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The development of environment-friendly and non-toxic green energetic materials and their safe,
environmentally friendly, and economical production is very important to the national economy and
national security. As an innovative, efficient, and environmentally friendly energetic material, the
preferred preparation method of ammonium dinitramide (ADN) is the nitro-sulfur mixed acid method,
which has the advantages of high yield, simple method, and easy access to raw materials. However, the
large number of inorganic salt ions introduced by this method limits the large-scale production of ADN.
Nanofiltration (NF) has been widely used in various industrial processes as a separation method with high
separation efficiency and simple operation. In this study, NF was used for the desalination and
purification of ADN synthesized by the mixed acid method. The effects of NF types, operation process
(pressure, temperature, and feed solution concentration) on desalination efficiency, and membrane flux
during purification were examined. The results showed that 600D NF could achieve the efficient
desalination and purification of ADN. It was verified that the highest desalination and purification
efficiency was achieved at 2 MPa pressure, 25 °C, and 1 time dilution of the feed solution, and the
membrane flux of the desalination and purification process was stable. Under the optimized process
conditions, the removal rate of inorganic salts and other impurities reached 99% (which can be recycled),
the purity of ADN reached 99.8%, and the recovery rate reached 99%. This process has the potential for
the large-scale production of ADN and provides a new process for the safe, efficient, and cheap
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safety, environmental friendliness and economy, have also
received increasing attention.?

At present, there are hundreds of energetic materials that
have been applied, such as the familiar ammonium nitrate

1. Introduction

Energetic materials are special materials that contain explosive
groups or oxidants and combustibles and can conduct chemical

reactions independently and rapidly and output huge energy. In
recent years, much attention has been paid to the development
of new green energetic materials that are not only high energy,
but also environmentally friendly and non-toxic, including
explosives, propellants, and pyrotechnics, which are widely
used in military and civilian explosive fields."? At the same time,
the production technologies of energetic materials, such as

“School of Materials Science and Engineering, Beijing Institute of Technology, Beijing
100081, P. R. China. E-mail: liyuchuan@bit.edu.cn; pangsp@bit.edu.cn

*Lunan Research Institute, Beijing Institute of Technology, Tengzhou 277599, P. R.
China

“Beijing Key Laboratory of Research and Application for Aerospace Green Propellants,
Beijing Institute of Aerospace Testing Technology, Beijing 100074, P. R. China

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra01922¢

16536 | RSC Adv, 2023, 13, 16536-16548

(NH4NOg3, AN), hexogen (RDX), octogen (HMX), and hexani-
trohexaazaisowurtzitane (HNIW), with excellent energy. They
can be used as both single compound explosives and high-
energy oxidant components of composite explosives or propel-
lants. New technologies, methods, and equipment for the
synthesis and preparation of such materials are also emerging
endlessly. Various synthesis methods for new energetic mate-
rials, such as the synthesis of new azotriazole energetic mate-
rials, fused ring energetic materials, energetic MOFs, and
energetic salts have been reported.*® New synthesis methods
and preparation processes of high energy density materials
(HEDM), such as the preparation of HMX using N,Os-HNO;
system to nitrate urotropine at high yield, the two-step synthesis
of HNIW to reduce production costs, and the large-scale prep-
aration technology of high-quality HMX, have been explored.***
In the process of producing HEDM, various technologies, such

© 2023 The Author(s). Published by the Royal Society of Chemistry
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as energy conservation and emission reduction, continuous
production technology, recycling, pollution control, and treat-
ment technology, and the use of new devices and equipment,
have been adopted,”?° and good results have been achieved.

Taking propellant as an example, it is a polymer-based
composite energetic material that can provide power for
rocket and missile thrust.”*~** High energy oxidizer is an integral
part of propellant, and its structure and performance play
a crucial role in the performance of the propellant. Redox
reactions occur during the combustion of propellant, and the
oxidizer provides an energy supply for the propellant.**** The
widely used oxidants must have high oxygen content, low heat
of generation, high density, high gas production, etc. The
commonly used oxidants are ammonium perchlorate (AP), AN,
potassium perchlorate (KP), and RDX.*** With continuous
research on oxidants, green, high energy density, and safe and
stable oxidants have been explored, and ADN appeared in the
public eye as a new type of high-energy oxidant.*>** ADN appears
as a new type of high-energy oxidant in the field of energy-
containing materials, representing the international advanced
level of oxidants, with the advantages of high oxygen balance
value, high energy density, no halogen elements, clean gas,
friendly to the environment, high density, etc. It is both a high-
energy oxidant and a slamming explosive and has good pros-
pects for application in propellants, high-energy explosives, and
weapon charges in water.>*”**

The synthesis methods of ADN include organic synthesis
and inorganic synthesis, among which organic synthesis
methods have not been developed on a large scale due to the
drawbacks of low synthesis efficiency, complex synthesis routes,
synthetic raw materials not being easily available, and not easy
to be produced on a large scale.***” The current means of ADN
synthesis relies on inorganic methods, and the most common
means is the separation and purification of crude ADN by using
amino sulfonate as a raw material and nitrous sulfur mixed acid
as a nitrifying agent under low temperature conditions, using
ammonia to neutralize the product.*®*** Amino sulfonates serve
as key intermediates for the rapid formation of nitro functional
groups. The -SO; group of amino sulfonates has strong electron
absorption and can introduce two nitrate ions through a single
reaction. Among the many reported synthetic routes for ADN,
the synthesis of ADN using amino sulfonate as the initial raw
material is still one of the more studied, safe and efficient
methods, and is considered to be one of the most suitable
methods for large-scale production, but it is easy to introduce
a large number of excess ions in the nitration step, resulting in
the final synthesis of ADN containing a large number of inor-
ganic salts (mainly including AN, ammonium sulfate
((NH,4),S04, AS)), which seriously affects the effectiveness of the
use of ADN and becomes a key difficulty limiting the large-scale
application of ADN.***

The special military characteristics of ADN led to a partial
technology embargo, prompting fewer published studies on the
purification of ADN. Some scholars have used MIBK precipita-
tion and activated carbon adsorption methods for the desali-
nation and purification of ADN, and have achieved significant
treatment results and obtained ADN products with high
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purity.***” Although the above methods have the advantages of
good purification effect, low processing cost, economic and
environmental protection, and easy industrial scale-up
production, they usually require more than two processing
steps to complete the whole purification process, and the
purification process cannot be carried out in continuous mode,
and the extra step of adding chemicals or adsorbents in the
process limits the promotion of the above technologies. In
addition, the safety of the above processes and the treatment of
waste acid and wastewater also need to be improved.

In the field of separation and purification at the molecular
level, organic polymer-based nanofiltration (NF) separation
technology has become one of the most commonly used tech-
niques for the separation of inorganic salts in the solution due
to its high separation efficiency, low construction, and opera-
tion costs, and ease of operation.*®** Currently, the mainstream
view is that the core mechanism of salt ion separation by NF
technology is size sieving, dielectric repulsion, electrostatic
interaction, and the synergistic effect of all three. The separa-
tion of different ions in solutes is achieved by using the differ-
ence in the solute size in the solution and the membrane pore
size, the difference in the dielectric constant of solutes in the
solution and the dielectric constant of the membrane separa-
tion layer, and the difference in ionic charge of solutes in the
solution and the fixed charge on the separation membrane.>*>
The main ion types in the crude solution of ADN synthesized by
the nitro-sulfur mixed acid method are dinitramides (N(NO,) ",
DN), NH,", NO; ™, and SO,>", which have different volumes,
electrical properties, charge numbers, and charge densities in
the solution state, making the desalting and purification of ADN
by NF separation technology a theoretical possibility. In this
study, the NF separation technology was used for the purifica-
tion and desalination of ADN, the effect of NF separation
technology on the desalination and purification of ADN was
investigated, the operating parameters of NF separation tech-
nology for the purification of ADN were optimized, and the
mechanism of NF separation technology for the purification of
ADN was analyzed, which broadened the idea of efficient and
simple continuous preparation of high-purity ADN and other
HEDMs.

2. Experimental
2.1 Experimental setup

TYLG-19 flat NF separation tester (including NF tank, gear
pump, and pressure gauge) was designed by our team and
manufactured by Shandong Bona Biotechnology Group. The
low-temperature thermostat tank (JULABO F81-HL) was
purchased from JULABO Technology (Beijing) Co. Ltd. A poly-
sulfone (PSF) ultrafiltration-based membrane was provided by
Shandong Bona Biotechnology Group Co., Ltd (China).

2.2 Reagents and sources

ADN standards (=99%) were prepared in our laboratory.
Ammonium sulfamate (NH,SO3;NH,, =98%), nitric acid (HNOs3,
=99%), sulphuric acid (H,SO,4, =99%), n-hexane, sodium dodecyl
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sulfate (SDS), triethylamine, Na,CO;, NaHSO;, were purchased
from Sinopharm Group Chemical Reagent Co. Anhydrous
piperazine (PIP, =98%), m-phenylenediamine (MPD, =98%), and
homo phthaloyl chloride (TMC, =99%) were purchased from J&K
Scientific Ltd. Acetone and ammonia were purchased from
Aladdin Reagent (Shanghai) Co., Ltd. The above reagents were of
analytical grade and used without special instructions.

2.3 Experimental methods

2.3.1 ADN synthesis methods. First, 500 mL of concen-
trated nitric acid (HNO;, 65-68% mass fraction) was added to
a 5000 mL three-neck flask and cooled to a temperature no
higher than 5 °C in a low-temperature cooling circulation bath
(JULABO F81-HL). 175.0 mL of concentrated sulfuric acid
(H,S0,, mass fraction about 98%) was carefully added dropwise
to the nitric acid, taking care to control the temperature not
rising higher than 10 °C during the drop addition. The mixed
acid was stirred well and the temperature was controlled to
—45 °C. Under vigorous stirring conditions, 100.0 g of ammo-
nium sulfamate (NH,SO;NH,, 175 mM) was added in batches,
and the dosing process was controlled at 45 & 2 °C. At the end of
the dosing, the reaction was continued with stirring for 50 min.
The pH was then adjusted to 6 with ammonia cooled to —40 °C,
controlling the temperature at —10 °C during the process. The
reaction mixture was purified by membrane separation to
produce 64.0 g ADN with 59.0% yield and 99.7% purity.

The reaction equation is shown in eqn (1-1).

HNO3, H,S0, NH;  NH4N(NO
NHLSONE B v, 0 NN

2.3.2 Detection methods. The determination of the anion
content in ADN was performed by ion chromatography. The ion
chromatograph model CIC-D160 was equipped with an SH-AP-1
column with the following detection conditions: 15-85 mM
KOH solution as eluent, injection volume of 25 pL, column
temperature of 35 °C, a flow rate of 0.7 mL min *, and

Step 1
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a conductivity detector with a suppression current of 135 mA.>*
The standard solution ion chromatograms of DN~, NO, ™, NO; ™,
and SO, were plotted in Fig. S1.1 The standard curves of DN,
NO,, NO;~ and SO,*>” were plotted in Fig. S2.}

2.3.3 Preparation of composite NF. The composite NF was
prepared by the interfacial polymerization method. First, the
ultrafiltration membrane was immersed in pure water for more
than 12 h to remove the pore-preserving agent and residual
solvent inside the membrane and then dried. Then, the base
film was submerged in the mixed aqueous solution of PIP, MPD,
SDS, and triethylamine for a certain period of time, and a soft
rubber roller was rolled on the surface of the submerged film to
eliminate the small bubbles formed during the soaking process,
and the excess droplets on the surface of the base film were
removed with filter paper and left for a certain period of time at
room temperature. Next, the base membrane was immersed in
TMC, Na,CO; mixed with n-hexane solution for a certain time
for the polymerization reaction. Subsequently, the membrane
was removed and cured at a certain temperature for a certain
time to obtain the nascent NF. Finally, the synthesized
composite NFs were thoroughly washed with deionized water
and stored in an aqueous solution containing 1 wt% Na,S,0s.
The preparation flow chart of NF is illustrated in Fig. 1.

Four types of NFs were prepared by the above method,
namely M1, M2, M3, and M4. Due to the appearance of wrinkles
on the surface of the M4 NF membrane during the curing
process, it was discarded.

2.3.4 Filtering methods. The water flux and solute reten-
tion performance of the obtained NFs were evaluated by stan-
dard permeation tests using a cross-flow filtration device with
three parallel recirculating filtration units with an effective
membrane area of 28.27 cm? at a constant temperature of 25 °C,
a transmembrane pressure of 0.5 MPa, and a pH of 7.0 & 0.2.
Permeate tests were performed under a recirculation model
where the retention fluid was circulated back to the tank
through a pressure regulator and the permeate from each cell
was collected for volume measurements and solute content

Step 2

Step 3

Fig. 1 The flow chart for the preparation of NF.
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Fig. 2 The TYLG-19 flat plate NF separation tester and the flow chart of the separation tester.

measurements if necessary. The feed tank was returned to keep
the feed concentration constant before the permeation test, and
the circular diaphragm loaded in the filter cell was first pres-
surized with deionized water at a pressure of 1.0 MPa for 2 h to
ensure a stable membrane flux. After that, the pure water flux
was evaluated with deionized water.

The flow diagram of the experimental setup is illustrated in
Fig. 2. NFs were installed into the NF cell, the fixing bolts were
tightened, 500 mL of the solution to be filtered was added to the
feed cell of the NF separator, the regulator was opened, the
circulation pump was turned on, the solution was circulated to
a stable state, the pressure was adjusted to the experimental
setting, the permeate 400 mL and the concentrate 100 mL were
collected and stored under refrigeration at 4 °C for testing or
further filtration. The above experiments were repeated three
times without special instructions to eliminate the

© 2023 The Author(s). Published by the Royal Society of Chemistry

experimental errors caused by uncertainty. In this study, all the
original solutions of the NF experiments were filtered through
a 0.45 pm microfiltration membrane before entering the feed
cell of the NF separation experimental machine.

2.3.5 Solute retention rate and membrane flux. The solute
retention rate (R) was calculated by eqn (1-2).

R=1- g"" x 100% (1-2)

mi

where Cp; is the concentration of substance 7 in the permeate
and C,,; is the concentration of substance 7 in the feedstock.
The membrane flux (J) is calculated by eqn (1-3).

Vv

I=— (1-3)

where V is the volume of permeate, A is the membrane area for
effective filtration, and ¢ is the filtration time.

RSC Adv, 2023, 13, 16536-16548 | 16539
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3. Results and discussion

3.1 Characterization and performance tests of the NFs

MO, NF 200 (DuPont commercial membrane), M1, M2, and M3
are the test data of PSF basement membrane, 200D, 400D, 600D
and 800D NFs, respectively.

— MO

— M1

— M2

—— M3
@
E
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Fig. 3 The XPS patterns of the composite NF.
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Fig. 4 A cross-sectional SEM image of the composite NF.
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The membrane surface functional groups were characterized
by X-ray photoelectron spectroscopy and the results are shown
in Fig. 3. In the XPS spectra, the peaks of C 1s, N 1s, and O 1s in
MO, M1, M2, and M3 membranes appeared at 285.0 eV,
400.0 eV, and 532.0 eV, respectively. There were very small N 1s
peaks in MO membranes, which may be caused by additives or
solvent residues. There were significant N 1s peaks in M1, M2,
and M3 films, indicating the synthesis of polyamide layers on
the surface of the substrate. Proving the successful preparation
of composite NF membranes.

The morphological structure of the composite membrane
was studied using scanning electron microscopy (SEM) and the
results are shown in Fig. 4. As shown in Fig. 4, with the exten-
sion of heat treatment time, the thickness of the ultra-thin
polyamide functional layer of the composite NF membrane
increases from about 80 nm to about 160 nm. The main reason
for this change is that as the heat crosslinking time increases,
the degree of crosslinking of the polyamide layer of the
composite NF membrane increases. The increase in cross-
linking degree and the membrane thickness of the polyamide
layer is beneficial for improving the inorganic salt retention
efficiency of the NF membrane, but it also increases the cross-
membrane resistance of water molecules, resulting in
a decrease in membrane flux. The specific degree of influence

87.9 kx

In-Beam SE

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The surficial AFM of the composite NF.

was studied and analyzed in the permeability of the composite
NF membrane.

The surface morphology of the air-dried composite
membrane was measured by atomic force microscopy (AFM)
and the results are shown in Fig. 5. As shown in Fig. 5, with the
extension of thermal crosslinking time, the number of granular
protrusions on the surface of the membrane increases, indi-
cating that the crosslinking degree of the composite NF
membrane increases and the effective area of the membrane
increases, and thus its roughness increases.

The dynamic contact angle measuring instrument was used
to measure the water contact angle on the membrane surface at
room temperature and the results are shown in Fig. 6. As shown
in Fig. 6, with the extension of thermal crosslinking time, its
hydrophilicity slightly decreases. This is mainly due to the
increase in the roughness and film thickness of the generated
polyamide separation layer, as well as the reduction of acyl
chloride groups in the unreacted TMC, amino groups in PIP and

50

40

| e .
30 |
20
10
0
Ml M2 M3

Samples

Contact Angle (°)

Fig. 6 Contact angle of the composite NF.
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' 70.0 nm

Height Sensor

MPD on the surface, resulting in a slight decrease in hydro-
philicity; at the same time, more amide bonds were generated
on the surface, resulting in a slight decrease in the hydrophi-
licity of the membrane.

Surface flow potential measurements were performed using
an electrodynamic analyzer to evaluate the surface zeta poten-
tial of the composite membrane and the results are shown in
Fig. 7. The zeta potential is negative, indicating that the
membrane surface charge is electronegative. The smaller the
value, the stronger the electronegativity, and the more condu-
cive to the interception of anions from water. It can be seen
from Fig. 7 that the isoelectric points of the three composite NF
membranes are almost at about pH = 4. When the pH is greater
than 4, the surfaces of the three composite NF membranes are
electronegative, which proves that the polyamide-selective layer
was charged. Under neutral solution conditions, the surface
charges of the three composite NF membranes were

Zeta potential (mV)

pH

Fig. 7 Zeta potential of the composite NF.
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Fig. 8 The permeability of the composite NF membrane to the salt
solution.

significantly different. With the extension of the thermal
crosslinking time, the zeta potential increased from —18.95 mV
to —39.43 mvV, indicating that the longer the thermal cross-
linking time, the higher the crosslinking degree of the poly-
amide layer and the stronger the electronegativity of the
membrane surface. It showed that the increase in the thickness
and density of the polyamide layer is conducive to the
enhancement of the electronegativity of the membrane.

The permeability of the composite NF membrane to the salt
solution is shown in Fig. 8. As shown in Fig. 8, it can be seen
that the interception order of the three composite NF
membranes for various salt solutions is (NH,),SO, > NH,NO; >
ADN and the corresponding order of permeability flux for the
salt solutions is ADN > NH,NO; > (NH,),SO,. This is because, as
the thermal crosslinking time prolongs, the crosslinking degree
of the composite NF membrane increases, the separation layer
thickens, the retention rate of the same salt increases, and the
flux decreases. NF membranes have different retention prop-
erties for different salts, so they can be used to separate
different salt solutions.

3.2 Effect of the NF aperture on the purification effect

In this study, the NFs of 200D, 400D, 600D, and 800D were used
for filtration experiments on the raw synthetic solution without
additional treatment to investigate the effect of pigment removal
during filtration, and the results are shown in Fig. 9. As shown in
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Fig. 9, the color of the concentrated solution is darker than that
of the ADN mixed acid reaction solution, and the permeate is
slightly greenish, indicating that the NF membrane has a good
decolorization effect on the ADN mixed acid reaction solution.
The content of DN, SO,>", and NO;~ in the permeate was
detected by ion chromatography, and the purification effect of
four NF membranes on ADN mixed acid reaction solution were
evaluated. The ion chromatogram is shown in Fig. S3,t and the
experimental results are shown in Fig. 10. As shown in Fig. 10, the
retention rates DN, SO,>~ and NO;~ by the 200D NF were
57.83%, 98.51%, and 76.77%, respectively. The retention rates of
DN, SO,*", and NO;~ by the 400D NF were 39.11%, 96.44%, and
52.89%, respectively. The retention rates of DN~, SO4>~, and
NO;~ by the 600D NF were 20.67%, 96.57%, and 35.02%,
respectively. The retention rates of DN, S0,>” and NO;~ by the
800D NF were 21.08%, 96.65%, and 33.57%, respectively. All four
NFs had good retention of SO,*” with retention rates above 96%,
and the retention rates of NO;~ were higher than those of DN,
which provided the possibility of further optimization to improve
the separation efficiency and yield. 600D NF was selected for
further study, taking into account the retention effect of four
types of NFs on ADN, SO,>”, and NO; ™~ and the yield of ADN.

3.3 Influence of operating parameters

NF separates salt ions and small molecules of different valence
forms through pore size sieving, dielectric repulsion, electro-
static interaction, and their corresponding combined mecha-
nisms. This process is often influenced by the nature of the NF
itself and the operating parameters, and the selection of suit-
able operating parameters is important for obtaining efficient
separation efficiency and cost control. In this study, the optimal
filtration parameters were obtained by comparing the effects of
pressure, temperature, and original solution concentration of
600D NF for ADN separation to achieve efficient separation and
purification of ADN.

3.3.1 Effect of pressure. Pressure is an important param-
eter in the membrane separation process, and different
membrane elements usually need to match the regulated
pressure parameters in order to achieve the desired filtration
effect. Different operating pressures have significant effects on
solute retention, and some researchers have demonstrated that
the change in the retention of divalent salt ions by NFs differs by
a factor of two when the pressure is reduced by a factor of two
under certain conditions.* In this study, the effect of operating
pressure on the retention of SO,””, and, and NO;~ in the

Fig. 9 Decolorization effect of 200D, 400D, 600D, and 800D NFs on the raw synthetic solution. Number 1 is the raw synthetic solution,
numbers 2, 4, 6, and 8 are the concentrated solutions of 200D, 400D, 600D, and 800DNFs, numbers 3, 5, 7, and 9 are the permeate solutions of

200D,400D, 600D, and 800D NFs

16542 | RSC Adv, 2023, 13, 16536-16548
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original solution by 600D NF was investigated, and the results
are shown in Fig. 11. It can be seen from Fig. 11 that the
retention of SO, and ADN by 600D NF does not change much
and the retention of NO; increases significantly when the
operating pressure increases. Ali et al*® found a similar
phenomenon in the filtration of synthetic NO; ™~ solutions using
GE's DK and DL-type NFs. Therefore, in order to obtain a purer
ADN solution during the filtration of the crude ADN solution,
the operating pressure should be increased appropriately to
increase the retention of NO;, based on this, 2 MPa was used
as the standard pressure in the subsequent experiments of this
study to investigate other influencing factors.

3.3.2 Effect of temperature. Temperature is an important
parameter affecting the membrane filtration process, which
mainly affects the membrane filtration effect by influencing the
nature of the filtration solution and the surface properties of the
membrane. The temperature of the original filtration solution
was controlled by a low-temperature thermostat to investigate
the effect of different temperatures on the filtration effect. From
Fig. 12, it can be seen that the effect of temperature change on
the retention of solutes in 600D NFs is relatively small. When
the temperature increases, the SO, retention takes the lead in
increasing and then decreases, which is mainly because the
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Fig.10 Retention effect of 200D, 400D, 600D and 800D NFson DN,

SO4%~ and NOsz™. Test conditions: 0.5 MPa, 25 °C, undiluted.
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Fig.11 Effect of pressure variation on the retention of different solutes
by 600D NF. Test conditions: 25 °C, undiluted.
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permeate flux decreases due to the contraction of membrane
pores at low temperatures, thus affecting the dielectric repul-
sion effect at the solute-membrane interface leading to the
decrease of retention rate. In addition, the solubility of solutes
increases when the temperature rises, leading to a decrease in
the retention rate, and eventually, the high temperature hinders
the filtration effect of the experiment. Similar experimental
results were obtained by Ismail®” in the filtration of ammonium
nitrate using TFC-S NFs, where the effect of temperature on the
retention of NF solutes was mainly caused by changes in the
fluidic properties of the solvent and the response of the
membrane surface to temperature.

3.3.3 Influence of the concentration of the original solu-
tion. The concentration of solute is an important factor
affecting the interception effect, which mainly affects the
desalination effect of NF by affecting the transmembrane
osmotic pressure. In the industrial membrane separation
process, the concentration of the solute is a parameter that
needs to be accurately controlled. In this study, the effect of the
raw synthetic solution concentration on filtration was investi-
gated by diluting the prepared ADN raw synthetic solution with
ultrapure water. As shown in Fig. 13, the retention rate of
solutes by NFs increased with the increase of solution dilution,
in which the retention effect of SO,>~ and NO, increased
significantly, this is mainly because in the process of solute
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Fig. 12 Effect of temperature variation on the retention of different
solutes by 600D NF. Test conditions: 2 MPa, undiluted.
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Fig. 13 Effect of dilution on the retention of different solutes by 600D
NF. Test conditions: 2 MPa, 25 °C.
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1x dilution.

separation by NF, as a large amount of solvent passes through
the membrane into the permeate, the volume of retained liquid
is concentrated, thus the concentration of solute increases, and
the polarization effect of the concentration difference between
the two sides of the membrane is significant, resulting in higher
osmotic pressure and lower retention rate.”®*® The higher the
concentration of raw material liquid, the more obvious this
effect is, so when the higher the dilution, the less obvious the
decrease of retention rate brought by the concentration polari-
zation effect, and thus the higher the retention rate. Consid-
ering the need of purified ADN solution to concentrate
crystallization and the influence of the filtration rate, 1x dilu-
tion of ADN raw synthetic solution is the optimal filtration
condition.

3.4 Variation of membrane flux

Membrane permeability is a key parameter affecting the stable
operation of the NF process. In this study, the membrane
permeability variation curves of 600D NF separation of ADN
raw synthetic solution were monitored by long-term experi-
ments for 60 hours. As shown in Fig. 14(a), the flux of 600D NF
was stabilized atabout7Lm>h™ %, 20Lm 2h %, 25L m >h™*
under 1.0 MPa, 2.0 MPa, and 3.0 MPa filter pressure, respec-
tively. As shown in Fig. 14(b), the retention rate of 600D NF was
around 21% at the basic temperature under 1.0 MPa, 2.0 MPa,
and 3.0 MPa. This indicates that the purification of salt ions

from ADN raw synthetic solution using conventional NF has
a large potential for industrial application, and provides
theoretical support for the large-scale purification preparation
of ADN.

3.5 Improved filtering method

In order to obtain higher purity ADN and fully recycled ADN in
the raw synthetic solution, the filtration method was improved
by multistage cycling, as shown in Fig. 15. The concentration of
the latter stage is driven into the upper stage for filtration again.
Based on similar concepts, we also proposed a new and
potentially cost-effective preparation method for obtaining
high-purity ADN. The process design principles proposed in
this method can be flexibly adjusted according to specific
treatment objectives. Our team has applied for a Chinese
invention patent for this method. Another Chinese invention
patent related to the preparation of high-purity ADN has been
authorized by our team and its engineering application is in
progress.®® When the first level is concentrated to a certain
volume, an appropriate amount of water is constantly added for
dialysis until the recovery rate reaches more than 99%.

3.6 Characterization and purity analysis of ADN

The purified ADN was characterized by UV-visible, IR, and
Raman spectroscopy techniques, and the purity of the purified
ADN was analyzed by ion chromatography, as shown in Fig. 16.

1 Feed Tank

2¢ Feed Tank

Fig. 15 Improved filtering method of raw synthetic solution.
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Fig. 16 UV-visible spectrum (a), IR spectrum (b), Raman spectrum (c)
and ion chromatogram (d) of the purified ADN.

Fig. 16(a) shows the UV visible spectrum of ADN. It can be seen
from Fig. 16(a) that the ADN purified by 600D NF membrane has
the maximum UV absorption peaks at 212 nm and 284 nm,
which is consistent with the maximum UV absorption peaks of
ADN reported in the literature.®* Fig. 16(b) shows the infrared

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spectrum of ADN. It can be seen from Fig. 16(b) that 1528 cm ™"
and 1408 cm™ " are the absorption peaks of -NO, anti-symmetric
stretching vibrations, 1341 cm™' and 1181 cm ' are the
absorption peaks of the -NO, symmetric stretching vibration,
1025 cm ' is the absorption peak of the N; antisymmetric
stretching vibration, 828 cm ™" is the absorption peak of -NO,
shear bending vibration, 761 ecm ' and 489 cm ' are the
absorption peaks of -NO, swing vibration, which are consistent
with the ADN characteristic peaks reported in the reference.®*
Fig. 16(c) shows the Raman spectrum of ADN. It can be seen
from Fig. 16(c) that 1569 cm ™" and 1401 cm ™' are the anti-
symmetric stretching vibration absorption peaks of -NO,,
1336 cm™ ' and 1175 cm™ ' -NO, are the symmetric stretching
vibration absorption peaks, 956 cm™' is the antisymmetric
stretching vibration absorption peak of N3, 830 cm ™' is the
shear bending vibration absorption peak of -NO,, and 494 cm "
is the in-plane rocking vibration absorption peak, which is
consistent with the ADN characteristic peak reported in refer-
ence. The successful synthesis of ADN was demonstrated
through UV, infrared, and Raman spectroscopy
characterization.

The purity of ADN purified by fourth-stage cyclic NF was
analyzed through ion chromatography, as shown in Fig. 16(d).
The content of NO,, NO;~, and SO,>~ in the spectrum was all
within 0.2%. The table shows the concentration of NO,, NO; ™,
SO,>~, and DN after the fourth stage cyclic NF, with an ADN
purity of 99.8%, indicating that this method can obtain high-
purity ADN while maintaining a high yield.

4. Conclusion

In this study, ammonium sulfamate was used as raw material to
prepare crude ADN by nitration. NF was prepared by interfacial
polymerization, and then a membrane purification system was
designed and prepared according to the characteristics of the
ADN synthetic material system, and the process for rapid
preparation of high-purity ADN was obtained. The separation
and recovery of by-products and impurities (such as sulfate and
nitrate) produced during the whole process of ADN preparation
were investigated by NF technology. NF has the ability to sepa-
rate the inorganic salt ions in the raw synthetic solution of ADN
prepared by the nitrous-sulfur mixed acid method. Increasing
the operating pressure had less effect on the retention of SO,>~
in the mixed system, but it could lower the retention of ADN,
and the highest retention of SO,>~ was achieved at 25 °C. The
dilution of the feed solution could improve the retention of
solutes by the NF. In addition, the fluxes of the 600D NF were
stable during filtration, which has the potential for engineering
amplification.

As a new oxidant with excellent performance, high energy,
and green characteristics, ADN is one of the typical represen-
tatives of new energetic materials. The mixed acid production
process of ADN is also a classic production process of HEDM.
This technology has the potential for the large-scale production
of ADN and also provides a reference for the safe, efficient, and
cheap preparation of HEDM. Our team has applied for
a Chinese invention patent for the above technology, and
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further process optimization, such as automation and contin-
uous preparation process, is in progress.
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