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Abstract Phthalates are endocrine-disrupting chemicals
which affect endocrine system by bio-accumulation in
aquatic organisms and produce adverse health effects in
aquatic organisms as well as human beings, when come
in contact. Present study focuses on occurrence and re-
moval of two phthalates: diethylphthalate (DEP) and
dibutylphthalate (DBP) in two full-scale wastewater treat-
ment plants (WWTPs) i.e. sewage treatment plants
(STPs) based on well-adopted technologies, activated
sludge process (ASP) and sequencing batch reactor
(SBR).Gas chromatography-mass spectrometry
(GC–MS) analysis was performed for both wastewa-
ter and sludge sample for determination and identification
of the concentration of these compounds in both STPs by
monitoring the STPs for 9 months. It was observed that
the concentration of DEP was less than DBP in the
influent of ASP and SBR. Average concentrations of
DEP and DBP in sludge sample of ASP were found to
be 2.15 and 2.08 ng/g, whereas in SBR plant, these values
were observed as 1.71 and 2.01 ng/g, respectively.
Concerning the removal efficiency of DEP, SBR and

ASP plants were found effective with removal efficiency
of 91.51 and 91.03 %, respectively. However, in the case
of DBP, SBR showed lower removal efficiency
(85.42 %) as compared to ASP (92.67 %). Comparative
study of both plants proposed that in ASP plant, DBP
reduction was higher than the SBR. Fourier transforma-
tion infrared (FTIR) analysis also confirmed the same
result of sludge analysis for both STPs. Sludge disposal
studied with scanning electron microscopy (SEM), ener-
gy dispersive X-ray spectroscopy (EDX) and thermo-
gravimetric analysis (TGA) techniques confirmed that
sludge of both STPs have high calorific value and can
be used as fuel to make fuel-briquettes and bottom ash to
make firebricks.

Keywords Activated sludge process . Endocrine-
disrupting compounds (EDCs) . Dibutylphthalate .

Diethylphthalate . GC–MS analysis . Sequencing
batch reactor . TGA analysis

Introduction

Phthalates are dialkyl or alkyl aryl esters of phthalic
acids. These are prepared by reacting phthalic anhydride
with alcohols and are commonly used for the softening
of polyvinylchloride (PVC) resin to improve their flex-
ibility, transparency, durability and workability by de-
creasing the glass transition temperature (Chen and
Sung 2005; Adibi et al. 2008). These are chemically
stable, odourless and colourless compounds that are
slightly soluble in water (Clara et al. 2010; Medellin-
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Castillo et al. 2013) and are also used in insect repel-
lents, adhesives, glues, paints, cosmetics, lubricants,
gaskets, inks, rainwear, paper coatings, electrical wire
insulation, roofing systems, pharmaceuticals, pesticides,
etc. (Yuan et al. 2002; Lu et al. 2009; Na et al. 2012).

There are several non-point sources such as domestic
and commercial discharges, street runoff, aerial deposi-
tion and point sources like agricultural and industrial
discharges of phthalate compounds (Alatriste-
Mondragon et al. 2003; Roslev et al. 2007). Due to their
wide range of applications in industrial production, their
production has rapidly grown in the last decades
(Dargnat et al. 2009). Their widespread use and produc-
tion cause direct entry of these compounds into the
environment because they are not chemically bound to
the polymeric matrix and migrate from plastic and other
products during manufacturing processes and by
leaching or evaporating from final products (Marttinen
et al. 2003; Zeng et al. 2004). Most of the phthalates
cause endocrine disrupting effect by altering endoge-
nous hormones (Takeuchi et al. 2005), thus affecting
reproductive and developmental physiology in the
aquatic organisms and mammals (Lau et al. 2005).
Therefore, these chemicals pose a potential threat to
human and wildlife reproduction. Several regulatory
bodies classified these compounds as chief environmen-
tal pollutants and as endocrine-disrupting compounds
because of their toxic, carcinogenic and mutagenic
properties (Cai et al. 2008; Rudel et al. 2010;
Boonyaroj et al. 2012). When released to the environ-
ment, these compounds tend to adsorb on particles and
therefore identified in rainwater, surface water, treated
and untreated wastewater, sewage sludge, sediment and
in storm water (Yang et al. 2005). Living beings are
exposed to phthalates in two ways: first, indirect path-
ways like contamination in air, water and food; and
second, direct contact with plastic products, mainly
those intended as high contact products, like children’s
toys and teethers (Ozer et al. 2012).

Literature survey suggested that DEP and DBP ow-
ing to their high water solubility have been most fre-
quently identified phthalates in various environmental
water samples (Xu et al. 2007). These are used in
cosmetics and plastic products (Kolarik et al. 2008;
Prasad and Suresh 2012). These compounds exhibit
endocrine disrupting activity and cause adverse health
effects in aquatic organisms and consequently to human
beings due to which their determination and removal are
of great concern (Mohan et al . 2007). The

determination, identification and removal of these com-
pounds in water and wastewater treatment plants have
been reported in developed countries to a large extent
but to a limited extent in India.

Present study is focused on identification, removal
and fate of these compounds in two full-scale STPs
based onASP and SBR technologies. For these purpose,
two phthalates i.e. diethylphthalate (DEP) and
dibutylphthalate (DBP) were studied in two full-scale
wastewater treatment plants based on activated sludge
process (ASP) and sequencing batch reactor (SBR) lo-
cated in Jagjeetpur, Hardwar (Uttarakhand), India.

Material and methods

Chemicals and sample collection

Standards of DEP (CAS 84-66-2) and DBP (CAS 84-
72-2) bearing high purity (>99 %) were purchased from
Sigma-Aldrich Chemie GmbH (Germany). All other
solvents used for extraction and dilution of phthalates
were of HPLC & Spectroscopy grade. Glasswares were
rinsed with dichloromethane (DCM) and then dried in
oven. Filter papers employed in extraction procedure
were also dried before use.

Influent and effluent samples were collected from the
selected wastewater treatment plants (WWTPs) viz 18
million litres per day (MLD) activated sludge process
(ASP) and 27 MLD sequencing batch reactor (SBR)
located in Jagjeetpur, Hardwar (Uttarakhand), India.
The sewage inflowing to WWTPs is of domestic type.
Capacity of ASP and SBR treatment plants was 18 and
27MLD, respectively. Composite samples were collect-
ed monthly throughout the study period from both the
WWTPs. Sludge sample was also collected from the
aeration tanks (activated sludge) of both plants. Sam-
pling bottles were cleaned and rinsed with sample two to
three times before collection of sample. For microbial
analysis, samples were taken in autoclaved amber glass
bottles. All the samples were preserved at 4 °C before
analysis. Typical characteristics of DEP and DBP are
summarized in Table 1.

Extraction method for wastewater and sludge

The reference method 606 mentioned in “Environmen-
tal Protection Agency: methods for organic chemical
analysis of municipal and industrial wastewater” (EPA
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2002), was employed for extraction of influent and
effluents samples. One litre of wastewater was taken in
an amber glass bottle and extracted three times with
100 mL of a solvent mixture of n-hexane and DCM in
the ratio of 85:15, with the help of mechanical shaking
for 20 min. The combined extracts were concentrated
under a gentle stream of nitrogen to 1 mL and purified
with florisil column and finally eluted with 25 mL of a
solvent mixture of n-hexane/diethylether in the ratio of
80:20. The fraction was evaporated to 1 mL under N2

gas streams and was analyzed using a gas chromatogra-
phy–mass spectrometer (GC–MS) (Dargnat et al. 2009).
Culatti crusher was used for the fine crushing of dried
samples. Five grams of samples were extracted with
100 mL of DCM in a volatilization/condensation device
for 24 h. The extracts were centrifuged for 15 min,
concentrated and transferred to hexane, and again cen-
trifuged and evaporated to 1 mL. The cleanup method
was same as described for wastewater.

Analytical methods

The concentrations of DEP and DBP were analyzed
with Varian 450 gas chromatography coupled to an
Varian 240 mass spectrometer (GC–MS), Varian Tech-
nologies, 4330 EA Middelburg, The Netherlands, oper-
ating in External EI mode, and a VF-5 MS capillary
column (30 m length × 0.25 mm inner diameter,

0.25-μm film thickness) for chromatographic separa-
tion. The extracts (2.0 μL) were injected onto GC–MS
in EI mode, and the injection port and detection temper-
atures were 280° and 300 °C, respectively. The temper-
ature of column was initiated at 60 °C for 7.0 min and
increased to 180 °C at a rate of 5 °C/min, held for
5.0 min and finally increased up to 280 °C at the same
rate and time. The flow rate of the carrier gas (helium)
was maintained constant at 1 mL/min. Identification of
phthalates was based on their retention times relative to
the standards, while quantitative determination was
based on peak areas in relation to standards, and linear
8-point calibration curves. Thereafter, the removal effi-
ciency was calculated by using the following formula
(Xian et al. 2010):

RE %ð Þ ¼ ðIn�E f Þ
In

� 100

where In is the measured concentration in the influent of
the plant and Ef is the measured concentration in the
final effluent of the plant

Physicochemical parameters i.e. chemical oxygen
demand (COD), biochemical oxygen demand (BOD),
total suspended solids (TSS), volatile suspended solids
(VSS), total nitrogen (TN), ammonium nitrogen (NH4-
N), nitrate nitrogen (NO3-N), total phosphorus (TP) and
microbiological parameters like total coliform (TC) and
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Table 1 Selected phthalates and their linear equation, goodness-of-fit of linear regression (R2), and average removal efficiency

Compound Structure Formula MW Cash
number

Linear
equation

Goodness-of-fit
of linear
regression (R2)

Average
removal
efficiency

Di-n-ethyl
phthalate (DEP)

C12H14O4 222.24 84-66-2 2E + 06x-
9E +
06

0.9894 91.03 %
(ASP)

91.51 %
(SBR)

Di-n-butyl
phthalate
(DBP)

C16H22O4 278.34 84-72-2 9E + 06x-
9E +
06

0.9841 92.67 %
(ASP)

85.42 %
(SBR)



faecal coliform (FC) were analyzed according to Stan-
dard Methods (APHA 2005).

The Fourier transformation infrared (FTIR) spectra
were obtained at wave number range of 400–4000/cm
on a PerkinElmer GX FTIR system equipped with
OMNIC software. Before application of sludge sample
to FTIR instrument, sample was grinded with the help of
grinder to reduce the average particle size 1–2 μ as
homogenous mixture gives best results. After proper
grinding, about 5–10 g of finely ground samples were
then placed onto the face of a KBr plate, a small drop of
mineral oil was added and the second window was
placed on top. A gentle circular and back-and-forth
rubbing motion of the two windows evenly distributes
the mixture between the plates. The mixture should
appear slightly translucent, with no bubbles, when prop-
erly prepared. The sandwiched plates were placed in the
spectrometer and a spectrum was obtained.

Phthalate compounds are used in many kinds of
cleansing products and cosmetics; therefore, these
compounds may cause risk of sample contamination
during analysis, so it is advisable to take extreme
precautions to avoid sources of contamination in the
laboratory equipment during handling and analysis.
Therefore, use of plastic equipment throughout the
whole procedure of sample preparation was avoided
to minimize the risk of contamination (Tingting
et al. 2013). Some other appropriate steps should
be taken to avoid this problem like all glasswares
were washed and rinsed in DCM and air dried, blank
samples of the whole process should be analyzed

after every set of ten samples and spiked water
samples also analyzed periodically to evaluate the
performance of method.

Results and discussion

The quality of wastewater was determined with the help
of physicochemical and microbiological analysis. All
the selected parameters were determined to identify the
extent of pollution strength of treated and untreated
water samples of both sewage treatment plants (STPs)
and their removal efficiency. The average values and
standard deviation of all parameters for this study are
shown in Table 2. The average removal efficiency of
COD, BOD and TSS was found ∼83.22, 82.52 and
85.31 % in ASP and 88.02, 90.53 and 88.31 % in
SBR plant. Similarly, average removal efficiency of
TN, TC and FC are 94.41, 90.03 and 91.33 % for ASP
and 93.91, 91.04 and 94.50 % for SBR plant. The
removal efficiency of other parameters like NH4-N,
NO3-N and TP was almost in the same range. The
obtained results of above parameters indicate that both
the plants are working properly, but the removal effi-
ciency of SBR plant is high in comparison of ASP plant.
The effectiveness of wastewater treatment plants in re-
lation to the removal of microbiological pollution was
measured with the help of determination of number of
TC and FC in wastewater samples (Kazmi et al. 2008).
Results revealed that the removal efficiency of both

Table 2 Average influent and effluent characteristics of ASP and SBR plants

Parameters ASP Plant SBR Plant

Inlet Outlet Inlet Outlet

COD (mg/L) 348 ± 63 59 ± 20 217 ± 97 25 ± 12

BOD (mg/L) 212 ± 31 37 ± 24 169 ± 35 16 ± 7

TSS (mg/L) 265 ± 70 39 ± 10 158 ± 73 18.4 ± 11

VSS (mg/L) 156 ± 55 24 ± 6 121 ± 66 13.4 ± 6.4

NH4-N (mg/L) 27 ± 4 1.6 ± 0.4 23 ± 4 1.4 ± 0.3

NO3-N (mg/L) 5.3 ± 0.9 1.7 ± 0.5 4.6 ± 0.8 1.4 ± 0.5

TN (mg/L) 33 ± 6 3.7 ± 0.6 39 ± 6 4.4 ± 0.85

TP (mg/L) 7.1 ± 1.5 2.2 ± 0.4 6 ± 1 1.7 ± 0.4

TC (MPN/100 mL) 1.0 × 107 ± 9.6 × 106 1.0 × 106 ± 1.4 × 106 1.1 × 108 ± 1.4 × 108 1.0 × 107 ± 1.4 × 107

FC (MPN/100 mL) 1.0 × 106 ± 1.3 × 106 8.8 × 104 ± 1.0 × 106 1.7 × 107 ± 2.9 × 107 9.4 × 105 ± 1.3 × 106
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treatment plants is appreciable (For SBR DEP > 91 %,
DBP > 85 % and for ASP DEP > 91 %, DBP > 92 %.

Occurrence of phthalates in wastewater

Previous studies reported that phthalate compounds
undergo bacterial degradation and adsorbed on
sludge particles which cause removal of these com-
pounds from wastewater (Carballa et al. 2004).
Figure 1a, b shows the GC–MS results of both in-
fluent and effluent samples of ASP and SBR plants,
and the respective results of the concentration of
DEP and DBP are shown in Fig. 2a, b. The removal
of DEP and DBP was varying from 83.50 to 94.72

and 82.81 to 97.54 % in ASP plant and 81.74 to
98.31 and 67.62 to 96.53 % in SBR plant during a
monitoring period of 9 months from April to Decem-
ber. The removal of DEP was higher in SBR plants,
whereas the removal of DBP was higher in ASP
plant. The removal of DEP was highest in September
for ASP plant and in November for SBR plant.
Similarly, removal of DBP was high during May
and December for ASP plant and during May, July,
August, September and December for SBR plant.
The probable reason of variation in concentration
may be due to variation in pH and temperature and
also because of some other factors like plant config-
urations, quality of influents, solids retention time
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Fig. 1 a GC spectra of ASP influent and effluent samples, b SBR influent and effluent samples, and c ASP and SBR sludge samples
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(SRT), hydraulic retention time (HRT), etc. (Chang
et al. 2005; Zhou et al. 2010). The average value and
standard deviation of TSS indicate that high removal
efficiency of phthalates during the study period was
due to high concentration of TSS. Statistical analysis
of performance data showed that there is an appre-
ciable correlation between removal of phthalates and
other physicochemical parameters such as BOD,
COD, TSS and TC (Chang et al. 2004; Lu et al.
2009; Chatterjee and Karlovsky 2010).

All these parameters are useful in increasing the
removal efficiency of phthalate compounds. The extent,
to which a treatment plant removes suspended solids, as
well as BOD, determines the efficiency of the treatment
process and the extent of phthalate removal. Therefore,
the results obtained from this study indicate that the
overall removal efficiency, i.e. disappearance of these
compounds from water phase, is 91.51 % (DEP) and
85.42 % (DBP) in SBR plant while 91.03 % (DEP) and
92.67 % (DBP) in ASP plant.

Statistical analysis

Correlations (r Pearson) were established between var-
ious physicochemical parameters (BOD, COD, TSS,

TC, pH and temperature) and targeted pollutants, i.e.
DBP and DEP for SBR and ASP plant as shown in
Tables 3 and 4, respectively. Statistical analysis
(Table 3) shows that removal of DBP had a strong
correlation with COD, TSS and TC removal, while
DEP removal was found to be linked with BOD and
TC removal. Temperature has shown insignificant effect
on removal of DBP and DEP for both of the plants.
Hence, efficiency of plants is independent of tempera-
ture. FromTable 4, it was observed that removal of DBP
in ASP plant has a strong correlation with TC removal.
Also, a slight dependency was observed between BOD
and DBP removal. In addition, BOD removal was found
to be having good correlation with log TC removal but
not as good with DBP removal. On the other side,
removal of DEP was found to be linked with pH in
reactor and TC removal.

Occurrence of phthalates in sludge

A large amount of phthalate compounds undergo deg-
radation by activated sludge, small amount is discharged
in the effluent, small amount gets accumulated in the
system and a very small amount remains in the waste
sludge (Marttinen et al. 2004; Huang et al. 2010). Small
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concentration of phthalate compounds was also found in
sludge samples because phthalate compounds get
adsorbed on sludge particles (Medellin-Castillo et al.
2013) which cause removal of these compounds from
wastewater and presence in sludge samples. GC–MS
graph of sludge samples of ASP and SBR plants is given
in Fig. 1c, and concentrations of these compounds in
sludge samples are given in Fig. 2c. The average con-
centration and standard deviation of DEP and DBP in
sludge samples of ASP plant were 2.08 ± 0.53 and 2.08
± 0.48 ng/g, respectively. However, the average concen-
tration and standard deviation of DEP and DBP in
sludge sample of SBR plant were 1.71 ± 0.20 and 2.01
± 0.28 ng/g, respectively. Concentration of DEP is more
during June, August and October, and concentration of
DBP is more during May, July and November in ASP
sludge. Similarly, concentration of DEP is more during
April and November and that of DBP during May, July
and November in SBR sludge. It is observed from above

results that adsorption is greater in these months in
comparison of other months. It may be because of
variation in temperature, pH and other climatic condi-
tions (Chang et al. 2005). Degradation and adsorption of
phthalates is also affected by properties of compounds
like alkyl branch chains, hydrophobicity, dispersion,
and boiling points (Zeng et al. 2004; Mohan et al.
2007; Gao et al. 2014).

Sludge analysis

Fourier transforms infrared spectroscopy of samples

The removal efficiency of compounds during both ASP
and SBR treatment process can be understood by FTIR
analysis of sludge (solid residue) generated after the
treatment (Singh et al. 2013). Figure 3 shows that the
FTIR result of sludge generated during the treatment
process of both of the plants. Stretching and bending

Table 4 Pearson correlation coefficients (R) between operational and performance parameters of ASP plant

Parameters DBPa DEPa BODa TSSa CODa TCb pH Temperature

DBPa 1

DEPa 0.171559 1

BODa 0.406596 −0.08012 1

TSSa −0.13573 −0.14926 −0.41585 1

CODa −0.05915 −0.08618 −0.07483 0.90103 1

TCb 0.87591 0.215468 0.65452 −0.36605 −0.17411 1

pH −0.13721 −0.31648 0.154771 0.598492 0.80902 −0.09216 1

Temperature 0.077886 −0.14436 0.569511 −0.1294 0.240248 0.333875 0.69335 1

a Removal efficiency
b Log removal

Table 3 Pearson correlation coefficients (R) between operational and performance parameters of SBR plant

Parameters DBPa DEPa BODa TSSa CODa TCb pH Temperature

DBPa 1

DEPa 0.2942 1

BODa 0.311 0.4842 1

TSSa 0.5689 0.1454 0.7415 1

CODa 0.4412 −0.097 0.492 0.8908 1

TC 0.4865 0.3747 0.5209 0.5099 0.395 1

pH −0.378 −0.273 −0.785 −0.898 −0.814 −0.623 1

Temperature 0.1155 −0.245 −0.113 −0.125 −0.176 −0.202 0.0952 1

a Removal efficiency
b Log removal
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vibration frequencies of sludge analysis are summarized
in Table 3. Absorption band at 609 and 1142, and 612
and 1128/cm in both plants sludge shows the presence
of C-H stretching frequency of -CH3 group and C-O
stretching of C-O-C group coupled with adjacent C-C
group indicating the presence of alkane residues and
ether groups, respectively. Peak at 1646 and 1640/cm
is characteristic peak of C = C stretching frequency due
to the presence of aromatic ring. Peaks at 2852, 2926
and 2960/cm in both plants sludge suggest the presence
of aliphatic methylene groups. Table 5 show a compar-
ative analysis of various broad, strong and sharp peaks
of FTIR spectra of both plants.

Figure 3 shows that bands at 1406, 1456 and
1468/cm can be assigned to the presence of aromatic
ring in the sludge of both plants sample. The broad

band at 3428.86 and 3429.25/cm was assigned to the
presence of O-H stretching (Silva et al. 2012; Parida
et al. 2014). Peaks at 1536.22/cm in SBR sludge
sample indicate the presence of -NO2 group, and
peaks at 1332 to 1353/cm in both plants sludge
due to C-C and C-H stretching band indicate the
presence of methylene group. The results were com-
pared with those obtained by GCMS analysis.
Therefore, it was observed that phthalates during
bacterial degradation by both (ASP and SBR) pro-
cesses get decomposed into phthalic acid, benzonic
acid, phenol and at the end of processes finally
converted into carbon dioxide and water under aer-
obic conditions (Zeng et al. 2004; Cai et al. 2007).

Hence, FTIR analysis of solid residues of both plants
indicates that most of the phthalate compounds were

Table 5 Fourier transforms infrared (FTIR) spectroscopy

Band assignment Frequency (/cm)

ASP SBR

C-Hdef 609.79 612.18

C-Ostr in C-O-C group coupled with
adjacent C-C stretching

1142.13 1128.67

C-Cstr 1333.12 –

C-Hdef in methyl group – 1353.72

C-Hdef 1406.70, 1465.58 1403, 1468

N =Ostr – 1536.22

C =Cstr in aromatic ring 1646.87 1640.43

C-Hstr in aliphatic methylene group 2852, 2926.57, 2960.92 2857, 2926.90, 2963.86

O-Hstr 3428.86 3429.25
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Fig. 3 FTIR spectra of sludge
samples of ASP and SBR plant
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degraded into small compounds during bacterial degra-
dation. The peaks observed in the FTIR spectra may
also be due the presence of some other compounds like
lipid, carbohydrate, fats and proteins because these com-
pounds remain in sewage due to microbial degradation
(Grube et al. 2006).

Scanning electron microscope and energy dispersive
X-ray analysis

The morphology and elemental distribution in the
sludge sample were determined with the help of a
scanning electron microscopy and energy dispersive

X-ray spectroscopy (SEM-EDX). Figure 4a, b shows
the SEM-EDX analysis of ASP and SBR sludge.
SEM indicates that surface texture of the sludge is
amorphous having different pores and sizes. EDX
analysis of sludge samples of both plants was used
to evaluate the elemental composition (Fig. 4a′, b′).
Sludge element composition was found to be 60.98
and 56.07 % carbon, 33.95 and 38.28 % oxygen,
0.84 and 0.47 % magnesium, 1.17 and 0.69 % alu-
minium, 2.12 and 2.06 % silicon, 0.65 and 0.42 %
phosphorous, and 0.85 and 0.60 % calcium respec-
tively for ASP and SBR plant. It was observed that
ASP sludge contains high amount of carbon i.e.

(a) (a’)

(b) (b’)

Fig. 4 FE-SEM/EDX images of sludge samples of ASP (a/a′) and SBR (b/b′) plant
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60.98 % indicating the highest COD removal in
ASP as compared to SBR.

Thermo-gravimetric and differential thermal analysis
of sludge samples

Thermo-gravimetric analysis (TGA) and differential
thermal analysis (DTA) of sludge samples were car-
ried out from 20 to 1000 °C at a heating rate of
10 °C/min in the air atmosphere. Quantitative deter-
mination of any weight changes associated with
thermally induced transitions and changes in the
chemical composition of the substances means deg-
radation kinetics of sludge samples was carried out
with the help of this analysis (Mondal et al. 2012).
Endothermic peaks indicate that these curves are

also involved in phase changes (Singh et al. 2013).
Figure 5a, b shows TGA–DTA curves of the both
plants sludge samples. The degradation characteris-
tics mean that weight loss with temperature, peak
temperature and enthalpy change are shown in
Table 6. TGA pattern of sludge samples of both
plants found that 4.90 and 4.11 % weight loss of
adhered moisture and evolution of some volatile
matter from 19 to 239 and 28 to 200 °C temperature
ranges for ASP and SBR, respectively.

The TGA of sludge sample of ASP showed two
degradation zones between 239–350 and 450–
995 °C with the maximum rates of weight loss of
0.34 and 2.12 mg/min at 265 and 479 °C. Similarly,
TGA of sludge sample of SBR indicates the two
degradation zones between 200–300 and 400–
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Fig. 5 a Thermo-gravimetric analysis and b differential thermal analysis of sludge samples of ASP and SBR plant

Table 6 Differential thermal and thermal degradation characteristics of the sludge samples A and B

Parameters Sludge of ASP plant Sludge of SBR plant

DTA characteristics

Temperature range of exothermic reaction (uC) 240–350 and 456–498 230–370 and 450–490

Energy released (ΔH (MJ/kg) −405 and −1.97 −553 and −1.79
TGA characteristics

Drying range (°C) 19–101 28–100

Moisture (%) 4.9 4.11

Degradation range (°C) 239–350 and 456–995 200–300 and 400–996

Temperature at which maximum rate of weight 265 and 479 269 and 486

Maximum rate of weight loss (mg/min) 0.34 and 2.12 0.31 and 1.45
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996 °C with the maximum rates of weight loss of
0.31 and 1.45 mg/min at 269 and 486 °C tempera-
ture. Different exothermic peaks could be observed
on the DTA curves for both plants sludge samples
(Fig. 5b). Overall, weight loss of sludge for ASP
and SBR was found to be 78.70 and 70.53 %, re-
spectively. The average calorific value of Indian coal
is 18.80 MJ/kg, and the heating values of ASP and
SBR sludge were found to be 8.50 and 9.50 MJ/kg,
respectively. Hence, these sludge residues may be
used as a fuel along with high calorific value fuels
like agricultural and industrial wastes in boilers.
Bottom ash thus obtained can be used for construc-
tion purposes with cementitious material.

Conclusions

On the basis of the present studies, the following con-
clusions can be drawn:

& Removal efficiency of DEP and DBP was found
to be satisfactory from both the wastewater treat-
ment plants (ASP and SBR). GC–MS analysis
for both STPs wastewater sample has shown that
maximum removal efficiency of DEP was ob-
tained in SBR-based STPs, whereas maximum
removal efficiency of DBP was obtained in ASP-
based STP. Similarly, GC–MS results of samples
extracted from the sludge derived after the treat-
ment from both STPs indicate the presence of a
small fraction of phthalates in both STPs.

& Results of FTIR analysis of sludge of both STPs
confirmed that phthalates compounds were degrad-
ed into small and easily decomposable molecules
during the treatment processes.

& Physicochemical analysis of both plants confirmed
the decrease of COD concentration and others pa-
rameters indicating the decrease in concentration of
organic contaminants (phthalates) during both the
treatment process.

& SEM/EDX and TGA/DTA analysis of sludge con-
firmed that sludge residues have high calorific value
and can be used to make fuel-briquettes.
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