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1. Introduction

Sewage treatment by the activated sludge method consists in the
mineralization of organic pollutants by microorganisms in aerated biore-
actors. Decomposing organic matter provides microbes with essential
nutrients necessary for life, i.e. mineral forms of carbon, phosphorus,
sulfur and nitrogen. Temperature is an important parameter affecting
wastewater treatment since its increase accelerates the decomposition of
organic compounds. The optimum temperature of this process falls with-
in the range of 18-22°C (Bugajski et al., 2012). As far as the biological
phosphorus removal is concerned, reference sources provide conflicting
reports concerning the optimum temperature. According to Converti et al.
(Converti et al., 1995) the biological phosphorus removal is most effi-
ciently performed at the temperatures from 20 to 37°C, whereas Florentz
M. et al. think a different range of temperatures is optimum for this pro-
cess, i.e. 5-15°C (Florentz et al., 1987). The latter maintain it is associat-
ed with the metabolism of phosphorus bacteria since these microorgan-
isms are believed to belong mainly to a psychrophilic group and can al-
ready grow at temperatures slightly above 5°C (Kaczor 2008). Similarly,
Xiong Liu et al. (Xiong Liu et al. 2014) regard phosphorus accumulating
bacteria as primarily psychrophilic, which accounts for the reduction in
phosphorus removal at temperatures above 20°C. The studies of Bassin et
al. (Bassin et al. 2012) also investigated the process of removing phos-
phorus from wastewater. Their research revealed that the efficiency of
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phosphorus removal at 20°C (> 90%) was higher than that at 30°C
(60%). Piaskowski et al. (Piaskowski et al., 2005) examined the effect of
temperature on biological phosphorus removal in a wider temperature
range (5-45°C). They demonstrated that in anaerobic conditions the rise
in temperature from 5°C to 30°C was accompanied by the increase in the
amount of the released orthophosphates from 13.25 to 27.4 mg P/dm’.
A similar relation was also observed during the accumulation of ortho-
phosphates under aerobic conditions, with the highest intensity being
registered for the range of 25-30°C. These authors point to a direct effect
of wastewater temperature on the rate of enzymatic reaction involving
PAO bacteria. The rate of the phosphorus removal reaction in the func-
tion of temperature observed by the authors is in accordance with van't
Hoff’s rule, determining a 2-3-fold increase in the rate of enzymatic reac-
tions for each rise in temperature by 10°C within the range of 0-30°C and
a reduction in the rate at temperatures above 30°C (Kaczkowska 2002;
Rheinheimer 1977). Since there are discrepancies in reference sources
with regard to the effect of sewage sludge temperature on the phosphorus
removal process, this research paper presents the analysis results of
phosphorus speciation in activated sludge in an annual cycle (in temper-
ate climate) in which the sewage sludge temperature can range from 5°C
to 25°C. The tests examined samples of sewage sludge from oxygenated
zone which represents the first stage of phosphorus accumulation by rap-
idly multiplying PAO microbes.

2. Research methodology

In order to determine the effect of cyclic temperature changes on
the phosphorus removal process, the investigation involved monthly
analyses of phosphorus fractionation in activated sludge samples taken
from six sewage treatment plants (Table 1).

The content of different phosphorus fractions was determined in
the collected sludge samples using fractionation scheme presented by
Golterman (Golterman 1996). This is a sequential extraction scheme
method where each extraction stage is followed by permeating the sam-
ple and treating it with another reagent of increasing extraction force
(Tab. 2) (Bezak Mazur et al.,2014). Each determination of phosphorus
fractions was repeated three times.
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Table 1. Sewage treatment plants that provided the activated sludge samples
Tabela 1. Prezentacja oczyszczalni z ktorych pobierano osady czynne do badan

Type of plant Treatment method Nom“.’al
capacity
A | biological three-stage activated sludge method 900 m’/d
B | biological three-stage activated sludge method 1200 m’/d
| biological three-stgge activated sludge mqthoq with 300 m’/d
a sequencing batch reactor operating in cycles
. . three-stage activated sludge 3
D| biological and the rotating biological bed methods S00 m/d
biological- three-stage activated sludge method 3
E . ; o 1 500 m’/d
chemical and chemical precipitation with lime
biological- three-stage activated sludge method and 3
r chemical | chemical precipitation with the PIX coagulant 72000 m/d

Table 2. Modified extraction scheme according to Golterman (Golterman 1996)

Tabela 2. Zmodyfikowany schemat ekstrakcji wg Goltermana (Golterman
1996)

Extraction con-

Stage o Fraction Phosphorus fraction — description
ditions
Ca- phosphorus associated with oxides
1 4h, 0.05 M EDTA and hydroxides of iron, aluminum
CaNa,-EDTA ydroxides of Iron, aftuminy
and manganese
) 18h, 0.1 M Na- phosphorus associated
Na,-EDTA EDTA with carbonates
3 2h, 0.5 M H,SO, phosphorus found in soluble
H,SO, combinations with organic matter

The remaining forms, including
phosphorus bound with
2M aluminosilicates and contained in

4 NaOH, 2h NaOH organic matter in the form of
combinations not affected by the

sulfuric acid activity in stage 3.

The concentration of total phosphorus in the obtained permeates
was determined by spectrophotometry using a UV-VIS Lambda 25 PER-
KIN ELMER spectrophotometer. During sampling the temperature of the
activated sludge was measured by means of a portable thermometer.
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3. Results analysis

Wastewater treatment is predominantly conducted in a continuous
manner, which results in a constant supply of organic matter. Activated
sludge is therefore a mixture of substances already mineralized (flowing
out of the bioreactor as an excess sludge) and organic substances flowing
into the bioreactor with raw sewage. This diversity of organic and inor-
ganic matter in the activated sludge is also reflected in the results of the
speciation analysis of phosphorus in the sludge. Phosphorus is a mineral
contained both in organic and inorganic substances.

Fractionation analysis performed by Golterman method allows for
distinguishing mineral fractions of phosphorus adsorbed on the sewage
particle surface. These fractions are considered as the most mobile (Table
2), bioavailable (Ca-EDTA and Na-EDTA fractions). This method in-
volves also the extraction of phosphorus bound in strong combinations
with aluminosilicates (NaOH fraction) and phosphorus identified pri-
marily with organic forms (Table 2), or phosphorus fractions found in
soluble combinations with organic matter (H,SO, fraction) and those
contained in the organic matter (NaOH fraction). The fractions of phos-
phorus bound in combinations with aluminosilicates and identified with
organic fractions are defined by Golterman as fractions difficult to access
(H,SO4 and NaOH fractions).

Fractionation analysis showed that in an annual cycle the shares
of phosphorus fractions in the examined specimens vary considerably. It
is due, among others, to the constantly changing composition of raw
waste flowing into the reactor and to the sludge temperature fluctuations
in an annual cycle resulting from varying air temperature in the temperate
climate. The samples of the analysis results are presented in Figure 1.

The percentage shares of different phosphorus fractions in the ac-
tivated sludge demonstrate high variability of values, however, in the
case of their classification into one of the two groups on the basis of bio-
availability (form: mobile and difficult to access), one can notice a pat-
tern occurring in the annual cycle. Figure 2 shows the percentage shares
of phosphorus mobile fractions (the sum of the Ca-EDTA and Na-EDTA
fractions shares) and the temperature of the activated sludge in particular
months. The increase or decrease in the sludge temperature is noticeably
accompanied by a rise or fall in the percentage share of phosphorus mo-
bile fractions.
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Fig. 1. Shares of different phosphorus fractions in the activated sludge collected
at the F' wastewater treatment plant

Rys. 1. Udziat poszczego6lnych frakeji fosforu w osadach czynnych
pochodzacych z oczyszczalni F
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Fig. 2. Change dynamics in percentage shares of phosphorus mobile form and
temperature in activated sludge collected at the /" wastewater treatment plant
Rys. 2. Dynamika zmian udzialéw procentowych frakcji fosforu oraz
temperatury w osadzie czynnych pochodzacym z oczyszczalni F

In August, when the temperature of the sludge was 21°C, the
share of phosphorus mobile fractions was the highest and amounted to
58%. In winter there occurs a decrease in the shares of mobile fractions
and an increase in the shares of hard-accessible ones. In January, when
the temperature of the activated sludge was the lowest at 11°C, the share
of mobile phosphorus fractions was only 24%. Similar results were also
obtained in the remaining treatment plants. Figure 3 presents the box
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graphs of the mobile phosphorus fractions shares in the activated sludge
collected at the six sewage treatment plants discussed in this paper. The
ends of the box charts” whiskers represent the minimum and maximum
values of the mobile fractions shares. In all the analyzed facilities the
extreme values of the mobile fractions shares correspond to the extreme
values of the activated sludge temperatures. Analyzing the six treatment
plants it can be said that the mobile fractions shares varied within the
range of 19-64%.
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Fig. 3. Shares of phosphorus mobile fractions in activated sludge collected at 4,
B, C, D, E and F treatment plants

Rys. 3. Wartosci udziatéw form mobilnych fosforu w osadach czynnych
pochodzacych z oczyszczalni 4, B, C, D, Ei1 F

The values of the phosphorus mobile fractions shares (p.m.f.s)
changing together with the temperature in an annual cycle (Figure 2 and
3) indicate the effect of temperature on phosphorus removal from
wastewater. Therefore, in order to approximate the experimental relations
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with empirical formulas, a separate regression model was developed for
the analyzed parameters of the activated sludge collected at each treat-
ment plant.

Prior to statistical analyses the Shapiro-Wilk test was applied,
primarily to confirm the compliance of the statistical distributions of the
analyzed sludge temperature sequences and the mobile form shares with
the normal distribution. The probability value for all the analyzed param-
eters was higher than 0=0.05, which means that the investigated variables
have a normal distribution and it is possible to perform further statistical
analyses.

The next analysis was aimed at establishing similarities and dif-
ferences between the treatment plants under consideration. The cluster
analysis was applied for this purpose. This method involves defining
groups (clusters) of objects similar to each other on the basis of variables
depicting the analyzed objects and showing how much one cluster differs
from another. This methodology is discussed in detail in scientific litera-
ture (Licznar and Szelag 2014). To determine the Euclidean distance
(bond distance) between the emerging clusters, a popular single-bond
method was applied. The results of the conducted calculations are pre-
sented in Figure 4.

On the basis of the dendrogram shown in Fig. 4 it can be conclud-
ed that the F' and E treatment plants are most similar to each in terms of
the analyzed variables, which may be associated with chemical
dephosphatation used in these facilities. C, B, D, F and E treatment plants
are similar with regard to the analyzed parameters. The bond distance for
these facilities does not exceed 0.16, therefore they form a large cluster.
Forming a cluster comprising five out of six investigated facilities may
indicate that the joint analysis of parameters such as mobile forms share
and activated sludge temperature is justified owing to the similarity of
results obtained in the facilities. The sewage treatment plant 4 deviates
most from the other plants presented in the dendrogram, which may be
associated with the quality of the activated sludge in this facility. In the
spring and summer filamentous microorganisms from the Actinomycetes
group multiply very intensely in the bioreactors of this sewage treatment
plant. These organisms have hydrophobic cell walls owing to which they
stick to air bubbles and are carried up together with the sludge flocs to
the surface of the reactor. They disrupt the homeostasis of the environ-
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ment and thus the biochemical processes occurring in the activated
sludge chamber.
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Fig. 4. Dendrogram determined for the investigated treatment plants based on

the variable shares of the phosphorus mobile forms and the activated sludge

temperature

Rys. 4. Dendrogram wyznaczony dla analizowanych oczyszczalni oparte na

zmiennych udziatach form mobilnych i temperatury osadu czynnego

In the next stage an attempt was made to develop a mathematical
model describing the dependence of the phosphorus mobile fractions
share (p.m.f.s.) on temperature. Considering the observations made dur-
ing the investigation, this relation was expressed as follows by the seg-
mented regression (Seber et al. 2003):

ay+a T dla T<T, (1

2)

pm.f.s.=
ay-a, T, +(a,+a,)T dla T>T,
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where 0o, 0, 02 — empirical model parameters estimated by Levenberg-
Marquardt method, Ty — limit temperature corresponding to the change
of the dependence p.m.f.s. = f(T). It can be concluded on the basis of the
performed calculations that, in the case of the 4, B, C, D and E treatment
plants, the p.m.f.s. = f (T) relation had a linear character and was de-
scribed by equation (1), whereas for the F plant the dependence p.m.f.s. =
f (T) was expressed by equation (2). The values of the determined pa-
rameters o; and determination coefficients are given in Table 3.

Table 3. Parameter values of the m.f.s. = f(T) equation for the analyzed
facilities

Tabela 3. Zestawienie warto$ci parametrow rownania u.f.m. = f(T) dla
analizowanych obiektow

Facility Parameters ;
(05} 05} Ol | Tgr R

A 0.029+(0.002) | 0.0299+(0.003) 0.903

B 0.2374(0.039) | 0.0166+(0.003) 0.771

C 0.2794£(0.027) | 0.0122+(0.002) 0.808

D 0.226+(0.036) | 0.0169+(0.002) 0.778

E 0.013£(0.033) | 0.0270+(0.004) 0.832

F -0.206+(0.022) | 0.080+(0.020) | 0.072+(0.020) | 7.77 | 0.906

In addition, Figure 5 shows a sample of a graphical representation
of the p.m.f.s. = f (T) calculations for the 4 and F' treatment plants. Based
on the above, it can be stated that there is a statistically significant rela-
tionship between the activated sludge temperature and mobile fractions
shares. In the case of the 4,8, C, D, E treatment plants this relationship is
linear. Based on the regression curves one can estimate how the mobile
fractions share will change in the case of temperature alteration. The
analysis of the parameters a; (Table 3) in equation (1) shows that in the
case of the 4, B, C, D and E treatment plants, the increase in the tempera-
ture of the activated sludge by 1°C will cause the rise in the share of mo-
bile phosphorus fractions from 1.22 to 2.99%. It is a considerable change,
because the annual amplitude of the activated sludge temperature is even
10°C. A piecewise regression curve was constructed for the sewage
treatment plant F' (Fig. 5).
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Fig. 5. Effect of activated sludge temperature on the share of mobile forms
in wastewater treatment plants 4 and F

Rys. 5. Wplyw temperatury osadu czynnego na udziat form mobilnych

w oczyszczalniach 41 F
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The examination of the calculated parameters a; and o, in the re-
gression model described by formula (2) leads to the conclusion that for
the estimated limit temperature (Tg) of 7.7 ° C (Tab. 3) the increase in the
temperature by 1°C causes the rise in the mobile fractions shares of
phosphorus by 8%. However, above Ty = 7.7°C the rise in temperature
by 1°C leads to the increase in the mobile fractions shares of phosphorus
merely by 7.2%.

4. Conclusions

The analysis of the above study provides ground for the conclu-
sion that there is a statistically significant effect of temperature on the
shares of phosphorus fractions in activated sludge. The increase in tem-
perature is accompanied by the rise in the shares of phosphorus mobile
fractions (Ca-EDTA and Na-EDTA) that can be identified with mineral
fractions of this element adsorbed on the surface of sludge particles. The
increase in the mineral fractions share under the influence of temperature
may indicate the direct effect of the activated sludge temperature on the
rate of enzymatic reactions and thus on the microbial mineralization of
phosphorus contained in the organic matter reaching the bioreactor. This
may mean that the rate of phosphorous bacteria metabolism increases
together with the temperature in the analyzed range. Based on the esti-
mated regression models obtained in this study it was found that the in-
crease in the activated sludge temperature by 10°C can cause an increase
in the mobile (mineral) phosphorus fractions share from 12% to 30%.
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Analiza wplywu cyklicznych zmian temperatury na
specjacje fosforu w osadach czynnych

Abstract

Temperature is a significant parameter affecting wastewater treatment ,
because its increase accelerates decomposition of organic compounds. The op-
timum temperature of this process falls within the range of 18-22°C (Bugajski
et al., 2012). As far as the biological phosphorus removal process is concerned,
there are conflicting reports in reference sources with regard to the temperature
optimum. Due to the existing discrepancies in the relevant literature on the ef-
fect of the sewage sludge temperature on the phosphorus removal processes,
this study attempts to provide a speciation analysis of phosphorus in activated
sludge in an annual cycle (in temperate climate), in which the sewage sludge
temperature may range from 5°C to 25°C. The studies conducted to evaluate the
effect of temperature cycling on the phosphorus speciation in activated sludge
involved performing monthly speciation analyses of phosphorus in activated
sludge collected at six sewage treatment plants. The content of different phos-
phorus fractions was determined in the sewage specimens using the fractiona-
tion scheme proposed by Golterman. The speciation analysis performed by this
method allows to distinguish mineral phosphorus forms adsorbed on the surface
of the sludge particles. These forms are considered as the most mobile, bioa-
vailable (fractions of Ca-EDTA and Na-EDTA). This method is also used to
extract phosphorus bound in strong combinations with aluminosilicates (NaOH
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fraction) and phosphorus identified primarily with organic forms, i.e. forms of
phosphorus found in soluble combinations with organic matter (H,SOgfraction)
as well as the forms of phosphorus contained in organic matter (NaOH). Forms
of phosphorous bound in combinations with aluminosilicates and identified with
organic forms are distinguished by Golterman as forms difficult to access
(H,SO4 and NaOH fractions). The results presented in the study show that the
shares of different phosphorus fractions in activated sludge demonstrate high
variability in value, however, in the case of their classification into one of the
two groups on the basis of bioavailability (fractions: mobile and difficult to
access), one can notice a pattern occurring in the annual cycle. There is a no-
ticeable increase in the share of mobile (mineral) phosphorus forms which ac-
companies a rise in the sludge temperature (with the temperature increase by
1°C the mobile forms shares grow from 1.2% to 3%). The increase in the min-
eral forms share under the influence of temperature may indicate the direct ef-
fect of the activated sludge temperature on the rate of enzymatic reactions. The
fact that the share of phosphorus forms difficult to access (H,SO, and NaOH
fractions), identified primarily with organic forms, is dominant in winter while
the share of mobile forms is minor (24%), confirms the reduction of phosphorus
removal at a low sludge temperature.

Streszczenie

Istotnym parametrem wplywajacym na proces oczyszczania $ciekow
jest temperatura, poniewaz jej wzrost przyspiesza procesy rozktadu zwigzkow
organicznych. Optymalna temperatura tych procesow miesci si¢ w granicy 18-
22°C (Bugajski i in. 2012). Z kolei w przypadku procesu defosfatacji biologicz-
nej istniejg sprzeczne doniesienia literaturowe dotyczace optimum temperatu-
rowego. Ze wzgledu na wystepujace rozbieznosci w doniesieniach literaturo-
wych dotyczacych wptywu temperatury osadu §ciekowego na procesy defosfa-
tacji, w niniejszej pracy podjeto si¢ wykonania analizy specjacyjnej fosforu
w osadach czynnych w cyklu rocznym (w klimacie umiarkowanym), w ktérym
temperatura osadow $ciekowych moze waha¢ si¢ od 5°C do 25°C. W celu oce-
ny wplywu cyklicznych zmian temperatury na specjacje fosforu w osadach
czynnych zostaly wykonane badania, ktore polegaty na wykonaniu comiesigcz-
nych analiz specjacyjnych fosforu w osadach czynnych pochodzacych z szesciu
oczyszczalni $ciekow. W pobranych probach osadu oznaczano zawarto$¢ po-
szczegolnych frakcji fosforu wykorzystujac schemat frakcjonowania zapropo-
nowany przez Golterman’a. Analiza specjacyjna wykonana ta metoda pozwala
wyréozni¢ formy mineralne fosforu, zaadsorbowane na powierzchni czastek
osadéw. Formy te uwazane sg jako najbardziej mobilne, biodostepne (frakcje
Ca-EDTA i Na-EDTA). W metodzie tej ekstrahuje si¢ rowniez fosfor zwigzany
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w silnych potaczeniach z glinokrzemianami(frakcja NaOH) oraz fosfor utozsa-
miany przede wszystkim z formami organicznymi, czyli formami fosforu wy-
stepujacymi w rozpuszczalnych polaczeniach z materig organiczng (frakcja
H,S0,) oraz formami fosforu zawartymi w materii organicznej (NaOH). Formy
fosforu zwigzanego w polaczeniach z glinokrzemianami oraz utozsamiany
z formami organicznymi Golterman wyréznia jako formy trudnodostepne (frak-
cje H,SO4 i NaOH). Przedstawione w pracy wyniki swiadcza iz wartosci udzia-
16w poszczegolnych frakcji fosforu w osadach czynnych wykazuja duza zmien-
no$¢, jednak w przypadku ich przyporzadkowania do dwoch grup pod wzgle-
dem biodostgpnosci (frakcje mobilne i trudnodostgpne) mozna dostrzec wyste-
powanie tendencji w cyklu rocznym. Zauwazalny jest wzrost udziatu form mo-
bilnych(mineralnych) fosforu wraz ze wzrostem temperatury osadu (przy wzro-
$cie temperatury o 1°C udzialy form mobilnych wzrastaja od 1,2% do 3%).
Zwigkszenie udziatow form mineralnych pod wpltywem temperatury moze
$wiadczy¢ o bezposrednim wplywie temperatury osadow czynnych na szybko$¢
reakcji enzymatycznych. Dominujacy w okresie zimowym udziat form trudno-
dostepnych fosforu (frakcji H,SO4 i NaOH), utozsamianych przede wszystkim
z formami organicznymi oraz niewielki udzial form mobilnych (24%) potwier-
dza obnizenie procesow defosfatacji w przypadku niskiej temperatury osadu.

Stowa kluczowe:
formy specjacyjne fosforu, osad czynny, temperatura

Key words:
speciation forms of phosphorus, active sludge, temperature
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