BULETINUL INSTITUTULUI POLITEHNIC DIN IASI
Publicat de
Universitatea Tehnica ,,Gheorghe Asachi” din lasi
Tomul LIX (LXIII), Fasc. 2, 2013
Sectia
CHIMIE si INGINERIE CHIMICA

SOLID WASTE RECYCLING FOR REMANUFACTURING
AND BIOREMEDIATION

BY

CRISTINA GHINEA, ISABELA MARIA SIMION and MARIA GAVRILESCU*

“Gheorghe Asachi” Technical University of lasi,
Faculty of Chemical Engineering and Environmental Protection

Received: June 13, 2013
Accepted for publication: July 2, 2013

Abstract. Economic growth and increased urban agglomerations lead to
rapid increase in volume and types of waste. Ideal situation according to the
cradle-to-cradle principle is a world without waste, but this it is not yet
achievable. The manners in which the growing amount of solid waste are
managed influence the human health and the environment and could contribute
significantly to resources conservations. In recent years the attention was
focused on the fact that solid waste should be managed according to the
hierarchy of waste which comprises the most and less favorable options for
waste management. Methods like recycling, reuse, remanufacturing,
bioremediation were applied to diminish the amount of waste, pollution of the
environment, as well as to reduce the amounts of virgin raw materials used for
different product manufacturing so as to obtain economic and social benefits.
Recycling materials can offer valuable products for industry in the process of
remanufacturing. Also, some of these materials possess a high potential to be
applied in environmental bioremediation, in particular as sorbents. This paper
discusses the situation of solid waste in Europe and the real chances to reduce
the waste quantities by remanufacturing and/or valorize them as sustainable
tools in bioremediation.
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1. Introduction

Waste management and energy are becoming key issues, once the
world economy grows, while resources are increasingly depleted (EC, 2007;
Ghinea et al., 2012). Recycling is one of the processes which play an essential
role in the movement towards sustainable production and consumption by
reducing waste going to disposal, improving energy efficiency and reducing
consumption of natural resources (Chen, 2005; EC, 2007; Ghinea et al., 2012;
Kuo, 2006; Smith et al., 2001; Spilka et al., 2008).

Recycling can reduce the environmental impacts caused by products
and production, with the disadvantages that the recycled materials could be
affected by reprocessing and reuse and ultimately should be removed from
the circuit (Kuo, 2006). Recycling is often preferred to incineration. On the
other hand, the disposal of non-renewable materials can be sustainable only
whether it is efficient in terms of costs (Bjorklund & Finnveden, 2005;
Otegbeye et al., 2009).

The key to successful development of waste recycling option is the
design of waste management systems adapted to local needs and traditions,
rather than the selection and transfer of a single process or technology from one
country or region to another (ISWA, 2009). Consequently a substantial decrease
in final volumes of waste could be accomplished, while the recovered material
and resources could be used to generate revenues, which can fund the waste
management further actions (Consonni et al., 2005; Tchobanoglous, 2009;
UNEP, 2009).

Materials from municipal solid wastes are the most problematic to
recycle, while metals, paper, glass, plastic are easily to recycle (Bontoux et
al., 1996). About 50% of the waste paper and plastics materials come from
packaging, the major part of glass waste is packaging (bottles, jars and
small containers) packaging accounts for a minor part of metal scrap (steel
cans, aluminium cans) (Bontoux et al., 1996). Today, many leading
companies are focusing on product recovery and reverse logistics
(Mahadevan & Pyke, 2003).

In the United States and Europe remanufacturing is very well
established (USITC, 2012). US is the largest remanufacturer in the world with
remanufactured goods as IT products, aerospace, wholesalers, motor vehicle
parts, medical devices, machinery, consumer products and others (USITC,
2012). Recycling and remanufacturing are the two ways in which recovery of
products are usually performed (Gungor & Gupta, 1999).

Bioremediation represents a low cost method to conventional
technologies for treating wastes and contaminated media. The solid waste
management in EU and remanufacturing and bioremediation methods are
discussed in this paper.
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2. Solid Waste Management

2.1. Waste Generation and Composition

The analysis on waste characterization and quantification with
projections for future performed by various authorities, stakeholders and
scientists have shown that most of the municipal solid waste could be diverted
for material and resource recovery, leading to a significant reduction in the final
volume of waste and resources recovery (EC, 2011; Gavrilescu, 2011; Ghinea
& Gavrilescu, 2010).

In 2011, in EU almost 40% of treated municipal waste was recycled or
composted, up from 27% in 2001 according to Eurostat (2013), 503 kg of
municipal waste was generated per person, while 486 kg of municipal waste
was treated per person. The treatment methods differ among the EU members:
incineration is the common method in Denmark, recycling in Germany and
composting in Austria.

More than 99% of municipal waste treated was landfilled in Romania,
while the highest allocation of incinerated municipal waste were observed in
Denmark, 54% of waste treated, followed by Sweden 51% and Belgium 42%
while recycling was the most common method in Germany (45%) and
composting in Austria 34% (Fig. 1).
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Fig. 1 — Municipal waste treated (%) in some countries from EU, in 2011
(Eurostat, 2013).

Between 2001 and 2010 12 countries increased their recycling
performance by more than ten percentage points, while 10 recorded an increase
of between five and ten percentage points. The introduction of EU requirements
to improve municipal waste management has taken effect in many but not all
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countries (EEA, 2013). According to EEA (2013) the majority of countries will
need to make an extraordinary effort in order to achieve the target of 50%
recycling by 2020. Five countries (Austria, Belgium, Germany, the Netherlands
and Switzerland) succeeded in the accomplishment of 50% recycling objective,
while six countries (Ireland, Italy, Luxembourg, Slovenia, Sweden and United
Kingdom) will achieve the 50% by 2020 if they can maintain the annual rate of
increase in recycling that they recorded in 2001-2010, while the remaining
countries all need to accelerate the shift to recycling.

2.2. The Potential for Material Recovery and Processing Secondary Materials

The recovery of products aims to minimize the amount of waste sent to
landfills by means of recycling and remanufacturing (including reuse of parts
and products) (Gungor & Gupta, 1999). The municipal solid waste management
systems are different between industrialized and developing countries: waste
reduction and material recovery are the main differences. According to Hall
(2010) the secondary materials are recovered waste materials which are to be
sold and reused in manufacturing. Extra revenues are generated from sales and
use of secondary materials. Recycling of secondary materials involves more
stages of work which implies change in types of employment and more
employment. In JRC (2009) the secondary materials are grouped in five main
categories: industrial waste, municipal solid waste, construction and demolition
waste, end-of-life vehicles, waste from electric and electronic equipment.
According to Hall (2010) the materials which can be recovered from municipal
solid waste include: paper (basis for new paper production); glass (basis for new
glass production or direct re-use of bottles), plastic (basis for new plastic
production); electronic scrap and metals (recovering of gold, molybdenum,
copper etc.); energy (from residual waste: incineration with CHP (combined
heat and power)). Recycling of paper uses less energy than virgin paper
production and generally paper has a low hazard potential. The collected waste
paper in Europe consists in 42% deinked paper, 37% corrugated paper, and 21%
mixed other paper (JRC, 2009). In 2010, in the EU-27, the amount of paper and
cardboard generated was 62 kg per capita including a wide range starting from
Germany with 88 kg per capita to Romania with 12 kg per capita (Eurostat,
2013). It is considered that to every tonne of paper waste recycled 17 trees are
saved (JRC, 2009). Recycling of glass uses less energy than manufacturing
glass from sand, lime and soda and in recent years the demand for waste glass
has increased. In glass production in EU around 65% from the raw materials
used is recycled glass. From the world glass market the European glass market
represents 27% (a market with a long tradition) and is followed by the US 20%
and Japan 18% (JRC, 2009). In 2010, in the EU-27 the glass packaging waste
generated was 32 kg per capita. Amount generated at the top consumer was 65
kg per capita in Luxembourg and 44 kg per capita in France and UK (Eurostat,
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2013). The plastic main sources are: municipal solid waste, distribution and
industry waste, electronic waste, waste from automotive industry, waste from
construction and demolition and agricultural waste. Recycled polymers can not
completely substitute for virgin materials because of the property loss during
their lifetime. The EU 27 is a net exporter of waste, parings and scrap of plastics
(JRC, 2009). The amount of plastic packaging waste recycled was above 38 kg
per capita in 2010, in Luxembourg, Ireland, UK and Estonia.

3. Remanufacturing

Remanufacturing, the ultimate form of recycling, is the industrial
process of bringing a used product/assembly to a “like-new” condition
through inspection, disassembling, cleaning, reprocessing, reassembling and
testing (Gungor & Gupta, 1999; Hatcher ef al., 2013; Ostlin 2009; Rathore et
al.,2011).

It is considered an effective way through both environmental impacts
and costs of the manufacturing processes are reduced (Pigosso et al., 2010). The
remanufacturing process differs from traditional recycling because does not
require raw material processing or component manufacturing (Hatcher et al.,
2013). When is compared to other end-of-life processes remanufacturing can be
considered more energy-saving and cost-effective (Hatcher et al., 2013). Not all
products are suitable for remanufacture. The product must be able to withstand
multiple lifecycles and to contain high-value parts in order to be
remanufactured, and also must be ease of disassembly, easy to clean, easy to
control, easy to replace parts, easy handling, wear resistant and easy to
reassemble (Hatcher et al., 2013; Pigosso et al., 2010). Also the most important
aspect is that there must be a market demand for the remanufactured products
(Hatcher et al., 2013). From economical point of view remanufacture is an
interesting strategy because it preserves the product’s value added during the
design and manufacturing processes (Pigosso et al., 2010).

Gungor & Gupta (1999) pointed factors which induce complexity in a
remanufacturing system:

— probabilistic recovery rates of parts from the inducted,

— unknown conditions of the recovered parts until inspected,

— the part matching problem,

— the added complexity of a remanufacturing shop structure,

— the problem of imperfect correlation between supply of cores and
demand for remanufactured units,

— uncertainties in the quantity and timing of returned products.

A product life cycle is illustrated in Fig. 2. The main flow include raw
material extraction, primary industry, manufacturing, usage and product
discarding at its end-of-life. The secondary flows are: reuse, remanufacturing
and recycling.
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Fig. 2 — Product life cycle (adapted upon Pigosso et al., 2010).

Remanufacturing process can be performed for product (used products
are remanufactured to ‘‘as-new’’ or upgraded status), component (used
components are remanufactured to ‘‘as-new’’ or upgraded status), component
cannibalization (used products are cannibalized for components, and the
components are then remanufactured to an ‘‘as-new’’ or upgraded status)
(Ostlin, 2009).

In recent years several studies were performed based on analysis of
remanufacturing processes thus: Hasanov et al., (2012) propose some
production, remanufacturing and waste disposal models, while Ostlin (2009)
focused on how to provide remanufactured products in an effective way during
the product’s life-cycle. Hatcher et al., (2013) analysis the design for
remanufacture and e-waste in China as a remanufacturing industry. Fukushige
et al., (2012) proposes a method for supporting the design of product lifecycles
and evaluated three scenarios:

— recycling first — obtaining 100% profit and 100% CO, emissions
reduction,

— reuse first - 101% profit and 99% CO, emissions reduction

— and remanufacturing first - 102% profit and 79% CO, emissions
reduction.
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Cooper et al., (2008) analyzed modeling recycling and remanufacturing
processes within metropolitan regional economies at the micro and macro
levels. A strategic decision making method for designing environmentally and
economically efficient was proposed by Kondoh & Salmi (2011). Mahadevan &
Pyke (2003) investigate the performance of the remanufacturing system as a
function of return rates, backorder costs and manufacturing and
remanufacturing lead times. Matsumoto & Umeda (2011) investigate the
companies’ motives and incentives for remanufacturing in Japan. Four product
areas were evaluated and three requirements for remanufacturing were
identified: collection of used products, efficient remanufacturing processes and
demand for remanufactured products.

Pigosso et al. (2010) presents some ecodesign methods focused on the
integration of different ‘end-of-life’ strategies, mainly remanufacturing. Pifieyro
& Viera (2012) found the optimal remanufacturing amount for the particular
case of only one period fixed as positive-remanufacturing period. Rubio &
Corominas (2008) consider the possibility of implementing remanufacturing
policies in a lean production environment.

According to Xiong et al. (2013) environmental groups and
governments are increasingly encouraging manufacturers to engage in
remanufacturing. It is considered that by introducing remanufactured products
at a low price to the market increases the overall demand (Xiong et al., 2013).
Remanufacturing cannot always deliver a positive effect to the environment
even if the life-cycle environmental impact of remanufactured products is
assumed to be zero (Xiong et al., 2013). Bulmus ef al. (2013) consider that
firms can save between 40% and 60% of the cost of manufacturing a new
product by adopting remanufacturing. Rubio & Corominas (2008) established
the main reasons why a company may consider application of
remanufacturing:

— economic: considering consumption of raw materials, reduction of
disposal costs, recovery of the added value of used products and
environmentally friendly image and compliance with current and future
legislation;

— legal: in many countries current legislation holds companies
responsible for recovering or properly disposing of the products they put on
the market;

— social: society is aware of environmental issues and demands that
companies behave more respectfully towards the natural environment.

The remanufacturing process begins with the collection of the core
(used product) (Saavedra et al., 2013). The steps of remanufacturing are
disassembly of the product, parts cleaning, inspection and storage parts,
reconditioning and replacement of parts reassembly of the product. The
execution order of these steps is different and it can vary according to the
product to be remanufactured.
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Remanufacturing of recycling materials in waste steams. Remanufacturing
is an operation included in the solid waste management and uses fewer
materials and reduces waste (Dumas, 2006). The share of municipal waste
recycled has progressively grown from 10% in 1995 to 22% in 2008 in the EU
27. 40% of the waste collected by EU-27 municipalities ends up in landfill sites,
40% was recycled or composted and 20% incinerated in 2008 (Eurostat, 2010).

There are big differences regarding waste collection and processing
between the countries from European Union (EU) (Ghinea & Gavrilescu, 2010).
An increasing number of local authorities which collect waste from households
are introducing source separation systems for recyclables and hazardous waste.
The most common methods for collection of waste include kerbside collection
of unsorted and sorted waste streams and the “bring” system for specific waste
to local recycling stations (Eurostat, 2010).

The collected materials are capable of being recycled in different
proportion. Remanufacturing of recycled materials has gained more and more
attention and is applied for glass, metals, plastic, paper waste etc. An important
aspect for manufacturing companies is efficiency. For example for a company
manufacturing fabricated metal products the main resource efficiency measures
are “ecodesign, changing procurement practices, reusing materials in a closed
loop system such as remanufacturing and waste prevention (using production
processes that do not create waste)” (EC, 2013; Georgiadis, 2013). The top two
measures from total maximum potential benefit for the fabricated metal
products sector are ecodesign (40%) and material reuse (22%), followed by
waste prevention using new technology (12%). From average estimated annual
resource efficiency benefits for a fabricated metal manufacturing company the
material reuse including remanufacturing which represents about 50 000 € with
payback more than 3 years (EC, 2013). It was proved that by recovery of
materials and remanufacturing of them can be obtained environmental,
economic and social benefits.

4. Bioremediation

Bioremediation includes processes and actions performed in order to
biotransform an environment, already altered by contaminants, to its original
status (Boopathy, 2000; Sharma, 2012; Thassitou & Arvanitoyannis, 2001).
Microorganisms either immobilize or transform environmental contaminants to
innocuous end products through bioremediation process. It is and accepted option
for the clean up of contaminated soils and aquifers. According to Thassitou &
Arvanitoyannis (2001) and Boopathy (2000) the bioremediation methods are:

— land farming: solid- phase treatment system for contaminated soils;
may be done in-situ or in a constructed soil treatment cell;

— composting: an anaerobic microbial driven process that converts solid
organic wastes into stable, sanitary, humus-like material;
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— intrinsic bioremediation: relies on the natural assimilative capacity of
the ground to provide site remediation and control contaminant migration;

— slurry bioreactor: soil and water agitated together in reactor;

— bioventing: method to treat contaminated soils by drawing oxygen
through the soil to stimulate microbial activity;

— biofilters: use of microbial stripping columns to treat air emissions;

bioaugmentation: adding of bacterial cultures to a contaminated
medium; frequently used in both in situ and ex situ systems;

— biostimulation: stimulation of indigenous microbial populations in
soils or ground water by providing necessary nutrients;

— pump and treat: pumping ground water to the surface, treating, and
reinjecting.

Compared to other techniques such as landfilling or incineration several
advantages are offered by bioremediation: can be done on site, is often less
expensive, it eliminates waste permanently, has greater public acceptance, can
be coupled with other physical or chemical treatment methods (Boopathy,
2000). Among the limitations of the method may be mentioned: some chemicals
are not amenable to biodegradation, microbial metabolism of contaminants may
produce toxic metabolites in some cases (Boopathy, 2000). The major factors
affecting bioremediation are (Boopathy, 2000):

— microbial factors: growth pending critical biomass; mutation and
horizontal gene transfer; enzyme induction; enrichment of the capable microbial
populations; production of toxic metabolites;

— environmental factors: depletion of preferential substrates; lack of
nutrients; inhibitory environmental conditions;

— substrate: too low concentration of contaminants; chemical structure
of contaminants; toxicity of contaminants; solubility of contaminants;

— biological aerobic vs. anaerobic process: oxidation/reduction potential;
availability of electron acceptors; microbial population present in the site;

— growth substrate vs. co-metabolism: type of contaminants;
concentration; alternate carbon source present; microbial interaction
(competition, succession, and predation);

— physico-chemical bioavailability of pollutants: equilibrium
sorption; irreversible sorption;

— mass transfer limitations: diffusion and solubility of oxygen and
diffusion; solubility/miscibility in/with water.

McMahon et al. (2008, 2009) evaluated the potential of using
composting and bioremediation processes for wood waste materials. Tyrrel et
al. (2008) used waste-derived filter media in order to perform bioremediation of
leachate from a green waste composting facility.

Adekunle (2011) revealed that composted wastes have the potential for
bioremediation of soils polluted with petroleum products (crude oil, spent
engine oil, and diesel fuel). The compost bioremediation is a soil cleanup
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technique and can be used for removal of heavy metal and organic contaminants
(USEPA, 1997). According to Bonoli & Dall’Ara (2012) has been an increasing
use of paper sludge in environmental restoration. The organic wastes can be
recovered and transformed into soil conditioners and fertilisers through aerobic
and anaerobic biological treatment technologies (ISWA, 2009). Reeh & Moller
(2001) compared aerobic composting and anaerobic digestion of organic waste
considering a number of environmental effects and energy balance, nutrient
recycling, global warming potential, emission of xenobiotic compounds, and
economy. Kirkeby et al. (2006) identifying environmental benefits and
disadvantages of anaerobic digestion for source separated household waste.

5. Conclusions

Solid waste management is of great interest as a topical issue discussed
and reviewed internationally. Interdisciplinary studies have been conducted
worldwide to assess sustainable solid waste management. The main objectives
of a sustainable waste management should be: preservation of natural resources
and energy, minimizing pollution and environmental impacts, establishing a
high quality performance of the environment. The Europe is working to become
a recycling society that looks for waste avoiding and using as resource by
adopting waste policies such as the “Thematic Strategy on the prevention and
recycling of waste”. It entails the use of economic instruments to implement the
waste hierarchy so that, key actions have to be set out to modernize the existing
legal framework and to encourage waste prevention, reuse and recycling, with
waste disposal only as a last option. Application of methods like recycling
protects the environment by recovering materials or components of used
products, resulting in new products.
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RECICLAREA DESEURILOR SOLIDE PENTRU REMANUFACTURARE
SI BIOREMEDIERE

(Rezumat)

Dezvoltarea economica si evolutia aglomerarilor urbane au condus la cresterea
rapida a volumului si tipurilor de deseuri. Situatia ideald conform principiului cradle-to-
cradle ar insemna o lume fara deseuri, dar acest lucru nu este incé posibil.

Modalitatile prin care o cantitate tot mai mare de deseuri solide este gestionata
influenteazd, pe de o parte sdnatatea umana si calitatea mediului, dar ar putea contribui
semnificativ la conservarea resurselor. in ultimii ani, atentia specialistilor a fost
concentrata asupra managementului deseurilor in conformitate cu ierarhia deseurilor, care
cuprinde atat optiunile favorabile cat si cele mai putin favorabile pentru sistemele de
gestiune a deseurilor. Metode, cum ar fi reciclarea, reutilizarea, remanufacturarea,
bioremedierea au fost aplicate pentru a reduce cantitatea de deseuri, poluarea mediului si
pentru a diminua cantitatea de materii prime din resurse naturale utilizate pentru fabricarea
de produse cu beneficii economice si sociale.

Materialele reciclabile pot constitui produse valoroase pentru industrie prin
remanufacturare, iar bioremedierea poate utiliza deseuri ca suport pentru retinerea unor
contaminanti, urmata de o prelucrare ulterioara.

In aceastd lucrare se analizeazi atét situatia deseurilor solide reciclabile in
Europa cat si cele doua metode de valorificare a deseurilor prin reciclare
(remanufacturare si bioremediere) si aplicatiile lor in domeniul managementului
deseurilor.
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