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Abstract

The effect of acetate was examined during the p-removal and denitrification of wastewater. The plant was operated based on the sequencing-
batch-biofilm-reactor (SBBR) process. As microbial media, ca. 9 mm Bio-Flow granules made from polyethylene and polypropylene were used.
Three preparations were made to compare the level of biological p-removal and denitrification. In comparison to the batch test, 42 mg/L (AC 30)
and 84 mg/L (AC 60) of NaCH3COO were mixed with the 500 mL of raw wastewater and the effect of the acetate concentration on the level of
p-removal was monitored. All samples were immediately filtered with 0.45 �m membrane filter, and PO4-P, NO3-N, NO2-N and acetate were
analyzed using Ion Chromatography, whereas Ptotal and chemical oxygen demand (COD) were measured by a spectrophotometer. The p-removals
for the WW, WW + AC 30 and WW + AC 60 preparations were found to be 9.4, 9.1 and 13.1 mg/L, respectively. The WW + AC 30 preparation did
not show any significant effect on the p-removal, while p-removal in WW + AC 60 preparation was higher than that in the other two preparations.
A comparison of the data revealed the COD: NO3-N:AC:P ratio of the WW, WW + AC 30 and WW + AC 60 preparations to be 18.07:2.90:6.87:1,
21.28:2.45:5.98:1 and 15.95:2.75:6.18:1, respectively. The experimental results showed that approximately 7 mg/L of acetate was consumed per
1 mg/L of p-removal.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Biological phosphorus removal is in the anaerobic zone,
here acetate (and propionate) is taken up by phosphorus-

toring bacteria and is converted to carbon storage products
hat provide energy for growth in the subsequent aerobic zones
1]. Schmolders et al. [2] reported that the transport of a neg-
tive loaded molecule such as acetates by the cell membrane
xhibited different types of forces. A high concentration gradi-
nt of acetate into the cell favored the transportation process

ecause of the high electro-chemical difference in potential
the charge difference between the cell interior and the exter-
al medium). Therefore, the energy required for the anaerobic
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io-p metabolisms provides a suitable environment-dependent
nergy, facilitates the transport of the acetate and the conversion
f acetate to PHA [3]. These reactions are interrelated, which
eans that the concentration of the materials involved can be

valuated along with the respective reaction rate for a set of
quations. Since a total of thirteen different chemical species
re involved in a set of these reactions, the reaction rates can
e obtained by solving these equations [4]. Overall, the ions are
epresented as acids in order to simplify its form. Formally, the
atio of acetate uptake and soluble-P in the anaerobic phase can
e described by the following equation:
(1)
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Fig. 1. (a) Bioflow-9-ring and

According to these reaction equations, the back solution
f phosphate is necessary for both setting up the PHB (poly-
ydroxybutyrate) memory and for producing energy. On the
ther hand, acetate consumption occurs only in the soluble-P.
he theoretical value of YP/AC depends on the portion of the
ntire soluble-P, and thus on the metabolic pathway, which is
ased on the reported model [5]. Comeau et al. [6] and Wentzel
nd Ekama [7] reported the YP/AC ratio to be 0.52 g P/g AC,
hereas Mino et al. [8] reported 0.26 g P/g AC. The difference
etween these two groups highlights the stoichiometric connec-
ions. With Comeau et al. [6], it was associated with the YP/AC
verview of the stoichiometry connections for different sub-
trates, whereas Mino et al. [8] considered decomposition. The
ptake of phosphate and the regeneration of ATP by NADH2 are
escribed differently according to the environmental conditions.
enerally, 7–10 mg/L of acetate is needed for approximately
mg/L p-removal. This suggests that the rate of cell growth

ncreases with increasing acetate concentration, which means
hat more phosphorus is likely, removed [9]. In this study, the
ossible higher p-removal and denitrification were examined as
function of the acetate concentration.

. Material and methods
.1. Sequencing-batch-biofilm-reactor (SBBR)

This study was performed based on the wastewater of a pilot
ewage plant. The plant was operated based on the SBBR pro-

t
s
p
p

Fig. 2. A schematic of
lling materials in the SBBR.

ess. The reactor possessed a total volume of filling materials
f 1.5 and 0.6 m3, respectively. The overall height of the reactor
nd the height of the filling material were 2.2 and 1.9 m, respec-
ively. As microbial media, ca. 9 mm Bio-Flow granules made
rom polyethylene and polypropylene were used. Fig. 1(a) and
b) shows the filling materials in the reactor. As shown in the
gure, the SBBR contained many rings lying in its interior por-

ion, which may help increase the total quantity of biomass per
ing. In contrast, they may also cause limited material conver-
ions into the interior ring due to transportation, with a setting of
icroflora, which will compete with the denitrification of poly-P

rganisms.

.2. Batch plant and sampling methods

Three different types of wastewater were prepared, two syn-
hetic wastewaters and one raw wastewater. In comparison
o the batch test, 42 mg/L (AC 30) and 84 mg/L (AC 60) of
aCH3COO was mixed with the 500 mL of raw wastewater and

he effect of the acetate concentration on the level of p-removal
as monitored. The raw wastewater was obtained from the pre-

iminary sedimentation of the sewage plant at Waßmansdorf,
erlin.

A step-by-step batch test of S-DN-P-cycle was performed in

he lab-scale plant with either real or synthetic wastewater. Fig. 2
hows a schematic of the plant. First, a 2-h anaerobic sorption
hase (S-phase) was operated. After which the reactor was com-
letely emptied, the following denitrification phase (DN-phase)

the SBBR plant.
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Table 1
AC consumption in the S-phase

Preparations �AC (mg/L) �AC/�CODtotal

(g AC/g COD)
�AC/�CODfilt

(g AC/g COD)

WW 62.5 0.38 0.98
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ig. 3. (a) CODtotal consumption and (b) CODfilt consumption in the S-phase
or the WW, WW + AC 30 and WW + AC 60 preparations.

as established by filling with nitrifying water to the reactor.
he anoxic phase, then, was performed for 4 h. Each test was
xamined with a liquid volume of 500 mL and about the same
ortions of thickened Bio-Flow media. The final batch volume
n the plant was between 750 and 800 mL. The test of three
reparations was performed in a parallel mode. The wastewater
as mixed with a magnetic agitator.
The S-DN-P Bio-Flow media were rinsed several times

ith tap water to ensure the removal of the residual degra-
ation products on the biofilm. The test was initiated with
njecting nitrogen gas. The first sample was drawn immedi-
tely after nitrogen injection, and subsequent samplings were
erformed with defined time interval. All samples were imme-
iately filtered with 0.45 �m membrane filter, and placed
n a cold environment. The tests were performed under
ontrolled environmental conditions, i.e., pH, time and temper-
ture. The samples were subjected to analyze PO4-P, NO3-N,
O2-N and acetate using Ion Chromatography according to
IN (German Institute for Standardization), whereas Ptotal

nd chemical oxygen demand (COD) were measured by a
pectrophotometer.

. Results and discussion

.1. CODtotal and CODfilt consumption

The COD indicates the quantity of oxygen, which is essen-
ial to the chemical oxidation of the wastewater constituents.
t describes the quantity of substrates, which can be degraded
hemically. The COD is a sum parameter that covers different
roups of materials [10].

The CODtotal obtained for these three preparations, the WW,
W + AC 30 and WW + AC 60 preparations, were found to

e 164.4, 200.0 and 209.0 mg/L, respectively. This means that
he absorbed CODtotal was the highest for the WW + AC 60
reparation, i.e. 37%, followed in order by the WW + AC 30
reparation (35%) and the WW preparation (28%) (cf. Fig. 3(a):
bsorbed CODtotal). These results clearly show that the level of
ODtotal consumption increased with increasing acetate concen-

ration. The CODfilt for the WW, WW + AC 30 and WW + AC 60

reparations were 63.9, 75.7 and 84.0 mg/L, respectively. This
uggests that the CODfilt consumption for the three preparations
ere 29%, 34% and 37%, respectively (cf. Fig. 3(b): absorbed
ODfilt).

a
c
t
d

W + AC 30 56.2 0.28 0.74
W + AC 60 80.9 0.39 0.96

The CODfilt/CODtotal ratio was pointed towards the easily
egradable fraction group present in the wastewater. In these
ests, the CODfilt/CODtotal for the WW, WW + AC 30 and

W + AC 60 preparations were 0.39, 0.38 and 0.40, respec-
ively. The CODfilt/CODtotal ratio appeared to be about the same
or all three preparations.

.2. Acetate consumption

Table 1 shows the absorbed acetate concentration for three
reparations. The WW + AC 60 preparation showed the highest
evel of acetate consumption. The level of acetate consumption
n the WW + AC 30 preparation was lower than that in the WW
reparation. Acetate in WW and WW + 60 preparations were
lmost removed, while 13.1 mg/L of acetate in WW + 30 was
emained after 2 h of reaction. The cause for this is unclear.
t was may be no good conditions for the RNA and poly-P in
he WW + AC 30 preparation, because the relative cellular con-
ent of RNA and poly-P can vary significantly depending on the
rowth conditions. P is located in several types of compounds
n bacterial cells: nucleic acids (RNA, DNA), nucleotides,
hospholipids, sugar phosphates, orthophosphate and polyphos-
hates. The inorganic phosphates and nucleic acids, in particular
NA, are the dominant fractions. In polyphosphate (poly-P)-
ccumulating organisms, this compound is the main P fraction.

In rapidly growing cells, the RNA content was relatively
igh and the poly-P content was low (opposite at low growth
ates). It was not likely that any of these mechanisms can explain
nhanced P storage in cells in biological systems treating munic-
pal wastewater. Sulfur, nitrogen and phosphorous reach such
ow concentrations were relevance, nor were inhibition from
ow pH values a problem in most practical cases. The lower
evel of acetate consumption results in a lower soluble-P. Not
ll the acetate in the WW + AC 30 preparation had decom-
osed in the anaerobic phase. The ratio of the absorbed AC and
he absorbed CODtotal in the S-phase for the WW, WW + AC
0 and WW + AC 60 preparations were 0.38, 0.28 and 0.39,
espectively. Similarly, the ratio of the absorbed acetate and the
bsorbed CODfilt in the WW and the WW + AC 60 preparations
ere similar.

.3. Nitrate- and nitrite-consumption

Ideally, the various decomposition phases are recognized as

n anoxic phase, where the decomposition of easily degradable
arbon compounds can take place. At the beginning of the batch
est, the easily degradable carbon compounds are likely to be
egraded, and the rapid denitrification process adjusts accord-
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Table 2
Specific substrate consumption in the batch test

Preparations �CODtotal/�NO3-
N (g COD/g
NO3-N)

�CODfilt/�NO3-
N (g COD/g
NO3-N)

�AC/�NO3-
N (g AC/g
NO3-N)

WW 5.66 2.20 2.20
WW + AC 30 7.78 2.90 2.20
WW + AC 60 5.06 2.00 2.00
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ig. 4. NO3-N consumption in the DN-phase for the WW, WW + AC 30 and
W + AC 60 preparations.

ngly. As soon as the easily degradable carbon compounds are
emoved, the rate of change decreases markedly [11]. The next-
hase is the denitrification of the easily degradable substrates.
imilar to denitrification, the level of biological p-uptake can be

ncreased, and the high nitrate content in the biomass inhibits
he soluble-P by increasing the level of the acetate consumption
n the S-phase [12].

Fig. 4 shows the NO3-N consumption in the DN-phase dur-
ng the batch tests. The WW + AC 60 preparation showed 13%

ore NO3-N consumption than the WW preparation. This might
e because the WW + AC 60 contain more substrates (10% of
C, 8% of CODfilt and 9% of CODtotal) than the WW prepa-

ation. It should be noted that the substrate quantity affects the
enitrification process.

.4. NO3-N and substrate consumption in the S-phase

Table 2 shows specific substrate consumption during the
atch experimentation. It should be noted that the extent of the
ubstrate consumption in the S-phase greatly influenced the con-
umption of NO3-N. Hence, the AC/nitrate ratio plays significant
ole towards the biological p-removal. With a high AC/nitrate

atio (>2), the level of acetate decreases to a larger extent than
he denitrification process. In this study, the CODtotal/NO3 con-
umption ratios for the WW, WW + AC 30 and WW + AC 60
reparations were 5.66, 7.78 and 5.06, respectively. The WW

r

s
W

able 3
ubstrate consumption and soluble-P in the S-phase

reparations Soluble-P/�CODtotal

(g P/g CODtotal)

W 0.03
W + AC 30 0.02
W + AC60 0.06

able 4
O3-N consumption and P-uptake in the DN-phase

reparations NO3-N consumption
w/o NO2-N (mg
NO3-N/L)

NO3-N consumptio
w/ NO2-N (mg O2/

W 26.4 28.7
W + AC 30 23.0 25.7
W + AC60 36.0 41.3
ig. 5. NO3-N consumption with AC consumption for the WW, WW + AC 30
nd WW + AC 60 preparations.

nd WW + AC 60 preparations have similar values, but the
W + AC 30 preparation showed a much higher value. The ratio

f absorbed AC/NO3 consumption for the WW, WW + AC 30
nd WW + AC 60 preparations were 2.2, 2.2 and 2.0 g AC/g
O3-N, respectively. Almost equal values were obtained for

ll preparations. There is only a small difference between the
atio of CODfilt/NO3-N and the ratio of AC/NO3-N because the
evel of CODfilt and NO3-N consumptions are identical for most
cetate. The C/NOx-N ratio was considered that the COD used
an be accounted by cell synthesis and COD oxidation by NOx-N

eduction to produce energy for the cell [13].

Fig. 5 shows the level of absorbed AC and NO3-N con-
umption in the batch test. The NO3-N consumption for the

W, WW + AC 30 and WW + AC 60 preparations were 28.7,

Soluble-P/�CODfilt

(g P/g CODfilt)
Soluble-P/� AC (g
P/g AC)

0.08 0.08
0.06 0.07
0.14 0.15

n
L)

p-Uptake/�NO3-N (g
P/g NO3-N)

p-Uptake /�NO3-N
(g P/g O2)

0.56 0.51
0.58 0.52
0.70 0.60
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ig. 6. Soluble-P with AC consumption in the S-phase for the WW, WW + AC
0 and WW + AC 60 preparations.

5.7 and 41.3 mg/L, respectively. This suggests that the level
f NO3-N consumption increases with increasing amount of
cetate uptake.

.5. Soluble-P and substrate consumption in the S-phase

Basically, the p-removal depends upon the presence of vari-
us substrates. Therefore, the soluble-P, the kind of substrate and
he initial substrate concentration play an important role [14].
n biological p-removal plants, the poly-P organisms have the
unction of both accumulating poly-P, and also removing organic
atter from the sewage [15]. When comparing the soluble-
and the substrate consumption in the S-phase, it was noted

hat the soluble-P was dependent on the substrate consump-
ion. Table 3 shows the substrate consumption and soluble-P
n the S-phase. The ratios of soluble-P/CODtotal for the WW,

W + AC 30 and WW + AC 60 preparations were found to be
.03, 0.02 and 0.06, respectively. The COD: soluble-P ratio in
he three preparations was roughly 17:1 to 50:1. The soluble-
/CODfilt and soluble-P/AC ratios were similar in all these three
reparations. The WW + AC 60 preparation showed a relatively

igher soluble-P/CODfilt ratio. It was 0.14 g P/g CODfilt for
he WW + AC 60 preparation, which was almost twice higher
han the other two preparations. The soluble-P/AC ratios for
he WW, WW + AC 30 and WW + AC 60 preparations were

p
e
t
N

Fig. 7. Comparison of the substrate consumption, NO3-N consumption and PO
s Materials 158 (2008) 151–156 155

ound to be 0.08, 0.07 and 0.15, respectively. The WW + AC
0 preparation was also higher than the other preparations.
his means that the level of cell growth increases with increas-

ng acetate concentration, which results in more phosphorus
emoval.

Fig. 6 shows the soluble-P and level of AC sorption in the S-
hase. The soluble-P was obtained for these preparations; 5.3,
.2 and 12.0 mg/L for the WW, WW + AC 30 and WW + AC 60
reparations, respectively. Fig. 7 gives p-uptake and p-removal
n the DN-phase. For the p-uptake, 14.7, 13.3 and 25.1 mg/L
ere observed for the WW, WW + AC 30 and WW + AC 60
reparations, respectively. In addition, the level of p-removal
as found to be 9.4, 9.1 and 13.1 mg/L for the WW, WW + AC
0 and WW + AC 60 preparations, respectively.

.6. Relation of the PO4-P and NO3-N in the DN-phase

The majority of the microbiological conversion was based
n the mechanism of increased p-removal. However, the elec-
ron acceptor, i.e. nitrate, is used mainly for other purposes,
.e. growth [16]. While comparing the level of p-uptake
ith that of NO3-N-consumption in the DN-phase, it was
oted that the complete reduction of nitrate to molecular
itrogen could not occur with partial formation of nitrite.
he ratio of the p-uptake/NO3-N-consumption increased with

ncreasing acetate content. Table 4 shows the p-uptake and
O3-N-consumption in the DN-phase. From the results of the

est preparations, p-uptake/NO3-N-consumption for the WW,
W + AC 30 and WW + AC 60 preparations were 0.56, 0.58

nd 0.70, respectively. The WW + AC 60 preparation showed
igher p-uptake/NO3-N-consumption ratio than the other two
reparations. When NO3-N concentration increased, the resid-
al phosphorus concentration decreased, which meant that no
hosphorus was released when high concentration of NO3-N
as present [17].
Fig. 7 gives a comparison of the substrate uptake in the

-phase, NO3-N consumption and PO4-P-removal in the DN-

hase. The results clearly show that the phosphorus removal
fficiency was affected more by acetate concentration than
hat by the COD and NO3-N concentrations. The COD: NO3-
:AC:P ratios were 18.07:2.90:6.87:1, 21.28:2.45:5.98:1 and

4-P removal for the WW, WW + AC30 and WW + AC 60 preparations.
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5.95:2.75:6.18:1 for the WW, WW + AC 30 and WW + AC 60
reparations, respectively.

. Conclusions

The effect of acetate concentration on the denitrification and
iological p-removal from the wastewater in the S-DN-P process
as examined and the following results were obtained. The more

ubstrate uptake and p-removal was obtained in the WW + AC60
reparation than those in the other two preparations. P-removal
as found to be 9.4, 9.1 and 13.1 mg/L for the WW, WW + AC
0 and WW + AC 60 preparations, respectively. The ratio of
bsorbed AC/NO3 consumption for the WW, WW + AC 30
nd WW + AC 60 preparations were 2.2, 2.2 and 2.0, respec-
ively. The COD: NO3-N:AC:P ratio for the WW, WW + AC
0 and WW + AC 60 preparations were 17.49:2.81:6.69:1,
1.98:2.53:6.18:1 and 15.95:2.78:6.18:1, respectively. Gen-
rally, 7–10 mg/L of acetate was needed for 1 mg/L P of
emoval. From this experiment, it was found that approximately
.18–6.69 mg/L of acetate can enable 1 mg/L of p-removal.
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