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Abstract: Novel lead and copper salts based on anthraquinone, including 
1,8-dihydroxyanthraquinone,1,4,5,8-tetrahydroxyanthraquinone and 
1,8-dihydroxy-4,5-dinitroanthraquinone, were prepared and characterized by 
Fourier transform infrared spectroscopy (FTIR), elemental analysis (EA), and 
X-ray fluorescence (XRF).  The catalytic effects of these compounds on the 
decomposition of nitrocellulose (NC) and on the combustion properties of 
double-base (DB) and composite modified double-base (CMDB) propellants 
were comprehensively investigated.  The results demonstrated that the burning 
rate is significantly increased (by 200%) in the lower pressure range (2-6 MPa) 
as compared to the control systems without added anthraquinone-based salts.  
Concurrently, the pressure exponents (n) were obviously lower, exhibiting 
a “wide-range plateau” combustion phenomenon in the middle-pressure region.  
Specifically, for the DB propellants such a plateau region extended from 10 MPa 
to 16 MPa for n equal to 0.10, from 10 MPa to 18 MPa for n equal to 0.11 and 
from 8 MPa to 18 MPa when n is 0.05.  In the case of RDX-CMDB propellants, 
the plateau was found to be in the range 6-18 MPa, with n in the range 0.16-0.27, 
depending on the type of catalyst, in contrast to the reference CMDB sample, which 
was characterized by n equal to 0.7 for the same pressure range. 
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1 Introduction 

Solid rocket propellants are extensively used in almost all operational rockets, 
missiles, satellites and space shuttle launch vehicles [1-3].  Efforts have been 
mainly devoted to the development of novel propellants with high performance 
and a wide-range plateau in order to fulfill the ever-growing and challenging 
requirements, i.e. carrying heavier payloads for longer distances [4-7].  The 
plateau combustion range of a solid rocket propellant determines its ballistic 
performance, flying speed and stability.  So the control and tailoring of this 
combustion property is the key factor for further improving the performance of 
rockets and similar devices. 

A combustion catalyst as a ballistic modifier is one of the most important 
functional additives in the formulation of solid propellant compositions [8-12].  
The main function of a combustion catalyst is to tailor the burning rate and 
reduce the pressure exponent (n) of a solid propellant.  In this context, lead(II) 
and copper(II) salts, including inorganic and organic compounds, have been 
widely investigated and are considered to be the most popular and efficient 
combustion catalysts for double-base (DB) and composite modified double-
base (CMDB) propellants [13-19].  Specifically, some inorganic metal oxides 
and organic carboxylic acid metal salts are the preferred choices in DB and 
CMDB propellants, and include lead oxide (PbO) [20], copper oxide (CuO) 
[21], lead carbonate (PbCO3), phthalic acid lead salt (φ-Pb) and adipic acid 
copper salt (β-Cu) [22, 23].  However, these catalysts are able to modify the 
combustion performances of solid propellants only in low pressure regimes 
(6-10 MPa), and cannot fulfil the requirements for the formulation of solid 
propellants with middle to high pressure range plateau combustion behaviour.  
In comparison, some energetic catalysts such as 3-nitro-1,2,4-triazol-5-one 
(NTO) [24-26], 4-(2,4,6-trinitroanilino)benzoic acid (TABA) [27] and 4-amino-
3,5-dinitropyrazole (DNP) [28-30] metal salts, do not show a significant 
reduction in the pressure exponent of solid propellants, and some of them are 
very dangerous and require a high standard of precautions/protocols for their 
manufacture.  Many research groups have also focused on the preparation of 
nano-sized catalysts, including nano-Fe2O3 [31], CuO [32], Bi2WO6 [33], and 
copper β-resorcylate [34].  Moreover, despite these compounds exhibiting great 
efficacy in enhancing the thermal decomposition rates of energetic materials, they 
are still unable to modify the combustion properties of solid propellants above 
10 MPa because of the difficulties in maintaining a high degree of dispersion by 
limiting aggregation.  Furthermore, high cost is also one of the most important 
reasons which significantly restricts their application.  The design and facile 
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preparation of cost-effective new compounds, which have great catalytic effects 
on the combustion of solid propellants under a wider pressure range, especially 
middle to high pressures, remains a difficult and challenging task. 

Anthraquinone-based compounds contain many carbon atoms and carbonyl 
groups, which can improve propellant combustion and absorb ultraviolet light, 
which consequently improves the burn rate during combustion.  In our previous 
work both the barium [35] and manganese [36] salts of 1,8-dihydroxy-4,5-
dinitroanthraquinone were prepared and investigated in terms of their thermal 
behaviour.  It was found that the key components which catalyze the decomposition 
and combustion of propellants were the metal oxide and carbon atoms.  In order 
to systematically study the effects of anthraquinone metal salts (AMSs) on the 
combustion properties of DB and CMDB propellants, we investigated in the 
present work the effects of several AMSs based on lead and copper, including 
1,8-dihydroxyanthraquinone, 1,8-dihydroxy-4,5-dinitroanthraquinone and 
1,4,5,8-tetrahydroxyanthraquinone (their molecular structures are shown in 
Scheme 1) as combustion catalysts of DB and CMDB propellants. 
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Scheme 1. Molecular structures of the anthraquinone metal salts (AMSs) 

2 Experimental 

2.1 Material preparation 
Raw materials 
The purity of all raw materials, 1,8-dihydroxyanthraquinone, 1,8-dihydroxy-
4,5-dinitroanthraquinone, 1,4,5,8-tetrahydroxyanthraquinone, NaOH, Pb(NO3)2, 
Cu(NO3)2, was higher than 98%, and they were purchased from J & K Chemical 
Technology. 

The preparative methods for 1,8-dihydroxyanthraquinone lead salt 
(DHAAPb), 1,8-dihydroxyanthraquinone copper salt (DHAACu), 1,8-dihydroxy-
4,5-dinitroanthraquinone lead salt (DHDNEPb) and 1,8-dihydroxy-4,5-
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dinitroanthraquinone copper salt (DHDNECu) were similar to those reported 
in the literature [35].  As an example, the preparative procedure for DHAAPb is 
described.  1,8-Dihydroxyanthraquinone (2.40 g, 0.01 mol) and NaOH (0.84 g, 
0.021 mol) were dissolved in H2O (100 mL; the pH was about 8).  The reaction 
mixture was stirred for 1 h at 60 °C, and then Pb(NO3)2 (3.31 g, 0.01 mol) 
dissolved in H2O (20 mL) was added to the reaction solution.  The resulting solid 
was filtered off and dried in air.  The product obtained (4.21 g, yield 94.6%), 
was 98.9% pure. 

IR (KBr, υ, cm−1), 3455, 1640, 1584, 1520, 1190, 981, 821, 749, 636. 
Anal. Found: C 37.73, H 1.349; Calcd.: C 37.75, H 1.348. 
XRF Found: Pb 46.49, Calcd.: Pb 46.52. 
1,8-Dihydroxyanthraquinone copper (DHAACu): red powder; yield 5.90 g 

(97.8%), purity 98.7%; IR (KBr, υ, cm−1), 3450, 1658, 1579, 1530, 1196, 978, 
823, 746, 633; Anal. Found: C 49.76, H 2.965; Calcd.: C 49.78, H 2.963; XRF 
Found: Cu 20.98, Calcd.: Cu 21.06. 

1,8-Dihydroxy-4,5-dinitroanthraquinone lead (DHDNEPb): brown powder; 
yield 5.10 g (95.3%) purity 98.8%. IR (KBr, υ, cm−1): 3062, 1704, 1608, 1520, 
1431, 1335, 1214, 990, 837, 693.  Anal. Found: C 31.38, H 0.750, N 5.21; Calcd.: 
C 31.40, H 0.748, N 5.23; XRF Found: Pb 38.68, Calcd.: Pb 38.70. 

1,8-Dihydroxy-4,5-dinitroanthraquinone copper (DHDNECu): red powder; 
yield 3.71 g (94.5%), purity 99.1%; IR (KBr, υ, cm−1), 3055, 1678, 1598, 1504, 
1428, 1331, 1289, 1210, 987, 840, 685; Anal. Found: C 42.90, H 1.024, N 7.14; 
Calcd.: C 42.91, H 1.022, N 7.15; XRF Found: Cu 16.20, Calcd.: Cu 16.22. 

As an example of the preparative procedures for 1,4,5,8-tetrahydro-
xyanthraquinone lead salt (TOCKPb) and 1,4,5,8-tetrahydroxyanthraquinone 
copper salt (TOCKCu), the preparation procedure for TOCKPb is described.  
1,4,5,8-Dihydroxyanthraquinone (2.73 g, 0.01 mol) and NaOH (1.68 g, 0.042 mol) 
were dissolved in H2O (100 mL; the pH was about 8).  The reaction mixture was 
stirred for 1 h at 60 °C, and then Pb(NO3)2 (6.62 g, 0.02 mol) dissolved in H2O 
(40 mL) was added to this solution.  The resulting solid was filtered off and air 
dried.  The product obtained (6.72 g, yield 97.4%) was 98.5% pure. 

IR (KBr, υ, cm−1), 3044, 1561, 1509, 1176, 968, 802, 734, 628. 
Anal. Found: C 23.98, H 0.858; Calcd.: C 24.00, H 0.857. 
XRF Found: Pb 59.66, Calcd.: Pb 60.70. 

2.2 FTIR and EA test conditions 
The FTIR spectra were determined on EQUINX55 as KBr discs.  Elemental 
analyses (EA) were obtained on PE-2400 equipment. 
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2.3 Catalytic thermal decomposition performance measurements 
To test the catalytic effects of DHAAPb, DHAACu, DHDNEPb, DHDNECu, 
TOCKPb and TOCKCu on the decomposition of nitrocellulose (NC), these metal 
salts were homogenously mixed with NC with a mass ratio of 1:9.  The resulting 
mixtures were then subjected to DSC measurement.  The catalytic thermal 
decomposition performance was carried out on a Q-200 TA instrument (made 
in USA) at a heating rate of 10 °C·min−1 at ambient pressure in a N2 atmosphere 
(sample mass 0.5-1.0 mg). 

2.4 Catalytic effects on the combustion of DB and RDX-CMDB 
propellants 

The control formulation of DB propellant was composed of nitrocellulose 
and nitroglycerin (NC+NG) (89 wt.%), centralite II (C2) (2 wt.%), and other 
additives (9 wt.%).  The basic formulation of RDX-CMDB propellant contained 
NC+NG (66 wt.%), RDX (26 wt.%), and other additives (8 wt.%).  The strand 
samples, composed of 500 g of the above ingredients and the prepared burning 
rate catalysts as ballistic modifiers, were prepared by a solvent-free extrusion 
technique, which involved slurry mixing, rolling and extruding.  The control 
DB (Control 1) and RDX-CMDB (Control 2) propellants, without ballistic 
modifiers, were also prepared for comparison.  All of the tested samples are 
listed in Table 1, with their identification labels and an indication of the amount 
of burning rate catalyst.  The burning rates of the samples were measured in 
a strand burner filled with nitrogen at different pressures.  The strands were cut 
into small cylinders with dimensions 5 mm × 10 mm (diameter × height) and 
coated with polyvinyl formal. 

Table 1. Amounts of the burning rate catalysts in the DB and RDX-CMDB 
propellants 

No. Catalyst name and 
content [wt.%] No. Catalyst name and content

[wt.%]
Control 1 0 Control 2 0

DB01 DHAAPb 2.5 CMDB01 DHAAPb 3.0
DB02 DHAACu 2.5 CMDB02 DHAAPb 2.5+DHAACu 0.5
DB03 DHDNEPb 2.5 CMDB03 DHDNEPb 3.0
DB04 DHDNECu 2.5 CMDB04 DHDNEPb 2.5+DHDNECu 0.5

DB05 TOCKPb 2.5 CMDB05 TOCKPb 3.0
CMDB06 TOCKPb 2.5+TOCKCu 0.5
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3 Results and Discussion 

3.1 Effects of Anthraquinone Combustion Catalysts on the thermal 
decomposition of NC 

In order to monitor these features, the catalytic performances of the various AMSs 
on the thermal decomposition of NC were determined by DSC measurement.  
Figure 1 shows the DSC curves for NC and its admixtures with 10 wt.% of 
DHAAPb, DHAACu, DHDNEPb, DHDNECu, TOCKPb and TOCKCu, in the 
temperature range of 40-400 °C. 

The results indicated that the AMSs exerted a significant catalytic action on 
the thermal decomposition of NC [37].  The decomposition peak temperature 
and heat released for pure NC were 209.3 °C and 1463 J/g, respectively.  The 
decomposition peak temperature of NC admixed with an AMS decreased by 
~1-4.1 °C, whereas the apparent decomposition heats were significantly increased 
by 100-840 J/g with respect to pristine NC.  These results confirmed that these 
compounds are better than many other reported nano-combustion catalysts in 
the catalyzing the decomposition of NC.  Previously it was shown that the nano-
Fe2O3 was not able to decrease reduce the decomposition temperature of NC [38].  
However, of the several compounds studied here, DHDNEPb decreased the 
thermal degradation peak temperature of the NC to the greatest extent (around 
4.1 °C), while TOCKPb increased the decomposition heat of NC at the highest 
level (around 840 J/g higher than the decomposition heat of NC).  The structure 
of DHDNEPb contains Pb and energetic −NO2 groups; the synergistic effect of 
the Pb element and the −NO2 groups can well catalyze the decomposition of NC. 

50 100 150 200 250 300

209.3°C
208.3°C

206.6°C

TOCKCu/NC

DHDNECu/NC

DHAACu/NC

NC
TOCKPb/NC

DHAAPb/NC

H
ea

t F
lo

w
(m

/W
)

Temperature / °C

DHDNEPb/NC

207.2°C

207.1°C

206.6°C

205.2°C

Figure 1. DSC curves of NC and its admixtures with AMSs at 10 °C/min 
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3.2 Effect of AMSs on the combustion of DB propellants 
Burning rate (u), catalytic efficiency (η) and pressure exponent (n) are the three 
important factors which characterize the combustion catalytic performance of 
solid propellants.  The relationships between u, n, and η are shown in Equations 
(1) and (2). 

u = cPi
n, i = 1-9 (1)

ηi
 = ui/ uo,

 
i  (2)

where c is the proportionality factor, mm·s−1·MPa−1, P is the pressure of the 
burning rate measurement, and the index i identifies the pressure measurement 
point. 

 

2 4 6 8 10 12 14 16 18 20

2

4

6

8

10

12

14

16

u/
m
m
.s
-1

p/MPa

control1
DB03
DB04
DB01
DB02
DB05

(a)

 
0 2 4 6 8 10 12 14 16 18 20

0.0

0.5

1.0

1.5

2.0

2.5

3.0

η

p/MPa

control1
DB03
DB04
DB01
DB02
DB05

(b)

Figure 2. Burning rate (a) and catalytic efficiency (b) curves of different DB 
propellants 

Figure 2 shows the burning rates and catalytic efficiencies for the 
anthraquinone salt-based DB propellants, together with the related data for the 
Control 1 sample, for comparison.  The u value of the anthraquinone lead-based 
DB propellants increased rapidly with pressure in the range 2-10 MPa, and 
then became slower or in some cases became reduced.  DHAAPb was able to 
enhance the burning rate of a DB propellant by about 45% in the pressure range 
of 2-10 MPa, with an η value greater than 1.45.  Furthermore, the burning rate 
of DHAAPb-DB shows an approximate “plateau” in the middle to high pressure 
range (10-16 MPa) with an n of 0.1, whereas the “mesa” burning appeared 
between 10-14 MPa (n = −0.07).  The burning rate of the DB propellant prepared 
with DHDNEPb catalyst was increased by more than 80% compared to the 
Control 1 system, with η greater than 1.8 in the pressure range 4-10 MPa (the 
catalytic efficiency was ~2.0 at 6 MPa).  The u value of DHDNEPb-DB showed 
a “wide-range plateau” in the high pressure range (10-18 MPa) with a low 
pressure exponent (n = 0.10).  The burning rate increased about twofold with 
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TOCKPb as the catalyst in the pressure range 2-8 MPa (η greater than 2.1).  The 
catalytic efficiency was surprisingly high (η = 3.0), especially in the pressure range 
2-4 MPa.  Moreover TOCKPb-DB also demonstrated a “wide-range plateau” 
combustion in the pressure range 6-18 MPa, with n = 0.11.  Finally, the use of 
DHAACu and DHDNECu as degradation catalysts did not bring any significant 
advantages in terms of increased u and decreased n. 

The plateau combustion region of the DB propellants was found to be 
6-10 MPa when PbO was used, which is an ordinary inorganic combustion catalyst.  
Lead 2,4-dihydroxybenzoate (PbDHB), lead o-aminobenzoate (PbAB) and lead 
phthalate (PbP) are the most popular organic metal salt combustion catalysts in DB 
propellants, and efficiently decrease the value of n in the pressure range 4-8 MPa.  
It is also well known that by using nano-PbDHB, nano-PbAB and nano-PbP, the 
plateau region is extended to 4-12 MPa [39, 40], while it is difficult to decrease the 
n value above 12 MPa.  K. Z. Xu et al. [33] found that the use of nano-Bi2WO6, can 
improve n in the high pressure region, but the catalytic efficiency was only up to 
1.5.  Some energetic combustion catalysts, including 4-amino-3,5-dinitropyrazole 
lead [28] and 3-nitrophthalate lead [40], also generate plateau combustion below 
10 MPa.  All of the above mentioned combustion catalysts do not facilitate the 
achievement of “wide-range plateau” combustion, in contrast to that obtained by 
using the catalysts developed in this work.  Furthermore the catalytic efficiency 
of the already investigated catalysts is always much lower than that exhibited by 
the lead-based anthraquinone salt catalysts.

The present work has demonstrated that the anthraquinone lead compounds 
significantly improve DB propellant combustion performance by extending the 
pressure regime for the “plateau” combustion towards higher pressures (range 
12-16 MPa).  Comparing the structures of these three compounds, they all 
contain conjugated benzene and carbonyl groups, the bond between the hydroxyl 
groups and the lead ion is easily broken to generate new, highly dispersed lead 
radicals or PbO [28], and carbon is also produced during propellant burning, 
which can permeate the gaps left by lead, because they are from the same 
main element and form a homogenous complex.  However TOCKPb has the 
highest burning rate at 10 MPa of all three DB propellants, with the widest 
“plateau” combustion region.  There are four hydroxyl groups in the structure 
of 1,4,5,8-tetrahydroxyanthraquinone, which can combine with two Pb ions and 
can decompose to more lead radicals or PbO during combustion, and the p-π 
conjugative effect from the lone pair electrons and the benzene ring improves the 
electron fluidity, and increases the catalytic efficiency.  There are two hydroxyl 
groups (−OH) and two nitro groups (−NO2) in the structure of 1,8-dihydroxy-
4,5-dinitroanthraquinone; the hydroxyl groups could react with lead ions, whilst 
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the nitro groups supply energy during decomposition to improve the combustion 
of these propellants.  In summary, the overall catalytic efficiency on combustion 
of DB propellants is as follows: TOCKPb>DHDNEPb>DHAAPb. 

3.3 Effect of AMSs on the combustion of RDX-CMDB propellants 
In order to evaluate the possible utilization of the various AMSs in the 
preparation of RDX-CMDB propellants, the burning rates of the RDX-CMDB 
propellants containing the different combustion catalysts (as shown in Table 1) 
were measured.  Figures 3a and 3b report the burning rates of the RDX-CMDB 
propellants and the corresponding catalytic efficiencies under different pressures, 
respectively.  The parameters relating to the various combustions, in terms of 
the plateau region, plateau width, plateau burning rate, and plateau pressure 
exponent, were calculated and are listed in Table 2.
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Figure 3. Burning rate (a) and catalytic efficiency (b) curves of the different 
RDX-CMDB propellants 

Table 2. The burning rate characteristics for RDX-CMDB propellants 
containing different catalyst systems 

No. Plateau region 
[MPa]

Width of plateau 
[MPa]

Pressure 
exponent

Burning rate on 
plateau [mm·s−1]

CMDB01 6-14 8 0.22 14.13
CMDB02 6-18 12 0.16 16.06
CMDB03 6-14 8 0.27 15.19
CMDB04 6-18 12 0.16 16.96
CMDB05 6-18 12 0.24 18.87
CMDB06 6-18 12 0.25 20.62
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Table 3. Comparison of the catalyst properties of previous and our advanced 
catalysts for RDX-CMDB propellants 

Catalysts Plateau region 
[MPa]

Width of plateau 
[MPa]

Burning rate on 
plateau [mm·s−1]

φ-Pb  [22] 4-10 6 7.90
φ-Pb/β-Cu  [22] 6-12 6 10.2
NP/AC  [39] 4-8 4 9.00
nNP/nAC  [39] 6-12 6 13.73
PbGal  [41] 2-8 6 7.11
LCBTATz  [42] 4-12 8 9.70
DNPPb  [28] 6-10 4 10.97
TOCKPb 6-18 12 18.87
TOCKPb/TOCKCu 6-18 12 20.62

It is well-known that φ-Pb and β-Cu [22] are the most commonly used burning 
catalysts, but they modify the combustion performance only in the pressure range 
6-12 MPa for RDX-CMDB propellants, with an average u of 10.2 mm·s−1.  
The plateau regions of RDX-CMDB propellants are 4-8 MPa and 6-12 MPa 
when using 3-nitrophthalate lead (NP)/p-amino benzoic copper (AC) and their 
nano particles (nNP/nAC) as complex combustion catalysts [39].  When the 
nanoparticle Pb(II)-gallate complex (PbGal) is used as the combustion catalyst, 
the plateau regions of RDX-CMDB propellants are 2-8 MPa [41].  The plateau 
regions of RDX-CMDB propellant containing 3,6-bis(1H- 1,2,3,4-tetrazol-5-yl-
amino)-1,2,4,5-tetrazine lead compound (LCBTATz) [42] are 4-12 MPa, with an 
average u of 9.7 mm s−1.  G. F. Zhang et al. [43] synthesized p-nitrocalix[n]arene 
lead or copper compounds, which could slightly increase the u of RDX-CMDB 
propellants, but without the formation of “plateau” combustion.  We prepared 
the 4-amino-3,5-dinitropyrazole lead (DNPPb) [28], which increased the burning 
rate of RDX-CMDB propellants, but the plateau combustion region was only 
6-10 MPa.  Most of the reviewed compounds are inferior to φ-Pb, especially in 
decreasing the pressure exponent. 

As shown in Figure 3 and Table 2, the u of AMS-RDX-CMDB propellants 
increased rapidly with increase in pressure in the range 2-8 MPa, then improved 
slowly at higher pressure ranges.  DHAAPb was able to enhance the burning 
rate by over 100% in the pressure range 2-4 MPa with η >2.07, compared to 
the Control 2 system; the burning rate of DHAAPb-RDX-CMDB exhibited 
a “plateau” with n = 0.22 in the pressure range 6-14 MPa, and an average u of 
14.13 mm·s−1.  The burning rates were increased by more than 80% for the system 
with DHDNEPb as catalyst, in the pressure range 2-6 MPa (η greater than 1.8).  
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In this case the “plateau” combustion region was in the range 6-14 MPa, with 
n equal to 0.27 and an average u of 15.19 mm·s−1.  The burning rates were 
increased by about three fold with TOCKPb as catalyst in the pressure range 
2-6 MPa, with η greater than 2.2, whereas the catalytic efficiency was up to 3.0.  
The u of TOCKPb-RDX-CMDB exhibited a “wide plateau” in the pressure 
range 6-18 MPa, with n equal to 0.24 and an average u equal to 18.87 mm·s−1.  
According to the combustion parameters exhibited by the various salts, it 
appears that TOCKPb is the best combustion catalyst of the three anthraquinone 
lead compounds; the combustion flame structures of RDX-CMDB propellants 
with the different catalysts also showed an increase in u (see Figure 1S-5S in 
Supporting Information).  All three anthraquinone lead salts were much better 
than the traditional φ-Pb and can be proposed for potential applications in future 
propellants. 

In order to investigate the synergistic effect of copper and lead salts, some 
systems were also prepared by replacing part of the lead salt with a copper 
based salt.  The results demonstrated that when 0.5 wt.% of the lead salt was 
replaced by the corresponding copper salt, the combustion properties were 
significantly enhanced.  The burning rates of propellants containing a binary 
catalyst composed of 2.5 wt.% DHAAPb and 0.5 wt.% DHAACu were higher 
than that containing only DHAAPb (3.0 wt.%), whilst the “plateau” combustion 
pressure range was in the range 6-18 MPa with a u value equal to 16.06 mm·s−1.  
The “plateau” combustion zone was expanded while the u value was further 
increased, and, more importantly, the n value was decreased dramatically.  For 
the DHDNEPb/DHDNECu and TOCKPb/TOCKCu systems, the “plateau” 
combustion region was 6-18 MPa with a low pressure exponent.  The u value 
of propellants containing TOCKPb/TOCKCu was much higher than the others, 
including the traditional, energetic and nano combustion catalysts in Table 3, 
and is also one of the best combustion catalyst combinations for RDX-CMDB 
propellants.  The O-Pb bond is easily broken to form new Pb or PbO, because 
of the conjugative and inductive effects in the anthraquinone structure, and the 
carbon atoms are changed into elemental carbon during the burning process, 
then an alloy is formed by the elemental carbon permeating lead and copper, the 
synergistic effect of Pb-Cu-C modifying the combustion of the propellant.  The 
anthraquinone copper and lead salts can synergistically decrease the pressure 
exponent and improve the burning rate. 
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4 Conclusions 

Six copper(II) and lead(II) salts based on anthraquinone were prepared and 
exhaustively characterized.  These salts are able to decrease the exothermic peak 
temperatures and increase the apparent decomposition heat of NC. 

DHAAPb, DHDNEPb and TOCKPb can dramatically increase the u values 
of DB propellants from 50% to 200% in the low pressure range (2-6 MPa).  The 
formation of specific “wide-range plateau” combustion occurs in the  middle to 
high pressure zone, the plateau regions, with n values of 0.1, were found to be 
10-16 MPa, 10-18 MPa and 8-18 MPa for DB01, DB03 and DB05, respectively. 

The catalysts DHAAPb, DHAAPb/DHAACu, DHDNEPb/DHDNECu and 
TOCKPb/TOCKCu can increase the u values of RDX-CMDB propellants by 
more than 100% at 4 MPa.  The pressure exponents were found to be 0.22 and 
0.27 for CMDB01 and CMDB03 in the plateau regions of 6-14 MPa, respectively.  
The pressure exponents were calculated to be 0.16, 0.16, 0.24 and 0.25, with 
plateau regions of 6-18 MPa, for CMDB02, CMDB04, CMDB05 and CMDB06, 
respectively. 
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