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Fig.1 Application of microreactors to hazardous chemical synthesis processes and preparation of energetic materials
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Fig.13 Schematic diagram for the synthesis of TEGDN in microreactor ®"’

PAEME K B o b R0 . Shen % BAT 164
SPAT S T 1 R A R i S B A RN T
Wl & T A 2-C KRR O BR . AT L G
1t BT EAR T 15 °C w7 2 ) b 45 4, T DL %2 4 42
i BV L &R 35 °C, W R T RN O R Y A A
TR M o 1% TAER 42 T JFORHEC L 3 3 A AL
HH /7K AH T H Ll A2 B A5 PR 2R 6T il 4 o R ) R
FE G TR /57 20 B BE R FE 1.5 52 B iFIA) 7.2 s S i
35 CHYZAF T 38T 553k 98.2% Y 2-2 FE Gl R © i 7™
R ARG E R =

Wang %1% R R 5 A 0 T 5 1 ok R
% Y R T 14 0 ) = PR 3 2 e = A R R (TMETN)

FITN —Fs AR 1S (PGDN) |, 38 3t Ak B2 1 i B L 2 1
P IR LA T2 451 B AR TR RIB R I 4t , Bk T &
ik A B A6 J Ak BT AR A5 B 2 W B MR R 3435 90%
Db 4R T 98%

Zharkov 55 B TFIE B T A WA I 20 A AL B
RV E (K 14), A AL DY FR 208 (TFE) A 5T, LR
& — A (DNP) 4L ), i #% 2-2 B Ol — H i
U 3 3 00 2 Ak R IO Y A R R 3R O T
DNP ¥ B DL R 5% BE B[] S5 45 4R 2%, = b i T 1 i
AR T 90% , HUAL I ] 7 e A% 5 48 AU Ak
P G, X N B R TR S N A A BT 2D TR S
SE T e

R-(OH),. " ON~g Hhe
. . . ON. A0
aliphatic polyol ON o"'\(OlNO2 a0 B oY T N,
1-2
0 (Me),, N M), y Osno,
HNO, 10-80°C glycol dinitrates trinitrates tetranitrate

e { 1min

Bl 14 fHFRER Y % S A LT 2 AR I O

Fig.14 Flow chart for the continuous synthesis of nitrates'

3.3 BRXSHLEY
BRARTRASYRE-RTABRATREANL

B, FA R AR R AR S B R | A A R A A

RS AEW PN 2 AR Ty 0 AR AR A5 5 K 4 a5

RTINS SR, S i

64]

B

M=EZN

P5iS
ASE R (8RB AT 1) 55 A K Y B R 45 ISR A AT T R Pk
o & A ALTR (BrN,) & — Rl el 58 B ) 4 1Y % fig v 6]
L E TR &1, 2- 1S A Y. Cantillo %]
W A2 0.5 mm [ - 5 28 UAk U B A% , A NaBr fil NaN,

0 R IR I SRR TR A A AR AR A K AR RS B

CHINESE JOURNAL OF ENERGETIC MATERIALS

® yield>90% e space time yield>18 g-h"mL"

T BrN, 1Y 2 4 R A%, JF i kgl A LA, BT
BrN, 14 Ji 057 A5 I, sk 4 1 LK R 43 i o

B A P BE(CH,ON, ) & — R 22 0 WAL & se ik &
Yy, v T R RUER KR P B ) T Tl A A R R . Ram
SR T T — R A XU 3 P AT R N A T L A
SF-A7 38 T8 18] SR FH = K M AT A AR o i R
FEHE A LE(PDMS) 4B (B 15) o FIHZ T & L 5
BT CHON, I R A A B o B 5 O — Rk T
2o B A TR AR R CHLN, BT B B2 i PDMS Ji
PBGHE A — N B S S A B L e T i — 2 5

N XK 2024 % F 324 H 34 (325-344)



334

JEISH, B, B Bk

OH

X

do Ty A,
44

‘ l //  Reactions

Diazald —

| Reactant +| CHN, |

"o Product

_/Separation

Diazald + KOH

KOH —

Bl15  BUHE P AT U N 8% S B CHON, 1 T2 A e 7
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Fig.19 Schematic diagram for the synthesis of 1,2, 3-triazole compounds in microreactor'’*’
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Fig.20 Microreactor system for the synthesis of 3-methyl-4-nitropyrazole ™
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Fig.22 Schematic diagram (a) and photo (b) of a four-channel parallel microfluidic recrystallisation system
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(a—b) Schematic diagram of the silicon-based microporous array chip used for the mixing process; (c) synthesis pro-

cess of B/BaCrO, nanoparticles; (d—e) stainless steel microporous array chip used for the dispersion process; (f) synthesis pro-

cess of self-assembled B/BaCrO, composite particles *’

% BaCrO, @ B

® Shellac

24 B/BaCrO, H 41 3% s 3k IE i 72 i /R 75 ] 1

Fig.24 Schematic diagram of the self-assembly of B/BaCrO, into spheres process
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Fig.25 Schematic diagram for the synthesis of FOX-7/HMX composite explosive microspheres in microreactor'®"
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Fig.26 Schematic diagram for the preparation of DAAF/HNIW composite particles
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Fig. 27 Schematic diagram for the synthesis of F2602/HMX

polymer bonded explosives in microreactor'®’

80% ), IR B H B v i PR M

W 85056 F 2L YR B 1 T S E S T AN TR
B A 300 26 BRI B A 500 M X PBX A TOERIE 3 A4 3
Wi, 2 SR B, (Y R £ 4 % (NC) /R & A 4i /K H
fik (GAP) & G R B G RIS AT LB A &2 45 1 24 11 B 4t
R ] AR AR R AP B MERE . 2 NC/GAP=1/4
(T3 L6 ) B, 2 Ik LA 55 o 10 00 A9 RO 8 25 D R
U AR TOPE o MR AL I T AR IR 5E T 3 TBOAH Vi E F 3%
S AH L O TR AR A3 A A 52 o S5 SR FE AR R Y
G WM AN S AR T, Bl 20 ORI 25 g - L' 3

N XK 2024 % F 324 H 34 (325-344)



340

JEISH, B, B Bk

Iz 75 g- L', il 4 B9 52 A BUORF BRI AR A 47.46 nm
B K% 63.69 nm; 7EAH R 9 73 BIOH B2 T AV B2 R Bl
HELEMIFEM 1.3 mL-min " BEHZE 1.9 mL-min™', Hl 4
B 52 4 TR S 24 k0 42 M 40.26 nm U/ & 33.68 nm.,
5545 G (0 LA 1 325 1 & 00 B R L B0 A A
13300 5 A EREROP B 0wy, 3R 18 TP RLAR B O 1y
— Uit B T A AR R ELAM B AR

Zhou 55758 3k o 0 SO0 O i (1L 28) , DA
NC F1 F2604 & & ), il #5159 2] 7 B A7 ¥ 5 3R 45
P LR AF 43 ECTE BB R R 0 R B R BB A R T B 4R
PBX X 2y , bt 1 5 Ge il £ T 25 K 3 1 40 K 5P 83 o0 A
457 e 2 T 5 SRR R K 24 8 i R ORI Y n) R

(a) Original chip

(b) Improved chip

28 (a) JEa A (b) BCalk AR A R 28
Fig.28

chip reactors'?”

Yan A0 o A R R o I R 2 S R
GUR AT HOB I R TN RS RS EA E SRR
BN 1 0 2R ORI A TR 5 R
BYIWRZ ISR RS — R B HL
B F2604/HNS &2 & K 25 W0kE o 7 — 20 3 o 1 5 L
RO ™ e e A 7R A K A SRR ST T F2604/
HNS (4 45 & 3 J1 A B8, R 1 IR & 20 E X T
F2604/HNS Xf T 45 fit 3 J1 24 47 O 19 52 Wi ML, DL K
HINS fiokL 3 10058 & W i B AL . SR KBRS W)
JE 38 I SRR AR AR T B T HINS A E i A AR R
U SR UR RTINS NeE e 5 G LR 3 U SN S )
T X AR IR S FORLAR B R 4% L i 9 A B Y F2604/
HINS 52 4 K 25 0k A6 25 SO N 0 g h 2 R B T
(R R POV S

L L BTIR TRV % H LA D B, 3 T ROl
A B8 TROUL 235 ) 0 A 2 21 R B A8 5, ] LA 2 B AT A T

(a) Original and (b) improved flow-focusing micro-
]

Chinese _Journal of Energetic Materials, Vol.32, No.3, 2024 (325-344)

THOWL 25 48] 1) 5 BB 5255 UKL, 1 Xof JHC 1 il 5 A o 181 422
I Bole S I i 7 52 7 BE AR 2 v A I T g Ak T
BB, KRR A BTl & BA 2 EE5 2L
LRI S AT REM R

5 RE5REE

PRSI A B AR Ay — TR B AR R AR 2 e
R R R E A RS R R A A5 T T ) I B
T RE TR G YRGB R BEA O T REM R
(943 8 B A KAl BRI AL A2 6 A I R AT 22 T T
L HRTC WG] T REIT IS B . ARSCERE T
S 07 s 9 A JCBE 5 O B, DL B B3 B I i AE e I A T
o G A K e AR A g e R R [ A S BE 5T R
RN DG T LA BT RE AR AN AT £ RE AR A
T FE 1

SR, A OC T AR R 22 2 ik J5 i i T A7 1k B 5
A H Bl A B DL SR A7 A — S R B X TR 2
AR T A7 A ZEOCTE LA B9 L Ml 1 e, 4 (il 18
P[] A AU Y A o e LR ik B Y 1 0% s A
KT 5% if e 5 S A 0 2 R 1 AR 5 [ 1 & i
IS FH R LA AR 2 Tl AR 7 K5 2R B — 2 B A
ME o AR N % G T [ AR 2 15 7T TR B g 2 AL 3
fle B A ML) 46 07 T AR 9, 58 3 BORUBE T o RE M R
il o 1 A A 16 TR R A BRSO i Y A5 A R AR
Jr AUMNBL & 28 40 LA B Ak f300E T8 P9 A9 A A 0B AR A
DA PG S BLE REA R 4 45 o8 B AR 3R A RSB i
P TSR R R o R R BB R s T L
155 JEORE B0 R R R (H AT R B B Y e R
Or B B AR S B W A YRR 5 LR Ab )
Ao R OR B AT 9 T B OG TE IX S R A B e M RCR
256 Rl SN A 19 T 52 U 0 R S AR A X T T HE AT
AL Ak , 4 17 52 BB BB b RE Y o (00 i 3 A0 22 4 il 3
(] sk, 1S5 o7 i 139 7 ] 3 2 5 v A B — ) B R
TR B T A 2 R R Bl Pk 22 o Rkl LA
3 ok PR 4 A R L AR R A R 22 B A AR
(I G, R SR RUBE T R B A B P AR ik — 2
R RAE LTS R R LRGP fE . A AR
EREENIEN I GRS R EUR IR ¢k NN 2]
VLA 32 i 2 BRI BACKE B R 2 R A 2
TRR AR 20 B, T LR 6 A% 22 2 9 S L A
8RR P 1 52 2, S5 IS 0 000 vy RIVERE AR, 1 Bl
B 42 R LB ROR o ROR T Bk — A0 i 58 RS
Sttt

www.energetic-materials.org.cn



(93 A

i 7E 5 BE MRS A b By B 2 R 3

341

v A LY s I A0S I BRI 5, B BL A o ) 2 T

=]
=]

El
H
EE/\

RETT I ERIE T S AL TR R T Ik AR & R

9&!31

B KGR L 205 0 sl ORI &R DA B

RER R REAL 5 BRI 25
JUAE (R IS A 5 BE AR 0T AT T e 15 22 Pk

AR BR A (E R O Az i R AT SR 4 N SE i 0 1, A 2R

7 ok B 22 1) BIET M e Bl 2,

 BUAE T REAARE B BIE S

A R AR 3

SE

(1]

[6]

[8]

[10]

BADGUJAR D M, TALAWAR M B, ASTHANA S N, MAHU-
LIKAR P P. Advances in science and technology of modern en-
ergetic materials: An overview![]]. Journal of Hazardous mate-
rials, 2008, 151(2-3): 289-305.

GUO Y, ZHOU J,
cient mixing and nano-TATB preparation[]J]. Propellants, Ex-
plosives, Pyrotechnics, 2023, 48(9): €202300048.

LIU S, WU B, XIE J, et al. Self-assembly method for insensi-
tive daaf/fox-7 composite crystals with microspheres structure
2021, 56 (3)

LIU S, et al. A novel micromixer for effi-

[J]. Crystal Research and Technology,
202000194.

XU W, ZHENG X, WELI Y, et al. Preparation and characteriza-
tion of TA surface modified HMX/F2602 composites[J]. Pro-
pellants, Explosives, Pyrotechnics, 2023, 48(8): 202300060.
LI H, ZHANG L, PETRUTIK N,

features of thermostable energetic materials:

et al. Molecular and crystal
guidelines for ar-
chitecture of "bridged" compounds[]]. ACS Central Science,
2020, 6(1): 54-75.

ZHAO G, YIN P, STAPLES R, SHREEVE ] N M. One-step syn-
thesis to an insensitive explosive: N, N’-bis( (1H-tetrazol-5-yl)
methyl) nitramide (BTMNA) []].
nal, 2021, 412: 128697.
ZHANG W, ZHANG J, DENG M,
high-energy-density material [J].
2017, 8(1): 1=

LIU S-J, WU B-D, XIE J-N, et al. Insensitive energetic micro-
DAAF/RDX  fabricated by
self-assembly[]]. Defence Technology, 2021,
1781.

ZHOU B, ZHANG X, ZHANG G, ZHAO X. Thermally con-
ductive process and mechanism of TATB-based polymer-bond-

Chemical Engineering Jour-

et al. A promising

Nature Communications,

molecular
1775-

facile
17(5):

spheres

ed explosives filled with graphene: Effects of interfacial ther-
mal resistance and morphology/content of graphene[])]. Poly-
mer Engineering & Science, 2023, 63(10): 3411-3419.
MILLAR R W, PHILBIN S P, CLARIDGE R P, HAMID J. Stud-
ies of novel heterocyclic insensitive high explosive com-
pounds: Pyridines, pyrimidines, pyrazines and their bicyclic
analogues|J]. Propellants, Explosives, Pyrotechnics, 2004, 29
(2): 81-92.

MISKOLCZI N, BARTHA L, ANGYAL A. High energy contain-
ing fractions from plastic wastes by their chemical recycling
[J].Macromolecular Symposia, 2007, 245-246(1): 599-606.
LIU Y, ZHENG W, WU Y, CHEN R. Study on pyrolysis be-
haviors and characteristics, and

thermodynamics, kinetics,

volatiles of single-base propellant, a typical energy-containing

CHINESE JOURNAL OF ENERGETIC MATERIALS

[14]

[15]

[26]

[29]

[30]

&

material[ J]. Fire, 2023, 6(10): 370.

TANIMU A, JAENICKE S, ALHOOSHANI K. Heterogeneous
catalysis in continuous flow microreactors: A review of meth-
ods and applications[)]. Chemical Engineering Journal, 2017,
327:792-821.

PENNEMANN H, KOLB G. Review: microstructured reactors
as efficient tool for the operation of selective oxidation reac-
tions[)]. Catalysis Today, 2016, 278: 3-21.

BARALDI P T, HESSEL V. Micro reactor and flow chemistry for
industrial applications in drug discovery and development[]].
Green Processing and Synthesis, 2012, 1(2): 149-167.
SHIDA N, NAKAMURA Y, ATOBE M. Electrosynthesis in lam-
inar flow using a flow microreactor[])]. The Chemical Record,
2021, 21(9): 2164-2177.

TUCKERMAN D B, PEASE R F W. High-performance heat sink-
ing for VLSI[J]. IEEE Electron device letters, 1984, 2(5) :
126-129.

SWIFT G, MIGLIORI A, WHEATLEY J. Construction of and
measurements with an extremely compact cross-flow heat ex-
changer[)]. Heat Transfer Engineering, 2007, 6(2): 39-47.
FANY, LUO L. Recent applications of advances in microchan-
nel heat exchangers and multi-scale design optimization [J].
Heat Transfer Engineering, 2008, 29(5): 461-474.

ROBERGE D M, DUCRY L, BIELER N,
technology: A revolution for the fine chemical and pharma-

et al. Microreactor
ceutical industries? [J]. Chemical Engineering & Technology,
2005, 28(3): 318-323.

AHMED-OMER B, BRANDT J C, WIRTH T. Advanced organ-
ic synthesis using microreactor technology[]]. Organic & Bio-
molecular Chemistry, 2007, 5(5): 733-740.

PEAKMAN A, HODGSON Z, MERK B. Advanced
micro-reactor concepts[J]. Progress in Nuclear Energy, 2018,
107: 61-=70.

MILLS P L, QUIRAM D J, RYLEY J F. Microreactor technology
and process miniaturization for catalytic reactions-A perspec-
tive on recent developments and emerging technologies []].
Chemical Engineering Science, 2007, 62(24): 6992-7010.
PANG W, DENG C, LI H, et al. Effect of nano-sized energetic
materials (nems) on the performance of solid propellants: a
review [)]. Nanomaterials 2021, 12(1): 133.

TIAN S, WANG Y, CHEN X, et al. Anti-hygroscopicity tech-
nologies for ammonium dinitramide: A review [J]. Propel-
lants, Explosives, Pyrotechnics, 2023, 48(5): €202200344.
TAN B, ZHANG J, XIAO C, et al. Progress of artificial intelli-
gence in drug synthesis and prospect of its application in nitrifi-
cation of energetic materials [J]. Molecules, 2023, 28 (4) :
1900.

YONGJIN C, SHUHONG B. High energy density material
(HEDM) -progress in research azine energetic compounds[]].
Johnson Matthey Technology Review, 2019, 63(1): 51-72.
KULKARNI A A. Continuous flow nitration in miniaturized de-
vices[J].
405-424.
SHI'S, WANG C, LI L, et al. Experimental study of the explo-
sion characteristics of energy-containing materials nto’ s lead
salt dust [J].
1-12.

ZHU Y, ZHANG ],

Beilstein Journal of Organic Chemistry, 2014, 10:

Combustion Science and Technology, 2023,

HE W. Experimental insight into interac-

2024 % F 324 H 34 (325-344)



342

JEISH, B, B Bk

[32]

[35]

[38]

[39]

[41]

[44]

[45]

[46]

tion mechanism of guanidinium-5-aminotetrazole (GA) and
nitrocellulosel J]. Thermochimica Acta, 2023, 729.

FROST C G, MUTTON L. Heterogeneous catalytic synthesis
using microreactor technologylJ]. Green Chemistry, 2010, 12
(10): 1687-1703.

FANELLI F, PARISI G, DEGENNARO L, LUISI R. Contribution
of microreactor technology and flow chemistry to the develop-
ment of green and sustainable synthesis[]]. Beilstein Journal of
Organic Chemistry, 2017, 13: 520-542.

TANG Y, GAO Y, YU C, et al. Experimental study of the di-
electric properties of energy-containing materials at variable
temperatures [J]. Review of Scientific Instruments, 2023, 94
(3): 035113.

HANG J, TAO D. Estimation of two component activities of bi-
nary liquid alloys by the pair potential energy containing a
polynomial of the partial radial distribution function [J]. Met-
als, 2023, 13(10): 1773.

DOKU G N, VERBOOM W, REINHOUDT D N, VAN DEN
BERG A. On-microchip multiphase chemistry—a review of mi-
croreactor design principles and reagent contacting modes|[J].
Tetrahedron, 2005, 61(11): 2733-2742.

QIU S, ZHAO X, LI'Y, et al. Simulation of internal defects in
TKX-50 crystals[}]. Materials, 2023, 16(11): 4063.

ZHOU S-Y, CHEN J, LI X, et al. Catalytic pyrolysis of 5-Ami-
no-1H-Tetrazole with copper and its oxide: A deep insight in-
to the combustion mechanism for high nitrogen compound
[J]. Fuel, 2023, 334.

ZHARKOV M N, ARABADZHI S S, KUCHUROV | V, ZLO-
TIN S G. Continuous nitration of alcohols in a Freon flow []].
Reaction Chemistry & Engineering, 2019, 4(7): 1303-1308.
LIU L, XIANG N, NI Z. Droplet-based microreactor for the
production of micro/nano-materials [J].
2020, 41(10-11): 833-851.

DAS S, SRIVASTAVA V C. Microfluidic-based photocatalytic

microreactor for environmental application: A review of fabri-

Electrophoresis,

cation substrates and techniques, and operating parameters
[J]. Photochemical & Photobiological Sciences, 2016, 15
(6): 714-730.

AMII H, NAGAKI A, YOSHIDA J. Flow microreactor synthesis
in organo-fluorine chemistry [J].
Chemistry, 2013, 9: 2793-2802.
DUCRY L, ROBERGE D M. Controlled autocatalytic nitration
of phenol in a microreactor[)]. Angewandte Chemie Interna-
tional Edition, 2005, 44(48): 7972-7975.

GUO S, ZHU G, ZHAN L, et al. Continuous kilogram-scale
process for the synthesis strategy of 1,3, 5-trimethyl-2-nitroben-

Beilstein Journal of Organic

zene in microreactor[)]. Chemical Engineering Research and
Design, 2022, 178: 179-188.

GUO S, ZHU G-K, ZHAN L-W, et al. Process design of
two-step mononitration of m-xylene in a microreactor[)]. Jour-
nal of Flow Chemistry, 2022, 12(3): 327-336.

VANOYE L, PABLOS M, DE BELLEFON C, et al. Gas-liquid
segmented flow microfluidics for screening copper/tempo-cata-
lyzed aerobic oxidation of primary alcohols[]]. Advanced Syn-
thesis & Catalysis, 2015, 357(4): 739-746.

HOMMES A, DISSELHORST B, YUE J. Aerobic oxidation of
benzyl alcohol in a slug flow microreactor: Influence of liquid
film wetting on mass transfer [J]. AIChE Journal, 2020, 66

Chinese _Journal of Energetic Materials, Vol.32, No.3, 2024 (325-344)

[47]

[48]

[56]

[60]

Sttt

(11): e17005.
DENG Q, LEI Q, SHEN R, et al. The

kilogram-scale process for the synthesis of 2, 4, 5-trifluorobro-

continuous

mobenzene via Gattermann reaction using microreactors [].
Chemical Engineering Journal, 2017, 313: 1577-1582.

LIU Y, ZENG C, WANG C, ZHANG L. Continuous diazotiza-
tion of aromatic amines with high acid and sodium nitrite con-
centrations in microreactors [J]. Journal of Flow Chemistry,
2018, 8(3-4): 139-146.

REN J, WU M, DONG K, et al. Highly efficient synthesis and
application of aryl diazonium salts via femtosecond
laser-tailored 3D flow microfluidic chips[J]. Chinese Chemical
Letters, 2023, 34(4): 107694.

CICHOWSKI D, ZHANG P, WOIAS P, et al.

rapid-prototyping and modular packaging of chip-based micro-

Laser

reactors for direct fluorination reactions[)]. Chemical Engineer-
ing Research and Design, 2017, 128: 318-330.

ZHAO S, YAN F, ZHU P, et al. Micro-segmented flow tech-
nology applied for synthesis and shape control of lead styph-
nate micro - particles [J]. Propellants, Explosives, Pyrotech-
nics, 2017, 43(3): 286—293.

ZHOU X, CHEN C, ZHU P, et al. Microreaction system com-
bining chaotic micromixing with fast mixing and particle
growth in liquid-segmented flow for the synthesis of hazardous
ionic materials [J].
(3-4): 186—-194.
AYOUB K, VAN HULLEBUSCH E D, CASSIR M, BERMOND

A. Application of advanced oxidation processes for TNT re-

Energetic Materials Frontiers, 2020, 1

moval: A review [}]. Journal of Hazardous materials, 2010,
178(1-3): 10-28.

KYPRIANOU D, BERGLUND M, EMMA G, et al. Synthesis of
2, 4, 6-trinitrotoluene (TNT) using flow chemistry [J]. Mole-
cules, 2020, 25(16): 3586.

ffs, D], WRACHE, 45 . BOm il i 0 4% P A I I R 2R Y i
ST 2] R Tk K22 4 (A SR FHA R, 2016, 38(3):
120-125.

NI Wei, MA Xiao-ming, CHEN Dai-xiang, et al. Continuous
synthesis process of dinitronaphthalene in micro-channel reac-
tor[J].Journal of Nanjing Tech University( Natural Science Edi-
tion), 2016, 38(3): 120—125.

ZHAO S, CHEN C, ZHU P, et al. Passive micromixer plat-
form for size- and shape-controllable preparation of ultrafine
hns[J]. Industrial & Engineering Chemistry Research, 2019, 58
(36): 16709-16718.

SHI J, ZHU P, ZHAO S, et al. Continuous spheroidization
strategy for explosives with micro/nano hierarchical structure
by coupling microfluidics and spray drying[)]. Chemical Engi-
neering Journal, 2021, 412.

ZHANG S, ZHAN L, ZHANG Y, et al. Continuous flow reso-
nance acoustic mixing technology: A novel and efficient strate-
gy for preparation of nano energetic materials [J]. FirePhy-
sChem, 2023, 3(1): 29-36.

JEAN, BRNLAR, 2%, A5 RUR N RGeS R A H Y TR
FEL)). B AR B, 2020, 49(5): 36-41.

TANG Jie, WEI Ying-dong, WU Xing-long, et al. Study on the
micro-chemical synthesis process of nitroglycerin[]]. Explosive
Materials, 2020, 49(5): 36=41.

LIU M-H, TSAI H-J, LIU C-W. Computational study of simulta-

www.energetic-materials.org.cn



TN A 7E 5 BE B ORE 5 8T A R T % R B

343

[61]

[62]

[63]

[65]

[66]

[72]

neous synthesis of optically active (RS)-1,2,4-butanetriol trini-
trate (BTTN) [J]. Journal of Molecular Modeling, 2017, 23
(8): 1-15.

XD, s, KRB, . WOBE RN &SGR g =L
M RRMR ) T. 2 D). M kefes: TR 4, 2020, 34(6): 1430-
1435.

LIU Wei-xiao, GAO Fu-lei, ZHU Yong, et al. Synthesis of tri-
ethylene glycol dinitrate in a micro-channel reactor[)]. Journal
of Chemical Engineering of Chinese Universities, 2020, 34
(6): 1430-1435.

JIANI'S, YUCHAO Z, GUANGWEN C, et al. Investigation of
nitration processes of iso-octanol with mixed acid in a microre-
actor[J]. Chinese Journal of Chemical Engineering, 2009, 17
(3): 412-418.

A, XNDFE, WA, 5. B BOAR A A SO R R 1 9
7 TMETN A1 PGDN [J]. K 4 25 % 4t , 2018, 41(4) : 359~
362, 368.

WANG Ying-lei, LIU Wei-xiao, WANG Wei, et al. Synthesis
of insensitive nitrate plasticizers TMETN and PGDN by micro
reaction technologyl]].Chinese Journal of Explosives & Propel-
lants, 2018, 41(4): 359-362, 368.

MITTAL A K, PATHAK P, PRAKASH G, et al. Highly scalable
and inherently safer preparation of di, tri and tetra nitrate es-
ters using continuous flow chemistry [J]. Chemistry, 2023,
e202301662.

YAN Y-F, WANG Q-Y, CUI M, et al. Copper azide-based
complexes without repulsive steric clashes between azides for
advanced primary explosives [J]. Chemical Engineering Jour-
nal, 2023, 472.

CANTILLO D, GUTMANN B, OLIVER KAPPE C. Safe genera-
tion and use of bromine azide under continuous flow condi-
tions--selective 1, 2-bromoazidation of olefins [J]. Organic &
Biomolecular Chemistry, 2016, 14(3): 853-857.

MAURYA R A, PARK C P, LEE J H, et al. Continuous in situ
generation, separation, and reaction of diazomethane in a du-
al-channel microreactor[J]. Angewandte Chemie International
Edition, 2011, 50(26): 5952-5955.

MASTRONARDI F, GUTMANN B, KAPPE C O. Continuous
flow generation andreactions of anhydrous diazomethaneusing
a teflon AF-2400 tube-in-tubereacto [J].
2013, 15(21): 5590-5593.

DALLINGER D, PINHO V D, GUTMANN B, et al

Laboratory-scale membrane reactor for the generation of anhy-

Organic Letters,

drous diazomethane [J]. The Journal of Organic Chemistry,
2016, 81(14): 5814-5823.

CHEN C, ZHAO S, ZHU P, et al. Improvement of silver azide
crystal morphology and detonation behavior by fast mixing us-
ing a microreaction system with an integrated static micromixer
[J]. Reaction Chemistry & Engineering, 2020,5(1): 154=162.
s, KO, TR, A B BRI A R R 2 K
Hoerk )], S fektk, 2022, 30(5): 451-458.

HAN Rui-shan, ZHANG Fang, LU Fei-peng, et al. Prepara-
tion and modification technology of lead azide primary explo-
sive based on microfluidics [J]. Chinese Journal of Energetic
Materials( Hanneng Cailiao), 2022, 30(5): 451-458.
COMAS-BARCELS J, BLANCO-ANIA D, VAN DEN BROEK S
A M W, et al. Cu-catalysed pyrazole synthesis in continuous
flow [J]. Catalysis Science & Technology, 2016, 6 (13) :

CHINESE JOURNAL OF ENERGETIC MATERIALS

[73]

[74]

[80]

[82]

[83]

[87]

e

4718-4723.

LI D, LIU L, TIAN Y, et al. A flow strategy for the rapid, safe
and scalable synthesis of N—H 1,2, 3-triazoles via acetic acid
mediated cycloaddition between nitroalkene and NaNS[J]. Tet-
rahedron, 2017, 73(27-28): 3959-3965.

PELLETER J, RENAUD F. Facile, fast and safe process develop-
ment of nitration and bromination reactionsusing continuous
flow reactors[]]. Organic Process Research & Development,
2009, 13: 698-705.

ZUCKERMAN N B, SHUSTEFF M, PAGORIA P F,et al. Micro-
reactor flow synthesis of the secondary high explosive 2, 6-di-
amino-3, 5-dinitropyrazine-1-oxide (LLM-105) [J]. Journal of
Flow Chemistry, 2015, 5(3): 178-182.

ZHANG Y-F, ZHANG S, ZHAN L-W, et al. Application of mi-
crofluidic technology on preparation of nano LLM-105 [J].
Journal of Energetic Materials, 2022, 1-15.

DE CLERCQ D.
change-oriented citizenship behavior [J].
ment Journal, 2022, 40(1): 90-102.
TRER, g, SEIUAK, A5 fOE I i BRI i 2R A ) ). K
401LT., 2016, 33(8): 946-950.

ZHANG Yue, ZHANG Jing, GU Shun-lin, et al. Research on
continuous synthesis of nitroguanidine in the micro-channel re-
actor[}J]. Ine chemicals, 2016, 33(8): 946—950.

ZHAO S, WU J, ZHU P, et al. Microfluidic platform for prep-

aration and screening of narrow size-distributed nanoscale ex-

Organizational disidentification and

European Manage-

plosives and supermixed composite explosives [J]. Industrial
& Engineering Chemistry Research, 2018, 57(39): 13191~
13204.

ZHOU X, ZHU P, SHI J, et al. Self-assembly assisted by mi-
crodroplet templates confinement for the preparation of ultra-
mixed composite energetic particulates[]]. Chemical Engineer-
ing Journal, 2023, 454: 140204.

SHI J, ZHU P, LIU ], et al.

oscillating-swirling-coflowing: a microfluidic strategy for supe-

Coupling

rior safety and output performance of core - shell energetic mi-
crospheres [ J]. Industrial & Engineering Chemistry Research,
2022, 61(48): 17593-17606.

ZHANG S, ZHAN L-W, ZHU G-K, et al. Continuous, safe
and large-scale preparation of insensitive high-energy TATB/
HMX composite particles by microfluidic self-assembly tech-
nology[)]. Chemical Engineering Science, 2022, 264.

LIU S, WU B, LI Z, et al. Multilevel strategies for the composi-
tion and formation of DAAF/HNIW composite crystals [J].
CrystengComm, 2021, 23(44): 7750-7759.

HOU C, JIA X, WANG |, et al. Efficient preparation and per-
formance characterization of the hmx/f2602 microspheres by
one-step granulation process [J]. Journal of Nanomaterials,
2017, 2017: 1-7.

JING J, ZHANG X, GAO L, et al. Continuous preparation of
multi-scale HMX-based energetic composite microspheres by
pipe-stream technologyl]]. Powder Technology, 2023: 426.
WU B, ZHOU J, GUO Y, et al. Preparation of HMX/TATB
spherical composite explosive by droplet microfluidic technol-
ogyl)]. Defence Technology, 2023, 21: 62-72.

ZHOU J-Q, WU B-D, ZHU R, et al. High-quality and homo-
geneous HMX-based aluminized explosives using droplet mi-

crofluidic technology[J]. Energetic Materials Frontiers, 2022,

2024 % F 324 H 34 (325-344)



344 JRHE, Bk, BB

3(4): 219-225. ing and modification of polymer-bonded nano-HNS explosives
[88] YAN F, ZHU P, ZHAO S, et al. Microfluidic strategy for coat- [J]. Chemical Engineering Journal, 2022, 428: 131096.

Review on the Application of Microreactor in the Synthesis Processes of Energetic Materials

ZHOU Lin', YANG Wei*, LU Yang-cheng'
(1. State Key Laboratory of Chemical Engineering , Department of Chemical Engineering, Tsinghua University , Betjing 100084, China; 2. Institute of Chemical

Materials, China Academy of Engineering Physics, Mianyang 621999, China)

Abstract: Nowadays, the conventional batch preparation process is difficult to achieve accurate control of process parameters,
product structure and properties due to the macro scale, resulting in poor product uniformity and significant safety risk in the
preparation process. Therefore, how to achieve safe, controllable, and efficient preparation of energetic materials has become a
popular research topic. Microreactors are well-suited for preparing energetic materials due to their advantages of miniaturization,
integration, high safety, and excellent mass and heat transfer efficiencies. Consequently, microreactor technology has gradually
attracted the wide attention of researchers and emerged in the preparation of energetic materials.. This paper provides a detailed
overview of the domestic and international research progress on the application of microreactors in hazardous chemical synthesis
processes and the preparation of energetic materials. Special attention is given to the potential application of microreactors in the
preparation of monolithic and composite energetic materials. The future research direction was prospected, and the future devel-
opment needs of microreactor technology were emphasized, including large-scale production, three wastes treatment and intelli-
gent platform construction.
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