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Table S1: Developed continuous-flow nitration processes over the past decade.

Reaction Scheme
Sources Scope of process parameters Nitration Analysis methods and
research ' sybstrates/ results Reactor forms
nitrating reagents
CH; CH; CH; CH; CH;4
O,N NO, NO,
e (™, O T
N NO, NO,
Wang, J. C. DoE
et al (2024) Solvent-free Solvent-free
[1] T=0-60 °C Aromatic T=30 °C 316L SS oular
M-ratio(N/SM)=1.0-2.0 compounds M-ratio(N/SM)=1.5 (ID Oresar%%r. oD
waa(%)=0-80% /HNOs3-Ac20 WAA(%)=65% ’ 1.6 mm,) ’
t=60-180 s t=120s '
Yield=99.21%
o CHF,
Cl
+ HNO; ——> N +  HO
NO,
Cao, J. Y. OFAT Hastelloy(HC276
et al (2024) 1,2-dichloroethane(DCE) Aromatic Solvent DCE ) chip
(2] SM/DCE=1/5 w/w compounds SM/DCE=1/5 w/w microreactor (a
M-ratio(N/S)=1/8-1/2 I pol M-ratio(N/S)=1/6 three-layer
M-ratio(N/SM)=1.05-2.0 HN O“?":ﬁ.n M-ratio(N/SM)=1.1 structure of 2
T=40-70 °C SO 9 7=60 °C heat transfer
t=25.7s-90.0s 2904 t=30s layers and a
Yield=97% reaction layer)
Me
(a) + 2HNO; ——> OEN/O o NO> + 2H,0
) + 2HNO, Oz.\ko/\/O\NO2 + 2H,0
(©) + 2HNO; ——> OZN\O/\/O\/\O/N()2+ 2H,0
() + 2HNO; ——> ()ZN\()/\/O\/\O/\/()\NOZ + 2H,0
0Ny,
(©) 3HNO; — I + 3Hy
Mittal, A. K. ' OGN0, T IO
et al (2023) 0N
[3] ® + 3HNO, ——= ()EN’O\/J/[\/O‘N% + 3H,0
O,N_
0
© + 4HNO; —= OzN\()/Y-\/O\NOZ+ e
O\No2
Solvent-free/H2S04 OFAT
(a) T=15°C, t=1-2 min, Aliphatic Solvent-free/H2S 04 PFA tubular
M-ratio(N/SM)=3-5, m pnd/HNO : (@)T=15°C, t=1 min, reactor (ID, 1
12.7 M HNOs co pauso 3 M-ratio(N/SM)=5 mm; OD, 1/16
(HNOs/H2S 04/H20 = 51/43/6), 2o 12.7 M HNOs inch; IV, 2 mL)
Neat SM (HNO3/H2S04/H20=51




(b) T=20-30 °C, t=1-2 min,
M-ratio(N/SM)=3~4
127 M
HNO3(HNO3/H2S04/H20 =
51/43/6), Neat SM
(c) T=10-40 °C, =1 min,
M-ratio(N/SM)=3-4
12.7 M HNOs
(HNO3/H2S O4/H20=51/43/6)
Neat SM
(d) T=10-45 °C, t=1 min,
M-ratio(N/SM)=3-5
12.7 M HNOs
(HNO3/H2S O4/H20=51/43/6)
Neat SM
(e) T=10 °C, t=1-2 min,
M-ratio(N/SM)=5-6
12.7 M HNOs3
(HNO3/H2S O4/H20=51/45/4)
Neat SM
(f) T=30-80 °C, t=1-2 min,
M-ratio(N/SM)=6
2.0 M SM (95% H2S0a4)
Neat HNO3(95%)

(g) T=60-80 °C, t=1-2 min,
M-ratio(N/SM)=6-8
1.7 M SM (95% H2S0s4)
Neat HNO3(95%)

/43/6)

Neat SM
Yield=93%
(b)T=30 °C, t=1 min,
M-ratio(N/SM)=4
12.7 M HNO3
(HNO3/H2S04/H20=51
/43/6)

Neat SM
Yield=95%
(c)T=30 °C, t=1 min,
M-ratio(N/SM)=4
12.7 M HNO3
(HNO3/H2S O4/H20=51/
43/6)

Neat SM
Yield=96%
(d)T=45 °C, =1 min,
M-ratio(N/SM)=5
12.7 M HNOs3
(HNO3/H2S04/H20=51
143/6)

Neat SM
Yield=95%
(e)T=10 °C, =1 min,
M-ratio(N/SM)=6
12.7 M HNOs3
(HNO3/H2S04/H20=51
/45/4)

Neat SM
Yield=90%

(f)T= 80 °C, =1 min,
M-ratio(N/SM)=6
2.0 M SM (95% H2S04)
Neat HNO3(95%)
Yield=94%
(9)T=80 °C, t=1 min,
M-ratio(N/SM)=8
1.7 M SM (95% H2S04)
Neat HNO3(95%)
Yield=96%

NO,
+ HNO; ——> + HO

Xu, F. et al OFAT
(2023) [4] 1,2-dichloroethane(DCE) . Solvent DCE
_ Aromatic _
SM/DCE=1/4 M/M m nd SM/DCE=1/4 M/M Teflon tubular
M-ratio(N/SM)=0.8-2.0 co p/°“ S M-ratio(N/SM)=1.2 reactor (ID, 0.8
T=30-50 °C Fuming T=30°C mm; OD, 1.6
t=10-120 s =120 s mm)
H2S 04 strength=74%-82% HNOs-H28 04 H2S 04 strength=74%
Yield=94.96%
CF; CF, CF;
Guo, S. et NO,
al (2023) + HNOy —> / / + H,0
(5] NO,




Continuous-flow System A
Solvent-free
M-ratio(N/S)=0.78
T=10-20 °C
t=0-30 s
Conc.(H2S04) =86%-91%
M-ratio(N/SM)=1.0-1.6
Continuous-flow System B
Solvent-free
M-ratio(N/S)=0.71-0.78
M-ratio(N/SM)=1.0-1.8
T=20-50 °C
t=0-30 s
Conc.(H2S04) =86%-93%

Aromatic
compounds
/
Fuming
HNO3-H2S 04

OFAT
Continuous-flow
System A
Solvent-free
M-ratio(N/S)=0.78
T=20°C
t=28's
Conc.(H2S04) =91%
M-ratio(N/SM)=1.2
Conv.=22%
Notes: Not the final
optimized result
Continuous-flow
System B
Solvent-free
M-ratio(N/S)=0.71
M-ratio(N/SM)=1.5
t=30s
Conv.=100%

Continuous-flo
w System A
316L SST
T-mixer(ID, 3.3
mm)+PTFE
tubular
reactor(ID, 1mm)
Continuous-flo
w System B
Hastelloy(HC276
) chip
microreactor (a
three-layer
structure of 2
heat transfer
layers and a
reaction layer)

NO, NO,
O,N
wor— (0 O, C0 20
O,N O,N O,N
NO, ’ NO. ? O,N
- 2 NO,

Guo, S. et
al (2023) OFAT
[6] Solvent-free Solvent-free
Q=20-60 mL/min Aromatic Q=60 mL/min Hastello
Conc.(HNO3)=88%-98% compounds Conc.(HNO3)=94% heart-sha yed
M-ratio(N/SM)=2-6 / M-ratio(N/SM)=3.6 hib mi P "
T=283-323 K HNO3 T=323K chip microreactor
t=0-60 s t=9s
Conv.=100%
F
/@/NOZ
+ HNO; —» + mo
F
NO,
OFAT
H2S04 Strategy
Strategy 1-T-micromixer 1-T-micromixer
Re=12.7-45 Solvent H2SO4
di=1.2-1.0 mm T=333 K
Guo, S. et T=318-333 K t=36's
al (2023) t=0-36 s M-ratio(N/SM)=1.1 PTFE tubular
[7] M-ratio(N/SM)=1.1 Aromatic M-ratio(S/SM)=6 reactor(ID 1.2
M-ratio(S/ISM)=6 compounds Conv.=35% mm/1.6 mm/2
Strategy 2-Heart-shaped / Strategy mm)+Hastelloy
microreactor HNO3-H2S O4 2-Heart-shaped heart-shaped
Re=58-204 microreactor chip microreactor
T=318-333 K Solvent H2SO4
t=0-12s T=333 K
M-ratio(N/SM)=1.1 t=45s
M-ratio(S/ISM)=6 M-ratio(N/SM)=1.1
w(H2S04)=93%-98% M-ratio(S/SM)=6
Conv.=98.5%
OCH;
Mittal, A. K. O,N NO,
al (2023) * 2HNO; ——— + 2H,0
(8]

NO,




OFAT
Conc (Hzgzgfc;issolving . Solvent H2804
SM)=95%-98% Aromatic T=80 OQ PFA tubular
. compounds t=2.5 min reactor (ID, 1
69% HNOs in 98% H2S04 / M-ratio(N/SM)=2.5 | mm; OD, 1/16
M-ratio(N/SM)=2.5-3 M L ;
T=60-100 °C HNO3-H2S O4 Conc.(l—ézl\s;;l)Ogcsigsolwn inch; IV, 2 mL)
— i g = ()
£=0.5-5 min HPLC purity=98%
0,N Me
+  HNO; m + H,0
HO
OFAT
Solvent DCM/AcOH
Petho, B. et M-ratio(N/SM)=1.025-1
al (2022) Dichloromethane (DCM) A
[9] /AcOH Aromatic T=35-45°C
M-ratio(N/SM)=1.025-1.1 compounds t=10-60 s Glass chip
T=25-45°C / Q=1-6 mL/min microreactor
t=5-60 s HNOs-HAc Conv.(max)=~100%
Q=1-6 mL/min Note: Parameter
adjustment for the
actual production
needs
CH, CH; CH, CH,4
L HNO;, ) @Noz / @:Noz N
| / - NO,
CH; CH; OZN/ Z CH, Z>cn,
NO, NO,
Dichloromethane (DCM)
SM/DCM=1/1 viv OFAT
Stragety 1-Mixed acid Solvent DCM
Guo. S. et H2S04 content=70-98 wt% SM/DCM=1/1 vIv
» 2 HNOs3 content=70-98 wt% HNO3+H2S O4(two-ste
al (2022) M-ratio(S/N)=0.8-2.33 p mononitration) HaStGHOK(.HC276
(10] M-ratio(N/SM)=1.2-2 Aromatic H2S0O4 content=80 wt% micro)recaclzﬁ)or(the
T=20-50 °C compounds HNOs3 content=98 wt% :
t=1 min / M-ratio(N/SM)=2.4 reaction 'ay:fé
Stragety 2-HNO3+H2S04 HNO3-H2S 04 T=40 °C ﬁ°mr’t3_”ies q
H2S04 content=80-90 wt% M-ratio(SISM)=2 ea . eslls‘;pe
HNO3 content=90-98 wt% =104 s
M-ratio(N/SM)=2-3.2 Conv.=99.5%
T=10-40 °C Sel.(2,4-nitro)=83.8%
M-ratio(S/SM)=1.5-2 Sel.(2,6-nitro)=15.2%
t=0-120 s
CH,4 CH,4
+ HNO, / + H0
NO,
Fu, G. et al S IOF?-If-
(2022) (1] Solvent-free . AP Hastelloy chi
Q=10-60 mL/min Aromatic Q=60 mL/min reactor)zthe P
T=40-60 °C compounds T245°C channels were
; / t=2.2 min .
(=2.2-5.1 min HNO:-HzS 04 M-ratio(N/SM)=1.2 | madeof 1/4in

M-ratio(N/SM)=1-1.4

SPY=1.36 g_L—1_$—1 od hastelloy)




CH,4 CHj3
NO
+ HN03 e ——— /@iNOQ ; 2
H;C CH; HsC CH;
NO

2

Dichloromethane(DCM)
SM/DCM=1/1 viv
Stragety 1-Mixed acid
Solvent type=EA/DCM/CS2
/cyclohexane/None

OFAT
Solvent DCM
SM/DCM=1/1 viv
Stragety 1-Mixed acid
M-ratio(S/N)=0.6
M-ratio(N/SM)=4.5

= (o]
H2S0s4 content=51-71 wt% YieTI;Ii% 4C7%
M-ratio(S/N)=0.6-3 Ao
Guo, S. et M-ratio(N/SM)=0-5.9 Impurtiy=4.4%
al (2022) T=20-60 °C . Straggty 2-HNO3 Hastelloy.
[12] Q=20-70 mL/min Aromatic M-ratio(N/SM)=3 (HC276) chip
=30 s com p/ounds y IT;4£())30(1:7°/ microreac:or(the
ield=93.17% reaction layer
Strag;e_thZ-HNO:» HNO3 Impurtiy=0.8% com prisesy36
T=_4O OSC &HNO3-H2S04 Stragety heart-shaped
Q=60 mL/min 3-HN03'+M|xed acid cells)
oS 4 miaSNES,
Stragety 3-HNO:+Mixed acid 7260 °C ’
H2S04 content=60-90 wt% =60 s
M-ratio(N/SM)=1.2-3.5 c _ o
T=35-45 °C o_nv.—99.§ %o
M-ratio(S/SM)=0-1.7 ed=oo
20-60 s urity=97 %
Throughput=1.88
kg/h
NO,
NO,
oy —— T LY o
OFAT
| The glass reactor
configuration
2 CSTRs(1L)in
Z't”;f(ch)zl\zﬂ) parallei+1 CSTR(2 L)
[13] Aromatic Production=148 kg/d
N/A compounds Il The SS316L reactor CSTR flow
/ configuration reactor
HNO3 2 CSTRs(2 L) in series
Production=218 kg/d
Il Multipoint dosing
3 CSTRs(3L/5L/7L)in
series
Production=522 kg/d
COOH
Cl
+ HNO; —> + H,0
O,N
Sacher, S.
et al (2022) ] ]
[14] H2804 Aromatic Split and recom-
Qsv=0.4-1 mL/min compounds DoE bine cascade
Qr=0.4-1 mL/min / N/A mixer (Cascade
T=0-35°C HNO3-H2S O4

Mixer 06)




SM

Cl

+ HNO; —

Cl cl

Cl
/ + H,O
O,N

OFAT
ETFE tubular reactor
Solvent-free

Solvent-free 7=40°C r:;lztgr(tltlj)m(j)k;%
ETFE tubular reactor t=200's mm. OD 1.60
Conc. (SM, organic phase) M-ratio(N/SM)=1.1 /3161
Lan, Z. etal =25-100% M-ratio(S/N)=4 mtTgular
(2021) [15] T=10-60 °C Conv.=98.52% reactor(ID 4mm
t=0-200 s Aromatic Sel.=89.02 oD 6mm)/316L,
M-ratio(N/SM)=0~2 compounds STY=0.0693 g/(L-s) . ked
M-ratio(SIN)=4 / Micropacked-bed 2:(':;2%) i%w(ran _gg
Micropacked-bed reactor HNO3-H2S O4 reactor 6mm ack’ed
Conc. (SM, organic phase) Solvent-free with’g177-
=25-100% T=30~70 °C (Adiabatic) 0 250' /
t=0-36 s t=5s 0.350-0.500
M_ratlo(N/SM)=0~2 M—rath(N/SM)=1 A mm/O 500_0 710
M-ratio(S/(SM+P))=4 M-ratio(S/N)=13.2 : |
Conv.=100% mm glass beads)
Sel.=88.97%
STY=0.4382 g/(L-s)
NO,
@ HNO; ———>= / OO
NO,
P1 P2
®) HNGy = é( / Tome
NO,
NO,
Pl P2
NO,
© HNO; ———>= / oo
NO,
Pl P2
cl cl
NO,
Sagandira, HNO; ——> / + H0
M. B. etal @ ’ / 2
(2021) [16] NO,
Pl P2
OFAT

Reaction (a)
Solvent-free
PTFE tubular reactor
Ultrasonic assisted
T=R.T./60 °C
t=0-20 min
V-ratio(N/S)=10/90-90/10
Unigsis glass chip
microreactor
T=R.T.-100 °C
t=2-10 min
V-ratio(N/S)=50/50

Aromatic
compounds
/
HNO3-H2S 04

(for reaction (a))
PTFE tubular reactor
Ultrasonic assisted
T=R.T.
=15 min
V-ratio(N/S)=50/50
(a)
Yield(P1&P2)=100%
Sel.(P1/P2)=80%/20%
(b) Yield(P1&P2)=97 %
Sel.(P1/P2)=58%/42%
(c) Yield(P1&P2)=97%
Sel.(P1/P2)=64%/36 %
(d) Yield(P1&P2)=95%
Sel.(P1/P2)=22%/78%

Unigsis glass chip

Chemtrix glass
chip microreactor
(300 ym channel

width, 120 ym

channel
depth)/PTFE
tubular

reactor(ID 0.8

mm )/Unigsis
glass chip
reactor




microreactor
T=R.T.
=6 min
V-ratio(N/S)=50/50
(a) Yield(P1&P2)=90%
Sel.(P1/P2)=95%/5%
(b) Yield(P1&P2)=88%
Sel.(P1/P2)=73%/17 %
(c) Yield(P1&P2)=90%
Sel.(P1/P2)=75%/25%
(d) Yield(P1&P2)=90%
Sel. (P1IP2)=7%I93%

NO, F;C l

Cardinal-D
) N/A
a\i'dé 632 1et Solvent-free
a (17 ) Aromatic Processing amount
[17] Solvent-free compounds =50kg SM/24h CSTR flow
N/A / Purity=98+% reactor
KNO3-H2S04 Yield=98+%(potency-
adjusted)
Byproduct= <1%
NO, NO
“‘ \ NN 4 HN03 \C\ \C\ + HNO; \K\ /qji \(\
Hussain, A.
et al (2021) | NO, NO; e
(18]
& 1,2-dichloroethane(DCE)
Sharma, M. =7-20 min .
et al (2019) T=50-90 °C Cc’?‘ff“;ﬁ::‘és Kinetic Modeling Pinched tubular
[19] M-ratio(N/SM)=2.5-3.8 p/ Production rate=2 reactor(D 1/4
Reactant composition=60-90% kg/h inch)
. HNO3
Notes: Parameters were
checked at the pilot scale
CH, CH,4
NO, O,N NO,
+ HNO3; ——— + H,0
Kyprianou, NO, NO,
D. et al H2S04 DoE
(2020) [20] | Conc.(SM in H2S04)=0.56-1.1 Aromatic Conc.ESM in
H2S04)=0.56 M
M compounds — 5 Tubular reactor(3
_ T=130°C .
T=110-150 °C / =20 min mm diameter)
t=.10-30 min HNO3-H2S O4 M-ratio(N/SM)=3
M-ratio(N/SM)=1~5 Conv.=99+%
NO,
F ‘ S F F F NO,
= + HNO3 - \Q\Noz / /\©/ + HZO
CF; CF
Chen, P. et ’ CFs CFs
al (2020) Solvent OFAT
[21] o_vent- ree Aromatic Sol\ient-free Stainless steel
T=-30-0°C T=0°C
_ . compounds : tubular
(=2-19 min / (=16 min reactor(ID 4 mm
M-ratio(N/S)=0.8-9.5 HNO3-HoS 04 M-ratio(N/S)=4.6 0D 6.5 mm)

M-ratio(N/SM)=1.4-4.8

M-ratio(N/SM)=3.77
Yield=96.4%




Kdckinger,
M. et al
(2020) [22]

Ac,O

SM1

0
N
HNO; -0 _0
/
NO,

RS

F
SM2

(0]

HN

F

HAc
(a) Conc.(SM2 in
reactor)=0.33/0.5 M
T=20-80 °C
t=0.5-16 min
M-ratio(N/SM2)=15/30
(b)Conc.(SM in
reactor)=0.364-0.459 M
T=20/40 °C
t=40-180 s
M-ratio(N/SM)=4-16
(c)Conc.(SM1 in AcOH)=0.5M
T=20°C/20-30 °C
M-ratio(N/SM1)=1.15-3
M-ratio(S/SM1)=0.15-1.15

OFAT
Solvent HAc
(a)Conc.(SM2in
reactor)=0.33 M
T=80°C
t=0.5 min
M-ratio(N/SM2)=30
Yield=99+%
Isolated yield=86%

Aromatic (b) Telescoping of the
compounds Acetylation and
/ Nitration
(a) 69% HNOs3 Conc.(SM1 in
(b) 100% reactor)=0.364 M
HNO3-H2S O4 T=20°C
(c) 100% t=65s
HNOs/fuming M-ratio(N/SM1)=15
H2S04 Conv.(SM1)=96%
Sel.=95%

(c) Conc.(SM1 in
AcOH)=0.5M
T=20 °C/20-30 °C
M-ratio(N/SM1)=1.15
M-ratio(S/ISM1)=1.15
Isolated yield=82%
HPLC purity=99+ %
Throughput=5.6 g/h

Hastelloy  C22
chip

microreactor+PF
A tubular
reactor(OD 1/8

inch, ID 0.8 mm)

Hart, T. et
al (2020)
[23]

(@

(b)

NO,
+ HNO; ——= @( £ 10
NO,
+ HNO; ——= /@( + 1,0
Cl
N/A

N/A

(a) Solvent-free
Qswm=0.23 mL/min
Qnr=0.23 mL/min

=5 min
T=80°C
P=80 psi
Yield=87%
Throughput=16.6 g/h

(b) Solvent-free

Qsm=64.6 pL/min
QHno3=85.4 uL/min
=10 min
T=65 °C
Yield=96%
Throughput=5.7 g/h

Aromatic
compounds
/
(a)HNO3-H2S04
(b)Fuming HNOs

Chip reactor
(Low-
iron glass plates
coated ina 0.13
mm fluorinated
ethylene
propylene film)

Sagmeister
,P.etal
(2020) [24]

HNO,

——

O,N COOH coong O:N COOH
L, - ;
OH OH OH
NO, NO,




H2S04

= ) Hastelloy
Conc.(SM)=0.5M (5_95 %H2S04) Aromatic (C-276) chip
Conc.(HNO3)=0.6M compounds DoE microreactor
(95%H2S04)
RT=8.6-18.7 s / N/A (reactor volume
M-ratio(N/SM)=0.8-2 HNO3-H2S O4 forazgraﬁlon
T=0-35 °C bL)
+ HNO;

0,N

NO,
isdedediisq
NO, NO

NO,

2

ned
O,N NO,

Solvent-free

T=5-45°C
Zpaf(’zsoﬁgj Quot=1.5-4.5 mL/min
eta H2S04/HNO3/H20= . .
[25] 68.11/21.89/10 wt% Ar°mat"(’j OFAT U{”‘ESI"”'C
M-ratio(HNOa/SM)=1.05 C°mP/°”” S N/A reactgr(?DaE) om
Channel size=0.6/1.0 mm HNO3-H2S 04 m/1.0 mm)
Ultrasound power=0/50 W ’
Ultrasound transmission
medium=water/50 vol% aq.
ethylene glycol
(a) + N0y —— > O2NO\/</\/ + 1/2H,0
®) + Nj0s = ONO_~ A\ ONO; + Hy0
© +32N,05 ——  O,NO ONO, +3/2 H,0
ONO,
OFAT
Solvent R134a
(a) t=25-100 s; T=20
°C:
P=10 bar
Qsv=0.0565-0.2262mL
/min
Qn205=0.5190-2.1740m
1,1,1,2-tetrafluoroethane L/min
(R134a) Reactor volume
(a) t=25-100 s; T=20 °C; =0.25-1 mL
P=10 bar M-ratio(N20s/SM)=
Zharkov, M. | Qg\=0.0565-0.2262mL/min 1.0-1.5
N. et al Qn205=0.5190-2.1740mL/min Conv.=87%~100%
(2019) [26] Reactor volume=0.25-1 mL

M-ratio(N20s/SM)=1.0-1.5
(b) =13/50 s, T=20 °C
P=10 bar, Qsm=0.0496mL/min
Qn205=1.151mL/min
Reactor volume=0.5/2 mL
M-ratio(N20s/SM)=2.2
(c) t=4-50 s; T=20 °C;
P=10 bar
Qsm=0.0260-0.0780mL/min
Qn205=1.174-3.522mL/min
Reactor volume=0.25-1 mL
M-ratio(N2Os/SM)=3.3-3.6

Aliphatic
compounds
/

N20s

(b) =13/50 s, T=20 °C
P=10 bar,
Qsm=0.0496mL/min
Qn205=1.151mL/min
Reactor volume=0.5/2
mL
M-ratio(N20s/SM)=2.2
Conv.=90/99%
Sel.=100%

(c) t=4-50 s; T=20 °C;
P=10 bar
Qsv=0.0260-0.0780mL
/min
Qn205=1.174-3.522
mL/min
Reactor volume=0.25-1
mL
M-ratio(N20s/SM)=
3.3-3.6
Conv.=96~100%
Sel.=75~96%

Steel tubular
reactor(ID 0.03
inch)




(0] (]
H H
+ HNO3; ——> / + H,0
NO,
NO,
P1 P2

Kinetic modeling
(for P1)
Solvent-free
xn=0.35; xs=0.45; T=68

Russo, D.
etal (2019) °C
[27] Solvent-free Yield av(P1)=41.6%
Russo, D. xn=0.080-0.450 SPY(P1)=0.33g-L"s"( | Commercial
etal (2017) xs=0.270-0.450 Aromatic Csw=0.05M) glass chip
28] T=45-68 °C compounds SPY(P1)=3.29g-L"-s™( microreactor
Csm=0.05-0.5 M / Csn=0.5M) (Little Things
Qwa=0.20-9.99 mL/min HNO3-H2S 04 Kinetic modeling Factory
Qsmv=1.029-103.0 yL/min (for P2) XXL-ST-04)
Vr=1.5-4.5 mL Solvent-free
xn=0.130; xs=0.318;
T=68 °C
Csv=0.05 M
Yield av(P2)=96°A)
SPY(P2)=0.12g-L"-s™
+ HNO; —— / / + H,0
NO,
NO,
Sharma, Y. Pl P2 P3
et al (2018) OFAT
[29] s ) Solvent-free AMaR1
olvent-frae Aromatic =6.4 min micromixer+316
t=2.64-10 min compounds T=10 °C SS tubular
7=0-40 °C / M-ratio(N/SM)=4 reactor (OD 1/8
M-ratio(N/SM)=1-4 Fuming HNOs Yield(P1/P2/P3) inch)
=79%/20%/1 %
HNO; BnOD[Noz Bn0:©\
—_— +
MeO CHO MeO NO,
Rakshit, S. OFAT
et al (2018) Sulfolane Aromatic Solvent sulfolane Hastelloy(C22)
[30] t=3.4-11.3 min compounds t=8.5 min tubular
T=35-45°C / T=45°C reactor(ID 1.8
M-ratio(N/'SM)=8.0-8.7 Fuming HNO3 M-ratio(N/SM)=8.7 mm)
Yield=~70%
/©/OCF3©iOCF3 OCF; OCF,
/ / N
+ HNO, ON NO, ©/ o /C[NOZ
NO,
Pl P2 P3 P4
OFAT Microchannel
Solvent-free Solvent-free reactor (SS
Wen, Z.H. |  M-ratio(N/SM)=0.85-1.00 M-rafio(NISM)Z11 | tubular reactor,
; - -ratio(S/N)=4 ID 0.6 mm);
etal (2017) M—rat/o(SiN)-4 . Water content =97 micro packed -
[31] Water content ¢= 88~98 wt% Aromatic 1o bed reactor
t=4-16 s compounds R
5 T=273 K (tubular reactor,
T=273-293 K / Qor=0.4 mL/min ID 0.6 mm
_ . or=VU. .
Qto'ml—1.0-3.5 mL/min(for HNO3-H2S 04 Qaq=0.9 mL/min +packed tubular
microchannel r9a°t°r) . Conv.=99.6% reactor, ID 6
Qotar=1.0-9.0 mL/min(for micro Sel.(P1/P2/P3/P4)= | mm(packed with
packed-bed reactor) 90.97%/7.26%0.08% | quartz sand

1.04%

microparticles))




O
~ O F
+ 2HNO3 > N)S( + 2H20
I FF
O,N NO,

OFAT

Cantillo, D. Solvent-free Solvent-free T-mixer/T-mixer(
etal (2017) Mixing Mode = T-mixer A . . c Sonicated)/Static
32] o . . romatic M-ratio(N/SM)=2.5 .
[ [T-mixer(Sonicated)/ Static . glass mixer(lV
. L compounds Conc.(HNOs in
glass mixer (IV 1.5mL, Unigsis) _ 1.5mL)+PFA
) - / Oleum)= 5M
M-ratio(N/SM)=2.5 100%HNOs- 7260 °C tubular
Conc.(HNOs in Oleum)= 5M oTTINLS " . reactor(ID
— Oleum t=22 min
T=60/(rt+60) °C - 1 an0 0.8mm,
t=0-31 min Vield=93% 0D1.59
Isolated Yield=92% -59mm)
+ HNO; /\/\j\O’NOZ + H,O
OFAT
Li, L. et al Solvent-free Sc;!;/zggeree
(2017) [33] T=286-307 K Aliphatic =10 s SS tubular
33 t=3-10s compounds W _n0
a0 o ater content=3% reactor(ID 0.6
Water content=3%-10% / M-ratio(N/SM)=1.54 mm)
M-ratio(N/SM)=0.7-1.6 HNO3-H2S 04 : o
M-ratio(S/N)=2 M-ratio(S/IN)=2
Conv.=99+%
Sel.=99+%
0o o o)
+ HNO R;0H
UM SIS
Ry NO, R,
OFAT
. Solvent DCM
Chentsova, Dichloromethane(DCM) Conc.(SM)=0.36 M ETFE
A.etal SM(a-acetylbutyrolactone) . . . _ :
i Aliphatic M-ratio(N/SM)=1.4 T-mixers+PTFE
(2016) [34] Conc.(SM)=0.36 M : Z
: _ compounds M-ratio(S/N)=7.8 tubular
M-ratio(N/SM)=1.2-1.4 =54 D
M-ratio(SIN)=4-10 / =54 s reactor(ID 0.76
HNO3-H2S 04 T=10°C mm, OD 1.59
t=28-54 s c =95+9
72015 °C o_nv.—95+ Yo mm)
Yield=80%
Isolated Yield=78%
CHj, CH;
+HNO, NO, +HNO; O2N NO,
SO,CH, SO,CH;
+ +
H,0 H,0
H2S04 OFAT
Isothermal Mode Solvent H2SO4
Mononitration Isothermal Mode
M-ratio(N/SM)=1.05-1.2 Mononitration
M-ratio(S/N)=1.67-8.33 Conc.(H2S04)=80 wt% Isothermal
Yu, Z. et al t=6-60 s t=15s Mode
(2016) [35] T=40-100 °C T=80 °C SS 316 T-mixer
Conc.(H2S04)=70-98 wt% Aromatic LHSV=240 h-" (ID, 1.5
LHSV=60-600 h" compounds M-ratio(N/SM2)=1.2 mm)+SS316
Dinitration / M-ratio(S/N)=6.25 tubular reactor
Conc.(H2S04)=80 wt% Fuming Yield=98% (ID 3mm, OD
M-ratio(N/SM2)=1.2 HNO3-H2S O4 Purity=99 % 5mm)
M-ratio(S/N)=6.25 Adiabatic Mode Adiabatic Mode
LHSV=240 h! Conc.(H2S04)=80 wt% PTFE tubular
t=5-60 s M-ratio(N/SM)=1.2 reactor(ID 3mm)
T=40-120 °C M-ratio(S/N)=2.9
Adiabatic Mode t=5s
Conc.(H2S04)=80 wt% T=adiabatic
M-ratio(N/SM)=1.2 Yield=98%




Qsw/ Qwa=0.8~2 v/v

M-ratio(S/N)=2.5-7.5 Purity=99%
t=0-8 s
T=adiabatic
00CCH; OOCCH;,
OCH, OCH;,
+ HNO; / + H,0
O,N
NO
Zhang, C.Y. OF;T
et al (2016) HAc
[36] =0-2 min _ Soll/ent HAc
T=100-130 °C Aromatic =2 min
M-ratio(N/SM)=1-4 compounds T=120 °C Tubular
Conc.(HNO3 in / M-ratio(N/SM)=2.6 reactor(ID 2 mm)
Mie d)=.20‘7-1300°/ Fuming HNOs-HAc |  Conc.(HNO3)=40%
P=07MPa p=0.7 MPa
’ Yield=90.7%
O,N_N_NO,
+ 2HNO; —> I /I + 2H,0
HN™ °NT UNH,
Zuckerman Y
,N.B.etal Oleum Aromatic OFAT Glass chip
(2015) [37] T=10-40 °C comp/ounds Solvent oleum rea;::gZE‘:’FE
= 6-10 min 90% HNOs- M-ratio(NO2"/SM)=3.8 reactor/Glass
tchip=8-60 min ol & KNO =9 min bead Ked
M-ratio(NO2*/SM)=2.2-4.9 eum s Yield=49% ead packe
Oleum column
NO,
+ HNO; ———> , / +  H,0
NO,
NO
P1 P2 P3
OFAT
Raimondi, Solvent-free
N. D. M. et Solvent-free Acid strength=0.80 SiC heat
al  (2015) Acid strength=0.75-0.80 Aromatic T=27 °C exchanger chip
[38] T=23-35°C compounds t=50s reactor
t=40-50 s p/ M-ratio(SM/HNO3)=1.5 (square section
Qsv=0.9-1.1 L/h Conv.=33.7% meandering
Qua=1.4-1.8 L/h HNOs-H25 0 Sel.=95.1% channel, 2mm in
M-ratio(SM/HNQ3)=1.5 P1/P2/P3=54.8/40.5/4. depth)
6
O 0
+ HNO; —— / @\)k + H,0
NO,
NO,
OFAT
al (2014) H2S04 e
[39] T=0-25°C Aromatic y .
t= 3-10 min compounds SM/HZSO:\E/CV)SM) 125 316L SS tubular
SM/H2S04(Qsm)=1:2.58 viv / .. reactor
HNOs/H2S04(Qua)=1:1.5 /v HNOsH,s0, | HNOY H2Sé?;f/QMA)'1 3

Qsw/ Qua=1:1.66 v/v
Conv.=100%

Yield=98.55%

Note: In the reaction scheme, the starting materials are marked in yellow, and the main products are

labeled in red. Analysis methods follows convention: pure OFAT screening is termed OFAT, analyses

incorporating DoE frameworks (even with OFAT elements) are classified as DoE.



NOMENCLATURE

A
Ac20
ARC
C80
Cna

AHp

ks

Kobs

LHSV

M

M. function
M/M

M-ratio (N/SM)
M-ratio (N/S)
MTSR

MTT

MW

n

NA

OB

OFAT

pre-exponential factor
acetic anhydride
accelerating rate calorimetry
Calvet calorimeter C80

the concentrations of NA

the initial concentration of HNOs3
the concentrations of NO2*

concentration
conversion

the concentration of SM

the initial concentrations of SM

continuous stirred tank reactor
second Damkdhler number
dichloromethane
1,2-dichloroethane

design of Experiments
differential scanning calorimetry
activation energy

acetic acid

Hatta number

heat of decomposition

the observed second-order reaction rate constant related to the NO2*
the observed reaction rate constant based on HNO3

liquid hourly space velocity

the stoichiometric feed ratio of HNO3 to SM

represents the acidity of H2SO4

mole/mole

the molar ratio of HNOs to starting material

the molar ratio of HNO3 to H2SO4

maximum temperature of the synthesis reaction

maximum temperature for technical reason

molecule weight

a thermodynamic parameter that depends on the nitration substrate
HNOs

oxygen balance

one-factor-at-a-time



Qa the flow rate of acid

Qaq the flow rate of aqueous phase

Qma the flow rate of mixed acid

Qor the flow rate of organic phase

Qsm the flow rate of SM

Qotal total flow rate

R134a 1,1,1,2-tetrafluoroethane

RC1 reaction calorimeter

RT residence time

R.T. room temperature

Re Reynolds number

Sel. selectivity

SM starting material

STY space time yield

T temperature

ATad adiabatic temperature rise

Tb24 the initial temperature when TMRad equals 24 h
TMRad time to maximum rate under adiabatic condition
TP throughput

Tp temperature of process

viv volume/volume

V-ratio (N/S) the volume ratio of HNO3/H2S04

VR the volume of reactor

WAA the mass fraction of acetic anhydride

wiw weight/weight

X the conversion of SM

Xn nitric acid molar fraction

Xs sulfuric acid molar fraction

0] water content

4 the activity coefficients of the transition intermediate
Y nog the activity coefficients of NO2*

Vsm the activity coefficients of SM



10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

Wang, J. C.; Pan, Y.; Wang, Y. J.; Ni, L.; Leveneur, S. Chem. Eng. Process.
2024, 204, 109934.

Cao, J. Y.;; Hou, J.; Zhan, L. W.; Li, B. D. J. Flow Chem. 2024, 14, 281-288.
Mittal, A. K.; Pathak, P.; Prakash, G.; Maiti, D. Chem. - Eur. J. 2023, 29,
e202301662.

Xu, F.; Chen, Z.; Ni, L.; Fu, G.; Liu, J.; Jiang, J. C. Org. Process Res. Dev.
2023, 27, 2134-2145.

Guo, S.; Cao, J. Y,; Liu, M. Q.; Zhan, L. W; Li, B. D. Chem. Eng. Process.
2023, 183, 109239.

Guo, S.; Zhan, L.; Li, B. Chem. Eng. J. 2023, 468, 143468.

Guo, S.; Zhan, L.; Li, B. Chem. Eng. J. 2023, 477, 147011.

Mittal, A. K.; Prakash, G.; Pathak, P.; Maiti, D. Chem. - Asian J. 2023, 18,
e202201028.

Petho, B.; Szilagyi, G. B.; Mengyel, B.; Nagy, T.; Farkas, F.; Katai-Fadgyas,
K.; Volk, B. Org. Process Res. Dev. 2022, 26, 1223-1235.

Guo, S.; Zhu, G. K.; Zhan, L. W.; Li B. D. J. Flow Chem. 2022, 12,
327-336.

Fu, G.; Ni, L.; Wei, D.; Jiang J. C.; Chen Z. Q.; Pan, Y. Process Saf.
Environ. Prot. 2022, 160, 385-396.

Guo, S.; Zhu, G.; Zhan, L.; Li, B. D. Chem. Eng. Res. Des. 2022, 178,
179-188.

Mule, G. M.; Kulkarni, S.; Kulkarni, A. A. React. Chem. Eng. 2022, 7,
1671-1679.

Sacher, S.; Castillo, |.; Rehrl, J.; Sagmeister, P.; Lebl, R.; Kruisz, J.;
Celikovic, S.; Sipek, M.; Williams, J. D.; Kirschneck, D.; Kappe, C. O,
Horn, M. Chem. Eng. Res. Des. 2022, 177, 493-501.

Lan, Z.; Lu, Y. J. Flow Chem. 2021, 11, 171-179.

Sagandira, M. B.; Sagandira, C. R.; Watts, P. J. Flow Chem. 2021, 11,
193-208.

Cardinal-David, B.; Harper, K. C.; Verma, A.; Hanna, D.; Caspi, D. D,
Vitale, C.; Bien, J. T.; Wang, Z.; Diwan, M. Org. Process Res. Dev. 2021,
25, 2473-2481.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hussain, A.; Sharma, M.; Patil, S.; Acharya, R. B.; Kute, M.; Waghchaure,
A.; Kulkarni, A. A. J. Flow Chem. 2021, 11, 611-624.

Sharma, M.; Acharya, R. B.; Kulkarni, A. A. Chem. Eng. Technol. 2019, 42,
2241-2251.

Kyprianou, D.; Berglund, M.; Emma, G.; Rarata, G.; Anderson, D.; Diaconu,
G.; Exarchou, V. Molecules 2020, 25, 3586.

Chen, P.; Shen, C.; Qiu, M.; Wu, J.; Bai, Y. J.; Su, Y. H. J. Flow Chem.
2020, 10, 207-218.

Kockinger, M.; Wyler, B.; Aellig C.; Roberge, D. M.; Hone, C. A.; Kappe, C.
O. Org. Process Res. Dev. 2020, 24, 2217-2227.

Hart, T.; Schultz, V. L.; Thomas, D.; Kulesza, T.; Jensen, K. F. Org. Process
Res. Dev. 2020, 24, 2105-2112.

Sagmeister, P.; Poms, J.; Williams, J. D. D.; Kappe, C. O. React. Chem.
Eng. 2020, 5, 677-684.

Zhao, S. N.; Yao, C. Q.; Zhang, Q.; Chen, G. W.; Yuan, Q. Chem. Eng. J.
2019, 374, 68-78.

Zharkov, M. N.; Arabadzhi, S. S.; Kuchurov, I. V.; Zlotin, S. G. React. Chem.
Eng. 2019, 4, 1303-1308.

Russo, D.; Tomaiuolo, G.; Andreozzi, R.; Guido, S.; Lapkin, A. A.; Di
Somma, |. Chem. Eng. J. 2019, 377, 120346.

Russo, D.; Di Somma, I.; Marotta, R.; Tomaiuolo, G.; Andreozzi, R.; Guido,
S.; Lapkin, A. A. Org. Process Res. Dev. 2017, 21, 357-364.

Sharma, Y.; Nikam, A. V.; Kulkarni, A. A. Org. Process Res. Dev. 2018, 23,
170-176.

Rakshit, S.; Lakshminarasimhan, T.; Guturi, S.; Kanagavel, K.; Kanusu, U.
R.; Niyogi, A. G.; Sidar, S.; Luzung, M. R.; Schmidt, M. A.; Zheng, B.;
Eastgate, M. D.; Vaidyanathan, R. Org. Process Res. Dev. 2018, 22,
391-398.

Wen, Z. H.; Jiao, F.J.; Yang, M.; Zhao, S. N.; Zhou, F.; Chen, G. W. Org.
Process Res. Dev. 2017, 21, 1843-1850.

Cantillo, D.; Wolf, B.; Goetz, R.; Kappe, C. O. Org. Process Res. Dev.
2017, 21, 125-132.

Li, L.; Yao, C. Q.; Jiao, F. J.; Han, M.; Chen, G. W. Chem. Eng. Process.
2017, 117, 179-185.



34.

35.

36.
37.

38.

39.

Chentsova, A.; Ushakov, D. B.; Seeberger, P. H.; Gilmore, K. J. Org. Chem.
2016, 81, 9415-9421.

Yu, Z.; Zhou, P.; Liu, J.; Wang, W. Z.; Yu, C. M.; Su, W. K. Org. Process
Res. Dev. 2016, 20, 199-203.

Zhang, C.Y.; Zhang, J. S.; Luo G. S. J. Flow Chem. 2016, 6, 309-314.
Zuckerman, N. B.; Shusteff, M.; Pagoria, P. F.; Gash, A. E. J. Flow Chem.
2015, 5, 178-182.

Raimondi, N. D. M.; Olivier-Maget, N.; Gabas, N.; Cabassud, M.; Gourdon,
C. Chem. Eng. Res. Des. 2015, 94, 182-193.

Tibhe, J.; Sharma, Y.; Joshi, R. A.; Joshi, R. R.; Kulkarni, A. A. Green
Process. Synth. 2014, 3, 279-285.



	Cover
	Main file

