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Abstract

Wastewater in industrial regions frequently contains substances which are potentially inhibitory to activated sludge
treatment processes. Enhanced biological phosphorus removal (EBPR) is vulnerable to process inhibition mostly because
of the location at the beginning of the treatment process and complex characteristics of influent. Much knowledge has
been developed on the EBPR process; nonetheless, methods used for estimation of the process inhibition vary largely.
There is no easily applicable and reliable method available for rapid determination of inhibition of the EBPR process.
In this study, a method for evaluation of inhibition on the EBPR process was developed and controlled. In contrast
with previous research, a fresh non-acclimated inoculum was used to enhance the possibility to predict the impact for
wastewater treatment plant. The efficiency of the process was evaluated based on the values of orthophosphate release
and uptake, synthesis and consumption of polyhydroxyalkanoates. 3,5-dichlorophenol (3,5-DCP) was used as a model
inhibitory compound. It was found that the EBPR inhibition tests using a non-acclimated sludge need wastewater as the
organic carbon source. Furthermore, the length of aerobic period substantially influenced the inhibition test results—
achieved maximum inhibitory concentration (ICy,) values were 2.4 times higher when aerobic phase was 6 h instead of
1.5 h. Consequently, extended aeration period was suggested to diminish the inhibition effect. Finally, the impact of the
3,5-DCP on different activated sludge treatment process using respective standard methods was tested and compared.
It was found that EBPR process was similarly to the nitrification a sensitive activated sludge process.

Keywords Activated sludge - Industrial wastewater - Inhibition test - Polyhydroxyalkanoates (PHA) - Polyphosphate
accumulating organism (PAO)

1 Introduction phosphorus removal process in wastewater treatment

plants (WWTPs).

Anthropogenic release of phosphorus (P) is an environ-
mental risk since it is a key driver of eutrophication. On the
other hand, demand for P as a fertilizer is globally increas-
ing as its reserves are decreasing. In enhanced biological
phosphorus removal (EBPR) process, P is removed from
wastewater and accumulated to waste activated sludge
(WAS) by polyphosphate accumulating microorganisms
(PAO:s). Efficiently treated P-enriched biomass can be
further used as a fertilizer directly or indirectly. Thus, it
is essential to achieve and maintain efficient biological

Selectivity of PAOs is achieved by alternating anaero-
bic and aerobic conditions or application of the aerobic/
extended-idle (AEIl) regime [1]. In conventional EBPR
process, PAOs consume energy gained from hydrolysis
of polyphosphate and glycogen degradation to take up
volatile fatty acids (VFAs) under anaerobic conditions,
which are converted to polyhydroxyalkanoates (PHAs).
Ortho-phosphates are released from bacterial cells dur-
ing degradation of poly-phosphates, and the concentra-
tion of orthophosphates increases in liquid phase. PHAs
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are biopolyesters synthesized by bacteria as intracellular
storage reserves of carbon and energy. PHA polymers
commonly stored by PAOs are poly-p-hydroxybutyrate
(PHB), polyhydroxyvalerate (PHV) and poly-B-hydroxy-2-
methylvalerate (PH,MV) [2].

The exact type of produced polymer depends on the
composition of VFAs in the wastewater and inoculum.
When the most abundant VFA is acetate, then mostly PHB
is stored, PHV and PH,MV are stored when propionate
is the abundant VFA [3]. Furthermore, when glycogen-
accumulating organisms (GAOs) are present in inoculum,
the sludge stores higher amounts of PHV [4]. In following
aerobic conditions, PHAs are respired to provide energy
for cell metabolism and accumulate excessive poly-P to
microbial cells.

The biological phosphorus removal process is the first
step in an EBPR wastewater treatment plant, where the
concentration of organic compounds as well as other pol-
lutants and potential inhibitors is the highest when com-
pared to other wastewater treatment processes. PAOs are
vulnerable to hazardous substances and prone to the pro-
cess inhibition because of the location of the EBPR process
and complex composition of sewage containing poten-
tial inhibitors. There are several substances in wastewater
which inhibit biological phosphorus removal process—
pharmaceuticals (doxycycline, tetracycline, diclofenac),
heavy metals (copper, tin, silver, chromium), salts, H,S and
nanomaterials [5-12].

Today, several methods are used to estimate the impact
of wastewater or hazardous substance on activated sludge
processes: ISO 8192 for assessing the inhibition of oxygen
consumption by activated sludge, ISO 9509 for assessing
the inhibition on nitrification of activated sludge micro-
organisms and I1SO 9888 for evaluating the aerobic bio-
degradability of organic compounds [13-15]. Applica-
tion of inhibition tests enables to choose the treatment
technology [16]. Furthermore, inhibition tests are tools
to reduce flows of hazardous substances to WWTPs and
thereby increase the treatment efficiency and the qual-
ity of WAS. Nevertheless, there is no reliable and easily
applicable method for estimating the inhibition of EBPR
process. There are several studies showing the impact of
hazardous compounds on biological phosphorus removal
process, but used methods require setup and operation of
laboratory reactor for pre-adaption of the inoculum until
steady-state conditions are achieved [5, 8, 9]. Furthermore,
it has been discussed that inhibition results depend on
the difference of applied operating conditions of acclima-
tization system, such as temperature and organic carbon
type. Different acclimatization procedures may affect the
physical characteristics and microbial composition of the
acclimated sludge [17]. More advanced techniques for esti-
mating the efficiency and potential inhibition of biological
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phosphorus removal process are based on the fluores-
cence in situ hybridization (FISH) and Raman-FISH [5, 18].

The aim of this study was to develop and test feasible
and reliable method for evaluation of the activated sludge
biological phosphorus removal process. The method gives
a possibility to estimate the inhibition of wastewater or
hazardous substances on PAOs and to identify the origin
of wastewater inhibiting the process without setup of the
acclimatization reactor.

2 Materials and methods
2.1 Analytical methods

Standard methods for examination of water and waste-
water [19] were used in order to determine the chemical
oxygen demand (COD), PO,-P and MLSS. pH was measured
with an E6115 pH meter (Evikon, Estonia) and concentra-
tion of dissolved oxygen with Marvet Junior 2000 portative
oxygen analyzer (Elke Sensor, Estonia). NO5-N and NO,-N
were determined by spectrophotometric methods accord-
ing to SFS 5752 and SFS 3029, respectively. Dissolved
organic carbon (DOC) was measured with Analytik Jena
Multi N/C 3000 TOC analyzer. The concentration of acetate
was measured using an ion chromatograph Metrohm 930
Compact IC Flex equipped with a column Metrosep A Supp
5100/0.4 (Metrohm, Switzerland). NH,*-N was determined
using the HACH-Lange spectrophotometric method with
Nessler reagent (ISO 7150-1). The results of all the analyses
were expressed as the mean with standard deviations of
at least 3 parallel replicates.

2.2 Analysis of PHAs

PHAs were analyzed by the method proposed by Oehmen
et al. [20]. All microbial samples were centrifuged and
immediately frozen at —20 °C until final measurements.
Frozen samples were lyophilized during 20 h in a Christ
Alpha 1-2 freeze dryer operated at — 49 °C and 0.7 mbar
connected with a Vacuubrand RZ 2.5 vacuum pump. Lyo-
philized biomass was weighted into a glass tube, where
2 mL of acidic methanol (10% H,SO, v/v) and 2 mL of
chloroform were added. The tubes were sealed and incu-
bated at 105 °C for 2 h for derivatization and subsequently
cooled. 2 mL of derivatized sample was mixed with 1 mL of
milliQ water applying a vortex to facilitate the separation
of two phases. The chloroform phase was extracted and
traces of water were removed with Na,SO,. The sample
was extracted into a CG vial and analyzed immediately.

2 pL of sample was injected in an Agilent Technolo-
gies 7890A gas chromatograph equipped with 5975C
inert MSD system with Triple-Axis Detector, G4513A
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Autosampler and HP-5MS column (30 m, 0.25 mm internal
diameter, 0.25 um film thickness, Agilent Technologies).
Helium was used as a carrier gas. A co-polymer of poly(3-
hydroxybutyric acid-co-3-hydroxyvaleric acid), natural
origin, 88:12 wt, Aldrich was used as a standard. Stand-
ards were processed in the same way as the samples, after
being dissolved into a chloroform solution.

Production of PHAs was calculated as concentration dif-
ference between start point and end of anaerobic period.
PHA consumption was calculated as concentration differ-
ence between the end of anaerobic period and the end of
aerobic period. Inhibition of PHA production/consumption
was calculated as following:

(CO - Cx)

0

lopa = X 100% (1
Ipya—inhibition of PHB or PHV production/consumption,
%, C,—concentration of PHB or PHV at the end of anaero-
bic cycle, mg mg™', C,—concentration of PHB or PHV at
start point (PHA production) or at the end of aerobic cycle
(PHA consumption), mg mg™".

2.3 Setup of activated sludge batch experiments

Activated sludge used in this study was taken from munici-
pal WWTP (100 000 PE) with efficient biological phospho-
rus removal process coupled with chemical P-removal
and final filtration to achieve effluent total phosphorus
concentration below 0.5 mg L™, sludge retention time
(SRT) in the WWTP was 30 days, and average activated
sludge concentration in biological treatment was 7 g L.
A returned sludge was used to avoid preceding accumula-
tion of polyhydroxyalkanoates in the microbial cells. Acti-
vated sludge was continuously aerated until the test at
ambient temperature. Batch experiments were conducted
with activated sludge sampled in less than 24 h. Activated
sludge was previously washed by applying centrifugation
at 1000 RMP for 2 min in 250 mL tubes to prevent any influ-
ence from wastewater.

Experiments were performed in 1000 mL Pyrex bot-
tles, which contained 100 mL of 2 g L™" sodium-acetate
solution, 1 mL phosphate buffer, 1 mL MgSO,x 7H,0,
1 mL CaCl,x7H,0, 1 mL FeCl;x6H,0, 2 mL acidic micro-
elements, 2 mL basic microelements, 550 mL municipal
wastewater (if not stated otherwise), a toxicant (3,5-dichlo-
rophenol) and 300 mL of activated sludge mixture. Con-
centration of added activated sludge mixture should be
calculated based on targeted MLSS value in the test bottle.
In this study, MLSS value in the test was 4+0.8 g L' and
respective value of the added activated sludge mixture
was 13 g L™" on average. Two parallel bottles of blank con-
trol without inhibitor were used in each test. Municipal

wastewater used in the tests was taken from the same
WWTP. Recipes of acidic and basic microelements were
taken from Zhang et al. [21]. K,HPO, was added in order to
avoid phosphorus limitation for the EBPR process. NaHCO,
should be added when used wastewater has a low alkalin-
ity. Wastewater and sludge were both at ambient tempera-
ture to avoid temperature shock. Experiment consisted of
1 h anaerobic followed by 6 h of aerobic phase.

First, samples (starting point) were collected and cen-
trifuged immediately after addition of inoculum. Bottles
containing inoculum, wastewater, microelements and
toxicant were purged with N, to avoid oxygen intrusion
and aerated with compressed air during anaerobic and
aerobic phases, respectively. Concentration of dissolved
oxygen and value of pH were monitored during the whole
experiment. pH was regulated with a 4 M HCl solution (if
necessary) to be below 8. Samples were taken after 1.5,
2.5, 4 and 6 h under aerobic conditions (30 mL for analysis
of PHAs and 20 mL for other parameters). Continuous stir-
ring was applied during the experiment. All samples were
taken from fully-mixed conditions to ensure that sampling
would not change the MLSS value of the test. Supernatant
was decanted and solid phase was put into a drying oven
(105 °C) right after centrifugation (4750 RPM, 10 min) to
avoid potential phosphorus back-leaching or any other
changes of the samples. PO,-P, COD were analyzed from
liquid phase and PO,-P, PHAs from solid phase. Concentra-
tions of DOC and acetate were measured from the liquid
phase to ensure sufficiency of VFAs. Experiments were per-
formed at ambient temperature.

Inhibition tests were done in seven parallel replicates
during the control of the developed method; in three par-
allel replicates when synthetic wastewater was used as a
carbon source and in three parallel replicates when inhibi-
tion on activated sludge nitrification, denitrification and
oxygen consumption were tested.

The percent of EBPR inhibition was calculated as
following:

(Cl - Cx)

=l At 2
P~ TMLSS @
(Rpo — Rox)
= 2P« 100% 3)
p.0

R,—phosphorous release/uptake rate, mgPO,-P g 'MLSS
h™!, C,—concentration of PO,-P at the end of anaerobic
cycle, mg L™', C,—total concentration of PO,-P at the
beginning of anaerobic cycle/chosen point of aerobic
cycle, mg L™, MLSS—concentration of mixed liquid sus-
pended solids, g L™!, At—duration of chosen period, h,
l,—inhibition of phosphorous release/uptake process,
%, Roo—pPhosphorous release/uptake rate in the control
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Table 1 1C;, values for
3,5-dichlorophenol for

ICs, from standard* (mg L™) Tested IC, (mg L™")

activated sludge oxygen Oxygen consumption

consumption, nitrification and (ISO 8192)

denitrification process Nitrification
(IS0 9509)
Denitrification
[25]

9.3+3.7 7.2+24
56+3.0 29+0.7
No standard available 5.5+2.2

*The mean concentration of the 3,5-DCP which reduces process rate by 50% accordingly to ISO 8292

and ISO 9509 standards

vessel, mgPO,-P g7'MLSS h™', and R, ,—phosphorous
release/uptake rate in the test vessel at chosen inhibitor
concentration, mgPO,-P g 'MLSS h™".

2.4 Characteristics of the model toxicant

Tests were performed with a 3,5-dichlorophenol (3,5-DCP)
solution (1 g L™"). The 3,5-DCP has been used as a refer-
ence compound in ISO 9509 (toxicity test for assessing the
inhibition of nitrification of activated sludge microorgan-
isms), 1ISO 8192 (test for inhibition of oxygen consumption
by activated sludge) and for toxicity test for assessing the
inhibition of denitrification of activated sludge microor-
ganisms by Klein and Tenno [25] (Table 1).

3 Results and discussion

3.1 Selection of the carbon source
for non-acclimated inoculum

Synthetic wastewater containing acetate, propion-
ate or lactate is mainly used as a sole carbon source in

Fig. 1 Phosphorus release
and uptake profiles for EBPR
batch tests with synthetic and 100 -
municipal wastewater as a
carbon source (I—anaerobic
phase, ll—aerobic phase). Error
bars show the standard devia-
tion of parallel tests (municipal
wastewater: n=7, synthetic
wastewater: n=3)

Concentration of PO,-P, mgL-"!
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- =& - Municipal wastewater

laboratory-scale EBPR studies. Furthermore, inoculum
used in these studies has been previously acclimated in a
laboratory-scale system until pseudo steady-state condi-
tions [8, 9, 17, 22, 23]. Acclimatization of these systems
takes usually 1.5-18 months. However, it is not feasible to
setup a laboratory-scale acclimatization system for esti-
mation the impact of wastewater or hazardous substance
on activated sludge from different WWTPs because of the
time expenditure, changed physical characteristics and
microbial composition of acclimatized sludge. Thus, in this
study biological phosphorus release and uptake tests were
performed with a non-acclimated sludge from municipal
WWTP and synthetic wastewater (acetate) as a carbon
source (Fig. 1). Mean orthophosphate release and uptake
rates for synthetic wastewater were 2.5 mgPO,-P g~' MLSS
h™' and 1.1 mgPO,-P g~ MLSS h™’, respectively. Further-
more, the concentration of PO,-P was always higher in the
effluent than in the influent. Additionally, an increase in
the MLSS value up to 5.2 mg L™" and applying preceding
1-cycle sludge acclimatization did not influence the result.
Therefore, an EBPR batch test using synthetic wastewater
and non-acclimated sludge cannot be used for estimation

—<o— Synthetic wastewater

120 180 240 300 360 420

Time, minutes
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of the potential inhibition of any hazardous substance or
wastewater on EBPR process.

Since various studies show that metabolism of PAOs
substantially depends on the carbon source, influent of
the same WWTP was used (Fig. 1). Results showed efficient
P-release and -uptake activity—mean release during 1-h
period was 8.7 mgPO,-P g~' MLSS h™" and mean uptake
during 6 h of aeration was 15.9 mgPO,-P g~' MLSS™' (2.65
mgPO,-P g~' MLSS h™'). Approximate orthophosphate
release and uptake rates for acclimatized sludge are
reported 5mgP g~' VSSh™" and 2 mgPg ™' VSS h™', respec-
tively [6]. Municipal wastewater contains different VFAs,
micro- and macro-elements required for the cell metabo-
lism. Furthermore, better results from the batch tests with
municipal influent could be achieved because versatility
of the carbon sources in wastewater allows other PAOs to
proliferate in coexistence or competition with Ca. Accu-
mulibacter [24]. It should be noted that presence of nitrite
or nitrate in samples has to be excluded because electron
acceptors (oxygen, nitrate or nitrite) inhibit anaerobic
metabolism of PAOs.

However, since biological phosphorus release and
uptake are significantly influenced by the composi-
tion of wastewater, variation of sludge and wastewater
from two different municipal WWTPs with efficient EBPR
processes was tested (Table 2). Results show that using
influent from different municipal WWTPs does not signifi-
cantly change the values of phosphorus release, uptake
and removal. Using activated sludge or wastewater as a
carbon source from another municipal WWTP is impor-
tant when activity of PAOs has substantially decreased
or estimation of inhibitory characteristics of the influent
wastewater is required.

3.2 Effect of 3,5-diclorophenol on anaerobic
metabolism of polyphosphate accumulating
organisms

The method for estimating the impact of inhibitory sub-
stance on PAOs was tested by using 3,5-DCP as a model
inhibitor. The 3,5-DCP is a reference compound that has
been used for validation of tests for oxygen consumption

Table 2 Phosphate release, uptake and removal rates calculated from 0 to 60 min anaerobic and 6 h of aerobic conditions when sludge and
wastewater (WW) from two different municipal WWTPs were used (n=3)

Parameter Unit Inoculum A+WW A Inoculum A+WW B Inoculum B+WW B Inoculum
B+WW A

Release mgPO,-P g~' MLSS h™" 8.7 6.8 74 6.4
Uptake mgPO,-P g~' MLSS h™" 2.7 2.7 24 23
Removal mgPO,-P g~' MLSS h™' 1.2 1.6 1.2 1.3
Fig.2 Anaerobic orthophos- —&8—0-30 minutes ——0-60 minutes
phate release rates calculated -~ 16
from 30 and 60 min under ) - T
3,5-dichlorophenol concentra- ? 14
tions from 0 to 10 mg L™". Error = B q
bars show the standard devia- ) 12
tion of parallel tests (n=7) o |

g 10 +

Q

2 8" .

©

& 6

Ko

[(}]

s 4

3

5 2

@©

< 0

0 2 4 6 8 10
Concentration of 3,5-DCP, mgL-"
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by activated sludge (ISO 8192), toxicity test for assessing
the inhibition of nitrification of activated sludge microor-
ganisms (ISO 9509) and for estimating the impact of inhibi-
tory substances on activated sludge denitrification process
[25]. It is a persistent and highly toxic compound formed
via dehalogenation of polychlorophenols [26].

It should be considered that precipitation of calcium
phosphate is favored at pH value of 8, and thereby, the
initial phosphorus release rate seems to be more relevant
as precipitation is of minor importance at the beginning
of the release period where the phosphorus concentration
is low [27]. Thus, calculation of release rates from the first
30 min of the anaerobic period to avoid the calcium phos-
phate precipitation effect when wastewater with higher
alkalinity is used without pH control should be considered.

Although the pH value was controlled to be below 8,
phosphate release values were calculated from the first
30 and 60 min of anaerobic period to control the potential
presence of the calcium phosphate precipitation at the
end of the anaerobic period. On average, 25.7 mg L' of
phosphate was released during 60 min of anaerobic con-
ditions, from which 17 mg L' (66%) was released during
first 30 min and remaining 8.7 mg L' (34%) in following
30 min. Additionally, shapes of process rate curves shown
on Fig. 2 for 30 and 60 min of test period are similar. On
average, 66% of phosphate was released during the first
30 min of anaerobic conditions which causes higher value
of the release rate. Average orthophosphate release rate in
30 min was 12.6 mgPO,-Pg~"' MLSS h™" and 9.1 mgPO,-P
g~ MLSS h™" in 60 min. However, the phosphate release
at lower concentrations of inhibitor (up to 3 mg L™") was
slightly lower during the first 30 min and caused 15%
higher inhibition value. Thus, the release rates used in

Fig.3 Effect of 3,5-dichloro-
phenol (3,5-DCP) on anaero-

— © - PHB synthesis

bic synthesis and aerobic —
consumption of poly-f3-

hydroxybutyrate (PHB) and
polyhydroxyvalerate (PHV). ——_

Error bars show the standard
deviation of parallel tests taken
using sludge sampled during
different seasons (n=3)

Concentration of PHB, PHV, mg mg'!
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this study are calculated from the 60 min of the anaerobic
period to avoid overestimation of the inhibition.

Figures 2 and 3 show that 3,5-DCP substantially reduces
the anaerobic orthophosphate release and PHA synthe-
sis. Anaerobic PHA synthesis considerably decreased with
increase in inhibitor concentration—63.8% less PHB and
50.6% less PHV were synthesized under inhibitor concen-
tration of 10 mg L™". Inhibitor may cause severe damage to
the cell membrane and destroy enzymes. It reduces poly-
P degradation, leading to insufficient adenosine triphos-
phate (ATP) required for the synthesis of PHAs [8, 28]. Thus,
inhibition of the orthophosphate release causes inhibition
of the EBPR process.

It revealed that 6.2 mg L™' of 3,5-DCP inhibits 50% of
anaerobic phosphorus release rate and although 3,5-DCP
substantially reduced anaerobic orthophosphate release,
complete inhibition did not occur under the 3,5-DCP con-
centration up to 10 mg L™' (Fig. 6). It would be beneficial
to monitor the anaerobic process with phosphate sensor
to identify the reduction in orthophosphate release and
thereby identify potential inhibition of the process.

3.3 Effect of 3,5-diclorophenol on aerobic
metabolism of polyphosphate accumulating
organisms

Under aerobic conditions, degradation of PHAs leads to
the generation of acetyl-CoA and propionyl-CoA, both of
which enter TCA cycle as carbon and energy source for
biomass growth, phosphate uptake and poly-P generation
[29]. Thus, efficiency of aerobic metabolism of PAOs was

PHYV synthesis —6— PHB consumption A— PHV consumption

Concentration of 3,5-DCP, mg L
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Fig.4 Aerobic dynamics of
soluble phosphate (PO,-P)
during 6 h of aeration under

—A— 0 mg/L

3,5-diclorophenol. Error bars 120
show the standard deviation of
parallel tests (n=7) 100

o

o

£
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o}

o
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5 60
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0
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Fig. 5 Inhibition curves of aer- ——90 min
obic phosphorus uptake under
3,5-dichlorophenol concentra- 100
; -1
tions from 0to 10 mg L™' when
phosphorus uptake rates were 90
calculated from 0 to 90 min, 0 80
to 150 min, 0 to 240 minand 0
to 360 min of aeration (n=7) 70

ES

= 60

.0

3 50

o

=

40
30
20
10

evaluated based on phosphate uptake and PHA consump-
tion rates during 6 h of continuous aeration.

Figure 4 shows aerobic dynamics of soluble phosphate
during aeration phase under 3,5-DCP concentrations from
0to 8 mg L™". Lower concentrations of inhibitor (up to 4
mg L") reduces the phosphate uptake at the beginning
of the aeration phase; however, phosphate release con-
tinues during aeration phase from 3,5-DCP concentration
of 5 mg L™". Subsequent phosphorus uptake in inhibited
samples could be caused by decomposition of organic tox-
icant under aerobic conditions. Biological degradation of
phenols has been previously reported by several authors
[26, 30]. Furthermore, starting from the inhibitor concen-
tration of 5mg L™, concentration of phosphate was higher
after 6 h on aeration than at beginning of the test. Addi-
tionally, Fig. 3 clearly shows that PHAs degradation rate

——2 mg/L

——4 mg/L ——5mg/L

—=—8 mg/L

100 150 200 250 300 350

Time, minutes

—=—150min ——240min —=—360 min

o]
]

3 4 5 6 7 8 9 10
Concentration of 3,5-DCP, mgL""

decreased with increase in inhibitor concentration. 50%
of PHB and PHV degradation rates were inhibited under
3,5-DCP concentrations of 40 mg L™" and 4.5 mg L™,
respectively. 100% of PHB and 79% of PHV consumptions
were inhibited under 3,5-DCP concentration of 10 mg L
Although it has been reported that PAOs have ability to
take up substrate for synthesis of PHAs and growth of
microorganisms under aerobic conditions in response to
toxicity [6], no PHA synthesis was occurred when 3,5-DCP
was used as an inhibitor. Compared with inhibition under
anaerobic phase, 3,5-DCP had significantly higher inhibi-
tory effect under aerobic conditions because inhibition of
phosphorous uptake is clearly influenced by efficiencies
of anaerobic polyphosphate degradation, PHA synthesis
and aerobic PHA degradation processes. Higher sensitivity
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of aerobic process compared to anaerobic process is also
reported in previous studies [8, 17].

Selection of suitable time for the aerobic phase for
inhibition calculations is a relevant aspect of the test.
Figure 5 shows differences in inhibition curves when cal-
culations were made after 1.5, 2.5, 4 and 6 h of aerobic
phase. Since addition of toxicant drastically reduced the
phosphate uptake during the first 90 min of aeration fol-
lowed by subsequent uptake, it is recommended to per-
form the test with aerobic period duration of 6 h to cal-
culate the IC5, value. IC5, values increased substantially
with extended aeration period—the values for 1.5, 2.5, 4
and 6 h of aeration were 1.6, 2.6, 3.1 and 3.9 mg L', respec-
tively. Furthermore, 100% of phosphorus uptake rate was
inhibited under inhibitor concentration of 3 mg L™ when
calculations were made with values achieved after 1.5 h of
aeration and under 6.5 mg L™' when 6 h of aeration was
applied. Shorter aeration period is feasible to show the
effective concentration of inhibitor (ECs), but longer aera-
tion period is required for IC;, values. Longer application
of hydraulic retention time in aerobic basin could diminish
of the EBPR process inhibition.

Table 3 Validation parameters of developed method for estimating
the impact of hazardous substances on activated sludge biological
phosphorus removal process

Validation characteristic Unit Value
Number of parallels - 7
Average IC., value mg L™ 3.9
Standard deviation mg L™ 1
95.4% confidence level, k=2 mg L™ 2...59
Relative standard deviation % 249

Fig. 6 Inhibition curves of nitri- —=— Nitrification
fication, denitrification, oxygen
uptake, phosphate release and
phosphate uptake processes

under 3,5-dichlorophenol con-

centrations from 0to 10 mg L™’

Inhinition, %
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—-e— Oxygen uptake

3.4 Reliability of the method

Validation parameters were calculated in order to compare
obtained results with other inhibition tests available for
activated sludge treatment processes (Table 3). I1SO 8192
gives average ICy, value of 9.3+ 3 mg L™" with 95.4% confi-
dence level values from 7.1 to 11.3 mg L™". ISO 9509 gives
average IC., value of 5.6+3 mg L™ for 3,5-DCP with 95.4%
confidence level values from 0.7 to 9.6 mg L™'. Addition-
ally, denitrification inhibition test has been shown average
IC;, value of 5.5 with 95.4% confidence level values from
1.2...9.8 mg L™" [25]. A high variation in activated sludge
experiments is inevitable due to several methodical aspects:
(1) activated sludge taken from WWTP during different sea-
sons has different activity, (2) uncertainties from measure-
ments, (3) changing the environment of inoculum when it
is transported to laboratory (e.g., temperature and sludge
washing). However, these methods are feasible to estimate
the inhibition trends and to identify the origin of flows caus-
ing inhibition of activated sludge treatment processes.

3.5 Impact of 3,5-dichlorophenol on different
activated sludge treatment processes

3,5-DCP is a reference inhibitory compound which is
used for estimating the reliability of different activated
sludge tests. Impact of 3,5-DCP on activated sludge
oxygen consumption, nitrification and denitrification
processes was analyzed with the same activated sludge
used in this study (Table 1, Fig. 6). All processes, except
nitrification, are performed by heterotrophs. Although
higher 1C;, value was obtained for anaerobic phos-
phorus release test than oxygen uptake test, anaero-
bic phosphorus release was the least inhibited process
up to 3,5-DCP concentration of 5.9 mg L™". Anaerobic
phosphorus release was as sensitive as denitrification

—— Denitrification = — > — Prelease @ — ® — P uptake

Concentration of 3.5-DCP, mgL""!
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process starting from inhibitor concentrations of 6.5
mg L™". Aerobic phosphorus uptake had higher inhibi-
tion than anaerobic release process. Furthermore, aero-
bic phosphate uptake was the most sensitive activated
sludge process at inhibitor concentration above 4.8
mg L™". Nitrification was the most sensitive process at
lower inhibitor concentrations which coincides with the
results reported by Inglezakis et al. [31]. Higher sensitiv-
ity of aerobic metabolism of PAOs has been explained
by greater biomass growth and enzymatic activity under
aerobic conditions [17]. Additionally, a cumulative inhib-
itory effect caused by inhibition of PHA synthesis in pre-
ceding anaerobic phase should be considered. It is advis-
able to estimate the impact of hazardous substance or
wastewater on the EBPR process based on the reduction
of phosphate uptake rate which considers the potential
reduction in anaerobic PHA synthesis.

4 Conclusions

The enhanced biological phosphorus removal process
is usually the first process in activated sludge treatment
plant and therefore vulnerable to different process inhibi-
tors. Although anaerobic phosphorus release was found to
be the least inhibited process compared to other waste-
water treatment processes, a cumulative process inhibition
caused by inhibition of anaerobic PHA synthesis resulting
in lower energy production should be considered. Further-
more, aerobic phosphorus uptake was found to be the
most sensitive activated sludge process under 3,5-dichlo-
rophenol concentration above 4.8 mg L™". This method
could be used for evaluation of EBPR inhibition caused
by industrial wastewater or for measuring the inhibitory
characteristics of any substance or mixture. The achieved
validation parameters are in compliance with respective
values given for other activated sludge processes.
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