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Abstract: Sewage sludge processing and disposal have a significant weight on the energy and
economic balances of wastewater treatment operations and contribute substantially to greenhouse
gas emissions related to wastewater processing. Despite this, sewage sludge contains substantial
recoverable resources in the form of energy and useful molecules. The current challenge, other than
reducing the environmental and economic impacts of its disposal, is to recover energy and materials
from this waste stream, implementing a biosolid-centered circular economy with the greatest possible
added value. A number of options along these lines exist, and others are being investigated, ranging
from biological processes, thermochemical technologies, bioelectrochemical processing, biorefineries
and others. Recoverable resources comprise biogas from sludge fermentation, liquid and solid end
products (e.g., biodiesel and biochar) and valuable nutrients (N and P). This paper presents a state of
the art of biorefinery, with emphasis on recent developments in non-conventional resource recovery
from EBSS streams for sludge-based circular economy implementation. Expectations and limitations,
including technological readiness, of these technologies are discussed.
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1. Introduction

Wastewater treatment generates large quantities of excess biological sewage sludge
(EBSS) worldwide, estimated at >13 × 106 t/y (dry solids, DS) both in Europe [1] and in
the U.S.A. [2], and in much greater amounts (>30 × 106 t/y) in China [3]. Main wastew-
ater constituents such as organics and nutrients end up concentrated in biomass, which
therefore retains an energy content comparable to that of lignite or other renewable fuels
from biomass materials of approximately 11–22 MJ/kg [4], in addition to stoichiomet-
ric amounts of P and N of biological cells. In addition to these potentially exploitable
resources, EBSS also embeds various types of pollutants, such as inorganic compounds
(silicates, aluminates, calcium and magnesium compounds), heavy metals (Zn, Pb, Cu,
Cr, Ni, Cd, Hg and As), dioxins, pesticides, nanomaterials, microplastics and a long list
of other “emerging” pollutants including pharmaceutical products, hormones, endocrine
disrupters, per- and poly-fluoroalkyl substances (PFASs), linear alkylbenzene sulfonate
(LAS), alkylphenols (APs), phthalates (PAEs), polycyclic aromatic hydrocarbons (PAHs)
and polychlorobiphenyls (PCBs), varying in concentration from less than 1 mg/kg to
several g/kg [5–7].

Sludge processing and disposal have a significant impact on the energy and economic
balances of wastewater treatment operations: it has been estimated that, despite its energy
value, biosolid treatment and disposal account for over 50% of the total operational costs of
conventional wastewater treatment plants (WWTPs) and may contribute to almost 40% of
greenhouse gas emissions related to wastewater processing [8]. Hence, the challenge, other
than reducing the environmental and economic impacts of its disposal, is to recover energy
and materials from this waste stream.

A number of options along these lines have been investigated, ranging from biological
processes, thermochemical technologies, bioelectrochemical processing, biorefinery and
others. Recoverable resources include biogas from sludge fermentation [9], liquid and
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solid end products (e.g., biodiesel and biochar) [10] and valuable nutrients [11]. This paper
presents a state of the art of biorefinery with emphasis on recent developments in resource
recovery from EBSS streams for sludge-based circular economy implementation.

2. EBSS Composition

EBSS mass consists, for the major fraction, of non-toxic organic carbon compounds
(approximately 60% on a dry basis), followed by TKN and P components. Dry matter in
sludge usually varies between 7 and 12 g/L, and volatile solids between 65 and 77 g/L.
Most of the organic fraction is largely composed of extracellular polymeric substances
(EPSs), complex, high molecular weights, negatively charged polymers originating from
the secretion and lysis of microbial sludge cells consisting of proteins, nucleic acids, humic
substances, polysaccharides and lipids. Carbohydrates, proteins and humic substances
form about 20% of the total EPS mass [12]. Specific sludge chemical composition and
energy content vary with sludge stream, type and wastewater composition. Differences
exist between primary sludge, secondary or mixed conventional activated sludge (CAS),
MBR, EBPR sludge and granular sludge (GS) for similar feed streams: for example, GS
usually has a higher EPS content than CAS, and primary sludge has a higher free fatty
acid content than secondary. An EPS is characterized by high concentrations of charged
ions, forming complex structures with biological cells that are capable of interlocking water
within flocs, generating an osmotic gradient that affects water retention and attainable dry
matter content, and determining the sludge’s rheologic behavior [13]. An EPS affects the
formation of GS, both aerobic and anaerobic, where it is found in much higher amounts
than in any other biomass aggregation [14], reaching contents that can vary between
approximately 30 and 600 mg/g, depending on the specific GS type (aerobic, anaerobic
or anammox) [15]. Due to the nature of their constituents, EPSs have become one of the
most attractive recoverable sludge components, with high prospects to extract valuable
raw materials through biorefinery.

3. Biorefinery

Biorefinery is a series of processes that, in various combinations, can produce a broad
spectrum of value-added products, such as biofuels or biochemicals, from a single or a
combination of biomass feedstocks (plant-based or organic waste-based), replacing non-
renewable energy and chemicals and playing a key role in ensuring the closure of the
biomass production and consumption cycle. Since biomass is renewable, biorefinery has
also been identified as a potential solution to mitigate greenhouse gas (GHG) emissions.

The biorefinery concept includes a wide range of technologies and processes to sepa-
rate biomass feedstocks into building blocks (carbohydrates, proteins, etc.) and convert
them to different products, similar to oil refineries producing different fuels and raw chemi-
cals from crude oil. The term “feedstock” indicates any biomass suitable for biorefinery use:
it can be specifically grown for this purpose, as in the case of crops or microalgae converting
atmospheric CO2 and H2O into sugars, or can be the residual (waste) product of a complex
series of processes (i.e., wastewater treatment or food waste processing). Lately, innovative
WWTPs based on the combination of microalgal consortia and bacteria have been tested in
order to exploit the efficiency of microalgae in removing wastewater pollutants [16,17].

Adopting IEA’s classification, biorefineries can be described based on feedstock, inter-
mediates, final products and conversion processes. The main four process groups include
biochemical (e.g., fermentation and enzymatic), thermochemical (e.g., gasification and
pyrolysis), chemical (e.g., acid hydrolysis, synthesis and esterification) and mechanical
processes (e.g., fractionation, pressing and size reduction) [18]. This is summarized in
Figure 1, which describes the most promising currently existing and developing biorefinery
systems [19]. This general, non-sludge-specific scheme provides an indication of current
possibilities; additional platforms, product groups and processes resulting from future
development activities could be added as they become available.
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Figure 1. Conceptual scheme describing the relationships between most promising existing and
developing individual biorefinery systems (Reprinted with permission from Ref. [19]. 2019 Elsevier”).

Initially, the driving force for the development of biorefinery was the replacement
of fossil fuels with biomass-derived products [20]; however, biorefinery may generate
other interesting products such as food and feed products or bioproducts of industrial
interest, i.e., substitutes to traditional raw materials. Biorefinery was originally applied
to waste biomass from forestry, agriculture and the food industry. EBSS was not one of
the originally targeted feedstocks, and therefore is not explicitly indicated in Figure 1; a
detailed discussion of EBSS biorefinery is contained in the following section. Since almost
all types of biomasses can be converted to biorefined products, feedstock streams may be
combined according to seasonal availability and market demand for specific products. An
important aspect of establishing a successful biorefinery chain is a reliable, consistent and
regular supply of feedstock that can provide continuous input to the process. In this sense,
sewage sludge certainly fulfills this precondition, since it is produced at an almost constant
rate throughout the year by WWTP operations and can hence be used either as a mono
feedstock or in combination with other, seasonably available sources.

Sewage Sludge Biorefinery

EBSS biorefinery may lead to the recovery of different resources: process integration
can contribute to the recovery of multiple final products (both energy and material), as
illustrated in Figure 2.
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Some of the processes illustrated in Figure 2 have been part of traditional sludge
management practices for years and have been described in detail in the existing literature.
Anaerobic digestion for the production of methane-rich biogas is the earliest example of a
resource recovery process combining sludge stabilization with onsite production of a valu-
able product [9] and, according to the definition, can be considered as part of a biorefinery
scheme. Several other higher-value end products could, however, be obtained via biore-
finery. Well-known thermochemical and combustion processes could also be considered
part of sludge biorefinery schemes [21–27]. More recently, alternative approaches to sludge
biorefinery have aimed at the direct recovery of specific biomass components, such as or-
ganic acids and/or alcohols, or of industrially relevant molecules, such as PHAs and VFAs,
considered more industrially valuable than biogas. In this paper, the focus is directed to-
ward innovative conversion products and processes within the EBSS biorefinery universe.

4. Resources Recovery from EBSS Biorefinery

Valuable macromolecules such as carbohydrates, proteins and lipids represent approx-
imately 80% of the organic matter in sewage sludge, mostly in the form of EPSs, which are
lost in thermochemical processes. Suitable biorefinery approaches in which the extraction
and production of biomolecules have a greater priority than bioenergy production can
address the recovery of these components.

4.1. Anaerobic Fermentation as the First Step in Biomolecule Recovery

Anaerobic digestion (fermentation) is considered an efficient solution for managing
large amounts of organic substrates, including EBSS, reducing their volume and allowing
the production of valuable methane (and/or hydrogen), contributing to the renewable
energy portfolio in the EU [28]. However, this process does not necessarily need to be
brought to the final biogas production stage: several biorefinery chains aimed at producing
high-value end products are based on an initial anaerobic fermentation step, yielding
short-chain organic acids and alcohols, such as volatile fatty acids (VFAs, mainly acetate,
propionate and butyrate) and lactate, usually referred to as carboxylates. These organic
acids play a significant role in many applications in the fields of medicine, agriculture,
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pharmaceuticals, food and other industries. With their derivatives, carboxylates are used in
the production of polymers, biopolymers, coatings, adhesives and pharmaceutical drugs,
and can be used as solvents, food additives, antimicrobials and flavorings [29]. Currently,
carboxylates are normally produced from petroleum, but, as they derive from carbohydrate
and amino acid fermentation, they can also be generated by organic matter fermentation,
pending inhibition of the final conversion step of organic acids to methane and CO2
(Figure 3).
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from the process in greater amounts.

Acetate and butyrate are possible raw materials for the production of polyhydroxybu-
tyrate (PHB), while propionate can be used for polyhydroxyvalerate (PHV) production [30].
Due to the high O:C ratio (from 1:1 to 2:5) and low energy density, VFAs as such are
unsuitable as fuels, but they can serve as a base for the production of liquid biofuels such
as alcohols that are blended with gasoline [31].

Short-chain VFA production from sludge fermentation may be limited by slow hy-
drolysis rates and substrate availability; process control is essential for successful VFA
recovery. Fermentation is best conducted under slightly acidic pH (6–7) conditions, short
HRT (1–7 days) and high OLR (>10 gTS/L-d). Adequate sludge pretreatment can enhance
short-chain VFA production, as summarized in Table 1. Furthermore, acid accumulation in
the digester significantly reduces methanation [32].

Table 1. Sludge pretreatment to increase fermentation VFA yield.

Type of Pretreatment Effect Notes Reference

HNO2
270% short-chain
VFA yield increase

Addition of 1.8 mg HNO2/L to influent sludge increased
SCVFA production to 195.7 mg COD/g VSS with 6 d HRT
Pretreatment accelerated cell and EPS disruption,
enhanced sludge solubilization, hydrolysis and
acidification, inhibiting methanogens activity

[33]
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Table 1. Cont.

Type of Pretreatment Effect Notes Reference

NH3
220% short-chain
VFA yield increase

Addition of NH3 up to 176.5 mg/L increased SCVFA
generation up to 267.2 mg COD/g VSS. Free ammonia
accelerated breakdown of EPSs and of sludge cell
envelope facilitating organics release

[34]

Na2SO3
1200% short-chain
VFA yield increase

500 mg sulfite-S/L at 4 d HRT, pH = 9.5 fermentation
achieved SCVFA production of 324.8 mg COD/g VSS [35]

K2FeO4
472% short-chain
VFA yield increase

56 mg Fe(VI)/g TSS and 5 d HRT increased SCVFA
production to 343 mg COD/g VSS [36]

NH3 + ultrasound

171% short-chain
VFA yield increase
with US only,
421% with US and
free ammonia

2 w/mL US for 15 min followed by 60 mg/L NH3 for 2 d
achieved SCVFA yield of 316.7 mg COD/g VSS [37]

CER (cation-exchange resin) 230% short-chain
VFA yield increase

At dosage of 1.75 g CER/g SS sludge hydrolysis and
subsequent SCVFAs production were enhanced by
removing cations (Ca2+, Mg2+, Fe3+, Zn2+, etc.) from
sludge, leading to EPS disruption and cell lysis. A total of
334.5 mg COD/g VSS SCFAs was produced with first
4 d HRT

[38]

S2O2− (Peroxydisulfate)
thermally activated

110% short-chain
VFA yield increase

0.3 mM PDS/g TSS, 9 d HRT at 55 ◦C achieved maximal
SCFAs yield of 3183.51 mg COD/L [39]

All the pretreatments listed in Table 1 also enhance digested sludge dewaterability,
thereby possibly reducing WWTPs’ operation costs for subsequent sludge disposal. VFAs
have a high economic value in several production processes (e.g., bioplastics and biotextiles)
due to their characteristics [40]. The economic benefits from enhanced VFA production
should be evaluated considering additional pretreatment costs and the missed economic
benefits from methane recovery.

Short-chain carboxylates can be concentrated from the fermentation liquor through
nanofiltration, liquid extraction or anion exchange [41], and can be further processed into
medium-chain fatty acids (MCFAs), with molecular C atom content ranging from 6 to 12,
which lower water solubility and provide easier extraction. Due to their properties, MCFAs
are considered more valuable than short-chain VFAs: compared to the latter, MCFAs (with
O:C ratios between 1:3–1:6) possess a higher energy density (3500–4800 KJ/mol) than
short-chain VFAs, with possible uses as biofuel precursors and raw materials for various
industries, such as fragrance, food additive, antimicrobial agent, and others [42].

Formate (COOH-) is produced from VFAs during the fermentation process (Figure 3)
and can constitute a carbon source for formatotrophic organisms for the production of
value-added chemicals, such as fuels, solvents, plastic monomers, pigments and even
protein meal for animal and human consumption, potentially originating a formate-based
circular economy [43].

The final product of anaerobic fermentation, biogas, is a valuable energy product with
a high (40–75%) CH4 content, depending on feedstock. In addition to traditional uses,
including biofuel [44], biogas can be converted into valuable bioproducts such as PHA,
protein or ectoine [45], and polyhydroxybutyrate (PHB: a biodegradable biocompatible
thermoplastic synthesized from C1 carbon sources CO2 and CH4) [46].

4.2. Materials Extraction from Raw Sludge: Resources, Uses and Techniques
4.2.1. Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) are biodegradable, biologically produced polymers
that are internally accumulated as energy and carbon reserves by different microorganisms
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in variable proportions from 1 to 90% of the cell’s dry weight. More than 150 different PHA
types have been identified so far. They consist of monomeric units of I-3-hydroxyalkanoic
acids: each monomeric unit has a side chain R group (saturated alkyl group or unsat-
urated alkyl groups, substituted alkyl groups and branched alkyl groups). Common
examples are poly-beta-hydroxybutyric acid and its co-polymer poly (3-hydroxybutyrate-
co-hydroxyvalerate [P(3HB-co-HV)]). PHAs are classified on the basis of their structural
chain length, as summarized in Table 2 [47].

Table 2. PHA types based on molecular chain length.

PHA Type Description Most Common
Generating Organism

Short-chain (SCL-PHA)

Monomeric building blocks of 3–5 carbons (e.g., poly
(3-hydroxyvalerate), PHV; poly (3-hydroxybutyrate), PHB).
SCL-PHAs are rigid and brittle and lack the mechanical properties
required for biomedical and packaging film applications

Cupriavidus
necator

Medium-chain (MCL-PHA)
Monomeric units of 6–14 carbons (e.g., poly (3-hydroxyoctanoate),
PHO). MCL-PHAs are elastomeric but with low mechanical
strength, which limits their applications

Pseudomonas
mendocina

Long-chain (LCL-PHA) Monomer building blocks of 15 carbons or more (e.g., poly
(3-hydroxypentadecanoate))

Pseudomonas
aeruginosa

PHA accumulation has been observed in the range of 0.30 to 22.7 mg polymer/g
sludge, depending on the processing conditions [48]. PHA molecules exhibit properties
comparable to petroleum-based plastics and are a biocompatible substitute for conventional
fossil-derived polymeric materials. Physical properties of PHAs include insolubility in
water, good resistance to UV rays and temperature stability, toughness and elasticity, high
degree of polymerization, low surface porosity, biodegradability and thermoplasticity,
making them suitable for diverse applications in various fields (Table 3).

Table 3. Possible industrial applications of PHAs [46].

Application Field Description

Medical

Drug delivery
Used as raw material for producing tablets, nanoparticles, etc. (e.g., PHB, PHVB and their copolymers
used for delivery of antibiotics)
Tissue engineering
Used to build high mechanical strength scaffolds to promote cell growth through supplying nutrition
(e.g., 3D scaffolds for cartilage repair developed on PHA nanofibers) other applications include soft
tissue regeneration, nerve repair, cardiovascular treatments
Wound dressings
Volatile solutions of PHA are used as dressing to form a thin protective film over the wound to
prevent contamination.

Agricultural
PHAs improve nutritional properties and shelf life of plants under stressful environments. Specialized
applications of P(3HB) in agriculture include controlled release of pesticides and insecticides. Potential
applications include biodegradable plastic films for crop protection, seeds and fertilizer encapsulation

Packaging
Due to their degradable nature, non-solubility, nonpermeable nature and flexibility, PHAs are developed
as packaging films, mainly for use as shopping bags, paper coatings (e.g., PHA-coated boxes, paper,
sheets, boards)

Consumer products Manufacturing of paper cups, diapers, carpets, etc.

In addition, PHAs can serve as biofuel precursors (3- hydroxybutyrate methyl ester,
HAME), or for the production of specific chemicals such as acrylate and propene [48,49], or
as building blocks for further synthesis of various chemicals. When industrially produced,
however, their cost is several times higher than that of fossil-originated plastics, since
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they are made from pure microbial cultures and substrates such as glucose, fructose
and propionic acid. The substitution of the former with low-value waste streams such
as processed feedstock could decrease their overall production cost by up to 50% [50].
EBSS and mixed cultures could also allow for the reduction in energy (no sterilization
requirement) and fermentation costs (by simpler reactor construction design), efficiently
integrating this technology into traditional WWTPs [51]. Despite the potential of PHAs
extraction from sludge, e.g., via alkaline fermentation [52,53], currently, the process still
suffers from high production costs, at about six-fold the cost of conventional plastics [54].

4.2.2. Extracellular Polymeric Substances

EPSs consist of macromolecular substances such as polysaccharides, proteins, humic
and fulvic acids, lipids and nucleic acids. In contrast to intracellular PHAs, EPSs are
released through cell lysis into a solution or excreted across cell membranes and trapped
in infracellular spaces of microbial aggregates. Therefore, EPSs are normally discarded in
waste streams (e.g., centrate or filtrate) after sludge dewatering, unless specific recovery
actions are taken. EPSs account for 10–40% of biological sludge dry weight, with 75–89%
of the extracellular organic carbon made up of proteins and saccharides, which can serve
as carbon or energy sources under nutrient shortage [55]. EPS content is higher in gran-
ular sludge forms than in flocculent sludge: sludge from a 100,000 P.E. UASB municipal
facility could yield 150 kg EPS/d [56], slightly less than granular sludge anammox units at
185 kg-EPS/d [57].

EPSs extracted from granular sludge demonstrated a gel-forming capacity with diva-
lent cations similar to that of alginates; the hydrating properties of EPSs make them suitable
for various biotechnical uses, such as food, paints, oil drilling ‘muds’, cosmetics and phar-
maceutical production. EPSs’ viscous properties are exploited to increase the viscosity of
certain technical materials and food preparation and may have potential uses as biosurfac-
tants in tertiary oil production, as biological glue, and as a component of biofilm systems,
with still unexplored other biotechnological potentials, including medical applications [58].
As functional groups such as carboxyl, phosphoric, sulfhydryl, phenolic and hydroxyl
groups which are present in EPSs can complex with heavy metals, EPSs have been tested for
metal removal from solutions. For example, an EPS from Bacillus megaterium was applied
for Cu removal, while other bacterial EPSs exhibited a high affinity for cadmium [59,60].
EPSs have also shown the capacity to adsorb organic pollutants. Spath et al. [61] reported
adsorption of >60% BTX, and the adsorption of phenanthrene [62], humic acids [63] and
dyes [64] was also reported. These studies highlighted that, contrary to common belief,
only a small fraction of these solute pollutants was adsorbed by biological sludge cells
themselves: as an EPS is always negatively charged, it strongly binds electrostatically with
positively charged organics. Furthermore, a soluble EPS has a higher protein fraction than
a bound EPS, and since proteins have a higher binding capability than humic substances,
soluble EPSs actually capture most of the pollutants [63]. Due to EPSs’ phosphate content,
positive effects of an EPS coating on the self-extinguishing properties and flame-retardation
of fabrics have been reported [65].

Various EPS extraction techniques from biomass have been studied, for example,
bound and soluble EPS fractions can be separated through centrifugation [66]. The sol-
uble EPS is then contained in the centrate, while the bound fraction remains with the
solids. Other physical (ultrasonication or heating) [67,68], chemical (ethylenediamine
tetraacetic acid or formaldehyde plus NaOH) [66,69–71], biological [72], blending [73] and
electroporation [74,75] techniques have proven effective in extracting EPSs from most types
of sludge.

EPS composition is largely affected by the extraction method, which can result in
differences in terms of yield and quality (properties and functional groups) of these ex-
tracted exopolymers. However, from a literature review, it emerged that existing extraction
and recovery methods have never been specifically evaluated in terms of the usefulness
of extracted materials for individual practical applications. Some authors recommend
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techniques that minimize cell lysis, while others, on the other hand, favor methods that can
damage cell integrity in order to extract more diverse, novel biopolymers [68,71]. These
aspects need detailed investigation when aimed at optimizing the EPS reuse value.

4.2.3. Proteins

The high fraction of proteins (∼50% of the dry weight of cells) in sludge makes it
a very likely potential source for their recovery. Proteins are essential components of
animal feed for the supply of energy and nitrogen, and their recovery from EBSS offers
various benefits over traditional sources. In order to extract proteins, the dissolution of
the bacterial cell wall and intracellular materials is a critical aspect. Intracellular protein
recovery has been achieved via sludge disintegration through alkali treatment coupled
with ultra-sonication [76] or enzymatic disintegration, with acid and base hydrolyzed pro-
cesses followed by isoelectric precipitation, centrifugation and freeze-drying [77]. Protein
extraction yield as high as 80% was observed, with a composition comparable to commer-
cial protein feeds. Most metals present in the sludge were removed from the recovered
products during the process [78]. Microbial cell destruction results in increased sludge
dewaterability, therefore, after protein removal, treated sludge will result in considerably
reduced volumes, improving final disposal operations.

4.2.4. Biopesticides

Bacillus thuringiensis (Bt), the most effective biopesticide used today in agriculture,
forestry and the health sector, is conventionally obtained from industrial fermentation
processes. Bt forms crystals of proteinaceous δ-endotoxin insecticides that show specificity
against particular species, such as organisms of the orders Lepidoptera (moths), Diptera
(flies and mosquitoes) and Coleoptera (beetles), and is regarded as environmentally friendly,
with little or no effect on humans, wildlife, pollinators and most beneficial insects. The
growth medium for industrial Bt production, consisting of specific nutrient broth and
yeast extracts, involves a significant portion (40–60%) of the total production costs. Studies
have shown that waste sewage sludge is a highly nutritional and cost-effective medium
for industrial Bt production [76]. It has been estimated that the use of EBSS as a growth
medium could reduce the industrial cost of Bt production by about 50% [79].

4.2.5. Enzymes

Enzymes (e.g., lipases, dehydrogenase, glycosidase, peroxidase and aminopeptidases)
are a class of proteins that act as catalysts in various biological processes, with a much
higher efficiency compared to inorganic chemical catalysts. For this reason, enzymes can
be efficiently used in the pharmaceutical, food and fine chemical industries to increase
chemical reaction rates and, thus, production yield. Enzymes are obtained from living
organisms: plants, animals and microorganisms. The latter are an important source of
enzymes since, due to fast growth, they can produce them in large quantities directly
secreted into the fermentation broth, thus simplifying downstream processing compared to
those obtained by higher organisms. Commercial enzymes are typically extracted from non-
toxic and non-pathogenic microbial (bacteria, fungi—including yeast—and actinomycetes)
biomass by disrupting the biomass itself after industrial fermentation processes. The global
market for industrial enzymes is expected to reach USD 7.0 billion by 2023, with an annual
growth rate of almost 5% in the previous 5 years [80].

In conventional processes, enzymes are microbially produced on synthetic media
generally made of ground soybean, fish, glucose, yeast extract, peptone and trace ele-
ments; the cost of this substrate can account for up to 40% of the enzymes’ industrial
cost [12]. EBSS could replace, as inexpensive and nutrient-rich substrates, commercial
medium ingredients, with a considerable improvement in the cost/benefit balance of
the process. Sewage sludge is a substrate from which different enzymes have been
produced and harvested. Among these are: protease, dehydrogenase, catalase, perox-
idase and o-diphenol oxidase, esterase and dehydrogenase, α-amylase, glycosidases and
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α-glucosidase [81,82]. Enzymes can be produced by submerged or solid-state fermentation
from sludge by Bacillus licheniformis [83,84]. Furthermore, hydrolytic enzymes can be effec-
tively extracted directly from sludge without specific modifications to standard wastewater
treatment processes.

Enzymes are not evenly distributed within sludge flocs: hydrolytic enzymes are
not usually in the free water phase, but are mainly found outside cells (extracellular),
either attached to cell walls or embedded within the EPS phase. The degree of flocs
and cell disruption required to harvest extracellular enzymes depends on the strength
of their bounds to the EPS (loose, LB or tight-bound, TB), or whether they are attached
to cell walls. Enzymes associated with EPSs (“exo-enzymes”) can be readily extracted
by harvesting the latter, as previously described. Different exo-enzymes are distributed
between LB-EPS and TB-EPS fractions and, as such, vary in extractability: exposure of
the solution to turbulence is normally sufficient to separate LB-EPSs from sludge flocs
via shear, whereas TB-EPSs exhibit stronger hydrophobic properties and are less affected
by mechanical agitation [82]. In contrast, enzymes that are closely attached to the cell
surface (“ecto-enzymes”) can be extracted from sludge only through proper disrupting
techniques, which include ultrasonication, alone or supported by additives [85–87]; CER
and nonionic detergents, alone or in combination with EDTA [82,88]; formaldehyde, alone
or in combination with sodium hydroxide (NaOH) [89]; and bead milling [90].

Crude enzyme extracts still contain a large amount of water, and their conservation
stability and suitability for industrial application are relatively limited. The economic
value and marketability of these enzymes can be enhanced by subsequent purification,
concentration and immobilization techniques. Purification is achieved through a multistep
process consisting of filtration, chemical sedimentation and ultrafiltration to increase the
final enzyme concentration. Immobilization by chemical or physical binding to an inert
carrier (e.g., zeolites, silica, alginate, polyacrylamide, hollow fibers, acrylic resins and others)
via adsorption, entrapment or encapsulation is a promising approach to improve enzyme
conservation and applicability by enhancing their mechanical strength and resistance to
denaturation and facilitating enzyme catalyst recycling within a single process [83].

Sludge-derived concentrated and purified enzymes could readily substitute inor-
ganic and/or commercial bioenzyme catalysts in many applications. Alkaline protease
enzymes have application potential in detergents, leather processing, silver recovery, medi-
cal purposes, food processing, feed and chemical industries, as well as in waste treatment.
Enzymes have a role in environmental bioremediation, having shown potential in diethy-
lene glycol terephthalate (DTP) and polyethylene terephthalate (PET) fiber biodegradation.
Microbial enzymes may also enhance WWTP operation by improving sludge solids degra-
dation, the hydrolysis of organic matter, and the biodegradation of toxic pollutants [91].

4.2.6. Solvents and Biofuels

Protein and lipids in sewage sludge can also be processed to yield bio-oils and
chemical added-value products. Thermochemical processes, such as pyrolysis [92,93],
gasification [94], hydrothermal carbonization [26] and hydrothermal liquefaction [27] have
been tested at laboratory and pilot scales with the production of bio-oils. However, oil de-
rived from proteins is usually high in N and S, which precludes its generalized use as a fuel
without further preprocessing. Since lipids are considered the major precursor of “good”
fuel oil, the separation of this fraction prior to pyrolysis can be applied to recover better-
quality fuel. Chemical solvent-based (chloroform, toluene or methanol/chloroform/water)
methods can be very effective for the selective extraction of lipids from raw sewage sludge,
with the production of a pyrolysis feedstock with low N and S content. Since solvents
are relatively volatile, they could then be recovered for reuse with relative ease after
extraction [95].

A clean mixture of fatty acid methyl esters (FAMEs), otherwise known as biodiesel,
may be obtained through direct esterification/transesterification, i.e., the process of ex-
changing the organic ester group with an alcohol, with or without acid or basic catalysts,
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or enzymes (lipases). Industrially, biodiesel can, in fact, be obtained via methanol transes-
terification of vegetable oils or animal fats (in this case, it is considered a “first generation”
biofuel) [20]. However, the competitive potential of this type of biodiesel is limited due to
the high cost of the feedstock and the competition between energy and food uses, which
introduces ethical issues. On the other hand, biodiesel is one of the more promising biofuels
that could be obtained from waste material streams, including lipid-rich sewage sludge.
The use of sludge as a widely available and non-edible source of lipids could therefore
represent a viable solution to sludge management and disposal, and an alternative for
profitable biodiesel production, embracing both the circular economy principles and EU
policies concerning sustainable mobility. FAME yield from primary sludge is much higher
than from secondary [96]. The latter is, in fact, mainly constituted of mono-, di- and triglyc-
erides, together with free fatty acids (FFAs), phospholipids and waxes, while primary
sludge is mainly constituted of soaps and FFAs [97].

Acid transesterification is quite an efficient process, which is, however, conditioned
by lipid extraction efficiency. Different alternatives have been proposed to enhance this
step, including sludge sonication and mechanical disintegration, with not yet definitive
results [98]. Liquid–liquid lipid extraction techniques can use an organic phase (usually
hexane), pure or with methanol/acetone addition, which seems to help to disrupt the
membrane cells, to extract them from the suspended sludge flocs. Overall, however,
liquid/liquid extraction is usually not the most efficient method, as water negatively affects
esterification/transesterification reactions and efficient lipid extraction from the sludge
matrix. This affects the full-scale production of biodiesel from sludge; therefore, sludge
pretreatment to remove excess water prior to lipid extraction is preferred, using hexane
as solvent at a hexane:dry sludge ratio of about 10:1 [99]. Biodiesel production from these
lipids can then be carried out via acid catalysis [100]. The residual biomass could then be
returned to anaerobic digestion for additional biogas production [101].

The limit of using some organic solvents such as hexane is that they could be released
into the environment during the extraction process, producing ozone and other photo-
chemical oxidants, or generating potentially hazardous processing residuals. Solvents
residuals in treated sludge may strongly reduce (by more than ten-fold) biogas produc-
tion in a subsequent anaerobic digestion step, modifying the process’ economic balance
and increasing its environmental impact [96]. This can be reduced by the use of more
environmentally friendly solvents: ethylbutyrate, a bio-derived VFA ethyl ester, is a green
solvent that showed a high recovery efficiency (>90%) of saponifiable lipids from primary
sludge without acid addition, with a greater recovery efficiency than hexane [97]. Other
organic-based green solvents and some ionic liquids (including deep eutectic solvents),
or CO2, typically used in supercritical conditions have also been pointed out as potential
substitutes for fossil solvents in lipid extraction processes. However, the current high
costs of green organic-based solvents and ionic liquids, and the lack of industrially tested
extraction protocols and extracted products’ certification, still constitute significant barriers
to the industrial implementation of these techniques versus traditional methods based on
fossil solvents [102].

5. Biorefinery, Sustainability and Circular Economy

Wastewater treatment facility operators are mainly focused on their mission to meet
their statutory responsibilities for sewage treatment and pollution control. However,
WWTPs now face a myriad of challenges, including aging infrastructure, increasing ser-
vice demands and regulatory requirements, rising utility and chemical costs, and social
and environmental concerns about biosolid disposal practices. The undergoing paradig-
matic transformation from WWTP to WRRF (Water and Resources Recovery Facilities)
expands the scope of wastewater treatment to include materials recovery [103], carbon
management [104], emissions reduction and water reuse [105].

Biorefining can therefore be regarded as the sustainable processing of waste sludge
biomass, alone or in combination with biomasses of other origins, towards the imple-
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mentation of a sludge-based circular economy: an integrated concept encompassing the
circular economy and bioeconomy, also known as the circular bioeconomy (CBE). While
the key goal of the CE is to slow, streamline and close material resource loops, the CBE
goes beyond the simple substitution of fossil resources with renewable resources. The CBE
entails low-carbon energy inputs, sustainable supply chains and disruptive conversion
technologies for the sustainable transformation of renewable bioresources to high-value
bio-based products, materials and fuels, i.e., the cascading use of biomass from biological
resources into a systemic economic development approach.

Sewage sludge is a steady and growing global waste stream that, under current ap-
proaches, is both costly to manage both in monetary and energy terms and largely under-
valued regarding recovery possibilities. Biorefinery, as discussed in the previous sections,
can exploit EBSS streams to extract useful materials and energy; the quality of EBSS-derived
products, their market value and appeal are important factors with respect to the future
sustainability of biorefinery. Challenges associated with sludge biorefinery include:

a. Technological readiness level (TRL): most of the proposed technologies, although
tested and validated at a laboratory or pilot scale, still remain in their infancy from
the industrial application aspect, and further operational and cost optimization
is needed;

b. Biorefinery products such as proteins and enzymes still demand high production
costs and raise some concerns in terms of pathogenic and metal toxicity, which
effectively stifle technological scaling-up developments; efficient purification proce-
dures for biorefined products (in line with the required purity standards for specific
applications) still need further development to improve the overall economics of
biorefinery approaches;

c. The scale-up of production technology is an important issue since much of the
research so far was performed at a laboratory scale. Scaling-up requires the opti-
mization of each biorefinery process step and its integration with the local feed-
stock supply. The integration of compatible biomass sources (e.g., food and organic
fraction of municipal solid waste) would contribute to the overall economics of
biorefinery approaches;

d. Existing non-technological barriers (i.e., unrelated to technological processes but lim-
iting the subsequent diffusion of the product’s use) should also be taken into account.
These can be summarily divided into economic, administrative and market-related
barriers [106]. Examples of the first category are: the need for large investments, low
profitability (compared to traditional production) and logistic difficulties for feed-
stock procurement. Administrative barriers may include final products’/materials’
certifications (when needed);

e. Public and consumer acceptance: the ultimate success of a CBE approach depends on
the consumer acceptance of recovered waste-based products. Consumers’ perception
of CBE schemes has been largely overlooked in the scientific literature since generic
ethical intentions by citizens do not necessarily translate into virtuous behavior [107].

6. Conclusions

Sludge contains a tremendous amount of renewable organics and can be deemed a sustain-
able resource with considerable economic potential, whether in the form of nutrients, energy
or emerging materials recovery. Among various technologies for sewage sludge-embedded re-
source exploitation, biorefinery is an approach that integrates existing and developing processes
to optimize resource recovery and reduce the environmental impacts of disposal. Possible
sludge biorefinery’s added-value final products are varied, renewable and sustainable, and
could open unique new perspectives for a lesser fossil fuel-dependent economy.

Some of the applicable technologies are still at the bench/pilot scale level, and indus-
trial optimization is needed. Although showing great potential for industrial application,
issues such as feedstock volume supply reliability, product certification and competitiveness
must still be fully addressed. Capital investment into biorefinery facilities and related oper-
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ational expenses are largely dependent on the production scale and applied technologies.
A comprehensive approach to evaluate the whole process in terms of environmental and
economic impacts and benefits, with the development of local synergies from additional
compatible feedstock sources, is still largely lacking.

Sustainable biorefinery design must include an assessment of environmental impacts
and carbon footprint reduction compared to traditional disposal practices. These facilities
should be flexible in design to sustain short- and long-term variations in sludge characteris-
tics and final product outlets, as requested by market conditions. Co-processing of sewage
sludge with other municipal organic waste streams (i.e., food waste and municipal solid
waste organic fraction) may improve the long-term sustainability of these facilities.
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