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Abstract

Bifunctional catalysts consisting of copper, zinc oxide, andlumina have been produced by means of extrusion. The effects of for-
mulation and forming conditions on morphology, pore texture, and copper surface area are discussed. These extruded catalysts have bee
employed in the fixed-bed gas-phase conversion of dimethyl maleate at temperatures between 453 and 493 K and space velocities rang
ing from 0.2 to 2.4 hl. Copper catalyzes the hydrogenation and hydrogenolysis reactions yigldingyrolactone, and 1,4-butanediol.
y-Alumina provides weakly acidic sites which promote the subsequent dehydration of 1,4-butanediol to tetrahydrofuran. Coupled products
are methanol and water. Through choice of composition and pore texture of the extrudates it is possible to achieve tetrahydrofuran yields of
100% (basis the gproducts) at a low pressure (2.5 MPa) in a single stage.
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1. Introduction and from the corresponding dialkyl esters, e.g., dimethyl
maleate. The subsequent hydrogenation or hydrogenolysis
Tetrahydrofuran (THF) is an important solvent for many steps, respectively, are catalyzed by heterogeneous noble
polymers, and it is used as a monomer in the manufac- metal, nickel, or copper catalysts. Most existing processes
ture of polytetramethylene ether glycol (PTMEG), a precur- are carried out in three-phase slurry reactors at pressures
sor for polyurethanes, elastic fibers, molded elastomers, andoetween 5 and 30 MPa and temperatures between 420 and
copolyesters [1]. In view of the strongly growing markets for 570 K, and the preferred feedstock is the anhydride [5]. In
PTMEG, a doubling of the production of THF in the period contrast, a gas-phase process is feasible only with the dialkyl
between 1995 and 2004 has been forecasted [2]. esters of maleic acid as a feed because the boiling points
THF is obtained through the dehydration of 1,4-butane- of the anhydrides, in particular of the intermediate succinic
diol (BDO) in the presence of mineralic acid or acidic ion anhydride, are too high in the pressure range of interest. De-
exchangers. The major part of the BDO, in turn, is still spite the requirement of an additional esterification step up-
produced via the Reppe process [3] using acetylene andflow, a gas-phase process for the production of BDO would
formaldehyde as the feedstocks. New manufacturing routes,be very attractive because established fixed-bed reactor tech-
however, will be based on economically more attractive raw nology can be utilized, and lower pressures (between 2 and
materials. Among these, maleic acid anhydride, which is 7 MPa) can be applied. So far, only one gas-phase process
available from the direct catalytic oxidation efbutane or has been established by Davy McKee Ltd. [6] which consists
other linear G-hydrocarbons with air, will play a dominant  of two stages. A potential problem in gas-phase operation
role [4]. comprises fouling and plugging of the fixed-bed by poly-
As shown in the reaction scheme in Fig. 1, the forma- meric material [7,8]. The polymeric deposits (polyesters)
tion of BDO is possible both from maleic acid anhydride can be formed upotrans-esterification of dialkyl esters of
maleic or succinic acid with the product BDO.
T Correspondi We recently investigated the conditions at which fouling
ponding author.

E-mail address: bettina.kraushaar@ciw.uni-karlsruhe.de and plugging by the viscous by-products occur. Our results
(B. Kraushaar-Czarnetzki). indicate that the polyester formation is initiated by capillary
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Fig. 1. Scheme of the hydrogenation and hydrogenolysis reactions of maleic acid derivatives to GBL and BDO, and of the subsequent dehydration to THF.

condensation of reactants, in particular of BDO, in the pores of y-butyrolactone (GBL) to BDO is attained over AnO
of the catalyst. Condensation can be prevented by applyingcatalysts [8,9]. The subsequent dehydration of BDO to THF
high molar feed ratios of hydrogen to dimethyl maleate, i.e., plays a minor role because &ZnO does not exhibit suffi-
by dilution of the organic reactants. We calculated the min- cient acidity.
imum Hx/maleate feed ratios required for safe and stable In the catalysts reported here, the acid sites are provided
processing in a wide range of reaction pressures and tem-py y-Al,O3 which, in addition, acts as mechanically strong
peratures and validated these calculated limits by processingand porous binder for the embedded/ZnO particles. In-
experiments [9]. Hence, the single-stage gas-phase hydrodustrial CyyZnO catalysts [13—15] as well as those described
genation of dimethyl maleate in a fixed-bed reactor is a fea- in the literature are formed by pelleting. In contrast, our cata-
sible option. Depending on the pore-size distribution of the |ysts are formed by extrusion. Because the extent of com-
catalyst, however, the required dilution with hydrogen may pression and compaction is much lower in extrusion, the
be extremely high. resulting catalysts exhibit larger pores and a higher poros-
Here, we report on novel extruded catalysts with bifunc- jty, and they allow for a higher effectiveness factors in the
tional properties which provide a solution to this problem. conversion of dimethyl maleate when used in the sizes con-
In addition to the hydrogenating function, the catalysts com- yenijent for a technical fixed-bed reactor. To our knowledge,

prise weakly acid sites which catalyze selectively the de- this is the first report on the forming and application of
hydration of BDO to THF. Because BDO is consumed, cu/znO extrudates.

together with dimethyl succinate being the most critical
compound with respect to capillary condensation, and be-
cause THF exhibits considerablly Iqwer Antoilje constants ., Experimental
than the other greactants [9], it will be possible to ap-
ply much lower H/maleate feed ratios without running into
the regime of fouling by polymer formation. The other in-
teresting aspect of this catalyst represents the possibility of
producing THF from dimethyl maleate in a single ratherthan ~ The carbonate precursor of the catalyst was prepared
two stages, thereby using the most convenient, i.e., fixed-Py dropwise mixing of 1 M aqueous M@0z (Merck,
bed, reactor technology. purity > 99.9% m/m) solution with an aqueous solution
The catalysts used in our study contain copper and zinc containing 0.5 M, each, copper and zinc nitrate (Merck,
oxide (CyznO). The active sites for hydrogenation and CU(NGs)2 - 3H20, > 99.5% my/m and Zn(NQ)2 - 6H0,
hydrogenolysis reactions are provided by metallic copper. > 99.0% my/m) under vigorous stirring at 359 K and a con-
The role of ZnO as an adsorbent for succinic anhydride hasstant pH of 7. After cooling down, the precipitate was fil-
been elucidated recently by Herrmann and Emig who in- trated, washed several times with deionized water, and dried
vestigated the hydrogenation of maleic acid anhydride in at 353 K for 16 h.
the liquid (slurry) phase [10,11]. The gas-phase conversion To produce a paste for extrusion, the dried coppieic
of dimethyl maleate has been studied by Turek and co- carbonate precursor was mixed with boehmite (Sasol, im-
workers [8,12]. These authors found that the hydrogenolysis purities: FeO3 < 200 ppm, NaO < 50 ppm, SiQ <
of dimethyl succinate rather than the hydrogenation of the 250 ppm) and 22% rm water in a rheo-kneader (Poly-
double bond in dimethyl maleate is the rate-limiting step. drive, Haake) at a constant temperature of 293 K and a rotor
The corresponding rate coefficient can be related directly speed of 40 mint. Upon heating above 723 K, boehmite
to the copper surface area [12]. At conversions of dimethyl (AIO(OH)) undergoes a phase transitionteAl,03. The
succinate above ca. 80%, the temperature- and pressureproportions of metal carbonates and boehmite were chosen
dependent thermodynamic equilibrium in the hydrogenation such that the percentage) (of coppeyzinc carbonate pre-

2.1. Catalyst preparation
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cursor in the water-free extrudate according to dimethyl maleate (puritys> 95% nym) were fed into the re-
actor at a molar ratio of 250, a total pressure of 2.5 MPa,
¢ =100 (mcucq, + mzncoy) % (1) and hydrogen flow rates varying from 150 to 1000*¢min
(mcuco, +mzncoy +my-Al,05) (STP). The resulting residence timeg{g) ranged between

amounted to 25, 50, and 75%/m, respectively. Note that -8 and 13.5 sgem®, which is equivalent to space veloci-
symbols are explained at the end of this article. The pasteti€s (WHSV) between 0.2 and 2.4'h The reaction tem-
was transferred to a piston extruder and formed to cylin- Peratures ranged from 453 to 513 K. On-line analysis was
drical greenbodies (designation for ceramic bodies prior to Carried outon a Hewlett Packard 5890 Il gas chromatograph
heat treatment) with a diameter of 2 mm and a length of €duipped with a CP-Wax 52 CB column after pressure re-
about 400 mm. The greenbodies were dried at room temper-€2S€ and addition of nitrogen (purity: 99.996%m) as an
ature and cut into pieces of about 5 mm length. The particles'nt_e,mal standard. The mean deviation in the pr.oduct selec-
were transferred to a rotary kiln, heated at a rate of &g, tivities reported ranges front8% for low conversion levels
and calcined in air for 3 h at 823 K. At this stage, the metal [0 £4% for full conversion.
carbonates are transformed into the oxides, and the binder
particles build a strong matrix gf-alumina. . )

3. Resultsand discussion

2.2. Characterization
3.1. Morphology of the extrudates

The morphology of particles of the zijcopper carbon- Extrusion experiments were carried out with both the car-

te precursor w xamin means of nning electr . :
ate precursorwas exa ed by mea s of scanning elec 0qaonate precursor of Cu and Zn and the oxides obtained after
microscopy (Hitachi S-4500). The particle-size distribution S . e
calcination. In any case, the extrusion of the pastes was diffi-

of these precursor particles in aqueous suspension Comam_cult Many trials were necessary to identify the compositions
ing 1 g/L of solid was measured by means of laser diffrac- j y y P

. . . suitable to obtain stable and smooth extrudates, and these
tion (H9236, Sympatec Helos). Mercury intrusion (Auto- . ) ;

. o : .. compositions are reported in the experimental part. Eventu-
pore Ill, Micromeritics) was used to characterize porosities allv. the carbonate precursor was preferred as a raw material
and pore-size distributions of the finished extrudates. Prior to Y, b P

the measurements, the extrudates were dried for 2 h at 393 Kbgcause one at_:icﬁﬂonal calcination ste.p can be av0|de<_:i n
o this way. A decisive factor for the quality of extrudates is

The.specn‘lc copper surface areas were measured'by Mmeante rheological behavior of the paste. In the case ofADu

of nitrous OX'de.(MO) decomp03|t|on at atmosp.herlc pres- containing material, very small variations in the water con-

sure after reducing the CuO in the extrudates with hydrogentent (1% mym) result in dramatic changes in the rheo-
e 0 . . .

(purity: '99_99'94 n}lm): T.he reduction was carried out V\.”th logical properties. A low proportion of water results in a

3% Hy in helium (purity: 99.996% rmm) at a volumetric

fow e of 200 (STP. A raisng th emper. T 05, b0 P i o sty i oo
ature from 413 to 513 K at a rate of 20/K, the diluted P g :

hydrogen stream was replaced stepwise by pure hydrogenamount of water is too high, the greenbodies become fis-
within 1 h. Finally, the samples were cooled to 333 K in sured and scaly as soon as they leave the nozzle (Fig. 2a).

. . Most beneficial for extrusion is a plastic paste which does
pure hellur_n and_exposed to a flow of 100%min (STP) of not display viscous flow in the nozzle but rather undergoes
0.1% NO in helium. The copper surface areas were calcu-

lated from the consumed amount of nitrous oxide according deformation, thereby forming a thin liquid film at the wall
to the method described by Chinchen et al. [16]. which enables slipping (wall slip behavior). As shown in

2.3. Catalytic experiments

The catalytic experiments were carried out in a continu-
ous flow unit equipped with a stainless-steel fixed-bed tubu-
lar reactor and on-line gas analysis. The catalyst bed had a
diameter of 13 mm and a length of approximately 40 mm
and consisted of extrudates diluted with nonreactive silicon
carbide particles exhibiting a mean diameter of 0.5 mmin a
mass ratio of 2:1. Upflow, the reactor void volume was filled
with pure SiC particles in order to ensure a plug flow profile
of the feed when contacting the Catalys,t be,d' Prior to the ex,_ Fig. 2. Extruded strings produced from pastes containing boehmite, Cu-
periments, the catalysts were reduced in situ at atmospheriGung zn-carbonate. (a) Greenbody with surface defects, water content of the
pressure in the same way as described above for the meapaste> 22% nmym. (b) Smooth greenbody, water content of the paste
surement of the copper surface. Hydrogen and evaporated2% nym. (c) Extruded string after calcination.
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Fig. 2b, the resulting greenbodies are straight and exhibit
a smooth surface. Upon subsequent calcination, the color
changes from light greenish blue to brown because of the
transformation of CuCe@into CuO (Fig. 2c).
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3.2. Poretexture and strength

Log differential intrusion (ml/g)

b
=

Extrudates can be conceived as formed agglomerates of 1 10 100 1000 10000
small particles. During calcination, at least a part of the par- Pore diameter (nm)
ticles representing the framework will form interconnecting
solid bridges, be it by condensation reactions or by a certain Fig. 5. Effect of the kneading time of the extrusion paste on the pore-size
degree of sintering. The voids in-between the particles rep- distribution of the resulting, calcined extrudates witk: 75% nym.
resent the pores. Hence, porosity and pore-size distribution
of extrudates depend on the size distribution of the particles
representing the framework.

The boehmite particles used as a binder are of spherical
shape and exhibit a mean diameter of 45 nm. In contrast, the
particles of the Cyizn carbonate precursor are very large. As
shown in Fig. 3, the particles are large intergrowths of frag-
ile, plate-like crystals. Accordingly, the particle volume-size
distributiongs (i.e., the derivative of the cumulative volu-
metric size distribution as a function of the equivalent diam-
eter) of the material is characterized by a bimodal population
(Fig. 4). The major part of the particles exhibits a mean di-
ameter of 16.4 um. The second peak in the size distribution
resulting from particles of 2—3 um is probably originating
from fragments of the intergrowths.

When extrudates are formed from such a material to- Fig. 6. Torque at the rotors of the kneader at a constant rotor speed of
gether with binder particles of much smaller size, a pore-size 40 min~1 as a function of the kneading time for three paste compositions
distribution with three size maxima can be expected. This is (equal masses).
shownin Fig. 5 for three calcined extrudates of equal compo-
sition (¢ = 75% nmym). The smallest pores (6 nm) predomi- to smaller particles and fragments. As a result, the size of
nantly represent the voids between the binder particles. Thethe macropores in the extrudates shifts to lower values with
two types of macropores stem from voids betweenZ3u increasing kneading time.
oxide particles. The difference between the samplesrefersto  Obviously, the pore-size distribution in the extrudates
the duration of kneading prior to extrusion. With increasing must also depend on the solid composition because the re-
kneading time, i.e., mechanical energy input, a larger por- spective particle sizes differ so much. In Fig. 6, three knead-
tion of the intergrowths of the carbonate precursor is broken ing diagrams are depicted which were produced with equal
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2.0
G R R Table 1 y - N
= R 1o —u 1 Effect of paste composition and kneading time on the porosity of finished
- R €=25%| (calcined) extrudates
5§15 —+—++ + P s . — 509 [ — — -
B o = ST Sample designation c Kneading time Porosity
2 (N (R (% m/m) (min) (% v/v)
= o 11
<10 ey i 25/2 25 2 7.7
_g [ (NRRY 25/10 25 10 64.0
5 P it 25/20 25 20 60.6
5 4 b 50/10 50 10 67.0
5 0.5 —— P 50/20 50 20 66.2
o [ 1 50/60 50 60 63.8
S L 75/5 75 5 71.7
0.0 75/10 75 10 71.3
1 10 100 1000 75/60 75 60 68.8
Pore diameter (nm)
Fig. 7. Effect of the paste composition on the pore-size distribution of the Cu/ZnO pure _b‘
resulting, calcined extrudates after equal kneading times of 10 min. Light 25 (not extruded)
gray line: sample 2810, dark gray line: sample 30, and black line: sam- 5 20
ple 75/10 (see Table 1 for the designation). ‘é 15
> 10 extrudates
5] .
masses of pastes containing equal amounts of water, but dif- a . =" 48
fering in the concentrationc] of Cu/Zn carbonate. This 0 ,-———l—’”" . . .
diagram is useful because the input of mechanical energy is 0 20 40 60 80 100
represented by the area below the curves, i.e., the time inte- Percentage ¢ (% m/m)

gral of the torque at the rotors of the mixer at constant rotor
speed. It indicates that pastes containing a high amount ofFig. 8. Copper surface area of the extrudates as a function of th&nCu
binder are exposed to higher shear forces than pastes wittfontent
less binder and a higher value ©ofvhen mixed at the same o o
rotor speed. The corresponding mercury intrusion plots of conditions on the applicability of catalysts in Ir?dl:JStI’Ia|-.SIZE
the calcined extrudates (kneading time 10 min in all cases) reactors. We will devote more research to this issue in the
are shown in Fig. 7. Large macropores are present only if near future.
the solid content of C{Zn carbonate in the paste amounts
to 50% or higher. Again, it can be seen that the size of the 3-3. Copper surface and activity
macropores shifts to lower values with increasing energy
input. In contrast, mesopores dominate when the amount As shown in Fig. 8, the copper surface area of the ex-
of binder is high, both because the small binder particles truded catalysts linearly increases with increasing copper
are prevailing and because the high shear forces result in scontent. In the same graph, we have also added the copper
more pronounced breakdown of the &m carbonate parti- ~ surface area of pure, nonextruded/ZnO. This compari-
cles. son indicates that the magnitude of the copper surface area
Porosities of a selection of finished extrudates are sum- iS negatively affected by the catalyst formulation and form-
marized in Tab|e 1. In accordance W|th the previous dis_ |ng On the baSiS Of earlier resu|tS reported by SChlander and
cussion it can be stated that the porosity decreases with in-Turek [8], one should expect that the activity of the cata-
Creasing proportion of Sma” partic'es in the framework Of |yStS in the ConverSion Of d|methy| maleate fO“OWS the same
the extrudate which are either added as such or which aretrend as the copper surface area. The following proportional-
produced by input of energy upon kneading. ity should hold for equal modified residence time and equal
A qualitative inspection of the mechanical properties by teémperature:
manual _breakmg or squeezing c_>f tr_]e extrl_Jdates revealed_ln(l_ X) o Scu. 2
that their strength increases with increasing amount of
y-alumina. In addition, the kneading time has a pronounced However, as shown in Fig. 9, our results indicate that the
effect. For instance, sample B8D obtained with a knead- extruded catalysts are much more active than would be ex-
ing time of 60 min exhibits a bulk crush strength (according pected from the low values of their copper surface areas,
to the American standard ASTM D 4179) of 79.6 N, indi- this discrepancy being most pronounced at temperatures of
cating excellent suitability for application in a large-scale 473 K or higher. It is important to note that the data of pure
fixed-bed reactor. In contrast, the same paste compositionCu/ZnO stem from tiny particles, (crushed pellets) with di-
after 5 min kneading time yields extrudates with an insuffi- ameters ranging from 200 to 315 pum. Here, a negative effect
cient bulk crush strength of 7.1 N. These few data can only of diffusional limitations can be excluded. The extrudates,
give a flavor of the strong impact of formulation and forming in contrast, were all used in full size, i.e., with lengths of
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6.0 1_O25/10 | | oy
50 | @501 | . > 06
= 1 |m7510 ‘ - = 453K 473K
X404+ : i ° 044 — — - _ _ __ = @ _ _
= ‘ Cu/ZnO pure 2 ~
£ 30— & S ©
' | 2 RSN PR S VSRS R
2.0 I 1 02 + = o
i | E
1.0 - | -
Il | u= |
0.0 L ‘ - 0 05 1
3.57 7.14 342 684 3.28 6.56 Conversion X (-)
Residence time ty,,q (g*s/ml) (@
1.0
Fig. 9. Conversion of dimethyl succinat® {,5jeate= 100% in all cases) as e 4 ¢
) ) 4 . . 493 K
a function of the residence time for three reaction temperatures. Full-size 48
extrudates of sample 280, white bars; sample 3Q0, gray bars; and sam- _~ T~~~ T 7
le 75/10, black bars. P @nO particles of diameter 200 to 315 pm, =
ze % ack bars. Pure QZnO particles of diameter 0 pm é osl ____ —pn S
quared bars. e
£ 453 K 473K
3
5 mm and diameters of 2 mm. It is the presencg-@umina ]
which results in an enhancement of the DMS conversion.
This effect is not to be ascribed to a hydrogenating function

of this binder, but presumably to the fact that the hydrogena- ' 0 05 1

tion products GBL and BDO are rapidly withdrawn from Conversion X (-)

the respective equilibria becaugealumina boosts the rate (b)

of the subsequent dehydration. 10 Py
Also within the series of full-size extruded catalysts, there 493 K-

is no linear correlation between the activity (here expressed 084+ -——-—-—-—-—-—-—-—-—-— %

as—In(1 — X)) and the copper surface area. Fig. 9 shows O

that the extrudates with the highest copper surface area (sam- 2 DB = = 070 ********

ple 7510, c = 75% nym) display almost the same activ- s 453 K 473K

ity as those exhibiting medium copper surface area (sample E g = = e ke

50/10 withc = 50% mym). Tests carried out with extrudates ) o2 b ____A

of equal composition and different pore texture indicated

that the reaction rates are limited by pore diffusion when the 0.0 i

proportion of macropores is low. These preliminary results 0 05 1

show that the apparent kinetics are influenced by the pore Conversion X (-)

texture, and that the intrinsic activities of the extrudates are (©

a function of both the copper surface area and the prOportionFig. 10. Selectivity to @-products versus dimethyl succinate conversion at
of y-alumina. A detailed kinetic analysis will be required, 453, 473, and 493 K ang = 2.5 MPa. Circles, THF; triangles, GBL; and
first in the absence of transport limitations (crushed extru- squares, BDO. (a) Catalyst sample/ 26, (b) sample 5010, and (c) sample
dates), and subsequently using extrudates exhibiting differ- 7%/10-
ent sizes and pore textures, to characterize quantitatively the
effect of mass transport in extrudates. We will report on this of the G-products according to
work in the future. S — XiCy 3)
D XiCy
without taking the coupled production of methanol and wa-
ter into account. In Fig. 10, the integral selectivities to
The G-products formed over our catalysts are GBL, C,-products obtained at three different temperatures are de-
BDO, and THF. Fouling by polyester deposition was not picted. The experiments were carried out with the cata-
observed. Other unwanted by-products such as 1-butanol ollyst samples 2510, 5¢/10, and 7310 (see Table 1 for
carbon dioxide were formed in negligible traces only, and the designation). In all cases, the THF selectivity increases
the carbon mass balance was validated (£0®%) in the with increasing conversion (i.e., increasing residence time)
experiments reported here. Hence, it is possible to define theand temperature. Because THF is produced in the acid-
integral (reactor) selectivity on the basis of molar fractions catalyzed dehydration of BDO, the amount of weakly acidic

3.4. Catalyst selectivity



SP. Miller et al. / Journal of Catalysis 218 (2003) 419-426 425

choice of particle size of the powders used, and by the in-
T 081 OGBL put of mechanical energy during formulation. It will be a
7 OoBDO challenging task in the future to analyze quantitatively the
2 051 B THF interaction among the activities of hydrogenation sites, acid
> . . . .
E 044 sites, and the diffusional properties of extruded catalysts, and
% to adjust the balance between these properties for a desired
0 0.2 activity and product distribution.

0 B

CwZnO pure extrudate 50/10
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, surements of the bulk crush strengths according to standard
y-Al203 in the catalyst also has an effect. As can be seen ASTM D 4179.

in Fig. 10c, BDO is released only when the catalyst contains
a low amount ofy-Al,03 (sample 7310). Higher concen-
trations of y-Al,0g3 result in a complete consumption of

BDO. Appendix A. Symbolsand abbreviations
To illustrate more clearly the effect of the acidic binder, a
comparison is made in Fig. 11 between a catalyst consisting. concentration of Cu- and Zn-carbonate in water-
of pure CyZnO and the alumina-bound extrudates B0. free extrudates; see Eq. (1).
The selectivities to gproducts are plotted for the same con- ;. mass of specieis
version of X = 98% at 493 K. The molar ratio BDO:GBL pressure, Pa.
produced over pure QZnO approximately equals the ther- g copper surface area, 21y.
modynamic equilibrium value at this temperature and pres- g. reactor selectivity to & product species; see
sure. Because of the relatively high temperature, a small Eq. (3).

amount of THF is formed as well. However, the dehydration
does not disturb the equilibrium between GBL and BDO. In
contrast, this equilibrium is completely shifted toward BDO
because its subsequent dehydration is strongly accelerated
when the alumina-bound catalyst is applied. This result is

of technical importance because it means that the formationWHSV
of THF is not thermodynamically limited by the pressure-
dependent equilibrium reaction of GBL to BDO. Hence,

very low reaction pressures can be applied in a single-stage
process.

temperature, K.

fmod modified residence time, gem®; defined as the ra-

tio of the catalyst mass (basis: total mass of the

calcined extrudates loaded into the reactor) to the

total volumetric flow at reaction conditions.

weight hourly space velocity, #; defined as the

ratio of the mass flow of dimethyl maleate into the

reactor to the catalyst mass (basis: total mass of the

calcined extrudates loaded into the reactor).

Xi.Cy molar fraction of G product species.

X conversion of dimethyl succinate (conversion of
dimethyl maleate is 100%).

GBL  y-butyrolactone.

We have demonstrated that it is possible to produce THF BPO  14-butanediol.
yields of 100% from dimethyl maleate in a single stage by THF  tetrahydrofuran.
using a fixed-bed of G(ZnO extruded withy-alumina as a
binder. The reaction pressures can be very low as compared
to the two-stage process via BDO because the hydrogenatiorReferences
equilibrium between the intermediates GBL and BDO is not
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