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Hydrometallurgical Treatment of an Eudialyte
Concentrate for Preparation of Rare Earth
Carbonate
REE recovery yields of up to 85.5% achieved

Yiqian Ma, Srecko Stopic*, Bernd
Friedrich
Institute of Process Metallurgy and Metal
Recycling (IME), RWTH Aachen University,
Intzestrasse 3, 52056 Aachen, Germany
*Email: sstopic@ime-aachen.de

This study was a small part of the EURARE project
concerned with the processing of eudialyte
concentrates from Greenland and Norra Kärr,
Sweden. Eudialyte is a potential rare earth
elements (REE) primary resource due to its good
solubility in acid, low radioactivity and relatively
high REE content. The main challenge is avoiding
the formation of silica gel, which is non-filterable
when using acid to extract REE. Some methods
have been studied to address this issue and,
based on previous research, this paper examined a
complete hydrometallurgical treatment of eudialyte
concentrate to the production of REE carbonate as a
preliminary product. Dry digestion with concentrated
hydrochloric acid (10 M) and subsequent water
leaching of the treated eudialyte concentrate
resulted in high REE extraction while avoiding gel
formation. Experiments were performed at a small
scale to obtain the optimal parameters. After the
first two stages, 88.8% REE was leached under the
optimal conditions (HCl:concentrate ratio 1.25:1,
digestion time 40 min, water:concentrate ratio
2:1, leaching temperature 20–25°C and leaching
time 30 min). After obtaining the pregnant leach
solution, preliminary removal of impurities by a
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precipitation method was examined as well. When
adjusting the pH to ~4.0 using calcium carbonate,
zirconium, aluminium and iron were removed at
99.1%, 90.0% and 53.1%, respectively, with a
REE loss of 2.1%. Finally, a pilot plant test was
performed to demonstrate the feasibility and
recovery performance under optimal parameters.
The material balance in the upscaling test was
also calculated to offer some references for future
industrial application. A REE carbonate containing
30.0% total REE was finally produced, with an
overall REE recovery yield of 85.5%.

1. Introduction
Rare earth elements (REE) are known as ‘industrial
vitamins’. They are vital components in the fields
of metallurgy, military, petrochemical, glass,
ceramics, agriculture and new materials science
(1–2). The main REE sources in nature contain
the minerals bastnasite, monazite, loparite and
xenotime as well as ion-absorption clays. A set
of mature technologies for REE extraction from
these minerals have been developed in recent
decades (3–8). However, some countries do not
possess enough high-grade deposits and have
to import or search for alternatives (9). For
example, the EURARE project has recently studied
the exploitation of promising REE resources in
Europe (10). Eudialyte, as an unconventional REE
resource, is one of the most potentially economic
raw materials for REE production because of the
large amounts of these deposits, low radioactivity
and high chemical activity (11–13).
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Eudialyte is the most prominent index mineral
for agpaitic rocks, but the crystal chemistry has
great variation (14–18). The accepted formula
of eudialyte group minerals in academia is
N 15[M(1)] 6[M(2)] 3[M(3)][M(4)]Z 3[Si 24O 72]O’ 4X 2
with N = Na, Ca, K, Sr, REE, Ba, Mn, H3O+; M(1) =
Ca, Mn, REE, Na, Sr, Fe; M(2) = Fe, Mn, Na, Zr, Ta,
Ti, K, Ba, H3O+; M(3, 4) = Si, Nb, Ti, W, Na; Z = Zr,
Ti, Nb; O’ = O, OH, H2O; X = H2O, Cl, F, OH, CO32–,
SO42–, SiO44– (14). Many eudialyte mineral deposits
have been reported around the world, which include
the Lovozero deposit in Russia, Ilímaussaq complex
in South Greenland, Mont Saint-Hilaire deposit in
Canada, Norra Kärr alkaline complex in Sweden,
Paschim Banga nepheline complex in India and
Pajarito deposit in New Mexico (19–24). The REE
content in these deposits is 1–3%, including a high
heavy REE (HREE) proportion, at a little over 50%
(15). Owing to its great compositional variability
and sensitivity to hydrothermal re-equilibration,
some portion of eudialyte is altered, forming a suite
of secondary minerals, including catapleiite (Na‑Zr
silicate), aegirine, pectolite, analcime, alkalifeldspar, nacareniobsite-(Ce) (REE-Nb silicate) and
britholite (Ca-REE-silicates) (25). For example, the
Kringlerne eudialyte concentrate contains britholite
along with catapleiite.
To date, research on REE extraction from eudialyte
has been mainly confined to laboratory studies
and hydrometallurgical treatments, especially acid
decomposition which has been extensively studied.
Despite being easily dissolved by acids, the main
challenge with this processing has been how to
avoid silica gel formation, which is a gelatinous
and non-filterable phase (26–29). Lebedev et al.
have studied a two-stage decomposition process
for REE recovery. High temperature leaching with
concentrated sulfuric acid (H2SO4) was used to
decompose the eudialyte. Then, following washing
of the slurry with sodium sulfate solution, the REE
remained in the insoluble residue as double sulfate
salts. The residue was then washed again and REE
recovered after converting the sulfates into nitrates
or chlorides. However, a large excess of acid was
required here to prevent silica gel formation (27).
Another idea for avoiding gel formation is the
introduction of sodium fluoride, because fluoride
ions (F–) can promote the coagulation of silica acid
in solution such that silica content in the pregnant
would be lower and the slurry thus filterable (30).
F– can promote eudialyte decomposition, but it is
also toxic.
Recently, Davris et al. have reported that a
digestion treatment at 100°C (called a ’fuming’
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process) successfully prevents silica gel formation.
REE are transferred to solution in the subsequent
leaching process with water. However, the
high temperature makes the processing more
complicated and increases the extraction cost
(31). Furthermore, Vossenkaul et al. have studied
hydrometallurgical processing of eudialyte bearing
concentrates to recover REE via a low temperature
dry digestion. Highly concentrated acids without
external heating are used in this dry digestion,
which also avoids silica gel formation. The pasty
material is subsequently water leached, achieving
high REE recoveries (29).
Both strategies above favoured hydrochloric
acid (HCl) over H2SO4 in REE recoveries. The
low temperature digestion studied by Vossenkaul
mainly focuses on the mechanism of suppressing
silica gel formation. HCl at 10 M has been found to
be a good choice, resulting in high REE extraction
and preventing gel formation. Furthermore, some
parameters have been studied in our group using
experimental design and neural network modelling
(32), but a complete processing treatment to yield
a REE carbonate product has not been available.
Also, more information regarding the pilot scale
test needed to be determined, such as the
structural materials of the reactors and material
balance, and some unfavourable phenomena
during the test need to be taken into account. In
view of these conditions, this paper focuses on
describing the whole process. Further optimisation
and an upscaling test were performed to verify
the process feasibility and observe REE behaviour.
Finally, another aim of this study was to produce a
REE carbonate for further treatment.

2. Materials and Methods
In this study a eudialyte concentrate from
TANBREEZ ore was the raw material. TANBREEZ
ore was exploited on southern Greenland, with the
name TANBREEZ being an acronym of tantalum
(Ta), niobium (Nb), REE and zirconium oxide (Z).
After mining, the ore was sent for crushing and
beneficiation, in which eudialyte concentrate was
separated through a partly magnetic selection. The
chemical composition and particle distribution of the
eudialyte concentrate used in laboratory conditions
are shown in Table I and Figures 1 and 2.
ALS Metallurgy (Australia) conducted the
compositional analysis, using X-ray fluorescence
(XRF) analysis and REE analysed in solution after
dissolution. The solution elements were measured
by inductively coupled plasma mass spectrometry
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Table I Chemical Composition of Eudialyte Concentrate from TANBREEZ Ore
Elements

Si

Al

Fe

Ca

Na

K

Mg

Ti

Mn

Nb

Zr

TREEa

wt%

23.10

3.20

6.04

5.70

9.86

0.80

0.02

0.21

0.30

0.06

6.46

1.60

a

TREE: total rare earth elements

Yb
2.15%

Sm
2.65%

Pr
3.75%

Y
17.16%

Nd
13.03%

Lu
0.30%

%

Tm
Tb 0.36%
0.48%

Ho
0.73%

Ce
32.72%
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0.24%
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00
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Fig. 2. Particle size distribution of the eudialyte
concentrate

Fig. 1. Distribution of REE in eudialyte concentrate

(ICP-MS).
The
mineral
composition
and
microstructure were determined by quantitative
evaluation of materials by scanning electron
microscopy (QEMSCAN).
The mineral distribution in the eudialyte
concentrate illustrated by false colour imaging is
shown in Figure 3 and the phase quantification
is summarised in Figure 4. Eudialyte accounted
for 67.05% of material in the eudialyte concentrate

and the concentrate contained some other silicate
minerals, such as arfvedsonite, nepheline and
feldspar.

3. Research Procedure
3.1 Experimental Procedure in
Laboratory
The flowchart for the treatment of eudialyte
concentrate is shown in Figure 5. The mass of

(a)

(b)
Mineral

1000 µm

Eudialyte
Other REE minerals
Quartz
Eudialyte leach residue
K-Fsp
Plaioclase
Sodalite
Nepheline
Calcite
Parakeldyshite
Arfvedsonite/rieberckite
Amp minerals
Pyx minerals
Altered eudialyte
Other minerals
Others

Fig. 3. QEMSCAN analysis of eudialyte concentrate: (a) false colour image after evaluation (K-Fsp: orthoclase
and microcline); (b) initial BSE-image

4

© 2019 Johnson Matthey

Johnson Matthey Technol. Rev., 2019, 63, (1)

https://doi.org/10.1595/205651318X15270000571362

1.61%

4.35%

2.13%

3.33%
Eudialyte

6.10%

Arfvedsonite/rieberckite
Nepheline

7.05%

Feldspar
Sodalite
K-Fsp

8.38%

Other minerals
67.05%

Others

Fig. 4. Mineral distribution in eudialyte concentrate

Eudialyte concentrate

Stage I

HCl

Acid digestion

Treated concentrate

Water

Leaching

Water

Stage II
Filtration

REE enriched Solution I

CaCO3

Filter cake

Washing

Washing solution

Solid residue I

Impurity Precipitation

Stage III
Filtration

Solid residue II

REE enriched Solution II

Fig. 5. Proposed flowchart of treatment for REE extraction from eudialyte concentrate
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eudialyte concentrate used in each small-scale
experiment was 500 g. The first step was the
mixing of the eudialyte concentrate with 10 M
HCl (dry digestion) to decompose the concentrate
and form metal chloride salts and a silica
precipitate, thus avoiding silica gel formation.
The setup for the digestion process is shown in
Figure 6. The reactions can be expressed as per
Equations (i)–(vi):
Na16Ca6Fe2Zr3Si26O73Cl2 (eudialyte)
+ 42HCl + 31H2O → 14NaCl + 6CaCl2
+ 2FeCl2 + 3ZrCl4 + 26Si(OH)4+ 2NaCl

(i)

Na2(Fe2+3Fe3+2)Si8O22(OH)2 (arfvedsonite)
+ 14HCl + 8H2O → 2NaCl + 8Si(OH)4
+ 2FeCl3 + 3FeCl2

(ii)

NaAlSi3O8 (feldspar) + 4HCl + 4H2O
→ NaCl + 3Si(OH)4+ AlCl3

(iii)

NaAlSiO4 (nepheline) + 4HCl → NaCl
+ Si(OH)4 + AlCl3

(iv)

Na8(Al6Si6O24)Cl2 (sodalite) + 24HCl
→ 8NaCl + 6Si(OH)4+ 6AlCl3

(v)

Si(OH)4(aq) → SiO2(s) + 2H2O(l)

(vi)

After dry digestion, an injection of water led to
further leaching of REE. The extraction efficiency
was increased by washing the filter cake after
filtration, thus obtaining a leaching solution and solid

Fig. 6. Setup for dry digestion in laboratory
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residue. At this point, Stages I and II in Figure 5
were complete. In Stage III, some common
impurities, such as Fe, Al and Zr, were removed
by adding CaCO3 to neutralise the pregnant leach
solution. High removal efficiency and low REE loss
was achieved by controlling the pH. After filtration,
a REE enriched Solution II was obtained.

3.2 Upscaling Test
Results from laboratory procedures were validated
at one demonstration plant (Figure 7) at the IME,
RWTH Aachen and a test under the determined
optimal process parameters could also provide data
references for industrial applications. It should be
noted that only one filtration with a filter press
was applied after the neutralisation process in the
test, such that the solid residues I and II shown in
Figure 5 were combined.
Two glass reactors (40 l each) were used for the dry
digestion process (Figure 8). These reactors were
of borosilicate glass, which has a high corrosion
resistance, a smooth and nonporous surface and
poses no environmental risk. Each reactor was
equipped with a stirrer with an acceleration torque
of up to 330 N m and made of either polyvinylidene
fluoride or polypropylene, both of which possessed
high chemical and abrasion resistance; the speed
of the stirrer was adjustable via a control knob.
The equipment (Figure 9) used after dry digestion

Fig. 7. Demonstration pilot plant at the IME
Process Metallurgy and Metal Recycling, RWTH
Aachen, Germany

© 2019 Johnson Matthey
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4. Results and Discussion
4.1 Results in Laboratory Conditions

Filter cake

Fig. 8. Dry digestion reactors and filter press at the
pilot plant

In Stages I and II, four factors were
investigated, including the HCl:concentrate ratio,
water:concentrate ratio, leaching temperature
and dry digestion time. Previous research had
demonstrated that leaching time was not a key
factor (32) and it was easily studied in pilot plant
tests by taking continuous samples. As a result,
the laboratory leaching time was maintained
at 1 h. It should be noted that the quantity of
HCl used and leaching temperature represented
the main process costs. The excess acid also
required a more basic agent for neutralisation
when recovering REE from the leaching solution.
The chosen parameters were proposed from
experience as well as previous experimental work
at the EURARE project.

4.1.1 Effect of HCl:Concentrate Ratio
on REE Extraction
The effect of the acid amount was evaluated by
varying the acid:concentrate ratio (l:kg) from 1:1
to 1.5:1 (Figure 10) and it was observed that REE
extraction efficiency increased as acid increased.
However, for ratios from 1.25:1 to 1.5:1, no
significant increase in REE extraction was found.
Taking into account that the acid represented one
of the main costs in this process, the optimal ratio
of acid:concentrate was set at 1.25:1.

100

Fig. 9. Sketch of equipment for leaching,
neutralisation and filtration at the pilot plant
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88.8

91.2

1.25:1

1.5:1

80
REE extraction, %

processing included a leaching unit (2 × 100 l),
neutralisation unit (3 × 10 l and 1 × 8.5 l), stirred
collecting tank (250 l) and separation unit (filter
press). After leaching and neutralisation, the slurry
was collected into the large stirred collecting tank
(250 l) and the small filter press (MFP 300, Andritz
Separation, Andritz AG, Austria) used to achieve
solid-liquid separation. The filter press had four
300 × 300 mm chambers, the operating pressure
reached 6 bar, the maximum capacity was ~6 kg
wet filter cake and the pH of the slurry was required
to be ≥3.0 (Figure 8).

83.1

60

40

20

0

1:1

HCl:concentrate, l:kg

Fig. 10. Effect of HCl:concentrate (l:kg) ratio on
REE extraction
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4.1.2 Effect of Dry Digestion Time on
REE Extraction

4.1.3 Effect of Water:Concentrate
Ratio on REE Extraction
After acid digestion under the optimal conditions,
the effect of water:concentrate ratio during
leaching was determined. Addition of more water
resulted in a higher liquid:solid ratio and the
extraction efficiency increased correspondingly.
The extraction efficiency thus increased with
increased water:concentrate ratio (Figure 12).
Considering the volume of the resulting slurry, a
water:concentrate ratio (l:kg) of 2:1 was chosen
as the optimal ratio and was applied in the
upscaling test.

82.2

40

0

1:1
2:1
3:1
Water:concentrate, l:kg

Fig. 12. Effect of water:concentrate ratio on REE
extraction

4.1.4 Effect of Leaching Temperature
on REE Extraction
The experimental results of this examination
suggested that the leaching temperature did not
affect REE extraction, as it was mainly a process
of salt dissolution, transferring target elements
to solution. The results indicated that it was not
necessary to conduct leaching at high temperature
and thus, room temperature leaching was deemed
reasonable (Figure 13).

90.0

90.5

30
40
50 60
70
Leaching temperature, °C

80

88.8

88.9
80

60

40

60

40

20

20

10

20

30
40
50
Dry digestion time, min

60

Fig. 11. Effect of dry digestion time on REE
extraction
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60

20

REE extraction, %

REE extraction, %

80

88.8

89.6

80.0

80

100

100

0

88.8

REE extraction, %

The effect of digestion time on REE extraction was
tested using an acid:concentrate ratio of 1.25:1.
The treated concentrate was subsequently leached
at room temperature and a water:concentrate
ratio of 2:1 for 1 h. The digestion process was
performed without external heating, but the
reaction temperature reached 70–80°C because
of exothermic effects. Also, highly concentrated
acid could have enhanced the reaction. Thus, the
extraction efficiency reached a high level in a short
time, increasing from 82.2% to 88.8% when the
digestion time increased from 20 min to 40 min,
with no further increase noted with longer times
(Figure 11). Therefore, 40 min was considered
sufficient time for the digestion process.

100

70

0

10

20

90

Fig. 13. Effect of leaching temperature on REE
extraction
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4.1.5 Results of Impurity Removal
by Neutralisation

Zr4+ + 4OH– → Zr(OH)4↓

(vii)

Fe3+ + 3OH– → Fe(OH)3↓

(viii)

Al3+ + 3OH– → Al(OH)3↓

(ix)

The effects of pH on Zr, Al and Fe removal and REE
loss showed that, the higher the pH, the more Zr,
Al and Fe precipitated (Figure 14). When the pH
was adjusted to ~4.0, Zr, Al and Fe were removed
at 99.1%, 90.0% and 53.1%, respectively and
REE loss was 2.1%. Further CaCO3 addition did not
clearly promote impurity removal but caused more
REE loss. Thus, the optimal pH for this step was
set at ~4.0. After neutralisation and filtration, the
final REE enriched solution was obtained for further
purification.

4.2 Pilot Scale Results
An upscaling test containing 36 kg of eudialyte
concentrate was carried out using the optimal
parameters from the small-scale laboratory
experiments. There were two reactors (40 l each)
for the dry digestion process at the demonstration
plant. Considering that the slurry was thick
after mixing the acid and eudialyte concentrate,

80
60

100
Zr
Fe
Al
TREE

80
60

40

40

20

20

0

1

2

pH

3

4

REE loss, %

The composition of REE enriched Solution I
showed that silica dissolution was very low and,
in the meantime, some common impurities were
leached by the acid along with the REE (Table II).
In addition, this low pH slurry was not suitable
for the filter press in the demonstration plant.
Therefore, CaCO3 neutralisation was studied for
preliminary Fe, Al and Zr removal according to
Equations (vii)–(ix):

Impurity removal, %

100

0
5

Fig. 14. Effect of pH on impurity removal and
REE loss

the handling capacity was controlled at 6 kg of
concentrate at a time per reactor and repeated
three times every day; the parameters are shown
in Table III. There were some unfavourable
results in cases of improper operations during the
Table III P
 arameters for Pilot Scale
Processing of TANBREEZ
Concentrate
Parameter

Unit

Value

Dry digestion temperature

°C

70–80

Digestion time

min

40

Addition of eudialyte
concentrate

kg

6 per reactor

Addition of HCl (10 M)

l

7.5 per reactor

Leaching temperature

°C

20–25

Leaching time

min

30

Addition of water in fuming
reactor

l

12 per reactor

CaCO3

kg

7.6

Table II C
 hemical Composition of Rare Earth Element Enriched Solution I
Element

Concentration
–1

Element

Concentration

Al

5.58 g l

Ce

976 mg l–1

Ca

7.29 g l–1

Pr

108 mg l–1

Fe

–1

4.31 g l

Nd

382 mg l–1

Mn

569 mg l–1

Sm

99 mg l–1

Nb

–1

<2 mg l

Gd

80 mg l–1

Zr

2.57 g l–1

Dy

105 mg l–1

Hf

30 mg l–1

Y

610 mg l–1

–1

Si

172 mg l

Yb

73.4 mg l–1

La

445 mg l–1

TREEa

2.88 g l–1

a

TREE: total rare earth elements
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100
80
REE extraction, %

acid digestion process in the pilot scale test. First,
agglomeration appeared when injecting the acid
if the eudialyte concentrate was poured into the
reactor first, resulting in stirring difficulties and
an inadequate reaction. In addition, it was also
not feasible to add the eudialyte concentrate into
the reactor containing the acid, because silica gel
formed quickly as the acid was very excessive in
the system at the beginning of charging. Therefore,
the reactors were filled alternately with acid and
concentrate (1.25 l of acid and ~1 kg concentrate,
alternating) until the required quantity was
reached.
Once acid digestion was completed, it was not
possible to transport the slurry directly because of
its high solid content. For transport, 8 l of water
was first added into the reactor, mixed for a few
minutes and then an air compressor pump used to
move the suspension by pipe to a large tank. As the
reactor still contained some solid residue, another
4 l of water was injected and the remaining slurry
transported.
Leaching was then carried out at room temperature
for between 10 min and 60 min with samples taken
periodically. The results verified that leaching time
was not an important factor for REE extraction and
therefore 30 min was sufficient for the leaching
process (Figure 15). After that, limestone was
used to neutralise the acidic suspension to ~4.0.
Next, the suspension was pumped into a filter press
and the separation of solid and liquid achieved. The

60
40
20
0

10

20
30
40
50
Leaching time, min

60

Fig. 15. Effect of leaching time in pilot scale test
(other conditions shown in Table III)

final REE enriched Solution II was obtained after
washing the filter cake. The material balance of
the pilot scale test is shown in Figure 16. Analysis
of the eudialyte residue indicated that 2% of the
eudialyte remained in the residue (Figure 17);
similar results have already been discussed by
Vossenkaul (29). The incomplete REE recovery
could have been due to the embedding of eudialyte
in the eudialyte residue, in aggregation with
feldspars and siliceous precipitate.
As converting REE into a solid product benefits
both storage and transport, a preliminary product,
REE carbonate, was finally produced in this study.

Tap water
Eudialyte concentrate

HCl, 31%

36 kg

72 l

45 l

Digestion

Treated concentrate

Slurry

Tap Water
72 l
Wet residue 44.0 kg
Dry residue 29.0 kg
Residue
Washing
S/L separation
To Nb, Zr, Hf extraction
72 l
Washing solution

Leaching

Slurry
Precipitation

7.6 kg

Limestone

102 l
72 l

REE containing
PLS

Fig. 16. Material balance of the pilot scale test
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Mineral
Eudialyte
Other REE minerals
Quartz
Eudialyte leach residue
K-Fsp
Plaioclase
Sodalite
Nepheline
Calcite
Parakeldyshite
Arfvedsonite/rieberckite
Amp minerals
Pyx minerals
Altered eudialyte
Other minerals
Others

Fig. 17. QEMSCAN of eudialyte residue

Sodium carbonate was added to the REE enriched
Solution II to a pH of 5.7 to precipitate the REE
as REE carbonate. The reaction is shown in
Equation (x):
RE3+ + CO32– → RE2(CO3)3↓

Table IV C
 hemical Analysis of
Obtained Rare Earth Element
Carbonate

(x)

The REE precipitation efficiency was found to be
higher than 98.8% at pH 5.7. This first precipitate
obtained contained high Fe and Ca but, after
removing them by dissolution and reprecipitation,
a higher quality product was obtained (Figure 18).
The produced carbonate contained 30.0% REE
(Table IV), which qualified for further treatment
to obtain a final pure product; solvent extraction
would be utilised in the EURARE project. The
overall extraction efficiency of REE to obtain the

Element

wt%

Element

wt%

Al

3.31

Ce

10.50

Ca

4.18

Pr

0.43

Fe

0.20

Nd

3.90

Zr

0.05

Sm

0.93

Mn

0.23

Gd

0.85

Na

0.02

Dy

1.17

Zn

0.05

Y

7.15

Si

0.03

Yb

La

5.23

0.24

TREE

a

29.95

a

TREE: total rare earth elements

REE carbonate product was 85.5%. Overall, it
was concluded that the flowchart designed on the
basis of laboratory experiments was feasible and
the REE extraction performance under the optimal
parameters was good.

5. Conclusion

Fig. 18. Produced REE carbonate (30.0 wt% REE)
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In this study, a complete hydrometallurgical
treatment of a eudialyte concentrate from
TANBREEZ was successfully carried out. The
flowchart proposed was capable of achieving high
REE recovery, avoiding silica gel formation and
lowering operation costs (no external heating).
The optimal parameters in Stages I and II
were: HCl:concentrate ratio of 1.25:1 (l:kg),
water:concentrate ratio of 2:1 (l:kg), dry digestion
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time 40 min, leaching temperature 20–25°C (room
temperature) and leaching time 30 min. Under
these conditions, a high REE extraction efficiency
of 88.8% was obtained. By taking advantage of
the dry digestion process with high concentrated
acid, the leaching time and leaching temperature
were found to have no significant influence on
REE extraction. In Stage III, pH was adjusted
to the optimum (~4.0) with CaCO3, which led
to a preliminary impurity removal and met the
requirement of filter pressing at the demonstration
plant when scaling up.
Using the optimal parameters the upscaling
test, preceding future industrial application, was
conducted to verify the feasibility and efficiency
of this REE extraction process. Some operational
considerations were also recognised in the
upscaling test. The final product, REE carbonate
(up to 30.0 wt% total REE) was produced from
the REE enriched solution by adding Na2CO3.
The duration of this treatment was short and no
external heating required. The overall efficiency
of REE recovery reached 85.5%, which confirmed
the feasibility and good performance of this
process.
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Commercialisation of Pickering Emulsions
Fundamentals and applications in agrochemicals and coatings

Reviewed by Jhonny Rodrigues

Johnson Matthey Technology Centre,
Blounts Court, Sonning Common, Reading,
RG4 9NH, UK
Email: Jhonny.Rodrigues.Ramos@matthey.com

This event, hosted by the Royal Society of
Chemistry, was held at Burlington House, London,
UK, on 23rd November 2017. There was a good
attendance with 55 delegates from academia and
industry, mainly from the UK. A brief overview of
some of the presentations is described here to give
a flavour of recent progress in this area.
The first session was called ‘Control of Pickering
Emulsions’. Professor Bernard P. Binks (University
of Hull, UK) reviewed the fundamentals of
solid-stabilised emulsions with the use of inorganic
silica particles, whereas Professor Steven P. Armes
(University of Sheffield, UK) extended the topic
with the use of polymer particles.

The second session was called ‘Formulating with
Pickering Emulsifiers’. An interesting talk by Phil
Taylor (Syngenta, UK) showed the use of emulsions
to encapsulate herbicides with clay particles.
Isocyanate chemistry is applied to polymerise
the emulsion drops to create robust capsules.
The stability of light-sensitive agrochemicals was
improved and the release rate was tuned with the
thickness of the capsule.
The
third
session
was
called
‘Emulsion
Polymerisation’. Konrad Roschmann (BASF, Germany)
spoke on the preparation of particles with different
hydrophobicities by combining inorganic with
organic chemistries. Examples of silica-methyl
acrylates were discussed. The advantage is the
hybrid nature, silica gives the hardness and the
polymer the elasticity required for the application
already being commercialised in paints.

Conclusion
This one day conference presented mostly
fundamental research in the morning, while in
the afternoon, some interesting commercial and
potential commercial applications were described.
The event provided a useful introduction to this
important topic.
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Erratum: Application of Atomic Force
Microscopy in Formulation Engineering
A versatile tool for surface analysis
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Jon A. Preece

It has come to our attention that the author
attribution on the article published in the previous
issue of Johnson Matthey Technology Review was
incorrect (1).
The corrected author list for the original article
appears in this erratum.
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“Encapsulations”
Edited by Alexandru Mihai Grumezescu, Politehnica University of Bucharest,
Romania, Nanotechnology in the Agri-Food Industry, Volume 2, Academic Press,
an Imprint of Elsevier, Oxford, UK, 2016, 924 pages, ISBN: 978-0-12-804307-3,
€107.11, £96.60, US$140.00

Reviewed by Chun-tian Zhao

Tracerco, Tracer Technology Centre, The Moat,
Belasis Hall Technology Park, Billingham,
TS23 4ED, UK
Email: chun-tian.zhao@tracerco.com

Introduction
It is reasonable to say that there is a very natural
connection between food and encapsulation,
considering the fact that many traditional foods
from different cuisines around the world bear
unmistakable similarities to modern encapsulation
products. For example, the traditional Chinese food
tangyuan can be regarded as macro-capsules of
flavoured fillings. It is therefore no surprise that
the concept of encapsulation has been associated
with the food manufacturing industry from a very
early time. Nowadays encapsulation has become
an indispensable technology of the food industry.
Conscious employment of various encapsulation
techniques has helped to move the industry to the
stages of functional or smart food. Food industry
oriented encapsulation has become an important
technology field and is as active as ever. Many
developments made in this area in the period
starting from the late 1990s to around 2015 are
summarised in the book “Encapsulations”, which is
the second volume of Nanotechnology in the AgriFood Industry, a series aiming at bringing together
the most recent and innovative applications of

16

nanotechnology in the agri-food industry and to
present the future perspectives in the design of new
or alternative foods. The book series is edited by
Alexandru Mihai Grumezescu from the Department
of Science and Engineering of Oxide Materials and
Nanomaterials, Politehnica University of Bucharest,
Romania. Grumezescu is an experienced and
frequently published researcher and editor in the
fields of nano- and biostructures.
The volume “Encapsulations” comprises 20 chapters,
written by different groups of authors independently.
Excluding Chapter 10 which discusses nanocomposite
food packaging, the remaining 19 chapters review
food encapsulation and related technologies from
different angles. Altogether the various aspects
of food encapsulation, methods and processes,
materials, food ingredients to be encapsulated,
functions and impacts of encapsulation are described
and discussed. In consistency with the aim of the
whole series, nanoencapsulation is the intended
focus of the book.

Food Ingredients and the Need for
Encapsulation
Many ingredients and additives used in the
food industry are functional and often costly.
Microencapsulation of these ingredients can
bring many benefits and add value to the food
products. This is the basis and driving force for
food microencapsulation. As background, the food
ingredients which benefited from microencapsulation
are described in most chapters of the book.
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A large proportion of this book (Chapters 1–4, 6,
9, 14, 16, 18 and 19) deals with the encapsulation
of flavours and aromas. A synopsis of flavour and
aroma compounds, with classifications, is given
in Chapter 2 by Sushama Talegaonkar (Jamia
Hamdard University, India) et al. An introduction to
essential oils (EOs) is provided in both Chapter 3 by
Juan Felipe Osorio-Tobón (University of Campinas,
Brazil) et al. and Chapter 14 by Jayamanti Pandit
(Jamia Hamdard University, India) et al. The
issues and challenges of using EOs as flavours
and aromas in foods, such as chemical stability,
water solubility, volatility and degradative reaction
caused by interactions with air or other food
components, are highlighted. A brief summary
of biosynthesis, extraction and properties of
aroma and flavour compounds can also be found
in Chapter 4 by Miriana Kfoury (University of the
Littoral Opal Coast, France) et al. The advantages
of an encapsulated form of these compounds, such
as improvement in chemical stability, enhancement
of nutrition and taste and masking of undesired
flavours and aromas, are summarised in Chapters
2 and 6 by Suphla Gupta (Indian Institute of
Integrative Medicine, India) et al.
The encapsulation of EOs as antimicrobials
and therapeutics, with a view to enhancing the
performance and enabling sustained release, are
looked at in Chapter 7 by Tarik Bor (North Carolina
Agricultural and Technical State University, USA)
et al. and in Chapter 15 by Sumit Gupta (Bhabha
Atomic Research Centre, India) et al.
The encapsulation of polyphenol compounds is
described in Chapter 11 by Leslie Violeta Vidal
Jiménez (University of Concepcion, Chile), Chapter
13 by Sandra Pimentel-Moral (University of
Granada, Spain) et al. and Chapter 19 by Mohamed
H. Abd El-Salam (National Research Centre,
Egypt) et al. In Chapter 11, a review is provided
to cover the health benefits of polyphenols from
natural sources, particularly from berries such as
the Chilean blackberry. The information presented
includes mechanistic understanding of antioxidant
effects, metal chelation, enzyme inhibition and gene
regulation properties of polyphenol compounds.
Different polyphenols from phytochemical sources
are reviewed in Chapter 13. The potential to help
stabilise polyphenols in food processing and to
increase bioavailability by microencapsulation is
highlighted.
The
nanoencapsulated
microemulsions
of
nutraceuticals, cosmeceuticals such as vitamin E,
and EOs are summarised in Chapter 12 by Sergio
Enrique Flores-Villaseñor (Center for Research in
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Applied Chemistry, Mexico) et al. The increased
protection against oxidation and the bioavailability
of essential bioactive compounds (polyunsaturated
lipids) are the targets of encapsulation discussed in
Chapter 5 by Maria G. Semenova (N. M. Emanuel
Institute of Biochemical Physics of Russian
Academy of Sciences, Russian Federation) et al.
Encapsulation of lipids and water soluble vitamins
are reviewed in Chapter 19.
Apart from the above food ingredients,
encapsulation of colourants, enzymes and living
cells are also described in Chapter 1 by Anatol
Jaworek (Polish Academy of Sciences, Poland).

Encapsulation Materials, Methods and
Processes
Food ingredients are obviously special in terms
of sensitivity, stability, nutrition, health and
safety. For successful encapsulation of such
active payloads, appropriate materials suiting the
application must be used in the first instance. The
selection of encapsulation materials is discussed
by many authors in the book. Nontoxicity, bio
compatibility and biodegradability are agreed to be
basic requirements. Generally recognised as safe
(GRAS) materials are often preferentially used for
food encapsulation. Reviews of materials suited
for food encapsulation including natural polymers
(polysaccharides and proteins), biocompatible
synthetic polymers and inorganic materials, lipids
and waxes are provided in Chapters 2, 3, 6, 7
and 11. Despite being a non-polymer, the widely
used cyclodextrin is often grouped together
with other carbohydrate chemicals into natural
polymers. A thorough overview of natural polymers
based on the types and classifications is presented
in Chapter 19. In Chapter 5, natural polymers
are selected as a good choice of smart stimulisensitive nanoscale vehicles for polyunsaturated
lipids, for reasons including non-toxicity, bio
origin, biocompatibility, biodegradability, natural
abundance and diversity, nanoscale dimensions,
amphiphilic nature and organisational ability,
water solubility and environmental responsiveness.
Studies carried out by the authors of the chapter
and other scientists on the interactions of natural
polymer-lipids, their structure and the properties
of the resultant nano-vehicles are reviewed.
Reflecting on the specialties of food ingredients
on encapsulation design, it turns out that physical
and physico-chemical methods and processes are
more likely to be used for food encapsulation. The
commonly used encapsulation methods such as
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coacervation phase separation, spray drying, spray
chilling/cooling, freeze drying, fluidised bed coating,
extrusion, emulsion diffusion and co-crystallisation
are well employed in food encapsulation and this
is documented in Chapters 2, 6 and 7 as well as
Chapter 9 by Kata Trifković (University of Belgrade,
Serbia) et al. and Chapter 13.
Despite the intended focus of the book being
on nanoencapsulation, most of the above
encapsulation processes do not offer exclusively
nanoencapsulation. In fact, micro- or even larger
scale encapsulation is commonly used in food
manufacturing and much of the research work cited
in the book is indeed normal microencapsulation,
i.e. the size of the capsules is on the micrometre
scale or well above.
An undoubtedly nanoencapsulation (or indeed
molecular encapsulation in many cases) technique
is inclusion complexes involving the use of molecular
carriers. Cyclodextrin is the most commonly used
host material in food encapsulation. In this book,
Chapters 4, 17 by Paweł K. Zarzycki (Koszalin
University of Technology, Poland) et al. and 18
by Eva Fenyvesi (CycloLab Cyclodextrin Research
& Development Laboratory Ltd, Hungary) et al.
are dedicated to cyclodextrin encapsulation. A full
account of the chemistry of cyclodextrin including
its interaction with food ingredients is given and
the application of cyclodextrin to encapsulate
flavours and aromas, antioxidants and other
bioactive compounds is well described. Good
summaries of cyclodextrin encapsulation are also
provided in Chapter 8 by Lucia Zakharova (Russian
Academy of Sciences, and Kazan National Research
Technological University, Russian Federation)
et al., as well as in Chapters 9, 13 and 14. In
Chapter 8, more supramolecular approaches for
food nanoencapsulation, for example micelle
and in particular β-casein protein micelles, are
described too.
The next level of nanoencapsulation is the building
of nanocontainers. Polymer nanocontainers via self
organisation, polymerisation and layer-by-layer
assembly, mesoporous silica nanoparticles and
halloysite nanotubes are described in Chapter 16
by Shailesh Ghodke (North Maharashtra University,
India) et al. Polymer nanoparticles encapsulation is
summarised in Chapter 14. A technique for largely
nano- (but can range to micro-) scale encapsulation
is lipid based encapsulation, including liposomes
and lipid based solid nanoparticles. Lipid based
food encapsulation is summarised in Chapters 3,
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6–9 and 13–15. It has been pointed out that
liposomes can act as carriers for both lipophilic and
hydrophilic compounds.
Further
routes
to
nanoencapsulation
are
encapsulation
through
microemulsion
and
‘nanoemulsion’. Chapter 12 of this book focuses
on thermodynamic stable microemulsions. A
good account of the chemistry of microemulsions
is provided and the use of biocompatible
microemulsions to encapsulate nutraceuticals
and cosmeceuticals is briefly reviewed. The
process technologies of nanoemulsion (the term
‘miniemulsion’ is used in some publications,
which is thermodynamically unstable) and nano
sized emulsions are described in Chapter 20 by
Siddhartha Singha (National Institute of Food
Technology Entrepreneurship and Management,
India) et al.
Other emerging encapsulation technologies are
presented in this book. Supercritical fluids (SCFs),
particularly supercritical CO2 based encapsulation
techniques including rapid expansion of supercritical
solution (RESS), supercritical solvent impregnation
(SSI), supercritical antisolvent (SAS), particles from
gas-saturated solutions (PGSS) and supercritical
fluid extraction of emulsions (SFEE) are well
elucidated in Chapter 3. These techniques have
been used to encapsulate flavours and aromas.
As an interesting technique, electrohydrodynamic
microencapsulation is clearly presented in Chapter 1.
Following the principles of electrohydrodynamic
atomisation
(EHDA),
recently
developed
encapsulation techniques including electrospray
drying, extrusion/coextrusion, cooling, mixing,
reaction and submerged electrospray are introduced
(Figure 1). The encapsulation of a variety of food
ingredients are reviewed and tabulated in detail,
including process parameters and the sizes of the
resultant capsules.

Further Remarks
This is a large volume. Potentially the contents
of the book in its many chapters could have been
consolidated to improve the structure of the
book. Readers may also like to see more about
developments in probiotic encapsulation on top of
what is already presented in the book (Chapters 1
and 13). Further, as a volume of the integrated
series, it is felt that it would be more complete
if agrochemical encapsulation was covered in the
book together with food encapsulation.
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Fig. 1. Electrohydrodynamic microencapsulation techniques: (a) electrospray drying; (b) electrospray
extrusion and gelling; (c) electrospray coextrusion; (d) electrospray cooling; (e) electrospray mixing;
(f) electrospray microencapsulation in reactive gas; (g) submerged electrospraying. Reproduced with
permission from Elsevier, copyright (2016) Academic Press
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Overall, with the informative collections of food
encapsulation research and development, the book is
obviously a very practical and convenient handbook for

Johnson Matthey Technol. Rev., 2019, 63, (1)

both scientists and technologists who work in the food
industry and who are interested in the development
and application of encapsulation technology.
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Key Technical Contents of the China VI
Emission Standards for Diesel Fuelled
Heavy-Duty Vehicles
New stringent emissions legislation aims to ‘win the blue sky defence war’ in China

Li Gang, Yuan Ying, Zhang Minghui,
Zhao Xin, Ji Liang*

requirements and their impact. Moreover, it
demonstrates the main differences between the
China VI and China V emission standards and the
Euro VI regulations, hoping to give the relevant
industry in-depth insights into the new standard.

*Email: jiliang@craes.org.cn

1. Background

Chinese Research Academy of Environmental
Sciences (CRAES), 8 Dayangfang BeiYuan Road,
Chaoyang District, Beijing, 100012, China

By the end of 2017, there were 310 million
motor vehicles in China, including 217 million
automobiles. Twenty-four cities had more than
2 million automobiles, including seven cities with
more than 3 million (1) (Figure 1).
Previous studies have shown that motor vehicles
are a prominent source of air pollution in the cities
of China. As shown in Figure 2, the nitrogen oxides

The publication and implementation of the China VI
emission standards for diesel fuelled heavy-duty
vehicles is one of the important measures to
fulfil the ‘blue sky defence’ action plan in China.
This paper, by interpreting the background and
key technical contents of the China VI emission
standards, analyses the basis of the technical
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Fig. 1. Cities with more than 2 million automobiles
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0.02%

2000, China has implemented five stages (China
I, II, III, IV, V) of emissions standards for diesel
fuelled heavy-duty vehicles. So far, compared with
the China I stage emissions standards, control of
NOx and PM emissions have been tightened by
78% and 94%, respectively (Figure 5) (4).
To further tighten the control of emissions from
diesel fuelled heavy-duty vehicles, the Ministry of
Ecology and Environment of the People’s Republic
of China issued the China VI emission standards
for diesel fuelled heavy-duty vehicles in June 2018,
known as the ‘Limits and measurement methods for
emissions from diesel fuelled heavy-duty vehicles
(GB 17691-2018)’ (5) (hereinafter referred to as
‘China VI’).

1%

32%

Industrial
Daily life
Motor vehicle
Centralised
64%

Other

3%

Fig. 2. NOx emissions inventory in China
(NOx) emissions from motor vehicles account for
32% of the total NOx emissions in the country
(2). As shown in Figure 3, emissions from motor
vehicles have become the primary sources of fine
particulate matter (PM2.5) in Beijing, Shanghai,
Hangzhou, Jinan, Guangzhou and Shenzhen (3).
Of all motor vehicles, heavy-duty vehicles are the
most significant sources of pollutants. As shown in
Figure 4, despite the low proportion of heavy- duty
vehicles (currently just 10 million in China),
accounting for a modest 4.8% of all motor vehicles,
they are responsible for 83.7% and 84% of the NOx
and particulate matter (PM) emissions from motor
vehicles, respectively (3). The control of emissions
from heavy-duty vehicles has long been a top
priority to reduce mobile source pollution. Since
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Fig. 4. Population of heavy-duty vehicles and
contribution to emissions
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Fig. 5. Progress in emission reduction for heavyduty vehicles in China

The China VI standard proposes stricter emission
limits and adds relevant technical requirements while
drawing on international experience and taking into
account the specific administrative needs of China.
Additionally, this standard embodies the many
changes in China’s mobile source environmental
management system, which will be analysed in
detail along with the key technical contents of this
standard in the following sections.

(Figure 6). ‘Standard cycle’ refers to the specific
operating mode of the engine on the engine bench
specified in the standard. In the conventional
sense, the standard cycle emission limits are the
standard emission limits.
The standard also proposes the limits for particle
number (PN) emissions. Studies have shown that
engines with a diesel particulate filter (DPF) emit far
fewer particles than engines without DPF technology
(Figure 7) (6). To that end, the emission limits on
PN will drive the application of DPF technology that
can efficiently and steadily reduce the PM emissions.
The standard also specifies the limit for emissions
of ammonia (NH3). With the tightened limits for
emissions of NOx, control of NOx by selective
catalytic reduction (SCR) systems becomes a
requirement. The limit for emissions of NH3
requires an ammonia trap to be installed at the
end of SCR equipment so as to prevent excessive
NH3 emissions into the atmosphere.
The emission limits set out in this standard are
based on the maximum reductions achievable with
the most advanced emission control technologies.
The implementation of China VI will promote the
application of the most advanced emission control
technology (SCR and DPF).

2.2 Implementation Date
2. Key Technical Contents
2.1 Emission Limits (Standard Cycle)
The China VI emission limits with the standard
engine cycle are consistent with the Euro VI
emission limits and are significantly tightened
compared to the China V standard, with the NOx
limit tightened by 77% and the PM limit by 67%

(a)

China VI will be implemented in two stages: VI-a
and VI-b according to the strictness of technical
requirements. The standard applies to diesel
fuelled vehicles and gas fuelled vehicles. As shown
in Table I, due to the different levels of readiness
of the two industries, the entry into force time of
this standard varies for different types of vehicles
and different stages.

(b)
0.035
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Fig. 6. Comparison of limits for China VI and China V: (a) NOx limits; (b) PM limits
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Table I Implementation Date of China VI
Emission Standards
Stage

Stage
VI-a

Stage
VI-b

Type of vehicles

Implementation
date

Technical requirements

Stage
VI-a

Stage
VI-b

Gas powered
vehicles

1st July 2019

PN requirements under the
PEMS test

No

Yes

Urban vehicles

1st July 2020

All vehicles

1st July 2021

No

Yes

Gas powered
vehicles

1st January 2021

Requirements for data
transmission of on board
terminal of remote emission
management

All vehicles

1st July 2023

Emission requirements at
high altitude

1700 m

2400 m

PEMS test vehicle load
range

50–100%

10–100%

Urban vehicles are buses, postal vehicles and
sanitation vehicles that run mainly in cities. Because
the air pollution in urban areas suggests the
obvious characteristics of motor vehicle pollution,
the implementation of this standard for urban
vehicles will be earlier than for other vehicles.The
main technical differences between the stages VI-a
and VI-b are shown in Table II.
The ‘Three-Year Action Plan to Win the Blue
Sky Defence War’ issued by the State Council
of the People’s Republic of China (State Council
document number 22, 2018) (7) on 3rd July 2018
urges ahead of schedule implementation (by 1st
July 2019) of the China VI standard for heavy- duty
vehicles in key areas (including the BeijingTianjin-Hebei region and surrounding areas, the
Yangtze River Delta, the Fenhe and Weihe plains),
the Pearl River Delta and the Chengdu-Chongqing
region. Higher requirements and tighter schedules
pose challenges for the implementation of the
standard.
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Table II Main Technical Differences
Between Stage VI-a and VI-b

2.3 Standard Test Cycle for Engine
Emissions
Engine bench emissions testing is the basic
requirement in the standard, including the transient
test and the stationary test. As with the Euro VI
regulation, China VI also adopts world harmonised
test cycles, including the World Harmonised
Transient Cycle (WHTC) and the World Harmonised
Stationary Cycle (WHSC), bringing it into line with
global technical regulations (GTR).

2.3.1 Transient Cycle
The transient test cycle employed in this standard
is based on the WHTC, which includes transient
conditions data up to 1800 s (Figure 8). The WHTC
adopted in the China VI implements overall lower
speed and torque in comparison to the European
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Fig. 8. World Harmonised Transient Cycle (WHTC)
Transient Cycle (ETC) adopted in the standard
China V (Figure 9).
The ETC, with its higher loads, was identified as
defective during the implementation of the China
V standard, particularly for urban vehicles which
are characterised by low speed and low load
state that leads to lower exhaust temperature,
inefficient NOx reduction system (such as SCR)
and higher NOx emissions than the emission
limits. For the purpose of reducing the high NOx
emissions of urban vehicles in the China IV and
V standards, the former Ministry of Environmental
Protection has added a new standard: the ‘Limits
and measurement methods for exhaust pollutants
from diesel engines of urban vehicles (WHTC)’
(HJ689- 2014) (8), which adopted the WHTC with
the lower load and performance characteristics
more typical of urban vehicles.

The WHTC adopted in the China VI standard not
only has lower load but also introduces a cold start
emission test, under which the emissions from
engines are weighted from the measurements for
cold start (a weight of 14%) and warm start (a
weight of 86%).
The average lower load and cold start test
introduced in the WHTC results in overall lower
exhaust temperature of the engine, allowing a
more effective evaluation that determines whether
the emissions control device works under low
speed and low load conditions.

2.3.2 Stationary Cycle
China VI introduces the WHSC, a 13 mode test cycle
that is similar to the European Stationary Cycle
(ESC) adopted in the standard China V. However,
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Fig. 9. Comparison of WHTC and ETC
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Fig. 10. Comparison of WHSC and ESC

their conditions and corresponding weights are
different. The load of WHSC is lower while the load
of ESC is higher (Figure 10). The WHSC is more
conducive to testing emissions at low speeds and
low loads.
Due to the high exhaust temperature under high
speed and high load, the conversion efficiency
of the exhaust aftertreatment device is usually
high. However, under low speed and low load, the
exhaust temperature is generally low, resulting
in lower conversion efficiency or even ineffective
conversion. In this sense, the WHTC and WHSC
test cycles that focus on low speed and low load
emissions are more capable of assessing the low
temperature performance of an SCR catalyst.
This leads to more stringent requirements on
the calibration of machinery and the technical
upgrading of the aftertreatment industry.

2.4 World-Harmonised Not-ToExceed Requirements
In addition to the standard cycle test, the China
VI and the Euro VI regulations also specify the
requirements for the World-Harmonised Not-ToExceed (WNTE) test, which requires five operating
points to be randomly selected from each of
the three randomly selected areas in the WNTE
control area (Figures 11 and 12) and as for
gaseous pollutants, the arithmetic mean of the
five operating points in each area should meet the
standard requirements. As for PM, the arithmetic

26

mean of the 15 operating points should meet the
standard requirements. The limits are shown in
Table III.
Before China V, the standard only required to
evaluate emissions from engines under the type
approval test mode (i.e. standard engine cycle)
and did not evaluate emissions under other
operating modes. The introduction of the WNTE
test requirements can effectively prevent the
phenomenon whereby vehicle emission limits are
achieved only under the standard test cycle.

2.5 On Road Emission Tests Using
Portable Emissions Measurement
Systems
The China VI specifies the vehicle portable
emissions measurement systems (PEMS) test,
which is the emission test requirement for the
whole vehicle on real roads. On board PEMS test is
an exhaust emission test with a PEMS installed on
a vehicle driving on real roads.
Because the road conditions that vehicles travel
on vary in a real-world situation, different test
routes – including urban, rural and motorway – are
classified by vehicle type and allocated according
to the percentage of total travel time (Table IV),
with a deviation of ±5% allowed.
Under the China VI standard, the emission test
for on road vehicles covers gaseous pollutants
(NOx, CO) and PN as well as CO2 emissions.
The PEMS test in both European and American
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regulations also specifies measurement and limits
for total hydrocarbons (THC). However, as the THC
emissions from diesel fuelled heavy-duty vehicles
are usually very low and the compressed hydrogen
required for the flame ionisation detector (FID) as
recommended in the regulations is a potential risk,
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coupled with the high cost of measuring equipment
and operational requirements, the PEMS test
specified under the China VI does not make a
THC test for diesel fuelled vehicles mandatory. To
date, no PEMS emission limit has been expressly
stipulated in the Euro VI regulation for PM. Given

© 2019 Johnson Matthey

Johnson Matthey Technol. Rev., 2019, 63, (1)

https://doi.org/10.1595/205651319X15415120642052

Table III WNTE Emission Limits (unit: mg
kWh–1)
Pollutants

CO

THC

NOx

PM

Limits

2000

220

600

16

Table IV Test Route Compositions in
Different Types of Vehicles
Type of
vehicles

Urban
(Speed
≤55 km
h–1)

Rural
(Speed
≤75 km
h–1)

Motorway
(Speed
>75 km
h–1)

M1, N1

34%

33%

33%

M2, M3, N2
(urban
vehicles
excluded)

45%

25%

30%

Urban
vehicles

70%

30%

—

N3

20%

25%

55%

the level of air pollution in China, the Chinese
government deems it necessary to add relevant
requirements for PM in China VI. In view that
PEMS-PN test accuracy is better than PEMS-PM
test accuracy, China VI makes provisions for the
PEMS- PN test and its emission limits.
In terms of the environmental conditions of the PEMS
test the China VI standard, based on its own national
situation, introduces different requirements for altitude
than the EU legislation. Given the fact that a third of
the country’s territorial area is above 2000 m, China
VI increases the altitude range of the PEMS test to
2400 m (to be implemented from the stage VI-b) to
meet the needs of motor vehicle emissions control in
high altitude areas and cover provincial capitals such
as Kunming city and Xining city.
The data analysis for the PEMS test refers to the
work-based window method introduced in the Euro
VI regulation, the result of which is the sliding
window average of emissions calculated alongside
the work done in the engine bench test. While the

vehicle can be tested under 10% to 100% load
conditions, the selected load should ensure that
the average cycle power of the engine is more
than 10% of the engine power rating. The final test
result requires more than 90% of the valid windows
to meet the emission limits. The PEMS emission
limits are determined in view of the various
operating conditions, environmental conditions,
the user’s driving habits and equipment errors in
actual vehicle operations. The limits for gaseous
pollutants are one and a half times the WHTC limits
and the PN limits are twice the WHTC limits.
The PEMS test method under the China VI is a
combination of reference to the Euro VI regulation
and consideration of China’s actual conditions and
experimental studies that have been carried out.
China VI is partially modified from Euro VI, so
as the vehicles in line with the Euro VI may not
satisfy the PEMS test specified in China VI, which
is arguably the world’s most stringent emissions
requirement. The main differences between the
China VI and the Euro VI regulation in the PEMS
test are shown in Table V.
The introduction of the PEMS test method for
on road vehicles is a major improvement in the
measurement methodology of the China VI standard.
The compliance of emissions from heavy-duty
vehicles has for many years been evaluated by the
engine test as opposed to the vehicle test, which has
incurred great difficulty in enforcement. The PEMS
vehicle road test introduced in the China VI standard
clarifies the responsibility of vehicle manufactures,
provides methods for vehicle supervision and
inspection, and fills the gap of measurement
methods for vehicle supervision and enforcement.

2.6 Requirements on Combined
Tests of Emission and Fuel
Consumption
During the implementation of the previous
standards, it was found that different versions of

Table V Main Differences Between the China VI and the Euro VI for PEMS Test Method
Item

Euro VI

China VI-a

China VI-b

Ambient
Conditions

Max altitude: 1700 m
Min atmospheric pressure:
82.5 kPa

Max altitude: 1700 m
Min atmospheric pressure:
82.5 kPa

Max altitude: 2400 m
Min atmospheric pressure:
73 kPa

Pollutant

NOx, CO, THC (diesel
fuelled vehicles), NMHC
and CH4 (gas fuelled
vehicles) and CO2

NOx, CO, THC (optional for
diesel fuelled vehicles), PM
(optional) and CO2, and NOx
concentration limits

NOx, CO, THC (optional for
diesel fuelled vehicles), PM
(optional), CO2 and PN (optional
for gas fuelled vehicles), and NOx
concentration limits

Vehicle load

50–100%

50–100%

10–100%
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Fig. 13. Comparison of fuel consumption and
emissions under different versions of calibration
the vehicle electronic control unit (ECU) had been
applied to pass the different tests, such as using
the ‘emission version’ to pass the emission test,
and the ‘fuel consumption version’ to pass the fuel
consumption test. Vehicles that are calibrated with
fuel consumption standards usually have higher
emissions despite the lower fuel consumption, and
thus cannot meet emission standards. As shown in
Figure 13, the emission and fuel consumption test
data obtained by the China VI standard drafting
group under the two ECU calibration versions
with tests carried out on the vehicle chassis
dynamometer. The test results fully illustrate the
difference between the two versions of the ECU
calibration (fuel consumption version and emission
version). The emissions from vehicles with the fuel
consumption calibration version are more than
twice those of the vehicles with emission calibration
version.
In view of this problem, the China VI standard
specifies the relevant requirements for a ‘combined
test for emission and fuel consumption’. The
vehicles should also be measured for emissions
as stipulated in this standard when tested for
fuel consumption. The gaseous pollutants and PM
emissions must satisfy the PEMS emission limits
set out in this standard and the test results must
be disclosed. The introduction of this requirement
will encourage the simultaneous satisfaction of
emission and fuel consumption standards.

2.7 Other Main Technical Requirements
In addition to the technical requirements mentioned
above, the China VI standard, by referring to the
Euro VI regulation, also tightens the durability
requirements,
on-board
diagnostic
(OBD)
requirements and NOx control requirements.
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Meanwhile, compared with the Euro VI regulation,
the China VI standard introduces relevant
administrative regulations conforming to the new
circumstances and ideas of China’s motor vehicle
emission regulation, including:
• technical requirements for a remote emission
control vehicle terminal, providing technical
support for the implementation of remote
emission control by competent authorities in
the future
• a method of OBD function check on the vehicle
to ensure that competent authorities can
effectively supervise the function of the vehicle
OBD
• the requirement for permanent fault code
storage to prevent manual elimination of fault
information stored in the OBD system and
ensure that faulty vehicles can be effectively
identified by competent authorities during
supervision
• the requirement for the warranty period of the
emission control device to safeguard legitimate
user interests
• the requirement for vanadium-based SCR,
requiring OBD to monitor the temperature of
vanadium-based SCR to prevent emissions of
vanadium containing compounds
• the position and orientation requirements of the
exhaust exit to facilitate the vehicle emission
test, the observation of a remote sensing device
and the implementation of a PEMS test.

3. Conclusion
The formulation and implementation of the China
VI emission standard for diesel fuelled heavy- duty
vehicles is one of the important measures for
carrying through the 13th Five-Year Plan of China
(9) and is also of great significance for preventing
heavy-duty vehicle emission pollution, pushing
forward the upgrading of China’s automobile
industry and promoting domestic vehicles to be
geared to international standards. Characterised
by high technology and a long production chain,
the automobile industry generates retail sales of
automotive consumer goods amounting to more
than 4 trillion Yuan or approximately 11% of the
total retail sales of social consumer goods. In that
regard, the implementation of this standard is sure
to have a significant impact.
Based on the world’s most advanced emissions
standards while adding relevant requirements for
China, the China VI is the most stringent vehicle
legislation worldwide, which is in line with the need
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for tough pollution control for heavy-duty vehicles
in China and demands ever higher requirements
for the automotive industry.
As proposed in the ‘Three-Year Action Plan to
Win the Blue Sky Defence War’, the ahead of
schedule implementation of this standard in
key areas, the Pearl River Delta region and the
Chengdu- Chongqing region is less than a year
away at the time of writing, which not only urges
manufacturers to speed up the R&D and production
schedules in order to comply with the standard
in accordance with the prescribed time limits but
also places higher requirements on the competent
authorities that are expected to further strengthen
supervision, improve the joint law enforcement
system and build an integrated supervision and
control system within China. Only with industry
wide effort and the joint commitment of society can
we ensure the successful implementation of China
VI, effectively control emissions and contribute to
the actions for ‘winning the blue sky defence war’.
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In the Lab

Colloidal Particles at Fluid-Fluid Interfaces
Johnson Matthey Technology Review features new laboratory research

Professor Binks’ research is primarily concerned
with materials chemistry. He is a physical chemist
with research interests in surfactants, foams,
emulsions and colloidal particles at interfaces.
His work looks at the fundamental science that
underpins the behaviour of formulations. As such,
it has implications for industry applications in
areas as diverse as food, cosmetics, oil and gas,
pharmaceuticals and coatings. He has received
a significant amount of industrial funding from
companies including AAK (UK) Ltd, Wacker Chemie
(Germany), GSK (UK), Shiseido (Japan), Lubrizol
(USA), Nestlé (Switzerland), Unilever (UK),
Halliburton (USA), AkzoNobel (Netherlands), Deb
Group (UK), Syngenta (Switzerland), Rich (USA)
and Johnson Matthey Plc (UK).
He has received a number of honours and awards,
most recently being chosen as the Langmuir
Lecturer by the Colloid and Surface Chemistry
Division of the American Chemical Society (ACS),
USA, in 2016 and recipient of the Surfaces and
Interfaces Award, Faraday Division of the Royal
Society of Chemistry (RSC), UK, in 2014. Binks
is currently a Senior Editor of Langmuir. He has
published over 290 peer-reviewed articles and
thirteen patents and has edited three research
monographs. He has collaborations with twelve
other university and research groups in the UK,
China, Israel, France, Australia and Switzerland.

About the Research
An understanding of colloidal particles at interfaces
is critical to a variety of phenomena of industrial
significance.
Fluid-fluid
interface-containing
particles include oil-water, air-water, oil-oil, airoil and water-water interfaces (1). Janus liquid
marbles, for example, can be prepared by
coalescing a liquid water droplet with an oil droplet
in the presence of omniphobic particles and can
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then be used to carry out reactions that take place
at the oil-water interface (2). Methods are being
developed for manipulating such non-wetting
droplets (termed ‘liquid marbles’) which can be
applied in biological detection and clinical diagnosis
as well as in microreactors for material fabrication
and chemical reactions (3). Light and magnetic
effects can be used to create a Pickering emulsion
microreactor by co-adsorption of light-sensitive
titania (TiO2) and super paramagnetic iron oxide
(Fe3O4) nanoparticles at the oil-water interface of
emulsion droplets (4), enabling improved versatility
in this class of microreactor.
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Fig. 1. Schematic of the interfacial catalysis route in a Pickering emulsion. Reprinted with permission from
(4). Copyright (2018) American Chemical Society

Flow chemistry is of growing interest to the
pharmaceutical among other industries. Its
advantages
include
continuous
processing,
scalability, reduced solvent use and finer control of
reaction products. Pickering emulsions have been
explored in the Binks group as part of an EU project
looking at a ‘compartmentalised smart factory’
approach involving heterogeneous palladium (Pd)
catalysts and biocatalysts in catalytic cascade
synthesis of active pharmaceutical ingredients
(APIs) (5). Interfacial catalysis in a Pickering
emulsion has also been investigated in the
group to elucidate their mechanism with the
aim of moving towards solvent-free epoxidation
reactions (Figure 1) (6). Continuous enzymatic or
homogeneous catalysed reactions are also being
explored in non-aqueous Pickering emulsions (7).
In the life sciences, Pickering emulsions have raised
interest for bone tissue engineering applications
with the possibility of forming biocompatible and
biodegradable porous scaffolds with adjustable
pore structure (8). Water-in-water (w/w) emulsions
are attractive micro compartmentalised systems
for applications in the life sciences including drug
delivery and encapsulation as well as synthesis due
to biocompatibility (9).
Current projects in the Binks group at the
University of Hull include stabilisation of emulsions
with polyelectrolyte complexes or organic pigments,
the effects of polymers and surfactants on oils and
oil-water emulsions, aqueous and oil-based foams
and catalysis in microparticle stabilised emulsions.
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Phosphate-based glasses are promising materials
for a range of applications including biomedical,
veterinary and optical. These glasses are
distinguished by the presence of at least one
terminal oxygen atom, which gives phosphatebased glasses unique properties of which the most
interesting is their easily controllable degradation
profiles. This article describes the main structural
features and applications of phosphate-based
glass materials focusing primarily on biomedical
applications. The processes utilised for developing
varying geometries such as fibres, solid and porous
microspheres and coatings are also explored.

Introduction
The research on phosphate-based glasses (PBG)
may be traced back a century. Schott and co-workers
pioneered early work on phosphates by studying a
large number of glass-forming oxides and extended
the use of phosphates as optical glasses. Because
phosphate glass has a larger index of refraction
than silicate glass of the same dispersion, it is better
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adapted for achromatising borate-flint glasses (1).
However, the poor chemical durability of these early
optical glasses limited their applications. In the
1950s, amorphous alkali phosphates were explored
for use in a variety of applications such as hard water
treatments, dispersants for clay processing and
pigment manufacturing (2). Further development on
PBGs led to the use of neodymium-doped phosphate
glasses in high power laser applications (3).
More recently phosphate glasses have been
developed for a variety of specific applications.
For instance alkali aluminophosphate glasses with
the glass transition temperature below 400°C were
developed as hermetic seals (4).
The chemical durability and low processing
temperature of iron phosphate glasses led to them
being investigated for use as nuclear waste hosts
(5). Owing to their fast ion conductivity, phosphorus
oxynitride glasses have also been explored as
solid-state electrolytes (6).
For the use of glasses in biomedical applications,
Professor Larry Hench revolutionised the use of
glassy materials by the discovery of Bioglass®,
known as 45S5, during the late 1960s. There are
now three major glass types under investigation
for biomedical applications including silicate-,
phosphate- and borate-based glasses.
Interest in the use of PBGs has progressively
been increasing and these novel materials are
being explored in many different fields. One of the
unique and highly interesting properties of PBGs is
their easily controllable degradation profiles, which
can range from hours to days, just by altering their
chemical composition (7, 8).
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Structure

hygroscopic nature. The presence of moisture
within the composition can form P–OH bonds,
which can lead to depolymerisation of the glass
structure (14). As such, a wide variety of modifier
oxides have been added to PBGs to produce more
stable glass formulations (dependant on the end
applications), including sodium oxide (Na2O),
calcium oxide (CaO), magnesium oxide (MgO),
strontium oxide (SrO), ferric oxide (Fe2O3), titania
(TiO2) and many others, to achieve the glass
properties desired (12, 15, 16, 17).
Addition of alkaline and alkaline earth metal ions
disrupts the glass structure through creation of
a terminal oxygen (P–O–M) bond by breaking
the bridging oxygen (P–O–P) bonds resulting
in depolymerisation of the phosphate glass
network. Furthermore, the electrical charge of the
modifying oxide ions can significantly improve the
chemical durability of PBGs (14) as incorporation
of metallic ions with small ionic radii and high
electrical charges are known to form strong P–O–M
bonds, which can be highly resistant to hydration.
Addition of metallic oxides such as Fe2O3 and TiO2
have been shown to significantly decrease the
dissolution rates of phosphate glasses (18, 19).
These trivalent ions have been shown to have a
greater influence on the degradation profiles of
phosphate glasses than divalent or monovalent
ions, which has been suggested to be due to the
strengthening of the glass network via their crosslinking effect. For example, addition of 3–4 mol%
Fe2O3 was shown to decrease the degradation
profiles of PBGs by three or four orders of
magnitude (15).

The main glass network formers include oxides such
as silica (SiO2), boron trioxide (B2O3), phosphorus
pentoxide (P2O5) and some others (9, 10). These
oxides are essential in their formation as they form
a random three-dimensional network of glass. For
PBGs, the main glass network forming oxide is P2O5
which consists of tetrahedral phosphate anions (see
Figure 1). These phosphate tetrahedra bond the
bridging oxygen to the phosphorus atom, while the
tetrahedron forms P–O–P bonds with the adjacent
tetrahedra to produce the glass structure. Neutron
diffraction experiments conducted by Hoppe et al.
(13) revealed that two different P–O bond lengths
existed within PO4 units and these two lengths were
related to the phosphorus atom with a terminal
oxygen atom and a bridging oxygen atom. The fact
that phosphate anions contain at least one terminal
oxygen reduces the connectivity of PBGs relative to
their silicate-based counterparts (12).
The number of bridging oxygens present in
phosphate tetrahedra are used to define the
structure of phosphate glasses and these are
usually presented using Qn terminology (where Q3,
Q2, Q1 and Q0 represent the number of bridging
oxygens per tetrahedron (as highlighted in
Figure 1). The types of phosphate glass structures
that can be produced range from 3D cross-linked
networks of Q3 tetrahedra to metaphosphate
chain-like Q2 structures, followed by invert Q1 and
orthophosphate Q0 structures, by varying the O:P
ratios (11). The 3D Q3 network of pure vitreous
P2O5 glass is very unstable owing to its severely
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Fig. 1. (a) phosphate tetrahedral classifications used to define the structure of phosphate glasses, the O:P
ratios (Reprinted from (11) Copyright (2018), with permission from Elsevier); (b) Qn species (Republished
with permission of Royal Society of Chemistry from (12), permission conveyed through Copyright Clearance
Center, Inc)
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Applications
Antimicrobial ceramics are important materials
and have been extensively investigated for a range
of applications, including cosmetics, electrical
appliances, fabrics and building materials. A
large number of healthcare related products now
contain silver, due to its antimicrobial activity and
low toxicity. These products include silver-coated
catheters, municipal water systems and wound
dressings (16).
PBGs containing copper and silver ions have
also been investigated as antimicrobial agents.
Formulations doped with silver demonstrated
potent activity against several pathogens (including
Staphylococcus aureus, Escherichia coli, Bacillus
cereus, Pseudomonas aeruginosa, methicillinresistant Staphylococcus aureus (MRSA) and
Candida albicans). It was found that incorporating
as little as 3 mol% silver was sufficient to mount an
effective and long-term antimicrobial effect against
these organisms (16). Further structural studies
revealed the oxidation state of silver to be in the
+1 form, when using a sulfate based (Ag2SO4)
precursor (20).
Studies have also shown that gallium ions are
highly useful for inhibiting Pseudomonas aeruginosa
growth and biofilm formation and extremely
effective against planktonic and biofilm bacteria
in vitro. The mechanism of action suggested was
decreasing bacterial iron uptake and by interfering
with iron signalling via the transcriptional regulator
pvdS (21). As such, quaternary gallium-doped
PBGs were produced and tested against both
Gram-negative (Escherichia coli and Pseudomonas
aeruginosa) and Gram-positive (Staphylococcus
aureus, MRSA and Clostridium difficile) bacteria.
Results showed that the bactericidal effect was due
to Ga3+ ions released from the glasses and that a
concentration as low as 1 mol% Ga2O3 was enough
to mount a potent antibacterial effect (22).
PBGs
coupled
with
their
controllable
degradation, hence ion release profiles, excellent
cytocompatibility and mechanical properties
are ideal materials for applications where only a
temporary and limited time scale of the material
is required. As an implant material, this eliminates
the need for secondary surgical procedures for
removal of the implant, enabling the targeted
tissue to fully replace the implant in situ (17). Due
to the fully bioresorbable nature of PBGs, glass
formulations have been developed with chemical
compositions similar to the mineral phase of
bone, which makes them particularly promising
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candidates for developing implantable biomaterials
for repair and regeneration of hard tissues (23).
Furthermore, PBGs have been manufactured and
explored in various geometries such as in the form
of particles (17), discs (7), fibres (8) and more
recently as microspheres (18), to enhance their
applicability for varying applications.

Phosphate Glass Fibres
PBGs in the form of phosphate glass fibres
(PGFs) have been shown to possess excellent
cytocompatible and mechanical properties (see
Figure 2(a)) (24) and as such have been explored
for varying applications such as reinforcing
biopolymer matrices and as cell guides for soft
tissue repair (15). See Figures 2(b) and 2(c).
The fabrication of continuous fibres has more
commonly been achieved via melt drawing but they
have also been produced from preformed rods. For
example, less fragile glasses can be melt drawn
and pulled from a preformed rod to manufacture
continuous fibres, whilst highly fragile glasses
require rapid quenching of upward drawn fibres
processed from a melt (25). Fibres spanning a
range of mechanical properties have been produced
and have achieved a tensile modulus ~74 GPa and
tensile strength ~1.2 GPa (24).
Fibre reinforced composites (FRC) can be
developed to provide a wide range of mechanical
properties. Due to the anisotropic nature of bone,
the longitudinal mechanical properties are greater
than those in the transverse direction, which can
be matched by designing unidirectional FRCs (26).
As such, one area heavily explored for use of PGFs
has been to develop fully bioresorbable composites
as fracture fixation devices with the aim to match
the properties of natural bone (23, 25, 26).
Composite plates based on polylactic acid (PLA)
reinforced with PGFs have been explored with
varying fibre content and lay-up geometries.
Unidirectional composites with fibre volume
fractions of ~30% and ~55% were produced
and achieved flexural properties of 115 MPa and
170 MPa for strength and 16 GPa and 15 GPa for
modulus respectively (25). Other studies showed
PLA reinforced with random PGF mats with volume
fraction of ~14% achieved flexural properties of
90 MPa and 5 GPa, respectively (25). However,
one issue encountered with development of these
biocomposites was rapid reduction of mechanical
properties when immersed in aqueous media, due
to loss of interfacial properties between the fibre
and matrix.
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Fig. 2. (a) mechanical properties obtained for boron doped PBGs. ((24) Copyright © 2014 by SAGE
Publications, Ltd. Reprinted by Permission of SAGE Publications, Ltd.); (b) + (c) muscle cells attached to
iron-doped phosphate glass fibres (Reprinted from (14). Copyright (2004), with permission from Elsevier)

More recently, biocomposites have been developed
via an in situ polymerisation (ISP) process. The
target fibre volume fraction and catalyst (Sn(Oct)2),
was mixed with e-caprolactone and injected into a
PTFE mould at room temperature and compared to
their laminate stacked (LS) counterparts. In all tests
conducted, the ISP composites outperformed the
LS composites, revealing significantly less media
uptake and mass loss throughout the degradation
period and the initial flexural properties of the ISP
composites were also substantially higher (27).
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Applying the ISP process to ε-caprolactone was
fairly straightforward as this monomer was in liquid
form, enabling it to be injected into the moulds.
However, developing an ISP process for PLA proved to
be much more difficult, as the monomer was a solid.
As such, a new heated ISP technique was developed
to manufacture PLA-PCL copolymers and PLA based
fully bioresorbable PGF reinforced composites (28).
These studies showed that biocomposites
manufactured via the ISP method with 35% fibre
volume fraction achieved ~450 MPa and ~24 GPa
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for initial (non-degraded) flexural strength and
modulus respectively. Moreover, when immersed in
PBS at 37°C this composite maintained its flexural
strength and modulus at ~300 MPa and ~17 GPa
respectively, for 15 days, and the flexural properties
maintained matched the mechanical properties of
human cortical bone. This mechanical enhancement
and retention was attributed to the significantly
enhanced fibre/matrix interfacial adhesion achieved
from the ISP process (28). Figure 3 shows the
fracture surfaces of biocomposites manufactured
via different routes (29).
Another study has also explored developing novel
core-clad PBG fibres which could provide further
potential control over their degradation properties
and hence staged release profiles of specific
biotherapeutic ions, which have not previously
been achieved (19).

Novel Porous Microspheres
Microspheres exhibit greater advantages over
irregular-shaped particles such as improved flow

properties, which are particularly beneficial for
biomedical applications, enabling delivery via
minimally invasive surgical injection procedures
into defects, for example. Furthermore, filling
a defect site with microspheres could be more
advantageous than scaffolds, which tend to
have predetermined shapes. Phosphate glass
microspheres doped with TiO2 were produced and
cell culture studies using MG63 cells over a seven
day period showed that the microspheres provided
a stable surface for cell attachment, growth and
proliferation (18).
However, microspheres with porous morphology
could enable consistent distribution of cells,
growth factors, drugs and other biological
components throughout the entire porous
microsphere network site alongside providing
diffusion of nutrients and waste products (30).
Also, controlling the size, shape and distribution
of the pores within the microspheres would
govern properties such as surface area, density
and degradation profiles which could be tailored
to the desired application.

(b)

(a)

Polymer rich zones

500 μm

200 μm

(d)

(c)

500 μm

200 μm

Fig. 3. (a) and (b) SEM images of fractured surfaces unidirectional composites manufactured via laminate
stacking process; (c) and (d) SEM images of fractured surfaces of biocomposites manufactured via ISP
process. (29). (Reproduced with permission)
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As can be seen in Figure 4, a range of PBG
formulations have recently been developed into
microspheres with uniquely engineered and
interconnected porous structures. Figure 4(a)
shows that bulk glass microspheres can be
manufactured with uniform geometry, via the
flame spheroidisation process, whilst Figure 4(b)
highlights the distribution and pore morphologies
achieved from developing highly porous PBG
microspheres. More interestingly, this study
also revealed that surface pore sizes could be
tailored by altering the process parameters used
with the flame spheroidisation process (such
as air:fuel ratio, flame length and the retention
time of particles within the flame), including the
ratio of glass particles to porogens used during
the process. Figure 4(c) shows a scanning
electron microscopy (SEM) image of a porous PBG
microsphere exhibiting a range of small surface

(a)

pores. Figures 4(d) and 4(e) highlight a mixture
of larger and smaller surface pores in comparison.
This study also showed that larger surface pores as
well as larger interconnected channels could also
be developed (as shown in Figure 4(e)), which
could potentially enable faster ingress of fluids
or media, through the entire porous microsphere
construct. Smaller surface pores could also be
beneficial for controlling release of encapsulated
components such as drugs and/or other biological
components. Whereas the larger pores could be
utilised to accommodate cells (such as, stem cells)
in order to promote tissue regeneration activities
(30).
The manufacturing process developed herein is
also being applied to borate and silicate glasses and
glass ceramic materials are also currently being
explored in the laboratory of the Ahmed group at
the University of Nottingham.

(b)

500 μm

200 μm
(c)

(d)

100 μm

(e)

100 μm

100 μm

Fig. 4. (a) the production of bulk microspheres; (b) the yield of porous glass microspheres which can be
achieved by the process developed; (c) surface morphology containing smaller surface pores; (d) porous
glass microsphere with a mixture of small and large surface pores; (e) porous glass microsphere with
comparatively larger surface pores. The varying pore morphologies are achieved by controlling process
parameters (Reprinted from (30). Copyright (2018), with permission from Elsevier)

39

© 2019 Johnson Matthey

Johnson Matthey Technol. Rev., 2019, 63, (1)

https://doi.org/10.1595/205651319X15426460058863

5 μm

20 μm

4 μm
(a)

4 μm
(b)

Fig. 5. FIB-SEM milled cross sections of PBG coating morphologies: (a) pre- and (b) post-degradation for 16 h
in distilled water on sandblasted Ti6Al4V substrates. (Reprinted with permission from (31). Copyright 2015
American Chemical Society)

Coatings
Recently, PBGs have also been explored as
biotherapeutic ion releasing films on metallic
implants to stimulate bone regeneration (such
as on hip stems), where integration between the
implant and the host tissue is highly desirable. The
process utilised involved physical vapour deposition
via radio frequency magnetron sputtering (31),
which is an extremely flexible coating technique
that can be used to coat almost any material.
The sputtering process basically involves removal
of atomised material from a solid (target) by
energetic bombardment of its surface by ions or
neutral particles.
The ability to incorporate an array of different ions
opens up possibilities for varying applications such
as adding Ag+ or Cu2+ as potential antimicrobial
layers. To try and understand the complex atomic
momentum exchange interactions associated
with sputtering, the structural properties of melt
quenched PBG coatings have been investigated,
along with the trends associated with nonstoichiometric transfer from target materials to
deposited coatings. Figure 5 below highlights the
types of coating morphologies achieved (before
and after degradation) (32).
The main challenges of magnetron sputtering of
PBGs is the variance between sputtered coatings
and their melt quenched counterparts. Magnetron
sputtered PBGs have shown reduced phosphate
content and hence lower sputtering rates of
phosphate ions, whilst the network modifying
ions (such as calcium, sodium, magnesium
or iron) were deposited at higher rates. It was
shown that the rates of ejection occurred in order
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of increasing dissociation energy (Na > Ca >
Mg > Fe). The bonding chemistry of the sputtered
glasses was also very different, due to the
almost instantaneous quenching of the sputtered
material. Furthermore, lower sputtering powers
(<100 W) are required to prevent target cracking
during deposition (33).
The mechanical properties of PBG coatings
were also previously studied (34, 35). Stuart et
al. concluded that as deposited and heat-treated
coatings showed interfacial tensile adhesion
in excess of 73.6 MPa, which surpassed the
International Organization for Standardization
(ISO) and US Food and Drug Administration (FDA)
requirements for hydroxyapatite (HA) coatings. It
was also reported (34) that scratch testing of the
coatings on polished substrates revealed brittle
failure mechanisms, however coatings that were
deposited onto sandblasted substrates to mimic
commercial implant surfaces, did not suffer from
tensile cracking or trackside delamination showing
substantial interfacial improvements (between
8.6 N and 11.3 N).

Conclusions
In summary, phosphate-based glasses are unique
materials due to their fully controllable resorbable
nature and can easily be doped with a wide variety
of ions. They have been explored mainly for
biomedical applications (i.e. bone tissue repair and
fixation) and also for applications as wide ranging
as optical and nuclear waste storage. These
materials have also been developed in various
unique geometries, such as fibres and more
recently as highly porous microspheres, which has

© 2019 Johnson Matthey

https://doi.org/10.1595/205651319X15426460058863

enabled a wide variety of alternate applications to
be explored. Promising mechanical properties of
PBG-based glass coatings have also been reported
which were deemed suitable for use on orthopaedic
implants.
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Johnson Matthey Highlights
A selection of recent publications by Johnson Matthey R&D staff and
collaborators

Catalyst-Directed
Chemoselective
Double
Amination of Bromo-chloro(hetero)arenes: A
Synthetic Route toward Advanced Amino-Aniline
Intermediates
A. A. Mikhailine, G. A. Grasa Mannino and T. J.
Colacot, Org. Lett., 2018, 20, (8), 2301
Amino-anilines and their derivatives were
prepared via a chemoselective sequential one-pot
coupling protocol. The benefits of such a protocol
include increases in safety, economics and
process efficiency. Pd-allyl complexes were used
as precatalysts for the amination of (hetero)
aryl substrates with biologically active secondary
amines and the type of catalyst used influenced
nucleophile and site selectivity. For instance, the
Pd-based RuPhos or (BINAP)Pd(allyl)Cl precatalyst
selectively coupled the Ar-Cl site with secondary
amines. The practical applications for this work
include the preparation of amino-anilines as
the building blocks for active pharmaceutical
ingredients (APIs). This was demonstrated
through the synthesis of a precursor used in the
preparation of the oncology drug Brigatinib.
Development of Concise Two-Step Catalytic
Approach
Towards
Lasofoxifene
Precursor
Nafoxidine
C. C. C. Johansson Seechurn, I. Gazić Smilović, T.
Colacot, A. Zanotti-Gerosa and Z. Časar, Bioorg.
Med. Chem., 2018, 26, (9), 2691
The shortest two-step catalytic approach to
nafoxidine (a precursor to lasofoxifine) from the
starting material tetralone is demonstrated with
an overall yield of 55% and low Pd catalyst loading
0.1 mol%. The first step involved α-arylation of
6-methoxy-3,4-dihydronaphthalen-1(2H)-one
with chlorobenzene to provide 6-methoxy-2phenyl-3,4-dihydronaphthalen-1(2H)-one in
90% yield. The second step was the conversion
of 6-methoxy-2-phenyl-3,4-dihydronaphthalen1(2H)-one to nafoxidine in 61% yield, which
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occurred via a CeCl3 promoted reaction with
(4-(2-(pyrrolidin-1-yl)ethoxy)phenyl)lithium. This
work offers a promising alternative to the primary
synthetic three-step route to lasofoxifene, by
reducing the amount of waste generated and the
unit operations required. The two-step approach
to nafoxidine is also more cost effective in
comparison.
Using Neutrons, X-rays and Nuclear Magnetism
to Determine the Role of Transition Metal Oxide
Inclusions on both Glass Structure and Stability in
Automotive Glass Enamels
D. T. Bowron, J. Booth, N. S. Barrow, P. Sutton and
S. R. Johnson, Phys. Chem. Chem. Phys., 2018,
20, (20), 13734
Automotive glass enamels were doped with
transition metal oxides. X-ray scattering, neutron
scattering and solid-state nuclear magnetic
resonance (NMR) techniques were used to
investigate the effects this had on crystallisation
and phase separation properties. The addition of
iron oxide had considerable effects on the optical
properties of the glass. The addition of 2.5%
manganese oxide supressed crystallisation of an
undesirable bismuth silicate (Bi2SiO5) phase. This
could be utilised to influence automotive glass
enamel properties to meet product requirements.
There is suggestion for further investigations to
focus on manganese oxidation states as a function
of doping level, and for the use of additional
techniques such as Raman.
Catalytic Depolymerisation of Suberin
Biomass with Precious Metal Catalysts

Rich

C. S. McCallum, N. Strachan, S. C. Bennett, W. G.
Forsythe, M. D. Garrett, C. Hardacre, K. Morgan
and G. N. Sheldrake, Green Chem., 2018, 20,
(12), 2702
A range of precious metal catalysts were used
to investigate the hydrogenolysis of cork and
particular attention was given to the impact of the
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type of solvent, support and base. In comparison
to the absence of a catalyst, the incorporation
of a catalyst and a base resulted in increases in
lipid yield of 113–258% and bio-oil increases of
9.3–158%. With the addition of a base, the bio-oil
yield increased from 11.5 wt% to 42.6 wt% and
allowed use of a ‘greener’ solvent. There were
also increases in the conversion of solid materials
(48.7 wt%).

and alumina). The porosity, pH and surface
roughness of the substrate had an impact on
adhesive strength. For the cordierite and FeCrAlloy
substrates the adhesive strength peaked at pH = 4.
At higher pH levels, the coated layer detached from
the substrate after drying. The surface roughness
of the cordierite substrate led to increased adhesive
strength. Alumina substrates had reduced porosity
and higher adhesive strength.

The UN Sustainable Development Goals: How can
Sustainable Chemistry Contribute? A View from the
Chemical Industry

Impact of Bio-Alcohol Fuels Combustion on
Particulate Matter Morphology from Efficient
Gasoline Direct Injection Engines

S. Axon and D. James, Curr. Opin. Green Sustain.
Chem., 2018, 13, 140

C. Hergueta, A. Tsolakis, J. M. Herreros, M.
Bogarra, E. Price, K. Simmance, A. P. E. York and
D. Thompsett, Appl. Energy, 2018, 230, 794

The United Nations Sustainable Development
Goals are discussed, with reference to examples
from the chemical industry. Suggestions are made
for key stakeholders in the chemical industry to
increase their efforts and ensure effective delivery
of the goals. This includes education and training
providers, national and international funding
bodies, industrial chemical companies, chemical
societies and businesses. An evaluation of the
tools companies use to aid the achievement of the
goals is provided. It is suggested that sharing best
practices across the chemical industry could lead to
the development of a systematic tool to assess the
manufacture and use of chemical products.
Morphological Transformations During Drying of
Surfactant-Nanofluid Droplets
A. Osman, N. Shahidzadeh, H. Stitt and N. Shokri,
J. Ind. Eng. Chem., 2018, 67, 92
Surfactants were grouped according to alkyl chain
length and the effect of each surfactant type on
the drying dynamics of silica nanosized dispersion
droplets was investigated. An acoustic levitator was
used to perform single droplet drying experiments.
The final morphology of the grains formed at the
end of the drying process was characterised using
SEM. Surfactant molecular weight had a significant
influence on the morphology of the grains. For
instance, more irregular grains were observed
when drops with high molecular weight surfactants
were dried. Hollow dried grains were observed as
the result of surface tension instability.
Adhesive
Support

Strength

Measurement

of

Catalyst

J. Yang, P. Blanco-García, E. M. Holt, A. Wagland, K.
Huang and A. D. Salman, Powder Technol., 2018,
340, 465
A novel technique was developed to measure the
adhesive strength of a coated catalyst layer. To
produce the coated layers, a γ-alumina suspension
of known particle size distribution and pH was dried
on three different substrates (FeCrAlloy, cordierite
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TEM was used to perform morphological analysis of
particulate emissions from the combustion of two
bio-alcohol blends (25% v/v ethanol in gasoline,
33% v/v butanol in gasoline) and commercial
gasoline. It was observed that the primary particles
emitted from the combustion of ethanol-gasoline
and butanol-gasoline blends were smaller than
those released from gasoline. Combustion of the
butanol-gasoline blend significantly increased
particle oxidation, with an 80% reduction in particle
concentration in the engine exhaust in comparison to
gasoline. The ethanol-gasoline blend demonstrated
more chain-like particles, making particles emitted
from this type of combustion easier to trap than
those from gasoline combustion.
Liquid-Phase Parametrization and Solidification in
Many-Body Dissipative Particle Dynamics
P. Vanya, P. Crout, J. Sharman and J. A. Elliott,
Phys. Rev. E, 2018, 98, (3), 033310
Many-body dissipative particle dynamics (MDPD)
was studied after a gap in the exploration of this
mesoscale method was identified. The properties
and structure of an MDPD fluid were systematically
investigated. It is known that MDPD can, in a single
simulation, reproduce liquid-vapour coexistence.
This study demonstrated the dependence of surface
tension and density on the interactive parameters in
this liquid phase. The authors developed a top-down
parametrisation for real liquids. This study also
revealed that MDPD can yield a thermodynamically
stable solid phase and a gas phase.
Effect of Pretreatment Method on the Nanostructure
and Performance of Supported Co Catalysts in
Fischer–Tropsch Synthesis
R. W. Mitchell, D. C. Lloyd, L. G. A. van de Water, P.
R. Ellis, K. A. Metcalfe, C. Sibbald, L. H. Davies, D.
I. Enache, G. J. Kelly, E. D. Boyes and P. L. Gai, ACS
Catal., 2018, 8, (9), 8816
Dried reduced (D) and dried calcined reduced (DC)
Co catalysts were synthesised on various reducible
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and nonreducible supports commonly used in
Fischer-Tropsch applications (SiO2, Al2O3, TiO2, and
ZrO2). The formation of active catalyst phases in the
supported Co catalysts was systematically analysed
using in situ environmental (scanning) transmission
electron microscopy (E(S)TEM) and several other
techniques. The D samples showed higher activity
rates than the DC catalysts, regardless of the
support used and this can be partially attributed to
better dispersion of Co active species (Figure 1).
Observations showed that nonreducible supports
promoted more highly dispersed small Co metal
species and therefore more active sites.

purification has been a challenge due to the absence
of a simple method for reflecting the properties of
the components (e.g. fillers and polymers) in the
final membrane performance. The authors describe
the development of MOF-based MMMs which
demonstrate superior separation properties and low
aging rates. This was achieved by combining small
amounts of a glassy polymer with high performance
PIM-1. The commercial target for post-combustion
CO2 capture was met.
(a)

(b)

An EPR Investigation of Binding Environments
by N-Donor Chelating Exchange Resins for Cu
Extraction from Aqueous Media
J. Spencer, J. Stevens, C. Perry and D. M. Murphy,
Inorg. Chem., 2018, 57, (17), 10857
Dowex™ M4195 and CuWRAM are chelating
exchange resins used for Cu(II) extraction in
aqueous media. Electron paramagnetic resonance
(EPR) spectroscopy and UV-vis spectroscopy
were employed to characterise Cu(II) binding
environments within these resins. Two dominant
intramolecular species were characterised for
each resin: [CuII(BPA)](H2O)m and [CuII(BPA)2]
for Dowex™ M4195 and [CuII(PA)2](H2O)m and
[CuII(PA)3] for CuWRAM. [CuII(BPA)x(BPA)y(H2O)n]
and [CuII(PA)x(PA)y(H2O)n] were two additional
intermolecular species identified on both resins.
Dehydration-rehydration and acid elution studies
were performed. Experiments demonstrated that
the intermolecular species were less strongly
coordinated to the resins in comparison with the
intramolecular species. The Dowex™ M4195
material had a higher Cu(II) capacity in comparison
to CuWRAM.
Towards
High
Performance
Metal–Organic
Framework–Microporous Polymer Mixed Matrix
Membranes: Addressing Compatibility and Limiting
Aging by Polymer Doping
A. Sabetghadam, X. Liu, A. F. Orsi, M. M. Lozinska,
T. Johnson, K. M. B. Jansen, P. A. Wright, M. Carta,
N. B. McKeown, F. Kapteijn and J. Gascon, Chem.
Eur. J., 2018, 24, (49), 12796
The development of mixed matrix membranes
(MMMs) for use in membrane separation for gas
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Fig. 1. ESTEM-HAADF images illustrating the distribution
of Co particles following H2 reduction at 400ºC in: (a)
dried reduced Co/Al2O3; (b) dried calcined reduced Co/
Al2O3; (c) dried reduced Co/TiO2; (d) dried calcined
reduced Co/TiO2; (e) dried reduced Co/ZrO2; (f) dried
calcined reduced Co/ZrO2. Reprinted with permission
from R. W. Mitchell et al., ACS Catal., 2018, 8, (9),
8816. Copyright 2018 American Chemical Society
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“Nanopatterned and Nanoparticle-Modified
Electrodes”
Edited by Richard C. Alkire (University of Illinois, USA), Philip N. Bartlett (University
of Southampton, UK) and Jacek Lipkowski (University of Guelph, Canada), Advances
in Electrochemical Science and Engineering, Volume 17, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim, Germany, 2017, 432 pages, ISBN: 978-3-527-34094-1, £125.00,
US$205.00, €141.30

Reviewed by Edwin Raj, Alex
Martinez Bonastre*

Johnson Matthey, Blounts Court, Sonning
Common, Reading, RG4 9NH, UK
*Email: amartinez@matthey.com

Introduction
“Nanopatterned
and
Nanoparticle-Modified
Electrodes” is the 17th monograph in the Advances
in Electrochemical Science and Engineering
series edited by Richard C. Alkire (University of
Illinois, USA), Philip N. Bartlett (University of
Southampton, UK) and Jacek Lipkowski (University
of Guelph, Canada). This monograph covers the
progress made in electrochemical nanoscience
with an emphasis on applications in medicinal
and analytical chemistry. There are ten chapters
authored by experts in the respective fields covering
areas including nanopatterned and nanoparticle
modified electrodes for analytical detection, surface
spectroscopy, electrocatalysis and influence of
electrode structure on the properties.

Electrochemical Nanoscience
Chapter 1, ‘Surface Electrochemistry with Pt
Single-Crystal Electrodes’ by V. Climent and
J. Feliu (University of Alicante, Spain) is aimed at
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the study of the interaction of molecules and ions
with metal surfaces. The authors introduce the
initial work completed by Jean Clavillier with the
use of flame annealing for the synthesis of single
crystals. This technique made a breakthrough in
the field of surface science and new readers to this
field will find the description easy to follow. The
chapter describes preparation of single crystals in a
good and detailed manner and the authors provide
useful comments to prevent surface reordering or
contamination, such as the preparation of Pt(111),
Pt(100) and Pt(110) with or without the presence
of oxygen. The chapter also describes the use of
electrochemical techniques in different electrolytes
as an elegant approach to characterise the
electrode surface. The chapter also introduces and
describes electrochemical methods such as charge
displacement.
Chapter 2, ‘Electrochemically Shape-Controlled
Nanoparticles’ is written by L. Wei et al. (Xiamen
University, China). This chapter describes in
detail the synthesis of metal nanoparticles of
high or low index facets with the use of different
electrochemical protocols and the mechanisms
that lead to the formation of different index facets.
The chapter also gives interesting examples of
alloy nanoparticles with high index facets, for
instance as single metals such as platinum, iron or
copper and alloys such as palladium-platinum (for
example Pd0.90Pt0.10), platinum-rhodium and ironnickel. The authors complement this interesting
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chapter with a brief view on nanoparticles of metal
oxides and chalcogenides.
Chapter 3, ‘Direct Growth of One-, Two-, and
Three-Dimensional Nanostructured Materials at
Electrode Surfaces’ is written by S. S. Thind and A.
Chen (Lakehead University, Canada). The chapter
describes the synthesis of one-dimensional (1D),
two-dimensional (2D) and three-dimensional (3D)
nanomaterials with a particular emphasis on the
parameters that control catalyst morphology with
the use of synthesis methods such as anodisation,
hydrothermal, chemical vapour deposition (CVD)
and thermal oxidation in addition to template
methods such as porous anodic alumina (PAA)
templates. A wide range of materials are reported
such as nanorods, nanotubes (nanotube growth
control), nanoplates, graphene oxide nanosheets,
nanodendrites and nanoflowers. The reader will find
this chapter easy to read and very informative for
the synthesis of materials that can be applied to a
wide range of technologies such as photocatalysis,
sensing and fuel cells.
Chapter 4, ‘One-Dimensional Pt Nanostructures
for Polymer Electrolyte Membrane Fuel Cells’ is
written by G. Zhang and S. Sun (Le Centre Énergie
Matériaux et Télécommunications, Canada).
The authors describe the controlled synthesis
of shaped controlled 1D Pt nanostructures, 1D
nanowires/nanorods and nanotubes with the use
of template-assisted or template-free chemical
routes. The authors also give an easy to follow
description of the use of electrospinning routes,
metalorganic chemical vapour deposition (MOCVD)
and nanochannel directed templating. The chapter
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H3C
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is complemented with the use of some of the
approaches described as catalysts for the oxygen
reduction reaction (ORR) of methanol, formic acid
oxidation in rotating disk electrodes (not polymer
electrolyte membrane fuel cells) and interesting
comparisons are described such as Pt nanotubes
and star-like Pt nanowires vs. Pt/C.
Chapter 5 by I. J. Burgess (University of
Saskatchewan, Canada) discusses the capping
agents for metal nanoparticle stabilisation and the
formation of anisotropic gold nanocrystals. The
multifunctional role of nanoparticle capping agents
is discussed in reference to nature, bonding,
functional groups and directed growth. Various
experimental techniques including single-crystal
gold electrode presentation, chronocoulometry
and Black-integration, Gibbs surface excesses of
acid/base forms of capping agent and co-adsorbed
capping agents has also been described in good
detail. A review of nanoparticle stabilisers such
as citrate, quaternary ammonium surfactants and
pyridine derivatives is included with cited examples.
The role of 4-dimethylaminopyridine (DMAP) as
a nanoparticle stabiliser has been described in
detail with information such as influence of pH
on the adsorption orientation and speciation,
competitive adsorption and directed growth
(Figure 1).
Chapter 6 by L. Mohammadzadeh et al. (Ulm
University, Germany) is on the theoretical
study of intercalation of ions in nanotubes with
dimensions in the order of 1 nm for energy
storage using a bottom-up approach starting from
density functional theory (DFT) calculations for
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Fig. 1. Adsorption orientation and speciation of DMAP adsorbed on polycrystalline gold as a function of pH
and the electrical state of the gold surface. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission
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ions in nanotubes and subsequently explaining
the results in terms of physical concepts. This
chapter is a review of the authors’ own work in
this area and the results discussed correspond to
the insertion of single ions into gold and carbon
nanotubes. It is also noted that both conducting
and semiconducting carbon nanotubes (CNTs)
show little difference in their screening behaviour.
Insertion energies of anions and cations in CNTs
and gold nanotubes (AuNTs) are also presented.
Graphite nanotubes hardly showed any chemical
interactions with the studied ions whereas
chlorine is chemisorbed by gold atoms leading
to deformation of gold lattice. A concise account
of the work carried out by other groups has also
been added towards the end.
Chapter
7,
‘Surface
Spectroscopy
of
Nanomaterials for Detection of Diseases’ is written
by J.-F. Masson and K. S. McKeating (University
of Montreal, Canada). This chapter gives a good
introduction to plasmonics and how this approach
can be used for the detection of molecules via
the use of surface-enhanced Raman spectroscopy
(SERS). The authors give a simple yet technical
description of the antenna effect of the plasmonic
structure and how this phenomenon can lead to
metal enhanced fluorescence of the molecules
placed on the plasmonic substrate. The reader
will gain valuable insight into the capabilities
of this technique as the chapter is documented
with relevant examples which report well the
combination of electrochemistry and SERS as a
sensor device such as plasmonic biosensing for the
detection of diseases.
Chapter 8 by P. N. Bartlett (University of
Southampton, UK) on Raman spectroscopy at
nanocavity-patterned electrodes focusses on the
use of the latter as electrodes for SERS. This
is a well written chapter with an easy flow of
information through appropriate subheadings and
illustrations. Topics covered include fabrication
methods, plasmonics, Raman spectroscopy, SERS
on nanohole arrays/sphere segment void (SSV)
surfaces and other surface-enhanced phenomena.
Each topic starts with basics and moves on to
advances in the area which makes it an interesting
read. Top-down and bottom-up fabrication methods
have been explained in sufficient detail. Bottom-up
or self-organising routes offer cost efficiency as
they do not need sophisticated and expensive
equipment. Plasmonics of nanohole arrays and
SSV is also discussed. SERS enhancement on SSV
surfaces (3D structures) are larger than nanohole
arrays (2D structures) due to confinement of
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localised plasmons which the author’s research
group has exploited to design SSV surfaces suitable
for ultraviolet (UV), visible and near-infrared (IR)
regions. Overall, this chapter provides a good
understanding of how the optical properties of
nanocavity arrays can be systematically influenced
by varying the geometry which will benefit both
subject enthusiasts as well as researchers in
this area.
Chapter 9 by J. F. Li et al. (Xiamen University,
China) on shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS) on electrode
surfaces is an introduction to the benefit of
SHINERS, a new approach developed to overcome
the material and morphology limitation of SERS
(1). This approach is built on tip-enhanced Raman
spectroscopy (TERS), which is non-contact, unlike
SERS, by replacing the tip with a film of gold
core - silica shell (Au@SiO2) nanoparticles (NPs).
The advantages of SHINERS over the previous SERS
approach is explained with an illustrated example
of how true C–O(Pt) stretching frequency was
established in SHINERS spectra for CO adsorption
on Pt(111) surface which was both downshifted
and misleading in the corresponding SERS spectra.
The main benefit of the SHINERS approach is that
the measured Raman spectrum corresponds only
to the sample and not the probe which is isolated
due to a thin inert shell around NPs.
Synthesis and characterisation of shell-isolated
nanoparticles (SHINs) is explained (Figure 2)
along with an excellent summary of the applications
of SHINERS in electrochemistry with illustrated
examples. Application of SHINERS is limited in
alkaline systems due to the solubility of SiO2- shell.
Another major challenge for SHINERS is in
preparing pinhole-free shells, with shell thickness
down to as low as 2 nm. Nevertheless, this chapter
provides a compelling argument for the SHINERS
technique and how the long-standing material/
morphology-specific limitations of SERS could be
overcome.
Chapter 10 by X. Shan et al. (Arizona
State University, USA) on plasmonics-based
electrochemical current and impedance imaging
is an account of basic principles and applications
of two relatively new electrochemical current
(EC) imaging techniques, specifically plasmonicsbased
electrochemical
current
microscopy
(PECM) and plasmonics-based electrochemical
impedance microscopy (PEIM). PECM maps
local electrode current optically by measuring
the refractive index change near the electrode
surface due to local EC reactions that changes
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Fig. 2. Overview of SHINs synthesis. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission
the optical property of analytes. PEIM relies on
the sensitivity of surface plasmonic resonance
to electrode surface charge density which allows
surface charge density vs. time imaging from
which an interfacial impedance image is obtained.
PECM and PEIM are faster compared to scanning
electrochemical microscopy as the former are
plasmonics-based techniques and do not need
scanning, instead requiring thin metal films as
electrodes. Several examples where PECM and
PEIM have been applied are presented including
detecting trace analytes, imaging local squarewave voltammetry, imaging electrochemical
activity of single nanoparticles and mapping local
quantum capacitance of graphene.
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Conclusion
Overall this monograph is an interesting read
and we believe, due to the range of topics
covered in nanopatterned and nanoparticlemodified electrodes with up-to-date information,
will make a valuable resource for researchers in
electrochemistry, material science, spectroscopy,
analytical and medicinal chemistry.
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In recent years, the application of high-nitrogen
containing azine energy materials has been one
of the hot spots in the field of energy materials
in China and elsewhere. This paper reviews
domestic and foreign studies into high-nitrogen
azine energetic materials. The synthetic methods,
structural and theoretical analysis, physical
and chemical properties, sensitivity properties,
thermal properties and detonation properties
of some typical pyrazine energetic compounds
are summarised, including: 2,6-diamino-3,5dinitropyrazine-1-oxide (LLM-105) of diazines,
4,4′,6,6′-tetra(azido)azo-1,3,5-triazine (TAAT) of
triazines, 3,6-dihydrazino-1,2,4,5-tetrazine (DHT),
3,6-bis(1H-1,2,3,4-tetrazol-5-yl-amino)-1,2,4,5tetrazine (BTATz) and 3,3′-azobis(6-amino-1,2,4,5tetrazine) (DAAT) of tetrazine and their respective
applications and potential value are described. The
results of published studies reviewed here show
that the application of azine energetic compounds
in propellants can effectively improve the burning
rate and reduce the characteristic signal; the
application of azine energetic compounds in mixed
explosives can reduce the sensitivity and improve
the detonation performance; the application of
azine energetic compounds in gas generators can
reduce the combustion temperature and increase
the gas content. Therefore, this class of compounds
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has a broad application prospect in energetic
materials.

1. Introduction
High energy density material (HEDM) is a new
concept formed in recent years. There is no unified
definition so far, although it is generally composed
of a high energy density compound (HEDC) and
other components (such as an oxidiser, combustible
agent, binder, plasticiser and insensitive agent). The
general requirements for energy and stability are as
follows: density ρ ≈ 1.9 g cm–3, detonation velocity
D ≈ 9.0 km s–1, detonation pressure P ≈ 40.0 GPa and
bond dissociation energy (BDE) ≈ 80–120 kJ mol–1.
This type of material can be used as a propellant,
explosive and pyrotechnic composition (1).
The new high energy density materials include five
types of substances: acyclic compounds, strained
and caged compounds, nitrogen heterocyclic
compounds (azine compounds, azole compounds,
furazan compounds), nitrogen clusters and oxygen
cluster molecules and excited state materials.
Among these, nitrogen heterocyclic compounds
have high enthalpy of formation, high density,
insensitivity and thermal stability. The high nitrogen
and low hydrocarbon content of the molecule make
it easier to achieve oxygen balance and increase
the density. Most of the decomposition products
are nitrogen (N2) with the lowest energy level,
they are of great environmental friendliness and
have attracted attention from domestic and foreign
researchers (2).
The basic skeleton of azine compounds is
the aromatic hexagonal ring of the nitrogen
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heterocycle. On the one hand, aromaticity makes
the whole molecule more stable, thus having lower
sensitivity to friction, impact and sparks and being
safer to use; on the other hand, N atoms replace
the CH group in the benzene ring system, which
gives the system a higher enthalpy of formation,
higher heat of combustion and makes it more likely
to achieve oxygen balance. At present, the research
on azine compounds mainly focuses on tetrazines
(DHT, BTATz) and polynitro- or amino-substituted
diazines (such as LLM-105). The study of polyazide
azo triazines (such as TAAT) and other triazines
mainly focuses on medical aspects. Only a small
number of theoretical studies have been conducted
on pentazine and total nitrogen substituted
benzene, but there has been no breakthrough in
experiment.

synthesised for the first time. However, it is
difficult to synthesise the precursor ANPZ. In
1998, Pagoria et al. (4) improved the method for
synthesising ANPZ. Using commercially available
2,6-dichloropyrazine as a starting material, 400 g
of LLM-105 was successfully prepared through a
four-step reaction and the total yield reached 48%.
The Fraunhofer Institute for Chemical Technology,
Germany (6) also used 2,6-dichloropyrazine
as the starting material to synthesise LLM-105
in four steps. The total reaction yield reached
41%, the final product purity reached 93% and
it contained a small amount of ANPZ byproduct.
In 2009, Pagoria et al. (7) provided a method for
the synthesis of LLM-105 including nitration of
2,6-diaminopyrazine-1-oxide (DAPO) that had a
good effect. In 2010, Pagoria et al. (8) provided
a method for synthesising a pyrazine-containing
material,
in
which
the
iminodiacetonitrile
derivative is contacted with hydroxylamine or
a hydroxylamine salt for forming DAPO, further
comprising contacting the DAPO with nitric acid in
the presence of sulfuric acid for forming LLM-105.
In 2015, an investigation by Zuckerman et al. (9)
focused on optimising flow nitration conditions for
cost effective preparation of DAPO. Synthesising
LLM-105 using a flow microreactor system has the
advantages of safety, decreased reaction time and
improved product purity. In 2018, Pagoria et al.
(10) described various approaches to the synthesis
of LLM-105 developed over the past 20 years. The
method of synthesising LLM-105 from different
starting materials including 2,6-dimethoxypyrazine
(DMP), 2-chloro-6-methoxypyrazine (CMP) and
DAPO is described and the synthesis method is
optimised. The classic synthetic route of LLM-105
is shown in Scheme I.

2. 2,6-Diamino-3,5-dinitropyrazine1-oxide (LLM-105)
The chemical name of LLM-105 is 2,6-diamino-3,5dinitropyrazine-1-oxide. According to the literature,
LLM-105 was first synthesised by the Lawrence
Livermore National Laboratory (LLNL), USA in 1995.
Pagoria et al. studied its various physical properties
in the laboratory and preliminarily explored its
applicability. Due to its superior performance,
LLM- 105 quickly attracted the attention of the
global explosives division (3–5).

2.1 Synthesis of LLM-105
LLM-105 was initially synthesised by oxidation
of 2,6-diamino-3,5-dinitropyrazine (ANPZ) using
trifluoroacetic acid (TFA) at room temperature
by Pagoria et al. (3) of LLNL, USA. 10 g was
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In China in 2006, Guo et al. (11) optimised the
reaction conditions on the basis of this synthetic
route, using 2,6-dichloropyrazine as starting
material. LLM-105 was synthesised through the four
steps of substitution, nitrification, ammonification
and oxidation. The total yield was more than
36% and the purity of the product was more than
98% after the recrystallisation from dimethyl
sulfoxide (DMSO). In the same year, Liu et al. (12)
synthesised LLM-105 with 2,6-dichloropyrazine
as the starting reactant via a four-step reaction.
In 2012, Yu et al. (13) continued to improve
the technology. They provided a method where
LLM- 105 was prepared by methoxylation, nitration,
amination and oxidation using 2,6-dichloropyrazine
as starting material, the total yield reached 54%.
In order to reduce the manufacturing costs, Deng
et al. (14) synthesised LLM-105 using ANPZ as
the starting material and high-concentration
hydrogen peroxide (H2O2) solution as an oxidising
agent. The amount of TFA was reduced by 50%
compared to the original method, which greatly
reduced the LLM-105 synthesis cost. In order to
further reduce the cost of LLM-105, Deng (15)
also recovered the TFA in the waste liquid from
the LLM-105 production process through strong
alkali neutralisation, concentration, acidification
and distillation processes. The results show that
the recovery rate of TFA was more than 80% and
the purity was more than 98%. In 2012, Zhou
et al. (16) explored a new broken azeotropic
technique to recover TFA by adding solvent A
and then employing atmospheric distillation to
recover TFA for the synthesis of LLM-105. Wang
(17) provided a method in which spherical or
cubic crystals of LLM-105 were prepared using
solvent-nonsolvent recrystallisation technology.
Zhang et al. (18) reviewed research progress in
synthesis methods, properties, crystal structures
and thermochemical properties of LLM-105 and its
application in explosives. In 2016, Wang et al. (19)
provided the technology for synthesising LLM-105
through the oxidation of ANPZ on the kilogram
scale, the yield of LLM-105 was 98.3% and its
purity 96.4%. The dosage of TFA was reduced
compared to previous methods. In 2016, Wang
(20) improved the synthetic process of LLM-105,
using commercially available iminodiacetonitrile
as the starting material, through a three-step
reaction of nitrosation, ring formation and
nitration. The total yield of LLM-105 was 44%
and the new technology has the advantages of
simple synthesis, low synthesis cost and little
environmental pollution.
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2.2 Structure and Theoretical
Analysis of LLM-105
According to the quantitative calculations in the
literature (21, 22), there is a strong delocalisation
among the amino and nitro group and the
six-membered ring of pyrazine and the hydrogen
bond existing between –NH2 and –NO2 which are
stronger than the ordinary hydrogen bond, thus
enhancing the stability of the whole molecule. All
the atoms in the molecule are in the same plane
and multiple intermolecular hydrogen bonds are
formed in the crystal, which makes the whole
system similar to the layered structure of graphite,
which is not only conducive to the formation of
higher density crystals, but also slides easily
and makes it more insensitive (23). Wang et al.
(24) used density functional theory (DFT) with
B3LYP/6-31G(d,p) level to optimise the geometric
structure of LLM-105 and found that there was
no imaginary frequency. The configuration and
atomic numbering of LLM-105 after geometry
optimisation are shown in Figure 1. It can be seen
that all atoms on the triazole ring in LLM-105 are
basically in the same plane. Due to the formation
of π-conjugated systems, the C–N bond length
(0.131 nm ~ 0.142 nm) on the ring is longer than
the standard double bond (0.122 nm), shorter
than the standard single bond (0.146 nm) and
tends towards the average. This is consistent with
the discovery of He et al. (25, 26), who optimised
the stable geometry of LLM-105 at the level of
B3LYP/6-31G**. He (25, 26) believed that all

Fig. 1. Optimised structure of 2,6-diamino-3,5dinitropyrazine-1-oxide (LLM-105) at B3LYP/631G(d,p) level. Reprinted from (24). Copyright
(2013), with permission from Chinese Journal of
Explosives & Propellants
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atoms of LLM-105 belong to the same plane and
there are hydrogen bonds and large conjugated
structures in the molecule.

(4, 31). Cutting et al. (30) tested the detonation
velocity of 7980 m s–1 when the relative density of
RX-55-AA was 93%.

2.3 The Performance of LLM-105

2.3.4 Thermal Stability of LLM-105

2.3.1 Physical Properties of LLM-105

The DSC exothermic peak of LLM-105 measured
at 10°C min–1 heating rate was 342°C (3, 4). The
DSC exothermic peaks for TATB and HNS-IV were
355°C and 320°C, respectively. The compatibility
of LLM- 105 with some common high explosives by
the use of thermal techniques (DSC and vacuum
stability test) and supplementary nonthermal
techniques (Fourier transform infrared and
X-ray diffraction) shows that LLM-105 has good
compatibility with HMX, DNTF and CL-20 (32).
LLM-105 has good thermal stability.

The molecular formula of LLM-105 is C4H4N6O5,
relative molecular mass Mr = 216.04, density ρ =
1.913 g cm–3, oxygen equilibrium (OB) = –37.03%,
heat of formation (HOF) = –12 kJ mol–1. It is a
needle-like bright yellow crystal. It is insoluble in
commonly used organic solvents, but soluble in
DMSO (27).

2.3.2 Sensitivity of LLM-105
Pagoria and Kennedy et al. (4, 28) measured
LLM-105 by differential scanning calorimetry
(DSC). The DSC curve showed that the thermal
stability was the same as trinitrotoluene (TNT).
The friction sensitivity of LLM-105 was greater
than 0.36 N. The impact sensitivity was 117 cm.
The shock sensitivity was close to triaminotrinitrobenzene (TATB) and was better than high
melting explosive (HMX) and hexanitrostilbene
(HNS). Tarver et al. (29) conducted a special
study on the sensitivity of LLM-105 and the
results showed that the thermal sensitivity and
impact sensitivity of LLM-105 were between TATB
and HMX. Cutting et al. (30) studied the thermal
sensitivity of LLM-105 using a one-dimensional
thermal explosion delay period and the results
showed that the delay period of thermal explosion
of LLM-105 is between HMX and TATB, which
is superior to HNS-IV and equivalent to TNT.
Comparing with HMX and research department
explosive (RDX), all reactions of LLM-105 are
relatively mild. The explosive reaction of LLM-105
was not observed at the critical temperature of
HMX. It is estimated that the critical temperature
of LLM-105 is about 15°C higher than that of
HMX, between 190°C and 214°C. It can be seen
that the above studies are in good agreement
with one another.

2.3.3 Energy and Detonating
Performance of LLM-105
The energy released by LLM-105 is 112% of the
explosive TATB and its theoretical detonation
velocity at the crystal density is D = 8560 m s–1
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2.4 The Use and Potential Value of
LLM-105
Due to the high cost of LLM-105 synthesis, there
is currently no mass production. It is known that
LLM-105 is a promising explosive with potential.
The thermal stability and shock wave sensitivity,
which are close to TATB and superior to HMX and
HNS, make it suitable for potential application
as new booster materials that approach HMX in
performance (31). LLM-105 can be potentially
applied to booster explosives, detonator charges,
main charges and other explosives to make
eutectic explosives to improve the performance
of other explosives (32, 33). At present,
the research on LLM-105 mainly focuses on
improving the synthesis route, reducing the cost
of synthesis, process amplification and further
evaluating its performance for formulation
verification (18, 34–38).

3. 4,4′,6,6′-Tetra(azido)azo-1,3,5triazine (TAAT)
4,4′,6,6′-Tetra(azido)azo-1,3,5-triazine
(TAAT)
is a typical polyazido heterocyclic system, which
contains many azido groups which can decompose
exothermically. The nitrogen content of TAAT is
very high, up to 79.55%. It has good stability,
high decomposition temperature and low friction
sensitivity. The heat of formation is as high
as 2171 kJ mol–1. The heat of formation is the
highest among all reported polynitro compounds,
polyazide
compounds
and
high-nitrogen
compounds (39, 40).
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3.1 Synthesis of TAAT

comparing the enthalpy of formation of TAT, TAHT
and TAAT in Table І, it is found that the enthalpy
is significantly increased after the introduction of
azo bonds (above 300 kJ mol–1) and that using azo
bridges connects two azide triazines to form a large
conjugate system that can effectively improve the
stability and decomposition temperature, reduce
friction sensitivity and significantly enhance the
stability. Huynh et al. (39) reported that TAAT could
be synthesised by reacting 4,4′,6,6′-tetrachlorodihydro-azo-1,3,5-triazine in acetonitrile with
hydrazine hydrate to obtain 4,4′,6,6′-tetrahydrodihydro-azo-1,3,5-triazine, followed by azide
reaction in the presence of sodium nitrate (NaNO2)/
hydrochloric acid (HCl) and finally dehydrogenation
in chloroform (CHCl3)/water (H2O) mixed solvent by
chlorine oxidation to obtain TAAT (Scheme II). In
2007, TAAT was synthesised from cyanuric chloride
and hydrazine hydrate as starting materials by
Li (46). This synthesis was a four-step process
including coupling, hydrazinolysis, diazotisation and
oxidation. Compared with the triazine compounds
synthesised earlier, TAAT has higher decomposition
temperature, lower friction sensitivity, higher
stability and higher heat of formation. The
investigation indicates that chlorine can transform
4,4′,6,6′-tetra(azido)hydrazo-1,3,5-triazine
into
TAAT at 94%, but N-bromosuccinimide transforms
only to 84%. In 2011, TAAT was synthesised from
TAHT by Li (47) through oxidative reaction with
trichloroisocyanuric acid (TCI), dichloroisocyanuric
acid
(DCI),
sodium
dichloroisocyanurate
(SDCI), sodium dibromoisocyanurate (SDBI),
N-chlorosuccinimide (NCS), N-bromosuccinimide
(NBS), Cl2, Br2 and sodium hypochlorite (NaClO)
with yields of 72% ~ 93%.

In 1921, Ott et al. (41) synthesised 2,4,6-triazido1,3,5-triazine (TAT) from 2,4,6-trichloro-1,3,5triazine (TCT) and sodium azide (NaN3). However,
due to the limitation of knowledge at that time,
the structure of the azide group was not properly
analysed. In 1976, a series of hydrazine triazine and
azotriazine compounds were synthesised by Loew
et al. (42), but they were not used as energetic
materials. In 2000, Gillan (43) showed that TAT
had a high heat of formation (1053 kJ mol–1)
through experimental measurement, but its
stability was extremely poor and it was very
sensitive to collision, friction and sparks, therefore
it did not have practical value. In order to reduce
the sensitivity of TAT and seek its practical
application, Hiskey and Huynh (39, 44) connected
TAT with hydrazine bonds and azo bonds to form
a symmetric molecule with a double heterocyclic
ring of four azides. TAAT and 4,4′,6,6′-tetra(azido)
hydrazo-1,3,5-triazine (TAHT) were obtained
respectively. Some performance parameters of
TAT, TAHT and TAAT are shown in Table І (45). By

Table І S
 ome Performance Parameters of
TAT, TAHT and TAAT
Performance

TAT

TAHT

TAAT

–3

Density, g cm

1.72

1.65

1.724

Enthalpy of formation,
kJ mol–1

1053

1753

2171

NHOF, kJ mol–1

72.20

62.61

83.50

BAM friction sensitivity,
kg

<0.5

2.9

2.4

Impact sensitivity, cm

6.2

18.3

6.2
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3.2 Structure and Theoretical
Analysis of TAAT

bond (1.0) and standard double bond (2.0). Due to
the wide distribution range, the conjugation of the
target compound TAAT is weak. Two triazine rings
are each connected to two azide groups, which
are connected by an azo group. Due to the steric
hindrance effect, the configuration has a certain
torsion in the space and the torsion angle is 33.8°.
The system energy calculated at the B3LYP/631+G(d) level is –3.48×10–6 kJ mol–1, the thermal
energy is 483.90 kJ mol–1 and the molar heat
capacity at constant volume is 251.70 kJ mol–1 K–1.
The entropy is 548.26 kJ mol–1 K–1 (pressure is
1.01 × 105 Pa, temperature is 298.15 K).

Although the stability of triazines is usually low,
the use of azo bridges to connect two triazines
to form a large conjugated system can effectively
improve the stability. For example, TAAT with a
nitrogen content of 79.55% has good stability,
high decomposition temperature, low friction
sensitivity and high heat of formation up to
2171 kJ mol–1 (39, 40). In 2009, Yu et al. (48)
optimised the molecular geometry of TAAT at the
level of DFT-B3LYP/6-31G* by using quantum
chemical methods. The results were compared
with experimental measurements. It was
proven that the introduction of azo bonds could
enhance the stability of the title compounds from
both experimental and theoretical aspects. In
2012, Geng et al. (49) calculated the geometric
optimisation of TAAT at B3LYP/6-31+G(d) level.
The optimised configuration of TAAT is shown in
Figure 2. The vibration analysis results have no
imaginary frequency, indicating that it is a stable
point on the potential energy surface and a stable
geometric configuration is obtained. Natural bond
orbital (NBO) analysis of the compound was carried
out. The results showed that the compound has
weak conjugation and the bond between the azide
group and the ring is relatively weak, making it
easy to break when thermally decomposed. All
the C–N, C2–N24, C11–N15 bond lengths on
the triazine ring are between C–N single bond
(0.147 nm) and C=N double bond (0.127 nm).
Wiberg bond order is between 1.0254 and 1.9519
and between the bond levels of standard single

3.3 The Performance of TAAT
3.3.1 Physical Properties of TAAT
The molecular formula of TAAT is C6H4N20, relative
molecular mass Mr ≈ 356, density ρ = 1.724 g cm– 3,
OB = –62.00%, HOF = 2171 kJ mol–1 (39).

3.3.2 Sensitivity of TAAT
The DSC indicates a fast decomposition temperature
of TAAT at 185°C, the impact sensitivity of TAAT is
6.2 cm, the friction sensitivity of TAAT is 2.4 kg,
the spark sensitivity is <0.36 J (39).

3.3.3 Energy and Detonating
Performance of TAAT
TAAT theoretical detonation velocity D =
8498.72 m s–1, HOF = 2171 kJ mol–1. Vacuum
constant volume detonation heat is 6092 kJ kg– 1.
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Fig. 2. Optimised structure of 4,4′,6,6′-tetra(azido)azo-1,3,5-triazine(TAAT). Reprinted from (49). Copyright
(2012), with permission from Journal of Northwest Normal University
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The heat of decomposition for TAAT is about
2607 J g–1, twice that of TAHT (50).

fast heating conditions, TAAT has completely
decomposed (47).

3.3.4 Thermal Stability of TAAT

3.4 The Use and Potential Value of
TAAT

The synthesised TAAT was subjected to thermal
analysis by DSC. Under dynamic nitrogen
protection, the heating rate was >20°C min–1 and
the sample dosage was 0.70 mg. The experimental
results are shown in Figure 3. From Figure 3, it
can be seen that TAAT has a strong endothermic
peak at 153.78°C, which corresponds to the melting
peak of TAAT, that is, its melting point. However,
TAAT begins to decompose exothermically near
200°C, the decomposition rate of TAAT reaches
a maximum at 221.74°C and the exothermic end
occurs at 238°C, which indicates that there is no
other heat change until the end of the test. Under

221.74°C

-1
Heat flow, (W.g
W g–1
)

25

4. 3,6-Dihydrazino-1,2,4,5-tetrazine
(DHT)

15

5

TAAT is a typical example of polyazido-azoheterocyclic systems, which possesses high
nitrogen content (79.5%) and the largest heat
of formation (2171 kJ mol–1) among all reported
energetic materials (39). As a natural consequence
of its chemical structure, it will generate large
amounts of N2 gas when it decomposes. This
decomposition pathway is highly desirable for
energetic materials in order to avoid environmental
pollution and health risks, as well as untraceable
signatures (51). Among the polyazide heterocyclic
compounds, TAAT has a higher decomposition
temperature, low friction sensitivity and strong
stability. In addition to being used as energetic
materials, TAAT can be pyrolysed to prepare
nitrogen rich C/N nanotubes and nanospheres and
is expected to be used in biocompatible materials,
battery electrodes, corrosion protection, sensors,
propellants and fuels (39, 52–54).

153.78°C
0

100

200

300

400

Temperature, °C

Fig. 3. DSC curve of 4,4′,6,6′-tetra(azido)azo1,3,5-triazine(TAAT). The temperatures indicated
in the figure are the temperatures of the weight
loss steps. Reprinted from (47). Copyright (2011),
with permission from Chinese Journal of Organic
Chemistry

There
are
three
isomers
of
tetrazine:
1,2,3,4-tetrazine (as shown in Figure 4(a)),
1,2,3,5-tetrazine (Figure 4(b)), 1,2,4,5-tetrazine
(homotetrazine or S-tetrazine) (Figure 4(c)).
The chemical name of DHT is 3,6-dihydrazino1,2,4,5-tetrazine, which belongs to all tetrazines
(S-tetrazine). The most current research is on
pyridine and its synthesis method is also mature.
Only Russia and the USA have reported a small
amount of 1,2,3,4-tetrazine compounds and these
studies are mainly related to the synthesis and
properties of benzo-1,2,3,4-tetrazine oxides and

Fig. 4. Structural formula of three isomers of tetrazine: (a) 1,2,3,4-tetrazine; (b) 1,2,3,5-tetrazine;
(c) 1,2,4,5-tetrazine
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their derivatives (50, 55, 56). There are few reports
on 1,2,3,5-tetrazine (57, 58). At present, the first
method for synthesising tetrazine compounds
is to synthesise 3,6-bis(3,5-dimethylpyrazol1-yl)-1,2,4,5-tetrazine (BT) and then carry out
nucleophilic substitution for 3,5-dimethylpyrazole
groups in BT to produce a series of four azine
compounds.

4.1 Synthesis of DHT
DHT was originally established in 1966 by Marcus
et al. (59). DHT and its derivatives were prepared
by the reaction of 3,6-diamino-s-tetrazine
(DATZ) with hydrazine. DATZ is formed by the
amination of BT. In the process of amination the
replacement is not complete, part of the DATZ is
monosubstituted and the yield is low (60–62). In
1998, Chavez et al. (63) obtained DHT with BT
and hydrazine hydrate when studying the dual
heterocyclic system 1,2,4-triazolo[4,3-b][1,2,4,5]
tetrazine. In 1998, Chavez et al. (64) described
the synthesis and properties of several new
energetic 1,2,4,5-tetrazine derivatives. Hiskey
et al. (65) from the Los Alamos National Lab
(LANL), USA, studied a new synthesis route
of DHT for the synthesis of the tetrazine-type
explosive LAX-112. In acetonitrile, the precursor
3,6-bis(3,5-dimethylpyrazol-1-yl)-1,4-dihydro1,2,4,5-tetrazine (BDT) was reacted with hydrazine
hydrate to obtain DHT. Talawar et al. (66) mixed
BDT with hydrazine hydrate in acetonitrile at low
temperature to obtain DHT in yield 92%, which
further shortened the synthetic route. Cutivet
et al. (67) found that dihydrotetrazines have more
advantages than tetrazines in the nucleophilic
substitution reaction of amines, which saves the
BDT oxidation step. Therefore, the reaction time
is shorter and the reaction conditions milder.
However, Cutivet (67) did not study the nucleophilic
substitution of ruthenium on the precursor. In
2003, Klapötke et al. (68) proposed a method
in which 3,6-bishydrazino-1,2,4,5-tetrazine was
synthesised as described by hydrazinolysis of
3,6-bis-(3,5-dimethylpyrazolyl)-1,2,4,5-tetrazine.
In China, Wang et al. (69) proposed a method
for the synthesis of BDT and its salts from
triaminoguanidine nitrate and 2,4-pentanedione
after condensation, oxidation and neutralisation.
In 2006, Pan et al. (70) used a literature method
(36) to scale up the synthesis of DHT to 100 g
and the yield was 77%. In 2013, Jia et al. (71)
optimised a literature method (37), using
3,6-bis(3,5-dimethylpyrazole)-1,2,4,5-tetrazine as
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starting material. DHT was obtained by hydrazine
substitution reaction and the synthesis conditions
of 3-DHT were optimised. The purity of DHT was
98.5% and the yield was 92%. In the same year,
He (72) used lanthanum nitrate, hydrazine hydrate
and acetylacetone as the starting materials. BT
was prepared by hydrosilylation condensation
and oxidative dehydrogenation, using BT as
the intermediate and DHT was synthesised by
nucleophilic substitution reaction.

4.2 Structure and Theoretical
Analysis of DHT
Zhang (73) et al. studied the stability and
intramolecular interactions of the energetic salts
of DHT using dispersion corrected DFT. The
geometric optimisation of DHT was calculated
by the Gaussian 09 program at DFT-B3LYP/631G(d,p) level. The vibration analysis has no
virtual frequency and is a relatively stable
structure. The configuration of DHT after geometry
optimisation and atom numbering is shown in
Figure 5(a). As can be seen from Figure 5(a),
the DHT molecule is symmetrical in the centre and
all atoms in the tetrazine ring in DHT are basically
in the same plane. The tetrazine ring forms a

Fig. 5. Optimised structure of 3,6-dihydrazino1,2,4,5-tetrazine (DHT): (a) the structure
optimised after B3LYP/6-31G(d,p) level of DHT; (b)
the structure optimised after B3LYP/6-311G* level
of DHT. Reprinted from (74). Copyright (2011),
with permission from Chemical Journal of Chinese
Universities
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conjugated system, both C2–N7 and C3–N8 have
p–π hyperconjugation. As shown in Figure 5(b),
the geometric optimisation of DHT was calculated
by the Gaussian 03 program at DFT-B3LYP/631G(d,p) level by Feng (74) who proposed that the
DHT molecule presents a symmetrical structure
with the centre of symmetry being the centre of
tetrazine. The introduction of hydrazide influenced
the conjugated system of the tetrazine ring and
the groups C1–N3 and C1A–N3A on both sides
of the molecule exist in p–π hyperconjugation.
It can be seen in Figures 5(a) and 5(b) that
the structures of the DHTs in the two figures are
similar, therefore, it may be considered that the
DHT molecule is a symmetrical structure at the
centre and there exists a conjugated system.

4.3 The Performance of DHT
4.3.1 Physical Properties of DHT
The molecular formula of DHT is C2N8H6, the
relative molecular mass Mr = 142 and the nitrogen
content is 78.8%. Kerth et al. (75) measured the
density ρ = 1.69 g cm–3 by experiment and velocity
and detonation pressure were 10.65 km s–1 and
39.02 GPa respectively at a density of 1.69 g cm–3,
the melting point was 158°C ~ 160°C. Feng et al.
(74) theoretically calculated that the density is
1.64 g cm–3, the K-J equation is used when the
density is 1.64 g cm–3. It is estimated that the
detonation velocity and detonation pressure of
DHT are 9.27 km s–1 and 36.02 GPa respectively.
It can be seen that the theoretical estimate is close
to the experimental value.

4.3.2 Sensitivity of DHT
The drop weight sensitivity is H50 = 70 cm and
the friction sensitivity is >36 N (74). According
to GJB772A-97 method 601.2 and method 602.1,
Zhang et al. (76) measured an impact sensitivity
of H50 = 70 cm and friction sensitivity P = 8%. Pan
et al. (70) measured that the percent of explosion
was 0% and the impact sensitivity of DHT was
H50>50 cm, under the conditions: hammer weight
of 2 kg, sample weight of 0.2 g, 10 kg drop hammer
of 50 cm height (reference standard QJ3039-98).
At a test angle of 90° and a test pressure of 4.0 MPa
(reference standard QJ2913-97), the percent of
explosion is 0% and the friction sensitivity is 8%. It
can be seen that these three groups of tests have
good consistency.
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4.3.3 Energy and Detonating
Performance of DHT
DHT theoretical detonation velocity D =
10.15 km s–1 and HOF = 536 kJ mol–1 (75). Vacuum
constant volume detonation heat is 7710.0 kJ kg–1
(reference standard QJ1359-88) (70). Jia et al.
(71) measured the detonation velocity of DHT D =
9234 m s–1 and the enthalpy ΔHf = 535 kJ mol–1.
It can be seen that the theoretical performance is
good.

4.3.4 Thermal Stability of DHT
The thermal behaviour of DHT was studied with DSC
and thermogravimetric analysis (TGA)-differential
thermal gravimetric (DTG) methods and can be
divided into two exothermic decomposition stages.
DHT has good thermal stability and does not begin
to decompose until 140°C. DSC analysis shows
that there is an exothermic peak at 161°C and the
exothermic value is 1660 J g–1. TGA analysis shows
that DHT decomposed at 140°C ~ 160°C and lost
64.9% of its mass. Its thermodynamic properties
indicate that it can be added to propellants or
explosives as an energy enhancing component (66,
77). Zhang et al. (76) and Jia et al. (71) studied and
analysed the DSC (in Figure 6(a)) and TGA-DTG
(in Figure 6(b)) spectra of DHT. The DHT has a
sharp exothermic decomposition peak at 162.9°C,
with a smaller span and larger heat release. When
the temperature is lower than 146°C, the weight
loss of DHT is lower. Rapid weight loss occurs during
a temperature rise of 164.33°C ~ 179.42°C. The
decomposition is basically completed at 204.36°C
and there is also some residue.

4.4 The Use and Potential Value of
DHT
Due to DHT being both a high-nitrogen and a
high-hydrogen compound, it burns violently in the
air, generating nitrogen and water and releasing
enormous energy. These characteristics can be
used in such fields as explosives, gas generators,
solid propellants, pyrotechnic technology and
more. Burns et al. conducted a large number
of experimental studies using high-nitrogen
compounds such as BHT, BTA and DHT instead
of sodium azide as an airbag gas generator
component for automotive airbags. In the literature
(78), BHT non-metallic salt was used as fuel and
the formulation was no longer used with high
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Fig. 6. DSC and TG-DTG curves of 3,6-dihydrazino-1,2,4,5-tetrazine (DHT): (a) DSC curves for DHT at a
heating rate of 10°C min–1; (b) TG-DTG curves for DHT at a heating rate of 10°C min–1. Reprinted from (76).
Copyright (2014), with permission from Chinese Journal of Explosives & Propellants

sensitivity ignition agent. The ignition performance
was improved, the gas consumption was high and
there were few solid residues. The gas conversion
rate of BHT ammonium salt system reached
97%, the burning rate was 11.43 mm s–1 (under
7 MPa) and the combustion was stable without
flameout. In a US study of solid propellant gas
generator (SPGG) technology used in aero-engine
fire extinguishing equipment, it was indicated that
for the propellant containing BHT, the combustion
speed was greater than 63.5 mm s–1 (under 7 MPa)
(79). Chavez et al. (80) carried out research on
the technology of high-nitrogen substances in low
(no) smoke pyrotechnics. DHT was used as a fuel,
together with the oxidant ammonium perchlorate,
a small amount of metal salt, or a high-nitrogen
compound metal salt colourant, resulting in a
variety of pure colours and high ornamental value
for low smoke fireworks. Improvement of the
DHT production process is expected to widen its
potential application in pyrotechnics and other
products.

5. 3,6-Bis(1H-1,2,3,4-tetrazol-5-ylamino)-1,2,4,5-tetrazine (BTATz)
The chemical name of BTATz is 3,6-bis(1H1,2,3,4-tetrazol-5-yl-amino)-1,2,4,5-tetrazine.
The molecular structure includes two high-nitrogen
heterocyclic systems: tetrazine and tetrazole.
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Nitrogen content is as high as 80%, so it is one of
the compounds with the highest nitrogen content
among high-nitrogen energy compounds.

5.1 Synthesis of BTATz
The general synthesis method of BTATz is by
the reaction of BT, BDT or 3,6-dichloro-1,2,4,5tetrazine with 5–aminotetrazole (5–AT). BTATz
was first synthesised in acetonitrile from the
sodium salt of 3,6-dichloro-1,2,4,5-tetrazine
and 5–AT by Hiskey et al., LANL, USA (81, 82).
Wang et al. (83) conducted a detailed study of its
synthesis by means of purification and quantum
chemistry. Yue et al. (84) used hydrazine hydrate
and guanidine nitrate as starting materials to
synthesise triaminoguanidine nitrate (TAGN). After
recyclisation and oxidative dehydrogenation, BDT
was obtained. Further nucleophilic substitution
with 5–AT resulted in the target compound BTATz
being obtained. Wang et al. (83) improved the
oxidation step of the BTATz synthesis process.
BTATz was synthesised from triaminosulfonium
nitrate and pentadione as starting materials by
condensation, oxidation and substitution. By using
sodium nitrite/acetic acid instead of nitrogen
dioxide/N-methylpyrrolidone, the oxidation step is
improved, the cost is reduced and the synthetic
process is simplified. The synthetic path is shown
in Scheme III.
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Scheme III. Synthetic process of 3,6-bis(1H-1,2,3,4-tetrazol-5-amino)-1,2,4,5-tetrazine (BTATz)

5.2 Structure and Theoretical
Analysis of BTATz
Xiong (85) used the Gaussian 03 program to
optimise the geometrical structure of BTATz at the
B3LYP/6-311G(d,p) level (shown in Figure 7(a)).
Except for the strong delocalisation of the tetrazine
ring and the tetrazole ring, the solitary pair
electrons of the N atom connecting the two rings
have a strong electronic effect on the antibonded
π orbitals of the C–N bonds between the two rings.
The geometric optimisation of BTATz was calculated
by Gaussian 09 program at DFT-B3LYP/6-31G(d,p)
level. The vibration analysis has no virtual
frequency and it is a relatively stable structure. The
configuration of BTATz after geometry optimisation
and atom numbering is shown in Figure 7(b). As
can be seen from Figure 7(b), all the atoms in
the molecule are basically in one plane: one sixmembered ring and two five-membered rings. Each
forms a conjugated system. Due to the formation
of the conjugated system, the N–N and C–N bonds
in the ring are longer (1.289 Å ~ 1.378 Å) than
standard double bonds (1.22 Å), shorter than a
standard single bond (1.46 Å) and tend towards
the average, making the whole molecule good in
aromaticity and stability. The geometry of BTATz
in Figure 7(b) is similar to that obtained by Wang
(83). Wang proposed that the N atom with H in the
five-membered ring provides a pair of electrons
and the other four atoms each provide one
electron; the six atoms in the six-membered ring
each provide one electron; and two five-membered
rings and one six-membered ring respectively
provide six electrons, thus satisfying the 4n + 2
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aromaticity rule so that the whole molecule forms
a large π bond. It can be seen that the structures of
BTATz are similar in Figure 7(a) and Figure 7(b);
therefore, BTATz may be considered to exist in a
conjugated system.

5.3 The Performance of BTATz
5.3.1 Physical Properties of BTATz
BTATz is a red-brown solid and its molecular
formula is C4N14H4. It has a relative molecular
weight of Mr = 220, a nitrogen content of 79.0%,
a density ρ = 1.76 g cm–3 and a melting point
of 264°C ~ 285°C. BTATz is insoluble in water,
acetone, acetonitrile, DMF and other solvents. It is
soluble in DMSO, hot benzene and other solvents
and has good compatibility with nitrocellulose,
nitroglycerine and commonly used catalysts (84).

5.3.2 Sensitivity of BTATz
Friction sensitivity >36 N, impact sensitivity H50 =
160 cm ~ 200 cm. As a whole, BTATz sensitivity is
low (84).

5.3.3 Energy and Detonating
Performance of BTATz
HOF = 883 kJ mol–1 and detonation velocity D =
7520 km s–1 when the density is 1.75 g cm–3. The
burning speed was tested between 5.6 mm s–1
(0.1MPa) and 75 mm s–1 (19 MPa). The corresponding
pressure index was calculated as 0.49 (84).
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Fig. 7. Optimised structure of 3,6-bis(1H-1,2,3,4-tetrazol-5-amino)-1,2,4,5-tetrazine (BTATz): (a) the
structure optimised after B3LYP/6-311G(d,p) level of BTATz (BTATz geometry and related parameters (bond
length (Å), data in parentheses indicate the Wiberg bond order and italic data represents the NBO charge)).
Reprinted from (85). Copyright (2008), with permission from Journal of Explosives & Propellants; (b) the
structure optimised after B3LYP/6-31G(d,p) level of BTATz

5.3.4 Thermal Stability of BTATz
Saikia et al. (86) reported characterisation and
thermolysis studies of BTATz. TGA and DSC results
suggested that BTATz decomposes in the range
265°C ~ 350°C and the calculated energy of
activation of BTATz is 212.69 kJ mol–1. The initial
decomposition temperature of BTATz is about
260°C and the decomposition peak temperature
on the DSC curve is about 320°C. The standard
formation enthalpy of BTATz is 883 kJ mol–1
and the combustion heat is 12,204.13 kJ kg–1
(84). The results of ab initio molecular dynamics
simulation showed that the initial pyrolysis of
BTATz occurs on the tetrazole ring. One route is
the four-azole ring to eliminate ammonia (NH3)
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directly and the other is the breaking of the NH–N
bond on the tetrazole ring. The latter is the main
decomposition approach. When the NH–N bonding
on the tetrazole ring is broken, the secondary
reaction involves three conditions that a further
bond breaking on the tetrazole ring and the
removal of one N2, a tetrazole ring undergoes a
ring-opening reaction and another tetrazole ring
undergoes a ring-opening reaction (85). Zhang
(87) measured the TGA-DTG curve of BTATz under
normal pressure as shown in Figure 8. There are
two weight loss steps plus DTG peak temperatures
at 322.41°C and 493.36°C. The weight loss in the
first stage is caused by the gas released from the
ring opening of the tetrazine and tetrazole rings.
This stage reaches 342.93°C and the remaining
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Fig. 8. TGA-DTG curves of 3,6-bis(1H-1,2,3,4tetrazol-5-amino)-1,2,4,5-tetrazine (BTATz).
Reprinted from (87). Copyright (2007), with
permission from Journal of Propulsion Technology

mass percentage is 60.26%. The weight loss in the
second stage is further degraded by the first stage
of condensed phase products such as ammonium
azide (NH4N3) and melamine. The two weight loss
processes are closely linked. The decomposition
heat release mainly comes from the first weight
loss stage, which is reflected in the DSC diagram
with only one exothermic decomposition peak.
From the performance data of BTATz, it can be
seen that BTATz has low sensitivity, high detonation
velocity, good thermal and chemical stability and
has the characteristics of high burning speed and
low pressure index (77).

5.4 The Use and Potential Value of
BTATz
Because of its high nitrogen content, high energy
and low sensitivity, BTATz has been widely studied
in the areas of solid propellants, gas generators
and explosives. Hiskey et al. (81) studied the
specific impulse of aluminium powder when it
was completely replaced by BTATz in the formula
AP/THPB/Al(70/14/16) and found that the
specific impulse decreased from 2587 N s kg–1
to 2274 N s kg–1. Although there is a loss, the
characteristic signal of the propellant is obviously
reduced. Li (88) et al. prepared and characterised
double base (DB) propellants containing lead
complex based BTATz (LCBTATz) and composite
modified double base (CMDB) propellant. The
results showed that LCBTATz is a highly efficient
dual-base combustion catalyst, which can
significantly increase the combustion rate and
significantly reduce the pressure index over a
wide range of pressures.
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In China, the National University of Defence
Technology and the Xi’an Modern Chemistry
Research Institute (87, 89–93) have taken the
lead in studying the synthesis and properties of
the high-nitrogen compound BTATz. It was found
that the oxygen balance of BTATz was low and the
characteristic energy parameters of the propellant
decrease with increasing content of the propellant.
In order to retain the propellant energy level, BTATz
should be used in combination with high-energy
additive components. BTATz has outstanding
potential to improve burning rate, especially under
a catalytic system where the effect of increasing
the burning rate is more obvious. Since BTATz does
not have a melting process similar to RDX, this
type of propellant produces a divergent flame, the
combustion surface changes from a melt to a loose
coral-like shape and the flame intensity increases.
Some workers (94–96) have combined BTATz with
metals to synthesise high-energy metal salts to
use as propellants. High-energy metal salts can
play a catalytic role in combustion and provide an
effective way to regulate combustion performance.

6. 3,3′-Azobis(6-amino-1,2,4,5tetrazine) (DAAT)
3,3′-Azobis(6-amino-1,2,4,5-tetrazine) (DAAT) is
a typical representative of an azotetrazine highnitrogen energetic compound with a nitrogen
content of up to 76.36%, good thermal stability
and low sensitivity. Chavez et al., LANL, USA (63)
reported the first correlation study of DAAT.

6.1 Synthesis of DAAT
In 2000, DAAT was synthesised by Chavez et al.
(63) and its physicochemical properties and
sensitivities were studied. The results concluded
that the energy of DAAT obviously increased after
the azo bridge was introduced between the two
tetrazine rings. DAAT is a typical high-nitrogen
energetic compound with excellent properties.
In 2002, Hiskey et al. (97) further optimised the
synthesis of DAAT, using peroxytrifluoroacetic
acid as an oxidant to synthesise DAAT and its
coordination oxide DAATOn. Later, Germany’s
Kerth et al. (75) and India’s Talawar et al. (66)
further studied the synthesis and properties of
DAAT and characterised its structure. In China, a
synthetic route to DAAT was optimised and scaled
up by Yue and Xu et al. (98, 99) of the National
University of Defence Technology. In 2005, Xu
et al. (100) synthesised DAAT in seven steps
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using guanidine nitrate and hydrazine hydrate as
starting materials. In 2006, Wang et al. (101) used
triaminoguanidine nitrate and pentanedione as
starting materials to synthesise DAAT in six steps,
including condensation, oxidation, hydrazinolysis,
bromination, ammonolysis and hydrolysis. The
total yield was 19%. On the basis of the literature
(63, 98–101), Xu et al. (102) further optimised
the synthesis of DAAT using BT as the starting
material. DAAT was synthesised in four steps,
including nucleophilic substitution, oxidative
dehydrogenation, ammonolysis and hydrolysis.
The synthetic route is shown in Scheme IV(a).
According to Scheme IV(a), HDPT is obtained by
nucleophilic substitution of BT with hydrazine in
isopropanol; ABDPT is obtained by NBS oxidative
dehydrogenation in acetonitrile; DAAT·2DMSO is
obtained by ammonolysis of ABDPT in DMSO and

DAAT is obtained by further hydrolysis in DMSO.
There are many deficiencies in the synthesis of
DAAT from the literature (63, 66, 75, 97–102),
including: too many reaction steps; operation
conditions that are difficult to control; low total
yield; expensive reagents; and lack of industrial
application prospects. In 2009, Wang et al. (103)
devised a novel synthetic approach to DAAT. They
used BDT as a starting material to synthesise DAAT
by high pressure ammonolysis and potassium
permanganate oxidation. Compared with the
four- step reaction in the literature (102), this new
approach is reduced to two steps. The reaction
steps were shortened and the total yield increased
significantly, reaching 58.1%. The structure of
DAAT was characterised by quantum chemical
methods. The synthetic route to DAAT is shown in
Scheme IV(b).
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6.2 Structure and Theoretical
Analysis of DAAT

In 2007, Xiong (104) studied the molecular
configuration and electronic structure of DAAT at
B3LYP/6-311G(d,p) level (in Figure 10(a)). It
was found that DAAT contains a large delocalised
π orbital. The bond length and bond order of each
bond and the NBO charge on each atom are shown
in Figure 10(a). In 2009, Wang et al. (103) used
the Gaussian 98 application program to calculate
DAAT geometrically at the level of DFT-B3LYP/631G(d,p). The vibration analysis had no virtual
frequency and it was a relatively stable structure.
The configuration and atomic number of DAAT after
geometric optimisation are shown in Figure 10(b).
It can be seen from Figure 10(b) that the DAAT
structure is highly axisymmetric, with the tetrazine
ring and the amino group substantially on the same
plane and a large conjugated π bond is formed.
After the formation of the conjugated system, the

DAAT is a typical representative of ditetrazine
compounds and the two tetrazine rings are
connected by an azo bridge. It is a high-nitrogen
energetic compound with excellent properties. The
structure of DAAT is shown in Figure 9.
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Fig. 9. The structural formula of 3,3′-azobis(6amino-1,2,4,5-tetrazine) (DAAT)
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N–N and C–N bonds on the ring (in the range of
1.311 Å to 1.358 Å) are longer than the standard
double bond (1.22 Å) and shorter than the standard
single bond (1.46 Å) and tend towards the average.
Since the C(2)–N(10) bond is long, it is prone to
breakage. As shown in Figures 10(a) and 10(b),
the structures of the two compounds are similar.
The results show that the tetrazine rings and amino
groups on both sides of DAAT azo are basically in
the same plane and form a large conjugated π
bond. The structure is relatively stable.

6.3 The Performance of DAAT
6.3.1 Physical Properties of DAAT
The molecular formula of DAAT is C4N12H4, the
relative molecular mass Mr = 220 and the nitrogen
content is 76.36%. DAAT is a crimson powder, soluble
in DMSO, NMP, DMF and sulfoxide. It is insoluble in
water. Chavez and Kerth et al. (63, 75) measured
the density ρ = 1.84 g cm–3 by experiment. The K-J
equation is used when the density is 1.84 g cm–3.
It is estimated that the detonation velocity and
detonation pressure of DAAT are 8591.82 m s–1
and 28.48 GPa respectively.

6.3.2 Sensitivity of DAAT
The impact sensitivity H50 of DAAT is 70 cm (HMX
25 cm) and it is insensitive to electrostatic cremation
(>0.36 J) and friction (BAM friction test >36 kg).

(a)

6.3.3 Energy and Detonating
Performance of DAAT
The HOF of DAAT is 862 kJ mol–1 (63, 75). Xu
(102) calculated the detonation performance of
DAAT using VLW equation of state (EOS), the
results showed that the theoretical detonation
velocity D = 9.025 km s–1, HOF = 3911.6 kJ g–1,
detonation pressure was 27.2 GPa, detonation
temperature was 3523 K and detonation capacity
was 0.456 ml g–1.

6.3.4 Thermal Stability of DAAT
The thermal decomposition properties of DAAT
were studied by DSC, pressure differential scanning
calorimetry (PDSC) and TGA-DTG techniques by
Xu (102). The DSC, PDSC and TGA-DTG curves
under different conditions were obtained. DSC
experiments were carried out at constant pressure
and three different heating rates: 2°C min–1,
5°C min–1 and 10°C min–1. The results are shown in
Figure 11(a). The DSC curve of DAAT at heating
rate 5°C min–1 is shown in Figure 11(b). At this
heating rate, DAAT began to decompose at around
283°C and there was a strong liberation heat peak
at 320.23°C. The decomposition enthalpy of the
exothermic peak was 1974.33 J g–1, which was
similar to the research result of Kerth et al. (75).

(b)
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The vacuum stability test results are 0.29 ml g–1
and the explosion point is 288°C (63, 75).
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Fig. 11. DSC curves of 3,3′-azobis(6-amino-1,2,4,5-tetrazine) (DAAT): (a) DSC curves of DAAT at different
heating rates; (b) DSC curves for 3,3′-azobis(6-amino-1,2,4,5-tetrazine) (DAAT) at a heating rate of 5°C
min–1. Reprinted from (102). Copyright (2006), with permission from Chemistry Bulletin
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Fig. 12. DSC of 3,3′-azobis(6-amino-1,2,4,5tetrazine) (DAAT) under various pressures (the
temperature and percentage indicated in the figure
are the temperature and residual percentage
corresponding to the weight loss step). Reprinted
from (102). Copyright (2006), with permission
from Chemistry Bulletin

Figure 12 is the PDSC curve of DAAT under
0.1 MPa, 2 MPa, 4 MPa and 6 MPa ambient
pressure. Under different pressures, DAAT showed
two closely related exothermic peaks at around
300°C, namely pyrolysis and low temperature
decomposition of DAAT. At normal pressure, it
mainly showed pyrolysis and under high pressure,
it mainly showed low temperature decomposition.
The thermal decomposition of DAAT is sensitive
to pressure and the rate of decomposition is
proportional to the ambient pressure. At normal
pressure, the TGA-DTG curves of DAAT are shown
in Figure 13. There are two weight loss steps in
DAAT and DTG peak temperatures are found at
326°C and 490°C. The initial peak temperature of
the first stage weight loss is about 280°C, which
is consistent with the initial decomposition peak
temperature of DSC in Figure 11(b). There is
nearly 50% weight loss at 355°C, then the second
stage of weight loss occurs at 370°C ~ 560°C and
the DAAT basically decomposes completely.

6.4 The Use and Potential Value of
DAAT
DAAT has the advantage of high nitrogen content,
good detonation performance, good thermal
stability and high energy. It is suitable for
gas- producing fuels with gas-generating agents.
Its thermal decomposition rate is sensitive to
pressure and proportional to ambient pressure.
It is expected to have wide application prospects
in the field of energetic materials including high
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Fig. 13. TG-DTG curves of 3,3′-azobis(6-amino1,2,4,5-tetrazine) (DAAT) (the temperature
and percentage indicated in the figure are
the temperature and residual percentage
corresponding to the weight loss step). Reprinted
from (102). Copyright (2006), with permission
from Chemistry Bulletin
energy insensitive explosives (102). The molecular
structure of DAAT contains a large number of
N–N and C–N bonds and the chemical potential is
mainly derived from its positive enthalpy. The high
nitrogen content and low carbon and hydrogen
contents in the molecular structure mean it
produces a large amount of gas and lower smoke
or smokeless combustion products, but also makes
it easier to achieve oxygen balance (63, 66, 105,
106). These types of high-nitrogen compounds
not only have high energy content, but also have
low electrostatic sensitivity, impact sensitivity and
friction sensitivity (63, 107). Therefore, they can be
widely used in low characteristic signal propellants,
gas generators, flameless low-temperature fire
extinguishing agents and smokeless pyrotechnic
technology (108, 109).

7. Conclusions
Azine energetic compounds have a relatively
stable structure, low sensitivity, high enthalpy of
formation, generate high heat during combustion,
emit huge energy by explosion and produce
large amounts of N2 by combustion, which is
more friendly to the environment compared to
alternatives. Therefore, as a HEDC, this class of
compounds have good application prospects in the
fields of national defence and spaceflight.
Due to the strong delocalisation and strong
hydrogen bonding of the LLM-105 molecule,
the stability of the entire molecule is enhanced,
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the formation of crystals with higher density is
facilitated and the crystal structure is slippery to
make it more sensitive. It has good compatibility
with other explosive components and has great
potential as an explosive with good heat stability.
It can be potentially applied to booster explosives,
detonator charges, main charges and other
explosives to make eutectic explosives to improve
the performance of other explosives. However,
at present, the cost of its synthesis is high and it
needs further research.
Due to the formation of a large conjugated
system in the TAAT molecule, the stability of the
whole molecule is enhanced, with high stability and
decomposition temperature, low friction sensitivity,
nitrogen content of 79.55% and extremely high
heat of formation of 2171 kJ mol–1. Besides
being used as an energetic material, TAAT can be
pyrolysed to prepare nitrogen-rich C/N nanotubes
and nanospheres, which are expected to be used
in biocompatible materials, battery electrodes,
corrosion protection, sensors, propellants and fuels.
Because DHT is both a high-nitrogen compound
and a high-hydrogen compound, it burns violently in
the air, generating nitrogen and water and releasing
enormous energy. These characteristics can be
used in such fields as explosives, gas generators,
solid propellants, pyrotechnic technology and
more. DHT has high enthalpy of formation and
thermal stability and its thermodynamic properties
indicate that it can be used as an energy-enhancing
component added to propellants or explosives to
improve their performance.
BTATz has low sensitivity, high detonation
velocity, excellent thermal stability and chemical
stability and has the characteristics of high burning
speed and low pressure index. It can be applied
to solid propellants, gas generating agents and
explosives. It combines with metals to synthesise
energetic metal salts, which can be applied in the
field of propellants. High-energy metal salts can
play a catalytic role in combustion and provide an
effective way to regulate combustion performance.
DAAT has the advantages of high nitrogen
content, good thermal stability, high energy, low
sensitivity, positive enthalpy of formation and
easy achievement of oxygen balance. Its thermal
decomposition rate is sensitive to pressure and
is proportional to ambient pressure, so it can be
widely used in low characteristic signal propellants,
gas generators, flameless low-temperature fire
extinguishing agents, smokeless pyrotechnics and
energetic materials such as high-energy insensitive
explosives.
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Above all, the application of azine energetic
compounds in propellants can effectively improve
the burning rate and reduce the characteristic
signal; the application of azine energetic compounds
in mixed explosives can reduce the sensitivity and
improve the detonation performance; and the
application of azine energetic compounds in gas
generators can reduce the combustion temperature
and increase the gas content. Therefore, this class
of compounds have broad application prospects in
energetic materials.
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