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Hydrogenation of Maleic Anhydride
over Pd/C Catalyst

Ji Sun Kim

Department of Chemical engineering, The Graduate School,

Pukyong National University

Abstract

In this ./ study, synthesis of succinic acid from hydrogenation of maleic
anhydride over commercial Pd/C performed in aqueous solution at various
reaction 'conditions such as agitation speed, reaction pressure, reaction
temperature, reaction time and |catalyst amount. We confirmed that
distribution of. product was different according to precess parameters in batch
type reactors under. mild condition. ~Also, - Pd/C catalyst were prepared by ion
exchange, which was compared with the-commercial Pd/C catalyst. In the
results of this study, we conformed that the by-products were decreased by
increasing reaction pressure and agitation speed, and the purity of succinic
acid was increased by increasing reaction pressure and agitation speed. But,
reaction temperature and catalyst amount were not affected for conversion of
maleic anhydride. Then, Pd/C catalyst was prepared to compare with activity
of commercial catalyst. We confirmed that pre-treatment of carbon has an

effect on Pd particle distribution. In case for prepared Pd/C catalyst using the

- Vil -



pretreated carbon, the distribution of Pd was increased 2 times than
otherwise. Therefore, pre-treatment is necessary for high distribution of Pd
particles. From the results of evaluated activity, we confirmed that prepared
Pd/C catalyst was better than commercial Pd/C catalyst, because of good

distribution.
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a) Rhombohedral graphite b) Hexagonal graphite

Fig. 6. Structure of graphite
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Fig. 7~Structure of black carbon
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Fig. 8. Pore structure of carbon materials
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Fig. 9. Surface functionalities -at carbon materials
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Fig. 10. Overall flow chart for Pd/C catalysts by ion exchange method
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stk 7] oAl Pd/C FulE 4bstete] ©@AE AASE HAolA #
Zhel depsiel G2 Ao S HASIY ALY +x HYE A

oA 800 T7HA SAstA o™ 20 C/mind] 22 T2AA 7] &

o
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3. 1. 3. XRD (X-ray Diffraction) ¥4

AzE Pd/C Yx=FHujdae] PdE sty 2485 3 27]& &<l
st7] flste] XA - E47](X-ray diffraction analysis, XRD, D/MAX
2500-V/PC, Rigaku, Japan)s 333 om, 40kV, 30mA°lA Cu-Ka(A
=15405 A)S AR&3tY ~WEEE 5 T/mino 2 20 s 20~90° %9l
ol ZA3At. XRD BA4Z2¥ F Pde 32 WEX(FWHM)E &4
59 al, Scherrer WA A(1)S B8] Pd d#+9] a71E st =3 A
A WA FARA 28 1) 4 (Field emission transmission electron microscope,

FE-TEM)oll A &4 % Ay}e} vlulsle] 1 dAA AFHE A3

0.9A

= 1
B cost, .« i

o714, L& A4 37|, A= X-ray radiation®] 3%, 6% Bragg angle,

B+ W72 (FWHM, radian)©] o}

3. 1. 4. FE-TEM &4

dgeto] @4 @ Pd 942 A7]¢F BAES dotry] fleke] AA W

)

Ave FALAAE N 7 (Field emission transmission electron microscope,
FE-TEM, JSM-6700F, JEOL, Japan)°|"|A| & #HF3}Att. A|HS Heks
g Y9y 2392 308 ot EAAZl & gpEe] mEE 1

go] 29 AlES Az
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3. 1. 5. CO 83%3%& (CO-chemisorption) #4]

Pd ¢4#Fe] 4= (dispersion)Z4 S #8] CO 3185 2HCO-chemisoption,
AUTOCHEM 2920, Micromeritics Instruments Corp., USA)S 33t
o U A mES7]el AlE 02 g& A #Fske] Fdstolett Al=e] dAe
T o2 E97]oA e A 10 T/mine] £x=2 110 T7}
Al AR F 2087 fFASEe] & ), 110 TelA 200 T7HA] 524121
10 % HY/AriE917] stellA 60 &< FAstHAl A AFATE 1
T olEE 7R et 50 T7HA] WA A dAAYE &5
A2 F 50CA 10-% CO/Ar7k=E Pulse®H o& F9ste] Pdoll &
ZE = COY = FAHSEY PdeY FAEE A8 Pde #it=+

Pd: CO = 2712 38 g2ale Aoz sMdat] Aite s
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Reactants input

Reactor setting

N, Purge/ H, Purge (5 bar)

Reaction
(reaction conditions)

Heat filtering (85°C)

Crystallization (107TC)

Separation of products

Drying (105TC, 2 hr)

Succinic acid

Fig. 11. Overall flow chart for synthesis of succinic acid
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Fig. 12. 100 mL autoclave reactor for -hydrogenation of maleic anhydride
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3.3. 2. 4 w
sukal 2 BB o BAMS 93 High Performance

Chromatography (HPLC, 1100 Sries LC system, Agilent, USA)&
A4S Atk Bt ke AlsES AEARe] B3

(non-volatile organic acid)©.Z o]o] &S columne A A3l

A&etd . HPLCE o] &3 42 ofg Table 13 #Zt}.
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Table 1. High Performance Liquid Chromatography (HPLC) analysis method

Instrument : HPLC, Agilent, HPLC 1200 series
Detector : UV detector (210nm)
Mobile Phase : 0.1M NH PO, (pH 2.5 with H3PO.)

Column CAPCELL PAK C-18AQ (4.6 X 250mm X 5ym)

Flow Rate : 1.0 mL/min
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4. A3 %L 3%

4. 1. Pd/C &4 EA EA
4. 1. 1. &0 54 &4

e A% FLYdate] F4ast wEs flate] 2 A

k

A
1= N.E CHEMCAT jit¢] Pd/C SulE A}-&3Fth Pd7F 5wt B4 &
NX-typee] AES AL o™ 50 % T8-S 363 wetdt AHE ALE

stk AL F 48 S0l 228184 542 Table 201 vheRR2AT
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Table 2. Summary of characterizations on commercial Pd/C catalyst

Pd Pd particle Pd particle Metal
. SBET V total V micro V meso d BJH 2 . . .
loading m? 9ot B e R o) size by size by Dispersion
cm cm cm nm
(wt %) g 8 - & TEM XRD (%)
Commercial
o 5.36 487.14 0.5386 0.0952 0.401 8.352 6.5 5.82 5.43
Pd/C
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4. 1. 1. 1. TGA (Thermogravimetric) 4]

o =% FA7](Thermogravimetric analyst, TGA)Z A}-&3Fo] A ko)
A @ Pd 9 (N.E Chem corp.)olA] Pd 9# %S gHelslgict. &% |

P

= A2olA 800 T7HA S48 o™ 20 T/min®l HE= S2AA &
7] w9714 A RS SASAT PA/CEle] dF

Fig. 13o] Yetdch 2447 27] =4 < 100 C
7hgholl whel oF 46 %o FA AAE RSk, ol Fujol iy o
Je FRoR HAHA o]F oF 350 T 7HA A o] dojupx &
AEH o= Fuizb 350-C 2% HM9 oM. g AL S M E A2
2 dagch ngA Fele] d4 Ayt 2ad Aol
o] Foj A of Fhu}, o] F 2L o= oF 560 T7HAL F 41 %o FZ3 FA
=

o
o WMABYTE ol Aui ok 350, THH waiRe]l HRHow

rir
w
Q1
(@]
@
)
=
2
o

7

7] F9o ksl Mge AA, oF 400 ColFTH FAHA AxH]
Alzkate] (oF 560 ol A B R o] S8 AaHE Ao vrhit 2
sol e, o] §560 Col A1 1800 T/AHAE R ol © o4 UojubA &

=)
t Qo wep B Fulol B4 ® Pdel FFel o 5 wi% 42 H2AsY

®
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Fig. 13. TGA results of commercial Pd/C catalyst
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4. 1. 1. 2. XRD (X-ray Diffraction) &4

XA 34 EA7)(X-ray diffraction analysis, XRD)E o] &3] Pd/C
(N.E Chem corp.) &1l U PdE &<lsta A 2715 A A

Fig. 14¥ Pd/C ZFwle] X 34 S BHoFErh 20 = 263 oA &
= ¥ 939 A, 7Y AAsEE JErdth Pd 54 gz £44
I} 20 = 39.92 °, 4643 °, 67.77° (JCPDS No. 87-0643)14 (1 1 1), (2 0
0), 22 0H dFsl= HAYLTFZ (FCC; faced-centered cubic)®] Pd
AR A7 #AZEHAY PdY] FIa WEX(FWHM)S  S4 3k
Scherrer WA & F3kof PAYA=7]1E Attt AMA 3 Pd/C S

o] A =7 oF 58 nmE YEow, o] Z7]%= FE-TEM o] n] %49
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Fig. 14. X-ray patterns of commercial Pd/C catalyst
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4. 1. 1. 3. FE-TEM &4

gdete] @4 ® Pd JAA7ISF EAEE dolE 7] $15te] ALY
FAF A A& v 7 (Field emission transmission electron microscope, FE-TEM)
olm x5 HgG3tdom 1 HAIE Fig. 150 HEeRALE TEMS T3 &
¥ Pdel ¥AA7E= oF 5~10 nmE, XRDoIA Alxtd Avpel FA18HS
gttt 2] Pde 4w 2 A @A HAYAA T, FA o
2 Pde] @A7F HA ¥ FEE AT vk & Hujo]
2 FE-TEMS& 539 a9, 7 A3E Fig. 159 YeEde. &2
SR Rk & Y o 95 Pdel 53 (aggregation) 7o) wEE o
Pd A 2717F 2786 (20-30 nm)& Sk Pdel 44k A71eh A

R¥E Zu) B4S A4se a9 acloz G4dch ey Zu) A

AHE F71 8-S SsAE 8 Sle] mE Pde] #4 ws 9 4R
Eo ek A3t FpH R FAFPH ook & Aoz wd
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(a) Distribution and size of Pd particles (before reaction)

(b) Distribution and size of Pd particles (after reaction)

Fig. 15. FE-TEM images of commercial Pd/C catalyst
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Table 3. Isothermal graph of nitrogen adsorption/desorption of prepared Pd/C catalyst

SEET g o Viotal dpju
(m*g?) (m® g-1 (cm>g-1) (nm)
Non pre-treatment

1433.5 669 2.3541 6.49

carbon

Pre—treatment

1352.7 608.4 2.0481 6.68

carbon
Pd/BP_P 1082.1 480.5 1.7321 6.25
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3

Pore distribution (cm fg.nm)

0.00}

-
-
o

—®— BP

— o BP_P
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Pore diameter (nm)

Fig. 16. Pore size-distribution of carbon support

_45_




4. 1. 2. 2. XRD (X-ray Diffraction) ¥4

Fig. 172 A A A AzxE Pd/C Fujo] X4 34 sid &4 Ao
th AAgE g PAE HA 3 Ao dAgEHA F2 Tl PdE
A A9 BT 20 = 263 °o|A ©29] peak’} #S FHo] v©AEA A
o] AAYFHI7E @i A= TS vAA FeS A
Lo T Su BT 20 = 3992 °, 4643 °, 67.77 ° (JCPDS No. 87-0643)°ll
A (11 D, 20 0, 2 2 OWe] et HAYETE (FCC
faced-centered cubic)?] Pd AAW I a7} #aF o] w©h g@xA9 HAA
g ek BARle]l Pdel-FA7F "As gelskaitt. XRD 23 Pde] F9
29 WEEX(FWHM) 38513t Scherrer WA A 2223715 A
ot AMAT AR E oA 22 BAd @A 3§ Pde 9A A7+ Ht
4.3 nmol™ HAA gt grd T ¥ Pdie. °F 219 nme ¢ A7E 7
Atk dA 27] € EA4EH = FE-TEM 42345 5319 vA & W

Jﬂ
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Fig. 17. X-ray patterns of prepared Pd/C catalyst
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4. 1. 2. 3. FE-TEM &4

HAEHE olns] Askel WAY F

oy

Pd 42 27] B A H
A} 218 v]) 7 (Field emission transmission electron microscope, FE-TEM)
olm A5 &Yt en 1 A3E Fig. 18 Uttt FE-TEM<Z &3l
AE Pde] dAA7= AAYE A B @A FAA ] A" PdY

hug

ok

QA= o 5 nmolvl, AF e W Bzo wA ¥ Pd YAE o 32 nm 2
12 ol XRDeIA AME Avsl fARS s dA & v

A A FA] ® Pde i A=A gAY UAAAR, AAYE §HA

N

vied

52 AF Pd 2] S8l #EHTjUAY] £2¥U 12X FEE

golstdt). Az ol AHgsl =4S 98] CO-Chemisorptions ©]-&3}¢]
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(b) Distribution and size of Pd particles (pre-treatment)

Fig. 18. FE-TEM images of prepared Pd/C catalyst
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Table 4. CO chemisorption result of prepared Pd/C catalyst

o Metal Metallic-Surface Area
Dispersion
Chemisoption
(%) m’/g sample m?/g metal
Pd / BP 7.43 1.6556 33.1119
Pd / BP.P 11.30 25174 50.3477
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Table 5. Summary of characterizations-on prepared Pd/C catalyst

Pd Pd particle Pd particle
. SBET V total V micro V meso d BJH . .
loading IR~ BNy & B % WY size by size by
m cm cm cm nm
(wt %) & & . 3 TEM (nm)  XRD (nm)
Pd / BP_P 1082.16 1.7321 0.1961 1.1448 6.25 3.2 2.19
Pd / BP 1158.89 24726 0.2467 1.6741 9.07 5.0 4.3
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Table 6. Effect of agitation speed on commercial Pd/C catalyst

Agitation Contents

speed Yield

(rpm) SA! MA? FA? MLA*
200 2052 % 76.79-% 3.67 % 19.35 % N.D°
400 6410 % 71.96 % 6.98 % 20.67 % N.D
600 8536 % 8040 % 2.12 % 17.20-% N.D
700 89.62 % 9966 % = 0.73 ppm 459 ppm N.D
800 94.73-% = 9978 % N.D N.D N.D
900 9857 % 99.87 % N.D 3.76 ppm N.D

‘Reaction conditions: 10 bar, 90 C, 150 min, 1wt% catalyst, pitched turbine type

'SA : succinic acid *MA : maleic acid °FA : fumaric acid

MLA : malic acid °N.D : No Detect
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Fig. 19. Effect of agitation speed on commercial Pd/C catalyst
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Table 7. Effect of reaction temperature on commercial Pd/C catalyst

Reaction Contents
temperature Yield
(C) SA! MA’ FA® MLA'
50 89.71 %  97.38 % N.D 2.58 % N.D®
70 07" 36pz 1" 901696 N.D 354 ppm N.D
90 8962 % 9966 % ' 0.73 ppm 459 ppm N.D
110 93.82 %  99.85 % N.D 14.4 ppm N.D
130 88.46-2%  99.68 % N.D 6.0 ppm N.D
150 8828 % 9948 % N.D N.D 241 ppm

“Reaction conditions: 10 bar, 700 rpm, 150 min, 1wt% catalyst, pitched turbine type
'SA : succinic acid *MA : maleic acid °FA : fumaric acid
SN.D : No Detect

‘MLA : malic acid
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Fig. 20. Effect of reaction temperature on commercial Pd/C catalyst
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Table 8. Effect of catalyst loading amount on commercial Pd/C

catalyst
Catalyst Contents
amounts Yield
(Wt2%) SA! MA? FA® MLA®

-

0.1 9259 % 9997 % 45 ppm 20 ppm N.D’

0.3 92.90 % 99.78 % N.D 7.80-ppm N.D
0.5 91119 %ol 9916285 N.D 9.52 ppm N.D
0.7 91,17 oW I9ONE6 N.D N.D N.D

1.0 89.62. 2. -99.66 % | 0.73 ppm. 4.59 ppm N.D

1.5 9353 % 9955 % 1193 ppm  91.6 ppm N.D

2.0 90.46 %  99.39 %  57.29 ppm  10.9 ppm N.D

‘Reaction conditions: 90 C, 10 bar, 700 rpom, 150 min, pitched turbine type
'SA : succinic acid *MA : maleic acid °FA : fumaric acid
MLA : malic acid  °N.D : No Detect
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Fig. 21. Effect of catalyst loading amount on commercial Pd/C catalyst
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Table 9. Effect of reaction time on

commercial Pd/C catalyst

Reaction

Contents
time Yield
(min) SA' MA* FA’ MLA*
30 14.06 % 7281 % 4.66 % 2243 % N.D®
60 89.60 % 9968 % 899 ppm 446 ppm &8.99 ppm
90 92.87 % 99.57 % N.D 7.31 ppm N.D
120 94.84 % 99.74 % N.D 4.8 ppm N.D
150 89.62 % 99.66 % 0.73 ppm  4.59 ppm N.D
180 96:30 26 99.88 % N.D 497 ppm N.D
240 9155 % 99.71 % N.D N.D N.D
300 96.56 %6 99.89 % N.D N.D N.D

"Reaction conditions: 90 C, 10 bar, 700 rom, 1wt% catalyst, pitched turbine type

SA : succinic acid *MA : maleic acid °FA : fumaric acid
MLA : malic acid °N.D : No Detect
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Fig. 22. Effect of reaction time on commercial Pd/C catalyst
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Table 10. Effect of reaction pressure on commercial Pd/C catalyst

Reaction Contents
pressure Yield
(bar) 7 MA? FA® MLA*
3 56.30 % 84.16 % 309 ppm 15.3 % N.D’
5 98.10 % 99.54 % 1.09 ppm 11.6 ppm N.D
10 89.62 % 99.66 % 0.73 ppm 459 ppm N.D
15 90.88 % 99.82 -% ND 6.62 ppm N.D

‘Reaction conditions: 150 min, 700 rpom, 90 C, 1wt% catalyst, pitched turbine type
'SA 1 succinic acid °MA : maleic acid °FA : fumaric acid

‘MLA : malic acid

SN.D : No Detect
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Fig. 23. Effect of reaction pressure on commercial Pd/C catalyst
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Table 11. Characteristic of impeller type

Form of flow
Impeller type Installation conditions & facility

conditions

- d/D=0.2~0.5 - RADIAL

]{ - H1/D=01~04 - 2~4 baffle
g

= H/P=0.8~1.2 - £10,000 cp

Flat turbine type - B/D=0.08~0.12-, - 3~7 m/sec

k!

-1d/D=025~0.5" ~ AXIAL-RADIAL

,{ - HI/D=0.1~0.3 | — 2~4 baffle
H/D=0.8~1.2 = =10,000 cp

7
i
Al
|

Pitched turbine - B/D=0.08~0.12 . - 2+10 m/sec
type
=2 5 =dD01~03" - AXIAL-RADIAL
1R ,{ =H1/D=0.3 - 2~4 baffle
— R 31 H/D-08~12 - = 10,000,000 cp
Dispersed - - B/D=0.08~0.12 - 8~10 m/sec

turbine type
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Table 12. Effect of impeller type on commercial Pd/C catalyst

Impeller Contents
Yield
type SA! MA? FA® MLA*
Pitched _
) 56.30 %% 71.90 % 06.98 % 20.67 % N.D’
turbine
Flat
) 8721 % 80.40 1% 2.12 % 20.70 1% N.D
turbine
Dispersed
) 4550-.% 50.90 '% 12.20 % 36.70 %6 N.D
turbine

"Reaction conditions: 150 min, 400 rom, 90 C, 1wi% catalyst, 10 bar
'SA : succinic acid *MA : maleic acid °FA : fumaric acid
‘MLA : malic acid °N.D : No Detect
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Table 13. Comparison of reaction rate at different reaction pressure

Reaction pressure
5 bar 10 bar
MAN! 13.10 mol
Reactants
H-.O 150.86~mol
Theoretical hydrogen
13.10 mol
consumption
Hydrogen pressure drop 398.24 psi 426.69 psi
Used hydrogen
11.44 mol 12.26 mol
concentration
Reaction Time 100 min 50 min
Average Ml OS2 2564 X 102
reaction rate mol/min-L mol/min-L

‘Reaction conditions: 150 min, 700 rom, 90 C,1 wt% catalyst, pitched turbine type
"MAN : Maleic anhydride
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Table 14. Comparison of reaction rate at different agitation speed

Agitation speed

300 rpm 700 rpm
MAN! 13.10 mol
Reactants
H-0O 150.86. mol
Theoretical hydrogen
g 13.10 mol
consumption
Hydrogen pressure drop 440.91 psi 426.69 psi
Used hydrogen
; 12.67 mol 12.26 mol
concentration
Reaction' time 140 min 50 min
Average 031 X 107 2564 X 10
reaction rate mol/min-L mol/min-L

‘Reaction conditions: 10 bar, 150 min, 90 C,1 wt% catalyst, pitched turbine type

"MAN : Maleic anhydride
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Table 15. Conversion

of commercial Pd/C and prepared Pd/C

Reaction time

Catalyst Conversion
(min)
Com. cat.’ 1555 %
60
Prepa. cat.’ 3877 %
Prepa. cat. 61.31 %
90
Prepa. cat. 68.25 9%
Com. cat. 66.77 1%
120
Prepa. cat. 81.37 %
Com. cat. 83.06 %
150
Prepa. cat. 90.93 %

‘Reaction conditions: 10 bar, 700 rom, 90 C, 1wt% catalyst, pitched turbine type

SA : succinic acid *MA

: maleic acid °FA : fumaric acid

MLA : malic acid °N.D : No Detect 500/77. cat. © commercial catalyst

"Prepa, cat. : prepared catalyst
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Table 16. Comparison of activity on Pd/C catalysts

Reaction Contents
time Catalyst Yield ' ]
SA! MA® FA®  MLA?
(min)
Com. cat.’ £83.06 % 9003 % 3.9 % 581 % N.D°
150

Prepa. cat!  90.93 % [97.27 % N.D 253 %  ND

"Reaction conditions: 10 bar, 700.rom, 90 C, 1wi% catalyst, pitched turbine type
'SA : succinic ‘acid °MA-: maleic acid °FA : fumaric acid

‘MLA : malic acid. °N.D No Detect 6()0/77. cat - commercial catalyst

"Prepa, cat : prepared catalyst
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