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Abstract

Biomaterials recovery from wasted sludge has become an increasing interesting research
topic. The purpose of this study was to systemically evaluate different sludge disintegration
methods (ultrasonic, alkaline, and thermal treatments) for protein solubilisation from waste

activated sludge (WAS). Compared to control without treatment, the soluble protein
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concentration increased by 11, 23 and 12 times under the optimal treatment conditions
(ultrasonic treatment of 1 W i alkaline treatment of pH 12 and thermal treatment at 80°C).
The increased soluble protein were significantly correlated with the release of total organic
carbon (TOC), total dissolved nitrogen (TDN) and total organic nitrogen (TON) in soluble EPS,
and the degradation of above parameters in tightly bound EPS. For all sludge samples treated by
various methods, tyrosine-like protein with molecular weight less than 20 kDa predominated,
and alkaline treatment at pH 12 showed the highest protein dominance. Further surface analysis
of sludge by X-ray photoelectron spectroscopy indicated this might be related with the
significant protein-N conversion occurred at pH 12. The economic analysis indicated alkaline
treatment at pH 12 was economically feasible with a net saving of 25.57 USD per ton wet sludge

compared to conventional sludge treatment and disposal method.

Keywords
Treatments; Protein solubilisation; Extracellular polymeric substances; Molecular weight

distribution; N-containing component
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95 1. Introduction

96 A large amount of waste activated sludge (WAS) produced during municipal and industrial
97 wastewater treatment process has been considered as an inevitable drawback for bioprocesses,
98 and its disposal and treatment poses a big challenge to the operation of wastewater treatment
99 plants (Yanet al.,, 2013). WAS has a complex floc structure that consists of different
100 microorganisms, organic and inorganic matter agglomerated together in a polymeric network
101 formed by cations and microbial extracellular polymeric substances (EPS) (Fez&lind 996).

102 In view of fact that WAS contains a number of economically useful organic substances, such as
103  proteins, enzymes, nucleic acids, polysaccharides, recovering useful biomaterials (i.e. methane,
104 hydrogen, and volatile fatty acids) from excess sludge through physiochemical or biological
105  processes has received great attention recently (Li,2@L6, Wanget al., 2015a, Wangt al.,

106  2015b).

107 Protein accounts for about 50% of the dry weight of bacterial cells in waste activated sludge
108  (Shier and Purwono, 1994). The steps for protein recovery from sludge typically included
109  screening, treatments, filtration, protein precipitation from protein solution, drying of protein
110 precipitate and the recovery of final protein product (crude protein) (Chishti &982). The

111 recovered protein (i.e. crude protein) can be used as feed stuff (Hwang et al. 2008) and wood
112 adhesive (Pervaiz and Sain, 2011), which would help to mitigate global energy shortage. Prior to
113 protein recovery, solubilisation of WAS is necessary. Methods for sludge solubilisation have
114  been investigated for years, including physical (Téaal., 2016), chemical (Xiangt al., 2017)

115  and biological methods (Luet al., 2012, Yanget al., 2010), with thermal, ultrasonic, and

116  chemical treatments typically used to solubilize both intracellular (within the microbial cells) and

117  extracellular (within the polymeric network) materials before sludge digestion step.
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Ultrasonication can form cavitation bubbles in the liquid phase and it may also induce
chemical reactions by forming OHHO,-, and H radicals at high frequencies, thus solubilize
proteins from sludge (Salsabil et a2009). Fengt al. (2009) reported soluble protein increased
from 538.33 to 1000 mg L with specific energy input increased from 0 to 26000 KJ diy
solids. Alkaline treatment is one of the most widely used chemical methods for protein
solubilisation from sludge, with advantages of simple manufacturing of device, easy operation
and high efficiency (Weemaes and Verstraete, 1998). Alkali can induce solubilisation of
membrane proteins, saponification of the membrane lipids and damage the microbial cell
(Mendoncaet al., 1994). Yuaret al. (2006b) found during alkaline treatment of waste activated
sludge, soluble protein increased by 200 rifgak pH 8, 600 mg t at pH 9, 1000 mg t at pH
10 and 1010 mg L at pH 11. While for thermal treatment, mild temperature treatment has drawn
more attention recently compared to high temperature treatment (&€)Yla0d high pressure (>
10 M), as the latter required high energy input and dedicated equipmene&t(Cdlie 2015).
Zhanget al. (2015a) reported soluble protein increased from 50 thagtl35 C to 300 mg [ at
80°C, 600 mg [* at 100 C and 1600 mg t at 120 C during thermal treatment of dewatered
activated sludge. However, most of these studies just considered how to increase the soluble
protein content, and the energy consumption and cost accompanied are largely ignored.
Therefore, cost and energy input need to be carefully analyzed when investigating the feasibility
of each treatment method. Moreover, contradictory results about the best treatment method for
protein solubilisaiton existed, i.e. Yai al. (2014) reported protein solubilisation efficiency was
in sequence of electrochemical> thermal-alkaline>thermal>alkaline, while Cétisihti(1992)

reported alkaline treatment was the best method for protein recovery from sludge. A more
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systematic and detailed investigation of these treatments on protein solubilisation is necessary,

with purpose of obtaining a more appropriate and economically feasible treatment method.

The organic material solubilized by ultrasonic, thermal, and alkaline treatments can be both
intracellular material (cytoplasm) and extracellular organic compounds contained in the bacterial
flocs (Gonzeet al., 2003). Extracellular polymeric substances (EPS) was a more significant
contributor to the sludge mass compared to the intracellular material, as it accounts up to 80% of
sludge biomass (Liu and Fang, 2003) and is a significant component in microbial aggregates for
keeping them together in a three-dimensional matrix (Shetngl., 2006). EPS can be
categorized as soluble EPS (SB EPS), loosely bound EPS (LB EPS), and tightly bound EPS (TB
EPS), and are composed of biopolymers, i.e. proteins, carbohydrates, humic acid-like substances,
uronic acids, nucleic acids (Xia al., 2016). To our best knowledge, most previous studies on
protein solubilisation have not specifically and precisely addressed the contribution of EPS. For
instance, the correlation between solublilized protein and EPS content, composition, and
stratification are limited. Consequently, the essential role played by EPS still needs further
identification during protein solubilization with different treatment methods. Moreover, some
studies have characterized protein in EPS in terms of protein content €fahn 2006a),
protein composition (Jorard al., 1998), and molecular weight (Gorretral., 2003). Different
treatment methods may alter the related protein molecular weight and type (Dewit and
Klarenbeek, 1984, Wanegt al., 2016, Xiang and Wang, 2015). For example, the protein
molecular weight would largely affect the properties of final protein product, i.e. wood adhesive
through affecting the contact surface and interacting groupse(lal, 2017), while the protein
type can affect the final amino acid composition of crude protein, thus affecting its application as

feed stuff (Chishtiet al., 1992). Nevertheless, little is known about the effects of the above
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mentioned treatment methods on the changes of protein characteristics i.e. protein molecular

weight and type (Xiret al., 2009, Zhangt al., 2015a).

Protein is made up of organic nitrogen (Aquino and Stuckey, 2004). Ultrasonic treatment can
decrease the organic nitrogen in particles and increase it in soluble phase (Bbadti€005).
The nitrogen content in solid/liquid correlated with protein solubilisation or decomposition
extent (Réveilléet al., 2003, Tiaret al., 2014). Understanding the nitrogen species distribution in
liquid and solid fractions would offer mechanistic insights into nitrogen transformation during
protein solubilisation. There are, however, very few reports on the detailed transformation
pathways of nitrogenous species in solid and liquid phases during protein solubilisation by
different treatment methods. It is not clear if the treatment methods would affect the nitrogenous
species transformation pathways. Moreover, the correlation between N-containing compounds

and protein solubilisation has not been investigated in details.

The objectives of this study were to evaluate and compare different treatment methods for
protein solubilisation. The qualitative characteristics of protein, and their relationship with EPS
fractions were investigated. The changes of protein molecular weight and type were studied. The
transformation pathways of nitrogenous species in solid and liquid phases during protein
solubilisation were investigated. Economic assessment of different treatment methods on protein

solubilisation was conducted to investigate the feasibility of each treatment method.

2. Materials and methods

2.1. Source and characteristics of waste activated sludge
Waste activated sludge was obtained from a local wastewater treatment plant in Singapore.

The sludge was concentrated by settling for approximately 24 h at 4 °C prior to use. The total
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solids (TS), volatile solids (VS), total suspended solids (TSS), and volatile suspended solids
(VSS) of the sludge were 11.49 + 1.11, 8.77 + 0.59, 9.70 + 0.41 and 7.92 + 0%40gelpH of
WAS was 6.3.

2.2. Sludge treatment methods

For thermal treatment, temperature below C0fan be considered as mild thermal treatment
(Gavalaet al., 2003). A series of experiments were conducted in a 150 mL thermal reactor
equipped with a thermometer and magnetic stirrer. For each test, the sludge sample was first
preheated to designed temperatures (25, 40, 60 and 80 °C) and maintained at desired temperature

for 30 mins, with stirring speed controlled at 200 rpm to avoid temperature gradients.

For alkaline treatment, pH of sludge samples (150 mL) was adjusted to 8, 10, and 12 with
hydrochloride acid (HCI) (5 mol t) and sodium hydroxide (NaOH) (5 mol'L After pH
adjustment, sludge samples were shaken at 150 revolutions per minute (rpm) for 30 min in an

incubator at room temperature (25°C) (Sartorius Stedim Biotech, Germany).

For ultrasonic treatment, the energy intensity was set at 0 W(ntLsonication), 0.25 W
mL™ (specific energy input of 3.04 kJ'd@'S), 0.5 W mL* (specific energy input of 6.10 kJ'g
TS) and 1 W mL (specific energy input of 10.71 kJ §S) by adjusting the input power with a
fixed sludge volume (150 mL) for 2 mins, which was the optimum treatment duration based on
previous study (Xiaet al., 2016). Ultrasonic treatment was performed with an ultrasonicator
(Q700, Misonix Qsonica, Newton, CT, USA). The tip of the sonication probe was centrally
placed 1 cm into sludge samples held in a beaker. Temperature of sludge samples in the beaker

was maintained at 25 + 1°C with ice bath where necessary.
2.3. Analytical methods

10
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2.3.1. Characteristics of waste activated sludge

TS, VS, TSS and VSS of sludge were measured according to the standard methods (APHA,

2005).

2.3.2. EPS extraction

EPS of sludge samples was extracted with the method described by Li and Yang (2007). The
definitions of SB EPS, LB EPS and TB EPS were based on the extraction steps described in Li
and Yang (2007). Briefly, sludge sample (15 mL) was centrifuged at 49@@ &C for 15 mins,
and the supernatant was collected for SB EPS content analysis. The sludge pellet left was then
re-suspended with 15 mL of 0.05% sodium chloride (NacCl) solution. The sludge sample was re-
suspended with a vortex mixer and then incubated & W@ter bath for 1 min, followed by
centrifugation at 400@ at 4C for 10 mins. The organic matter in the supernatant was readily
extractable EPS, and was regarded as the LB EPS of the biomass. The residual sludge pellet was
re-suspended to its original volume by adding 0.05% NaCl solution, putGté@er bath for
30 mins and the sludge mixture was centrifuged at 40804C for 15 mins. The supernatant
collected was regarded as the TB EPS extraction of the sludge. The SB EPS, LB EPS and TB
EPS substances were then filtered through a 0.45 pum cellulose nitrate membrane and then

subjected to EPS analysis.

2.3.3. Analysis of extracted EPS

2.3.3.1. Dissolved organic carbon, total dissolved nitrogen, protein, ammonium, nitrite,

nitrate measurements

11
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The EPS content was characterized by measuring different parameters. Dissolved organic
carbon (DOC), and total dissolved nitrogen (TDN) were measured using a TOC/TN analyser
(Shimadzu, Japan). Protein was measured with the modified Lowry method (Feslahd
1995). Ammonium, nitrite, and nitrate concentrations were measured with flow injection analysis
(Lachat Instruments, Singapore). Total dissolved organic nitrogen (TON) concentrations were
calculated by the difference of TDN and total inorganic nitrogen species (nitrate + nitrite +

ammonium) concentrations (Heal., 2015).
2.3.3.2. Three dimensional excitation emission (3D EEM)

The protein type in SB EPS, LB EPS and TB EPS were determined with a luminescence
spectroscope (Model LS-S5, PerkinElfhewaltham, MA, USA), with 230-520 nm excitation
wavelength at intervals of 10 nm and 230-545 nm emission wavelength at intervals of 0.5 nm.
The excitation and emission slit bandwidths were 10 nm for spectra, and were recorded at 10,000

nm mir‘scan rate. The unit of fluorescence intensity was Raman Unit (RU) (8iagh2010).

The EEM spectrum was delineated into five regions based on methods described in Chen et
al. (2003), which were associated with tyrosine-like proteins (Region I; excitation (EXx)
wavelengths less than 250 nm), tryptophan-like protein (Region I, emission (Em) wavelength
less than 380 nm), fulvic acid-like materials (Region Ill, ExXEm wavelengths: 230-250 /380-545
nm), microbial by-product-like materials (Region IV, EX/Em wavelengths: 250-280 /230-380
nm), and humic acid-like organic compounds (Region V, EX/Em wavelengths: 280-520/ 380 -

545 nm).

2.3.3.3. Molecular weight distribution of protein in different fractions of EPS

12
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The high molecular weight (> 20 KDa) distribution of protein (HMW protein) in SB EPS,
LB EPS and TB EPS were quantified with a size-exclusion organic carbon and nitrogen
detection (LC-OCD-OND) (DOC-LABOR, Karlsruhe, Germany). Details of the measurement
procedure can be found in Xiaa al. (2017). Injection volume of samples was 1000 pL.
Concentrations of low molecular weight protein (LMW protein) was calculated by subtracting
HMW protein from the total protein concentration determined by the modified Lowry method

(Frglundet al., 1995).
2.3.4. Sludge solids characterization

For solids characterization, sludge samples were first dried for 24 h, and then cooled down to
room temperature. The dry sludge samples were then ground and filtered through a sieve (60
mesh) with details described in Tianal. (2014). The filtered sludge samples were stored in a

desiccator at room temperature@auntil further use.

Elemental composition (i.e. nitrogen) of the solids was determined with an elemental analyser
(vario EL cube CHNOS, Germany). The Total Kjeldahl Nitrogen (TKN) of solid power was
measured with an automatic TKN analyser (KjelFlex K-360, Metrohm, Switzerland). This
measurement has been estimated to represent total organic nitrogen in solid sludge samples

(Bougrieret al., 2005).

N 1s X-ray photoelectron spectroscopy was used to determine the evolution of N-containing
compounds in sludge solid residues. Samples were selected based on the highest protein
solubilisation efficiency with each treatment method, i.e. ultrasonic treatment at 1 % mL
thermal treatment at 80 °C and alkaline treatment at pH 12. The studies were conducted using a

Kratos Axis Supra spectrophotometer with a dual anode monochromagixdfation source. N

13
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1s XPS spectra of all solid powder samples were corrected against an adventitious carbon C 1s
core level at 284.8 eV. All XPS peaks were fitted using Shirley background together with
Gaussian-Lorentzian function using CASA XPS software. According to methods described in
Tian et al. (2013) and Kelememt al. (2002), the N peaks can be assigned to inorganic—N,
protein-N, pyridine—N, pyrrole—N, quaternary—N and nitrile—N at respective binding energy

values of 402.5, 400, 398.8, 400.3, 401.4, 399.7 eV.
2.3.5. Energy consideration and economic analysis

The theoretical computation of energy balance in this study was calculated according to the
experimental data. The costs for thermal and ultrasonic treatments were mainly electricity
associated with energy input, while for chemical treatment, the cost was mainly on NaOH
dosage. For thermal treatment, the heat input was calculated based on Eqg. 1 with details
described in Passos and Ferrer (2014).

Energy (input, heatlQ = p*V«Cx(T;—T) Q)

Where Q is the heat energy required to heat the sludge (gXhe density of sludge (kg V
is the volume of sludge treated¥mC is the specific heat of sludge (kJ%C) (4.2 kJ kg °C),

Tiand T are the initial and final temperatures (°C) of the sludge, respectively.

For ultrasonic treatment, electrical energy (EE) required for ultrasonic pretreatment was
calculated based on ultrasonic input power and sonication time using the following equation
(Kavithaet al., 2016):

Energy EE= P*t (2)

(input, electricity for sonication)

Where EE is electrical energy (K'¥, P is ultrasonic power (KW ), and t is sonication time
(s).
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3. Results and discussion
3.1. The components of different fractions of EPS

The changes of DOC, TDN, TON, protein and ammonium concentrations in different
fractions of EPS (i.e. SB EPS, LB EPS, and TB EPS) were measured at various treatment
conditions as shown in Fig.1. For each treatment, the trends of DOC, TDN, TON and protein
concentrations in SB EPS were similar, that is, increased as treatment intensity increased. In LB
EPS, the concentrations of DOC, TDN, TON and protein increased as pH and ultrasonic
intensity increased, but decreased at high temperatures, i.e. 60°C and 80°C. For TB EPS, with
pH and temperature increased, the concentrations of DOC, TDN, TON and protein decreased.
The relationship between solubilized protein in SB EPS (defined as soluble protein) and
concentrations of other dissolved organic matter was investigated based on Pearson’s correlation
and shown in Table 1. The results indicated soluble protein was positively related to TOC, TDN
and TON in SB EPS, while negatively correlated to those compounds in TB EPS. The results
suggested organic compounds in TB EPS (i.e. TOC, TDN and TON) were solubilized and
converted into bulk liquid with treatments (Xiabal., 2016, Zhanget al., 2015b). This result
suggests attacking TB EPS layer and degradation of related organic compounds therein, i.e.
TOC, TDN and TON, were the key steps for protein solubilization. Compared to control without
treatment, the soluble protein increased by 11, 23 and 12 times under the optimal conditions

(ultrasonication of 1W mt, alkaline treatment of pH 12 and thermal treatment at 80°C).

In order to know whether soluble proteins were degraded by treatments, ammonium

concentrations were measured. The changes of ammonium in bulk solution were different with
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various treatment methods. It increased with increased temperature and ultrasonic intensity. This
could probably be related with protein degradation in WAS (Negral ,e2@lL3), as the peptide
bonds of proteins in WAS started to be cleaved, and eventually led to the release of ammonium
(Tian et al., 2013). Similarly, for thermal treatment, ammonium concentration increased as
temperature was higher than 25°C, which implies that part of soluble protein being degraded by
heat (Xueet al., 2015). In alkaline treatment, it increased as pH increased from 6.3 to 8, but
decreased at pH 10 and 12. This was likely due to the conversion of ammonium to volatile
ammonia at strong alkaline conditions (pKa value for; \#H9.25 at 25 °C) (Liet al., 2015).
Therefore, it seemed proteins were solubilized and partially degraded due to the treatments
conducted. Moreover, the soluble protein in the supernatant was from both EPS and cell lysis,
which can be seen from the variation of proteins in supernatant and EPS. The increment of
proteins in the supernatant at each treatment all exceeded the decrement of proteins in TB EPS.

Theoretically, the difference between the two values should be proteins from cell lysis.

Moreover, TOC, TDN, TON and protein in respective fraction of EPS was correlated with
each other (Table 1), and this indicated chemical compositions of organic compounds (i.e.
protein, TOC, TON, TDN) in each fraction of EPS (i.e. SB EPS, LB EPS or TB EPS) were
similar. The results of Zhang al. (2014) supported this finding that the chemical compositions
of each fraction of EPS (e.g. TB EPS) was similar and relatively stable with time regardless of

processes types of wastewater treatment plants.

3.2. Molecular weight distribution of protein in different fractions of EPS
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The molecular weight distribution of protein, namely high molecular weight (HMW; > 20
kDa) and low molecular weight (LMW; 0-20 kDa) is shown in Table 2. For all the sludge
samples treated by different methods, low molecular weight protein was more dominant (as
indicated by green colour) than high molecular weight protein (as indicated by red colour) in all
EPS fractions. Most of the soluble protein in bulk liquid was proved to be LMW protein in SB
EPS rather than HMW protein in SB EPS (Table S1). The results were closely related to the
treatment methods applied. For example, ultrasonication can cause cleavage of chains of larger
molecular weight (Jambradt al., 2014) and split molecules into LMW substances (Grénebos
al., 2004). Taret al. (2012) reported most of the proteins were hydrolysed into small fractions by
the alkaline treatment, and these low molecular weight fractions were transferred into the
supernatant. Silvat al. (2017) also found thermal treatment can increase the solubilisation of
low molecular weight proteins, but reduce the solubilisation of high molecular weight proteins,
as heat can intensify interactions between amino acids radicals of the proteins through
electrostatic interactions, hydrogen bonding, and hydrophobic interactions, thus hindering the
accessibility to HMW protein (Silvet al., 2017). Compared to the raw sludge, LMW protein in
SB EPS increased for all treated sludge samples, which is consistent with the results shown in
Fig. 1d. These smaller molecular weights of protein may result in a larger contact surface, thus
interacting more groups, which would improve wet strength of protein adhesives on woed (Liu
al., 2017). It was noted compared to WAS without treatment, the LMW protein concentration
increased by 9, 19 and 12 times under the optimal condition (ultrasonication of I}V mL

alkaline treatment of pH 12 and thermal treatment at 80°C).

3.3. 3D EEM analysis
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3D-EEM fluorescence spectroscopy is a rapid and sensitive technique to measure the
fluorescence compounds in EPS, and the two peaks with fluorescence intensity can be associated
with the protein-like substances (Liet al., 2016). To investigate the effects of different
treatments on the changes of protein types in different EPS fractions, 3D-EEM fluorescence
spectroscopy was employed. The fluorescence region integration (FRI) results are summarized in
Table 3. For all the EPS fractions, the fluorescence intensities of tryptophan-like protein and
humic acid-like organic compounds (as indicated by green colour) were relatively higher than
the other organic compounds (i.e. tyrosine-like proteins, fulvic acid-like materials and microbial
by-product-like materials) (as indicated by red colour). In fact, EPS is consisted of large
guantities of unsaturated fatty chains with various types of functional groups and aromatic
structures (Wingendeat al., 1999). The dominance of tryptophan-like protein and humic-acid
like substances may be related to the changes of the aromatic structures and acidic functional
groups of macromolecular structure of EPS induced by various treatments (Sheng and Yu, 2006).
For instance, Yangt al. (2013) concluded that similar amount of tryptophan-like protein and

humic-acid like substances was present during ultrasonic treatment.

The fluorescence intensities of all the five organic compounds increased in SB EPS as
treatment intensity increased. Pearson’s correlation analysis showed the soluble protein in bulk
liquid showed relatively higher correlations with tyrosine-like protein than the other organic
compounds (Table S1). Moreover, the alkaline treatment at pH 12 can result in the highest
production of tyrosine-like protein compared to other treatment methods. Tyrosine was an
important amino acid composition of poultry requirement, and the typical suggested level of

tyrosine requirement for chicken was 1.43% (Chishti et2092). The recovery of this type of

18



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

protein (with tyrosine as its main component) from WAS may be used as feed stuff and thus help

to mitigate the energy crisis.

3.4. Evolution of N-containing compounds in solid residues by different treatment methods

Total organic nitrogen in solid residues was reduced after all the treatments (Table S2),
which suggested ultrasonic, thermal and alkaline treatment could disintegrate organic nitrogen
compounds in sludge solid matrix into ammonium and/or soluble protein in the liquid phase as
shown in Fig.1. In this study, XPS technique had been deployed to analyse the distribution of N-
containing compounds and composition in raw sludge and treated sludge solid samples. This
would help to elucidate the nitrogen transformation during different treatment processes. As
shown in Fig. 2 and Table 4, organic protein-N and pyridine—N were predominant N-containing
compounds in all sludge solid residues. For ultrasonic treatment, up to 96.4% of N was left in
solid residue with only slight decreases of protein-N and pyridine-N in solid residue compared to
the raw sludge. Hence, ultrasonication applied in this study may not sufficient to release N
compounds. For alkaline treatment, significant protein-N conversion occurred under basic
conditions (Liuet al., 2012a), and pyridine—-N was the major N-containing components in the
solid faction of sludge after treatment. Strong basic condition favoured the solubilisation of
sludge proteins and their subsequent degradationefLall, 2012b, Liuet al., 2012c). As the
protonated amine in protein can be easily converted to volatile ammonia in gas phase at pH 12
(pKa value for NH is 9.25 at 25 °C) (Liwet al., 2015), total N in alkaline treated sludge solid
fraction was removed significantly (Table S3). Moreover, the abundantc@iid drive the
reactions in Eq. 3. The cyclization of amine-N intermediates obtained from protein
decomposition may generate heterocyclic-N compounds, i.e. pyridine-N (Egs. 4 & &)dHe

2015). This high depletion of protein-N in solid phase for alkaline treatment at pH 12 might
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contribute to its highest protein solubilisation efficiency as mentioned above. For thermal
treatment, the pyridine—N content decreased, while the protein — N content increased. Similar
results were also reported by Liab al. (2011) applying XPS to characterize the surface
composition of the thermophilic and mesophilic sludge. Their results showed as temperature
increased, the element component of C=0 (chemical composition of peptide bond in protein—N)
increased while the element component of N-C (chemical bond in pyridine-N) decreased.
However, the detailed formation mechanism remains less clear and will need to be investigated

in the future.

3.5. Economic analysis

Table 5 shows the summarized economic assessment for different treatments for protein
solubilisation and the subsequent potential protein recovery when compared to the conventional
sludge treatment and disposal process. The installation of treatment systems would also increase
the overall capital investment, which was not included in this economic assessment. All the

treatment methods can significantly increase protein release from sludge matrix, and showed
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economic feasibility compared to conventional sludge treatment and disposal method, i.e.

alkaline treatment at pH 12 showed highest net saving of 25.57 USD per ton wet sludge.

The cost for protein recovery and isolation from released protein are still quite high and the
market price for crude protein is relatively low. With the shortage of grain proteins continues,
various alternative sources of protein need to be considered and the relative market price may
also increase in the near future. Moreover, more efforts are required in seeking cost-effective
methods that can separate, concentrate and purify proteins continuously, and can be easily

scaled-up are of great commercial interest (Mel., 2001).
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4. Conclusions

This study systemically evaluated different treatment methods for protein solubilisation. The

following conclusions can be drawn:

(1) The concentration of soluble protein increased by 11, 23 and 12 times under the optimal
treatment conditions (ultrasonic treatment of 1 W'mélkaline treatment of pH 12 and
thermal treatment at 80°C);

(2) EPS analysis indicated the increased soluble protein was correlated with the release of
TOC, TDN and TON in SB EPS, and the degradation of above parameters in TB EPS,
thus suggesting attacking TB EPS layer was the key step for protein solubiisation

(3) For all the treatment investigated, tyrosine-like protein at molecular weight less than 20
kDa predominated, thus suggesting the feasibility of its application for wood adhesives or
feed stuff.

(4) The alkaline treatment at pH 12 gave the highest dominant protein, which might be
related with the significant removal of protein-N in solid phase as indicated by X-ray
photoelectron spectroscopy;

(5) Alkaline treatment at pH 12 showed highest net saving of 25.57 USD per ton wet sludge.

Acknowledgements

The authors were grateful to the funding support of Sustainable Earth Office, Nanyang
Technological University for the project “Evaluation of Products from Sludge Pre-treatment —

basis for Sustainable Wastewater/Sludge Treatment”. The authors would like to thank

22



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

Environmental Chemistry and Materials Group (ECMC) of Nanyang Environment and Water

Research Institute (NEWRI) for the usage of X-ray photoelectron spectroscopy.

References

APHA, 2005. Standard methods for the examination for water and wastewater 21st ed.

Association, A.P.H., p. 252, American Public Health Association, Washington, D.C.

Aquino, S.F., Stuckey, D.C., 2004. Soluble microbial products formation in anaerobic

chemostats in the presence of toxic compounds. Water Research 38, 255-266.

Bougrier, C., Carrere, H., Delgenes, J., 2005. Solubilisation of waste-activated sludge by

ultrasonic treatment. Chemical Engineering Journal 106, 163-169.

Cater, B. R., Chapman, D., Hawes, S. M., Saville, J., 1974. Lipid phase transitions and drug

interactions. Biochimica et Biophysica Acta - Biomembranes 363, 54-69.

Chishti, S.S., Hasnain, S.N., Khan, M.A., 1992. Studies on the recovery of sludge protein. Water

Research 26, 241-248.

Dewit, J.N., Klarenbeek, G., 1984. Effects of various heat treatments on structure and solubility

of whey proteins. Journal of Dairy Science 67, 2701-2710.

Feng, X., Lei, H., Deng, J., Yu, Q., Li, H., 2009. Physical and chemical characteristics of waste
activated sludge treated ultrasonically. Chemical Engineering and Process: Process

Intensification 48, 187-194.

23



466  Foladori, P., Andreottola, G., Ziglio, G., 2010. Sludge reduction technologies in wastewater

467  treatment plants. International Water Association Publications, IWA publishing, New York.

468  Frglund, B., Griebe, T., Nielsen, P., 1995. Enzymatic activity in the activated-sludge floc matrix.

469  Applied Microbiology and Biotechnology 43, 755-761.

470  Frglund, B., Palmgren, R., Keiding, K., Nielsen, P.H., 1996. Extraction of extracellular polymers

471 from activated sludge using a cation exchange resin. Water Research 30, 1749-1758.

472  Gavala, H.N., Yenal, U., Skiadas, I.V., Westermann, P., Ahring, B.K., 2003. Mesophilic and
473  thermophilic anaerobic digestion of primary and secondary sludge. Effect of pre-treatment at

474  elevated temperature. Water Research 37, 4561-4572.

475 Gonze, E., Pillot, S., Valette, E., Gonthier, Y., Bernis, A., 2003. Ultrasonic treatment of an

476  aerobic activated sludge in a batch reactor. Chemical Engineering and Process 42, 965-975.

477  Gorner, T., Donato, P.D., Ameil, M.H., Montarges-Pelletier, E., Lartiges, B.S., 2003. Activated
478  sludge exopolymers: separation and identification using size exclusion chromatography and

479  infrared micro-spectroscopy. Water Research 37, 2388-2393.

480 Gronroos, A., Pirkonen, P., Ruppert, O., 2004. Ultrasonic depolymerization of aqueous

481  carboxymethylcellulose. Ultrasonics Sonochemistry 11, 9-12.

482 He, C., Wang, K., Yang, Y., Amaniampong, P.N., Wang, J.Y., 2015. Effective nitrogen removal
483 and recovery from dewatered sewage sludge using a novel integrated system of accelerated
484  hydrothermal deamination and air stripping. Environmental Science and Technology 49, 6872-

485  6880.

24



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

Hwang, J., Zhang, L., Seo, S., Lee, Y.W., Jahng, D., 2008. Protein recovery from excess sludge

for its use as animal feed. Bioresource Technology 99, 8949-8954.

Jambrak, A.R., Mason, T.J., Lelas, V., Paniwnyk, L., Herceg, Z., 2014. Effect of ultrasound
treatment on particle size and molecular weight of whey proteins. Journal of Food Engineering

121, 15-23.

Jorand, F., Boué-Bigne, F., Block, J.C., Urbain, V., 1998. Hydrophobic/hydrophilic properties of

activated sludge exopolymeric substances. Water Science and Technology 37, 307-315.

Kavitha, S., Rajesh Banu, J., Subitha, G., Ushani, U., Yeom, |.T., 2016. Impact of thermo-
chemo-sonic pretreatment in solubilizing waste activated sludge for biogas production: Energetic

analysis and economic assessment. Bioresource Technology 219, 479-486.

Kelemen, S.R., Afeworki, M., And, M.L.G., Kwiatek, P.J., Solum, M.S., And, J.Z.H., Pugmire,
R.J., 2002. XPS and 15N NMR study of nitrogen forms in carbonaceous solids. Energy and Fuel

16, 1507-1515.

Li, X., Zhao, J., Wang, D., Yang, Q., Xu, Q., Deng, Y., Yang, W., Zeng, G., 2016. An efficient
and green pretreatment to stimulate short-chain fatty acids production from waste activated

sludge anaerobic fermentation using free nitrous acid. Chemosphere 144, 160-164.

Li, X.Y., Yang, S.F., 2007. Influence of loosely bound extracellular polymeric substances (EPS)
on the flocculation, sedimentation and dewaterability of activated sludge. Water Research 41,

1022-1029.

25



505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

Liao, B.Q., Lin, H.J., Langevin, S.P., Gao, W.J., Leppard, G.G., 2011. Effects of temperature
and dissolved oxygen on sludge properties and their role in bioflocculation and settling. Water

Research 45, 509-520.

Liu, B., Giannis, A., Zhang, J., Chang, W.C., Wang, J.Y., 2015. Air stripping process for
ammonia recovery from source-separated urine: modeling and optimization. Journal of Chemical

Technology and Biotechnology 90, 2208-2217.

Liu, H., Li, C., Sun, X.S., 2017. Soy-oil-based waterborne polyurethane improved wet strength

of soy protein adhesives on wood. International Journal of Adhesion and Adhesives 73, 66-74.

Liu, H., Luo, G. Q., Hu, H. Y., Zhang, Q., Yang, J. K., Yao, H., 2012a. Emission characteristics
of nitrogen- and sulfur-containing odorous compounds during different sewage sludge chemical

conditioning processes. Journal of Hazardous Materials 235-236, 298-306.

Liu, H., Luo, G.Q., Hu, H.Y., Zhang, Q., Yang, J.K,, Yao, H., 2012b. Emission characteristics of
nitrogen- and sulfur-containing odorous compounds during different sewage sludge chemical

conditioning processes. Journal of Hazardous Materials 235-236, 298-306.

Liu, H., Wang, J., Liu, X., Fu, B., Chen, J., Yu, H.Q., 2012c. Acidogenic fermentation of

proteinaceous sewage sludge: Effect of pH. Water Research 46, 799-807.

Liu, J., Yang, Q., Wang, D., Li, X., Zhong, Y., Li, X., Deng, Y., Wang, L., Yi, K., Zeng, G.,
2016. Enhanced dewaterability of waste activated sludge by Fe(ll)-activated peroxymonosulfate

oxidation. Bioresource Technology 206, 134-140.

26



524  Liu, Y., Fang, H.H.P., 2003. Influences of extracellular polymeric substances (EPS) on
525 flocculation, settling, and dewatering of activated sludge. Critical Reviews in Environmental

526  Science and Technology 33, 237-273.

527 Luo, K., Yang, Q., Li, X.M., Yang, G.J., Liu, Y., Wang, D.B., Zheng, W., Zeng, G.M., 2012.
528 Hydrolysis kinetics in anaerobic digestion of waste activated sludge enhancedniylase.

529  Biochemical Engineering Journal 62, 17-21.

530 Melo, E.P., Aires-Barros, M.R., Cabral, J.M.S., 2001. Reverse micelles and protein

531  biotechnology, pp. 87-129, Elsevier.

532 Mendonca, A.F., Amoroso, T.L., Knabel, S.J., 1994. Destruction of gram-negative food-borne
533  pathogens by high pH involves disruption of the cytoplasmic membrane. Applied Environmental

534  Microbiology 60, 4009-4014.

535 Negral, L., Marafién, E., Ferndndez-Nava, Y., Castrillon, L., 2013. Short term evolution of
536 soluble COD and ammonium in pre-treated sewage sludge by ultrasound and inverted phase

537 fermentation. Chemical Engineering and Process: Process Intensification 69, 44-51.

538 Passos, F., Ferrer, I., 2014. Microalgae conversion to biogas: thermal pretreatment contribution

539  on net energy production. Environmental Science and Technology 48, 7171-7178.

540 Pervaiz, M., Sain, M., 2011. Protein extraction from secondary sludge of paper mill wastewater

541 and its utilization as a wood adhesive. Bioresources 6, 961-970.

542  Réveillé, V., Mansuy, L., Jardé, E., Garnier-Sillam, E., 2003. Characterisation of sewage sludge-

543  derived organic matter: lipids and humic acids. Organic Geochemistry 34, 615-627.

27



544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

Ruiz-Hernando, M., Martin-Diaz, J., Labanda, J., Mata-Alvarez, J., Llorens, J., Lucena, F.,
Astals, S., 2014. Effect of ultrasound, low-temperature thermal and alkali pretreatments on waste

activated sludge rheology, hygienization and methane potential. Water Research 61, 119-129.

Salsabil, M.R., Prorot, A., Casellas, M., Dagot, C., 2009. Pre-treatment of activated sludge:
effect of sonication on aerobic and anaerobic digestibility. Chemical Engineering Journal 148,

327-335.

Sheng, G. P., Yu, H. Q., 2006. Characterization of extracellular polymeric substances of aerobic
and anaerobic sludge using three-dimensional excitation and emission matrix fluorescence

spectroscopy. Water Research 40, 1233-1239.

Shier, W.T., Purwono, S.K., 1994. Extraction of single-cell protein from activated sewage sludge:

thermal solubilisation of protein. Bioresource Technology 49, 157-162.

Silva, W.M.F., Biduski, B., Lima, K.O., Pinto, V.Z., Hoffmann, J.F., Vanier, N.L., Dias, A.R.G.,
2017. Starch digestibility and molecular weight distribution of proteins in rice grains subjected to

heat-moisture treatment. Food Chemistry 219, 260-267.

Tan, R., Miyanaga, K., Uy, D., Tanji, Y., 2012. Effect of heat-alkaline treatment as a
pretreatment method on volatile fatty acid production and protein degradation in excess sludge,

pure proteins and pure cultures. Bioresource Technology 118, 390-398.

Tian, K., Liu, W.J., Qian, T.T., Jiang, H., Yu, H.Q., 2014. Investigation on the evolution of N-
containing organic compounds during pyrolysis of sewage sludge. Environmental Science and

Technology 48, 10888-10896.

28



564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

Tian, X., Trzcinski, A.P., Lin, L.L., Ng, W.J., 2016. Enhancing sewage sludge anaerobic “re-
digestion” with combinations of ultrasonic, ozone and alkaline treatments. Journal of

Environmental Chemical Engineering 4, 4801-4807.

Tian, Y., Zhang, J., Zuo, W., Chen, L., Cui, Y., Tan, T., 2013. Nitrogen conversion in relation to
NH3 and HCN during microwave pyrolysis of sewage sludge. Environmental Science and

Technology 47, 3498-3505.

Wang, D., Zeng, G., Chen, Y., Li, X., 2015a. Effect of polyhydroxyalkanoates on dark

fermentative hydrogen production from waste activated sludge. Water Research 73, 311-322.

Wang, D., Zhao, J., Zeng, G., Chen, Y., Bond, P.L., Li, X., 2015b. How does
poly(hydroxyalkanoate) affect methane production from the anaerobic digestion of waste-

activated sludge? Environmental Science and Technology 49, 12253-12262.

Wang, X., Li, Y., Liu, J., Ren, N.Q., Qu, J., 2016. Augmentation of protein-derived acetic acid
production by heat-alkaline-induced changes in protein structure and conformation. Water

Research 88, 595-603.

Weemaes, M.P., Verstraete, W.H., 1998. Evaluation of current wet sludge disintegration

techniques. Journal of Chemical Technology and Biotechnology 73, 83-92.

Wingender, J., Neu, T.R., Flemming, H.C., 1999. What are Bacterial Extracellular Polymeric

Substances? pp. 1-19, Springer Berlin Heidelberg.

Xiang, Y., Wang, L., 2015. Optimization of ultrasonic extraction conditions for excess sludge
protein using response surface methodology. Environmental Engineering and Management

Journal 14, 1151-1159.

29



585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

Xiang, Y., Xiang, Y., Wang, L., 2017. Disintegration of waste activated sludge by a combined
treatment of alkaline-modified eggshell and ultrasonic radiation. Journal of Environmental

Chemical Engineering 5, 1379-1385.

Xiao, K., Chen, Y., Jiang, X., Tyagi, V.K., Zhou, Y., 2016. Characterization of key organic
compounds affecting sludge dewaterability during ultrasonication and acidification treatments.

Water Research 105, 470-478.

Xiao, K.K., Chen, Y., Jiang, X., Yang, Q., Seow, W.Y., Zhu, W.Y., Zhou, Y., 2017. Variations
in physical, chemical and biological properties in relation to sludge dewaterability under Fe (ll) -

Oxone conditioning. Water Research 109, 13-24.

Xin, F., Lei, H., Deng, J., Qiang, Y., Li, H., 2009. Physical and chemical characteristics of waste

activated sludge treated ultrasonically. Chemical Engineering Process 48, 187-194.

Xue, Y., Liu, H., Chen, S., Dichtl, N., Dai, X., Ning, L., 2015. Effects of thermal hydrolysis on
organic matter solubilization and anaerobic digestion of high solid sludge. Chemical Engineering

Journal 264, 174-180.

Yan, Y., Chen, H., Xu, W., He, Q., Zhou, Q., 2013. Enhancement of biochemical methane
potential from excess sludge with low organic content by mild thermal pretreatment.

Biochemical Engineering Journal 70, 127-134.

Yang, Q., Luo, K., Li, X.M., Wang, D.B., Zheng, W., Zeng, G.M., Liu, J.J., 2010. Enhanced
efficiency of biological excess sludge hydrolysis under anaerobic digestion by additional

enzymes. Bioresource Technology 101, 2924-2930.

30



605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

Yang, S. S., Guo, W. Q., Meng, Z. H., Zhou, X. J., Feng, X. C., Zheng, H. S, Liu, B., Ren, N. Q.,
Cui, Y. S., 2013. Characterizing the fluorescent products of waste activated sludge in dissolved
organic matter following ultrasound assisted ozone pretreatments. Bioresource Technology 131,

560-563.

Yu, B., Xu, J., Yuan, H., Lou, Z., Lin, J., Zhu, N., 2014. Enhancement of anaerobic digestion of

waste activated sludge by electrochemical pretreatment. Fuel 130, 279-285.

Yuan, H., Chen, Y., Zhang, H., Jiang, S., Zhou, Q., Gu, G., 2006a. Improved bioproduction of
short-chain fatty acids (SCFAs) from excess sludge under alkaline conditions. Environmental

Science and Technology 40, 2025-2029.

Yuan, H., Chen, Y., Zhang, H., Jiang, S., Zhou, Q., Gu, G., 2006b. Improved bioproduction of
short-chain fatty acids (SCFAs) from excess sludge under alkaline conditions. Environmental

Science Technology 40, 2025-2029.

Zhang, S., Guo, H., Du, L., Liang, J., Lu, X., Li, N., Zhang, K., 2015a. Influence of NaOH and
thermal pretreatment on dewatered activated sludge solubilisation and subsequent anaerobic

digestion: Focused on high-solid state. Bioresource Technology 185, 171-177.

Zhang, W., Cao, B., Wang, D., Teng, M., Hua, X., Yu, D., 2015b. Influence of wastewater
sludge treatment using combined peroxyacetic acid oxidation and inorganic coagulants re-
flocculation on characteristics of extracellular polymeric substances (EPS). Water Research 88,

728-739.

31



624

625

626

627

Zhang, W., Peng, S., Xiao, P., He, J., Yang, P., Xu, S., Wang, D., 2014. Understanding the
evolution of stratified extracellular polymeric substances in full-scale activated sludges in

relation to dewaterability. RSC Advance 5, 1282-1294.

32



Table 1.Correlation between solubilized protein and dissolved organic matters in different fractions of EPS.

PN PN PN TOC TOC TOC TDN TDN TDN TON TON TON

SB LB B SB LB B SB LB B SB LB B

PNSB 1 0.444 -0.588 (ggs 0.447 _es5 0977 0220 9707 0938 0438 _0go3
PNLB 0444 1 0.403 0.403 (g77 0.341 0.386 (gaf 0.268 0.293 (g77 0.272
PNTB -0.588 0.403 1 -0.625 0.411 (gg3 -0.644 0596 (gg3 .0.687 0417 (ogd
TOCSB (ggs 0.403 -0.625 1 0.401 _egd 0993 0.145 9738 0984 0.391 9737

TOC LB 0.447 0_977a 0.411 0.401 1 0.347 0.364 O_955a 0.279 0.283 0.998a 0.288

TOCTB 955 0.341 0993 -0.686 0.347 1 .0.705 0.544 995 .0.734 0.354 (995

TDNSB 977 0.386 0644 00993 0364 o705 1 0.119 9758 0978 0.355 .0.732

TDNLB 0.220 (gsf 0596 0.145 ogsf 0544 0119 1 0.491 0.008 gg5g 0.497
TDNTB 5703 0268 09s3 -0.739 0279 0995 -0.758 0.491 1 .0.786 0.289 (.9og

TONSB 938 0293 .0egl 00984 0283 9734 0978 0.008 786 1 0.273 9780

TONLB 0438 (g77 0417 0391 (ggd 0.354 0355 (g5 0.289 0.273 1 0.297



TONTB 9693 0272 0984 -0.732 0288 (go5 .0.732 0497 gogod -0.78d 0.297 1

2 Correlation is significant at the 0.01 level (2-tailédJorrelation is significant at the 0.05 level.
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Table 2. The concentration of protein characterized with different molecular weight in EPS

fractions of WAS by different treatment methods (Unit: ppm-C).

LB EPS
HMW LMW
protein protein
0 kDa <
MW>20 MW <
kDa 20 kDa

SB EPS
HMW LMW
protein protein
0 kDa <
MW>20 MW <
kDa 20 kDa
Ultrasonic
(W mL™) 0 22.77
0.25 33.17 82.55
0.5 59.57 178.45
1 78.25 -
pH 6.3 - 22.77
8 - 138.46
10 - 152.36
12 104.40 -
Temperature
40 - 51.50

34.58

71.36

92.49

111.20

134.89

71.36

116.77

122.33

155.03

71.36

97.58

57.49

TB EPS
HMW LMW
protein protein
0 kDa <
MW>20 MW <
kDa 20 kDa

107.65

108.34

106.25

106.66

107.65

98.44

99.53

54.46

107.65

96.27

31.15
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80 41.72 54.78




Table 3.EEM FRI of soluble organics in different EPS fractions (unit:RI0).

S1 S2 S3 S4 S5

0 0.72 1.00 0.76 0.32 1.11

0.25 1.32 2.33 1.22 0.84 2.19

0.5 2.31 4.22 1.78 1.51 3.35

Ultrasonic (W mL%) 1 3.15 6.63 2.09 2.54 4.85
pH 6.3 0.72 1.00 0.76 0.32 1.11

pH8 1.52 2.38 1.38 0.87 2.43

pH10 2.01 3.60 1.52 1.36 3.07

Alkaline pH12 6.31 12.37 5.73 5.08° 14.93

25 0.72 1.00 0.76 0.32 1.11

40 1.11 1.90 1.01 0.63 1.82

60 3.09 5.67 2.13 2.13 5.00

TemperaturéC) 80 4.33 8.40 3.11 3.10 6.97
L1 L2 L3 L4 L5

0 3.11 3.40 2.96 131 4.07

0.25 289 314 280 122 322
0.5 401 522 359 206 525

Ultrasonic (W mL) 1 366 550 312 228 458
pH6.3 311 340 296 131 4.07

pH8 423 480 395 188 512

Alkaline pH10 1.71 3.35 1.16 1.72 2.00



pH12 2.22 4.53 1.52 2.22 3.22

25 3.11 3.40 2.96 1.31 4.07

40 4.44 4.72 4.19 1.77 5.93

60 1.57 2.89 131 1.31 2.25

TemperaturéC) 80 1.15 2.23 0.90 1.11 1.49
T1 T2 T3 T4 T5

0 1.46 2.86 1.08 1.02 2.23

0.25 1.48 2.87 1.09 1.05 2.11

0.5 1.31 2.61 1.04 0.94 2.21

Ultrasonic (W mL?) 1 1.31 2.53 1.14 0.94 2.71
pH 6.3 1.46 2.86 1.08 1.02 2.23

pH8 1.29 2.48 0.99 0.88 2.06

pH10 1.82 5.15 1.49 1.75 5.08

Alkaline pH12 1.20 3.18 1.26 0.80 3.82

25 1.46 2.86 1.08 1.02 2.23

40 1.89 4.84 1.38 1.83 4.22

60 0.85 2.62 0.91 0.56 3.33

TemperatureC) 80 0.77 2.36 0.89 0.44 3.22

S1, S2, S3, S4, and S5 denote Region I, Region I, Region Ill, Region IV and Region V in SB EPS, respectively; L1,
L2, L3, L4, and L5 denote Region |, Region I, Region Ill, Region IV and Region V in LB EPS, respectively; T1,

T2, T3, T4, and T5 denote Region I, Region I, Region Ill, Region IV and Region V in TB EPS, respectively.



Table 4.Normalized relative intensities (%) of N-containing compounds in sludge solid residues

after different pretreatment conditions according to N 1s XPS spectra.

Ultrasonic Therma Alkaline

Binding energy (eV) Raw 1wmLh  (80°C) (pH 12)
Total N (% 10C 96.2 98.2 86.C
Inorganic-N (%) N1 402.% - - - -
Proteir-N (%) N2 40C 38.2 35.¢ 45.1 0
Pyridine-N (%) N3 398.¢ 61.7 60.¢ 53.1 86
Pyrrole-N (%) N4 400.: - - - -
Quaternar-N (%) N5 401.¢ - - - -
Nitrile-N (%) N6 399.7 - - - -




Table 5.Energy balance and cost evaluation.

Ultrasonic Alkaline Thermal
W mL) (°C)
Raw 0.25 0.5 1 pH 8 pH 10 pH 12 40 60 80
Energy consumptio 0 9.12 17.89 30.93 0 0 0 17.50 40.83 64.17
(kWh/ton wet
a
sludge)
Chemical dosage 0 _ 0.022 0.046 0.1 _
-1
(99 TS)
Chemical cost 0 _ 0.093 0.18 0.47 _
(USD/ ton wet
b
sludge)
Energy cost 0 2.10 411 7.11 - - - 4.03 9.39 14.76

(USD/ton wet

C
sludge)



Protein

concentration

1
(mg L)
Credit from protein
C
recovery
(USD/ ton wet
d
sludge)
Cost of sludge
transport and
disposal

(USD/ton wet

e
sludge)

Net saving

compared to

56.72

8.10

150

-141.90

232.84

36.96

-115.14

478.92

76.02

-78.09

615.35

97.68

-59.43

315.96

50.15

-99.94

343.87

54.58

-95.60

1109.00 123.37  589.63
176.04  19.58 93.59
0 0 0
25.57 134.45 -65.80

681.47

108.17

-56.59




conventional
treatment

(USD/ton wet

sludges

: Energy consumption was based on 1 ton wet sludge

b

Refer to Ruiz-Hernandet al. (2014) that the average price of NaOH was 333 USD/ton
° Refer to Kavithat al. (2016) that 1 kWh energy can cost 0.23 USD.

d
Assumed 90% protein can be recovered from the released protein, refer to &€ hlsliti992), and the cost for protein recovery and
isolation was about USD 28/Ib and USD 40/Ib was assumed for an isolated protein price, referaioalCé1674)

Credit from protein recovery = Market credit from isolated protein — cost for protein isolation process.
®Refer to Foladorét al. (2010)

f
Net saving cost = increase in protein recovery (USD) — cost of sludge transport and disposal (USD) — energy cost (USD)
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Fig.1. Variances of (a) TOC, (b) TDN, (c) TON, (d) protein and (e);Nebncentrations by

ultrasonic, alkaline and thermal treatments of waste activated sludge.



Fig.2. Evolution of N 1s XPS spectra for solid residues derived from various pretreatments: (a)
raw sludge; (b) ultrasonic pretreatment at 1 Winlc) thermal pretreatment at 80 °C; (d)
alkaline pretreatment at pH 12Peak 1 represents integration for pyridine-N; peak 2 represents

integration for protein-N.



Highlights

* Protein solubilisation was negatively correlated to TOC, TDN and TON in TB EPS;
* Molecular weight of soluble protein was mainly less than 20 kDafor al samples,
» X-ray photoel ectron spectroscopy was used to investigate N transformation in solid;

» Thefeasihility of method for protein recovery was assessed with economic analysis.
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