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Abstract: In recent years, the synthesis of methacrolein (MAL) from formaldehyde and propionaldehyde via
Mannich reaction catalyzed by sec—amine ionic liquids has attracted considerable attention. In this homogeneous
reaction system, N—ethylcyclohexylamine butyrate ionic liquid was identified as the optimal catalyst. The main
products and byproducts were structurally identified by gas chromatography—mass spectrometry (GC—-MS), and a
reaction network composed of the target reaction and the main side reactions was constructed. The basic
thermodynamic properties of the relevant substances were estimated using group contribution methods, and the
results obtained from different methods were comparatively analyzed. On this basis, the Gibbs free energy changes

and equilibrium constants of the individual reactions were calculated. This work provides a theoretical basis for
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elucidating the reaction pathways and optimizing the catalytic system for MAL synthesis from formaldehyde and

propionaldehyde over sec—amine ionic liquids.
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Table 1 Catalytic performance of ionic liquids prepared

using different sec—amine

5 filii ISR % WL IR e/ %
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2 )i 99.5 71.5
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Table 2 Catalytic performance of ionic liquids prepared

using different organic acid

P FOLRE R AR P EETIREE R %
1 2% 99.3 94.0
2 IR 99.4 96.2
3 TR 99.5 97.5
4 KR 98.3 98.7
5 R 98.9 96.7
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Catalytic performance of ionic liquids prepared with

different sec—amine/organic acid ratios
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Table 3 Retention times and characteristic mass fragments of the components in the reaction system

75 LR BRI ] (min) Ll B R B
1 2 MAL 31,41,70
2 2.5 SES 31,4575
3 6.7 2—HJE -2 I 41,55,69,98
4 8 3Rk~ P R Y 31,41,58,70,98
5 8.5 MAL R4 43,55,93,111,140
6 8.8 2,4,6-=2.3-13,5- =N 31,41,59,87,117
7 9.1 N-ZHEIR O 41,56,71,84,98,112,127
8 9.5 N-C H-N-H B O 30,42,57,70,98,112,126,141
9 11.4 N-IRCe—N—- 2 5 H Tk e 30,41,56,67,74,84,98,112,155
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Fig. 3 Mass spectra of some species in the reaction system
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Fig.4 Main reaction networks for the synthesis of MAL by the

condensation of formaldehyde and propionaldehyde catalyzed by

N-ethylcyclohexylaminobutyrate ionic liquid
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Table 4 Standard enthalpy of formation and the contribution value of gas relative heat capacity of each group in Joback

method
- C, (J/mol/K) g 2—%%—2— 2,4,6—;‘?%—1,3,5—:‘ MAL — 5
Aa Ab*10° Ac*10° AH, (kJ/mol) T AR
-CH, 19.50 -8.08 15.30 -76.45 2 2 3 2
-CH, -0.91 95.00 -5.44 -20.64 1 1 3 0
CH,(ss) -6.03 85.40 -0.80 -26.80 0 0 0 2
—-CH(ss) 8.67 162.00 -16.00 8.67 0 0 3 0
—C(ss) -90.90 557.00 -90.00 79.72 0 0 0 1
-C=H -8.00 105.00 -9.63 37.97 0 1 0 1
=C(3) -28.10 208.00 -30.60 83.99 0 1 0 1
-CH=0 30.90 -33.60 16.00 -162.03 0 1 0 1
(0] 25.50 -63.20 11.10 -132.22 2 0 0 0
O(ss) 12.20 -12.60 6.03 -138.16 0 0 3 1
RS5 29815 KH &R EB S AR £ RIS
Table 5 The ideal gas standard enthalpy of formation for each substance at 298.15 K
Yy P it 2 -2 TR T 2,4,6-=23-135-=FAH MAL —%&
AH s k)/mol) -369.69 -145.32 -611.45 -236.72
Copsane) = 51,61 = 0.16T + 0.84 x 1077 3 TR PR AR Y 22 30 DG IR ST T B T IR AL

(
Cl s g, =504 = 0.577 = 3.80 x 10777 (4
Crve rivas s, = BOAS = 0.927 = 3.93 x 10°7°(5
C ey =—94.89 = 1197 ~ 11.82 x 107> (6
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Table 6 The ideal gas standard molar entropy of each group in Benson method

AS.

17| ' G 22— I 2,4,6-—=23-135-=FAH MAL — 5
(J/mol/K)
C~(C)(H), 127.32 0 1 3 1
C—(C)2(H), 39.44 0 0 3 1
Cd-(C)H) 33.37 0 1 0 0
Cd—(C), -53.17 0 0 0 1
C~(Cd)(H), 127.32 0 1 0 1
C~(Cd)C)H), 41.03 0 1 0 1
CO-(C)YH) 146.24 0 1 0 1
0—(Cd)C) 40.61 0 0 0 1
0-(C), 36.34 2 0 3 0
Cd-(C)Xco) -49.39 0 1 0 0
Cd—(0)(H) 34.49 0 0 0 1
C~(0),(C)H) -46.04 0 0 3 0
C—(CO)0)C), -138.13 0 0 0 1
C—(0)2(H), 32.65 1 0 0 0
C~(0)(H), 127.29 2 0 0 0
R7T 29815 KB &) BRI IR B SARAR A BEE /R A
Table 7 Ideal gas standard molar entropy for each substance at 298.15 K
Y it A 2- B B0 )0 2.4,6-=H-1.3,5- 50N MAL —3
T 18 9 27 9
n 1 1 1 2
S, g5 d/mol/K) 349.47 417.96 459.28 359.72

*8 Joback EMMEBAT, IGFIRE T ERREKE

Table 8 The group contribution values of boiling point 7, and critical temperature 7, were estimated by Joback method

B AT, AT, 2,4,6- =2 3-13,5-ZH NN MAL % N-Z B O
-CH, 23.58 0.014 3 2 1
-CH, 22.88 0.019 3 0 1
-CH 21.74 0.016 0 0 0
—~CH,(ss) 27.15 0.010 0 2 5
—CH(ss) 21.78 0.012 3 0 1
—C(ss) 21.32 0.004 0 1 0
-C=H 24.96 0.013 0 1 0
=C(3) 24.14 0.012 0 1 0
-CH=0 72.24 0.038 0 1 0
(0} 22.42 0.017 0 0 0
O(ss) 94.97 0.028 3 1 0
-NH 50.17 0.030 0 0 1
298.15 K FAs B A S, MAH, TR SR LK 1. n =(0.00264%+0.8794)"’ (14)
TR 2 Y
— D
AH, = AH,( 1 - 1Tr ) (12) A= 13
—— T N HEFRCL I T e 5 Wl -
L= Tz, U3 D4 B MAL BT H 2 4 4140 49 LA 2 7
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Table 9 Boiling point 7, and critical temperature 7', of

each substance

F11 29815 KA EHFRMA H, A S,
Table 11 A H,and A S, of each substance at 298.15 K

Py 5 A H,(kJ/mol) A S (J/mol/K)
24,6-=2K-13,5-= e FH i 20.97 70.35
Yy — MAL 2R N-ZIEHRCO % )
SATANN i 29.67 99.50
T, 687.63 537.05 452.16 FH L s T 37.76 126.63
918.89 765.52 656.46 7k 43.51 145.94
. . N i 34.26 114.90
F10 FETEMRARUHRAH,GRILEAS, A
oo HR 38.20 128.12
Table 10 Heat of vaporization A H, and entropy of ‘
L . . 2 L2 Tl fis i 4157 139.43
vaporization A S, of each substance at boiling point
2,4,6- = K-1,3,5-=5F N 81.92 274.75
2l AH, (/mol) A8, (/mol/K) MAL — % 59.20 198.56
i 23.04 90.74 N-Z SO B 45.54 152.75
FEP s i 33.88 90.35
2—HIHe—2- A 36.61 89.47 KU TRt
2,4,6- = K-1,3,5-=HNH 62.28 90.58 r
FAN AHYT) = At + [ ClLdr - AH(T)  (16)
MAL % 48.53 90.36 208.15
T o4
N-C EA T 39.00 89.00 SUT) = AS" s + j v T~ AS, 17)

TE , PEARATAS 2 3 A8 SORPIRZS T BOAR I A S FbR
YEBE R MO AL, 12— PSRN TR T 4541
3 BRI A2 B A H (T RIS AR S/(T), 752

20815 I
BT LR ARG T, TR RIS [RR BT &
Wy O VR AR M B R 2B K A (T AR R B IR
W S/(T), SRR 12 13 R .

x12 AREBRETEWRNRBEREAH(T)
Table 12 Enthalpy of liquid phase formation Aﬂ,”( T) of each substance at different temperatures

T(K) R A 2—H -2 IS IS T 2,4,6-=23-135-=FAH MAL 2 N-Z SO
273.15 -407.66 -187.51 -695.99 ~294.03 ~145.79
278.15 -407.23 -187.42 -695.52 ~294.48 -145.92
283.15 -406.79 -187.31 -695.01 -294.88 ~146.03
288.15 ~406.35 -187.19 -694.49 -295.26 ~146.12
293.15 -405.90 -187.05 -693.94 -295.61 -146.17
298.15 -405.44 -186.89 -693.37 -295.92 -146.20
303.15 -404.97 -186.72 -692.77 -296.20 -146.21
308.15 -404.50 -186.53 -692.15 -296.46 -146.18
313.15 -404.01 -186.32 -691.50 -296.68 -146.14
318.15 -403.52 -186.10 -690.83 -296.87 -146.06
323.15 -403.02 -185.86 -690.14 -297.03 -145.96

A BN FE AN [R) il BE T 1 VR JBE 2R SN K A H
(7). JEE JR S LA A,S(T) . Gibbs [ H1 AEZE A,GA(T) J2 F-
i B K Ll AR (18) ~ QIR R JTHE 4
WA 14 L 15 FR.

T — TR T 65 B MAL S W AR R R AETE 1 7 A4 B2E 1 34
TR VEAT TSR, A5 2048 )N I A6 Fil InK 5 3
FER R, W S PR o AG! R FRAE IR 75 1) 1) T
B SH0 R IE S (a) AT AT, 7E 273,15 ~ 353.15 K

AT = S0 AHY e = S AHY e (18) IFPY FIE 5 PTREE £ PR MAL G S T AR
ASIT) = (18] ) ier = DS it (1o) P 2= H R -2 IR WE 1 BB IV 19 0,602

A GH(T)i_ . 7"A . 20) ﬁlﬁ JF@%W%EWY@%?&T@EIIEW B & i#H47 .
e Acg” M2, 7E273.15 ~ 35315 Kyu BN, sOw IV |
K= o) QDT VIE9AG S M I BT 3 I A

AL X N= CHEFR O T R ER 88 5 W A AL Y

J1% EAR GRS SO LA G 32 IR R R,
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Table 13 The standard entropy of liquid phase of each substance at different temperatures
T(K) I g 2- k-2 I JRE 2,4,6-=2.3-13,5-=FANH MATL 3R N-ZHEA O R
273.15 127.98 248.48 125.93 118.06 159.24
278.15 132.33 254.73 138.12 126.97 167.07
283.15 136.58 260.84 150.07 135.74 174.77
288.15 140.75 266.85 161.77 144.35 182.36
293.15 144.83 272.74 173.26 152.82 189.84
298.15 148.83 278.53 184.53 161.16 197.20
303.15 152.75 284.21 195.59 169.36 204.47
308.15 156.61 289.80 206.46 177.45 211.64
313.15 160.39 295.30 217.15 185.41 218.71
318.15 164.11 300.72 227.65 193.26 225.70
323.15 167.77 306.04 237.99 200.99 232.60

Fx14 AEERETERMMBEZAH(T)
Table 14 The enthalpy change A H/(T) for various

reaction at different temperatures

AH, AH

TK) AH(T) AH(T) ) AH(IV) (V)l AHN) AH(VI)
273.15 -132.56 -57.50 6247 -27.21 43.17 487.83 58347
278.15 -132.23 -57.59 6136 -26.95 42.95 497.06 583.27
283.15 -131.93 -57.70 60.24 -26.73 42.67 506.02 583.08
288.15 -131.64 -57.86 59.10 -26.55 42.34 514.70 582.90
293.15 -131.37 -58.04 57.95 -2639 41.96 523.12 582.71
298.15 -131.13 -58.26 56.79 -26.27 41.53 531.30 582.53
303.15 -130.90 -58.51 55.62 -26.18 41.06 539.24 582.35
308.15 -130.70 -58.80 54.44 -26.11 40.54 546.95 582.18
313.15 -130.52 -59.11 5326 -26.08 39.97 554.44 582.01
318.15 -130.36 -59.46 52.06 -26.07 39.36 561.73 581.84
323.15 -130.23 -59.85 50.86 -26.09 38.71 568.81 581.67

®15 ARIEET&ERMEEEAS/(T)
Table 15 The entropy change AS,’(T) of various reaction

at different temperatures

AS,

1K
(K) ()

AS(I) AS(I) AS(V) AS(V) ASVI) ASVI)

273.15 -281.28 -204.37 -76.50
-210.99
-217.51
-223.93
-230.24

-236.46

82.24
75.66
69.28
63.08
57.06 -19.36 -144.18
51.23 -23.11 -153.86
45.56 -26.79 -163.31
40.07 -30.41 -172.54
3474 -33.96 -181.55
29.56 -37.45 -190.34
24.55 -40.88 -198.92

-3.86 -103.15
-113.76
-124.14

-193.61
-193.39
-193.21
-193.08
-192.97
-192.91
-192.87
-192.87
-192.91
-192.98
-193.08

278.15 -281.38 -7.81 =73.75

283.15 -281.54 -11.71 -71.06

288.15 -68.43
293.15
298.15
303.15
308.15
313.15
318.15

323.15

-281.76 -15.57 -134.27
-65.87
-63.37
-60.92
-58.53
-56.19
-53.90

-51.67

-282.02
-282.32
—-282.68 -242.58
-283.07 -248.61
-283.50 -254.56
—-283.98 -260.43
—284.49 -266.23

MR EE/INT 278.15 K, HA G A fUE, AT IE 1) F &
BEAT s MR R — 2B Th i i, HoA G/ AR M IEAE ,
3% SN B3R T2 A & PR R o ARG, A S
(b) BT, 7E273.15 ~ 353.15 KJGHE N, [ T 89 InK
WRZAKT 9.5, H W b & T FoAth 52 0, 156 BH 32 2 10 7E
P R EARTFIER ST NIV A InK B
T 1, R RN BT 3 R SEAT, HR )2
SEARE I ST RN . R T A - RO
2.09 ~ 4.3x107 Z [8] , £ 273.15 ~ 353.15 KJL A, [t
BN 1A 7-10 %0 9, BB B AR RN 1 5 4
YERE /NG B AT DL FEAS S W AR 2 HR N B L 46
A i 2- R -2 IO I 1 B R IV Sk MAL A= st
PR BRI . 2R LRSS R IR X 3R
I RIS AT 7 2247 R 344t 2 5 e, R ok AT
T U RN it R R H AR S ) AR A I B (]
BFPD I N A 46 A RN R A . SRR, 45 A i
W R8T, PR MAL IS 0] B8 & A A 45 Bl —
RERI N . HIE, 78 T2 b f v, B 75 i —
WG B TS S B 25 5L 6k ORI ] SRR E
By oy 8 S A AT 25 A A, DA 5 TR I T 2
FIMAL IR,

3 £#

AT RIS i 7 1 A A T — DT R
MAL SRR 2 07355 15 3k ) b J 2 1 W fRE A
i3 GC-MS W sE 1 e 28 1 M AL P - T 2
T 446 6 SN 2 R P A R 3R TS B BT BL
A T RO 2%, I HR 2 il TR
TGS T ROSLR 2 vh A W T 2Rl IR 2 S 0
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Fig. 5 The relationship between temperature and (a)A G/, (b)InK of different reactions

— PR T & RO A B A ER AR R R N -l
B EELEBUT .

(1) N TE] g i 2 43 A HLER AL 2 DA e — 5 1
EU A8 % A A 1 BE X A S 3 ) S5 O A Ak 7 4 AR
H:N=- IR CNE R PP 5y, TR A WLER ALY,
TR 11,

(2) A4 GC-MS Far il 45 5 | w2 1 A4 = o
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b7 NN
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