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Oxychlorination of toluene in a microchannel reactor
LI Guo-mei', LIU Miao-ging" , LU Jian-jun'*"
(1.State Key Laboratory of Clean and Efficient Coal Utilization, Taiyuan University of Technology, Taiyuan
030024, China; 2.College of Textile Engineering, Taiyuan University of Technology, Jinzhong 030600, China)

Abstract : As important raw materials for fine chemicals , organic chlorides are playing an increasingly important role
in industrial production. However, the chlorination reaction involving many chlorine gases faces severe pressure from
environmental protection and safety ,and half of chlorine atoms in the chlorination reaction are converted into hydrogen
chloride,and the atom economy of chlorine is poor. In response to these problems, the electrophilic chlorination of
aromatic rings by hydrochloric acid and hydrogen peroxide is studied in a microchannel reactor. The mixture of
hydrochloric acid and hydrogen peroxide is used as the chlorine source to react with toluene to synthesize chlorotoluene.
The influence of reaction temperature, raw materials ratio, residence time and other factors on the yield of toluene are

investigated.The yield of monochlorotoluene reaches 71% when the oxychlorination reaction temperature is at 75°C , the

molar ratio of toluene, hydrogen peroxide and hydrochloric acid is 1:7:3,and the residence time is 3.5 min.

Key words : microchannel reactor; oxychlorination; monochlorotoluene; green synthesis; continuous

SR Tl 2 A S A BRI (e 7K ) 2 P SR
SR (BB A EE T Hoh R
VRN FEZ= R 22— AR PR A Ui Ao 7 i 1Y
KHE, TP T &R A LM (PVC) VEEER 25
o SAMEAL R PIASY B A # e
Pt SN R LSO R T
AR 2 BRI = A A AR, AR AR K
WCRIERIR ) A | s A A 7™ S A™ il 9 S5Ok, E
Rl A BBl T oK AR, R AR R
Wy b PRIR) RS, SEm AE  EAR S A  AN UX5E
DRI B, T EL 3d 23 XoF 9% PR J5E N 2K 4 B 3 i
faE

LA R A SR A LT PR S — A
SR AU I PR R 0 ) S B M R R
TR AR BR BT W, LA S L
W ERTR K IR A AN A LA X TR

LTI HAE AL ) e 2 A AL HLIE 3BT LA
e MV AT T i A AR R A SO 2 8] 5 AR ) S8,
FAAERERE R AR 7™ A o 1 TR, 52 309 8 o 19 o
AR TR AL AL B W P AL SRR AR
TR RS RE T K SORCT He i S Al x4k
PR e S TR R AR A , Do A il i 3R 1, DT A 2003t
5K MR RRAR ) L R R U K X
S AT A AR, 6 A HLSE AL e 52 B 100%
AT 2 T, T ELBURUKR 1 T 28 A1
G AN T LR AT TR AL S k5 |
JBE R A S ARCRAR 462 ) 7 ) A 1
LA AT RSN BA LR L3 s SO R KA R
UM PIAR 2R S8 , PTG T AT R IR & 1E
VBN LA IR Rl 1 AT Y, A
TR O 1 JEE 201 AN 4, 33X 5 ) B S 17 5 i T fi
W F L 5 S 1 B 4 A RS 2 B Ak

s B .2022-03-22; /& [E] H#7:2022-04-24

ELWE v B B 85 BT R 4 A 5 (2016042001-2)

{EE R 2 EMF(1996-) , 2, B+, WFFE 7 1] A 41k 15, 2454300489@ qq.com; FPEEZE(1970-) | 5B 14 4%, WF5E 05 16 J & 4 T4 Bk

Ka AL T 5, @ HEE R A, lujianjunktz@ tyut.edu.cn,



- 202 - A AL T

[ LR, TT LA S i RS S R MR, PR eAS T R
R AL IRICR | T S BRGS0 R A RORS
AR TR RE a0 5 T LIORS e s ol 0 A 452 B msp D, 42
5 SR R DD I

A IRTERS A0 MU T A 0 vh B A
JERZ Tl = fh i ialA, & SR AT sl adad
Z Ak IO, AT DA R 2 o R A Ak A
it SR R R AR, H
FATEATA 100 Z A 24 | B2 25 R gLk ™ i, 7E B2
2 A2 77 H W] AR C R E | e U R S SR Yy rh
A 5 ZE G Ak 2 & T T DA ot e S R
CNE SR RS, AR 25 n] T 45 48
R ARG R H R A 7, BT R Ok AR Y
RERBEF il S P IR R R A
RUFEAETT ORI R N, M A7 P K i
Uiy, Ho— R TR SR, HH AR A B 2Rk ™
& s HL T B SO IR T 2 7 A AR B IR I R P S8 Ak
A, RS R AR

BT UL 50 4 1 TR E R SUEUK IR R TE
TR I BN i R AR SR AR RO il A AR
R, — 5 TR A 38 1 4 7857k e T AL g b
T — e o) — 7 T S5 A RN 3R IR R
PFa ek BT 35 AR T2, AR Tk
7= A AR S ORI F BB i

1 SCIEE 4y

1.1 RFFN{LER

H2R(=99.5%, itk 474k, FF) (R 1R (AR,
36%) A K (4 Hral,30%) | S 5 (43 et
=99%) K (43HTal, =99%) BRIR A AN, [ 2 4E A
2= R A BR A

R -, MPFOS02C, | =y Fl 24
IS A B2 &5 1E T v i A6 26 B, SHZ -
D( 1), J68) 5 e i il v 12 AR A BR A 7] 5 F (B 04
TREEIC 544X, NHR - 8700C — 32, WL i 4 25 X %5 A5 PR
NS

R AL T AW A S N 4%, RMCS1810, 1 RS2 ML
PR BRA F] L RN AL 10 i | 4
ANBEH B AR R LR 10 mL, A0 2 18 3 4
M 92 mL,
1.2 SWF*E

ARSI T AT, (s b 551 B
54, 15y DM —FFAPS, 2K FH &0 K Ja R  28
(FID) , A AR, SALTREE 180°C , KR 220°C .

542 HIBT 2

KR THE :60°C FA£EF 2 min, A 10°C/min (153 5
THREZ 80°C ,14:4% 2 min; Lk 5°C/min (Y #RTHE 2
90%C , 1445 3 min, PEREER 0.4 uwL, KN, —
S BEASAR AE R N A M bR e e, TR
KEIER A, SEORSE S A0 G &0, R E;
HE X (%) F—F AT 2R IEHE S (%) ¥ (1) Al
K (2) AT,
LR X (%) = [ (nAPRATHE + n MEP )/
n BHH ] x 100% (1)
PERPE S(%) = [ (n AP + n XPEIP ) /
(nRH2E - n W) ] x 100% (2)
1.3 RREHIE
R IR IR B AL R vh R 3 S 4B X o 22 o
5 HA B RO, SR IR 0 R
ST KRR, TERA AT T, $hiR
ERUER K AR S R B R SR, W ] 55 A
RN A A=), R R e NS K AL A B
AARBRER , F-5 W R kA o B U A il A
Y, FeYEE R A T R AT AR, BRibZAh,
e R R R ER L SR R B o & T
<1 25 ik AT EL A W 2500, BH LR R T H At ) S Bk
BN iR
HCI + H,0, — HOCI + H,0
HOCI + HCl==Cl, + H,0
ArH + Cl, — ArCl + HCI
ArH + HOCl — ArCl + H,0

1.4 KERE

WA 1 FR & SEAE B i PG 24 ke LRI
e M s 0 Al B 5 TR BE R 3R D 3R & 0T D 2R
W 3 b SN LA 2 i e i 126 2 G T S N A iR A T
SR 78 IV 2% 05 % 20 m B 2R DU 3R 2 04 45 H D) SE
S5 7 B8] 1) 7K ¥ S O ik JH s 1 st [) 5 52 1
BN R[] — 30, N 25 RS, AE VKoK v DL K A A
TR RV W B AR TR o S PR K, A
3 W KA A ALAR 43 85, AR (a3 6 17
FE AT

PO IE RN LI
R RiAE B iﬁqaﬁ]

K1 #HZURmTLRER

2 ZR5iTie
TEM AL R TG 18 S # A DA H 280 J50R) ) 2 2k



2022 F 10 B FTEEF MEERN

A AR R I 78 88 1 4% S 4% 8 X I v 1Y
S
2.1 ERIE 3T R B R0

SEHS S R N R BE 55°C | 5 R R ]
2.5 min, % EEER TR SR A 8 6 2 I 358 8P ATl
RN, A HITEGE T8 S A T LR AR B, i
o PPEHE A 35346 i, e S A% e i in X aE i) J=)
M EEAN

I n () cn (A K) = 1:3,% n( ) -
n(FRR) n(WEK) N 1:6 35 Wi HETHE] 1:8:3,
WK 2 Wi, B RRHEC S n (2R tn(3RFR) =
1:7, BEEERIR & AIE N, —E A0 Y R A
SRR, TR A K B — e R R R R R T R
Bl T o722, BEOR Lo 7 B, SRR Ik e R (E
87% . BEAEERFR MR FE B AW s K, — A Wy 25k
— PR A N E AU, BARCRIE N (HE$E
PEIFUR R, R, 2R R IE T HE N n (HR) -
n(Em)=1:7,

100

90 2
80r o o
70F
60 1,
50F I

40t
30

WO (L HEAE) / %

60 65 70 75 80
n(FER) :n(FX)
1— IR 22— etk
M2 HBEXAREREFE KENEH

BEHln(HAR) n (M) = 17,8 n (W) :
n(FIR) n(WEK)MN 1:7:1.5 B4 T+5] 1:7:
3.5, & 3 A ERC N n( AR tn(RUEEIK) =
1:3, Bl SCEEK I A, AR b AN B 5 i —
SR R BE BRI e 1 R 5 D/ N R A SUERUK
EUA BRI A A, Y H A R K T RE s BUR
S e A RO, A SR A L A I

100

N %0 O

===

T T T
.

Wk (B ) 1 %
33
[}

Py
(=
T

w
=]

25 30 35

15 2.0
n(BEK) : n(HZ)

12—
B3 RAKEXRMEENE Y H

RPPXFRIRNBVHAR - 203 -

2.2 RAERERRm

FEH n(FH2R) tn (ER1R) :n (WUEEK)=1:7:3,
1SR BFTE] R 2.5 min K SO LB R 45°C FH22 85°C
mE 4 FroR, feAE RN R EE R 75°C 0 24 BRI
B, O 8l ) 2 R A7 B ORI, Bl A I Y T
=, AL RN R R R R B LT
TEE A 75°C B, BERE M AR A B8 KM, B G T
R, FEREH R H— WA SR8 T
JE B T AN RN AE [ HE AT 5 A e
JE 22 S EUR N (R4 52 LA R SUEE K A He = o
e TR 2 S R Ry i &R R R,
FHAVGE I8 [ 0 i e O 1AL G Ak P ik B b Jmy AU E AN
S S IR,

80

< 701 — [ o .

H eol o
1

: )

= 50}

ad

Har

30

25 55 65 75 85
RIREE/C
1—CR  2— e ek
W4 RAEEXRMEEE KENYE

2.3 =EENEN

FEH n(FH2R) tn (ERR) tn (AR K )=1:7:3,
JN i R 75°C, K45 B B ) A 2 min AE K &
4 min, FRFTFHNT WO EEEPER S, 5 H A5 e
PRI AR L, f57 B Bsf [ X WS 3 32 28 M 1 S i) 2 G o
2L MBS AT, Bl 5 R TR SE K X6 R A AR
HOR B BEPE ORAR 2 a3, 245 it e
3.5 min A, U R (9 e 6 0 DI ak B o K fH
G310 86% F1 T1% , 4k 25 JE K 45% BE B i), — 3 2 9L
RS, TR N R R — B T
FE PR RAAG , i A R 2L | B R
FEAK

90
& 80f . 2
# . o
g 701 1
¥ 60} -
S

s0f

2.0 25 3.0 35 40
45 B 5} 6] /min

I
S % R R O 8



. 204 - A, AL T E 42 BB 2
s chlorination and bromination of aromatic compounds with aqueous
3 e

Gl SR EN eSS & N A AN LRI ST A
24l sk e A AR E K A T 8L e AT
b A R R [ A, O HLFR R S AR R AR B — &
FRAE S A WAL TSR, B2

(1) AR JRURL  £h 1 o SR B 4k
SR, FERR R TR T8 52 R o R 2R R AT AR AR
AR AR R B8 TR E S A T2 %
1AM GRS E R E TRET 238, 4Kk
MR R 75°C n(FHZE) tn (WEIK) :n(ERER) K
1:7:3 fERAWFE]) A 3.5 min I, — G040 2K Al i
BEN T1% , LA IR, 25 A B R 5 AT
N EI PSSR E S

(2) 555 B Ta) 82 07 AH B, ok i 38 TR #E
A OB AL R ORI B R et AR
J5 2 R R Tl H g R 7 R R ) R AR T R A
%, TR FH AR TR UK AR R % A D5 A A Witk
TR, A BREIE = 1A HLE D

S 30k

[1] Lakshmanan S,Murugesan P.The chlor-alkali process: Work in pro-
gress[ J ].Energy Environ Sci,2014,16(2) :225-234.

[2] Han F,Li W,Yu F,et al.Industrial metabolism of chlorine: A case
study of a chlor-alkali industrial chain[ J].Environ Sci Pollut Res,
2014,21(9) :5810-5817.

[3] Reddy U V,Cheedipudi V L,Bankupalli S, et al.Recovery of chlo-
rine from anhydrous hydrogen chloride [ J].Int J Chem Reactor
Eng,2008,6( 1) :77-90.

[4] Wang Y,Liu Y, Wiley D,et al.Recent advances in electrocatalytic
chloride oxidation for chlorine gas production[ J].J Mater Chem A,
2021,9(35) :18974-18993.

[5] Butler A, Walker J V.Marine haloperoxidases[ J].Chem Rev, 1993,
93(5) :1937-1944.

[6] Barhate N B, Gajare A S, Wakharkar R D, et al.Simple and efficient

(EH#% 200 W)

[13] Subbiahdoss G ,Reimhult E.Biofilm formation at oil-water interfaces
is not a simple function of bacterial hydrophobicity [ J]. Colloids
Surf B,2020,194:111163.

[ 14] Sakthipriya N, Doble M, Sangwai J S. Enhanced microbial
degradation of waxy crude oil ;A review on current status and future
perspective[ J].Int J Oil Gas Coal Technol ,2017,16(2) ;:130-165.

[15] M5ERT Bk 52 AL 53, 55 v [0 36 F T A 0T 2 o D e 53 s e
BRI B T] KEAMET.,2020,37(9) :1933-1939.

[16] EF ARSI PLEE K i B Z A58 [ D) . h
BLERBEWITT R BE (B TIRAA T 25T ) ,2013.

[17] Vieira I M M,Santos B L. P,Rezene D S, et al.An overview of cur-

rent research and developments in biosurfactants [ J].J Ind Eng

TBHP (or H,0,) and a hydrohalic acid [ J]. Tetrahedron Lett,
1998,39(35) :6349-6350.

[7] Cantillo D, Kappe C O.Halogenation of organic compounds using
continuous flow and microreactor technology[ J].React Chem Eng,
2017,2(1) :7-19.

[8] Borukhova S, Noel T, Hessel V.Hydrogen chloride gas in solvent-
free continuous conversion of alcohols to chlorides in microflow[ J].
Org Process Res Dev,2016,20(2) :568-573.

[9] Wu K J,Nappo V,Kuhn S.Hydrodynamic study of single- and two-
phase flow in an advanced-flow reactor[ J].Ind Eng Chem Res,
2015,54(30) :7554-7564.

[10] Elvira K S,Solvas X C,Wootton R C R, et al.The past, present and
potential for microfluidic reactor technology in chemical synthesis
[J].Nat Chem,2013,5(11) :905-915.

[11] Gutmann B, Cantillo D, Kappe C O.Continuous-flow technology—A
tool for the safe manufacturing of active pharmaceutical ingredients
[J].Angew Chem Int Ed,2015,54(23) :6688-6728.

[12] Kockmann N, Thenée P, Fleischer-Trebes C,et al.Safety assessment
in development and operation of modular continuous-flow processes
[J].React Chem Eng,2017,2(3) :258-280.

[13] Ryl AR & BB 5 A 7 AR DL [ ) ] TR A6 T, 2003,
31(1):11-14.

[14] Bkt , 2o AR AP RS ARSI [T]. & Tk,
2005, (8) :15-22.

(15] A%, R TN RS A = R RO L) ] A T3 iR,
2006, (4) :56-58.

[16] il W15, 2535 5 SRR SUEUK IR R A AR T 2R LI ]
16 T.,2013,42(12) :2219-2221.

[17] Terentev A O,Khodykin S V,Krylov I B,et al.A convenient syn-
thesis of 2,2-dibromo-1-arylethanones by bromination of 1-aryletha-
nones with the H,0,-HBr system[ J ].ChemInform,2006,37(7) :
1087-1092.

[18] Ben-Daniel R, De Visser S P,Shaik S, et al.Electrophilic aromatic
chlorination and haloperoxidation of chloride catalyzed by polyflu-
orinated alcohols: A new manifestation of template catalysis [ J].
Journal of the American Chemical Society,2003,125(40) :12116—
12117.1

Chem ,2021,100;1-18.

[18] sk, Wi 2= i JIK 3 A 0y =6 180 97 1 0 405 4 8 R o K 44 g
[J] RS AL T30, 2021,22(3) :43-47.

[19] Lyu Y H,Zhang T T,Dou B J, et al. A lipopeptide biosurfactant
from Bacillus sp.Lv13 and their combined effects on biodesulfuriza-
tion of dibenzothiophene [ J ]. RSC Adv, 2018, 8 (68 ) : 38787~
38791.

[20] Kiran G S, Priyadharsini S, Sajayan A, et al. Production of
lipopeptide biosurfactant by a marine Nesterenkonia sp.and its ap-
plication in food industry[ J].Front Microbiol ,2017,8:1-11.

[21] B, AR, XIR, S5 0 7 T S 095 o ORE SO0L 45 ik
(I b B R 22 4l (F R BRIl |, 2021, 45 (3) : 127 -
132.1



