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Abstract

Hydrogenation of 2-butyne-1,4-diol to 1,4-butanediol promoted by stainless steel reactor wall has been investigated in supercritical carbon
dioxide (scCQ) as well as in conventional organic solvents in the absence of catalysts@t&ICQ was found to be an effective medium at
pressures higher than supercritical region (7.3 MPa). The influence of phase behavior, pressure and reaction time has been discussed. The firs
step hydrogenation of butynediol #€C) to butenediol (EC) is slower but the second-step hydrogenation of butened®C{@ butanediol
(C-C) is faster in scCOcompared with the case of ethanol.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction solvents, additional separation step is necessary and the cat-
alysts would suffer from fast deactivation at high tempera-
Butane-1,4-diol (butanediol) is a useful intermediate in tures.
the manufacture of fine chemicals, such as polybutylene Increasing interest in global environmental problems
and polyurethane polymers, tetrahydrofuran and sfd (4. requires the reduced utilization of organic solvents and
Practical use of butanediol may be greatly increased if it their replacement with environmental friendly alternative
could be produced more cheaply. Traditional methods are media. Much effort has been paid to avoid organic sol-
based on catalytic hydrogenation of 2-butyne-1,4-diol (bu- vents in chemical reactions and supercritical fluids as a
tynediol) with transition metal catalysts in aqueous solution replacement for organic solvents have been used for various
or organic solvent$1-5]. Earlier processes for butynediol organic/inorganic, homogeneous/heterogeneous chemical
hydrogenation to butanediol used Raney type nickel cata-reactions[6—9]. Their physicochemical properties may be
lysts at 60—100C [3] or Ni-Cu-Mn supported oy-alumina manipulated by relatively small changes in operating pres-
at 100-160C [4]. The use of noble metal supported cata- sure and temperature. The advantages of supercritical fluids
lysts such as Ru-Pd/C, Pt/Cag®d/C and Pd/AlOs were as solvents have led to their increased use in chemical
also reported. High activity and selectivity to butanediol reactions because it is possible to tune solubilities, mass
were found with Ru-Pd/C (Ru:P¢ 4:1) at 70-180C [1] transfer, solvent strength, and reaction kinetics of reacting
as well as Pd/C and Pd/#D3; at 60-80C [5]. Pt/CaCQ species present in them. Recently supercritical carbon diox-
was reported to be an efficient catalyst for producing butane-ide (scCQ) is playing an important role in the development
diol with 100% selectivity in a fixed bed reactor at 4D of green chemical industrial processes for its environmen-
[2]. Due to the presence of catalysts, promoters and organictally benign nature, nontoxicity, abundance, low cost and
wide tuning ability of solvent properties. scG@as widely
been used as a green reaction medium in chemical reac-
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oxidation[19], and hydrogenation reactiofi20—25] As a

reaction medium scCfis most attractive in hydrogena- 1009 EIConversion M M
tion due to the complete miscibility between hydrogen and { i —

scCQ, because the reactions in conventional solvents de-
pend on hydrogen concentration and are sometimes limited
by the rate of diffusion of hydrogen from gas to the liquid
phase. Previously, we have reported that the hydrogenation
of unsaturated aldehydes could be performed successfully
in scCQ with a significant improvement in activity and
product selectivity21-25] We also found that the hydro-
genation of butynediol in scCOmedium can be promoted
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by a steel-stainless reactor (SUS 316) wall without any : "‘

catalyst[26]. In the present work, we have discussed the 04 —I
influence of several parameters such as pressure, solvent, Hexane Toluene Water Ethanol scCO, scCO, N,
reaction time, and phase behavior and the reaction mecha- 16MPa 8.5MPa 8.5 MPa

nism of butynediol hydrogenation in stainless steel reactor Fig. 1. Influence of solvents on the total conversion and selectivity to
without add|ng any Cata|ysts_ The present hydrogenation butanediol. Reaction conditions: butynediol 5mmol (0.1 mmol/imL of
is an environmentally benign green process as it is free of reactor; 0.5 mmol/1 mL of organic solvents or water); 410 MPa; organic

. o solvent or water 10 mL; temperature 8D; reaction time 180 min.
organic solvents, catalysts and additives.

and butenediol were main products in most cases, with a

2. Experimental minor product ofn-butanol. Our concerns are total con-
version and selectivity to these two main products in the
2.1. Hydrogenation following sections.

The hydrogenation reactions were carried out in a 50mL 3.1. Influence of solvents
SUS 316 stainless steel autoclave. Five millimole butynediol
(0.1 mmol/1 mL reactor) was charged into the reactor and The conversion of butynediol in different solvents has
the reactor was flushed with 2.0 MPa g@ree times. The  been compared and the results obtained are showiyirl
reactor was then heated up to the desired temperature ofPolar solvents like ethanol and water are more effective com-
50°C and H and compressed liquid GQvere introducedto  pared with hexane and toluene. An apolar solvent ob CO
the desired pressure with a high-pressure liquid pump. Thewas found to be an effective medium at pressures higher than
reaction runs were conducted while stirring with a magnetic supercritical region (7.3 MPa), which is effective similar to
stirrer. The composition of reaction mixture was analyzed ethanol and water under the reaction conditions used. The
by a gas chromatograph using a flame ionization detector. conversion decreased when §8.5 MPa) was used instead
of CO, indicating that the conversion depends on not only
2.2. Phase behavior the total pressure but also the nature of reaction medium.
In the organic solvents, higher selectivity to butanediol was
The examination of phase behavior is important to study observed in ethanol; note, however, the selectivity to butane-
whether the reaction in scGQOs taking place homoge- diol is higher in scC@than in ethanol at 100% conversion.
neously in a single phase or heterogeneously in two or more  The higher reaction conversion obtained in the apolar sol-
phases. A 10 mL high-pressure sapphire-windowed view cell vent of scCQ compared with nonpolar solvents such as
was used to observe the phases present at different pressurdeluene and hexane may be due to the difference in hydrogen
of CO;,. The phase behavior observation was also used to es-concentration in the different reaction media. The hydro-
timate the solubility of substrate in compressedJZ1]. A genation in conventional solvents depends on hydrogen con-
certain amount of butynediol or butenediol was added to the centration dissolved and are sometimes limited by the rate
view cell followed by introduction of C@ Then, stirring of of diffusion of hydrogen from gas to the liquid phase. When
the mixture was started and the state of the reaction mixturescCQ was used as reaction medium in the hydrogenation,
was examined by naked eyes from the windows after 5 min. the process of phase transfer between gas and liquid could
be eliminated due to completely miscible ability of hydrogen
with scCQ. Table 1shows the hydrogen solubility in differ-
3. Results and discussion ent solvents near the reaction conditions used in the present
reactions. The solubilities in organic solvents have been esti-
The hydrogenation of butynediol in the conventional mated with Henry’s law with the data of literatury,28],
organic solvents produced several intermediates andand the concentrations in compressed,Cf@ve been esti-
by-productg[26]. Under the present conditions, butanediol mated from the density of CQOat partial pressures of 16
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Table 1 40
Solubility of hydrogen in different solvents at 5G E
354
Solvent Solubility (mole fraction) ] @
Hexane - - 304
Toluene 0.002527] £ 25_‘ .
Ethanol 0.009728] s 77 e
Water 0.000528] 2 50 /’ [
CO, 16MPa 0.09 z 7] o« ot
CO; 8.5MPa 0.26 5 154 o
The solubility of K in organic solvents was estimated by Henry's lay H 8 10 1
4.0 MPa. That in scC®was estimated as follows: moles of, H4 MPa) ]
charged first into the reactor was estimated by the equation of state for 5
ideal gases. Moles of COsubsequently introduced up to a total pressure ]
of 20 MPa, for example, was estimated assuming the partial pressure of 0 S
CO, was 16 MPa; a density of pure GQat this pressure was used to 0 1 2 3 4 5 6 7 Q

estimate the moles of GOn Hy + CO, mixture. . L 3
Concentration of butynediol in CO, (10" mmol/mL)

and 8.5MPa and at 5@ [29]. The concentration of #in 40.
CO, is about 10-100 times higher than these in organic sol- 35 (b)
vents, which could contribute to the higher total conversion I
. : X . 30+
in scCQ compared with those in organic solvents. = ]
S 254 2
3.2. Phase behavior and solubility ‘%‘5 0] .,'/
% ® _,,—o/
Phase behavior plays an important role in the reactions & 15 80
in scCG. To confirm whether the reaction in scgds 8” 1
taking place homogeneously in a single phase or hetero- ~ 07
geneously in two or more phases, a 10 mL stainless steel 5
sapphire-windowed was used to observe the phase behavior
and to estimate solubilityrig. 2 shows the phase behavior 0 R
in COy in the absence of Hfor estimating of the solubil-
ity of butynediol and butenediol at 5C€. The solid marks Concentration of butenediol in CO, (10" mmol /mL)

indicate the presence of a single phase. Namely, all the _ o I .

. . Fig. 2. The phase behavior in Gdor the estimation of solubility of
substrate was completely dissolved in qu a homoge- butynediol (a) and butenediol (b) at 50. The solid and open marks
neous phase was formed under these conditions. The opehhdicate the presence of a single phase (gas) and two phases (gas and
marks indicate the presence of two phases. Although, weliquid), respectively.
do not know the solubility exactly under the present condi-
tions, we can say that the solubility of both butynediol and
butenediol increases with the increase inDessure. The 100 —A— Conversion _ /7A
solubility of butynediol is lower than.6 x 10~3 mmol/mL | O Selectivity to butanediol
at 16.0 MPa, while, the solubility of butenediol is about
2.7 x 103 mmol/mL at 16.0 MPa; the solubility of butene-
diol is higher than that of butynediol in scGO

80 1
60 /

40 A/

Fig. 3 shows changes of the total conversion and se- ] /
lectivity to butanediol with CQ pressures. Both the total 204 e
conversion and selectivity increase with increasing2,CO /
pressure. Under the present conditions the reaction can oc- ]
cur in two phases since we used a larger amount of reactant A
(0.2 mmol/mL) than the solubility of butynediol in 16 MPa
CO, lower than 16 x 103 mmol/mL as estimated from
Fig. 2a). At low CQO;, pressures, the substrate should exist Fig. 3. Influence of C@ pressure on the total conversion and selectivity.
mostly in the liquid phase. With increasing g@ressure Reaction conditions: butynediol 5mmol (0.1 mmol/1 mL of reactor); H
the solubility of the substrate can be increased as shown in4.0MPa; temperature SEC; reaction time 180 min.

3.3. Pressure effects

Conversion & selectivity (%)

CO, pressure (MPa)
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Fig. 4. Effects of H pressure on the conversion and selectivity. Reaction
conditions: butynediol 5 mmol (0.1 mmol/1 mL of reactor); £fressure
16 MPa; temperature 5C; time 120 min.

Fig. 2a) and so the substrate should also exist in the CO
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Fig. 5. Changes of the concentration of butynediol, butenediol and bu-
tanediol with reaction time in scCQas well as in ethanol, the solid lines
show the results in scCQdash lines show the results in ethanol. Reaction
conditions: butynediol 5mmol (0.1 mmol/1 mL of reactor, 0.5 mmol/1 mL
of ethanol); CQ 16 MPa; kb 4.0 MPa; temperature 5C.

3.5. Hydrogenation of butenediol in scg@nd ethanol

gas phase at elevated pressures. As reported previously, the

present hydrogenation is catalyzed by the reactor wall and
so the contact between the wall and the reaction mixture is
of significance for determining the overall rate of reaction.
The contact of the reactor wall with the liquid phase at low
CO, pressures is worse than that with the £§as phase at
elevated pressures, resulting in the larger conversion with
increasing CQ pressure as observed.

Fig. 4 shows the influence of Hpressure on the total
conversion and selectivity when the reaction was carried out
under such conditions: GQ 16 MPa; butynediol, 5 mmol;
temperature, 50C; time, 120 min. The total conversion in-
creased with Kl pressure increasing and 100% conversion
was obtained at a Hpressure of 4.0 MPa or above; while,
selectivity to butanediol has a maximal value at 4.0 MPa.
These results are similar to those obtained in solvent free
conditions. The total conversion is enhanced by using scCO
as reaction medium, the conversion obtained in 16 MPa CO
being 10 times higher than that in solvent free conditions at
2.0MPa H.

3.4. Hydrogenation in scCfand ethanol

The total conversion and selectivity to butanediol in-
creased for longer reaction times in both seG@d ethanol
as shown inFig. 5. The initial conversion in ethanol was
higher than that in scC£) however, the selectivity to bu-
tanediol in scC@ increased faster with reaction time than
that in ethanol, which means that in sc&te first step hy-
drogenation of &C to G=C is slower but the second-step
hydrogenation of EC to C-C is faster compared with the
case of ethanol. This will be discussed in detail in the fol-
lowing hydrogenation of butenediol in scG@s well as in
ethanol.

A lower initial concentration of butenediol of.@ x
10-3mmol/mL was used in the butenediol hydrogenation,
which is lower than the solubility at 16.0 MPa. The butene-
diol hydrogenation is a single phase in sgCénd two
phases in ethanokig. 6 indicates that the total conversion
in 16 MPa CQ is about four times higher than that obtained
in ethanol and a higher selectivity to butanediol was also
obtained in scC@ These improved high total conversion
and selectivity could be explained by the following fac-
tors. (1) Effective surface area of reactor wall is larger in
scCQ than that in ethanol. In scCQall the reactants of
butenediol and hydrogen are dissolved in LLQnly this

[ Conversion
[ Seclectivity to butanediol

100 +

80+

60

404

Conversion & Selectivity (%)

20 4

CO,16 MPa Ethanol 10 mL

Fig. 6. Hydrogenation of butenediol in scg@Cand ethanol. Reac-
tion conditions: butenediol 0.10 mmol .@x 10-3 mmol/mL in scCQ,
0.01 mmol/mL in ethanol); bl 4.0 MPa; temperature 5C; time 10 min.

A single phase (C®phase containing a mixture of dissolved butenediol
and H ) existed in scC@, while two phases (liquid (butenediol and
partial H, dissolved in ethanol)-gas ¢} in ethanol.



F. Zhao et al./Catalysis Today 93-95 (2004) 439-443 443

gas phase existed in the reactor and so the reaction was[3] V.H. Eugene, N.J. Westfield, US Patent 2953 605 (1960).
promoted by all the inner surface of the reactor wall. In [4] S:R. Elizabeth, W.D. Parsippany, US Patent 3950441 (1976).
ethanol, butenediol was dissolved in 10 mL ethanol, so that ! Z‘sghao' C. Wang, X. Hua, Chin. J. Petrochem. Technol. 22 (1993)
the effective surfgce area of the reactor wall is less than (] w. Leitner, Acc. Chem. Res. 35 (2002) 746.

one-forth of that in scC® (the total inner surface area of  [7] A. Baiker, Chem. Rev. 99 (1999) 453.

the reactor). (2) Higher hydrogen concentration in sgCO  [8] P.G. Jessop, W. Leitner (Eds.), Chemical Synthesis Using Supercrit-

due to the complete miscible ability of;Hvith scCQ. (3) o ijca[')F'GUids' Vvliclﬁyll\?/c\ll_'v, V‘C’ieilnheiz“'Blg_ig- Catal. Rev. S Eng. 45
The mass transfer (hydrogen transfer from gas to liquid [](2'00'3) el . TAndelen 4 Baler, et Tew. =6 =ne-
phase) resistance is eliminated in seCO [10] S. Kim, K.P. Johnston, Chem. Eng. Commun. 63 (1988) 49.
[11] Y. Ikushima, N. Saito, M. Arai, Bull. Chem. Soc. Jpn. 64 (1991)
282.

[12] S. Fujita, K. Yuzawa, B.M. Bhanage, Y. Ikushima, M. Arai, J. Mol.
Catal. A: Chem. 180 (2002) 35.
. . . [13] M.A. Carroll, A.B. Holmes, Chem. Commun. (1998) 1395.
Butynediol hydrogenation promoted by stainless steel [14] D.J. Darensbourg, N.W. Stafford, T. Katsurao, J. Mol. Catal. A:
reactor wall has been investigated in s¢gC& well as in Chem. 104 (1995) L1.
organic solvents in the absence of any catalysts. The con-[15] M. Super, E. Berluche, C. Costello, E. Beckman, Macromolecules
version depends on not only the total pressure but also the 30 (1997) 368.

nature of reaction medium Among the organic solvents ex- [16] J.W. Rathke, R.J. Klingler, T.R. Krause, Organometallics 10 (1991)
’ 1350.

amined, higher selectivity to butanediol appeared in ethanol; [17] D. Koch, W. Leitner, J. Am. Chem. Soc. 120 (1998) 13398.
however, the selectivity to butanediol is much higher in [18] S. Fujita, S. Fujisawa, B.M. Bhanage, Y. Ikushima, M. Arai, New
scCQ than in ethanol at 100% conversion. Higher concen- J. Chem. 26 (2002) 1479.

tration of hydrogen dissolved in the scg€blvent has been [19] G. Jenzer, M.S. Schneider, R. Wandeler, J. Catal. 199 (2001) 141.

. . . . [20] W. Leitner, Angew. Chem. Int. Edit. Engl. 34 (1995) 2207.
considered to be a reason for Improving the reaction rate. [21] F. Zhao, Y. Ikushima, M. Chatterjee, O. Sato, M. Arai, J. Supercrit.

4. Conclusions

The total conversion increases with increasing »Csnd Fluids 27 (2003) 65.
H, pressures. However, selectivity to butanediol showed a[22] F. zhao, Y. Ikushima, M. Shirai, T. Ebina, M. Arai, J. Mol. Catal.
maximal value at ki 4.0 MPa. Butenediol hydrogenation in A: Chem. 180 (2002) 259.

a single scC@phase is about four times faster than that in [23] F. Zhao, Y. Ikushima, M. Chatterjee, M. Shirai, M. Arai, Green

. . Chem. 5 (2003) 76.
ethanol. This may be due to effective contact between the[24] B.M. Bhanage, Y. Ikushima, M. Shirai, M. Arai, Catal. Lett. 62

reactor wall and the reaction mixture, larger hydrogen con- (1999) 175.
centration and absence of mass transfer resistance inyscCO [25] F. Zhao, R. Zhang, M. Chatterjee, Y. Ikushima, M. Arai, Adv. Synth.
Catal. 346 (2004) 661.
[26] F. Zhao, Y. lkushima, M. Arai, Green Chem. 5 (2003) 656.
[27] B.M. Bhanage, S.S. Divekar, R.M. Deshpande, R.V. Chaudhari, J.
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