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Abstract

First kinetic results are presented for the gas—slurry methanol-higher alcohol synthesis from CO/CO,/H, (syngas) over a
Cug 4420 43Alg 12Cs 031 catalyst (particle size: 50-75 um), slurried in n-octacosane. Experimental conditions varied as follows:
pressure = 20-80 bar, temperature =473-573 K, H,/CO ratio in the feed = 0.53-3.38, mole fraction CO, in the feed =0.026-
0.037 and space velocity =0.065X 107°-1.395X 10* Nm® s~' kgg!. Methanol was the major product. Further, higher 1-
alcohols, 2-methyl-1-alcohols, methyl esters, n-paraffins, CO, and H,O were formed. In contrast to observations in a gas—solid
system, formation of 2-methyl-n-paraffins was negligible. From the same model, proposed earlier for the gas—solid systems B.B.
Breeman et al., Chem. Eng. Sci., 49, 24A (1995), the product distributions of the alcohols, the paraffins and the methyl esters
could be predicted with average relative deviations of 5.9%, 7.8% and 1.6%, respectively. The presence of n-octacosane as a
slurry liquid appeared to affect substantially both the product distributions and the values of the model parameters relative to the
corresponding gas—solid system.

1. Introduction bar, T=473-573 K). The following overall reac-
tions play a role:
A methanol-higher alcohol mixture can replace

i 3 methanol synthesis:
tetraethyl lead as an octane booster in gasoline.

Alternatively, it may substitute gasoline to the CO +2H, « CH,0OH (1)
benefit of the environment and, where natural gas
is present, to the benefit of a country [1]. The CO, + 3H, <> CH,0H + H,0 2)

higher alcohols are required to prevent separation
of methanol from gasoline in cold weather [2].

With a suitable catalyst, methanol and higher water-gas-shift reaction:
alcohols can be produced simultaneously from a
CO/CO,/H, mixture (syngas) via similar proc- CO+H,0«CO,+H, (3)

esses as in use for the methanol synthesis
(gas-solid or gas—slurry processes [3,4]), also at hicher alcohol .
o thesis:
similar pressures and temperatures (P =10-100 81T alconor synthests

nCO+2nH,CH,,, OH+ (n—1)H,0O (4)
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Additionally, other overall reactions for the higher
alcohol formation and many side reactions [5]
may also be important.

In the conventional gas—solid processes for the
methanol synthesis, syngas is passed through a
fixed-bed of catalyst particles, implemented either
in an adiabatic quenched bed reactor system [6]
or a cooled multi-tubular reactor system [7]. In
the gas-slurry process the syngas is passed
through a slurry of small catalyst particles sus-
pended in an inert, high-boiling liquid. For the
methanol synthesis Sherwin and Frank [8] and
Sherwin and Blum [9] claimed such a gas—slurry
process to have the following advantages relative
to conventional gas—solid processes:

— excellent temperature control,

- no diffusion limitations,

— low pressure drop over the reactor,

— low gas recycle ratio,

— efficient energy economy.

In addition, much higher syngas conversions per
pass (up to almost 100%) can be achieved for the
methanol synthesis by stripping product from a
recirculating liquid or slurry stream [10]. The
discussed advantages might also be important in
the methanol-higher alcohol synthesis.

In general, the presence of the liquid can effect
the intrinsic reaction rates of a heterogeneously
catalyzed reaction by [11]:

(1) competitive adsorption of the liquid on
active catalyst sites,

(2) significant intermolecular interactions
between the liquid and the adsorbed reactants,
products and intermediate species.

In addition, the presence of a liquid can also affect
the catalyst aging (3) [11]. Effect (1) always
decreases the reaction rate. Effect (2) can be of
importance in case of weakly adsorbed surface
species, because then the intermolecular interac-
tions between the liquid and the surface species
are relatively high and might affect the reaction
rate. Of interest here are the studies of Sattersfield
and Stenger [11] on the gas-slurry Fischer—
Tropsch synthesis over a reduced fused magnetite
catalyst, suspended in various liquids, and the
studies of Graaf et al. [3,4] on the low-pressure

gas—solid and gas—slurry methanol synthesis over
a commercial Cu/ZnO/AlL, O, catalyst. Satters-
field and Stenger [11] observed the reaction rate
for CO+H, conversion to be about two times
higher in phenanthrene than in n-octacosane or in
triphenyl methane, whereas in the latter two lig-
uids this reaction rate turned out to be almost equal
to that observed in a gas—solid system. Also, Graaf
et al. [3,4] observed that the addition of a liquid
phase (squalane) significantly affects the various
kinetic parameters of the methanol synthesis reac-
tion rate equations. As a result, methanol forma-
tion from CO, appeared to be the dominant
reaction in the gas—slurry system, whereas most
methanol is formed from CO in the gas—solid
system. Furthermore, the reaction rate of the
water-gas-shift reaction (3) appeared to be sig-
nificantly lower in the gas—slurry system. In case
of reactions, the selectivities can also be affected
by the presence of a liquid because of intermole-
cular interactions between the liquid with the sur-
face species (effect (2)) and/or with the various
catalyst sites (effect (1) ). For example, Satters-
field and Stenger [ 12] observed higher oxygenate
selectivities below 523 K in phenanthrene than in
octacosane and triphenyl methane. In contrast, the
olefin:paraffin ratios appeared to be hardly
affected by the type of liquid. Apparently, the
chemical nature of the applied slurry liquid gives
an extra parameter to control reaction rates and
selectivities in gas—slurry systems relative to gas—
solid systems.

In a previous study [13] we reported on the
kinetics of the gas—solid methanol-higher alcohol
synthesis over a Cs-promoted Cu/Zn/Al,0O; cat-
alyst. A new model (PDMCuZn model; Product
Distribution Model for synthesis gas conversion
over Cu/Zn-based catalysts) proved to be supe-
rior to all available literature models [14-16] in
predicting the experimental product distributions
of both the alcohols and the methyl esters. In addi-
tion to the existing models, this model also
includes the simultaneous formation of hydrocar-
bons satisfactorily. The PDMCuZn model is based
on the reaction network shown in Fig. 1. See Ref.
[13] for the distribution equations of the
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Fig. 1. Reaction network for methanol-higher alcohol synthesis and simultaneous hydrocarbon and oxygenate formation from CO/CO,/H,
over Cu/ZnO-based catalysts. For simplicity, termination reactions resulting in gas phase products are given for the various types of C, and C,
precursors only. For all C,. precursors, including the branched 2MeC,, precursors, the termination reactions are the same as for the related C,

precursor.

PDMCuZn model. The parameters in the distri-
bution equations (L', L, Bi, A, ), @, tuc, inc> P’
and p) represent ratios of pseudo first-order
kinetic rate constants (for example: L=k, / ki)
and are therefore pressure, temperature and com-
position dependent [ 13]. As a result, their values
have to be determined for each experiment indi-
vidually. A liquid may affect the rates of the var-
ious surface reactions, see above, and thus the
parameters of the PDMCuZn model. However, the
reaction mechanisms usually remain the same for
the gas—slurry system and for the gas—solid system
[3,4,12]. Therefore, the PDMCuZn model prob-

ably also holds for the gas—slurry system of this
study.

Various authors have reported product distri-
butions for methanol-higher alcohol synthesis
over Cu/ZnO-based catalysts in gas—solid reac-
tors [ 13,15-22]. However, as far as we know, no
kinetic data are available to date for methanol-
higher alcohol synthesis over a Cu/ZnO-based
catalyst in gas—slurry systems, despite its poten-
tial, see above. Therefore, the aim of this study is
to present initial kinetic data for gas—slurry meth-
anol-higher alcohol synthesis over a Cs—Cu/
Zn0O/Al,O5 catalyst, including the simultaneous
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formation of hydrocarbons and methyl! esters. A
further aim is to test the adequacy of the
PDMCuZn model to predict the experimentally
observed product distributions. Finally, the influ-
ence of the liquid (n-octacosane) on the product
distributions and the various model parameters is
discussed.

2. Experimental
2.1. Experimental set-up

The present study was carried out in the same
well-mixed, gas—slurry reactor used by Graaf et
al. [4]. A detailed reactor description is given in
Ref. [4]. The reactor was filled with a slurry of
25.6 g of crushed Cs-promoted Cu/ZnO/AlL0;
catalyst pellets (50 um <d,<75 um) in 128.8 g
n-octacosane (purity >99%), which was kept in
batch during the experiments. The catalyst was
the same as that used in the previous gas—solid
study (composition; Cug 44Zng 43Al0 12Cs0 031; S€€
Ref. [13]). Both the slurry and gas section of the
reactor were continuously stirred mechanically at
a speed of 20 rev s~'. As verified both experi-
mentally and theoretically, a stirring speed of 20
rev s~ ! is sufficient to achieve a perfect mixing of
gas and slurry, adequate suspension of the solid
particles (see also Ref. [ 5]) and to avoid any heat
and mass transfer limitations between the gas and
liquid and between the liquid and catalyst particles

Table 1

for the present system under all conditions
applied.

The gas—slurry reactor was placed in the same
experimental set-up as applied earlier to study
gas—solid kinetics [ 13]. For a detailed description
of the experimental set up, see Ref. [13]. For
details on the applied Gas-Solid Chromato-
graphic (GSC) analysis, see also Refs. [13,23].

2.2. Experiments

Before starting the experiments, the catalyst
was reduced with a 5 mol-% H,/95% mol He
mixture, passed through the reactor with a flow of
0.1X 1073 Nm® s~! at 3 bar. Immediately after
starting the reduction procedure, the reactor tem-
perature was increased with a rate of 1/60 K s~}
from 293 K to 513 K. The temperature was kept
at 513 K until the water fraction in the reactor
outlet flow dropped below the detection limit
(after + 10 hours), indicating a complete reduc-
tion. Subsequently, the standard syngas feed 1
(see Table 3) was fed for 4 days at the following
conditions: ¥{"=0.33X1072 Nm® kg5 s7',
T=513 K and P=40 bar. After this period, the
composition of the product stream became con-
stant and the experimental program could be
started.

Table 1 gives an overview of the experimental
conditions applied. The purities of the compo-
nents, from which the syngas feed was pre-fabri-
cated, were: H,>>99.999 mol-%, CO>99.0

Experimental conditions for the kinetic gas-slurry experiments. Slurry: 25.6 g crushed Cs—Cu/Zn0/ AL,O; catalyst (50 um <d,<75 um)

suspended in 128.8 g n-octacosane

Feed number Composition feed P T 10° PPt/ W,,°
(bar) (K) (Nm?s~! kg;,‘)
Yco Yo Y,

1 0.375 0.0371 0.588 +40 +513 +0.37

1 0.375 0.0371 0.588 20.1-79.5 511-571 0.065-0.38

2 0.405 0.0315 0.563 20.0-59.7 472-570 0.068-1.19

3 0.220 0.0369 0.743 19.9-59.7 471-571 0.070-1.21

4 0.479 0.0261 0.495 39.9-59.8 531 +0.37

5 0.517 0.0335 0.450 39.9 471-570 0.082-0.38

6 0.636 0.0259 0.338 399 471-570 +0.37

® Reference conditions for standard experiments.
bm?s~! kg at 1 bar, 20°C.
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mol-% and CO,>99.999 mol-%. A ‘standard’
experiment (see also Table 1) was repeated peri-
odically to determine the catalyst deactivation pat-
terns. After changing the experimental conditions,
a certain time interval was required to re-establish
steady-state conditions. Assuming both the gas
and liquid phase to be ideally mixed and no gas—
liquid mass transfer limitations to be present, the
time required to approach a new steady-state
within 1%, 7*P, follows from:

oo g LOIBXI0(PV+mPV,)
: RTER" X Cg

with V; and V= the volumes of gas and liquid
in the reactor, P=reactor pressure (bar),
@ = volumetric flow at 1 bar and T=293 K
(Nm® s71), Cs=the gas phase concentration
(mol m™?) at 1 bar and T=293 K and m;= gas—
liquid solubility (Cy/C;g). 15 strongly depends
on m;. To restrict the required experimental time,
°*P was always taken equal to £{*® calculated for
n-pentanol with, for other reasons [13], a mini-
mum value of 6 hours. After such a period the
reactor was stationary for (2-methyl-)1-alcohols
with n <5, (2-methyl-)n-paraffins with n <7 and
all other components with a lower gas—liquid sol-
ubility as n-pentanol, including CO, CO,, H, and
H,0. See Ref. [24] for the relevant m; values.

(5)

3. Results and discussion

43 kinetic experiments, including 6 ‘standard’
experiments, were carried out in a period of 37
days, giving the following set of data: P, T, @%",
y; (i=H,, CO, CO,, ...). See Ref. [5] for all
experimental data. The liquid phase fugacities
could be calculated from these data as follows (no
mass transfer limitations):

fo=fic=yipcP (6)
with the gas phase fugacity coefficients ¢, in Eq.
(6) following from the Soave—Redlich—-Kwong
equation of state [25].

The most remarkable difference between the
present gas—slurry experiments and the previous

gas—solid experiments [13] is the negligible for-
mation of 2-methyl-n-paraffins, indicating a
negligible dehydration of alcohols (reaction path
k. in Fig. 1).

The nine relevant parameters of the PDMCuZn
model, ie. L, L, By, A, &y, &, iuc, p’ and p, were
determined from the experimental data by mim-
imizing the y? function with the Levenberg-Mar-
quardt method [26]:

(PP —yi)?
xX’=Y 2 (D
i g
Here, y; is the ratio of the mole fractions of product
i and methanol in the reactor outlet flow:

yi= (®)
YcHsoH

o; was always taken equal to 0.05 y;*?, see Ref.
[13] for further details. Because an exact fit can
always be realized for nine data point only exper-
iments with at least ten data points were consid-
ered. The parameters tyc, fap and 5 were all set
at zero because of the negligible formation rates
of the corresponding products. Similar to Ref.
[ 13], the number of optimizing parameters could
be reduced whenever higher methyl esters, me-
thylformate, C5+ hydrocarbons and C,+ hydro-
carbons were not significantly present (a3, o, p
and p’, respectively, equal to zero). 4y and of
were calculated as described previously for the
gas—solid experiments [13].

The accuracy and the adequacy of the optimized
PDMCuZn model to predict the experimental
product distributions are expressed by the MARR
function and the relative standard deviation,
respectively:

N };t;xp_};{nod 1
MARR = E t—}_ﬁxp; N X 100% )]
N [oexp  omod 2 172
Yio — i 1
srel= [Z( y-‘?xp ) N—-m:l (10)

with the sums in Egs. (9) and (10) including all
model predictions: N=L}*N; and m=L}*°m,.
See Table 2 for the corresponding s, and MARR
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Table 2

Accuracies of the PDMCuZn model for the present gas-slurry study. For comparison, the corresponding accuracies for the gas—solid system are

also included [13]

Study MARR (%) * 5* N m
Alcohols Methyl esters Hydrocarbons

Gas-slurry 59 1.6 78 16 505 309

Gas-solid 6.7 4.1 9.8 22 764 479

® The model predictions for all experiments considered are included in Eqs. (9) and (10).

values. For comparison, the corresponding values
for the gas—solid experiments [ 13] are also given
in Table 2. Notice from the lower s, value of the
gas-slurry system that the PDMCuZn model is

RR
%

JEERECIY BRI SEIL B SR ETIT! AN SRR TTIT B

108 104 10° 102 10’ 1

(o)
YCH,0H

Fig. 2. Relative residuals, RR, of all PDMCuZn model predlctlons
as a function of the experimental relative mole fraction, y (a) o,

{-alcohols; (b) @, 2-methyl-1-alcohols; (¢) 0, n-paraffis; (d) V
methyl esters.

exp

slightly more accurate for the present gas—slurry
study. This is caused by improved model predic-
tions for the methyl esters and the hydrocarbons.
Figs. 2a—d show the relative residuals, RR:

JEXp
i

SEXp __ imod

RR= (;) X 100% (11)
of all model predictions from the PDMCuZn
model as a function of y;*® for various types of
products. The RR values for methyl formate are
not shown in Fig. 2d because these are always
zero (one optimizing parameter, o, for one data
point). Fig. 2a-2d shows the PDMCuZn model to
predict y7*? mostly within 15% and always within
50% without serious trends in the relative resid-
uals as a function of y;*P. The MARR values and
the optimal parameter values for all individual
experiments are given elsewhere [S5]. The maxi-
mal MARR value was only 14.3%.

The Fig. 3a—d show both experimental and pre-
dicted product distributions. For comparison, the
corresponding gas—solid data [ 13] are also shown
at similar experimental conditions. Again, the
accuracy of the model predictions proves to be
very good. Fig. 3a—d also shows that the slurry
liquid (n-octacosane) substantially affects the
product distributions. The 1-alcohol : 2-methyl-
1-alcohol ratios (n=4), the C, . : C, ratios for
1-alcohols (n>2), 2-methyl-1-alcohols (n>=4)
and n-paraffins (n>2) and the methane : meth-
anol ratio are all increased by the presence of the
liquid. Further, the absence of significant 2-
methyl-n-paraffin formation and the relatively
high methane : ethane ratios are specific for the
slurry system. Fig. 4a-b compares the various
gas-slurry model parameter values to the corre-
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Fig. 3. (a)—(d) Product distributions obtained in a gas—slurry system (this study: large symbols, solid lines) and in a gas—solid system ({13]):
small symbols, dashed lines). Symbols are experimental data. Lines are predicted from optimized PDMCuZn model. (i) Product distributions
of 1-alcohols (0) and 2-methyl-1-alcohols (®). (ii) Product distributions of n-paraffins (O) and 2-methyl-n-paraffins (). Experimental

conditions (H,/CO =yy,/yco at the reactor outlet) are shown in Table 3.

sponding gas—solid results [ 13]. Apparently, the
parameters L', B,, inc, tuc and p are most strongly
affected by the presence of the liquid, whereas p’,
L and A are less and o, and of are hardly affected.
Usually, the L’ values are lower in the gas—slurry
system. This, does not necessarily imply lower
ethanol : methanol ratios in the gas—slurry system
because, due to lower 8 values, C,— C; chain

Table 3

growth is also relatively slow in the gas—slurry
system. The relatively high 1-alcohol : 2-methyl-
1-alcohol (n>4) and C,,; : C, (n=2) ratios
obtained with the gas—slurry system also originate
from the lower B values. The different influence
of the liquid on L’ and on L supports the presump-
tion of Breman et al. [ 13] that different parame-
ters are needed forC, = C,andC,—C, ., (n=2)

Experimental conditions (H,/CO=yy,/yco at the reactor outlet) used in the experimental results shown in Fig. 3.

Figure System H,/CO P (bar) T(K) 10 I/ W, (Nm® s~ kgo')
3a Gas-solid 5.3 40 571 0.36
Gas-slurry 5.8 40 570 0.34
3b Gas-solid 0.5 40 491 0.37
Gas-slurry 0.5 40 494 0.33
3¢ Gas-solid 1.5 60 551 0.30
Gas-slurry 2.0 60 550 043
3d Gas-solid 0.5 40 530 0.36
Gas-slurry 0.5 40 528 0.34
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Fig. 4. (a)-(d) PDMCuZn parameter values of the gas—solid system,
p(G/S) [13], compared to the corresponding values obtained for
the gas—slurry system, p(G/S/L).

chain growth of the oxygenate precursors. This is
caused by both different mechanisms for C, = C,
(L') and C,—C, ., (L) chain growth and by a
significant contribution of the CO,/H, route to
methanol formation, Rey,oun(CO;), incorporated
inL' [13]:

-1
Dep (1 . Rcuson(coz))

k; Cc’l"

Ton
The second term between the brackets represents
the contribution of the CO, to methanol formation
relative to that of the CO/H, route. Graaf et al.
[4] also observed the contribution of the CO,/H,
route to be substantially increased by introducing
a similar liquid (squalane). This might explain
the relatively low L’ values observed in the gas—
slurry system, see Eq. (12), though a retarding
effect of the liquid on the C,»>C, (L') chain
growth rate relative to that of C,— C, ., (L) can
not be excluded either. The relatively high meth-

(12)

ane : methanol ratios for the gas—slurry system
originate from relatively high iy values whereas
the relatively higher values of p result in relatively
low slopes in the n-paraffin distribution plots for
n>2 (higher C,., : C, ratios). In contrast, the
lower ethane : methane ratios obtained in the gas—
slurry system follow from the relatively high val-
ues of p and the zero values of #¢. Possibly, the
zero (or negligible) values of ;¢ originate from
blockage of the active catalyst sites for this reac-
tion path by strong liquid adsorption. The different
influence of the liquid on p’ relative to p supports
the presumption of Breman et al. [13] that
C,—C,., (n=2) chain growth of the hydrocar-
bon precursors proceeds mainly via a different
reaction mechanism than C, — C, chain growth.
Competitive adsorption of the liquid on active
catalyst sites will reduce the reaction rates whereas
significant intermolecular interactions between
liquid and adsorbed species can either increase or
decrease reaction rates, depending on the temper-
ature and the type of liquid. The model parameters
in the PDMCuZn model represent ratios of surface
reaction rates. Therefore, it is complicated to
determine which of the above effects dominates
the observed changes in the model parameters.
However, Sattersfield and Stenger [11,12]
observed n-octacosane to have only a negligible
influence on the reaction rates in the Fischer—
Tropsch synthesis over a reduced fused magnetite
(Fe-based) catalyst, indicating both effects to be
negligible. In contrast, Graaf et al. [ 3,4] observed
a significant influence of a similar liquid (squal-
ane) on the various reaction rates in the methanol
synthesis over a Cu/ZnO/AlO; catalyst. The
observed methanol production rates were rela-
tively high in the gas—slurry system for < + 523
K and relatively low for 7> + 523 K. This behav-
iour suggests that liquid—adsorbed species inter-
actions are dominant over liquid adsorption on
active sites, because the latter is expected to be
most pronounced at low temperatures, see above.
These differences in the influence of a saturated
paraffin as a slurry liquid in the Fischer-Tropsch
and in the methanol synthesis might originate
from relatively strongly adsorbed surface species
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on typical Fischer—Tropsch catalyst [27]. Inter-
molecular interactions between liquid and
adsorbed surface species are thought to be more
significant for weakly adsorbed surface species
[11].

From the above discussion, we expect (1) com-
petitive adsorption of n-octacosane on active cat-
alyst sites to be negligible with our Cu/ZnQ/
Al,O;-based and (2) n-octacosane to affect sub-
stantially the selectivities and the related model
parameters via different liquid—adsorbed species
interactions. The latter suggests the chemical
nature of the slurry liquid to be an additional
parameter to control the selectivities in the gas—
slurry methanol-higher alcohol synthesis over
Cu/ZnO-based catalysts.

4. Conclusions

Initial data are reported on the kinetics of the
gas-slurry methanol-higher alcohol synthesis
over Cu/ZnO-based catalysts.

The PDMCuZn model, which proved to be the
best model for a gas-solid system, can also
describe the observed gas—slurry product distri-
butions with average relative deviations of 5.9%,
7.8% and 1.6% for the alcohols, n-paraffins and
methyl esters, respectively.

The presence of n-octacosane as a slurry liquid
appears to affect the product distributions sub-
stantially. Relative to the gas—solid system, the
gas—slurry system shows relatively high 1-alcohol
: 2-methyl-1-alcohol ratios (n>4), relatively
high C,,, : C, ratios for both the 1-alcohols
(n>=2), the 2-methyl-1-alcohols (n>4) and the
n-paraffins (n > 2), relatively high methane : eth-
ane ratios, relatively high methane : methanol
ratios and negligible 2-methyl-n-paraffin forma-
tion.

These differences are reflected by significantly
different values of the related PDMCuZn model
parameters for the gas-slurry system and the gas—
solid system and originate most likely from sig-
nificant intermolecular interactions between the
liquid and the adsorbed surface species.

The different influence of the liquid on the
PDMCuZn model parameters L' relative to L and
p' relative to p is in line with the appearance of
different reaction mechanisms for C, = C, chain
growth and C,—C, ., (n>2) chain growth for
both the oxygenate and hydrocarbon precursors,
as suggested previously [13].
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