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Abstract

Increasingly tighter regulations regarding organic waste, and the demand for

renewable chemicals and fuels, are pushing the manufacturing industry toward

higher sustainability to improve cost-effectiveness and meet customers’ demand.

Food waste valorization is one of the current research areas that has attracted a

great deal of attention over the past few years as a potential alternative to the

disposal of a wide range of residues in landfill sites. In particular, the develop-

ment of environmentally sound and innovative strategies to process such waste

is an area of increasing importance in our current society. Landfill, incineration

and composting are common, mature technologies for waste disposal. However,

they are not satisfactory to treating organic waste due to the generation of toxic

methane gas and bad odor, high energy consumption and slow reaction kinet-

ics. In fact, research efforts have also been oriented on novel technologies to

decompose organic waste. However, no valuable product is generated from the

decomposition process. Instead of disposing and decomposing food waste,

recent research has focused on its utilization as energy source (e.g., for bioetha-

nol and biodiesel production). Organic waste is also useful to generate useful

organic chemicals via biorefinery or white biotechnology (e.g., succinic acid

and/or bio-plastics). This article is aimed to summarize recent development of

waste valorization strategies for the sustainable production of chemicals, materi-

als, and fuels through the development of green production strategies. It will

also provide key insights into recent legislation on management of waste world-

wide as well as two relevant case studies (the transformation of corncob resi-

dues into functionalized biomass-derived carbonaceous solid acids and their

utilization in the production of biodiesel-like biofuels from waste oils in Philip-

pines, as well as the development of a bakery waste based biorefinery for succi-

nic acid and bioplastic production in Hong Kong) to illustrate the enormous

potential of biowaste valorization for a more sustainable society. Future

research directions and possible sustainable approaches will also be discussed

with their respective proofs of concept.

Introduction

Climate change, energy crisis, resource scarcity, and pollu-

tion are major issues humankind will be facing in future

years. Sustainable development has become a priority for

the world’s policy makers since humanity’s impact on the

environment has been greatly accelerated in the past cen-

tury with rapidly increasing population and the concomi-

tant sharp decrease of ultimate natural resources. Finding

alternatives and more sustainable ways to live, in general,
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is our duty to pass on to future generations, and one of

these important messages relates to waste. Waste from

different types (e.g., agricultural, food, industrial) is gen-

erated day by day in extensive quantities, generating a

significant problem in its management and disposal.

A widespread feeling of “environment in danger” has

been present everywhere in our society in recent years,

which, however, has not yet crystallized in a general con-

cienciation of cutting waste production in our daily lives.

Many methods could achieve sustainable development,

methods that could not only improve waste management

but could also lead to the production of industrially

important chemicals, materials, and fuels, in essence,

valuable end products from waste.

Waste valorization is the process of converting waste

materials into more useful products including chemicals,

materials, and fuels. Such concept has already existed for

a long time, mostly related to waste management, but it

has been brought back to our society with renewed inter-

est due to the fast depletion of natural and primary

resources, the increased waste generation and landfilling

worldwide and the need for more sustainable and cost-

efficient waste management protocols. Various valoriza-

tion techniques are currently showing promise in meeting

industrial demands. One among such promising waste

valorization strategies is the application of flow chemical

technology to process waste to valuable products. A

recent review of Ruiz et al. [1] highlighted various advan-

tages of continuous flow processes particularly for bio-

mass and/or food waste valorization which included

reaction control, ease of scale-up, efficient reaction cycles

producing more yield, and no required catalyst separa-

tion. Although flow chemistry has been known to be used

in industries for other processing methodologies, it still

remains to be used in biomass/waste valorization – a lim-

itation caused by the large energy needed to degrade

highly stable biopolymers and recalcitrant compounds

(e.g., lignin). The deconstruction of such biopolymers,

most of the time, requires extreme conditions of pressure

and temperature – conditions achieved by microwave

heating, which is another green valorization technology.

These requirements are not simple to satisfy and various

techniques (e.g., microwave irradiation) need to be com-

bined to satisfy the prerequisites for a successful transfor-

mation of waste. However, the main challenge for this

combination is on the scale-up itself. As conceptualized

by Glasnov et al. [2] microwave and flow chemistries

maybe coupled by attaching back-pressure regulators to

flow devices. This approach can revolutionize industrial

valorization since it will synthesize products fast (due to

microwave heating) on one continuous run (flow

process). Although the approach presented is possible, the

main challenge of temperature transfer from microwave

to flow remains to be solved. A buildup of temperature

gradient inside the instrument could lead to various

instrument inefficiencies.

Another valorization strategy is related to the use of

pyrolysis in the synthesis of fuels. This involves biomass

heating at high temperatures in the absence of oxygen to

produce decomposed products [3, 4]. Although pyrolysis

is a rather old method for char generation, it has been

recently utilized to produce usable smaller molecules from

very stable biopolymers. This method has been particu-

larly employed in the production of Bio-Oil (a liquid, of

relatively low viscosity that is a complex mixture of

short-chain aldehydes, ketones, and carboxylic acids). In a

study by Heo et al. [5], several conditions for the fast

pyrolysis of waste furniture sawdust were studied, and it

was found that bio-oil yields do not necessarily increase

with temperature. The optimized pyrolysis temperature

was set at 450°C (57% bio-oil yield) using a fluidized bed

reactor. The reason for the nonlinear dependence bio-oil

yield/temperature is the possible decomposition of small

molecules into simpler gases. This theory is supported by

the increase in the amount of gaseous products found at

increasing temperatures. A separate study by Cho et al.

[6] employed fast pyrolysis under a fluidized bed reactor

to recover BTEX compounds (benzene, toluene, ethylben-

zene, and xylenes) from mixed plastics. The highest BTEX

yield was obtained at 719°C. The pyrolysis of cotton

stalks was also reported to produce second generation

biofuels [7]. The study found that at much higher tem-

peratures of pyrolysis the amounts of H2 and CO col-

lected increased, while CO2 levels lowered. The decrease

in CO2 production could be due to the degradation of

the gas at much higher temperatures producing CO and

O2. More recently, synergy between these first proposed

technologies (microwave and pyrolysis) has been also

reported to constitute a step forward toward more envi-

ronmentally friendly low temperature pyrolysis protocols

for bio-oil and syngas production [8]. Microwave-assisted

pyrolysis of a range of waste feedstock can provide a

tuneable and highly versatile option to syngas with tune-

able H2/CO ratios or bio-oil-derived biofuels via subse-

quent upgrading of the pyrolysis oil [8].

Aside from energy applications, pyrolysis can also be

used to produce advanced materials including carbon

nanotubes and graphene-like materials, which have a wide

range of applications. These studies along with many

others in literature illustrate the potential of pyrolysis to

convert waste materials into valuable chemicals.

A third green method of valorization would be on the

use of biological microorganisms to degrade complex

wastes and produce fuel. The method is used by taking

advantage of cellulose (or any biopolymer) degrading

enzymes by microorganisms as demonstrated by Wulff
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et al. [9]. In their work, cellulase Xf818 was isolated from

the plant pathogen Xylella fastidiosa (known to cause

citrus variegated chlorosis in plants). The gene responsible

for the enzyme was also probed and then later on

expressed on Escherichia coli. Such enzyme was found to

be mostly active in the hydrolysis of carboxymethyl cellu-

loses, oat spelt xylans, and wood xylans.

Bioconversion has been under intensive research for

the past years, and one of the most significant advances

in the field relates to the possibility of a synthetic control

of microorganisms’ metabolic pathways to produce favor-

able metabolic processes, which will in turn increase the

yield of products. A notable example is the use of a bio-

engineered E. coli to produce higher alcohols including

isobutanol, 1-butanol, 2-methyl-1-butanol, 3-methyl-1-

butanol and 2-phenylethanol from glucose [10]. The pro-

tocol was amenable for the conversion of 2-ketoacid

intermediates (from amino acid biosynthesis) into alco-

hols by amplifying expression of 2-ketoacid decarboxylas-

es and alcohol dehydrogenases.

To model the design for isobutanol, the gene ilvIHCD

was over-expressed with the PLlacO1 promoter in a plas-

mid to amplify 2-ketoisovalerate biosynthesis. Other genes

were tested such as alsS gene (from Bacillus subtilis) to

further improve the alcohol yield while some genes

responsible for by-product formation (adhE, ldhA, frdAB,

fnr, pta) and pyruvate competition (pflB) were silenced.

Overall, the isobutanol yield reached ~300 mmol/L (22 g/

L) under microaerobic conditions.

The three presented strategies (microwave, pyrolysis,

and bioengineering) represent some of the most impor-

tant valorization methodologies. With the rapid advance-

ment of these fields in waste valorization, it is expected

that most industrial sustainability practices will have a

different focus in various future scenarios.

Waste valorization is currently geared toward three

sustainable paths: one would be on the production of fuel

and energy to replace common fossil fuel sources and in

parallel on the production of high-value platform chemi-

cals as well as useful materials. Fossil-based fuels are

clearly diminishing in supply and this has caused a global

environmental concern due to rapidly rising emissions of

fossil fuel by-products (both for processing and actual

use). Because of this, waste valorization for energy and

fuels are not only geared toward a sustainable fuel source

but also toward a more benign fuel fit for an industrial

up-scale. According to the Netherlands Environmental

Assessment Agency, global CO2 emissions reached an all-

time high in 2011 at around 34 billion tonnes of green-

house gases (GHGs) [3]. Close to 90% of these emissions

derive from fossil fuel combustion. Other toxic gases such

as volatile organic compounds, nitrogen oxides (precur-

sors of toxic ozone) and particulates come together with

GHGs. In a more than likely scenario of a minimum of

2.5% energy demand growth per year, it is necessary to

substitute fossil fuels progressively with cleaner fuel

sources. Biomass combustion for electricity and heat

production was reported to be less costly, providing at

the same time a larger CO2-reduction potential [11].

Many studies also have shown convincing proof that the

use of biomass for energy applications could be a highly

interesting solution and cleaner technology for the future

[12–14].

Another direction of waste valorization aims to pro-

duce high-value chemicals from residues including succi-

nic acid (SA) [15], furfural and furans [16], phenolic

compounds [17], and bioplastics [18]. These can be pro-

duced via chemical, chemo-enzymatic, and biotechnologi-

cal approaches (e.g., solid state fermentation) but

depending on the type of residue some compounds (e.g.,

essential oils, chemicals, etc.) can even be produced upon

extraction and isolation [19]. The production of biomass-

derived chemicals is a sustainable approach since it maxi-

mizes the use of resources and, at the same time, mini-

mizes waste generation.

The major strength of biotechnology is its multidisci-

plinary nature and the broad range of scientific

approaches that it encompasses. Among the broad range

of technologies with the potential to reach the goal of

sustainability, biotechnology could take an important

place, especially in the fields of food production, renew-

able raw materials and energy, pollution prevention, and

bioremediation. At present, the major application of

biotechnology used in the environmental protection is to

utilize microorganisms to control environmental contami-

nation. Developing biotechnology could be a solution for

these problems – this will also be given emphasis in this

review.

Although waste valorization is an attractive approach

for sustainability, on a large scale perspective, the purifi-

cation, processing, and even the degradation of stable nat-

ural polymers (e.g., lignin) into simple usable chemicals

still remain a significant challenge (Fig. 1).

In recent years, there have been increasing concerns in

the disposal of food waste. The amount of food waste

generated globally accounts for a staggering 1.3 billion

tonnes per year. Apart from causing the loss of a poten-

tially valuable food source or the regenerated resource,

there are problems associated with the disposal of food

waste into landfills. With this imminent waste manage-

ment issue, food waste should be diverted from landfills

to other processing facilities in the foreseeable future. In

Hong Kong, there are 3600 tonnes of food waste gener-

ated (Table 1), 40% of which is made up of municipal

solid waste (MSW). Fifty two percent (52%) of the MSW

generated is dumped into landfills [20]. It is estimated
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that by 2018, all current landfill sites in Hong Kong will

be exhausted.

Although the problem of food waste is commonly

found over the world, the systems of food waste process-

ing can only be formulated at the local community level

with the consideration of the area-specific characteristics.

These include regional characteristics and composition of

waste, land availability, people’s attitude and so forth.

However, due to the lack of the local study concerning

the suitability of food waste processing technologies for

Hong Kong, this review is important to provide a few

suggestions for the authorities to contemplate the adop-

tion of a strategy on food waste disposal.

This contribution has been conceived to provide an

overview on recent development of waste valorization

strategies (with a particular emphasis on food waste) for

the sustainable production of chemicals, materials, and

fuels, highlighting key examples from recent research

conducted by our groups. Reports on the development of

green production strategies from waste and key insights

into the recent legislation on management of wastes

worldwide will also be discussed. The incorporation of

these processes in future biorefineries for the production

of value-added products and fuels will be an important

contribution toward the world’s highest priority target of

sustainable development.

Waste: Problems and Opportunities

In recent years, problems associated with the disposal of

food waste to landfills lead to increased interest in search-

ing for innovative alternatives due to the high proportion

of organic matter in food waste,. First generation food

waste processing technologies include waste to energy

(e.g., anaerobic digestion), composting, and animal feed.

Based on the characteristics of food waste, an integrated

approach should be adopted with the focus on food waste

reduction and separation, recycling commercial and

industrial food waste, volume reduction of domestic food

waste and energy recovery from food waste.

Sources, characterization, and composition

of waste

The large amounts of waste generated globally present an

attractive sustainable source for industrially important

chemicals. Food waste including garbage, swill, and

kitchen refuse [21], can be generally described as any by-

product or waste product from the production, process-

ing, distribution, and consumption of food [22].

The definition of food waste is, however, different in

different countries or cities. In the European Union, food

waste is defined as “any food substance, raw or cooked,

which is discarded, or intended or required to be dis-

carded.” The United States Environmental Protection

Agency (EPA), on the other hand, defines food waste as

“Uneaten food and food preparation waste from resi-

dences and commercial establishments such as grocery

stores, restaurants, and produce stands, institutional cafe-

terias and kitchens, and industrial sources including

employee lunchrooms.” In the United Nations, “Food

waste” and “Food loss” are distinguished. Food losses

refer to the decrease in food quantity or quality, which

makes it unsuitable for human consumption [23] while

food waste refer to food losses at the end of the food

chain due to retailers’ and consumers’ behavior [24]. All

Table 1. Composition of waste in Hong Kong [20].

Waste Tonnes/day

Municipal solid waste 9000

Domestic waste (including food waste) 6000 (2550)

Commercial and industrial waste

(including food waste)

3000 (1050)

Construction waste 3350

Sewage sludge 950

Other waste 200

Total 13,500

Figure 1. Valorization is essentially a concept of recycling waste into

more usable industrial chemicals. Using established Green Processing

technologies, various types of waste can be converted into high-value

chemicals and fuels with the purpose of minimizing waste disposal

volumes and eventually protecting the environment.
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in all, food waste includes not just wasted foodstuffs, but

also uncooked raw materials or edible materials from gro-

ceries and wet market.

Food waste is generally characterized by a high diversity

and variability, a high proportion of organic matter, and

high moisture content. Table 1 summarizes some

reported characteristics of food waste, indicating moisture

content of 74–90%, volatile solids to total solids ratio

(VS/TS) of 80–97%, and carbon to nitrogen ratio (C/N)

of 14.7–36.4 [25]. Due to these properties, food waste dis-

posal constitutes a significant problem due to the growth

of pathogens and rapid autoxidation [26]. As there are

already many different microorganisms in food waste, the

high rate of microbial activity and the amount of nutri-

ents in food wastes facilitate the growth of pathogens,

which cause the concern for foul odor, sanitation prob-

lems, and could even lead to infectious diseases. The high

moisture contents [23] also increase the cost of food

waste transportation. Food waste with high lipid content

is also susceptible to rapid oxidation. The release of

foul-smelling fatty acids also adds difficulties to the stor-

age of treatment of food waste (Table 2).

According to a study commissioned by the United

Nations Food and Agriculture Organization (UNFAO) in

2011, 1.3 billion tonnes of food waste is generated per

year and roughly one third of food produced for human

consumption is lost or wasted globally. The report also

noted that food waste of industrialized countries and

developing countries have different characteristics. Firstly,

increasingly important quantities of food waste are gener-

ated in industrialized countries as compared to volumes

observed in developing countries on a per capita basis.

Figure 2 shows the per capita food loss in Europe and

North America is 280–300 kg/year. In contrast, the food

loss per capita in sub-Saharan Africa and South/Southeast

Asia accounts for 120–170 kg/year. Also, food waste is

mainly generated at retail and consumer levels in indus-

trialized countries. Comparatively, food waste is generated

in developing countries mainly at postharvest and

processing levels, supported by the per capita that is, food

waste generated by consumer levels in Asia is only 6–

11 kg/year [27].

Interestingly, the amount of food waste generated for

example in Hong Kong is staggering. Figure 3 shows an

Table 2. Characteristics of reported domestic food waste [18].

Source

Characteristics

CountryMoisture content (%) Volatile solid/total solid (%) Carbon/nitrogen

A dining hall 80 95 14.7 Korea

University’s cafeteria 80 94 NA* Korea

A dining hall 93 94 18.3 Korea

A dining hall 84 96 NA Korea

Mixed municipal sources 90 80 NA Germany

Mixed municipal sources 74 90–97 NA Australia

Emanating from fruit and vegetable,

markets, household and juices centers

85 89 36.4 India

*NA, not available.

Figure 2. Per capita food losses and waste, at consumption and pre-consumption stages, in different regions [19].
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increasing trend of the food waste generated daily from

3155 tonnes in 2002 to 3484 tonnes in 2011. Although

the disposal of food waste in landfills was found to be the

most economical option [28], it causes numerous prob-

lems in landfill sites. As landfilling disposal generally bur-

ies and compacts waste under the ground, the

decomposition of food waste produces methane, a GHG

that is twenty-one times powerful than carbon dioxide

(CO2) under anaerobic environment conditions. Such

production can in fact remarkably affect the environment

in the area as some reports indicated that around 30% of

GHG produced in Hong Kong are generated in landfill

sites [29]. Methane is also flammable and may lead to

fires and explosions upon accumulation at certain con-

centrations. In addition, the decomposition of food waste

develop unpleasant odor as well as leachates and organic

salts that could damaging landfill liners, leaching out

heavy metals and resulting in contamination of ground

waters [30].

Valorization research has evolved through the years,

with many techniques and developments achieved in

recent decades. Waste feedstock including bread, wheat,

orange peel residues, lignocellulosic sources, etc. are

currently explored as sources of chemicals and fuels. On a

recent review by Pfaltzgraff et al. [31], it was noted that

the valorization of food wastes into fine chemicals is a

more profitable and less energy consuming as compared

to its possibilities for fuels production. Because of this,

related waste processing technologies, particularly related

to the production of fuels, have also been proposed to

address energy efficiency and profitability from a range of

different feedstocks. Toledano et al. [32, 33] reported a

lignin deconstruction approach using a novel Ni-based

heterogeneous catalyst under microwave irradiation.

Different hydrogen donating solvents were explored for

lignin depolymerization, finding formic acid as most

effective hydrogen donating reagent due to the efficient

generation of hydrogen for hydrogenolysis reactions

(from its decomposition into CO, CO2, and H2) and its

inherent acidic character that induces acidolytic cleavage

of C-C bonds in lignin at the same time. The heteroge-

neous acidic support also acted as a Lewis acid, coordi-

nating to lignin thereby promoting acidic protonation,

and eventually dealkylation and deacylation reactions

(Fig. 4). Figure 5 shows the structural complexity of the

lignin biopolymer. Lignin deconstruction to simple aro-

matics including syringaldehyde, mesitol, and related

compounds could serve the basis for a new generation of

renewable gasolines [34].

Simple phenolic compounds with potential antioxidant

properties can also be derived from cauliflower by-prod-

ucts [35]. The proposed valorization strategy comprised a

combined solvent-extraction step using an organic solvent

together with a polystyrene resin (Amberlite XAD – 2) to

recover most phenolics prior to high performance liquid

chromatography (HPLC) analysis. Kaempferol-3-O-

sophoroside-7-O-glucoside and its sinapoyl derivative

kaempferol-3-O-(sinapoylsophoroside)-7-O-glucoside

were obtained as main extracted components. A separate

study by S�aiz et al. [36] also proved near-infrared (NIR)

spectroscopy was a highly useful technique to character-

ization online of alcohol fermentation from onions. Along

with multivariate calibration, this technique can lead to

the analysis of samples with complex matrices without a

prior sample preparation. One approach to a greener

characterization method would be the coupling of a chro-

matographic technique to a flow instrument. This cou-

pling has been shown to work in studies on metal

analysis [37], online derivatization and separation of

aspartic acid enantiomers [38], as well as for an enzyme

inhibition assay [39], but it has not yet been shown to be

successful for waste valorization.

Development of greener valorization
strategies

There are numerous options for waste processing and/or

recycling in the world. Composting, regenerated animal

feed and bedding, incineration, anaerobic digestion, and

related first generation strategies have been proposed and

investigated for a long time. Some of these techniques

have been successful in making their way to commerciali-

zation. Considering the storage problem and the large

amount of food waste generated every day, food waste

processing facilities have to be in a mega-scale size with

enough treatment capacity to handle numerous tonnes of

food wastes daily. It definitely requires a large initial

investment for setting up the industrial scale facilities.

Also, in case of off-site processing, the large volume and

great weight of food waste adds difficulty since the collec-

tion of food waste significantly increases the transporta-
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tion cost and time. Besides, the variation in composition

of food wastes, affects the quality of regenerated products,

such as compost and animal feed. Therefore, it decreases

the product’s competiveness in the market.

As demonstrated in the above-mentioned examples,

valorization may be carried out under different conditions

depending on the target components needed. Before

reaching an industrial upscale, enhancement of valoriza-

tion product yield may be done by careful variation of the

valorization strategies, in particular advanced protocols

able to diversify on feedstock and end products obtained

from them. Currently, an active area of research relates to

catalytic valorization strategies using solid acid catalysts

[41, 42]. One example of a green protocol on valorization

of waste oils to biodiesel was provided by Fu et al. [43],

in which a superacid was prepared by adding a sulfuric

acid solution to zirconium hydroxide powder. Under

optimum reaction conditions, 9:1 MeOH/oil molar ratio,

3% (w/w) catalyst, and 4 h reaction time at 120°C,

biodiesel yield reached 93.2%. Apart from metal supports

functionalized with acids, carbon-based catalysts for waste

valorization are also attractively developed protocols.

Aside from being an easily separable reaction component,

functionalized carbonaceous materials can also be recycla-

ble. In a study by Clark et al. [44], carbonaceous materials

from porous starches (Starbons�, Department of Chemis-

try, University of York, York, UK) functionalized with

sulfonated groups were found to have a catalytic activity

2–10 times greater to those of common microporous car-

bonaceous catalysts in a range of chemistries including

biodiesel production from waste oils and SA transforma-

tions in a fermentation broth. A separate study by Luque

et al. [45] employed carbonaceous residues of biomass

gasification as catalysts for biodiesel synthesis. The results

showed good ester conversion yields from fatty acids to

methyl esters. The above-mentioned examples demon-

strate that designer catalysts can be attractive options in

the valorization of a range of waste feedstocks.

A promising sustainable approach would also be the

use of ionic liquid-type compounds which can be derived

from renewable feedstock such as the so-called deep-

eutectic solvents [46–49] and even selected designer ionic

liquids. These compounds are salts in their liquid states

with very unique properties such as very low vapor

pressure, thermal stability, and tunability based on differ-

ent applications. A study by Ruiz et al. [50] presented a –

SO3H functionalized Bronsted acid ionic liquids catalyzed

synthesis of an important chemical precursor such as fur-

Figure 4. Simultaneous transesterification and esterification of waste oils using solid acid catalysts produced fatty acid methyl esters (a nonpolar

component) along with water and glycerol (polar compounds) that separate out spontaneously from the reaction mixture forming two phases.
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fural from C5 sugars under microwave heating. Furfural

yield varied from 40% to 85% depending on the type of

Ionic liquid used and the feedstock employed in the pro-

cess. It was shown that the ionic liquid 1-(4-Sulfonylbu-

tyl)pyridinium tetrafluoroborate produced a yield of 95%

for xylose conversion and 85% for furfural. Importantly,

the protocol was amenable to the utilization of a biorefin-

ery-derived syrup enriched in C5 oligomers, from which a

40–45% of furfural yield could be derived.

A separate study by Zhang et al. [51] showed that the

direct conversion of monosaccharides, and polysaccha-

rides to 5-hydroxymethylfurfural (5-HMF) may be

accomplished using ionic liquids in the presence of Ger-

manium (IV) chloride. Yields of the reaction could go as

high as 92% depending on the reaction conditions used.

The mechanism proposed by the researchers indicate the

role of the GeCl4 as a Lewis acid catalyst for the ring

opening of the sugars, which is immediately followed by

several dehydration steps to produce 5-HMF.

As alternative to these catalytic strategies, photocatalytic

approaches to waste valorization could also serve the basis

of innovative and highly attractive future valorization pro-

tocols. A recent review by Colmenares et al. [52] addressed

the potential and opportunities of photocatalysis to

convert lignin biomass into fine chemicals using designer

TiO2 nanocatalysts. These nanomaterials featuring doping

agents (to lower the band gap of titania) have been shown

to be effective in water splitting experiments (to form H2

and O2) to harness the potential of hydrogen as fuel. One

of the earliest promising works of light-mediated degrada-

tion was shown by Stillings et al. [53] when they were

able to degrade cellulose using Ultraviolet radiation. How-

ever, this has not been shown to be possible using visible

light due to energy considerations. A photocatalytic

approach to degradation may also be accomplished using

functionalized graphenes (monolayers of sp2 carbon atoms

in a honeycomb lattice known to have ballistic electron

transport properties). Functionalized graphenes and com-

posites with other semiconductors have been shown to

exhibit degradation properties [54, 55], but this concept

has not yet been applied to waste valorization strategies.

Recent legislation on waste management

Philippines

In Metro Manila at Philippines, almost 3.5 kg of solid

waste is generated per capita every day. This amount

includes food/kitchen waste, papers, polyethylene ter-

ephthalate bottles, metals, and cans. Although most Metro

Manila residents do not practice the open burning of

waste, a necessary waste segregation is performed for ease

of collection. Being the country’s capital, and one of the

world’s most densely populated cities, Metro Manila gen-

erates over 2400 tons of waste everyday, which equates to

a government spending of Php 3.4 billion (63 Million

Euros) in collection and disposal. Not much legislation is

available in the Philippines in terms of waste manage-

ment. Although Republic Act 9003 (Solid Waste Manage-

ment Act) has been passed last 2000, a recent 2008 study

showed that it has not been properly implemented [56].

Hong Kong

One third of the food waste generated in Hong Kong

come from the Commercial and Industry (C&I) sector,
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Figure 5. The structural complexicity of lignin being composed of

aromatic compounds show its potential in different applications such

as for fuel, and in the production of high-value chemicals (Image

adapted from Stewart et al., 2009 [40]).
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with the remaining percentage coming from households.

In recent years, the amount of disposal of food waste

from C&I sectors remarkably increased by 280% from

373 tonnes in 2002 to 1050 tonnes in 2011. It is antici-

pated that the food waste generated in Hong Kong will

continue to rise, driven by the significant increase of the

C&I food waste generation. The disposal of food waste

(an organic waste which decomposes easily) to landfills is

not sustainable, as it leads to rapid depletion of the lim-

ited landfill space. From the 2013 Policy Address by the

Office of the Chief Executive in Hong Kong [57], there

was a special emphasis on “Reduction of Food Waste” as

stated in Section 142 below:

“Food waste imposes a heavy burden on our landfills as it

accounts for about 40% of total waste disposed of in landfills.

In addition, odour from food waste creates nuisance to nearby

residents. The Government has recently launched the “Food

Wise Hong Kong Campaign” to mobilise the public as well

as the industrial and commercial sectors to reduce food waste.

We will build modern facilities in phases for recovery of

organic waste so that it can be converted into energy, compost

and other products.” [57].

The Environmental Protection Department (EPD) has

planned to develop Organic Waste Treatment Facilities

(OWTF). Such facilities will adopt biological technologies

– composting and anaerobic digestion to stabilize the

organic waste and turn it into compost and biogas for

recovery. The first phase of the OWTF will be constructed

at Siu Ho Wan with a daily treatment capacity of 200

tonnes of source separated organic waste (Fig. 6). The

second phase will be located at Sha Ling of North District

with a daily treatment capacity of 300 tonnes of organic

waste.

Waste reduction at source should be the top priority so

as to reduce the amount of food waste generated. Success-

ful examples for the implementation of MSW charging

scheme in Asian cities such as Taipei, Taiwan, and Seoul,

South Korea could effectively reduce the total amount of

MSW by 50% in 10 years [20]. These governments intro-

duced quantity/volume-based charging scheme to create

financial incentives to change public’s food waste-generat-

ing behavior to achieve waste reduction at source. In addi-

tion, they introduced prepaid designated food waste bag

charging system so as to achieve source separation. Food

waste together with plastic bags can undergo treatment

without extra separation step in the treatment facilities.

Waste Valorization Strategies: Case
Studies

Biological treatment technologies including anaerobic

digestion and composting have been reported extensively

in past years. Under anaerobic digestion, biogas is gener-

ated as main product. Takata et al. [58] reported the

production of 223 m3 biogas from 1 tonne of food waste.

However, Bernstad et al. [59] reported that the yield of

biogas production may vary depending on the composi-

tion of waste and the existence of detergent. Numerous

studies show that the lack of enough nutrients limits the

ability of enzymes to digest waste [21, 60]. This can

divert waste from landfill, and thus prevent the emission

of GHG to the environment. Also, the solid residues can

be used as compost, which can reduce the amount of

used chemical fertilizers. Economically, anaerobic diges-

tion can generate electricity on-site and may reduce

energy cost. Also, it can be adopted in sewage treatment

facilities, thereby eliminating transportation costs.

Another way to valorize waste is by incineration for

energy recovery. However, burning food waste is an

energy intensive process and may remove important func-

tional groups from the treated feedstocks. The following

sections report case studies of different feedstock in

different countries to illustrate the potential of waste

valorization for the production of materials, chemicals,

and products.

Utilization of bakery waste in the
biotechnological production of value-added

products

Based on the large quantities of food waste generated at

Hong Kong on a daily basis, Lin et al. have been recently

focused on the valorization of unconsumed bakery prod-

ucts to valuable products via bio-processing in collabora-

tion with retailer “Starbucks Hong Kong”. Research was

initially set on the production of bio-plastics poly(3-hy-

Figure 6. Map of Hong Kong indicates the location of the two

organic waste treatment facility (OWTF) in Siu Ho Wan (Phase I) and

Shaling (Phase II) [16].
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droxybutyrate) (PHB) and platform chemicals (e.g., SA)

via enzymatic hydrolysis of non pretreated bakery waste,

followed by fungal solid state fermentation to break down

carbohydrates into simple sugars for subsequent SA or

PHB fermentation. In the proposed biotechnological pro-

cess, bakery waste serve as the nutrient source, including

starch, fructose, free amino nitrogen (FAN), and trace

amount of subsidiary nutrients. The nutrient content is

listed in Table 3 below.

In general, pastries have larger starch and lipid content

to those of cakes; whereas cakes have higher sugar

(fructose and sucrose) and protein content. Nevertheless,

both types of bakery waste were proved to serve as excel-

lent nutritional substrates for fermentative production of

SA or bioplastics after hydrolysis. Our groups previously

demonstrated that SA could be produced from wheat-

based renewable feedstock [63–65] and bread waste [66]

via fermentation. Similarly, production of biopolymers

from various types of food industrial waste and agricul-

tural crops was shown to be techno-economically feasible

for replacing petroleum-derived plastics [67].

The key components in the project are illustrated in

Figure 7. In the upstream processing, the bakery waste

was collected from a Starbucks outlet in the Shatin New

Town Plaza. A mixture of fungi comprising Asperillus

awamori and Asperillus oryzae were utilized for the pro-

duction of amylolytic and proteolytic enzymes, respec-

tively. Macromolecules including starch and proteins

contained in bakery waste were hydrolysed, expected to

enrich the final solution in glucose and FAN. This hydro-

lysate was subsequently used as feedstock in a bioreaction

by two different types of microorganisms (Actinobacillus

succinogenes and Halomonas boliviensis) to produce (SA)

and PHB, respectively.

Although food waste is a no-cost nutritional source,

the application of commercial enzymes in upstream pro-

cessing might not be cost-efficient. To reduce process

costs, the degradation of bread and bakery waste has been

previously studied [61, 66]. In these studies, A. awamori

and A. oryzae were the fungal secretors of glucoamylase

protease and phosphatase as well as a range of other

hydrolytic enzymes that does not require any external

addition of commercial enzymes.

According to Figure 8, glucose (54.2 g/L) and FAN

concentrations (758.5 mg/L) were achieved at 30% (w/v)

pastry waste after enzymatic hydrolysis. On the other

hand, sucrose present in cake was hydrolyzed to form 1

mole of glucose and 1 mole of fructose. The glucose

(35.6 g/L), fructose (23.1 g/L), and FAN concentrations

(685.5 mg/L) were achieved at 30% (w/v) cake waste.

Among all, waste bread hydrolysate contained the highest

glucose and FAN concentrations, which were 104.8 g/L

and 492.6 mg/L, respectively. These results clearly demon-

strate the potential of utilizing bakery hydrolysate as

generic feedstock for fermentations.

Batch fermentations on enzymatic hydrolysates were

subsequently carried out to investigate the cell growth,

glucose consumption as well as SA production. Cake

hydrolysate consisting an initial sugar content of 23.1 g/

L glucose and 18.5 g/L fructose, and pastry hydrolysate

with an initial sugar content of 44.0 g/L glucose were

both utilized as fermentation feedstock. At the end of

fermentation, the remaining glucose was 5.2 g/L whereas

fructose was 3.7 g/L. A final SA concentration of 24.8 g/

L was obtained at the end point, which corresponded to

a yield of 0.8 g SA/g total sugar and a productivity of

0.79 g/L.h (Fig. 9). The overall conversion of waste cake

into SA was 0.28 g/g cake.

Compared with cake hydrolysates, pastry hydrolysates

possessed larger concentrations of initial glucose (44.0 g/

L). SA concentration continuously increased until sugar

was depleted after 44 h. At the end of fermentation, the

SA concentration reached 31.7 g/L, which corresponded

to a yield of 0.67 g SA/g glucose and a productivity of

0.87 g/L.h.

SA production achieved from various food waste resi-

dues has been compared in Table 4. It is clear that SA

yields obtained when using cake and pastry wastes as

feedstock were comparable or higher to those of other

food waste-derived media.

Biotechnological PHB production using

bakery waste and seawater

Halomonas boliviensis has been utilized in fermentations

for the bioconversion of bakery hydrolysate into PHB.

This microorganism is a moderate halophilic and alkali

tolerant bacterium that can produce PHB through fer-

mentative processes under aerobic condition [73]. It was

isolated from a Bolivian salt lake, and the rod-shaped H.

Table 3. Bakery waste composition (per 100 g) [61, 62].

Content Pastry Cake Wheat bran

Moisture 34.5 g 45.0 g N/A

Starch (dry basis) 44.6 g 12.6 g N/A

Carbohydrate 33.5 g 62.0 g 15.0 g

Lipids 35.2 g 19.0 g 6 g

Sucrose 4.5 g 22.7 g N/A

Fructose 2.3 g 11.9 g N/A

Free sugar 1.5 g

Fiber N/A N/A 50 g

Protein (TN 9 5.7) (dry basis) 7.1 g 17.0 g 14.0 g

Total phosphorus (dry basis) 1.7 g 1.5 g N/A

Ash (dry basis) 2.5 g 1.6 g N/A

N/A, data not available.
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boliviensis is able to survive and synthesize PHB under

salty environment.

Table 5 shows a summary of PHB fermentation results

using defined medium and bakery hydrolysates, namely

cake and pastry hydrolysates. PHB yields suggested that a

defined fermentation medium (40 g/L glucose, 5 g/L yeast

extract) can provide an optimum PHB yield (72%). The

lowest PHB yield (1–2%), as expected, was obtained

under bakery hydrolysate fermentation media. This dem-

onstrates that a defined medium with 40 g/L glucose and

around 5 g/L yeast extract could provide sufficient nutri-

ents for H. boliviensis to produce PHB efficiently.

The overall glucose consumption for defined medium

fermentation in the batch mode ranged from 13 to 60 g.

High initial nitrogen source could hinder PHB produc-

tion by 10 times, as indicated from PHB yield obtained

by defined medium. A similar effect could possibly lead

to the low PHB yield observed in bakery hydrolysate fer-

mentation. With the continuous supply of nitrogen

source, H. boliviensis consumed glucose in a faster rate

for PHB production, maintenance, and synthesis of other

metabolites (six times higher overall glucose consumption

with the feeding of bakery hydrolysate). Halomonas bolivi-

ensis synthesizes ectonie and hydroxyectonie as osmolytes

as NaCl concentration increases in the cell’s environment.

Van-Thuoc et al. [74] reported the co-production of ec-

tonie and PHB in a combined two-step fed-batch culture.

Similarly, the formation of other primary metabolites

such as ectoines in the bakery hydrolysate fermentation

was observed in these studies. This consequently led to a

Upstream processing Bioconversion

Purification

Bakery

waste
Simple

sugar

Succinic acid

fermentation broth

Purified succinic

acid crystals

Purification
PHB fermentation

broth

Purified PHB

films

Bakery waste Bacterial fermentation

Succinic acidSolid-state fermentation

Fungal fermentation

Poly (3-
hydroxybutyrate),

PHB

Figure 7. Flow chart of a bakery-based food waste biorefinery development, from bakery waste as raw material to succinic acid and poly(3-

hydroxybutyrate), PHB as final products.
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lower PHB production when bakery hydrolysate and sea-

water were used as fermentation feedstocks. The highest

overall yield of PHB production for the defined medium

(with less glucose consumption and higher PHB produc-

tion) was about 17% as compared to a rather low 3.5%

observed for bakery hydrolysate.

In summary, this project is currently demonstrating the

green credentials in the development of advanced food

waste valorization practices to valuable products, which

also include GHG reductions as well as the production of

other air pollutants. Such a synergistic solution may be

feasible for adoption by the Hong Kong Government as

part of their strategy for tackling the food waste issue as

well as for the environmentally friendly production of

alternative platform chemicals and biodegradable plastics.

Chemical valorization of food waste for

bioenergy production

The valorization of waste to important chemicals can be

accomplished through different approaches as discussed.

Another potentially interesting approach to advanced val-

orization practices would be the chemical utilization of

various waste raw materials for conversion into high-

value products.

A case study of such integrated valorization is a recent

study on the conversion of corncob residues into func-

tional catalysts for the preparation of fatty acid methyl

esters (FAME) from waste oils [75]. The design of the

catalyst involved an incomplete carbonization step under

air to partially degrade the lignin materials mostly present

in corncobs, followed by subsequent functionalization via

sulfonation to generate –SO3H acidic sites. The solid acid

catalyst was then subjected to conditioning prior to its

utilization in the conversion of waste cooking oil with a

high content of free fatty acids (FFA) to biodiesel-like

biofuels. The advantage of the designed solid acid catalyst,

apart from being derived from food waste, is the possibil-

ity to conduct a simultaneous esterification of FFA pres-

ent in the waste oil as well as transesterification of the

remaining triglycerides also present in the oil (Fig. 4).

In this approach, the generation of two valuable prod-

ucts (a cheap solid acid catalyst and biodiesel-like biofu-

els) can be achieved starting from two food waste

feedstock (corncobs and waste cooking oils). The solid

acid catalysts were characterized using a range of tech-

niques. Fourier transform infrared spectroscopy (FTIR)

showed the presence of different functional groups

including C=O, C-O, C-S, and aromatic C=C in the

Table 4. Comparison of succinic acid yields achieved using different

food waste substrates with Actinobacillus succinogenes.

Substrate

SA yield

(g SA/g TS)

Overall SA yield

(g SA/g substrate) References

Wheat 0.40 0.40 [63]

Wheat flour

milling by-product

1.02 0.087 [64]

Potatoes N/A N/A [68]

Corncob 0.58 N/A [69]

Rapeseed meal1 0.115 N/A [70]

Rapeseed meal2 N/A N/A [71]

Orange peel 0.58 Negligible [72]

Bread 1.16 0.55 [66]

Cake 0.80 0.28 [61]

Pastry 0.67 0.35 [61]

N/A, not available.
1Rapeseed meal is treated by diluted sulfuric acid hydrolysis and sub-

sequent enzymatic hydrolysis of pectinase, celluclast, and viscozyme.
2Rapeseed meal is treated by enzymatic hydrolysis using A. oryzae.
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materials (Table 6). The catalytic activity of the solids also

showed remarkable activity toward the conversion of

waste cooking oils into biodiesel-like biofuels. A maxi-

mum of 98% yield to methyl esters could be obtained

without prior purification of the oils. Importantly, kinet-

ics of the transesterification reaction was significantly

slower to those of the esterification of FFA present in the

oil. Despite a low –SO3H loading (1 wt% S, 0.16 mmol/g

–SO3H), the catalytic activity was still high, indicating a

possibly different surface functionality (Fig. 10).

The recyclability of the solid acid catalysts still, how-

ever, needs to be further optimized. Catalysts were found

to deactivate quickly (after two uses) due to the aqueous

promoted decomposition and hydrolysis of the sulfonated

groups in the material [75]. Materials should be tested

under different conditions of temperature, carbonizing

atmosphere, and even pressure to improve the stability

and robustness of the catalyst for the selected process.

Nevertheless, this study provides a promising proof of

concept of the potential of an integrated valorization of

various waste raw material into valuable end products

and biofuels as it avoids the pretreatment of the waste

oils (generally required to reduce the high FFA content to

allow the conventional base-transesterification process to

take place avoiding the formation of undesirable soaps

and emulsions) and generates a relatively pure biofuel

from a residue using an environmentally friendly and

cheap solid acid catalyst.

Tailored-made healing biopolymers from
the meat industry

The meat industry generates enormous quantities of solid

waste [76]. Managing such residues entails a significant

problem for the sector as many of the generated by-prod-

ucts and residues are prone to degradation and microbial

contamination. However, an important part of these resi-

dues are rich in various added value products, which

upon extraction could constitute a source of interesting

revenues for these industries. Among the most promising

compounds from meat industry-derived by products, we

can include oily fats and collagen [77]. Valorization of

the aforementioned waste fats from slaughterhouses and

meat processing industries to biodiesel-like biofuels has

been studied via esterification/transesterification using dif-

ferent types of catalysts and protocols, which entailed in

some cases a pretreatment and refining of the fat [78]. In

principle, these will be, however, conducted in a similar

way to that reported in the previously showcased study of

waste cooking oils valorization.

Comparatively, collagen-containing residues (e.g.,

bovine hides) are increasingly important residues from

the meat industry that are often derived to leather pro-

cessing companies. Interestingly, the significant amounts

of collagen present in such samples are not that well

known [77].

Collagen is a ubiquitous and most relevant biopolymer

in vertebrates [77–79], which possesses a highly interesting

versatility to be employed in a wide range of applications

in different areas from regenerative medicine to cosmetics

and veterinary. Extraction and stabilization of collagenic

biopolymers from waste, particularly related to their phys-

Table 6. Summary of bands observed in IR analysis for all sulfonated

samples.

Frequency of band Corresponding functional group

1700 cm�1 C=O

1597 cm�1 C=C aromatic

1219 cm�1 S=O

1029 cm�1 C-S

Table 5. The overall performance of both defined medium and bakery hydrolysate fermentation for PHB production in terms of fermentation

conditions and results.

Batch no. Fermentation medium

Fermentation

mode Feeding media

Fermentation

time (h)

Glucose

consumption (g)

CDW

(g)

PHB

production (g)

PHB

content (%)

1 Defined (40 g/L glucose,

2 g/L yeast extract)

Batch NIL 64.0 13.0 NIL NIL NIL

2 Defined (40 g/L glucose,

5 g/L yeast extract)

Batch NIL 88.0 24.0 24.9 17.4 17.4

3 Defined (40 g/L glucose,

8 g/L yeast extract)

Batch NIL 75.0 59.9 9.2 4.3 4.3

4 Pastry hydrolysate Batch NIL 23.5 32.8 NIL NIL NIL

5 Pastry hydrolysate Fed-batch Glucose solution 135.5 112.3 5.7 2.1 2.1

6 Pastry hydrolysate Fed-batch Pastry hydrolysate 67.0 208.8 38.2 3.6 3.6

7 Pastry hydrolysate Fed-batch Pastry hydrolysate 87.0 359.9 15.6 0.6 0.59

8 Cake hydrolysate Fed-batch Cake hydrolysate 63.0 200.5 11.6 2.9 2.9

CDW, cell dry weight.
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ical properties, (e.g., via cross-linking) constitutes an

innovative pathway toward the production of novel

potentially industrial products (e.g., tissue engineering,

wound healing, antimicrobial aposits, etc.). Cross-linking

methodologies can in principle generate additional bond

formation to stabilize polymers with additional benefits

on physical properties including swelling and flexibility.

In the light of these premises, a recent example on the

extraction, cross-linking and purification of collagenic

biopolymers from splits (pickled hides) and the so-called

wet-white hides (from tannery-derived hides treated with

glutaraldehyde or phenolic compounds for chromium-free

leather production) demonstrated the possibility to obtain

valuable end products based on tailored-made biocollagen

with improved mechanical properties, stabilized struc-

tures, and desired molecular weight ranges, which could

be employed in wound healing acceleration in rats [80,

81]. Interestingly, these biopolymers could be easily

shaped into various forms including fibers, sponges, and/

or films, paving the way to the development of potentially

novel biomaterials for different biomedical applications

(Fig. 11). A simple hydrolytic process was able to extract

the collagen, followed by subsequent cross-linking to sta-

ble biopolymers or direct application upon purification

by ultrafiltration as unguent for induced wounds in rats

[80, 81].

Maximum yields of biopolymer extracted were

obtained at 0.25 mm grinding size and the use of diluted

acetic acid as hydrolytic agent (24 h, room temperature),

for which also a minimum swelling (better biopolymer

properties) was also observed. Interestingly, samples

obtained from splits exhibited a better desirability to

those extracted from wet-white hides. Isolated biopoly-

mers possessed molecular weight of ca. 300 kDa, in con-

trast to conventional collagen derivatives for which

molecular weights are usually within 15–50 kDa for

hydrolysates [82] and 50–200 kDa for gelatine [83].
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Figure 10. Plot of the FAME yield of the samples versus the %S

content (A, material carbonized at 400°C for 5 h; B, carbonized at

400°C for 10 h; C, carbonized at 500°C for 5 h; D, carbonized at

500°C for 10 h; E, carbonized at 600°C for 5 h; F, carbonized at

600°C for 10 h). A higher degree of functionalization (higher %S)

generally leads to improved FAME yields. Results also highlight the

superior catalytic activities of sulfonated carbonaceous materials

compared to blank (no conversion, data not shown) and the positive

control referring to the homogeneously H2SO4 catalyzed reaction.
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Figure 11. Meat and tannery-derived residues can be valorized to valuable collagenic biopolymers that can be formed into fibers, films, and

sponges for various applications. Right plot depicts a comparison of activity in induced wounds in rats between pure and diluted collagen-

extracted formulations (100%, 5% and 10% test, respectively) and a control sample (no treatment) and commercial formulations (Carbopol,

Catrix).
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Biocollagenic materials were found to be very attractive

and highly useful in treatment of induced burns/wounds

in mice (Fig. 11), showing in all cases improved tissue

regeneration and wound healing as compared to

untreated wounds and commercial formulations including

Carbopol and Catrix. Even diluted formulations contain-

ing 5 wt% of the collagenic biopolymer (Fig. 11, right

plot) were found to provide improved results.

Future Prospects and Conclusions

Excessive disposal of food and plastic waste are deterio-

rating the landfill issue in many parts of the World.

Waste valorization is an attractive concept that has gained

increasing popularity in many countries nowadays due to

the rapid increase in generation of such waste residues.

Because of this, researchers are not only developing valo-

rization strategies but also focusing on the design of

greener materials utilizing a range of green technologies.

One example of this could be the synthesis of magneti-

cally separable substances [84–87]. Not only are these able

to catalyze the necessary conversion, they are also eco-

nomically attractive due to their simple preparation [55,

84, 85]. Also, the production of carbon-based catalysts

maybe continued for research, but greener preparations

(such as microwave-mediated functionalization) to lessen

the energy investment, should be explored. Furthermore,

the emergence of graphene as catalyst in many reactions

should also be noted for valorization purposes.

As previously mentioned, an interesting valorization

protocol to develop would be a photocatalytic approach.

To accomplish such photocatalytic strategies, TiO2, Pt/

CdS/TiO2 composite materials [88], TiO2/Ni(OH)2 [84]

clusters may be used depending on the target, samples,

and reaction conditions. Photodegradation has been

shown to be possible toward many environmental pollu-

tants such as chlorofluorocarbons [55], CO2 [85], and

NO [54], but whether these photoactive composites could

degrade the stable polymeric structure of lignin/protein/

carbohydrates is yet to be seen and perhaps understood.

A recent study by Balu et al. [89], reports on the prepara-

tion of a TiO2-guanidine-(Ni,Co)Fe2O4 photoactive mate-

rial. The addition of the guanidine was made to lower the

band gap of the material hence making it active under

visible light. Testing the material to a model chemical

reaction, using malic acid and the synthesized photomate-

rial produced simpler chemicals such as formic acid, ace-

tic acid, and oxalic acid with a selectivity of around 80%.

This study provides proof of concept that band gap engi-

neering of semiconductors can lead to the development

of photoactive materials that may be used selectively for

waste valorization. A photocatalytic approach will most

importantly address one of the major drawbacks of

industrial valorization which is on the relatively large

amounts of energy needed for processing and purification

of products.

The conversion of a range of feedstock into valuable

products including chemicals, biomaterials, and fuels has

been demonstrated in three essentially different case stud-

ies to highlight the significant potential of advanced waste

valorization strategies.

The incorporation of these and similar processes in

future biorefineries for the production of value-added

products and fuels will be an important contribution

toward the world’s highest priority target of sustainable

development.

But perhaps the main and most important issue to be

addressed for the sake of future generations, currently

way overlooked, is society itself. The most extended per-

ception of waste as a problem, as a residue, as something

not valuable needs to give way to a general concienciation

of society in waste as a valuable resource. A resource,

which obviously entails a significant complexity (from its

inherent diversity and variability), but one that can pro-

vide at the same time an infinite number of innovative

solutions and alternatives to end products through

advanced valorization strategies. These will need joint

efforts from a range of disciplines from engineering to

(bio)chemistry, bio(techno)logy, environmental sciences,

legislation, and economics to come up with innovative

alternatives that we hope to see leading the way toward a

more sustainable bio-based society and economy.
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