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Editorial

Sustainable Industrial Processes
Industries face mounting challenges in the
paradigm shift to a more circular economy.
Research and development is increasingly
focused on finding ways to turn waste into
resources, recover energy and materials and
make better use of resources extracted from the
natural environment. At the same time industry
and consumers seek to cause less harm in the
form of pollution or CO2 emissions. In this issue
of the Johnson Matthey Technology Review, we
look at current and future technologies that may
be used by industries including energy, fuels,
chemicals, pharmaceuticals and transport to
create the products we need while meeting the
United Nations (UN) 2030 goals for sustainable
development (1): “development that meets the
needs of the present without compromising the
ability of future generations to meet their own
needs” (2).

Resources from Biomass and Waste
Continuing the theme from our previous issue (3),
several articles present different approaches to
future fuels and chemicals. These approaches
include water electrolysis, utilisation of biomass
and waste and CO2 reduction.
Electrification will provide alternatives to fossil
fuel use in many areas of industrial science and
technology but some areas like long-haul aviation
will likely continue to need liquid fuels. These
fuels will be provided through one or more of the
technologies being developed today. For example,
a technology recently commercialised by Johnson
Matthey and bp uses a Fischer-Tropsch process
to create sustainable jet and diesel fuels from
waste, biomass or existing CO2 emissions. The
challenges involved in achieving a commercially
viable process at scale are explained.
The technoeconomics and life cycle assessment
of producing sustainable commodity chemicals
from waste biomass using aerobic fermentation

350

at scale are explored in another Johnson Matthey
collaboration, this time with the University of
Nottingham and Northumbria University, UK.
Rigorous process modelling has determined
at what point the production of commodity
chemicals from a lignin source will become
commercially viable. The future of this promising
technology looks bright, with the authors
concluding that their platform has promise as
a best-in-class technology for the production
of a broad spectrum of renewable commodity
chemicals.
Activated carbon can be produced and
characterised from biomass waste for applications
in environmental protection, clean energy and
catalysis. The work is presented by Gebze
Technical University, Turkey, in collaboration
with Gasification Consultancy Ltd, UK. Waste
biochar from the gasification of biomass is the
feedstock, and removal of contaminants is key to
its successful use.
Reducing CO2 emissions from iron metallurgy will
become increasingly important. The electrification
of primary iron production in a carbon-free process
is presented in a collaborative research article
from National Technical University of Athens,
Laboratory of Metallurgy and Mytilineos SA,
Metallurgy Business Unit-Aluminium of Greece.
The technology is demonstrated at an early
stage with additional optimisation recommended
by the authors. Catalytic hydrogenation of CO2
to methane using power-to-gas combined with
biomass gasification is another option to reduce
the CO2 emissions of the steel industry, presented
by Montanuniversität Leoben, Johannes Kepler
Universität Linz and K1-MET GmbH, Austria.

Circular Economy
This journal has long championed sustainable
technologies involving the precious metals. Metals
are inherently recyclable and none more so than
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the platinum group metals (4). Today’s focus on
electrification of transport and energy means
that elements such as lithium, nickel, cobalt and
manganese join their precious cousins as critical
materials for the clean energy revolution. Clean
and efficient extraction of these minerals from
spent lithium-ion cathodes is an emerging area of
study that will become increasingly important in
the coming years when batteries begin to reach
end-of-life. Recycling techniques need to be
developed for the sustainable development of the
lithium-ion batteries industry as discussed in this
issue. Meanwhile life cycle assessment of the entire
lithium-ion batteries production process from both
primary ore and recycled material is provided in
the output from an Innovate UK project involving
Johnson Matthey and the Warwick Manufacturing
Group, UK.

Conclusion
It will become apparent from reading this issue that
collaborations both within and between industry
and academia are vital to progress. The research
projects described here are just a selection. Many
more advances can be expected in the coming
years

and

continue

decades

apace,

as

with

fruitful

industry

collaborations
and

academia

working together to meet the challenges of the
present and the future.

SARA COLES
Johnson Matthey, Orchard Road, Royston,
Hertfordshire, SG8 5HE, UK
Email: sara.coles@matthey.com

A Cleaner Environment
Energy efficiency will be a key enabler for a
transition to a low carbon future. High technology
industries like electronics, energy and medical
applications
require
novel
materials
and
processes. Cooling is a challenge, especially at
the microscale. Nanofluids containing titania offer
a potential solution and are investigated in this
issue.
Conventional technologies will continue to be
used alongside newer ones. To help define the next
generation of emissions legislation to clean up the
air in China, a portable emissions measurement
system was used to investigate on-road tailpipe
volatile organic compounds emissions in diesel
trucks compliant with Euro III–V. The results with
recommendations from the authors are presented
in this issue.
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The recent increase in the number of policies to
protect the environment has led to a rise in the
worldwide demand for activated carbon, which
is the most extensively utilised adsorbent in
numerous industries and has a high probability
to be used in the energy and agriculture sectors
as electrodes in supercapacitors and for fertiliser
production. This paper is about the production
of activated biochar from oak woodchips char
generated by an updraft fixed bed gasifier reactor.
Following this, using steam as activating agent
and thermal energy from produced synthesis
gas (syngas), the resulting highly microporous
carbonaceous biomaterial was subjected to
physical activation at 750ºC. The properties of
activated biochar include adsorption or desorption
of nitrogen to identify the physical adsorption and
surface area measurement, thermogravimetric
analysis (TGA), Fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The biochar surface
area, generated as a result of the gasification
process, showed substantial improvement after
steam activation. Also, significant discrepancies
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were obtained from the surface volume and
areas of biochar byproducts from the gasifier and
activated biochar obtained by steam activation
after the gasification treatment (total pore volume
0.022 cm3 g−1 and 0.231 cm3 g−1, Brunauer–
Emmett–Teller (BET) surface area 21.35 m2 g−1 and
458.28 m2 g−1, respectively). The two samples also
yielded noteworthy differences in performance. As a
consequence, it may be concluded that the kinetics
of steam gasification is quicker and more efficient
for the conversion of biochar to activated carbon.
The pore sizes of the carbon produced by steam
activation were distributed over a wide spectrum of
values, and both micro- and mesoporous structures
were developed.

1. Introduction
1.1 Activated Carbon
The adsorption of air and water contaminants on
an activated carbon surface is frequently used in
air and water treatment systems. Conventional
biological treatment processes are efficient in
removing biodegradable organics. These processes,
however, have limited ability to remove lignins,
humic substances, pesticides and residual colour
and odour-producing organic compounds. The
performance of activated carbon in removing such
organic compounds has been proven. Activated
carbon filters used for water treatment in homes
are usually made of either powdered activated
carbon (PAC) or granular activated carbon (GAC).
PAC is made of powdered carbon with a particle
size of <0.18 mm and diameter in the range of
0.25–1.15 mm. It is generally used in batch type
reactors and is subsequently filtered off. It is used
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in the treatment of liquids and cleaning of flue
gases. GAC is produced from 0.2–5 mm particle
size irregular carbon. For liquid and gas phase
substances, it is applied on adsorption columns
(1–3).

1.2 Biochar
The increase in production and accompanying
energy demand which has emerged in the
last century with the increasing population
is becoming important. The environmental
impacts caused by the increase in production
draw attention and higher consumption creates
problems for our limited natural resources. The
necessity of treatment for the prevention of
soil, air and water pollution is among the topics
that are especially emphasised at international
conferences. It is necessary for humanity to
take joint decisions to increase the sensitivity
of countries on environmental issues and to
implement the necessary legal measures (4).
Biochar is a byproduct with high carbon content
produced through the conversion of biomass
into syngas by advanced thermal gasification
using partial oxidation. Intensified gasification of
biomass through partial oxidation is a recently
developed, environmentally clean and renewable
energy technology (5). Biochar obtained as a
byproduct from gasification of woody biomass
mainly contains carbon (85 wt%), nitrogen,
hydrogen, phosphorus, calcium, magnesium and
iron. Production of activated carbon from biochar is
possible. To convert biochar into activated carbon,
it is necessary to remove the specific contaminants
to complete the activation.
Biomass is a renewable energy source but can
cause environmental issues when it is not properly
utilised. Therefore, it needs to be dealt using
appropriate technology as compared to other
renewable energy sources. Since thermal utilisation
of biomass is carbon neutral, it does not cause global
warming, and due to the quantities available it has
high energy potential. Thermochemical methods
are generally used to obtain energy from biomass.
Known thermochemical methods are combustion,
pyrolysis and gasification. The gasification process
has several advantages over other thermal
processes: the ability to dissolve material at lower
reactor volumes, the formation of low amounts
of contaminants and more efficient utilisation of
the produced syngas. Compared to pyrolysis,
it has the advantage of working autothermally
without the need for external energy. Compared
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to other processes, gasification of woody biomass
is stated to be one of the most suitable options
for optimising the conversion efficiency of the fuel’s
chemical energy (6–7). The stoichiometric reaction
of woody biomass with partial oxygen results in
flammable product gases and thus gasification.
The basic equation of the gasification of biomass is
as in Equation (i):
 iomass + partial oxidation (½O2) » H2, CO,
b
CO2, CH4, CxHx + biochar
(i)
Various types of reactors are available for
gasification. To not digress from the subject, the
kinetics of gasification reaction was not elaborated.
Fixed-bed biomass gasification reactors are used
for syngas generation and biochar production. Fixed
bed gasification reactors efficiently convert biomass
to syngas and are the type of reactor suitable for
the production of biochar as a byproduct with high
carbon content (85–90 wt% carbon) (8–9).
The biomass fed into the gasification system
passes through four sections in the reactor and is
converted into syngas and biochar as a byproduct.
The biomass passes through the drying, pyrolysis,
reduction and oxidation zones in the reactor and
is converted into biochar at elevated temperatures
(800–1100ºC). The amount of biochar produced
depends on the biomass type and the operational
conditions. 10–20% of the biomass fed to the
reactor is produced as biochar (10–12).
Recently, researchers have begun to be interested
in biochar produced as a byproduct from biomass
by thermal conversion pathways (>700ºC),
such as pyrolysis, thermal carbonisation, flash
carbonisation and gasification (13). Many studies
have suggested that biochar can be used in CO2
adsorption, soil remediation and air pollution
removal (14–16). Additionally, the use of the
syngas produced by thermochemical conversion of
biomass as a renewable energy source provides an
advantage while the efficiency potential of biochar
produced as a byproduct will make these systems
very attractive (17).

1.3 Steam Activation
Physical activation improves the surface pores
of biochar and affects the chemical properties of
the surface (such as surface functional groups,
hydrophobicity and polarity). The physical
activation methods used for biochar are generally
steam and gas activation.
The steam activation of the biochar is usually carried
out after the thermal carbonisation of the biomass.

© 2021 Johnson Matthey
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The surface porosity of biochar increases after
pyrolysis. Also, with steam activation, the activated
biochar will gain higher porosity. The chemical
formulae are shown in Equations (ii) and (iii) (18):
C + H2O ∙ CO + H2 ∆H = 117 kJ mol–1
–1

CO + H2O ∙ CO2 + H2 ∆H = 41 kJ mol

(ii)
(iii)

With the H2O (steam) and carbon reaction during
the activation process, three outcomes emerge:
(a) removal of the volatiles and tar from the
surface; (b) formation of new micropores; and
(c) expansion of existing pores (19–20).
Studies on steam activation have shown that
it increases the biochar’s surface area and
micropores. For example, the surface area of biochar
(136–793 m2 g−1) obtained by rapid pyrolysis (800ºC,
45 min) was increased as a result of steam activation.
All these measurements were performed with BET
isotherm (21). In another study, biochar (700ºC)
from tea residue biomass was activated by steam
and its surface area was obtained as 576.1 m2 g−1,
pore volume as 0.109 cm3 g–1 and pore diameter as
1.998 nm (before activation, the surface area was
342.2 m2 g−1, pore volume 0.022 cm3 g–1 and pore
diameter 1.756 nm) (22). The steam activated biochar
formed at 700ºC indicated the highest absorption
capacity (37.7 mg g–1) at pH 3, with a 55% growth in
absorption ability compared to non-activated biochar
produced under the same conditions. Consequently,
activation with steam has potential to enhance the
adsorption capability of biochar. At 700ºC, produced
biochar derived from plant-based biomass detected
relatively low surface areas (9.27 m2 g−1). Due to
the formation of tar during thermal decomposition,
the pores in the biochar are blocked (23). Steam
activated biochar derived from bamboo waste had
a larger surface area compared to non-activated
bamboo biochar. Optimum conditions for activation
were 850ºC and 120 min activation time. Under
these conditions, the BET surface area of activated
biochar was 1210 m2 g−1 and total pore volume
was 0.542 cm3 g–1. This study showed that bamboo
waste could be used to arrange new micropores in
activated biochar through steam activation (24).
In further research, activation of rice husk biochar
was carried out at 800ºC using steam. Micro- and
mesoporous structured biochar were produced and
1365 m2 g–1 surface area was obtained at the end of
15 min (25).
Another paper presents a study into the effect
of different activation conditions and adsorption
characteristics of biochar evaluated from tyre
rubber waste. Steam was used as an oxidising
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agent and total micropore volumes and BET surface
areas increased to 0.554 cm3 g–1 and 1070 m2 g–1,
respectively. Consequently, steam was observed to
generate a narrower extensive microporosity (26).
An experimental test represents the production of
activated biochar from barley straw using steam
activation. Activation was conducted to maximise
the micropore volumes and BET surface area of
the biochar. Optimal conditions for steam activation
were a hold time of 1 h at 700ºC. The micropore
volume and surface area of the activated biochar
were 0.2304 cm3 g–1 and 552 m2 g–1, respectively
(27). A further study investigated activated biochar
produced from date stone wastes by steam activation.
The effect of activation hold time on surface textural
structure properties of raw date stone and biochar
were studied. The results indicated the presence of
cellulose and hemicellulose in the raw material, and
the predominance of carbon content. The highest
microporous volume was 0.716 cm3 g–1 and specific
surface area was 635 m2 g–1, obtained through
biochar activated under steam at 700°C for 6 h
(28). Another study was conducted to investigate
the effect of sulfur in activated biochar prepared
from apricot stones by steam activation. The
activation temperature and time tested were in the
ranges of 650–850ºC for 1–4 h. The experimental
results revealed that the surface area of the
biochar was 1092 m2 g–1 at activation conditions of
800°C for 4 h. The experimental results indicated
that commercial production of porous activated
biochar from apricot stones is reasonable (29).
The significance of the nature and composition of
biomass was demonstrated by the steam activation
of three different biomass sources including wheat
straw, coconut shell and willow (30). For these three
biomass substances, activated carbons with specific
surface areas of respectively 246 m2 g–1, 626 m2 g–1
and 840 m2 g–1 were produced.
Although
physical
activation
using
steam
significantly increases surface area and porosity,
there is a disadvantage of using steam activation.
This is the loss of aromaticity and polarity in steam
activated carbons compared to genuine biochar (31).
However, using a combination of CO2 and steam
activation has been reported to produce activated
carbons with better surface area and pore structure
compared to using only CO2 or steam for activation.
In one study, activated carbon was produced from
biochar obtained from olive kernel biomass using
CO2, steam and a combination of CO2 and steam.
A combined CO2 and steam activation under similar
experimental conditions was reported to produce
a higher surface area (1187 m2 g–1) compared to
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the specific surface area obtained by using only CO2
(572 m2 g–1) or steam (1074 m2 g–1) (32). From
the aforementioned studies, it can be concluded
that the reaction of steam with carbon occurs in
a shorter period compared to the reaction of CO2
with carbon. While generally micropore activated
carbons are produced by using CO2 in physical
activation, meso- and macropores are formed in
the structure during activation with steam (33). The
reason for the difference in pores is attributed to
the conversion of developed micropores into wide
meso- or macropores and the faster reaction of
the fixed carbon in the biomass structure of the
steam. Also, it is possible to produce more pores
using steam as it can penetrate the inner surface of
the fixed carbon. On the other hand, CO2 stagnates
in its reaction with the fixed carbon and therefore
more homogeneous micropores are added to the
structure due to activation using CO2. Determining
the specified exposure time of the biomass at high
temperatures with the activation agent is a critical
decision to achieve high surface properties. The
significance of biochar steam activation time was
emphasised in some studies. It has been determined
that there is a decrease in the surface pores of
biochar exposed to long activation time (34).
Chemical and physical processes are needed to
increase the utilisation value of biochar. Several
processes are required such as separation of
biochar into suitable granule size, obtaining
carbon black, activation of pores by chemical
processes and the sizing of activated carbon. The
failure to use biochar produced as a byproduct of
biomass gasification constitutes a disadvantage
in all respects considering the spread of such
technologies. Biochar produced as a byproduct
by gasification of woody biomass is only used as
a soil conditioner in small amounts. It is generally
burned inefficiently in combustion boilers. To this
end, this study investigates the conversion of
biochar into activated carbon, which is a widely
used valuable product. Several studies have
emphasised that surface area and pore volume
increase with the conversion of biomass at high
temperatures by thermal methods (35). Thus, it
is envisaged in the present study that the process
of converting biochar obtained by gasification at
high temperatures (800–1000ºC) into activated
carbon by specific activation methods may have
many advantages. The need for extra energy
from external sources such as utilisation of
fossil fuels to reach these temperatures in
conventional carbon conversion systems causes
high operational costs. Considering all this, it
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is expected that high quality activated carbons
obtained from biochar will be available in the
market at low costs.

2. Experimental
2.1 Materials and Methods
In this experimental study, oak woodchip was
gasified in an updraft gasifier. Byproduct biochar
was activated in the activation unit integrated into
the gasification system.
The proximate and ultimate analyses of the oak
woodchips were conducted, and the results are
presented in the Results and Discussion section.
Proximate and elemental analyses were performed
to determine the usability of biochar produced after
the gasification of biomass for the production of
activated biochar. Proximate analyses of moisture
(ASTM D7582-12), ash (ASTM E1755-01(2020)),
fixed carbon (ASTM D3172-13) and volatile matter
(ASTM D7582-12) were made according to standard
methods. The lower heating value was determined
using ASTM D5865-13 standard method. The
amounts of carbon, hydrogen, nitrogen and sulfur
were determined in the element analyser and
the amount of oxygen was determined using the
standard ASTM D3176-09.
Using a thermal analyser, the thermogravimetric
carbonisation analysis of oak woodchips was
performed. Approximately 10 mg samples with an
average particle size of 0.25 mm were heated at
10ºC min–1 from room temperature to 800ºC under
nitrogen flow. Throughout the measurements, the
nitrogen flow was kept constant at 10 cm3 min–1.
Activation of the biochar produced in the gasification
system in the Gebze Technical University (GTU)
Gasification Laboratory was performed. For the
preparation of the biochar and activated biochar, oak
woodchips were first carbonised by gasification at
800–1000ºC for 1–2 h. Then, the resultant biochar
produced as a byproduct from the gasifier was
activated by steam at three different temperatures
(700ºC, 750ºC and 850ºC) utilising thermal heat
generated from a syngas burner at different activation
times (30 min, 60 min and 90 min). 5.5 kg byproduct
biochar was used in each run. During the final process,
the reactor was cooled under inert injection of nitrogen
gas and then the activated carbon was removed
from the reactor and weighed in order to determine
the burn-off undergone in the reaction. For steam
activation, a stainless-steel vertical reactor illustrated
in Figure 1 was used and integrated to the system
to heat each 5.5 kg biochar sample. Throughout
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Fig. 1. Schematic diagram of the experimental biochar activation setup with gasifier: A main biomass feeding
hopper; B updraft gasifier; C biochar byproduct; D syngas exit pipe; E syngas burner; F air; G thermal
heater; H exhaust waste heat; I pressure regulator; J steam generator; K jacket heater and insulation; L
biochar activation reactor; M nitrogen inert gas; N stack gas; O gas clean-up; P stack

the experiment, an exact heating rate and steam
flow rate (~20ºC min–1, 1.3 kg min–1, respectively)
were applied. Referring to Equation (ii), the optimal
stoichiometric steam amount was determined and
calculated for the system.

2.2 Characterisation of Biochar and
Activated Biochar
The nitrogen adsorption or desorption isotherms
were determined at 77 K by means of an automatic
adsorption instrument to identify the textural
properties of the produced biochar and activated
biochar. Before the gas adsorption measurements,
the samples were degassed at 300ºC under vacuum
for 5 h. The N2 adsorption isotherm was achieved
over a relative pressure, P:P0, ranging from roughly
10−6 to 1. The BET and t-plot methods were employed
to determine the surface area, micropore surface
area and pore volume of the biochar and activated
biochar, respectively. Relative pressures in the
0.01–0.15 range were applied to evaluate the BET
surface areas. The total pore volumes (Vt, cm3 g–1)
were considered to be the liquid volumes of N2 at
high relative pressure near unity (~0.99) (36–37).
SEM analysis was performed to investigate the
surface, textural, porosity and structural properties
of activated biochar produced under different
conditions. SEM analyses were taken by enlarging
×500 to observe changes in surface morphological
structure before and after activation.
To examine the crystal structure, XRD profiles of
each sample were obtained at room temperature,
using a copper Kα X-ray source, under 40 kV and
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30 mA analysis conditions. Diffraction data were
taken on a scale ranging from 2θ = 0–90º.
In order to qualitatively determine surface
functional groups, FTIR spectra were obtained
at room temperature, with the support of
diamond orbital attenuated total reflection (ATR)
accessory, by scanning 128 times in the range of
500–4000 cm–1 band at 4 cm–1 separation sensitivity.
Samples were placed directly on the diamond crystal
and were analysed by applying pressure to allow it
to fully interact with the diamond crystal.

3. Results and Discussion
Figure 2 shows the complete activation of
biochar produced from the gasification system at
GTU Gasification Experimental Rig (Figure 3).
The biochar obtained by the gasification of oak
woodchips (Figure 4) in the gasification system at
GTU was treated with the physical partial activation
method integrated to the gasification system.

(a)

(b)

(c)

Fig. 2. (a) Oak woodchips; (b) gasification
byproduct biochar; (c) activated biochar with
steam activation
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Fig. 3. Gasification System in Gebze Technical University, Turkey

Fig. 4. Oak woodchips gasification byproducts
(biochar)
There are different wood-based sources for
biochar production. The highest carbon content is
provided from oak woodchip feedstock. Therefore,
in the present study, biochar produced from oak
woodchip feedstock was used for the production
of activated carbon materials. Table I summarises
the composition of the oak woodchip feedstock. In
addition, the proximate and elemental analysis of
the oak woodchip is given in Tables II and III
respectively, and Figure 5 represents the TGA
tracings for oak woodchips.
According to the proximate and elemental analysis
data given in Tables I and II, it is understood that
oak woodchip has good potential and represents
an ideal feedstock to produce suitable biochar via
gasification due its high carbon content and higher
heating values. In addition, it appears to be an
excellent source of feedstock for the gasification
process due to its low ash content.
According to the halogen and ash analysis given
in Table III, the mineral and metal content in the
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oak woodchip feedstock caused the formation of
a cratered shape biochar, which also acted as a
natural catalyst during the gasification reactions,
thereby providing the desired or better syngas
yield.
Figure 5 shows the results from TGA carried out on
oak woodchips samples. The thermal degradation
of oak woodchips takes place in three stages. The
first stage, which occurs at temperatures ranging
between 30ºC and 100ºC, involves the loss of
moisture content in the wood with approximate
weight loss of 10 wt%. The second stage with nearly
20 wt% weight loss occurred while temperature
rose from 150ºC to 250ºC. This step is related to the
release of volatiles resulting from the degradation
of hemicellulose. The third stage, occurring at
300–550ºC, is characterised by the decomposition
of cellulose and lignin. The maximum rate of weight
loss occurred in the third section with weight loss
of around 45 wt%. Nevertheless, no significant
weight loss was observed above 650ºC, indicating
that a temperature at this level or above could
be preferred for preparation of activated biochar.
The total weight loss recorded was approximately
85 wt%.
Biochar extraction was obtained after uniform
ligneous biomass gasification. Since it has high
fixed carbon content and is suitable for active
carbon production, oak woodchip feedstock was
chosen. The supplied biomass was utilised directly
in gasification without any prior treatment. The
optimum temperatures determined in these
gasification tests were in the range of 800–1000ºC,
while the air:fuel ratio was determined as 1.6.
Gasification system operations were carried out
accordingly. The applied gasification conditions are
© 2021 Johnson Matthey
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Table I Analysis Results of Oak Woodchip Feedstock
Analysis

Unit

Original based

In air dry based

Dry based

Moisture

wt%

45.01

2.95

–

ASTM D7582-12

Ash

wt%

0.22

0.4

0.41

ASTM E1755-01

Volatile matter

wt%

44.92

79.27

81.68

ASTM D7582-12

Fixed carbon

wt%

9.85

17.39

17.91

ASTM D3172-13

Total sulfur

wt%

0.06

0.1

0.1

ASTM D4239-13

Sulfur in ash

wt%

1.38

–

–

ASTM D4239-13

Lower heating
value

cal g–1

2330

4533

4688

ASTM D5865-13

Higher heating
value

cal g–1

2749

4852

5000

ASTM D5865-13

Analysis results

Method

Table II The Results of Elemental Analysis of Oak Woodchip Feedstock
Analysis

Unit

Oak woodchip

Method

C

wt%

52.38

ASTM D5373-14

H

wt%

6.57

ASTM D5373-14

N

wt%

0.27

ASTM D5373-14

S

wt%

0.1

ASTM D4239-13

Ash

wt%

0.41

ASTM E1755-01(2020)

O

wt%

40.27

ASTM D3176-09

Table III Halogen and Ash Analysis Results of Oak Woodchip Feedstock
Analysis

Unit

Oak woodchip

Method

F

%

<0.05

Ion chromatography

Cl

%

<0.02

ISO 587:2020

Bulk density

kg m–3

367.8

ISO 787-11:1981

SiO2

%

14.5

Al2O3

%

4.3

Fe2O3

%

3.3

CaO

%

37.3

MgO

%

11.6

SO3

%

3.6

Na2O

%

3.2

K2O

%

19.3

TiO2

%

0.4

P2O5

%

2.5

shown in the mass and energy diagram given in
Figure 6. The energy value of the feedstock was
calculated as 20 MJ kg–1 on a dry basis. Additionally,
about 80 kg h–1 of ambient air was used for the
gasification agent. According to the conditions in
this operational tests, 5.5 kg of biochar is obtained
per hour from 50 kg h–1 fuel supply to the gasifier.
In addition, a total of 850 MJ syngas thermal
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Ash analysis ASTM D2795-95

energy was determined in the mass energy
balance which was utilised as an energy source for
the activation unit integrated into the system to
apply process intensification. These tests were a
fine example of intensification since two processes,
namely gasification and activation, retrofitted to
each other to preserve and use heat in the process
as compared to conventional activation.
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Fig. 5. TGA diagram for oak woodchips

Biomass
fuel in:
50.00 kg h–1
Fuel CV:
20 MJ kg–1
Energy:
1000 MJh

Hot air in:
80.00 kg h–1

Updraft
gasifier
reactor
900°C

500°C
Syngas out:
Energy:
850 MJh
215.50 Nm3 h–1

Heat
Hear loss

40 MJh
4.00%
Char:

5.50 kg h–1

Energy:
110 MJh

= 85%balance for gasifier during
efficiency
gas
Hot 6.
Fig.
Mass
and energy
the production of biochar. Hot gas efficiency = 85%

One critical aspect in the assessment of the
potential for activated biochar production from
oak woodchip by using the updraft gasifier is
the energy and mass balance of the process.
The mass and energy equilibrium on the reactor
provide a quantitative measure of the efficiency
for conversion of feedstock to produced gas and
biochar using this particular type of gasifier. Mass
and energy balances for a specific type of feedstock
will vary from one type of gasifier to another as
the thermodynamic equilibria and reaction kinetics
of the three head reactions in gasification vary
depending on the gasifier operating conditions.
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The mass balance analysis on the gasifier requires
an evaluation of the inputs to and outputs from
the gasifier. From the calculations, achieving 100%
closure is not easy and the results illustrate the
complications of acquiring this data. However, the
mass balance closure for the initial run was found
to average 85% which represents a reasonable
figure for the initial proof of concept assessment
of oak woodchip gasification study trials. The mass
and energy balance diagram for the initial run is
given in Figure 6.
Considering the mass and energy balance data,
the reactor was operated and syngas and biochar
production were obtained at high rates close
to theoretical calculations. During operations,
approximately 5.5 kg of biochar were obtained per
hour, and this produced biochar were transferred
to the biochar activation unit shown in Figure 1.
Also, syngas produced by gasification was
burned in a specially designed syngas burner and
thermal heat obtained was transferred through
the thermal heater to the biochar activation unit.
During the experimental study, nine different
activation operations were performed at different
temperatures (700ºC, 750ºC and 850ºC) each
with a different residence time (30 min, 60 min
and 90 min). Due to the reactor design, a heating
rate of approximately 20ºC min–1 was conducted
in all studies, which is a favourable condition
for activating biochar. The steam flow rate was
1.3 kg min–1 in accordance with this heating rate
and reactor design.
Gasifier byproduct of approximately 5.5 kg
biochar was transferred to the activation reactor.
The first experiment was carried out at 700ºC for
30 min residence time. The same procedure was
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applied at 700ºC for 60 min and 90 min residence
time, after which the samples were cooled with
nitrogen gas. Subsequently, experiments were
carried out at 750ºC and 850ºC under the same
conditions. Burn-off values of the samples formed
after activation were extracted from the biochar
obtained by weight from the first value and were
determined as a percentage. Effects of activation
time and temperature on burn-off of activated
biochar are given in Figure 7. In addition, BET
surface area and total pore volume analyses were
performed in each sample obtained and given in
Figure 8 and Figure 9.
According to Figure 7, during the activation of the
biochar with steam method, there is a mass loss
between 40–70%. It is evident from the figure that
the biochar regularly loses mass due to an increase
in the activation temperature and residence time.
It is clearly seen from the data that the highest

80
70

700°C
750°C
850°C

Burn-off, %

60
50
40
30
20
10

0

15

30
45
60
Activation time, min

75

90

Fig. 7. Effect of activation time and temperature on
burn-off of activated biochar

mass loss is observed at 850ºC when activation
period reaches 90 min. The possible reason
for that is some carbon in the biochar structure
reacts with water at high temperatures and forms
carbon monoxide and hydrogen (syngas). In
this thermochemical process, carbon leaves the
structure and causes mass loss but creates more
pores in the structure.
Physical adsorption and BET surface area
measurement were performed. According to BET
surface area and total pore volume analysis shown
in Figure 8 and Figure 9, it is clearly seen that
temperature and residence times have a significant
effect on the formation of the biochar surface
morphology. It can be understood from these
figures that the most appropriate temperature and
residence time interval applied for activation for
oak biochar was 60 min at 750ºC.
The resultant biochar produced from the
gasification as a byproduct is compared with
partially activated biochar utilising steam in
Table IV. It was determined that the volume and
area of the surface pores of the steam treated
biochar increased significantly (total pore volume
0.022 cm3 g−1 and 0.231 cm3 g−1, BET surface area
21.35 m2 g−1 and 458.28 m2 g−1, respectively).
It was compared with the commercial activated
carbon used in water filters produced from coconut
shell and physical adsorption and surface area
measurement are presented in detail (0.326 cm3 g–1
to 648.96 m2 g–1).
BET surface area analyses were carried out on
biochar and by activating the biochar obtained as
a result of gasification in the steam activation unit
shown in Figure 1 at the specified temperatures.
The results are given in Table IV. The most suitable
temperature for activation was found at 750ºC.

0.4
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0.3

400
0.2

300
200

–1

0.1

100

400
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200
30

40
Burn-off, wt.%
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0
60

Fig. 8. Progress of BET surface area and total pore
volume with burn off of activated biochar
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Fig. 9. Effect of activation time and temperature on
BET surface area of activated biochar
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Table IV BET Results of Biochar and
Activated Biochar with Steam
Activation
BET results (m2 g–1)
Biochar

21.35

Activated biochar (750ºC, 60 min)

458.28

Since the 1 h residence time activated biochar at
750ºC gave the highest result (458.28 m2 g–1),
other analyses such as FTIR, XRD and SEM of
the selected activated biochar obtained were
conducted. These results were also compared with
the biochar produced from the gasifier without any
activation.
Finally, during the steam activation process,
the porosity increased apparently when the
temperature rose to about 750ºC. On the other
hand, the micrographs obtained from the biochar
and activated biochar showed no discrepancies in
terms of morphological properties. As both samples
yielded different porosity values, this result can be
said to be coherent with the physisorption results
obtained from surface analyses.
The discussion section, first of all, deals with
the properties of the carbonisation process. The
produced activated biochar was found to yield an
increase in the surface area (from 21.35 m2 g−1
to 458.28 m2 g−1) and total volume (from
0.022 cm3 g−1 to 0.231 cm3 g−1) as a result of
the transition from limited air to steam in the
gasification system. Generally, the rise in the
temperature of the gasification process causes a
higher discharge of volatile matter. This, in turn,
leads to an increase in the original porous structure
that will be further developed during the activation
phase. On the other hand, high temperature in the
gasification process results in the softening and
sintering of the high molecular weight volatiles,
which leads to the depolymerisation and shrinkage
of the particles. This also causes a reduction in the
micropore surface area and volume. Nevertheless,
a temperature below 700ºC in the gasification
phase impedes the complete devolatilisation of
the low molecular weight volatiles, and as a result,
prevents the initial porosity from being further
developed.
An increase in the temperature from 800ºC to
1000ºC leads to a decrease in the yield efficiency of
biochar from gasified oak woodchips. This is caused
by the oak woodchips being partially decomposed to
gaseous products. Therefore, the ideal gasification
and activation temperature was 750ºC, which was
used to activate the samples in the following.
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The ratio of the mass of activated biochar to
the mass of the raw material was calculated to
determine the yield of activated biochar. The
oak biochar activated at 750ºC was examined to
evaluate the effects of the activation temperature
and the hold time on the yield of activated biochar.
The sample underwent activation with steam
at predetermined activation temperatures and
constant hold time (1 h), different hold times and
constant activation temperature (750ºC).
An activation temperature of 750ºC at constant
hold time caused a change in the yield of activated
biochar. This is linked to the elimination of volatile
matter arising from the decomposition of the
main oak woodchips compounds, i.e., cellulose
(a long glucose polymer without branches) and
hemicellulose (composed of a variety of branched
saccharides). Due to the decomposition of all
cellulose and hemicellulose, the yield becomes
stable at a temperature above 700ºC. As a result,
lignin, the third component of oak woodchips
that is more challenging to decompose, remains.
In fact, lignin is known to decompose slowly at a
temperature ranging from room temperature to
900ºC (38). Yet, the decomposition of cellulose
and hemicellulose generates a porosity in oak
woodchips that enables more efficient diffusion
of oxygen to the particles. Hence, an increase
is obtained in the kinetic reaction of lignin with
oxygen. According to these results, the more
cellulose and hemicellulose the raw material
contains, the faster the decomposition of lignin
takes place. The decomposition of the biomass
actually occurs in two steps during activation: the
decomposition of the cellulose and hemicellulose
takes place first. This first step leads to an increase
in the porosity of the activated biochar, and, as a
result, the oxidising agent can easily diffuse into
the particles. Secondly, the lignin reacts with the
oxidising agent.
The endothermic reaction of carbon with water
to produce carbon dioxide and hydrogen is
thermodynamically more desired and is quicker at
750ºC. Longer hold time generates an increase in
the amount of discharged volatile matter.
Surface energies of oak biochar produced after
gasification were measured by SEM and energy
dispersive X-ray spectroscopy (EDS) analysis
was performed at GTU Laboratories (Figure 10
and Table V). Surface pores were clearly seen
in SEM analyses and images were found to be
consistent. In addition, biochar produced after
the oak gasification process has a carbon content
of about 80–85%. These findings are confirmed
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(d)

(a)

200 µm

(b)

200 µm

(e)

50 µm

(c)

50 µm

(f)

10 µm

10 µm

Fig. 10. SEM analysis of: (a)–(c) biochar and (d)–(f) activated biochar

Table V Energy Dispersive Spectroscopy Analysis of Oak Woodchips Biochar and Activated
Biochar
Material

Element

Weight, %

Atom, %

Error, %

Net intensity, %

Activated biochar
(750°C, 60 min)

C

84.28

87.72

0

11607.58

O

15.72

12.28

0.01

827.78

C

79.66

84.32

0

30208.26

O

19.14

15.21

0

3085.12

Mg

0.22

0.12

0.02

221.97

Al

0.17

0.08

0.02

183.87

Si

0.13

0.06

0.02

153.36

K

0.36

0.12

0.03

225.72

Ca

0.32

0.1

0.03

166.7

Biochar without any
activation

by EDS measured at different areas of the
sample since silicon, oxygen, potassium, calcium
and magnesium were observed on the surface
(see the spectrum in Table V), which mainly
contributed to the formation of low melting point
eutectics.
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XRD is an analysis method to prove whether the
structure is crystalline. This method is widely used in
the synthesis of activated carbon. Although activated
carbons are generally amorphous structures, crystals
can be found in the activated carbon structure
depending on the synthesis methods.
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Surface functional groups of the biochar at high
temperature (750ºC) with steam were measured.
Surface functional groups of the biochar were
also analysed by FTIR in the laboratories at GTU.
Considering the formation of surface functional
groups of the biochar, these analyses revealed that
gasification is a correct method in the production
of activated carbon. As seen in Figure 12, as
expected for activated carbon, C–H stretching
vibration was observed at 2973 cm–1, C=O
and C=N at ~1591 cm–1 and C–O stretching at
~1045 cm−1. Also, stretching was found in the
alcohols, phenols, ether and ester groups. As in
the case of commercial activated carbon, a strong
band is seen at about 799 cm−1 that is described
as COOH vibrations in carboxylic groups; biochar
and partially activated biochar were also observed.

Biochar
Activated biochar (750°C, 60 min)

300
200
100
100

Fig. 11. Activated biochar and biochar XRD
analyses

Considering the XRD results showed in Figure 11
of the synthesised activated biochar, it is seen that
there is no crystalline phase in the structure and
the structure is completely amorphous. In addition,
it was understandable that no peak was seen in
previous studies since the synthesis conditions
were considered to be quite amorphous. It is
seen that all activated carbon samples have three
different amorphous phases. A horizontal baseline
can be seen in the diffractogram of biochar and
activated biochar, which indicates that a significant
proportion of the matter is amorphous. It can
be inferred from the XDR pattern of the biochar
that the gasification process had a significant
impact. Owing to the decomposition of cellulose
and hemicellulose during the thermal treatment,
the diffraction peaks achieved at 2θ = 16.3º and
20.60º disappear. Subsequent to the pyrolysis,
only two broad diffraction peaks at around 23.58º
and 43º remain, which could be related to the
presence of carbon and graphite (39).
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This paper investigated the possibility of production
of activated carbon from biochar generated as
byproduct from gasification of oak woodchips
by means of a physical activation method with
an activating agent: pure steam. According to
the SEM examination of raw biochar obtained
from oak woodchips and activated biochar, the
gasification process led to a gradual increase in
the porosity, and the steam process caused further
activation. Carbons with increased porosity and
surface area were produced by steam activation
of biochar from oak woodchips. Substoichiometric
air gasification resulted in a maximum BET surface
area and micropore volume of 21.35 m2 g–1 and
0.022 cm3 g–1, respectively. On the other hand,
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Fig. 12. FTIR surface functional group analysis of biochar, activated biochar and commercial activated carbon
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steam activation of biochar further resulted in a
maximum BET surface area and micropore volume
of 458.28 m2 g–1 and 0.231 cm3 g–1, respectively.
Hence, steam activation yielded a more than tenfold increase in this study. Also, oxygen functional
groups (carboxylates, lactones and phenols) on the
surface led to a high degree of aromaticity in the
activated biochar.
One of the major contributions of this study
for the state-of-the-art is that the production of
activated carbon will not require external thermal
energy for activation, which causes a considerable
increase in the cost of the production. The
process is intensified by eliminating the thermal
activation step and biochar produced as a
byproduct as a result of gasification has a high
carbon content, highly porous structure and is
a semi-activated substance. Previous studies
have also shown that specific processes can
be employed to convert biochar into activated
carbon. Furthermore, less costly and more
sustainable production of activated carbon can
be obtained by using byproduct biochar produced
from biomass gasification systems.
To sum up, if prepared under optimal settings, the
activated biochar produced from oak woodchips
can have a large surface area and microporous
volume. These highly porous carbon substances
with low production costs can be effectively used
to control environmental pollution through, for
example, adsorption of gaseous pollutants and
heavy metals.
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Primary iron metallurgy is characterised by
significant direct carbon dioxide emissions, due to
the carbothermic reduction of the iron ore. This
paper deals with the electrification of primary iron
production by developing a new and innovative
process for the carbon-free production of metallic
iron from bauxite residue which is a byproduct of the
alumina industry. It is based on the electroreduction
of iron oxides from bauxite residue suspensions
in concentrated sodium hydroxide solutions, at
low temperature and normal pressure. The iron
oxide source used in the present study is bauxite
residue provided by MYTILINEOS SA, Metallurgy
Business Unit-Aluminium of Greece. The research
study is a preliminary screening of bauxite residue
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as a potential raw material for iron production by
performing experiments in a small-scale electrolysis
cell. The first results presented here show that iron
can be produced by the reduction of iron oxides
in bauxite residue with high Faradaic efficiency
(>70%). Although significant optimisation is
needed, the novel process shows great promise.

1. Introduction
At present, primary iron metal is commonly
produced through the CO2 intensive carbothermic
reduction of iron oxides in blast furnaces at a
temperature of around 1600°C. Since carbon
is used as both reducing agent and fuel for the
process, blast furnace pig-iron cannot eliminate
its CO2 emissions. Therefore, in recent years,
carbon‑free electrochemical processes have been
widely investigated as potential green alternative
routes for the production of iron and iron-base
alloys (1– 4) (assuming renewable electricity).
A large project that has been focused on
alternative ways of producing iron was Ultra Low
CO2 in Steelmaking (ULCOS) in which new smelting
reduction concepts were studied. The ULCOWIN
electrolytic production of iron from suspensions of
iron oxide particles in a highly concentrated sodium
hydroxide solution at 110°C was demonstrated at
laboratory scale. It has been shown that the iron
particles are reduced in the solid state, which differs
from the conventional electrowinning processes
where the metal is deposited through the reduction
of dissolved metal cations. Previous works with this
process achieved high Faradaic yield (80–95%)
(1–4).
Based on the above-mentioned studies, the
technology for alkaline pulp iron electrowinning is
being studied for the first time from a secondary
mineral source, namely bauxite residue from the
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alumina refining industry. This technique is referred
to in the SIDERWIN project (5), which aims among
others to produce iron from alternative low-grade
iron sources, currently incompatible with the
conventional steel making processes.
Bauxite ore is treated within the Bayer process to
produce metallurgical grade alumina which is the
raw material for aluminium production. Bauxite ore
depending on its origin contains 40–60% alumina
and the rest is a mixture of iron (20–30%), silicon
and titanium oxides. When bauxite ore is treated
with caustic soda, the aluminium hydroxides
or oxides contained within are solubilised, with
approximately 50% of the bauxite mass being
transferred to the liquid phase, while the remaining
solid fraction constitutes the bauxite residue, often
termed as ‘red mud’ due to its colour. Depending
on the grade of the bauxite ore used, bauxite
residue, on a dry basis, is produced from 0.9 to
1.5 mass ratio to the alumina product (6). The high
volume and alkalinity of this byproduct make its
valorisation a major challenge worldwide (7).
Bauxite residue is an untapped secondary raw
material source considering the presence of
valuable substances such as iron (30–45 wt%),
aluminium (15–25 wt%), silicon, calcium, titanium
and sodium oxides as well as smaller concentrations
of critical or industrially important elements such
as rare earth elements (REEs) (mainly cerium,
lanthanum, scandium, yttrium and neodymium),
vanadium, chromium and others (6). The recovery
of the major metals from bauxite residue has never
yet been implemented while a lot of processes
have been proposed. Despite the laboratory-scale
success of much of the work so far, currently the
industrial utilisation of bauxite residue is estimated
at just 2–4 million tonnes, accounting for less than
3% of the annual bauxite residue production (8).
The main constituent of bauxite residue is iron
oxide and it can make up to 45% of the mass of the
bauxite residue. In fact, the red colour of bauxite
residue is caused by iron(III) oxides (mostly
haematite, Fe2O3) (9). In general, due to its high
alkaline (Na2O ≈ 10%) and its titanium (TiO2 ≈
4–15%) content, bauxite residue is not suitable for
use as an iron ore substitute in blast furnaces.
Bauxite residue reductive smelting processes can
be applied by several technologies (Corex, Finex®,
HIsmelt, Romelt, AusIron and electric arc furnace
(EAF)) for the production of pig iron (10, 11). So
far, two methods have been applied at pilot scale
for bauxite residue reductive smelting: the Romelt
method (12) and the EAF (13–16). The Moscow
Institute of Steel and Alloys (MISA) (Russia), with
National Aluminium Company Ltd (NALCO) and the
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joint venture company Romelt-Steel Authority of
India Ltd (RSIL) (India), studied the pyrometallurgical
process of bauxite residues using the Romelt
method (12). The advantage of this method is that
materials can be used with moisture levels of up to
10 wt%. The main disadvantage is the high energy
consumption and the poor quality of pig iron with a
high concentration of sulfur and phosphorus (10). In
EAF reductive smelting, a mixture of bauxite residue,
carbon and fluxes is treated at 1500–1700°C to form
pig iron with higher than 95% iron recovery (6, 13,
17). Recovery of residual iron can be further improved
by later magnetic separation in slag dust (18).
Post-melting slag can be used to produce rockwool
or building materials (6, 19) and for the recovery
of non-ferrous metals and REE (9, 18, 20, 21).
However, such methods have not been industrialised
as they are not competitive to established iron and
steel making processes.
The present paper describes a highly promising
electrochemical method for sustainably extracting
the iron from bauxite residue, in an alkaline
environment, which is in-tune with the alkaline
environment of the Bayer process.

2. Materials and Methods
The process is conducted in an electrolysis cell
consisting of a borosilicate glass beaker (250 ml)
closed with a specially configured cylindrical
silicon bung (45 cm diameter). The experimental
apparatus is shown in Figure 1.
A three-electrode configuration was used; the
cathode was a rectangular shaped stainless

Cathode

Reference
electrode

Anodes

Fig. 1. Electrolysis experimental apparatus
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steel V2A plate (110 mm height, 10 mm length,
1 mm width), the anodes were two rectangular
shaped nickel plates (100 mm height, 10 mm
length, 2 mm width). All electrodes were centred
according to the silicon bung’s cylindrical axis in
specially configured holes so that the electrodes
were in certain positions and at fixed distance to
each other. The working electrode’s surface area
that was immersed in the solution was defined to
be 8 cm2. The reference electrode that was used
was a commercial Hg│HgO│NaOH (1 M) electrode
(RE-61AP, ALS Co Ltd, Japan) which was immersed
in a distinct glass.
Bauxite residue was supplied by MYTILINEOSAluminium of Greece. Samples were solubilised
via fusion method according to which a quantity
of bauxite residue remained at 1000°C for 1 h
with a mixture of Li2B4O7/KNO3 followed by direct
dissolution in 6.5% nitric acid solution. Chemical
analysis was performed by atomic absorption
spectroscopy (AAS) with the use of a PerkinElmer
2100 atomic absorption spectrometer. The chemical
analysis of the samples used in this study is shown
in Table I. The chemical analysis showed that
Fe2O3 is the main content of bauxite residue.
Mineralogical analysis of bauxite residue
(Figure 2) showed that the main iron oxide phase
is haematite while a small amount of goethite also
exists. The haematite to goethite mass ratio in
bauxite residue is 4.2 (22).
Prior to each experiment, the stainless-steel
cathode and the nickel anodes were polished with

sandpaper and were rinsed with demineralised
water. Furthermore, the cathode was weighed.
The electrolyte was a 50 wt% NaOH aqueous
solution corresponding to molarity of 25 mol kg–1,
to which was added 10 wt% bauxite residue solid
particles. Typically, a mixture of 152.4 g solid
NaOH with purity higher than 99% (CHEM-LAB NV,
Belgium) and 152.4 g demineralised water were
mixed under stirring for about 30 min. After the
electrolyte’s homogenisation, 33.9 g of bauxite
residue were slowly added to the solution within
5 min.
The slurry temperature was measured via a probe
that was wrapped in a polytetrafluoroethylene
(PTFE) shrink tubing to avoid current leakage. The
slurry was stirred using a 1 cm ringed cylindrical
magnetic bar and magnetic hot plate (IKA® RCT
basic, IKA Works Inc, USA) at a rotational speed
of 500 rpm to keep bauxite residue particles
suspended. The small size of the magnetic bar was
chosen to minimise the attraction of magnetite
particles to the stirrer. The cathode, the anodes and
the reference electrode were connected via their
respective terminal to a potentiostat (SourceMeter®
2461 Series, Keithley, Tektronix Inc, USA).
Cyclic voltammetry and electrolysis tests, under
chronopotentiometry mode, were performed in a
three electrode cell connected to a potentiostat
(2461 Series, Keithley) and the obtained
experimental data were analysed. Regarding cyclic
voltammetry, it should be noted that both working
and counter electrode were platinum wires while

Table I Bauxite Residue Chemical Analysis

wt%

Fe2O3

Al2O3

SiO2

TiO2

CaO

Na2O

Loss on ignition (LOI)

44.77

18.75

6.69

6.65

9.77

2.93

9.17

Intensity, au

Measured

10

He

Simulated

He

Gb
Cn
Ch B

Po

Hg
Hg D G

20

Ca Hg
Hg
Cn
A Hg

D He

30

D
Ca
Hg Hg

He

40
2q

D

D

He

Hg PCa

50

He
Hg
Hg
D He

He He

60

70

Key
He
Hg
D
Cn
G
Ca
P
Ch
Gb
B
Po
R
A

Haematite
Hydrogarnet
Diaspore
Cancrinite
Goethite
Calcite
Perovskite
Chamosite
Gibbsite
Boehmite
Portlandite
Rutile
Anatase

Fig. 2. Bauxite residue mineralogical analysis
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2.1 Determination of Metallic Iron
According to previous studies, the haematite
reduction mechanism to form metallic iron on the
cathode has magnetite as an intermediate product
(2). For that reason, a quantitative determination
of the deposit took place to identify the percentages
of both metallic iron and magnetite phases.
The principle of the method is based on the
selective dissolution of metallic iron from a 2%
bromine solution in ethanol in a mixture with
its oxides. According to the procedure, 100 ml
of bromine (Acros OrganicsTM, Thermo Fisher
Scientific, USA) solution 2% in ethanol (EMSURE®,
Merck, Germany) was prepared and 0.2 g of sample
powder was added in a 250 ml conical flask. The
solution was let to stir at ambient temperature for
90 min and then filtered using a 47 mm diameter
glass fibre filter (Whatman®, Cytiva, USA) (23).
The resulting solution was titrated into a 500 ml
flask with deionised water. Finally, the solution
was diluted and measured in an atomic absorption
spectrometer (PerkinElmer 2100).

3. Results
3.1 Cyclic Voltammetry
A voltammogram of bauxite residue (10 wt%) with
50 wt% NaOH solution at 110°C and scan rate
100 mV s–1 is shown in Figure 3. Iron oxide from
bauxite residue (mainly haematite) is reduced to
metallic iron in the region of cathodic potentials
from –1.2 V to –1.4 V with a peak at –1.36 V.
Hydrogen evolves at more negative potentials
lower than –1.4 V. The plateau observed at cathodic
potentials between –1.0 V and –1.2 V is attributed
to reduction of haematite to magnetite which is
always taking place in the system under study as
is seen in Raman spectra of a typical deposit in
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0.04
0.02

j, A cm–2

the reference electrode was the above mentioned
Hg/HgO commercial electrode.
Electrolysis
tests
were
performed
under
galvanostatic mode. The duration of the experiment
was 2 h. After the end of each experiment, the
cathode was thoroughly rinsed with distilled water
in order to remove the remaining electrolyte,
and was dried at 100°C for 24 h, before being
weighed. The difference between the mass of the
cathode prior to and after the end of electrolysis
was considered as the mass of the deposit. This
value was used to deduce the current efficiency
according to Faradaic law.

0

–0.02
–0.04
–0.06
–1.6

–1.4

–1.2
–1.0
–0.8
E, V vs. Hg/HgO

–0.6

–0.4

Fig. 3. Cyclic voltammetry in pulps of bauxite
residue (10 wt%) in 50 wt% NaOH solution at
110°C and 100 mV s–1

Figure 4. The peak observed at anodic scanning
at about –0.7 V is attributed to the reversible
oxidation of iron.
The electrochemical reactivity of the iron oxides
of bauxite residue was evaluated by galvanostatic
electrolytic experiments. The parameters that were
tested were current density and slurry temperature.

3.2 Effect of Current density
Galvanostatic experiments were performed in
different applied currents (62.5 A m–2, 156.3 A m–2,
312.5 A m–2, 625 A m–2, 937.5 A m–2, 1250 A m–2)
while all other factors remained constant (50 wt%
NaOH, 10 wt% bauxite residue, temperature
110°C and stirring rate 500 rpm). The open circuit
potential between the working electrode and the
reference electrode was –0.968 V.
The cathodic potential vs. Hg/HgΟ is shown
in Figure 5. As expected, the increase of the
applied current results in more negative values
of cathodic potential indicating more intense
reductive conditions at the cathode. The applied
currents between 62.5 A m–2 and 312.5 A m–2
gave constant cathodic potential values for the
whole duration of electrolysis tests in the range
of –1.2 V to –1.4 V which coincide fully with the
region of haematite reduction to metallic iron as
shown in the voltammogram of Figure 3. Applied
current densities higher than 312.5 A m–2 push
the cathodic potential towards the hydrogen
evolution region (<1.4 V) as seen in Figure 3. Ιn
all experiments the cathodic potential was lower
than the open circuit potential and therefore the
cathodic material was stable and not corroded.
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Fig. 4. Raman spectra of cathodic
deposit
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Fig. 5. Cathodic
potentials during
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experiment at
different current
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The calculated Faradaic efficiency for each
experiment, taking into account the purity of
metallic iron in the deposit that was determined
to be 89–91% in all experiments, is shown in
Table II. Particles of magnetite which are formed
by the reduction of haematite appeared as
impurities on the cathode surface. In conclusion,
the metallic iron produced is extremely pure and
the only processing needed is a melting process to
produce pure iron ingots.
As seen, the lower the applied current, the higher
the Faradaic efficiency. The lowest applied currents
in the region of 62.5 A m–2 to 312.5 A m–2 gave the
highest current efficiencies which were very close
to 50%. Even this current efficiency is very low
indicating the strong presence of parallel unwanted
cathodic reactions such as the hydrogen evolution
reaction as well as unavoidable cathodic reactions
such as the reduction of haematite to magnetite
that is always taking place in this system. The
intense hydrogen evolution even at the lowest
applied currents where the measured cathodic
370

500

600

potentials was higher than that of hydrogen
reduction indicates a cathode with non-uniform
potential. This is reasonable because the cathode
is covered by electroactive haematite particles as
well as non-electroactive particles coming from the
bauxite residue. The electroactive species are the
iron oxides haematite and goethite and the nonelectroactive particles are all the other phases
in bauxite residue such as diaspore, cancrinite,
calcite, hydrogarnet, perovskite, gibbsite, boehmite
and anatase. Therefore, the current distribution on
cathode is non-uniform giving rise to areas with
charge accumulation (located where the nonelectroactive species are concentrated) and thus
more negative potential in relation to the other
areas where the electroactive haematite particles
are located.

3.3 Effect of Temperature
The temperature effect was studied in the range
70–135°C while the other electrolysis parameters
© 2021 Johnson Matthey
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Table II Current Efficiency of Galvanostatic Experiments for the Investigation of the Applied
Current Effect
Current density, A m–2

Current efficiency, %

62.5

48.48

156.25

48.84

312.5

41.19

625

25.28

937.5

35.14

1250

33.74

–1.00
–1.05
Ecathodic, V vs. Hg/HgO

–1.10
–1.15

70

–1.20

90

–1.25

110

–1.30

120

–1.35
–1.40

130

–1.45

135

–1.50
0

100

200

300
Time, s

400

were kept constant (50 wt% NaOH, 10 wt% bauxite
residue and stirring rate 500 rpm). The applied
current density was selected to be 156.3 A m–2
as this value resulted in the highest Faradaic yield
(48.84%) in the previous experimental series.
The cathodic potentials vs. Hg/HgΟ are shown in
Figure 6. As seen, the cathodic potentials within
the whole duration of all electrolysis experiments
remained in the region from –1.2 V to –1.4 V which
coincides with the region where the haematite is
reduced to metallic iron (Figure 3). In addition,
there is a tendency for less negative cathodic
potentials (milder reductive conditions) as the
process temperature increases. The calculated
Faradaic efficiencies are shown in Table III.
The increase of temperature from 70°C to 130°C
resulted in a steady almost linear increase of
Faradaic efficiency from 11.23% to 71.58%. Stepup temperature to 135°C caused a slight decrease
in current efficiency to 59.76% which is still higher
than that at 120°C.
As mentioned above, the cathode surface is
covered with electroactive and non-electroactive
particles coming from the bauxite residue. The
electroactive particles are strongly attached to the
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Fig. 6. Cathodic
potentials during
galvanostatic
experiment at
different pulp
temperatures (°C)

500

600

cathode surface due to their partial reduction to
metallic iron while the non-electroactive particles
are loosely attached. The temperature increase
causes an increase in the rate of heterogeneous
nucleation of water bubbles on the particles’ surface
due to vapour pressure increase. Therefore, the
probability of removing the loosely attached nonelectroactive particles from the cathode surface
increases and thus the probability of replacing the
non-electroactive with electroactive ones increases.
At higher temperatures the percent coverage of
the cathode with electroactive species increases
and thus the Faradaic efficiency increases. At
temperatures close to the boiling point of 50 wt%
NaOH solution (that is 143°C), the water bubbling is
so intense that the electroactive particles also start
to detach from the cathode surface and therefore
decrease the Faradaic efficiency. A compromise is
achieved at an intermediate temperature which in
this case is 130°C.
In any case, the Faradaic efficiencies achieved
during the bauxite residue pulp electrolysis are
substantially lower than those achieved in iron ore
pulp electrolysis (3) where the cathode is uniformly
covered by only electroactive particles.
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Table III Current Efficiency of Galvanostatic Experiments for the Investigation of Pulp’s
Temperature Effect
Temperature, °C

Current efficiency, %

70

11.23

90

24.48

110

48.84

120

54.94

130

71.58

135

59.76

4. Conclusions
The present work has demonstrated the possibility
to electrochemically reduce iron from bauxite
residue in alkaline pulps. The process temperature
proved to be the most crucial parameter that
substantially affects the Faradaic process efficiency.
At the current level of process development, a
Faradaic efficiency of 71.58% was achieved at pulp
density of 10 wt% bauxite residue in a 50 wt%
NaOH solution at 130°C. The applied current has
to create a cathodic potential higher than –1.4 V
vs. Hg/HgO (in 1 M NaOH) in order to avoid the
hydrogen evolution which takes place at cathodic
potentials lower than –1.4 V.
The cathode in the case of bauxite residue pulps
electrolysis is not uniformly covered by electroactive
iron oxide particles (mainly haematite) and
therefore there is not a uniform cathodic potential
on the whole cathode surface. This affects the
current efficiency of the process which is always
substantially lower than that observed in pure
haematite ore electrolysis.
Bauxite residue is produced as a byproduct of the
Bayer process, an alkaline leaching process taking
place at temperatures 120–250°C. Therefore, the
present process has great potential for integration
in the established Bayer process as a symbiotic
step to valorise the (currently wasted) iron portion
of the bauxite ore.
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The manufacturing industry must diverge from a
‘take, make and waste’ linear production paradigm
towards more circular economies. Truly sustainable,
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circular economies are intrinsically tied to renewable
resource flows, where vast quantities need to
be available at a central point of consumption.
Abundant, renewable carbon feedstocks are often
structurally complex and recalcitrant, requiring
costly pretreatment to harness their potential fully.
As such, the heat integration of supercritical water
gasification (SCWG) and aerobic gas fermentation
unlocks the promise of renewable feedstocks such
as lignin. This study models the technoeconomics
and life cycle assessment (LCA) for the sustainable
production
of
the
commodity
chemicals,
isopropanol and acetone, from gasified Kraft black
liquor. The investment case is underpinned by
rigorous process modelling informed by published
continuous gas fermentation experimental data.
Time series analyses support the price forecasts
for the solvent products. Furthermore, a Monte
Carlo simulation frames an uncertain boundary for
the technoeconomic model. The technoeconomic
assessment (TEA) demonstrates that production
of commodity chemicals priced at ~US$1000 per
tonne is within reach of aerobic gas fermentation.
In addition, owing to the sequestration of biogenic
carbon into the solvent products, negative
greenhouse gas (GHG) emissions are achieved
within a cradle-to-gate LCA framework. As such,
the heat integrated aerobic gas fermentation
platform has promise as a best-in-class technology
for the production of a broad spectrum of renewable
commodity chemicals.

1. Introduction
The development of a sustainable chemical
industry requires a transition from the use
of finite fossil reserves to renewable carbon
feedstocks.
Second
generation
biochemical
© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16137377305390

technologies utilise carbon feedstocks outside
the food value chain. Such technologies allow
agricultural, industrial and organic municipal solid
wastes to be used for chemical production (1).
These carbon sources are inexpensive, abundant
and
renewable,
contributing
towards
the
development of a sustainable, circular economy
(2). Lignocellulosic biomass typically consists
of cellulose, hemicellulose and lignin. However,
owing to its recalcitrance, lignin cannot be utilised
by conventional fermentation, which accounts for
up to 40% of lignocellulosic biomass (3).
Black liquor is a coproduct from Kraft paper and
pulp mills, consisting of the residual lignin after
recovery of the cellulosic pulp product. In Kraft
mills approximately 10 tonnes of weak black
liquor is produced per air dried tonne of pulp (4).
The combustion of this lignin-rich coproduct in
Tomlinson boilers makes modern Kraft mills selfsufficient in steam and electrical energy (4, 5).
However, research into Kraft mill heat integration
over the last two decades has highlighted the
potential to reduce mill energy consumption
by up to 40% (6, 7). Such projects would free
up a portion of weak black liquor for alternative
income generation. Additionally, in mills where the
Tomlinson boiler is the bottleneck for the process,
diverting a portion of black liquor away from the
recovery boiler could allow mills to increase their
capacity by 25% (8). Whilst the traditional use for
the black liquor coproduct is renewable electricity
generation, gasification of this carbon-rich
feedstock creates opportunities for biochemical
production, expanding the product range of a Kraft
mill.
SCWG has emerged as a hydrothermal technology
suited to the gasification of wet biomass feedstocks
to produce synthesis gas (syngas). SCWG is
particularly advantageous for processing feedstocks
with moisture contents >30%, where it energetically
outcompetes the inherent drying required by
conventional gasification (9). It is therefore
capable of utilising streams such as black liquor,
food waste, sewage sludge and manure which are
typically uneconomical as feedstocks for traditional
gasification technologies (10). Furthermore, the
dissolution of the carbon feedstock in water leads
to low tar and coke production in comparison
with conventional gasification (11), simplifying
purification technologies. Upgrading syngas to
fuels and chemicals using metal-based catalysts
is an established technology for coal feedstocks.
As such, these technologies have been applied
to syngas derived from renewable feedstocks,
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where Johnson Matthey and bp recently licenced
their Fischer-Tropsch technology to Fulcrum
Bioenergy (12). However, such technologies
experience high capital and operating costs due
to the utilisation of high operating temperatures
and pressures, the prerequisite for specific carbon
monoxide to hydrogen ratios and potential catalyst
poisoning from gas impurities (13). Moreover, low
chemocatalytic selectivity remains a challenge for
converting syngas to commodity chemicals. Gas
fermentation, on the other hand, circumvents
these intrinsic challenges, notably through high
selectivity biocatalysis, and has emerged as an
alternative technology for syngas upgrading (13).
Gas fermentation exploits microbial cell factories
able to utilise carbon dioxide and hydrogen as a
sole carbon and energy source to produce target
chemicals through metabolic engineering (14).
The commercialisation of gas fermentation
technology is dominated by anaerobic fermentation,
where LanzaTech leads the way in the utilisation
of carbon monoxide-rich steel mill off-gas to
produce ethanol (15). Their Jintang plant has a
46,000 tonne year–1 operating capacity and uses
their proprietary anaerobic acetogen, Clostridium
autoethanogenum, as a microbial cell factory.
This microorganism employs the Wood-Ljungdahl
pathway, which is a thermodynamically efficient
carbon dioxide fixation pathway compared to other
biological C1 fixation pathways (16). However,
such anaerobic carbon dioxide fixation presents
energetic limitations which limit the product scope
(17). Also, low value byproducts are common,
negatively impacting on the carbon efficiency of the
desired product whilst complicating downstream
processing (18).
Aerobic cell factories on the other hand, are
energetically advantaged compared to anaerobic
cell factories (19). Therefore, the use of aerobic
bacteria allows for the production of more complex
chemicals
via
energy-intensive
biochemical
pathways (18), broadening the renewable chemical
spectrum. However, a disadvantage of aerobic gas
fermentation is its reliance on the Calvin-BensonBassham cycle. Whilst this cycle achieves favourable
kinetics by investing appreciable energy into C1
fixation (20), it is consequently thermodynamically
inefficient compared to the Wood-Ljungdahl
pathway. Due to the greater heat generation,
aerobic bioreactors require the installation of
substantial cooling capacity, translating to both
capital and operating cost burden (19). In addition,
compressors are required to satisfy the oxygen
demand and the presence of oxygen necessitates
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the use of more expensive stainless steel reactors.
Historically, aerobic fermentation has been used
for high value, low volume products (21). However,
for the production of higher volume commodity
products, where utility costs dominate (22),
aerobic fermentation has been hindered by process
economics. This is a result of the aforementioned
cooling requirements, associated air compression
and reduced economies of scale compared with
anaerobic fermentation (23).
The difference between aerobic and anaerobic
fermentation’s process economics is highlighted
in recent work by Dheskali et al. who developed
an estimation tool for the fixed capital investment
(FCI) and utility consumption for large-scale
biotransformation processes (24). Their model
presented a ~20% increase in unitary FCI and
a >1.5 times increase in energy requirement for
aerobic fermentation over anaerobic, for a modest
aeration rate. This was attributed to the capital and
operating costs associated with the air compressors
required for aerobic fermentation (24). Gunukula
et al. also presented an almost 30% increase
in the minimum selling price for commodity
chemicals produced via aerobic compared to
anaerobic fermentation (25). Similarly, in a
series of technoeconomic studies for cellulosic
ethanol production by the National Renewable
Energy Laboratory (NREL), the fermentation area
was found to be the primary cost for aerobic
fermentation, with the fermentation compressors
having the greatest power requirement (26). On
the other hand, for anaerobic fermentation, the
pretreatment section was found to be the largest
cost driver with a less pronounced compressor
duty (27).
The potential of aerobic fermentation can only
be effectively realised by reducing these costs,
notably through improved engineering design.
This work evaluates the integration of aerobic
gas fermentation with SCWG as a solution to
economically
feasible
commodity
chemical
production as proposed by Bommareddy et al. (28).
The integration of gas fermentation with SCWG via
a heat pump allows for the low temperature heat
released by gas fermentation to be utilised by the
high temperature, endothermic SCWG process.
This both removes the cooling water burden
required by the bioreactors and reduces the
fraction of hydrogen that needs to be combusted
to support the endothermic gasification process.
Furthermore, the duty released by expanding the
high-pressure gas product from SCWG is recovered
using a turbo expander and subsequently used to
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power the air compression, negating the need for
external power provision. This integration has the
potential to overcome the barriers to cost effective,
commercial scale, aerobic gas fermentation for
commodity chemical production.
Cupriavidus
necator
(formerly,
Alcaligenes
eutrophus and Ralstonia eutropha) is employed as
the microbial cell factory in this work. Cupriavidus
necator is a chemolithoautotrophic bacterium
capable of aerobic, autotrophic growth using
carbon dioxide as the sole carbon source, hydrogen
as electron donor and oxygen as the electron
acceptor (29). This cell factory benefits from the
kinetic advantage of the Calvin-Benson-Bassham
cycle and is strictly respiratory, which compared
to anaerobic cell factories results in negligible
synthesis of low value, fermentative byproducts.
Bommareddy et al. (28) detail the continuous
production of isopropanol and acetone using
aerobic gas fermentation. This first generation
Cupriavidus necator cell factory produces acetone
as an overflow coproduct from the engineered
biochemical pathway to isopropanol, which is
subject to future optimisation of this carbon
flux bottleneck. Further relevant to the process
design, this cell factory has not been adapted
to be tolerant to concentrations of isopropanol
>15 g l–1, necessitating a dilution strategy through
an engineering solution. Relying on the sustainable
manufacturing paradigm in Bommareddy et al.
(28), this work presents the TEA and LCA for a
solvent plant, that exploits this first generation
cell factory, producing isopropanol and acetone
via aerobic gas fermentation and purifying the
solvents via a heat and mass integrated separation
train network.

2. Materials and Methods
2.1 Conceptual Process
The proposed solvent plant is co-located with a
Kraft paper and pulp mill in China with throughput
as defined in Table I. Figure 1 outlines the Kraft
process, which conventionally directs weak black
liquor to multi-effect evaporators, producing strong
black liquor which is combusted in a Tomlinson
boiler to produce steam (4). This steam makes the
mill self-sufficient in steam and electrical energy.
Importantly, the cooking chemicals (NaOH and
Na2S) are recovered and recycled to the pulping
process.
As previously mentioned, investments in heat
integration have freed up a portion of the weak
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Table I Kraft Mill Plant Capacity
Parameter

Value

Unit

Pulp mill capacity

130

Air dried tonne h–1

Reference
–

–1

Total weak black liquor production

1300

tonne h

(4)

Black liquor solids content

17.5

% (w/w)

(4)

Lignin content in solids

41.5

% (w/w)

(30)

Lignin content in black liquor

7.3

% (w/w)

–

(a)

Solvent
process

H2O
H2O

H2O

Steam and
H2O
management
H2O

Air

Product
recovery

Fermentation
CO2
H2

Feed-in tariff
sales to
electricity grid

H2-rich
gas

Feedstock
pretreatment

Acetone
sales

Kraft
process
Renewable
electricity
generation

Air dried
pulp sales

Wood
process water
chemicals

Kraft airdried pulp
production

Weak
black
liquor

Multi-effect
evaporators

Strong
black
liquor

White
liquor

LP and MP
steam

Isopropanol
sales

Cooking
chemicals
recovery

Weak black
liquor

(b)

Pressure
swing
distillation

Solvent
recovery

LP and MP
steam

Feed-in tariff
sales to
electricity grid

LP and MP
steam

Tomlinson
recovery
boiler
Green
liquor
Cooking
chemical
recovery
LP and MP
steam

Fig. 1. Conceptual solvent process integration with Kraft process, outlining materials (solid lines), power
(dashed lines) and steam (dotted lines) flows. Excess weak black liquor is fed to the solvent process from the
Kraft process and cooking chemicals are returned to the Tomlinson recovery boiler. LP = low pressure; MP =
medium pressure

black liquor coproduct for alternative uses. This
study explores the opportunity of utilising this
excess coproduct, taken as 25% of total production,
for isopropanol and acetone production through
aerobic fermentation in an integrated solvent plant
as outlined in Figure 1.
Given black liquor has no economic value as
a product, it is costed at its utility value. This
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is calculated based on its conventional use for
renewable electricity generation, requiring capital
investment in increased steam turbine capacity.
The foregone net present value (NPV) associated
with this conventional use is used as the utility
value for the black liquor feedstock.
In the proposed solvent plant (Figure 1), weak
liquor undergoes SCWG to carbon dioxide and
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hydrogen. A challenge, however, is the efficient
recovery of the cooking chemicals from the SCWG
reactor and their recycle to the pulp mill digestor.
Loss of these salts would result in a significant cost
to the pulp mill. Under supercritical conditions, the
properties of water change from polar to apolar,
where the solubility of inorganic salts is very low
(31). Cao et al. described the precipitation of
alkali sodium salts in SCWG, reporting a neutral
pH for the reactor effluent, suggesting that under
supercritical conditions the salts largely precipitate
from the solution (32). However, this precipitation
can cause issues with plugging and fouling within
the reactor (33). In this study the salts are removed
prior to entering the SCWG reactor, in a manner
similar to supercritical water desalination (34, 35)
and modelled for SCWG of black liquor (33).

2.2 Process Intensification, Heat
and Mass Integration
The solvent plant’s mass and energy balance was
informed by experimental data from continuous
gas fermentation (28), and rigorous process
simulation using Aspen HYSYS v11. The lignin
content in black liquor was modelled as guaiacol,
a model compound for lignin (36), as principal
feed to the solvent plant. The weak black liquor is
further diluted prior to entering the SCWG reactor,
as lower biomass concentrations promote superior
thermal cracking and yields greater hydrogen
and carbon dioxide owed to the increased water
concentration favouring the forward water-gas
shift reaction (37).
The simplified flow diagram (Figure 1) outlines
the six plant sections of the solvent plant, whilst
Figure 2 presents a detailed process flow
diagram and operating conditions for upstream
and downstream processing. The unit operations
included in each of the six plant sections are
summarised in Table II. Table III summarises the
scale-up of the experimental gas fermentation data
for the process simulation, which recognises the
oxygen mass transfer limitations associated with
the safety requirement to maintain non-flammable
operating conditions. The heat integration between
the low temperature exothermic gas fermentation
and the high temperature endothermic SCWG is
facilitated using a heat pump with isopentane as
the working fluid (28).
Isopropanol and acetone are produced in both the
aqueous and vapour phase of the bioreactors. The
solvents in the vapour phase are recovered via gas
absorption through mass integration using internal
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process streams, i.e. the isopropanol product was
utilised to recover acetone, and water to recover
isopropanol. For the isopropanol in the aqueous
phase, azeotropic distillation is required due to the
homogeneous minimum boiling point azeotrope
formed between isopropanol and water (38).
Conventionally, this azeotrope is broken using an
entrainer, historically benzene (39). However, owed
to its carcinogenic properties, alternative entrainers
such as cyclohexane have been adopted (40).
An alternative azeotropic separation technique is
pressure swing distillation, taking advantage of
the composition differences in the azeotrope at
different pressures (41). In this work, pressure
swing distillation was employed with the coproduct
acetone acting as an unconventional entrainer.
Further detail of the separation train is presented
in Figure 2.
A U-loop bioreactor, similar to the one used by
Peterson et al., is used in this work (42). The
benefit of a U-loop bioreactor is that high mass
transfer coefficients can be achieved without
the need for mechanical agitation, leading to
greater oxygen transfer rate and a reduced power
requirement compared to conventional stirred
tank reactors (42). The oxygen mass transfer
coefficient calculation associated with the solvent
plant’s mass balance is presented in Table S1 in
the Supplementary Information (available with the
online version of this article), falling at the lower end
of the range of mass transfer coefficients reported
by Peterson et al. (42). Details of the experimental
gas fermentation data is presented in Table III;
a more detailed explanation of the experimental
procedure can be found in Bommareddy et al. (28).
Significant heat integration makes the solvent
plant self-sufficient in electricity and both low and
medium pressure steam. Furthermore, process
water recovered from distillation and the steam
condensate is recycled to reduce the water makeup burden.
The process flow diagram for conventional
renewable electricity generation, used to value the
black liquor, is presented in Figure 3. An additional
steam turbine is required to produce the renewable
electricity for sale, relying upon the existing multieffect evaporators, air compression and Tomlinson
boiler. Superheated steam at 9000 KPa and 480ºC
is used in the steam turbine (44). The medium
pressure steam exiting the turbine is used in the
multi-effect evaporators to concentrate the excess
black liquor to 75% and to preheat the auxiliary
air supplied to the Tomlinson boiler. Similarly,
the associated electricity demand for the air
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Broth

Water
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steam
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product

Acetone
rich
distillate

CW

IPA-rich
bottoms

LP
steam

LP
steam

LP
steam

CW

Water
make-up
Water
stripper

IPA

Water

IPA
stripper
374ºC
Supercritical
–88,806 kW
heater
375ºC

Disc stack
centrifuge
Off-gas
Nutrient
feed

Supercritical
reactor
recovery
heat
exchanger

MP
steam

Supercritical
water reactor

320ºC

Centrate
product

Salts feed to settler
and Tomlinson boilers

324ºC
311ºC

NH3

CO2, H2
311ºC
Turbo-expander
–24,090 kW
H2 flash
drum

Air
Air compressor
10,640 kW
204ºC

113ºC

322ºC

4180 kW
130ºC

Air

40ºC CO , H
2
2

30ºC
Evaporator

2452 kW
Dilute
black
20ºC
liquor
3988 kW
High
pressure
pump

366ºC
Turbine
power
generation

–14,910 kW

40ºC

Make-up
water

IPA
product

54,333 kW
Loop
42ºC
bioreactor
33ºC

–160,083 kW

Mechanical
vapour
recompression
3173 kW
42ºC
101,000 kW
291ºC
Condenser

518ºC
Heat pump
recovery
heat
exchanger
292ºC

Combustion
chamber
372ºC

530ºC
90,406 kW

295ºC

Purified
water

Steam

LP steam

–31,056 kW

1173 kW
MP steam

105ºC
2014 kW

CO2 mineralisation
CO2
flash
drum

86ºC
19,647 KW
Turbine
off-gas

Steam
flash drum
Water
treatment

Legend
Blue
Aqueous stream
Green Air
Purple Isopentane
Red
H2-rich stream

Fig. 2. Solvent plant process flow diagram, detailing the heat integration between gas fermentation and
SCWG via a heat pump. The heat and mass integrated separation train constitutes the downstream
processing, including gas absorption and heat integrated distillation. IPA = isopropanol; LP = low pressure;
MP = medium pressure; CW = cooling water
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Table II Solvent Plant Section Unit Operations
Plant Section

Unit Operations

Thermodynamic
model

Feedstock pre-treatment

SCWG reactor, combustion chamber, combustion
turbine, isopentane heat pump cycle

Lee Kesler Plocker

Fermentation

Seed and production bioreactors, pumps,
centrifuge

Lee Kesler Plocker

Product recovery

Acetone stripper, water stripper, water removal
columns

UNIQUAC

Solvent recovery

Acetone separation and purification columns

UNIQUAC

Isopropanol pressure swing
distillation

Low- and high-pressure distillation columns

PSRV

Steam and water management

Mechanical vapour compressor, water and steam
heat exchangers

Lee Kesler Plocker

Table III Summary of Scale-Up of Experimental Gas Fermentation Data for ASPEN HYSYS
Process Simulation
Sources and sinks

Unit

Carbon dioxide and hydrogen as
sole energy and carbon source

1 h–1

415

% (mol/mol)

3.35

Bioreactors
Oxygen transfer coefficient
Oxygen concentration in off-gas

a

3

Vessel volume

m

500

Number of bioreactor trains

–

4

Oxygen

mmol l–1 h–1

230

Carbon dioxide

mmol l–1 h–1

125

Gas uptake rates

–1

Hydrogen

mmol l

–1

h

1006

kg m–3 h–1

1.46

Isopropanol
Specific productivity
b

Broth concentration

gl

–1

12.4

Acetone
Specific productivity
Broth concentration

kg m–3 h–1
gl

–1

0.38
1.7

Biomass

a
b

Growth rate

h–1

0.025

Dry cell weight with cell retention

g l–1

21.5

Maintained to ensure oxygen concentration is below hydrogen’s limiting oxygen concentration of 4.6% (mol/mol) (43)
Controlled via disc stack centrifugation, adding to the capital burden

compressor and pump is provided by the electricity
generated. Resultantly, through conventional
renewable electricity generation, the excess black
liquor produces 138 GWh year–1 for sale to the grid.

2.3 Costing Models
The mass and energy balance associated with
the rigorous process simulation informs the
capital cost, fixed operating cost and variable

381

operating cost estimation. For the capital cost
estimation, major equipment purchase costs
were estimated using the models from Seider
et al. (45), with the exception of the turboexpander (46). Three different methods are used
to calculate the FCI, owed to differences in the
estimation methods. These three methods are
designated as: the NREL method outlined in the
2011 NREL report (27), the Towler and Sinnott
(TS) method taken from Chemical Engineering
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Air

Fig. 3. Process flow
diagram for black liquor’s
conventional use,
renewable electricity
generation

3452 kW

186ºC

150ºC
Purified
water
607 kW

Black liquor
vapour
condensate

480ºC
Steam
turbine

170ºC

–20,580 kW
Flue gas
239ºC

Dilute
black liquor
Steam
condensate

Multi-effect
evaporator

Tomlinson
recovery bouler

Table IV Fixed Capital Cost Models
NREL

TS

Hand

Year basis

2019

Production year

8110 ha

Installation factor (multiplied
by equipment cost) – inside
battery limit (ISBL)

Table S2

Table S4

Table S5

Outside battery limit (OSBL)

Table S3

30% of ISBL

25% of ISBL

Contingency

–

10% of ISBL

–

Commissioning cost

5% of ISBL

–

5% of ISBL

Design and engineering cost

–

10% of ISBL

–

Fixed capital investment
(FCI)

ISBL + OSBL +
commissioning

ISBL + OSBL +
contingency + design and
engineering

ISBL + OSBL +
commissioning

Working capital

10% of FCI

Total capital investment (TCI)

FCI + working capital

a

Based on bioreactor cycle time

Design (47) and the Hand method detailed in
Sustainable Design Through Process Integration
(48). The calculation basis of the three methods
is presented in Table IV.
For all three methods, the calculated equipment
purchase costs are multiplied by an installation
factor to obtain the inside battery limit (ISBL)
installed costs. Both the NREL and Hand methods
use installation factors dependant on the
equipment type, whereas the TS method uses a
universal multiplier. All installed equipment costs
were adjusted to 2019 costs using the Chemical
Engineering Plant Cost Index of 607.5 (49). A
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location factor of 0.51 was used for China (using
indigenous materials), based on the 2003 location
factor of 0.61 (47), updated to 2019 via the Chinese
Yuan to US dollar exchange rate.
Three methods were used to calculate the fixed
operating costs as summarised in Table V. As
before, the NREL method (27) and the TS method
(47) were employed. However, as the Hand method
is solely for FCI, the third was the taken from
Coulson and Richardson Volume 6 (50). Variable
operating costs were estimated based on the costs
detailed in Table VI, subject to annual inflation as
outlined in Table VII.
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Table V Fixed Operating Cost Models
Parameters

Operating labour

Supervisory labour

NREL

TS

Coulson and Richardson

Salary estimates in China
obtained from salaryexpert.
com
3 process operators per shift
4 shift teams

Salary estimates in
China obtained from
salaryexpert.com (process
operator, engineering and
maintenance)a

25% of operating labour

Salary estimates in
China obtained from
salaryexpert.com (process
operator, engineering and
maintenance)

Direct salary
overhead

90% of operating and
supervisory labour

50% of operating and
supervisory labour

–

Maintenance

3% of ISBL

3% of ISBL

5% of ISBL + OSBL
(conventionally 5% FCI)

Property taxes
and insurance

0.7% of FCI

1% of ISBL

2% of ISBL +OSBL
(conventionally 2–3% FCI)

Rent of land

–

1% of FCI

–

Royalties

–

–

0% of FCI
(conventionally 1% FCI)

General plant
overhead

–

65% of total labour and
maintenance

50% of operating
labour

Allocated
environmental
charges

–

1% of FCI

–

a

For a detailed breakdown of operating and supervisory labour for the NREL method see Supplementary Information (Table S6)

Table VI Variable Operating Cost
Raw material
Ammonia

Cost
250

Unit
–1

US$ tonne
–3

Reference

Comments

(51)

Average price for 2019

Cooling water

0.753

US$ m

(52)

–

Electricity

0.06

US$ kWh–1

(52)

–

–

Mineral salt media, containing no
complex media or vitamins

(47)

–

–3

Nutrients

0.75

US$ m
water

Process water

0.53

US$ m–3

media

Table VII Investment Analysis Parameters
Parameters

Value

Comments

Discounted rate of return

10%

In line with studies in the BETO Biofuels TEA Database (57)

Corporation tax

25%

Corporation tax in China

Annual inflation

2%

–

Plant life

25 years

–

Depreciation

10 years

Straight line

Plant salvage value

No value

–

Construction period

2 years

–

2.4 Product Price Forecasting
Time series analysis was used to forecast the longterm average price of isopropanol and acetone.
Takens’ theorem was used as the basis for this
analysis (53). Takens’ theorem states that for a
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deterministic system, the underlying state variables
that created the time series are embedded within
the data. Using this theorem a deterministic,
dynamic system can be reconstructed based on the
observed time series. Forecast models constructed
using the embedded state variables assume that
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the market drivers underpinning the trajectory of
the state variables in phase space remain largely
unchanged. An embedding dimension of 10 was
used to reconstruct the isopropanol and acetone
price models from monthly average price data
obtained from the Intratec database (54). In
this work, a radial basis function neural network
(RBFNN) containing eight neurons was used as a
model to predict the future commodity prices. The
network was trained as a one step ahead predictor
by minimising the mean square error of the
difference between the actual and predicted prices.
Once trained, the network was evaluated (tested)
in free run mode, where successive predicted
prices (outputs) become inputs to the RBFNN. The
confidence limits corresponding to the trained
RBFNN were calculated as a reliability measure
of the prediction as per the work undertaken by
Leonard, Kramer and Ungar (55). The benefit of
using an RBFNN is that the resultant forecast price
is an impartial product of the dataset’s underlying
state variables.
The long-term average price for renewable
electricity sales was taken as US$0.109 kWh–1
as per the biomass subsidy in China (56). This is
used to inform the renewable electricity project to
value the black liquor and for the excess electricity
generated by the solvent plant.

2.5 Investment Analyses
The cost models from Section 2.3 and the product
price forecast models from Section 2.4 inform the
investment analyses. The black liquor is costed at
its utility value, calculated as the foregone NPV
from generating renewable electricity. Resultantly,
the NPV for the solvent plant is calculated by
subtracting the NPV of renewable electricity
generation. The investment analysis parameters
used are detailed in Table VII.

2.6 Sensitivity Analysis
A sensitivity analysis was conducted using a Monte
Carlo simulation based on the cost parameters in
Table VIII, creating an uncertainty framework.
The cost parameters were taken from (47), with the
exception of renewable electricity sale price where
the upper limit for the long-term average price was
capped at the current biomass subsidy in China,
US$0.109 kWh–1. This limit was applied due to the
decreasing trend in renewable electricity subsidies
(58). In contrast, the long-term average prices
for isopropanol and acetone were varied ±30%
from the forecast price. This provides a stochastic
counter to the assumption used to determine the
forecast prices: that the deterministic market
drivers underpinning the trajectory of the state
variables remain largely unchanged. However,
given that market drivers are subject to change,
the long-term average price may be banded with
an equal likelihood of being higher or lower than
the forecast price.
A uniform distribution for these parameters
was used and varied for the solvent plant and
conventional renewable electricity generation (used
to value the black liquor). All the cost parameters
in Table VIII, other than labour and electricity,
were varied independently. 2000 simulations were
run, stochastically varying the parameters within
the defined lower and upper limits to produce a
probability distribution of the solvent plant’s NPV.

2.7 Life Cycle Assessment
A cradle-to-gate LCA model was developed using
the ecoinvent 3.6 inventory database, following
ISO Standards 14040 (59) and 14044 (60). GHG
emissions were calculated based on the most
recent Integrated Pollution Prevention and Control
100-year global warming potential (GWP) factors

Table VIII Uncertainty Framework for Monte Carlo Simulation Sensitivity Analysis
Monte Carlo input parameter

Lower limit

Upper limit

Isopropanol price

0.7

1.3

Acetone price

0.7

1.3

Renewable electricity price

0.7

1

ISBL capital cost

0.8

1.3

OSBL capital cost

0.8

1.3

Labour costs

0.8

1.3

Product long term average pricing

Costing uncertainty factor
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3. Results and Discussion

Fixed capital investment, US$ millions

The major equipment items were sized using the
mass and energy balance from the rigorous HYSYS
90

US$87

85
80
75
70
65

US$65

US$64

60
55
50

NREL

TS

Hand

Capital estimation method

Fig. 4. Comparison of three fixed capital
investment estimates using the NREL, TS and Hand
methods for the solvent plant. The NREL and Hand
methods are in close agreement. The Hand method
estimate was taken forward into the investment
analyses
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simulation. The capital cost estimation for the
solvent plant using the three methods outlined
in Table IV is summarised in Figure 4. The
underlying capital cost estimation data is detailed
in Tables S2–S5 in the Supplementary Information.
Due to the close agreement of the NREL and
Hand methods, US$64 million and US$65 million
respectively (Figure 4), and the greater simplicity
of the Hand method, this method was used as the
capital cost estimation basis. Table S10 details
the capital cost estimation for the conventional
generation of renewable electricity.
Similarly, the three fixed operating cost methods
(Table V) are summarised in Figure 5, where the
underlying fixed operating cost data is detailed in
Tables S6–S8. Though sharing the same author, the
TS and Coulson and Richardson methods have a
dissimilar calculation method. However, the results
of these two methods are in close agreement,
US$4.62 million and US$5.01 million respectively
(Figure 5). The substantially lower estimate by
the NREL method (US$2.48 million) was therefore
set aside, and the TS method employed as the
fixed operating cost basis. The fixed operating
costs for the conventional generation of renewable
electricity are detailed in Table S11.
Figure 6 compares the capital estimation, fixed
and variable operating cost models for the solvent
plant and conventional renewable electricity
generation. The large difference between the capital

Fixed operating cost, US$ millions year–1

to quantify GHG emissions in terms of carbon
dioxide equivalents (CO2eq) (61). Functional units
were defined as 1 kg isopropanol, 1 kg acetone
and 1 kWh of electricity. In line with the investment
analysis, the LCA model considers the net electricity
output of solvent plant by subtracting the foregone
electricity from combustion of black liquor at the
pulp mill. Life cycle environmental impacts are
allocated between these three products using
both economic and energy allocation. The GHG
emission rate for the external process inputs:
cooling water, process water and ammonia were
taken from the ecoinvent 3.6 inventory database
using the allocation at the point of substitution
system model (62), whereas electricity was taken
as the 2018 China electricity mix (63). The biobased solvents isopropanol and acetone sequester
biogenic carbon dioxide and hence are credited
with a negative GHG emission based on their
carbon content. Downstream activities, including
the use and end-of-life of isopropanol and acetone
products are not considered. These activities are
assumed to be identical to those of conventional
isopropanol and acetone, given that they are
chemically and functionally identical, and therefore
have no influence on the relative GHG emissions of
renewable and conventional solvent products.

6
5

US$4.62

US$5.01

4
3
US$2.24
2
1
0

TS

Coulson and

			

NREL

Richardson

Fixed operating cost estimation method

Fig. 5. Comparison of three fixed operating cost
estimates using the NREL, TS and Coulson and
Richardson methods for the solvent plant. Though
related, the TS and Coulson and Richardson
methods are in close agreement. The TS method
estimate was taken forward into the investment
analysis
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5.0
US$4.62

70

US$65.09

4.5

Variable and fixed operating cost,
US$ millions year–1

50

3.5
3.0

40

2.5
30

2.0
1.5
1.0

20
US$0.81

US$0.75

0.5

US$0.36 US$5.00

0
Solvent plant

Conventional electricity generation

Fixed capital investment, US$ millions

60
4.0

10

0

Project portfolio
Variable operating cost

Fixed operating cost

Fixed capital investment

Fig. 6. Comparison between production costs and fixed capital investment for the solvent plant and
conventional renewable electricity generation

investment highlights the greater complexity of the
proposed solvent plant as an alternate opportunity
to conventional renewable electricity generation.
The free-run forecasts for both isopropanol
(Figure 7) and acetone (Figure 8) are shown to
track the historical data within the confidence limits
of the RBFNN, before settling on a forecast for the
long-term average price. For comparative purposes
the moving average for the previous ten prices
is also plotted in Figures 7 and 8. The difference
in the moving average and predicted forecast
suggests that the RBFNN has identified pricing
dynamics other than the time weighted average,
i.e. the underlying state variables within the time
series. As such, using this forecast price to inform
the investment analysis ensures the nominal TEA
inputs and sensitivity analysis are unbiased and
centred upon market dynamics, opposed to an
artefact of average pricing.

3.1 Investment Analysis
The solvent plant (Figure 2) produces three
products, summarised in Table IX. The
contribution of each product to the plant’s income

386

is also presented. Whilst isopropanol contributes to
almost half the solvent plant income the renewable
electricity fraction is the second highest contributor,
highlighting the significant amount of renewable
electricity generated by the solvent plant.
The investment analyses for the solvent plant
and conventional renewable electricity generation
are detailed in Tables S9 and S12, as per the
investment analysis parameters presented in Table
VII. The NPV for conventional renewable electricity
generation represents the utility value of the black
liquor, valued at US$73 million (Table S12). This
is subtracted from the NPV of the solvent plant
(US$115 million) to produce the cumulative NPV
presented in Figure 9. For the nominal TEA model
inputs, the solvent plant’s net cumulative NPV is
US$42 million.
Given the conceptual stage of the TEA, a Monte
Carlo simulation was undertaken as per the
uncertainty framework outlined in Table VIII. The
produced probability distribution in Figure 10
avoids making an investment decision based solely
on nominal TEA inputs. The cumulative probability
curve presents a 70% probability that the solvent
plant will achieve a net cumulative NPV between
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Actual price

Predicted price

Confidence limits

Moving average

Fig. 7. Isopropanol price
forecast using a radial
basis function time
series analysis model
in free-run mode. The
free-run forecast tracks
the historical data
appreciably, remaining
within the confidence
limits for the original
one step predictor
model fit. The free run
prediction settles to
a long-term average
forecast for isopropanol.
The moving average is
plotted for comparative
purposes. The y-axis
is obscured given
copyright restrictions
associated with the
Intratec database

Fig. 8. Acetone price
forecast using a radial
basis function time
series analysis model
in free-run mode. The
free-run prediction
tracks the historical data
appreciably, remaining
within the confidence
limits for the original
one step predictor
model fit. The free
run forecast settles to
a long-term average
forecast for acetone.
The moving average is
plotted for comparative
purposes. The y-axis
is obscured given
copyright restrictions
associated with the
Intratec database

Table IX Solvent Plant Production Summary
Product

Isopropanol
Acetone

Production rates

Product mass purity

Contribution to
plant income

Value

Unit

Value

Unit

%

13.8

thousand tonnes year–1

99.8

% (w/w)

49

–1

thousand tonnes year

99.2

% (w/w)

6

GWh year–1

–

–

45

2.8

Total renewable
146
electricity
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Cumulative NPV, US$ millions
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Fig. 9. Investment Analysis for the solvent plant
including the utility value for black liquor, taken as
the NPV for conventional generation of renewable
electricity. For the nominal TEA model inputs, the
solvent plant presents a net cumulative NPV of
US$42 million

US$35 million and US$85 million, noting that no
negative outcomes are predicted.

3.2 Life Cycle Assessment
Figure 11 summarises the outcome of the cradleto-gate LCA for the solvent plant, compared to
the conventional fossil derived processes; using
both economic and energy allocation for the
isopropanol, acetone and renewable electricity
products.
Both solvents achieve negative GHG emissions
when produced via the solvent plant using economic
and energy allocation. The GHG emission for the
two allocation methods are comparable, indicating
the price per unit energy (US$ MJ–1) is similar for
all three products. The negative emissions are an
intrinsic outcome of the cradle-to-gate framework,
which excludes the end use for the products. As
the total GHG emissions of the solvent plant are
lower than the overall biogenic carbon sequestered,
negative GHG emissions are achieved for the
solvent products.
The negative GHG emissions compare favourably
to the conventional isopropanol (hydration of
propene) and acetone (oxidation of cumene)
processes. Additionally, the GHG emissions
associated with the excess renewable electricity
from the solvent plant also compare favourably to
the electricity mix in China (2018). Furthermore,
as the end use for the solvents remains the same
regardless of the production method, the relative
GHG emissions are valid beyond the cradle-to-gate
framework.
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3.3 Comparison with Anaerobic
Fermentation
As highlighted in the Introduction, the commercial
implementation of gas fermentation is largely
dominated by anaerobic fermentation. Therefore,
it is important to compare the results to a bestin-class technology. In addition to successfully
commercialising ethanol production via gas
fermentation, LanzaTech have also investigated
gas fermentation to produce acetone, a precursor
to isopropanol (64). As such, LanzaTech’s
investigation undertaken for the US Department of
Energy (US DOE), in collaboration with Oak Ridge
National Laboratory, USA, is used as a benchmark
anaerobic process (65).
As highlighted previously, the primary differences
between anaerobic and aerobic fermentation
technologies are inherent to the C1 fixation metabolic
pathways. Strictly respiratory (aerobic) cell
factories require air to be continuously fed into the
bioreactor to facilitate carbon fixation. In addition,
owed to the intrinsic thermodynamic inefficiency
of the Calvin-Benson-Bassham cycle employed by
aerobic bacteria, an excess of low temperature
heat is produced. As such, a conventional process
flowsheet for aerobic fermentation employs
operationally costly compressors and chillers. In
contrast, for anaerobic fermentation there is a
reduced chiller requirement and the compressor
duty is less pronounced. Moreover, owed to the
presence of oxygen, aerobic fermentations require
the use of more costly stainless steel reactors and
more complex process control systems. Whilst
the latter is an intrinsic requirement of aerobic
fermentations, in this work we have reconciled the
increased utility demand of aerobic fermentation
through process integration (28). This integration
employs a heat pump to utilise the low temperature
heat generated by aerobic fermentation to heat the
SCWG reactor feed, removing the cooling water
burden required by the bioreactors. Additionally,
the compressor duty is fully supplied through the
electricity generated upon letting down the SCWG
reactor’s high-pressure gas product. As a result, the
economic and LCA outcomes for the solvent plant
should be comparable to anaerobic fermentation
technology.
LanzaTech’s anaerobic study achieved a combined
selectivity of 94.7% for ethanol and acetone,
of which 57.3% was acetone (65). LanzaTech
disclosed that by selling acetone at market prices
they are able to sell coproduced ethanol at or below
the US DOE’s 2022 target of US$3 GGE–1 (GGE
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Fig. 10. Monte Carlo simulation
for the opportunity cost
associated with the solvent
plant. The cumulative probability
curve indicates that the solvent
plant has a 70% probability of
achieving US$35 million < net
cumulative NPV < US$85 million
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Fig. 11. GHG emissions for the solvent plant compared to the conventional fossil derived processes within
a cradle-to-gate LCA framework. The GHG for the 2018 electricity mix in China is also shown, contrasting
against near zero net GHG emissions for renewable electricity generation from black liquor
= gallon of gasoline equivalent) (66). Therefore,
in this study, the price per GGE was calculated
for the solvent products as a biofuel mix, with
renewable electricity sold at the current market
price. A value of US$2.87 GGE–1 (Figure 12) was
obtained, below the US DOE’s target, highlighting
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the competitiveness of the heat integrated aerobic
solvent plant. Notably, neither isopropanol nor
acetone are typically used for their fuel value,
highlighted by their higher market prices. As such,
the solvent plant is profitable as either a biofuel or
commodity chemical facility.
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Fig. 12. Minimum selling price
for the solvent product mix
on a US$ GGE–1 basis and
comparison between aerobic
(this work) and anaerobic
(LanzaTech) gas fermentation
cradle-to-gate GHG emissions.
The solvent product is below
the US DOE’s 2022 target of
US$3 GGE–1 and the cradleto-gate emissions are shown
to be comparable to the
anaerobic process

–4

Anaerobic (LanzaTech)

For
LanzaTech’s
anaerobic
process,
the
cradle-to-gate LCA using energy allocation
produced
a
calculated
GHG
emission
of
–1.9 kgCO2eq kg–1acetone + ethanol for a heat
integrated scenario (see Table S13 for calculation).
In Figure 12, the LCA for the solvent plant is
presented, indicating a net GHG emission of
–2.04 kgCO2eq kg–1isopropanol + acetone, which is in line
with LanzaTech’s study (Figure 12). Resultantly,
from both the TEA and LCA results, the greater
thermodynamic efficiency of the anaerobic WoodLjungdahl C1 fixation pathway over the aerobic
Calvin-Benson-Bassham Cycle is not evident for
the heat integrated solvent plant.

4. Conclusions
In exploiting the available excess black liquor, the
solvent plant TEA presents a net cumulative NPV of
US$42 million. The solvent plant demonstrates that
the sustainable production of commodity chemicals
priced near ~US$1000 per tonne is within reach of
heat integrated aerobic gas fermentation, whilst
achieving an appreciable reduction in GHG emissions
compared to conventional production. Moreover,
despite having a higher market value, a biofuel mix
of the solvent product is able to meet the US DOE’s
2022 target of US$3 GGE–1. The heat integration
between aerobic gas fermentation and SCWG
produces an LCA comparable to a anaerobic gas
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GHG emissions, kgCO2eq kg–1product

Minimum fuel selling price, US$ GGE–1

4

fermentation technology. The TEA and LCA studies
suggest that the intrinsic thermodynamic efficiency
of anaerobic fermentation can be attained by aerobic
fermentation through process engineering, albeit at
a capital expense. Given aerobic cell factories can
target a wider product spectrum, the heat integrated
aerobic gas fermentation has promise as a best-inclass technology for renewable commodity chemical
production.
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Glossary
Abbreviation

Name

FCI

fixed capital investment

GGE

gallon of gasoline equivalent

GHG

greenhouse gas

GWP

global warming potential

ISBL

inside battery limit

LCA

life cycle assessment

NPV

net present value

NREL

National Renewable Energy
Laboratory

OSBL

outside battery limit

RBFNN

radial basis function neural
network

SCWG

supercritical water gasification

TCI

total capital investment

TEA

technoeconomic assessment

TS

Towler and Sinnott

US DOE

US Department of Energy
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Approach to Fuels Production
A cost-effective method of converting any carbon source into high-quality liquid
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A sustained global effort is required over the
next few decades to reduce greenhouse gas
emissions, in order to address global warming
as society seeks to deliver the Paris Agreement
temperature goals. The increasing availability of
renewable electricity will reduce our reliance on
fossil fuels. However, some applications, such as
long-haul aviation, are particularly challenging to
decarbonise. The conversion of waste, biomass or
existing CO2 emissions into sustainable fuels via
Fischer-Tropsch (FT) synthesis offers one solution
to this problem. This paper describes some of the
challenges associated with this route to these
alternative fuels and how Johnson Matthey and bp
have solved them.

Introduction
Global energy demands are increasing and so too
is the need for more renewable and sustainable
sources of energy to help transition us to a postfossil-fuel-powered world. The European Union (EU)
has recently increased its renewable energy target
to 32% for 2030 (1), with many countries planning
to ban internal combustion engine powered cars
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by 2040 or sooner. However, the transportation
industry is one of the most challenging sectors to
adapt to using low-carbon fuels. Transportation
modes such as aircraft, heavy-duty and marine
vehicles demand high power and energy capacity
that are currently unmet by renewable technologies.
In the interim, we need clean, sustainable methods,
continuous improvement and new innovations
in renewable fuels to meet EU and other similar
worldwide targets.
Johnson Matthey and bp have been collaborating
for the past two decades (2, 3) to develop an
efficient reactor system and catalyst for the FT
process. This offers a cost-effective method of
converting any carbon source into high-quality
liquid hydrocarbon fuels.

Creating Synthesis Gas from Waste
Today the world consumes more than 55 million
barrels (bbl) day–1 of transportation fuels (4), the
vast majority of which originates from crude oil.
In addition to being a finite resource, each barrel
of crude-oil-derived fuel typically contributes about
475 kg of CO2 into the atmosphere over its life
cycle (based on a 2010 European average) (5).
At the same time, hundreds of millions of tonnes
of municipal solid waste (MSW) are incinerated or
sent to landfill each year, while similar quantities
of woody biomass decompose to CO2 and methane
(a more potent greenhouse gas than CO2) (6).
Industrial processes release more than 8 billion
tonnes of direct CO2 emissions (7), and flaring of
natural gas releases a further 275 million tonnes of
CO2 equivalent per year (8).
These wastes and emissions are rich in carbon
which can be extracted through gasification,
reforming or capture of CO2 (which can then be
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converted to synthesis gas (syngas) via reverse
water gas shift). Converting this carbon to useful
syngas rather than allowing it to be emitted to
the atmosphere as CO2 creates an opportunity to
significantly reduce fuel life-cycle emissions and
its impact on global warming. The carbon intensity
of the resulting fuel can typically be reduced by
more than 70% (relative to conventional fuel),
with reductions of more than 100% possible as grid
electricity becomes increasingly renewable and
CO2 sequestration is added to the technology mix.
Gasification of biomass is not new technology.
However, it has typically been used to produce
syngas for the generation of electricity, rather than
chemical synthesis. Effective FT synthesis requires
a specific ratio of hydrogen and carbon monoxide,
and the catalyst used for this reaction is particularly
susceptible to poisoning by impurities that may
be present. Gasification of waste introduces the
potential for a wide range of contaminants that
need to be removed.
The range of potential poisons, and the low
levels necessary to ensure continued high-level
performance for the FT synthesis catalyst, make
syngas purification a critical step of the process.
Effective removal of these impurities also ensures
that FT products are ultra-clean and high purity (9).
As a world leader in purification and pre- and
post-treatment of syngas gas for downstream

applications, Johnson Matthey has a range of
solutions to condition the syngas (irrespective
of its original source) ready for conversion into
sustainable fuel.

The Fischer-Tropsch Process
The FT process was originally developed by
Franz Fischer and Hans Tropsch in 1925. It is a
way of converting any carbon source into liquid
hydrocarbon via syngas, effectively creating
synthetic fuel (see Equation (i)).
[2H2 + CO]n + H2 → CH3(CH2)n–2CH3 + nH2O (i)
Syngas can be generated from various carbon
sources, including coal, natural gas, MSW and
biomass. The process mainly produces linear,
long-chain paraffins that require further upgrading
to produce liquid fuels, such as diesel and
kerosene. The upgrading step comprises catalytic
hydrocracking to both isomerise and crack the longchain paraffins into smaller-chain paraffins with the
correct properties for fuel applications. The various
stages in the process are shown in Figure 1. In
the quest for sustainable fuel solutions, FT-derived
synthetic fuels provide a cleaner way to power
cars, heavy-duty vehicles and aeroplanes. The
latest developments in FT technology mean that
the production of fuel from sustainable carbon

Feedstock

Syngas (CO and H2 mix) generation from:

Synthesis

Natural gas

CO

Coal

Municipal solid waste

Catalyst design and
process optimisation

Biomass
n-paraffins
H2O

H2
Cobalt

Methane

Refinement

Support

Wax product from FT reaction

Hydrotreating/cracking

Gasoline, diesel or jet fuels

Fig. 1. Typical FT commercial processes utilise a syngas feed from bio or fossil fuels and convert to FT
product
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sources is now closer to being commercially viable
at all industrial scales.
Catalysts are required for the FT process to
increase the rate of reaction and make the process
industrially viable. There are broadly two options
for FT synthesis, using cobalt or iron catalysts
(10, 11). While cobalt is more expensive than iron,
it mainly produces normal paraffins. Iron catalysed
FT synthesis also incorporates the water-gas shift
reaction for CO2 products and makes a mixture of
olefins and paraffins.
The most commonly used catalyst is cobalt, due to
its high activity, selectivity to liquid hydrocarbons
and stability. Commercial synthesis of hydrocarbons
occurs at moderate temperatures of 200–240ºC
and pressures of 20–40 bara. During the process,
hydrogen and carbon monoxide are converted into
long-chain paraffins or waxes over the supported
catalyst (see Figure 1). Pore diffusion and masstransfer effects therefore play a key role in FT
catalyst performance due to the need for hydrogen
and carbon monoxide to move into and along the
catalyst pores against the movement of product
molecules going the other way.
The FT synthesis reactions are all highly
exothermic, making efficient removal of heat
essential for any reactor design. There are a
number of benefits of using conventional fixedbed tubular reactors (12, 13) which is why
Johnson Matthey and bp have favoured this
design. They are a proven technology with many
manufacturers able to fabricate reactors at
large scale. They work by holding the catalyst in
place via a static bed, which has the advantage
of preventing catalyst loss, which could lead to
product contamination as can occur in slurry
reactors. The reactors have a modular design,
which makes increasing capacity as simple as
adding tubes; however, conventional fixed-bed
tubular reactors are limited by the need to balance
tube diameter and catalyst pellet size to achieve
effective temperature control without excessive
pressure drop. These reactors generally contain
tens of thousands of tubes of around 25 mm
diameter, resulting in high construction costs
with catalyst pellets in the range of 1–2 mm
diameter, which reduces catalyst productivity
and selectivity to hydrocarbon liquids.
An alternative synthesis route is through slurry
reactors. This type of reactor is more efficient
at heat removal and uses catalyst powder of the
order of tens of microns diameter to minimise
pore diffusion resistance. However, slurry reactors
can suffer from catalyst attrition, which leads to

397

Johnson Matthey Technol. Rev., 2021, 65, (3)

catalyst loss and product purity issues, and are
also less straightforward to scale up compared to
fixed-bed alternatives.

The Johnson Matthey and bp
collaboration
Since 1996, Johnson Matthey and bp have
been collaborating to bring FT synthesis to the
industrial scale. The first major joint venture in
2002 was to build the Nikiski demonstration plant
in Alaska, USA (Figure 2), based on the first
generation (Gen1) FT catalyst contained within
conventional tubular reactor technology (14).
The Nikiski plant produced a nominal 300 bbl
day–1 of synthetic crude product from pipeline
natural-gas feedstock; and by the time it was
decommissioned in 2009, the plant had exceeded
all its performance goals related to catalyst
productivity, hydrocarbon selectivity, carbon
monoxide conversion, methane selectivity and
catalyst lifetime. A single charge of catalyst ran
for just over 7000 h enabling Johnson Matthey to
predict an expected three-year lifetime without
any regeneration.
The integrated plant combined three processes for
testing FT technology: a novel compact reformer
for syngas generation; a fixed-bed FT reactor;
and mild hydrocracking of FT waxes to produce
synthetic crude. The original fixed-bed tubular
reactor technology was developed as a method
of monetising stranded natural gas in remote
locations. However, it was only competitive at
large scale, above 30,000 bbl day–1 (~3850 metric
tonnes per day (mtpd)), in areas with low natural
gas prices and high oil prices.

Fig. 2. The Nikiski demonstration plant (courtesy
bp Plc)
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Novel Catalyst Carrier Devices for
Fischer-Tropsch Synthesis
More recent interest in FT technology is in smallscale applications to produce renewable fuel
from MSW or cellulosic biomass. This involved
developing technology that lowered costs whilst
improving efficiency. In 2009, Johnson Matthey
designed a novel catalyst carrier device to fit
inside a tubular reactor that allows for the use of
smaller catalyst particles. At the same time, bp
developed an improved second generation (Gen2)
catalyst formulation (15). Both organisations then
worked to combine both the new catalyst and the
novel catalyst carrier device, which produced a
step change in commercial FT performance (see
Figure 3). The CANSTM catalyst carrier technology
received global recognition, winning both the
Research Project Award and the Oil and Gas Award
at the Institution of Chemical Engineers (IChemE)
Global Awards in 2017, and the Rushlight Clean
Energy Award and Rushlight Bioenergy Award in
January 2020. These accolades demonstrate how
advanced FT technology will dramatically impact
the chemical engineering industry, with many realworld applications.
The novel catalyst carrier reactor design (16)
combines the advantages of the fixed-bed tubular
reactors and the slurry-phase systems. Its modular
design enables low-risk scale-up and simple
operation, while the smaller catalyst particles
offer high productivity and selectivity. The stacked
catalyst carriers have a unique design that aids
their ability to perform FT synthesis as shown in
Figure 4.

C5+ selectivity, %

95

A step change in FT
Catalyst
carriers

90

Gen2

Reactor
improvements

85

80

Catalyst
improvements
Gen1

75
100

150

200

250

300

C5+ productivity, g l–1 h–1

Fig. 3. Step change in performance provided by
novel reactor technology and Gen2 catalyst
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Fig. 4. Schematic of the catalyst carrier. Syngas
arrives from the catalyst carrier above and travels
down a porous central channel (A), flowing radially
through the catalyst bed where the FT reaction
occurs and heat is evolved (B). The gas exits
via a porous outer wall, flowing towards the top
inner side of the catalyst carrier body (C). Cooling
occurs as the gas flows down the narrow annulus
between the body and the inside wall of the tube,
through the transfer of heat to boiling water on the
shell side (D). A seal prevents gas bypassing the
next catalyst carrier and the gas then enters the
catalyst carrier below, where the process repeats
itself (E)

A reactor tube contains 60–80 of the CANSTM
catalyst carriers and effectively creates a series of
mini adiabatic radial-flow reactors with interbed
cooling. Radial flow through each CANSTM catalyst
carrier means that, although the reactor tubes are
10–15 m long, the effective catalyst bed thickness
is only around 15% of the overall tube length. This
enables the use of sub-millimetre catalyst particles,
which improves selectivity and activity whilst limiting
the reactor pressure drop to that of a conventional
fixed-bed tubular reactor. Wide-diameter tubes of
75–100 mm are used in the novel reactor, which
has the effect of reducing the heat-transfer surface
per unit volume of catalyst. However, this is
compensated by a larger temperature difference at
the wall, where reactants are hottest (as opposed
to the centre of the tube in conventional fixed-bed
tubular reactors). Combining this structure with
a high gas velocity through the narrow annulus
between the CANSTM catalyst carrier body and tube
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with tighter transport restrictions, 2000 bbl day–1
can be delivered in a single reactor of around 4 m
diameter and 250 tonnes in weight.

wall results in excellent heat transfer. By separating
heat removal from the catalyst bed, good control of
the reaction temperature is also achieved without
the risk of quenching the reaction. The advanced
reactor technology also enables operation with
>50% inerts in the reacting gas, allowing a singlestage FT reactor to be used in a recycle loop to
maximise overall conversion of carbon monoxide to
>90% (Figure 5).
Compared to conventional fixed-bed tubular
reactors, the new CANSTM catalyst carrier and
optimised catalyst reduces the number of reactor
tubes by 95%, significantly simplifying the design
and fabrication of the reactor, resulting in a reduction
of capital expenditure costs of around 50% for
the FT unit. There is also a three-fold increase in
production for the same size reactor as the catalyst
performance is closer to that of a powder, with
excellent heat and mass transfer to, from and within
catalyst particles. The increased productivity at least
halves the catalyst volumes usually required for the
same production rate. Additionally, containing the
catalyst inside the CANSTM catalyst carrier removes
the requirement to filter the catalyst from the wax
product. Instead the catalyst is easily replaced
by removing the entire catalyst carrier, meaning
there is no interaction with the hazardous cobalt
catalyst material. Fundamentally, this makes FT
applications possible at both small and large scales,
with around 6000 bbl day–1 (770 mtpd) achievable
in a single reactor of around 900 tonnes. For areas

Proving the Concept
One of the main challenges to overcome was
proving that the concept worked at commercial
scale, and so Johnson Matthey has invested in
extensive testing to develop the engineering
science necessary to implement the novel reactor
concept. This involved building customised rigs
to validate heat-transfer performance, hydraulics
and accurately measure reaction kinetics on highthroughput microreactors. Significant engineering
effort has been required to develop models
capable of accurately predicting the performance
of commercial-scale reactors. The initial proof
of concept work was carried out using CANSTM
catalyst carriers manufactured by an experienced
prototyper.
FT catalysis is strongly influenced by cobalt
crystallite size, support properties and catalyst
treatments. Selection of the cobalt crystallite size
is critical to obtaining the required performance.
Larger cobalt crystallites result in a less active
catalyst due to the lower surface area to volume
ratio, and thereby require higher temperatures to
achieve a target conversion. Alternatively, if cobalt
crystallites become too small the chemistry favours
chain termination (methane formation) over chain

Recycle gas

Fig. 5. Schematic
of advanced FT
synthesis loop
employing CANSTM
catalyst carriers
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gas feed
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growth (C–C coupling). While the desirable cobalt
crystallite (17, 18) size is in the narrow range of
8 nm to 10 nm for FT synthesis, the activity of
a good catalyst can be significantly reduced by
suboptimal treatments, such as the reduction stage
of the cobalt oxide to the active metallic phase.
Cobalt-based FT catalysts are normally made
by impregnating the support with a cobalt salt,
calcination to give cobalt oxide and subsequent
reduction under hydrogen in the plant to give the
active cobalt metal phase. The catalyst reduction
process is defined in Equation (ii), which highlights
the significant levels of water that are produced
throughout the catalyst bed, and this in turn can
sinter, reoxidise or damage the catalyst significantly
if not fully catered for under process conditions.
Catalyst bed profile effects are also significant as
the bottom sections of the bed are exposed to the
water produced at the top of the bed, while higher
pressures required commercially also lead to higher
water partial pressures in the catalyst pores.
Co3O4 + 4H2 → 3Co + 4H2O

(ii)

bp originally developed the Gen2 catalyst
formulation as a drop-in for conventional fixedbed tubular reactors and this formulation has been
adapted to the CANSTM technology by Johnson
Matthey to produce sub-millimetre size catalyst
particles at scale. Developing the new formulation
to achieve improved activity, selectivity and
stability, while optimising the catalyst activation
has required thousands of hours of testing at
laboratory scale in high throughput and pilot plant
test units. This has been supported by a state-ofthe-art FT unit, with exceptional online analytics
for all products up to C18 and analytical capabilities
such as in situ X-ray diffraction and temperature
programmed reductions which enable catalyst
evaluation under process conditions (19, 20).
While the hydrocarbons and oxygenates that were
identified are known compounds formed during the
low temperature, cobalt catalysed, FT process the
combination of the multiple analysis techniques
used has allowed a level of detail to be gained
on the FT product composition that is seldom
reported (9). Typically, the long-chain 1-alcohols
and carboxylic acids were found to be present at
levels of one tenth and one thousandth that of
hydrocarbons of equivalent carbon chain length
respectively. Additionally, hydrogen-1 nuclear
magnetic resonance (1H-NMR) and carbon-13
nuclear magnetic resonance (13C-NMR) analyses
were used to quantify the average class compounds
concentration of 1-olefin, cis- and trans-2-olefins,
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1-alcohol and aldehyde as appropriate for the
technique used. The 1-olefin:n-paraffin ratio in the
hydrocarbon liquid and wax products was found to
decrease significantly with increasing carbon chain
length in both phases and much more so than
those of the 2-olefin or 1-alcohol.
Catalyst activity and selectivity is only part of
the process however, with stability, robustness to
process events and life duration also playing a vital
role in a commercial catalyst. Johnson Matthey
Davy and bp built on their extensive experiences of
the Gen1 catalyst in the Nikiski demonstration plant
to optimise this further for the Gen2 catalyst. This
included several catalyst life tests which operated
for many thousands of hours at steady FT process
conditions. This included the catalyst formulation
used in CANSTM catalyst carriers operating with
exceptional performance over an 18,000 h life
test. The gradual drop in catalyst activity over
this period was compensated by an increase in
operating temperature within the reasonable
limits of a commercial reactor. Despite frequent
shutdowns and other challenges associated with
laboratory-scale operation, the catalyst was still
showing good activity and selectivity at the end of
this test. This is a result of the process having been
designed to be robust and operate in chemically
stable conditions.
The CANSTM catalyst carrier concept has been
successfully demonstrated at commercial scale
on a pilot plant at Johnson Matthey’s research
and development (R&D) facilities in Stockton-onTees, UK. It is not practical to test a full-length
commercial reactor tube at these facilities, due
to limitations on gas supply and product storage
capacity, so a creative approach was required.
Flexible design of the pilot plant enabled testing of
multiple commercial-size CANSTM catalyst carriers
in a much shorter tube; by recycling gas, liquid
products and produced water to simulate the full
range of conditions and flowrates present in a
commercial reactor tube. This, coupled with raising
steam in the reactor cooling jacket, has enabled
full demonstration of the catalyst, CANSTM catalyst
carriers, hydraulics and heat transfer at commercial
conditions, flows and tube diameters.
Over 20,000 h of testing under commercial
flowsheet conditions has demonstrated the
performance of the CANSTM catalyst carrier and the
Gen2 catalyst with a confirmed product slate and
stable catalyst life. A C5+ selectivity of around 90%
and C5+ productivities in excess of 300 g l–1 h–1
have been demonstrated on the pilot plant. The
crude FT product consists of a wax stream which
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Fig. 6. High-quality FT product, with no
contamination from the catalyst

is liquid at reaction conditions and solid at ambient
temperature and a light hydrocarbon condensate
stream which is liquid at ambient temperature.
Figure 6 shows both these products are high
quality, clean and catalyst-free.

Scaling up to Support the Industry
The International Energy Agency, France, has
measured the share of global energy-related CO2
emissions from transport at 23%, with aviation
contributing 2–3% of worldwide anthropogenic
CO2 emissions (21). There is great potential for
this figure to be reduced by using synthetic fuels
from sustainable feedstocks, and this makes
fuels produced via the FT process an attractive
alternative to current aviation fuels. Synthetic fuels
also burn cleaner, due to the absence of sulfur and
aromatics, while also producing fewer particulates
(22). As a result, FT fuels lead to increased
combustion and turbine life, while the enhanced
thermal stability reduces deposits on engine
components and fuel lines. This results in a dual
advantage for the aviation industry, in terms of
both improved fuel economy and less maintenance
of aviation equipment.
The scale of the market is substantial, with air
transportation alone expected to consume at least
500 million tonnes per year (11 million bbl day–1) of
fuel by 2050 (23). Practical limitations on the supply
of waste feedstocks or local, low-cost renewable
power for hydrogen production typically limit the
scale of each project to less than 5000 bbl day–1.
With tens of thousands of filled CANSTM catalyst
carriers required for each project, the ability
to consistently and efficiently produce both the
CANSTM catalyst carriers and the FT catalyst which
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they contain is crucial for successful commercial
deployment of the technology.
To address this, Johnson Matthey has
collaborated closely with a company skilled in
delivering sustainable engineered solutions for
vehicle exhaust after treatment systems, to
develop a mechanical design for the CANSTM
catalyst carriers that is economical to make,
can be easily filled with catalyst and meets the
functional specifications developed by Johnson
Matthey. This has been confirmed by testing of
commercial prototypes.
A production line has been constructed and
commissioned for mass manufacture and catalyst
filling of the CANSTM catalyst carriers, and the
first charge has now been produced for the first
commercial project. The production line is fully
automated to allow the safe filling of the cobaltcontaining catalyst and contains state of the art
equipment and in-line quality control to assure the
CANSTM catalyst carriers meet the required functional
specifications. The functional specifications were
established during the development of the CANSTM
catalyst carriers from concept to prototype with
testing performed on in-house built rigs at Johnson
Matthey in Teesside, UK. Identifying these upfront
allowed Johnson Matthey and the manufacturer to
work together to ensure the resulting production
line would safely, efficiently and consistently
produce high-quality units.
A collaborative team of engineers from Johnson
Matthey and the manufacturer worked closely
during initial commissioning of the line to work
through the various challenges associated with
scale-up to mass manufacture of a novel process.
This knowledge will be invaluable as further
improvements and optimisations are implemented.
In order to achieve high-quality performance,
challenging activity and selectivity targets were
set for the FT catalyst. Scale-up of the chosen
formulation took place at Billingham in the
UK. Catalyst preparation was initially at laboratory
scale with short-term and long-term testing of
development samples conducted using both microreactors and CANSTM catalyst carriers, facilitating
accurate modelling of the performance of a fullscale FT reactor.
As scale-up continued, preparation of the FT
catalyst moved into the Manufacturing Science
Centre (MSC) where appropriate technologies
were identified for each of the steps involved in
catalyst production. The technical risk of scale-up
was minimised by using down-scaled versions of
full-scale production equipment.
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Fig. 8. Fulcrum’s Sierra BioFuels Plant during
construction (courtesy Fulcrum Bioenergy)
Fig. 7. Clitheroe FT catalyst manufacturing plant

A fully developed catalyst manufacturing process
was transferred from the MSC to a dedicated
production asset located at Clitheroe in the UK
(Figure 7). Careful attention was paid to the
specification of the raw materials used. To ensure
a proper understanding of the impact of trace
impurities on long term FT catalyst performance, a
series of experiments were conducted in which the
FT catalyst was doped with different FT poisons.
Every production batch of FT catalyst has been
tested against an agreed quality assurance
specification. Conforming product was loaded into
CANSTM catalyst carriers as it was manufactured,
thus minimising the overall production timeline.

Commercial Application
The Johnson Matthey Davy/bp FT technology
incorporating CANSTM catalyst carriers offers
benefits to both small- and large-scale operations
with good economics, opening up the prospect of
exciting future applications.
Fulcrum BioEnergy, USA, is the first to licence
the Johnson Matthey Davy/bp FT technology
in its Sierra BioFuels Plant, located near Reno,
Nevada (Figure 8). The Sierra plant will be the
first in the USA to produce a renewable lowcarbon transportation fuel from MSW or household
garbage. The plant will first sort the waste to
recover recyclables and remove material not
suitable for processing, so is not in competition
with recycling processes. The remaining material
will be processed into a feedstock before being fed
into a gasification system to produce a syngas.
This is then converted into hydrocarbons by the
FT technology for the production of renewable
fuels. The Sierra plant construction is approaching
completion and when operational will convert
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approximately 175,000 tonnes of MSW into
approximately 42 million litres of renewable FT
product each year.
Multiple projects are being developed in the
USA and Europe, which can make a significant
contribution to meeting the demand for renewable
transportation fuels in the next decade.

Conclusion
In order to meet greenhouse gas emissions reduction
targets, especially for aviation (24), production
of sustainable fuels will have to substantially
increase. There are a range of sustainable fuels
potentially available, but limitations on sustainable
feedstocks and viable technology routes mean that
diesel and jet fuel production via FT synthesis will
need to form a key part of this industry. Producing
fuels via FT synthesis is not new. However, cost of
production was always a barrier, with existing largescale producers of FT fuels unable to economically
scale down to match the size of the waste facilities
that feed them. The CANSTM technology addresses
this problem, offering an economic and efficient
solution at the scales required by the industry.
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On-road tailpipe volatile organic compounds
(VOCs) were sampled from light-duty diesel trucks
(LDDTs) compliant with Euro III to V, and a total of
102 VOC species were quantified. The composition
characteristics and carbon number distributions
were investigated, and the contribution of
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individual VOC to ozone formation potentials
(OFPs) was weighted. Results showed that alkanes
were the major VOC species, accounting for
approximately 65.5%. VOC emissions decreased
significantly as the standards became stricter,
especially for alkanes and aromatics; and the
VOC emissions on highway were much lower than
those on urban roads. Carbon number distribution
of VOCs was mainly concentrated in C3–C4 and
C10–C12. Aromatics were the major contributors
to ozone formation, taking up 49.3–57.6% of the
total OFPs, and naphthalene, 1-butene, dodecane,
1,2,3-trimethylbenzene and 2-propenal were the
top five species. The information provided insight
into the tailpipe VOC emission characteristics and
may help decision makers drafting related emission
policies.

1. Introduction
With the dramatic increase of motor vehicles in
recent years, tailpipe emissions have become one
of the primary anthropogenic air pollution sources
in China, especially in large metropolises (1, 2).
According to the data from Ministry of Ecology
and Environment of People’s Republic of China
(MEE), the total annual carbon monoxide (CO),
hydrocarbon (HC) and nitric oxides (NOx) emissions
from motor vehicles in 2018 were 28.6 million
tonnes, 3.3 million tonnes and 5.2 million tonnes,
respectively, and vehicles compliant with Euro
II, III and IV emission standards contributed
approximately 79.3–91.8%.
As important precursors of ozone and secondary
organic aerosols (SOA), VOCs can cause severe
photochemical smog and haze through a series of
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photochemical processes and consequent gas-toparticle condensations (3–5). On the other hand,
a growing body of evidence indicates that some
VOCs, such as benzene, 1,3-butadiene, toluene
and xylene, are adverse to human health, including
respiratory irritation, cancer and even death (6–
8). Therefore, a better control of VOC emissions,
especially those emitted by vehicles, is of great
importance for the improvement of urban air
quality.
In order to reduce tailpipe emissions, many
measures have been employed by the China
government, of which progressing the emission
standards is of high efficiency. For example, China
implemented China I (equal to Euro I) in 2000, and
China VI emission standards have been partially
implemented in China, which is deemed as one of
the strictest standards in the world. Thus, despite
the rapid growth of vehicle population in the past
two decades, tailpipe pollutants only increased
slightly (9, 10). In recent decades, a great number
of studies on vehicle VOC emissions have been
conducted. However, most of these studies mainly
focused on gasoline vehicles due to the higher HC
emissions compared to diesel vehicles (11–13).
With the development of engine technology and
exhaust aftertreatment devices, HC emissions
from gasoline vehicles have been dramatically
reduced, and the problems caused by diesel
vehicle emissions have become more prominent
(14). Therefore, the HC emission limits have been
set to the same level for both gasoline vehicles
and light-duty diesel vehicles in the latest China VI
standards.
To better understand the vehicular emission
characteristics, many measurements have been
conducted in recent years, such as traffic tunnel
measurement, dynamometer tests and roadside
sampling. Tunnel measurements and roadside
sampling may be affected by many uncontrollable
environmental conditions, and they are generally
used to evaluate the average emission factors (EFs)
of traffic fleets in an area (10, 15). Dynamometer
measurement is often used to investigate the
influence of certain factors (for example, fuel
quality, engine technology, driving cycle) on
vehicular emissions (16). However, results
based on dynamometer measurements may not
reflect the actual emissions, because it is mainly
conducted in the laboratory and the test conditions
are controlled very well. With the development of
portable emission measurement systems (PEMS),
an increasing number of researchers began to
use these systems to investigate the vehicular
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emission characteristics because of their ability
to quantify vehicle emission levels in real-world
situations. However, PEMS was mainly used to
detect regulated gaseous emissions from diesel
vehicles in previous research (17–19), and only a
few studies investigated VOC emissions from motor
vehicles based on PEMS (14, 20).
A series of policy documents aiming at pollution
control for diesel trucks have been implemented
to win the ‘Blue Sky Protection Campaign’ in China
since 2017. According to the annual statistical
report, nearly half of the total diesel vehicles in
China were light-duty diesel vehicles, and most of
them carry various cargoes for delivery in urban
areas (21). Therefore, tailpipe emissions from
light-duty diesel vehicles are closely associated
with urban air quality. However, tailpipe emissions
from diesel vehicles were mainly focused on NOx
and particulate matter (PM). The understanding
of the emission characteristics of VOCs, key
precursors of SOA and ozone, from diesel trucks is
still limited, which has become an obstacle for the
establishment of stricter regulations in China.
The objective of this study was to investigate the
on-road tailpipe VOC emission characteristics of
LDDTs compliant with different emission standards.
Effects of emission standards and driving
conditions on the VOC profiles and carbon number
distributions were analysed, and the contribution
of each VOC species to OFPs was weighted with the
maximum incremental reactivity (MIR) method.
Results from this study present some interesting
information regarding the emissions of a group
of pollutants that play a key role in the chemistry
of aerosols and ozone in the atmosphere, which
will help decision makers drafting emission related
policies.

2. Materials and Methods
2.1 Test Vehicles and Routes
Taking into account that more than 99.4% of the
diesel vehicles currently in China are compliant
with Euro III–V, three typical LDDTs compliant
with Euro III, Euro IV and Euro V, respectively,
were selected from the market and their
specifications are provided in Table I. These
trucks have similar dimensions and powers, and
their biggest difference is their aftertreatment
technology. To eliminate the impact of fuel
quality, all the diesel fuel used in the study was
from a specified filling station, conforming to
the China VI standard.
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Table I Specifications of Tested Vehicles
LDDT-1

LDDT-2

LDDT-3

Intake type

Turbocharging

Charge intercooling

Charge intercooling

Cylinder arrangement

In-line

In-line

In-line

Displacement, ml

3660

2545

2982

Engine power, kW

83

65

85
a

b

c

Aftertreatment device

_

DPF

Emission standard

Euro III

Euro IV

Euro V

Kerb mass, kg

2700

2495

2720

Dimensions, mm × mm × mm

5995 × 2275 × 3040

5995 × 2060 × 2230

5995 × 2275 × 2420

Odometer, km

94,080

28,918

25,560

Manufacture year

2013

2016

2017

SCR

+ DOC

a

The diesel particulate filter
b
The selective catalytic reduction
c
The diesel oxidation catalyst

Table II Driving Condition Parameters of Each Road Type
Road type

Length,
km

Duration,
min

Average speed,
km h–1

Maximum speed,
km h–1

Average
acceleration, m s–2

Urban

14

35–45

18.1–20.8

57.6

0.22–0.26

Highway

36

~30

72.8–76.5

99.1

0.10–0.13

The test route was designed to simulate the
real driving conditions of most diesel trucks in
Zhengzhou, Henan province. The total length of
the test route was approximately 68 km, including
14 km of urban roads, 18 km of connection roads
and 36 km of highway. VOCs were sampled only
when the trucks travelled on the urban and highway
roads and cold start emissions of VOCs were not
included during the whole test. Table II shows the
driving condition parameters during each road type.
The average speeds on urban and highway roads
were 18.1–20.8 km h–1 and 72.8–76.5 km h–1,
respectively. Driving conditions on urban roads
are more aggressive than those on highway roads.
The average accelerations on urban and highway
roads were 0.22–0.26 m s–2 and 0.10–0.13 m s–2,
respectively. During the measurement, the trucks
were not in service and the load of each truck
was approximately 500 kg during the experiment,
containing the PEMS equipment, four batteries,
two testers and one driver.

2.2 Volatile Organic Compounds
Sampling and Analysis
Under real driving conditions, some gaseous
emissions may transform to secondary fine particles
when the exhaust is cooled or diluted with the
ambient atmosphere. Thus, VOC emissions might
be overestimated if sampled directly from the
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vehicle exhaust because the temperature is very
high. Therefore, a combined PEMS (Sensors Inc,
USA) was employed to sample the exhaust VOC
emissions. The schematic diagram of the emission
testing and sampling system is shown in Figure 1.
The microproportional sample system (MPS), a
partial flow dilution system, was used to dilute and
cool the exhaust from tailpipe. After the MPS, the
gas temperature decreased from about 120ºC to
about 40ºC. Two 3.2 L SUMMA® canisters (Entech
Instruments Inc, USA) were used to sample the
VOCs during each test trip, one for the urban
roads and the other for the highway roads. VOC
emissions during the connection roads section
were not sampled because the actual running
speed could not meet the requirement due to
unexpected road repairing. The sampling flow
rate was controlled by a passive restrict valve at
0.1 L min–1. TeflonTM tubes were used to connect
the canister and PEMS system to minimise the
adsorption of VOCs. A laptop was used to control
the system and collect data from the test module.
It should be noted that these trucks were driven
by their owners throughout the test to ensure
these trucks were running under ordinary working
conditions and each vehicle was tested twice to
enhance the reliability of the results.
Analysis of the VOCs was carried out following the
United States Environmental Protection Agency
(US EPA) TO-15 method by a gas chromatography-
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mass
selective
detector
(GC-MSD)
(22).
Samples collected in the SUMMA® canister were
preconcentrated using an 8900DS preconcentrator
(Nutech Instruments Inc, USA) with three cold traps
and a canister autosampler (Nutech Instruments
Inc, USA, mode 3600DS). The moisture, CO2 and
methane would be removed through the traps.
Then the concentration of the individual VOCs in
the samples was determined by a GC-MSD system
(7890A GC with a 5975 MSD, Agilent Technologies
Inc, USA). Separation of the VOCs was achieved
through a capillary column (60 mm × 0.25 mm
internal diameter, 1.4 μm film thickness, DB-624
column, Agilent Technologies Inc). During sampling
and analysis, strict quality assurance and quality

control procedures were conducted to assure the
data quality (22). The detection limits of the target
non-methane hydrocarbons ranged from 7 parts
per trillion by volume (pptv) to 141 pptv and the
accuracy of the measurements was about 1–10%.
Detailed description of the analysis procedures can
be found in our previous study (23).
A total of 102 VOC species were identified and
quantified, including 29 alkanes, 35 halocarbons,
17 aromatics, nine alkenes, five carbonyls and
seven other compounds, which are presented in
Table III. Due to the detection limitation of GCMSD used in this study, some species (ethane,
ethylene, propylene, acetylene, formaldehyde)
were not detected and included.

Exhaust flow
MPS
WP/
GPS

VOCs
sampling
system

FID

CPM
HTF

PFS

NOx
FEM

Laptop

PDCM
Tailpipe

Fig. 1. Schematic diagram of VOCs sampling system (WP: weather probe; CPM: constant particle
measurement; PFS: particle filter system; HTF: heated tube flowmeter; PDCM: power distribution control
module)

Table III Volatile Organic Compound Species Determined in Diesel Truck Emission Samples
NO.

Species

NO.

Species

Alkanes (29)

52

1,2,3-trimethylbenzene

1

propane

53

m-diethylbenzene

2

i-butane

54

1,4-diethylbenzene

3

n-butane

55

naphthalene

4

i-pentane

Carbonyl (5)

5

pentane

56

2-propenal

6

2,2-dimethylbutane

57

acetone

7

2,3-dimethylbutane

58

2-butanone

8

2-methylpentane

59

4-methyl-2-pentanone

9

3-methylpentane

60

2-hexanone

10

hexane

Halocarbons (35)

11

cyclopentane

61

dichlorodifluoromethane

12

2,4-dimethypentane

62

1,2-dichloro-1,1,2,2-tetrafluoroethane

13

methylcyclopentane

63

chloromethane
(Continued)
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Table III (Continued)
NO.

Species

NO.

Species

14

i-heptane

64

chloroethene

15

cyclohexane

65

bromomethane

16

2,3-dimethylpentane

66

chloroethane

17

3-methylhexane

67

trichloromonofluoromethane

18

2,2,4-trimethylpentane

68

1,1-dichloroethene

19

heptane

69

1,1,2-trichilorotrifluoroethane

20

methylcyclohexane

70

dichloromethane

21

1,4-dioxane

71

cis-1,2-dichloroethene

22

2,3,4-trimethyl pentane

72

1,1-dichloroethane

23

2-methyl heptane

73

trans-1,2-dichloroethene

24

3-methyl heptane

74

trichloromethane

25

octane

75

1,1,1-trichloroethane

26

nonane

76

tetrachloromethane

27

decane

77

1,2-dichloroethane

28

n-hendecane

78

trichloroethylene

29

dodecane

79

1,2-dichloropropane

80

bromodichloromethane

Alkenes (9)
30

1-butene

81

cis-1,3-dichloro-1-propene

31

1,3-butadiene

82

trans-1,3-dichloropropene

32

2-butene

83

1,1,2-trichloroethane

33

cis-2-butene

84

tetrachloroethylene

34

1-pentene

85

dibromochloromethane

35

trans-2-pentene

86

1,1-dibromoethane

36

isoprene

87

chlorobenzene

37

cis-2-pentene

88

bromoform

38

1-hexene

89

1,1,2,2-tetrachloroethane

Aromatics (17)

90

1,3-dichlorobenzene

39

benzene

91

1,4-dichlorobenzene

40

toluene

92

benzyl chloride

41

ethylbenzene

93

1,2-diethylbenzene

42

m/p-xylene

94

1,2,4-trichlorobenzene

43

o-xylene

95

hexachlorobutadiene

44

styrene

Other Compounds (7)

45

cumene

96

iso-propanol

46

propylbenzene

97

carbon disulfide

47

3-ethyltoluene

98

methyl tert-butyl ether

48

1-ethyl-4-methylbenzene

99

vinyl acetate

49

1,3,5-trimethylbenzene

100

ethyl acetate

50

2-ethyltoluene

101

tetrahydrofuran

51

1,2,4-trimethylbenzene

102

methyl methacrylate

2.3 Calculation of the Emission Factors
and Ozone Formation Potential
EF per kilometre of a certain pollutant was
calculated with the corresponding concentration,
408

total exhaust volume and running distance during
the test process. Prior to calculation, the results of
the VOC measurements were time-aggregated. The
total exhaust volumes in various driving conditions
were the integration of the instantaneous exhaust
© 2021 Johnson Matthey
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flow rates, and the same for the total running
distance. The EF of compound i was calculated as
Equations (i)–(iii):
V =

∑ (V

S =

∑S

ins

EF = 

j

�×� DRins )

/1000

(i)

(ii)

Ci × Mi × V

(iii)

1000 × Vm × S

where V (m3) is the total exhaust volume of the
sampling process; Vins (m3 s–1) is the instantaneous
exhaust flow rate; DRins is the instantaneous dilution
ratio of MPS; S (km) is the distance that the test
vehicle travelled during the sample period; Sj is the
travel distance at j second, which is equal to the
value of instantaneous speed at time j recorded by
the global positioning system (m s–1); EFi (mg km–1)
is the EF of compound i; Ci (parts per billion by
volume) is the concentration of compound i; Mi
(g mol–1) is the molar mass of compound i; and Vm
(l mol–1) is the molar volume of compound i. The
volumes and concentration data were all normalised
to the standard ambient temperature and pressure
condition (273.15 K, 101.33 kPa). The total EFs of
the VOCs in a certain driving mode were summed
by the individual VOC EFs in the driving mode.
The OFP refers to the amount of ozone generated by
VOCs per unit mass (mg O3 mg–1 VOCs), which can
reflect the ozone formation capacity of VOC species.
In most cases, ratios of VOCs to NOx from the diluted
exhaust were much higher than 20 in this study,

which illustrated VOCs had the greater effect on the
ozone formation (24). Therefore, the MIR scenarios
developed by Cater (25) was applicable to evaluate
the OFP of VOC species here. The OFP of a certain
VOC is calculated according to Equation (iv) (26, 27):
OFPi = EFi × MIR i

where OFPi (mg O3 km ) is the ozone formation
of compound i; and MIRi (mg O3 mg-1 VOCs) is
the maximum incremental reactive of compound
i obtained from Cater (25, 28). The total OFPs
of a certain driving mode were summed by the
individual VOC OFPs of the driving mode.

3. Results and Discussion
3.1 Regulated Gaseous Emissions
Figure 2 presents the EFs of regulated gaseous
pollutants of three LDDTs compliant with different
standards. Obviously, NOx, CO and HC emissions
from LDDT-3 (Euro V) were the lowest and those
from LDDT-1 (Euro III) were the highest, except for
CO. In general, updated emission standards had a
great effect on the reduction of regulated gaseous
emissions. This is mainly because the three trucks
adopted different aftertreatment technologies
to meet different emission standards (29). For
example, both selective catalytic reduction (SCR)
and diesel oxidation catalyst (DOC) were utilised by
LDDT-3 to be compliant with Euro V standards. SCR
was often used to purify the NOx emissions and the
DOC device could oxidise the CO and HC emissions

5

Urban
Highway
NOx

Emission factor, g km–1

4

(iv)
-1

CO

HC

Fig. 2. NOx, CO
and HC emissions
from three vehicles
under urban and
highway conditions

3

2

1

0

409
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LDDT-2 LDDT-3
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efficiently (30–32). It is not difficult to understand
why LDDT-1 produced the worst emissions because
there is no aftertreatment requirement for Euro III
trucks in most of China.
As shown in Figure 2, NOx, CO and HC emissions
under urban conditions were significantly higher
than those under highway conditions. To be
specific, NOx, CO and HC emissions under urban
conditions were 1.3–1.8 times, 1.4–2.2 times and
2.5–4.1 times those under highway conditions.
This phenomenon could be explained by the fact
that the combustion quality in the engine was
associated with the operation speed and frequent
acceleration and deceleration (18, 33, 34). During
this experiment, no traffic signals were encountered
on the highway and the average speed was up to
73.8 km h–1. However, there were 26 traffic signals
on the urban roads and the average speed was
only 19.4 km h–1. In this operating condition, the
combustion was insufficient and the temperature
of aftertreatments might not be high enough for
proper function, which caused the emissions to
deteriorate.

3.2 Volatile Organic Compound
Speciation Profiles
Average weight percentage of individual VOC
species of the entire trip was calculated based on
the test trucks. On the whole, alkanes were the
dominant group, accounting for 65.5 ± 10.3% of
the total VOCs, followed by aromatics, carbonyls
and alkenes, taking up 19.6 ± 5.0%, 5.4 ± 1.9%
and 4.4 ± 1.8%, respectively. Additionally, though
35 halocarbons were quantified, they only took
up 3.6 ± 1.5% of the VOCs. Thus, the following
discussions on the VOCs are mainly focused on
alkanes, aromatics, alkenes and carbonyls.
Weight percentages of the top 15 VOC species
from the exhaust are presented in Table IV. These

species accounted for approximately 83.4% of the
total VOCs. Dodecane, n-undecane, naphthalene,
n-decane and acetone were the major species, and
their total weight percentages were over 80.1%.
These results are partially consistent with the
results obtained by Wang et al. (14), who indicated
that n-decane, n-undecane and n-dodecane were
the most abundant species. However, a study by
Yao et al. (20) showed that carbonyls were the top
group, which could account for 42.7–69.2% of the
total VOCs. The difference was mainly attributed to
the different VOC species quantified between the
two studies. For example, Yao et al. (20) reported
formaldehyde and acetaldehyde took up 47.9%
and 21.0% of carbonyls, while these two species
were not detected in this study.

3.3 Effect of Standards on Volatile
Organic Compound Emissions
The mean EFs and weight percentages for each VOC
group for the entire trip of the three test trucks are
plotted in Figure 3. The total VOC EFs of LDDT-1
(Euro III), LDDT-2 (Euro IV) and LDDT-3 (Euro V)
were 186.9 ± 34.9 mg km–1, 106.5 ± 26.2 mg km–1
and 61.1 ± 16.9 mg km–1, respectively. In other
words, the VOC emissions decreased significantly
as the standards tightened gradually from Euro
III to Euro V. Most of the other species also
showed a decreasing trend. Especially, dodecane
and n-undecane presented the most significant
decline, from 85.2 ± 3.7 mg km–1 and 38.6 ±
11.7 mg km–1 for Euro III to 16.7 ± 2.8 mg km–1
and 9.7 ± 3.0 mg km–1 for Euro V, respectively.
The trend was partially consistent with that found
by Zhang et al. (10), though the VOC EFs were a
little higher than those in this work. This might be
mainly attributed to the fact that Zhang et al. (10)
employed tunnel measurement, which included
evaporative emissions.

Table IV Weight Percentages of the Top 15 Volatile Organic Compound Species
No.

Compounds

Percentage, %

No.

Compounds

Percentage, %

1

dodecane

44.9 ± 29.2

9

1-butene

1.9 ± 0.4

2

n-undecane

19.2 ± 13.7

10

1,2,3-trimethylbenzene

1.9 ± 0.2

3

n-decane

7.3 ± 4.3

11

1,4-diethylbenzene

1.8 ± 0.2

4

naphthalene

6.0 ± 2.5

12

benzene

1.7 ± 0.9

5

acetone

2.7 ± 0.4

13

3-ethyltoluene

1.7 ± 0.5

6

propane

2.5 ± 1.6

14

1,2,4-trimethylbenzene

1.6 ± 0.5

7

2-propenal

2.1 ± 1.2

15

2-ethyltoluene

1.2 ± 0.4

8

nonane

2.1 ± 0.9

–

–

–
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Most VOC groups presented similar variation trends
as the emission standards changed, especially for
the dominant groups. For example, both alkane
and aromatic emissions decreased noticeably as
the standards varied from Euro III to Euro V. The
progress in engine technology and application of
aftertreatment devices played a major role in the
subtraction of VOCs emissions. Additionally, there
were no significant differences between emissions
of carbonyls, alkenes and halocarbons from LDDT-1
(Euro III) and LDDT-2 (Euro IV), but they were much
higher than those of LDDT-3 (Euro V). No coherent
order was observed for other emissions among these
diesel trucks, possibly because the absolute values of
these species were too small to quantify accurately.
On the whole, implementing stringent emissions
standards could reduce most of the VOC species
effectively in the freight transportation sector.
Figure 3 indicates that alkanes were the dominant
group in tailpipe VOCs emissions from the test

Emission factor, mg km–1

(a)

Emission factor, mg km–1

(b)
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120
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30
0

Alkanes

Aromatics

Alkenes

Fig. 3. EFs
and weight
percentages of the
VOC groups under
different emission
standards: (a)
LDDT-1; (b) LDDT2; (c) LDDT-3
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90

Alkanes
(c)

LDDTs, accounting for 57.2–80.0%, followed by
aromatics (12.5–22.9%), carbonyls (3.1–7.7%)
and alkenes (2.2–6.5%). This result was consistent
with that observed by Wang et al. (14) (carbonyls
< aromatics < alkanes) but inconsistent with that
by Yao et al. (20) (alkenes < aromatics < alkanes
< carbonyls). Discrepancy of the quantified VOC
species was the main cause of the inconsistency.
It can also be found that the proportion of alkanes
decreased significantly, from 80.01% for LDDT-1
to 57.15% and 60.41% for LDDT-2 and LDDT-3,
respectively. Additionally, LDDT-2 and LDDT-3 had
similar VOC group distributions, while the aromatics
weight percentage of LDDT-2 was significantly
related to that of LDDT-3. This is probably due to
the different aftertreatment used in LDDT-2 and
LDDT-3 (as shown in Table III). Jung et al. (35)
also observed that heavy-duty trucks equipped
with DPF emitted higher quantities of aromatics
compared with those with SCR.

Aromatics

Alkenes

Carbonyls Halocarbons Others
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Figure 4 shows the EFs of the top 15 VOC species
from the exhaust of LDDTs. The EF of dodecane
for LDDT-3 (Euro V) was 51.0% and for LDDT‑2
(Euro IV) it was only 19.6% relative to LDDT‑1
(Euro III). For several other species, LDDT-3
had the lowest EFs, while the EFs of LDDT-2 and
LDDT-1 were comparable or even higher, such as
naphthalene, acetone, 2-propenal. A hypothesis is
that much higher temperatures and more oxidising
conditions during the DPF regeneration process
favour carbonyl formation (36). However, there is
no direct evidence that DPF regeneration occurred.
Additionally, there were several individual species
whose emissions were not affected by the emission
standards. Overall, most of the top 15 VOC species
presented a decreasing trend as the emission
standards tightened.

3.4 Influence of Driving Conditions
on Volatile Organic Compound
Emissions
Figure 5 shows several VOC group emissions
from the exhaust of LDDTs under urban and
highway driving conditions, respectively. It can
be seen that VOC emissions on highway roads
were much lower than those on urban roads.
EFs of each VOC group decreased significantly,
especially for alkanes and aromatics. Specifically,
EFs of alkanes under highway conditions were only
20.4–46.2% of those under urban conditions, which
was mainly attributed to the sharp decline of the
most abundant alkane species, such as dodecane,
n-undecane and n-decane. For aromatics, the
significant reduction of the EFs during highway
driving could be attributed to the sharp reductions

412

Fig. 4. EFs of
the top 15 VOC
species from the
exhaust of the
LDDTs

LDDT-3

11

10

12

11

13

12

14

13

15

14
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of naphthalene, 1,2,3-trimethylbenzene and
1,2,4-trimethylbenzene. Lower average speed
and more acceleration and declaration were found
during the urban road episodes, causing more
incomplete combustion on non-highway road
driving, resulting in higher VOCs emissions than
on highways (37). Caplain et al. (38) also reported
that tailpipe emissions in urban driving cycles were
approximately four times those in motorway driving
cycles. In addition, the reduction degrees of VOC EFs
(urban vs. highway) for LDDT-3 were highest while
those for LDDT-2 were lowest. This discrepancy is
mainly due to the different aftertreatment devices
used. For instance, optimum conditions of a DOC +
SCR system used for LDDT-3 could be maintained
under highway conditions because of the high
exhaust temperature, resulting in more efficient
reduction.
A breakdown of the C1–C12 VOCs for different
driving conditions of the tested trucks is presented
in Figure 6. There was no obviously consistent
trend in the carbon number distribution of the VOC
species between highway and urban road conditions
except for C3 and C11, which showed a decreasing
trend when driven on the highway compared to
urban roads. This phenomenon illustrated that
driving conditions had a weak correlation with
carbon number distribution. On the whole, the
carbon number of the VOCs was concentrated in
C3–C4 and C10–C12, showing a distinct ‘double
peak’ phenomenon. Lu et al. (39) summarised
several previous studies and reached a similar
conclusion. VOCs are expected to be a mixture of
unburned and partially burned fuel species (40).
Propane and acetone are the dominant species
in C3–C4 group, and this portion of the VOCs is
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likely generated as a result of the high efficiency
of the diesel engine. For the C10–C12 group, these
species are considered to be components of diesel
fuel. Durbin et al. (41) reported the C1–C3 species
contributed most to non-methane organic gases
(NMOG) and ethene, ethyne, acetaldehyde and
formaldehyde made the largest contribution. The
differences may be attributed to the VOCs species
detected between these two studies.

3.5 Ozone Formation Potential
According to the EFs of each VOC species,
OFPs based on the travelled distance were
calculated and the results are plotted in Figure
7. As expected, the magnitude of OFP based on
emission rate presented a decreasing trend. To
be specific, LDDT‑1 and LDDT-2 had the higher
OFPs, approximately 239.6 ± 57.3 mg O3 km–1 and
227.7 ± 69.2 mg O3 km–1, respectively, and that
for LDDT-3 was 124.8 ± 47.6 mg O3 km–1. The OFP
values in this work were lower but comparable to
those for diesel trucks in some studies (20, 37, 42).
The lower OFP values in this study were mainly
because DOC and SCR dramatically reduced VOCs
emission. Additionally, engine technologies, driving
cycles and fuel quality were also important factors.
The chemical structure of OFPs was different from
the trend of VOCs emissions based on distance
travelled, shown in Figure 3. Aromatics were
the primary contributor to OFP, accounting for

49.3–57.6% of the OFPs. It was noteworthy that
although alkenes accounted for only approximately
5.0% of the VOC emissions, the OFP contribution
of alkenes (13.4–22.3%) was comparable with that
of alkanes (13.7–27.9%), which was attributed to
the higher MIR scales of alkenes related to alkanes.
Similar conclusions have been reached in previous
studies. Therefore, priority measures should be
taken to reduce the VOCs with high MIR values,
such as aromatics and alkenes, to control the
formation of ozone originated from diesel exhaust.
The top 20 VOC species ranked by their OFP
are given in Figure 8. The contribution of these
substances accounted for approximately 90.0% of
the total measured OFPs. Naphthalene, 1-butene,
dodecane, 1,2,3-trimethylbenzene, 2-propenal,
1,2,4-trimethylbenzene and 3-ethyltoluene were
the dominant species in the photochemical ozone
formation process, and their OFP values were
over 10 mg O3 km–1. Among the top 20 species,
11 belonged to the aromatic group and four
were alkenes, which accounted for a lower mass
percentage but higher MIR values. This indicates
that substances present in small amounts but with
high MIR values should not be ignored.

4. Conclusions
On-road VOC emissions from LDDTs compliant with
different standards were sampled with a combined
PEMS, and the effects of emission standards and
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driving conditions on both VOC characteristics and
OFPs were analysed. Based on the results, the
following conclusions could be drawn.
Alkanes were the most abundant species of
exhaust VOC emissions from the test trucks,
accounting for 57.2–80.0% of the total VOCs.
Specifically, dodecane, n-undecane, decane,
naphthalene and acetone were the top five
species. The total VOC emissions decreased
significantly as the emission standards tightened.
EFs of LDDT‑2 (Euro IV) and LDDT-3 (Euro V)
had reductions of 42.3% and 67.3% in related
to LDDT-1 (Euro III). The reductions were mainly
alkanes. Driving conditions had a great impact on
the VOC emissions. VOC EFs on the highway were
much lower than those on urban roads due to the
sharp decrease of alkanes and aromatics. However,
no consistent trend was found in the carbon
number distribution of the VOC species between
highway and urban conditions. The majority
contributors of OFP were aromatics, accounting for
49.3–57.6% of the total OFPs. Naphthalene,
1-butene,
dodecane,
1,2,3-trimethylbenzene,
2-propenal,
1,2,4-trimethylbenzene
and
3-ethyltoluene were the dominant species in the
photochemical ozone formation process. Priority
measures should be taken to reduce VOCs with
high MIR values, such as aromatics and alkenes.
The results of this study may provide insights into
the VOC emission characteristics of diesel fleets,
which will help decision makers drafting emission
related policies. It should be noted that limited
trucks were tested, which may not be sufficient
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for reflecting the general emission characteristics
of diesel trucks. More studies should be conducted
to validate the emission characteristics in further
studies.
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In the present investigation, TiO2 nanostructures
were synthesised via a simple sol-gel technique
and characterised with X-ray diffraction (XRD),
scanning electron microscopy with energydispersive X-ray analysis (SEM-EDX), highresolution transmission electron microscopy (HRTEM) and ultraviolet-visible (UV-vis) spectroscopy.
The temperature and concentration dependence
of thermal conductivity enhancement (TCE) and
ultrasonic velocity have been explored in ethylene
glycol-based TiO2 nanofluids. The obtained results
showed 24% enhancement in thermal conductivity
at higher temperature (80°C) of the base fluid
ethylene glycol by adding 1.0 wt% of TiO2
nanoparticles. The behaviour of TCE and ultrasonic
velocity with temperature in prepared nanofluids
has been explained with the help of existing
phenomena. The increase in ultrasonic velocity in
ethylene glycol with TiO2 nanoparticles shows that
a strong cohesive interaction force arises among
the nanoparticles and base fluid. These results
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divulge that TiO2 nanoparticles can be considered
for applications in next-generation heat transfer in
nanofluids.

1. Introduction
Nanoparticles are traditionally defined as particles
with at least one of the characteristic dimensions
being up to 100 nm. Nanoparticles have a large
surface to volume ratio. This is the most important
factor to explain the anomalous behaviour of
nanoparticles as compared to their bulk counterparts
(1–3). Metal oxide nanoparticles, predominantly
transition metals, are much preferred for their
wide and attractive choice of properties (4–6).
The metals with their varying valences can form
a vast range of oxide compounds when processed
through suitable synthesis methodologies (7, 8).
Metal oxides can display metallic, semiconducting
or insulating character according to their electronic
structure (9–11). Among the metal oxide
nanoparticles, TiO2 nanoparticles are attractive
due to their high stability, commercial availability
and comparatively low cost (12, 13). They are also
free from health hazards (14). TiO2 nanoparticles
have also attracted considerable attention for
their potential applications in technologies such as
fabrication of microelectronic circuits, sensors, fuel
cells, solar cells, electronics, piezoelectric devices,
medicine, pharmaceuticals, cooling, heat transfer
and power generation (15–17). The use of oxides
in the semiconductor industry is the most active
area and generally computer chips are made from
oxide compounds.
Intrinsically small thermal conductivity of
conventional heat transfer fluids is a primary
limitation
to
developing
energy
efficient
heat transfer fluids for cooling applications.
One innovative approach is to suspend low
dimensional particles in base fluids to enhance
their heat transfer performance (18–20). But
micrometre or millimetre sized particles cannot
be used in microsystems because they can block
microchannels, damage or wear out pumps, pipes
or bearings and these particles tend to precipitate.
Yu and Choi (21) in 1995 first coined the term
‘nanofluids’: a nanoparticle-liquid dispersion
consisting of particles with 1–100 nm size offers new
potential for heat transfer fluids. Stable nanofluids
are prepared mainly by two techniques: (a) single
step technique; and (b) two step technique. In the
single step technique, nanoparticles are made and
dispersed simultaneously into the base fluids. In
the two step technique, nanoparticles are prepared
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first and then dispersed into base fluids. Most
nanofluids containing oxide nanoparticles and
carbon nanotubes are produced by the two step
method. The nanoparticles are dispersed into
liquid using an ultrasonic bath or high power tip
ultrasonicator with different sonication time while
controlling overheating of the nanofluids. In the
present investigation, the two step method of
nanofluids synthesis has been used to prepare
TiO2-ethylene glycol nanofluids (22, 23).
Sound transmission through a medium, such as
colloidal suspensions, porous materials, magnetorheological medium and nanofluids, has also been
a subject of great interest in recent years (24).
The anomalous behaviour of the ultrasonic velocity
in sintered TiO2 nanofluids provides information
about the pore size and shape of nanoparticles
(25). The most significant application of nanofluids
is their use as heat transfer fluids. The main goal
of nanofluids is to attain the highest possible value
for thermal conductivity at the smallest possible
concentrations of nanoparticles (26). There exists
a new class of nanofluids having very low heat
transfer rate which are used for cooling to maintain
the desired performance and reliability of machines,
microelectronic devices and optical instruments in
the microelectronics and transportation industries
(27–29). Nanofluids have been extensively explored
for use in many applications. These include cooling
a new class of super powerful and small computers
and other electronic devices for use in military
systems, aeroplanes or spacecraft as well as for
large-scale cooling. Al2O3–water nanofluids have
been used to maintain a high temperature gradient
in thermoelectrics that convert waste heat to useful
electrical energy (30). Metal oxide nanoparticlebased nanofluids have been investigated to
enhance energy efficiency in a heating, ventilation
and air conditioning (HVAC) system to give major
environmental benefits (29). Recent development
suggests that these nanofluids can be utilised to
enhance heat transfer from solar collectors to
storage tanks and to increase energy density,
making them potential candidates in the renewable
energy industry. Other projected applications of
nanofluids include sensors and diagnostics that
instantly detect chemical warfare agents in water
or water- or foodborne contamination. Iron oxide
based nanofluids have shown great promise in
biomedical applications such as cooling medical
devices, cancer treatment and drug delivery (31).
One very important application of nanofluids is in
heat transfer systems. Assorted studies have been
carried out on the heat transfer enhancement of
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nanofluids and an appreciable enhancement has
been found in the thermal conductivity correlated
to the base fluid. Murshed et al. (13) measured the
TCE of nanofluids by dispersing TiO2 nanoparticles
in the matrix of ethylene glycol. They observed
18% TCE at 5 vol%. Duangthongsuk et al. (14)
have done a similar study in water-based nanofluid
by dispersion of TiO2 nanoparticles at 2 vol% and
reported 7% TCE. Khedkar et al. (32) measured the
TCE in TiO2 nanoparticles with ethylene glycol as
base fluid. They reported 19.52% TCE at 7.0 vol%
concentration of nanoparticles. Angayarkanni et al.
(33) measured the TCE in TiO2 nanoparticles with
water as base fluid. They reported 15.1% TCE at
4.0 vol% concentration of nanoparticles. Other
metallic oxide nanoparticles have also been used
for preparation of nanofluids. Beck et al. (30)
determined the thermal conductivity of Al2O3/
ethylene glycol nanofluids and reported a maximum
TCE of up to 16.3% for 3.0 vol% concentration.
Khedkar et al. (34) measured the temperaturedependent enhancement of thermal conductivity in
CuO + water with different concentrations. They
reported 32.3% TCE at 7.5 wt% concentration. Esfe
et al. (35) measured the TCE in MgO nanoparticles
with ethylene glycol + water (40:60 wt%) as base
fluid. They reported 34.43% TCE at 3.0 vol%
concentration of nanoparticles. Li et al. (36)
determined the thermal conductivity of ZnOethylene glycol nanofluids and they reported the
maximum TCE of nanofluid up to 13.0% for 2.4 vol%
concentration. Murshed et al. (13) measured the
TCE of nanofluids by dispersing CuO nanoparticles
in the matrix of ethylene glycol. They observed
21% TCE at 2 vol%. All these measurements have
been reported at higher temperature and higher
volume fraction.
In the present work, we synthesised TiO2
nanoparticles through the chemical route and
characterised by XRD, TEM, SEM-EDX and UV-vis
spectroscopy techniques. After synthesis, the TiO2
nanoparticles were suspended in ethylene glycol
as carrier fluid with the help of an ultrasonicator
with different sonication times and nanoparticle
concentrations to prepare TiO2-ethylene glycol
nanofluids. The thermal conductivity measurements
were performed for 0.2 wt%, 0.5 wt% and 1.0 wt%
nanoparticle loaded nanofluids using a TPS-500 S
Thermal Constants Analyser (Hot Disk, Sweden).
Ultrasonic velocity and particle size distribution
(PSD) measurements were done for the ultrasonic
characterisation of the prepared nanofluids.
The possible mechanisms of enhancement in
thermal conductivity, ultrasonic velocity and PSD
of nanoparticles in nanofluids are discussed. The
420
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reported data and their analysis suggest potential
applications in industries associated with heat
transfer management.

2. Experimental Details
2.1 Synthesis of Titania
Nanoparticles
TiO2 nanoparticles were successfully synthesised by
a simple sol-gel method (37) using Ti[OCH(CH3)2]4,
generally referred to as titanium tetra-isopropoxide
(TTIP), as a precursor purchased from SigmaAldrich Company (USA) with purity of 97%.
Titanium(IV) isopropoxide was dropped slowly into
the mixed solution of distilled water and ethanol
in the ratios of 1:4:1 (TTIP: water: ethanol). The
solution was stirred continuously for 1 h at room
temperature to obtain a white slurry. HNO3 was
used to adjust pH value in the range 2–3. The
white slurry mixture was dried at 120°C for 3 h
on a hot plate; the dried powder was sintered at
450°C for 3 h. Finally, we obtained the required
TiO2 nanoparticles. The flow chart of synthesis of
TiO2 nanoparticles is given in Figure 1.
The synthesised sample of TiO2 nanoparticles
were analysed with XRD pattern using a SmartLab®
X-ray diffractometer (Rigaku Corporation, Japan)

H2O & ethanol

C12H28O4Ti solution

Stirring 1 h
Add HNO3 up to pH 2–3

Agglomeration

Precipitation

Dried at 120°C for 3 h

Sintered at 450°C for 3 h

Powder sample of
TiO2 NPs

Fig. 1. Flow chart showing the synthesis of TiO2
nanoparticles
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2.2 Preparation of Titania-Ethylene
Glycol Nanofluids
TiO2-ethylene glycol nanofluids were prepared
at different concentrations, 0.2 wt%, 0.5 wt%
and 1.0 wt% of TiO2 nanoparticles. When TiO2
nanoparticles are added to the ethylene glycol
base fluid, the nanoparticles produce a sediment
within a few minutes because they remain in
clusters without being dispersed. For the uniform
dispersion of nanoparticles in the base fluid, we
used an ultrasonic homogeniser VC 505 (Sonics &
Materials Inc, USA) working at 20–40 kHz, 500 W.

3. Results and Discussion
3.1 Structural Analysis
The crystal phases of the synthesised TiO2
nanoparticles were determined by XRD patterns
as shown in Figure 2. The obtained peaks in the
diffraction pattern are identified with the JCPDS
Card No. 88-1175. The interplanar spacing has
been calculated using Equation (i):
d =

nλ
2 sin θ

(i)

where λ represents the wavelength of CuKα
(1.5406 Å) radiation, θ is the angle between
incident beam and the reflection lattice planes and
n = 1 is the order of the XRD spectra. The highest
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(with λ = 1.5406 Å CuKα radiation) operating at
40 kV, 30 mA and at room temperature. The XRD
patterns were used to determine the crystallite
size, lattice parameter and phase identification.
The structural and morphological analysis of
TiO2 nanoparticles were done by HR-TEM and the
selected area electron diffraction (SAED) pattern
using the model TecnaiTM G2 F30 field emission gun
transmission electron microscope (FEI Company,
USA) operating at 200 kV accelerating voltage
with resolution point:0.17 Angstrom line:1.24 Å
and magnification 1500 LM to 520 kx. Tescan
MAIA3 field emission scanning electron microscope
(Tescan, Czech Republic) operating at 12.0 kV
and magnification 21.4 Kx was used for SEM-EDX
analysis of the morphology and average particle size
of the TiO2 nanoparticles. The UV-vis absorption
spectrum was recorded using Shimadzu UV-2330
spectrometer (Shimadzu Corporation, Japan) in
the range 200–700 nm. The UV-vis spectrum was
used to determine direct energy band gap of the
TiO2 nanoparticles.

(101)

https://doi.org/10.1595/205651320X15940360546454

80

90

Fig. 2. XRD pattern of the powder sample of TiO2
nanoparticles

peak is observed at 2θ = 25.4° which was indicated
to plane (101) and d spacing corresponding
to this peak is 3.12 Å. The other peaks in XRD
pattern are observed at 2θ = 27.6°, 37.9°, 48.2°,
54.1°, 55.1°, 62.8°, 69°, 70.4°, 75.1° and 82.8°
correspond to the (110), (004), (200), (105),
(211), (002), (116), (112), (215) and (312) planes
of TiO2 nanoparticles and d spacing are calculated
as 2.83 Å, 2.43 Å, 1.88 Å, 1.69 Å, 1.66 Å, 1.47 Å,
1.35 Å, 1.33 Å, 1.26 Å and 1.16 Å, respectively.
The intensity of the obtained peaks indicates the
well-formed crystalline nature of the sample. The
average crystallite size has been computed with
Scherrer’s equation (Equation (ii)) (38):
D=

Kλ
β hkl cos θ

(ii)

where β hkl represents the full width at half maxima
(FWHM) and K is the Scherrer constant. From this
formula, the calculated average crystallite size of
the given sample is approximately ~23 nm.

3.2 TEM, SEM and EDS/EDX Analysis
The TEM image of a crystalline sample is shown in
Figure 3(a). The average particle size of the TiO2
nanoparticles ranged from 20–26 nm as shown in
the histogram (Figure 3(b)). The SAED pattern
in Figure 3(c) shows principally 10 rings which
are ascribed to (101), (110), (103), (004), (111),
(200), (105), (211), (002) and (116) planes,
respectively. These planes are consistent with
the XRD results. The d spacings are in agreement
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Fig. 3. (a) TEM micrograph; (b) PSD; (c) SAED pattern; (d) lattice spacing HR-TEM of the TiO2 nanoparticles

with the tetragonal structure of TiO2 nanoparticles
(JCPDS Card No. 88-1175). For the structural
analysis TiO2 nanoparticles were also examined by
HR-TEM as shown in Figure 3(d). The crystalline
nature of the nanoparticles is visible in the HRTEM micrograph. The lattice spacing 0.31 nm and
0.28 nm corresponds to (101) and (110) planes
respectively. The size and morphology of the
TiO2 nanoparticles were also determined using
SEM. Figure 4 shows typical SEM images of TiO2
nanoparticles. The SEM image shows random
distribution of TiO2 nanoparticles having sizes
in the range 18–26 nm. In Figure 4, there is a
soft agglomeration of the nanoparticles: isolated
particles are connected to each other by attractive
physical interactions like Van der Waals force.
The agglomeration of nanoparticles in the base
fluid probably affects the thermal conductivity
performance of the nanofluids. Agglomeration
of nanoparticles affects the Brownian motion
of the nanoparticles resulting in a decrease in
thermal performance of the nanofluids. To remove
agglomerations of nanoparticles in the base fluid,
a sonication process has been used to break the
intermolecular interactions. The EDX spectrum
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(Figure 5) of the TiO2 nanoparticles provides
information about the constituent components of
our sample, which contains titanium and oxygen.
The high intensity peaks for titanium and oxygen
justifies that the sample contains mainly TiO2.

3.3 UV-Vis Spectra Analysis
The UV-vis absorption spectrum at room
temperature of TiO2 nanoparticles has been
recorded in the wavelength range 200–700 nm and
is shown in Figure 6(a). It is obvious from the UVvis absorption spectrum that the peak observed at
315 nm represents a blue shift compared with its
bulk counterpart. This indicates that the particle
size of the TiO2 nanoparticles has been reduced
(38–40). The optical absorption of the TiO2
nanoparticles is analysed by Equation (iii):

α hν = B ( hν − Eg )

m

(iii)

where Eg represents the optical band gap of
nanoparticles, B is a constant, α is the optical
absorption coefficient of the nanoparticles. The
exponent m depends on the nature of the transition,
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Fig. 4. SEM micrograph of TiO2
nanoparticles
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Fig. 5. EDX spectrometry of
TiO2 nanoparticles
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m = 1/2, 2, 3/2, 3 for allowed direct, allowed indirect,
forbidden direct and forbidden indirect transitions
respectively. Figure 6(b) shows the Tauc plot of
TiO2 nanoparticles, a satisfactory fit is obtained for
(α hn) 2 vs. hn indicating the presence of a direct band
gap. The optical energy gap of the TiO2 nanoparticles
has been determined as 3.28 eV by extrapolating the
linear portion of this plot at (α hn) 2 = 0.

3.4 Thermal Conductivity
Measurement
The thermal conductivity of the nanofluids was
measured by using a Hot Disk TPS-500 S thermal
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8

keV

constant analyser. The Hot Disk TPS-500 S is
the newest transient plane source (TPS) thermal
constants analyser. The TPS technique has been
used to determine the thermal conductivity
of a nanofluid. The temperature dependent
thermal conductivity of the TiO2-ethylene glycol
nanofluids is plotted in Figure 7(a) at 0.2 wt%,
0.5 wt% and 1.0 wt%. The results show that
the thermal conductivity of TiO2-ethylene glycol
nanofluids increases with concentration of TiO2
nanoparticles. The thermal conductivity exhibits
a slow increase for 0.2 wt% nanofluids while it
shows relatively fast increase for 0.5 wt% and
1.0 wt% nanofluid in the temperature range

© 2021 Johnson Matthey

Johnson Matthey Technol. Rev., 2021, 65, (3)

(a)

1.4
1.2
1.0

(b)

16
–2
2
m–2
eV/m
(h) eV

Absorbance, arbitrary unit

1.6

315 nm

https://doi.org/10.1595/205651320X15940360546454

12
8
4
0
0

0.8

2

4
6
h, eV

8

0.6
0.4
200

300

400
500
Wavelength, nm

600

700

Fig. 6. (a) UV-vis absorption spectrum of sample
TiO2; (b) the optical band gap calculation plot
(α hn)2 vs. hn of TiO2 nanoparticles

20–80°C. At 20°C, the value of thermal
conductivity of pure ethylene glycol is 0.285 W
mK–1 and it has been increased to 0.314 W mK–1
for 1.0 wt% concentration of TiO2 nanoparticles
in ethylene glycol base fluid. The expression of
TCE is given by Equation (iv) (41):
 TC − TCbf 
TCE% =  nf
 × 100%
TCbf



(iv)

where TCnf and TCbf are the thermal conductivity of
nanofluid and base fluid respectively.
A number of investigators have developed
models for determining the thermal conductivity
of nanofluids containing spherical particles. They
only consider the effect of volume fraction of the
particles. However the thermal conductivity of
nanofluids depends on various factors such as
size, shape, volume fraction of the suspended
particles as well as temperature of suspensions. A
few models also propose that the TCE is due to the
ordered layering of liquid molecules near the solid
particles (42, 43).
In addition to describing the TCE in nanofluids, we
consider the effect of three possible mechanisms
for heat transfer in nanofluids: (a) translational
Brownian motion, (b) the existence of an
interparticle potential and (c) convection in the
liquid due to the Brownian movement. In the low
temperature region, the mean free path due to the
collision of nanoparticles increases and leads to
TCE due to Brownian particle (KBrownian) as given as
Equation (v):
KBrownian =
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φ CNVN l
3

(v)

where
is the volume fraction, CN is the heat
capacity per unit volume of the nanoparticles, l is
the mean free path and VN is root mean square
velocity of the particles.
This model explains the individual effect of
temperature on the TCE in nanofluids with the
help of Brownian motion but does not consider
the effect of surface functionality and particle
loading of nanoparticles. To overcome the
shortcomings of this model, Prasher et al. (44)
presents an order-of-magnitude justification
to show a local convection effect caused by the
Brownian movement of the nanoparticles. Based
on the Brownian motion induced convection effect
from multiple nanoparticles, the model of Prasher
et al. for the TCE ratio of a nanofluid is given in
Equation (vi):
K
= 1 + ARemPr0.333φ
Kf

(

)  ((1 + 2α)) − φ ((1 − α )) 

 1 + 2α + 2φ 1 − α 


(vi)



where K is the thermal conductivity of nanofluids,
Kf is the thermal conductivity of fluids, A and m
are the best fit constants, and should be same
for different experimental data for a particular
fluid. Re and Pr are Reynolds and Prandtl numbers
respectively (Equation (vii)):

α = 2RbK F / dN

(vii)

where dN is the particle diameter, Rb is the interfacial
resistance (Equation (viii)):
Re =

1
νN

18kbT
πρN dN

(viii)

The Reynolds number (Re) is based on the rootmean-square velocity (v N ) of a Brownian particle
defined as Equation (ix) (45, 46):

νN =

1
dN

18kbT
πρ N dN

(ix)

where ρN is the density of the particles, kb is the
Boltzmann constant and T is the temperature in
Kelvin scale.
Figure 7(b) shows the variation of the TCE with
temperature ranging from 20–80°C. It is clear from
Figure 7(b) that the enhancement in thermal
conductivity of TiO2-ethylene glycol nanofluids
is achieved with increasing concentrations of
nanoparticles and temperatures. At 20°C, we
observed 3.3% to 6.5% and 11.2% TCE on
0.2 wt%, 0.5 wt% and 1.0 wt%, and at 80°C,
the TCE becomes 9.9%, 18.3% and 23.8% for
0.2 wt%, 0.5 wt% and 1.0 wt% respectively for
TiO2-ethylene glycol nanofluids. This enhancement
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velocity (νN) of a Brownian particle depends upon
particle diameter. If the particle diameter is small,
root-mean-square velocity of a Brownian particle
is large. Since the synthesised nanoparticles are
small in diameter (approximately 22 nm) this
results in the increase of Brownian motion, causing
convection which in turn increases the thermal
conductivity of the nanofluids. The high TCEs are
probably due to the small size of nanoparticles
because as the particle size decreases, the
surface-to-volume ratio of particles increases,
which can lead to enhanced thermal conductivity
of nanofluids.

0.42
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3.5 Determination of Ultrasonic
Velocity using Interferometric
Technique
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Fig. 7. (a) Thermal conductivity of pure ethylene
glycol and TiO2+ethylene glycol nanofluids with
0.2 wt%, 0.5 wt% and 1.0 wt% loading of TiO2
nanoparticles at different temperatures; (b) TCE of
TiO2+ethylene glycol nanofluids with 0.2 wt%, 0.5
wt% and 1.0 wt% loading of TiO2 nanoparticles at
different temperatures

is due to better uniformity and stability of
suspensions. It has been found that ultrasonication
increases the stability and uniformity of the
nanofluids. The achieved values of TCE are higher
than any of the results reported previously for TiO2ethylene glycol or TiO2-water based nanofluids
(13, 14, 30, 31) at such small concentrations. In
preparation of the nanofluids, we used very small
amounts of nanoparticles, so the fluidic properties
of the liquid are almost unaffected, allowing for the
easy flow of liquids and better transfer of heat. As
the temperature increases, the TCE in the TiO2ethylene glycol nanofluids may be attributed to
Brownian motion of nanoparticles. It is obvious
from Equation (ix) that the root-mean-square
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The ultrasonic velocity in nanofluids was measured
using an ultrasonic interferometer (model
nanofluid-10X, Mittal Enterprises, India) at
3 MHz frequency in temperature range 20–80°C.
The measured ultrasonic velocity in ethylene
glycol matrix and three nanofluids samples
containing 0.2 wt%, 0.5 wt% and 1.0 wt% of
TiO2 in temperature range 20–80°C are shown in
Figure 8. It is obvious from Figure 8 that the
ultrasonic velocity in the nanofluids increases with
the temperature. The plot also indicates that the
ultrasonic velocity in the nanofluids is larger than
that of pure ethylene glycol matrix (1410 m s–1) at
20°C and the velocity increases with the particle
concentration (1430 m s–1) for 1.0 wt% loading at
the same temperature of 20°C.

1540
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Thermal conductivity, W mK–1
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Fig. 8. Ultrasonic velocity vs. temperature in
different samples of TiO2+ethylene glycol nanofluid
and pure ethylene glycol
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If we consider ( ρ m , ρ s ) and (km,ks) are the density
and the compressibility of fluid and suspended
particles respectively, B and φ are the bulk
modulus and the particle volume fraction; then the
effective density (ρeff ) and compressibility (keff ) of
the suspension becomes as Equation (x) (47–49):

ρeff = ρSφ + ρ m(1 − φ ) 

keff = kSφ + Bm−1(1 − φ )

(x)

The ultrasonic velocity (V) in a medium is given
by Equation (xi):
V =

B /ρ = 1/ k ρ ; k = B −1 = ( λ + 2µ )

−1

(xi)

where B, ρ and k represent the bulk modulus, density
and compressibility of the medium respectively.
λ and µ are the material dependent quantities
known as Lamé moduli or Lamé coefficients. The
compressibility and density of a fluid medium are
changed by the dispersion of nanoparticles and
are the function of the particle volume fraction.
From Equation (x), it is clear that the evaluation
of the effective bulk modulus and compressibility
of the suspension is performed with calculation of
effective Lamé moduli, which depends on particle
volume fraction of suspended particles.
It is obvious from Equations (x) and (xi) that
the bulk modulus and change in density of the
nanoparticles suspension as a function of volume
fraction causes an enhancement in the ultrasonic
velocity. An increase in the wave velocity with
increase in the particle concentration of given
nanofluids indicates that there is positive change
in the bulk modulus and density of the nanofluids.
It may be predicted that the comparative change
in the density with respect to bulk modulus is
small. As the particle concentration in nanofluids
increases, the compressibility of the given matrix
decreases. A strong cohesive interaction occurs
among the molecules after dispersion of TiO2
nanoparticles in the ethylene glycol matrix. Thus
for the TiO2 nanofluids, the ultrasonic velocities are
larger in comparison to the ethylene glycol matrix
and increase with the nanoparticle concentration.
In the low frequency region, the velocity in
nanofluids is independent of particle size (49, 50).
Here all the nanofluids have been prepared with
nanoparticles fabricated at low evaporation rate
and velocity of the ultrasonic wave is measured
at different temperatures and low frequency
(3 MHz). Thus it was concluded that the
temperature dependent velocity at low frequency
in the nanofluids depends only on the particle
concentration. At low frequency, the ultrasonic
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velocity in a nanofluid is a quadratic function of
temperature (Equation (xii) (51):
(xii)

V = V0 + V1T − V2T 2

where V0 is the ultrasonic velocity at 0°C, V1 and V2
are the absolute temperature coefficients of velocity
and T is the temperature difference between
experimental and initial temperature (0°C). The
first and second terms in Equation (xii) are in good
agreement for a simple liquid system, but the third
nonlinear term is caused by non-linear change in
bulk modulus and density of the nanofluid system
with temperature.

3.6. Particle Size Distribution in
Titania+Ethylene Glycol Nanofluid by
Acoustical Particle Sizer
The acoustic particle sizer APS-100 (Matec Applied
Sciences, USA) was used to examine the PSD in
the nanofluids. The APS-100 works on Epstein
and Carhart theory (52) and is mainly based on
the ultrasonic spectroscopic method. The APS100 computes the sound attenuation (dB) per unit
length (cm) over the 1–100 MHz frequency range
in particle-liquid suspensions with high precision.
This attenuation spectrum can be converted to
PSD data. According to Epstein and Carhart theory
(52), the attenuation of the ultrasonic wave in a
nanofluid can be understood with the understanding
of the thermal wave length ( λT = 2K S / (ρ SCSω);
KS, ρS and CS: thermal conductivity, density
and specific heat of the dispersed particle: ω;
frequency of the wave) and the viscous wave length
( λV = 2η / (ρ mω); η: viscosity of the matrix).
When the viscous wave length is comparable to
particle radius (r), the viscous loss is a prominent
cause behind the ultrasonic attenuation; while the
viscous drag, scattering and thermal losses are
effective when the thermal wave length λT ≈ r . The
expressions for the ordinary viscous dissipation
(αV), the viscous drag loss (αVD) (47, 50) of the
sound waves are given as Equation (xiii) and
Equation (xiv):

αV =


ω2  4
 ηd + ηV 
2ρ mv 3  3


αVD = 18k φ (1 − δ )

(xiii)
y 2 (1 + y )

2

(

 2y 2 2 + δ + 9yδ
(
)


 + 81δ 2 (1 + y )2


) 
2





(xiv)

where ηd and ηV represent the dynamic and the
volume viscosities of the nanofluid, k is the
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wave number, δ = ρ m /ρ S , y = r ω /2ηd . Biwa (53)
calculated the change in the ultrasonic attenuation
with respect to volume fraction caused by
scattering at microscale in low frequency limit. The
expression to compute the ultrasonic attenuation is
given as Equation (xv) (53):

γ sca
dα
= −α +
dφ
(8/3) π r 3

(xv)

where γ sca represents the scattering cross-section
which depends on the frequency of the ultrasonic
wave, particle size, bulk modulus and density of
the base/carrier fluid and suspended particles.
The thermal attenuation is caused by temperature
variation produced by propagation of the sound
waves in different components of suspension. The
thermal loss mainly depends on the frequency
and particle size. The particle size has been
obtained by APS-100 in range of 19 nm to 24 nm
as visualised in Figure 9. It has been confirmed
from Figures 3(a) and 9 that the PSD obtained by
APS-100 is in good agreement with that obtained
by the TEM micrograph. Ultrasonic spectroscopy
is sensitive to particles with radius between
about 10 nm to 1000 mm. The maximum particle
concentration which can be analysed varies between
about 1 wt% to 50 wt% depending on the nature
of the system. On the other hand, the technique
is unsuitable for analysing dilute suspensions i.e.,
particle concentrations below about 1 wt%. In the
present study (Figure 9) the weight percentage
of TiO2 is 1 wt%. Systems with different weight
percentages of TiO2 show the same PSD because
nanoparticles are dispersed in base fluid with the
same technique and the same ultrasonication time.

Particle size distribution

100

In this investigation, we have successfully
synthesised TiO2 nanoparticles by a simple solgel method. The structural and morphological
characterisation of synthesised TiO2 nanoparticles
was performed by XRD and HR-TEM. The average
crystallite size was found to be ~23 nm using
Scherrer’s formula. The average particle size was
observed by TEM micrograph and found to be in
the range 20–26 nm. The optical energy gap of the
TiO2 nanoparticles was determined using Tauc plot
and found to be 3.28 eV. Ultrasonic spectroscopy
was used to determine the size of the nanoparticles
and their distribution in the matrix was established.
The results were in good agreement with the more
costly TEM method. TPS was used to measure the
thermal conductivity of the TiO2+ethylene glycol
nanofluids. The thermal conductivity of nanofluids
increases with increase in temperature as well as
particle loading. TCE of 24% was observed for
1.0 wt% loading of TiO2 nanoparticles at 80°C.
Thermal conductivity data are very important for
advanced heat transfer management systems
in many industrial applications. The temperature
and concentration dependence of the ultrasonic
velocity in nanofluids was also measured. The
ultrasonic velocity in nanofluids mainly depends on
the particle loadings.
Thus, the anomalous enhancement of the thermal
conductivity of nanofluids can be used in coolant
technology and in heat transfer management
systems. Ultrasonic techniques are an efficient
tool to characterise nanofluids, providing useful
information about the emerging properties of
exotic materials like nanofluids along with their
microstructural features.
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The cathodes of spent ternary lithium-ion batteries
(LIBs) are rich in nonferrous metals, such as lithium,
nickel, cobalt and manganese, which are important
strategic raw materials and also potential sources
of environmental pollution. Finding ways to extract
these valuable metals cleanly and efficiently
from spent cathodes is of great significance for
sustainable development of the LIBs industry. In the
light of low energy consumption, ‘green’ processing
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and high recovery efficiency, this paper provides
an overview of different recovery technologies to
recycle valuable metals from cathode materials
of spent ternary LIBs. Development trends and
application prospects for different recovery
strategies for cathode materials from spent
ternary LIBs are also predicted. We conclude
that a highly economic recovery system: alkaline
solution dissolution/calcination pretreatment →
H2SO4 leaching → H2O2 reduction → coprecipitation
regeneration of nickel cobalt manganese (NCM)
will become the dominant stream for recycling
retired NCM batteries. Furthermore, emerging
advanced technologies, such as deep eutectic
solvents (DESs) extraction and one–step direct
regeneration/recovery of NCM cathode materials
are preferred methods to substitute conventional
regeneration systems in the future.

1. Introduction
In the 21st century, there is a need to deal with
threats such as energy scarcity and environmental
deterioration. The worldwide usage of fossil fuels
accounted for 84.7% of global energy consumption
in 2018, which is equivalent to 11.7436 billion
tonnes of oil (1–2). Global CO2 emissions, especially
from fossil fuels, will continue to grow rapidly. It
is crucial to explore green and renewable energy
systems, such as wind, tidal and solar energy,
and energy storage such as batteries, to replace
fossil fuels. LIBs, with excellent energy storage
properties, safety and stability, are among the most
promising clean and sustainable energy storage
equipment. LIBs are widely used in zero-emission
© 2021 Johnson Matthey
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vehicles (mainly electric vehicles (EVs), and plug‑in
hybrid electric vehicles (PHEVs)), computers and
electronic communication devices (3–6). The newly
emerging model for super-performance LIBs,
assembled with specific complex three-dimensional
(3D), porous and polyhedral geometric structures
in cathode and anode materials, is perfectly suited
to the scale-up requirements for zero-emission
vehicles (3–5). Increasing demand for new energy
vehicles contributes to the expansion of the LIBs
market. It has been estimated that the world’s
production of LIBs would increase by 520% from
2016 to 2020 (7), and about 50 million electric
buses will run on the road by the end of 2027 (8).
Therefore the number of expired LIBs, as major
electronic wastes, will inevitably increase. In China,
the weight of retired LIBs was predicted to reach
500,000 tonnes by the end of 2020 (9), and that
of the European Union to reach 13,828 tonnes in
2020 (10). Since harmful substances may damage
the environment and the metals contained in spent
LIBs are precious resources, the recovery of retired
LIBs is bound to gain considerable social, economic
and environmental benefit.
The cathodes of retired LIBs are rich in valuable
nonferrous metals such as lithium, nickel, cobalt and
manganese, which are secondary resources worth
recycling. Considering potential immense profit,
researchers have been working hard to develop
various technologies to recycle the metals in spent
LIBs. Current recycling technologies mainly include
pyrometallurgy and hydrometallurgy. Although
pyrometallurgical recovery processes have the
advantages of a short process, high efficiency and easy
industrial application, high energy consumption and
generation of toxic gases still limit their development
(11–14). In contrast, hydrometallurgical recovery
processes have attracted extensive attention due to
low energy consumption, environmental friendliness
and high recovery efficiency (15–19).
Leaching valuable elements by chemical reagents
is the core of the hydrometallurgical recovery
strategy. After leaching, valuable metals in the
leachate are extracted by chemical precipitation,
solvent extraction and ion-exchange (20–25).
The conventional hydrometallurgical process for
waste electrodes recovery can be illustrated as
follows: (a) acid-reductant leaching and selective
chemical precipitation; (b) sulfuric roasting, acid
leaching and selective chemical precipitation; (c)
mechanochemical activation leaching and selective
chemical precipitation, as shown in Table I (26–
34). However, sulfuric roasting or mechanochemical
activation before leaching may complicate the
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recovery process and decrease overall leaching
rate. Based on the principle: waste substance +
waste substance → rebirth resources, Li et al. (35)
developed an in situ recovery model for graphite,
Li2CO3 and cobalt by oxygen-free roasting with
an anode graphite + wet magnetic separation
process, without pretreating or adding any other
chemical reagents. However, this technique is
not suitable for recovering complex electrode
materials. Prabaharan et al. (36) investigated an
electrochemical leaching system: lead as anode +
electrode scraps as cathode + H2SO4 as leachate,
in which the leaching rate of manganese, copper
and cobalt exceeded 96% through adjusting pH
value. Although it can perfectly achieve integrated
recovery of valuable metals, the high electricity
consumption and recovery cost limit the use of
this method. Surprisingly, Gomaa et al. (37, 38)
explored a new multifunctional recovery method
to recycle ultratrace Co2+ (~3.05 × 10–8 M and
4.7 × 10–8 M respectively) with visible selective
ion extraction-separation-detection. It can extract
almost 100% Co2+ from leachate in only 10–15 min
and the used ion-extractors after activation can be
regenerated and reused in repeated adsorptiondesorption processes. Following desorption by HCl
eluting reagent, the overall recovery rates of cobalt
from waste LIBs or printed circuit boards (PCBs)
are 98% and 95.7% respectively.
NCM batteries consist of more valuable metals
that are worth recycling compared with traditional
LiCoO2 and LiFePO4 batteries. However, few
reports have been made to systematically clarify
recovery techniques for waste NCM materials. In
order to avoid loss of valuable resources and risk
of secondary pollution, it is urgent to construct a
sustainable recycling model for valuable metals
in cathodes of spent LIBs. This review aims to
describe progress in hydrometallurgical recycling
of cathode materials from spent NCM batteries.
The hydrometallurgical recovery strategy of
waste LIBs can be classified into three steps: (a)
pretreatment or separation of active substances;
(b) leaching or extracting the valuable metals from
the active substances with appropriate solvents;
(c) separation of valuable metals by selective
extraction from leachate by different methods
to obtain the metals or metallic compounds.
The conventional process flow for recycling NCM
materials from waste LIBs by hydrometallurgy is
shown in Figure 1. The advantages, disadvantages,
existing problems and current status of each
treatment method are analysed. Furthermore,
advanced recovery technologies, DESs extraction
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Table I Summary of Techniques for Recovery and Separation Valuable Metals from Spent
Ternary Lithium-Ion Batteries
Type of
LIBs

LiCoO2

Leaching system (reagents + solid/
liquid, g l–1 + temperature, K +
time, min)a

Leaching
rate, %

Acid + reductant leaching + selective
chemical precipitation
1.5 M H3 citric acid + 0.4 g g–1 tea
waste + 30 + 363 + 120

Co:96/
Li:98

2 M H3 citric acid + 0.6 g g–1H2O2 + 50
+ 343 + 80

Co:98/
Li:99

1.5 M H3 citric acid + 0.4 g g–1
phytolacca americana + 40 + 353 +
120

Co:83/
Li:96

Mechanochemical leaching + selective
precipitation
NCM523 mechanochemical leaching
Na2S·9H2O + 15 min + 600 rpm –
water leaching + / + 298 + 30

Extraction method
(reagents) + recovered
products (recovery rate/
purity, %)

Selective precipitation (H2C2O4/
H3PO4) + CoC2O4·2H2O (99/–)
+ Li3PO4 (93/–)

Reference

(26)

Li: 95.10

Selective precipitation
(Na2CO3) + Li2CO3 (–/99.96) +
Ni0.5Mn0.3Co0.2(OH)2

(27)

LiCoO2

Mechanochemical activation leaching +
selective precipitation
mechanochemical activation (EDTA/600
rpm/240 min) + water leaching + / +
298 + /

Co:98/
Li:99

Selective precipitation (NaOH/
Na2CO3) + Co3O4 (~94/–) +
Li2CO3

(28)

LiCoO2

Acid + reductant leaching + selective
chemical precipitation
2% v/v H3PO4 and 2% v/v H2O2 + 8 +
363 + 60

Selective precipitation (H2C2O4/
Co/Li: ~99 NaOH) + CoC2O4·2H2O
(99/97.8) + Li3PO4 (88/98.3)

(29)

Mixedtype

Sulfuric roasting + acid leaching
before leaching: sulfuric acid, baking:
2M H2SO4 + 573 k + 30 min, leaching
step one: H2O + / + 348 + 60, leaching
step one: 1 M H2SO4 + 0.5 M HNO3 +
plus glucose + / + 323 + 45

Overall
recovery
efficiency:
~
Co:90.5/
Li:93.2
Ni:82.8/
Mn:77.7

–

(30)

LiCoO2

Acid + reductant leaching
1.0 M citric acid + 8% v/v H2O2 + 40 +
343 + 70

Co/Li: ~99 –

(31)

LiCoO2

Acid + reductant leaching
3 M H2SO4 + 0.4 g g–1 plus glucose +
25 + 368 + 120
3 M H2SO4 + 0.4 g g–1 cellulose + 25 +
368 + 120
3 M H2SO4 + 0.4 g g–1 sucrose + 25 +
368 + 120

Co:98/
Li:96
Co:54/
Li:100
Co:96/
Li:100

–

(32)

Spent
LIBs

Acid + reductant leaching + selective
chemical precipitation
1.5 M citric acid + 0.5 g g–1 D-glucose+
20 + 353 + 120

Co:92/
Li:99
Ni:91/
Mn:94

Precipitation method
(C4H8N2O2/H2C2O4/H3PO4) +
Ni(C4H6N2O2)2 + CoC2O4 +
Li3PO4

(33)

LiFePO4

Acid + reductant leaching + selective
chemical precipitation
0.5 H3PO4 + / + 273 + 60

Evaporation and precipitation
Co/Li: >95 (ethanol) + FePO4·2H2O +
LiH2PO4

(34)

a

+ / + means the corresponding parameters in the order of ‘reagents + solid/liquid, g l–1 + temperature, K + time, min’ are absent

and crystal repair direct-regeneration/recovery
technology are illustrated. The challenges and
prospects for metals recovery from ternary
cathode materials of used LIBs by hydrometallurgy
are described. By comparing the advantages and
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disadvantages of different methods, it is expected
that this information will contribute to exploring
economic, green, sustainable, high-efficiency
leaching, separation and regeneration recovery
systems for closed-circuit recycling of LIBs.
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batteries

Dismantling

Fig. 1. Process flow of hydrometallurgical recovery method for waste NCM cathode materials

2. Nickel Cobalt Manganese Cathode
Materials for Lithium-Ion Batteries
The LIBs are mainly divided into five types
depending on the composition of cathode
materials: lithium iron phosphate (LiFePO4),
lithium cobalt oxide (LiCoO2), lithium manganese
oxide (LiMn2O4), lithium nickel oxide (LiNiO2) and
lithium NCM oxide (LiNixCoyMn1–x–yO2,0<x+y<1)
(39–43). Of these, layered LiNixCoyMn1–x–yO2(NCM)
materials are preferred because of their excellent
cycle and rate performance. Currently, there are
five types of NCM cathode materials that have been
commercialised: NCM333 (LiNi1/3Co1/3Mn1/3O2),
NCM424
(LiNi0.4Co0.2Mn0.4O2),
NCM523
(LiNi0.5Co0.2Mn0.3O2), NCM622 (LiNi0.6Co0.2Mn0.2O2)
and NCM811 (LiNi0.8Co0.1Mn0.1O2) (44). It is
predicted that NCM batteries will account for nearly
41% of the world’s LIBs market in 2025 (42). The
chemical characteristics and potential hazards of
each component in ternary LIBs are summarised
in Table II (45–48). NCM cathode materials are
rich in lithium, nickel, cobalt, manganese and
other strategic essential metals. The heavy metals
in waste LIBs will pose a huge threat to human
health and the environment (49). Furthermore, the
scarcity and high cost of nonferrous metals such
434

as cobalt make it imperative to recycle ternary
cathode materials from retired LIBs. It is also
reported that the global lithium resource reserves
in 2018 are over 62 million tonnes, but China only
accounts for 7%, about 4.5 million tonnes (50). As
a core raw material for LIBs, the value of cobalt
is as high as AUD$115,000 per tonne (51, 52).
Efficient extraction of these valuable nonferrous
metals from retired LIBs is of great significance for
green and sustainable development of the batteries
industry.

3. Metallurgical Recycling Strategies
for Nickel Cobalt Manganese
3.1 Recovery Process
The advantages and disadvantages of different
technologies for recycling spent ternary LIBs are
shown in Table III (53–57). Considering low
energy consumption and high recovery rate, the
hydrometallurgical recycling process is currently
considered a preferred strategy to recover valuable
metals from used cathode materials, while
pyrometallurgical processes are usually used as
a pretreatment for leaching in hydrometallurgical
recycling.
© 2021 Johnson Matthey
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Table II Chemical Properties and Potential Environment Pollution of Component Materials
from Spent Ternary Lithium-Ion Batteries (45–48)
Material

Constitute

Content, %

Chemical properties

Potential environment
pollution

Cathode
material

LiNixMnyCo1–x–yO2

25–30

Reacting with acids and
bases, and producing
heavy metals

Heavy metals pollution

Toxic gases and dust

Anode
material

Graphite/carbon

14–19

Producing toxic gases
such as carbon monoxide
and dust particles under
combustion

Casing

Stainless steel/plastic

20–25

Hardly degradable

White pollution

10–15

Strongly corrosive,
releasing toxic gases in
contact with water or high
temperatures

Producing toxic gases,
polluting the air and
damaging human health

Electrolyte

LiPF6, LiBF4,
LiClO4, LiAsF6

Electrolyte
solvent

Ethylene carbonate,
ethyl methyl carbonate,
–
dimethyl carbonate,
propylene carbonate

Producing carbon
monoxide under
combustion

Harm to human health
through skin and
respiratory contact with
organic compounds

Copper foil

Copper

5–9

–

Heavy metals pollution

Aluminium
foil

Aluminium

5–7

–

Heavy metals pollution

Separator

Polypropylene/
polyethylene

–

–

Organic pollution

Binder

PVDF

–

–

Fluorine pollution

Table III The Advantages or Disadvantages of Pyrometallurgical and Hydrometallurgical
Method (53–57)
Item

Pyrometallurgical method

Hydrometallurgical method

Process

Calcination

Leaching, purification, separation and
extraction

Recycling methods

High temperature reduction, sulfating
roasting, repair and regeneration

Acid leaching, bioleaching, chemical
precipitation, solvent extraction, ion
exchange, repair and regeneration

Operating
temperature, K

573–1273

298–353

Cost

High

Low

Advantages

High efficiency, large processing
scale, and easy to achieve industrial
applications, no waste water and sludge

Low energy consumption, mild operating
conditions, high recovery rate, multiple
processing methods, high selectivity, low
exhaust emissions

Disadvantages

High energy consumption, producing
toxic waste gas (carbon monoxide/CO2/
sulfur dioxide/hydrogen fluoride), low
recovery rate and low selectivity, single
processing method, high temperature
operating system

Some chemicals are poisonous, waste liquid
problem, long process, complex separation
process

3.2 Recovery Process of
Hydrometallurgical Method
3.2.1 Pretreatment
To prevent short circuit, spontaneous combustion
and explosion during dismantling waste LIBs,
predischarge work must be carried out before
further processing (58–60). The cathodes consist
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of active material, current collector (aluminium
foil) and binder (poly(vinyldiene fluoride)
(PVDF)). Separating high-purity active material
is the key pretreatment process. Table IV
shows pretreatment methods and corresponding
recycling effects of retired NCM batteries
(61–66). Considering separation efficiency
and purity of recovered products, ultrasonic
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Table IV Parameters and Separation Rate of Pretreatment Methods for Spent Lithium Ion
Batteries in Literature

Type of LIBs

Pretreatment
Reagents
methods

LiNi1/3Co1/3Mn1/3O2

Solvent
dissolution

Heat treatment
LiNi1/3Co1/3Mn1/3O2 scraping and
water leaching

Recovery
rate of
Temperature,
Separated
scrap
Reference
K
substance
materials,
%

Trifluoroacetic
–
acid

–

Aluminium
foil

(61)

–

393
313

–

PVDF
aluminium
foil

(62)

LiNi1/3Co1/3Mn1/3O2

Solvent
dissolution

Dimethyl
carbonate

–

99

Aluminium
foil, PVDF

(63)

LiNi1/3Co1/3Mn1/3O2

Ultrasonic
cleaning

N-methyl-2pyrrolidone

343

99

PVDF,
aluminium
foil

(64)

LiNixCoyMnzO2

Basic solution
dissolution

1.5 M NaOH

–

–

Aluminium
foil

(65)

Laptop LIBs

Heat treatment

–

523–573

–

Aluminium
foil

(66)

treatment and solvent dissolution (SD) methods
have distinct advantages compared with other
methods. However, the ultrasonic method has
high recovery cost due to the need for special
equipment; and most organic solvents used in
the SD methods are toxic and expensive. By
contrast, the mechanical separation method has
a high degree of automatic operation and is easy
to implement. However, it is difficult to avoid the
components being mixed together and unable
to be separated fully in the next pulverisation
process, which may lower the purity of
recovered products. To improve extraction rate,
reduction and roasting of cathode materials are
usually applied to convert high valence cobalt
and manganese into lower valences that can be
easily leached by chemical reagents. Considering
recovery cost and practical application, alkali
dissolution and heat treatment are preferential
pretreatment methods. The binders and current
collectors of spent LIBs can be separated
simultaneously
through
heat
calcination,
and the obtained active materials have high
purity and excellent crystal morphology and
electrochemical performance.

3.2.2 Leaching of Valuable Metals
Efficient leaching of valuable metals from active
substances is the ultimate goal for hydrometallurgical
recovery. Generally, acid leaching and bioleaching
are applied to extract valuable metals (67), as
shown in Figure 2.
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The optimised process parameters and related
leaching rates for extracting metals from waste
ternary LIBs are listed in Table V (68–75). It can
be seen that the ability of HCl to leach valuable
metals is higher than that of other inorganic
acids such as HNO3 and H2SO4 (68). Injecting a
suitable reducing agent into the leaching system
can significantly strengthen the leaching efficiency.
Organic acids can effectively increase the leaching
rate of different metals while decreasing the
leaching time. Because it is environmentally
friendly and does not introduce impurity ions, H2O2
is considered a popular candidate for reductants.
However, H2O2 is easily decomposed under high
temperature, which weakens its reduction effect
(69). With better thermal stability, NaHSO3 may be
a favourable substitute.
The leaching efficiency of valuable metals
commonly depends on various factors, including
leaching methods and agents, pH value, composition
of leaching system and reductants. Great efforts
have been made to optimise the leaching process
and the subsequent separation and extraction
processes. Liu et al. (76) developed a new method
of pre-reduction roasting combined with two-step
leaching to extract metals from waste NCM cathodes.
Transition metal ions Mn4+ and Co3+ were converted
into low-valence ions Mn2+ and Co2+ through prereduction roasting, with 93.68% leaching rate of
lithium in H2O leaching step and almost 99.6%
leaching rate of manganese, nickel and cobalt in
H2SO4 leaching step. Zhuang et al. (77) studied
the leaching property of mixed acid (phosphoric
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• Inorganic reducing agent
Na2S2O3, H2O2, NaHSO3
• Organic reducing agent:
ascorbic acid cellulose, sucrose
and glucose

Reducing
agent

Leaching
agent

Mn3+

Mn2+

Co3+

Co2+

•
•
•
•

HNO3
H2SO4
HCl
H3PO4

Low cost, wide source
Generating toxic gases such as Cl2 and SO2
Corrosive:high equipment requirements
Produce waste liquid:potential pollutants

Inorganic acid

•
•
•
•

Organic acid

• Citric acid, oxalic acid
• Lactic acid, ascorbic acid
• Malic acid, tartaric acid

• Moderate operating conditions
• Low cost and low consumption
• Difficulty in strain cultivation

Biological bacteria

• Thiobacillus thiooxidans
• Ferrous oxidemicrospirulina
• Thiobacillus ferrooxidans

• Biodegradable
• No toxic and harmful gases
• Higher cost

Fig. 2. Separation methods for leaching metals from active materials

Table V Optimal Leaching Parameters and Corresponding Leaching Rate of Metals from Active
Material by Acid Leaching
Type of
LIBs

Leaching
reagents

Reductants

Solid/
liquid,
g l–1

Temperature,
K

Time,
min

Leaching
rate, %

Reference

Lithium
nickel
cobalt
aluminium
oxide

4 M HCl

–

50

363

1080

Li, Ni, Co,
Al: ~100

(68)

–

50

368

240

Li:93.40/
Ni:96.30
Co:66.20/
Mn:50.2

5 vol% H2O2

50

368

240

Li:93.40/
Ni:96.30
Co:79.20/
Mn:84.60

Mixed-type
batteries

1 M H2SO4

0.075 M
NaHSO3

20

368

240

Li:96.70/
Ni:96.40
Co:91.60/
Mn:87.90

(69)

NCM311

1 M H2SO4

1 vol% H2O2

40

313

60

Li, Ni, Co,
Mn:
~99.70

(70)

NCM311

2 M L-Tartaric
acid

4 vol% H2O2

17

343

30

Li: 99.70/Ni
:99.31
Co:98.64/
Mn:99.31

(71)

NCM311

2 M Formic
acid

6 vol%
H2O2

50

333

10

Li:98.22/
Ni:99.96
Co:99.96/
Mn:99.95

(72)

NCM311

3M
Tricarboxylic
acid

30

Li: 99.70/Ni:
93.00
Co:91.80/
Mn:89.80

(73)

437

4 vol% H2O2

50

333
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Type of
LIBs

Leaching
reagents

LiNi1/3Co1/3 1.2 M DLMn1/3O2
malic acid

NCM

3.5 M Acetic
acid

Reductants

1.5 vol% H2O2

4 vol% H2O2

Solid/
liquid,
g l–1
40

40

Temperature,
K

353

333

Time,
min

Leaching
rate, %

Reference

30

Li:98.90/
Ni:95.10
Co:94.30/
Mn:96.40

(74)

60

Li: 99.97/Ni:
92.67
Co:93.62/
Mn:96.32

(75)

Table VI Leaching Rate of Metals from Active Material in Spent Lithium Ion Batteries with
Bacteria
Type of LIBs

Leaching
reagents

Decomposing
acids

Leaching rate, %

References

NCM batteries

Aspergillus niger
(PTCC 5210)

Gluconic, citric, malic
and oxalic acid

Li:100/Ni:54/Co:64/Mn:77

(81)

Spent coin cells

Acidithiobacillus
thiooxidans
(PTCC 1717)

H2SO4

Li: 99/Co: 60/Mn: 20

(82)

Laptop
batteries

Acidithiobacillus
thiooxidans,
Acidithiobacillus
ferrooxidans

H2SO4

Li:99.20/Ni:89.4/Co:50.4

(83)

NCM batteries

Aspergillus niger

gluconic, citric, malic
and oxalic acid

Li:100/Ni:45/Co:38/Mn:72

(84)

NCM batteries

Aspergillus niger

gluconic, citric, malic
and oxalic acid

Li: 95/Ni:38/Co:45/Mn:70

(85)

NCM batteries

Sulfur-oxidising
bacteria (SOB)
Iron-oxidising
bacteria (IOB)

Sulfur-A.t system,
Pyrite-L.f system
MS-MC system

NCM: >95

(86)

Li: 98

–

Li: 95/Mn:96

–

LiFePO4
LiMn2O4

acid and citric acid) on valuable metals from used
NCM materials. Without adding any reductants,
the leaching cost of raw materials was 37.81%
lower than that of single acid leaching studied by
Sun et al. (74, 77). Under optimised conditions, the
leaching efficiencies of lithium, nickel, cobalt and
manganese were up to 100%, 93.38%, 91.63%
and 92%, respectively.
Besides conventional acid leaching, much work has
been done on biological leaching (78–80). Reported
leaching rates of waste NCM cathodes by bacteria
are summarised in Table VI (81–86). Bioleaching
technology mainly relies on the organic or inorganic
acids produced by bacterial decomposition to leach
valuable metals. Bacterial leaching is characterised
by extremely high selectivity for lithium, with
leaching rate approaching 100%. Xin et al. (86)
explored bioleaching on different metals in three
leaching systems as shown in Table VI. It was found
that the leaching rates of lithium and manganese
in a mixed energy source-mixed culture (MS-MC)
system were more than 95%, while that of cobalt and
nickel were only 40%. The bioleaching mechanism
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revealed that lithium ions were released from NCM
material through biogenic acid dissolution, while
transition metal ions Mn4+, Co3+ and Ni3+ must be
reduced to Mn2+, Co2+ and Ni2+ before acid leaching.
It was also observed that Fe2+ in the MS-MC system
contributed to reduce insoluble transition metal
ions into soluble low-valence ions. That means the
high-valence transition metal ions can be effectively
dissolved through interaction of reduction and acid
leaching by bacteria. Lowering the pH value of the
leaching system is an effective means to accelerate
cell growth during the bioleaching stage, which can
ensure sufficient sulfuric acid and normal circulation
of Fe2+/Fe3+ (86). Through controlling the system’s
pH, the leaching efficiency of the above metals were
all over 95%.

3.2.3 Extraction of Valuable Metals
There are three main separation methods,
including selective precipitation, solvent extraction
and ion-exchange, to extract valuable metals
from leachate. Chemical precipitation is widely
© 2021 Johnson Matthey
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used due to its simplicity and easy industrial
application. Lithium in leachate is usually recycled
in the form of Li2CO3 by selective precipitation,
while cobalt, manganese and nickel can be
separated by chemical precipitation or solvent
extraction (87–89), which can be reused as raw
materials in LIBs or other fields. Literature values
for chemical precipitation process parameters are
summarised in Table VII (90). Meshram et al. (91)
extracted valuable metals from H2SO4 leachate
by selective precipitation. The CoC2O4·2H2O was
extracted from leaching solution by oxalic acid,
then precipitates of MnCO3, NiCO3 and Li2CO3
were obtained by controlling pH to 7.5, 9 and
14, respectively. Granata et al. (92) found that
the order of different extractants affected the
separation efficiency of metals in leachate. The
best recovery rates reached above 90% with P204
di-(2-ethylhexyl)phosphoric acid (D2EHPA) to
extract manganese first, followed by coextraction
of cobalt and nickel with CYANEX® 272.
It was illustrated that reduction roasting
is beneficial to improve the leaching rate of
nonferrous metals. Zhang et al. (93) established a
process of reduction roasting → H2O-CO2 leaching
→ H2SO4 leaching → evaporation and crystallisation
to recover valuable metals from waste NCM
materials, as shown in Figure 3. The related

leaching mechanism and a graphical illustration
of the recycling process are shown in Figure 4
(93). After reduction roasting, the phases in the
cathode material were converted into Li2CO3, Ni,
Co and MnO, and the corresponding leaching effect
of different metals was improved simultaneously
(as shown in Figure 4(m)). For leaching systems
containing gas, CO2 had significant influence
on the leaching rate of lithium. The solubility of
lithium was improved by 47% after inputting CO2
to the leaching system. Through controlling the
flow rate of CO2, pH and leaching temperature,
lithium was selectively extracted as Li2CO3 by
carbonic acid leaching combining evaporative
crystallisation, while nickel, manganese and cobalt
were deactivated and transformed into leaching
residues. The reproduced Li2CO3, possessing high
purity and submicron-scale stick morphology, can
be directly used as a lithium source to prepare
cathode materials of LIBs. After that, the other
valuable metals in the leach residues were
recovered and extracted in the form of sulfate
(MeSO4, Me = manganese, nickel and cobalt) by
H2SO4 leaching, with a high recovery rate of 96%.
In general, the leaching solution consists of
complex components with different properties.
Combined separation methods are adopted to
improve the overall recovery efficiency (94).

Table VII Summary of the Chemical Precipitation Parameters Investigated in the
Literature (90)a
Elements
Lithium

Cobalt

Nickel

Manganese

Nickel/cobalt/manganese coprecipitation

Iron/aluminium/copper impurities

Precipitates

Precipitants

pH

Li2CO3

Na2CO3

–

LiF

NH4F

–

Li3PO4

H3PO4/Na3PO4

–

Co(OH)2

NaOH

10

CoCO3

Na2CO3

9–10

Co2O3·3H2O

NaClO

3

CoC2O4·2H2O

H2C2O4/(NH4)2C2O4

1.5, 2

Ni(OH)2

NaOH

8, 11

NiCO3

Na2CO3

9

NiC8H14N4O4

C4H8N2O2

5, 9

Mn(OH)2

NaOH

12

MnCO3

Na2CO3

7.5

MnO2

KMnO4

2

NixCoyMnz(OH)2

NaOH

11

(NixCoyMnz)CO3

Na2CO3

7.5–8

Fe(OH)3

NaOH

3–6

Al(OH)3

–

–

Cu(OH)2

–

–

a

Reprinted with permission from (90) Copyright (2018) Royal Society of Chemistry
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CoSO4 · 7H2O
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Roasting-leaching-single
Roasting-leaching-single method
methodseparation
seperationsystem
system

Fig. 3. Process of chemical precipitation for hydrometallurgical recycling NCM material from spent LIBs

Chen et al. (94) developed an efficient process
to extract valuable metals from leachate based
on two-step precipitation combined with solvent
extraction, as shown in Figure 5. C4H8N2O2
was first used to precipitate 98% nickel from
hydrochloric acid leachate. Next, 97% cobalt
was selectively precipitated as CoC2O4·2H2O with
(NH4)2C2O4. Then, 97% Mn2+ was recovered as
MnSO4 by extracting with D2EHPA solvent, and
89% of the lithium was precipitated by Na3PO4 to
form Li3PO4.
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4. Regeneration Technologies of
Nickel Cobalt Manganese Cathode
Materials
4.1 Regeneration of Nickel Cobalt
Manganese from Leachate
Sustainable recovery and regeneration of NCM
materials from leaching solution is the current main
trend for recovery of exhausted LIBs. Common
methods to synthesise cathode materials include
chemical coprecipitation, high temperature solid

© 2021 Johnson Matthey
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Fig. 4. Details and mechanism of recycle of previous metals in spent NCM cathode materials by reduction
roasting combined acid leaching: (a)–(i) backscattering scanning electron microscopy (SEM) and energydispersive X-ray spectroscopy (EDS) mapping results of the cathode scrap after reduction roasting; (j)
effect of CO2 flow rate (L:S ratio 7.5 ml g−1, 2 h, 25ºC); (k) X-ray diffraction (XRD) and SEM of LiCO3 and
residue; (l) XRD and SEM after the carbonation water leaching; (m) the comparison of leaching efficiency
between roasted cathode scrap and unroasted cathode scrap. Reprinted from (93). Copyright (2018), with
permission from Elsevier
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combined
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Fig. 5. Metals recovery process from the leachate of spent LIBs by combined solvent extraction and selective
chemical precipitation

phase, hydrothermal synthesis, sol-gel, microwave
synthesis and electrostatic spinning method
(95– 100). The parameters of resynthesis methods
to regenerate NCM cathode materials from leachate
are summarised in Table VII (61, 101–107).
NCM cathode materials regenerated by a
hydrometallurgical process hold superior crystal
morphology and rate/cycle performance. Their
electrochemical performance is comparable to
that of commercial NCM materials (102, 104).
The conventional hydrometallurgical regeneration
process to prepare NCM materials is as follows:
leaching liquid → coprecipitation → solid phase
synthesis at high temperature, as shown in
Figure 6. In the regeneration process, appropriate
amounts of cobalt salts, manganese salts, nickel
salts and lithium salts are added according to the
stoichiometric composition of NCM materials.
Li et al. (108) resynthesised NCM333 (R-NCM)
materials from spent cathode materials leaching
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liquids by a one-step sol-gel method, and the
related details and recycling mechanism are shown
in Figures 7 and 8 (108). In the recovery system,
H2O2 is used as reducing agent, and lactic acid
plays the role of leaching agent in the leaching
stage and chelating agent in the regeneration stage
respectively. The mechanism of leaching stage can
be shown using Equation (i):

(i)
Under optimal conditions (lactic acid = 1.5 M,
s/d = 20 g l–1, H2O2 = 0.5 vol%, temperature =
343 K, where s/d means solid/liquid (S/L) ratio)
the leaching efficiency of the metals reached 98%.
Electrochemical results proved that the R-NCM
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Fig. 6. Regeneration flow of LiNi1/3Co1/3Mn1/3O2 cathode material from leaching liquid by coprecipitation

cathode material held excellent reversible discharge
capacity of 138.2 mAh g–1 while capacity retention
reached 96% at 0.5 C after 100 cycles (105). Due
to low charge-transfer resistance (Rct) of R-NCM
(58.78 Ω) compared with fresh NCM333 (F-NCM,
Rct = 70.02 Ω), which can provide higher lithium
ion diffusion coefficient (DLi+) and faster lithiumion intercalation/deintercalation kinetic properties,
the electrochemical performance, especially cycle
capability, of R-NCM is self-evidently higher than
that of F-NCM. It is indicated that the chelating
agent lactic acid can efficiently recycle and
resynthesise NCM materials by a sol-gel method
with closed-loop recovery process.

4.2 Integrated High Value Utilisation
of Electrode Scraps
In industrial production of LIBs, a large amount
of cathode scraps are produced (89), which are
difficult to utilise. Since those cathode scraps are
not assembled into batteries, the active materials
in them maintain superior electrochemical
performance. Efficiently recycling the valuable
components in these electrode scraps embodies
both economic and environmental benefits.
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Zhang et al. (109) developed a representative
one-step recovery technology to regenerate NCM
material from electrode scraps. The main recovery
process includes detaching active materials from
aluminium foil and directly repreparing NCM
cathode materials by solid state reaction, as shown
in Figure 9 (109). Following pretreatment with
direct calcination (DC), SD and basic solution
dissolution (BD) methods, the regenerated NCM
samples present diverse properties including their
electrochemical performance. Interestingly, it was
found that different quantities of LiF compound
emerged on the surface of regenerated NCM
samples after pretreatment by DC/BD methods,
as HF released from PVDF reacted with lithium. It
can be seen that the reprepared cathode materials
directly calcined at 600ºC (CD-600) exhibited
uniform spherical particles and superior cycle
performance, with initial discharge capacity of
145.4 mAh g–1 and capacity retention of 96.7%
at 0.2 C after 100 cycles, correspondingly. The
available literature shows that the emergence of
a suitable amount of LiF contributes to hinder side
reactions between NCM materials and electrolyte,
which could strengthen the structural stability of
the recovered NCM materials (110–113).
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Fig. 7. Resynthesis flow of LiNi1/3Co1/3Mn1/3O2
cathode material from leachate of spent LIBs by
sol-gel method

4.3 Potential and Challenges of
Mediate/Direct Regeneration
Method
The leaching-regeneration system has attracted
attention because it can remove impurities and
separate various metals using simple processes.
Technologies such as coprecipitation, solvent
dissolution and sol-gel are mostly mature, so the
hydrometallurgical recycle pattern is feasible to
achieve at industrial scale. As mentioned above,
separation of active materials and leaching of
valuable metals play an important role in the
leaching-regeneration system. In fact, there is
still a low content of impurities such as aluminium
and magnesium in the leachate. One recovery idea
is to employ such impurities as doped metals to
modify regeneration NCM materials, avoiding the
potential damage of impurities and purification
treatment. Excellent electrochemical performance
of regenerated aluminium/magnesium-doped NCM
materials (105, 107) is shown in Table VIII.
Furthermore, the problem of how to strictly control
production conditions and identify the optimal
residual content of impurities needs to be resolved.
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Thus, there is still a long way to go before building
a recycle system with superior leaching rate and
efficacious separation of all metals.
Another interesting recovery idea is using smelting
slag as a coated material source to enhance the
electrochemical performance of regenerated NCM
materials. For instance, regenerated NCM samples
coated with V2O5 produced from vanadium-containing
slag (106) presented high cycle performance as shown
in Table VIII. Meanwhile, the general acid-roasting
process (15) combined with one-step or hierarchical
leaching technology is worth consideration.
In addition to the hydrometallurgical leachingregeneration
system,
direct
regeneration
technology, also known as reconstruction of
crystal structure, is a non-damaged restoration
technology. This integrated high value utilisation
technology can effectively avoid attack of active
materials from multiple chemical reagents during
leaching and extracting processes. This simple and
sustainable one-step recovery technology may also
realise high value reuse and recycling of secondary
resources, effectively cutting down the recovery
cost. Last but most important, directly regenerated
NCM samples hold excellent charge/discharge
capacity and superior cycle/rate performance,
even comparable to that of commercial NCM
materials. Accordingly, one-step recycling or direct
resynthesis of NCM materials are considered the
most favourable and influential hydrometallurgical
recycling strategies for retired LIBs or cathode
scraps, at present. However, there are still
immense challenges before successful industrial
application. For example, green, simple technology
must be further explored to efficiently detach active
materials from aluminium foils, without destroying
both crystalline particles and aluminium foils.
In addition, new methods should be developed
for direct regeneration of different types of NCM
materials other than the high temperature solid
phase method. Crucially, it is imperative to build
a closed-circuit recycling mode for all valuable
components, such as aluminium foils, PVDF and
active materials via direct regeneration technology.

5. The Latest Recovery Technologies
of Nickel Cobalt Manganese Cathode
Materials
5.1 Extractive Methods Based on
Deep Eutectic Solvents
Compared with traditional extractants, DESs have the
advantages of being non-toxic, cheap, biodegradable
and possessing extremely high dissolution and
© 2021 Johnson Matthey
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Fig. 8. (a) Possible products and mechanism in the lactic acid leaching process; (b) XRD and SEM patterns
of R-NCM and F-NCM samples; (c) electrochemical performances of R-NCM and F-NCM samples: charge/
discharge profiles at 0.2 C; (d) cycling performances at 1 C; (e) rate performances at different currents
and (f) Nyquist plots in the frequency range of 100 kHz to 0.01 Hz. Reprinted with permission from (108).
Copyright (2017) American Chemical Society
reduction capability for metal oxides (114, 115).
However, there are few reports on recycling electronic
waste using DESs. Tran et al. (116) first applied DESs
to recycle cathode materials from waste LIBs. The
adopted DESs were synthesised by choline chloride
and ethylene glycol, and the possible synthesis
reaction is shown in Equation (ii):

[HOC2H4N(CH3 )3 ]+ + [Cl]− + n (HOCH2CH2OH)
→ [HOC2H4N(CH3 )3 ]+ + (HOCH2CH2OH)n[Cl]−
445

(ii)

The aluminium foil and binder PVDF were
recovered respectively while valuable metals were
extracted by DESs. The results showed that the
leaching rate of cobalt in LiCoO2 cathode material
was as high as 99.4% at 180ºC, which was
comparable to that of traditional leaching agents
such as sulfuric acid (99.70%) (70) and formic
acid (99.96%) (72). Cobalt in the DESs liquids can
be recovered as Co3O4 by electrodeposition and
calcination.
© 2021 Johnson Matthey
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BD-800 sample; (e) rate performances of DC samples at 0.2 C; (f) cycling performances of DC samples.
Reprinted with permission from (109). Copyright (2016) American Chemical Society

Wang et al. (117) developed a recycling process
using DESs to detach active substances and
aluminium foil of retired LIBs, as the recovery
flow shown in Figure 10. The specific synthesis
reaction of DESs is shown in Equation (iii):

[HOC2H4N(CH3 )3 ]+ + [Cl]− + n (CH2OHCHOHCH2OH)
→ [HOC2H4N(CH3 )3 ]+ + (CH2OHCHOHCH2OH)n[Cl]−
(iii)
The DESs attacked the hydrogen atoms in PVDF
molecular chain, forming unsaturated double
bonds, which were further oxidised into hydroxyl
and carbonyl to construct an unsaturated ketone
structure on the molecular chain. Therefore, PVDF
was forced to deactivate and dissolve, the active
materials and aluminium foil were separated
successfully. Hence, it can be indicated that DESs
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have great potential in regenerating cathode
materials. High selectivity of valuable metals is the
key to promote leaching performance of DESs in
recycling spent LIBs.

5.2 Nickel Cobalt Manganese
Particles Recovery
Despite high recovery rates of R-NCM from
leaching solution, electrochemical performance
is damaged to some extent due to inevitable
contact with organic solvent during the treatment
process. In the future, recovery technologies
with low efficiency must be avoided. Sieber et al.
(118) directly recovered NCM particles from used
cathode scraps. The active material was detached
from the aluminium foil by strong stirring in water
to maintain the electrochemical performance and
morphological characteristics of NCM particles.
© 2021 Johnson Matthey
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/130–127

0.1
/149–150
0.2
/149–146
1/3
/131–138
0.5
/139–177
C
/130–131

0.2
/180–170
0.5
/170–168
1
/162–161
2
/158–159

168–170

94.01

50

163.5

198.9

80

100

158

178

773–1173

Na2CO3

NaOH
NH3·H2O
1173

Coprecipitation

NCM
333

Coprecipitation

NCM
333

93.8

50

172.9

198.4

773–1123

NaOH

NCM523

NCM
333

Regenerated
NCM materials

(104)

230–222

0.1
/245–262
0.2
/240–235
0.5
/220–200
1
/190–175
2
/160–150

87

50

258.8

~330

723–1173

Na2CO3
NH3·H2O

Hydrothermal
method

Lithium-rich
NCM

(105)

–

–

94

50

152.7

175.4

–

–

Coprecipitation

Magnesiumdoped
NCM333

(106)

173–175

0.1
/178–160
0.2
/175–173
0.5
/160–152
1
/135–131
2
/110–100

90.6

100

172.4

–

623

NH4VO3

Solid-state
reaction

V2O5-coated
NCM333

Table VIII Regeneration Preparation and Electrochemical Properties of Cathode Materials from Leaching Solution

(107)

132–155

0.1
/165–147
0.2
/145–132
0.5
/134–120
1
/117–115
2
/107–98

~88

50

170

~230

–

–

Coprecipitation

Aluminiumdoped
NCM333
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Spent LiNixMnyCo1-x-yO2 batteries
Discharging
Metal shell

5% NaOH

Manual dismantling
Organic
separators

Cathode
electrode

Anode
electrode

Cutting, stripping
Deep-eutectic
solvent dissolution

Choline chloride+glycerol(DES)

Manual separation

Al foil

Cathode material

DESs pretreatment system

Fig. 10. The separation of cathode materials and aluminium foil from spent LIBs by using choline chlorideglycerol DESs

However, during the separation process, side
reactions occurred when the NCM cathode contacted
with water, resulting in a rapid increase in pH value
and degradation of NCM particles followed by
forming of Al(OH)3 precipitate and LiAl(OH)4. The
main chemical reactions during separation stage
are as follows (Equations (iv–vii)):

2Al + 2OH− + 10H2O → 2  Al (OH)4 (H2O)2  + 3H2
(iv)
−

(v)

2H+ + 2Al + 2  Al (OH)4  + 4H2O → 4Al (OH)3 + 3H2
−

(vi)

Li+ +  Al (OH)4  → LiAl (OH)4 (pH＞11)
−

(vii)

Such side effects can be avoided by adjusting
pH value with superior buffer solution, aiming to
detach active materials from aluminium foil and
hinder degradation of NMC particles. Under buffer
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solution control, the aluminium foil was successfully
dissolved into solution while NCM particles were
well-preserved.

6. Conclusions and Outlook
The waste cathode materials in spent LIBs
contain valuable metals, which can be recycled
by a hydrometallurgical process which offers low
energy consumption, environmentally friendly and
excellent recovery efficiency. Based on the present
analysis and summary of hydrometallurgical
recycling processes, the following conclusions are
drawn. The following flow is considered the most
competitive process to recycle valuable metals
from waste cathode materials at industrial scale:
alkaline solution dissolution/calcination treatment
→ reductant (H2O2) → sulfuric acid leaching →
coprecipitation → resynthesis at high temperature.
The leaching capability of organic acid with
reducibility is greater than that of inorganic acid
leaching united with reductants. Bacterial leaching
shows high selectivity for lithium, which can be
selected to recycle high purity lithium-containing
products. A combination of processes for recovering
valuable metals may complement each other,

© 2021 Johnson Matthey
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which contributes to improve the quality of the
recycled products. The DESs separation technology
can achieve efficient overall recovery of valuable
components from spent LIBs, which is conducive
to sustainable development. The highly efficient
direct-regeneration or direct-recovery of NCM
materials will face huge challenges and potential.
In the future, both will become research hotspots in
the field of spent LIBs recovery.
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The steel industry is one of the most important
industry sectors, but also one of the largest
greenhouse gas emitters. The process gases
produced in an integrated steel plant, blast furnace
gas (BFG), basic oxygen furnace gas (BOFG) and
coke oven gas (COG), are due to high shares of
inert gas (nitrogen) in large part energy poor
but also providing a potential carbon source
(carbon monoxide and carbon dioxide) for the
catalytic hydrogenation to methane by integration
of a power-to-gas (P2G) plant. Furthermore,
by interconnecting a biomass gasification, an
additional biogenic hydrogen source is provided.
Three possible implementation scenarios for a P2G
and a biomass gasification plant, including mass
and energy balances were analysed. The scenarios
stipulate a direct conversion of BFG and BOFG
resulting in high shares of nitrogen in the feed
gas of the methanation. Laboratory experimental
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tests have shown that the methanation of BFG
and BOFG is technically possible without prior
separation of CO2. The methane-rich product gas
can be utilised in the steel plant and substitutes
for natural gas (NG). The implementation of these
renewable energy sources results in a significant
reduction of CO2 emissions between 0.81 million
tonnes CO2eq and 4.6 million tonnes CO2eq per year.
However, the scenarios are significantly limited in
terms of available electrolysis plant size, renewable
electricity and biomass.

1. Introduction
In 2011 the European Commission presented “A
Roadmap for Moving to a Competitive Low Carbon
Economy in 2050” outlining the milestones, among
them also the 83–87% CO2 reduction of the industry
sector (1, 2). Primary steel production via the blast
furnace/basic oxygen furnace (BF/BOF) route or
so-called integrated steel plant, is a predominant
and well-established process, contributing 70.8%
of the world’s 1807 million tonnes of crude steel
production in 2018 (3). The reduction process
of the iron ore to crude steel is linked to CO2
emissions, resulting in 2016 for a total of 7% (160
million tonnes of CO2eq) of EU-28’s greenhouse gas
emissions (4). The energy efficiency potential of
a modern integrated steel plant has already been
exploited to a great extent through conventional
process optimisations. It is, therefore, necessary
to transfer steel production to climate-friendly
processes through new and innovative approaches.
Hydrogen-based direct reduction processes and
electrolytic reduction methods are alternatives
for the reduction of iron ore, but they require on
the one hand huge amounts of renewable energy,
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for instance for green hydrogen production in
water electrolysis, and cause on the other hand
significant investment demand as the existing
production infrastructure has to be replaced (5).
Carbon capture and utilisation (CCU) processes are
a second option which are near-term actionable,
as they can be added to the existing infrastructure
without a significant change in the steel production
itself (6). The first step of a CCU process chain is
the energy intensive separation of CO2 from diluted
exhaust or process gases. If these gases also
contain carbon monoxide, as is the case in the steel
industry (Table I), carbon monoxide is avoided
of utilisation since the carbon capture processes
selectively separate CO2 (8). The separated CO2 is
then either biologically or catalytically converted to
usable products (6).
The process gases in a steel plant, BFG, BOFG
and COG, contain high shares of carbon monoxide
and CO2 (Table I). These low-calorific gases are
currently utilised in an integrated steel plant as
an energy carrier, i.e. in heating processes, and
as fuel in the power plant. In Figure 1 the energy
flows in an integrated steel plant are depicted. The
main part of the BFG (white letter A in Figure 1)
is directed to the enrichment process where it is
mixed with BOFG (white letter B in Figure 1). The
main share of the enriched gas fuels the power
plant. COG (white letter C in Figure 1) is mainly
used in internal processes and in the power plant
as well. The power plant covers almost the total
electricity demand of the steel mill. NG (white letter
D in Figure 1) is used for heating in downstream
processes, like in the hot strip mill, and in the
power plant as well. The quantity of the process
gases BFG, BOFG and COG covers up to 40% (9)
of the steel plant’s energy demand, where the
remaining part is provided by electrical energy and
fossil fuels, like NG.
The Sankey diagram of Figure 2 indicates the
composition of the different byproduct gases and

their internal use. It is obvious that a withdrawal of
these low-calorific gases has to be compensated by
the supply of other energy carriers, either synthetic
natural gas (SNG) or external electricity, since
the main part of the gases are used in the power
plant downstream of the enrichment process. In
the enrichment process, the byproduct gases are
mixed and buffered in gasometers.
However, due to their high carbon monoxide and
CO2 concentrations, the process gases may be
conceived for further use as a carbon source for
catalytic conversions. As summarised in the review
from Frey et al. (10) the alternative utilisation of
steel plant process gases for the production of
ammonia, methanol or recovery of its derivatives
has already been under examination since the
early 1950s. The latest review from Uribe-Soto et
al. (11) outlined three alternatives: (a) thermal
use of the process gases (state-of-the-art); (b)
recovery of the valuable compounds (hydrogen,
methane and carbon monoxide) via different
separation technologies; and (c) thermochemical
synthesis to high-added value products (methanol,
dimethyl ether, urea), with the focus on the
latter. The consideration of their utilisation as
a potential carbon source and coupling it with
renewable energy within the context of power-to-X
technology, has gained attention in the last years
especially in Europe, resulting in various theoretical
studies as well as research projects. The largest
German steel producer, thyssenkrupp, is leading
the “Carbon2Chem” project (12), where different
scenarios for the synthesis of methanol (13, 14),
ammonia or urea (15), as well as higher alcohols
and polymers (16) from BFG, COG and BOFG are
being investigated. In an ongoing research project
the possibilities of converting BOFG and BFG into
methanol and methane are explored under dynamic
conditions (17, 18).
All studies referenced above utilise pure CO2 which
is separated in a first step from the process gases,

Table I Typical Gas Composition of Process Gases in an Integrated Steel Planta
Parameter

Units

BFG

COG

BOFG mean

CO

vol%

19–27

3.4–5.8

60.9

H2

vol%

1–8

36.1–61.7

4.3

CO2

vol%

16–26

1–5.4

17.2

N2

vol%

44–58

1.5–6

15.5

CH4

vol%

–

15.7–27

0.1

CxHy

vol%

–

1.4–2.4

–

Lower heating
Value

kJ Nm–3

2600–4000

9000–19,000

8184

a

Data taken from (7)
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External 0.7
Others 20.7

0.7
11.7
6
44

77

33

98

Cold mill 129
Hot strip mill 189

58

Natural
363 gas

Oxygen plant 42
79

18
34

10
11

161

D
External
electric power
42

Plate mill 45

34

3

133
6

Electric
power

17

141

349

C

48

B
19

BOF plant

Average power, MW

12

486

12
557 Gas enrichment

112

206
4 23
90
16.6

294

162
534
162 43

BFG (raw)

139

Power station
18
District heating
61
steam
BFG

NG

61.8

COG

BOFG

433
Blast furnace
653

A

Losses

Electric power

District heating steam

Fig. 1. Energy flow in an integrated steel plant, simplified from (7)

and is subsequently converted with hydrogen in
a catalytic synthesis. In this study, the catalytic
conversion of BFG and BOFG to methane is
investigated without a prior separation of CO2. The
process gases of the steel plant are only pre-cleaned
upstream of the catalytic conversion by dust removal
(i.e. by a venturi scrubber and a bag house filter) and
separation of the sulfur compounds sulfur dioxide,
carbonyl sulfide, mercaptans (i.e. in a series of two
adsorbers in order to remove the catalyst poisons),
see Figure 3. Consequently, the catalytic conversion
is carried out with significant shares of nitrogen in the
feed gas. Therefore, the following advantages arise:
•

•

•
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The energy-intense CO2-separation is avoided,
and thus the energy efficiency of the CCU
process chain is improved
The additional carbon source, carbon monoxide,
present in high concentrations in the process
gases BFG and, particularly, BOFG (Table I),
can be utilised for the catalytic process
Hydrogenation of carbon monoxide requires one
mole of hydrogen less than the hydrogenation

of CO2 to methane, giving another economic
advantage in view of the high cost of green
hydrogen production.
The aim of the present study is the assessment
of different process chains for the direct utilisation
of BFG and BOFG in catalytic methanation without
a prior CO2 separation. Since the conversion of
CO2 and carbon monoxide to methane requires
renewable hydrogen, the hydrogen supply is
ensured by a water electrolysis powered by
renewable electricity (P2G plant) as well as by an
additional biomass gasification plant (Figure 3).
Therefore, a variety of possible implementation
scenarios arise, and the following fundamental
research questions have to be answered:
•
•

Question 1: (a) What process gases should be
used; and (b) in what amount?
Question 2: What is the required size of the
P2G plant and the biomass gasification plant
and in what share do they provide the required
renewable hydrogen?
© 2021 Johnson Matthey
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CO2, Nm3 h–1
CO, Nm3 h–1
CH4, Nm3 h–1
H2, Nm3 h–1
Biogenic CO2, Nm3 h–1
Residual gas, Nm3 h–1
Electricity, MWel

Other usage

Natural gas
Coking plant

Coking plant

Enrichment

Power plant

BF, coking plant
Blast furnace
BF,
sinter
plant

Electricity
External supply

BOF

•
•

•

Question 3: How is the produced SNG, which
is diluted by nitrogen, utilised?
Question 4: What is the technoeconomic
optimum, and what is the CO2 abatement
potential?
Question 5: Is a sound operation of a catalytic
methanation with high shares of nitrogen in the
feed gas possible?

A withdrawal of process gases, particularly of the
comparatively high calorific COG, would result in a
shortage of internal energy supply in the integrated
steel plant (Figure 1) which has to be substituted
by NG or electric energy sourced externally.
Therefore, in order to avoid significant changes
of the existing steel production infrastructure, in
this study COG was not considered, and BFG as
well as BOFG are solely used as a carbon source
for a potential utilisation process (Question 1(a)).
Furthermore, it has been deliberately decided that
the product gas from the methanation, nitrogen
diluted SNG, substitute fossil NG currently used
in the integrated steel plant, mainly for heating
processes. Alternatively, it is used as reducing
agent in the blast furnace, for example as
substitute for pulverised coal injection (PCI). An
injection into the NG grid is not possible since the
required specifications are not met (Question 3).
The technoeconomic and ecological questions
(Questions 1(b), 2 and 4) have been treated
by Rosenfeld et al. (19). Supporting laboratory
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Internal demand

Fig. 2. Composition
of byproduct gases
and their use in an
integrated steel plant

experiments for biomass gasification have been
published by Müller et al. (20). The focus of this
study is on Questions 5 and 1(b).

2. Integration Scenarios
Figure 3 provides an overview of the possible
integration of a P2G plant (Figure 3(b)) as well
as a dual fluidised biomass gasification plant
(Figure 3(c)) into the integrated steel plant
(Figure 3(a) in dashed lines). By integrating
a P2G plant, renewable energy is used for the
production of hydrogen by water electrolysis and
subsequently for the catalytic methanation of the
process gases BFG and BOFG. The combination
with a dual fluidised biomass gasification (20–22)
provides an additional biogenic hydrogen source.
The biogenic CO2 is vented to the atmosphere.
Alternatively, it could be stored in a carbon capture
and storage (CCS) process resulting in negative
CO2 emissions (bioenergy with carbon capture and
storage (BECCS)) which is not further considered
here (23). In addition, the oxygen from the water
electrolysis has the potential for utilisation in steel
production as well as in the biomass gasification
process. The produced nitrogen diluted SNG is
directly utilised in the steel plant as a substitute
for NG in various processes, and PCI in the blast
furnace.
To explore the integration potential, a number of
different scenarios has been defined and three of
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(a)

(b)

(c)
Biomass

O2

Iron ore
Sinter plant
Sinter

Renewable
H2O electricity

Coal
Coke oven

COG

Electrolysis

Coke

Blast furnace

H2

BFG

Gas
cleaning

CO,
CO2
N2

H2

Hot metal
Basic oxygen
furnace

Dual fluidised bed

BOFG

Gas
cleaning

CO2

Vented to
atmosphere

Catalytic methanation

Crude steel
N2
diluted
SNG

Fig. 3. P2G and biomass gasification integration variations in the integrated steel plant: (a) Integrated steel
plant; (b) P2G plant; (c) dual fluidised biomass gasification plant

them, supported by the experimental results at
a laboratory catalytic methanation plant, will be
presented in detail in the present work. The three
chosen scenarios provide a good overview of the
order of magnitude of the required renewable
energy, as well as the resulting CO2 reduction
potential.
The
scenarios
with
different
integration
variations were based on Austria’s biggest steel
production sites. The integration of renewable
energy by a P2G plant and a biomass gasification
plant has been analysed by three extreme value
scenarios and three constrained scenarios. The
results are reported in (19). The three extreme
value scenarios described a maximum utilisation
of the process gases, either individually or in
combination. The required hydrogen for the
methanation was balanced, half from water
electrolysis and half from biomass gasification. The
constrained scenarios are realistic in the medium
term. They are limited by the maximum plant
size of the biomass gasification plant (100 MWth),
based on the current biomass fuel availability and
already installed gasification capacity in Europe
(21). The main cost influencing factor throughout
all six scenarios is the energy supply cost, both for
electricity and for biomass (19).
The aim of the aforementioned scenarios was the
minimisation of, or complete substitution of, the
integrated steel plant’s demand for fossil fuels like
NG and PCI. The steel plant process gases (BFG
and BOFG) were used as carbon source for the
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methanation. The three scenarios which are the
basis for the considerations in this paper are:
•

•

•

Scenario 1: utilisation of the total carbon
monoxide and CO2 content of BFG and BOFG;
hydrogen supply by electrolysis and biomass
gasification in equal shares (extreme scenario)
Scenario 2: complete substitution of the steel
plant’s NG and PCI demand via methanation of
BFG and BOFG, hydrogen supply by electrolysis
and biomass gasification where the biomass
gasification is limited to 100 MWth gasification
power
Scenario 3: complete substitution of the steel
plant’s NG demand via methanation of BOFG,
hydrogen supply by electrolysis and biomass
gasification where biomass gasification is
limited to 100 MWth gasification power.

For these three scenarios, the required amount
of the renewable electricity, biomass as well as the
withdrawal amount of the process gasses (BFG or
BOFG) has been determined. The main evaluation
criteria for all scenarios were set by the CO2
reduction potential.

3. Fluidised Bed Biomass Gasification
Dual fluidised bed gasification systems consist of
two reactors, the gasification reactor (650°C) and
the combustion reactor (900°C). In contrast to the
conventional systems, the presented system uses
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Table II Product Gas Composition of Dual Fluidised Bed Gasification for OxySER
Gasification (20, 21)
Parameter

Units

Product gas

Flue gas

CO

vol%

10

–

H2

vol%

72

–

CO2

vol%

5

91

N2

vol%

–

–

CH4

vol%

11

–

O2

vol%

–

9

CxHy

vol%

2

–

14,100

–

Lower heating Value

–3

kJ Nm

the sorption enhanced reforming (SER) process.
It allows selective transport of CO2 between the
gasification reactor and the combustion reactor,
by the use of calcium oxide as bed material,
resulting in a product gas with a high hydrogen
(up to 75 vol%) and low CO2 concentration.
The hydrogen rich product gas of the biomass
gasification substitute green hydrogen from the
electrolysis, and thus reduces the demand of
renewable electric power (22, 24). Additionally,
when pure oxygen is used instead of air for the
combustion (oxySER), an almost pure CO2 stream
can be obtained as an exhaust (flue) gas, suitable
as biogenic CO2 source (Table II). The data given
in Table II are based on the gasification of wood
chips. A thermal gasification power of 100 MWth
consumes 50,400 kg h–1 wood chips from Austria
as fuel, and produces 28,800 Nm3 h–1 product gas
with the composition according to Table II (21).

and BOFG gas composition and added hydrogen.
The temperature in the reactor was determined by
multi-thermocouples (Figure 4).
Seven measuring points in each reactor, five
in the catalyst bed and one below and above
the catalyst zone, gave an understanding of the
axial temperature profile in the catalyst bed. The
methanation gas composition for BFG and BOFG for

Gas output

20 mm

Inert bulk
material

4. Experimental Tests
The experimental tests were performed at a
laboratory test plant, which consists of three fixedbed reactors (R1–R3) connected in series with
the purpose of achieving a multi-stage fixed-bed
methanation. A detailed description of the test plant
can be found in Kirchbacher et al. (25) and Medved
(26). The conversion of CO2 and carbon monoxide
was investigated for synthetic gas compositions of
BFG and BOFG under different flow rates, variation
of hydrogen surplus and presence of nitrogen, with
the focus on achieving a complete COx conversion.
A commercial bulk catalyst with 20 wt% nickel
load was used. The operating pressure was set to
4 bar, which coincided with the steel producer’s
gas supply system. The reactor load was limited
to gas hourly space velocity (GHSV) of 4000 h–1
(GHSV = ⩒feedgas/Vcatalyst) for the synthetic BFG
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TIA

150 mm

TI 7
TI 6
TI 5
TI 4
TI 3
TI 2

Bulk
catalyst

50 mm

TI 1

Inert bulk
material

100 mm

Gas input
Multi
T

80 mm

Fig. 4. Catalyst implementation and positioned
multi-thermocouples in the reactor (26)
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Table III Methanation Feed Gas
Composition for BFG and BOFG

3260–3280 h–1 for BFG and 3680–3690 h–1 for BOFG
due to the absent inert gas flow.

Feed gas molar fraction
CO2

CO

N2

H2

BFG

0.088

0.095

0.183

0.634

BOFG

0.06

0.155

0.082

0.703

5.1.1 Methanation of Blast
Furnace Gas

Complete
COx
conversions
are
achieved
downstream of the third reactor with an overthe stoichiometric ratio with hydrogen according to
stoichiometric ratio of 1.05, both with and without
Equations (i) and (ii) is listed in Table III.
the nitrogen in the feed gas (Figure 5). The mean
reactor temperatures are approximately 50°C
CO2 methanation: C
 O2 + 4H2 ↔ CH4 + 2H2O		
lower with nitrogen present, which is a result of
ΔHR0 = –165 kJ mol–1
(i)
the additional heat capacity of the inert gas.
CO methanation: C
 O + 3H2 ↔ CH4 + H2O		Despite these lower temperatures, approximately
ΔHR0 = –206 kJ mol–1
(ii)
4% better conversions are reached in R1 for all
ratios in the absence of nitrogen. The withdrawal
of nitrogen from the feed gas resulted in lower
5. Results and Discussion
GHSV, consequently prolonging the residence
The experimental results obtained from the
time in the reactor leading to slightly better COx
methanation of BFG and BOFG were used as
conversions. The temperature decrease in R2 and
support for the further analysis of the three selected
R3 was expected, since the majority of the reactive
scenarios. In the following, the experimental
gas converted in R1, resulting in lower release of
results and the scenarios are presented separately
the exothermic reaction heat. Therefore, nitrogen
in the subsections.
in the feed gas only has a significant influence on
the heating value of the product gas. In the case
of the product gas (R3) with nitrogen the heating
5.1 Methanation
values vary from 19.4–19.8 MJ m–3 ( rH 2 = 1.05–1),
The methanation of process gases is a combination
whereas without nitrogen the values almost double
of CO2 and carbon monoxide conversion according
(36.0–37.9 MJ m–3). Although with the higher
to Equations (i) and (ii).
hydrogen surplus better conversions are achieved,
A suitable parameter for the description of the
the unconverted hydrogen decreases the heating
stoichiometry is the ratio rH 2 of molar hydrogen flow
value of the product gas, due to its lower volumetric
and molar flows of CO and CO2, respectively, in the
heating value compared to methane.
feed gas given in the Equation (iii):
nH2
rH2 =
4nCO2 + 3nCO

(iii)

rH 2 equals 1 for stoichiometric mixtures, rH 2 <1 for

sub- and rH 2 >1 for over-stoichiometric mixtures,
respectively.
Achieved COx conversion rates for each reactor
(R1–R3), with variation of hydrogen surplus
( rH 2 = 1; 1.02; 1.04; 1.05) with and without
nitrogen for a synthetic BFG and BOFG feed gas
compositions, can be seen in Figures 5 and 6.
On the right y-axis, the mean reactor temperature
represents the average of the measured catalyst
bed temperatures, as well as the calculated
heating values of the product gas in each reactor.
For experiments without nitrogen in the feed gas,
marked with -N2, the H2:COx ratio and the amount of
the reactive gas in the experimental series remained
the same, meaning that the GHSV was reduced to
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5.1.2 Methanation of Basic Oxygen
Furnace Gas
As for BFG, similar test series were conducted for
the methanation of BOFG. As shown in Figure 6,
on account of lower nitrogen share in the feed gas
(8.2%), no noticeable effect on the temperature
and consequently conversion can be recognised.
Furthermore, a complete COx conversion at 4%
hydrogen surplus is achieved with or without
nitrogen in the feed gas. When comparing the mean
reactor temperatures and COx conversion in R1 of
BOFG with the BFG test series, temperatures are
50–100°C higher and conversions 5–10% lower,
respectively. This can be attributed to the higher
carbon monoxide share in BOFG, resulting in higher
reaction heat release. Therefore, the conversion in
the first reactor (R1) is clearly thermodynamically
limited. Since its lower share in BOFG compared to
BFG, the influence of nitrogen on the heating value
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Fig. 5. Methanation of BFG with and without nitrogen and hydrogen-surplus variation
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Fig. 6. Methanation of BOFG with and without nitrogen and hydrogen-surplus variation
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of the product gas is lower, and values vary from
27.2–28.8 MJ m–3 ( rH 2 = 1.05–1) with nitrogen and
between 34.9–37.7 MJ m–3 ( rH 2 = 1.05–1) without
nitrogen.
The product gas composition downstream of the
methanation is given in Table IV. A complete
conversion is achieved at 5% hydrogen surplus for
BFG and at 4% hydrogen surplus for BOFG, where
the unconverted hydrogen is a result of its overstoichiometric addition.

5.2 Results for the Selected
Scenarios
The performance overview of the three
selected scenarios (Scenarios 1, 2 and 3) can
be found in Table V. The required hydrogen
for the methanation was calculated with 4–5%
surplus, based on the experimental results
for a complete COx conversion for BFG as well
BOFG. For the evaluation of these scenarios, a
hydrogen content of 72 vol% in the biogenic-rich
hydrogen stream from the biomass gasification
(Table II), and a specific power consumption of
5 kWh Nm–3 hydrogen in the electrolyser were
assumed (25).
The extreme value Scenario 1 was defined with
a complete COx (COx:CO and CO2) conversion of
the content in BFG and BOFG, and the hydrogen
demand is covered by electrolysis (50%) and
Table IV Product Gas Composition for the
Methanation of BFG and BOFG
Product gas molar fraction
CH4

CO2

CO

N2

H2

BFG ( rH2 =
0.446
1.05)

0

0

0.434

0.120

BOFG ( rH2
= 1.04)

0

0

0.215

0.106

0.679

biomass gasification (50%). For a complete COX
conversion, an electrolyser with 2.88 GWel and
3.16 GWth biomass gasification would be required
(Figure 7). Due to the enormous amount of
available BFG and BOFG gas, the methane-rich
product gas would cover up to three times the NG
demand of the steel plant and result in 4.6 million
tonnes of CO2eq reduction potential per year.
Additionally, the oxygen produced could replace
the air separation unit of the steel mill and cover
the steel plant’s demand more than three times.
Scenario 2 was defined as methanation of BOFG
without nitrogen for a complete substitution of
the fossil fuels NG and PCI used as injection for
the blast furnace. When partially withdrawing
the BOFG from the steel production, a shortage
of its currently used energy input in the power
plant occurs that would consequently result in
loss of electric power production. To compensate
for the missing amount of BOFG, the BFG with
nitrogen is additionally enriched via methanation
(Figure 8). As demonstrated by the methanation
experimental tests, the resulting product
gas obtained the same lower heating value
(19.4–19.8 MJ m–3) as COG (19.0 MJ m–3) and
more than double that of the unrefined BOFG
(8.2 MJ m–3) (7). Additionally, when comparing
the high specific global warming potential (GWP)
based on the calorific value of the process gases,
with 268 kgCO eq GJ–1LHV, BFG has a much higher
2
GWP in comparison to BOFG (182 kgCO eq GJ–1LHV)
2
and COG (49 kgCO eq GJ–1LHV) (27). The product
2
gas from the methanation of BFG could substitute
for the withdrawal of BOFG and subsequently be
sent to the enrichment process in the steel plant.
Complete utilisation of the available BOFG and 8%
of the available BFG amount would be necessary.
With the required 901 MWel electrolyser, the
complete oxygen demand of the steel plant is
covered.

Table V Performance Overview
Unit

Scenario 1

Scenario 2

Scenario 3

Process gas
utilisation

%

100 (BOFG+BFG)

100 (BOFG) 8 (BFG)

87 (BOFG)

Electrolyser

MWel

2877

901

754

Methanation

MWth

1496

119 (BFG)
349 (BOFG)

392

Biomass
gasification

MWth

3162

100

100

NG
substitution

%

300

100

100

CO2eq

million tonnes CO2eq per year

4.6

0.81

0.81
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reduction of an
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integrated steel
plant

Internal demand
Electricity
External supply

Blast
furnace BF, sinter
plant
BOF

CO2eq: –3.3 million
tonnes per year
Methanation
1496 MWth

Electrolyser
2877 MWel

CO2eq: –1.3 million
tonnes per year
BM
gasification
3162 MWth

Other use
(BF, electricity...)

Figure 7 shows a Sankey diagram of the energy
flows for the implementation of Scenario 1 in
the integrated steel plant of voestalpine Stahl
GmbH at the production site Linz, Austria.
The electrolyser (2877 MWel) and the biomass
gasification (3162 MWth) provide the hydrogen for
the methanation (1496 MWLHV) of BFG and BOFG.
A part of the produced SNG covers the total NG
and PCI demand of the plant which accounts for a
reduction of CO2 emissions of 1.3 million tonnes
CO2eq per year. The excess SNG substitutes, after
an appropriate conditioning for the injection into
the NG grid, another 3.3 million tonnes CO2eq per
year.
As for Scenario 3, the scenario differs from
Scenario 2 in the lower required electrolyser
power of 754 MWel. In this case, the withdrawn
BOFG would not be substituted by the enriched
BFG but with external electricity or other energy
sources, due to the set framework conditions
and system configurations. The CO2 reduction
potential of 0.81 million tonnes of CO2eq annually
would be possible with a complete substitution of
the NG demand.
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6. Conclusions
In this study, three different scenarios for the
implementation of a P2G plant and a biomass
gasification in an integrated steel plant have been
investigated. The aim was the quantification of
the CO2 emission reduction potential of steel
production, avoiding significant modifications in the
existing steel plant infrastructure. Furthermore, a
carbon capture step shall be avoided as well, in
order to improve the efficiency of the CCU process
chain, resulting in a catalytic conversion of BFG
and BOFG to methane in the presence of nitrogen.
Basic evaluation of the three chosen scenarios
confirmed the possibility of CO2 emission reductions
between 0.81 and 4.6 million tonnes CO2eq per
year without considerable interference with
existing steel production. The required plant sizes
and the necessary fuel demand (renewable power
and biomass, respectively) substantially exceed
the current realistic possibilities of a P2G plant
(electrolyser power 784–2877 MWel) as well of a
biomass gasification (100–3162 MWth). Even for the
scenarios realistic in the medium term, the amount
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Fig. 8. Sankey diagram for the energy flows and the CO2 reduction of an implementation of Scenario 2 in the
integrated steel plant

of required renewable electricity beyond 700 MWel
cannot be provided in the foreseeable future. This
underscores the need for new technologies for the
production of CO2-free hydrogen.
Experimental tests have shown that the
methanation of BFG and BOFG is technically possible
without separating the inert gas nitrogen, and thus
saving the energy intensive carbon capture unit
with the additional benefit of carbon monoxide
utilisation contained in the process gases from the
steel production. A complete conversion of COx was
achieved with a 4–5% hydrogen surplus for both
process gases, BFG and BOFG, with and without
nitrogen, with three-stage methanation. The lower
heating value enrichment of the unrefined BFG (up
to 19.8 MJ m–3) and BOFG (up to 28.8 MJ m–3)
via methanation without the necessity of nitrogen
removal as lean product gas showed a utilisation
potential in the integrated steel plant as a substitute
for NG and PCI.
The first evaluation presented here provides
a good overview on the order of magnitude of
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required renewable energy and biomass for the
transition of the integrated steel plant towards
renewable gas supply by adding a CCU process
chain. Additionally, particularly for the utilisation of
the product gases of catalytic methanation within
the steel plant, intricate CO2 separation is not
required as has been shown by the experimental
investigations.
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Research and Development in the Field of
(Renewable) Gas Processing Technology at
DBI Group
Johnson Matthey Technology Review features new research

DBI Group’s field of activity covers the complete
process development of chemical processes,
starting with the process balancing and testing
of catalysts including the determination of
catalyst-specific reaction kinetics, up to lifetime
investigations, ageing tests and other reaction
engineering investigations. With the data
obtained, complex mathematical models can
be generated which can be used for the design
of reactors or the optimisation of operating
regimes. In addition, the company also applies
its know-how in the field of mathematical models
in application-oriented simulations of thermal
processing plants, heat exchangers and gas
treatment plants. On the basis of these models,
it designs demonstration plants which provide
important design fundamentals and technicalscientific correlations for large-scale applications.

About the Research
Individual Solutions for Complex
Challenges
The use of renewable gases as well as the
integration of regenerative energies offer great
ecological and economic potential, provided the
applied methods take the application-specific
boundary conditions into account. DBI Group’s
research and development therefore is focused on
innovative technologies that tap new raw materials
and applications or make a significant contribution
to increase the efficiency of existing processes.
These include: development of reformer systems
for decentralised hydrogen production; on-site
production of technical gases (carbon monoxide,
hydrogen); hydrogen utilisation (heat and power);
power-to-X technologies (dimethyl ether (DME),
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methanol); usage of biogas as raw material for
chemicals, fuels and pharmaceutical products;
catalytic gas treatment; and hydrogen recovery.

Services Provided by DBI Group
DBI Group’s activities are focused on the
development of innovative processes and the
optimisation of existing processes (Figure 1). It
supports its customers in the scope of research,
development and engineering from basic
research to the design of process equipment and
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Electrolysis

Biogas

H2 (optional)

Synthesis
gas

Dry reforming

DME

One-step
DME
synthesis

Fig. 2. Scheme of DME-production from renewable
resources

Fig. 1. DBI Group’s fields of activity

the development of complete processes. These
include: design and construction of process plant
equipment; high-temperature heat exchangers;
evaporator/condensers; reactors/adsorbers; postcombustion chambers; catalyst testing; screening
of catalyst materials; performance and ageing
tests; kinetic analysis; modelling and simulation;
process modelling; simulation of apparatus;
process and technology development from idea to
semi-technical plants; thermal engineering; load
management gas; feasibility and potential studies.

Direct
Synthesis
of
Ether from Renewable
(“FlexDME”)

Dimethyl
Resources

The production of synthetic fuels from renewable
resources such as biomass and sustainably
produced energy is an important step on the way
towards sustainable energy supply. Especially,
DME is a promising fuel because of the excellent
combustion properties and high energy density.
Therefore it can be used as a first ‘green’ admixture
for liquefied petroleum gas and as a substitute for
diesel with low-pollutant exhaust. In addition, DME
is already applied as a propellant in aerosol cans
of high-priced mass products such as hair or paint
spray as well as a basic material in the chemical
industry. The developed process is characterised
by continuous operation with biogas and optional
addition of hydrogen, which can be obtained from
surplus electricity by electrolysis of water (Figure 2).
An innovative reactor concept was developed
based on a self-developed kinetic model for
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single step DME synthesis. With the results of the
simulations, a small-scale demonstration plant was
developed (Figure 3).
The experimental investigations have shown that
biogas and additional hydrogen from electrolysis
can efficiently be converted into the biofuel DME.
Because of the promising results it is planned
to build and run a demonstration plant directly
connected to a biogas plant in a larger scale.

Hydrogen Generated
(“HydroGIn”)

for

Industry

The aim of this project is the development of a
demonstration plant for the on-site generation of
purified hydrogen from natural gas for industry
and electrical mobility with a nominal capacity of
100 m3 h–1.
The system comprises all modules required for the
entire hydrogen production process (Figure 4):
natural gas and process water conditioning
(desulfurisation, deionisation); gas conversion
reactor (steam reforming, carbon monoxide
conversion); and hydrogen purification (pressure
swing adsorption).
In order to meet today’s requirements of system
mobility and flexibility, the process plant can be
integrated into a standard container. The system
is designed to perfectly fit all operators of facilities
that require a decent but continuous amount of
hydrogen below the capacities of traditional process
plants. More than the economic advantage, the
on‑site production drastically reduces emissions
due to reduced transportation.
Characteristics of the on-site hydrogen production
system include: 100 m3 h–1 hydrogen production
rate; hydrogen purity: 99.95%; fuel: natural gas
or biogas; process: steam reforming; operating
pressure: 20 bar. Fields of application include:
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Fig. 4. The HydroGIn system
Fig. 3. Small-scale pilot plant for the production of
DME from biogas and hydrogen
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Comparative Life Cycle Assessment of
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phase research and development
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The life cycle assessment (LCA) methodology
which allows quantification of environmental
performance of products and processes based
on complete product life cycle was utilised to
evaluate the environmental burdens associated
with manufacturing a 48 V lithium-ion capacitor
(LIC) module. The prospective LCA compared
the environmental impact of manufacturing a LIC
module using primary ore materials and recycled
materials from end-of-life LICs. For both the
primary ore and recycled materials processes,
the anode preparation stage was associated with
the majority of the climate change and terrestrial
acidification burdens. LIC module production
utilising recovered materials from end-of-life LICs
reduced the environmental impact compared to
utilisation of primary ore resources. Application of
the LCA methodology in early phase research and
development (R&D) activities was demonstrated
with a case study on reagent choice decision-
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making process that accounted for environmental
impact, technical performance and costs in
alignment with the sustainability triple bottom line
concept.

1. Introduction
Growing environmental concerns have made
it imperative to reduce global climate change
and this has resulted in prolific development of
various energy storage technologies for different
applications ranging from portable electronic
devices (PED) to electric vehicles (EVs) (1, 2).
The most common chemical energy storage
devices are batteries for applications requiring
high energy density and electrochemical
capacitors (ECs) for applications with high power
density requirements (3–5). LICs which have the
combined desirable properties of batteries (high
energy density) and ECs (high power density)
are increasingly being investigated as highperformance energy storage devices that have
a significant role in the decarbonisation of the
transport sector (6, 7).
While there are many promising negative
electrode materials for LICs, the lithium titanium
oxide (Li4Ti5O12, LTO) based anode offers high
stability towards charge-discharge cycles, faradaic
efficiency and lower costs (8–10). As the envisaged
use of the LTO based LIC is in hybrid and EVs
to assist in decarbonising the transport sector,
it becomes pertinent to conduct a LCA for the
production of a LIC using primary ore minerals and
make comparisons to a manufacturing process that
relies on recycling end-of-life LIC. LCA is defined as

© 2021 Johnson Matthey
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a process to evaluate the environmental burdens
associated with a product, process or activity by
identifying and quantifying energy and materials
used and wastes released to the environment
(11). The assessment includes the entire life cycle
of a product, process or activity, encompassing
extracting
and
processing
raw
materials,
manufacturing, transport and distribution, use,
reuse, recycling and final disposal.
LCA facilitates informed decision making as
comparative analysis of competing processes or
products can be conducted based on environmental
impact. At the early stages of R&D activities, LCA
is an invaluable tool as it can inform process and
material choices that support sustainability goals
in addition to promoting innovation for designing
products that are more amenable to recycling when
they reach end-of-life (12–14). Increasingly, LCA
is also being utilised to engage with stakeholders
as an evolving green marketing tool through
brand competitive differentiation on the basis of
sustainability as well as regulatory compliance
purposes (15–17). Besides the multifaceted
benefits of LCA, its utilisation is not without
limitations with uncertainties in inventory data,
methodology and application of the weighting
technique often being cited as major weaknesses
of the approach (18, 19).
While the LCA methodology has been widely
applied to energy storage systems this has mostly
been for lithium-ion batteries (LIBs), with most
studies having focussed on comparative analysis
of LIBs to internal combustion engine (ICE) or
sustainability of the different battery chemistries
(20–22). There is a scarcity in the literature of LCA
studies that have analysed production of energy
storage devices using primary ore materials in
comparison to manufacture of a similar product
using recycled materials and specifically for LICs.
This study objective is to take a comparative
approach with the aim of utilising LCA to inform early
phase R&D activities to improve the sustainability
of the various process and reagents choices in the
production of a LIC module.
The LCA study was conducted as part of the
Advanced Lithium Ion Capacitors Electrodes
(ALICE) project whose objective was to develop
a 48 V LIC module for use in automotive, e-bus
and materials handling equipment. The project
consortium had industrial and academic partners
for developing and scaling-up materials production
including application of novel coating techniques
to electrode structure to improve performance.
The 48 V module built in the project was tested
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based on end user requirements and physics based
numerical modelling applied at different stages of
the project to interlink sophisticated layer structure
characterisation results with cell performance.

2. Methodology
2.1 Goal and Scope
The goal of this study is to evaluate the
environmental impact of manufacturing a LIC using
primary ore materials and making comparative
studies for LIC module manufacture using recycled
materials from an end-of-life LIC. The scope which
captures the pertinent choices for the study is
execution of the LCA on the basis of a cradle-togate manufacturing process of a 48 V LIC module.
The cradle-to-gate approach was considered
sufficient given that the goal of the study was for a
comparative analysis of LICs production processes
from primary ore and recycled minerals. The other
stages of LIC product life once the manufactured
product is at the gate would be expected to be
similar for purposes of making a fair comparison
and therefore their exclusion should not affect the
results with respect to the goal of this LCA study.

2.2 Functional Unit and System
Boundary
The functional unit, which defines the basis for
comparison, is the cells that make the 48 V LIC
module. The choice of the functional unit was
based on capturing the environmental burdens
that would make a difference for LICs production
processes from primary ore or recycled minerals.
The choice is also additionally informed by the
potential application of the LIC in hybrid vehicles
and therefore cells which make a 48 V LIC module
considered an appropriate functional unit. The
system boundaries using primary ore materials
and production of a LIC module using recycled
materials from an end-of-life LIC are shown in
Figure 1 and Figure 2. The system boundary
includes raw material extraction, electrode material
production and cell build for the 48 V LIC module.
Both system boundaries exclude the operational
usage stage as the attributable environmental
burden for this stage would be identical whether
a LIC was manufactured using primary (ore)
materials or recycled materials from an end of life
LIC. As the project consortia members did not have
a mechanical disassembler, the system boundary
chosen for the recycled materials study and shown
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Fig. 1. LCA system boundary for the 48 V LIC manufacture from primary ore materials

Anode & cathode
materials
Precipitation
Mixing
Grinding
Calcination

LIC pack
Cell manufacture
Module assembly
Pack assembly
Charge/discharge/charge

Electrode
material
production

LIC
manufacturing

Mixing
Coating
Solvent evaporation
Calendering
Drying
Stacking
Electrolyte filling
Welding and sealing

Operational
usage

End-of-life

Reuse

Recycling
process

System boundary

Leaching
Precipitation
Solvent extraction

Disassembly

Discharging
Disassembly
Shredding
Crushing & sieving

Fig. 2. LCA system boundary for the 48 V LIC manufacture from recycled end-of-life LIC

in Figure 2 also excluded the disassembly and
reuse process stages.

2.3 Methods and Databases
The commercial LCA software SimaPro 9.0 (PRé
Sustainability, The Netherlands) was used in the
study which utilised the ecoinvent 3.5 database
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(ecoinvent,
Switzerland).
The
Greenhouse
gases, Regulated Emissions, and Energy use in
Technologies (GREET®) 2017 model published by
Argonne National Laboratory, USA, was also used
when estimations of energy and reagent usage
could not be determined from the commercial
database. The relevant elementary flows of the
starting material for the LIC manufacture using
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recycled materials were obtained from a flowsheet
model built in the gPROMS Process Builder software
(PSE, UK). The ISO 14044 guidelines were only
applied to the recycling flowsheet for the end-oflife LIC with application of the stepwise allocation
procedure for multifunctional processes.
The LCA assumes raw materials were acquired
from the market with global market average
values used to evaluate the environmental burdens
associated with the relevant material sourcing.
This assumption did not apply to the LTO that was
obtained from the recycling process. The emissions
and energy associated with transportation were not
considered in the study. However, the ecoinvent
3.5 database does account for the environmental
impact associated with mining and transporting
the various materials to the market. The electricity
and heat energy sources used are for the UK
with built-in ecoinvent database values used for
environmental impact calculations.

3. Life Cycle Inventory
The elementary flows of material required to
make the cells for a 48 V LIC module are based
on pilot plant data. The recycled process data is
based on a laboratory flowsheet that is simulated
using a process model with appropriate scaling
of model parameters from gram scale to a
full-scale production plant. The main product
and process stages for the primary (ore) and
recycled materials manufacture of LIC are as
follows: (a) anode powder material preparation;

Johnson Matthey Technol. Rev., 2021, 65, (3)

(b) anode preparation; (c) cathode preparation;
(d) electrolyte preparation; (e) cell formation;
and (f) recycling of LTO powder (recycled material
process only).
The detailed breakdown of materials for the
assemblies and product stages of the two LCA
comparative projects is in Table I. The only
difference between the two comparative studies
is in the source of lithium carbonate and titania
for making the anode LTO powder material.
For the primary (ore) process, the information
for the environmental footprint associated with
lithium carbonate and titania is obtained from the
ecoinvent 3.5 database based on ore extraction
and salt formation environmental impact values.
However, in the case of the LIC module made from
recycled materials, lithium carbonate and titania
are obtained from the recycling product stage and
only have process environmental impact values
associated with reagents and energy consumption
demand to recycle the end-of-life LTO anodes.
The supplementary data which contains the
flowcharts and inventory to produce a lithium ion
capacitor module and the list of assumptions used
in the study is located with the online version of
this article.

3.1 LTO Powder Synthesis
The information for the LTO powder used in the
anode preparation process was not available in
the econivent 3.5 database or GREET® 2017. To
determine elemental material flows of lithium

Table I Detailed Product Stages and Assemblies for the Primary Ore and Recycled Materials
Lithium-Ion Capacitor Module
Primary (ore) LIC

Recycled materials LIC

–

Recycling 1.2 kg of LTO coated to anodes

Anode material: LTO powder preparation

Recycled material anode material: LTO powder
preparation

Anode preparation: LTO slurry coating, dry and
calender

Recycled material anode preparation: LTO slurry
coating, dry and calender

Cathode preparation 1: slurry preparation

Cathode preparation 1: slurry preparation

Cathode preparation 2: coat, dry and calender

Cathode preparation 2: coat, dry and calender

Electrolyte preparation 1: dimethyl carbonate
formation

Electrolyte preparation 1: dimethyl carbonate formation

Electrolyte preparation 2: Vinylene carbonate

Electrolyte preparation 2: Vinylene carbonate

Cell formation 1: cutting, stacking and drying

Cell formation 1: cutting, stacking and drying

Cell formation 2: electrolyte fill and packaging

Cell formation 2: electrolyte fill and packaging

Formation of 48 V LIC (primary ore)

Formation of 48 V LIC (recycled material)
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carbonate and titania required to synthesise LTO
an assumption of manufacture by solid-state
reaction route was utilised (23). To account
for lithium losses during the high temperature
heating process, 5% excess lithium carbonate
to stoichiometric requirements was added. The
process energy requirements for synthesising LTO
were obtained from GREET® 2017 by assuming
similarity to those of manufacturing lithium
manganese oxide (LMO).
The environmental footprint associated with
lithium carbonate and titania was obtained from the
ecoinvent database for the primary (ore) process.
For the recycled materials LIC, environmental
footprint attributable to lithium carbonate and
titania were obtained as fractional contribution of
the LTO anodes recycling product stage reagents
and energy consumption.

3.2 Anode and Cathode Preparation
The elemental flows are for double side coating of
90 m of aluminium current collector foil from which
540 electrodes were made from the pilot plant. A
90% recovery and reuse assumption for N-methyl2-pyrrolidone (NMP) was applied to the life cycle
inventory as this is the expected design requirement
at production scale. Without this assumption of NMP
recovery and recycle the environmental impact from
this organic solvent would be overestimated.
The cathode preparation stage elemental flows
are based on the preparation of 180 electrodes
from 30 m double sided coating on an aluminium
foil from the pilot facility.

3.3 Electrolyte, Cell and Lithium-Ion
Capacitor Module Formation
The
LIC
electrolyte
consists
of
lithium
hexafluorophosphate, ethylene carbonate, dimethyl
carbonate and vinylene carbonate. Dimethyl
carbonate and vinylene carbonate were not in the
ecoinvent 3.5 database. These two components
were assumed to have been synthesised from base
materials using stoichiometric considerations.
The cells for the LIC are A5 pouch cells and each
cell contained 11 anodes and 10 cathodes. The
electrode cutting yield was 70% and the overall
cell build yield value was 89% based on the pilot
facility data. The failure rate of cells on testing
was assumed to be 2% with the rejected cells
discarded as waste. The scope of the study is for
a 48 V LIC module and this was assembled from
160 cells.
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3.4 Modelling of LTO Recycling
Process
A proposed hydrometallurgical recycling flowsheet
developed for recycling the LTO powder is shown in
Figure 3. At the front end of the recycling process
flowsheet, removal (decoating) of the LTO powder
from the aluminium foil is executed by application
of formic acid and this is then followed by a leaching
stage using hydrochloric acid with a filtration stage
which recovers titania. The filtrate undergoes a
concentration step through evaporation followed
by precipitation using sodium carbonate. Titania
and lithium carbonate which are the main products
from the recycling flowsheet are then used as
starting feed materials for making the ‘recycled
material anode’.
The laboratory scale input values were used
to inform a flowsheet model which was used
to populate reagent and energy demand of the
various processing stages. Appropriate scaling
of model parameters from gram scale laboratory
information to full scale production was applied in
determining elementary flows of the recycled LTO
materials.

4. Analysis of Life Cycle Assessment
Results
While results for several environmental impact
categories were available for analysis, for purposes
of this study climate change (kilogram of CO2
equivalent) and terrestrial acidification (kilogram
of SO2 equivalent) were analysed in greater detail
for comparing the LIC module manufacture from
primary ore materials against the recycled material
process. The calculations are based on the ReCiPe
Midpoint (H) with European Normalisation (24).
The ReCiPe method was utilised because of its
environmental relevance to the scope of the study,
transparency and reproducibility. However, other
methods which are also compatible with ISO
standards could have been applied to the study.
Aluminium had the highest climate change and
terrestrial acidification burdens to the extent of
overshadowing contributions from other materials.
To facilitate detailed analysis of environmental
burdens of the other materials and processes,
visual graphics of the results were plotted without
the contribution from aluminium. Aluminium has
established recycling processes but the decision
if the quality of this recycled aluminium was
of specifications sufficient for direct use in LIC
manufacture was indeterminate and therefore
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Fig. 3. Recycling flowsheet of anodes coated with 1.2 kg of LTO using metal recoveries from laboratory
experiments
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the LCA credit process was not applied towards
aluminium used. Figure 4 compares the climate
change impact for making a 48 V LIC module using
primary ore material and recycled LTO. Overall,
utilising recycled LTO materials reduces the climate
change impact by 12%. The order of decreasing
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climate change for the LIC module manufacture
using primary (ore) materials is titania > lithium
hexafluorophosphate > ethylene carbonate. For
LIC module manufacture using recycled LTO, the
order of decreasing climate change is lithium
hexafluorophosphate > formic acid > ethylene
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Table II Comparison of Climate Change Contributions of the Main Product Stages for the
Manufacture of a 48 V Lithium-Ion Capacitor Module Using 160 Cells from Primary
(Ore) and Recycled LTO Materialsa
Climate change, kgCO2 eq
Anode preparation

Cathode
preparation

Cell formation

48 V LIC module
(160 cells)

Virgin (ore)

82 (222)

8 (154)

78 (145)

168 (521)

Recycled

61 (198)

8 (154)

78 (145)

147 (497)

a

Values in brackets in the table include the contribution from aluminium

1.2

Terrestrial acidification, kgSO2 eq

1.0
0.8
0.6

Titania
Lithium carbonate
Water, deionised
Synthetic rubber
Soda ash, dense
Polyvinyl fluoride
Polypropylene
N-methyl-2-pyrrolidone
Methanol
Lithium hexafluorophosphate
Hydrochloric acid
Natural gas
Graphite
Formic acid
Ethylene carbonate
Electricity
Chlorine
Carboxymethyl cellulose
Carbon black
Battery separator

0.4
0.2
0

48 V LIC virgin (ore) materials

Fig. 5. Comparison
of terrestrial
acidification
associated with
the production of
a 48 V module
from primary
ore materials
and recycled
LTO precursors
(excluding
aluminium
contribution)

48 V LIC recycled materials

Source of materials

carbonate. The highest contributor towards climate
change for primary (ore) case is titania while for the
recycled LTO it is the lithium hexafluorophosphate
electrolyte. Lithium hexafluorophosphate and
ethylene carbonate are both part of the electrolyte
system and have significant contributions which
are equal for LIC manufacture using either primary
(ore) or recycled LTO materials. Therefore,
significant reductions in climate change for LIC
manufacture using recycled LTO can only be
achieved by reducing the quantities of formic acid
used. Table II shows the climate change impact
over the various stages of manufacturing a 48
V LIC module. The anode preparation stage has
the highest contribution towards climate change
for the two comparative cases. However, using
recycled LTO lowers the climate change impact by
21 kgCO2eq compared to using primary (ore)
during the anode preparation stage. The cathode
preparation and cell formation stages have the
same values as the two cases only differ in source
of materials used the anode preparation stage.
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Comparative analysis of terrestrial acidification
for producing a 48 V LIC module using primary
(ore) and recycled LTO materials is shown in
Figure 5. Usage of recycled LTO for the anode
manufacture product stage results in 18%
reduction in terrestrial acidification compared
to using primary ore materials. The major
contributors towards terrestrial acidification in
decreasing order are lithium hexafluorophosphate
> titania > ethylene carbonate for LIC module
manufacture using primary (ore) materials. For
LIC manufacture using recycled LTO, the major
contributors towards terrestrial acidification in
decreasing order are lithium hexafluorophosphate
> formic acid > ethylene carbonate. Table III
shows the terrestrial acidification associated with
the various stages of manufacturing a 48 V LIC
module for the two cases. The anode preparation
stage has the highest contribution towards
terrestrial acidification when the primary (ore)
and recycled LTO material sources are compared.
By utilising recycled LTO for the anode preparation
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Table III Comparison of Terrestrial Acidification Impact of the Main Product Stages for the
Manufacture of a 48 V Lithium-Ion Capacitor Module Using 160 Cells from Primary
Ore vs. Recycled LTO Precursorsa
Terrestrial acidification, kgSO2eq
Anode
preparation

Cathode
preparation

Cell formation

48 V LIC (160 cells)

Virgin (ore)

0.51 (1.27)

0.04 (0.83)

0.55 (0.90)

1.1 (3.00)

Recycled

0.30 (1.06)

0.04 (0.83)

0.55 (0.90)

0.89 (2.79)

a

Values in brackets in the table include the contribution from aluminium

process the terrestrial acidification impact is
lowered by 0.21 kgSO2eq compared to using primary
(ore) materials.
While there are environmental benefits from
using recycled LTO, the existing recycling process
flowsheet has a lot of optimisation opportunities
especially regarding the quantities of formic acid
used which have a significant contribution towards
both climate and terrestrial acidification.

5. Application of Sustainability and
LCA in Early Phase R&D Activities
The application in early phase R&D activities
is demonstrated in this section as applied to
process development choices for the recycling
stage. Before the hydrometallurgical treatment
detailed in Section 3.4, the LTO has to be decoated
(removed) from the aluminium foil to which it is
bound. The widely used binder for coating the LTO
and most active materials to current collectors
is polyvinylidene fluoride (PVDF) because of its
adhesive capabilities and electrochemical stability
(25). The PVDF binder presents a challenge to the
decoating process as it is only partially soluble in
most common solvents. The common solvent for
dissolving PVDF is NMP which is also used during
the slurry coating process. However, NMP has high
environmental and toxicity burdens which has
resulted in stringent legislative restrictions of its
usage (26).

(a)

(b)

(c)

To improve the sustainability metrics of the
recycling process, several alternative solvents were
investigated for their capabilities to remove the LTO
from the aluminium foils. Acetone and polyethylene
glycol (PEG) have similar properties to dipolar
aprotic solvents like NMP and were identified as
greener alternatives (27). Several other organic
reagents such as acetic acid, formic acid, ethylene
glycol and methanol were also screened as potential
candidates for the process. Figure 6 shows images
of LTO anodes after stirring in different reagents for
1 h at room temperature. From Figure 6, formic
acid has higher technical performance compared to
the other solvents as it removed all of the visible
traces of carbon and LTO from the aluminium foil.
The decision-making process considered the
environmental footprint of these reagents in
addition to their technical performance for removing
the LTO from the aluminium foils. Figures 7(a)
and 7(b) show the contribution towards climate
change and terrestrial acidification respectively
based on using 1 kg of these reagents. NMP has
the highest environmental burden for climate
change and terrestrial acidification, while methanol
has the least environmental footprint. However,
methanol efficiency in decoating LTO was low and
therefore a trade-off of technical performance,
environmental impact and costs resulted in formic
acid as the alternative reagent choice for the
decoating process stage. The bulk purchase price
for these reagents is in Table IV.

(d)

(e)

Fig. 6. LIC anode foils after stirring in solvent for 1 h at room temperature: (a) acetone; (b) acetic acid; (c)
formic acid; (d) methanol; (e) PEG
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Fig. 7. Environmental impact: (a) climate change; and (b) terrestrial acidification of potential reagents
trialled for separating LTO from the aluminium foil current collector on the basis 1 kg usage of the reagents

Table IV Bulk Chemicals Purchase Price of Potential Reagents Trialled for Decoating LTOa
Decoating reagent
–1

Price, £ l
a

Acetone

Acetic acid

Formic acid

Methanol

NMP

5.8

60.4

66.6

23.4

95.5

ICIS October 2019 prices (28)

While several product and process research
activities are focussing on novel binders that
are less toxic and low costs compared to PVDF
(29), the electrodes bound with PVDF that have
already been manufactured will still require a more
environmentally sustainable process to recover the
active material at their end-of-life. The approach
applied in this case study of early phase R&D
process development activities demonstrated
sustainable choices in alternate reagent selection
in alignment to the triple bottom line approach
(30). The choice of formic acid when compared to
NMP results in intersection of people, planet and
profit (3Ps) requirements of sustainability. For this
case study, formic acid had reduced environmental
impact, toxicity and meets the profit criteria
through high decoating technical efficiency at lower
costs compared to NMP.

6. Conclusions
The LCA methodology was applied to quantitatively
determine the environmental burdens associated
with manufacturing a 48 V LIC module. The
prospective LCA compared the environmental
impact of manufacturing a LIC module using
primary ore materials versus LIC manufacture
using recycled materials from end-of-life LICs. The
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anode preparation stage is associated with most
of the environmental burden for manufacturing the
LIC module for both processes due to the source
of precursors used in production of the active
LTO material. Utilisation of LTO precursors from
recycled end-of-life LICs reduced both climate
change and terrestrial acidification environmental
impact categories for the LIC module manufacture.
However, the sustainability metrics of the recycled
process route of production could potentially
be improved further by optimised application of
formic acid which is used in the process stage for
separating the LTO from the aluminium current
collector foils.
The application of the LCA methodology in early
phase R&D activities was demonstrated for the
process development reagent choice case study.
The LTO decoating reagent decision-making process
considered the environmental footprint, technical
performance and costs. The decision to utilise
formic acid as a decoating agent was a sustainable
choice which balanced environmental, economic
and social performance. For the demonstrated
case study, the choice of formic acid as decoating
reagent reduced climate change and terrestrial
acidification, lowered human toxicity values and
met the profit criteria through high separation
efficiency at lower costs.
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Wear Resistance of Platinum and Gold Alloys:
A Comparative Study
Platinum jewellery items outlast gold
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A series of iterative wear and corrosion tests were
conducted on two 950 platinum alloys, two 585
white gold alloys and two 750 white gold alloys.
Testing followed standardised industrial procedures
in order to provide comparable and reproducible
conditions. Wear testing comprised a sequence
including abrasion testing, corrosion testing and
polish testing. Mass loss was recorded after each
test cycle. Five complete test cycles were followed
by two long-term polish tests. The total testing time
was ca. 250 h. A pronounced difference in the mass
and volume loss between the platinum and the gold
alloys was observed. The absolute volume loss per
surface area of the platinum alloys was a factor of
two to three times lower than that of the gold alloys.
The highest volume loss was observed for 750AuPd,
followed by 585AuPd, 585AuNi and 750AuNi with
the latter three showing similar wear behaviours.
The mass loss increased linearly with testing time.
No measurable mass loss was observed by corrosion
testing in our limited duration test cycle and the only
alloy exhibiting significant corrosion was 585AuNi.
Hardness of the alloys was determined by Vickers
microhardness testing at a 100 g load. Notably,
higher hardness levels were not found to be an
indicator for low mass or volume loss.
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1. Introduction
Anecdotal evidence has long supported the claim
that platinum jewellery items tend to outlast their
gold counterparts when subjected to human wear.
Whether it is obvious erosion of prong tips in
gem-set jewellery or the gradual thinning out of
wedding bands to the point of fracture, gold alloys
are acknowledged by numerous technicians in the
industry as shedding mass at a greater rate than
platinum alloys. Given the historically high costs
of precious metals and the intrinsic value of the
particular products produced with them, durability
is of paramount concern. From the physical costs
of replacement to simply being irreplaceable in
the mind of the consumer attaching sentimental
value to an item, being responsible stewards of
the precious metals we work with will benefit both
people and planet.
Few studies concerning the wear resistance of
gold and platinum alloys can be found in the open
literature. Wear resistance is not a material-related
property, but strongly depends on the tribological
system that includes the two or more mating
bodies, the interfacial media, the geometry of the
bodies and the type of interaction of the bodies
(1). Different types of wear can appear depending
on the tribological system. In the case of jewellery
abrasive wear, wherein hard particles enter the
surface and remove material by micro-cutting or
micro-ploughing (1, 2), this is of primary interest.
Micro-cutting is described as the removal of material
by hard particles. The volume of the detached
material equals the volume of the scratches. In
contrast, micro-ploughing is the result of plastic
deformation forming bulged areas of material along
the scratches, and much of this material is retained
rather than shed. Generally, wear and hardness
of pure metals are reciprocal and wear decreases

© 2021 Johnson Matthey

https://doi.org/10.1595/205651321X16189971801978

with increasing hardness (3, 4). However, the
simple correlation of hardness and wear is not
always valid for alloys. For instance the wear of
alloyed gold coatings was strongly influenced by
alloy composition and heat treatment conditions
(5). The wear resistance of steels of similar
hardness but different microstructure showed that
the microstructure had a significant effect of the
wear rate and the groove characteristics (6). The
wear resistance of steels is greatly influenced by
the sub-surface deformation (7) and it is supposed
that this is also the case for precious metals.
The abrasive wear of gold jewellery alloys was
studied for sheet material of 585 silver-copper
yellow gold, 585 copper-nickel rose gold and 750 red
gold (2) of different hardness levels (120–350 HV).
The samples were tested in a tribometer against an
abrasive counterpart. The mass loss was recorded
and is given as specific abrasive wear resistance
.
w –1 (µm m–1). No correlation of hardness and
wear resistance was observed. Often softer alloys
showed higher wear resistance, which is explained
by stronger micro-ploughing that results in lower
mass loss than micro-cutting. Therefore, properties
like ductility, toughness or brittleness strongly
influence the wear resistance of an alloy.
The abrasive wear of a 750 yellow gold wedding
band (hardness 135 HV) under real life conditions
is reported in (8). Mass loss was recorded weekly
over one year and in average showed a constant
mass loss rate of 7 × 10–4 mg h–1. The total mass
loss was 6.15 mg, which is 0.1% of the initial mass.
A comparison of the corrosive and abrasive wear
of 750 gold (no alloy specified) with titanium and
tungsten is reported in (9). The corrosion pit density
and reflectivity were measured as a number of test
cycles to monitor the corrosive and abrasive effect,
respectively. No mass loss data are reported in this
study.
The only comparative study that was found on
the wear of gold and platinum jewellery is from
1986 (10). Four platinum alloys (850Pt150Pd,
900Pt100Pd, 900Pt70Pd30Co and 950Pt50Co)
were compared to 750 nickel white gold and 750
yellow gold. The hardness of the samples was
230-290 HV50 except for 900Pt100Pd, which was
122 HV50. Scratch tests with a Vickers diamond
pyramid were performed at three levels of constant
load on polished samples. Scratches with similar
topographies were produced for gold and platinum
when using similar indenters. According to the study,
the damage mechanism was micro-ploughing.
Whether micro-ploughing or micro-cutting appears
depends on a critical rake angle, the abrasive

481

Johnson Matthey Technol. Rev., 2021, 65, (3)

media and the propensity of the metal for chip
forming. The sample surface of worn jewellery of
900 platinum-copper alloy and 750 yellow gold was
inspected by scanning electron microscopy (SEM).
The degree of damage was comparable for both
alloys, but no details about the actual duration of
wear or the mass loss is given.
New alloys, such as bulk metallic glasses (BMG)
appear to have much higher hardness compared
to conventional alloys. Mozgovoy et al. (11) report
mass loss surface roughness data of 750 palladium
white gold and gold-based BMG after a 10 h nutshell
test. The 750 BMG shows 60% higher hardness
compared to 750 palladium white gold and the
increase in surface roughness of the BMG alloys
is a factor of six lower than for the 750 palladium
white gold. The authors claim that the BMG alloy
has superior wear resistance over the conventional
alloy.
To the best of our knowledge, the effect of
microstructure and mechanical properties on the
abrasive properties of cast jewellery items has not
been studied so far. Cast alloys allow much less
freedom to influence the microstructure in order
to improve ductility and hardness. However, as hot
isostatic pressing (HIP) was proven to increase
the ductility of platinum alloys by healing internal
microshrinkage porosity (12), this could play an
important role in this regard.
Given abundant anecdotal evidence on the relative
wear behaviours of platinum and gold jewellery
alloys, in the present study we sought to quantify
such differences in terms of mass and volume loss as
well as gain a greater understanding of the precise
mechanisms behind such losses. An important step
in this endeavour was established with our earlier
publications (12, 13) that laid the groundwork for
much-needed data on mechanical properties for
a broad number of cast platinum-based alloys,
something that had not been widely available in
the literature up until that time. Given that most
platinum and gold jewellery on the global market
is produced in cast form, this data was needed to
facilitate understanding of the relationship of wear
with alloy strength, ductility and hardness. In the
present study we have augmented the data base
with additional platinum alloys as well as the two
white gold alloys that were used for our study.

2. Materials and Methods
Six alloys were tested including two 950 platinum
(950PtIr and 950PtRu), two 750 white gold
(750AuNi and 750AuPd) and two 585 white
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gold (585AuNi and 585AuPd). Table I lists alloy
compositions and sample identifications while
Figures 1 and 2 depict the test geometries used
for the study. The coupons (Figure 1) were used
for our analyses of individual scratches and the
cubes (Figure 2) were used for the wear testing
portion of the work. One coupon and five cubes
were produced in each alloy. All the samples were
produced through investment casting and were
tested in the as-cast and polished condition without
any quenching or post-cast thermal processing.
Samples were polished according to standard
jewellery practices in order to best replicate typical
cast jewellery product surfaces.

and uniformly to the scratch in order to embed
and remove any spalled material allowed us to
compare the susceptibility of the platinum and gold
alloys to scoring damage. Tapes from the lift were
subsequently examined with energy dispersive
X-ray spectroscopy (EDX) to confirm composition
of the metal chips as well as characterise the
amount of chipping.

2.2 Wear Testing
A key objective for our study is the simulation
of typical human wear mechanisms as closely as
possible. There are countless chemical environments
and unique mechanical forces that jewellery items
are subjected to during human wear, hence a
standardised test that attempts to replicate such
conditions can only be seen as an approximation
of what actually happens in real-life conditions.
Correlation with the anecdotal is therefore critical
in terms of supporting experimental outcomes as
representative of what may be experienced in the
human population.
The wear testing performed consisted of three
different tests. The first being an abrasion test
that utilises a stone and sand media, the second
a corrosion test in artificial human sweat and the
third a polishing test employing a nutshell media. All

2.1 Scratch Test
In order to identify possible wear mechanisms for
our alloys, we first sought to better understand the
nature and role of the individual scratch. This was
done by producing coupons in each alloy that could
be scratched using a conical Rockwell C hardness
tester with a diamond indenter under controlled
loads. The samples were first ground planeparallel on both sides and then polished on the
side designated for testing, followed by scratching
under both constant and increasing loads. A tape
lift consisting of adhesive tape applied directly

Table I Alloy Compositions in Mass Percent and Sample ID
Item

Test

IDa

Alloy

Pt,
%

Ru,
%

Ir,
%

Au,
%

Pd,
%

Ni,
%

Cu,
%

Zn,
%

Ag,
%

B,
%

Cube
Coupon

Wear
Scratch

21-25
B

950PtIr

95

–

5

–

–

–

–

–

–

–

Cube
Coupon

Wear
Scratch

11-15
A

950PtRu

95

5

–

–

–

–

–

–

–

–

Cube
Coupon

Wear
Scratch

31-35
C

750AuNi

–

–

–

75.0

–

12.5

6.23

6.25

–

0.02

Cube
Coupon

Wear
Scratch

51-55
E

750AuPd

–

–

–

75.1

13

–

9.9

2

–

–

Cube
Coupon

Wear
Scratch

41-45
D

585AuNi

–

–

–

58.5

–

16.6

16.5

8

–

0.04

Cube
Coupon

Wear
Scratch

61-65
F

585AuPd

–

–

–

58.4

13

–

2

2

24.6

–

a

The sample IDs in the table correspond to identifiers on individual coupons or cubes as illustrated in Figures 1 and 2
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30.00 mm

Fig. 1. Coupon for
scratch testing

3.00 mm

15.00 mm

30.00 mm
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media used were calibrated and laboratory grade.
Cycles were done in sequence fashion with each of
the first five cycles including abrasion, followed by
corrosion, followed by polishing. Two subsequent
cycles were performed that omitted abrasion and
corrosion and only included polishing media. The
total test duration amounted to 252.5 h.
Five cube-shaped and individually identified
samples of each alloy were used for the testing as
shown in Figure 2. Before and after each test in the
sequence samples were weighed and characterised
by optical microscopy and Vickers microhardness
testing. Samples were cleaned in an ultrasonic bath
with ethanol to assure any media that might be
clinging to the surface was removed. The surfaces
of select samples were also characterised by SEM.
The abrasion and polishing tests were based
upon the European Industrial Standard DIN EN
12472. The apparatus consists of a motorised
rotating drum (Figure 3) that is filled with either
an abrasive blend of sand and stones (abrasion

1.0 mm
6.0 mm

R0.5

R0.2

Fig. 2. Cube for wear testing

(a)

(b)

test) or nutshells (polishing test). According to the
standard, the samples must be physically isolated
from one another during testing in order to avoid
mutual damage through sample-to-sample contact.
Therefore, cubes were anchored along a nylon cord
attached to both ends of the drum frame.

2.3 Corrosion Testing
The possible roles of corrosion and erosion
corrosion, specifically in gold alloys that contain
significant amounts of corrosion-prone base metal
elements, were other areas we considered as
possibly contributing to wear. The platinum alloys
tested were pure platinum group metal (pgm)
alloys that did not contain any base metals and
are otherwise well-known for their high resistance
to chemical corrosion. Therefore, while we did
not expect this test to have any effect on pure
pgm alloys we included them for the sake of
completeness. The corrosion test was based upon
the international standard ISO 3160-2. The test
involves application of artificial human sweat to the
test cubes followed by heating in a closed chamber
at 40°C +/– 2°C for 24 h (Figure 4). This test
was conducted for cycles one through five right
after the abrasion test and prior to the polishing
test. Table II gives the composition of the artificial
sweat and Figure 4 shows the samples positioned
in the chamber. Following the test, samples were
cleaned in an ultrasonic bath of deionised water
and documented by light optical microscopy.

(c)

Fig. 3. (a) Testing
apparatus for wear
testing; (b) samples
mounted for wear
testing; (c) polishing
media; (d) abrasive
media

(d)
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(a)

Table II Composition of Artificial Sweat
According to ISO 3160-2
Compound

Composition, g l–1

Sodium chloride

20

Ammonium chloride

17.5

Urea

5

Acetic acid

2.5

Lactic acid

15

Sodium hydroxide up to pH = 4.7

2.4 Mechanical Properties Testing
Tensile testing was performed in accordance with
ISO 6892-1 and microhardness testing was done
using a 100 g load (HV0.1) in accordance with DIN
EN ISO 6507-1. Tensile properties for cast product
were derived from the same casting processes as
the test cubes and coupons with the exception
of the gold-nickel alloys that were cast by the
producer of these alloys. Details on tensile testing
are described in (14).

2.5 Optical Characterisation and
Measurement
Prior to testing, samples were documented by
stereomicroscopy and light optical microscopy.
Due to hand polishing the samples exhibit some
deviation from the ideal shape as shown in the
computer aided design (CAD) images. Selected
samples were also documented to obtain details
of the geometry, shape and surface condition
(Figure 5). After the fourth and fifth cycles the
surfaces of select samples were also investigated
by SEM (Figure 6).
The cube dimensions were measured using
a calibrated micrometre calliper. Mass was
determined by an analytical balance with an
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Fig. 4.
(a) Artificial
sweat test
apparatus;
(b) sample
positioning

(b)

accuracy of 10 µg. Density was determined with
the same balance using the buoyancy method
(Archimedes’ principle). The mass and volume
losses were determined after the abrasion and
polish tests and in order to compare the samples,
mass loss was normalised with the sample surface
area. Volume loss was calculated by dividing mass
loss by density.
Vickers hardness of each sample was measured
in the as-polished condition and after completion
of each cycle (abrasion + corrosion + polish). One
measurement was done on each side of the cubes
with the exception of the side bearing the sample
ID. Table III gives the average hardness value of
each sample.

3. Results
3.1 Scratch Test
Through SEM analysis (Figures 7 and 8) we
see the evidence that the depth of the scratch
is impacted by the hardness of the alloy. As one
might expect, the softer the alloy, the deeper the
scratch and the more material is displaced. In
the case of the soft alloy 950PtIr, the displaced
material was concentrated at the edges and the
tip of the scratch (Figure 8), which is typical
for micro-ploughing. Local overload also resulted
in cracking of the displaced material at the
edge of the scratch that appears to be loosely
connected. In comparison, the gold alloys
showed not only cracking, but also significant
chipping along the cracks. This was especially
true for the 585AuNi, which has a stronger
tendency for micro-cutting.
We noted that the alloys appeared to show
different levels of porosity after polishing with
the platinum alloys exhibiting low levels and the
gold alloys exhibiting higher levels characterised
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(a)

(b)

1 mm

(c)

1 mm

(d)

1 mm

(a)

1 mm

(b)

10 μm
(c)

10 μm
(d)

10 μm

as finely dispersed microshrinkage. From
previous studies on the tensile properties of
platinum alloys (13) it was established that
the ductility values of elongation and reduction
of area are significantly impacted by porosity
levels. Therefore, increased chipping in the gold
alloys may be not only a result of intrinsically
lower ductility for these alloys, but also porosityrelated decreases.
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Fig. 5. Comparison of
surface conditions:
(a) 950PtRu after
two testing cycles
(2 h); (b) 950PtRu
after total testing
time (252.5 h);
(c) 750AuPd after
two testing cycles
(2 h); (d) 750AuPd
after total testing
time (252.5 h)

Fig. 6. SEM
comparison of
surface conditions
(fifth cycle):
(a) 950PtRu after
abrasion test;
(b) 950PtRu after
polishing test;
(c) 750AuPd after
abrasion test;
(d) 750AuPd after
polishing test

10 μm

3.1.1 Tape Lift
High density particles were detected on all of the
tape lifts, however the amount varied significantly
by alloy. Compositions of particles that adhered to
the tape were confirmed through EDX as shown
in Figure 9. The platinum alloys and the goldpalladium alloys exhibited very few particles on
the tape lifts, whereas the gold-nickel exhibited
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Table III Mechanical Properties in Accordance with ISO 6892-1 (Tensile Test) and DIN EN
ISO 6507 (Hardness)
Alloy

0.2% yield
strength, MPa

Ultimate tensile
strength, MPa

Elongation, %

Reduction of
area, %

Hardness,
HV0.1

950PtIr

142

241

45

90

134

950PtRu

229

411

30

61

149

750AuNi

424

490

34.5

37

287

750AuPd

277

469

36

41

213

585AuNi

358

519

47.8

36

310

585AuPd

529

588

3.3

12

191

(a)

(b)

1 mm

(c)

1 mm

1 mm

Fig. 7. Scratches from the Rockwell C diamond indenter: (a) 950PtIr (134 HV0.1); (b) 750AuPd (213 HV0.1);
(c) 585AuNi (287 HV0.1). The left scratch in each image depicts increasing load, while the right scratch
depicts constant load

a considerably higher number. The surface of the
chipping exhibits a completely ductile fracture with
no signs of brittle fracture.

3.2 Corrosion Test
Corrosion was qualitatively assessed by optical
microscopy after each test. The presence of
corrosion was most visible after the first cycle
because the surface had less scratching from the
wear tests than subsequent cycles. As expected
for pure pgm alloys, both 950 platinum alloys
(Table I) showed no visible changes following
corrosion testing (Figure 10).
The alloy that demonstrated the least amount
of resistance to corrosion was the 585AuNi
containing high amounts of nickel, copper and zinc
(Figure 11). Following wear testing porosity was
exposed to the surface, suggesting that corrosion
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was further promoted by microshrinkage pores
that had been revealed. Such pores act as crevices
where a concentration of corrodents is able to
accelerate the corrosion process. This being the
case, the casting quality level may be a contributor
to reduced (or improved) wear resistance,
particularly in alloys demonstrated to have low
corrosion resistance such as the 585AuNi.
The 750AuNi and both the 585AuPd and 750AuPd
alloys did not exhibit visible corrosion after any of
the five cycles. While higher corrosion resistance
is expected with the greater noble metal content
of these alloys, the potential effects of corrosion
cannot be ruled out given their base metal content
and the limited scope of our testing. Moreover, the
corrosion testing performed was of a static nature,
omitting the potential for an erosion corrosion
dynamic that is likely present in human wear
conditions. This topic is recommended for further
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(a)

(b)

100 μm

(c)

100 μm

(d)

100 μm

(e)

100 μm

(f)

100 μm

(g)

100 μm

(h)

100 μm

testing to better understand the potential for
effects on wear resistance in gold alloys.

3.3 Wear Tests
The goal of this series of tests was quantitative
determination of mass loss and volume loss through
a combination of abrasion testing and polish
testing. The total testing time can be segregated
into abrasion time (sand + stone media) and
polish time (nutshell media). Mass loss and volume
loss were normalised with the surface area of the
sample, allowing us to compare data from samples
with a different geometry. The plotted values show
the mass loss and volume loss per surface area of
the sample. For simplicity, the terms ‘mass loss’
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Fig. 8. SEM images of chipping
on the scratches with a Rockwell
diamond tip under increasing load
(0–50 N): (a) 950PtIr; (b) 950PtRu;
(c) 750AuPd; (d) 750AuNi; (e)
585AuNi; (f) 585AuPd; (g) 585AuNi;
(h) 585AuNi. Significant amounts
of micropores are visible on the
surface (circles) of some alloys. The
gold alloys tend to micro-chipping
(arrows). This is most strongly
pronounced on 585AuPd

100 μm

and ‘volume loss’ are used for normalised values
in the text of this paper. Mass and volume loss
were plotted against abrasion and polishing time
and total wear time, respectively. The plots show
the average loss of the five samples per alloy that
were tested. This allowed for a segregation of data
for the amount of wear measured in each of the
different tests.
During the abrasion test portion of our assessment
the mass and volume losses show a non-linear
increase with increasing abrasion test time
(Figure 12) in the beginning of the tests, which
turns into a linear trend with increasing testing
time. No remarkable difference between the alloys
is observed and overall mass loss during abrasion
testing is extremely small. The 585AuPd does show
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(a)

(b)

(c)

AuPd

AuNi

AuNi

AuNi
AuNi
Pt
Pt

Fe
AuPd

500 μm

(d)

AuNi

AuPd

500 μm

(e)

500 μm

(f)

1 μm

1 μm

50 μm

Fig. 9. Backscattered electron images: (a) 950PtIr; (b) 750AuPd; (c) 585AuNi. Results of EDX analysis
acquired from the adhesive tape lift: (d) 950PtIr; (e) 750AuPd; (f) 585AuNi

1 mm

Fig. 10. Surface condition of 950PtIr after the first
corrosion test cycle

slightly higher wear compared to other alloys in
this phase of the cycle, but mass loss was only
0.00216 g, or 0.08% of original mass.
Volume loss was calculated by dividing mass
loss by density. Due to the considerably different
densities of the tested alloys three groups can be
distinguished. The platinum alloys have a density of
ca. 20 g cm–3; 750 gold alloys are at ca. 15 g cm–3;
and 585 gold alloys are at 13–14 g cm–3. While
mass loss is very similar for all alloys, the volume
loss differs more due to these distinctly different
density levels. The platinum alloys showed the
lowest volume loss, followed by the 750 gold alloys
and the 585 gold alloys. Total volume loss in the
abrasion test was very low with a maximum value
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at only 0.0005 mm³, or 0.03% of the original
volume.
For the polishing test the mass and volume loss
rate (i.e., the mass and volume loss per unit of
time) was comparable to the loss rate abrasion test.
Mass loss was demonstrated to increase linearly
with increasing polishing time. The platinum alloys
again show the lowest mass loss with total mass
loss after 244 h of combined testing at less than
half that of the 750AuPd, which showed the highest
mass loss in the group. The mass loss of the
585AuPd and the 585AuNi lies in between the two
750 gold alloys. The total mass loss after 244 h of
testing was 0.013 g for the 950PtRu (lowest value)
and 0.031 g for the 750AuPd (highest value). These
are still very small amounts equal to 0.03% for
the 950PtRu and 1.1% for the 750AuPd. However,
when we consider volume losses these differences
take on much greater significance. The volume
loss of both 950 platinum alloys is a factor of three
times lower compared to 750AuPd, and a factor of
about two times lower compared to 585AuPd and
both 750AuNi alloys.
Figure 13 shows the total mass and volume loss
after all cycles of wear testing were completed.
Since the absolute mass loss in the abrasive test
was much lower than that in the polishing test, the
abrasive test was omitted in the last two cycles of
wear testing. The result in Figure 13 is very similar
to that of Figure 14. Error bars indicate the results
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(a)

Fig. 11. (a) 585AuNi
exhibits pronounced
corrosion following
first corrosion test
cycle; (b) a pore
that was vulnerable
to capture and
retention of
corrosive media

(b)

1000 μm

2 μm

(b)
4.0
3.5
3.0
2.5

3.0

950PtRu

Volume loss per surface area,
10–4 mm3 mm–2

Mass loss per surface area, μg mm–2

(a)

950PtIr

2.5

750AuNi
585AuNi

2.0

750AuPd
585AuPd

2.0

950PtRu
950PtIr
750AuNi
585AuNi
750AuPd
585AuPd

1.5

1.5

1.0

1.0

0.5

0.5
0

2

4
6
Abrasion time, h

8

10

0

2

4
6
Abrasion time, h

8

10

Fig. 12. (a) Mass loss per surface area as a function of abrasion time; (b) volume loss per surface area as a
function of abrasion time

(b)

160
140
120
100
80

90

950PtIr
750AuNi

y = 0.49x

585AuNi
750AuPd
585AuPd

60

y = 0.33x

y = 0.23x

40
20
0

100

950PtRu

50

100
150
200
250
Abrasion + polishing time, h

Volume loss per surface area,
10–4 mm3 mm–2

Mass loss per surface area, μg mm–2

(a)

300

80
70

950PtRu
950PtIr
750AuNi

y = 0.31x

585AuNi

60

750AuPd

50

585AuPd

y = 0.23x

40
30

y = 0.11x

20
10
0

50

100
150
200
250
Abrasion + polishing time, h

300

Fig. 13. (a) Mass loss per surface area as a function of total testing time; (b) volume loss per surface area as
a function of total testing time. Error bars indicate the lowest and highest loss from each series of samples

from the samples with the lowest and highest mass
loss in one group of alloys, while the full symbols
indicate the averaged mass loss of the five samples.
The error bars confirm that the difference between
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the alloys remains significant. The mass loss curves
demonstrate a linear trend that was fitted for select
alloys. The slope indicates the mass loss per hour of
wear, i.e., the rate of wear.
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Fig. 14. (a) Mass loss per surface area as a function of polishing time; (b) volume loss per surface area as a
function of polishing time

3.4 Surface Quality
The assessment of surface quality focused on
the rounding of corners and edges, which was
qualitatively determined by stereo microscopy.
Figure 5 demonstrates the samples with the
lowest and highest volume loss, which are 950PtRu
and 750AuPd respectively. Figures 5(a) and 5(c)
were taken after completing the first two cycles
of 10 h total wear testing. After 10 h very little
difference can be detected in comparison with the
as-polished condition of the samples. The mass
loss after two cycles was only 0.0004 g, therefore
this result is expected. Figures 5(b) and 5(d)
demonstrate the sample surface after completing
seven cycles. 950PtRu displays a very well-defined
cube shape after the second cycle and only a very
slight rounding of the corners following the seventh
and final cycle. The absolute mass loss after the
complete series of testing was 0.0131 g, or 0.3%
for the 950PtRu.
All five of the 750AuPd samples displayed a lessdefined cube shape in the as-polished condition
as a result of hand polishing prior to testing. The
surface also appears somewhat uneven (Figure 5).
Nevertheless, a continuing deterioration of the
cube geometry was demonstrated through testing.
Following the second cycle edges and corners
present with increased rounding, and this condition
is even more pronounced after the seventh cycle,
indicating mass loss had occurred during testing.
Absolute mass loss for the 750AuPd after the
completion of wear testing was 0.0307 g, or 1.1%.
The surface of select samples and conditions was
captured by SEM imaging. Figure 6 depicts the
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samples with the lowest and highest volume loss
after abrasion testing (Figures 6(a) and 6(c))
as well as subsequent corrosion and polish tests
(Figures 6(b) and 6(d)). Following the abrasion
test both sample surfaces are quite rough and
exhibit deep dents and scratches. After the
polish test both samples display a levelling of
the topography of the sample. Notably, despite
its lower hardness, (or perhaps because of it)
950PtRu exhibits a smoother surface finish
compared to 750AuPd.

3.5 Mechanical Properties
Tensile testing was performed to determine whether
strength and ductility measures might play a role
in mass loss. Table III shows the average results
of tensile testing from four as-cast bars in each
alloy. The hardness values are the average values
that were measured on a set of five cube samples
of each alloy.
We did not find any significant correlation with
tensile properties or hardness and mass loss. As
other studies showed before (2), it appears that
high hardness is not an indicator for low mass or
volume loss. However, the opposite also cannot be
concluded. Rather, the situation appears to be more
complex and depends upon the mechanism of mass
loss during wear testing. The alloys exhibited very
different hardness levels with one series of samples
(585AuPd) showing a spread of more than 10%,
indicating an inhomogeneous microstructure, due
to porosity for example. Micropores were visible
on the polished coupons of the 585 gold alloys
(Figure 8).
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It has been demonstrated in platinum alloys that
the reduction of area value (ROA) is strongly reduced
by microporosity (14). If this is the case, then the
microstructure of the samples plays an important
role on wear behaviour. Micropores along scratches
will act as points of stress concentration and may
cause the chips to break free. Increased levels of
microporosity are likely to favour micro-chipping
over micro-ploughing, suggesting increased mass
loss due to metal chips. Further investigations will
be necessary to prove such a hypothesis.
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4. Conclusions
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Significant differences in mass and volume loss
between the platinum and gold alloys were
observed through a series of iterative wear tests.
The volume loss of both of the 950 platinum alloys
tested is a factor of three times lower compared
to 750AuPd, and a factor of about two times
lower compared to 585AuPd and both 750AuNi
alloys. Mass loss was found to increase linearly
with testing time. Notably, these results align with
the abundant anecdotal evidence claiming that
platinum jewellery items tend to outlast their gold
counterparts.
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understand the mechanisms behind the observed
differences in wear rates, including characterisation
of individual scratches, corrosion testing and
mechanical properties. None of these analyses
demonstrated any clear correlation with our mass
loss trends. It is hypothesised that increased levels
of microporosity promote the transition from microploughing to micro-chipping, which will result in
higher mass loss. Further testing is recommended
to better understand the role of microstructures
on wear resistance in all alloys, as well as erosion
corrosion resistance in gold alloys that contain
base metal elements.
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Johnson Matthey Highlights
A selection of recent publications by Johnson Matthey R&D staff and
collaborators

Toward Reversible and Moisture-Tolerant Aprotic
Lithium-Air Batteries
I. Temprano, T. Liu, E. Petrucco, J. H. J. Ellison,
G. Kim, E. Jónsson and C. P. Grey, Joule, 2020, 4,
(11), 2501
In this study, reversable LiOH-based lithiumoxygen battery cycling was exhibited after
introducing an ionic liquid to a DME-based
electrolyte containing water and lithium iodide.
The battery cycling operated with a low charging
overpotential via a four-electron oxygen reduction
process. By incorporating the ionic liquid, the
redox potential of the I−/I3− couple increased and
therefore the charging mechanism switched from
IO–/IO3– formation to OER.
Lithium Ion Sites and their Contribution to the
Ionic Conductivity of RLi2O-B2O3 Glasses with
R ≤ 1.85
A. Ruckman, G. Beckler, W. Guthrie, M. Jesuit,
M. Boyd, I. Slagle, R. Wilson, N. Barrow,
N. S. Tagiara, E. I. Kamitsos, S. Feller and
C. B. Bragatto, Solid State Ionics, 2021, 359,
115530
A fast quenching technique was used to prepare
high content lithium oxide glasses with no
evidence of phase separation (up to R = 1.85).
The glasses were employed to test the relationship
between the number of loose lithium ions and
the ionic conductivity. The ionic conductivity
behaviour of the sample was shown to follow
structural changes and was likely related to the
different boron species which act as lithium sites.
This conclusion was drawn from the fact that
the number of non-bridging oxygens increases
proportionally to the lithium to boron ratio when
R ≥ 0.5. The study also identified two lithium
species within the glass.
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From
Amorphous
to
Ordered:
Structural
Transformation of Pd Nanoclusters in 1-Pentyne
Hydrogenation Reactions
K.-J. Hu, P. R. Ellis, C. M. Brown, P. T. Bishop and
R. E. Palmer, J. Catal., 2021, 397, 58
This study aimed to investigate the structural
transformation of monodispersed palladium
nanoclusters using a vapour-phase 1-pentyne
hydrogenation
reaction.
Aberration-corrected
STEM was used to examine the structural
transformation of the palladium nanoclusters
at the atomic level. A distinctive structural
transformation was observed, and after the full
1-pentyne hydrogenation reaction, both Pd2057±45
and Pd923±20 amorphous clusters transformed
into highly symmetrical structures. This work
provides a new insight into the long-term stability
of commercial heterogenous catalysts.
Stepwise Collapse of a Giant Pore Metal–Organic
Framework
A. F. Sapnik, D. N. Johnstone, S. M. Collins,
G. Divitini, A. M. Bumstead, C. W. Ashling, P.
A. Chater, D. S. Keeble, T. Johnson, D. A. Keen and
T. D. Bennett, Dalton Trans., 2021, 50, (14), 5011
The properties of MOFs can be tailored through
defect engineering. In this study, defects were
encompassed via ball milling to methodically
alter the porosity of the giant pore MOF, MIL-100
(Fe). Milling was revealed to generate additional
coordinatively unsaturated metal sites through the
breaking of metal-linker bonds. This ultimately led
to amorphisation. However, even in the amorphised
material, the hierarchical local structure was
partially retained, as observed by pair distribution
function analysis. The MIL-100 (Fe) framework
was stabilised against collapse when solvents
were used, which led to a significant retention of
porosity over the non-stabilised material.
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Enantio-Complementary
Synthesis of 2-Aminobutane
Immobilized Transaminases

Continuous-Flow
Using Covalently
Static alumina
mixer

C. M. Heckmann, B. Dominguez and F. Paradisi,
ACS Sustain. Chem. Eng., 2021, 9, (11), 4122
This work studied the synthesis of 2-aminobutane,
one of the smallest chiral amines, using
transaminases. Two transaminase candidates
were identified after screening. These were a
precommercial (R)-selective transaminase from
Johnson Matthey (*RTA-X43) and an (S)-selective
transaminase from Halomonas elongata (HEwT).
The enantioselectivity of HEwT was enhanced from
45% to 99.5% enantiomeric excess. The candidates
were covalently immobilised, leading to the
synthesis of both enantiomers of 2-aminobutane
on a multigram scale. The E-factors, including
immobilisation and waste generated through
enzyme expression, were 48 for the synthesis of
(S)-2-aminobutane and 55 for the synthesis of
(R)‑2-aminobutane. The atom economy of the
process was 56%.
Multiscale Modeling and Analysis of Pressure Drop
Contributions in Catalytic Filters
M. Leskovjan, J. Němec, M. Plachá, P. Kočí, M. Isoz,
M. Svoboda, V. Novák, E. Price and D. Thompsett,
Ind. Eng. Chem. Res., 2021, 60, (18), 6512
A multiscale modelling methodology was used for
the prediction of filter pressure loss, dependent on
the microscopic structure of the wall (i.e. catalytic
coating) and the monolith channel geometry.
The process was based on a mixture of a 1D+1D
model of the filter channels and a 3D pore-scale
model of flow through the wall, reconstructed
from XRT. Several experiments were performed
on SiC filter and cordierite samples with varying
catalyst distributions and pore sizes. To determine
individual pressure drop contributions (inlet and
outlet, wall and channel), investigations were
completed at different filter lengths and gas flow
rates. The predicted pressure drop agreed well with
the experiments and displayed the strong impact of
the coating location.
Use of 3D-Printed Mixers in Laboratory Reactor
Design for Modelling of Heterogeneous Catalytic
Converters
M. Walander, A. Nygren, J. Sjöblom, E. Johansson,
D. Creaser, J. Edvardsson, S. Tamm and B. Lundberg,
Chem. Eng. Process. Process Intensif., 2021, 164,
108325
This study presents a new method for identifying
radial concentration maldistribution in synthetic
catalyst activity test (SCAT) benches. A static mixer
of the authors’ design was 3D printed and inserted
upstream the test sample (Figure 1). The mixer
resolved a radial concentration maldistribution. A
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Fig. 1. Reprinted from M. Walander et al., Chem.
Eng. Process. Process Intensif., 2021, 164,
108325, Copyright (2021), with permission from
Elsevier

3D CFD model and classical Aris-Taylor calculations
were used to compare the axial dispersion of a
remixed SCAT bench and an injection-based SCAT
bench. In terms of pulse broadening and time delay,
the premixed design was inferior to the injectionbased design with the use of a static mixer.
Application of Hydrodynamic Lubrication in Discrete
Element Method (DEM) Simulations of Wet Bead
Milling Chambers
R. Cabiscol, T. Jansen, M. Marigo and C. Ness,
Powder Technol., 2021, 384, 542
The authors present a DEM simulation for a
laboratory scale mill, which includes pairwise
hydrodynamic lubrication in addition to frictional
forces. A systematic model calibration against the
laboratory mill at variable operation conditions
(such as feed viscosities and rotation speeds)
was exhibited. Further investigation into the local
distribution of collisions along the mill chamber
and the differences in energy dissipation modes
showed that the majority of energy dissipation was
attributed to interparticle forces acting tangentially.
Conversely, highly energetic collisions that are
reliant on interbed mobility and free flows were
relatively unimportant.
Transport Studies of NaPF6 Carbonate SolventsBased Sodium Ion Electrolytes
D. Morales, L. G. Chagas, D. Paterno, S. Greenbaum,
S. Passerini and S. Suarez, Electrochim. Acta, 2021,
377, 138062
The bulk and local transport properties of 1 M NaPF6
in binary and ternary solvents, along with their
2 wt% FEC modulated versions, was investigated.
1
H, 19F and 23Na NMR spin-lattice relaxation time
(T1) was determined along with chemical shift,
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linewidth, viscosity, density and ionic conductivity.
The Walden products of ionic conductivity
and viscosity demonstrated a dependence on
temperature, and the prevalence of lower Walden
products suggested less salt dissociation in the
5EC:3PC:2DEC and 5EC:3PC:2DEC + 2 wt%
electrolytes. The incorporation of FEC allowed for
greater local dynamics for the individual solvents
in the less polar electrolyte. However, it seemed to
hinder that of the ions.
Elucidation of Copper Environment in a Cu–Cr–Fe
Oxide Catalyst Through in situ High-Resolution
XANES Investigation
T. Lais, L. Lukashuk, L. van de Water, T. I. Hyde,
M. Aramini and G. Sankar, Phys. Chem. Chem.
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Phys., 2021, 23, (10), 5888
To determine the local site symmetry of copper
ions during the thermal treatment of a Cu-Cr-Fe
oxide catalyst, this study used a copper K-edge
high resolution XANES. To determine the local
environment of Cu2+ ions, spectral features of the
copper K-edge high resolution XANES, such as
the correlation between its position and the area
under the pre-edge peak, were exploited. Results
from the study highlighted that the Cu2+ ions in the
Cu-Cr-Fe oxide system were present in a distorted
octahedral environment. On the other hand, the
Cu2+ ions were not present in a reduced oxidation
state, in a tetrahedral or square planar geometry or
a mixture of these sites.
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“Palladium Assisted Synthesis of Heterocycles”
By Navjeet Kaur (Banasthali University, Rajastan, India), Taylor & Francis Group
LLC, Boca Raton, USA, 2019, 444 pages, ISBN: 978-0-815-37425-1, £180.00,
US$240.00

Reviewed by Fedor Romanov
Michailidis

Janssen Pharmaceutica NV, Turnhoutseweg 30,
B-2340 Beerse, Belgium
Email: fedorromanov87@gmail.com

1. Introduction
The title of the book is “Palladium Assisted
Synthesis of Heterocycles”. The book covers
literature extensively for the last two decades
of research in the field of palladium-catalysed
synthetic methodologies for accessing heterocycles
of various nature and size. The book is written
by Navjeet Kaur, an Assistant Professor in the
Department of Chemistry at Banasthali University,
India, whose research focuses on the synthesis of
1,4-benzodiazepine-based heterocyclic compounds
which find widespread use in organic synthetic and
medicinal chemistries.
In recent decades, numerous reports aimed at
synthesising N–, O–, and S–containing heterocyclic
compounds have appeared in scientific literature
owing to their wide variety of biological activity.
Indeed, heterocyclic compounds are prevalent
in many natural products and pharmaceutically
active compounds. Therefore, the development of
newer approaches that employ efficient and atomeconomical routes is an area of active research.
Metal-catalysed
syntheses
of
heterocyclic
compounds are established and rewarding methods
in organic synthesis. Palladium is one of the most
commonly used transition metals in catalysis
as it enables a wide number of versatile organic
transformations, including reactions that form
valuable C–C, C–O, C–N and C–S bonds. Palladium
tolerates many functional groups and thus
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circumvents a lot of protecting group chemistry.
Moreover, most palladium-based transformations
proceeded in high yields and with exquisite stereoand regioselectivity. These advantages have led to
a significant growth in organopalladium chemistry
over the last two decades, making palladium
catalysts extremely active and reliable reagents for
the syntheses of heterocycles.

2. Saturated Nitrogen Heterocycles
To highlight the importance of the topics discussed
in the book, I will focus my review on the syntheses
of saturated nitrogen heterocycles of various ring
sizes. For many decades, saturated N-heterocycles
were utilised as medicinal compounds, and they are
key structural components of various therapeutic
drugs, such as captopril (hypertension), morphine
(analgesic) and vincristine (cancer chemotherapy).
The book is exhaustive and very detailed, so
instead of reviewing it chapter-by-chapter, I have
grouped my comments by subject matter. In what
follows, the discussion will focus on the syntheses
of some of the most medicinally relevant saturated
nitrogen heterocycles, grouped by their respective
ring sizes: (a) five-membered heterocycles, (b) sixmembered heterocycles, and (c) seven-membered
heterocycles.

2.1 Five-Membered Saturated
Nitrogen Heterocycles
Five-membered saturated nitrogenous heterocycles
such as pyrrolidines are present in numerous
biologically active compounds. Therefore, synthetic
chemists are continuously interested in preparing
and functionalising these heterocyclic compounds.
Saturated five-membered N–heterocycles are
significant not only for the preparation of pigments,
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drugs and pharmaceuticals, but also for the
development of organic functional materials.
Palladium-catalysed carboamination of alkenes
has become a useful and reliable method for the
synthesis of a broad array of saturated nitrogen
heterocycles (1). For example, N-acyl-protected
pyrrolidines are synthesised stereoselectively from
γ-(N-acylamino)alkenes by reacting them with aryl
bromides under palladium catalysis. Moreover, the
reaction occurs with high levels of enantioselectivity
when the chiral ligand (S)-NMDPP is employed
(Scheme I, Equation (i)) (2–4).
In 2004, Wolfe and coworkers reported a palladiumcatalysed coupling of γ-aminoalkenes with aryl
bromides to yield 2-benzylpyrrolidines (Scheme I,
Equation (ii)) (5). In addition to pyrrolidines
being an interesting class of medicinally-relevant
compounds (6), this carboamination method was
demonstrated to involve a novel, intramolecular
syn-aminopalladation step (3, 4).
In a related reaction, carboamination of
aminoolefins with 4-bromoanisole proceeds with
high diastereoselectivity leading to formation
of valuable 2,5-cis-disubstituted pyrrolidines
(Scheme I, Equation (iii)) (3, 4).

2.2 Six-Membered Saturated
Nitrogen Heterocycles
Six-membered
heterocyclic
compounds
are
widely abundant in pharmaceutical actives.
Drugs containing saturated heterocycles such as
substituted piperidines possess a wide range of

H
N

Ac

1 mol% Pd2dba3
2 mol% (S)-NMDPP

Br

+

C6H4p-CN

36–79% yield

Br

+

Ac
N

NaOt-Bu, Toluene
105°C, 6–24 h

(1.1 equiv.)

H
N

pharmacological activities. For example, they are
utilised to modulate angina pectoris, hypertension,
diabetes, act as Ca2+ channel blockers, antitumour
agents, and possess hepatoprotective properties.
In addition, piperidine derivatives are frequently
used as organocatalysts and organic bases in
organic synthesis. In this section, the discussion
will focus on applications of palladium catalysts to
form substituted piperidines.
Larock, Weinreb and coworkers reported the
synthesis of vinyl piperidines from N-tosyl
aminoolefins and vinyl halides in the presence of
a palladium catalyst (7). Nucleophilic attack of the
allylpalladium intermediate affords N-sulfonamide–
protected vinyl piperidines (Scheme II, Equation
(iv)). These compounds could be used as building
blocks and incorporated into lead molecules.
Fluorinative cyclisation of aminoalkenes was
carried out with palladium catalysis. Liu et al.
reported an oxidative fluorocyclisation protocol
of alkenes with a palladium catalyst (8, 9). As a
result, various fluorinated piperidine derivatives are
formed with high regioselectivity. Mechanistically,
the reaction is very interesting and involves: (a)
trans-aminopalladation of the alkene; (b) oxidation
of the C(sp3)–palladium(II) intermediate to C(sp3)–
palladium(IV); and (c) reductive elimination of
C(sp3)–palladium(IV) intermediate. The final C–F
bond is formed by reductive elimination following
oxidative fluorination of the C–Pd bond by a
combination of inorganic fluoride salt and oxidant
(Scheme II, Equation (v)). Therefore, both the
hypervalent iodine reagent and silver(I) fluoride

up to 96% e.r.
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2 mol% dppb
NaOt-Bu, Toluene
60°C, 6–24 h

t-Bu
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C6H4p-CN
N

(ii)

t-Bu

78% yield
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+
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1 mol% Pd2dba3
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MeO

PMP
N
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(iii)

72% yield

Scheme I. Synthesis of substituted pyrrolidines
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Scheme II. Synthesis of substituted piperidines

are crucial for this transformation. Interestingly,
the fluoropiperidine product is not observed
when an N-aryl acrylamide is reacted under the
AgF/ PhI(OPiv)2 catalytic system. Instead, C–H
bond activation of the solvent (acetonitrile) is seen,
silver(I) fluoride acting as both a Lewis acid and a
Brønsted base (10).
Michael et al. reported a hydroamination reaction
of tethered aminoolefin substrates to access
substituted piperidines (11). For example, an
aminoolefin is converted to a methyl-substituted
piperidine in the presence of a tridentate-ligated
palladium catalyst and silver tetrafluoroborate
(Scheme III, Equation (vi)). Presumably, this
reaction proceeds through a nucleophilic attack
of the amine on the palladium-activated olefin.
The piperidine product is then released by
protodemetalation.

H
N

Next, the synthesis of piperidines via palladiumcatalysed carboamination was carried out to: (a)
examine and identify suitable reaction conditions for
the transformation by screening various ligands on
palladium; and (b) examine the diastereoselectivity
of reactions that provide disubstituted piperidines
(Scheme III, Equation (vii)) (11). Gratifyingly,
the palladium-catalysed carboamination turned out
to be successful when preparing 2,6-disubstituted
piperidines. However, in most cases, only modest
yields are obtained due to competing side reactions
(Scheme III, Equation (viii)) (12).

2.3 Seven-Membered Saturated
Nitrogen Heterocycles
Seven-membered heterocyclic compounds are
important structural components found in numerous

5 mol% Pd catalyst
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76% yield
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24% yield

Scheme III. More syntheses of substituted piperidines
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medicinal compounds. Because of their importance
in pharmaceutical chemistry, seven-membered
nitrogen-containing heterocycles are important
molecules to consider. They are inherently
non‑aromatic and, therefore, embody useful nonflat scaffolds for drug discovery. For these reasons,
many seven-membered nitrogen heterocycles are
referred to as ‘privileged scaffolds’ in medicinal
chemistry. In particular, azepanes and benzazepines
have attracted much of chemists’ attention and
their preparation is a topic of extensive studies.
However, seven-membered nitrogen heterocycles
are relatively underexplored in medicinal chemistry,
in particular when compared to their four-, fiveand six-membered congeners. For example, it
has been reported that among all US Food and
Drug Administration (FDA) approved drugs only
33 of them possess seven- or eight-membered
N–heterocycles. In contrast, the number of drugs
which contain five- or six-membered rings are
250 and 379, respectively (13). The main reason
for this is the scarcity of general and convenient
synthetic protocols for the preparation of sevenmembered nitrogen heterocycles. Most of the
methods that have been developed for the
construction of N– heterocycles lead mostly to fiveor six-membered ring systems, while the synthesis
of seven-membered and larger heterocyclic
compounds still lags behind. Nevertheless, some
efficient ring-forming protocols have been tailored
for the construction of seven-membered rings. Many
of these protocols are based on palladium-catalysed
reactions.
For example, Nakamura and coworkers disclosed
that an exo-methylene azepane derivative
is formed in 84% yield by an intramolecular
palladium-catalysed hydroamination of an aminotethered methylenecyclopropane (Scheme IV,
Equation (ix)) (14). Here, the key allylpalladium

H
N

Br

Me

3. Conclusions
In summary, the book “Palladium Assisted
Synthesis of Heterocycles” presents a thorough
compilation
of
modern
palladium-catalysed
synthetic methodologies aimed at accessing
heterocycles of various nature and size. It is
well-structured and written and covers literature
extensively for the last two decades of research

5 mol% Pd(PPh3)4
Bn

DME, rt
84% yield

H
N

intermediate is produced via distal bond cleavage
of the cyclopropane ring. Reductive elimination then
furnishes the observed azepane derivative (15).
Buchwald et al. developed a palladium-catalysed C–N
coupling reaction between aryl halides and amines.
This reaction was extended to an intramolecular
version which affords interesting benzazepine
derivatives (Scheme IV, Equation (x)) (16).
Seven-membered ring-annulated indoles were
also synthesised through palladium catalysis
(17, 18). Lautens et al. reported a highly modular
one‑pot tandem reaction involving direct arylation
of indoles (19). Interesting fused tricyclic
indole derivatives were synthesised by reacting
(bromoalkyl)indoles with phenyl iodide in the
presence of a palladium catalyst and norbornene
(Scheme V, Equation (xi)) (20–22). Importantly,
different substituents such as amine, ester, OMe,
Me, Cl, or NO2 are tolerated under the reaction
conditions without affecting its yield. However,
only 38% yield was observed when a N-methyl
tosyl substituent is present at the meta position
of phenyl iodide, presumably due to unfavourable
steric interactions.
Stewart and coworkers synthesised a sevenmembered benzazepine derivative with an exocyclic
double bond by cyclising an allylamine-tethered aryl
iodide through a palladium-catalysed 8-endo‑trig
process (Scheme V, Equation (xii)) (23).

N

(ix)
Bn

10 mol% Pd(PPh3)4
Base, rt
68% yield

N
Me

(x)

Scheme IV. Synthesis of substituted azepanes and benzoazepanes
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Me
N

Br

+

I

2 mol% Pd(OAc)2
8 mol% P(2-Fur)3
CS2CO3, Norbornene
MeCN, 90°C
Sealed tube, 16 h

Me
(xi)
N

79% yield
COCF3
N
I

Pd(OAc)2, (n-Pr)4
PPh3, KOAc

N COCF3

(xii)

DMF, 80°C
73% yield

Scheme V. More syntheses of seven-membered nitrogen heterocycles

in the field. The book is highly recommended
to all medicinal chemists who are interested in
incorporating heterocycles into their lead molecules
and are looking for a concise synthetic approach to
making them. It is also recommended to all process
chemists who are developing expedient and reliable
methods aimed at accessing heterocyclic molecules.
From my personal perspective, the book is clearly
written, concise and easy to read. It might be a little
too detailed and monotonous for the unprepared
reader, but the information presented inside is well
structured and the table of contents allows facile
navigation through the text in order to find the
specific information suited for each reader.
"Palladium
Assisted
Synthesis of
Heterocycles"
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Erratum: Sustainable Aviation Fuels
Status, challenges and prospects of drop-in liquid fuels, hydrogen and
electrification in aviation
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It has come to our attention that there was an
error with the global average price paid at the
refinery for aviation jet fuel in a recent article
published in Johnson Matthey Technology
Review (1).
The correct price should be US$600 per tonne.
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