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ural resources, Japan has also adopted similar legislation 
called “3R (Reduce, Reuse, Recycle) for a sound material cy-
cle society in Japan”. The separate collection of large num-
ber of material streams for recycling is taken there to the 
extreme. Nevertheless, as in China, the final outlet for the 
treatment of residual and non-recyclable waste is based on 
energy recovery with a thousand WtE facilities. Ten years 
after China, the concept of circular economy was intro-
duced in Europe in the 2018 European directive on waste 
(EUR-Lex, 2018) which defines it as: "Improving the efficien-
cy of resource use and ensuring that waste is valued as a 
resource can contribute to reducing the Union’s dependence 
on the import of raw materials and facilitate the transition 
to more sustainable material management and to a circular 
economy model". After these definitions, let's come back to 
our questions.

"Is this a perfect closed circle?" 
The ideal of a cyclic system, while desirable, is unreal-

istic for many reasons. The different materials are inten-
tionally mixed in the production phase of the products or 
unintentionally mixed as waste. This leads to an inevita-
ble decline in their quality for each additional use. There 
is no such thing as infinite recycling. Moreover, every step 
involves leakage and therefore residues to be treated. An-
thropogenic stocks are also an important underestimated 
topic in circular economy discussions. Approximately 50% 
of all extracted resources are used to build up new anthro-
pogenic stocks. (Mavropoulos, 2020). Finally, the circular 
economy narrative focuses explicitly on raw materials and 
ignores the growing energy demands for the development 
of closed loops. Yet 15-20% of the extracted resources are 
energy carrier resources which cannot be replaced by sec-
ondary materials. This is why the more precise concept of 
use cascades was introduced (ISWA, 2015). But it has not 
been as attractive as that of the circular economy.

"How large is the circle of circular economy?"
A major ambiguity is hidden here. The territorial dimen-

sion of the circular economy is indeed one of the crucial 
issues to be considered. On the one hand, we hear about a 
very micro and local vision, of circular cities or dwellings. 
Some are dreaming of autonomous cities able to feed their 
inhabitants with the promotion of urban gardening support-
ed by domestic compost of our kitchen waste in front of 
each building. The principle of proximity is indeed a good 
tool for obtaining solutions adapted to the metabolism of 

With the threat of resource depletion, the idea of "Circu-
lar Economy" has virally spread in recent years as a "buz-
zword" with a positive symbolic charge. It has become es-
sential in order to define modern waste management, not 
only in Europe but also abroad, such as in China. However, 
there is no single and commonly accepted definition of this 
concept. This one always seems simple and attractive with 
the image of an eternal cycle or a closed loop of our re-
sources in a perfect circle.

Many questions then arise around this almost mirac-
ulous idea: "Is it really a closed circle?", "How large is the 
circle of the circular economy?", "How to transform this 
concept into a concrete, scientific and measurable pro-
ject?", "What are the essential raw materials on which we 
depend?", "How can we keep the circular economy clean?", 
and finally, "Where is the energy to make this "wheel" turn 
smoothly and is this energy circular? ». Energy is the funda-
mental "detail" not to be forgotten, because there are no re-
sources, no economy, not even life without energy! Perpet-
ual motion does not exist, just like infinite recycling or zero 
waste. Leonardo da Vinci's beautiful inventions such as the 
helicopter remained motionless for more than 4 centuries 
in the absence of the energy source able to animate them.  

Before sketching out some answers to these questions, 
let's start with the origins of the concept of circular econ-
omy. It surprisingly is a Chinese invention from the early 
2000s. First identified in the Chinese scientific literature in 
2003 (Bartl, 2019), the principle of circular economy was 
firstly adopted at the regulatory and legislative level by 
China. Its national strategy for the management of its re-
sources and waste is based on this notion. It first appeared 
in its 11th five-year plan in 2006, then in its "Law for the 
Promotion of the Circular Economy" in 2008. Articles 2 and 
15 of this law give a definition of the “generic term of cir-
cular economy describing the activities of reducing, recy-
cling and resource recovery in production, circulation and 
consumption” and above all ask to "recycle those wastes 
articles if possible, or otherwise make harmless treatment 
if they cannot be reused due to economic or technical re-
strictions". The result of this policy has been the rapid and 
significant development of non-recyclable Waste-to-Energy 
(WtE) plants in this country as a fundamental pillar of Chi-
na's Circular Economy law. The installed capacity in China 
in just over a decade has now exceeded that of Europe built 
in more than a century (Hanwei-Zhang, 2019).

In the same state of mind, due to the lack of some nat-
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cities, especially regarding waste management. On the 
other hand, the macro and worldwide vision corresponds 
more to the reality of our globalised economy. The value 
chains of most consumer products have long since been 
globalised with resources and industries relocated be-
yond our national or European borders. Europe is now the 
continent with the fewest sovereign resources, especially 
for non-renewable ones. For resources, materials, energy 
carriers or raw secondary materials, the circular economy 
cannot therefore be well designed either locally or globally. 
With 2018’s “China ban”, Europe and USA have experienced 
the rejection of materials that are recyclable according to 
us but considered of poor quality by Asian countries. It 
has also shown that these recycled materials must find 
an outlet within the continent which produced them. The 
European directive's objective of reducing the Union's de-
pendence on the import of raw materials shows us that the 
sovereignty of a country or continent like Europe is the right 
dimension of the "circle" of the circular economy. This 'na-
tional' approach is very much in line with the vision of the 
circular economy of countries such as China. 

"How to transform this concept into a concrete, scientific 
and measurable project?"

Measurement and progress indicators are essential 
and the recycling rate, which is the focus of attention in 
Europe, is not sufficient on its own. In addition to this one, 
some others have been implemented in China and Japan, 
such as resource productivity (GDP/natural resource input) 
and the amount of waste in final disposal in landfills. So-
called Sankei diagrams provide a vision of the different 
involved flows and the circularity of the economy of each 
country or of the European Union. It shows for example for 
metals the EU's net important dependence on imports of 
metals ores, but also its mitigation through a high recycling 
rate (Mayer, 2019). One should not forget that one of the 
main drivers of circular economy should be economy! This 
should be also an efficient tool to measure progress.

"What are the essential raw materials on which we depend 
most?" 

While the EU’s economy is almost self-sufficient in the 
supply of non-metallic minerals (construction materials) 
and biomass, an examination of EU’s trade reveals a clear 
asymmetry between physical imports and exports for the 

2 other main categories of materials (see Figure 1 - EU-
ROSTAT, 2019). We have seen above that imports assigned 
to the category of metal ores amount to around 0.5 tonnes 
per capita and are almost twice as large as their exports. 
But this is nothing compared to European extreme depend-
ence on fossil primary energy sources. Imports of fossil 
energy materials are both the most important (with more 
than 2 tonnes per capita) and the most unbalanced (as 
physical imports are about four times larger than exports). 
Therefore, it doesn’t make sense, for the EU to import its 
fossil fuels and then export oil in the form of recycled 
plastic when it could be used for productive purposes. It 
makes even less sense to landfill plastics or metals when 
they could at least be respectively converted into energy 
or recovered after the Waste-to-Energy process. This WtE 
treatment method relieves this deficit balance with local, 
mostly renewable and non-intermittent energy.

"How to keep the circular economy clean?"
Quality recycling means protecting the circular econ-

omy from hazardous substances and keeping it clean. 
Non-recyclable waste contains contaminated materials 
and substances that are health and safety hazards. They 
must be safely removed from circulation. These materials 
can be safely destroyed by combustion while recovering 
energy. WtE has a crucial and unique role in the complete 
destruction of organic hazardous materials, in the reduc-
tion of risks due to pathogenic microorganisms and virus-
es and in the concentration of valuable metals as well as 
toxic metals in certain fractions. This is its role as a safe 
and final sink for pollution mitigation (Brunner, 2015). 
Combustion of contaminated streams in large (hazardous 
or clinical waste) or more diffuse (municipal waste) quan-
tities in well-equipped facilities is the best available solu-
tion thanks to the advanced pollution control technologies 
of state-of-the-art flue gas cleaning systems. This avoids 
the contamination of the circular economy by avoiding the 
recycling of pollution that could have an impact on both 
the environment and the human health. Indeed, this issue 
has motivated the moratorium of Asian countries on our 
so-called recyclable materials exported to Asia. Their me-
diocre quality in relation to their standards could not allow 
their insertion in their circular economy, therefore leading 
them to requalify them as waste. 

FIGURE 1: Physical imports and exports by main material category in EU 27, 2019 (tonnes per capita).
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"Where is the energy to make this "wheel" turn smoothly 
and is it circular?"

Due to the current abundance of chemical and ther-
mal energy sources represented by fossil fuels, we are no 
longer aware of our dependence and the super-powers that 
this concentrated and cheap energy affords us. The me-
chanical energy that a man can develop with his muscles 
alone is very limited and very expensive (Jancovici, 2020) 
Indeed, the average daily muscular work capacity of a man 
is limited to about 0.25kWh/day (FAO, 2021), i.e. about 
100kWh/year with an estimated marginal cost in Europe of 
around 200EUR/kWh. 1 litre of fuel oil contains 10kWh of 
thermal energy, i.e. the equivalent in mechanical energy of 
the daily work of about ten men. However, each European 
consumes an average of 10 litres per day (average prima-
ry energy consumption per European people 100kWh/day 
- 3toe/capita/year). (Eurostat, 2020). Thanks to this cheap 
energy, all the machines often used unconsciously by 
everyone every day thus provide us with the equivalent of 
the muscular work of a hundred men at the service of each 
European inhabitant with a marginal cost per mechanical 
kWh of around 500 times cheaper with these machines. 
This energy has given us “inexpensive” super-powers that 
are obviously ephemeral!

We are not aware of all this energy involved in the crea-
tion and distribution of products as well as in the treatment 
of our waste, which will always hinder the achievement of 
total Circular Economy. Most of this energy is doomed to 
be linear as shown in the attached diagram (see Figure 2). 
The idea of transforming all waste into materials comes 
back, so to speak, to the alchemy of transmuting lead into 
gold, which is impossible just as perpetual motion without 
energy. We could face a bottleneck on production even 
with plenty of capital or work if we have a bottleneck on 

energy. Same for biodiversity. Nothing will be fished even 
with plenty of boats and fishermen if no gasoline (energy) 
or no fish (biodiversity). No production without energy and 
biodiversity. Bottlenecks are where we don’t look at.

The pandemic and situations of lockdown and scarcity 
have recently and cruelly reminded us of the importance 
of these principles of sovereignty over our resources and 
of proximity of tools to meet our vital needs. This crisis 
has shown how essential the continuity of public waste 
management services is, as a basic human need, part of 
the "metabolism" of cities. Waste contains resources rich 
in materials and energy. In each kg of residual waste that 
each European produces every day, there is about 2.5kWh 
of thermal energy available that WtE facilities recover safe-
ly while eliminating the pollution resulting from the mixture 
of materials we consume. Here is found circular energy 
which keeps circular economy clean!

Christophe Cord'Homme
CNIM Environment & Energy, France 
ccordhomme@cnim.com
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ABSTRACT
The classification of waste as either hazardous or non-hazardous, especially for mix-
tures such as contaminated soils, ashes, filter cakes and sludges, is not straight for-
ward. In particular, as the laboratories can only measure total metal concentrations, 
both the European and the UK technical guidance state that if the classifier doesn’t 
know exactly which metal species is in their waste, then they should start from a 
worst case species and use lines of evidence to work towards a more reasonable 
(less hazardous) species. However, the guidance doesn’t define or list worst case 
nor less worst case species. While some authors have documented worst case spe-
cies, this is only in relation to documenting the concentrations at which each hazard 
property is triggered for a given worst case species. This paper addresses this gap. 
It documents how to define both the worst case species and more importantly, lists 
less worst case species for 32 elements and 204 metal species; species based on 
those listed in the European legislation but also supplemented by species that hav-
en’t (yet) been included in this legislation but are significant nevertheless. For each 
species, the paper tabulates the hazard property that triggers first, metal concen-
trations, conversion factors and other metadata, species by species, in descending 
order of hazard. Finally, to demonstrate how to use the data, either manually or by 
utilizing commercial software, the paper will give a worked example for a contami-
nated soil, showing how classifiers can use the list to help move from a worst case 
to a less worst case species. 

1. INTRODUCTION
The classification of waste, in particular mixtures such 

as contaminated soils, ashes, filter cakes and sludges, 
as either hazardous or non-hazardous, is not a simple 
process. Whilst the European legislation allows two ap-
proaches, chemical testing and direct testing (also called 
effects-based testing or toxicity testing) (Concawe 2020), 
to assess the both the fifteen hazard properties and the 
persistent organic pollutants (POPs) content, neither is 
straight forward. 

This paper reviews one of the biggest stumbling blocks 
for classifiers using the chemical testing approach, name-
ly metal speciation. When a classifier asks a chemical test 
laboratory to characterize a particular waste, they will ask 
the laboratory to test their waste for a set of mainly heavy 
metals, for example, arsenic, cadmium, chromium, copper, 
lead, mercury, nickel, selenium and zinc. They will also ask 
for other determinands such as petroleum hydrocarbons, 
polyaromatic hydrocarbons (PAHs), selected anions, pH 

and moisture etc.; the actual selection being based on the 
findings of a desktop study. The challenge with the inor-
ganic compounds is that a laboratory can only measure 
total metal concentrations (e.g. total zinc) while classifi-
cation requires the use of metal compounds or species 
(e.g. zinc chromate) for hazardous waste classification. 
This is a different approach to the landfill legislation’s sim-
pler Waste Acceptance Criteria (WAC) defined in Council 
Decision 2003/33/EC, as amended (EU 2003), where the 
leaching concentration of twelve specific metals has to 
be less than a defined threshold for a particular class of 
landfill. For WAC, knowledge about the metal species is 
not required.

For a given metal, both the European Commission’s and 
the UK’s technical guidance (EU 2018, WM3 2018) state 
that where there is any doubt about which inorganic com-
pounds are present, the classifier should start with worst 
case metal species and then work towards more reason-
able case species, for a given metal, based on a combina-
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tion of lines of evidence and expert judgement. However, 
neither guidance document:

• lists worst case metal species, or 
• lists other metal species in decreasing (less) worst 

case order. 

As many workers still classify their waste by hand, or 
in spreadsheets, earlier papers (Hennebert 2019, INERIS, 
2015) published tables detailing just the worst case spe-
cies for a given metal (they use the term element), along 
with the relevant thresholds for each hazard property that 
applied to that metal species, under the regulations in 
place at the time the paper was written.

Utilising worst case species is fine especially if you are 
manually classifying your waste and a worst case outcome 
is acceptable. However, especially with the advent of com-
prehensive waste classification software that manages all 
the substances and the calculations, a manual approach 
leaves the classifier more likely to report a hazardous out-
come, which increases transport and disposal costs and 
sends more waste to landfill. The manual approach also 
ignores the time savings, accuracy and reporting benefits 
of the on-line software.

This paper tabulates worst case to less worst case 
species for 32 elements and 204 metal species, covering 
commonly encountered alkali metals, alkaline earth met-
als, transition metals, metalloids and reactive non-metals 
from the periodic table. It also gives an example of how the 
classifier can work from worst case to a more reasonable 
case using lines of evidence and expert judgement. 

2. LEGISLATION 
Since the introduction of the Waste Framework Direc-

tive 2008/98/EC (EU 2008a) (WFD) and its enactment in 
each member state’s national legislation, most domestic, 
commercial and industrial waste in Europe has to be clas-
sified as either hazardous or non-hazardous and given the 
appropriate six digit code from Decision 2014/955/EU (EU 
2014a). This document is known both as the European 
Waste Catalogue (EWC) and the List of Waste (LoW). While 
many of the codes in the LoW are either absolute hazard-
ous entries (AH, e.g. 03 07 01* fuel oil and diesel) or abso-
lute non-hazardous entries (AN, e.g. 03 01 01 waste bark 
and cork), codes applicable to many mixtures are called 
mirror entries. These entries are typically a pair of codes, 
one mirror hazardous (MH), the other mirror non-hazard-
ous (MN). For example, the mirror entries for a contami-
nated soil are:

• 17 05 03* Soil and stones containing hazardous sub-
stances (MH)

• 17 05 04 Soil and stones other than those mentioned in 
17 05 03* (MN)

The selection of which mirror entry code applies to the 
waste and goes on the disposal paperwork, depends on 
whether the waste has any hazardous properties or certain 
POPs.

A hazardous waste is a waste that due to its (intrinsic) 
chemical or other properties, displays one or more of the 

fifteen hazard properties listed in Annex III of the WFD 
or any of the POPs (above a given concentration limit or 
threshold) listed in EU (2014a). All the hazard properties 
and POPs are summarised in Table 1. 

The WFD was amended further by Regulation (EU) No. 
1357/2014, known as the Annex III amendment (EU 2014b), 
and the later Regulation (EU) 2017/997 (EU 2017), known 
as the HP 14 amendment. These state that the classifica-
tion of waste as hazardous is based on the European Union 
legislation for classifying chemicals; the current European 
chemical legislation being Regulation (EC) No. 1272/2008 
for the Classification, Labelling and Packaging of sub-
stances and mixtures (EU 2008b), known as the CLP, and 
Regulation (EC) No 1907/2006 Registration, Evaluation, Au-
thorisation and restriction of Chemicals (EU 2006), known 
as REACH, plus some other subsidiary legislation covering 
cosmetics, pesticides, biocides and pharmaceuticals.

Annex VI, Table 3 of the CLP (CLP Table 3) contains 
more than 4,250 substances, known as harmonized en-
tries. For each entry, it tabulates one or more hazard state-
ments that together define which hazard properties are 
known to apply to that entry. These hazard statements, 
along with the thresholds and tests defined in both the An-
nex III amendment and the later HP 14 amendment, deter-
mine whether one or more substances in a waste, at given 
concentrations, a) makes the waste hazardous and b) for 
which hazard properties. 

There are further challenges for classifiers (and techni-
cal publications, including this one), which can change the 
resultant classification.

1.  CLP Table 3 is regularly updated by Adaptations to 
Technical and scientific Progress (ATPs). At the time 
of writing, there were 15 ATPs to the CLP. These, with 
respect to waste classification, can be divided into two 
general types; those that:
1.1.Modify CLP Table 3 by deleting existing harmonised 

entries, modifying the data for existing entries or 
adding new entries; typically these are published on 
an annual basis. ATP 1 (EU 2009) for example up-
dated some 500 harmonised entries.

1.2.Change the rules, for example by adding a new 
hazard property, modifying calculation methods or 
defining new hazard statements. This type of ATP 
occurs every two years and is related to revisions 
of the United Nations’ Global Harmonised System 
(GHS 2019). If the changes are waste related (as 
opposed to labelling or packaging of products for 
example), this would initiate a revised version of the 
technical guidance some months later.

2. The CLP, unlike the older European chemical legislation 
phased out in 2015 (EEC 1967, EU 1999) considers 
every entry in CLP Table 3 as potentially incomplete, i.e. 
a harmonized entry can be missing one or more haz-
ard classes (e.g. carcinogenic, flammable liquid) and 
the classifier is meant to “self-classify” and identify any 
missing hazard classes. Whilst this is a challenge for 
the manufactures of chemical products, who know ex-
actly which chemicals go into their products, it is much 
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more of a challenge for waste classifiers dealing with 
mixtures, who potentially have to deal with many hun-
dreds of (often unknown) compounds and tend not to 
have toxicologists or chemists on their staff.

2.1 UK: Retained EU legislation
Following the exit of the United Kingdom of Great Brit-

ain (GB) and Northern Ireland from the EU, the CLP Regula-
tion as amended, is retained in UK law by the European Un-
ion (Withdrawal) Act 2018 (UK 2018) and subsequent exit 
regulations (UK 2019, 2020). All existing EU harmonised 
classification and labelling in force on 31 December 2020, 
are retained by the GB CLP Regulation in a data set known 
as the GB mandatory classification and labelling list or GB 
MCL list (UK 2020). Waste that is classified for disposal or 
recovery in GB is now required to use the mandatory en-
tries in the GB MCL list, while waste classified for disposal 
or recovery in Northern Ireland (or rest of the EU) continues 
to use the harmonised entries in the EU CLP Regulation 
(EU 2008b). As the mandatory entries in the GB MCL list 
and the harmonised entries in CLP Table 3 are currently the 
same, this paper will just refer to the harmonised entries 
in CLP Table 3. In the future, while the entries in these two 
data sets may diverge slightly, the approach detailed in 
this paper can still be used to identify worst case and less 
worst case substances.

3. TECHNICAL GUIDANCE
Waste classification and with that an understanding 

of the European chemical legislation is daunting to most 
waste producers. Various national regulators have pub-
lished varying levels of technical guidance over the last 
ten years, some as short as a couple of pages. Classifiers 
in the UK have had comprehensive, up-to-date, technical 
guidance throughout. The current version, WM3 v1.1 (WM3 
2018), reflects the requirements of the most recent legisla-
tive changes, namely the HP 14 amendment. 

Following publication of the HP 14 amendment in 2017, 
which came after a European Commission review of four 
different approaches for the calculation of HP 14 (Hen-
nebert et al., 2016), the European Commission published 
the first Europe-wide technical guidance, Notice 2018/C 
124 (EU 2018). Both WM3 (2018) and EU (2018) give a step 
by step (manual) approach to the whole waste classifica-
tion process focusing on the chemical testing approach. 
The basic steps are:

Step 1.  confirming the waste falls under the remit of the  
 WFD (refer also to enacting national legislation),
Step 2.  selecting the correct LoW code or mirror entry  
 pair of LoW codes, and
Step 3.  for mirror entries:

Step 3.1 identifying hazardous substances that may be 
or are in the waste,

Step 3.2 undertaking chemistry laboratory testing,
Step 3.3 assessing measured concentrations against a 

series of tests and thresholds,
Step 3.4 based on the outcome of Step 3.3, selecting 

the hazardous mirror entry code if the waste 

has one or more hazardous properties (or 
POPs); the non-hazardous mirror entry code if 
the waste does not have any hazardous prop-
erties (or POPs).

Both documents have a chapter for assessing each 
hazard property (and one for POPs), including flow dia-
grams and relevant calculations, plus guidance on finding 
data for either incomplete entries or for substances that 
are not in CLP Table 3. There are also chapters on assign-
ing the correct LoW code(s) and an introduction to sam-
pling and in WM3 (2018), a chapter on statistics.

While the two documents have exactly the same as-
sessment methodologies for the assessment of the fifteen 
hazard properties and the POPs, there are a few differenc-
es between them. In particular:

• Differences in the entry type designation (AH, AN, MH, 
MN) for 87 of the 843 LoW codes. For example, 01 05 
05* oil-containing drilling muds and wastes is (MH) in 
EU (2018) and (AH) in WM3 (2018).

• Unlike WM3 (2018), EU (2018) offers no support for un-
known oils (hydrocarbons) in a waste such as oil con-
tamination in a soil, sludge or a filter cake. The reason 
is that terms like “unknown oil”, “TPH” and “mineral oil” 
are not recognized as group entries in the CLP. Howev-
er, classifiers still have to deal with unknown oil con-
tamination in their wastes so WM3 (2018) provides a 
practical set of hazard statements to help classifiers 
assess unknown oils.

• WM3 (2018) also provides sets of hazard statements 
for a number of Petroleum Groups; specifically; petrol 
(gasoline), diesel, heavy fuel oils and crude oil. The com-
mercial software, HazWasteOnline™ (www.hazwaste-
online.com) has added two further Petroleum Groups 
for kerosene and bitumen. The creation of these Petro-
leum Groups is to aid the classifier in the assessment 
of oils, in particular oil contaminated mixtures such as 
soils, sludges and filter cakes. The reason for creating 
these Petroleum Groups is that the vast majority of 
the oils (specifically oils resulting from the refining of 
crude oil) in CLP Table 3 are incomplete; generally they 
only have a single hazard statement, typically for HP 7 
carcinogenic, HP 11 mutagenic or HP 5 single target 
organ toxicity (STOT). This means that they are missing 
one or more hazard statements such as those for HP 
14 ecotoxic or HP 3 flammable. It is worth noting that 
up until ATP 2 (2011), all the refined oils (and other en-
tries such as coal tars) in CLP Table 3 were designated 
“Note H” which indicated a known, incomplete entry. As 
only a few of these oils have been updated since ATP 
2 (2011), they remain incomplete. Therefore, classifiers 
should not use the entry in CLP Table 3 but should in-
stead consult WM3 (2018) or REACH compliant Safe-
ty Data Sheets (SDS) from oil companies, to identify 
the missing hazard statements / hazard properties. A 
summary table of the hazard statement codes for dif-
ferent petroleum groups can also be found in Concawe 
(2020).
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It is outside the scope of this paper to describe the 
mathematical steps, the tests or rules, or the assignment 
of the different hazard properties when assessing a waste, 
as these, if classifying by hand, are clearly described in the 
guidance. If the classifier is using the commercial soft-
ware, then all the data, tests, exceptions, notes and calcu-
lations are embedded in the classification engine, letting 
the classifier focus on what is in the waste, rather than how 
to do the calculations.

4. HAZARD PROPERTIES 
The fifteen hazard properties and their hazard state-

ments, along with the relevant cut-offs1, thresholds and 
whether the hazard statements are additive2 or individual3 
are summarized in Table 1. The table also lists the POPs 
and their thresholds. 

The hazard properties are split into three groups.

1.  H200s; Physical hazards (HP 1 Explosive, HP 2 Oxi-
dising and HP 3 Flammable and HP 15). Generally, the 
thresholds for these hazard statements can only be as-
certained by physical testing. Table 1 references some 
of the physical tests which are detailed in the testing 

regulation (EC 2008c) and explained further in the Eu-
ropean Chemical Agency’s guidance to the application 
of the CLP (ECHA 2017). WM3 (2018) and EU (2018) 
do provide thresholds for some flammable substances 
that, in contact with water, may release flammable gas-
es or which may ignite spontaneously (hazard codes 
H260 & H261)

2.  H300s; Health hazards (HP 4 Irritant to HP 13 Sensitis-
ing)

3.  H400s; Environmental hazards (HP 14 Ecotoxic)

Note that:
• the table contains additional hazard statements, de-

fined in the CLP, that are not yet defined in the GHS; 
these are of the form EUH0xx, such as “EUH001 Explo-
sive when dry” and are only included in a classification 
where another hazard property is present or if the guid-
ance has defined a calculation method. 

• for “HP 12 Release of an acute toxic gas”, the technical 
guidance also details the methodology for calculating 
substance specific thresholds for substances assigned 
the following additional hazard statements: EUH029, 
EUH031 and EUH032. 

Hazard 
Property Hazard Hazard Statements

(code, class & category)
Cut- 
offs 1 Threshold 2, 3

Physical Hazards

HP 1 Explosive H200, H201, H202, H203, H204, 
H240, H241 - Testing (mainly EU 2008c, A.14) or experience

HP 2 Oxidising H270, H271, H272 - Testing (mainly EU 2008c, A.17) or experience

HP 3 Flammable

H220 to H226, H228, H240, H241, 
H242, H250, H251, H252

H260, H261

-

Testing (mainly EU 2008c, A.10) or experience

Examples of substance specific thresholds documented in WM3 
(2018), Table C3.2, duplicated in EU (2018), Table 11.

Health Hazards

HP 4

Irritant 
(Skin irritation and 
eye damage)

H314 Skin Corr. 1A
H318 Eye Dam. 1
H315 Skin Irrit. 2
H319 Eye Irrit. 2

1%

Σ H314 1A ≥ 1%
Σ H318 ≥ 10%
Σ (H315 and H319) ≥ 20%

HP 5

Specific Target Or-
gan Toxicity (STOT)

 
Aspiration
Toxicity

H370 STOT SE 1
H371 STOT SE 2
H335 STOT SE 3
H372 STOT RE 1
H373 STOT RE 2

H304 Asp. Tox. 1

-

Ind. H370 ≥ 1%
Ind. H371 ≥ 10%
Ind. H335 ≥ 20%
Ind. H372 ≥ 1%
Ind. H373 ≥ 10%
Ind. H304 ≥ 10%
Σ H304 ≥ 10% and overall kinematic viscosity (at 40°C), is less than 
20.5 mm²/s

HP 6

Acute Toxicity H300 Acute Tox.1 (Oral)
H300 Acute Tox. 2 (Oral
H301 Acute Tox. 3 (Oral)
H302 Acute Tox 4 (Oral)
H310 Acute Tox.1 (Dermal)
H310 Acute Tox.2 (Dermal)
H311 Acute Tox. 3 (Dermal)
H312 Acute Tox 4 (Dermal)
H330 Acute Tox 1 (Inhal.)
H330 Acute Tox.2 (Inhal.)
H331 Acute Tox. 3 (Inhal.)
H332 Acute Tox. 4 (Inhal.)

Cat. 1, 
2 or 3: 
0.1%

Cat. 4: 
1%

Σ H300 1 ≥ 0.1%
Σ H300 2 ≥ 0.25%
Σ H301 ≥ 5%
Σ H302 ≥ 25%
Σ H310 1 ≥ 0.25%
Σ H310 2 ≥ 2.5%
Σ H311 ≥ 15%
Σ H312 ≥ 55%
Σ H330 1 ≥ 0.1%
Σ H330 2 ≥ 0.5%
Σ H331 ≥ 3.5%
Σ H332 ≥ 22.5%

HP 7 Carcinogenic H350 Carc. 1A , 1B
H351 Carc. 2 - Ind. H350 ≥ 0.1%

Ind. H351 ≥ 1%
HP 8 Corrosive H314 Skin Corr. 1A, 1B , 1C 1% Σ H314 ≥ 5%

HP 9 Infectious - - Rules laid down in reference documents or legislation in Member 
States – WM3 (2018), Appendix C9, EU (2018), Section 3.9

HP 10 Toxic for reproduc-
tion

H360 Repr. 1A, 1B
H361 Repr. 2

- Ind. H360 ≥ 0.3%
Ind. H361 ≥ 3%

HP 11 Mutagenic H340 Muta. 1A, 1B 
H341 Muta. 2

- Ind. H340 ≥ 0.1%
Ind. H341 ≥ 1%

TABLE 1: Summary of the fifteen hazard properties and POPs, their hazard statements and thresholds..
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HP 12 Release of an acute 
toxic gas

EUH029, EUH031, EUH032 - Testing (ECHA 2017 section 2.12 or 1M HCl for EUH031 or 
EUH032) or experience
Examples of substance specific thresholds documented in WM3 
(2018), Table C12.2, duplicated in EU (2018), Table 21

HP 13 Sensitising H317 Skin Sens. 1, 1A, 1B
H334 Resp. Sens. 1, 1A, 1B

- Ind. H317 ≥ 10%
Ind. H334 ≥ 10%

Environmental Hazards
HP 14 Ecotoxic H400 Aquatic Acute 1 

H410 Aquatic Chronic 1 
H411 Aquatic Chronic 2 
H412 Aquatic Chronic 3 
H413 Aquatic Chronic 4 
H420 Ozone

H400, 
H410:
0.1% 

H411, 
H412,
H413: 

1%

Σ H400 ≥ 25%
Σ [(100*H410) + (10*H411) + (H412)] ≥ 25%
Σ (H410 + H411 + H412 + H413) ≥ 25%
Σ H420 ≥ 0.1%

Alternative: Direct Testing

Physical, Health and Environmental Hazards
HP15 Waste capable of 

exhibiting a hazard-
ous property not 
displayed by the 
original waste

H205 Expl. 1.5 
EUH001; EUH019, EUH044 

- Testing, (ECHA 2017 section 2.1 provides guidance on EUH001, 
EUH044 and H205) or experience  
Norden (2015) reports hazard property is not generally applied; 
limits can be defined by individual member states

Health and Environmental hazards

Persistent 
Organic 
Pollutants 
(POPs) 

Waste containing 
one or more POPs; 
the POPs being 
those listed in EU 
(2014a), thresh-
olds defined in EU 
(2014c)

Polychlorinated dibenzo-p-dioxins 
and dibenzofurans (PCDD/PCDF); 
Polychlorobiphenyls (PCBs) 
Pesticides:  
DDT; chlordane; dieldrin; endrin 
hexachlorocyclohexanes, including 
lindane; heptachlor; chlordecone; 
hexachlorobenzene; aldrin; penta-
chlorobenzene; mirex; toxaphene 
Brominated flame retardants: hex-
abromobiphenyl 

- PCDD/PCDF: Σ(Ci x TEFi) ≥ 15 μg/kg (where TEFi is the toxic 
equivalency factor and Ci the concentration of an individual PCDD 
or PCDF substance i) 
 
Rest: ≥ 50 mg/kg

Note : Annex IV of Regulation No. 850/2004 as amended (EU 2004) contains a larger list of POPs that have specific disposal requirements when found in 
a waste:  

- Pesticides: endosulfan, dicofol (candidate POP) 
- Brominated flame retardants: tetra-, penta-, hexa-, hepta- and decabromodiphenylether; hexabromocyclododecane (HBCDD) 
- Chlorinated compounds: polychlorinated naphthalene; short-chain chlorinated paraffins (SCCPs); hexachlorobutadiene 
- Fluorinated compounds: perfluorooctane sulfonic acid and its derivatives (PFOS); perfluorooctanoic acid (PFAS) and perfluorohexane sulfonic acid 
(PFHxS) and their derivatives (candidate POPs) 
These POPs are not listed in the current waste regulations so do not make the waste hazardous at the threshold concentration of 50 mg/kg.

5. WASTE CLASSIFICATION METHODOLOGY
Assuming that the correct chemistry data have been 

collected for the classification step (Hennebert et al. 2013, 
AFNOR XP X30-489 2013), some practitioners (Hennebert 
2019, INERIS 2015, Norden 2016) discuss a tiered approach 
to assessing whether the waste, in particular mixtures, 
has any hazardous properties. The approach is essential-
ly a manual methodology, aimed at paper or spreadsheet 
based assessment: 

• Tier 1: is confirming that the material is a waste and 
identifying the correct LoW code for absolute entries 
(AH, AN) or pair of codes (MH, MN) for mirror entries.

For the assessment of hazardous properties:

• Tier 2: Screening at high level to exclude non-relevant 
hazardous properties from further assessment. For 
example, it is likely that HP 1 Explosive, HP 2 Oxidising, 
HP 3 Flammable4, HP 9 Infectious can all be excluded 
for incinerator bottom ash (IBA) or fly ash, based partly 
on the nature of feed stock but also because the mini-
mum incinerator temperature is 850°C. 

• Tier 3 a: Assessment of hazardous properties not eli-
minated in Tier 2 by determining the chemical compo-
sition of the waste.

• Tier 3 b: It may be necessary to undertake physical te-

sting for some hazard properties not eliminated in ear-
lier tiers. This step is mainly relevant for HP 1, HP 2 and 
HP 3. Note that HP 9 Infectious, which isn’t assessed 
using the chemical analysis approach, also needs to be 
considered and either discounted at the desktop study 
stage or, other suitable (non-chemical) testing under-
taken. Weight of evidence and expert judgement are 
often used in this step of the assessment.

• Tier 3 c: For some wastes it may be possible to as-
sess hazardous properties based on the principle of 
bridging; assuming that the waste has the same LoW 
code as the waste from another process and is similar 
or identical to waste generated from that process. For 
example, in the UK, incinerator bottom ash (IBA) from 
the incineration or pyrolysis of municipal waste (19 01 
11* / 19 01 12) is generally disposed of under 19 01 12 
based on the ESA sampling and testing protocol (ESA, 
2018) but bottom ash from the co-incineration of waste 
wood (10 01 14* / 10 01 15) cannot use, or bridge using 
this protocol and the earlier findings of ESA’s original 
baseline characterisation.

• Tier 4: for some waste streams, based on a positive, cost 
benefit analysis, more specialized chemical analysis 
and modelling may be advisable. For example, this 
might be considered for IBA from a waste wood co-inci-
nerator that generates 10,000 tonnes of IBA every year.
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The rest of this paper will focus primarily on the Tier 3a 
step and assessing metal species.

5.1 Classification of Safety Data Sheets
The classifier can use the information in a product’s 

SDS when the product remains un-altered in the result-
ing waste stream. The use of the data in a SDS for waste 
classification can generate a different classification to the 
original product classification. Some hazardous products 
are re-classified as non-hazardous wastes and vice-a-ver-
sa. In particular, HP 4, HP 6, HP 8, HP 13 and HP 14 show 
major differences to their counterparts in the CLP regula-
tion (INERIS 2016). The biggest discrepancies are caused 
by:

• In the case of products, classifiers have to use the Spe-
cific Concentration Limits and M factors5 where stated 
in Table 3 of the CLP, whereas their use is not required 
in waste classification. 

• Any hazard statements published in Section 2 of the 
SDS can reflect additive calculations; calculations 
based on the actual concentrations of the ingredients 
in the mixture (Section 3); these additive calculations 
and hence the result, differ from those calculations uti-
lized in waste classification.

• In Section 3 of the SDS, manufacturers disguise the 
exact composition of hazardous ingredients in their 
products by using ranges of concentrations (e.g. 5 
to 10%) or maximum concentrations (e.g. <10%); the 
waste classifier has to use the maximum concentra-
tions.

6. WASTE CLASSIFICATION 
Some of the most difficult wastes to characterize and 

classify are mixtures such as contaminated soils, filter 
cakes, ashes and sludges. This is because the classifier 
does not know exactly what is in the waste, combined with 
the knowledge that the standard laboratory test suites can’t 
tell us everything we would like to know about the chemical 
composition of our particular waste. 

For waste characterisation, many classifiers have 
a “minimum” chemical test suite that they will use as a 
starting point. With respect to the metals and considering 
waste soils, this minimum suite often includes antimony, 
arsenic, cadmium, chromium, copper, lead, mercury, nick-
el, selenium and zinc. Following a review of the processes 
that created and/or contaminated the waste, the classifier 
may then add extra metals to their minimum suite to better 
characterize the waste.

As an example, during work to determine whether a fil-
ter cake generated during the production of a firefighting 
foam has any hazardous properties (Bishop and Gill 2018), 
both calcium and iron were added to the suite of tests. 
The metals were identified because this industrial process 
entails the alkaline hydrolysis of a hoof and horn meal to 
release polypeptides. The process uses significant quanti-
ties of lime (calcium hydroxide, CaO) to create the alkaline 
conditions and iron(II) sulphate (FeSO4) and carbon dioxide 
(CO2) after the hydrolysis. These metals were included, not 
because the resulting calcium and iron compounds in the 

filter cake were likely to be hazardous, but more to confirm 
that a) the hydrolysis and hence the filter cake contained 
what was expected and b) would help demonstrate a better 
mass balance calculation.

This requirement to identify all compounds that may be 
at sufficient concentration to trigger a hazardous property 
is in contrast to the WAC approach (EU 2003), where (with 
respect to inorganic compounds):

• WAC only requires the testing of the eluate for twelve 
specific metals (and three anions); these are therefore 
not total metal concentrations but only the soluble 
(leachable) metal fraction (WAC testing ignores the in-
soluble compounds), and

• Depending on the class of landfill (hazardous, inert 
etc.) the WAC assessment simply compares the con-
centrations against a defined concentration threshold; 
a simple pass fail approach.

A few actors offer a simple, spreadsheet-based, worst 
case type classification for contaminated soils where-
by they undertake a “no extra knowledge” classification; 
to put it simply, they assume worst case substances for 
the metals and simply process the chemical analysis as 
is. However, there is much confusion over what is worst 
case, with a number of these actors incorrectly assuming 
that the compounds in the contaminated soil example in 
WM3 (2018) are worst case, which is incorrect; these com-
pounds were chosen for a specific industrial contamina-
tion scenario and five of the seven quoted species are not 
worst case. 

6.1 Metal species
The challenge is that the laboratory results for the met-

als only give you the total metal concentrations and not 
the specific species (or species6) concentrations for each 
metal. This species knowledge is critical in waste classifi-
cation because:

• for each metal, we have to use the concentration of 
a metal species in a classification, not the total metal 
concentration (There are exceptions known as Note 1 
compounds that are discussed later), and

• the standard laboratory tests can only estimate the to-
tal concentrations of individual metals e.g. total arse-
nic, copper or zinc and are not able to identify which 
specific species of metal is present in the waste.

There is a complementary technique, X-Ray Diffrac-
tion (XRD) (alongside X-Ray Fluorescence (XRF)), that can 
be used to analyse the mineral composition of naturally 
existing or manufactured crystalline materials. Unfortu-
nately, XRD cannot identify compounds in complicated 
mixtures such as a soil where there are hundreds of amor-
phous compounds, with no crystalline form, disseminated 
throughout the material, typically with concentrations < 
1%. 

The guidance states that where the classifier doesn’t 
know which metal species is present in a waste, the classi-
fier must start with the worst case and then work towards a 
more reasonable case, based on lines of evidence. The ev-
idence that can be considered will depend on the nature of 
the waste stream and knowledge of some basic chemistry. 
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For example, to assess an industrial filter cake, a desktop 
study would include:

• a review of the entire process that generates the filter 
cake; what are the input materials, which chemicals are 
added, what is the composition of the product and what 
substances might be expected in the filter cake based 
on the design of the process,

• examining what could be added by accident to the pro-
cess due for example to equipment malfunction or con-
tamination of the feed stock,

• collecting REACH compliant SDS for chemicals utilised,
• understanding the chemical reactions – how substance 

X reacts with substance Y to create substance Z, and
• a review of any existing chemical data; data typically 

collected for a different purpose such as assays or the 
annual monitoring specified in an environmental permit. 

For a contaminated soil, this desktop study would in-
clude:

• a review of the historical industrial uses of the site and 
surrounds – this would have been covered in a Phase 1 
desktop type study,

• a review of any Phase 2 site investigation work, includ-
ing the re-assessment of any chemical data gathered 
during that investigation to identify contaminated soils,

• a walk over to identify evidence of contamination such 
as burning, staining and fly tipping and any relevant is-
sues that may have occurred post the site investigation,

• review of the construction drawings and materials 
management plan to identify a) where excavated soils 
would come from and b) what volume of soils are 
planned for disposal7.

Following the review, the classifier would have also:

• designed the laboratory testing suite,
- including expanding the chemical analysis to help 

identify / rule out certain metal species and the 
type(s) of hydrocarbon contamination.

• designed the sampling plan,
• collected the samples, and
• commissioned a suitable chemical test laboratory.

6.2 Worst case
WM3 (2018) introduces the term “Worst case sub-

stance” (Step 4, page 7) following an introduction stating 
that chemical analysis, with respect to mainly inorganic 
substances, does not always identify specific components 
but rather the individual cations (i.e. the metals) and ani-
ons (e.g. sulphates, phosphates, chlorides etc.). It makes 
it clear that if there is any doubt about which substance is 
in a waste, then “the worst case substance should be con-
sidered present”. This term is further explained in Step 5 
(page 8) which tells the classifier that they have to identify 
the ‘worst case’ substances, giving only lead chromate as 
an example for lead. The guidance then states that these 
worst case substances have to be identified separately for 
each hazard property.

EU (2018) uses the term “Realistic worst case sub-
stance” (section 4.2.1) and states that “Worse case com-

pounds should be determined taking into consideration 
which substances reasonably could exist in the waste (e.g. 
based on the substances used in the process generating 
the waste and its associated chemistry)”. It has a footnote 
to further define the term “reasonable” and defers to the 
definition in WM3 (2018) which states that “reasonable in-
dicates that the substances cannot exist within the waste 
because, for example, of their physical and chemical prop-
erties can be excluded”. The footnote does go further and 
refers readers to the INERIS (2015) technical guidance doc-
ument which “contains a collection of ‘realistic worst case’ 
substances by elements for each hazard property”. 

This is as far as the guidance documents go as nei-
ther WM3 (2018) or EU (2018) reference or publish a list 
of either worst case compounds, or less worst case com-
pounds, nor describe how to deal with some of the ex-
ceptions encountered when trying to compile such lists. 
Some authors (INERIS 2015) have published lists of worst 
case compounds, by element and hazard property, or have 
proposed a “worst case with information” list (Hennebert 
2019) but none have published a comprehensive list of less 
worst case compounds focusing on compounds, rather 
than just hazard properties. This is partly because these 
approaches assume a manual analysis, which if you were 
to add more variables, such as less worst case, makes the 
classification process even more onerous. 

The alternative approach to the manual, step by step 
identification of hazard properties for every substance in 
a waste, is to start with worst case species for all relevant 
metals (and all the other determinands such as the PAHs, 
hydrocarbons, pH, moisture etc.), import the chemical re-
sults directly from the laboratory and classify using com-
mercial software like HazWasteOnline™. This tells the clas-
sifier in seconds whether any of the determinands have any 
hazardous properties. If one or more determinands flag up 
as hazardous, the classifier can prioritise these for further 
work. If nothing flags up as hazardous, the classifier could 
stop at this point. 

Typically most classifiers want to fine tune their clas-
sification further, either based on additional (analytical) 
knowledge of some of the inorganic compounds in the 
waste and/or because of other information in the chem-
ical results which can help rule out certain inorganic 
compounds. For example, if there isn’t any chromium(VI) 
in the waste (EN 15192), all the metal chromates can be 
swapped to the next (less) worst case species. However, 
the question then raised is what is the next less worst case 
metal species. Classifiers need a list that:

• goes from worst case to less worst case for each metal,
• documents the metadata that first triggers a hazard 

property for each metal species, and 
• details the assumptions and limitations used to com-

pile the list.

It must be noted that both approaches, manual or soft-
ware, still requires a thorough desktop study to both iden-
tify what to physically test for and for the metals, evidence 
for using more reasonable (less worst case) metal spe-
cies. Both methods rely on the premise that the classifier 
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has identified all potentially hazardous compounds in the 
waste. 

6.3 Conversion Factors, Group Entries and Note 1
For a given metal, once the classifier has identified the 

metal species that they want to use, they have to perform 
one further step; converting the total metal concentration 
to the species concentration using a Conversion Factor 
(see note8 for worked example). The resulting species con-
centration is the number that has to be used in the waste 
classification.

There is one special case and one exception to this re-
quirement: Group Entries and Note 1 entries.

• Group Entries (see Table 3 for examples) are of the 
form “metal X compounds with the exception of those 
specified elsewhere in this Annex”, the Annex being CLP 
Table 3. So as long as the metal X compound you sus-
pect is in your waste (e.g. lead sulphate) is not listed in 
CLP Table 3, the classifier can use the metal’s Group 
Entry instead. However, the classifier still has to apply a 
Conversion Factor for a hypothetical species; a species 
not already listed in CLP Table 3. 

• Some entries in CLP Table 3 are marked as Note 1. The 
CLP’s definition of Note 1 is “The concentration stated 
or, in the absence of such concentrations, the generic 
concentrations of this Regulation are the percentages by 
weight of the metallic element calculated with reference 
to the total weight of the mixture”; effectively this means 
that the classifier can use the total metal concentration 
in the classification and not worry about applying a 
Conversion Factor for a hypothetical metal species.

About half of the Group Entries in CLP Table 3 (e.g. lead 
compounds) are also Note 1; this simplifies the exercise 
even further as for these entries, the classifier doesn’t have 
to work out a Conversion Factor for any particular metal 
species. However, for those Group Entries that are not Note 
1; beryllium, chromium(VI), selenium, thallium and urani-
um, the classifier has to utilise a Conversion Factor for a 
suitable metal compound and herein lies the challenge. 
There is no guidance or legislation that dictates how such 
a compound should be chosen and thus a suitable Conver-
sion Factor defined. One practice is to go worst case and 
try and identify a worst case metal compound that is 1) not 
already listed in CLP Table 3 and 2) could be a reasonable 
source of contamination in the waste. Hennebert (2019) 
suggested the metal oxide where the oxide was not already 
a harmonised entry in CLP Table 3.

Apart from Group Entry “arsenic acid and its salts...” 
where arsenic acid is a logical selection, this paper utilis-
es oxides for the Group Entries for selenium, thallium and 
uranium (plus an alternative chromate for thallium). How-
ever, where the oxides are present, both beryllium chloride 
and beryllium hydroxide and chromic acid (H2CrO4) have 
been listed. Note that where the classifier has evidence for 
a different compound for one of these Group Entries, then 
they should use the Conversion Factor for that compound, 
which in turn, might affect the relative position of the Group 
Entry in Table 3.

6.4 What is worst case?
The approach to assessing worst case inorganic com-

pounds is to calculate how much of the metal, for a given 
metal species, is required to create a hazardous outcome. 
For most species, this outcome is based on:

• the size of the Conversion Factor (note that a larger 
conversion factor does necessarily equate to a more 
hazardous species), and

• which hazard statements a given compound has and by 
correlation, the thresholds defined in the LoW.

Other factors that could influence the outcome include:

• Whether the compounds is a Note 1 substance e.g. 
lead chromate.

• Whether the compound has a threshold defined at tech-
nical guidance level e.g. HP 12: (EUH031, EUH032) and 
HP 3 (fifth indent).

• Whether the harmonized entry is an incomplete entry 
and missing one or more hazard classes (e.g. barium 
salts).

• Whether the harmonised entry is a minimum entry9. For 
example, mercury dichloride has “H300 Acute Tox. 2*”, 
threshold 0.25% but it could be Acute Tox. 1, threshold 0.1%.

The approach also has two important caveats that can-
not be factored into a worst case assessment:

• With a few exceptions, the assessment doesn’t assess 
the contribution of the physical hazards, HP 1, HP 2 
and HP 3 and HP 12 (and related hazard statement’s 
category code marked ****). This is because a) there 
are no published thresholds and b) it depends on syn-
ergistic/antagonistic effects with other components 
in the waste; some components may increase the 
physical hazard while others may mitigate the hazard. 
There are calculation methods for HP 3 flammable: 
fifth indent (Water-react. 1; H260 and also H261) and 
HP 12 (EUH031, EUH032), detailed in WM3 (2018) & EU 
(2018), which have been included in this review.

• The assessment does not take into account additivity 
of the selected species with other additive substances 
present in the same waste. HP 4, HP 5, HP 6, HP 8 and 
HP 14 all have one or more additive hazard statements. 
Additivity can therefore make a waste hazardous at 
lower concentrations than that of the individual con-
centration of the substance alone.

It must also be noted that the CLP considers that all the 
harmonized entries in CLP Table 3 may be incomplete with 
respect to hazard classes that are not listed for given entry. 

For substances that are known to be incomplete (for 
example all the refined petroleum hydrocarbon entries) and 
haven’t been amended since the publication of ATP 2 (EU 
2011), when Note H10 was removed, or for the millions of 
substances that are not listed in CLP Table 3, the classifier 
is responsible for self-classification; this means checking 
other sources including ECHA’s C&L Inventory (C&L 2020), 
REACH compliant SDS and other sources such as IARC 
(2020). With respect to the self-classifications for a given 
non-harmonized substance in the C&L Inventory, the guid-
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ance recommends assessing those hazard statements 
having the higher number of notifiers.

One further example of an incomplete entry (that was 
also not marked as Note H) is the Group Entry for barium 
salts mentioned above. Two Group Entries need to be re-
viewed:

• barium salts, with the exception of barium sulphate, 
salts of 1-azo-2-hydroxynaphthalenyl aryl sulphonic acid, 
and of salts specified elsewhere in this Annex, and

• chromium (VI) compounds, with the exception of barium 
chromate and of compounds specified elsewhere in this 
Annex.

Both would imply that you would expect barium chro-
mate to be a harmonized entry in CLP Table 3 as all chro-
mates are carcinogenic (threshold 0.1%, HP 7). However, 
barium chromate is missing from CLP Table 3 and the 
unwary classifier could easily use the barium salts Group 
Entry (threshold 22.5%, HP 6) and thus seriously misclas-
sify their waste. Indeed, as barium salts is a Note 1 entry 
(i.e. you can use the total barium concentration only in the 
calculations; threshold 22.5%), you could actually have a 
barium chromate concentration of 41.5% in the waste if the 
Conversion Factor (1.845) for barium to barium chromate 
were to be applied.

7. RANKING PROTOCOL 
The paper focusses primarily on the harmonized entries 

for simple inorganics compounds published in CLP Table 
3. However, this paper’s Table 3 also contains a number of 
extra entries from HazWasteOnline™, which are not harmo-
nised entries. Non-harmonised entries are required to: 

• help assess mixtures such as contaminated soils 
where non-CLP substances like chromium(III) oxide 
need to be managed; [they are also needed for many 
organic compounds such as unknown oil and several of 
the standard PAHs e.g. anthracene, pyrene].

• accommodate non-CLP substances that are named or 
implied in Group Entries, such as barium chromate.

The ranking process is quite straight forward; it is pri-
marily based on which hazard statements a compound has 
and, with a few exceptions (like Note 1), on its compound 
concentration. 

For a given metal, only the simpler inorganic com-
pounds, published in CLP Table 3 (plus a number of 
non-harmonized species) have been assessed. There are 
many CLP compounds (such as chemical industry inter-
mediates) that are not included in this assessment. If the 
classifier suspects that such a compound or a non-har-
monised compound could be present in their waste, then 
they should add that compound to their assessment and 
include lines of evidence to discount the more hazardous 
compounds where necessary.

The exercise encountered a number of issues that re-
quired a further methodology for deciding some species’ 
ranking. These were:

• As discussed in section 6.3, out of the thirteen Group 

Entries detailed in Table 3, six of them (arsenic salts, 
beryllium, chromium(VI), selenium, thallium and urani-
um) are not marked Note 1 and need a suitable Conver-
sion Factor. Conversion Factors for other (non-harmo-
nised) species have been documented but the classifier 
should adjust accordingly if they have evidence for a 
different species.

• Where a number of metal species (primarily for species 
of cadmium, cobalt and lead) are both Note 1 and have 
the same hazard statement (so the same threshold), 
the species are ordered using the following approach;
1.  For a given class e.g. carcinogenic, the higher cate-

gory code is listed first – e.g. Carc. 1A; H350, before 
Carc. 1B; H350, and then 

2. For two or more species with the same catego-
ry code e.g. Carc. 1B, the species with the higher 
Conversion Factor (CF) is listed first. For example, a 
species with a CF of 1.6 ranks higher than one with 
a CF of 1.5.

Other factors that have a bearing: 

• M factors5 defined in CLP Table 3 are currently not im-
plemented in the waste legislation, so are not consid-
ered in this paper.

• The concentration limits in the Annex III amendment 
(EU 2014b) do not apply to metal alloys in their mas-
sive form (assuming they are not contaminated with 
hazardous substances). The only exception to this rule 
(at the time of writing) is amalgam waste from dental 
care, 18 01 10*. An alloy is a mixture of two or more 
metallic elements, so for example, steel (17 04 05) is an 
alloy of iron and carbon and copper (as in pipe, 17 04 
01), while a minimum of 99.9% copper, can be alloyed 
with up to 0.04% phosphorous. The term “massive”, 
while not defined in the waste legislation, is generally 
accepted to be particles ≥ 1mm; a size used to differ-
entiate between nickel powders in ATP 1 (EU 2009) and 
lead powders in ATP 9 (EU 2016). However, ATP 15 (EU 
2020) recently added granulated copper to CLP Table 
3 for particle lengths of 0.9 to 6.0 mm and width 0.494 
to 0.949 mm.

• Whether a metal species is hazardous at a particular 
metal concentration is also dependent on whether a 
given metal concentration is reported as a dry weight 
or an as-received (wet weight) metal concentration. 
Laboratory analysis of metals (typically aqua regia ex-
traction and ICP-OES11) is done on the dried material 
and reported in dry weight terms. Unlike the WAC as-
sessment however, water is an integral component of 
the waste, so any dry weight concentrations should be 
converted back to their as-received equivalent before a 
waste classification is undertaken. 

• The analysis has not considered hydrated forms where 
the hydrous form is not listed in CLP Table 3.

7.1 Anhydrous and hydrous forms
Out of the 204 entries in Table 3, only copper and zinc 

have defined entries for both the anhydrous and one or 
more hydrated forms. The CLP makes it clear that where 
the hydrated form is not present in CLP Table 3, the clas-
sifier can use the hazard statements from the anhydrous 
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form. However, in this case, the classifier also has to apply 
a suitable Conversion Factor to account for one or more 
water molecules; a Conversion Factor that will be larger 
than that for the anhydrous molecule (i.e. the hydrated 
molecule will be hazardous at lower cation concentrations 
than the anhydrous molecule). If the classifier is consider-
ing a metal species that has hydrous forms (and also not 
listed in Table 3), then they will have to consider applying a 
suitable Conversion Factor.

7.2 Most characteristic metal
One other lesser known but useful fact can be discerned 

from the first three digits of the CLP index number in CLP 
Table 3. The CLP states that “Entries in Part 3 [i.e. Table 3] 
are listed according to the atomic number of the element 
most characteristic of the properties of the substance”. So 
the first three digits of the index number indicate either the 
atomic number of the key element or if in the 600s, the or-
ganic group that is most characteristic with respect to the 
hazard properties. For example:

• 082-011-00-0 lead hydrogen arsenate, PbHAsO4: 082 
refers to lead and not arsenic

• 024-007-00-3 zinc chromate, ZnCr04: 024 refers to chro-
mium and not zinc

• 615-017-00-4 calcium cyanamide, CaCN2: 615 refers to 
cyanamide anion

This information has been included in Table 2 and later 
in Table 3, where the most characteristic element or organ-
ic group, where defined by a CLP index number, is embold-
ened in the chemical formula.

7.3 Metal species containing two metals
A potential conflict arrives in the listings when a spe-

cies contains more than one hazardous metal, for example, 
lead hydrogen arsenate, selenium compounds like nickel 
selenite and all the chromates. Considering the chromates, 
should a chromate be listed under the cation (e.g. zinc for 
zinc chromate) or under chromium, as a given species can 
be hazardous by either metal but at different concentra-
tions. Practically, this is also an important consideration 
for classifiers when assessing whether a particular species 
can be present or not. 

To explore this conflict further, it is also helpful to be 
able to refer to the metal with the highest concentration 
that triggers a hazardous outcome, defined here as the pri-
mary metal (effectively the element with the largest relative 
atomic mass), the other(s) being referred to as the second-
ary metal(s). For example, 361 mg/kg of zinc, in the form of 
zinc chromate, would trigger HP 7 at 1,000 mg/kg. Within 
this total, 361 mg/kg is zinc while only 287 mg/kg is chro-
mium (VI)12. Here, zinc is the primary metal, and chromium 
the secondary metal. 

Calculating the concentration of the secondary metal 
(sometimes referred to as the limiting concentration) is 
useful because if the laboratory reports significantly13 low-
er concentrations of the secondary metal, the classifier 
can make the case that there isn’t enough chromium(VI) to 
make hazardous concentrations of zinc chromate and then 
move on to the next less worst case species.

To highlight the issues around ordering by either the 

cation or in the case of chromates, by chromium(VI) and 
to examine the distribution of the primary and secondary 
metals, Table 2 shows a selection of metal chromates or-
dered from worst case cation to less worst case; Table 2a 
in terms of the cation and Table 2b in terms of chromium. 
With one exception (lead chromate, Note 1), the tables list 
the relative concentrations of both the metal cation and of 
chromium(VI) relative to the hazardous threshold of 1,000 
mg/kg for HP 7. Clearly, one table is simply the reverse 
of the other (Note 1 excepted) as we are dealing with the 
same atomic ratios. 

Both the orders shown in Table 2 have their uses depend-
ing on whether you are considering the cation concentration 
or the concentration of chromium(VI). It is also clear that 
chromium is the primary metal for calcium and sodium chro-
mate, and the dichromates, but for all the other chromates, 
the cation is the primary metal. So, for metals species con-
taining two metals, knowledge about which is the primary 
metal doesn’t help us pick one ordering system over another.

Finally determining which is the primary metal is more 
important where the compound is marked Note 1, such as 
in the case of lead chromate above or lead hydrogen arse-
nate, where the lead is primary and arsenic is secondary. 
The determination is more critical because in these cas-
es, more of both the primary and secondary metals can be 
present before a hazardous threshold is reached. 

7.4 Ranking protocol decision
The result of reviewing both the primary/secondary 

metals and the most characteristic metal confirms that 
there is no simple method for worst case listing by either 
the primary metal or the characteristic metal. In reality, 
workers test a) for a subset of metals, which rarely include 
tests for many potentially primary elements such as Ca, 
Na, K, S, P, O, N, Cl etc. and b) most workers see their heavy 
metals as the key reference point, so for example, will intu-
itively look at a list of zinc compounds when considering 
zinc and not necessarily consider the chromium in zinc 
chromate on the first pass.

So in this paper we have compromised and listed pri-
marily by the cation but with a few examples of some com-
pounds listed twice (e.g. lead hydrogen arsenate (where 
arsenic is secondary) or nickel selenite (where selenium is 
primary) to try and remind the classifier that they should 
consider both the primary metal and the secondary metal 
in their work.

Table 3 contains 32 elements and 204 metal species, 
listed from worst case to less worst case for each metal. 
For each entry, the table documents (by column number):

1. Which hazard property triggers first.
2. Whether the substance has one or more additive haz-

ard statements (Σ).
3. Which hazard property hasn’t been or can’t be evaluat-

ed e.g. HP 3.
4. Which hazard statement caused the trigger.
5. The threshold concentration for that hazard statement, 

in %. (For reference 0.1% = 1,000 mg/kg).
6. Except for the rows highlighted in green, the name of 

the entry as published in CLP Table 3. 
7. The molecular formula, with the characteristic element 
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TABLE 2: List of worst case to less worst case for the CLP Table 3 chromates ordered from worst case to less worst case. In Table 2a the 
order is defined by the concentration of the cation. In Table 2b the order is defined by the concentration of chromium. The primary metal 
for each compound is shown in red while the secondary remains in black. (Barium chromate is not a harmonised entry and is self-classi-
fied (refer Table 3).) Embolden text in the chemical formula shows most characteristic element as defined by the entry’s index number in 
CLP Table 3. 

shown in bold and where applicable, Note 1 shown to 
indicate that the metal concentration should be used in 
the calculations.

8. The substance’s CAS registry number.
9. The concentration of the metal in mg/kg, required to 

trigger the hazardous outcome.
10. The conversion factor14.

It is also interesting to note that of the 204 species in 
Table 3, the vast majority (94%) are additive, having one 

or more additive hazard statements. The remaining 6% are 
dominated by entries with only a single (non-additive) haz-
ard statement.

8. EXAMPLE: WORKING FROM WORST CASE 
TO LESS WORST CASE

So the next critical question is how does the classifier 
work from worst case to a more reasonable case. The guid-
ance advises the use of lines of evidence to achieve this. 

Table 2b Ordered in terms of chromium

Species Compound Conc. 
mg/kg

mg/kg CF mg/kg CF

Formula cation chromium(VI)

lead chromate 1,000 PbCrO4 641 1.560 161 6.216

barium chromate 1,000 BaCrO4 543 1.845 205 4.872

lead chromate (Note 1) 1,560 Pb 1,000 1.000 251 6.216

strontium chromate 1,000 SrCrO4 430 2.324 255 3.916

potassium chromate 1,000 K2CrO4 403 2.483 268 3.735

zinc chromate 1,000 ZnCrO4 361 2.774 287 3.488

nickel chromate 1,000 NiCrO4 336 2.976 298 3.360

sodium chromate 1,000 Na2CrO4 284 3.523 321 3.115

calcium chromate 1,000 CaCrO4 257 3.894 333 3.002

potassium dichromate 1,000 K2Cr2O7 266 3.762 353 2.829

nickel dichromate 1,000 NiCr2O7 214 4.680 379 2.641

sodium dichromate 1,000 Na2Cr2O7 176 5.697 397 2.519

ammonium dichromate 1,000 (NH4)2Cr2O7 143 6.987 413 2.424

Table 2a Ordered in terms of the cation

Species Compound Conc. 
mg/kg

mg/kg CF mg/kg CF

Formula cation chromium(VI)

ammonium dichromate 1,000 (NH4)2Cr2O7 143 6.987 413 2.424

sodium dichromate 1,000 Na2Cr2O7 176 5.697 397 2.519

nickel dichromate 1,000 NiCr2O7 214 4.680 379 2.641

calcium chromate 1,000 CaCrO4 257 3.894 333 3.002

potassium dichromate 1,000 K2Cr2O7 266 3.762 353 2.829

sodium chromate 1,000 Na2CrO4 284 3.523 321 3.115

nickel chromate 1,000 NiCrO4 336 2.976 298 3.360

zinc chromate 1,000 ZnCrO4 361 2.774 287 3.488

potassium chromate 1,000 K2CrO4 403 2.483 268 3.735

strontium chromate 1,000 SrCrO4 430 2.324 255 3.916

barium chromate 1,000 BaCrO4 543 1.845 205 4.872

lead chromate 1,000 PbCrO4 641 1.560 161 6.216

lead chromate (Note 1) 1,560 Pb 1,000 1.000 251 6.216
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Conver. 
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Al 013 HP 6 Σ Acute Tox.1; H330 A, B 0.1 aluminium phosphide AlP 20859-73-8 466 2.148

HP 3 HP3(ii) Water-react. 2; H261 A 0.1 aluminium powder Al 7429-90-5 1000 1.000

HP 8 Σ Skin Corr. 1B; H314 5.0 aluminium chloride AlCl3 7446-70-0 10,118 4.942

Sb 051 HP 7 Carc. 2; H351 1.0 antimony trioxide Sb2O3 1309-64-4 8,354 1.197

HP 14 Σ Aquatic Chronic 2; H411 2.5 antimony pentachloride SbCl5 7647-18-9 10,180 2.456

HP 14 Σ Aquatic Chronic 2; H411 2.5 antimony trichloride SbCl3 10025-91-9 13,344 1.874

HP 14 Σ Aquatic Chronic 2; H411 2.5 antimony trifluoride SbF3 7783-56-4 17,029 1.468

HP 14 Σ Aquatic Chronic 2; H411 2.5 antimony compounds with 
the exception of tetroxide …

Sb 
(Note 1)

- 25,000 1.000

As 033 HP 7 Σ Carc. 1A; H350 0.1 lead hydrogen arsenate PbHAs04  
(Note 1)

7784-40-9 see lead

HP 7 Σ Carc. 1A; H350 0.1 arsenic acid and its salts 
with the exception of 

those ...

 as H3AsO4 - 528 1.895

HP 7 Σ Carc. 1A; H350 0.1 arsenic pentoxide As2O5 1303-28-2 652 1.534

HP 7 Σ Carc. 1A; H350 0.1 arsenic trioxide As2O3 1327-53-3 758 1.320

HP 7 Σ Carc. 1A; H350 C 0.1 arsenic As 7440-38-2 1000 1.000

HP 7 Σ Carc. 1A; H350 C 0.1 arsenic compounds, with 
the exception of those …

As 
(Note 1)

- 1000 1.000

Ba 056 HP 7 Σ HP 2 Carc. 1B; H350 0.1 barium chromate F BaCr04 10294-40-3 543 1.845

HP 12 Σ EUH031 B 0.8 barium sulphide BaS 21109-95-5 6,486 1.233

HP 14 Σ HP 2 Aquatic Chronic 2; H411 2.5 barium chlorate Ba(CIO3)2 13477-00-4 11,285 2.215

HP 6 Σ Acute Tox. 3; H301 5.0 barium chloride BaCl2 10361-37-2 32,975 1.516

HP 6 
HP 8

Σ Acute Tox. 3; H301  
Skin Corr. 1B; H314 

5.0 barium oxide G BaO 1304-28-5 44,783 1.117

HP 6 Σ Acute Tox 4; H302 25.0 barium carbonate BaCO3 513-77-9 173,977 1.437

HP 6 Σ Acute Tox 4; H332 22.5 barium salts, with the  
exception of barium sul-

phate, and those …

Ba 
(Note 1)

- 225,000 1.000

- - - - barium sulfate H BaSO4 7727-43-7 - 1.700

Be 004 HP 7 Σ Carc. 1B; H350 D 0.1 aluminium beryllium  
silicates 

as  
Al2Be3Si6O18

 
as  

Al2Be2Si5O15

 
1302-52-9 

 
 

37220-37-4

 
51
 
 

40

 
19.880  

 
 

25.099

HP 7 Σ Carc. 1B; H350 0.1 beryllium chloride I BeCl2 7787-47-5 113 8.868

HP 7 Σ Carc. 1B; H350 0.1 beryllium compounds with 
the exception of aluminium 

beryllium silicates, and 
those …

Be as BeCl2
    as Be(OH)2

- 113
210

8.868 
4.774

HP 7 Σ Carc. 1B; H350 0.1 beryllium oxide BeO 1304-56-9 361 2.775

HP 7 Σ Carc. 1B; H350 0.1 beryllium Be 7440-41-7 1,000 1.000

B 005 HP 6 Σ Acute Tox. 2; H300 0.25 boron tribromide BBr3 10294-33-4 108 23.173

HP 6 Σ Acute Tox. 2; H300 0.25 boron trichloride BCl3 10294-34-5 231 10.838

HP 10 Repr. 1B; H360 0.3 boric acid H3BO3 10043-35-3 
11113-50-1

525 5.719

HP 6 Σ Acute Tox. 2; H330 0.5 boron trifluoride BF3 7637-07-2 798 6.272

HP 10 Repr. 1B; H360 0.3 diboron trioxide; boric oxide B2O3 1303-86-2 932 3.220

Cd 048 HP 7 
HP 11

Σ Carc. 1B; H350   
Muta. 1B; H340

0.1 cadmium sulphate CdSO4 10124-36-4 540 1.855

HP 7 
HP 11

Σ Carc. 1B; H350   
Muta. 1B; H340

0.1 cadmium chloride CdCl2 10108-64-2 614 1.631

TABLE 3: List of worst case to less worst case metal species, grouped by element, listed worst case to less worst case.
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HP 7 
HP 11

Σ Carc. 1B; H350   
Muta. 1B; H340

0.1 cadmium fluoride CdF2 7790-79-6 748 1.338

HP 14 Σ Aquatic Chronic 1; H410 0.25 cadmium iodide CdI2 7790-80-9 768 3.258

HP 7 Σ Carc. 1B; H350  0.1 cadmium oxide CdO 1306-19-0 876 1.142

HP 7 
HP 11

Σ Carc. 1B; H350   
Muta. 1B; H340

0.1 cadmium nitrate Cd(NO3)2  
(Note 1)

10325-94-7 1,000 2.103

HP 7 
HP 11

Σ Carc. 1B; H350   
Muta. 1B; H340

0.1 cadmium carbonate CdCO3 
(Note 1)

513-78-0 1,000 1.534

HP 7 
HP 11

Σ Carc. 1B; H350   
Muta. 1B; H340

0.1 cadmium hydroxide Cd(OH)2  
(Note 1)

21041-95-2 1,000 1.303

HP 7 Σ Carc. 1B; H350  0.1 cadmium sulfide CdS 
(Note 1)

1306-23-6 1,000 1.285

HP 7 Σ HP 3 Carc. 1B; H350 0.1 cadmium Cd 7440-43-9 1,000 1.000

HP 7 Σ Carc. 1B; H350 D 0.1 cadmium compounds with 
the exception of cadmium 

sulphoselenide… and …

Cd 
(Note 1)

- 1,000 1.000

HP 14 Σ Aquatic Chronic 1; H410 0.25 cadmium hexafluorosilicate CdF6Si 17010-21-8 1,105 2.264

HP 14 Σ Aquatic Chronic 1; H410 0.25 cadmium diformate CdC2H2O4 4464-23-7 1,389 1.801

HP 6 
HP 14

Σ Acute Tox. 2; H300
Acute Tox. 1; H310

Aquatic Chronic 1; H410

0.25 cadmium cyanide Cd(CN)2 542-83-6 1,709 1.463

HP 4 
HP 5

Σ Skin Irrit. 2; H315   
STOT SE 3; H335

20.0 cadmium sulfoselenide 
red E

Cd2SSe 58339-34-7 133,869 1.494

Ca 020 HP 7 Σ Carc. 1B; H350 0.1 calcium chromate CaCrO4 13765-19-0 257 3.894

HP 6 Σ HP 12 Acute Tox. 1; H330 0.1 calcium phosphide Ca3P2 1305-99-3 660 1.515

HP 12 Σ EUH032 B 0.2 calcium cyanide Ca(CN)2 592-01-8 871 2.298

HP 3 Water-react. 1; H260 A 0.1 calcium hydride CaH2 7789-78-8 953 1.050

HP 12 Σ EUH031 B 0.3 calcium sulphide CaS 20548-54-3 1,667 1.800

HP 12 Σ HP 2 EUH031 B 0.6 calcium hypochlorite Ca(OCl)2 7778-54-3 1,682 3.568

HP 3 Water-react. 1; H260 A 0.3 calcium carbide CaC2 75-20-7 1,876 1.599

HP 3 Water-react. 2; H261 A 0.2 calcium Ca 7440-70-2 2,000 1.000

HP 4 Σ Eye Dam. 1; H318 10.0 calcium cyanamide CaCN2 156-62-7 50,034 1.999

HP 4 Σ Eye Dam. 1; H318 10.0 calcium hydroxide J Ca(OH)2 1305-62-0 54,094 1.849

HP 4 Σ Eye Dam. 1; H318 10.0 calcium oxide K CaO 1305-78-8 71,470 1.399

HP4 Σ Eye Irrit. 2; H319 20.0 calcium chloride CaCl2 10043-52-4 72,224 2.769

Cr 024 HP 7 
HP 11

Σ HP 2 Carc. 1B; H350

Muta. 1B; H340

0.1 ammonium dichromate (NH4)2Cr2O7 7789-09-5 143 6.987

HP 7 Σ Carc. 1B; H350 0.1 chromium(VI) compounds, 
with the exception of  

barium chromate and …

Cr as H2CrO4

   

- 441 2.270 

HP 7 
HP 11

Σ HP 2 Carc. 1A; H350 
Muta. 1B; H340

0.1 chromium(VI) oxide CrO3 1333-82-0 520 1.923

HP 13 Σ Skin Sens. 1; H317 10.0 chromium(III) oxide E Cr2O3 1308-38-9 68,421 1.462

Co 027 HP 7 Σ Carc. 1B; H350 0.1 cobalt dinitrate Co(NO2)2   
(Note 1)

10141-05-6 1,000 3.104

HP 7 Σ Carc. 1B; H350 0.1 cobalt di(acetate) Co(C2H3O2)2 
(Note 1)

71-48-7 1,000 3.004

HP 7 Σ Carc. 1B; H350 0.1 cobalt sulfate CoS04    
(Note 1)

10124-43-3 1,000 2.630

HP 7 Σ Carc. 1B; H350 0.1 cobalt dichloride CoCl2 
(Note 1)

7646-79-9 1,000 2.203
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HP 7 Σ Carc. 1B; H350 0.1 cobalt carbonate CoCO3 
(Note 1)

513-79-1 1,000 2.018

HP 7 Σ Carc. 1B; H350 0.1 cobalt Co 7440-48-4 1,000 1.000

HP 14 Σ Aquatic Chronic 1; H410 0.25 cobalt sulfide CoS 1317-42-6 1,620 1.544

HP 14 Σ Aquatic Chronic 1; H410 0.25 cobalt oxide CoO 1307-96-6 1,967 1.271

Cu 029 HP 14 Σ Aquatic Chronic 1; H410 0.25 copper sulphate  
pentahydrate

CuSO4.5H2O 7758-99-8 637 3.929

HP 14 Σ Aquatic Chronic 1; H410 0.25 copper(II) chloride 
 dihydrate L

CuCl2.2H2O 10125-13-0 932 2.683

HP 14 Σ Aquatic Chronic 1; H410 0.25 copper sulphate CuSO4 7758-98-7 996 2.512

HP 14 Σ Aquatic Chronic 1; H410 0.25 copper(II) chloride M CuCl2 7447-39-4 1,182 2.116

HP 14 Σ HP 12 Aquatic Chronic 1; H410 0.25 copper thiocyanate CuSCN 1111-67-7 1,307 1.914

HP 14 Σ Aquatic Chronic 1; H410 0.25 tetracopper hexahydroxide 
sulphate

Cu4(OH)6SO4 1333-22-8 1,405 1.779

HP 14 Σ Aquatic Chronic 1; H410 0.25 copper(II) carbonate -  
copper(II) hydroxide (1:1)

CuCO3·Cu(OH)2 12069-69-1 1,437 1.740

HP 14 Σ Aquatic Chronic 1; H410 0.25 dicopper chloride  
trihydroxide

Cu2(OH)3Cl 1332-65-6 1,488 1.680

HP 14 Σ Aquatic Chronic 1; H410 0.25 copper(I) chloride CuCl 7758-89-6 1,605 1.558

HP 14 Σ Aquatic Chronic 1; H410 0.25 copper(II) hydroxide Cu(OH)2 20427-59-2 1,629 1.535

HP 14 Σ Aquatic Chronic 1; H410 0.25 copper(II) oxide CuO 1317-38-0 1,998 1.252

HP 14 Σ Aquatic Chronic 1; H410 0.25 copper(I) oxide Cu2O 1317-39-1 2,221 1.126

HP 14 Σ Aquatic Chronic 2; H411 2.5 granulated copper Cu 7440-50-8 25,000 1.000

Fe 026 HP 4 Σ Skin Irrit. 2; H315  
Eye Irrit. 2; H319

20.0 iron(II) sulfate  
heptahydrate

FeSO4.7H2O 7782-63-0 40,177 4.978

HP 4 Σ Skin Irrit. 2; H315   
Eye Irrit. 2; H319

20.0 iron(II) sulfate FeSO4 7720-78-7 73,525 2.72

Pb 082 HP 7 Σ Carc. 1A; H350 0.1 lead hydrogen arsenate PbHAs04  
(Note 1)

7784-40-9 1,000 1.675

HP 7 Σ Carc. 1B; H350 0.1 lead chromate molybdate 
sulfate; C.I. Pigment  

Red 104

PbCrO4,  
PbMoO4,  

PbSO4 (Note 1)

12656-85-8 1,000 1.560

HP 7 Σ Carc. 1B; H350 0.1 lead chromate PbCrO4  
(Note 1)

7758-97-6 1,000 1.560

HP 7 Σ Carc. 1B; H350 0.1 lead sulfochromate; C.I. 
Pigment Yellow 34

PbCrO4, 
PbSO4       

(Note 1)

1344-37-2 1,000 1.511

HP 7 Σ Carc. 1B; H350 0.1 lead compounds with 
the exception of … (worst 

case) N

Pb 
(Note 1)

- 1,000 1.000

HP 14 Σ Aquatic Chronic 1; H410 0.25 lead di(acetate) N Pb(C2H3O2)2 
(Note1)

301-04-2 2,500 1.570

HP 14 Σ HP 1 Aquatic Chronic 1; H410 0.25 lead azide N Pb(N3)2  
(Note 1)

13424-46-9 2,500 1.406

HP 14 Σ Aquatic Chronic 1; H410 0.25 trilead  
bis(orthophosphate) N

Pb3(PO4)2  
(Note 1)

7446-27-7 2,500 1.306

HP 14 Σ Aquatic Chronic 1; H410 0.25 lead compounds with the 
exception of those … N

Pb 
(Note 1)

- 2,500 1.000

HP 14 Σ Aquatic Chronic 1; H410 0.25 lead powder; <1mm O Pb 7439-92-1 2,500 1.000

HP 10 Repr. 1A; H360 0.30 lead powder; ≥1mm Pb 7439-92-1 3,000 1.000

Li 003 HP 7 Σ Carc. 1A; H350 0.1 cobalt lithium nickel oxide LiNi0.8Co0.2O2 
P - 72 14.066

HP 3 Σ Water-react. 1; H260 A 0.1 aluminium lithium hydride LiAlH4 16853-85-3 183 5.469

HP 3 Σ Water-react. 1; H260 A 0.1 lithium Li 7439-93-2 1,000 1.000

Mg 012 HP 6 Σ Acute Tox. 1; H330 0.1 magnesium phosphide Mg3P2 12057-74-8 541 1.850

HP 3 HP3(ii) Water-react. 1; H260 A 0.1 magnesium Mg 7439-95-4 1,000 1.000
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HP 3 HP3(iii) Water-react. 2; H261 A 0.1 magnesium, powder or 
turnings

Mg 7439-95-4 1,000 1.000

HP 6 Σ Acute Tox. 3; H301 5.0 magnesium  
hexafluorosilicate

MgSiF6 16949-65-8 7,305 6.845

Mn 025 HP 14 HP 2 Aquatic Chronic 1; H410 0.25 potassium permanganate KMnO4 7722-64-7 869 2.877

HP 14 Σ Aquatic Chronic 2; H411 2.50 manganese sulphate MnSO4 7785-87-7 9,096 2.749

HP 14 Σ Aquatic Chronic 1; H411 2.50 manganese(II) chloride Q MnCl2 7773-01-5 10,914 2.291

HP 6 Σ Acute Tox. 4; H332 22.5 manganese dioxide MnO2 1313-13-9 142,185 1.582

Hg 080 HP 14 Σ HP 1 Aquatic Chronic 1; H410 0.25 mercury difulminate Hg(CNO)2 628-86-4 1,762 1.419

HP 14 
HP 6

Σ Aquatic Chronic 1; H410 
Acute Tox. 2*; H300 R

0.25 mercury dichloride HgCl2 7487-94-7 1,848 1.353

HP 14
HP 6

Σ Aquatic Chronic 1; H410 
Acute Tox. 2*; H300
Acute Tox. 1; H310

0.25 inorganic compounds of 
mercury with the exception 
of mercuric sulphide and....

Hg 
(Note 1)

- 2,500 1.000

HP 14 Σ Aquatic Chronic 1; H410 0.25 mercury Hg 7439-97-6 2,500 1.000

HP 12 EUH031 B 1.0 mercury(II) sulphide S HgS 1344-48-5 8,622 1.160

Mo 042 HP 7 Σ Carc. 1B; H350 0.1 lead chromate molybdate 
sulfate C.I. Pigment Red 

104

PbCrO4,  
PbMoO4, 

PbSO4 (Note 1)

12656-85-8 see lead

HP 7 Σ Carc. 2; H351 1.0 molybdenum trioxide MoO3 1313-27-5 6,666 1.500

Ni 028 HP 7 Σ Carc. 1A; H350 0.1 nickel diiodide NiI2 13462-90-3 188 5.324

HP 7 Σ Carc. 1A; H350 0.1 nickel dichromate NiCr2O7 15586-38-6 214 4.680

HP 7 Σ Carc. 1A; H350 0.1 nickel dibromide NiBr2 13462-88-9 269 3.723

HP 7 Σ Carc. 1A; H350 0.1 nickel selenate NiSeO4 15060-62-5 see selenium

HP 7 Σ Carc. 1A; H350 0.1 nickel(II) selenite NiSeO3 10101-96-9 see selenium

HP 7 Σ HP 12 Carc. 1A; H350 0.1 nickel dithiocyanate Ni(SCN)2 13689-92-4 336 2.979

HP 7 Σ Carc. 1A; H350 0.1 nickel chromate NiCrO4 14721-18-7 336 2.976

HP 7 Σ Carc. 1A; H350 0.1 nickel hexacyanoferrate Ni2Fe(CN)6 14874-78-3 357 2.806

HP 7 Σ Carc. 1A; H350 0.1 nickel sulfate NiSO4 7786-81-4 380 2.637

HP 7 Σ Carc. 1A; H350 0.1 nickel selenide NiSe 1314-05-2 see selenium

HP 7 Σ Carc. 1A; H350 0.1 nickel dichloride NiCl2 7718-54-9 453 2.208

HP 7 Σ Carc. 1A; H350 0.1 nickel(II) carbonate NiCO3 3333-67-3 495 2.022

HP 7 Σ HP 12 Carc. 1A; H350 0.1 nickel dicyanide Ni(CN)2 557-19-7 531 1.887

HP 7 Σ Carc. 1A; H350 0.1 nickel difluoride NiF2 10028-18-9 608 1.647

HP 7 Σ Carc. 1A; H350 0.1 nickel dihydroxide Ni(OH)2 12054-48-7 
11113-74-9

634 1.579

HP 7 Σ Carc. 1A; H350 0.1 nickel sulphide NiS 16812-54-7 647 1.546

HP 7 Σ Carc. 1A; H350 0.1 nickel dioxide; nickel(IV) 
oxide;

NiO2 12035-36-8 648 1.545

HP 7 Σ Carc. 1A; H350 0.1 dinickel trioxide Ni2O3 1314-06-3 710 1.409

HP 7 Σ Carc. 1A; H350 0.1 nickel monoxide; nickel(II) 
oxide

NiO 1313-99-1 786 1.273

HP 7
HP 5

Σ Carc. 2; H351 
STOT RE 1; H372

1.0 nickel Ni 7440-02-0 10,000 1.000

K 019 HP 7 Σ HP 2 Carc. 1B; H350 0.1 potassium bromate KBrO3 7758-01-2 235 4.271

HP 7 
HP 11

Σ HP 2 Carc. 1B; H350   
Muta. 1B; H340

0.1 potassium dichromate K2Cr2O7 7778-50-9 266 3.762

HP 7 
HP 11

Σ Carc. 1B; H350   
Muta. 1B; H340

0.1 potassium chromate K2CrO4 7789-00-6 403 2.483

HP 14 Σ HP 2 Aquatic Chronic 1; H410 0.25 potassium permanganate KMnO4 7722-64-7 see manganese
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HP 12 Σ EUH031 B 0.5 potassium sulphide K2S 1312-73-8 3,546 1.410

HP 3 Σ Water-react. 1; H260 A 0.4 potassium K 7440-09-7 4,000 1.000

HP 4 Σ Skin Corr. 1A; H314 1.0 potassium hydroxide KOH 1310-58-3 6,969 1.435

HP 14 Σ HP 2 Aquatic Chronic 2; H411 2.5 potassium chlorate KClO3 3811-04-9 7,977 3.134

HP 8 Σ Skin Corr. 1B; H314 5.0 potassium hydrogen  
sulphate

KHSO4 7646-93-7 14,357 3.483

HP 6 Σ HP 2 Acute Tox. 3; H301 5.0 potassium nitrite KNO2 7758-09-0 22,971 2.177

HP 6 Σ Acute Tox. 3; H331 3.5 potassium fluoride KF 7789-23-3 23,555 1.486

HP 6 
HP 8

Σ Acute Tox. 3; H301  
Skin Corr. 1B; H314

5.0 potassium bifluoride KHF2 7789-29-9 25,031 1.998

HP 6 Σ HP 2 Acute Tox. 4; H302 25.0 potassium perchlorate KClO4 7778-74-7 70,550 3.544

HP 6 Σ Acute Tox. 4; H302 25.0 potassium cyanate KCNO 590-28-3 120,503 2.075

P 015 HP 12 Σ HP 3 EUH029 B 0.1 phosphorus pentasulfide P2S5 1314-80-3 279 3.588

HP 6 Σ HP 12 Acute Tox. 2; H300 0.25 phosphorous trichloride PCl3 7719-12-2 564 4.434

HP 6 Σ HP 12 Acute Tox. 2; H330 0.5 phosphorous pentachloride PCl5 10026-13-8 744 6.723

HP 6 Σ HP 12 Acute Tox. 2; H330 0.5 phosphoryl trichloride POCl3 10025-87-3 1,011 4.950

HP 6 Σ HP 3 Acute Tox. 2; H300 0.25 white phosphorous P4 12185-10-3 2,500 1.000

HP 4 Σ Skin Corr. 1A; H314 1.0 phosphonic acid; phospho-
rous acid

H3PO3 13598-36-2 
10294-56-1

3,778 2.647

HP 4 Σ Skin Corr. 1A; H314 1.0 phosphorous pentoxide P4O10 1314-56-3 4,365 2.291

HP 6 Σ HP 3 Acute Tox. 2; H330 0.5 phosphine PH3 7803-51-2 4,556 1.098

HP 8 Σ Skin Corr. 1B; H314 5.0 phosphorous tribromide PBr3 7789-60-8 5,722 8.739

HP 8 Σ Skin Corr. 1B; H314 5.0 phosphoric acid H3PO4 7664-38-2 15,804 3.164

HP 6 
HP 14

Σ HP 3 Acute Tox. 4; H302 
Aquatic Acute 1; H400

25.0 tetraphosphorus  
trisulphide; phosphorus 

sesquisulphid

P4S3 1314-85-8 140,731 1.776

HP 14 Σ HP 3 Aquatic Chronic 3; H412 25.0 red phosphorous P 7723-14-0 250,000 1.000

Se 034 HP 7 Σ Carc. 1A; H350 0.1 nickel selenate NiSeO4 15060-62-5 392 2.554

HP 7 Σ Carc. 1A; H350 0.1 nickel(II) selenite NiSeO3 10101-96-9 425 2.351

HP 7 Σ Carc. 1A; H350 0.1 nickel selenide NiSe 1314-05-2 574 1.743

HP 6 Σ HP 12 Acute Tox. 2; H300 0.25 sodium selenite Na2SeO3 10102-18-8 1,142 2.190

HP 14 Σ Aquatic Chronic 1; H410 0.25 selenium compounds with 
the exception of those …

Se as SeO2 - 1,779 1.405

HP 6 Σ Acute Tox. 3; H331 3.5 selenium Se 7782-49-2 35,000 1.000

Ag 047 HP 14 Σ HP 2 Aquatic Chronic 1; H410 0.25 silver nitrate AgNO3 7761-88-8 1,588 1.575

Na 011 HP 7 
HP 11

Σ HP 2 Carc. 1B; H350   
Muta. 1B; H340

0.1 sodium dichromate Na2Cr2O7 10588-01-9 176 5.698

HP 7 
HP 11

Σ Carc. 1B; H350   
Muta. 1B; H340

0.1 sodium chromate Na2CrO4 7775-11-3 284 3.523

HP 6 Σ Acute Tox. 2; H300 
Acute Tox. 1; H310

0.25 sodium fluoroacetate NaFCH2CO2 62-74-8 575 4.351

HP 14 Σ Aquatic Chronic 1; H410 0.25 sodium hypochlorite NaClO 7681-52-9 773 3.238

HP 3 Water-react. 1; H260 A 0.1 sodium hydride NaH 7646-69-7 959 1.044

HP 12 Σ EUH032 B 0.2 sodium fluoride NaF 7681-49-4 1,096 1.826

HP 3 Σ Water-react. 1; H260 A 0.2 sodium Na 7440-23-5 2,000 1.000

HP 12 Σ HP 3 EUH031 B 0.9 sodium dithionite; sodium 
hydrosulphite

Na2S2O4 7775-14-6 2,377 3.787

HP 14 Σ HP 2 Aquatic Chronic 2; H411 2.5 sodium chlorate NaClO3 7775-09-9 5,400 4.630

HP 4 Σ Skin Corr. 1A; H314 1.0 sodium hydroxide; caustic 
soda

NaOH 1310-73-2 5,748 1.740

HP 4 Σ HP 2 Skin Corr. 1A; H314 1.0 sodium peroxide Na2O2 1313-60-6 5,897 1.696
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HP 6 Σ HP 2 Acute Tox. 3; H301 5.0 sodium nitrite NaNO2 7632-00-0 16,661 3.001

HP 4 Σ Eye Dam. 1; H318 10.0 sodium hydrogensulphate NaHSO3 7631-90-5 19,149 5.222

HP 4 Σ HP 12 Eye Dam. 1; H318 10.0 sodium metabisulphite Na2S2O5 7681-57-4 24,186 4.135

HP 6 Σ HP 12 Acute Tox. 4; H302 25.0 sodium hydrogensulphite … 
%; sodium bisulphite … %

NaHSO3 7631-90-5 55,231 4.526

HP 6 Σ HP 2 Acute Tox. 4; H302 25.0 sodium perchlorate NaClO4 7601-89-0 77,206 3.238

Sr 038 HP 7 Σ Carc. 1B; H350 0.1 strontium chromate SrCrO4 7789-06-2 431 2.324

S 016 HP 8 Σ Skin Corr. 1B; H314 5.0 sulphur dichloride SCl2 10545-99-0 15,570 3.211

HP 6 Σ Acute Tox. 3; H331 3.5 sulphur dioxide SO2 7446-09-5 17,519 1.998

HP 4 Σ Skin Irrit. 2; H315 20.0 sulfur S 7704-34-9 200,000 1.000

Tl 081 HP 7 Σ Carc. 1A; H350 0.1 thallium compounds with 
the exception of those …

Tl as Tl2CrO4
   as Tl2O3

- 779
895

1.284
1.117

HP 6 Σ Acute Tox. 2; H300 0.25 thallium thiocyanate TlSCN 3535-84-0 1,947 1.284

HP 6 Σ Acute Tox. 2; H300 0.25 dithallium sulphate; thallic 
sulphate

Tl2SO4 7446-18-6 2,025 1.235

HP 6 Σ Acute Tox. 2; H300 0.25 thallium Tl 7440-28-0 2,500 1.000

Ti 022 HP 7 Carc. 2; H351 1.0 titanium dioxide TiO2 13463-67-7 5,994 1.668

HP 8 Σ Skin Corr. 1B; H314 5.0 titanium tetrachloride TiCl4 7550-45-0 12,618 3.963

Sn 050 HP 14 Σ Aquatic Chronic 1; H410 0.25 tributyltin compounds with 
the exception of those …

Sn(C4H9)3  
(Note 1)

- 2,500 1.000

HP 14 Σ Aquatic Chronic 2; H411 2.5 tin(II) methanesulphonate Sn(CH3SO3)2 53408-94-9 9,608 2.602

HP 8 Σ Skin Corr. 1B; H314 5.0 tin tetrachloride; stannic 
chloride

SnCl4 7646-78-8 22,784 2.195

U 092 HP 7 Carc. 1A; H350 0.1 nickel triuranium decaoxide NiU3O10 15780-33-3 766 1.306

HP 6 Σ Acute Tox. 2; H300 0.25 uranium compounds with 
the exception of those …

U as UO2 - 2,204 1.134

HP 6 Σ Acute Tox. 2; H300 0.25 uranium U 7440-61-1 2,500 1.000

V 023 HP 5 
HP 11

Σ STOT RE 1; H372 
Muta. 2; H341

1.0 vanadium pentoxide V2O5 1314-62-1 5,602 1.785

Zn 030 HP 7 Σ Carc. 1A; H350 0.1 zinc chromate ZnCrO4 13530-65-9 361 2.774

HP 14 Σ Aquatic Chronic 1; H410 0.25 zinc sulphate  
heptahydrate T

ZnSO4.7H2O 7446-20-0 568 4.398

HP 14 Σ Aquatic Chronic 1; H410 0.25 zinc sulphate  
monohydrate T

ZnSO4.1H2O 7446-19-7 911 2.745

HP 14 Σ Aquatic Chronic 1; H410 0.25 zinc sulphate (anhydrous) 
T ZnSO4 7733-02-0 1,013 2.469

HP 14 Σ Aquatic Chronic 1; H410 0.25 zinc chloride ZnCl2 7646-85-7 1,200 2.085

HP 14 Σ Aquatic Chronic 1; H410 0.25 trizinc bis(orthophosphate) Zn3(PO4)2 7779-90-0 1,271 1.968

HP 14 
HP 6

Σ 
Σ

Aquatic Chronic 1; H410 
Acute Tox. 2; H300

0.25 trizinc diphosphide; zinc 
phosphide

Zn3P2 1314-84-7 1,900 1.316

HP 14 Σ Aquatic Chronic 1; H410 0.25 zinc oxide ZnO 1314-13-2 2,009 1.245

HP 14 Σ HP 3 Aquatic Chronic 1; H410 0.25 zinc powder Zn 7440-66-6 2,500 1.000

Key

Substance not in CLP - data source(s) in footnote: self-classification 

Modified CLP substance – explanation in footnote 

General Notes  
1. Tables 2 and 3 were compiled in autumn 2020. Moving forwards, knowledge about substances changes and therefore both the ranking and the triggering 
hazard property published in these tables may change as updated information is published, either through ATPs or through self-classifications that find 
evidence for missing hazard classes. 
2. The CLP hasn’t been consistent in its naming conventions; so for example, sulfate and sulphate are both in common usage in the data set. The use of 
oxidation numbers is also inconsistent e.g. and copper sulphate and copper(II) oxide. 
3. While sulfur (S) has been speciated, typically the laboratory concentration a classifier receives reflects the sulfur present in anions such as sulfates, 
sulfides and thiocyanates. For some waste streams, it could also be reflecting the sulfur present in natural organosulfur compounds such as amino acids or 
thiophene found in coal tars.  
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Table Footnotes 
A. HP 3 - H260 and H261 were also assessed based on calculation methods: WM3 (2018) Table C3.2 and EU (2018) Table 11 
B. HP 12 - EUH029, EUH031 and EUH032 were also assessed based on calculation methods: WM3 (2018) Table C12.2 and EU (2018) Table 21 
C. IARC (2020) considers these compounds to be Group 1 Carcinogenic to humans; H350 Carc. 1A added 
D. IARC (2020) considers these compounds to be Group 1 Carcinogenic to humans; H350 Carc. 1B added 
E. Data sources: C&L (2020), worst case 
F. Data sources: Sigma Aldrich, 2020: SDS barium chromate, version 6.2, dated 08.05.2020; C&L (2020) 
G. Data sources: Sigma Aldrich, 2020: SDS barium oxide, version 6.0, dated 06.02.2020; C&L (2020) 
H. Data sources: Sigma Aldrich, 2020: SDS barium sulfate, version 6.1, dated 15.04.2020; C&L (2020) 
I. Data sources: Sigma Aldrich, 2019: SDS beryllium chloride, version 6.0, dated 24.10.2019; C&L (2020) 
J. Data sources: Sigma Aldrich, 2020 SDS calcium hydroxide, version 6.0, dated 10.02.2020; C&L (2020) EU (2018) 
K. Data sources: Sigma Aldrich, 2019 SDS calcium oxide, version 6.0, dated 24.10.2019; C&L (2020) EU (2018) 
L. Data sources: Sigma Aldrich, 2019 SDS copper(II) chloride dihydrate, version 6.0, dated 24.10.2019; C&L (2020) 
M. Data sources: Sigma Aldrich, 2019 SDS copper(II) chloride, version 6.0, dated 24.10.2019; C&L (2020) 
N. The CLP entry for “lead compounds” does not have an entry for HP 7 carcinogenic. IARC (2020) considers all lead compounds to be “Group 2A - Probably 
carcinogenic to humans”. For hazard classes not covered by Annex VI of the CLP, the manufacturer or importer is required to self-classify the substance in 
accordance with the CLP criteria. The Lead REACH Consortium (https://ila-reach.org/) compared the IARC approach to the CLP approach and concluded 
that most common lead compounds (oxides, chlorides sulphates etc.) should be Carc. 2; H351 (Lead REACH Consortium (2015a)), while only those lead 
compounds from smelting industries and flue dust should be worst case Carc. 1A; H350. 
O. Self-classification; Lead Reach Consortium (2015b), Substance grade data sheet dated October 2017 
P.  Formula source: lithium nickel cobalt oxide, CAS 113066-89-0 www.sigmaaldrich.com SDS accessed 29 May 2020; no molecular formula or CAS listed in 
ECHA (C&L 2020) 
Q. Data sources: Sigma Aldrich, 2019 SDS manganese(II) chloride, version 6.0, dated 05.10.2019; C&L (2020) 
R. Acute Tox. 2* H300: Minimum entry confirmed by Sigma Aldrich 2019: SDS mercury(II) chloride, version 6.0, dated 24.10.2019; C&L (2020) 
S. Data sources: Sigma Aldrich, 2019 SDS mercury(II) sulfide red, version 6.0, dated 17.09.2019; C&L (2020) 
T. The actual CLP entry is: zinc sulphate (hydrous) (mono-, hexa- and hepta hydrate) [1]; zinc sulphate (anhydrous) [2]

Evidence can include information discovered by the desk-
top study, observations from investigations, SDS for chemi-
cals used in industrial processes, use of existing laboratory 
test results and optimization of further laboratory testing, 
combined with an understanding of some basic chemistry 
to achieve a more reasonable case. If not already commis-
sioned, further laboratory testing can include measuring 
the leachable concentrations of key cations and anions 
and information on the physico-chemical status of the 
waste including pH, acid/alkali reserve and redox potential. 

In the example discussed below, all the metadata, in-
cluding typical uses of the substances, chemical formulas 
and chemical properties, like solubility, can be found us-
ing Google, Wikipedia or the HazWasteOnline™ Wiki, with 
support from reference books such as CRC (2020). Note 
also that the example below is simplified to a single sam-
ple result and one metal and does not assess all the other 
determinands. It also does not attempt to further justify 
decisions based on the analysis of a suitable sample pop-
ulation or statistical analysis. Appendix D of WM3 (2018) 
discusses these aspects in more detail.

The scenario is a builder’s yard that is going to be rede-
veloped, with contaminated soils removed for disposal to a 
waste management facility. Prior to the use by the builder, 
the site was a field used for agriculture. A site walkover 
found evidence for the burning of waste wood and also 
steel belts resulting from the combustion of car tyres. Emp-
ty aerosol cans containing lead oxide and zinc oxide primer 
were also observed. Finally, no evidence was found for the 
presence of zinc compounds that are not already listed in 
Table 3. 

Laboratory testing included ten heavy metals, total pe-
troleum hydrocarbons, the standard 16 PAHs and moisture, 
plus the anions: sulphate, phosphate and chloride. With re-
spect to zinc, analysis of a one soil sample found a (dry 
weight) concentration of 3,000 mg/kg.

Focusing on the selection of a reasonable worst case spe-
cies for zinc, the exercise will start from the worst case zinc 
species, zinc chromate and work down the listings in Table 3.

All chromates (i.e. the anion, CrO4
2- and dichromates, 

Cr2O7
2- ) are HP 7 Carcinogenic at compound concentra-

tions of 0.1% or 1,000 mg/kg. The chromium in chromates 
in known as chromium(VI) or hexavalent chromium due to 
its oxidation state. If total chromium is measured by the 
laboratory, this includes both common oxidation states of 
chromium, namely chromium(III) and chromium(VI). Stoi-
chiometrically, 3,000 mg/kg of total zinc equates to 8,322 
mg/kg of zinc chromate (CF=2.774), of which 2,386 mg/kg 
would be chromium(VI). In this example, only total chromi-
um was measured, the result being 30 mg/kg. Assuming 
the worst case and thus the measured chromium is all in 
the form of chromium(VI), it is clear that there is nowhere 
near enough chromium to make 8,322mg/kg of zinc chro-
mate. (30 mg/kg of chromium(VI) limits the amount of zinc 
chromate to only 105 mg/kg, which is far below the hazard-
ous threshold.)

A more thorough test to confirm that there are no chro-
mates of, for example, zinc, nickel and lead, is to test for 
speciated chromium(VI) (EN 15192) and for total chromi-
um, the difference being chromium(III). 

Both of the above arguments can be used to justify dis-
counting the worst case zinc compound and moving to the 
next worse case metal species in the list. 

Zinc sulphate and zinc chloride (and their hydrous 
forms) will be discussed together as all are soluble com-
pounds. The lines of evidence are:

• No evidence for the use of zinc chloride or zinc sul-
phate on the site.

• ZnSO4 (and hydrous forms) and ZnCl2 are both more 
soluble than table salt (577 g/l and 4,320 g/l (25°C) re-
spectively (CRC 2020)).

• The soil has been exposed to the elements and the 
water table for some significant period, so these com-
pounds are unlikely to be present, if they were ever 
there. 

With respect to the last bullet, if there was evidence for 
the presence of either of these two compounds, the leach-
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ing away argument would not be enough to justify remov-
ing them from consideration. However, the argument can 
be strengthened by two further chemical test solutions.

The first is including laboratory tests for soluble sul-
phates and chlorides. If there are no soluble sulphates or 
chlorides or the concentrations that are measured limit 
the amounts of these species, then this can be used as 
evidence that these species can be discounted. However, 
these results can be inconclusive as sulphates and chlo-
rides can be related to other inorganic compounds poten-
tially present in a builder’s yard or soils, for example, plaster 
is calcium sulphate dihydrate.

The best supporting evidence is to consider including 
an eluate test; i.e. a measure of any soluble metals at the 
pH of the material, as in EN 12457-2. If this test shows no 
soluble zinc for example, then that rules out both zinc sul-
phate and zinc chloride and their hydrated forms. Note that 
for zinc, this information can also be found in the WAC test, 
so the classifier may already have the extra evidence.

Zinc phosphate, (Zn3(PO4)2) is the next in the list. Note 
that CLP Table 3 calls it trizinc bis(orthophosphate). It is 
used in corrosion resistant coatings, putties and fillers and 
is insoluble in water. If this compound were present in the 
builder’s yard, we would expect 2,905 mg/kg of orthophos-
phate in the laboratory results. In this example, the labora-
tory only measured 30 mg/kg of orthophosphates so this 
compound can also be discounted.

The next suspect is zinc phosphide, Zn3P2. The sub-
stance is used in products like photovoltaic cells and ro-
denticides, neither of which has been used on the site. If 
you look at the metadata for this compound, either in Ha-
zWasteOnline™ or the entry in CLP Table 3, this substance 
has six hazard statements including EUH029 Contact with 
water liberates toxic gas. As the site is not arid and subject 
to rainfall/water table; if this material was ever present, it 
has long since reacted with water to generate zinc hydrox-
ide and the flammable gas, phosphine.

So zinc phosphide can be ruled out.
The next worst case is zinc oxide, ZnO which is used in 

both car tyres and paints, both entities identified on site. 
Zinc oxide is virtually insoluble in water at pH 7 (CRC 2020), 
so won’t be leached away. 

With the evidence available, zinc oxide is the most rea-
sonable worst case zinc species to use in the classification 
of these contaminated soils. It would trigger HP 14 Ecotoxic.

9. CONCLUSIONS
A complete set of more than two hundred worst case 

to less worst case metal species, for thirty two elements, is 
now available for use in the hazardous waste classification 
of mixtures. The list includes harmonised entries from An-
nex VI, Table 3 of the CLP (equivalent to the mandatory en-
tries in the United Kingdom’s GB CLP Regulation (UK 2018, 
2019, 2020)), plus a further set of metal species that are 
not currently in the CLP but are needed by waste classifiers 
in order to better complete their hazardous waste classifi-
cations. The paper defines the methodology used, the limi-
tations and exceptions so that other metal species that are 
not included in Table 3 can be appraised in the same way.

The paper also provides a worked example showing 
how a waste classifier can use the lists in Table 3 and 
guidance in this paper to help optimize both their labora-
tory testing and utilise other information to move from a 
precautionary, worst case metal species towards a more 
reasonable worst case species. The discussion provides 
examples of the various lines of evidence, such as physical 
properties like solubility, and extra laboratory tests that can 
be undertaken to achieve a more reasonable classification.

With the advent of sophisticated waste classification 
software, that manage both the compounds, their metada-
ta and automates all the calculations and exceptions, the 
classifier is now able to move rapidly from worst case to 
more reasonable case metal species and document the 
lines of evidence for their decisions.

REFERENCES
AFNOR XP 30-489: 2013. Characterization of waste — Determination 

of the content of elements and substances in waste (in French). 
AFNOR, France

Bishop, I. and Gill, T., 2018. Why you shouldn’t assume your non-haz-
ardous feedstock is non-hazardous: The forensic analysis of a fil-
ter cake produced from the manufacture of firefighting foam from 
hoof and horn meal. 6th International Conference on Industrial 
and Hazardous Waste Management, CRETE 2018. Paper available 
from www.hazwasteonline.com

C&L 2020. European Chemicals Agency. Classification and Labeling 
Inventory Database: www.echa.europa.eu/information-on-chemi-
cals/cl-inventory-database.

CL:AIRE 2011. The Definition of Waste: Development Industry Code of 
Practice, Version 2, published by Published by Contaminated Land: 
Applications in Real Environments (CL:AIRE), March 2011.

Concawe 2020. Literature Review: Effects-Based Analysis for Soils, 
Risk Management and Waste Disposal; Report no. 16/20, prepared 
by Marks, B., Leverett, D. and Bishop, I., August 2020. 

CRC 2020. CRC Handbook of chemistry and physics, 101st edition, Ed-
itor: Rumble, J.R., CRC Press, July 2020.

EA 2018. Performance Standard for Laboratories undertaking chemi-
cal testing of soil. Environment Agency, November 2018, version 5.

ECHA 2017. European Chemicals Agency. Guidance on the application 
of the CLP criteria, version 5.0, July 2017. ISBN 978-92-9020-050-
5. Available from https://echa.europa.eu/guidance-documents/
guidance-on-clp.

EEC 1967. Council Directive 67/548/EEC of 27 June 1967 on the ap-
proximation of laws, regulations and administrative provisions re-
lating to the classification, packaging and labelling of dangerous 
substances

EN 12457-2:2002. Characterization of waste – Compliance test for 
leaching of granular waste materials and sludges – Part 2: One 
stage batch test at a liquid to solid ratio of 10 l/kg for materials 
with particle size below 4 mm (without or with size reduction). 
CEN, Belgium.

EN 15192:2007. Characterization of waste and soil - Determination of 
chromium (VI) in solid materials by alkaline digestion and ion chro-
matography with spectrophotometric detection. CEN, Belgium.

ESA 2018. A sampling and testing protocol to assess the status of in-
cinerator bottom ash, Environmental Services Association, www.
esauk.org, January 2018.

EU 1999. Directive 1999/45/EC of the European Parliament and of the 
Council of 31 May 1999 concerning the approximation of the laws, 
regulations and administrative provisions of the Member States 
relating to the classification, packaging and labelling of dangerous 
preparations.

EU 2003. Council Decision 2003/33/EC of 19 December 2002 estab-
lishing criteria and procedures for the acceptance of waste at land-
fills pursuant to Article 16 of and Annex II to Directive 1999/31/EC. 

EU 2004. Regulation (EC) No 850/2004 of the European Parliament and 
of the Council of 29 April 2004 on persistent organic pollutants 
and amending Directive 79/117/EEC.



23I. Bishop and P. Hennebert / DETRITUS / Volume 14 - 2021 / pages 4-24

EU 2006. Regulation (EC) No 1907/2006 of the European Parliament 
and of the Council concerning the Registration, Evaluation, Au-
thorisation and Restriction of Chemicals (REACH), establishing a 
European Chemicals Agency, amending Directive 1999/45/EC and 
repealing Council Regulation (EEC) No 793/93 and Commission 
Regulation (EC) No 1488/94 as well as Council Directive 76/769/
EEC and Commission Directives 91/155/EEC, 93/67/EEC, 93/105/
EC and 2000/21/EC.

EU 2008a. Directive 2008/98/EC of the European Parliament and of 
the Council of 19 November 2008 on waste and repealing certain 
Directives.

EU 2008b. Regulation (EC) No 1272/2008 of the European Parliament 
and of the Council of 16 December 2008, on classification, label-
ling and packaging of substances and mixtures, amending and 
repealing Directives 67/548/EEC and 1999/45/EC, and amending 
Regulation (EC) No 1907/2006.

EU 2008c. Regulation (EC) No 440/2008 of 30 May 2008 laying down 
test methods pursuant to Regulation (EC) No 1907/2006 of the 
European Parliament and of the Council on the Registration, Eval-
uation, Authorisation and Restriction of Chemicals (REACH)

EU 2009. Regulation (EC) No 790/2009 of 11 August 2009 amending, 
for the purposes of its adaptation to technical and scientific pro-
gress, Regulation (EC) No 1272/2008 of the European Parliament 
and of the Council on classification, labelling and packaging of 
substances and mixtures.

EU 2011. Regulation (EC) No 286/2011 of 10 March 2011 amending, 
for the purposes of its adaptation to technical and scientific pro-
gress, Regulation (EC) No 1272/2008 of the European Parliament 
and of the Council on classification, labelling and packaging of 
substances and mixtures.

EU 2014a. Commission Decision 2014/955/EU of 18 December 2014, 
amending Decision 2000/532/EC on the list of waste pursuant to 
Directive 2008/98/EC of the European Parliament and of the Coun-
cil.

EU 2014b. Commission Regulation (EU) No 1357/2014 of 18 Decem-
ber 2014, amending Annex III to Directive 2008/98/EC of the Euro-
pean Parliament and of the Council on waste and repealing certain 
Directives.

EU 2014c. Commission Regulation (EU) No 1342/2014 of 17 Decem-
ber 2014 amending Regulation (EC) No 850/2004 of the European 
Parliament and of the Council on persistent organic pollutants as 
regards Annexes IV and V.

EU 2016. Regulation (EU) 2016/1179 of 19 July 2016 amending, for 
the purposes of its adaptation to technical and scientific progress, 
Regulation (EC) No 1272/2008 of the European Parliament and of 
the Council on classification, labelling and packaging of substanc-
es and mixtures.

EU 2017. Regulation (EU) No 2017/997 of 8 June 2017, amending An-
nex III to Directive 2008/98/EC of the European Parliament and of 
the Council as regards the hazardous property HP 14 ‘Ecotoxic’.

EU 2018. European Commission; Commission notice on technical 
guidance on the classification of waste, 2018/C 124/01. 

EU 2020. Regulation (EU) 2020/1182 of 19 May 2020, amending, for 
the purposes of its adaptation to technical and scientific progress, 
Part 3 of Annex VI to Regulation (EC) No 1272/2008 of the Euro-
pean Parliament and of the Council on classification, labelling and 
packaging of substances and mixtures.

GHS 2019. Globally Harmonized System of Classification and Labelling 
of Chemicals, United Nations Economic Commission for Europe, 
Revision 8, May 2019.

Hennebert, P., 2019. Hazard classification of waste: Review of availa-
ble practical methods and tools. Detritus, Volume 07, p 13-28 Sept 
2019. 

Hennebert, P., Humez, N., Conche, I., Bishop, I. and Rebishung, F., 2016. 
Assessment of four calculation methods proposed by the EC for 
waste hazardous property HP 14 ‘Ecotoxic’. Waste Management 
Vol. 48, p 24-33.

Hennebert P., Papin A., Padox J-M., Hasebrouck B., 2013. The evalua-
tion of an analytical protocol for the determination of substances 
in waste for hazard classification. Waste Management Vol. 33, p 
1577–1588. 

IARC 2020. International Agency for Research on Cancer, World Health 
Organisation. IARC monographs on the identification of carcino-
genic hazards to humans. Accessed 24 July 2020. https://mono-
graphs.iarc.fr/list-of-classifications

INERIS 2015. Study Report DRC-15-149793-04619A: Waste Hazardous-
ness Assessment – Proposition of methods (version 2), 15 May 2015.

INERIS 2016. Study Report DRC-16-159393-04351A: Etude compara-
tive des regles de classement des melanges au titre du reglement 
CLP et des dechets au titre des proprietes de danger HP, 12 No-
vember 2016.

Lead REACH Consortium 2015(a). Industry proposed self-classification 
for lead compounds. Substance grade data sheets accessed 24 
July 2020: https://ila-reach.org/our-substances/lead-compounds/. 

Lead REACH Consortium 2015(b). Industry proposed self-classifica-
tion for lead metal. Substance grade data sheets accessed 24 July 
2020: https://ila-reach.org/our-substances/lead-metal/.

MAIB 2017. Report on the investigation of the explosion of gas re-
leased from a cargo of un-processed incinerator bottom ash on 
Nortrader at anchorage in Plymouth Sound on 13 January 2017. 
Marine Accident Investigation Branch, Report No. 26/2017.

Norden 2016. Nordic Council of Ministers. Hazardous waste classifi-
cation – Amendments to the European Waste Classification regu-
lation – what do they mean and whet are the consequences. Mar-
garete Wahlstron, Jutta Laine-Ylijoki, Ola Wik, Anke Oberender and 
Ole Hjelmar. ISBN978-92-893-4532-3.

UK 2018. European Union (Withdrawal) Act 2018.
UK 2019. The Chemicals (Health and Safety) and Genetically Modified 

Organisms (Contained Use) (Amendment etc.) (EU Exit) Regula-
tions 2019.

UK 2020. The Chemicals (Health and Safety) and Genetically Modified 
Organisms (Contained Use) (Amendment etc.) (EU Exit) Regula-
tions 2020.

WM3 2018. Waste Classification: Guidance on the classification and 
assessment of waste (1st Edition v1.1): Technical Guidance 
WM3. Environment Agency, NIEA, SEPA, Natural Resources Wales. 
Available from: http://www.gov.uk/government/publications/
waste-classification-technical-guidance. 

1 Cut-off – for a substance with one or more additive hazard statements 
(see next footnote), the measured concentration can be ignored in the 
calculations if the measured concentration is below the cut-off concen-
tration.

2 Additive (Σ) means that if two or more substances have the same addi-
tive hazard statement, then the concentrations of those substances need 
to be added together before the sum is compared to the threshold (e.g. 
H300 Acute Tox. 1 is Σ ≥ 0.1% or 1,000 mg/kg). HP 4, HP 5, HP 6 & HP 8 
have one or more additive type hazard statements. HP 14 is also additive 
but the calculations are more complex. PCDD/PCDF substances require a 
different additive calculation based on Toxic Equivalency Factors (TEF).

3 Individual (Ind.) indicates that if any single substance has a concentration 
that exceeds the threshold then it will trigger the hazardous property (e.g. 
H350 Carc 1A is Ind. ≥ 0.1% or 1,000 mg/kg).

4 In 2017, a vessel carrying a cargo of un-processed IBA suffered a gas ex-
plosion following the accidental release of fresh water into the vessel’s 
hold and subsequently, hydrogen gas leaking into an electrical switch box 
(MAIB 2017). IBA has the potential to release hydrogen where finely di-
vided aluminium is present and water is added. Although the quantities 

of hydrogen produced are likely to be less than the threshold for classi-
fication of the IBA as hazardous, under HP 3 (fifth indent) (H260, H261), 
it is considered best practice for both IBA hazard and risk assessments 
to consider the potential for of the ash to generate hydrogen gas, test if 
necessary and take appropriate precautions to minimise the risk of fire 
or explosion. This includes the handling and storage arrangements for 
buildings, transport vessels or containers having adequate ventilation to 
ensure that any gas is dispersed safely.

5 M factors or multiplication factors are scaling factors (M=1, 10, 100, up to 
1,000,000 for some pesticides) that are applicable to products (but not 
to wastes). They can reduce the hazardous threshold for a given hazard 
statement e.g. H410 Aquatic chronic 2; M=100 would reduce the 0.25% 
(2,500 mg/kg) threshold to 0.0025% (25 mg/kg).

6 Species – there may be more than one species of a particular metal in a 
waste; for example an incinerator ash may comprise zinc oxide and other 
zinc minerals such as zinc silicates. Unless more specialised testing and 
modelling is undertaken, most classifiers of mixtures assume that a given 
metal is only present as a single species or phase.

7 In the England and Wales, larger construction projects can follow the 
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CL:AIRE Definition of Waste: Code of Practice (CL:AIRE 2011). A Materials 
Management Plan defines the different types of soils on the site (including 
contaminated soils) and which soils can be re-used and which have to 
leave site as a waste and hence require classification. The guidance is 
derived from Article 2 of the WFD.

8 A lab tells us that we have 360.5 mg/kg of zinc in our waste which we as-
sume is in the form of zinc chromate. How much zinc chromate do we have?
Molecular formula: ZnCrO4 
Atomic weights for each element (www.ptable.com): Zn=65.38; 
Cr=51.996; O=15.999 
Molecular Weight (MW): (1 x 65.38) + (1 x 51.996) + (4 x 15.999) = 181.372 
g/mole

Conversion Factor (CF): 181.372 / (1 x 65.38) = 2.774
Therefore the concentration of zinc chromate is: 360.5 x 2.774 = 1,000 
mg/kg

9 Minimum entry – these are entries in CLP Table 3 that have a hazard state-
ment’s category code marked with a single *

10 Note H – in the older European chemical legislation (Dangerous Substanc-

es Directive (EEC 1967)), the note H was published in CLP Table 3 to indi-
cate a known, incomplete entry. 

11ICP-OES – Inductively Coupled Plasma - Optical Emission Spectroscopy is 
a technique that uses a plasma as a source and uses the optical emission 
spectra to identify and quantify the elements present. 

12 For 1,000 mg/kg zinc chromate ZnCrO4, how much chromium(VI) is present?
Atomic weights for each element (www.ptable.com): Zn=65.38; 
Cr=51.996; O=15.999 
Molecular Weight (MW): 181.372 g/mole  
Amount chromium(VI): 51.996/181.372 * 1,000 = 286.682 mg/kg

13 “significantly less” - perhaps 10% to 20% less - because in most mixtures 
you can never expect a good stoichiometric match, a judgement has to 
be made when trying to undertake some element of a mass balance. This 
is due to a combination of a) the accuracy of lab testing (for soils under 
MCERTS (EA, 2018) measurement precision is 7.5%-15% and bias 10%-
30%, depending on determinand), b) sampling density and c) the presence 
of other (un-investigated) metals (and/or metal species) and organic com-
pounds in the waste.

14 Note that:  ( #9 x #10 ) / 10,000  =  #5 for each species in Table 3.
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ABSTRACT
Environmental threats are triggered by the overconsumption of raw materials. It is 
therefore necessary to move towards a society that both reduces extraction and 
keeps the majority of the extracted raw materials in the socio-economic system. 
Circular economy is a key strategy to reach these goals. To implement it effectively, 
it is necessary to understand and monitor material flows and to define hotspots, i.e. 
materials that need to be tackled with the highest priority. This paper is aimed at 
determining how to increase circularity in the Swiss economy by means of a Material 
Flow Analysis coupled with a simplified Life Cycle Assessment. After having char-
acterized material flows, we analyzed two types of hotspots: i) Raw materials con-
sumed and/or disposed at high level, and ii) Raw materials whose extraction and pro-
duction generates high environmental impacts. The Material Flow Analysis shows 
that each year 119 Mt of raw materials enter the Swiss economy. Therefrom, 15 Mt 
are derived from recycled waste inside the country; 67 Mt leave the system yearly; 27 
Mt towards disposal. Out of the disposed materials, 56% are recycled and re-enter 
the socio-economic system as secondary materials. Looking at hotspots; concrete, 
asphalt, gravel and sand are among materials that are consumed and disposed at 
high level. Yet, looking at greenhouse gas emissions generated during extraction and 
production, metals - including the ones in electrical and electronic equipment - as 
well as textiles are among the categories that carry the biggest burden on the envi-
ronment per unit of material. 

1. INTRODUCTION
The publication of the Planetary Boundaries concept 

in 2009 (Rockström et al., 2009) and its update in 2015 
(Steffen et al., 2015) showed that global-scale alteration 
of biogeochemical flows, biosphere integrity, land-system 
change and climate change are the major environmental 
threats that humanity is facing nowadays. These threats 
are a consequence of human overconsumption of natural 
resources (O’Neill et al. 2018). It is therefore essential to 
understand factors that drive raw material consumption 
and the flows of materials that this generates. This allows 
tackling hotspots and developing pathways to reach a 'safe 
operating space for humanity' (Heijungs et al., 2014; O’Neill 
et al. 2018), for example by reducing extraction and keep-
ing the majority of the extracted raw materials in the so-
cio-economic system.

Broken down the Swiss economy, we see a need for 
quantifying flows of materials and energy with their related 
environmental impacts. Studies exist assessing the mate-
rial input and the environmental consequences (Jungbluth 
et al., 2011; Frischknecht et al., 2014; Frischknecht et al., 
2018), or the environmental consequences of resource and 

energy recovery in waste management systems (Haupt, 
2018). However, to our knowledge there are no studies 
focusing on the material inputs and outputs of the entire 
economic system, including considerations about the recy-
cling efficiencies and losses (incineration, landfilling).

This paper aims at determining how to increase circu-
larity of raw materials in the Swiss economy. It does so 
by: i) Characterizing mass flows, ii) Assessing the environ-
mental impacts generated by these flows, and iii) Defining 
which raw materials are hotspots, i.e. are either consumed 
and/or disposed at high level or their extraction and pro-
duction generates high environmental impacts. The result 
of this research is meant to support the Swiss government 
in taking decisions for moving towards more circularity in 
material management. 

2. MATERIALS AND METHODS
2.1 Material flows of Swiss economy

To address the circularity of the Swiss economy and to 
answer the research question of this paper, we carried out 
a static Material Flow Analysis (MFA) covering the mate-
rial metabolism within the Swiss economy and coupled it 
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with a Life Cycle Assessment (LCA). Material Flow Analy-
sis (Baccini & Brunner, 2012) helps to assess the material 
input into a national economy, its accumulation within the 
system and its output to other economies or to the environ-
ment (OECD, 2008). This research is based on the method-
ology developed in three sectoral studies. In each of them, 
a particular area of the Swiss economy was analyzed: con-
struction (Gauch et al., 2016), mobility (Gauch et al., 2017), 
and production & consumption (Matasci et al., 2018). 
For construction and mobility, we used a stock-driven ap-
proach. For the remaining production and consumption 
area, we applied an inflow-driven approach due to the lack 
of information on the existing stock and the impossibili-
ty to perform a bottom-up estimate. The reference year is 
2018. Calculations were done using Microsoft Excel 2016.

Official statistics on masses of imported, domestically 
extracted and exported goods served as a basis for the cal-
culation. In this research, we considered about 750 class-
es of goods registered, covering the entire Swiss economy, 
as for example industrial buildings, private cars, airplanes, 

stoves, pullovers, computers, or medicaments. For each 
of them, we determined the raw material composition and 
service lifetime. Additionally, we grouped them into 28 con-
sumption categories (Table 1). 

We examined 195 types of raw materials (e.g., rein-
forced concrete, sawn softwood, low-alloyed steel, wrought 
alloy aluminum, crude oil, cotton fiber, or polyethylene). We 
grouped them into 18 categories, as presented in Table 2. 
Materials in electric and electronic equipment as well as 
in batteries were aggregated in a distinct category called 
'Electronics, batteries' to be able to look at them specifi-
cally. 

Water and gold were not included in the frame of this 
study. Water was excluded due to the enormous quantities 
consumed (630 Mt/a) generating nonetheless relatively 
small environmental impacts (0.1 Mt CO2-eq./a, less than 
1% of the total). Gold was disregarded for the opposite 
reason: the small quantities consumed (about 800 Mt in 
2018) generating massive environmental impacts (12 Mt 
CO2-eq., which is about 15% of the GHG emissions created 

Areas of the socio-economic system Sub-areas Consumption categories Number of classes of goods

Construction Buildings
 
 
 
 
 

Single-family houses 1

Apartment buildings 1

Service buildings 1

Industrial buildings 1

Agricultural buildings 1

Other buildings 1

Civil engineering
 
 

Streets 1

Rail 1

Infrastructure for supply and disposal 1

Mobility
 
 
 
 

Mobility
 
 
 
 
 
 
 
 
 
 
 

Two wheels 6

Passenger cars 6

Transporters 10

Lorries 6

Buses 4

Agricultural and industrial vehicles 20

Trailers 3

Trams 1

Trains 7

Boats 4

Airplanes 7

Cable cars 3

Production & consumption
 
 
 
 

Food Food 36

Living, working
 
 
 
 

Furniture 187

Clothing, accessories 19

Communication, education 24

Leisure, entertainment 28

Health 8

Industry Industry 361

TABLE 1: Twenty-eight consumption categories covering the entire Swiss economy, classified by areas and sub-areas of the socio-eco-
nomic system.
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by all other materials consumed annually in the country put 
together). An analysis of the material flows and the envi-
ronmental impacts produced by the consumption of these 
two materials can be found in Matasci et al. (2018). Finally, 
for each category of raw materials, we defined a disposal 
pathway.

2.2 Environmental impacts generated by mass flows
Based on the determination of quantities and compo-

sitions of the flows we calculated a simplified Life Cycle 
Assessment (LCA). LCA is a method developed to assess 
environmental impacts associated with the different life 
stages of a product or a process, from cradle to grave. As 
functional unit, we considered a ton of used raw materi-
al. We employed the Life Cycle Inventory database ecoin-
vent v. 3.2-3.5 (ecoinvent 2016, 2018). This was combined 
with the results of the MFA to assess the environmental 
impacts in terms of greenhouse gas (GHG) emissions and 
total environmental impact of the different mass flows. 
The calculation of the total environmental impact is based 
on the Ecological Scarcity Method (Frischknecht & Büsser 
Knöpfel 2013), developed specifically for Switzerland. This 
method allows measuring the current distance to political-
ly determined targets on the broadest possible basis. 

System boundaries for raw material flows were set on 
the level of the political borders of Switzerland. Environ-
mental impacts are however not limited by these borders 
and can take place inside and/or outside the country. Con-
sequently, the GHG emissions and other environmental im-
pacts hidden behind imported products are also taken into 
account.

We considered both primary and secondary materials. 
Primary raw materials are 'virgin materials, natural inorgan-
ic or organic substances, such as metallic ores, industrial 
minerals, construction materials or energy fuels, used for 
the first time' (EU 2017). Secondary raw materials are raw 
materials derived from recycling of waste that can be used 
in manufacturing a new product. Imported raw materials 
can be a combination of both.

3. RESULTS AND DISCUSSION
According to the results of the MFA, about 119 Mt 

of raw material flew into the Swiss economy in 2018. Of 
these, 104 Mt/a came from either domestic extractions or 
imports. The remaining 15 Mt (13%) re-entered the system 
annually as secondary raw materials either for the same 
purpose (recycling) or for a different one (downcycling, up-
cycling). From the 119 Mt/a, 52 Mt/a stayed in the stock, 
mainly concrete, sand and gravel in construction. The re-
maining 67 Mt/a exited the Swiss economy. Thereof; 22 
Mt/a were dissipated into the environment, for example 
in form of burned fuel for mobility and combustible, con-
sumed food or dispersed chemicals (e.g. pesticides). On 
top of that, 18 Mt/a were exported and 27 Mt/a were dis-
posed (Figure 1). Of the disposed materials, 18 Mt/a (67%) 
were either recycled or composted (Figure 2). We consider 
composted materials to go into the environment (either 
into the ground or into air) and are therefore not part of the 
flow of secondary materials reentering the system (Figures 
1, 2).

The disposal phase is composed of various intermedi-
ate stages. These include cross-exchanges of solid mate-
rials between disposal processes (Figure 2). Examples are 
residues from incineration plants (slag), which are returned 
to the recycling process, or residues from waste water 
treatment plants (sewage sludge), which are incinerated. 
Figure 2 shows some of the modelled flows in more de-
tails. To note that a share of the substances entering the 
disposal process 'disappears' from the mass balance, for 
example by being converted into gaseous substances in 
incineration or composting/biogas plants.

Figure 3 shows both masses and environmental im-
pacts for the 18 categories of raw materials in more de-
tails. On the left-hand side of the figure, information on 
the mass entering the disposal path is depicted for each 
category of raw materials, split in the different fates these 
are facing (recycling, incineration, landfill, compost and 
biogas). Masses consumed are shown for comparison 
by a broken line. Statistical data corroborate these results 
where information is available (FOEN, 2019). In the center 
of Figure 3, the GHG generated by disposal and consump-
tion are illustrated. The figure shows how emissions pro-
duced by disposal are much smaller than the ones created 
by extraction, production and consumption of these raw 
materials (broken line in the figure). It is however important 
to note that these results are connected with a certain level 
of uncertainty, as specific values for the end of life of many 
raw materials are lacking in the ecoinvent database. On the 
right-hand side of Figure 3, the GHG emissions generated 
by the production and transport to the consumer of a mass 

Type Categories of raw 
materials

Number of classes of 
materials

Energy carriers Electricity (toe) 2

Motor fuel 5

Combustible 3

Food products Food 38

Fodder, animals 23

Solid materials Gravel, sand 5

Asphalt 2

Concrete 4

Brick 6

Glass, ceramics 10

Steel 3

Aluminum 4

Other metals 24

Plastics 14

Textiles 6

Wood, paper 11

Electronics, batteries 10

Chemicals 25

TABLE 2: Eighteen categories of raw materials, classified by type. 
Electricity is expressed in tons of oil equivalents (toe) as described 
in Gauch et al. (2017).
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FIGURE 1: Aggregated mass flow for Switzerland in 2018. In yellow the Domestic Material Consumption (DMC), in light yellow the flow 
of secondary materials reentering the system (Matasci et al., in preparation). Composted materials are considered to go directly into the 
environment (in the ground / into air) and are not part of the flow of secondary materials reentering the system.

FIGURE 2:  Disposal mass flows. The width of the arrows shows the relative mass of raw materials being disposed annually. Some of the 
raw materials are dissipated into the environment. These are marked with a double arrow.
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unit of primary vs. a mass unit of secondary raw material 
are shown. 

Figures 2 and 3 illustrate that the majority of the dis-
posed raw materials are inert materials coming from the 
construction sector (concrete, sand and gravel, asphalt, 
brick). As Switzerland decided to stop landfilling of organic 
waste back in 2000 (FOEN, 1999), organic waste is nowa-
days either composted, incinerated or recycled. 

Many raw materials re-enter the system as secondary 
raw materials. Among them, concrete is mainly downcy-
cled in civil engineering structures. Recycled concrete in 
the building sector is only slowly gaining acceptance in 
Switzerland. Food is also eliminated in high quantities. The 
2.9 Mt/a of disposed food (about 1/3 of the food entering 
the system) is food waste generated either by consumers 
or within the supply chain (Beretta & Hellweg, 2019). Fuel 
for mobility and combustible consumed are dissipated into 
the environment during combustion and therefore do not 
appear in the disposal path.

An additional result established by this study and de-
picted in Figure 3 is the recognition that big masses of 
disposed materials do not necessarily carry the highest 
environmental burden. The disposal of concrete for exam-
ple generates a relatively small amount of GHG emissions 
in absolute terms, whereas the disposal of chemicals and 
plastics creates far higher emissions even if the discard-
ed masses are smaller. This is also true for consumption: 
the raw materials depleted in higher amount are not the 
ones that generate the highest burden for the environment 
during their extraction, transport and consumption. The life 

phases of concrete up to consumption for example pro-
duce a far smaller amount of GHG per unit of material as 
the ones of electronics and batteries, metals, or textiles. 

Another aspect shown on the right hand-side of Figure 
3 is that the production of secondary raw materials devel-
ops much lower emissions than the one of primary raw ma-
terials. This highlights the importance of moving from the 
current linear economy towards a circular economy. This 
is particularly true for metals in waste electrical and elec-
tronic equipment, WEEE) which are often critical. Critical 
raw materials are raw materials of a high importance to the 
economy and whose supply is associated with a high risk 
(EU 2017). Examples are indium and neodymium contained 
respectively in flat screens and in magnets. The recycling 
of these metals is not yet established in Switzerland (Böni 
et al. 2015). If the totality of electronics and batteries cate-
gory (WEEE) would be recycled and used for the same pur-
pose, emissions generated by Swiss consumption could 
decrease of about 3 t CO2-eq./a. On the other hand, some 
materials disposed contain pollutants that should not re-
turn into the system as for example brominated flame-re-
tardants (BFR) in plastics (Haarman et al. 2018). Recycling 
is therefore not always possible or not the best option.

This study presents three main methodological lim-
itations. The first one concerns the different approaches 
used for the various sectors of the economy, namely a 
stock-driven approach for the building and the mobility 
sectors and an inflow-driven method for the remaining sec-
tors of the economy. In future research, a common meth-
odology should be used instead. The second limitation 

FIGURE 3:  From left to right: i) Annual masses of disposed raw materials, differentiated by their disposal fate (recycling, incineration, land-
fill, compost/biogas). ii) GHG emissions created during the disposal of these raw materials. In i) and ii) the mass of annually consumed 
raw materials respectively the GHG emission developed are also shown for comparison (broken line). iii) GHG emissions generated by 
production and transport per unit of consumed material for both primary and secondary raw materials. What is illustrated here as ‘primary’ 
material can also contain secondary materials if imported, for example metal scraps.
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concerns the limited information on the average material 
composition of the different categories of goods analyzed. 
Data came from different sources and do vary in quality. 
When data was not available, best guess assumptions of 
the authors were necessary. Finally, it was not possible to 
find an equivalent in the ecoinvent database for all raw ma-
terials embedded in the approx. 750 categories of goods. 
Sometimes proxies had to be selected instead, in particular 
for chemicals. 

4. CONCLUSIONS
This study highlights the necessity to increase circular-

ity for most categories of raw materials due to three rea-
sons: i) the large masses being consumed and disposed, ii) 
the high environmental impacts generated either ii) during 
the lifespan and/or iii) by primary production in relation to 
the recovery of secondary materials. 

The disposed amount and the environmental impact 
caused can vary largely depending on the type of raw ma-
terial considered. Material hotspots identified due to the 
large mass eliminated yearly in Switzerland are concrete, 
asphalt, gravel and sand. For concrete, even if the envi-
ronmental impacts generated by its disposal are relatively 
small, there are other aspects to be examined. These are 
for example the finite nature of its main component, gravel 
and the potential conflict with other land uses; the amount 
of energy required to produce its binder, cement; as well 
as conflicts in land use through the disposal of waste con-
crete and for the extraction of gravel (FSKB, 2017). Now-
adays, concrete from demolition activities in Switzerland 
is mainly downcycled. The use of recycled concrete in the 
construction sector consequently needs to be further pro-
moted.

Concerning environmental impacts created through 
the disposal of materials; hotspots identified are plastics, 
chemicals and food. The avoidance of food waste and 
the recycling of plastics could therefore be two pertinent 
measures to reduce the actual environmental burden of the 
Swiss waste management system. It is worth noting that 
the environmental impacts caused by the consumption of 
materials are generally much higher than the ones gener-
ated during the disposal phase. Hence, more effort should 
also be put into limiting consumption in the first place and 
into keeping raw materials in the system. This can be done 
for example by expanding the lifespan of goods or by reus-
ing them.

In addition, for many raw materials the primary produc-
tion has a higher environmental impact in comparison to 
their secondary production. This is particularly the case for 
metals, including those embedded in electrical and elec-
tronic equipment. For some metals as aluminum in bever-
age cans or tinplate in tin cans, the recycling rate is already 
rather high (Haupt, 2018). However, for some others, as 
for example critical metals like indium and neodymium in 
electronic waste, the actual recycling rate in Switzerland is 
close to zero (Böni et al., 2015) and therefore should be 
further improved.

An additional outcome of this study is the recognition 
that there is a need for a better monitoring of some flows. 

Our results show that not all flows related to disposal are 
covered by official statistics or that data collected for some 
of them are approximate. This is the case, for example, for 
waste flows generated by industry or for the composition 
of waste produced by households. The last one is only in-
vestigated in-depth every 10 years (FOEN, 2014).

Finally, this study shows that circularity cannot be ap-
plied to all raw materials entering a socio-economic sys-
tem. In fact, some raw materials are dissipated into the 
environment when consumed, as for example motor fuel, 
combustible, food or some chemicals. Circularity alone can 
therefore not bring us to a more sustainable society. Other 
measures as the phasing-out of fossil fuels are also needed.
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ABSTRACT
Synthesized humus displays a high adsorption capacity for heavy metals in water 
due to an abundance of active functional groups and to a flexibility of modification 
resulting from the readily controllable synthesis process. Herein, a new method 
is proposed to prepare magnetic humus with high performance in the removal of 
Cr(VI) in water. The synthesized humus is produced through the abiotic humifica-
tion technology with small molecular precursors including phenols, amino acids, and 
glucose. Nanoferroferric oxide (Fe3O4) plays an important role in the enhancement 
of the humus synthesis process. The high affinity of humus towards Fe3O4 nanopar-
ticles, enables growing of humus on the surface of Fe3O4 nanoparticles. The surface 
morphology of the manufactured magnetic humus suggests that this material has 
a core-shell structure. The magnetite nanoparticles in magnetic humus show the 
largest amount of humus (~33.37 w/w%) at pH 8. The high loading ability of humus 
results in a high removal efficiency of 99.95% in a 7.30 mg/L Cr(VI) solution involving 
4 mg/mL magnetic humus. Therefore, the present method is feasible to construct 
a core-shell magnetic humus composite to achieve high removal of Cr(VI) in water.

1. INTRODUCTION
Humus is a type of naturally transformed organic mac-

romolecular material obtained from fresh organic residues, 
mainly animal and plant remnants. This compound is suit-
able for use as a sorbent material due to the presence of a 
variety of active functional groups, including carboxyl, phe-
nolic hydroxy, carbonyl, methoxy, and amino groups, which 
feature a high capacity of adsorption for heavy metals in 
water resources (Liu et al., 2016; Singhal et al., 2017;Yang 
et al., 2012). However, the high solubility of humus limits its 
practical applications. 

To compensate for the disadvantage of high solubility 
of humus, immobilization of this material on different solid 
materials such as biochar and TiO2 particles is recommend-
ed. Magnetic nanoparticles (Fe3O4) resemble remarkable 
merits in separation of materials due to magnetic proper-
ties and efficient immobilization because of high surface 
area and rich hydroxyl groups on their surface (Peng et 
al., 2012; Singhal et al., 2019, 2020a, 2020b). As reported, 
the high affinity of humus to Fe3O4 nanoparticles strong-
ly inproves stability of magnetic humus and promotes the 
nanodispension of Fe3O4 nanoparticles (Koesnarpadi et al., 
2017; Rashid et al., 2018; Tang et al., 2016). But the weight 
of natural humus loaded on Fe3O4 is limited because of the 
district steric hindrances in the humus loading process. 
These limitations have a negative effect on the perfor-

mance of magnetic humus in water treatment. 
The artificial humus obtained from a polyphenol-mail-

lard polymerization reaction has the advantages of control-
lable synthesis process and is considered as an acceptable 
alternative (Zhang et al., 2017, 2019). The humification 
process can easily attain synthesized humus with differ-
ent molecular sizes via regulation of temperature, time 
and air supply. This kind of mouldability in molecular size 
is an effective approach to reduce steric hindrances in the 
humus loading process. The structure of humus highly re-
lies on the variety of humus precursors and humification 
conditions (Zhang et al., 2017). According to Yang’s study, 
the amount of acidic functions on the synthesized humus 
is much higher than that of the natural one, allowing the 
former to possess a better complexation ability towards 
heavy-metal contaminated soil remediation (Yang & Hod-
son, 2018). This means that the structure of synthesized 
humus could be designed as required. Therefore, these ad-
vantages enabled humus to be applied in the environmen-
tal remediation.

In this work, a new method is disclosed to prepare mag-
netic humus (Figure 1) with a high efficacy in the removal 
of heavy metals. Fe3O4 nanoparticles were used to enhance 
humification, integrating small molecular precursors in-
cluding catechol, glycine, and glucose into humus. To im-
prove loading of the synthesized humus on Fe3O4 nanopar-



33X. Dong, D. Yue / DETRITUS / Volume 14 - 2021 / pages 32-36

ticles, pH was regulated in the synthesis process. The 
surface morphology of magnetic humus was confirmed by 
TEM. Eventually, the performance of the generated humus 
was evaluated in the removal of Cr(VI) from a solution con-
taminated by 7.30 mg/L hexavalent chromium.

2. MATERIALS AND METHOD 

2.1 Chemicals and apparatus
Catechol (> 99% purity) was purchased from Tokyo 

Chemical Industry. Glycine (> 99% purity) and glucose (> 
99% purity) were obtained from Nacalai Tesque. Potassium 
dichromate was purchased from Beijing Chemical Works. 
Fe3O4 nanoparticles were obtained under oxygen-free con-
ditions. Briefly, FeCl3·6H2O (24.35 g) was dissolved in 250 
mL ultrapure water (70°C) and added to a 250 mL solution 
of FeSO4·7H2O. Then, NH3·H2O solution (90 mL) was added 
to the above mixture and incubated at 300 rpm for 90 min. 
After that, the mixture was set in an external magnetic field, 
the precipitate was separated and washed for five times 
using deionized water. Finally, the synthesized magnetic 
humus was resuspended in ultrapure water for further us-
age. 

The transmission electron microscope (TEM) images 
were obtained using a Tecnai G2 F20 S-Twin electron mi-
croscope (FEI, USA). The TOC-V CSN type analyzer (Shi-
madzu, Japan) was used to analyze the DOC of humus. 
A PE-Optima 8000 Inductively Coupled Plasma Emission 
Spectrometer was used to analyze the total amount of Cr, 
while the amount of Cr(VI) was determined by UV-1601 
(Shimadzu, Japan).

2.2 Experiments
Magnetic humus was synthesized in a conical flask 

(1000 mL) at 35°C with shaking at 200 rpm. Fe3O4 nanopar-
ticles (2000 mg/L) were added into the solution involving 
the precursors of catechol (3500 mg C/L), glycine (1750 
mg C/L) and glucose (1750 mg C/L). To investigate the ef-
fect of pH on the weight of loaded humus on the surface 
of Fe3O4 nanoparticles, the initial pH of Na2HPO4/NaH2PO4 
solution (0.2 M, 500 mL) was set to 4, 6, 8, and 10.

1.0 mL samples were withdrawn from the flask at 0, 4, 
9, 20, 32, 45, 80, 120, 160, 260, 360 and 500 h intervals and 
set in an external magnetic field for solid-liquid separation. 
A 0.1 mL aliquot withdrawn from the above supernatant 
was diluted to 10 mL and subjected to UV-Vis absorption 
spectroscopy at 400 nm. Another 0.5 mL sample was di-
luted to 20 mL and used to dissolve the organic carbon 
content before analysis, while, the magnetic humus was 
used to humus loading analysis. Briefly, the magnetic hu-
mus was separated from a 10 mL solution with an external 
magnet and extracted for three times by 3 × 10 mL NaOH 
solution (0.1M). After that, the obtained NaOH solutions 
were analyzed by a TOC analyzer with the extraction effi-
ciency of 84.86%. The magnetic humus separated from the 
incubated samples for 500 h was applied for the TEM sur-
face morphology study.

3. RESULTS AND DISCUSSION 
3.1 Reinforcement effect in the darkening experi-
ment 

The formation of organic chromophoric groups due to 
the darkening effect of humification and generation of the 
browning substances, as a key process of humification, 
can be justified through studying absorbance at 400 nm. 
Fe3O4 nanoparticles were used to enhance the humification 
in four systems with the pH of 4, 6, 8 and 10. The absor-
bance of supernatant solutions at 400 nm was varied with 
incubation time, as shown in Figure 2A. When pH was set 
to 4, the slow increase of supernatant absorbance indicat-
ed slow humification reaction throughout the entire experi-
mental process. While, absorbance of the extracted humus 
from the magnetic counterpart was sharply increased in 
the first 45 h and, then, remained constant (Figure 2B). This 
observation could be explained by the fact that humus has 
been formed fast in the first 45 h, followed by adsorption 
on Fe3O4 nanoparticles to form a core-shell composite 
through electrostatic forces. However, the shell-like humus 
directly covered the active sites of Fe3O4 nanoparticles and 
weakened its ability to enhance humification. This behavior 
can also be found in the humification process at pH 6, but 

FIGURE 1: Representations of the procedures for magnetic humus preparation and Cr(VI) removal.
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the supernatant samples were gradually darkened as the 
extension of incubation time and, finally, the absorbance 
reached to 0.60 after 500 h incubation. This finding sug-
gested that the colored humus has been continuously gen-
erated. By contrast, the absorbance of supernatant solu-
tion at pHs of 8 and 10 was sharply increased over time 
within the first 45 h, and then set at a nearly constant value 
of 1.15, suggesting that the humus has been significant-
ly generated and reached to a maximum weight after 45 
h. On the other hand, absorbance of the extracted humus 
showed a similar trend with that of supernatant samples. 
The slight increase of absorbance after 45 h could be due 
to the connection of free small amount of humus to mag-
netic humus under the action of metal oxides. Therefore, 
the alkaline condition is suitable to enhance humification 
on Fe3O4 nanoparticles in the presence of catechol, glycine, 
and glucose as precursors.

3.2 Generation of magnetic humus 
The TEM image of Fe3O4 nanoparticles confirmed that 

Fe3O4 nanoparticles have a regular spherical shape with the 

uniform size of about 11.59 ± 0.23 nm (n = 17), as shown 
in Figure 3A. The inset of this figure shows a lattice with 
the width of 0.26 nm for Fe3O4 nanoparticles. The magne-
tite nanoparticles were surrounded by a layer of an organic 
material after coating with humus (Figure 3B). This organic 
material can be extracted by 0.1 M NaOH for total organic 
carbon analysis.

The weight of humus loaded on Fe3O4 nanoparticles 
was analyzed, as depicted in Figure 4. The total organic 
carbon of humus on the surface of Fe3O4 nanoparticles 
was detectable, confirming the successful synthesis of 
magnetic humus. It is clearly demonstrated that humus 
can gradually grow on the surface of Fe3O4 nanoparticles, 
as the carbon content was varied with the incubation time 
throughout the entire experiments. Due to the faster gen-
eration of humus in an alkaline condition, the humus load-
ing on Fe3O4 nanoparticles was higher under this condition 
compared to that in the acidic environment. The Fe3O4 
nanoparticles separated at pH 8 and under the incuba-
tion time of 500 h revealed the largest amount of humus 
with the total carbon content of 243.13 mg per gram of 

FIGURE 2: Absorbance at 400 nm of (A) the supernatant solutions after 100 times dilution (B) the extracted humus from the magnetic 
humus after 50 times dilution.

FIGURE 3: TEM images of (A) Fe3O4 and (B) magnetic humus.
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nanoparticles, which was about 0.5 mg humus/mg Fe3O4 
based on the humus carbon percentage of 48.54% (Zhang 
et al., 2015). Therefore, the magnetic humus should be 
contained 33.37% humus, which is much higher than 11% 
attained in the previous report (Liu, et al., 2008). This ob-
servation can be explained by consideration of the further 
exposure of Fe3O4 active sites involved in the humification 
process under alkaline condition. These active sites con-
tribute to the formation of humus with a higher aromaticity, 
so more active sites mean a higher generation rate of hu-
mus (Zou et al., 2020). Instead of the spherical structure at 
a low pH, humus was existed in a rather linear or stretched 
structure at high pH values, as alkaline conditions contrib-
ute to the formation of further amounts of humus. This is 
because the dissolution process of humus avoids occupy-
ing further spaces and provides more free spaces for the 
humus formation near the metal oxide surface. However, 
too high pH is not conducive to the binding of humus with 
nanoparticles, therefore, the pH of 8 was adjusted for the 
generation of magnetic humus.

3.3 Availability of the synthesized magnetic humus
To investigate the ease of separation, performance of 

the magnetic humus was evaluated in an external mag-
netic field. As shown in Figure 5, the magnetic humus was 
scattered in the solution, even after 1 h incubation, in the 
absence of an external magnetic field. This finding proved 
good dispersion of the magnetic humus. However, the sus-
pended magnetic humus can be quickly attracted towards 
a permanent magnet in 2 min, confirming the utility of mag-
netic humus separation in the presence of an external mag-
netic field. 

The stability of magnetic humus was evaluated in dis-
tilled water. After shaking at 200 rpm for 12 h, the super-
natant was collected and analyzed with a TOC analyzer to 
detect the leached humus. The concentration of free car-
bon was less than 15 mg/L (as TOC), indicating only 6.17% 
of humus has been leached. The main reason to explain 
this phenomenon is that the surface of Fe3O4 nanopar-
ticles bear a negative charge (PZC = 7.9) at pH 8, which 

avoids the electrostatic attraction of Fe3O4 nanoparticles 
to the negatively charged humus and achieves growing of 
humus on the surface of Fe3O4 by covalent binding. Thus, 
the humus loading would be further enhanced apart from 
pH variation, upon addition of a non-magnetic metal oxide 
with enhanced humification function. Therefore, the outer 
humus molecules can be connected to form a bigger hu-
mus molecule through covalent bonding, which result in a 
big network, enclose the inner humus and avoid the inner 
humus molecular diffusion. In this way, the humus loading, 
as well as its stability would be enhanced.

In order to evaluate application of the synthesized hu-
mus in water treatment, the magnetic humus was added 
to a water sample solution containing 7.30 mg/L of Cr(VI). 
After 6 h, the synthesized magnetic humus (4 mg/mL) 
showed a high adsorption efficiency of 99.17% to Cr(VI) 
with the final concentration of 60 μg/L, which was lower 
than the maximum contaminant limits for the total chro-
mium in drinking water (100 μg/L), as announced by the 
United States Environmental Protection Agency.

4. CONCLUSIONS
A new abiotic humification method is presented to 

synthesize magnetic humus with a high performance for 
Cr(VI) adsorption. The change of TEM image after humus 
loading indicated the successful synthesis of magnetic hu-
mus. pH greatly affects formation of humus and weight of 
the humus loaded on Fe3O4 nanoparticles. When pH is set 
to 8, the largest loading weight would be obtained, which 
accounts for 33.37% of the synthesized magnetic humus. 
The prepared magnetic humus exhibits good separation 
ability in aqueous solution and a high adsorption efficiency 
of 99.17% can be attained for Cr(VI). Therefore, the synthe-
sized magnetic humus can be recommended as a potential 
candidate to remove Cr(VI) from water resources. 

ACKNOWLEDGEMENTS
The research was supported by the National Key R&D 

Program of China (No. 2018YFC1901405).

FIGURE 4: Effect of pH on humus loading in different incubation 
times.

FIGURE 5: Digital images of magnetic humus without or with an 
external magnetic field added.
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ABSTRACT
One of the main issues regarding the implementation of source-separation-based 
sanitation systems is user acceptance, which is related directly to the state of knowl-
edge of citizens. A communication platform for the exhibition and interactive infor-
mation on the topic of resource-oriented sanitation (ROS) was developed as part of 
the P-BANK transdisciplinary project. The P-BANK platform is based on a toilet in the 
public space. The communication concept focusses on the actual use of the toilets 
and the surrounding nutrient cycle. The central object of the communication at the 
P-BANK, as its name suggests, is the macronutrient phosphorus. This simplification 
creates a symbolic effect which is supported by the ambiguity of the sound of the 
chemical symbol “P” for phosphorus in connection with urinating (to pee). Further-
more, this reduction aims at shortening the messages and simplifying the informa-
tion transfer. In the first project phase, the transportable system was field-tested and 
evaluated in the context of the 100th anniversary of the Bauhaus in Weimar. After 
positive reviews and experiences concerning the performance of the technical facil-
ities and the success of the communication concept, the P-BANK will be tested and 
evaluated in further awareness-raising campaigns.

1. INTRODUCTION
In addition to water supply and solar energy, macronu-

trients in the soil are of outstanding importance for flora. 
Along with nitrogen and potassium, phosphorus is one of 
the main nutritional elements that is essential for plant 
health and development. All three macronutrients repre-
sent a global challenge in many ways, both now and in the 
future. This is reflected in the extraction of the nutrients as 
resources as well as in its role as potential contaminants in 
urban water management (Schaum, 2018).

1.1 The role of nutrients
Modern agriculture is covering the lack of macronutri-

ents (nitrogen, phosphorus, and potassium) and micronutri-
ents by synthetic fertilisers. These fertilisers are produced 
on the basis of geological resources, e.g. the use of fossil 
fuels in the production of nitrogen in the Haber-Bosch pro-
cess and the extraction of phosphate and potassium from 
mines. Potassium and phosphorus are mined in only a few 
countries in the world, which leads to geopolitical tensions 
and may be exacerbated in the future on the basis of the in 
part already insufficient nutrient supply of the soil (Ciceri 
et al., 2015; Cordell et al., 2009; Manning, 2015; Manning, 
2018). Studies show that a high rate of soils both in devel-
oping regions like India as well as developed countries like 

the UK are deficient in at least one micronutrient (Jones 
et al., 2013). Alternative sources of phosphorus, nitrogen, 
and potassium same as micronutrients are essential to 
maintain food security but also to prevent the increase of 
considerable geopolitical stress (EcoSanRes, 2005; Razon, 
2018; Steen, 1998).

The nutrients important for the soil (especially phos-
phorus and nitrogen) have a negative impact on the bio-
diversity of water bodies. The main cause is the massive 
human impact on the global P and N cycles (Rockström 
et al. 2009) because human excreta that are returned to 
the natural cycle in the wrong place and in a concentrat-
ed form can, for example, lead to eutrophication of waters 
(Schaum, 2018). Requirements for the elimination of these 
nutrients contained in human excreta and greywater are al-
ready manifested in legislation (Council Directive 91/271/
EEC, 1991).

1.2 The fate of nutrients in human excreta
Properly treated faecal material flows are non-prob-

lematic substances but valuable resources. Agriculture 
and food production are connected inevitably to human 
excreta management (Harder et al., 2020). Of the phos-
phorus used in Europe, 30% is lost from human excreta 
into water bodies or sewage sludge (Schaum, 2018). This 
is where Resource-Oriented Sanitation Systems (ROS) 
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can come into play. As an alternative to the conventional 
central water-borne sewage system, the core objective of 
these technical solutions is the recovery of valuable sub-
stances from urine, faeces, and greywater. The nutrients 
are contained primarily in urine and faeces. In conven-
tional sanitation systems, approximately 30% of the daily 
drinking water amount per inhabitant (Shouler et al., 1998) 
is contaminated with nutrients and trace substances, 
such as pathogenic germs, hormones, heavy metals, and 
pharmaceuticals, transporting them over long distances 
to central sewage treatment plants. While the above-men-
tioned micropollutants pass through mechanical-biologi-
cal wastewater treatment plants (Ebert, 2013), nutrients 
are removed from the wastewater without recovery. In 
principle, nutrient recovery in wastewater treatment plants 
is possible but related to a high additional procedural ex-
penditure. Regarding this and the mentioned dilution and 
discharge of nutrient-rich excreta, the adequacy of the 
central approach is questionable. The approach of ROS 
is the separation of urine, faeces and greywater at source 
followed by a targeted treatment and focused reuse of the 
contained resources. In consequence nutrient cycles can 
be closed more easily. A separate collection requires mod-
ified technical installation facilities, with numerous daily 
user interactions (Kraus et al., 2019, Larsen et al., 2013; 
Lienert and Larsen, 2006).

1.3 Challenges in the implementation of Resource-
Oriented Sanitation

New types of sanitation systems have been the sub-
ject of technical research and development in urban water 
management for several years. These technologies can be 
considered technologically mature on the basis of various 
fact sheets and worksheets. Nevertheless, these concepts 
so far have been implemented exclusively within the frame-
work of pilot projects and research projects and are not 
of much concern to society at large (Larsen et al., 2013, 
Blanken et al., 2019, Schramm et al., 2018). 

The reasons for this are diverse and are based largely 
on the status quo of the water management infrastructure 
and existing laws. For example, one of the main reasons 
for rejecting the implementation of ROS is the construc-
tional expenditure for material flow separation in existing 
buildings, which is associated with extensive investments. 
Another issue is the limited approval of fertilisers produced 
from human excreta. Of particular relevance is the accept-
ance by society, some of which, according to various focus 
group studies (e.g. Lienert and Larsen, 2006, Pahl-Wostl et 
al., 2003), are in favour of the use of ROS in general but 
have concerns about the use of fertilisers recovered from 
human excreta. For example, a large part of society un-
derstands the term "alternative toilets" to mean primitive 
latrines, which leads to doubts about aesthetic standards 
and toilet comfort (Del Morales et al., 2014).

For the general restructuring of urban water manage-
ment towards a sustainable and ecological approach, it is 
inherently important to consider different levels of perspec-
tive. The challenge of closing the loop for a material such 
as phosphorus, potassium and nitrogen must therefore be 

met not only at the political, economic, and technical level. 
In particular, society and the public are the foundation for 
the success of such far-reaching restructuring processes. 
Creation and expansion of the overall social awareness 
and thus acceptance is decisive for this. The reframing of 
human excreta management as part of food and farming 
systems has potential to support long-term global food, 
soil, and nutrient security while also reducing the risk of 
compromising other priorities related to health and envi-
ronmental issues (Harder et al., 2020).

Accordingly, knowledge and user acceptance are es-
sential for a broad implementation of ROS in municipal 
sanitation systems. Citizens are important decision-mak-
ers in their role as tenants, home owners, and buyers of 
recycled products from human excreta (Pahl-Wostl et al., 
2003).

1.4 The perception of the role of excreta
The transformation of research results and elite knowl-

edge into education and information for the general public 
is of great importance for the social acceptance of such 
approaches. In modern society, the issues of human ex-
creta and excretion itself are viewed primarily negatively 
or avoided altogether. Individuals want to be disassociated 
from the act of producing urine and faeces and view the 
substances as disgusting and worthless. The very word-
ing of the visit to the toilet implies a distancing from the 
activity itself, such as going to the bathroom or restroom. 
In addition, terms referring to excreta and the associated 
body parts are used often as swear words or jokes. These 
psychological effects can lead to health impairments. For 
example, it can lead to inhibition of micturition in the pres-
ence of other people in public toilets or, in the worst case, 
not using the toilet, and can even affect the hydration of the 
body (Haslam, 2012; Kira, 1976; Lundblad and Hellstrom, 
2005; Michels et al., 2019; Middlemist et al., 1976; Wein-
berg and Williams, 2005).

With regards to the psychological and social aspects 
of excretion per se, a fundamental change in the associa-
tions of quickest possible disposal and the consideration 
of human excreta as worthless, disgusting substances to 
the actual usability and value of the nutrient-rich substrates 
is crucial.

1.5 Objectives and approach
Our approach to solving the problem is to create and 

expand public attention and awareness. The project "Phos-
phorus Bank" (P-Bank), funded by the German Federal 
Foundation for the Environment, combines the advantages 
of material flow separation with the treatment of urine for 
the production of fertilisers. The aim of the project was to 
create an information platform that enables an interactive 
approach to the aforementioned topics for a wide range of 
target groups. The focus was on the transport of straight-
forward information and the communication of contexts. 
For a wide audience reach and a seamless integration of 
the new approaches into the daily life of the users, the ob-
ject chosen was the toilet in public space.
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2. DEVELOPING THE P-BANK
For the design of the communication, we have consid-

ered and applied a variety of approaches from pedagogy 
and architecture. The key basis for all awareness-raising 
and information campaigns of new technologies and in 
particular of new sanitation systems is to ensure the func-
tionality of the technical equipment. Most important for 
the communication of a topic that is regarded negatively or 
reluctantly addressed in society is architectural interior de-
sign. Transforming the toilet visit into a positively connotat-
ed activity and enabling pleasant associations, the design, 
and the resulting atmosphere are essential. In addition, a 
pleasant environment is crucial for the sense of well-be-
ing and thus conducive to learning processes. Based on 
studies like Fich et al. (2014), Krüger and Zannin (2004) 
and Vartanian et al. (2013), the top priority for the design 
of the communication platform was an aesthetic design 
of the rooms and pleasant acoustic, thermal, and lighting 
conditions. 

The public space is not a defined place but is always 
formed by the individual values of those whom it compris-
es (Wildemeersch, 2012). For progress and a sustainable 
change of views, public space, social encounters, and civ-
ic pedagogy must be kept open and undecided (Ellsworth, 
2005). The communication concept of the P-Bank is based 
on an open installation in the public space for a visitor se-
lection that is as heterogeneous as possible. 

The basic ideas for the information design are based 
on the combination of learning concepts such as experi-
ential (Kolb, 1984), active (Krempl et al., 2016), and sub-
ject-oriented learning (Teichmann et al., 2019). To take into 
account the complexity of the learning styles, skills, and 
modes discussed in pedagogy (Biesta, 2006; Boyatzis and 
Kolb, 1991; Davidson, 1984; Kolb and Kolb, 2018; Ryan and 
Charman, 2014), different learning channels are used and 
all senses are addressed to make the transported informa-
tion more memorable (Falk and Dierking, 1998). The focus 
is on very open non-verbal or short verbal information pro-
vided to make the most of the potentially very short time 
windows and to give the visitor control over the information 
and learning process. 

The theory of reasoned action and planned behaviour 
includes several aspects that influence behaviour (Ajzen, 
1991). In addition to social and moral values, factual knowl-
edge plays a major role. However, many studies describe 
the connection between factual knowledge and behaviour 
with regards to environmental knowledge and ecological 
behaviour as low to non-existent. According to Kaiser et 
al. (1999), when the connections are stronger, knowledge 
about ecological behaviour (e.g. what and how it can be 
done) is of more interest than knowledge about the envi-
ronment itself. According to Arshad et al. (2020), aware-
ness and concern are also more important than the more 
difficult to change (Sayers, 2006) environmental attitude. 

To initiate reflection and learning, normal flows of 
experience must be interrupted (Kolb and Kolb, 2018; 
Wildemeersch, 2012; Ellsworth, 2005). The goal of the 
P-BANK-concept is to create a transitional space, where 
the self-evident understanding of public toilets is inter-

rupted and the user is invited or provoked to reconsider 
understandings and emotions. The P-BANK identifies al-
ternatives without providing a ready-made opinion. The 
information on windows of opportunity in alternative sys-
tem design is shown as an example in terms of urine recy-
cling. Here the visitor receives a stimulus for independent 
information in discourse with others and, if desired, more 
in-depth research.

3. THE P-BANK
The P-BANK collaborative project combines the techni-

cal implementation of ROS with aesthetic design compo-
nents. As an information platform combining a public toilet 
with nutrient recycling, the P-BANK creates opportunities 
for the identification with various individual interfaces con-
cerning urine disposal and resource recovery. The main ob-
jective was to present and evaluate a newly designed toilet 
concept in public spaces to present ROS as an alternative 
to conventional sewage systems. Sensitising users to the 
shortage of the life-essential resource phosphorus (P = 
"phosphorus") as well as the simultaneous misallocation 
of nutrients (P = to "pee") and the resulting harmful impact 
on the environment is the stated purpose. Use in the public 
space enables the evaluation of the level of knowledge of 
the users as well as the supply of information to the users. 
The focus lies on the scarcity of resources and the solution 
approaches of ROS mentioned above. In addition, the user 
acceptance for alternative sanitation concepts amongst 
the population can be investigated.

3.1 Transforming an everyday need into an interac-
tive learning space

The P-BANK is intended to create identification possi-
bilities for the user with the help of an experiential space 
based on interfaces between urine disposal and potential 
resource recovery. The linked objective includes, on the 
one hand, the raising of awareness around the issues of 
phosphorus scarcity and sustainable use of vital resources 
such as plant nutrients (especially phosphorus, nitrogen 
and potassium) and water. The aim is not only to present 
the problems, but also to present solutions that work di-
rectly. The second sub-goal is therefore to demonstrate 
marketable sanitation product solutions that contribute 
to closing natural cycles. Communicating ways to recycle 
urine, faeces and grey water using existing products such 
as recycled fertiliser is also aimed at.

The technical equipment combined with a communica-
tion and service concept is the key element of the P-BANK. 
The transformation of the toilet as a "quiet little place" into 
a design object in the form of a donation bank for nutrients 
leads to an image change of public toilets. 

The idea of conveying information with the communi-
cation concept of the P-BANK follows different principles. 
Essential is an aesthetically pleasing design that ensures a 
convenient learning atmosphere but does not interfere with 
the original purpose of the site visit. The toilet visit should 
be framed by a pleasant atmosphere to make the activity 
itself and the presented sanitary systems as attractive as 
possible. The interactive design of the concept is decisive 
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for the possibility of identification with the presented prob-
lem as well as the solution approaches. With the direct link 
to the use of the public toilet, a specific cycle can be shown 
as an excerpt from the possibilities of novel sanitary sys-
tems. The resulting simplification of the context is an im-
portant point for the comprehensibility of the information 
and the sustainability of the information transfer.

By focusing on nutrient recycling from urine or yellow 
water, an excerpt from the transformation potential of 
wastewater disposal is conveyed in an exemplary manner 
(Figure 1).

3.2 Raising the awareness of ROS as an alternative 
to conventional sewers

Based on the communication and information concept 
of the P-BANK, the user interaction points with urine dis-
posal and resource recovery are arranged logically by the 
order of the stations related to a visit to the toilet. The visi-
tor is led through a guided tour, which starts with the arrival 
at the entrance to the stairs of the P-BANK. The signs on 
the stairs introduce visitors to the topic of P scarcity (Fig-
ure 2 and Figure 3).

3.2.1 Nutrient donation 
Once aware of the singularity of the P-BANK public toi-

let and the topic, the user enters the waiting room, where 
the doors to the actual toilet rooms are located. The two 

rooms, containing a waterless urinal (WU) and a urine di-
version toilet (UDT), are marked as donor rooms (Figure 4).

In short, the P-BANK is intended as a platform for pre-
senting diverse sanitary installations and ROS concepts. 
In the current configuration "save!" (Gründl, 2018), a new 
type of flush separation toilet, is implemented, in which the 
separation is performed with a so-called urine trap based 
on the principle of surface tension at the bowl edge. This 
sanitary installation is characterised by differences to con-
ventional flush toilets that are invisible to the user, which is 
a relevant aspect for the well-being and thus the impact of 
the P-BANK communication concept. The functionality of 
the separation of the urine either in the WU or in the UDT is 
explained with the help of labels and graphic illustrations. 
In the donor rooms, the user is invited to donate urine (pee) 
and in consequence the phosphorus (P) by signs on the 
wall or the floor (dependent on the type of sanitary installa-
tion). During the toilet visit, the phosphorus cycle is present-
ed to the user graphically in a simplified form (Figure 5).

3.2.2 Nutrient recycling from urine
The guided tour continues at the next station - the wash-

basin. Here the user is introduced to the urine treatment 
units, which are located behind a transparent PET screen 
instead of a mirror above the basin (Figure 6). As with the 
sanitary facilities, the P-BANK will also serve as a modular 
presentation platform for the treatment processes. 

Raised Beds
with Vegetables

Potassium PhosphorusNitrogen

K PN

Urine

Food

Exhaustable 
Essential Ressources

Potable Water

Brown- and Greywater

Precipitation

WWTP

Groundwater 
Recharge

FIGURE 1: Decreased information content for a simplified knowledge transfer at the P-BANK.
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The selection of the methods has to be made straight-
forward to explain and to generate substances that can be 
used as fertilisers to enable the nutrient cycle to be closed. 
While installing the treatment processes, particular atten-
tion was paid to ensuring the best possible clarity and 
transparency. The production of the nutrient-containing 
end products was also to be illustrated. The order of the 
individual process steps is indicated by a numbered se-

quence identification. In addition, for each sub-process, a 
simple short explanation, understandable for non-experts, 
is provided in close proximity to the processing.

In the current setup, the urine treatment consists of two 
recycling lines, which are operated independently of each 
other for demonstration purposes to indicate the large vari-
ety of possible treatment processes of ROS. 

Line 1 (Figure 6, left-hand side) includes treatment us-

We are almost 9 billion people and completely 
depend on modern agriculture for our food 
security.

Wir sind fast 9 Milliarden Menschen und für die 
Ernährungssicherung auf moderne Landwirtschaft 
angewiesen.

WE NEED FOOD TO GROW
WIR BRAUCHEN NAHRUNG ZUM WACHSEN

Phosphorus is an essential nutrient for plants 
to grow. Modern agriculture relies on it as 
fertilizer.

Phosphor ist ein essentieller Nährsto�  für das Wachstum 
von Pfl anzen. Die moderne Landwirtschaft setzt darauf als 
Düngemittel.

FOOD NEEDS P TO GROW
NAHRUNG BRAUCHT P ZUM WACHSEN

Phosphorus is currently still obtained from 
mines, but these are almost depleted.

Phosphor wird derzeit noch aus Minen gewonnen, diese 
sind jedoch fast erschöpft.

P-SOURCES ARE RUNNING LOW
UNSERE VORHANDENEN P-QUELLEN SIND BALD AUFGEBRAUCHT

Our future food security depends on Phos-
phorus. Without Phosphorus there will be not 
enough to eat.

Die Gewährleistung unserer Nahrungsversorgung hängt 
von Phosphor ab. Ohne Phosphor werden wir nicht 
genug zu essen haben.

WE NEED NEW P-SOURCES NOW!
WIR BRAUCHEN DRINGEND NEUE P-QUELLEN!

FIGURE 2: Exterior view of the P-BANK on the premises of the Bauhaus-Universität Weimar in 2019.

FIGURE 3: Stair signs of the P-BANK telling the causal chain from P use to P recycling.
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ing the biological and physical processes of urea hydroly-
sis followed by ammonia stripping with simultaneous pre-
cipitation on a carrier material and subsequent acidic gas 
scrubbing. The advantage of this combination of treatment 
steps is the simple structure and the visible introduction 
of air followed by the removal of ammonia from the urine 
and its washing in sulphuric acid. All components of the 
treatment process are transparent. For the gas stripping 
by air injection, a large bubble process was chosen to in-
crease visibility. For the same reason, the indicator solution 
methyl orange was added to the gas scrubbing to indicate 
the consumption of the sulphuric acid and a change in the 
state and thus the composition of the solution. The result-
ing products are phosphorus salts on the carrier material 
and liquid ammonia sulphate. 

Line 2 (Figure 6, right-hand side) based on the urine 
treatment unit in the blue diversion toilet of Eawag consists 
in the first step of the alkaline stabilisation using hydrated 
lime addition (Decrey and Kohn, 2017, Randall et al., 2016). 
This is followed by the drying of valuable substances by 
trickling the stabilised urine at a greatly reduced flow rate 
onto distribution plates with a low slope combined with 
simultaneous aeration of the plates (Antonini et al., 2012, 
Pahore et al., 2010, Udert et al., 2003, Udert et al., 2006). 
The exhaust air is cleaned by an activated carbon filter to 
avoid odour disturbance. Regarding the visibility of pro-
cesses and products, the most important point of building 
this treatment line is the transparency of the evaporation 
reactor in the form of a display case with flow plates. This 
enables the presentation of the produced phosphorus salts 
on the plates.FIGURE 4: Donor room with waterless urinal.

This contains about 
200mg of Phosphorus.

Damit kann man 200 mg 
Phosphor zurückgewinnen.

Right now, you are 
donating about 300 
ml Pee to the P-Bank. 

Gerade spendest du etwa 
300 ml Urin an die P-Bank.

Which is enough to 
grow 3 to 4 carrots.

Was für das Wachstum von 
3 bis 4 Möhren ausreicht.

FIGURE 5: The Phosphorus cycle explained in relation to the P-BANK stations.
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3.2.3 Nutrient reuse
On leaving the P-BANK, the P-donor receives a thank-

you gift in the form of a sample of AURIN, a urine-based liq-
uid fertiliser from VUNA GmbH (Etter et al., 2015) designed 
for the P-BANK using the unique style (Figure 7). On the 
way out, the user's path is flanked by raised beds of herbs 
and vegetables that symbolise the final use of the gener-
ated fertiliser (see Figure 2). At this point, the phosphorus 
cycle is completed.

4. EVALUATING THE P-BANK
The first location of the P-BANK was the campus of 

the Bauhaus-Universität Weimar during the celebrations 

of the 100th anniversary of the Bauhaus. The facility was 
operated for four months close to the pop-up restaurant 
"Die Lücke”, which was particularly suitable as a location 
because of the sustainability concept used and the raised 
beds for herb production. Based on sample counts on 7 
unrelated days (Figure 8, left-hand side), the number of us-
ers of the whole P-Bank system during this first test period 
was approximately 4,700 (extrapolated on the basis of the 
median of the sample measurements). Of these, on aver-
age 70% used the UDT. The measured urine volume shows 
a slightly lower mean value for the UDT compared with the 
sum of both toilet types (Figure 8, right-hand side).

The evaluation of the P-Bank included in the first step 

FIGURE 6: Urine treatment units inside the P-BANK.

FIGURE 7: AURIN fertiliser as a thank you gift for the P donator.
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the examination of the functionality of the technologies 
used. In detail, the separation performance of the urine 
collection units was examined and compared with com-
mon volumes and substance concentrations in urine 
(Bauhaus-Institute for Infrastructure Solutions, 2016). To 
evaluate the functionality of the urine treatment units of 
the P-BANK, we analysed the characteristics of the solid 
products of both treatment lines.

The investigation of the effectiveness of the commu-
nication concept was based on a combination of quantita-
tive and qualitative analyses. The advantages of combining 
both research methods lie in the extension and deepening 
of the results and conclusions by increasing openness and 
questioning the quantitative analysis (Harland and Holey, 
2011; Mayring, 2001; Reja et al., 2003).

4.1 Technical Evaluation
4.1.1 Degree of separation of the collection system

During the first test phase, the urine was collected 
and analysed on a sample basis and compared with the 
guideline values according to Bauhaus-Institute for Infra-
structure Solutions (2016). The results (Figure 9) show 
that the collected urine had lower concentrations for COD 

and total nitrogen (marked as outliers), while values for 
sulphate and potassium were within the expected range. 
The neighbouring pop-up restaurant was characterised by 
the fact that meals were not offered continuously during 
opening hours. It can therefore be assumed that beverages 
were consumed predominantly. As most toilet users were 
restaurant guests, it can be assumed that this may be a 
reason for the dilution.

4.1.2 Analysis of the produced materials
The analysis of all carrier materials showed little accu-

mulation of phosphates, calcium, potassium, and magne-
sium, although the values are very low (Table 1). Addition-
al crystalline substances were found inside the stripping 
unit that also consisted of the aforementioned elements. 
As the treatment units were built for demonstration issues 
without aiming for high efficiency, the low values are not 
surprising but still demonstrate the functionality.

4.2 Reception of the P-BANK
The interviewees were P-Bank users who were willing 

to participate in the survey by filling in the questionnaire 
themselves. The use of the P-Bank was voluntary and on 
their own initiative. This was ensured by its location in 
public space. The quantitative analysis (n = 55) consist-
ed of a demographic survey of the respondents and the 
collection of five-point Likert-data on the effectiveness of 
the P-BANK. The investigation of the learning effects was 
evaluated using dichotomous questions in correlation with 
the personal previous knowledge as this knowledge is rele-
vant particularly for the understanding of the communicat-
ed contents (Wilde, 2007). To extend the closed analysis, 
open questions were asked about subjective optimisation 
possibilities.

The individual environmental attitude varies depending 
on the topic. Furthermore, better predictions for specific 
environmental behaviour are based on the measurement 
of specific attitudes (Kaiser et al., 1999). For this reason, 
Likert-scaled questions such as the understanding of the 
function of resource-oriented sanitation systems, the en-
vironmental impact of such technologies, and the willing-
ness to use them at home were used to investigate the 

FIGURE 8: Number of visitors and urine volume per use during test period 1.

Reference Values according to b.is (2016)

FIGURE 9: Boxplots of parameters of samples of the P-BANK us-
ers during test period 1.
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specific attitude towards novel sanitation systems. 
In order to estimate the reach in its entirety, we draw 

conclusions about the number of people reached on the 
basis of media-effective publications. This is based on 
publications on the Internet, social media posts as well as 
print media and television and radio reports.

4.2.1 Demographic data and user experience
The quantitative and qualitative data collection was 

performed during the time of operation in summer 2019 
to obtain an overview of the perception of the P-BANK con-
cept. Of the users who took part in the survey, 38% were 
male, 58% female and 4% gave no information. 9% of re-
spondents were under 25, 42% were between 26 and 40 
years old, 36% were between 41 and 65 years old, 13% were 
over 65. In terms of employment status, the largest share 
of participants (67%) were professionals. 2% of partici-
pants were school students, 15% retired and 7% said "oth-
er". Despite being located close to the university campus, 
only 9% were students.

The median and mode value of the Likert data on the 
convenience of the P-BANK was five. In detail, the visit to 
P-BANK was considered a very positive experience with 
very good hygiene and comfort. The clarity of the explained 
contents was evaluated with 4 out of 5 points in median 
and mode. The majority of respondents answered this 
question with 4 to 5 out of 5 points.

4.2.2 Knowledge enhancement
An interesting aspect of the survey is the symmetrical 

nature of the knowledge gained during the P-BANK visit in 
correlation with prior knowledge. Visitors with no previous 
knowledge of resource-oriented sanitation systems per-
ceived the visit as a gain in knowledge; visitors with previ-
ous knowledge did not attest to this.

From the group of respondents who had heard about 
such sanitary systems in advance, the response to the 
question of whether such systems are environmentally 
friendly and the question of home use in the median and 
mode was 5 (I strongly agree). In the group of respondents 
with no prior knowledge, resource-oriented sanitation sys-
tems were also classified as environmentally friendly, and 
the question of private use was given a somewhat more 
cautious rating of 4 (I agree) in the median and mode. 
The qualitative part of the survey revealed in many cas-
es a desire for more in-depth information on the systems 
propagated but also for basic knowledge of the existing 
conventional approach. Also, there were many questions 
about why this system is not yet implemented on a larger 
scale.

4.2.3 Response of press and public
The response of the press and public was reflected in 

radio and television reports, newspaper articles and social 
media contributions. The radio and television reports were 
shown in regional and national programmes of the pub-
lic-law institutions. The total of all audience ratings of the 
relevant TV and radio programmes amounted to around 
2,178,000 listeners and viewers. The primarily regional 
daily newspapers have a total daily circulation of 874,478 
copies. Social media contributions were made by compa-
nies, public institutions and private individuals on the plat-
forms Facebook, Instagram and Twitter. The total number 
of followers of all pages was 1,633,232, of which 5,798 
interacted with the posts. In summary, in addition to the 
local P-Bank users, a potential audience of 4,685,710 can 
be assumed and the number of users who confirmed their 
knowledge of the content through active interaction can be 
determined at 5,798.

5. OUTLOOK
There are some limitations associated with the re-

sults. Therefore, the examination must be regarded as a 
pilot study. The investigation of the degree of separation 
of urine in the collection units was conducted on a random 
basis and therefore represents the investigation period 
as an example. During the first study, the location of the 
P-BANK on the university campus was near an alternative 
pop-up restaurant, thus providing a special setting. The age 
structure and distribution of the professional status of the 
respondents is acceptable at best. The voluntary use of the 
P-Bank and participation of the respondents in the evalu-
ation could limit the picture of the impact of the P-Bank. 
The assessment of the press and public response makes 
no claim to completeness. Therefore, the assumed values 
should only be regarded as estimates. In addition, use was 
linked predominantly to a visit to a restaurant, which influ-
ences the status of the installation in public space and the 
characterisation of the collected urine.

The first testing campaign showed that the concept of 
the P-BANK interactive platform, in general, is appropriate 
for information campaigns and awareness-raising for the 
users on topics such as nutrient scarcity and possibilities 
of resource recovery from urine collected separately. The 
adaptation of the treatment plant for demonstration pur-
poses resulted in losses in the efficiency of the recycling 
processes. Nevertheless, the functionality was still provid-
ed and the visible production of nutrient containing sub-
stances was guaranteed.

The portable unit will serve as an information and eval-
uation platform for alternative sanitation systems at other 

Sampling point
K Ca P Mg

m-%

Crystalline Substances (stripping unit) 3,15 0,43 4,98 0,02

Carrier Material (stripping unit) 3,01 0,37 2,16 0,021

Carrier Material (Evaporation unit) 1,39 0,65 0,76 0,042

TABLE 1: Analysis of the solid substances.
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locations in the future and will be further investigated to 
optimise communication concepts regarding the function-
ality and advantages of ROS. The P-BANK can also be hired 
for information campaigns featuring other treatment meth-
ods for separately collected faeces or urine.
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ABSTRACT
The management of sewage sludge is mostly limited to anaerobic digestion, inciner-
ation of digestate and recovery of phosphorous. In terms of resource efficiency, it is 
recommended to make use of the potential of all organic compounds. Nitrogen com-
pounds, for instance, can find application as nutrients in biotechnological processes. 
To follow this approach, sewage sludge collected after anaerobic digestion, which 
had carbon and nitrogen contents of 35.9% (w/w) and 5.6% (w/w), respectively, was 
first hydrolyzed using 0-1% (w/w) sulphuric acid for 15 minutes at 121°C and the hy-
drolysate used as nitrogen source in lactic acid fermentation. Even though the focus 
was on a recovery of nitrogen compounds, the hydrolytic treatment with 1% (v/v) 
sulphuric acid resulted in a release of 28 mg g-1 glucose. Because of the complex 
composition of the obtained hydrolysate it was not possible to quantify the released 
organic nitrogen compounds. Lactic acid fermentations, however, revealed that the 
concentration of organic nitrogen compounds was sufficient to efficiently convert 
10 g L-1 of added glucose into 9 g L-1 lactic acid, and thus it is expected that digested 
sewage sludge may be an alternative nitrogen source in lactic acid fermentation, 
possibly combined with the utilization of a carbon-rich feedstock. Such a utilization 
approach goes beyond the conventional management strategies of digestated sew-
age sludge and allows a material utilization even after anaerobic digestion.

1. INTRODUCTION
Germany produced around 3 million tons of sewage 

sludge in 2016. Most of it was anaerobically digested follo-
wed by incineration or other thermal treatment (Schnell et 
al., 2020). Despite the development regarding a materially 
use of sewage sludge during the last years it is state-of-
the-art in wastewater treatment plants to anaerobically di-
gest it for biogas and eventually energy generation (Agabo-
García et al., 2019). Alternative possibilities are the use of 
carbon compounds in sewage sludge in the co-fermenta-
tion with grass residues (Yang & Wang, 2019), fallen leaves 
(Hu & Wang, 2019) or ryegrass (Yang & Wang, 2017) for 
hydrogen production. Furthermore, activated sludge from 
secondary clarifier of a sewage treatment plant (Li et al., 
2018) or from a sewage disposal plant (Ma et al., 2014) 
has been used in microbial lactic acid formation and for the 
formation of short-chain fatty acids via acidogenic fermen-
tation (Liu et al., 2020).

Anaerobically digested sewage sludge is rich in pho-
sphorous (15-40 mg g-1 P2O5) and nitrogen (16-60 mg g-1) 
(Metcalf, 1991). While phosphorous recovery is mandatory 

for sewage sludge with a content above 20 mg g-1 and can 
be achieved by struvite formation after anaerobic digestion 
(Raheem et al., 2018) or from ash after incineration (Gün-
ther et al., 2018), recovery or use of nitrogen compounds 
has not been considered. In 2020, the new German fertili-
zer ordinance came into force with the aim to reduce the 
emission of nitrogen and phosphorus from arable land to 
water bodies. The new ordinance challenges the applica-
tion of (digested) sewage sludge as it is usually not incor-
porated into soil within 4 hours, a prerequisite for fertilizer 
application. In a value chain where carbon and phospho-
rus compounds in sewage sludge are used or recovered 
for energy and fertilizer generation, respectively, nitrogen 
compounds remain unused which may be used as nitrogen 
source in biotechnological processes, such as lactic acid 
fermentation.

Lactic acid has a moderate value. Its applicability, ho-
wever, illustrates the relevance for food and chemical in-
dustries, where it is often used as a preservative or for the 
synthesis of the biopolymer poly(lactic acid), respectively 
(Juturu & Wu, 2016; Klotz et al., 2016). The applicabili-
ty of lactic acid thereby originates from its properties as 
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an α-hydroxy acid. It can be polymerized by forming ester 
bonds between lactic acid molecules to form poly(lactic 
acid) (Masutani and Kimura, 2015). Lactic acid is efficien-
tly formed by microorganism. Under homofermentative 
conditions 1 mole glucose results in 2 moles lactic acid 
(Pleissner, 2019) and serves due to its acidic characteri-
stics as natural conserving agent. When obtained from 
fossil-oil, lactic acid forms a racemate, while its homofer-
mentative production allows the production of either the 
D- or L-enantiomeric form (van Velthuijsen, 1996).

Due to the increasing interest of industry in lactic acid, 
fermentations fed with cost-efficient organic residues or 
waste streams have been investigated. It was shown that 
carbon compounds from agricultural residues (Alves de 
Oliveira et al., 2019; Glaser & Venus, 2018), organic muni-
cipal solid waste (López-Gómez et al., 2020), food waste 
(Peinemann et al., 2020) or activated sewage sludge (Li et 
al., 2018; Ma et al., 2014) can be utilized by microbes to 
produce lactic acid. The activity of microbes also requires 
the presence of utilizable nitrogen compounds, and thus 
alternative nitrogen sources, such as green biomass (Dietz 
et al., 2016) and protein hydrolysate from municipal solid 
waste (Izaguirre et al., 2020), were investigated as well. To 
combine waste management and waste utilization, aim of 
this short communication was to make nitrogen compoun-
ds available from DSS to open new utilization paths for this 
underutilized material.

2. MATERIAL AND METHODS
2.1 Digested sewage sludge

DSS was collected from the wastewater treatment 
plant in Lüneburg (Germany) in April 2018 and used for ex-
periments between May and July 2018. The composition 
of DSS is shown in results and discussion.

2.2 Inoculum
Inoculum consisted of an indigenous consortium isola-

ted from food waste. The food waste was collected from 
Leuphana University canteen in April 2018. It consisted of 
uneaten food, such as vegetables, meat and noodles. After 
blending, food waste was fermented at pH 6 and 35°C in 
a bioreactor (ELOFERM, Germany) for 48 hours. Samples 
were taken regularly, centrifuged for 5 minutes at 4,000g 
and applied as inoculum for lactic acid fermentations.

2.3 Hydrolysis of digested sewage sludge
For screening of appropriate sulphuric acid concentra-

tion for acid-catalyzed hydrolysis of DSS to make nitrogen 
sources available for lactic acid fermentation, 150 g DSS 
was resuspended in 100 mL demineralized water. Concen-
trated sulphuric acid (98%, v/v, 0, 0.1, 0.2, 0.5 or 1 mL) was 
added to the different approaches (A-E), resulting in a final 
sulphuric acid concentration of 0, 0.1, 0.2, 0.5 or 1% (v/v), 
respectively (Martín et al., 2019). Afterwards, suspensions 
were heated for 15 minutes at 121°C to enhance acid-ca-
talyzed hydrolysis followed by a centrifugation at 4,000g 
for 5 minutes after cooling to 20°C. Supernatants were re-
moved and the pH set to 6 using 2 M NaOH.

For fermentation purpose, 467.2 g DSS was resuspen-

ded in 300 mL demineralized water and the volume of con-
centrated sulphuric acid added which was found appro-
priate for nutrient release. The suspension was treated as 
described above.

2.4 Fermentation
Fermentation 1 was conducted twice in 100 mL flasks 

containing 30 mL hydrolysate at a temperature of 35°C 
and shaken at 160 rpm on an orbital shaker for 48 hours. 
Initial pH was 6.8 and kept uncontrolled during fermenta-
tion. As carbon source 10 g L-1 glucose was added. A 5% 
(v/v) inoculum was used. Beside the actual fermentation, 
a control fermentation without hydrolysate was conducted 
once where 30 mL water was used instead of hydrolysate. 
Flasks, hydrolysate and water were autoclaved at 121°C 
for 15 minutes prior to experiments. Samples were taken 
regularly, centrifuged at 4,000g for 5 minutes and stored at 
-20°C until analysis.

To assess the impact of pH on performance, fermenta-
tion 2 was conducted twice using 500 mL DSS hydrolysate 
at a set pH of 6 and a temperature of 35°C in a bioreactor 
(ELOFERM, Germany) for 28 hours. Stirring was conducted 
using a magnetic bar at 200 rpm. As carbon source 10 g 
L-1 glucose was added. Hydrolysate and reactor were au-
toclaved at 121°C for 15 minutes prior to experiment. pH 
was kept constant by automatically adding 2 M HCl or 2 M 
NaOH. A 5% (v/v) inoculum was used. Samples were taken 
regularly, centrifuged at 4,000g for 5 minutes and stored at 
-20°C until analysis.

2.5 Analytics
To determine the dry matter of DSS an aliquot was wei-

ghed and dried at 105°C until constant weight (Dupré et 
al., 2020).

Organic matter was quantified by heating 1 g dry DSS 
for 4 hours at 575°C in a muffle furnace and weighing the 
remainder (Dupré et al., 2020).

Protein, cellulose and hemicellulose contents were 
quantified in dried DSS by near infrared spectroscopy (NIR) 
using a NIR-spectrometer (Unity Scientific GmbH, Weiler 
bei Bingen, Germany).

Total carbon (C) and nitrogen (N) contents of dried DSS 
were measured with an elemental CN analyzer at 1150°C 
(Elementaranalysator vario Max CN).

Ammonium quantification was based on the phenol 
hypochlorite assay (Berthelot reaction) described in Ve-
ga-Mas et al. (2015).

Phosphate concentration was determined photomet-
rically via generation of molybdenum blue. At first, four 
separate solutions were prepared: (I) Sulfuric acid (2.5 M), 
(II) potassium antimonyl tartrate solution (1.3715 g K(SbO)
C4H4O6×1/2 H2O in 500 mL demineralized water), (III) am-
monium molybdate solution (20 g (NH4)6Mo7O24× 4 H2O in 
500 mL demineralized water) and (IV) ascorbic acid solu-
tion (1.76 g ascorbic acid in 100 mL demineralized water). 
Molybdenum reagent (V) was prepared by combining 2.5 
mL (I), 0.25 mL (II), 0.75 mL (III) and 1.5 mL (IV). Sample 
(100 µL), 900 µL demineralized water, 10 µL (III) and 160 
µL (V) were mixed. After incubating at 60°C for 15 minutes, 
absorption was measured at 880 nm. 
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Glucose, lactic acid and acetic acid concentrations 
were determined using HPLC (Shimadzu: LC-10AD pump, 
SIL-10AD auto-sampler, CTO-10AD oven, refractive index 
detector RID-20A, CBM-20A communication module): 10 
µL of sample was injected on an Aminex HPX-87H column 
(300 mm × 7.8 mm) and eluted isocratically with 0.4 mL 
minute-1 5 mM H2SO4 at 27°C. For each analyte, calibration 
curves were generated with pure solutions of known con-
centration.

3. RESULTS AND DISCUSSION
3.1 Hydrolysis

DSS had a dry matter of 20.9 ± 0.1% (w/w) and based on 
dry weight an organic matter content of 72.5 ± 0.1% (w/w), 
a C-content of 35.9% (w/w), a N-content of 5.6% (w/w) and 
a C-to-N-ratio of 6.4. Protein, cellulose and hemicellulose 
contents (w/w) were 29.5, 14.7 and 18.5%, respectively. 
Hydrolytic treatment with different concentrations of sul-
phuric acid was carried out to make nitrogen compounds, 
but also other nutrients available from DSS.

In Table 1 yields in mg of glucose, acetic acid, ammo-
nium and phosphate per g DSS are shown. Glucose and 
acetic acid were released at yields of 0.28 and 0.33 mg, 
respectively, per g DSS when 1% (v/v) sulphuric acid was 
used. Results revealed that the respective yields slightly 
decreased with decreasing sulphuric acid concentration 
(Table 1). The low yield of carbon compounds was expect-
ed beforehand and is explainable by the metabolization of 
easily accessible carbon sources during anaerobic diges-
tion. The cellulose content in DSS can range between 88 
and 150 mg g-1 (Metcalf, 1991) and is in agreement with the 
147 mg g-1 found in this study. By the hydrolytic treatment, 
28 mg g-1 glucose was released, and thus only a small frac-
tion of hemicellulose and cellulose was degraded after the 
treatment 1% (v/v) sulphuric acid. A harsher treatment in 
form of increased acid concentration, higher temperature 
and/or longer reaction time, however, was skipped to avoid 
a degradation of amino acids.

While it was possible to quantify carbon compounds 
which have been released from DSS, the quantification of 
free amino nitrogen compounds was hindered by the com-
plex composition of hydrolysates. For sewage sludge a ni-
trogen content of 15-40 mg g-1 and for DSS 16-60 mg g-1 
was found (Metcalf, 1991). The material used in this study 
contained 56 mg g-1 (5.6%, w/w) nitrogen, which agrees 
with the reported values and represents a protein content 
of 295 mg g-1 (29.5%, w/w). The release of ammonium 
ranged from minimum 1.16 mg g-1 using 0.1% (v/v) to max-

imum 1.61 mg g-1 using 0.5% (v/v) sulphuric acid. It should 
however be admitted that already 1.39 mg g-1 ammonium 
was obtained when DSS was soaked in water and thermally 
treated (Table 1).

In parallel to carbon and nitrogen compounds also 
phosphate was released. Phosphate in digested sewage 
sludge was already solubilized when DSS was soaked 
in water and thermally treated (Table 1). Irrespective the 
treatment, 7.10 mg g-1 was released which indicates the 
unnecessity of acid treatment for phosphate release. DSS 
contains around 15-40 mg g-1 P2O5 (Metcalf, 1991). Even 
though the phosphorous content is dependent on the ma-
terial used it can be assumed that a considerable fraction 
has been released in this study. To obtain 80-90% (w/w) 
of phosphorous, Falayi recommends a treatment for 120 
minutes using 8 M KOH, 95°C and a solid-to-liquid-ratio of 
4 (Falayi, 2019).

3.2 Fermentations
In Figure 1A and B is shown the production of lactic 

acid in two fermentations carried out under pH-uncon-
trolled conditions using DSS hydrolysate and one fermen-
tation without hydrolysate as control (Figure 1C). When 
DSS hydrolysate was mixed with 10 g L-1 glucose lactic 
acid concentration increased from 1 to around 4 g L-1 and 
glucose was completely consumed after 48 hours, while 
the optical density increased slightly and the pH decreased 
from 6.9 to around 3.7 (Figure 1A and B). The concentra-
tion of acetic acid did only marginally change by the ac-
tivity of acetogenic bacteria present in the inoculum and 
remained below 0.25 g L-1 (Figure 1A) or was not formed at 
all in the repeated fermentation (Figure 1B). Contrarily, the 
absence of DSS hydrolysate resulted in a reduced forma-
tion of lactic acid (increase from 1 to 2 g L-1) and consump-
tion of glucose (from 10 to 5 g L-1) after 48 hours. The pH 
decreased from 6.9 to 4.2. Acetic acid was not present and 
the optical density (Figure 1C) was below the optical den-
sities found in fermentations carried out with hydrolysate 
(Figure 1A and B).

Figure 2 illustrates the repeated fermentative produc-
tion of lactic acid using DSS hydrolysate under pH-con-
trolled conditions. Glucose concentration decreased from 
10 to 0 g L-1, while lactic acid concentration increased from 
1 to 10 g L-1 within 24 hours in both fermentations. No 
changes in optical density was noted, and thus around 90% 
of carbon from glucose was most likely converted into lac-
tic acid. Acetic acid concentration differed between both 
fermentations shown in Figure 2. In one fermentation (Fig-
ure 2A) the concentration was constant at around 1.6 g L-1, 
while in the other fermentation (Figure 2B) the acetic acid 
concentration was 0.1 g L-1. The differences result from the 
application of different DSS hydrolysate batches.

As a general remark, ammonium concentration was 
in all fermentations between 1.4 and 1.8 g L-1 and did not 
change over time (data not shown). It should be noted that 
an inhibition of bacteria by a high concentration of ammo-
nium nitrogen, as observed in anaerobic digestion, can be 
excluded (Liu et al., 2018). The tolerance of lactic acid bac-
teria regarding high ammonium nitrogen concentration is 
an asset for the application of DSS as nitrogen source.

mg g-1 A B C D E

Glucose 0.14 0.16 0.16 0.21 0.28

Lactic acid 0 0.22 0.05 0 0

Acetic acid 0.13 0.17 0.12 0.23 0.33

Ammonium 1.39 1.16 1.34 1.61 1.56

Phosphate 8.63 9.65 8.79 10.72 9.42

TABLE 1: Yield of compounds obtained after hydrolysis of DSS in 
0% (A), 0,1% (B), 0.2% (C), 0.5% (D) or 1% (E) (v/v) sulphuric acid.
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The formation of lactic acid is predominantly associat-
ed to the growth of lactic acid bacteria. Berry et al. (1999) 
reported from defined cultures of Lactobacillus rhamno-
sus lactic acid constants of 0.389 moles per gram growing 
cells, while only 0.0025 moles per gram were formed by 
non-growing cells. The supply of a nitrogen source which 
is cost-efficient and useable by lactic acid bacteria is there-
fore essential to achieve high productivities. Dietz et al. 

(2016) applied alfalfa green juice as nitrogen source and 
obtained a yield of 0.69 g lactic acid g-1 glucose in batch 
fermentation. It is of interest for further process develop-
ment that the juice was not further pre-treated or supple-
mented with other nutrients, and thus could be directly 
applied. However, Dietz et al. (2016) admitted that differ-
ences in alfalfa culture conditions (e.g., environmental and 
soil conditions) may have an impact on the nitrogen con-

FIGURE 1: Time profiles in glucose (closed circle), acetic acid (closed triangle) and lactic acid (closed diamond) concentrations as well 
as optical density (open circle) in fermentations carried out under pH-uncontrolled conditions using DSS hydrolysate and inoculum (A and 
B) and without hydrolysate (C) as control.

FIGURE 2: Time profiles in glucose (closed circle), acetic acid (closed triangle) and lactic acid (closed diamond) concentrations as well 
as optical density (open circle) in two fermentations (A and B) carried out under pH-controlled conditions using DSS hydrolysate and 
inoculum.
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tent of juice and this aspect needs further investigation. To 
illuminate this aspect, Papendiek and Venus (2014) used 
the juice of legumes grown at different locations and har-
vested at different times of the year as nitrogen source in 
lactic acid fermentation. They found not only considerable 
differences in protein content in legumes but also differ-
ences up to 40% and 60% in lactic acid yield between study 
sites and sampling dates, respectively. Ma et al. made use 
of the high protein and carbohydrate contents of waste ac-
tivated sludge to substitute yeast extract in lactic acid fer-
mentation (Ma et al., 2014). In their experiments the yield 
of lactic acid per g glucose was 0.97 and the final titer 96.7 
g L-1 after 48 hours when 7 g L-1 hydrolyzed sewage sludge 
and 100 g L-1 glucose were applied. An application of DSS, 
however, has not been investigated. Generally, the appli-
cability of DSS as nitrogen source in lactic acid fermenta-
tion is given. The control fermentation carried out without 
DSS resulted only in the formation of around 1 g L-1 lactic 
acid. In the control, microorganisms may have consumed 
remaining nitrogen originating from the food waste inocu-
lum. However, it should be admitted that also wastewater 
exhibits seasonal variations in concentration of nitrogen 
compounds. Tuncal et al. (2009) detected a difference in 
mean concentrations of total nitrogen between summer 
and winter of 8.9 mg L-1. Therefore, further investigations 
using DSS obtained at different seasons are needed to as-
sess whether DSS is a suitable nitrogen source with con-
stant quality throughout the year.

Results further revealed that lactic acid fermentation 
should not be carried out pH-uncontrolled when DSS-hy-
drolysate is used. As seen in this study at a pH of 5 and 
below lactic acid bacteria seem inhibited (Figure 1). Sim-
ilar observation was made by Darwin et al. (2018) and 
Peinemann et al. (2020) when pH dropped below 5. How-
ever, fermentation was effective at a controlled pH of 6.8 
(Figure 2) and the yield of 0.9 g g-1 was comparable to the 
one found by Ma et al. using sewage sludge (0.97 g g-1, Ma 
et al., 2014) and higher compared to the yields obtained 
in presence of green biomass juice (0.6-0.7 g g-1, Dietz et 
al., 2016; Papendiek and Venus, 2014). It should, however, 
be noted that a variation in pH can be used to steer the 
product portfolio. In a co-cultivation of yeast and lactic 
acid bacteria, for instance, the product can be steered to-
wards ethanol at a pH below 5, while lactic acid is formed 
at higher pH-values (Darwin et al., 2018; Peinemann et al., 
2020).

Sewage sludge can be, contrarily to DSS, rich in carbo-
hydrates and contents from 10 to 15% (w/w, Hu & Wang, 
2019; Maeda et al., 2009) have been reported. Howev-
er, since it seems necessary to add an additional carbon 
source even though activated sewage sludge is used (Ma 
et al., 2014) it seems irrespective whether lactic acid for-
mation is performed prior to or after anaerobic digestion.

4. CONCLUSIONS
DSS can be applied as nutrient source in pH-controlled 

lactic acid fermentation. The potential as carbon source 
is due to low yields obtained rather limited. However, the 
hydrolysis of proteins in DSS provides organic nitrogen 

compounds usable by lactic acid bacteria and resulting in 
a decent conversion of glucose into lactic acid at a yield 
of around 0.9 g g-1. The combination with other organic 
feedstocks, such as food waste as carbon source, could 
result in cost-efficient fermentations. Further work is rec-
ommended on the investigation of the hydrolytic treatment 
to improve the recovery of nitrogen compounds available 
and to substitute sulphuric acid.

REFERENCES
Agabo-García, C., Pérez, M., Rodríguez-Morgado, B., Parrado, J., Sole-

ra, R. 2019. Biomethane production improvement by enzymatic 
pre-treatments and enhancers of sewage sludge anaerobic diges-
tion. Fuel, 255, 115713.

Alves de Oliveira, R., Schneider, R., Vaz Rossell, C.E., Maciel Filho, R., 
Venus, J. 2019. Polymer grade l-lactic acid production from sug-
arcane bagasse hemicellulosic hydrolysate using Bacillus coagu-
lans. Bioresource Technology Reports, 6, 26-31.

Berry, A.R., Franco, C.M.M., Zhang, W., Middelberg, A.P.J. 1999. Growth 
and lactic acid productionin batch culture of Lactobacillus rham-
nosus in a defined medium. Biotechnology Letters, 21, 163-167.

Darwin, Cord-Ruwisch, R., Charles, W. 2018. Ethanol and lactic acod 
production from sugars and starch wastes by anaerobic acidifica-
tion. Engineering in Life Sciences, 18, 635-642.

Dietz, D., Schneider, R., Papendiek, F., Venus, J. 2016. Leguminose 
green juice as an efficient nutrient for l(+)-lactic acid production. 
Journal of Biotechnology, 236, 26-34.

Dupré, C., Burrows, H.D., Campos, M.G., Delattre, C., Encarnação, T., 
Fauchon, M., Gaignard, C., Hellio, C., Ito, J., Laroche, C., Legrand, 
J., Michaud, P., Pais, A.A.C.C., Pierre, G., Serive, B., Watanabe, M.M. 
2020. Microalgal biomass of industrial interest: Methods of char-
acterization. In: Handbook on Characterization of Biomass, Bio-
waste and Related By-products, 537-639.

Falayi, T. 2019. Alkaline recovery of phosphorous from sewage sludge 
and stabilisation of sewage sludge residue. Waste Management, 
85, 166-172.

Glaser, R., Venus, J. 2018. Co-fermentation of the main sugar types 
from a beechwood organosolv hydrolysate by several strains of 
Bacillus coagulans results in effective lactic acid production. Bio-
technology Reports, 18, e00245.

Günther, S., Grunert, M., Müller, S. 2018. Overview of recent advances 
in phosphorus recovery for fertilizer production. Engineering in Life 
Sciences, 18, 434-439.

Hu, Y., Wang, J. 2019. Biohydrogen production from co-fermentation 
of fallen leaves and sewage sludge. Bioresource Technology, 285, 
121342.

Izaguirre, J.K., Dietrich, T., Villarán, M.C., Castañón, S. 2020. Protein 
hydrolysate from organic fraction of municipal solid waste com-
post as nitrogen source to produce lactic acid by Lactobacillus 
fermentum ATCC 9338 and Lactobacillus plantarum NCIMB 8826. 
Process Biochemistry, 88, 15-21.

Juturu, V., Wu, J.C. 2016. Microbial production of lactic acid: The latest 
development. Critical Reviews in Biotechnology, 36(6), 967-977.

Klotz, S., Kaufmann, N., Kuenz, A., Prüße, U. 2016. Biotechnological pro-
duction of enantiomerically pure d-lactic acid. Applied Microbiolo-
gy and Biotechnology, 100(22), 9423-9437.

Li, J., Zhang, W., Li, X., Ye, T., Gan, Y., Zhang, A., Chen, H., Xue, G., Liu, 
Y. 2018. Production of lactic acid from thermal pretreated food 
waste through the fermentation of waste activated sludge: Effects 
of substrate and thermal pretreatment temperature. Bioresource 
Technology, 247, 890-896.

Liu, S., Yang, X., Yao, X. 2018. Impacts of ammonia nitrogen on au-
tothermal thermophilic microaerobic digestion for sewage sludge 
treatment. Chemosphere, 213, 268-275.

Liu, W., Yang, H., Ye, J., Luo, J., Li, Y.-Y., Liu, J. 2020. Short-chain fatty 
acids recovery from sewage sludge via acidogenic fermentation 
as a carbon source for denitrification: A review. Bioresource Tech-
nology, 311, 123446.

López-Gómez, J.P., Alexandri, M., Schneider, R., Latorre-Sánchez, M., 
Coll Lozano, C., Venus, J. 2020. Organic fraction of municipal solid 
waste for the production of L-lactic acid with high optical purity. 
Journal of Cleaner Production, 247, 119165.



53D. Pleissner et al. / DETRITUS / Volume 14 - 2021 / pages 48-53

Ma, K., Maeda, T., You, H., Shirai, Y. 2014. Open fermentative production 
of l-lactic acid with high optical purity by thermophilic Bacillus co-
agulans using excess sludge as nutrient. Bioresource Technology, 
151, 28-35.

Maeda, T., Yoshimura, T., Shimazu, T., Shirai, Y., Ogawa, H. 2009. En-
hanced production of lactic acid with reducing excess sludge by 
lactate fermentation. Journal of Hazardous Matter, 168, 656-663.

Martín, C., Peinemann, J.C., Wei, M., Stagge, S., Xiong, S., Jönsson, L.J. 
2019. Dilute-sulfuric acid pretreatment of de-starched cassava 
stems for enhancing the enzymatic convertibility and total glucan 
recovery. Industrial Crops and Products, 132, 301-310.

Masutani, K., Kimura, Y. 2015. PLA synthesis. From the monomer to the 
polymer. RSC Polymer Chemistry Series, 3-36.

Metcalf. 1991. Wastewater engineering: Treatment, disposal and re-
use. Metcalf Eddy Inc.

Papendiek F., Venus J. 2014. Cultivation and fractionation of legumino-
ses biomass for lactic acid production. Chemical and Biochemical 
Engineering Quarterly, 28, 375-382.

Peinemann, J.C., Rhee, C., Shin, S.G., Pleissner, D. 2020. Non-sterile fer-
mentation of food waste with indigenous consortium and yeast 
– Effects on microbial community and product spectrum. Biore-
source Technology, 306, 123175.

Pleissner, D. 2019. Assessment of upstr.,eam bioprocessing, 3 Biotech, 
9, 260.

Raheem, A., Sikarwar, V.S., He, J., Dastyar, W., Dionysiou, D.D., Wang, W., 
Zhao, M. 2018. Opportunities and challenges in sustainable treat-
ment and resource reuse of sewage sludge: A review. Chemical 
Engineering Journal, 337, 616-641.

Schnell, M., Horst, T., Quicker, P. 2020. Thermal treatment of sewage 
sludge in Germany: A review. Journal of Environmental Manage-
ment, 263, 110367.

Tuncal, T., Pala, A., Uslu, O. 2009. Determination of microbial respons-
es to seasonla variations of wastewater compostion in the Izmir 
wastewater treatment plant. Fresenius Environment Bulletin, 18, 
2114-2122.

van Velthuijsen, J.A. 1996. Lactic acid production and utilization. In: 
Carbohydrates as Organic Raw Materials III, 129-140.

Vega-Mas, I., Sarasketa, A., Marino, D. 2015. High-throughput quantifi-
cation of ammonium content in Arabidopsis. Bio-Protocol, 5.

Yang, G., Wang, J. 2019. Biohydrogen production by co-fermentation 
of sewage sludge and grass residue: Effect of various substrate 
concentrations. Fuel, 237, 1203-1208.

Yang, G., Wang, J. 2017. Co-fermentation of sewage sludge with rye-
grass for enhancing hydrogen production: Performance evaluation 
and kinetic analysis. Bioresource Technology, 243, 1027-1036.



* Corresponding author: 
Xavier Pierron
email: x.pierron@napier.ac.uk

Detritus / Volume 14 - 2021 / pages 54-67
https://doi.org/10.31025/2611-4135/2021.14062 
© 2020 Cisa Publisher. Open access article under CC BY-NC-ND license

EXTENDING THE THEORY OF PLANNED BEHAVIOUR USING 
BEHAVIOURAL ECONOMICS TO REDUCE AND ACCESS SMALL 
WEEE ANTHROPOGENIC STOCKS
Xavier Pierron 1,*, Ian D. Williams 2 and Peter J. Shaw 2

1 Edinburgh Napier University Business School, 219 Colinton Rd, Edinburgh EH14 1DJ, United Kingdom
2 International Centre for Environmental Science, Faculty of Engineering and the Environment, University of Southampton, Highfield 
Campus, Southampton SO17 1BJ, United Kingdom

Article Info:
Received: 
14 July 2020
Revised: 
29 January 2021
Accepted: 
4 February 2021
Available online:
31 March 2021

Keywords:
TPB extension
Behavioural economics
Small WEEE
Anthropogenic stocks
Urban mining

ABSTRACT
From an urban mining perspective stockpiles of Waste of Electronic and Electrical 
Equipment (WEEE) by individuals represent anthropogenic stocks that could be ex-
ploited for precious and critical resources. The current challenge resides in mini-
mising these stocks generation, as well as accessing the resources they represent. 
Behavioural models such as the Theory of Planned Behaviour (TPB) have been used 
in waste and resources management studies to understand WEEE end-of-use inten-
tions and behaviours. But the results have been uneven and the very presence of 
these anthropogenic stocks is the acknowledgement that these models need to be 
adapted. Based on a review from the waste and resources management literature 
we found that TPB models incorporating emotions tended to have higher variance 
explained for intention, but the intention-behaviour gap remained strong. To explain 
this gap for small WEEE we propose using variables associating emotions with de-
cision-making biases and tendencies that affect individual behaviours. This study is 
a theoretical elaboration supporting future empirical testing. A TPB extended with 
behavioural economics could better model small WEEE end-of-use decisions. Im-
proved understanding of small WEEE urban mines generation could, in turn, inform 
policy and incentives design to transform these anthropogenic stocks into flows of 
resources within a circular economy.

1. INTRODUCTION AND BACKGROUND
Household stockpiles of unwanted or disused elec-

tronics constitute urban mines that could be exploited. 
The difficulty resides in accessing these stocks, in effect 
convincing consumers to part from their unused electro-
nic items. To enhance access to these stocks, we should 
better understand why these stocks were constituted in 
the first place. We chose to use small electronics such 
as mobile and smart phones as a case study since they 
are ubiquitous and their small size invites for convenient 
storage, even if not broken. Some waste and resource ma-
nagement studies use behavioural models to measure va-
riance explained for intention and behaviour, with uneven 
successes. Even fewer studies focus on small electronics 
stockpiling behaviour. Behavioural models trying to evalua-
te mobile and smart phones stockpiling behaviour could 
use variables that are specifically associated with small 
electronics. How consumers have used their device could 
influence why they are stockpiling it, especially if the device 
is still in working order.

1.1 WEEE situation and issues
In 2019 alone, close to 54 million tonnes of e-waste 

across all categories were generated globally (ISWA, 
2020). Close to two billion mobile and smart phones were 
shipped globally in 2019, of which smart ‘phone shipments 
comprised the majority (>75%; Gartner, 2020). Electronic 
handsets are now globally ubiquitous and individuals’ ow-
nership is high. In 2010, an estimated 3.7 million mobile 
handsets were stockpiled by students in the UK alone (On-
gondo & Williams 2011). Silveira and Chang (2010) evalua-
ted that between 50 and 90 million devices were stockpiled 
worldwide. The Ellen MacArthur Foundation (2013) esti-
mated that only 10-15% of mobile and smart phones are 
recycled. Accurate figures are difficult to obtain, but the 
most optimistic estimate is that 20% are recycled in the UK 
(Green Alliance, 2015). These low recycling figures could 
be due to the device working status. Why destroying an 
item, albeit safely, its utility is higher if untransformed. Wa-
ste Electrical and Electronic Equipment (WEEE) regulation 
addresses waste but in most cases when EEE is replaced 
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it is unwanted and still working, especially for small items. 
Hence most people do not likely recognise it as “waste” per 
se (Ongondo and Williams, 2011), despite being formally 
recognised as waste (EU Directive 851, 2018). In this pa-
per, we will refer to (W)EEE instead of WEEE to underline 
the uncertainty regarding the status of some electrical and 
electronic equipment. An unwanted device in working or-
der might not trigger the same end-of-use decision compa-
red to a broken device.

Four key global issues make (W)EEE a priority waste 
stream: global quantities of (W)EEE; environmental and 
health impacts; potential and ethical concerns; resource 
impacts (Ongondo and Williams, 2011). Legislative drivers 
have provided the impetus for EU Member States to pro-
gress from approximately 2.5 kg of (W)EEE collected per 
year per capita in 2005 to more than 7.6 kg in 2016 (Figu-
re 1). A “glass-ceiling” seems to have been reached as the 
amount of WEEE collected yearly tends to stagnate (Figure 
1), despite the growth of EEE placed on the market (UNEP, 
2019).

1.2 (W)EEE anthropogenic stocks, urban mining, the 
circular economy and sustainability

To break this “glass-ceiling” new approaches could be 
explored, notably how improving access to these stocks 
would enhance urban mining initiatives, therefore increase 
(W)EEE collection rates.

(W)EEE Distinct Urban Mines (DUM) (Ongondo et al., 
2015) represent stocks of critical and precious mate-
rials. These anthropogenic sources can be characterised 
according to their availability, approachability and acces-
sibility (Mueller et al., 2017). Urban mining is the process 
of reclaiming compounds and elements from any kind of 
anthropogenic stocks (Cossu and Williams, 2015). It can 

be associated with closed-loop supply chain management, 
specifically for (W)EEE management and material classi-
fication (Vence and Pereira, 2019). It is a useful construct 
that facilitates an assessment of secondary materials 
stocks within an urban environment since it delimits an 
area in which the type/amount of materials accessible at a 
fixed point in time can be recorded. Cities represent urban 
mines for secondary materials and efforts should be made 
to transform these stocks into flows for a circular economy 
(Kuong et al., 2019).

Recent studies have shown that urban areas are extre-
mely plausible as DUMs. Wilkinson and Williams (2019) 
reported the ownership, use and hoarding levels of home 
entertainment EEE in a typical city DUM, highlighting 
that hoarding is common, especially for smaller or older 
equipment, due to the perceived residual value. For a spe-
cific UK university DUM rich in EEE category 3 (IT and te-
lecommunication equipment), as much as 107 tonnes of 
secondary materials could be exploitable within a 4-year 
cycle (Ongondo et al., 2015). Given the 3 to 4 years typically 
taken to complete a degree, the annual replenishment rate 
is likely 25% to 33% (Ongondo and Williams, 2011). Pierron 
et al. (2017) estimated that 189 tonnes of ferrous and non-
ferrous materials from (W)EEE Category 2 could be exploi-
table within a university campus DUM. 

There is clear economic potential for developing urban 
mines from household stockpiled small (W)EEE (Pierron et 
al., 2017). To be exploitable, a mine (urban or otherwise) 
needs to be economically viable, located within reach of 
an existing logistics network and with materials concentra-
tion at an optimal level (Zhang and Kleit, 2016). Therefore, 
a DUM is a viable concept to evaluate the: i) potential to se-
cure secondary resources from within the anthroposphere 
and ii) possible cost-effective methods that could be imple-

FIGURE 1: EU average (W)EEE collection per inhabitant per year over the period 2006 to 2016 (data sourced from Eurostat, 2019).
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mented to access them. Exploiting anthropogenic stocks 
within urban mines could participate to gradually shift from 
a linear to a circular economy.

The circular economy is serving the sustainability agen-
da with end-of-life management and responsible sourcing. 
On the other hand, more efforts should be devoted to incre-
asing circular products design and circular business mo-
dels (Stewart and Niero, 2018). To achieve sustainability, 
a regenerative system such as advocated by the circular 
economy principles is required as an initial step. Sustaina-
bility is a balanced integration of economic performance, 
social inclusion, environmental resilience (Geissdoerfer et 
al., 2017). The circular economy represents environmen-
tal, economic and social wins at input and output levels 
(Korhonen et al., 2018). Accessing anthropogenic stocks is 
one element of urban mining, therefore creating a loop of 
materials back into the economy.

To enable urban mining by transforming material 
stocks into flows, concepts linking anthropogenic stocks 
to stockpiling behaviour could be investigated further. The 
legislative framework represents a top-down approach that 
has resulted in the creation of formal collection systems. 
However, most of the stock is in “hibernation” (i.e. storage) 
within households (Wilson et al., 2017). Bottom-up efforts 
to alter individuals’ behaviour are necessary to feed (W)
EEE into existing collection systems and reinject products 
and materials into the economy.

This review of TPB models associated with waste and 
resources management studies is the basis of a theoretical 
adaptation offered for future empirical testing. Factors in-
cluded in WEEE end-use-decisions modelling usually stem 
from household recycling behaviour and might not be fully 
adapted, notably for small WEEE such as mobile and smart 
phones. TPB studies on small WEEE could be extended 
with factors that are more closely associated with small 
WEEE characteristics and their influence on users’ end-of-
use decisions. 

2. LITERATURE REVIEW AND THEORETICAL 
STANCE
2.1 Introduction

Modelling the variables influencing small electronics 
stockpiling behaviour could enable access to precious and 
critical materials, as well as reducing environmental harm 
when WEEE is not safely disposed of. Initiatives to change 
behaviour are routinely informed by and relate to explana-

tory models. The Theory of Planned Behaviour (TPB) is a 
widely-used model for predicting human social behaviour 
in health-care, psychology, decision analysis and consum-
er behaviour (Ajzen, 2011) as well as waste and resources 
management (Chan and Bishop, 2013; Davies et al., 2002; 
de Leeuw et al., 2015; Joseph R. Hopper and Joyce McCarl 
Nielsen, 1991; Ojedokun, 2011; Pakpour et al., 2014; Riche-
tin et al., 2010; Wan et al., 2014). 

2.2 Waste and resources management behaviour 
theory and intrinsic motivators

Behavioural models have gradually built on the suc-
cesses and limits set by previous models. Fishbein and 
Ajzen (1975) and Ajzen (1985) developed models based on 
psychological principles: Theory of Reasoned Action (TRA) 
and Theory of Planned Behaviour respectively, were both 
based on intrinsic motivators such as beliefs, attitudes, 
intentions, social norms and awareness of consequences. 
Recent developments have indicated that models associ-
ated with emotions, feelings and desires reached higher 
levels of statistically explained variance than models using 
TPB and environmental factors. An overview of different 
models used in waste management and environmental be-
haviour is provided (Table 1). Most studies use TPB factors 
as the core and explore other variables of interest (Table 
1). Psychological understanding is associated with con-
sumer behaviour and has been used to predict recycling 
behaviour. Fishbein and Ajzen (1975) proposed the Theory 
of Reasoned Action (TRA) using beliefs, attitudes and in-
tentions to predict human behaviour (Figure 2). This frame-
work associates attitudes towards the act with subjective 
norms to determine behavioural intentions, which subse-
quently influence behaviour. 

Although the TRA has proved a reliable model to assess 
intentions, there was a significant gap between variance 
explained for intention and behaviour (Carrus et al., 2008; 
Ajzen,1985). To reduce this gap, Ajzen (1985) extended 
the TRA by adding perceived behavioural control (PBC) to 
attitude and subjective norms, resulting in the Theory of 
Planned Behaviour (Figure 3). PBC is the perception of the 
ease or difficulty of the specific behaviour, which mitigates 
or enhances the perception towards an intended behaviour 
and the social pressure to execute (or not) an identified 
behaviour (Ajzen, 2011). Individuals assess potential ac-
tions against their consequences and perceived value; the 
decision-making process is influenced by the “acquisition, 
evaluation, execution and interruption of abstract actions” 

FIGURE 2: Theory of Reasoned Action and factors influencing intentions (Redrawn after Fishbein and Ajzen, 1975).
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(Balleine et al., 2015:2). However, behaviour is difficult to 
predict accurately and is an unsteady process (Bouton, 
2014). Individuals tend to follow behavioural patterns but 
they can change their behaviours for multiple reasons. An-
ticipating accurately individuals’ actions is thus science 
and art, ascription of responsibility, personal norms, past 
behaviour and values.

Despite the widespread use of the TPB, the variance 
explained for intention and behaviour generally remains 
low, at 39% and 27% respectively (Armitage and Conner, 
2001). Therefore, researchers tend to add variables to the 
TPB framework in an attempt to increase the variance ex-
plained. Perugini and Bagozzi (2001) derived a new model 
based on TPB and emotions, the model of goal-directed 
behaviour (MGB). This model was subsequently adapted 
by (Carrus et al., 2008), with minor alterations, in a study of 
household recycling behaviour. The MGB used the TPB as 
the base model and includes anticipated negative as well 
as positive emotions, before engaging in a specific activity 
(Figure 4). Carrus et al. (2008) found that perceived behav-
ioural control, negative anticipated emotions, desires and 
frequent recycling behaviour were significant predictors 
of intentions. Their study explained 85% of intentions but 
variance for behaviour was not reported (Table 1). Both 
Perrugini and Baggozi (2001), and Carrus et al. (2008) 
used self-reported data. Aside from the TPB factors used 
as a basis among most of the studies, there is not a set 
of common factors consistently used to increase variance 
explained or bridge the intention-behaviour gap (Barr and 
Gilg, 2005).

Barr et al. (2001) examined predictors of behaviour 
towards recycling and critiqued the TPB model. The com-
plexity of associations between household attitude and 
environmental behaviour was acknowledged and aggre-
gated into four categories rather than one: environmental 
values, situational variables (personal situation in a behav-
ioural context such as access to static recycling centres), 
socio-demographics, and individual knowledge (Barr et al., 
2001). Davies et al. (2002) conducted one of the few stud-

ies to measure behaviour directly rather than self-report-
ed behaviour; 48% of the variance was explained using a 
combination of factors from TPB (Ajzen, 1985) and Altru-
ism (Schwartz, 1968), highlighting the need to investigate 
how emotions could be further incorporated in to improve 
predictive power. Davies et al. (2002:10) found the Norm 
Activation Model from Schwartz (1968) “a more satisfying 
point for understanding recycling behaviour in affluent in-
dustrial societies” than the TRA and TPB.

The model developed by Davies et al. (2002) is linked to 
social norms but reinforces the link between intentions and 
behaviours, and in combination with an awareness of con-
sequences and ascription of responsibility. One limitation, 
however, is that their sample was drawn from an affluent 
area in the UK, the Cotswolds, that is not broadly represent-
ative of the British population. In evaluating the predictive 
power of TRA, TPB and the altruistic model, Davies et al. 
(2002) found the altruistic model more reliable (15%) com-
pared with TPB (9%) or TRA (3%). However, 15% is still in-
sufficient to provide robust predictive factors.

These models are useful to take a “snapshot” of a cur-
rent behaviour for specific intrinsic motivators. The TPB 
forms a robust basis and models including factors associ-
ated with emotions tend to have higher variance explained 
for intention (Table 1), although the explained variance for 
behaviour is inconsistent. Additionally, studies focus more 
on intention than actual behaviour. The TPB has been use-
ful to a certain point (Armittage and Conner, 2001). Studies 
tend to extend the TPB with various factors with mixed re-
sults; and there is no set of consistent factors, especially 
for e-waste. Now the next step is to use behavioural eco-
nomics and identify which elements could be used to ex-
tend the TPB for e-waste.

2.3 Emotions and decision-making biases
Behavioural scientists have long investigated the ef-

fects of emotions and perceptions on judgment. Tversky 
and Kahneman (1991) associated the concept of “utility” 
with ownership, and demonstrated that owning a product 

FIGURE 3: The Theory of Planned Behaviour and factors that influence intentions and behaviour (Redrawn after Ajzen, 1985). Solid lines 
represent a more consistent influence than dotted lines.
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distorts market valuations: if one possesses a product, one 
will tend to overvalue its price, compared with its actual 
market value.

Therefore, whilst behavioural models derived from psy-
chology can be applied to understand householders’ recy-
cling behaviour, techniques from behavioural economics 
could be adapted to change behaviour regarding urban 
mining. Behavioural economics has integrated at the heart 
of its theoretical approach decision-making biases and 
how to nudge individuals towards desired outcomes. In 
other words, how emotions and beliefs, such as risk aver-
sion, influence decisions. And how in turn behaviours can 
be influenced. Adding behavioural economics to TPB mod-
els is a logical step taken in the direction set by studies that 
have included emotions in their modelling.

For example for small electronic devices, given that 
there are millions of units sitting in people’s households 
(Davies, 2002; Ongondo and Williams, 2011; Wilkinson and 
Williams, 2019), mobile and smart phone end-of-use barri-
ers could be better understood, reduced and prevented by 
using the concepts associated with behavioural econom-
ics. The works of Kahneman et al. (1991) - on users’ en-
dowment effect - and Thaler et al. (2008) - on choice archi-
tecture - could also be integrated to the TPB and applied to 
model altered behaviour.

2.4 Behavioural economics: The endowment effect
The endowment effect is the overvaluation of owned 

objects compared with an object’s actual market valuation 
(Thaler, 1980). “People typically demand more to relinquish 
the goods they own than they would be willing to pay to 
acquire these goods” (Morewedge et al., 2009:947). The 
effect is influenced by factors such as “status quo bias” 
(Samuelson and Zeckhauser, 1988) and “loss aversion” 
(Kahneman and Tversky, 1983) experienced by owners 
when they foresee parting from a possession. Status quo 
bias is illustrated when an owner takes a decision leading 

to non-action i.e. an individual tends to remain in a known 
situation rather than deciding with an uncertain outcome 
as “the disadvantages of leaving it loom larger than advan-
tages” (Tversky and Kahneman, 1991:198). Loss aversion 
is the anticipation of a potential future loss. When one 
foresees parting with an owned object, one projects the 
situation without the object and associates emotions. If 
these emotions are negative due to missing the object, one 
is averse to these negative emotions and is consequently 
unfavourable to the loss of the object. Losses equivalent 
to gains are perceived as more painful than the potential 
positive emotion associated with a symmetrical gain (Kah-
neman and Tversky, 1983). For example, a loss of $100 
represents more negative emotion than the positive sen-
sation for a $100 gain. The endowment effect is associat-
ed with the pain felt when an owner contemplates parting 
from an owned object (Tversky and Kahneman, 1991). To 
alleviate the potential pain, individuals tend to overvalue an 
object they own when entering a transaction. According to 
the endowment effect, someone who has just acquired a 
brand-new smartphone, if asked to part from it immediate-
ly, would ask for more than the device market value. This 
price increase would be justified to overcome the loss of 
ownership of an object that has been hitherto desired and 
the time spent to acquire it.

In addition to loss aversion and status quo bias, other 
factors have an influence on the endowment effect, such 
as time and emotional affect. The endowment effect has 
been demonstrated as immediate by Kahneman et al. 
(1990). Individuals may experience loss aversion a few 
moments after acquiring a new object and hence tend to 
prefer the status quo rather than trading their item. Stra-
hilevitz and Loewenstein (1998) demonstrated that, the 
longer the duration of ownership of an object, the strong-
er the endowment effect. These phenomena have been 
termed the “duration-of-current-ownership effect” and the 
“duration-of-prior-ownership” effect (Strahilevitz and Loe-
wenstein, 1998:285). The first effect refers to the associa-

FIGURE 4: The Model of Goal-directed Behaviour (Redrawn after: Perugini and Bagozzi, 2001).
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tion of time and ownership. The second effect refers to lost 
property; the longer it was owned, the more emotionally 
painful the loss. The influence of time may be explained by 
the sentimental attachment one might have for an object 
(Kahneman et al., 1990). On the other hand, strong nega-
tive emotions have opposite influences on the endowment 
effect; Lerner et al. (2004) have shown that disgust actually 
cancels the effect and that sadness can reverse it.

Other research on the endowment effect has demon-
strated some limitations to the concept. Morewedge et 
al. (2009) disagree with the proposition that loss aversion 
creates the endowment effect and argue that ownership 
is a better predictor. Professionals who were employed in 
trading goods (such as brokers) did not express the en-
dowment effect, as opposed to owners who acquire an 
object for personal purposes (Morewedge et al. 2009). 
Dommer and Swaminathan (2013) suggested that the 
positive feelings associated with possessing an object are 
more relevant than the negative emotion associated with 
parting from it. Nevertheless, all studies within this realm 
acknowledge factors influencing individuals’ perception of 
monetary valuations.

2.5 Behavioural economics: Choice architecture
Thaler et al. (2008) developed the concept of “choice 

architecture” that connects with the notion of routines to 
complete sets of tasks, such as eating habits, work hab-
its, or end-of-use habits. They argue that if individuals were 
perfectly rational, they would set their default routines 
to achieve anticipated outcomes, such as engaging in a 
healthy lifestyle or saving regularly for the future. Thaler 
et al. (2008) also demonstrate that habits and routines 
overcome these rational outcomes. To help individuals 
making the “right” decisions, they suggest the design of 
specific alternatives set as default options. Users would 
then use these default options and start creating new rou-
tines. Adapting choice architecture theory to end-of-use 
decisions for small EEE could improve end-of-use deci-
sion-making by creating default options that would prevent 
stockpiling and disposing of.

Lyengar and Lepper (2000) have postulated that too 
many choices for common decisions are not helpful to 
everyday decision-makers; too many alternatives may be 
confusing and require too much cognitive effort for simple 
recurring decisions. Tversky and Kahneman (1974) argued 
that humans use heuristics to approximate complex sit-
uations and make rapid decisions. Decision-makers tend 
to evaluate alternatives based on their past experiences, 
emotions, state-of-mind and other affective biases. Thal-
er (1980) claimed that choices should be designed as per 
expected outcomes for the benefit of the decision-maker. 
Thaler et al. (2014:429) described a choice architect as the 
person “who has the responsibility to organise the context 
in which people make decisions.” Thaler et al. (2008) agree 
with Tversky and Kahneman (1974) in that humans tend to 
make decisions based on emotions and previous experi-
ences rather than acting as purely rational decision-makers 
with abilities to rationalise all decisions made constantly. 
Choice architects can be compared with designers, who 
reflect on the purpose of objects and design them as per 

their intended use. A good design should intuitively lead a 
layperson to make good use of an object without having to 
be inducted. For example, products made by the company 
Apple are known for the quality of their hardware and soft-
ware designs and the relationship the company can create 
with its users through its products (The Economist, 2016). 
Choice architects act similarly by focusing on intangible 
decisions by associating default options (Thaler et al., 
2014). Among several alternatives, choices are influenced 
by creating default options for the most desired outcome.

Thaler et al. (2014) recommended using choice archi-
tecture to help consumers to make better decisions for 
themselves without necessarily noticing that this decision 
was framed externally. Choice architecture aims to set 
defaults as per the intended aims. Consumers can opt-
out but Thaler et al. (2008) showed that consumers rarely 
move away from the default option. They give examples 
such as in health-care or retirement saving plans where 
the default option is set to select the best value for health-
care coverage or optimise the amount saved regularly for 
future retirement. To go further than defaults and to en-
gage consumers on a decision path, Thaler et al. (2008) 
suggest “nudging” consumers. Nudging can be associated 
with orienting consumers to their decision-making process 
towards a favoured outcome, as suggested in the health-
care example above. To create defaults options and nudge 
consumers, Thaler and Sunstein (2008) have used the 
NUDGES acronym to structure the approach one should 
have when designing choice architecture: iNcentives, Un-
derstand mappings, use Defaults, Give feedback, Expert 
error and Structure complex choices into manageable 
sub-choices (NUDGES).

Johnson et al. (2012:489) draw upon the work of Thaler 
et al. (2008) to propose 11 tools for choice architecture: 
reduce the number of alternatives, use technology for deci-
sion aids, use defaults, focus on satisfying, create limited 
time windows, set the decision process in stages, partition 
options, limit the number of attributes, translate informa-
tion for better “evaluability”, customise information as per 
the decision-maker profile, and focus on experience. 

These recommendations, outlined by Thaler et al. 
(2008) and Johnson et al. (2012:489), are not inflexible 
and can be adapted to different situations. Gigerenzer 
(2002) expressed the idea of a modular toolbox, wherein 
the choice architect can take any technique that might be 
suitable to achieve a desired outcome.

Choice architecture is also referred to as libertarian 
paternalism by Thaler and Sunstein (2003). This apparent 
contradiction is justified by the decisions set by policy (pa-
ternalism) but decision-makers remain free to opt-out (lib-
ertarian). This has been described as: “an approach that 
preserves freedom of choice but that authorises both pri-
vate and public institutions to steer people in directions that 
will promote their welfare” (Thaler and Sustein, 2003:179). 
Mitchell (2005) recognises the power of defaults but ar-
gues that this approach is benevolent; this study notes 
that there is a concern that central planners could have too 
much power influencing individuals, and defaults would 
not be set in favour of individuals but rather in the interests 
of policy-makers. Smith et al. (2013:159) question the eth-
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ical implications of “choice without awareness”. Instead of 
placing the decision-maker in a passive decision-making 
framework, they recommend the use of “smart defaults” 
to make “active choices”. Smart defaults comprise the 
proposition of options in real-time according to consum-
er preferences. These live updates are suitable for online 
settings. For example, when consumers are shopping on-
line, they select a set of criteria and a series of products / 
options are presented. Smith et al. (2013) show evidence 
that smart defaults are now a staple of online shopping ex-
periences, suggesting that they should become the norm 
when consumers make more important decisions for their 
future, for example in terms of health care and pensions, 
especially as these decisions can now be made online with 
access to large amounts of information.

In 2010 in the UK, choice architecture gained public 
attention when the British government set the Behavioural 
Insights Team (BIT, 2010). The BIT aimed to reduce policy 
production by offering nudges through partnerships with 
various public bodies such as the Department of Health (to 
increase organ donation by testing message framing) or 
HM Treasury (to reduce poverty by setting a decision-mak-
ing framework aimed at enhancing household economic 
decisions). As behavioural economics and choice architec-
ture become more widely accepted by public bodies and 
organisations, examples have also been found in the field 
of waste/resource management. Baxter and Gram-Hans-
sen (2016:100) have applied NUDGES to environmental 
messaging. They argue that messages aimed at promoting 
mobile ‘phone recycling should move away from promoting 
benefits, as this has limited impact on consumer decisions, 
but rather focus on focus on the detrimental effects of “do 
nothing” and the negative environmental consequences. 
This approach connects with the creation of guilt and neg-
ative emotions, which is supposed to trigger an intended 
behaviour. This may be an over-simplification and may only 
explore a subset of the “adaptive toolbox” formulated by 
Gigerenzer (2002). Meder et al. (2018) argue that NUDGES 
are even more effective when the wider environment is tak-
en into account, rather than solely in the decision-maker’s 
immediate sphere.

The choice architecture approach not yet been applied 
to urban mining (Pierron et al., 2017). Current end-of-use 
decisions about small EEE have not yet been framed with-
in a choice architecture intention. (W)EEE collection solu-
tions offered to users are presently unsatisfactory and 
users would rather stockpile or discard unwanted EEE 
(Ongondo and Williams, 2011). Individuals choose to hold 
on to their electronic devices if there is no valid alternative 
available, despite the legislation in place and the take-back 
schemes offered by retailers. If the device has some mone-
tary value remaining and the market valuation of the device 
meets households’ expectations, then the device is likely 
to be sold (Ongondo and Williams, 2011). If this is not the 
case, it will probably be stockpiled. It seems thus clear that 
stockpiling behaviour is not a rational economic decision 
as a household’s utility for the devices will continue to de-
crease over time, and the longer the (W)EEE is stockpiled 
the more likely it is destined for general refuse (Gutiérrez 
et al., 2010).

A choice architecture toolbox for small high-end elec-
tronics could be implemented to change end-of-use behav-
iour and support urban mining development (Gigerenzer, 
2002). For example, it may be possible to counter the trend 
of stockpiling mobile electronic devices by offering better 
end-of-use alternatives to consumers when reaching this 
decision point. Barr et al. (2013:68) outline that NUDGES 
and social marketing are effective methods to promote re-
cycling. However, these methods need to be combined with 
efforts to promote reuse and repair, as end-of-use decision 
formulations are made in a complex decision-making en-
vironment involving many possible alternatives. Conse-
quently, NUDGES and other choice architecture techniques 
should be adapted simultaneously to the entire palette of 
end-of-use decisions: reusing, reselling, recycling and dis-
carding.

2.6 Research Gap and Study Aim
The literature has showed that the TPB is a useful con-

struct to model end-of-use behaviour in waste and resourc-
es management studies. TPB studies integrating emotions 
in the decision-making process, tend to have a higher vari-
ance explained for intention but more rarely for behaviour. 
But there is no set of factors for small (W)EEE that consist-
ently support a higher variance explained for intention, let 
alone behaviour when reported. 

This study aims at extending the TPB specifically for 
small (W)EEE end-of-use behaviour, using behavioural eco-
nomics factors.

To achieve this aim, we have:

•  Reviewed TPB models frequently used in waste and re-
sources management studies to establish which core 
concepts could be used for small (W)EEE stockpiling 
behaviour evaluation;

•  Suggested variables that could explain and reduce the 
intention-behaviour gap for small (W)EEE.

A dedicated TPB model for small (W)EEE integrating 
behavioural economics variables could improve modelling 
end-of-use decisions. Better understanding how anthropo-
genic stocks are generated could help preventing them as 
well as accessing these resources within an urban mining 
environment.

3. METHODS
The TPB is one of the most prevalent models in waste 

management literature to evaluate household recycling 
behaviour and environmental attitudes. The TRA is rarely 
used to model waste separation; to our knowledge, only 
Barata and Castro (2013) have deployed the TRA to investi-
gate waste separation, and among teenagers. The TPB has 
seldom been used for (W)EEE behavioural modelling with 
significant results; only Thi Thu Nguyen et al. (2018) have 
applied the TPB in comparing (W)EEE recycling with house-
hold recycling behaviour in general. Therefore, a decision 
was made to select from a larger pool of research in waste 
and resource management for this study.

The Science Direct repository was selected for search-
ing as most environmental science journals are referenced 
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herein: Resources, Conservation and Recycling, Waste 
Management, Journal of Cleaner Production, Journal of 
Environmental Psychology, Journal of Environmental Man-
agement, Sustainable Cities and Society. The search terms 
used were “TPB “or “TRA” and “Waste” or “e-waste” or “(W)
EEE”. There was no country restriction, the intention being 
to have as large a pool of publications as possible. Some 
studies not directly linked to the TPB or TRA were identified 
as they used a different set of factors but were associated 
with end-of-use behaviour and yielded high variance ex-
plained. They were incorporated in order not to leave out 
factors that could be associated with end-of-use behaviour 
(Barr, 2007; Liu et al., 2019; Nduneseokwu et al., 2017).

For each study selected, the factors were listed and the 
overall variance explained using the Coefficient of Deter-
mination (R2) for intention, and when available for behav-
iour (Table 2). R2 is a statistical measure representing the 
percentage of variation from one independent variable (y) 
to variation in a dependent variable (x). For example, if the 
R2 of a model is 0.40 it signifies that 40% of the observed 
variation can be explained by the model’s input. If R2 = 1, 
the model and associated factors explain all the variance. 
There is no consensus on the cut-off value used to deter-
mine if a model explains observed variation. However, a 
cut-off value set at R2 = 0.75 implies that approximately 

three-quarters of the variance observed can be explained 
by the model, which is significant and the associated fac-
tors are influential. The investigated studies often used Lik-
ert scales to assess self-reported intention and behaviour. 
To compute R2 some studies used Confirmatory Factor 
Analysis (CFA) or Structural Equation Modelling (SEM), de-
pending if they were confirming an existing set of factors 
or exploring new variables and their relationships.

4. BASIS FOR THEORETICAL ELABORATION 
ON THE TPB EXTENSION

This theoretical elaboration rests on studies that have 
used the TPB in the waste and resources management 
field. It identified specific studies that have achieved high-
er variance explained for intention and behaviour. Using 
their advances in the field, we suggest taking another step 
in this direction using behavioural economics to improve 
our understanding of mobile and smart phones end-of-use 
decisions. 

4.1 Literature Review TPB Data
Based on the criteria outlined above, 23 suitable previ-

ous studies were identified (Table 1). All variables studied 
are presented, as well as the R2 results for intention, and 

Authors Topic
R2

Intention Behaviour

1 - Swami et al. (2011) Household recycling in the UK 0.22 0.22

2 - Huffman et al. (2014) Students’ recycling attitudes 0.23 0.08

3 – Vassanadumrongdee et al. (2018) Behavioural factors for waste management in Bangkok 0.25 N/A

4 – Le et al. (2013) E-waste recycling in Vietnam 0.27 N/A

5 - Knussen et al. (2004) Household recycling in the UK 0.29 N/A

6 - Wan Ab et al. (2012) Household food waste separation in Malaysia 0.33 0.09

7 - Tonglet et al. (2004) Recycling behaviour in the UK 0.33 0.33

8 - Seacat et al. (2010) Household recycling 0.36 0.36

9 – Liu et al. (2019) Mobile phone recycling behaviour in China 0.39 N/A

10 - Manetti et al. (2004) Recycling behaviour in Italy 0.39 N/A

11 - Chan (1998) Household recycling in Hong Kong 0.44 N/A

12 - Pakpour et al. (2014) Household waste behaviour in Iran 0.47 N/A

13 - Kals et al. (1999) Emotional affinity towards nature 0.47 N/A

14 - Davies et al. (2002) Recycling behaviour in the UK 0.48 0.48

15 - Bortoleto et al. (2012) Household waste prevention in the UK 0.59 0.59

16 – Nduneseokwu et al., (2017) Formal e-waste collection in Nigeria 0.62 N/A

17 - de Leeuw et al. (2015) High-school students’ pro-environmental behaviour 0.68 0.27

18 - Barr and Gilg (2005) Household recycling in the UK 0.68 0.46

19 - Barr (2007) Household waste management in the UK 0.7 0.83

20 - Perugini & Bagozzi, (2001) Bodyweight regulation in Italy 0.76 0.3

21 - Carrus et al. (2008) Household recycling in Italy 0.82 N/A

22 - Wan et al. (2014) Household recycling in Hong Kong 0.84 0.88

23 - Bamberg et al. (2007) Public transportation in Germany (Dortmund and Frankfurt) 0.9 0.8

TABLE 1: Published studies relating to applications explanatory models of behaviour in the context of waste and resources management. 
N/A: data not available.
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behaviour when reported. Studies are ranked in increasing 
order based on R2 for intention.

Usually, variance explained for behaviour is lower than 
for intentions (Table 2). This observation is partially ex-
plained by the difference between declaring a future act 
and realising this act, i.e. the difference between self-re-
ported behaviour and actual behaviour (e.g. Corral-Verdu-
go, 1997); and the difference caused by the so-called “val-
ue-action gap” (Barr, 2006; Williams and Gunton, 2007).

The study with the lowest variance explained for in-
tention is from Swami et al. (2011) with 22% (Figure 5); 
the lowest variance explained for behaviour (8%) was ob-
served by (Huffman et al., 2014). These studies obtained 
data from both self-reported questionnaires and obser-
vations on students’ recycling attitudes in the USA. Three 
studies focusing on the TPB and (W)EEE were carried out 
in Vietnam (Le et al., 2013) with 27% of variance for inten-
tion explained, China with 39% of variance explained (Liu 
et al. 2019) and Nigeria (Nduneseokwu et al., 2017) with 
62% of intention explained. None of these studies reported 
variance explained for behaviour, only intention.

In contrast, there are four studies with marked vari-
ance explained for intention (R2 > 0.75): 0.76 for Perugini 
and Bagozzi (2001), 0.82 for Carrus et al. (2008), 0.84 for 
(Wan et al. (2014) and 0.9 for Bamberg et al. (2007), i.e. 
two studies relate to household recycling, one to body 
weight regulation and one to public transportation. In three 
studies out of four, variables specifically associated with 
emotions (Perugini and Bagozzi, 2001), feelings (Bamberg 
et al. (2007), and desires (Carrus et al., 2008) were retained 
in the models due to their influence on R2 for intentions.

It appears that studies integrating emotions, feelings 
and desires tend to yield the highest variance explained 
(Table 1 and Figure 5). These observations suggest that an 
approach using behavioural economics, which integrates 
individuals’ decision-making biases due to emotions, could 

be added to the TPB to improve model variance explained 
for intention and behaviour.

4.2 Extending the TPB with Behavioural Economics
Behavioural economics could help explaining the inten-

tion-behaviour gap for small (W)EEE. For example, with a 
smart phone that is still in working order but unused be-
cause it has been replaced by a newer version, the owner 
might still have some utility for the spare device. He might 
have a higher utility for a backup device than for the mon-
etary incentive reselling the device would generate. There 
might be a disconnect between what the owner thinks 
the device is worth and what the device is worth on the 
secondary market. The Endowment Effect could be used 
to measure this gap between subjective and objective val-
uations. Therefore, the strength of the endowment effect 
could explain stockpiling decisions, thus the generation of 
anthropogenic stocks when taken on a larger scale. On the 
other hand, if choice architecture could be adapted to re-
duce the endowment effect strength, this could prevent the 
generation of small (W)EEE anthropogenic stocks and fa-
cilitating access to existing stocks by enticing individuals’ 
to part from their unused mobile and smart phones.

4.2.1 Extending with variables associated with emotions to 
explain the intention-behaviour gap

As Perugini and Bagoozi (2001) carried out with the 
MGB (Figure 4), a model based on the TPB with behaviour-
al economics variables could better model small (W)EEE 
end-of-use behaviour. The TPB has proven to be a robust 
base (Armitage and Conner, 2001; Ajzen, 2015) to expand 
from and enhance variance explained for intention and be-
haviour (Table 1). Behavioural economics variables such 
as the endowment effect, loss aversion or status quo bias 
could have certain impacts on stockpiling decisions, there-
fore on small (W)EEE anthropogenic stock levels. Users 

FIGURE 5: Studies ranked in increasing order of variance explained for intention (see Table 1). Studies integrating emotion factors are 
highlighted.
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might find the resale value of their device lower than their 
expectations. Thus preferring not to engage in this resale 
activity they might find not worthwhile and keep the device 
as a spare or backup (endowment effect). Owners might 
have used their phone for a significant amount of time. 
Or they might be extremely attached to it as it might have 
helped them capturing many fond memories. They might 
feel an emotion such as regret if they parted from their val-
ued and cherished smart phone by reselling it (loss aver-
sion and status quo bias). Hence they might prefer simply 
keeping it and store it away.

Once these intrinsic factors associated with behaviour-
al economics, such as the endowment effect or loss aver-
sion or status quo bias, are identified for mobile and smart 
phones end-of-use decisions and behaviour, they could be 
added to the TPB. This extended TPB would better model 
and measure small (W)EEE end-of-use behaviour, there-
fore contributing to close the intention-behaviour gap and 
informing on the factors influencing the generation of an-
thropogenic stocks.

4.2.2 Extending with variables associated with choice archi-
tecture to reduce the intention-behaviour gap

If these end-of-use decisions (or rather the non-behav-
iour to engage in positive actions to support urban mining) 
are influenced by the endowment effect, choice architec-
ture could reduce this effect. The endowment effect repre-
sents a hindrance that could explain the intention-behaviour 
gap for small (W)EEE and choice architecture represents 
a force to counter this effect by using a combination of 
monetary and non-monetary incentives. The concept of 
choice architecture to exploit a DUM (Ongondo et al., 2015) 
already been explored (Pierron et al. 2017) and could be 
adapted to mobile and smart phones as a case study. As 
an “adaptive toolbox” (Gigerenzer, 2002), NUDGES can be 
shaped as per any small (W)EEE specifics (Table 2). 

To change behaviour and access anthropogenic 
stocks, and to render an urban mine exploitable, non-mon-
etary incentives targeted at the endowment effect could be 

designed using choice architecture (Table 2). Since objec-
tive valuations are based on market principles, non-mone-
tary incentives based on users’ preferences should be de-
signed to bridge the gap between subjective and objective 
assessments of value. Enhanced take-back schemes that 
take into account the endowment effect and users’ subjec-
tive valuation could offer to give the cash equivalent to a 
charity, instead of giving back to the user. Strahilevitz and 
Loewenstein (1998) estimated that charity incentives pro-
vide more utility to decision-makers than a cash equivalent. 
Take-back schemes could provide information on the envi-
ronmental benefits of reusing a ‘phone, instead of manu-
facturing it e.g. an estimate of the quantity of water saved 
or the positive impact this action has on carbon reductions. 
Providing immaterial benefits in addition to monetary re-
wards could rebalance the misalignment between small 
(W)EEE second-hand market values and users’ perceived 
values. They would be convenient to implement for take-
back schemes and aligned with users’ expectations. These 
incentives should be designed to reduce the barriers set 
by the EE. NUDGES could represent the framework used to 
change behaviour for urban mining (Table 2). This frame-
work can and should be adapted (Johnson, 2012:489).

To date, the TPB has been used in few studies dedicat-
ed to small (W)EEE end-of-use decision-making (Table 1). 
However, methods using extrinsic motivators may be ap-
plied to alter (W)EEE end-of-use behaviour also need con-
sideration. To be exploitable efficiently, DUMs need end-us-
ers to behave in such a fashion that it becomes possible to 
access stockpiles and transform discarding habits into re-
cycling opportunities and stockpiling into reuse decisions. 
Behaviour change is a complex process that requires the 
use of various incentives, intrinsic and/or extrinsic (Schultz 
et al., 1995).

4.2.3 TPB extended for small electronics end-of-use deci-
sions

This extended TPB could help explaining the weakness 
between intention and behaviour for small (W)EEE. Many 

Nudges Description

iNcentives Incentive mix (monetary and non-monetary) based on device characteristics and owners’ categorical variables 
(loss aversion, status quo bias, endowment effect)

Understanding mappings 1 Small electronics collectors explain stockpiled mobile devices’ value declines over time to nudge decision to use 
hoarded devices as an additional discount toward the acquisition of a new device

Defaults Default decision for mobile and smart phones tends to be stockpiling. Small electronics collectors to counter this 
default and nudge owners to trade-in their stockpiled device within a time period

Giving feedback Giving information to each owner: small electronics collectors deliver information on hoarded device second-hand 
value, incentive mix based on device characteristics and owner’s categorical variables, information on sustainable 
practice (what happens to the phone when collected by small electronics producers with a positive impact on 
carbon footprint and reduced resources depletion)

Expecting errors Incentive mix not adapted to user preferences. Small electronics collectors to use data gathered over time and 
experience to improve incentive mix

Structuring complex choices Structure decision into logical steps: 
Owner to understand that stockpiling has marginal utility as usually devices are not used for their intended purpose
Stockpiled devices’ value declines over time so will the incentive mix. Immediate decision has the highest utility for 
owner
User is contributing to positive outcome for the environment and the circular economy

1 How information presentation influences decisions

TABLE 2: Choice architecture principles applied to nudging mobile and smart phone users to trade-in their hoarded device (Thaler et al., 
2008).
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studies (Table 1) have reported only intention and not be-
haviour. When reported, behaviour is significantly lower 
than intentions in terms of explained variance (Perugini 
and Bagozzi, 2001). The willingness to extend the TPB with 
variables that are not directly associated with attitudes 
towards the environment is supported by Echegaray and 
Hansstein (2017). They found that despite respondents 
having a positive attitude towards the environment, they 
failed to engage in a (W)EEE recycling behaviour. The most 
successful TPB studies in waste and resources manage-
ment had integrated emotions in their set of factors (Table 
1). Using variables that take into account emotions and 
their influence on the decision-making process, such as in 
behavioural economics, could be worth investigating. Es-
pecially for stockpiled small (W)EEE still in working order. 
Individuals who have kept a spare mobile or smart phone 
as a back up might not perceive this device as waste. 
Hence the environmental factors usually associated with 
TPB studies in waste and resources management might 
not be relevant. Integrating behavioural economics varia-
bles for small (W)EEE could reduce the intention-behaviour 
gap (Figure 6).

We propose to take the TPB as a proven and robust 
basis but we acknowledge the intention-behaviour gap 
remains problematic in most studies. We suggest that 
the endowment effect is at work between the intention 
and the actual behaviour to safely dispose of an unwant-
ed device still in working order. Individuals prefer keeping 
the unwanted device as a spare because they have higher 
utility for this status quo and might regret their decision at 
a later stage. This endowment effect could have an influ-
ence on small (W)EEE stockpiling decisions. Undersanting 
the nature of the intention-behaviour gap for mobile and 
smart phones end-of-use decisions could inform the de-

sign of solutions directly targeted at the endowment effect 
(Table 2). Choice architecture is an adaptable and flexible 
approach aiming at altering behaviour towards a desired 
outcome (Thaler et al., 2008). An extended TPB with behav-
ioural economics could be further investigated to limit the 
generation of small (W)EEE anthropogenic stocks as well 
as accessing these resources to support the development 
of urban mining using existing formal collection systems.

5. CONCLUSIONS AND RECOMMENDATIONS
Historically, most behavioural models for waste and re-

sources management have been based on variations of the 
TPB. These models have evolved and improved, but they 
still need refinement. From this review, we can conclude 
that behavioural models derived from psychology – such 
as the TPB - have been applied to understand individuals’ 
recycling behaviour but the variance explained for inten-
tion and behaviour-related factors generally remains low. 
Models that incorporate emotional variables tend to have a 
higher explained variance for intention. The endowment ef-
fect is likely to be a significant barrier to the release of (W)
EEE back into the circular economy. To overcome the en-
dowment effect, non-monetary incentives based on users’ 
preferences could be designed to bridge the gap between 
subjective and objective assessments of the value of (W)
EEE. Techniques integrating emotional variables such as 
behavioural economics and choice architecture could be 
incorporated into behavioural models such as the TPB to 
better evaluate small (W)EEE anthropogenic stocks gener-
ation and facilitating access to these resources.

This paper uses secondary data as the basis for the 
analyses and interpretation presented. Future research 
could test and apply behavioural economics concepts to 

FIGURE 6: TBP extended illustrating the potential influence of the endowment effect on behaviour and choice architecture to counter the 
endowment effect and alter end-of-use behaviour, based on Tables 1 and 2.
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small (W)EEE using primary qualitative and quantitative 
data. Most TPB studies report explained intention but few-
er explained behaviour. Future research accessing small 
(W)EEE anthropogenic stocks for urban mining could fo-
cus therefore on end-of-use behaviour rather than inten-
tion. Furthermore, the behavioural economics theories dis-
cussed in this paper could be tested using loss aversion, 
status quo bias and the endowment effect affecting small 
(W)EEE end-of-use decisions and behaviour. Based on 
these findings, incentives could be designed using choice 
architecture to access small (W)EEE anthropogenic stocks 
and improve urban mining efforts to reinsert devices and 
resources into the economy.
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ABSTRACT
This work describes a route for recovering nickel, cobalt, iron, zinc, and lanthanides 
from spent nickel-metal hydride batteries. Formic acid was used as leachant. Exper-
iments were run at 25-50°C for 1-4 h. Under the best conditions leaching yields sur-
passed 99 wt.%, except for iron. The insoluble matter contains almost solely iron as 
iron(III) basic formate. The leachate went through six separation procedures, com-
bining solvent extraction with D2EHPA as extractant, and precipitation reactions. 
Fe2+ and Zn2+ were extracted together (> 99 wt.%) from the original leachate (pH 
~1.5). Yttrium and lanthanides were precipitated as oxalates directly from the raffi-
nate (> 99.9 wt.%) upon addition of sodium oxalate. In the next steps, Mn2+ and Co2+ 
were extracted with D2EHPA at buffered pH (3 and ~4.8, respectively), after adding 
NaOHaq. About 10 wt.% of leached Ni2+ was coextracted with Co2+. The remaining Ni2+ 
was precipitated from the raffinate after addition of aqueous sodium oxalate at pH 6. 
After precipitation of Al3+ upon addition of NaOHaq. until pH ~8, sodium formate was 
recovered after slow evaporation of the final aqueous solution at 60°C. It contains 
~90 wt.% of the formate present in the leachant.

1. INTRODUCTION
Rechargeable nickel–metal hydride (Ni–MH) batteries 

are widely used as a power source for small devices such 
as mobile phones, digital cameras, toys (Fila et al., 2019) 
and are also found in hybrid electric vehicles (HEV) (Me-
shram et al., 2017; Korkmaz et al., 2018). Ni-MH batteries 
have replaced common AA and AAA sizes Zn-C (alkaline 
and Leclanché) batteries in Brazil (Fernandes et al., 2012, 
2013) and nickel-cadmium (Ni–Cd) cells.

The cathode is a porous polymer impregnated with 
a “paste” containing active nickel compounds and Ni(II) 
hydroxide. The anode is also composed of a porous pol-
ymer impregnated with a mixture of metals including rare 
earth elements (REEs) and others such as Fe, Co, Ni, Cu, 
Zn, Al, capable of hydride formation. The active anode is 
hydrogen ions which during charging and discharging of 
the battery are absorbed and desorbed by the above men-
tioned metals. The electrodes are separated by a synthetic 
porous membrane which enables the contact of electro-
lyte (KOH solution) contained in electrode space with both 
electrodes (Fila et al., 2019). The electrode charging and 
discharging processes are described in the literature (Lu-
cas et al., 2015).

Ni-MH batteries contain base and valuable metals 
such as REEs, nickel and cobalt in considerable amounts 
(Oliveira et al., 2017; Meshram et al., 2016). Consumption 
of REEs, a group of 17 elements including the lanthanides 
(La-Lu), Sc and Y, has increased significantly in recent 
years due to their application in high technology areas, 
including magnets (computers, wind turbines etc.), phos-
phor powders (fluorescent lamps/tubes), Ni–MH batteries, 
catalysts, special glasses and metal alloys. Resources of 
REEs are neither abundant nor evenly distributed across 
the world (Meshram et al., 2016). REEs have been declared 
as high supply risk materials by the European Commission 
(Korkmaz et al., 2018).

The cost and environmental problems associated with 
the disposal of wastes and scraps in landfills have emerged 
as the major concern for most nations (Musariri et al., 
2019), and also means a waste of non-renewable resourc-
es (Gao et al., 2018; Shih et al., 2019; Fu et al., 2019). Recy-
cling of such wastes and scraps may significantly reduce 
the dependence on primary resources of many elements. 
Spent Ni–MH batteries are one of such wastes which may 
be turned to a potential secondary resource (Meshram et 
al., 2019).

Several hydrometallurgical processes have been 
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worked out on different scales to recover metals from 
spent Ni–MH batteries. Sulfuric and hydrochloric acids 
have been widely used as leachants (Fernandes et al., 
2013; Santos et al., 2014; Turek, 2018; Korkmaz et al., 2018; 
Oliveira et al., 2017), in the concentration range from 1 to 
12 mol L-1, at a temperature range from 25 to 95°C, over a 
long period of time (> 80 min) (Turek, 2018). The addition 
of a reductant like hydrogen peroxide improves leaching of 
many metals as it converts sparingly soluble forms in high-
er oxidation states (e.g., Co3+, Ni3+, Mn4+) to lower valence 
ions (e.g., Co2+, Ni2+, Mn2+) which are leachable and stable 
in acidic solution (Vieceli et al., 2018; Santos et al., 2014).

Disposal of acidic leachates is one of the main prob-
lems leading to economic and energy losses (Wang et al., 
2020; Chen et al., 2018). An opportunity to reduce the en-
vironmental impact of hydrometallurgical processes lies in 
the use of organic acids as leachants. They are biodegrada-
ble, delay corrosion of equipments, are safer to handle and 
emit less toxic gases than strong acids (Gao et al., 2018; 
Meshram et al., 2020). Studies involving organic acids (cit-
ric, oxalic, acetic) only focused the leaching step (Alonso et 
al., 2017; Colmenares et al., 2018). Separation and purifica-
tion steps are required for recovery of metal ions from their 
leachates. It may be difficult to extract many elements due 
to the strong chelation of some metal ions with carboxylic 
anions (Fu et al., 2019).

Leached elements are usually separated one from each 
other by a combination of separation techniques. REEs 
may either be recovered by solvent extraction (Xie et al., 
2014; Paulino et al, 2018) or precipitated as oxalates (Fer-
nandes et al., 2013; Josso et al., 2018; Yang et al., 2014; 
Oliveira et al., 2017). The use of aqueous two-phase sys-
tems (ATPSs) and ion-exchange resins have been also 
tested for REE recovery (Valadares et al., 2018; Fila et al., 
2019). Multiple stages are generally required to separate 
Co(II) from Ni(II), which have similar chemical properties 
(Gaines, 2018; Dhiman and Gupta, 2019).

Like oxalic acid, formic acid, the simplest aliphatic 
monocarboxylic acid, is a strong reductant, but does not 
precipitate metal ions as does oxalate (Lurie, 1978; Feigl, 
1958). It is a versatile renewable reagent for green and 
sustainable chemical synthesis and processes. It is saf-
er to handle than concentrated inorganic acids (Vieceli et 
al., 2018; Liu et al., 2015). It is a promising candidate as 
a leachant for spent batteries (Fu et al., 2019, Ibiapina et 
al., 2018, Silva et al., 2018), particularly Li-ion ones. Appar-
ently, less attention has been paid to processing of spent 
Ni-MH batteries in the presence of organic acids. There-
fore, the objective of the present investigation is to develop 
a hydrometallurgical process to recover base metals and 
REEs from the electroactive components of spent Ni–MH 
batteries in the presence of formic acid as leachant, while 
optimizing various parameters such as acid concentration, 
leaching time and temperature. The novelty elicited in this 
research is to determine the effectiveness of this acid as 
a leachant for spent Ni-MH batteries in the place of strong 
inorganic acids and the feasibility of leachate processing 
by current separation techniques.

2. MATERIALS AND METHODS
2.1 Samples

120 spent AA Ni-MH batteries (the most common re-
chargeable size in Brazil) were collected from the local 
market. To prevent short-circuiting and self-ignition during 
dismantling, samples were completely discharged first. 
After manual dismantling, the electroactive components 
(cathode, anode, electrolyte) were separated. This mass 
was dried at 105°C for 3 h before being ground using a ball 
mill and sieved through a 100 μm sieve. In previous work 
by this research group, elemental analysis was performed 
by X-ray fluorescence (Fernandes et al., 2013) using the 
same equipment and procedure described in Section 2.7. 
Data are presented in Table 1. Water is basically the volatile 
component lost during drying.

2.2 Reagents
Di-2-ethylhexylphosphoric acid (D2EHPA, 98 wt.%) was 

supplied by Sigma-Aldrich. n-Hexane (Sigma-Aldrich) was 
used as diluent. Formic acid (Sigma-Aldrich, 88 wt.%, ~20 
mol L-1), sulfuric acid (Merck, 98 wt.%, ~18 mol L-1), sodium 
hydroxide (6 mol L-1) and sodium oxalate (Merck) were of 
analytical grade. The solutions were prepared with distilled 
water.

2.3 Leaching
Baaed on leching studies involving electroative compo-

nents of spent batteries (Meshram et al., 2019, 2020; Fer-
nandes et al., 2013; Chen et al., 2018; Yang et al., 2014), the 
following variables were studied: temperature (25–50 ºC), 
formic acid concentration (5–15 mol L-1) and time (1-4 h). 
The sample mass to acidic leachant volume ratio was fixed 
at 100 g L-1.

Experiments were performed in 150 mL glass beakers 
equipped with a magnetic stirrer. The leaching temperature 

  Element   Amount (wt.%) Relative standard 
deviation (%)

La 8.9 ± 0.3 3.4

Ce 2.3 ± 0.4 17.4

Pr-Sm 0.7 ± 0.1 14.3

Y 0.3 ± 0.1 33.3

Mn 1.3 ± 0.1 7.7

Fe 2.7 ± 0.1 3.7

Co 3.2 ± 0.6 18.8

Ni 27.2 ± 1.1 4.0

Zn 0.7 ± 0.1 14.3

Na 3.7 ± 0.6 16.2

K 10.4 ± 0.2 1.9

Ca 0.6 ± 0.2 28.6

Al 0.3 ± 0.1 33.3

Loss of volatiles 37.6 ± 1.4 3.7

TABLE 1: Chemical analyses data of the electroactive components 
of spent Ni-MH batteries after drying at 105°C for 3 h (Fernandes 
et al., 2013).
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was controlled by water bath. The aqueous formic acid 
was added to the beaker and heated to the required tem-
perature at 200 rotations per minute. The instance when 
the solid was added to the acidic solution was considered 
as the start of the experiment. 

At the end of the experiment the leachate was filtered 
(under vacuum) through a quantitative filter paper, yield-
ing a green filtrate and a brown residue. This residue was 
washed with water (3 mL g-1 processed solid), dried at 
110°C for 3 h and weighed. It was then placed in a ceramic 

crucible and calcined in a furnace (1000°C, 3 h). The roast-
ed mass was cooled down in the furnace and weighed.

All experiments were performed to verify the reproduc-
ibility of them. It was found that the error percentage was 
on the order of ± 3%.

The separation procedure employed was based on 
precipitation and solvent extraction techniques conducted 
under increasing pH and evaporation of the final solution 
to recover the formate ion. Figure 1 presents the general 
scheme for elements separation from the leachates.

FIGURE 1: General scheme for elements separation from leachates from electroactive components of spent Ni-MH batteries after leach-
ing with HCOOH.
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2.4 Solvent extraction of Zn(II), Fe(II), Mn(II) and 
Co(II) and stripping procedures 

Precipitation using hydroxide, sulphide and carbonate 
does not perform well in a system containing Co(II) and 
Mn(II) due to their similar chemical properties (Barik et 
al., 2017). D2EHPA, a cation exchanger, is frequently used 
as extractant in both research and industrial applications 
(Virolainen et al., 2011). Extraction experiments were per-
formed in glass separatory funnels at 25°C. Extractant con-
centration varied from 1 to 10 vol.%. The aqueous/organic 
(A/O) phase ratio was fixed at 1 vol./vol. pH of the leachate 
was adjusted by adding the appropriate amount of 6 mol 
L-1 NaOH. The system was shaken for 5 min. Phase sep-
aration was achieved in ~10 min. The experiments were 
carried out in triplicate and the experimental error including 
the analytical error was 4% at a confidence level of 95%. 
The amount of element extracted was calculated by the dif-
ference between the concentration in the raffinate and the 
concentration in the original leachate.

Stripping was carried out at 25°C using aqueous sulfu-
ric acid in glass separatory funnels. Its concentration var-
ied from 0.05 to 5.0 mol L-1. The aqueous/organic (A/O) 
phase ratio was fixed at 1 vol/vol. The system was shaken 
for 10 min. Phase separation was achieved in ~5 min. The 
experiments were carried out in triplicate and the experi-
mental error including the analytical error was 3% at a con-
fidence level of 95%. 

2.5 Precipitation of REEs and Ni(II)
Given the high amounts of REEs in the material under 

study, the method chosen to recover them was the precipi-
tation of their oxalates (Josso et al., 2018; Chiu et al., 2019) 
at low pH (< 2).

The experiments were accomplished in glass beakers. 
After solvent extraction of Zn(II) and Fe(II), the raffinate 
was stirred (200 rotations per minute) at 25°C. 6 mol L-1 
NaOH was added dropwise (about 1 mL min-1) in order to 
adjust pH at ~2. 1 mol L-1 Na2C2O4 was added dropwise un-
til ceased precipitation of a white solid (X2(C2O4)3, X = Y, La, 
Ce, Pr, Nd, Sm). It was filtered through a quantitative paper, 
washed with 0.01 mol L-1 Na2C2O4 and water, dried at 110°C 
for 3 h and weighed.

After solvent extraction of Co(II), pH of the raffinate 
was adjusted at ~6 by adding 6 mol L-1 NaOH. 1 mol L-1 Na-
2C2O4 was added dropwise at 25ºC and 200 rpm. A green 
precipitate (NiC2O4) was formed. It was filtered through a 
quantitative paper and washed with 0.01 mol L-1 Na2C2O4 
and water. The filtrate was colorless.

2.6 Crystallization of sodium formate
pH of the raffinate was adjusted to ~8 by adding 6 mol 

L-1 NaOH at 25°C and 200 rpm. A gelatinous precipitate 
was formed at pH ~6 (Hayrapetyan et al., 2006) and sepa-
rated by filtration under vacuum.

The filtrate was slowly evaporated at 60°C (without 
stirring) in a glass vessel. A white crystalline solid was ob-
tained. It was dried at 110°C for 2 h, ground with an agate 
mortar and pestle, weighed and kept in a tightly closed con-
tainer.

2.7 Analytical methods
Metal ion concentrations in the aqueous solutions 

were determined by atomic absorption spectrometry 
(AAS) on a Varian/Agilent SpectrAA 50b spectrometer. pH 
measurements were performed using a combination of a 
glass electrode and an Ag/AgCl reference electrode (Orion 
2AI3-JG). The solids obtained during processing of the lea-
chates were weighed in an analytical balance (Scientech 
SA 120) and analyzed by X-ray fluorescence (Shimadzu 
XRF 800 HS). Crystalline phases in the solid samples were 
identified by X-ray diffraction (Shimadzu XRD 6000) by 
continuous scanning method at 20 mA and 40 kV, using Cu 
Kα (1.5418 Å) as the radiation source. Data were collected 
in the two-theta range of 10°-70° (5° min-1).

Classical qualitative tests for Fe(III), Fe(II), Mn(II), 
Co(II), Zn(II) and Ni(II) were also applied to monitor the 
presence of such species in the leachates or solids (Vogel, 
1981; Feigl, 1958; Lurie, 1978). Detection limits are in the 
order of 0.1 -1.0 mg L-1.

3. RESULTS AND DISCUSSION
3.1 Leaching
3.1.1 Effects of temperature and time

The effects of reaction temperature and time on leach-
ing were investigated using 10 mol L-1 formic acid. The 
results are shown in Figure 2 and 3 for nickel, lanthanium 
and iron, the most abundant metals in the electroactive 
components (Table 1). An increase in the temperature 
greatly improved leaching of nickel and lanthanium, at-
taining ~100 wt.% at 40°C after 3 h. A similar effect was 
observed in some studies involving leaching of Zn-C and 
Li-ion batteries in the presence of organic acids (Ibiapina 
et al., 2018; Silva et al., 2018; Musariri et al., 2019). The 
other REEs behaved as lanthanium. Iron leaching was 
much less relevant, not surpassing 20 wt.%. Formic acid 
served the dual role of leachant and reductant for nickel, 
thus making addition of a reductant like hydrogen perox-
ide unnecessary.

FIGURE 2: Effect of temperature on leaching (10 mol L-1 HCOOH, 
3 h, S/L = 100 g L-1).
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3.1.2 Effect of acid concentration

Figure 4 shows the effect of formic acid concentra-
tion on metals leaching under the following conditions: 
S/L ratio, 100 g L-1; leaching time, 3 h; temperature, 40°C. 
When the acid concentration increased from 5 to 10 mol 
L-1, leaching increased from below 40% to almost 100 wt.%. 
Thereafter, acid concentrations did not significantly affect 
the leaching performance. Once again, iron leaching was 
low in all experiments.

The optimum experimental conditions found for formic 
acid in the present study are comparable to those normally 
reported for inorganic acids (Turek, 2018) and for leach-
ing of Li-ion batteries in the presence of organic acids (Fu 
et al., 2019), except the S/L ratio. In general, literature re-
ports a S/L ratio in the range 2-50 g L-1 (Alonso et al., 2017; 
Colmenares et al., 2018; Fu et al., 2019; Fernandes et al., 
2013; Santos et al., 2014; Korkmaz et al., 2018; Oliveira et 
al., 2017), but the concentration of the organic acid is much 
lower (< 5 mol L-1) than in the present study.

3.2 Leachates composition
Table 2 presents the average concentration of elements 

after leaching under the best experimental conditions (10 
mol L-1 HCOOH, 40°C, 3 h). Based on the chemical analysis 
presented in Table 1, more than 99 wt.% of all metals pres-
ent in the electroactive materials were leached under mild 
conditions with respect to temperature, except iron, where 
only ~20 wt.% were leached. 

3.3 Analysis of the insoluble matter
Under the best conditions (10 mol L-1 HCOOH, 40°C, 3 

h) the brown insoluble matter after leaching corresponds 
only to 2.2 wt.% of the initial mass. XRF data (Table 3) show 
that iron is by far the most abundant element, together with 
minute quantities of nickel and lanthanium. This result 
agrees with the low iron leaching by formic acid (Table 2). 
The diffractogram of the insoluble matter is presented in 
Figure 5. No crystalline phases were identified.

Based on the amount of insoluble matter recovered 
(2.2 g 100 g-1 electroactive materials), the amounts of iron 

FIGURE 3: Effect of time on leaching (10 mol L-1 HCOOH, 40 °C, S/L = 100 g L-1).

FIGURE 4: Effect of formic acid concentration on leaching (40 °C, 3 h, S/L = 100 g L-1).
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in both solids (Tables 1 and 3) and the leached iron (Table 
2), one may conclude that 80 wt.% of iron is present in the 
insoluble matter. This solid was easily dissolved in 1 mol L-1 
H2SO4 at 25°C. Only Fe(III) was found in the brown-orange 
solution formed (Vogel, 1981; Feigl, 1958), the test with thi-
ocyanate in HCl medium was positive. 

The ash recovered after calcination of the insoluble mat-
ter corresponds to 43 wt.% of the initial mass. It is very likely 
that the brown solid is iron(III) basic formate (Vogel, 1981): 

6 HCOO- + 3 Fe3+ ⇌ [Fe3(HCOO)6]3+       (1)

[Fe3(HCOO)6]3+ + 9H2O ⇌ 3Fe(OH)2HCOO↓ + 3 HCOOH + 
+ 3 H3O+                      (2) 

Fe content in this solid is 41 wt.%, close to the experi-
mental value found.

Soluble iron corresponds to Fe(II), since only the test 
with αα-dipyridyl was positive (Feigl, 1958; Vogel, 1981). 
This means that formic acid partially reduced Fe(III) 
(BRATSCH, 1989):

2Fe3+ + HCOO- + OH- ⇌ H2O + CO2 + 2Fe2+

ΔEº = + 0,885 V       (3)

3.4 Solvent extraction of Zn(II), Fe(II), Mn(II) and 
Co(II)

Zn(II) and Fe(II) were directly extracted from the orig-
inal leachate (pH ~1.5) using 6 vol.% D2EHPA with high 
yields (> 99.5 wt.%) in one stage (Figures 6 and 7a). These 
elements were not detected in the raffinate (Table 4). The 
tests with dithizone (Zn(II)) and αα-dipyridyl (Fe(II)) were 
negative in the raffinate (Vogel, 1981; Feigl, 1958). The or-
ganic phase is pale olive-green (Fe(II)) whereas the raffi-
nate was green (Ni(II)). These results agree with data of 
Balesini et al. (2011). Stripping of both ions from the load-
ed organic phase in a single stage was feasible using 1 mol 
L-1 H2SO4 (Figure 8a).

Mn(II) was extracted from pH 2 and was removed from 
the aqueous phase at pH 3.5 (Figure 6) using 3 vol.% D2E-

HPA in one stage. The raffinate contains less than 0.5 wt.% 
of the element (Table 4). Stripping of Mn(II) from the load-
ed organic phase in a single stage was feasible using 1 mol 
L-1 H2SO4 (Ibiapina et al., 2018). Since the aqueous phase 
is colorless, the presence of Mn(II) was monitored using 
NaBiO3 + 16 mol L-1 HNO3 (Vogel, 1981; Feigl, 1958).

Co(II) began to be extracted at pH around 3.8 and was 
fully extracted at pH ~4.8 (Figure 6). The organic phase 
was blue due to Co(II). The raffinate was green due to Ni(II). 
The minimum D2EHPA concentration to ensure Co(II) ex-
traction (> 99.5 wt.%) from the leachate at pH 4.8 in one 
stage was 6 vol.% (Figure 7b). Under these circumstanc-
es, the raffinate contains less than 0.5 wt.% of the element 
(Table 4). Stripping of Co(II) from the loaded organic phase 
in a single stage was accomplished using 1 mol L-1 H2SO4 
(Figure 8b). About 10 wt.% of leached Ni(II) passed to the 
organic phase. Its concentration in the raffinate (Table 4) is 
~10 wt.% lower than in the leachate (Table 2). 

The amount of Ni(II) is 8 times higher than Co(II) (Ta-
bles 1 and 2). The traditional solvent extraction method 

  Element   Concentration 
(g L-1)

Relative standard 
deviation (RSD, %)

Ni 27.7 ± 0.5 1.8

La 8.9 ± 0.4 4.5

Co 3.1 ± 0.3 9.7

Ce 2.3 ± 0.2 8.7

Mn 1.3 ± 0.1 7.7

Pr-Sm 0.7 ± 0.1 14.3

Zn 0.7 ± 0.1 14.3

Ca 0.5 ± 0.1 20.0

Fe 0.5 ± 0.1 20.0

Al 0.3 ± 0.0 0.0

Y 0.2 ± 0.0 0.0

Ca 0.6 ± 0.2 28.6

Al 0.3 ± 0.1 33.3

Loss of volatiles 37.6 ± 1.4 3.7

TABLE 2: Element concentrations in the leachates. TABLE 3: Chemical analyses data of the insoluble matter after 
leaching with 10 mol L-1 HCOOH (40°C, 3 h).

  Element   Amount (wt.%)

Fe 99.83

Ni 0.15

La 0.02

FIGURE 6: Extraction of Zn(II) + Fe(II), Mn(II) and Co(II) with D2E-
HPA diluted in kerosene as a function of pH of the leachate. A/O = 
1 vol./vol., 25°C, [D2EHPA] = 6 vol%. Leachant: 10 mol L-1 HCOOH.

FIGURE 5: XDR patterns of the insoluble matter after leaching with 
10 mol L-1 HCOOH (40°C, 3 h). 
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for separating Ni and Co from a leach liquor rich in nickel 
is prone to cause nickel loss (van der Voorde et al., 2019; 
Yang et al., 2020). Extraction of Co(II) is more selective at 
pH below 4, but requires more stages, thus increasing con-
sumption of the extractant and diluent (van der Voorde et 
al., 2019). Processing of Ni-rich spent materials is feasi-
ble by changing the extractant, for example, Cyanex 272 
(bis(2,4,4-trimethylpentyl)phosphinic acid) (Janiszewska 
et al., 2019). It is very selective for cobalt over nickel in sul-
fate and chloride media (Ayanda et al., 2013).

pH was not practically changed after Mn(II) and Co(II) 
extractions. Formic acid is a weak acid and its ionization 
process in aqueous phase can be expressed as follows 
(Lurie, 1978):

HCOOH + H2O ⇌ H3O+ + HCOO- pKa = 3.77                      (4)

Thus, the leachate was buffered during solvent extrac-
tion of Mn(II) and Co(II) by a formic acid/formate buffer 
(2.77 < pH < 4.77).

The extraction order Zn(II) + Fe(II) – Mn(II) – Co(II) un-
der increasing pH found in this work is the same report-
ed in the literature in sulfate (Ritcey and Ashbrook, 1984) 
and fluoride media (Silva et al., 2018). This result is in line 
with the weak ligand character of the formate anion (Lurie, 
1978).

Stripping produces a dilute aqueous acidic solution 
(H2SO4) of a metal ion sulfate (ZnSO4, FeSO4, MnSO4, CoSO4 
and NiSO4) because the metal ion concentrations in the 
leachate are relatively low (Table 2) and the A/O phase ra-
tio was fixed at 1 v/v. The concentrations in these acidic 
solutions are very close to the original leachate (Table 2) as 
both solvent extraction and stripping were prformed with 
high yields (> 99.5 wt.%). Zn(II) can be easily separated 
from Fe(II) by adding NaOHaq. (pH ~11): Fe(OH)2 precipi-
tates in the presence of soluble [Zn(OH)4]

2-. Zn(II) can be 
recovered as Zn(OH)2 after neutralizing the alkaline solu-
tion with H2SO4aq. (Fernandes et al., 2012). Mn(II) can be 
precipitated as MnO2 (or MnO(OH)2) after adding NaOHaq. 

FIGURE 7: Influence of D2EHPA concentration on some elements extraction. A/O = 1 vol./vol., 25°C, pH = 1.5 (Zn(II) + Fe(II)) or 4.5 (Co(II)). 
Leachant: 10 mol L-1 HCOOH.

FIGURE 8: Influence of H2SO4 concentration on stripping of Zn(II) + Fe(II) and Co(II) from loaded organic phase (A/O = 1 vol./vol., 25°C).
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(pH ~11) + H2O2 (Ibiapina et al., 2018). Co(II) and Ni(II) can 
also be recovered as hydroxides (Co(OH)2 and Ni(OH)2) 
upon addition of NaOHaq. (pH ~10) (Silva et al., 2018). In 
all cases an aqueous sodium sulfate is the final product, 
which can be recovered by slow evaporation of the final 
solution (Paulino et al., 2018).

3.5 Precipitation of REEs
According to data in Table 5, only small amounts of 

nickel (~0.1 wt.%) were found. Ni(II) oxalate precipitates at 
higher pH, usually above 3 (Lurie, 1978; Vogel, 1981; Feigl, 
1958). 

Based on data in Table 2, 23.4 g of REE oxalates (REE2(-
C2O4)3) can be recovered from 1 L of lecahate. The exper-
imental value found was 23.3 g L-1. This means that over 
99.5 wt.% of lanthanides and yttrium were recovered in this 
solid. Threfore, precipitation of REE oxalates was a very 
selective and effective technique under our experimental 

conditions, as the oxalates were recovered with high yield 
and purity.

An advantage of oxalate salts is their easy conversion 
to other REE compounds as they are easily thermally de-
composed (Yang et al., 2014) and oxidized (Josso et al., 
2018).

3.6 Precipitation of Ni(II)
XRF analysis (Table 5) of the green solid found calcium 

(1.9 wt.%). Based on data in Table 2, 69.2 g of nickel oxalate 
can be recovered from 1 L of lecahate. 63.9 g were recov-
ered, 62.6 g of which correspond to NiC2O4 (~90.5 wt.% of 
the theoretical value). This difference is due to partial sol-
vent extraction of Ni(II) by D2EHPA at pH 4.8 (Section 3.4). 
1.3 g of CaC2O4 contains ~80 wt.% of leached calcium.

3.7 Crystallization of sodium formate
The solid precipitated at pH ~8 (~0.1 g L-1 processed 

leachate) contains aluminum and the remaining calcium. 
According to XRF data (Table 6), the solid also contains 
minute amounts of nickel (~0.1 wt.%). This step is essen-
tial to recover sodium formate with high purity.

The diffractogram (Figure 9) of the white crystalline sol-
id obtained after evaporation of the final aqueous solution 
corresponds to anhydrous HCOONa. The peaks agree with 
the standard pattern of monoclinic HCOONa (ICDD PDF 
Card No. 00-014-0812).

XRF data (Table 6) did not show significant amounts 
of other metals. However, addition of sodium oxalate to 
precipitate NiC2O4 must be carefully controlled in order to 
avoid an undesirable excess of oxalate ions, otherwise so-
dium formate would be contaminated with sodium oxalate.

Sodium formate is a very versatile reactant in labora-
tory syntheses, in pharmaceutical, textile, paper and leath-
er industries for buffering and regulating of pH (Hietala et 
al., 2016). This salt is used to produce formic acid. It is a 
raw material for manufacturing sodium dithionite. Oxalic 
acid production employs sodium formate as an interme-
diate. Sodium formate is used in chrome tanning and as 
a mordant in the dyeing and printing of fabrics by the tex-
tile industry. The reducing power of sodium formate is uti-
lized in electroplating baths and photographic fixing baths. 
(Reutmann and Kieczka, 2012). It is also a food additive 
(E237) and a deicing agent (Kulyakthin and Paste, 2021).

3.8 Mass balance for formate ion
Based on the composition of the leachant (10 mol L-1 

HCOOH), and the mass of the recovered salt, sodium for-

Element Solvent extraction procedure*
Concentration (g L-1)

  Raffinate Acidic 
solution

Fe D2EHPA 6% vol., pH ~1.5 n.d 4.9 x 10-1

Zn D2EHPA 6% vol., pH ~1.5 n.d 7.2 x 10-1

Mn D2EHPA 3% vol., pH ~3 6.0 x 10-2 1.3

Co D2EHPA 6% vol., pH ~4.8 1.5 x 10-2 3.0

Ni D2EHPA 6% vol., pH ~4.8 2.5 x 101 2.6

* 25°C, A/O = 1 v/v; n.d. – not detected

TABLE 4: Element concentrations in the raffinates after solvent 
extraction and in the aqueous acidic solutions after stripping the 
loaded organic phase with 1 mol L-1 H2SO4

Element
Amount (wt.%)

  REE2(C2O4)3   NiC2O4

Ni 0.1 98.0

La 73.4 n.d.

Ce 19.2 n.d.

Pr-Sm 5.6 n.d.

Y 1.7 n.d

Ca n.d. 2.0

n.d. – not detected

TABLE 5: Chemical analyses data of the oxalates (REE2(C2O4)3 and 
NiC2O4) recovered after processing the leachates (Figure 1) 
(10 mol L-1 HCOOH, 40 °C, 3 h)

FIGURE 9: XRD patterns of the solid recovered after evaporation of the final solution. The peaks represent HCOONa.
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mate contains around 90 wt.% of the total formate (Table 
7). Two potential sources of loss of formate ions were 
identified: (i) during leaching, when it acts a reductant; (ii) 
as iron(III) basic formate. The huge amount of the salt re-
covered is due to the concentration of formic acid in the 
leachant (10 mol L-1).

On an average basis, the price of sodium formate (99 
wt.%) is about 1.5 times the cost of formic acid (95-98 
wt.%) (Hietala et al., 2016; Reutmann & Kieczka, 2012).

4. CONCLUSIONS
Under the best experimental conditions (10 mol L-1 

HCOOH, 40°C, 3 h), nickel, manganese, cobalt, zinc and REEs 
were leached from the electroactive components of spent 
Ni-MH batteries with very high yields as found for common 
inorganic acids. The insoluble matter contains ~80 wt.% of 
the iron present in the original mass as Fe(III) basic formate. 
The remaining iron was in the leachate as Fe(II). 

Recovery of leached elements by solvent extraction 
using D2EHPA and precipitation of REE and Ni(II) oxalates 
at suitable pH was possible. The original leachate allowed 
direct extraction of Zn(II) + Fe(II) and REE oxalates were 
direcly recovered from the raffinate. However, the recovery 
of Co(II) in the presence of large amounts of Ni(II) by sol-
vent extraction requires further studies. About 90 wt.% of 
formate present in the leachant was recovered as sodium 
formate after evaporation of the final solution.

Formic acid has proven a promising leachant for spent 
Ni-MH batteries: i) it played the dual role of leachant and 
reductant for nickel, thus avoiding addition of a reductant 
like hydrogen peroxide; ii) the elements were leached with 
very high yields (except iron); iii) its leahates were easily 
processed; iv) a high-value added byproduct was recov-
ered (sodium formate), thus reducing generation of final 
wastes.
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ABSTRACT
A micro X-ray fluorescence-based approach for the chemical characterization of 
spent printed circuit boards (PCBSPCBSS) from mobile phones was applied. More 
in detail, twelve spent mobile phones were grouped into three clusters according to 
brands, models and year of release, and a study to evaluate the technological evolu-
tion of PCBSs over time was carried out. Precious metals and hazardous elements 
were investigated, revealing a few differences between samples from the different 
groups. For instance, the distribution of gold on PCBS layers was more widespread 
for the older analyzed samples, and smaller quantities of bromine and lead were 
detected in the more recent models in accordance with the Restriction of Hazardous 
Substances Directive 2002/95/EC. Analysis of PCBS composition should contribute 
towards correctly managing such a complex waste, maximizing the recovery of base, 
critical and precious metals and considering the possible presence of harmful ele-
ments requiring careful management. The experimental results showed how, using 
the proposed approach, distribution maps for chemical elements present in PCBSs 
could be obtained, thus allowing the definition of optimal strategies for further han-
dling (i.e. classification) and processing (i.e. critical/precious metal recovery). 

1. INTRODUCTION
Mobile phones are one of the main items present in 

WEEE (Waste from Electrical and Electronic Equipment). In 
recent decades, a dramatic increase has been witnessed 
in the use of this kind of product in line with the progress 
of technology (Kasper et al., 2011a; Hira et al., 2018; Sin-
gh et al., 2019). Although the technical lifespan of mobile 
phones is approx. 10 years, consumers frequently upgrade 
their devices, limiting use to 1-2 years (Tan et al., 2017). 
Moreover, the increasingly low cost of electronic equip-
ment, together with the adoption of ever more aggressive 
marketing strategies for items such as mobile phones, 
has resulted in a continuous renewal of these devices by 
consumers (Paianoa et al., 2013). Therefore, the amount 
of spent mobile phones is constantly rising, thus implying 
a need to develop efficient strategies for the recycling of 
such a complex waste.

PCBSs from mobile phones are viewed as “rich boards” 
comprising a large quantity of components (i.e. processors 
and capacitors made up of precious and critical metals, 
such as rare earth elements) “concentrated” over a small 
surface with a characteristically reduced thickness. This 
aspect affects the future recovery of valuable elements. 
It is therefore evident that the recycling of materials from 

spent mobile phones represents a compelling challenge 
both from an economical and an environmental point of 
view.

Mobile phones represent a rich reserve of precious 
metals, i.e. gold (Au), silver (Ag), palladium, (Pd), etc. and 
critical raw materials, including tantalum (Ta), indium (In), 
rare earth elements such as yttrium (Y), lanthanum (La), 
neodymium (Nd) and praseodymium (Pr); indeed, specific 
recycling treatments should be implemented to recover the 
highest possible quantities of these metals.

On the other hand, the disposal of discarded mobile 
phones is fast becoming a serious problem, particularly 
due to the presence of hazardous elements such as arse-
nic (As), bromine (Br), cadmium (Cd), lead (Pb), mercury 
(Hg), dioxins and furans which, when released, are harm-
ful to both the environment and human health (Kasper et 
al., 2011b). In this perspective, the preliminary detection 
of these substances using non-destructive methods could 
provide useful information for subsequent recycling treat-
ments. 

In Italy, the estimated rates of WMP (Waste Mobile 
Phones ) alone are not effectively recorded, being included 
in an extensive heterogeneous group of electronic wastes 
known as “R4”, which includes a large range of devices 
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such as: mobile phones, personal computers, printers, tab-
lets and notebooks and other small electronic units (Legis-
lative Decrees 151/2005, 152/2006 implementing the EU 
Directives 2002/96/EC, 2003/108/EC and “ROHS” Directive 
2002/95/EC). These wastes represent approx. 21 % of total 
household WEEE (Annual Report of WEEE - www.cdcraee.
it). In addition, the structural and compositional complexity 
of WMPs largely depends on the period of manufacture.

Although WEEE composition strongly influences the 
performance of recycling operations, the implementation 
of a “recycling oriented characterization” of wastes fed 
to the process (Chancerel and Rotter, 2009) will enhance 
effectiveness. Accordingly, the aim of this study was to 
define a systematic method of characterization to be ap-
plied as a preliminary phase in the recycling of End Of Life 
(EOL) PCBSs, starting from information obtained in pre-
vious studies (Palmieri et al., 2014; Bonifazi et al. 2018). 
Namely, the possibility of using a micro X-ray fluorescence 
(micro-XRF) based approach to perform chemical element 
detection and mapping of discarded electronic boards 
from mobile phones of different brands and different years 
of release, was investigated.

2. MATERIALS AND METHODS
2.1 Investigated samples

Twelve spent mobile phones of different brands, mod-
els and/or year of release (Table 1) were collected and di-
vided into 3 groups based on the technological evolution 
linked to year of release. A short description of the main 
“technological” characteristics of these groups is provided 
below:

• Group A: “mobile phones” (release period: 1999-2009), 
enabling phone calls, text messaging and little else. 
The majority of these devices were GSM phones, using 
digital rather than analog networks and the first ARM 
processors. They adopted a similar but smaller brick-
style form factor. Parts and components on the PCBS 
structure were “easy” to access. Antenna and anten-
na switch were normally located at the top of mobile 
phone PCBS and the power frequency oscillator (PFO) 
was present beside the antenna switch, Network IC was 
located below or beside the antenna switch and PFO, 
the power IC was at the bottom of the PCBS and iden-
tified by several brown-colored capacitors. The Central 
Processing Unit is easily recognizable, being the largest 
integrated circuit (IC). Finally, to complete the mobile 
phone PCBS: RAM, charging, audio, flash and logic IC 
were present.

• Group B: “Feature phones” (release period: 2011-2012), 
with a wide range of features (i.e. built-in cameras), 
more advanced than mobile phones but not as ad-
vanced as smartphones. Feature phones represent a 
midway point between smartphones and basic phones. 
Indeed, compared to smartphones, these phones are 
typically easier to use and cheaper to boot. Feature 
phones usually have a limited proprietary operating 
system and do not all support third-party software. 
Should they do so, they usually run on Java or BREW 

environment and are often standalone items that do 
not integrate with other phone features. The majority 
of these phones were equipped with 3G technology. 
Accordingly, feature phone PCBSs were similar to mo-
bile phones, with numerous miniaturized elements and 
a higher performance CPU capable of managing the 
presence of a series of multimedia apps and the first 
camera-phone.

• Group C: “Smartphones” (release period: 2013-2015), 
i.e. forefront phones. Smartphone devices combine 
computing functions of feature phones and mobile 
computing functions in a single device. They are distin-
guished from feature phones by their higher hardware 
capacities and extensive mobile operating systems, 
which facilitate extended software, internet and ad-
vanced multimedia functionality, alongside core phone 
functions such as voice calls and text messaging. PCB-
SIn addition to components of feature phones, Smart-
phone PCBSs contain a number of metal–oxide–semi-
conductor (MOS) integrated circuit (IC) chips, including 
various sensors that can be leveraged by their software 
(such as a magnetometer, proximity sensors, barome-
ter, gyroscope, or accelerometer), and support wireless 
communications protocols (such as Bluetooth, Wi-Fi, or 
satellite navigation).

Mobile phones were manually dismantled in order to se-
lect PCBSs for analysis. PCBSs were investigated by means 
of micro-XRF to detect the presence and distribution of the 
different chemical elements on the sample surface. 

2.2 Micro-XRF equipment
Micro-XRF tests were carried out at the Raw Materials 

Laboratory (RawMaLab) of the Department of Chemical 
Engineering, Materials & Environment (Sapienza - Universi-
ty of Rome, Italy). Micro-XRF was utilized to map the chem-
ical composition of entire PCBSs. 

A μ-XRF benchtop spectrometer (M4 Tornado, Bruk-
er®), equipped with an Rh X-ray tube with polycapillary op-
tics and XFlash® detector, providing an energy resolution 
of more than 145 eV, was used for analysis. Polycapillary 
optics enable tube radiation to focus on a very small spot 
size (approx. 30 μm) by multiple reflections, thus providing 
a spot intensity increase of up to 104x compared to use of 
a collimator, promoting the obtaining of faster results and 
more detailed (i.e. spatial resolution) analysis. Spectrum 
energy calibration was performed on a daily basis prior to 
analysis of each batch using zirconium (Zr) metal (Bruker® 
calibration standard). The sample chamber can be evacu-
ated to 25 mbar and, therefore, light elements such as so-
dium measured. At constant excitation energies of 50 kV 
and 500 μA, measurement conditions were adapted for the 
different investigated samples. The estimated thickness of 
the material that fluoresces was complex to determinate in 
multilayer matrix as SPCB. As element maps show, PBCs 
are composed by different layers of materials and electron-
ic components, as a results is X-ray absorption is strongly 
affected by the investigated area (i.e. lead solder cover the 
presence of other elements and silica wafer, mainly com-
posed by plastic material, allows the detection of copper 
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TABLE 1: Mobile phone samples utilized to perform micro-XRF analyses on PCBSs. 

Sample image Brand Model Release year

Nokia 3210 1999

Sony Ericsson T300 2002

LG KU 385 2007

Nokia 5230 2009

Samsung GT S 5250 2010

Samsung GT N 7000 2011

LG E 610 2012

Samsung GT i8160 2012

Samsung GT S 6310 2013

Samsung GT i9505 2013

Samsung GT i9195 2013

Wiko Ridge 4S 2015
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layer under its surface). The thickness of the sample was 
found to be critical and had to be carefully determined for 
each group of elements (Al-Merey et al., 2005). In metal 
alloys, for example, the coating thickness determination, 
using X-ray, can be calculated through point analysis (Giur-
liani et al., 2019). In complex matrices, such as SPCBs it is 
possible to determine as thickness of the material that flu-
oresces changes from 0 to a few microns according to the 
detected elements (Ming-qing, 2016). Measurement condi-
tions used for the operated mapping are reported in Table 2.

3. RESULTS AND DISCUSSION
An example of the results obtained by micro-XRF chem-

ical analysis, in terms of false color maps, for one of the 
analyzed PCBSs (i.e. NOKIA 3210, released in 1999) is illus-
trated in Figure 1. Following identification of the chemical 
elements detected for each PCBS, a correlation with the 
different electrical and electronic components was defined 
(Figure 2). A comparison of the differences and similarities 
between PCBSs belonging to the three investigated mobile 
phone sets, revealed how topological assessment of the el-
ements detected on PCBSs reflected, in all cases, the com-
ponent characteristics. Copper (Cu) and silicon (Si) were 
the most extensively detected elements in all three Groups 
studied (A, B and C), comprising respectively PCBS layers 
(Cu) and electronic component housings (Si). 

Copper concentration and distribution were mainly re-
lated to the multiple thin layers constituting the PBC struc-
ture. A non-conducting layer, largely made up of insulating 
support (i.e. resin) providing mechanical resistance to the 
PCBS was located between the copper layers.

The main components of the insulating layers included 
fiberglass, identifiable by silicon, and resins. This structure 
is well evidenced by XRF mapping allowing identification of 
the majority of CU present under PCBS surface.

Si was present over the entire surface, although at vary-
ing concentrations, identified on the board in the fiberglass 
in the PCBS structure; moreover, a higher concentration of 
silicon was detected in chip protection covers.

The elements found most extensively in the antenna 
were Cr and Fe.

Ca was detected in numerous small components, and 
was particularly abundant in the buzzer.

Pb and Sn were distributed throughout the same area, 
confirming the presence of an alloy for solder based on 
these elements.

Au was present in two different forms. A relevant con-
centration of Au was identified in the CPU, while a lower 
concentration was present as an alloy with Ni. In general, 
Ni-Au alloy is used in mobile phones as a conductor to con-
nect analog devices such as the keyboard, the vibration 
motor, the jack connection or the connection for battery 
charging. The Ni-Au alloy is also present on the surface of 

the PCBS while the Au of the CPU is enclosed in the silicon 
cover of the CPU rendering extraction more complex.

Another interesting technological aspect concerns bro-
mine (Br). The XRF map highlights how Br distribution is 
not uniform, but is located only in the areas characterized 
by a greater danger of overheating (i.e. CPU and power sup-
ply). This information is crucial, as Br concentration might 
differ based on the particle size selected in the comminu-
tion process.

Figure 3 illustrates examples of chemical map distri-
bution obtained for three PCBSs deriving from the three 
groups analyzed. The variations detected in terms of distri-
bution and concentration of elements were caused mainly 
by technological needs and reduction in the use of several 
elements deemed potentially harmful to humans and the 
environment.

It was however consistently observed that: titanium 
(Ti) is present both in capacitors due to its heat resistance 
properties and in PCBS pins, chrome (Cr) is used as pro-
tective coating for iron (Fe) components and nickel (Ni) is 
present as an alloy with Au in printed circuits, but also as 
an alloy with zinc (Zn) for circuit protection. Several hazard-
ous elements, such as Br, used as flame retardant, and Pb, 
used in connection solders, displayed a decrease in values 
over time (Figure 4). This could be a consequence of the 
Restriction of Hazardous Substances Directive 2002/95/
EC emanation limiting the use of some substances in the 
production chain. 

On the contrary, with regard to precious metals, Au was 
detected in all groups investigated, with a fairly constant 
percentage over time (Figure 5). It is however interesting to 
note how the older models of mobile phones analyzed (i.e. 
1999) featured a widespread distribution of Au on the PCBS 
layer: on contacts, under the buttons and in the micropro-
cessors. Au is concentrated in some specific areas as Ni 
alloy for all other samples. Feature phones and, particu-
larly, smartphones were characterized by a low presence 
of Au on the surface, being concentrated in CPU chips. As 
previously mentioned, Au present in these technological 
components is more complex to extract compared to the 
Ni-Au alloy present on the surface of mobile phones.

4. CONCLUSIONS
Micro-XRF was applied to perform a preliminary char-

acterization of PCBSs from spent mobile phones. More 
in detail, 12 mobile phones grouped into 3 sets according 
to their year of release and characteristics were analyzed. 
The results highlighted how analysis of the single element 
map facilitated both identification of the main elements of 
each PCBS component and evaluation of the issues to be 
addressed in maximizing the recovery of precious metals.

The procedure adopted enabled mapping of chemical 
element distribution throughout the entire PCBS surface, 

Tube parameter Acquisition parameter

High voltage Anode current Vacuum Pixel time Frame count

50 kV 499 µA 20 mbar 6 ms/pixel 3

TABLE 2: Analytical set up adopted to perform micro-XRF analyses.
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Figure 1. Distribution of chemical elements (i.e. maps) detected by micro-XRF 206 
on the PCBS front of NOKIA 3210 mobile phone. 207 

  208 

     
Copper Silicon Titanium Aluminum Sulfur 

     
Nickel Gold Iron Chrome Calcium 

      
Zinc Bromine Tin Lead Potassium 

FIGURE 1: Distribution of chemical elements (i.e. maps) detected by micro-XRF on the PCBS front of NOKIA 3210 mobile phone.
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FIGURE 2: Summary of the outcomes, in terms of chemical elements, resulting from micro-XRF analysis carried out on NOKIA 3210 entire 
PCBS.

FIGURE 3: Examples of chemical element distribution (i.e. maps) on three PCBSs, belonging to the three different analyzed groups, detect-
ed by micro-XRF: Ni-Zn alloy for Nokia 5230 (a), Fe-Cr alloy for Samsung GT S5250 (b) and Ti pins for GTi9505 (c). 



G. Bonifazi et al. / DETRITUS / Volume 14- 2021 / pages 78-8584

FIGURE 4: Evolution over time of hazardous Br and Pb elements inside PCBSs of mobile phones.

FIGURE 5: Examples of Au and Ni distribution (i.e. maps) on three PCBSs belonging to the three different analyzed groups, detected by mi-
cro-XRF: Nokia 3210 belonging to Group A (a), Samsung GT S 5250 belonging to group B (b) and WIKO RIDGE 4S belonging to group C (c).
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thus promoting study of their evolution over time. The 
study confirmed that technological evolution influences 
the concentration and distribution of precious elements. 
This information suggests the advisability of adopting a 
different approach based on the utilized production tech-
nologies or the age of PCBS with an aim to optimizing the 
extraction process.

Further studies should be carried out to extend system-
atic application of the proposed approach to a larger quan-
tity of PCBSs. Moreover, milled samples will be analyzed to 
explore the possibility of pre-concentrating useful chemical 
elements into defined particle size classes. A similar strat-
egy could contribute towards developing “good practices” 
addressed at improving efficiency of the recycling chain, 
reducing and optimizing the number of processing stages 
by characterizing handling of the entire WMP, leading to a 
consequent reduction in costs and environmental impact.
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ABSTRACT
Over the years, the generation of Waste Electric and Electronic Equipment has been 
significantly increased, which leads to environmental and economic concerns. Thus, 
it is fundamental to develop treatment methods for these residues. Printed Circuit 
Boards are essential components of electronic equipments. In this sense, printed 
circuit boards are composed of remarkable metals, in particular, copper and silver 
at high and low concentrations, respectively. These metals can be recovered by the 
hydrometallurgical process followed by a chemical purification step. Therefore, the 
aim of this study was to leach silver and copper from two different printed circuit 
boards (memory board and motherboard) from obsolete computers by hydrometal-
lurgical route based on only one-stage leaching in oxidant media. When compared 
to the motherboard, a higher recovery rate of Ag was obtained from memory boards 
83% and 33%, respectively. Whereas, similar recovery rates of copper were observed 
for memory board and motherboard, 48% and 46%, respectively.

1. INTRODUCTION
Over the past 20 years, there has been a massive in-

crease in the production of electric and electronic equip-
ments (EEEs). Simultaneously, the EEE have shorter and 
shorter life cycles. Consequently, there is a substantial and 
alarming generation of the waste electric and electronic 
equipments (WEEEs) (GHOSH et al., 2015).

Regarding WEEEs, its heterogeneous composition 
(ceramic, polymeric materials, and also a considerable 
amount of metals), hinders the control and development 
of efficient treatment methods. Thus, it is essential to do 
research on alternatives for the treatment and correct dis-
posal of WEEE (Kumar et al., 2017; Shokri et al., 2017). In 
this sense, the European Parliament has published some 
instructions on the management of WEEEs (Official Jour-
nal of the European Union, 2003a, Official Journal Of Euro-
pean Union, 2003b).

Printed Circuit Boards (PCBs) are essential compo-
nents of WEEEs, that is, PCBs represent a significant vol-
ume of WEEEs. PCBs are quite heterogenic materials, com-
posed of different metals, for instance, Al, Cu, Fe, Ni, Sn, 
and Zn, and also high added-value metals as Au, Ag, and Pt. 
It is worth noting that toxic metals as Cd, Hg, and Pb can 
also be found in PCBs (Cui and Anderson, 2006).

Thus, taking into account the volume of WEEEs and 
their composition, in particular high added-value metals, it 
is a quite interesting strategy to recovery some metals - ur-
ban mining concept (Diaz et al., 2015).

Due to its remarkable properties such as high mechan-
ical and corrosion resistance, good conductor of electricity 
and heat copper is widely used in industrial processes, in-
cluding PCBs, in which can reach reach 20 wt%. In Septem-
ber of 2020, the market value of copper was US$ 6,788.5 
per ton (Xu et al., 2016; LME, 2020a). In addition, accord-
ing to the European Union - Restriction of Hazardous Sub-
stances Directive (RoHS), which is related to the restriction 
in the use of certain  hazardous substances  in electrical 
and electronic equipment, the production of traditional 
eletronic boards should be changed by lead free eletronic 
boards, in which Pb is replaced by Ag without any perfor-
mance damage due to the great properties of the precious 
metal. Nevertheless, Ag is a high added-value metal. In 
September of 2020, the market value of silver reached US$ 
911,311.59 per ton. It means that even in lower concentra-
tions in comparison to another metal, the Ag market value, 
134 times higher than Cu, turns it into a really important 
metal in terms of the intrinsic value of the board (Cayumil 
et al., 2016; KITCO, 2018; LME, 2020b).

The metal recovery from PCBs can be carried out by hy-
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drometallurgically (Cui and Anderson, 2016), pyrometallur-
gically (Bidini et al., 2015) or biohydrometallurgically (Ilyas 
et al., 2010). The hydrometallurgical process is based on 
the metal leaching using acid or alkali molecules, followed 
by chemical process that recover the metals of interest (Xu 
et al., 2016; Neto et al., 2016; Kumar et al., 2015; Choubey 
et al., 2015). In this sense, a new two-stage hydrometallur-
gical route was described by Silvas et al. (2015), the first 
stage is acidic medium composed of sulfuric acid, where-
as the second stage is an oxidant solution composed of 
sulfuric acid and hydrogen peroxide. The authors extracted 
100% of copper from PCBs from printers.

Therefore, the aim of this study was to leach silver and 
copper from two different PCBs (memory board and moth-
erboard) from obsolete computers by hydrometallurgical 
route based on only one-stage leaching in oxidant media.

2. MATERIAL AND METHODS
2.1 Physical-chemical characterization of memory 
board and motherboard 

Two different lead-free boards from obsolete com-
puters were used (motherboard and memory board). The 
boards were obtained from Centro de Descarte e Reúso de 
Resíduos de Informática da Universidade de São Paulo (CE-
DIR-USP). The physical processing included: manual disas-
sembling, comminution, and quartering. Approximately 1 
kg of each board was comminuted, which corresponds to 
5 motherboards and 20 memory boards. Then, the mother-
boards and memory boards without external and remova-
ble polymeric components were physical-chemical charac-
terized (as below). 

2.1.1 Physical processing
The comminution was performed using two mills in se-

quence: a knife mill (RONE FA2305) with a 9 mm grid, and 
a hammer mill (ASTECMA MDM 18/18) with a 2 mm grid. 
The resulting material was quartered in a Johnes quarter to 
separate homogeneously the samples into small fractions, 
of 20 ± 5 g.

2.1.2 Aqua regia digestion and chemical analysis
5 g of the sample was submitted of aqua regia diges-

tion, with a solid-liquid ratio of 1:20 – a volume of 100 mL 
of aqua regia was used for the solubilization of the metals. 
The digestion occurred at room temperature and atmos-
pheric pressure for 24 hours. After the reaction, the liquor 
was filtered using a quantitative filter paper (porosity of 
0.75 𝜇m). Then, 10 mL of permeate was used to quantify 
silver and copper by ICP-OES.

2.1.3 Loss on ignition test
The residue after aqua regia digestion was filtered us-

ing a quantitative filter paper (porosity of 0.75 𝜇m). Then, 
the solid fraction was washed using deionized water and 
oven-dried at 60 ± 5°C for 24 hours. The material was trans-
ferred to a porcelain crucible and lead to a muffle with a 
heating rate of 10°C/min until it reaches 800°C and then 
maintained for 1 hour. After turned off, the muffle cooled 
to room temperature and then weighed again. The sam-

ple was maintained in a desiccator for 24 hours and after 
weighed again to verify the sample weight constant.

2.2 Hydrometallurgical Processing
The one-stage acid leaching in oxidant media were con-

ducted for both boards. The leaching agent was sulfuric 
acid (H2SO4) 2M. 100 g of boards were solubilized in 2,000 
mL of acid under the following conditions:

• Solid-liquid ratio: 1:20;
• Temperature: 95°C;
• Pressure:1 atm;
• Time: 12 hours.

Additionally, 15 mL of hydrogen peroxide (H2O2) 35% 
(oxidant agent) was added every 15 minutes for 12 hours. 
10 mL sampling was carried out every hour. Then, the liq-
uor was colled at room temperature and filtered using a 
quantitative filter paper (porosity of 0.75 𝜇m). The perme-
ate was used to quantify silver and copper by ICP-OES.

3. RESULTS AND DISCUSSION
3.1 Physical-chemical characterization of memory 
board and motherboard
3.1.1 Aqua regia digestion and chemical analysis

After the physical processing and aqua regia digestion, 
the analysis of ICP-OES data showed that both memory 
board and motherboard have several metals such as, Al, 
Au, Cu, Fe, Ni, Sn, and Zn (Table 1).

When compared to memory board, motherboard 
showed higher metal mass fraction 35.510% and 18.910%, 
respectively (Table 1). These results are aligned to Gosh et 
al. (2015) and Kaya (2016). 

Regarding copper in terms of mass fraction, it was ob-
served similar concentrations for both motherboard and 
the memory board. However, in terms of metal mass frac-
tion, copper represents 55.3% for motherboard and 73.1% 
for memory board. In other words, the highest metallic 
concentration is related to copper (>50%). Thus, copper 
is the most promising metal that can be recovered from 
motherboard and memory board, whereas for silver, lower 
mass fraction was observed (≈ 340 x than copper). Nev-
ertheless, a similar mass fraction was observed for both 

Metal
Mass fraction

Motherboard Memory board

Ag 0.045% 0.053%

Al 2.660% 1.403%

Au 0.002% 0.069%

Cu 19.650% 13.830%

Fe 8.340% 1.470%

Ni 0.270% 0.320%

Sn 1.990% 1.700%

Zn 2.550% 0.043%

Total 35.510% 18.910%

TABLE 1: Metal mass fraction of motherboard and memory board.
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motherboard and the memory board. In addition, in terms 
of metal mass fraction, silver corresponds to 0.1% for the 
motherboard and 0.2% for the memory board. Thus, on the 
one hand, copper is the most abundant metals in both the 
motherboard and the memory board, on the other hand, 
even at low mass fraction (≈ 0.05%), silver can be recov-
ered from PCBs due to its high added-value.

3.1.2 Loss on ignition test
Based on the stoichiometry, H+ in excess (around 10 

times) dissolve all metals present in the PCBs and strong-
ly acid pH conditions are suitable to maintain the formed 
salts in solution. 

Thus, the remaining material (after aqua regia diges-
tion) is composed of only ceramic and polymeric com-
pounds. In this sense, polymers are thermal degradable. 
Thus, the loss on ignition test indicates the mass of pol-
ymeric fraction (volatile) by gravimetry method, in which 
the non-volatile mass fraction corresponds to the ceramic 
compounds of the boards (Ilyas et al., 2007). 

Based on loss on ignition test and aqua regia digestion 
data, the material compositions of motherboard and mem-
ory board are shown in Figure 1.

For both memory board and motherboard, ceramic 
compounds were majority 48.4% and 38.7%, respectively. 
Very likely, due to the fiberglass that is widely applied for 
other PCB components. These results are aligned to Zhou 
and Qiu (2010) that described the composition of PCB 
wastes ≈ 28% of metals and 72% of non-metals such as 
plastic, ceramic, etc. 

3.2 Hydrometallurgical processing
The chemical analysis by ICP-OES of the liquor ob-

tained at the end of the acid leaching in the oxidant media 
process allowed to calculate the percentage of extraction 
of each metal on the boards, based on characterization re-
sults showed in Table 1. This analysis resulted in Table 2.

A previous study (Silvas et al., 2015) showed that the 
leaching of both Cu and Ag from PCB from printers can be 
carried out in acid solutions and oxidant medium.

3.2.1 Motherboard
The leaching curves of Ag and Cu for motherboard and 

memory board are shown in Figures 2 and 3.

Considering the initial mass (100 g) and the concentra-
tion of each metal obtained by chemical characterization 
for the motherboard, the maximum mass that could be 
extracted was 0.045 g and 19.65 g for silver and copper, 
respectively. However, the one-step acid leaching reached 
33% and 48%, respectively for silver (Figure 2) and copper 
(Figure 3), which corresponds to 0.015 g of Ag and 9.432 
g of copper. Thus, the other metals in the liquor such as 
Ni, Sn, and Zn that form stable alloys in solution, can nega-
tively affect the total leaching of Ag and Cu (SILVAS et al., 
2015). 

The high added-value metals need a quite high ORP 
for high yields of hydrometallurgical recovery. In addition, 
partial purification, mainly non-added value metals, can 
significantly enhance the yields of high added-value metals 
(Žiūkaitė et al., 2017). It was observed that the leaching of 
Ag only started began after 7 hours (Figure 2), very likely 
due to the acid reaction with other metals, such as cop-
per. As far as the copper is being leached, the remained 
acid can start to leach the precious metals increasing the 
concentration through the process since the Ag leaching 
is generally performed after removal of Cu (GURUNG et al., 
2013).

Thus, the partial purification of other metals, high ORP, 
favorable pH and at least 10 hours of leaching process 
could enhance the copper and silver yields of leaching 
from motherboard and memory board.

FIGURE 1: Material compositions of motherboard and memory board.

Metal
Extraction

Motherboard Memory board

Ag 33% 83%

Al 99% 100%

Au 0% 0%

Cu 48% 46%

Fe 100% 81%

Ni 89% 83%

Sn 31% 15%

Zn 88% 100%

TABLE 2: Percentage of extraction of metals for the motherboard 
and the memory board.
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3.2.2 Memory Board
The leaching curves of Ag and Cu for the memory board 

are shown in Figures 4 and 5, respectively. Taking into ac-
count the initial mass of the PCBs (100 g) and the concen-
tration of each metal obtained by chemical characteriza-
tion, the maximum mass that could be extracted from the 
memory board was 0.053g fo Ag and 13.83 g for Cu (Table 
1). The one-step acid leaching of Ag and Cu reached, re-
spectively, 83% and 46%, which corresponds to a mass of 
0.044 g of Ag and 6.362 g of Cu, respectively.

The increased percentage of extraction over time for 
both metals, Ag and Cu, was also observed for the mem-
ory board. However, similarly to the observed for mother-
board leaching, the remotion of impurities, longer leaching 
reaction time (at least 7 hours) combined with the ORP and 
pH optimum conditions could further improve the process 
maximizing the simultaneous extraction for Cu and Ag.

Additionally, the high yield of Ag extraction can be 
related to the metal mass fraction for both motherboard 
and memory board, and the solid-liquid ratio used for the 
acid leaching process. Whereas on the motherboard the 
metallic fraction is 35.5% and the Ag represents 0.1% of 
this amount, on the memory board Ag represents 0.2% of 
a smaller metallic fraction, 18.9%. It means that, on the 
memory board, a higher amount of acid was available to 
interact with the metals and promote the leaching, there-

fore improving the efficiency of the hydrometallurgical 
process.

4. CONCLUSIONS
The hydrometallurgical process of one-stage acid 

leaching in oxidant media allowed to recover Ag and Cu, 
the two most expressive metals in terms of intrinsic value 
and amount respectively, from PCBs from obsolete com-
puters (motherboard and memory board). Both metals Ag 
and Cu were recovered by one-stage acid leaching in oxi-
dant medium. When compared to motherboard, the memo-
ry board reached higher recovery of Ag, 83% after 12 hours. 
However, the partial purification of other metals, high ORP, 
favorable pH and at least 10 hours of leaching process 
could enhance the copper and silver yields of leaching from 
motherboard and memory board. Regarding Cu recovery, it 
was quite similar to both memory board and motherboard, 
since it reached 48% and 46%, respectively. Therefore, the 
one-stage leaching is a promising strategy to recover met-
als from PCBs from obsolete computers.
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ABSTRACT
Majority of post-consumer leather footwear currently ends up in landfill sites with 
adverse environmental impacts. Current waste recovery options have proven large-
ly unsuccessful in minimizing this waste stream. This study investigates whether 
leather from post-consumer footwear can be pyrolyzed using gram-scale (fixed-bed) 
and microgram-scale (TGA) pyrolysis reactors. The investigation was conducted us-
ing final pyrolysis process temperatures between 450 and 650 °C and solid residence 
times of 5 to 15 minutes. The purpose of the experiments was to assess the waste 
recovery potential of leather pyrolysis products for valuable chemicals. The pyrolysis 
product fractions (solid, liquid, and gas) distribution were investigated, optimal pyrol-
ysis conditions presented, and the product fractions characterized for their elemen-
tal and chemical composition using ultimate and GC-MS analysis. The distribution 
of the product fractions proved leather footwear pyrolysis was viable under the given 
conditions. The completion of leather footwear pyrolysis was evident at 650°C since 
the solid yield reached a constant value of approximately 25 wt.%. The liquid fraction 
was maximized within the temperature range of 550-650°C (Max= 54 wt.%), suggest-
ing optimal pyrolysis conditions within this range. The higher heating values (HHVs) 
of the pyrolysis leather oil (33.6 MJ/kg) and char (25.6 MJ/kg) suggested their po-
tential application for energy or fuel. The liquid fraction comprised predominantly of 
nitrogen derivatives and potential applications areas include use in the production 
of fertilizers, chemical feedstocks, or the pharmaceutical industry. This study proved 
that leather from post-consumer footwear can be pyrolyzed and provided valuable 
insight into its characterization and potential applications areas. 

1. INTRODUCTION
Post-consumer shoe waste is a fundamental problem 

facing the footwear industry and waste management sec-
tors. The footwear industry is rapidly growing, and it was 
estimated that in 2017 the production of shoes reached 
23.5 billion pairs (Portuguese Shoes, 2018). The rapid pro-
duction and consumption of footwear correspond to a sub-
stantial amount of post-consumer waste, the majority of 
which are currently disposed of in landfill sites (Kolomaznik 
et al., 2008, and Chowdhury, 2018). According to Mia et al. 
(2017), the most significant environmental challenge facing 
the footwear industry is the large amount of post-consumer 
waste generated in the End-of-Life (EoL) phase. 

Leather waste constitutes a significant portion of 
waste emanating from the footwear industry because it is 

a prominent material used, with the average shoe consti-
tuting approximately 25% leather by weight (Staikos et al., 
2006). Leather waste from post-consumer shoes is detri-
mental in its EoL phase because of the adverse environ-
mental impacts associated with its disposal. Studies de-
tailing the negative environmental impacts of leather shoe 
disposal highlight issues related to freshwater contami-
nation, eutrophication, degradation of ecosystem quality, 
harmful emissions, and Global Warming Potential (GWP) 
(Albers et al., 2008, Joseph and Nithya, 2009, and Gottfrid-
son and Zhang, 2015). Additionally, the footwear industry 
accounts for 1.4% of global climate impacts (Chrobot et 
al., 2018:18), and it is estimated that a single pair of leather 
shoes takes approximately 25-40 years to decompose in 
landfill sites (Fyvie, 2018). This study examines the poten-
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tial of pyrolysis as a waste recovery avenue to reduce the 
amount of post-consumer leather shoe waste disposed of 
in landfill sites.

According to Czajczyńska et al. (2017), pyrolysis is the 
thermochemical devolatilization of organic or inorganic 
materials at elevated temperatures in an inert atmosphere. 
The heating of materials through pyrolysis leads to the 
formation of solid, liquid, and gas fractions (Arabiourrutia 
et al., 2020). Pyrolysis is advantageous over other waste 
treatment processes such as incineration because the oxy-
gen-free atmosphere in which pyrolysis takes place causes 
fewer CO2 emissions, thus lowering the greenhouse effect 
(Jo et al., 2017). Moreover, incineration and open combus-
tion are inefficient waste recovery methods as the technol-
ogy merely recovers energy while reducing the remainder 
of the materials to ash (Aylón et al., 2010). Murugan et al. 
(2008) state that pyrolysis technology can process the ma-
terials into three main fractions (solid, liquid, and gas) to 
recover valuable chemicals that would otherwise be lost 
during incineration or open combustion. These chemicals 
can be further processed into valuable products and hence 
improve waste recovery efficiency from materials. Food 
waste (Joe et al., 2017), plastic (Sorum et al., 2001, Olazar 
et al., 2009, and Sharuddin et al., 2016), and waste tyres 
(Islam et al., 2013, Perondi et al., 2016, and Lopez et al., 
2017) are among some of the most widely studied materi-
als using pyrolysis experiments. There are, however, limited 
studies that examine the potential of pyrolysis for recover-
ing leather shoe waste. 

Previous studies on leather pyrolysis focus mainly 
on waste from tanneries. A study on the production of 
useful materials from different types of leather tannery 
wastes was conducted by Yilmaz et al. (2007). The study 
investigated the experimental characteristics of leather 
waste pyrolysis at 450 and 600°C. The pyrolysis experi-
ments indicated that leather waste heated using a fixed 
bed reactor at 450 and 600°C yielded liquid, gas, and 
char products. Increasing the final temperature from 450 

to 600°C caused the liquid yield to decrease from 32 to 
28% and the gas yield to increase from 17 to 23%. The 
authors emphasized the desirability of activated carbon, a 
refined version of the pyrolysis solid fraction (char), from 
pyrolyzed leather waste. Similarly, a study by Sethuraman 
et al. (2013) subjected hazardous chrome tanned leather 
waste (CTLW) from tanneries to pyrolysis to obtain valua-
ble products. The main useful products generated through 
this process included carbonaceous residual ash contain-
ing chromium, condensate oil, and fuel gas (Sethuramen 
et al., 2013). 

Marcilla et al. (2012) investigated the effect of flash 
(450-550°C) and slow (up to 750°C) pyrolysis on bovine 
leather from tanneries. Flash pyrolysis generally involves 
a faster heating rate and a shorter solid residence time 
compared to slow pyrolysis (Al Arni, 2018). Authors indicat-
ed that the maximum liquid yield (42-45%) was achieved 
through flash pyrolysis between temperatures of 500-
550°C, while slow pyrolysis presented significantly lower 
levels of liquid yield (29%). This finding is supported by lit-
erature indicating that flash pyrolysis generally optimizes 
the production of liquid yields while slow pyrolysis favors 
char as the main byproduct (Ronsse et al., 2012, and Al 
Arni, 2018). Kluska et al. (2019) focused on presenting the 
influence of temperature on the physicochemical proper-
ties of products obtained through the pyrolysis of leather 
tannery waste at lower temperature ranges. The leather 
waste was pyrolyzed at temperatures ranging from 300 to 
500°C. The authors concluded that a maximum liquid yield 
of 42% was obtained at 400°C, followed by 40% at 500°C. 
A summary of the main leather waste pyrolysis studies and 
their corresponding yields is presented in Table 1.

Previous studies contribute to knowledge generation 
about the recovery of leather tannery waste, but they do 
not address the issue of post-consumer leather waste spe-
cifically for footwear products. It can thus be inferred that 
a gap in the literature exists to investigate whether leath-
er shoe waste can be pyrolyzed similarly to tannery waste 

Reference Pyrolysis type Temperature 
(°C)

Solid yield 
(wt.%)

Liquid yield 
(wt.%)

Gas yield 
(wt.%)

Sample mass 
(g)

Reactor Solid residence 
time (min)

Sethuraman 

et al. (2013) Slow 800 34.7 33.3 32.0 2000 Fixed bed n.a

Yilmaz et al. 
(2007)

Slow 450

600

50.2

47.4

32.0

28.9

17.8

23.6
50-60

Fixed bed 120

Marcilla et 
al. (2012)

Fast

Slow

450

500

550

700

38.5

30.4

31.0

28.6

41.0

44.5

42.3

29.6

20.5

25.1

26.6

41.8

2

4

Fixed bed n.a

Kluska et al. 
(2019)

Slow 300

350

400

450

500

33.0

33.0

33.0

33.0

29.0

21.0

35.0

42.0

35.0

40.0

46.0

32.0

25.0

32.0

31.0

100

Fixed bed 30

TABLE 1: Summary of previous leather pyrolysis studies.
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to recover materials. This research is premised primarily 
as a concept proving and desirability study. The concept 
proving aspect is justified through the study’s focus on in-
vestigating whether chrome tanned leather from post-con-
sumer footwear has the potential to be pyrolyzed through 
experimental runs. The optimization of pyrolysis yields 
was also investigated through experimental runs, and this 
constituted the desirability aspect of the study. The nov-
elty of the study reveals itself in the fact that leather from 
post-consumer footwear has yet to be pyrolyzed and hence 
motivates the need for this study as footwear presents 
challenges in the EoL phase. 

The present study therefore examined waste recov-
ery by thermochemical treatment by conducting pyrolysis 
experiments using samples of solid leather waste from 
post-consumer shoes. The main aim of this study was to 
assess the waste recovery potential of leather pyrolysis 
products for valuable chemicals. The aim was achieved 
through the following investigations (i) leather footwear 
pyrolysis experiments using fixed bed and TGA pyrolysis 
reactors; (ii) an analysis of the pyrolysis product distribu-
tion and optimal operating conditions; (iii) characterization 
of the elemental and chemical composition of the pyrolysis 
product yields using ultimate and GC-MS analysis, includ-
ing an analysis of the higher heating value (HHV). 

2. MATERIALS AND METHODS
2.1 Leather feedstock

Samples of leather shoes were obtained from various 
local shoe producers for pyrolysis. The samples consist-
ed of reject shoes which are considered waste as they can 
no longer be used or sold. The shoe samples consisted of 
chrome tanned leather which was separated from the shoe 
soles to obtain leather in isolation from the other materials. 
The leather was cut into smaller pieces with particle sizes 
of approximately 0.5 cm. The shredded leather from vari-
ous shoes was mixed before use in the experimental pyrol-

ysis runs to ensure feedstock homogeneity. The weight of 
each sample was 40g. 

Preliminary experimental preparations included char-
acterizing the sample material. To characterize and under-
stand the constituents of the sample material, a proximate 
and ultimate analysis was conducted. The proximate anal-
ysis was performed to determine the major constituents 
of the feed material used in pyrolysis, while the ultimate 
analysis provided an elemental composition of the materi-
al (Basu, 2018). The results of the proximate and ultimate 
analyses of leather shoe waste are depicted in Table 2. The 
results are shown in comparison to previous studies which 
have been conducted on leather waste. These character-
istics are essential to understand as they provide a broad 
understanding of the combustion characteristics of solid 
leather shoe waste. 

2.2 Experimental setup 
2.2.1 Fixed bed reactor

The pyrolysis unit chosen for this study was a fixed 
bed reactor. The fixed bed pyrolysis system comprised of 
a fixed bed of feedstock which was pyrolyzed as a batch 
reaction (Guda et al., 2015). The main features of the fixed 
bed reactor used in this study included a sample capac-
ity of approximately ±45g (depending on the density and 
type of material) and a reactor temperature range between 
0-1200°C. The dimensions of the fixed bed reactor can be 
found in Figure 1. The fixed bed reactor provided technolo-
gy that was reliable and simple for the research purposes 
in this study (Aziz et al., 2018). A fixed bed reactor feed-
stock system was thus suitable for this research study as it 
was conducted on a small-scale for research purposes and 
allowed for a proof of the concept. 

2.2.2 Pyrolysis system
   The pyrolysis system used in this study is illustrated 

in Figure 1. This system involved the input of the leather 
waste feedstock into the sample holder placed inside of 

Reference Sethuraman et al. 
(2013)

Yilmaz et al. 
(2007)

Marcilla et al. 
(2012)

Kluska et al. 
(2019)

Rodrigues et al. 
(2010)

Godinho et al. 
(2011)

Present 
study

Proximate analysis 
(wt. %) 

Moisture content 5.50 7.10 11.20 35.30 12.40 14.10 12.56

Volatile matter 60.30 67.00 76.70 67.90 67.70 66.40 61.23

Fixed carbon 26.62 n.d 6.12 21.20 14.80 14.52 18.77

Ash 7.58 9.60 6.03 10.90 5.10 4.95 7.44

Ultimate analysis
(wt. %) a

Carbon 55.31 44.30 41.50 41.71 50.61 42.36 38.93

Hydrogen 7.86 3.10 6.85 7.12 8.79 7.32 5.62

Oxygen b 8.54 36.60 37.90 28.46 25.46 19.00 32.36

Nitrogen 12.56 14.20 12.90 11.01 12.80 10.67 8.88

Sulfur 4.68 1.80 0.83 3.43 1.89 1.57 1.65
a Dry basis  
b By difference

TABLE 2: Ultimate and proximate analysis of leather waste in previous studies.
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the fixed bed reactor. The feedstock was exposed to high 
temperatures within the fixed bed reactor in the absence 
of oxygen. The flow of the nitrogen (N2) carrier gas created 
an inert atmosphere within the system. As the feedstock 
was heated, it experienced physical and chemical sepa-
ration into different molecules. The thermal devolatiliza-
tion led to the formation of products in the form of solids 
(char) and volatiles (condensable and non-condensable 
or permanent gases) (Hirvonen, 2017). The liquid only 
formed from the condensable volatiles when it cooled in 
the condenser to allow separation into pyrolysis oil and 
permanent gas. The cooling system used as a part of 
the pyrolysis unit was a chiller and an ice bath which was 
connected to the condenser to enable a cold temperature 
ranging between 1-3°C. Three collectors ensued after the 
condenser, and these were placed in dry ice to ensure 
sufficient time to allow further condensation of the high 
volatile condensables to liquid products from the leather 
feedstock. The inclusion of the last two condensers was 
motivated by the additional liquid fractions observed in 
these condensers. These condensers allowed for further 
condensation and therefore accounted for all liquid frac-
tions. The non-condensable gases flowed through a vent 
into an extractor fan.

2.3 Experimental design
The processing factors considered in the experimental 

design of this study were temperature, solid residence time, 
and N2 flow rate. The temperature range, solid residence 
time, and center points were chosen based on the typical 
ranges cited in the literature and the operability range of 
the existing pyrolysis setup. 

Operating temperature is the most critical parameter 
in Thermochemical Conversions (TCCs) because the tem-
perature of the reactor is directly correlated to the product 

yields obtained (He et al., 2000). For this study, the oper-
ating temperatures chosen were 450, 550, and 650°C, in-
cluding lower and higher axial points of 409 and 691°C, 
respectively (Table 3). Previous studies were considered 
when selecting the temperature range used in the present 
study (Yilmaz et al., 2007, Marcilla et al., 2012, and Klus-
ka et al., 2019). The center point temperature chosen for 
pyrolysis (550ºC) was motivated by the fact that pyrolysis 
appears to be complete by this temperature as the majority 
of the sample devolatilization has taken place in this range. 
Choosing the temperature range of 450 and 650°C with a 
center point of 550°C enables the researcher to draw par-
allels with previous studies to verify whether pyrolysis of 
leather shoe waste is achievable in a comparable manner 
to leather tannery waste (Yilmaz et al., 2007, Marcilla et al., 
2012, and Kluska et al., 2019). The use of different temper-
ature ranges in the pyrolysis reactor enabled the researcher 
to determine the differences in product yields and the opti-
mal conditions for leather footwear pyrolysis. 

Solid residence time refers to the amount of time that 
the feedstock remains inside the reactor (Gao et al., 2017). 
The solid residence time used in pyrolysis studies is an 
important parameter that can influence product yields 
(Dhyani and Bhaskar, 2018). For this study, the solid res-
idence time reflects the amount of time the sample was 
held inside the reactor once the processing temperature 
was met. The hold times used in this study had a center 
point of 10 minutes and lower and upper levels of 5 and 15 
minutes, respectively (Table 3). The lower and higher axial 
points are 3 and 17 minutes, respectively. The continuous 
flow of N2 gas flow created an oxygen-free atmosphere 
within the reactor (Aziz et al., 2018). An inert atmosphere 
is imperative as it creates conditions which are chemically 
inactive to ensure pyrolysis takes place without the risk of 
contamination from oxidizing gases such as oxygen (Jo et 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1: Pyrolysis system used in this study.
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al., 2017). The nitrogen flow rate (99.5% purity, Afrox, South 
Africa) remained constant at 6.5L/min for the pyrolysis ex-
periments in this study. It was essential to ensure the ni-
trogen flow rate remained constant to provide a controlled 
inert atmosphere and to prevent counter airflow that may 
have compromised the experimental runs. 

This study used a two-level full factorial design with a 
replication of experiments to verify the results. A central 
composite design (CCD) was employed with three center 
points, and an overview of the design and response factors 
are provided in Table 3. This experimental design enabled 
the researcher to investigate the optimization of operating 
conditions for pyrolysis yields. A statistical analysis of the 
variance was also employed using Minitab® 19 Statistical 
Software. A response surface model was fitted to deter-
mine the effects of temperature and solid residence time 
on each of the pyrolysis yields. Moreover, this also aided 
the researcher in identifying conditions that optimized the 
pyrolysis yields within the study. 

2.4 Mass balance
The mass balance was a central component used to 

calculate the yields for each experimental pyrolysis run. 
The reactor and condensers were weighed before and after 
each pyrolysis experiment to calculate the percentage of 
solid, liquid, and gas yields. The difference in weight within 
the reactor was attributed to the remaining char whilst the 
difference in the condenser weight was attributed to the 
liquid yield. The gas yield was calculated using the differ-
ence in weight, and hence the remaining fraction was allo-
cated to the gas yield. 

2.5 Analytical techniques 
2.5.1 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was one of the an-
alytical methods employed in this study.  Through TGA, it 
was possible to assess the weight loss function of temper-
ature under the nitrogen atmosphere (Sethuraman et al., 
2013). According to Januszewicz et al. (2016), TGA ena-
bles users to determine the characteristics of the tempera-
ture dependence of weight loss at a constant heating rate. 
TGA assumes that several products can form from a sin-
gle substrate (Januszewicz et al., 2016). It can, therefore, 
be inferred that the number and types of products formed 
from the leather waste were proportional to changes in 

mass decomposition. 
In this study, TGA experiments were performed on 

chrome-tanned leather waste using a sample mass of 
10±0.5mg and particle size ranges of 0.5 to 0.8mm. The 
samples were inserted into 70 μL alumina sample holders 
and experiments were performed using the DTG-60AH de-
tector (Shimadzu, Kyoto, Japan). The temperature range 
was between 25 and 800°C, and the heating rate was 
25°C/min. An inert atmosphere was created using nitrogen 
(99.5% purity, Afrox, South Africa) with a flow rate of 80ml/
min. TGA experiments were carried out three times to en-
sure reproducibility of the observed results. 

2.5.2 Elemental analysis 
The second analytical technique used in this study was 

an elemental analysis, which is also known as an ultimate 
analysis. This is the process through which the sample of 
leather material was analyzed for its elemental composi-
tion (Basu, 2018). The elemental composition in terms of 
Carbon, Hydrogen, Nitrogen, and Sulfur (CHNS) was deter-
mined for the raw leather shoe waste, the residual char, and 
the liquid oil fractions. This analysis was used to determine 
the ratio of elements from within the leather samples and 
the composition of the solid and liquid pyrolytic yields. The 
instrument used for this analysis was the Thermo Fisher 
Scientific Flash 2000 CHNS-O Organic Elemental Analyz-
er. The results of the ultimate analysis (C, H, N and O con-
tent) were also used to estimate the higher heating values 
(HHVs) of the pyrolysis product fractions using the correla-
tion equation (1) (Mkhize et al., 2015, and Demirbas, 2016). 
The HHV is significant as it provides an indication of the 
amount of heat released and hence the energy density of 
the solid and liquid fractions. 

HHV = 33.5[C] + 142.3[H] − 15.4[O] −14.5[N] × 10-2            (1)

2.5.3 Gas chromatography-mass spectrometry
Gas chromatography-mass spectrometry (GC-MS) 

(Shimadzu GC-MS QP2010SE series model) was used to 
detect compounds from the liquid yield. The compounds 
were detected using the gas chromatographic retention 
times and identified in the mass spectrometer. The sample 
was swept through a capillary column (Zebron ZB-5MSplus 
30m x 0,25mm, 0,25um id). using helium (99.9% purity, Air 
products, South Africa) as the carrier gas and components 
were separated based on the volatility and affinity of the 

Factor Unit Factor type Lower level 
(-1)

Center point 
(0)

Upper level 
(+1)

Lower axial 
(-1.414)

Higher axial 
(+1.414)

Temperature °C Variable 450 550 650 409 691

Solid residence time min Variable 5 10 15 3 17

Nitrogen flow rate L/min Constant ±6.5 ±6.5 ±6.5 ±6.5 ±6.5

Particle size cm Constant 0.5 0.5 0.5 0.5 0.5

Sample amount g Constant 40 40 40 40 40

Solid yield wt.% Response

Liquid yield wt.% Response

Gas yield wt.% Response

TABLE 3: Central composite design (CCD) factors.
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mixture. The method used for the analysis was as follows: 
the initial temperature was set at 40°C; the final tempera-
ture was set at 270°C; the heating rate was 10°C per min-
ute, and the total time for the run was 48 minutes. A quali-
tative analysis of the chromatogram was conducted using 
the NIST mass spectral library (version 4.0) to identify the 
compounds present in the liquid yield. Since the qualitative 
analysis was used the researcher emphasized determining 
what constituted the liquid yields rather than determining 
exactly how much of each compound was present. The 
qualitative nature of the study is elaborated on in the fol-
lowing section. 

2.6 Concept proving and desirability study 
This research was premised primarily as a concept 

proving and desirability study. The focus was placed on es-
tablishing whether chrome tanned leather from post-con-
sumer footwear has the potential to be pyrolyzed. Pyrol-
ysis experimental runs were used to determine optimal 
conditions for pyrolysis product yields, and this constituted 
the desirability aspect of the study. The quantities of the 
pyrolysis yields were considered concerning the process-
ing temperature and solid residence time. In addition, the 
emphasis was placed on the replication of pyrolysis exper-
imental runs to ensure the validity of the research findings. 
The GC-MS had a qualitative focus in its methodology for 
the analysis of the liquid yields. The constituents of the liq-
uid yields were analyzed in this study with a greater focus 
on the composition of the yield rather than the quantities.

3. RESULTS AND DISCUSSION
3.1 Thermogravimetric analysis 

The thermogravimetric analysis (TGA) of chrome-
tanned leather samples for a heating rate of 25°C/min re-
vealed that the first mass loss of the sample is apparent 
between 0 and 150°C (Figure 2). The mass loss observed 
in this temperature range is attributed to the release of 
inherent moisture contained within the sample. Yilmaz et 

al. (2007) describe this component of the liquid yield as 
the aqueous phase. An explanation for this peak is that 
the pyrolysis temperature reached close to 100°C, which is 
the temperature at which water evaporates (Kluska et al., 
2019). According to Pham et al. (2018) water absorbs heat 
and uses it to evaporate and can also play a role in delaying 
devolatilization. The majority of the mass loss is observed 
between 250 and 550°C, with the most significant mass 
release peak occurring at 350°C (Figure 2). A 50% reduc-
tion in mass was experienced between 250 and 550ºC re-
sulting in the large weight loss peak in the DTG curve. This 
mass release is caused by the thermal devolitilisation of 
volatile organic compounds present in the leather sample. 
The maximum temperature peak demonstrates the signif-
icant impact that heat transport has on forming the mass 
loss curves. The TGA curve begins to flatten after 550°C 
indicating the near completion of pyrolysis. Additionally, it 
is observed that after pyrolysis is complete, the remaining 
mass accounts for approximately 25 wt.% of the sample 
(Figure 2).

3.2 Pyrolysis yields from leather shoe waste
This section outlines the product yields as a result of 

pyrolyzing leather shoe waste. Available data from the lit-
erature indicates that the mass balance of different types 
of pyrolysis products is dependent on the final temperature 
in the pyrolysis process (Yilmaz et al., 2007, and Xiao and 
Yang, 2013). The effect of temperature and solid residence 
time on the pyrolysis yields (solid, liquid, and gas) were in-
vestigated through CCD experiments according to the pa-
rameters outlined in Table 3. The results obtained from the 
CCD experiments are summarized in Table 4. The averages 
of the solid, liquid, and gas yields are presented in conjunc-
tion with the standard deviation (SD) in Table 4. 

3.2.1 Solid yield
The solid yield consisted of char, a carbonaceous mate-

rial generated through the thermal devolatilization of leath-
er in the pyrolysis reactor. The solid yields ranged between 
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42.63 to 35.94 wt.% at temperatures of 409 and 450°C, 
respectively (Table 4). This change in mass indicates that 
at lower temperatures, pyrolysis was incomplete. Molecu-
lar components were unable to devolatilise at lower tem-
peratures fully and only the weak chemical bonds were 
broken (He et al., 2018). These yields are congruent with 
previous studies that revealed solid fractions from leather 
tannery waste between a similar range of 33 and 38.5 wt.% 
at 450°C (Marcilla et al., 2015, Kluska et al., 2018, and Fang 
et al., 2018). Moreover, at 550°C, the present study indicat-
ed a mass of 28.25 wt.% that is consistent with the yields 
obtained by Marcilla et al. (2012). The similar solid yields 
between studies reveal that leather waste from shoes can 
be pyrolyzed to yield similar results to leather tannery waste.

The response surface model in Figure 3 provides a 
visual representation of the interactions between tem-
perature and hold time on the solid yield. It is observed 
that there is a negative correlation between temperature 
and solid yield because an increase in temperature corre-
sponds to a decrease in the solid yield. As the tempera-
ture increases past 600°C, the response surface begins to 

flatten with lower yields indicating the near completion of 
pyrolysis. The relationship between solid residence time 
and solid yield appears to be less significant compared to 
temperature. This is because only minor differences in the 
solid fraction distribution were observed as a function of 
the hold time. 

The solid yield reached a constant value of approx-
imately 25 wt.% at 650°C, indicating the completion of 
leather pyrolysis under CCD conditions. The completion 
of pyrolysis can be verified since the solid yield remaining 
corresponds to the fixed carbon and ash proportions of the 
leather sample in Table 2. This is further verified through 
an examination of the remaining mass in TGA experiments 
which accounts for approximately 25 wt.% of the sample 
(Figure 2). The char yields obtained through pyrolysis op-
erating at two different scales are illustrated in Table 5. 
The fixed bed pyrolyzer operated using a gram-scale whilst 
the TGA operated using a microgram-scale. The yields are 
comparable since the solid fractions are similar for both 
setups. The slight variations in the wt. % may be attributed 

Run no. Pyrolysis parameters Leather pyrolysis products

Temperature (°C) Time (min) Solid yield (wt.%) Liquid yield (wt.%) Gas yieldα (wt.%)

Average ±SD Average ±SD Average ±SD

1. 409 10 42.63±0.88 38.43±3.01 19.00±2.12

2. 450 5 38.38±2.30 45.50±1.06 16.13±3.36

3. 450 15 33.50±0.71 46.88±2.30 21.30±5.13

4. 550 3 29.63±1.59 49.63±3.36 20.75±4.95

5. 550 10 27.75±2.47 52.63±1.94 19.63±4.42

6. 550 17 27.75±2.30 40.38±1.94 32.25±4.24

7. 650 5 24.75±1.06 51.75±2.47 23.50±3.54

8. 650 15 24.63±0.88 46.25±2.12 29.13±3.01

9. 691 10 24.50±0.00 46.63±2.30 28.88±2.30

α By difference

TABLE 4: Central Composite Design (CCD) of experiments.
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to differences in the heating rates across the two setups. 
TGA had a controlled heating rate whilst the fixed bed pyro-
lyzer had a heating rate that was more variable and hence 
less constant in comparison. The comparability of the find-
ings at different scales, as well as the consistency of the 
char yields with the fixed carbon and ash content, verifies 
the completion of pyrolysis under CCD conditions and fur-
ther suggests the suitability of leather shoes for pyrolysis 
technology.

The elemental composition of char generated from 
leather shoe waste pyrolysis is shown in Table 6, with car-
bon taking the largest share of the composition. The higher 
heating value of the solid fraction was determined to be 
25.55 MJ/kg. The char generated through pyrolysis could 
be used in the metallurgical sector. According to Filho et 
al. (2016), carbonized leather residues have the potential 

to partially replace coal in the metallurgical process, espe-
cially if they have a high heating value of 20.8MJ/kg. Since 
the HHV was 25.55 MJ/kg in this study this reinforces its 
potential use in this sector. Moreover, Bañón et al. (2016) 
pointed out that char may be used as cheap fuel, either 
pure or blended with other fuels. Yilmaz et al. (2007) also 
reported that char products from pyrolyzed leather could 
be used in the production of activated carbon and as an 
adsorbent of dyes from aqueous solutions. 

3.2.2 Liquid yield and analysis
The liquid yield ranged between 36.25 and 54 wt.% at 

temperatures of 409 and 550°C, respectively. An increase 
in the process temperature corresponded to a rise in the 
liquid yield up to 550ºC. It has been well documented that 
tar formation rate should increase with an increase in the 
pyrolysis temperature (Xiao and Yang, 2013, Bañón et al., 
2016, and Baniasadi et al., 2016). The liquid fraction was 
maximized within the temperature range of 550-650°C. 
This finding is affirmed in Figure 4 since the liquid yield 
peaks between 550 and 650°C. The convex profile of the re-
sponse surface reveals a well-defined optimum condition 
for the liquid yield. The highest liquid yield was achieved 
at 550°C with a hold time of 10 minutes (54 wt.%), and a 
close second was observed at 650°C with a hold time of 
5 minutes (53.5 wt.%) (Table 4). The current findings are 
supported by Marcilla et al. (2012) and Kluska et al. (2019), 
who observed the maximum liquid yields within a simi-
lar temperature range of 500-550°C. The general findings 
from the CCD experiments and the convex shape of the 
response surface suggest that leather waste from shoes 
can be pyrolyzed between an optimal temperature range 
of 550-650°C. 

Lower liquid yields were evident at lower temperatures 
corresponding with high solid yields. For instance, a liquid 
yield of 36.25 (wt.%) was reached at 409ºC whilst solid 
yields remained high, accounting for 42.63 (wt.%) of the 
yield at 409ºC. Since polymeric components could not fully 

Temperature (ºC) Fixed bed pyrolyzer (wt. %) TGA (wt. %)

409 42.63 46.85

450 36.94 39.17

550 28.25 30.45

650 24.69 28.45

690 24.5 27.56

TABLE 5: Solid yields for CCD pyrolysis and TGA experiments.

Components Char (wt. %) a TGA (wt. %)

Nitrogen 8.69 46.85

Carbon 62.67 39.17

Hydrogen 2.36 30.45

Sulfur 0.74 28.45

Oxygen b 12.98 27.56

a Dry basis b By difference.

TABLE 6: Elemental composition of char obtained from leather 
shoe waste.
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devolatilise at lower temperatures, this explains the high 
char yields at lower temperatures and corresponding low 
liquid yields. 

The liquid fraction comprised of the aqueous phase 
(water content) and the organic phase (oil) (Yilmaz et al., 
2007). The approximate weight basis ratio of the liquid 
content is 1-part oil to 3-parts water (1:3). The water-solu-
ble fraction consists of lower molecular weight substanc-
es whilst the oil consists predominantly of brown tar that 
contains higher molecular weight compounds. The ele-
mental composition of the oils obtained from leather shoe 
waste is shown in Table 7. It should be noted that the el-
emental weighting is comparable to those reported from 
chrome-tanned leather shavings in the study by Yilmaz et 
al. (2007). In both studies, carbon had the highest share of 
the elemental composition. 

The high presence of carbon from the ultimate analysis 
indicates a high energy density within the leather pyrolysis 
oil. The higher heating value (HHVs) of the liquid fraction 
was determined to be 33.62MJ/kg at 550°C. This value is 
significantly higher than HHVs for many other waste pyrol-
ysis oils. For instance, Table 8 shows a comparison of the 
HHVs between leather oil, biomass derived pyrolysis oils 
and conventional oils. The HHV of the leather pyrolysis oils 
are higher than biomass pyrolysis oils such as softwood 
lignin (30.04 MJ/kg) (Ben and Ragauskas, 2011), softwood 
barks (25.3-26.7 MJ/kg)(Ben et al., 2019), wood and agri-
cultural residues (16.0-19.0 MJ/kg)(Zhang et al., 2007, and 
Meier et al., 2013) and pine/spruce wood (16.4-17.6 MJ/kg)
(Chiaramonti et al., 2007). In addition, the leather oil HHVs 
are higher than low-grade coal (18 MJ/kg) (Dinçer and 
Zamfirescu, 2014) but lower than conventional oils such as 
diesel (45.7 MJ/kg) and gasoline (47.3 MJ/kg) (Channiwa-
la and Parikh, 2002). The HHV of the leather oil therefore 
indicates it has potential as an energy source or fuel. 

3.2.3 Gas yield
In general, the gas fraction comprised a smaller share 

of the product yield in comparison to the solid and liquid 
fractions. The results indicate that, within the evaluated 
temperature range, the highest gas yield occurred at 550°C 
and 650°C during experimental runs that had a longer hold 
time. The lowest gas yield was observed at 450°C with a 
short hold time of 5 minutes. The low gas yield is likely 
attributed to the incomplete pyrolysis at this temperature, 
which accounts for the corresponding high solid yield. 
Higher process temperatures led to an increase in the gas 
yields at 550°C and 650°C whilst the lower process tem-

perature of 450°C with a hold time of 5 minutes caused 
the lowest gas yield. This finding was consistent with the 
work of Yilmaz et al. (2007), which found similar trends of 
increasing gas yields and decreasing char yields as a func-
tion of higher temperatures. 

A visual representation of the gas yield distribution as 
a function of temperature and hold time is shown in Figure 
5. The increase in the gas yield can be correlated to factors 
including the fragmentation of the longer chained conden-
sable volatile molecules and the sublimation of the char 
to permanent gases. Holding time had a less significant 
influence on gas yield in comparison to processing tem-
perature. A possible explanation for this is because gas 
flow, heating rate and residence time of the hot condensa-
ble volatiles have a greater influence on the fragmentation 
of heavy molecules to light molecules in comparison to 
holding time. In addition, another influential factor was the 
fairly rapid reaction during pyrolysis which meant that even 
at lower hold times pyrolysis was near completion, which 
influenced the gas yield distribution. The response surface 
in Figure 5 reveals that the correlation between variables 
and the gas yield is less significant in comparison to trends 
found in the solid and liquid yields response surface. The 
variability in the gas yield correlating to an increase in tem-
perature and hold time is supported by results found by 
Yilmaz et al. (2007). In the study by Yilmaz, a final temper-
ature increase from 450 to 600°C caused an increase in 
gas yield from 17 to 23 wt.% similar to this study. Similarly, 
Marcilla et al. (2012) observed that gas yields tended to 
rise with an increase in process temperature.

3.3 Gas chromatography-mass spectrometry anal-
ysis

The results of the GC-MS analysis of leather shoe waste 
are presented in this section. Each of the liquid fractions 
from the CCD pyrolysis experiments was analyzed using the 
GC-MS. In total, nine liquid yields were analyzed with an in-
itial and repeated run to ensure the replicability of findings. 
The general trends are discussed to provide a concise syn-

Components Oil (wt. %)

Nitrogen 8.33

Carbon 69.64

Hydrogen 8.57

Sulfur 1.16

Oxygen b 12.98

b By difference.

TABLE 7: Elemental composition of oil obtained from leather shoe 
waste.

TABLE 8: Comparison of HHVs for leather pyrolysis oil, other 
waste pyrolysis oils and conventional fuels.

Fuel type HHVs 
(MJ/kg) Reference

Leather oil 33.6 Present study

Biomass derived pyrolysis oils

 Softwood craft lignin 30.04 (Ben and Ragauskas, 2011)

Softwood barks (Raw pine, 
Douglas-Fir and Pine)

25.3-
26.7 (Ben et al., 2019) 

Wood and agricultural 
residues

16.0-
19.0 (Zhang et al., 2007)

Wood-derived bio-oil 17.0 (Meier et al., 2013)

Pine/spruce wood 16.4-
17.6 (Chiaramonti et al., 2007)

Low-grade coal 18 (Dinçer and Zamfirescu, 2014)

Conventional oils

Diesel 45.7 (Channiwala and Parikh, 2002)

Gasoline 47.3 (Channiwala and Parikh, 2002)
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opsis of the types of compounds present in the liquid frac-
tion.

The results of the GC-MS analysis show a complex 
spectrum of liquid products from leather shoe waste. The 
ten major compounds identified in each of the experiments 
are summarized in Table 9. The main compounds identi-
fied in each of the experiments were italicized in Table 9 to 
emphasize their significance. The majority of the detect-
ed compounds correspond to nitrogen derivatives, which 
is related to the protein content of the leather shoe waste 
(Font et al., 1999, Sethuraman et al., 2014, and Kluska et 
al., 2019). The major compounds identified across GC-MS 
runs are 9-Octadecenamide, (Z)-; Octadecanamide, 9-Oc-
tadecenoic acid, 1,2,3-propanetriyl ester; n-Heptadecan-
ol-1 and 13-Docosenamide. It is noteworthy that 9-Octa-
decenamide, (Z)-; 9-Octadecenoic acid, 1,2,3-propanetriyl 
ester; and 13-Docosenamide are isomers since there is a 
different positioning of the functional group at position 9 
and 13, respectively, instead of the normal position. It is 
important to take note of isomers given the differences in 
the arrangement of atoms within the molecule, despite the 
similarity in the molecular formula. 

On average, the chromatograms of the liquid yield iden-
tified between 100-150 different peaks. The spectrum of 
compounds formed were complex, most of which were 
attributed to protein decomposition. As an example, Table 

10 shows the list of compounds identified by the GC-MS 
analyzer from pyrolytic liquid yield at 550°C with a hold 
time of 10 minutes. The detected compounds in the liq-
uid yield correspond to the chromatogram peaks depicted 
in Figure 6. Each peak in the chromatogram represents a 
compound present in the sample. The x-axis of the chro-
matogram represents the retention time(min), and the y-ax-
is represents the detector response and hence the peaks 
of the different compounds. The motivation for presenting 
the results of only one of the chromatograms and tables 
is because there was minimal discrimination between the 
composition of the liquid sample yields, and a summary of 
the significant compounds is depicted in Table 9. The sim-
ilarity index (SI) values for each peak are also presented in 
Table 10, according to the mass spectra libraries used. SI 
compares the query mass spectra with the reference mass 
spectra via spectrum matching and hence indicates the 
degree of certainty of the identified compound (Wei et al., 
2014). Approximately 41% of the peaks in Table 10 present 
SI values greater than 90%. The relatively high SI values, 
therefore, suggest that there was a high level of certainty 
amongst the identified compounds. 

The main types of compounds identified in the sample 
were grouped based on their structure. Table 11 depicts 
the percentage of compounds classified according to their 
composition. The main group of compounds present in 

Pyrolytic liquid fractions Compound name Retention time (min)

Yield 1 (450°C; 5min)

Oleanitrile 30.42
9-Octadecenoic acid, 1,2,3-propanetriyl ester 31.24

Octadecanamide 31.51
N-Methyldodecanamide 31.71

Cyclobutane, 3-hexyl-1,1,2-trimethyl-, cis- 31.84
Triethylene glycol monododecyl ether 32.11

9-Octadecenamide, (Z)- 33.04
Octadecanamide 33.23

9-Octadecenamide, N,N-dimethyl- 33.55
Pyrrolidine, 1-(6-methyl-1-oxooctadecyl)- 35.08

Yield 2 (650°C; 5 min)

Phosphonic acid, (p-hydroxyphenyl)- 16.32
Caprolactam 21.28

5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo 29.31
n-Heptadecanol-1 30.42
Hexadecanamide 31.44

Coumarin-3-carbonitrile, 6-methyl- 31.66
1,8-Diazacyclotetradecane-2,9-dione 32.64

9-Octadecenamide, (Z)- 33.03
9-Octadecenamide, (Z)- 33.08

Octadecanamide 33.23

Yield 3 (450°C; 15min)

(1H)Pyrrole-2-carbonitrile, 5-methyl- 20.98
Phenol, 2-undecyl- 21.06

5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo 29.24
n-Heptadecanol-1 30.42
Octadecanamide 31.43

Phenol, 4,4’-(1-methylethylidene)bis- 31.75
Benzeneacetic acid, 4-pentadecyl ester 31.87

9-Octadecenamide, (Z)- 33.01
9-Octadecenamide, (Z)- 33.06

Octadecanamide 33.20

TABLE 9: GC-MS chromatogram main compound list for the different pyrolytic liquid fractions.
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Yield 4 (650°C; 15min)

Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro- 27.64
5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo 29.25

Oleanitrile 30.44
6-Octadecenoic acid, (Z)- 31.31

Octadecanamide 31.54
9-Octadecenamide, (Z)- 33.09
13-Docosenamide, (Z)- 33.14

Octadecanamide 33.28
N-Methyldodecanamide 33.35

9-Octadecenamide, N,N-dimethyl- 33.57

Yield 5 (550°C; 10min)

Aniline 15.22
Caprolactam 21.09

1-Octadecanol 28.38
5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyr 29.25

n-Heptadecanol-1 30.40
Octadecanamide 31.44

Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-( 31.87
Triethylene glycol monododecyl ether 32.09

9-Octadecenamide, (Z)- 33.05
Octadecanamide 33.19

Yield 6 (409°C; 10 min)

Caprolactam 20.92
5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo 29.20

1-Hexadecanol 30.41
9-Octadecenoic acid, 1,2,3-propanetriyl ester 31.26

Octadecanamide 31.53
9-Octadecenamide, (Z)- 33.04

Octadecanamide 33.23
9-Octadecenamide, N,N-dimethyl- 33.55

9-Octadecenoic acid (Z)-, 2-butoxyethyl ester 35.41
Cholesta-3,5-diene 40.02

Yield 7 (691°C; 10 min)

5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo 29.28
Oleanitrile 30.45

Hexadecanenitrile 30.62
6-Octadecenoic acid, (Z)- 31.40

Octadecanamide 31.63
N-Methyldodecanamide 31.69

1H-Isoindole-1,3(2H)-dione, 2-(2-propynyl)- 31.77
13-Docosenamide, (Z)- 33.16

Octadecanamide 33.32
9-Octadecenamide, N,N-dimethyl- 33.58

Yield 8 (550°C; 17min)

Oleanitrile 30.39
Octadecanamide 30.82

N-Methyldodecanamide 31.01
6-Octadecenoic acid, (Z)- 31.33

Octadecanamide 31.56
N-Methyldodecanamide 31.64

D-Mannohexadecane-1,2,3,4,5-pentaol 31.70
Cyclopropanecarboxylic acid,pentadecyl ester 32.03

9-Octadecenamide, (Z)- 32.87
13-Docosenamide, (Z)- 33.03

Yield 9 (550°C; 3min)

Phenol, 2-methyl- 17.33
1H-Indene, 1-methylene- 19.56

Caprolactam 21.08
Naphthalene, 2-methyl- 21.57

5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo 29.20
n-Heptadecanol-1 30.34
Octadecanamide 31.37

9-Octadecenamide, (Z)- 32.93
9-Octadecenamide, (Z)- 32.98

Octadecanamide 33.21
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TABLE 10: Peak Report TIC.

Peak 
#

R  
Time

Area 
% Formula A/H  

Name
SI  

(%)

1 11.767 0.20 C6H11N Hexanenitrile 95
2 13.692 0.21 C6H9N 1H-Pyrrole, 2,5-dimethyl- 92
3 15.224 1.79 C6H7N Aniline 96
4 15.380 0.64 C7H5N Benzonitrile 95
5 15.870 0.61 C6H7O4P Phosphonic acid, (p-hydroxyphenyl)- 96
6 15.932 1.62 C6H6O Phenol 96
7 16.000 0.34 C7H11N 1H-Pyrrole, 2-ethyl-4-methyl- 88
8 16.181 0.50 C5H6N2 2-Aminopyridine 95
9 16.458 0.92 C10H16 D-Limonene 95

10 16.560 0.22 C8H18O 1-Hexanol, 2-ethyl- 88
11 16.786 0.14 C9H9Cl 1H-Indene, 1-chloro-2,3-dihydro- 95
12 17.369 1.15 C7H8O Phenol, 2-methyl- 97
13 17.415 0.27 C7H9N p-Aminotoluene 92
14 17.476 0.40 C7H9N p-Aminotoluene 98
15 17.856 1.04 C7H8O p-Cresol 95
16 17.935 0.51 C6H8N2 2-Pyridinamine, 3-methyl- 90
17 18.067 0.36 C8H7N Benzonitrile, 4-methyl- 96
18 18.240 0.24 C8H10O Phenol, 2,5-dimethyl- 92
19 18.560 0.17 C7H12O 1-Heptyn-4-ol 74
20 18.689 0.24 C8H18O2 1-Butanol, 4-butoxy- 92
21 18.725 0.18 C8H7N Benzyl nitrile 92
22 19.095 0.32 C8H10O Phenol, 2,4-dimethyl- 89
23 19.521 0.71 C7H10N2 Pyridine, 2-aminomethyl-6-methyl- 70
24 19.581 0.53 C10H8 Naphthalene 98
25 19.695 0.43 C9H17NO Octane, 1-isocyanato- 78
26 20.414 0.33 C9H9N Benzenepropanenitrile 96
27 20.459 0.18 C8H10Cl2 Cyclohexene, 1-chloro-4-(1-chloroethenyl)- 88
28 20.684 0.32 C9H12O Phenol, 3-(1-methylethyl)- 92
29 21.088 7.76 C6H11NO Caprolactam 94
30 21.362 0.26 C11H10 Naphthalene, 2-methyl- 90
31 21.604 0.65 C11H10 Naphthalene, 2-methyl- 91
32 22.017 0.72 C5H8N2O2 2,4-Imidazolidinedione, 5,5-dimethyl- 69
33 22.640 0.20 C9H16O2 Bicyclo[3.3.1]nonane-2,9-diol, exo-anti- 67
34 22.731 0.12 C9H9N 1H-Indole, 6-methyl- 94
35 23.692 0.30 C12H26O 1-Dodecanol 94
36 23.811 0.15 C12H24BNO (hexahydro-2H-azepin-2-onato-N1,O2)bis(1-methylethyl)-, (t-4)- 73
37 25.055 0.20 C5H4N4O 1H-Imidazo(4,5-d)pyridazin-7-ol 78
38 25.400 0.37 C8H18O2 1-Butanol, 4-butoxy- 80
39 25.497 0.12 C8H7NS2 Benzothiazole, 2-(methylthio)- 85
40 26.160 0.44 C16H30Cl2O2 Dichloroacetic acid, tetradecyl ester 81
41 26.603 0.18 C14H30O2 Ethanol, 2-(dodecyloxy)- 91
42 26.694 1.28 C11H10N2O Furaldehyde phenylhydrazone 75
43 26.894 0.95 C10H14N2O3 3-Methyl-1,4-diazabicyclo[4.3.0]nonan-2,5-dione, N-acetyl- 84
44 26.965 0.34 C10H14O Benzene, (1-methylpropoxy)- 64
45 27.110 0.12 C10H8N2O 3-Phenoxypyridazine 77
46 27.210 0.53 C10H14N2O3 3-Methyl-1,4-diazabicyclo[4.3.0]nonan-2,5-dione, N-acetyl- 72
47 27.403 0.32 C17H31F3O2 Trifluoroacetic acid, pentadecyl ester 91
48 27.470 0.47 C14H29Br 2-Bromotetradecane 77
49 27.560 1.07 C11H24O Undecanol-4 77
50 27.620 1.36 C7H10N2O2 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro- 87
51 27.780 0.20 C15H22N2O4 2,6-Piperidinedione, 1,1'-(1,5-pentanediyl)bis- 73
52 28.181 0.11 C16H22O4 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester 89
53 28.377 2.42 C18H38O 1-Octadecanol 87
54 28.572 0.31 C15H29N Pentadecanenitrile 94
55 28.941 0.47 C8H12O3 6-Hydroxy-9-oxa-bicyclo[3.3.1]nonan-3-one 69
56 29.145 0.41 C11H18N2O2 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)- 75
57 29.246 3.37 C14H22N2O2 5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-dipyrrolo[1,2-a:1',2'-d]pyrazine 93
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the liquid fraction are compounds containing nitrogen or 
nitrogen and oxygen atoms in their structure. This finding 
is consistent with studies by Marcilla et al. (2012) and Klus-
ka et al. (2019), which also identified nitrogenated com-
pounds as the main group of compounds from the analysis 
of liquid fraction from leather pyrolysis. The percentage of 
nitrogenated compounds in this study were, however, sig-
nificantly lower in comparison to the study by Marcilla. The 
justification for this difference is because this study utilized 
slow pyrolysis in comparison to fast pyrolysis in the study 
by Marcilla et al. (2012). This is an important factor to con-
sider as it influences the liquid product composition. The 
second major group found in the liquid fraction was oxy-
genated compounds (containing ketones, aldehydes, alco-
hols, and acids), followed by aromatics, phenols, alkanes, 
and alkenes, and lastly, sulfur-containing compounds. The 

compound distribution found in this study exhibit similari-
ties to those reported by Fang et al. (2018).  

Based on the composition of the liquid fraction, it would 
be useful for the following applications. The abundance of 
NH2 groups present in the liquid fraction makes it potential-
ly valuable for the production of fertilizers (Marcilla et al., 
2012). According to Yilmaz et al. (2007), the liquid yield can 
additionally be useful as a chemical feedstock or a fuel af-
ter retreatments such as hydrogenation, Fischer−Tropsch 
synthesis, or stream cracking. Some of the main com-
pounds from the liquid chemistries including Octadecan-
amide and 13-Docosenamide have useful applications as 
adhesives and sealant chemicals, anti-adhesive agents, as 
well as lubricants and or surface agents (NCBI, 2020a., and 
NCBI, 2020b). According to Getachew et al. (2016), oleam-
ides may present industrial applications such as lubricants, 

58 29.346 1.26 C11H18N2O2 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)- 86
59 29.517 0.20 C16H34O3 Diethylene glycol monododecyl ether 90
60 30.105 0.28 C11H18O2 2-Propanone, 1-(1-cyclohexen-1-yl)-3-ethoxy- 59
61 30.174 0.21 C18H36O 9-Octadecen-1-ol, (Z)- 96
62 30.403 3.16 C17H36O n-Heptadecanol-1 92
63 30.507 0.25 C17H32O2 7-Hexadecenoic acid, methyl ester, (Z)- 73
64 30.595 0.36 C14H27N Tetradecanenitrile 85
65 30.677 0.70 C7H9N5O 1-[3-Pyridyl]-3-amidine urea 65
66 30.793 0.12 C22H46O2 Ethanol, 2-(eicosyloxy)- 89
67 31.011 0.81 C7H9NO2 Ethyl 2-cyanocrotonate 75
68 31.095 0.63 C13H14N2 Benzenamine, 4,4'-methylenebis- 88
69 31.145 1.53 C18H38S 1-Octadecanethiol 87
70 31.439 8.69 C18H37NO Octadecanamide 90
71 31.647 1.14 C13H27NO N-Methyldodecanamide 81
72 31.741 2.07 C15H16O2 Phenol, 4,4'-(1-methylethylidene)bis- 75
73 31.869 2.71 C11H18N2O2 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)- 62
74 32.093 2.14 C18H38O4 Triethylene glycol monododecyl ether 88
75 32.265 1.33 C26H52 Cyclohexane, 1,4-didecyl- 76
76 32.405 1.11 C19H28O2 m-Toluic acid, undec-2-enyl ester 77
77 32.525 1.25 C12H22N2O2 1,8-Diazacyclotetradecane-2,9-dione 90
78 32.625 0.73 C22H46O2 Ethanol, 2-(eicosyloxy)- 91
79 32.725 0.81 C18H18O2 4,4'-Diallyloxydiphenyl 55
80 33.050 11.86 C18H35NO 9-Octadecenamide, (Z)- 88
81 33.194 3.84 C18H37NO Octadecanamide 95
82 33.370 1.17 C14H16N2O2 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(phenylmethyl)- 79
83 33.445 0.57 C13H27NO N-Methyldodecanamide 88
84 33.625 1.27 C20H39NO 9-Octadecenamide, N,N-dimethyl- 77
85 33.790 0.56 C22H38O2 Cyclopropaneoctanoic acid, 2-[[2-[(2-ethylcyclopropyl)methyl]cyclopropyl]methyl]-, methyl ester 78
86 33.874 0.56 C18H38O4 Triethylene glycol monododecyl ether 89
87 34.051 0.74 C24H50O n-Tetracosanol-1 83
88 34.574 0.87 C20H42O5 Tetraethylene glycol monododecyl ether 91
89 34.721 1.01 C10H18O3 1,3-Dioxolan-4-one, 2-(1,1-dimethylethyl)-5-(1-methylethyl)-, (2S-cis)- 75
90 35.292 0.44 C16H34O3 Diethylene glycol monododecyl ether 87
91 36.075 0.21 C36H58 15,17,19,21-Hexatriacontatetrayne 57
92 36.154 0.43 C18H38O4 Triethylene glycol monododecyl ether 90
93 36.838 0.43 C10H18O3 1,3-Dioxolan-4-one, 2-(1,1-dimethylethyl)-5-(1-methylethyl)-, (2S-cis)- 75
94 36.933 0.64 C18H34O7 2,2'-(2,2'-Oxybis(ethane-2,1-diyl)bis(oxy))bis(ethane-2,1-diyl) dipentanoate 75
95 37.136 0.30 C20H42O5 Tetraethylene glycol monododecyl ether 88
96 37.636 0.31 C22H39NO Pyrrolidine, 1-(1-oxo-10-octadecynyl)- 66
97 38.272 0.57 C26H54O8 Heptaethylene glycol monododecyl ether 92
98 39.542 0.54 C18H38O4 Triethylene glycol monododecyl ether 88
99 39.835 0.41 C30H61Br Triacontane, 1-bromo- 72

100 39.985 1.02 C27H44 Cholesta-3,5-diene 94
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corrosion inhibitors and slip agents. Specific compounds, 
such as pyrrole and its derivatives, can be useful as inter-
mediates in the synthesis of pharmaceuticals, perfumes, 
agrochemicals, and dyes (Marcilla et al., 2012, and Kaur et 
al., 2017). To achieve the applications for leather footwear 
pyrolysis products it is necessary to consider that process-
ing would be required in order to improve the product qual-
ity through purifying, refining and upgrading the products.

A limitation of pyrolysis in this study, and in general, is 
that it relies on an external energy supply to reach its pro-
cessing temperatures, which is often derived from non-re-
newable sources. Future leather pyrolysis studies should 
therefore consider solar assisted pyrolysis to overcome 
this obstacle by prioritizing the utilization of solar energy 
for thermochemical processing (Morales et al., 2014, and 
Weldekidan et al., 2018). 

4. CONCLUSIONS
This study investigated whether leather from post-con-

sumer footwear could be pyrolyzed using gram-scale 
(fixed-bed) and microgram-scale (TGA) pyrolysis reactors. 
The distribution of the product fractions proved that leather 
footwear pyrolysis was viable under the given conditions. 
It was shown through an examination of pyrolysis product 
distribution and characterization that leather footwear has 
waste recovery potential, hence contributing to the overall 
aim of the study. 

The results of this study showed that pyrolysis temper-
ature has a significant effect on the product yields. Accord-
ing to the results obtained, the liquid yield was maximized 
within the temperature range of 550-650°C (Max= 54 wt.%). 
The solid yield decreased substantially from 43 wt.% to 25 
wt.% with an increase in the reactor temperature. The solid 
yield indicated the completion of leather footwear pyrolysis 
at 650°C since a constant value of approximately 25 wt.% 
was reached. This was verified since the solid yield remain-
ing corresponded to the fixed carbon and ash proportions 
characterized in the leather sample. There was a general 
increase of gas yields as a function of higher temperatures 
and longer residence times, explained by decreasing char 
yields in the leather sample. 

The pyrolysis product yields were characterized, and 
the char yield revealed that it may be suitable as a solid 

fuel due to its high calorific value (25.55 MJ/kg). A wide 
distribution of pyrolytic compounds were presented in 
this study, with nitrogenated derivatives forming the major 
group from the liquid yield. Based on the composition of 
the liquid yields, potential applications include use in the 
production of fertilizers, use as a chemical feedstock and 
use in the pharmaceutical industry. In addition, some of the 
main compounds found present potential industrial appli-
cations including use as adhesives, sealant chemicals, an-
ti-adhesive agents, lubricants, and surface agents. Due to 
the composition of the pyrolysis product yields, however, it 
is necessary to consider retreatment before application to 
remove impurities. The pyrolysis oil presented a gross cal-
orific value higher than biomass derived pyrolysis oils and 
low-grade coal. This indicated its potential as an energy 
source or fuel. It can therefore be concluded that the leath-
er pyrolysis oils present a more valuable source of energy 
than some biomass pyrolysis oils. 

Future work should investigate the quantitative aspect 
of the compounds present in the pyrolysis yields. This 
would further substantiate the potential for reuse applica-
tions and the viability of recovering these materials from 
leather footwear in practice.
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ABSTRACT
Nowadays, Russian waste management policies demand the closure and elimination 
of dumpsites and landfills historically located in the vicinity of populated areas, with 
no reference to geological and hydrological conditions. Landfill mining is one of the 
technical solutions for old dumpsite reclamation. The unique feature of this study is 
the application of an integrated scenario approach in the evaluation of landfill min-
ing projects. This approach is based on a scenario matrix that compares costs and 
revenues for each scenario, depending on resource and technological capabilities 
on the one hand, and prevailing economic conditions on the other. It was revealed 
that for large dumpsites the cost of landfill mining project with waste excavation and 
redisposal, using landfill soil material, and the recovery of secondary raw materials 
is several times higher than the cost of baseline dumpsite reclamation. This study 
shows that implementation of landfill mining projects is feasible for relatively small 
dumpsites with a low object base area load. The age of a landfill, among the other 
parameters, has an impact on the economic efficiency of landfill mining project. Ac-
cording to the study the older the landfill is, the higher the content of landfill soil and 
the lower the amount of secondary raw materials available. As a result, the efficiency 
and cost of sorting technologies for soil material and secondary raw materials are 
key factors that determine the economic feasibility of landfill mining during waste 
disposal site reclamation. Within each scenario, the factors that most influence the 
total cost are identified. 

1. INTRODUCTION
Throughout its history in Russia, the system of waste 

management has been based on setting up disposal sites, 
most of which have been open dumps. Current waste man-
agement policies in the Russian Federation (FZ, 1998; ZK, 
2001; FZ, 2002) demand closure and elimination of these 
waste disposal sites. When an old dump or a landfill is sit-
uated on an inappropriate area of land, the entire volume 
of waste must be excavated and redisposed on a sanitary 
MSW landfill. It is self-evident that the originally designed 
capacity of sanitary landfills was not intended to accom-
modate significant amounts of solid waste excavated 
from old dumps. The fact that the capacity of landfills cur-
rently in operation will be exhausted earlier than planned, 
significantly limits the implementation of Russian dump 
elimination programs. In this situation, one of the techni-
cal solutions for old dump waste reclamation using waste 
redisposal is landfill mining. 

The history of landfill mining began in 1953, when the 
first project was implemented at a test site near Tel Aviv, 

Israel (Ortner et al., 2014; Burlakovs et al., 2017). The main 
goal of the project was to extract soil material, which was 
later used to improve the fertile properties of the soil. In 
Europe, the first landfill excavation project was undertaken 
in Germany in 1993 at the Bürghof test site in Baden-Würt-
temberg. The project’s aim was to assess the technical and 
economic feasibility of excavation and further processing 
of waste with a significant shelf life. In Europe, addition-
al landfill excavations were also carried out in Italy, the 
Netherlands, Austria, Sweden, Finland, Switzerland, Esto-
nia, and Latvia (Sormunen et al., 2008; Krook et al., 2012; 
Spooren et al., 2013; Ortner et al., 2014; Wolfsberger et al, 
2015a; Maul, Pretz, 2016; Bhatnagar et al., 2013; Bhatna-
gar et al., 2017; Dāce, Bendere, 2017; García López et al., 
2018). Projects in the USA and Canada were implemented 
mainly in 1980-1990 to separate high-calorie fraction (al-
ternative fuel) for energy production (Ortner et al., 2014). 
In Asia, landfill excavation projects were set up in China, 
India, Sri Lanka, South Korea, and Thailand. Most of them 
were aimed at evaluating extracted materials for compost-
ing potential (Zhao et al, 2007; Ortner et al., 2014; Weng 
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et al., 2015). They also assessed the quality and quantity 
of fine fraction (Mönkäre et al., 2016; Somani et al., 2018; 
Parrodi et al., 2018), metals (Wagner, Raymond, 2015), and 
waste for secondary fuel recovery (Siddiqui et al., 2017). 
Furthermore, a number of projects focused on land recla-
mation for economic development (Van Passel et al, 2013; 
Danthurebandara et al., 2014; Wolfsberger et al, 2015b; 
Hermann et al., 2015; Rechberger, Fellner, 2016; Hermann 
et al., 2016; Särkkä et al., 2018; Pastre et al., 2018). 

In general, there are several reasons to set up landfill 
mining projects: the extraction of materials with recycling 
potential; the extraction of materials suitable for energy re-
covery; the recovery of soil material; and land reclamation 
(ISWA WG Landfill, 2013; Greedy, 2016). Given the cost of 
primary resources in Russia, it is generally hardly feasible 
to embark on landfill mining projects for the extraction of 
material and energy resources from waste. Nevertheless, 
landfill mining at open dumps and old landfills is viable and 
applicable in three circumstances: (1) when a large num-
ber of illegal dumps situated on an inappropriate piece of 
land must be excavated and waste must be redisposed on 
a sanitary landfill, (2) when urban areas are surrounded by 
old dumps and landfills which are "growing" into the cities; 
so these disposal sites have to be eliminated due to the 
ban on placing such sites in populated areas, and (3)  when 

existent MSW disposal sites are resued to conserve land re-
sources. Today, the most promising direction is the elimina-
tion of old MSW disposal sites located illegally near towns.

A typical example for Russia is waste disposal sites in 
the Perm region (Figure 1).

In the past, the sites for landfills were chosen randomly 
in the vicinity of populated areas with no reference to the 
geological and hydrological conditions of the area. As a 
result, almost every town in the region has its own waste 
disposal site, often located in a forest or a ravine. In most 
cases, the area does not exceed one hectare (Figure 2) and 
most sites are at the stage of active emission formation 
due to their age (Figure 3).

The transition to modern waste management systems 
in the Perm region and in the Russian Federation requires 
the elimination or reclamation of old waste disposal sites. 
The practice of implementing projects in this area shows 
that the cost of MSW disposal site reclamation in the Perm 
region varies from €25,000 to €65,000 per 1 hectare (Save-
lev, 2016; Sliusar, 2019). 

Additionally, in most regions, there is a large number of 
landfills with small disposal site areas. In these cases, it is 
cheaper to export and dispose waste at a sanitary landfill 
rather than reclaim an existing site. Considering the capac-
ity limitations of sanitary landfills and the cost of waste re-

FIGURE 1: Number and capacity of MSW disposal sites in the Perm region, Russia.

FIGURE 2: Waste disposal sites by site area (Perm region, Russia 
as an example).

FIGURE 3: Waste disposal sites by age (Perm region, Russia as 
an example).
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landfilling, the issue of extracting material resources and 
reducing the volume of disposed waste is a pressing one.

Interest in the topic is confirmed by a significant number 
of studies on the economic feasibility of landfill mining pro-
jects. Some researchers consider the ecological expedien-
cy of extracting material resources (Bhatnagar et al., 2013; 
Danthurebandara et al., 2017), while several other projects 
evaluate the possibility of using fine fraction waste mate-
rials for intermediate and final covering at landfills (Sor-
munen et al., 2013; Mönkäre et al., 2016. Further studies 
consider using fine fraction as filling material for land leve-
ling or construction of embankments (Parrodi et al., 2018).

In terms of a project’s economic efficiency, more atten-
tion should be paid to the extraction of metals (Wolfsberger 
et al., 2015a; Wolfsberger et al., 2015b; Wagner, Raymond, 
2015), the recycling of coarse fractions (Bhatnagar et al., 
2013), and the integration of WtE plants into landfill mining 
projects. However, other researchers have focused on inte-
grated economic efficiency, arguing that total costs (cost 
of land freed, reduction of environmental load, sale of sec-
ondary raw materials (SRM)) are important decision-mak-
ing factors for the implementation of such projects (Spoor-
en et.al., 2013).

Additionally, there are diverse approaches to con-
ducting analysis. For some authors, the effectiveness 
of a project includes the entire value chain (Jonce et al., 
2012). Others use a comparative approach by analyzing 
costs when applying different waste treatment technolo-
gies (Danthurebandara et al., 2017). There are also various 
ways to record income from landfill mining projects. Some 
financial models include only direct income, while others 
also take indirect earnings into account, such as the sale of 
a land plot at a higher cost, secondary land use, and taxes 
(Winterstetter et al., 2015; Wolfsberger et al., 2016).

The key difference in the current study is the applica-
tion of an integrated scenario approach in determining the 
expediency of landfill mining projects based on a scenario 
matrix.

This method allows researchers to compare the costs 
and profits of each scenario, depending on resources, tech-
nological capabilities, and limitations on the one hand, and 
prevailing economic conditions on the other. The principal 
advantage of an integrated scenario-based approach is the 
increased economic feasibility of assessing project imple-
mentation technology based on cost and income data. In 
addition, the model allows for a sensitivity analysis and 
parameter selection, value changes that have the greatest 
impact on the total cost

2. MATERIALS AND METHODS
2.1 Description of objects

Assessment of the economic efficiency of secondary 
resource extraction in the course of reclamation works was 
carried out at two closed waste disposal sites:

• Object A: A dumpsite with an area of 12.4 hectares. 
The volume of waste accumulated at the dumpsite was 
550,000 m3. The landfill was in operation from 1957-
2015.

• Object B. A dumpsite with an area of 2.4 hectares. The 
dump is located in a wooded area on the slope of a river, 
in a water protection zone. It was opened in 1972 and 
closed to waste reception in 2010. The total amount of 
accumulated waste at the site was about 30,000 m3.

Objects with different areas were chosen due to differ-
ing efficiency in space exploitation. The average waste load 
was 4.4 m3/m2 and 1.1 m3/m2 at sites A and B respectively.

Both properties belong to local municipalities and are 
located in commercially unappealing areas. Given that the 
objects were built many years ago, they do not have the 
type of modern “green” infrastructure (impermeable liners, 
drainage system, gas collection system, etc.) that ensures 
proper environmental protection. The nearest sanitary 
landfill where the waste can be redisposed is at a distance 
of 20 km in both cases.

The data on the composition of stored waste was ob-
tained from studies of similar waste mass (Sliusar et al., 
2014; Sliusar, 2016) located in the same region, and con-
sidering the age of the waste disposal site (Table 1).

2.2 Scenario matrix description
A matrix of scenarios is at the core of an integrated ap-

proach to the assessment and justification of the feasibility 
of landfill mining projects.

 It allows researchers to assess an object in two dimen-
sions. The first dimension consists of a total cost assess-
ment for four scenarios based on the resources, as well as 
the technological capabilities and limitations of the object 
of study. The second dimension includes an evaluation of 
three scenarios – baseline, optimistic, and pessimistic – 
based on the economic potential of the object of study and 
the economic situation in the market. The two dimensions 
of a scenario matrix are considered below.

2.2.1 Dimension 1. Landfill mining project scenarios based 
on resources, technological capabilities and limitations, and 
ecological requirements of the object

Scenario 0 (S0). According to Russian legislation 
(GOST,2015; SP, 201) on the closure of landfills for exploita-
tion, dumpsites are required to complete several proce-
dures, such as waste flattening, passive degassing system 
installation, laying out clay and vegetation soil materials, 
followed by land coverage. The thickness of the soil layers 
depends on the future prospects of using the site, whereas 
the choice of grass mixture composition depends on local 
conditions. This scenario is used most commonly in Rus-
sian practice, as it requires minimal technical equipment 
and does not involve waste redisposal. This is the basic 
option when conducting a feasibility study.

Scenario 1 (S1). If a landfill is located in an unsuitable 
territory, waste should be excavated and redisposed on the 
nearest sanitary landfill. Scenario 1 includes the following 
costs: waste excavation, transportation of the entire waste 
mass over a 20 km distance, vacated land plot design and 
biological reclamation with soil vegetation and land cover.

Scenario 2 (S2) assumes that excavated waste is 
screened on a mobile screen with landfill soil separation. 
Studies (Zaytseva, 2006; Armisheva, 2008) have shown 
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that the characteristics of disposed mass fine fraction are 
close to those of technogenic soils. In such cases, it is as-
sumed that the recovered landfill soil will be used on the 
site for land reclamation.

Scenario 3 (S3) also provides for fine fraction separa-
tion and its application on the site. In addition, a mobile 
sorting complex located in close proximity to the site se-
lects SRM (metals, plastic waste and glass). The rest of the 
waste is transported to a sanitary landfill for subsequent 
redisposal.

Scenario 4 (S4) is based on recovery and further use 
of the waste energy fraction (Polygalov et al.,  2019). Ex-
cavated waste is sifted on a screen, and energy fractions 
of waste are collected at a sorting facility located next to 
the landfill site. In the process of sorting out the energy 
fraction, the heat of waste combustion per working mass 
increases by 2-3 times (Table 2). When calculating the heat 
of waste fuel combustion, the contamination of excavated 
components was taken into account.

2.2.2 Dimension 2. Landfill mining project scenarios based 
on the economic potential of the object and the economic 
situation in the market

The feasibility evaluation of MSW disposal reclamation 
/ liquidation scenarios is based on the following initial data 
sources:

• Earthworks cost (site planning work, upper reclamation 
layers, fertile soil layers, waste mass degassing) is esti-

mated from federal price reference books (SBCP, 2001).
• Waste transportation and redisposal are calculated 

from average market prices in the region.Prices were 
obtained from the tariff documents published by the 
Ministry of Tariff Regulation and Energy in the Perm re-
gion (Ministry, 2020);

• Sorting materials (fine fraction and recycled materials) 
cost is calculated from similar facilities and includes 
equipment rental, along with operating and personnel 
costs. Prices were obtained upon request of a commer-
cial offer from the equipment owner companies;

• Retail price for recovered secondary resources is set as 
the lowest in the region due to their low quality (Vtor-
syryo159, 2020; Permmakulatura, 2020; Metallpunkt, 
2020).

Feasibility evaluation of secondary resources extract-
ed and used during the reclamation and liquidation works 
is carried out based on the factors in Table 3. Some fac-
tors are constant values, such as the operation of equip-
ment, and the cost of soil materials. Other factors, such as 
waste redisposal cost, recycled waste recovery distance, 
recycling rate, and SRM cost on the market vary depending 
on external economic conditions, waste age, recoverable 
material quality, and sorting technology efficiency. These 
factors form the basis for three scenarios of dimension 2: 
baseline, pessimistic and optimistic.

The baseline landfill mining scenario of dimension 2 
implies an economic assessment for selected properties 

Material type Average object age, years

1 – 5 6 - 15 16 -30 > 30

Glass 9.3 (5.6) 6.8 (3.1) 6.5 (3.1) 4.5 (3.0)

Stone 11.1 (9.0) 17.2 (7.1) 12.0 (6.8) 11.3 (4.7)

Metals 2.1 (1.9) 1.1 (1.1) 2.7 (3.1) 3.1 (3.5)

Wood 8.4 (6.3) 6.0 (2.6) 10.8 (5.6) 9.5 (10.5)

Polymers 25.9 (9.9) 13.1 (6.9) 10.3 (9.5) 4.2 (5.9)

Textiles 6.1 (5.5) 5.6 (6.5) 4.2 (5.9) 0.8 (0.8)

Paper 8.9 (7.6) 2.6 (2.8) 1.8 (3.0) 1.1 (2.6)

Soil materials 23.7 (13.4) 46.6 (9.5) 50.6 (6.8) 64.0 (12.8)

Other 4.5 (3.7) 1.0 (0.7) 1.0 (0.8) 1.4 (1.4)

< 20 mm 32.6 (14.1) 56.3 (10.7) 58.2 (6.5) 70.3 (12.5)

20-50 mm 14.2 (6.0) 13.1 (4.4) 10.6 (4.0) 9.2 (3.8)

50-100 mm 14.3 (4.7) 11.5 (2.8) 10.1 (2.4) 6.2 (3.0)

> 100 mm 39.0 (16.6) 19.1 (9.1) 21.0 (9.5) 14.2 (10.0)

TABLE 1: Mean value and standard deviation (in brackets) of component and fractional composition of excavated waste.

Age of landfilling, years
Untreated waste Energy components (waste fuel)

Mass, % Calorific value (on working 
mass), MJ/kg Mass, % Calorific value (on working 

mass), MJ/kg

1-5 100 7.08 23.4 10.94

6-15 100 3.49 13.0 8.42

16-30 100 2.95 12.9 8.17

> 31 100 1.73 7.4 6.90

TABLE 2: Calorific value of excavated waste.
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at current prices. The assessment determines the techno-
logical operations and technical parameters that contrib-
ute most to the cost of the baseline scenario.

 Optimistic and pessimistic scenarios for landfill mining 
projects suggest a deviation of the baseline impact factors 
to the positive or negative side. Factors such as landfill soil 
extraction and SRM percentage depend on the age of the 
disposal site and the type of excavated waste processing 
technology. The prices for SRM and waste sorting opera-
tions vary according to the waste treatment and disposal 
market situation. The data obtained is necessary for ana-
lyzing existing situations and forecasting conditions under 
which the implementation of scenarios will be most eco-
nomically expedient.

3. RESULTS AND DISCUSSION
Material balances of landfill site reclamation are based 

on two types of data: the composition of waste (Table 1) 
and the effectiveness of sorting for soil fraction, SRM, and 
energy components. Figure 4 presents the results of the 
material flow analysis for the object.

Technically, Scenario 0 (standard reclamation) and 
Scenario 1 (waste redisposal) are the easiest to execute. 
However, at the same time, the environmental load in these 
scenarios decreases slightly, and the resources deposited 
in the waste are not used.

Landfill mining projects (Scenarios 2 and 3) engage 
part of the excavated waste into economic circulation, 
thereby partially covering the excavation and reclamation 
costs. Studies (Armisheva, 2008; Armisheva et al., 2013) 
show that landfill soil excavated from old sites can be used 
as reclamation material to substitute technical soil. Thus, 

in Scenarios 3 and 4, the volume of redisposed waste can 
be reduced by 20-60% (mass.) when excavating young and 
old disposal sites (in pessimistic and optimistic scenarios 
respectively).

Scenario 4 (the extraction of SRM) is the most promis-
ing scenario since it can provide additional revenue from 
the sale of excavated SRM (polymer, glass, metal), yet the 
efficiency of SRM extraction and sorting depends heavi-
ly on the waste moisture content at the disposal site. In 
addition, the price of recycled materials on the market is 
subject to change and the cost of waste sorting amounts 
to 50% of the total project cost.

Figure 5 presents the breakdown of the cost of work 
under all scenarios (S0-S4) for objects A and B in three ver-
sions: baseline, optimistic and pessimistic.

The cost calculation for Scenarios S0-S4 has the same 
structure. The costs and revenues for all scenarios (S0-S4) for 
objects A and B are presented in Figure 6 and 7 respectively.

A more preferable scenario for the dumpsite with a 
higher object base area load per square meter is scenario 
S0 (for object A, this value is 4.4 m MSW / m2) (Figure 5) 
due to the large volume of waste to be excavated. That be-
ing said, with a low load on the landfill base (for object B, 
this value is 1.25 m MSW / m2), the cost of scenario S0 in 
the basic version is comparable to the cost of work under 
scenarios S1-S2. This provides an opportunity for cost op-
timization to ensure the possibility of extraction and further 
recovery of resources deposited in the waste. 

In fact, the cost of scenarios S1-S3 (waste removal, 
excavation using landfill soil, excavation with extraction of 
SRM) for large objects with a higher object base area load 
per square meter exceeds the cost of the baseline scenar-
io (scenario S0) even with the most optimistic course of 

Impact factor Baseline scenario Pessimistic scenario Optimistic scenario

Site works (waste excavation, territory layout, etc.) Cost is based on landfill design project 

Waste mass density Fixed

Waste density after sorting Fixed

Waste redisposal 561 ₽/t Cost increase Free

Waste transport to a redisposal site (distance)  20 km Depends on the distance to the 
next site

Landfill soil selection percentage  30 % (mass) “young” mass “old” mass

Polymer selection percentage 10 % (масс) “old” mass “young” mass

Glass selection percentage 3 % (mass) “old” mass “young” mass

Metal selection percentage 5 % (mass) “old” mass “young” mass

Energy component sorting 8 % (mass) “old” mass “young” mass

Cost of fine fraction sorting ₽0.5 thous./t Depends on the type of equip-
ment

Cost of secondary material sorting  ₽1.45 thous./t optical sorting manual mobile sorting

Polymer price ₽3 thous./t Market decline / low quality  
SRM

Market growth / high quality 
SRM

Metal price ₽3.5 thous./t Market decline / low quality 
SRM

Market growth / high quality 
SRM

Glass price ₽2 thous./t Market decline / low quality 
SRM

Market growth / high quality 
SRM

Cost of soil material Fixed

TABLE 3: Factors affecting MSW sites reclamation / disposal economic effect.
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events. At the same time, landfill mining projects (scenar-
ios S1-S3) on relatively small objects with a low base area 
load per square meter become economically viable in the 
optimistic scenario when compared to the baseline ver-
sion. For such sites, it makes economic sense to optimize 
costs of landfill mining projects in order to reduce the neg-
ative impact on the environment.

The main costs of scenario S1-S3 (Figure 6-7) are con-
nected with waste redisposal on a sanitary landfill and 
sorting excavated waste (scenarios S2-S3). Scenario S3 
(excavation with the extraction and sale of SRM) should 
be considered. Though its implementation will significantly 
reduce the environmental impact compared to other sce-
narios, the additional costs of sorting SRM several times 
decrease the revenue from their sale, which makes imple-
mentation economically inexpedient. 

Thus, the total costs of scenarios S1-S3 (with waste re-
moval, excavation of landfill soil, and excavation with SRM 

recovery) are lower than the total costs of the baseline sce-
nario S0, even for an optimistic course of events. For this 
reason, the urgent question is which costs of technological 
operations and technical processes should be reduced in 
order to reduce the total costs of each scenario? 

The cost calculations enable the identification of fac-
tors that contribute most to the economic efficiency of a 
landfill mining project if the most significant parameters 
change by 1% (Table 4).

For scenarios S1 and S2, one of the most significant pa-
rameters is the cost of waste disposal on a nearby sanitary 
landfill. If fraction is removed from waste and retuned to 
economic use, it can reduce the amount of recycled waste 
and consequently its cost. 

Scenarios S2 and S3 also include the cost of sorting 
the fine fraction and SRM from excavated waste, which 
increases the total cost of implementation. However, this 
can be controlled and reduced by choosing an optimal 

FIGURE 4: Material balance of landfill mining process for object A: a – Scenario 0. Basic; b – Scenario 1. Waste excavation and redisposal; 
c – Scenario 2. Waste excavation followed by further landfill soil use; d – Scenario 3. Waste excavation and subsequent use of landfill soil 
and secondary raw material retail distribution; e – Scenario 4. Waste excavation and recovery of waste energy fraction.

FIGURE 5: Costs for Scenarios S0-S4.
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technological sorting line, optimizing sorting line operating 
modes, and installing high-performance equipment. These 
steps will reduce the cost of work in Scenarios 2-3 (the op-
timistic scenario), while maximizing the use of the resourc-
es deposited in the waste disposal mass. 

In the scenarios considered, one of the most signifi-
cant parameters is the cost of waste disposal on a nearby 
sanitary landfill.  It raises the urgent issue of maximizing 
fraction removal from waste and returning it into economic 
circulation.  

Another important factor is the cost of sorting the ex-
cavated fines fraction and SRM.  This variable can be con-
trolled by choosing the optimal technological sorting line, 
optimizing the operating modes of the sorting lines, or by 
using high-performance equipment to reduce the sorting 
cost.  In an optimistic scenario, the improved factor can 
reduce the cost of work in scenarios 2 and 3, while max-
imizing the use of the resources in the deposited waste. 

Total costs are slightly sensitive to the cost of techno-
logical operations and technical processes for objects of 
various sizes, so the conclusions remain true for objects 
A and B.

4. CONCLUSIONS
Based on the studies presented in this article, the de-

cision to extract resources during reclamation of closed 
waste disposal sites should be carried out while taking 
into account the environmental requirements along with 
the technical and economic characteristics of the pro-
cesses. 

The study shows that for large dumpsites with a higher 
object base area load per square meter, the cost of recla-
mation with waste excavation and redisposal, using land-
fill soil material, and the recovery of SRM is several times 
higher than the cost of basic dumpsite reclamation. On 
the other hand, implementation of landfill mining projects 
is feasible for relatively small dumpsites with a low object 
base area load per square meter. In these cases, it makes 
economic sense to optimize costs so as to reduce the neg-
ative impact on the environment.  

There are many factors that affect the economic per-
formance of a landfill mining project in unique ways. Firstly, 
the age of a landfill is one of the parameters that has an 
impact on the environmental and economic efficiency of 

FIGURE 6: Cost and revenue analysis for reclamation / liquidation of MSW disposal site (object A, baseline scenario).

FIGURE 7: Cost and revenue analysis for reclamation / liquidation of MSW disposal (object B, baseline scenario).
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the project. The study results show that the older the land-
fill is, the higher the content of landfill soil and the lower 
the amount of SRM available. This is due to the changes 
in composition of the incoming disposal waste (low pro-
portion of polymers, glass and metals in 20-30 year old 
waste and a sharp increase of polymers in newer waste), 
as well as waste decomposition and formation of landfill 
soil, which is similar to man-made soils. 

The efficiency and cost of sorting technologies for soil 
material and SRM are key factors that determine the eco-
nomic feasibility of landfill mining during waste disposal 
site reclamation. The efficiency of the sorting process is 
linked directly with the quality of the excavated waste. 
The quality of excavated materials, and as a result the 
possibility of selecting them from disposal waste, drops 
significantly in the first 5 years of waste mass. Low vol-
umes of recoverable secondary materials do not cover the 
high cost of their extraction. Nonetheless, as waste ages, 
the proportion of soil materials grows, and the quality 
approaches the quality of technogenic soils. This allows 
the use of soil materials as a substitute for natural soils 
during land reclamation and the deployment of deferred 
resources which improves the economic performance of 
the process.
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Microplastics – the new challenge to an environ-
mental forensic expert

Environmental forensics involves the investigation of a 
diverse range of pollutants that have been accidentally or 
deliberately released into the environment, to understand 
their origin and aid the courts in attributing responsibility. 
For decades, pollutants such as oil and heavy metals, have 
been the focus of investigation. More recently, emerging 
pollutants such as plastic waste have become of interest 
to environmental forensic scientists (Aswini and Varghese, 
2020). Plastics have revolutionised our daily lives and have 
provided significant benefits for many industries; however, 
although the societal benefits have been immense; there 
is no doubt that plastic has developed into a considerable 
environmental problem, resulting in calls for plastics to be 
classed as a hazardous waste (Rochman et al., 2013a). 

 The extent of this pollution type is vast; far greater than 
many other pollutants that are typically investigated by 
environmental forensic scientists. Only 9% to 12% plastic 
was recycled or incinerated; and 79% was discharged into 
the natural environment or landfills (He et al., 2020). Plastic 
pollution has been found to be present in all of our envi-
ronmental compartments including atmospheric, terres-
trial, marine and freshwater ecosystems. Figure 1 shows 
the abundant nature of microplastics found on a beach in 
San Diego. Plastic litter has been found to be present in 
even the most remote locations on the planet, including 
the Arctic (Bergmann et al., 2019), and the deep sea (Tay-
lor et al., 2016; Woodall et al., 2014). These plastics pose 
a problem to aquatic biota in both marine and freshwater 
environments; mega plastic (>1m) and macro plastic items 
(2.5cm-1m) cause entanglement, suffocation and starva-
tion and microplastics (<5mm) exposure leads to a reduc-
tion in fecundity, reduced ability to remove pathogenic bac-
teria and lower feeding rates (GESAMP, 2019).

Microplastics are released into our environments 
through a variety of mechanisms, these include both ac-
cidental and deliberate release of plastic waste. Primary 
sources (those which have been deliberately manufactured 
at this small size, e.g. microbeads in cosmetic products) 
and secondary sources (formed from the degradation of 

larger plastic items) transport between environments easi-
ly (Arthur, 2008). For example, synthetic fibres are released 
into the atmosphere through wear and drying of clothes 
(O’Brien et al., 2020), into water environments via wash-
ing (Fontana, G.D, Mossotti, R and Montarsolo, 2020) and 
into our terrestrial environments via sewage sludge from 
wastewater treatment plants (Ren et al., 2020).  Although 
microplastics are not a standard contaminant in the remit 
of an environmental scientist, with other discipline experts 
from marine science backgrounds taking the lead in these 
studies, now it is clear that environmental forensic science 
approaches are beneficial in understanding the source of 
such contaminants and also in providing robust methods 
for sampling. 

Environmental Forensic

SAMPLING MICROPLASTICS FOR ENVIRONMENTAL FORENSIC 
APPLICATIONS
Claire Gwinnett 1, Eleanor Harrison 1, Amy Osborne 1, Alberto Pivato 2 and George Varghese 3 
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FIGURE 1: Microplastic pollution on San Diego Beach (5-7-18).
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collected (Setälä, 2016), which is problematic when trying 
to understand the extent of this pollution. A critique of the 
different methods employed for sampling water for mi-
croplastics was completed by Prata et al.

Soil sampling utilises metal augers or steel soil sam-
plers (usually trowels) to obtain samples to a given depth 
(Yang et al., 2021). Figure 3a shows a metal auger used 
for soil sampling. Sampling in beach sediments (Figure 1) 
is carried out by scraping out a small depth of sediments 
from a definite area. The procedure specified by NOAA (Lip-
piatt et al., 2013) for sampling of micro-debris from shore-
line is often adopted. Figure 3b demonstrates mapping out 
soil sampling locations along a bank of a river.

Microplastic Sampling
The microplastic sampling methods used are depend-

ent on the purpose of sampling and the medium being 
sampled. Air sampling typically uses air pumps which 
recover particulates onto filter papers, whereby they are 
easily recovered for analysis. Although air sampling for 
microplastics is relatively new, it has adopted approaches 
from other air pollution sampling techniques.  

Sampling water is a little more complex depending on 
the amount of water being sampled, the depth and the 
microplastic size fraction being targeted. Water sampling 
can include volume reduction approaches which employs 
the use of nets with a given mesh size, such as neuston 
or manta nets that are towed along the surface (Schönlau 
et al., 2020) or bongo nets for sampling below the surface 
(Doyle et al., 2011). Alternatively, grab sampling, aka bulk 
sampling may be employed, where a given amount of water 
is collected either by using a container, such as a metal 
bucket (for surface sampling) or niskin bottle (for below 
surface sampling - Figure 2) or an in-situ pump.  Grab sam-
pling is not size selective unlike the use of any mesh or fil-
ters which will only capture samples larger than its mesh/
pore size. This typically leads to microplastics smaller 
than 300 micrometers, (a common mesh size) not being 

FIGURE 2: Water sampling using a niskin bottle along the Hudson 
River with Staffordshire University (UK) and the Rozalia Project 
(USA). Photo courtesy of the Rozalia Project.

FIGURE 3a-b: Soil Sampling along the Hudson River with Staf-
fordshire University (UK) and Rozalia Project (USA) Photos 
courtesy of the Rozalia Project.

a

b
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A specific strategy should be employed for complex bi-
osolid matrices such as composts, anaerobic digestates 
and sewage sludges where microplastics are widely found 
nowadays. These end-of-wastes can be directly used as 
bio-fertilizers in soils and, therefore, a deep investigation 
on concentrations of MPs is required to avoid their remis-
sion into the biosphere.

Because it is not practicable to separate the MPs and 
the solid matrix before the sampling phase, the sampling 
should follow several standards developed specifically for 
the above cited biosolids. The choice of the approach is de-
termined by the research, technical or forensic question and 
involves considerations of the hypothesized analyte distri-
bution in the field, potential sources, or final destination.

Microplastic sampling for forensic applications
Sampling of contaminants for the context of the courts, 

requires robust procedures. In environmental forensic 
sampling, the integrity and continuity of the sample is para-
mount. In microplastic research studies, the requirements 
of court are not currently present but as we move towards 
gaining source level information from microplastic sam-
ples, the need for methods that can stand up to scrutiny 
in court is required. Regardless of the sample type, they 
should be secured for transportation in a manner that pre-
vents contamination and loss. However, for many years, 
microplastic studies did not consider contamination of 
samples during sampling, transportation or processing, 
likely leading to the overestimation of microplastics pres-
ent. Since then, protocols from the forensic science indus-
try for minimising contamination have been adapted for 
microplastic use (Woodall et al., 2015). 

Environmental forensic procedures require full labelling 
of samples and detailed descriptions of the locations they 
have been obtained from. GPS coordinates, along with lo-
cal details such as proximity to cities, roads and wastewa-
ter treatment plants is required yet not always gathered. In 
addition, control samples from potential sources of the pol-
lutant are not regularly recovered, for example, agricultural 
plastics that may have entered the soil and subsequently 
nearby water environments. Collection of controls in other 
environmental forensic sampling is standard and it is likely 
due to the infancy of the analysis of this new pollutant that 
the sub-discipline has not evolved enough to start investi-
gating source in a meaningful manner. For environmental 
forensic scientists and those investigating waste, inclusion 
of plastic pollution into workflows is likely to increase in 
coming years. 
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A recent ENEA Report focussing on the environmental 
impacts of combustion highlighted how, in recent years, the 
sector that has contributed most significantly to a worsen-
ing of air quality in Italy is that of domestic heating. Indeed, 
despite the improvements in technology performance, an 
increase in particulate matter emissions (both PM10 and 
PM2.5) has been registered, mainly caused by increased bi-
omass combustion (ENEA, 2017). Compost Heat Recovery 
Systems (CHRS) are alternative plants for domestic heat-
ing that allow the recovery and sustainable use of thermal 
energy produced during the aerobic biodegradation of bi-
omass waste originating from urban gardening/pruning 
residues and agricultural/forestry activities. This waste is 
system fed with organic residues in the absence of com-
bustion processes, thereby preventing PM emissions as-
sociated with heat production. Conversely, an aerobic bio-
degradation process (aka composting process) capable of 
releasing considerable heat and reaching temperatures of 
up to 65-70°C is adopted. The heat released is recovered 
by thermal exchangers and used for domestic purposes. 
Moreover, the more recalcitrant fractions of organic matter 

that are not readily hydrolysable and therefore not availa-
ble for microbial oxidation, remain in the compost, which 
is subsequently returned to the soil. By this means, CHRS 
are not only sustainable, but also regenerative for the en-
vironment. They indeed have the potential to mitigate cli-
mate change and achieve a carbon-negative balance once 
a considerable fraction of the carbon fixed by plants during 
photosynthesis has been stored in soils as compost and 
contributed to long-term soil carbon pools. The possibility 
of storing carbon in soil is an important aspect of CHRS 
particularly as, according to the Italian Institute for the En-
vironment Protection and Research, approximately 80% of 
Italian soils feature an organic carbon content lower than 
2% (ISPRA, 2008).

Figure 1 shows a conceptual model of the plant. 
CHRS provides sustainable energy whilst also yielding 

effective waste management solutions, thus fully imple-
menting the principles of circular economy with low-pro-
file organic residues and waste being fully valorized and 
finally returned to the soil. Concomitantly however, the re-
quirements of the blue economy are also met. Gunter Pauli 
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FIGURE 1: Conceptual model of CHRS showing carbon dioxide removal rates, compost production and valorization of organic residues.
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rounded by hay bales; a waterproof bottom membrane 
allows the leachate produced to be collected and con-
veyed to a concrete well housing a leachate recircu-
lation pump. The dimensions of traditional CHRS are 
usually in the range of 35 to 55 m3, although this may 
vary (from 25 to 170 m3, according to Native Power 
association, https://native-power.de/). The heat gener-
ated is recovered by means of spirally-arranged poly-
ethylene pipes fixed on wire mesh at different heights 
inside the cylinder inside which an exchange fluid 
flows. Oxygen required by microorganisms is provided 
using perforated polyvinylchloride pipes placed verti-
cally inside the cylinder promoting aeration by means 
of a chimney effect (statically). An illustration of the 
plant scheme is provided in Figure 2.

• The BiologikR technology differs from traditional CHRS 
with regard to the type of heat exchanger used. Biologik 
CHRS does not use polyethylene pipes but rather a 
metal exchanger inside the biomass pile. The heat ex-
changer is placed directly inside the body of the plant, 
reducing heat dispersion and enhancing efficiency of 
the plant. The related costs are on average much higher 
than those of a traditional system, due to the presence 
of the large heat exchanger. The external structure of 
these systems is comprised of a double iron welded 
mesh layer inside which homogenously-sized stones 
are placed for insulation and to allow oxygen to flow 
statically throughout the body of the plant. The plant 
is based on a grid base containing gravel and one side 
of the plant comprises a wood closing wall. Figure 3 
provides an illustration of the Biologik CHRS.

• The Condenser Type CHRS facilitates recovery of la-
tent heat by means of vapor condensation. Since the 
majority of heat released during composting is con-
tained in the latent form of water vapor (Bajiko et al., 
2019), to improve the rate of heat recovery a heat ex-
changer based on condensation of compost vapors 
may be used. This solution overcomes the problem 

V

(2010), the founder of the blue economy concept, has un-
derlined how the time has come for societies to move to 
a pragmatic redesign of the economic system inspired by 
ecosystems, using locally available resources and trans-
forming one person’s waste into another’s resource. CHRS 
comply with these biomimetic principles, which merely im-
prove on a function which occurs naturally in ecosystems 
to revalorize local residues and regenerate the environ-
ment.

1. State of the art of different technologies
Extensive literature reports have been published with 

regard to well-established composting processes, whilst 
the literature relating to heat generation and recovery from 
composting is disjointed and incomplete. This is largely 
due to the fact that heat recovery from composting pro-
cesses is frequently achieved on the basis of independent 
projects conducted by researchers or enterprises in their 
search for inexpensive energy systems (Zantedeschi, 
2018). Rural farmers in ancient China first captured this 
form of renewable heat over 2000 years ago with the use of 
hotbeds (Brown, 2014). However, it was only in the 1960s 
that Jean Pain set up experiments to investigate how this 
form of heat could be used to heat buildings (Zimmermann, 
2020). From the advent of Jean Pain’s studies to the 1990s, 
systems for use in the recovery of energy from composting 
evolved from conduction-based recovery systems to those 
using compost vapor stream to capture the latent heat. 
Accordingly, numerous different configurations have been 
adhered to worldwide in recovering heat produced during 
composting processes and exploiting it for the heating of 
buildings. Four different CHRS configurations are reported 
and compared below. The main differences relate to the 
way in which heat exchange is carried out. A comparative 
analysis between the configurations considered is provid-
ed in Table 1.

• Traditional CHRS consists essentially in a heap of raw 
biomass placed inside a cylindrical container system 
made of welded iron mesh. The system is insulated 
with a waterproof membrane and the cylinder sur-

Configuration Feeding  
material Process Aeration 

system
Insulating 

system
Heat  

recovery
Latent heat 

recovery
Material 
output

Energy  
output References

Traditional 
CHRS Woodchip aerobic static

Waterproof 
membrane 
+ hay bales

Polyethylene 
pipes + ex-

change fluid
No compost Thermal 

energy

Pain and Pain, 1985 
Native Power (https://
native-power.de/en/)  

Biomeiler (https://www.
biomeiler.at) associa-

tions

BiologikR woodchip aerobic static stones
Metal heat 
exchanger 
placed in-

side
No compost Thermal 

energy
Biologik Association 

(http://www.biologik.it/)

Condenser 
type

Woodchip, 
grass, ma-

nure
aerobic static or 

forced
Waterproof 
membrane 
+ Hay bales

Low Density 
Polyethylene 
pipes + ex-

change fluid
Yes compost Thermal 

energy Bajiko et al., 2019

Micro-bioen-
ergy

Woodchip, 
manure, 

food waste

hybrid 
(aerobic + 
anaerobic)

static 
Waterproof 
membrane 
+ Hay bales

Polyethylene 
pipes + ex-

change fluid
No

Compost 
+ diges-

tate

Thermal 
energy + 
biogas 

Zantedeschi, 2018

TABLE 1: Characteristics and differences between different configurations of CHRS.
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of direct heat removal from internal parts of the com-
post pile that may affect microorganism activity and 
enhances recovery of the latent heat bound in the liq-
uid-vapor phase. The captured heat is transferred us-
ing a heat-carrying medium and the condensed water 
reused to maintain optimal moisture conditions inside 
the plant. The heat exchanger is placed on the top of 
the plant at the end of construction and does not af-
fect the dismantling process. The hot vapor reaches 
the top by means of natural convection in passively 
aerated piles, thus highlighting the importance of in-
tensifying the chimney effect. The heat exchanger is 
made up of Low Density Polyethylene (LDPE) spiral-
ly-arranged pipes. 

To promote vapor accumulation and condensation on 
the heat exchanger surface, a cavity is created under the 
piping system using a wooden lath structure. The aeration 
pipes are placed vertically but instead of turning up from 
the top, before the last layer the pipes are folded to exit 
sideways. A layer of mature compost is placed on top of 
the plant to act as a biofilter. Figure 4 provides an illustra-
tion of a Condenser Type CHRS.

• Microbioenergy involves the installation of an anaer-
obic digester (micro-biogas plant) inside a traditional 
CHRS. As anaerobic digestion is an endothermic pro-
cess, in this configuration, the function of the CHRS is 
to keep the digester warm whilst providing thermal en-
ergy to a building. Microbioenergy yields compost, ther-

FIGURE 2: Illustration of a traditional CHRS.

FIGURE 3: Illustration of Biologik CHRS.
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FIGURE 4: Illustration of a condenser type CHRS.

mal energy and biogas. The aerobic part of the plant is 
fed with woody biomass while the anaerobic part is fed 
with readily biodegradable organic material (manure 
and food waste). The dimensions of traditional CHRS 
and the digester vary and do not feature a linear pro-
portion; generally, CHRS volume is in the classic range 
of 35 - 55 m3. Heat is recovered through the traditional 
polyethylene pipe system. Simultaneously, methane is 
produced and collected through a biogas outlet pipe in 
a dedicated tank, compressed and used after desulfuri-
zation for many different purposes, including powering 
a stove or a gas-fueled boiler to produce hot water or 
sent to a co-generator to produce electric energy. 

By means of this configuration both compost and di-

gestate are produced; compost is used directly while the 
digestate is treated and used in various ways; it may be 
collected in a septic tank, aged, separated and dried to be 
used as fertilizer. An illustration of this system is provided 
in Figure 5.

All these plants are generally connected to a puffer by 
means of which the recovered heat is distributed between 
the Underfloor Heating System (UHS) and the Domestic 
Hot Water (DHW) system of a building. The biomass that 
undergoes biodegradation in the CHRS is capable of pro-
viding adequate levels of thermal energy for approximately 
one year. After this period, the thermal energy yielded is no 
longer sufficient and the biomass should be replaced. For 
this reason, once a year CHRS should be dismantled and 
rebuilt using new chipped biomass. 

FIGURE 5: Illustration of a Microbioenergy CHRS.
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2. Current research activities for the development of 
CHRS

CHRS is in a position to compete on the market with 
both traditional and green technologies such as pellet com-
bustor or natural gas condensing boilers and solar thermal 
panels or geothermal plants, respectively. CHRS features 
two main advantages over competitors: low investment 
costs and potentially lower GHG emission balance. On the 
contrary, the main limitations relate to a need for mainte-
nance (typically once yearly) and high volumes/spaces oc-
cupied by the heaps. In order to maximize the advantages 
and reduce limitations, further research should be conduct-
ed to address the following topics:

• Evaluation of CHRS emissions related to the full life cy-
cle by means of a Life Cycle Assessment study.
CHRS should be compared to other technologies from 
both economic and environmental viewpoints. Environ-
mental assessment will take into account not only op-
erational life span of the system, but also full life cycle 
of a CHRS using LCA. Moreover, the potential impact of 
unwanted emissions on overall carbon balance should 
be considered. Locally-established anaerobic condi-
tions in ‘dead-zones’ of the heap might lead to release 
of considerable amounts of methane; emissions of ni-
trous oxide and ammonia from nitrogen-rich biomass 
should also be evaluated.

• Evaluation of thermal power output through monitoring 
of a real-scale CHRS. 
Information relating to the thermal power output of 
CHRS is based on literature data suggesting an aver-
age value of 0.1 kW/m3 of biomass, depending on dif-
ferent parameters. According to the Native Power as-
sociation, a traditional plant (volume ranging from 25 
to 80 m3) fed with chipped woody biomass yields an 
average thermal power output of approx. 0.05 kW/m3 of 
biomass. These data reveal how thermal power output 
is predominantly linked to the dimensions of the plant 
and the material used to feed the plant. In order to de-
termine more accurate output values, traditional plants 
should be regulated by means of innovative remote 
monitoring systems purpose designed for CHRS. These 
consist in a Wi-Fi control unit connected to measure-
ment probes capable of storing plant functionality pa-
rameters on a graphical interface. The objective is to 
test this innovative device and optimize the same by 
adding new monitoring probes for the measurement of 
additional parameters.

• Optimization of plant configuration and thermal energy 
production processes. 
Currently, CHRS are not a viable solution for use in con-
texts with low space availability, and have a limited op-
erational life span due to degradation of the biomass; 
after 12-14 months the plant will need to be dismantled 
and rebuilt using new biomass. These aspects limit the 
potential field of installation of a CHRS and increase 
the costs. Studies are currently being carried out to 

investigate ways of overcoming these limitations. Po-
tential future developments are represented by the use 
of innovative support materials featuring electrochemi-
cal properties. Use of these materials will be combined 
with new organic readily biodegradable substrates, 
implying the installation of an external feeding system 
and determining a new configuration that could reduce 
the volumes involved and prolong the operational life 
span of a plant. 

• Implementation of CHRS to boost ecosystem services.
CHRS are currently being considered for use in the con-
text of Agroforestry (AF) systems, i.e. systems adopt-
ed to provide a series of different ecosystem services, 
including biodiversity enhancement, carbon sequestra-
tion, nutrient retention, and soil water retention, whilst 
maintaining high cash-crop yields (Beillouin et al., 
2019). To demonstrate the ability of CHRS to function 
synergistically with AF systems providing agro-energy 
by ‘intercepting’ the residual biomass to produce bio-
heat while contributing to soil carbon and nutrients 
stocks, real scale plants should be implemented and 
both the plants themselves and the agroforestry sys-
tem that feeds them closely monitored.

REFERENCES
Bajko, J., Fišer, J., & Jícha, M. (2019). Condenser-type heat exchanger 

for compost heat recovery systems. Energies, 12(8). https://doi.
org/10.3390/en12081583

Damien Beillouin, Tamara Ben-Ari, David Makoswki. Assessing the qua-
lity and results of meta- analyses on crop diversi cation Protocol 
for systematic review and evidence map. 2018. hal-01815485 

Brown, G. (2014). The compost-powered water heater. Wood- stock: 
The Countryman Press (2017). ISBN: 1581571941.

Pauli, G. (2010). The Blue Economy: 10 Years, 100 Innovations, 100 Mil-
lion Jobs. Paradigm Publications (2010). ISBN: 9780912111902. 

ENEA (2017): Final Report: Impatti energetici ed ambientali dei com-
bustibili nel riscaldamento residenziale.  https://www.enea.it/it/
seguici/pubblicazioni/pdf-volumi/v2017-impatti-combustibili-nel-
riscaldamento.pdf (last access: 22/03/2021)

IPCC (2007): Climate Change 2007: Synthesis Report. Contribution of 
Working Groups I, II and III to the Fourth Assessment Report of the 
Intergovernmental Panel on Climate Change [Core Writing Team: 
Pachauri, R.K and Reisinger, A. (eds.)]. IPCC, Geneva, Switzerland, 
p. 104.

ISPRA (2008). Il suolo, la radice della vita. Pp. 49-57. http://www.
isprambiente.gov.it/files/pubblicazioni/pubblicazionidipregio/
suolo-radice/49-57.pdf (last access: 22/03/2021)

Native Power Association website: https://native-power.de/ (last ac-
cess: 10/03/2021)

Zantedeschi, M. (2018). MICROBIOENERGY®: heat and biogas bio-
mass-fueled generation plant for domestic use. Polytechnic of 
Milan.

Zimmermann, V. (2020). Energia dai rifiuti: Der Biomeiler - Analisi e ot-
timizzazione del recupero di calore dal compost come alternativa 
efficiente dal punto di vista energetico e rispettosa del clima ai 
generatori di calore convenzionali. Scientific Project, Hochschule 
Augsburg, University of Applied Sciences.

Pain, J., & Pain, I. (1972). The Methods of Jean Pain - Another kind 
of garden (J. Pain & I. Pain (eds.); 7th ed.). Ancienne Imprimerie 
NEGRO. https://www.jean-pain.com/en/mjp.php (last access: 
19/03/2021)

Smith, M. M., Aber, J. D., & Rynk, R. (2017). Heat Recovery from Compo-
sting: A Comprehensive Review of System Design, Recovery Rate, 
and Utilization. Compost Science and Utilization, 25(1), S11–S22. 
https://doi.org/10.1080/1065657X.2016.1233082   

VIII



Contact:
Ugo Matzuzzi
email: ugomatzuzzi61@gmail.com

Detritus / Volume 14 - 2021 / page IX
https://doi.org/10.31025/2611-4135/2021.14082 
© 2021 Cisa Publisher

Ugo Matzuzzi was born sixty years ago in Guasila, a 
small village in Southern Sardinia. 

For years he worked as a carpenter, a trade in which 
he gained a deep knowledge of the material, respecting it 
and forging it at his will. Intrigued by the beauty of a series 
of waste materials and refusing to accept their elimination 
and neglect, almost for fun, together with his son Davide 
he started to collect inert wastes of all types and to trans-
form the latter using his skills as an artisan. Completely 
unrelated pieces originating from totally different paths 
of existence were combined to give rise to new shapes 
and forms, primed for a redesigned functionality: the per-
ception of and emanating of light. This has given rise to a 
series of artistic light fixtures, unique sculptures evoking 
a world of manifold colours comprised of robotic female 
forms, ancient warriors, fragments of distant civilisations, 

of space ships... (Figure 1) Some are imaginary works of 
fiction which, as an abstract art, assume particular signifi-
cance in the eyes and propensity of the beholder. 

The works created by Matzuzzi are not confined merely 
to their sculptured or multi-coloured form, but rather gain 
in significance thanks to an effect of light and shadows, 
achieving a spiritual contrast reminiscent of the yin and 
the yang. Two diametrically opposed energies, one light 
and the other dark, necessary and complementary, with the 
existence of each interdependent on the other. All objects 
and all situations connect to this powerful duality, crucial in 
the life search for an equilibrium fostering the conquest of 
serenity and wellbeing. An added sentiment for those who 
view the light sculptures forged by Matzuzzi.

For further details please contact the Artist at:
ugomatzuzzi61@gmail.com

Waste to Art

WASTE TO LIGHT
Ugo Matzuzzi
Guasila, Sardinia, Italy

FIGURE 1: The light sculptures created by Ugo Matzuzzi.
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 PAUL CÉZANNE / Auvers du Cote´du Valhermeil (1882) 

Paul Cézanne (1839-1906) is one of the most influenc-
ing artists of his time. He represents the art genre impres-
sionism in its last phase and is a pioneer of expressionism. 
The beautiful painting of the landscape was created near 
Auvers, a village north of Paris.

 Living in peace with nature is an answer to anthropo-
centric life and a pre-requisite for a sustainable society. I 
selected this painting because I think it gives us an idea 
what it means, “living in peace with nature”. The painting by 
Cézanne shows a cultural landscape with a small village, 
meadows, agricultural land and forests. The houses “hide” 
in the landscape and do not look like foreign bodies. Nature 
and human made fields merge into one unit. The painting 
conveys a calm, peaceful atmosphere in all its beauty. We 
may have seen similar landscapes and have enjoyed it, 
but probably did not “see” it in that intensity as Cézanne is 
presenting it. He encourages us to look at landscape and 
nature more intensively. 

This work of art was created in 1882 when the world 
was quite different. We find landscapes like the one on the 
painting less and less often and we may have to search for 
them. Today most people live in cities and many villages 

urbanize. Agriculture has changed being more mechanized 
and optimised for effectiveness; many forests, shrubs and 
bushes disappeared.

So what does this art- work may tell us? It can give us 
an impression of a direction in which agriculture should 
be transformed, how it may become more “natural”. This 
would also satisfy our wish for more nature in life. With so 
many more people on earth we cannot turn back time and 
farm as in the old days, but we can try to make agriculture 
more ecological. Implementing natural bio-tops as eco-
logical islands in the fields and shrubs around them, using 
crop rotation and more natural fertilizer may be the way to 
go. We should make cities greener also by practising urban 
farming. These changes would help to increase biodiver-
sity, to produce healthier food, reduce emissions and to 
slow down climate change. In addition ecological farming 
makes the landscape more beautiful. 

Next issue: in my next column I will present a painting 
from Hubert Robert. Hubert Robert (1733-1808 ) was a 
French landscape painter who painted preferably architec-
tural subjects. He is also well known for his drawings. 

He travelled with Jean-Honoré Fragonard through Italy 
where he painted many Roman ruins.

DETRITUS & ART / A personal point of view on Environment and Art 
by Rainer Stegmann

Artists seldom provide an interpretation of their own work; they leave this to the observer. Each of us will have his/her own 
individual view of a specific piece of art, seeing different contents and experiencing a range of own feelings and emotions. 
Bearing this in mind, I created this page where you will find regularly selected masterpieces from different epochs and 
I express my thoughts on what the work conveys to me personally. My interpretation will refer specifically to the theme 
“Environment”. Any comments or suggestions regarding this column should be addressed to stegmann@tuhh.de.

 HUBERT ROBERT  / Demolition of houses on The Pont au Change 
(1788).
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A little retrospective on times passed

Following the so called energy crisis of 1973, there 
was a political consensus in the Swedish parliament that 
we should strive to utilize the resources hidden in waste 
streams better. One of the consequences was the decision 
to start a new kind of engineering education focusing on 
waste management and environmental issues. 

The program started in 1977 and was called Environ-
mental Planning and Design. None of the major technical 
universities in the country wanted to have a program fo-
cusing on waste, but the recently established university of 
the far north of Sweden welcomed it. One of the character 
disciplines was waste management, although it was called 
Residual Products Technology at the time, following the 
then politically correct terminology, which emphasized the 
difference between Residuals and Waste. One problem to 
begin with was the fact that there were no academics with 
degrees in this new topic, so recruiting a professor for the 
chair was troublesome and failed at first. 

The initial establishment of the group, especially its 
courses, but also the first research projects, was headed 
by Per E O Berg, with a background in sewage sludge treat-
ment at the Sanitary Engineering group at Chalmers and 
the first Swedish studies on source grouping of household 
waste. He held the title of Acting Professor.  

In 1984 Nils Tiberg, then managing director of a metal-
lurgical byproducts recycling company called Merox was 
appointed professor and chair of the subject. The research 
interest of these leaders influenced the focus of research 
of course, so the initial studies on different aspects of 
household waste management was replaced by a focus on 
process industry waste management. 

Meanwhile, one in the first group of students, Anders 
Lagerkvist, started working in the group from 1982 with a 
focus on biological treatment and landfill technology. The 
group was small during the first years and working in very 
diverse areas such as household waste collection, biogas 
and landfill technology, and metallurgical waste recycling 
processes. Teaching was a main activity for the group 
since it was a cornerstone in the master program. 

In 1988 the group was identified as a primary Swed-
ish research group on biogas technology, and in particular 
landfill gas technology, by the Swedish Energy Board and 

Partner Universities

WELCOME TO THE 40+ YEARS PERSISTENCE CELEBRATION OF 
THE WASTE RESEARCH DISCIPLINE AT LULEÅ UNIVERSITY OF 
TECHNOLOGY, SWEDEN
Anders Lagerkvist and Jurate Kumpiene *

Field work A Lagerkvist, C Maurice, H Ecke in Umeå, Sweden,1998.

Landfill symposium, Sweden, 1998

1st Intercontinental landfill research symposium - ICLRS, Sweden, 2000
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for a number of years the group got support for capacity 
building in that area. In the same year a close co-operation 
with the soil mechanics group of LTU resulted in a spin-
off research focus of soil remediation issues.  Connected 
to the landfill research a focus on environmental informa-
tion management also developed, e g for strategic siting 
of waste management facilities. The group expanded and 
reached a size which is similar to the present, but still with 
few individuals in any particular field of research. 

In 2001 Anders Lagerkvist became the chaired profes-
sor of the academic discipline and in connection with that 
the group’s name was changed to Waste Science and Tech-
nology, following the advice of Grahame Farquhar who was 
visiting professor for a while in the group.  In 2019 Anders 
was succeeded by Jurate Kumpiene. Today the group con-
sists of researchers at various levels of academic carrier, 
and adjunct professors from industry and academia world-
wide. The research subjects have diversified reflecting 
the contemporary challenges of the waste management 
sector and the society. These include, but not limited to, 
various aspects of waste-to-energy, characterization, treat-
ment and recycling of industrial waste, risk assessment 
and remediation of contaminated sites, etc.

After all these years one can wonder what has been 
achieved, apart from a bunch of doctor and master theses, 
courses given, projects performed, papers published, and 
so on. We would like to think that the core of what has been 
achieved is the creation of an academic discipline, with its 
perspectives and practices, and its established home turf 
in the waste management world - something that has add-
ed to the understanding and knowledge development in the 
field of Waste Science and Technology.

We are planning to celebrate our anniversary sometime 
during the late autumn when we hopefully can travel again. 
Look out for further announcements.

Contacts:
Waste Science & Technology / Department of Civil, Environmental 
& Natural Resources Engineering / Luleå University of Technology, 
SE-971 87, Luleå, Sweden
web: https://www.ltu.se/research/subjects/Avfallsteknik?l=en
* email: jurate.kumpiene@ltu.se

b

Waste sorting exercises with K. Grennberg, LTU

Waste Science & Technology at PhD graduation ceremony of H. 
Ecke (left) and C. Maurice (right), 2002

R. Cossu and A. Lagerkvist at 3rd ICRLS in Lake Toya, Japan, 2004. 
Friendship Forever! 

Random Friday afterwork, 2001

Field work in landfills. A Lagerkvist, J Kumpiene (left) and L. Andreas 
(right) 
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