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a b s t r a c t

The effect of various pre-treatment methods, including alkaline hydrolysis (AH), thermal hydrolysis (TH),
thermal alkaline hydrolysis (TAH), thermal oxidation (TO) and thermal alkaline oxidation (TAO), on sol-
ubilization and simultaneous degradation of bisphenol A (BPA), an endocrine disruptor, in wastewater
sludge (WWS) were investigated. The results showed that among AH, TH and TAH pre-treatments, TAH
significantly improved the solubilization of WWS (41.6% suspended solid (SS), 70.7% volatile suspended
solid (VSS) and 48.5% chemical oxygen demand (COD)) with higher degradation of BPA (38.4%). SS, VSS
and COD solubilization were observed to be lower in TO and TAO pre-treatment as compared to TAH
pre-treatment. However, higher degradation of BPA (75.0% and 78.9%) was observed in TO and TAO
heology
eta potential
accase activity

pre-treatment due to the presence of oxidation process. The effects of rheology and zeta potential on
degradation of BPA in raw sludge and different pre-treated sludges were also investigated. The results
showed that decrease in viscosity and particle size and increase in zeta potential resulted in higher degra-
dation of BPA. BPA degradation by laccases produced by Sinorhizobium meliloti in raw and pre-treated
sludge was also determined. Higher activity of laccases (230.9 U L−1) was observed in TAH pre-treated
sludge resulting in high degradation of BPA (21.9%) suggesting concomitant biological degradation of

BPA.

. Introduction

Endocrine disrupting compounds (EDCs) have caused various
dverse health effects which have been reported in recent years.
he EDCs are defined as “exogenous substances or mixture that
lters function(s) of the endocrine system and consequently causes
dverse health effects in an intact organism, or its progeny, or (sub)
opulations” [1]. Bisphenol A (BPA) has been identified as EDC by
he U.S Environmental Protection Agency (EPA), World Wide Fund
or Nature (WWF) and is declared as a social, environmental and

lobal issue [2].

An effective treatment and disposal of sludge has been one of
he major concerns in wastewater treatment processes to degrade
rganic pollutants including BPA. Many authors extensively inves-

Abbreviations: AH, alkaline hydrolysis; BPA, bisphenol-A; D43, volume mean
iameter; LC–MS/MS, liquid chromatography–mass spectrometry/mass spectrom-
try; log Kow, octanol–water partition coefficient; SS, suspended solids; SPE, solid
hase extraction; SCOD, soluble chemical oxygen demand; TH, thermal hydroly-
is; TAH, thermal alkaline hydrolysis; TO, thermal oxidation; TAO, thermal alkaline
xidation; TS, total solids; TCOD, total chemical oxygen demand; VSS, volatile sus-
ended solids; WWS, wastewater sludge.
∗ Corresponding author. Tel.: +1 418 654 3116; fax: +1 418 654 2600.

E-mail address: satinder.brar@ete.inrs.ca (S.K. Brar).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.07.062
© 2010 Elsevier B.V. All rights reserved.

tigated and reviewed sludge treatment and disposal, pointing to the
challenges involved and future possibilities of reuse [3]. However,
the presence of toxic organic compounds in wastewater sludge
(WWS) pose problems to sludge recycling making its final disposal
a challenge. Further, pre-treatment of WWS is adopted to solu-
bilize and/or to reduce the size (in case of polymers) of organic
compounds, in order to make them more easily biodegradable [4].

Numerous research findings reporting effect of WWS
treatment/pre-treatment on EDCs have been compiled by
Scrimshaw and Lester [5]. In fact, the pre-treatment of WWS and
subsequent bioconversion by microorganisms is a very promising
approach to dispose and reuse these residues. It allows sludge vol-
ume reduction, destruction of organic compounds, improvement
of sludge quality and potential gains from value-added product
sales. There are several kinds of pre-treatment methods studied
so far which involve chemical treatment, mechanical treatment,
oxidative treatment, biological hydrolysis or combination of any
two of these methods [6].

Out of the existing pre-treatment methods, alkaline hydroly-

sis (AH), thermal hydrolysis (TH) and thermal alkaline hydrolysis
(TAH) are known to increase biodegradability, convert biorecal-
citrant molecules to readily biodegradable by-products and/or
detoxify the medium by enhancing the mineralization of organic
matter and degradation of recalcitrant compounds during biolog-

dx.doi.org/10.1016/j.cej.2010.07.062
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:satinder.brar@ete.inrs.ca
dx.doi.org/10.1016/j.cej.2010.07.062
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cal treatment [7]. Sludge hydrolysis is a technique to break the
ajor part of the sludge solid fraction into soluble and less complex
olecules, and thus has effects on the viscosity and the filter-

bility of sludge [8], which contribute significantly to removal of
athogens and organic compounds [9]. Advanced oxidation pro-
esses (AOPs) have been proposed as an attractive alternative
ethod for the treatment of potential EDCs present in water,
astewater and WWS, among others. Thermal oxidation (TO) and

hermal alkaline oxidation (TAO) are oxidative treatment pro-
esses, characterized by the generation of hydroxyl radicals which
xidize and mineralize organic molecules present in WWS. How-
ver, majority of research on EDCs, including BPA so far has covered
heir treatability in aqueous solutions. To the best of our knowl-
dge, no studies have been reported on the degradation of BPA in
WS by AH, TH, TAH, TO and TAO pre-treatment processes and
oreover, the effect of rheological changes of WWS during these

re-treatments on removal of BPA.
The indigenous microbial flora of WWS can produce panoply

f enzymes, such as fungal or bacterial peroxidases, tyrosinases
nd laccases, which form a group of phenol-oxidising enzymes that
egrade or detoxify organic pollutants [10]. An enzyme-catalyzed
olymerization and precipitation process has been widely stud-

ed as a new method for the treatment of aqueous phenols [11],
ith the bulk of the work reported using laccases and peroxi-
ases. Laccases produced by Sinorhizobium meliloti [12], possesses
he potential to degrade or detoxify organic compounds, especially
ith phenolic groups present in WWS. However, no specific stud-

es have been reported on degradation of BPA in raw sludge and
ifferent pre-treated sludges by the activity of laccase produced by
. meliloti.

Therefore, the present study constituted following objectives: (i)
ffect of different pre-treatment methods including AH, TH, TAH,
O and TAO on the solubilization of WWS and simultaneous elimi-
ation of BPA; (ii) effect of rheology and zeta potential changes on
PA removal/degradation during different pre-treatment of WWS;
iii) cell growth of S. meliloti in different pre-treated sludges and its
orrelation with BPA; (iv) effect of laccases produced by S. meliloti
or degradation of BPA in WWS.

. Materials and methods

.1. Reagents

BPA (98% purity assay) was obtained from Sigma–Aldrich
Ontario, Canada). HPLC-grade methanol (MeOH),
ichloromethane (DCM), acetone and chloroform, used for
leaning and extraction purposes, were purchased from Fisher
cientific (Ontario, Canada). Sep-Pak Plus C18 environmental
artridges used for solid phase extraction (SPE) clean-up was
urchased from Waters (Milford, MA, USA). Acetic acid, hydrogen
eroxide, sodium hydroxide and sulphuric acid were supplied
y Fisher scientific (Ontario, Canada) and were of analytical
rade. HPLC grade water was prepared in the laboratory using a
illi-Q/Milli-RO Millipore system (Milford, MA, USA).

.2. Sample collection and analysis

Secondary sludge used in the study was collected from Quebec
rban Community (CUQ) wastewater treatment plant (Beauport,
uebec city, Quebec, Canada) which receives wastewater origi-

ating from domestic zones, industries, commercial enterprises
nd institutions present in the city. Sampling was performed on
eptember 23, 2009 between 8:30 and 10:00 a.m. There was no rain
r snow precipitation on the day of sampling. Samples were col-
ected in pre-cleaned amber glass bottles with aluminum foil-lined
ring Journal 163 (2010) 273–283

caps and stored under dark conditions at 4 ± 1 ◦C. The sludge sus-
pended solids (SS) was concentrated from 1.5% (w/v) to higher SS
concentrations by gravity settling and centrifugation of the settled
sludge at 1600 × g for 3 min in a Sorvall RC 5C plus Macrocentrifuge
(rotor SA-600). The supernatant was discarded in order to obtain a
concentration of 30 g L−1 SS.

2.3. Pre-treatment of wastewater sludge

Different pre-treatments, such as AH, TH, TAH, TO and TAO were
conducted with optimum SS concentration (30 g L−1) [13]. The con-
centration of BPA was measured in raw sludge (secondary sludge)
before pre-treatment and after each pre-treatment. In each case,
a spiked BPA sample (0.12 mg) was treated to compare the results
with the unspiked sample.

2.3.1. Alkaline hydrolysis (AH)
Alkaline hydrolysis was adjusted by adjusting the pH of sludge

to 10.0 ± 0.1 by using 4 N NaOH. Approximately 0.062 g of NaOH
solution was added per gram of SS to obtain the required pH. Later,
the sludge was placed in incubator shaker (Infors HT Multitron
Standard, Switzerland) at 30 ± 1 ◦C and 200 rpm for 24 h.

2.3.2. Thermal hydrolysis (TH) and thermal alkaline hydrolysis
(TAH)

Thermal hydrolysis was conducted by adjusting the pH of sludge
to 7.0 ± 0.1 by addition of either 4 N NaOH or 4 N H2SO4. The
digestion process was performed by using a Multiwave-microwave
sample preparation system (Paar Physica, Perkin Elmer) with
infrared temperature control and hydraulic pressure control with
feedback function capable of reducing microwave power near the
limit of operating pressure. The sludge was transferred to PTFE
digestion vessels, 100 mL capacity and the microwave digestion
process was conducted at microwave power of 1000 W, operating
pressure of 3000 kPa and temperature 140 ± 1 ◦C for 30 min.

Thermal alkaline hydrolysis was conducted by adjusting the
pH of sludge to 10.0 ± 0.1 by adding 4 N NaOH solution followed
by microwave digestion. The microwave digestion for TAH pre-
treatment followed the same procedure as in TH pre-treatment.

2.3.3. Thermal oxidation (TO) and thermal alkaline oxidation
(TAO)

Thermal oxidation was conducted by adjusting the pH of sludge
to 7.0 ± 0.1 and the digestion process was carried out by microwave
digestion at 140 ± 1 ◦C for 30 min. After digestion, pH of sludge was
adjusted to 3.0 ± 0.1 by adding 2 N H2SO4. Later, 0.01 mL of H2O2
(30%, v/v) per gram of SS was added to sludge.

Thermal alkaline oxidation was carried out by adjusting the pH
of sludge to 10.0 ± 0.1 by adding 4 N NaOH solution and then the
same method was followed as for TO pre-treatment.

For convenience, AH, TH and TAH pre-treatments have been
grouped together and the other category, based on oxidation has
been enumerated for TO and TAO pre-treatments.

2.4. Analytical methods

The samples were subject to different analysis including BPA
within two to three days to avoid degradation or transformation of
native samples. Analysis of pH, ammonical nitrogen, phosphorus,
total solids (TS), suspended solids (SS), volatile suspended solids

(VSS), total and soluble chemical oxygen demand (TCOD and SCOD),
total and soluble organic carbon (TOC and SOC) were carried out as
per the Standard Methods [14]. SS0, VSS0 and SCOD0 referred to as
the parameters of WWS before pre-treatment, while SSS, VSSS and
SCODS referred to the parameters after pre-treatment. The soluble
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ncrement of SS, VSS and SCOD were calculated as follows:

ss = (SS0 − SSs)
SS0

× 100% (1)

vss = (VSS0 − VSSs)
VSS0

× 100% (2)

CODincrement = (SCODs − SCOD0)
TCOD

× 100% (3)

.5. BPA analysis

.5.1. Sample preparation
Sludge was frozen using liquid nitrogen prior to lyophilization

y the freeze-dry system (Dura Freeze Dryer, Kinetics). About 0.5 g
f lyophilized and homogenized sample was transferred to a glass
ube and 20 mL of dichloromethane–methanol (7:3, v/v) was added
o the tube. The extraction was carried out by microwave assisted
xtraction method (MARS microwave extractor, CEM Corporation,
orth Carolina, USA). This system allowed simultaneous irradiation
f 14 extraction vessels. Microwave power was 1200 W (100%) and
he extraction was performed in a temperature-controlled mode.
he extraction temperature was 110 ± 1 ◦C and programmed as fol-
ows: ramp to 110 ± 1 ◦C for 10 min, holding at 110 ± 1 ◦C for 10 min.
he extract was separated by centrifugation at 7650 × g for 15 min
nd the procedure was repeated three times. The extracts were
ombined, concentrated to an approximate volume of 1 mL with
entle stream of nitrogen and redissolved in 100 mL of HPLC grade
ater.

.5.2. Clean-up
Solid phase extraction (SPE) method was used for clean-up and

re-concentration of extract. Sep-Pak Plus C18 environmental car-
ridges were fitted into the vacuum manifold (Welch, USA) which
as connected to a vacuum pump (Welch Rietschle Thomas, USA)

o dispense samples through the cartridges. Cartridges were pre-
onditioned by passing 7 mL of methanol and 3 mL of HPLC water
t a flow rate of 1 mL min−1. Sludge extracts (100 mL) were passed
t a flow rate of 5 mL min−1. After pre-concentration, the sorbents
ere dried by using a vacuum system set at (−15) psi.

The elution was performed by adding 2 × 4 mL of
ethanol/dichloromethane (3:1, v/v) mixture to the cartridge

t a flow rate of 1 mL min−1 and giving it a wait time of 10 min
n order to give enough duration of contact between the sol-
ent and the adsorbed compounds. The extracts were later
vaporated to dryness with a gentle stream of nitrogen and
econstituted with methanol to a final volume of 1 mL prior to
iquid chromatography–mass spectrometry/mass spectrometry
LC–MS/MS) analysis. The overall scheme of the analytical proce-
ure used for the determination of BPA in WWS is presented in
ig. 1.

.5.3. LC–MS/MS analysis
LC–MS/MS analyses were performed on a TSQ Quantum Access

Thermo Scientific, Mississauga, Ontario) with a Finnigan surveyor
C pump equipped with a 120-vial capacity sample management
ystem. The analytes were separated on a 3 �M, 100 mm × 2.1 mm
ypersil Gold C18 reverse phase column (Thermo Scientific, Peter-
orough). The sample injection volume was set at 10 �L.

A binary mobile phase gradient with water [A] and methanol [B]
as used for analyte separation at a flow rate of 200 �L min−1. The

radient was performed as isocratic 5% A and 95% B for 6 min. The

dentification of BPA was done in a full-scan mode by matching the
etention time and mass spectrum with true standards. Quantita-
ive LC–MS/MS analysis was carried out in negative ionization (NI)
ondition and in selective reactions monitoring (SRM) mode using
PA d16 as internal standard.
Fig. 1. Schematic diagram of analytical procedure used for analysis of BPA in
wastewater sludge.

2.6. Rheological study

2.6.1. Viscosity
Viscosity of raw sludges and different pre-treated sludges were

measured by using a rotational viscometer Brookefield DVII PRO+
(Brookfield Engineering Laboratories, Inc., Stoughton, MA, USA)
equipped with Rheocalc32 software. The viscosity data acquisi-
tion and analysis was carried out using Rheocalc V2.6 software,
(B.E.A.V.I.S.–Brookfield Engineering Advanced Viscometer Instruc-
tion Set). All measurements were performed at 25 ± 1 ◦C, 36.69 s−1

shear rate and viscosity was referred to as “apparent viscosity”.

2.6.2. Particle size analysis
Particle size analysis was carried out by using Fritsch Laser

particle sizer analysette 22, which is based on LASER diffraction
principles. The stirrer and recirculation pump speed were also kept
moderate at 250 and 500 rpm, respectively to minimize the damage
of sludge particles. For analysis, each sample was diluted approxi-
mately 400-fold in tap water and analyzed in triplicate. This method

is based on the principles of Fraunhoffer diffraction and Mie scat-
tering. The results were then averaged to produce the particle size
distribution, and the readings were recorded as particle volume
percent in 51 discrete particle ranges between 0.1 and 1000 �m.
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Table 1
Changes in physical–chemical parameters before and after pre-treatment of WWS.

Parameters Raw sludge Alkaline
hydrolyzed sludge

Thermal
hydrolyzed sludge

Thermal alkaline
hydrolyzed sludge

Thermal oxidative
sludge

Thermal alkaline
oxidative sludge

pH 6.5 9.8 7.3 10.0 2.6 3.4
TS (g L−1) 33.1 ± 0.6 33.0 ± 0.5 32.8 ± 0.6 31.7 ± 1.2 32.5 ± 0.9 32.5 ± 0.7
SS (g L−1) 30 ± 0.31 23.3 ± 0.8 20.0 ± 0.7 17.5 ± 0.5 19.3 ± 0.7 17.8 ± 1.0
VSS (g L−1) 14.9 ± 0.08 10.8 ± 0.1 7.3 ± 0.2 4.4 ± 0.5 5.6 ± 0.08 4.6 ± 0.09
TCOD (g L−1) 17.3 ± 1.5 17.2 ± 3.2 17.1 ± 1.8 16.8 ± 2.8 16.9 ± 3.3 16.6 ± 4.0
SCOD (g L−1) 3.0 ± 0.5 7.0 ± 0.9 9.4 ± 2.8 11.4 ± 1.2 10.2 ± 3.0 11.0 ± 2.6
Ammonical nitrogen (g L−1) 0.1 ± 0.03 0.2 ± 0.01 0.4 ± 0.06 0.7 ± 0.02 0.3 ± 0.07 0.4 ± 0.05
Phosphorus (g L−1) 0.3 ± 0.07 0.3 ± 0.04 0.3 ± 0.03 0.4 ± 0.07 0.2 ± 0.02 0.3 ± 0.06
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pre-treatment processes as compared to alkaline pre-treatment
process. The concentration of BPA observed in raw sludge was
5.2 �g g−1 and the concentration decreased to 4.3, 3.8, 3.2, 1.3
and 1.1 �g g−1 in AH, TH, TAH, TO and TAO pre-treated sludge,
respectively. LC–MS/MS chromatogram of BPA degradation during
TOC (g L−1) 282 ± 10 282 ± 7 283 ±
SOC (g L−1) 0.15 ± 0.08 0.2 ± 0.01 0.23 ±
refers to standard error.

loc disruption at D43 (volume mean diameter) analogous to the
article size expressed as diameter 43% size distribution cutoff
oints was chosen as average particle size as it showed the volume
ean diameter.

.7. Zeta potential

Surface charge (zeta potential) measurement of flocs formed
efore and after pre-treatment of sludge was carried out by using
zetaphoremeter (Zetaphoremeter IV and Zetacompact Z8000,

AD Instrumentation, Les Essarts le Roi, France) and Smoluckowski
quation [15]. Raw and pre-treated sludge sample of 10 �L was
iluted 100 times with distilled water before passing through the
etaphoremeter.

.8. Rhizobial growth

The fast-growing S. meliloti strain A2 (Agriculture and Agri-food
anada, Sainte-Foy, Quebec, Canada) was used throughout this
tudy. Cultures were maintained at 4 ± 1 ◦C on yeast mannitol agar
YMA) slants [16]. Cell production was carried out in different liq-
id media: the standard medium yeast mannitol broth (YMB), raw
ludge, alkaline hydrolysis sludge, thermal hydrolysis sludge, ther-
al alkaline hydrolysis sludge, thermal oxidation sludge, thermal

lkaline oxidation sludge and each sludge sample with spiked BPA.
ll sludge samples were sterilized at 121 ± 1 ◦C for 30 min prior to

noculation. The YMB medium contained the following constituents
n grams per liter: K2HPO4, 0.5; MgSO4·7H2O, 0.2; NaCl, 0.1; yeast
xtract, 1; and mannitol, 10.

The strain A2 was grown at 30 ◦C for 72 h on a rotary shaker at
00 rpm and the cell counts were determined on YMA plate sup-
lemented with Congo red (0.25%) after a serial dilution on saline
olution (NaCl, 0.85% (w/v)). The samples were plated in triplicates.
or enumeration, 30–300 colonies were counted per plate. The
esults were expressed in colony forming units per mL (CFU/mL).
olonies were counted after incubation of plates for 0, 6, 9, 12, 24,
6 and 48 h at 30 ◦C.

.9. Laccase activity

Laccase activity was measured with 2,2-azino bis (3-
thylbenzthiazoline-6-sulphonic acid) (ABTS) in 0.1 M
hosphate–citrate buffer (pH 4). Oxidation of ABTS was deter-
ined by the increase in A420 (ε420 = 36 (mM cm)−1) [17]. One

nit of laccase activity was defined as the amount of enzyme
equired to oxidize 1 �mol of ABTS per min.
.10. Statistical analysis

All data presented in Table 1 and Figs. 2, 4, 6–8 are representative
f at least three independent experiments with all samples mea-
282 ± 14 278 ± 4 282 ± 6
0.32 ± 0.08 0.26 ± 0.07 0.29 ± 0.05

sured in triplicates within each experiment. Repetition of statistical
results was carried out using Statistical 6.0 software for Windows
by employing the Student’s t-test.

3. Results and discussion

3.1. Effects of pre-treatment on solubilization of WWS and BPA
removal

Table 1 shows the characteristics of raw sludge (non pre-
treated) and pre-treated sludge by AH, TH, TAH, TO and TAO
methods. The SOC value observed in raw sludge was 0.15 g L−1 and
a higher value of 0.32 g L−1 was observed in TAH pre-treatment pro-
cess. The lower organic carbon solubilization observed in TO and
TAO as compared to TAH pre-treatment process was due to forma-
tion of aliphatic acids in the medium during reaction of hydroxyl
radical with BPA [18].

The pre-treatment efficiency was analyzed in terms of SS, VSS
and organic matter (COD) solubilization and simultaneous BPA
concentration reduction. Pre-treatment of WWS was adopted to
improve the solubilization of sludge and to reduce the organic
compounds [19]. The solubilization of SS, VSS and COD in WWS
and simultaneous BPA degradation during different types of pre-
treatment methods is presented in Fig. 2. As seen in Fig. 2, higher
SS, VSS and COD solubilization was observed during thermal
Fig. 2. The solubilization of SS, VSS and COD in raw sludge after pre-treatment and
simultaneous BPA degradation. SS solubilization, VSS solubilization, COD
solubilization.
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Fig. 3. Different possible degradation pathways of BPA during therma

ifferent pre-treatment processes is presented in Fig. 1s (supple-
entary material). Higher degradation of BPA was observed in

hermal pre-treated sludge as compared to alkaline pre-treated
ludge. Higher temperature (60–180 ◦C) during thermal pre-
reatment processes leads to more lysis or disintegration of sludge
ells [3]. Heating of sludge causes hydration of proteins, polysac-
harides, lipids and other intracellular macromolecules secreted
rom disrupted sludge cells [20]. With the improvement of sludge’s
olubilization during thermal pre-treatment, organic substances
ill be transferred from solid to aqueous phase, which resulted in

he increase of soluble protein and soluble carbohydrate concen-
ration in aqueous phase and decrease of SS, VSS and COD in solid
hase.

A comparison between five pre-treatment processes, such as
H, TH, TAH, TO and TAO, were carried out to observe the sig-
ificance of alkaline conditions in thermal process (TAH and TAO
re-treatment) for SS, VSS and COD solubilization and simultane-
us degradation of BPA. It was observed that TAH pre-treatment
as more efficient (41.6% SS, 70.7% VSS and 48.5% COD) for solu-

ilization of sludge and simultaneous degradation of BPA (38.4%)
s compared to AH and TH pre-treatment process. The SS, VSS
nd COD solubilization observed in AH and TH pre-treatment was
2.3%, 27.6% and 23.1% and 33.3%, 50.5% and 37%, resulting in
6.6% and 26.7% of BPA degradation from raw sludge, respectively.
AO pre-treatment process also showed higher SS, VSS and COD
40.6%, 69.2% and 46.2%, respectively) solubilization and higher
egradation of BPA (78.9%) as compared to AH, TH and TO pre-
reatment processes. The SS, VSS and COD solubilization observed
n TO pre-treatment was 35.6%, 62.9% and 41.6%, resulting 75%
f BPA degradation from raw sludge. However, when a compari-
on was done in between TAH and TO pre-treatment, higher SS,
SS and COD solubilization was observed in TAH pre-treatment
ith lower degradation of BPA. The higher degradation of BPA dur-

ng TO pre-treatment process as compared to TAH pre-treatment
rocess was due to formation of hydroxyl radicals (discussed
ater). Tanaka et al. [21] compared three different methods of
re-treatment, NaOH addition (chemical), heating (thermal) and
eating with NaOH addition (thermochemical) in terms of VSS sol-
bilization of waste activated sludge from domestic, commercial
nd industrial wastewater. They observed that the thermochemi-
ation and thermal alkaline oxidation treatment of wastewater sludge.

cal pre-treatment gave the best result in terms of VSS solubilization
(40–50%) when sludge was heated at 130 ◦C for 5 min with the dose
of 0.3 g NaOH/g VSS. Sodium hydroxide at relatively low dosage
level is effective in solubilizing WWS at ambient temperature [22].
There are two distinct phases in hydrolysis under temperature
and alkaline condition, initial rapid hydrolysis phase where solu-
bilization started with the hydrolysis of carbohydrate followed by
aminoacids and proteins and finally by fats and lipids and the sub-
sequent phase where most of the organic matter are solubilized.
Alkaline treatment becomes especially effective in terms of sludge
solubilization and organic matter removal when combined with
thermal hydrolysis [23].

Among AH, TH, TAH, TO and TAO pre-treatment process,
the order of efficiency of pre-treatment method for solubi-
lization and BPA degradation was TAH > TAO > TO > TH > AH and
TAO > TO > TAH > TH > AH, respectively. Higher sludge solids and
organic matter solubilization in TAH pre-treatment process leads
to higher BPA degradation followed by TH and AH pre-treatment
process. However, no significant difference of SS, VSS and COD
solubilization between TAH and TAO pre-treatment process was
observed. It was assumed that in TAO pre-treatment process, higher
COD solubilization will be observed as compared to TAH pre-
treatment. However, the formation of some aliphatic acids, such
as oxalic, formic and acetic acid during reaction of hydroxyl radical
with BPA (discussed later) act as recalcitrant towards the oxidation
action leading to poor COD solubilization [18]. Valo et al. [24] stud-
ied TAH pre-treatment effect on the solubilization of WWS under
the following conditions: 17.1 g TS L−1, 3.65 g L−1 KOH, 170 ◦C for
60 min and observed that the pre-treatment process can solubilize
upto 83% of COD. Similarly, Barnabe [13] has also confirmed the
70–80% solubilization of COD on TAH pre-treatment of WWS. Chiu
et al. [25] studied the solubilization of WWS (1%, w/v) pre-treated
with the combination of ultrasonic and alkaline (NaOH, 40 meq L−1)
and observed 50–60% of SS solubilization.

However, despite higher solubilization of solids and organic

matter, TAH pre-treatment process was found to be less efficient
for degradation of BPA as compared to TO and TAO pre-treatment
process. This change may be attributed to, the possibility as to why
advanced oxidation processes such as ultrasonication, ozonation,
Fenton’s oxidation and photocatalysis were preferred for degra-
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ation of potential EDCs including BPA, rather than the hydrolysis
rocess [26]. In these advanced oxidation processes, chemical reac-
ion plays an important role rather than physical process. These
rocesses require the addition of catalysts and oxidants to the
olution which lead to the formation of free hydroxyl radicals
esponsible for the degradation of EDCs [27].

Higher removal of BPA in TO and TAO pre-treatment was due
o the presence of hydrogen peroxide oxidant. Thus, TO and TAO
re-treatment processes were characterized by the generation of
ydroxyl radicals, which is the strongest known oxidant [13]. The
ydroxyl radical oxidized and mineralized BPA into CO2 and inor-
anic ions during TO and TAO pre-treatment of WWS. The possible
athway of degradation of BPA during TO and TAO pre-treatment
rocesses is presented in Fig. 3 based on m/z ratios obtained dur-

ng LC–MS/MS analysis. It was found that during TO and TAO
re-treatment, three intermediates, such as hydroquinone (6.4 min
etention time), 4-hydroxyacetophenone (11.9 min retention time)
nd 3-hydroxybisphenol A (13 min retention time) were formed
hen hydroxyl radical reacted with BPA. Aromatic ring cleavage

akes place due to continuous reaction of these intermediates with
ydroxyl radicals leading to formation of light-weight hydrocar-
ons, such as formic acid, propionic acid and formaldehyde among
thers [18]. Further, mineralization of the solution gives rise to the
ormation of CO2 and H2O. Torres et al. [18] studied the effect of
ltrasonic pre-treatment process on degradation of BPA in aqueous
olution and observed 80% of removal after 30 min of reaction.

.2. Effects of rheology on BPA degradation during different
re-treatments of WWS

The pre-treatment processes will typically influence the rheo-
ogical behavior by modifying overall sludge properties, including
tructure, strength and size of sludge flocs and sludge composition.
ig. 4 presents the effect of viscosity and particle size on removal
f BPA from raw sludge during different pre-treatment processes.
he viscosity observed in raw sludge was 123.8 mPa s and the value
ecreased to 56.4, 42.8, 26.3, 69.4 and 58.1 mPa s after AH, TH,
AH, TO and TAO pre-treatments, respectively. The decrease in vis-
osity from raw sludge to pre-treated sludge was mainly due to
ncrease in percentage of solubilization of SS, VSS and COD. WWS

re-treatments rupture suspended solids (microbial cells), liberate
he nutrients, partially solubilize the suspended solids, increase the
oluble chemical oxygen demand, decrease viscosity and improve
he overall WWS biodegradability [13]. However, higher viscosity
as observed in TO and TAO pre-treated sludge as compared to AH,

Fig. 5. Schematic representation of change in particle
Fig. 4. Effect of viscosity and particle size on removal of BPA from raw sludge during
different pre-treatment processes.

TH and TAH pre-treated sludge. The increase in viscosity during TO
and TAO pre-treatment process was mainly attributed to decrease
in pH (discussed later).

Among the three pre-treatment processes, AH, TH and TAH,
lower viscosity was observed in TAH pre-treatment. The lower vis-
cosity during TAH pre-treatment was mainly due to higher solid
solubilization. Structural units of suspension in WWS are typically
larger in size and knitted close to each other at higher concen-
tration of solids. As particle concentration increased, a network
of particles is formed with the number of interactions increasing
rapidly with the increase in volume concentration of particles lead-
ing to increase in resistance to flow of sludge [28]. Therefore, higher
solid solubilization resulted in lower resistance to flow leading to
decrease in viscosity.

The order of viscosity and BPA degradation for AH, TH and TAH
pre-treatment processes were AH > TH > TAH and TAH > TH > AH,
respectively. These results indicated that increase in solubilization
of WWS during pre-treatment resulted in decrease in viscosity and
hence higher degradation of BPA. Decrease in viscosity improved
mass transfer rate leading to higher reaction rate and easy trans-

portation of BPA mainly its partitioning causing higher degradation
of BPA within the medium.

The increase in viscosity during TO and TAO pre-treatment as
compared to AH, TH and TAH pre-treatment process was due to
operating conditions, i.e. acidification (lower pH) and oxidation by

size during different pre-treatment processes.
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ree hydroxyl radicals. The reaction conditions will lead to changes
n inter-particle interactions between sludge flocs and their compo-
ents. The decrease in pH will result in a decrease in electrostatic
epulsions between flocs (which are mostly negatively charged)
ausing higher resistance to flow leading to higher viscosity [29].
n between TO and TAO pre-treatment, the order of viscosity and
PA degradation were TO > TAO and TAO > TO, respectively. Higher
iscosity observed in TO pre-treated sludge as compared to TAO
re-treated sludge was due to lower pH. However, higher removal
f BPA was observed in TO and TAO pre-treated sludge at higher vis-
osity compared to AH, TH and TAH pre-treated sludge, was mainly
ttributed to the presence of oxidation process.

As seen in Fig. 4, the particle size of raw sludge decreased
fter AH, TH and TAH pre-treatment and increased after TO and
AO pre-treatment. The schematic presentation of increase and
ecrease in particle size during different pre-treatment process due
o change in pH is presented in Fig. 5. Our previous studies have
emonstrated that pre-treatment can result in a change in par-
icle size (larger volume formation of fine particles) [30]. Among
he AH, TH and TAH pre-treatment, the order of larger formation
f fine particles was TAH > TH > AH. The lower particle size (26.3
nd 42.7 �m) observed in TAH and TH pre-treated sludge, respec-
ively was due to the cell wall degradation. Thermal pre-treatment
t 60–180 ◦C disintegrated the cells and liberated intracellular sub-
tances [3]. During experimentation, it was observed that in TH
nd TAH pre-treated sludge, many minute cavities appeared on
he surface of sludge particle (picture not shown), caused by the
isruption of microbial cells leading to liberation of intracellular
ubstances into the bulk liquid. Higher temperature used in both
he pre-treatment processes breaks flocs and releases intracellular

aterial. This results in increase of soluble protein concentration
n aqueous phase leading to lower particle size. As discussed ear-
ier, alkaline condition in thermal process (TAH pre-treatment) was

ore efficient in sludge cell lysis or disintegration as compared
o TH pre-treatment. This might be the reason for lower parti-
le size observed in TAH pre-treated sludge. The scavenging of
rganic compounds is largely influenced by the particle size distri-
ution [31]. The decrease in particle size in TAH pre-treated sludge
aused higher interaction (due to more fine particles, increasing
he reaction rate) of BPA with OH− ions, converting it to corre-
ponding salt and other forms. Thus, lower concentration of BPA
as observed in TAH pre-treated sludge as compared to AH and TH
re-treated sludge. While, AH pre-treated sludge comprised OH−

ons, but the reaction rate was not thermally enhanced and in TH,
here was no reacting hydroxyl species which can react with BPA.
n order to verify this hypothesis, we used the Arrhenius equation
Eqs. (4–5)).

= AeEA/RT (4)

n K = ln A − EA

RT
(5)

here, K is the rate constant, EA is the activation energy, R is the gas
onstant, T is the temperature. Higher temperature and pressure
sed during TH and TAH pre-treatment process lead to genera-
ion of some radical species. With higher temperature, activation
nergy decreases resulting in higher rate of reaction between BPA
nd these radical species causing higher degradation of BPA in TH
nd TAH pre-treated sludge as compared to AH pre-treated sludge.
urther, higher degradation of BPA in TAH pre-treated sludge as
ompared to TH pre-treated sludge was due to further reaction of
H− ions with BPA.
The increase in particle size after TO and TAO pre-treatment was
ue to decrease in pH (pH 3). Neyens et al. [23] observed that parti-
le size can be modified by the presence of acids, i.e. supracolloidal
articles (1–100 �m range) decrease with acidic pH. Since repul-
ive electrostatic interactions created from the surface charge of
Fig. 6. Correlation of zeta potential values of raw and pre-treated sludges with
degradation of BPA.

sludge particles are minimized at pH in the range of 2.6–3.6, lead-
ing to proximity of small particles as also seen in Fig. 6. In between
TO and TAO pre-treatment, lower particle size was observed in TAO
pre-treatment resulting in higher removal of BPA. Thus, decrease in
particle size increased the reduction of BPA by enhancing the reac-
tion kinetics between the substrate and reactant (depending on the
pre-treatment). However, higher removal of BPA was observed in
TO and TAO pretreated sludge at higher particle size as compared
to AH, TH and TAH pre-treated sludge. This ambiguity was mainly
due to the oxidation of BPA by hydroxyl radicals in TO and TAO
pre-treatment.

3.3. Effect of zeta potential on BPA degradation during different
pre-treatments of WWS

The zeta potential obtained in raw and pre-treated sludges at
different pH is presented in Fig. 6. The zeta potential values of
−44.1, −57.2, −56.8, −71.1, −28.9 and −35.98 mV were reported
for raw, AH, TH, TAH, TO and TAO pre-treated sludge, respectively.
Among the five pre-treatment processes, lower zeta potential was
observed in TO pre-treatment with pH 2.6 and highest in TAH pre-
treatment with pH 10.09. Higher zeta potential was observed in
AH, TH and TAH pretreatment as compared to TO and TAO pre-
treatment. Lower zeta potential in TO and TAO pre-treatment was
due to addition of acid (lower pH) which resulted in neutralization
of charge within the medium. Meanwhile, higher zeta potential in
AH and TAH was due to addition of alkali (higher pH) that results
in net increase in negative charge.

Among AH, TH and TAH pre-treatment, TAH revealed higher zeta
potential as compared to AH and TH pre-treatment. However, no
significant difference of zeta potential was observed in between
AH and TH pre-treated sludge even though the pH is higher in AH
pre-treatment. The results may be due to smaller floc size during TH
pre-treatment (Fig. 5). The particles come together and flocculation
takes place (formation of large particle size) at low zeta poten-
tial and vice versa. Based on DLVO (Derjaguin, Landau, Verwey,
and Overbeek) theory, a higher (negative) value of zeta poten-
tial is expected to result in larger electrostatic repulsion within
the flocs, leading to a higher sludge-shear sensitivity and, conse-
quently, smaller floc sizes [32]. The higher zeta potential in TAH

pre-treatment resulted in formation of larger number of sludge
flocs per unit volume of WWS. As the size of the flocs decreased
with increasing zeta potential, overall availability of sorbed BPA
molecules to react with OH–ion increased resulting in higher degra-
dation of BPA during TAH pre-treatment.
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ig. 7. S. meliloti growth curves in raw sludge and different pre-treated sludges.

Increase in zeta potential leads to decrease in viscosity as the
article size decreases. It can be explained well by using Henry
quation which established a relationship between zeta potential,
lectrophoretic mobility and viscosity.

E = 2 ε z f (Ka)
3�

(6)

here, z is the zeta potential, � is the viscosity, UE is the elec-
rophoretic mobility, ε is the dielectic constant and f(Ka) is the
enry’s function. However, all the three phenomenon, increase

n zeta potential, decrease in viscosity and particle size occur
imultaneously within the media leading to increased reaction
ate and partitioning of BPA causing higher removal in TAH
re-treated sludge followed by TH and AH. In between TO and
AO pre-treatment, higher zeta potential was observed in TAO
re-treatment resulting in higher removal of BPA as per the phe-
omenon discussed earlier.

.4. S. meliloti growth profile

The cell growth of S. meliloti in raw sludge, different pre-treated
ludges and each sludge with spiked BPA was observed. Fig. 7
resents the viable cell counts of S. meliloti growth in raw sludge
nd different pre-treated sludges (unspiked). Spiked BPA sample
0.12 mg) was taken in order to compare the cell growth of S.
eliloti with unspiked sample (data not reported). No difference
as observed in cell growth of S. meliloti in spiked and unspiked

amples. However, the generation time of viable cells in spiked
ample was observed 12 h later than the unspiked ones.

It was observed that in AH, TH, TAH, TO and TAO pre-treated
ludge, the growth of S. meliloti in terms of viable cells enhanced.
he increase in viable cell count in pre-treated sludge as compared
o raw sludge was probably due to higher SS, VSS and COD sol-
bilization of raw sludge. As S. meliloti is an aerobic bacteria, the

ncrease in solubilization during different pre-treatment processes
eads to higher oxygen diffusion and consequently increased cell
ount. The concentration of suspended solids in sludge affected the
rowth of S. meliloti in secondary sludge from municipal wastew-
ter treatment plant (Quebec, Canada) [33]. Other factors, such
s decrease in viscosity and particle size also increased the oxy-
en transfer rate (OTR) within the medium leading to higher cell
ultiplication.

Among the three types of pre-treated sludges, AH, TH and

AH, high count of viable cells (4.4 × 1010 CFU mL−1) was observed
n TAH pre-treated sludge at 24 h. The higher cell count of S.

eliloti in TAH pre-treated sludge was due to higher SS, VSS and
OD solubilization as compared to other pre-treated sludges. The
Fig. 8. BPA degradation in raw sludge and different pre-treated sludge due to laccase
activity: (a) laccase activity and (b) BPA degradation.

order of sludge solids solubilization and cell count of S. meliloti
was TAH > TH > AH and TAH > TH > AH, respectively. Possible rea-
son of higher cell count in TAH pre-treated sludge was due to
lower viscosity as compared to AH and TH pre-treated sludge.
Higher solids solubilization and decreased viscosity during TAH
pre-treatment resulted in higher oxygen or substrate mass transfer
within the medium leading to higher cell count [34]. In between
AH and TH pre-treated sludge, higher solids solubilization and
lower viscosity was observed in TH pre-treated sludge causing
higher cell count. Higher cell count (1.4 × 1010 CFU mL−1) in TH
pre-treated sludge was observed in 24 h. In between TO and TAO
pre-treated sludge, higher solids solubilization and lower viscosity
was observed in TAO pre-treated sludge again leading to higher cell
count.

3.5. Laccase activity and BPA degradation

Fig. 8a and b, presents the laccase activity profile and simultane-
ous BPA degradation in raw and different pre-treated sludges. It was
evident that S. meliloti was capable of producing laccase enzyme in
raw and pre-treated sludge. In AH pre-treated sludge, lower activity
of laccase was observed as compared to other pre-treated sludges.
The results were in concordance with less viable cell count of S.
meliloti in AH pre-treated sludge. Rosconi et al. [12] carried out
a comparative study between Rhizobium sp. to identify the laccase
strain and they observed higher identity (99%) was established with
S. meliloti. They also observed the higher production of laccase with
higher cell count of S. meliloti.
Among TH, TAH, TO and TAO pre-treated sludge, higher activity
of laccase was observed in TAH pre-treated sludge. This trend might
be due to higher viable cell count of S. meliloti in TAH pre-treated
sludge. The laccase activity maximum was observed at 24 h in TAH
and TH pre-treated sludge and 12 h of incubation in TO and TAO
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ig. 9. Proposed pathways of BPA and its by-products degradation formed during TO
degradation and (c) hydroquinone degradation [37,38].

re-treated sludge, respectively. As seen in Fig. 6a, laccase activity
tarted increasing from 6 to 12 h of fermentation time in raw sludge
nd TH, TAH, TO and TAO pre-treated sludge. However, in between
2 and 24 h, increase in activity of laccase was observed in TAH and
H pre-treated sludge and decreased activity was observed in TO
nd TAO pre-treated sludge. The results were in agreement with
he increase in cell count of S. meliloti upto 24 h in TAH and TH pre-
reated sludge and decrease after 12 h in TO and TAO pre-treated
ludge.

As seen in Fig. 8a and b, degradation of BPA was observed in
aw sludge and TH, TAH, TO and TAO pre-treated sludge with
ncreasing laccase activity except AH pre-treated sludge where
accase activity was lower. Thus, laccase was capable of degrad-
ng BPA in these media. Laccases have multiple copper atoms
n their active sites and utilize molecular oxygen as the oxidant
or a variety of phenols, to form corresponding reactive quinines
35]. Laccases produced by S. meliloti [12] possess the potential to
egrade or detoxify organic compounds, especially with phenolic
roups present in WWS simultaneously during bioconversion of
WS into value added products. A proposed pathway of degra-

ation of BPA and its by-products, formed during TO and TAO
re-treatment of WWS by laccase activity is presented in Fig. 9a–c.
s seen in the figures, oxidation by OH• radicals during TO and
AO pre-treatment degraded BPA in raw sludge, characterized by
roduction of by-products which are further degraded by activ-

ty of laccase. Hence, the contribution of two mechanisms such
s oxidation degradation by radicals followed by biodegradation
y laccase enzyme enhanced the degradation of BPA from raw
ludge.
Degradation of BPA with increasing laccase activity during TH,
AH, TO and TAO might be due to solubilization of organic com-
ounds which resulted in higher activity of laccase to degrade
PA. Alkaline and oxidative treatments of lignocellulosic materi-
ls can induce swelling in particulate organics, making the cellular
AO pre-treatment by laccase activity; (a) BPA degradation, (b) 3-hydroxybisphenol

substances more susceptible to enzymatic attack during sacchari-
fication [36].

The concentration of BPA observed at 0 h of incubation in raw,
AH, TH, TAH, TO and TAO pre-treated sludge were 5.2, 4.3, 3.8, 3.2,
1.3 and 1.1 �g g−1, respectively. The concentration of BPA observed
after 48 h of laccase activity in raw sludge, AH, TH, TAH, TO and TAO
pre-treated sludge were 5.1, 4.2, 3.3, 2.5, 1.0 and 0.7 �g g−1, respec-
tively. Significant concentration of BPA (0.7 �g g−1) was degraded
due to laccase activity in TAH pre-treated sludge.

Among AH, TH, TAH, TO and TAO pre-treatment, it was observed
that TAH pre-treatment was more efficient (21.9%) in degrada-
tion of BPA in raw sludge due to relatively higher laccase activity
induced by high viable cell count. Another reason might be lower
particle size (larger formation of fine particles) and higher zeta
potential observed in TAH pre-treated sludge. The larger formation
of fine particles in TAH pre-treatment resulted in larger number
of small particles per unit volume of the medium so that BPA was
adsorbed on these large surface flocs. Further, laccase produced by
S. meliloti have enhanced access to BPA and finally favor biodegra-
dation of the compound.

The concentration of BPA observed in raw sludge was 5.2 �g g−1

and the concentration reduced to 4.2, 3.3, 2.5, 1.0 and 0.7 �g g−1

in AH, TH, TAH, TO and TAO pre-treated sludge, respectively after
combined application of pre-treatment process and laccase activ-
ity. The pre-treatment processes AH, TH, TAH, TO and TAO for BPA
degradation became more efficient (19.2%, 40.3%, 51.9%, 80.8% and
86.7%, respectively) when a combined application of different pre-
treatment processes and laccase activity were taken into account.

Further investigation is required to identify the different by-

products formation during these pre-treatment processes and
classify these by-products on the basis of toxicity as compared
to the parent compound. Thus, future work is under progress in
our laboratory to identify these by-products, their toxic effects and
to understand whether there is any residual H2O2 still present in
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he pre-treated sludge during TO and TAO pre-treatment process
here higher degradation of BPA was observed.

. Conclusions

The degradation of BPA in raw sludge by AH, TH, TAH, TO and
AO pre-treatment and laccase activity were encouraging and led
o the following conclusions:

. Among AH, TH, TAH, TO and TAO pre-treatment, the higher SS,
VSS and COD solubilization was observed in TAH pre-treatment,
however, BPA degradation was higher in TAO pre-treatment due
to the contribution of oxidation by OH• radicals and thermal
alkaline treatment.

. AH, TH, TAH, TO and TAO pre-treatment caused a decrease
in apparent viscosity of sludge. Among AH, TH and TAH pre-
treatment, decreased viscosity and particle size and increased
zeta potential was observed in TAH pre-treatment causing
higher removal (38.4%) of BPA from raw sludge.

. Among TO and TAO pre-treatment, decreased viscosity and par-
ticle size and increased zeta potential was observed in TAO
pre-treatment causing higher removal (78.9%) of BPA from raw
sludge.

. The viable cell count of S. meliloti increased in TH, TAH, TO and
TAO pre-treated sludge and higher growth (4.4 × 1010 CFU mL−1)
was observed in TAH pre-treatment due to higher percentage
of SS, VSS and COD solubilization as compared to other pre-
treatment process.

. Higher laccase activity was observed in TAH pre-treated sludge
leading to higher biodegradation of BPA (22.9%) as compared to
TH, TO and TAO pre-treated sludge.

. During AH, TH and TAH pre-treatment processes, BPA removal
may be attributed to four different parameters, namely solu-
bilization, lower viscosity, lower particle size and higher zeta
potential. In TO and TAO pre-treatment process, BPA removal
was also attributed to these four parameters along with inter-
vention by OH• radicals.

. During further biotransformation of the pre-treated sludges, BPA
removal was enhanced by the action of laccase enzymes.
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