycogen-synthesized)/VFA-uptake.
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Table 5
Comparison of the stoichiometric coefficients between AEI- (this study) and A/O-mediated reactors (previous studies).
References Carbon source Aerobic phase Idle phase
PHA-up/VFA Gly-syn/VFA P uptake rate P release rate
(C-mol/C-mol) (mmol-C/g VSS) (mmol-P/g VSS h) (mmol-P/g VSS h)
AEI This study? Acetate 0.62 0.36 0.049 0.018
Propionate 0.52 0.53 0.068 0.020
References Carbon source Anaerobic phase Aerobic phase
PHA-up/VFA Gly-de/VFA P-rel/VFA P uptake rate
(C-mol/C-mol) (C-mol/C-mol) (P-mol/C-mol) (mmol-P/g VSS h)
A/O Vargas et al. [29] Acetate 1.23 0.08 0.55 0.48
Propionate 0.94 0.15 0.38 0.41
Pijuan et al. [30] Acetate 0.64 0.45 0.268 -
Propionate 1.39 0.91 0.107 -
Luetal. [31] Acetate 1.26 0.46 0.62 -
Propionate 1.22 0.29 0.44 -
Oehmen et al. [24] Acetate 1.22 0.33 0.42 -
Oehmen et al. [32] Propionate 1.23 0.32 0.42 -
Pijuan et al. [22] Propionate 0.91 0.21 0.42 0.72

2 The samples taken from AEI-SBR in 90-day.

synthesize PHA in anaerobic phase, however, the AEI system syn-
thesize PHA in aerobic phase. The PHAs-up/VFA ratio detected in
the AEl-reactors was much lower than that in the A/O-reactors
(0.62 vs.0.64-1.26 and 0.52 vs. 0.91-1.39 mol-C/mol-C, acetate and
propionate respectively). Consequently, compared with the A/O-
reactors the aerobic glycogen synthesis in the AEI-SBR was not
higher or lower obviously, however the propionate-reactor was
higher than acetate-reactor obviously. After long-term acclimati-
zation, P uptake rate in propionate-reactor was 0.068 mmol-P/g
VSSh and higher than 0.049 mmol-P/g VSSh in acetate. How-
ever in idle phase, P release rate in two reactors was closed
(0.018 and 0.020 mmol-P/g VSS h). It is one reason that P removal
efficiency in propionate-SBR higher than in acetate-SBR after long-
term acclimatization. According to the above studies, it was clearly
showed that the AEI regime using acetate or propionate as sole car-
bon source could drive a good P removal, but propionate was a more
favorite substrate for P removal in the AEI regime after long-term
acclimation.

4. Conclusion

A satisfied phosphorus removal performance was observed in
the AEI process using acetate and propionate as the sole car-
bon source in this test. After short-term operation, the maximal
P uptake rate was obtained in biomass adapted by acetate. For
long-term addition, a higher P uptake rate could be obtained in
the propionate reactor. If AEI-reactor needs to be incidentally sup-
ported by substrate addition, acetate and propionate was preferred
for short-term addition and propionate can also for long-term addi-
tion.
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