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Higher alcohol synthesis (HAS) from syngas over a Cu—Co based catalyst was investigated under supercritical hexanes
conditions. The effects of hexanes/syngas molar ratio, H,/CO molar ratio, and gas hourly space velocity (GHSV) on
gas-phase HAS and supercritical hexanes-phase HAS (SC-HAS) were investigated. The CO conversion remained rela-
tively constant with increases in the hexanes/syngas molar ratio, whereas the CH, selectivity decreased. Higher alcohol
productivity was found to increase monotonically with an increase in the hexanes/syngas molar ratio. Productivity of
higher alcohols increased with an increase in the H,/CO ratio under the gas-phase conditions. An opposite trend in
higher alcohol productivity with H,/CO was observed in SC-HAS. Further experiments were performed using argon as
the reaction medium for comparison with the supercritical hexanes medium results. The enhanced higher alcohol pro-
ductivity observed in this system can be attributed to improved extraction of alcohol products from the catalyst pores
under the supercritical conditions. © 2014 American Institute of Chemical Engineers AICAE J, 60: 1786-1796, 2014
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Introduction

The synthesis of higher alcohols represents a promising
pathway for the utilization of synthesis gas (a mixture of CO
and H,, referred to as syngas) to create liquid fuels and/or
fuel additives."”” The driving force behind the research that
focuses on the use of syngas as a fuel production platform is
that syngas can be derived from various carbonaceous sour-
ces, such as coal and biomass, which are either abundant or
renewable. 36810 Although, the process of converting syngas
to alcohols has been under development for nearly a cen-
tury,>'"'? from a practical point of view, it still suffers
from low selectivity toward higher alcohols.'”"'*'* To meet
the practical requirements of industry, numerous studies
have been devoted to the investigation of higher alcohols
synthesis (HAS) over the past 30 years,2’3’15_26 including the
development of modified catallysts,zo‘22’27_29 the utilization of
double bed reactors*>~® and so forth.

The first use of a Cu—Co based catalyst was reported by
IFP (Institute Frangais du Pétrole), who then further claimed
a number of patents on Cu—Co based catalysts.*' > It is
believed that Co dissociates CO and hydrogenates those
resulting surface carbon species into hydrocarbons, and Cu
assists in nondissociative activation of CO.?*** The idea of
combining Co and Cu is intended to promote adsorption of
molecular CO on the Cu, which terminates the carbon chain
growth that occurs on the Co, thereby leading to higher alco-
hols. Cu—Co catalysts have been reported to suffer from
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deactivation caused by coke deposition, separation of Co
from the originally homogeneously distributed Co and Cu
phases, loss of cobalt as carbonyls, and formation of surface
carbides.®® Tt has also been found on CuO/Co0/Zn0O/Al,05
catalysts that the tendency for methanation was high when the
reaction temperature was over 290°C.** Difficulties were also
found in thermally controlling start-up of the reactions.*® Fur-
thermore, the selectivity toward alcohols has been found to be
highly dependent upon the preparation and temperature-
dependent activation procedures.35 As discussed below, super-
critical reaction media can provide certain advantages relative
to gas-phase operation in terms of maintaining thermal uni-
formity. Therefore, better temperature control during start-up
and continuous operation of these Cu—Co catalyst systems
can be achieved and it has been shown that the supercritical
fluid (SCF) media can improve the performance of similar
exothermic catalytic reactions.>*%

SCF have been recognized as a unique medium for hetero-
geneous reactions, offering single phase operation, a tunable
density between typical liquid-like and gas-like densities, as
well as gas-like diffusivity. These properties can provide
enhanced mass transfer and heat transfer, help to eliminate
mass transport limitations, integrate reaction and product
separation processes, and enhance in situ extraction of low
volatility products from porous catalysts.*** The utilization
of supercritical media in Fischer—Tropsch synthesis (FTS)
has been developed for more than 20 years.*®*'***5 It has
been shown that the presence of supercritical media provides
several advantages in FTS as listed below:

1. SCF media provide improved heat transfer relative to
gas-phase operation, thereby better managing the large
exotherm of FTS.***!

2. SCFs can increase the in situ extraction of heavy prod-
ucts in supercritical FTS.*!434¢
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3. The catalyst effectiveness factor and pore accessibility

increase with pressure in SCF media.**™*°

4. The selectivity toward o-olefins is enhanced under SCF

ope:raltion.47’48

5. Optimal operating conditions exist when there is a fine

balance between the effects of SCF bulk diffusion ver-
sus pore diffusivity within the SCF depending on the
temperature and pressure used.*’

HAS represents another highly exothermic reaction that
could benefit from the advantages provided by supercritical
reaction media. Jiang et al.*’ investigated the influence of a
mixture of C;;—C,3 alkanes as SC reaction media in HAS
over a Zn—Cr—K catalyst and found that the selectivity
toward ethanol, n-propanol and isobutanol was raised and
that the selectivity toward methanol was decreased. To the
authors’ knowledge, there is no literature to date that reports
the performance of Cu—Co catalysts under the influence of
supercritical reaction media for HAS. Herein, we investigate
HAS under a series of reaction conditions that span the
supercritical regime and compare these results with those
obtained from analogous gas-phase operation. The purpose
of this study is to investigate the effect of reaction conditions
on the supercritical hexanes phase HAS, including the spe-
cific reaction performance parameters of carbon chain
growth, productivity, and selectivity toward higher alcohols.

Experimental Section
Catalyst preparation

The preparation of the Cu—Co based catalysts used in this
study consists of continuous coprecipitation of nitrate solu-
tions of respective metals under controlled conditions. A Cu/
Co/Zn/Al mixed nitrate salt solution was first prepared at a
mass ratio of 43.5:14.5:24:18. The precursor was prepared
by coprecipitating this mixed nitrate salt solution with a 1.0
mol/L K,COj solution in a 1-L flask, which was initially
filled with 200-mL deionized water at 80°C. The pH value
was strictly kept at 7 to achieve a homogeneous dispersion.
After aging for an hour, the precipitate was decanted and
then washed with sufficient deionized water at 80°C to elim-
inate the excess K introduced with the carbonate. The wet
precursors were dried at 80°C and at ambient pressure for 24
h. The dried precipitate was then ground and calcined at
350°C under continuous air flow to give the corresponding
mixed oxides. The promotion of K was carried out through
the incipient wetness method using aqueous potassium car-
bonate solution. The slurry paste was then dried at 80°C
overnight and calcined at 350°C for 4 h.

Catalyst characterization

The composition of this catalyst was determined by induc-
tively coupled plasma emission spectrometry (ICP-OES) on
a Spectro Ciros ICP (SPECTRO Analytical Instruments,
Kleve, Deutschland) after the sample was completely dis-
solved with diluted nitric acid. ICP results demonstrated that
for every 1 g of catalyst there are 4.1 mg K, 101 mg Co,
386 mg Cu, 186 mg Zn, and 84 mg Al.

The properties of the porous structures were determined
from N,-sorption measurements at —196°C using Quantach-
rome autosorb iQ gas sorption system. The total surface area
and pore volume of the catalysts were listed in Table 1.

The activity and selectivity of the Cu—Co catalyst for the
synthesis of higher alcohols from syngas were determined
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Table 1. BET Results of Catalysts

BET Area Pore Volume Average Pore

(m?*/g) (cm?/g) Diameter (nm)
Fresh catalyst 248.34 0.76 12.27
Used catalyst 94.71 0.21 8.94

using a stainless steel fixed-bed reactor, reported in Xu et al.>°

Hexanes solvent (a mixture of hexane isomers) was purchased
from VWR and syngas (64% H,, 32% CO, and 4% N,) was
purchased from and certified by Airgas. The flow rate of syn-
gas and argon balancing gas was controlled by a mass flow
controller (Brooks 5850 E), whereas the volumetric flow rate
of hexanes was controlled by an HPLC pump (Acuflow Series
IIT). Hexanes and syngas were heated separately and mixed
together before entering the reactor. Reaction pressure was
controlled by a back pressure regulator (Straval-BPH) installed
between the hot trap and the cold trap. One gram of catalyst
(45-70 mesh) was loaded into our high pressure reactor and
fixed into position by packing with glass wool. Effluent from
the reactor passed through a hot trap (240°C), a heat
exchanger, and a cold trap (5°C) and was then separated into
gas-phase and liquid-phase products. Reactants and products
were analyzed by two gas chromatographs. The analyses of
gas-phase products were performed on a Varian CP-3380 gas
chromatograph equipped with a Haysep-DB column and a
thermal conductivity detector (TCD). The analyses of liquid
phase products were performed on a Varian CP-3300 Gas
Chromatograph equipped with a capillary DB-wax column and
a flame ionization detector (FID).

Results and Discussion

The effect of hexanes/syngas molar ratio on the
catalytic performance

To perform the synthesis of higher alcohols from syngas
under the supercritical reaction media conditions, hexanes
solvent was continuously injected with the reactant gases
into the fixed-bed reactor. A hexanes/syngas molar ratio was
determined by the molar flow rate of hexanes and the molar
flow rate of syngas. The higher the hexanes/syngas molar
ratio, the closer the properties of the mixture are to that of
the pure solvent, therefore, more readily achieving single
phase supercritical operation.”' Hexanes/syngas molar ratios
in the range of 3.0-3.5 have been previously used in the
studies of FTS under supercritical solvent conditions.*"%3
Xu et al.”® have investigated supercritical mixed alcohol syn-
thesis over a Cu-based catalyst at a series of hexanes/syngas
molar ratios and found that the productivity of higher alco-
hols increased with the increase in the hexanes/syngas molar
ratio. In the current work (this article), cobalt was added to
the Cu-based catalyst to enhance the carbon chain growth of
alcohol products. This article presents a similar hexanes/syn-
gas molar ratio study on this Cu—Co based catalyst under
supercritical hexanes reaction conditions so as to determine
the suitable hexanes/syngas molar ratio for the optimal for-
mation of higher alcohols with additional interests on the
fact that hydrocarbons can also form at the Co active sites.
The syngas flow rate was kept constant at 3000 L/Kgc,/h,
the flow rate of hexanes was then adjusted to provide the
required hexanes/syngas molar ratio. The reaction pressure
was controlled as a function of the hexanes/syngas molar
ratio, whereas the partial pressure of syngas was kept
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Figure 1. CO and H, conversion as a function of hex-
anes/syngas molar ratio.
Reaction conditions were as follows: catalyst = 0.5 wt %
K promoted Cu/Co/Zn0O/Al,03, syngas flow rate: 3000

L/Kgea/h, H/CO =2.0, temperature 300°C, pressure
4.5-18 MPa.

constant. It must be noted that the conversion, selectivity,
and productivity results are the average values of at least 20
data points obtained once the reaction had reached steady
state (as evidenced by stable CO conversion). It should also
be noted that each experiment was replicated at least once to
determine the reproducibility of the results, where the devia-
tion in conversion was less than 5% between runs.

Figure 1 presents the conversion of CO and H, as a func-
tion of the hexanes/syngas molar ratio over the 0.5 wt % K
promoted Cu/Co/ZnO/Al,0O3 catalyst under gas-phase (hex-
anes/syngas molar ratio of zero) and supercritical hexanes
phase conditions (hexanes/syngas molar ratios of 1, 2, and
3). Under gas-phase conditions (hexanes/syngas molar
ratio = 0) the conversions of H, and CO are around 10%. In
increasing the gas-phase reaction pressure from 4.5 to 9.0
MPa, the conversions increased rapidly to 38% in the case
of H, conversion and 46% in the case of CO conversion. A
slight increase in CO and H, conversion was observed when
the reaction conditions were changed from gas-phase to
supercritical hexanes phase. While the syngas partial pres-
sure was kept at 4.5 MPa, the conversion of CO and H,
remained stable with an increase in the hexanes/syngas
molar ratio as shown in Figure 1.

Figure 2 presents the selectivity toward CH, as a function
of hexanes/syngas molar ratio over the same catalyst under
both gas-phase and supercritical-phase conditions. When the
HAS was conducted under gas-phase conditions (at hexanes/
syngas molar ratio =0), the selectivity toward CH,; was
close to 35%. Increasing the pressure from 4.5 to 9.0 MPa
under the gas-phase reaction conditions (at hexanes/syngas
molar ratio =0) increased the CH, selectivity from 35 to
59%, as shown in Figure 2. This observation is consistent
with that of Courty el all.,3 3 Aquino and Cobo,54 and Subra-
manian et al.,”> who observed high methane selectivity over
Cu—Co—Al catalysts at elevated pressure. Subramanian
et al.” reported that the thermodynamically favored methane
formation must be kinetically limited in order to increase the
ethanol yield and selectivity. Figure 2 also shows that CHy
selectivity decreased significantly when the reaction condi-
tions were switched from gas-phase (ca. 34.1%) to supercriti-
cal hexanes phase conditions. Furthermore, CH, selectivity
decreased from 12.6% at hexanes/syngas molar ratio of 1 to
5.2% at hexanes/syngas molar ratio of 3, due in part to the
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Figure 2. CO, and CH, selectivity as a function of hex-
anes/syngas molar ratio.
Reaction conditions were as follows: catalyst = 0.5 wt %
K promoted Cu/Co/ZnO/Al,03, syngas flow rate: 3000

L/Kgea/h, H,/CO =2.0, temperature 300°C, pressure
4.5-18 MPa.

improved ability of the supercritical medium to manage the
reaction heat effectively.’ 36.38

Figure 2 also presents the selectivity toward CO, as a
function of hexanes/syngas molar ratio. Under gas-phase
reaction conditions (Hexanes/syngas molar ratio =0), the
increase in pressure had a slight positive effect on the CO,
selectivity, which increased from 22 to 30% when pressure
increased from 4.5 to 9 MPa. As also shown in Figure 2,
CO, selectivity was almost stable with or without the pres-
ence of supercritical hexanes, where the CO, selectivity
remained about 20% at each of the hexanes/syngas ratios
studied, whereas the partial pressure of syngas was held con-
stant at 4.5 MPa. This indicates that the water-gas-shift reac-
tion over this Cu—Co catalyst reaches equilibrium and is
slightly affected by the presence of supercritical hexanes.

Figure 3 shows the distribution of higher alcohols as a
function of hexanes/syngas molar ratio. Linear alcohols, such
as 1-propanol and 1-butanol, were observed as the main
products in the gas-phase reaction (hexanes/syngas molar
ratio = 0) over this Cu—Co based catalyst. This observation
is consistent with those previously reported in the litera-
ture.’*3%7 Conducting the reaction under supercritical hex-
anes phase conditions again yielded linear alcohols, although
the enhancement in productivity of higher alcohols was quite
significant. For example, the productivity of 1-butanol
increased from 0.5 to 1.4 g/kg../h as the hexanes/syngas
molar ratio was increased from 0 to 3, and the productivity
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Figure 3. Higher alcohol productivity as a function of
hexanes/syngas molar ratio.
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Reaction conditions were as follows: catalyst = 0.5 wt %
K promoted Cu/Co/ZnO/Al,03, syngas flow rate: 3000
L/Kgea/h, Hy/CO =2.0, temperature 300°C, pressure
4.5-18 MPa.
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Figure 4. CO conversion, H, conversion, CH, selectiv-
ity, and CO, selectivity as a function of
GHSV.
The reaction conditions were as follows: catalyst = 0.5
wt % K promoted Cu/Co/Zn0O/Al,03, H,/CO ratio = 2.0,
temperature = 300°C, pressure =18 MPa, hexanes/syn-
gas molar ratio =3. GHSV was calculated based on the

volumetric flow rate of syngas and the volume of cata-
lyst bed.

of 1-propanol increased from 0.6 to 1.7 g/kg.../h. It is
important to note that the productivity of each higher alcohol
increased monotonically with the increase in the hexanes/
syngas molar ratio. The hexanes/syngas molar ratio of 3
appears to be the most suitable reaction condition for HAS
among the conditions studied. Note that to maintain the syn-
gas partial pressure at the value of 4.5 MPa a total pressure
of 18 MPa was required in the case of the hexanes/syngas
molar ratio of 3 (supercritical hexanes phase conditions).
Unfortunately, higher hexanes/syngas molar ratios could not
be examined due to pressure limitations in this particular
reactor system. The hexanes/syngas molar ratio of 2 also
showed appreciable increases in the production of higher
alcohols compared to gas-phase operation.

The effect of GHSV on SC-HAS

It is a common observation that the selectivity to higher
alcohols over a modified methanol synthesis catalyst can be
enhanced by lowering the space velocity under typical meth-
anol synthesis conditions." The effect of GHSV on HAS
over this catalyst has been investigated under supercritical
hexanes phase conditions in this study. The use of supercriti-
cal hexanes allows for much smaller values of GHSV to be
applied. Specifically, the GHSV values under the supercriti-
cal conditions used in this study range from 300 to 2000
h™!, which are much smaller than most of the values previ-
ously reported in the literature.

Figure 4 presents the CO conversion, the H, conversion,
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Figure 5. Selectivity of methanol, ethanol, propanol,
and butanol isomers as a function of GHSV.
Reaction conditions were as follows: catalyst = 0.5 wt %
K promoted Cu/Co/Zn0O/Al,03, H,/CO ratio = 2.0, tem-

perature = 300°C, pressure =18 MPa, hexanes/syngas
molar ratio = 3.

was increased from 300 to 2000 h™' under supercritical hex-
anes phase conditions. The CO conversion decreased from
24.9% at GHSV =300 h™' to 12.6% at GHSV =2000 h™".
H, conversion follows a similar trend, but decreased more
slowly from 17.1 to 8.1% with the same increase in GHSV,
as shown in Figure 4. The CH; and CO, selectivity is
favored by the lower GHSV values (i.e., longer contact
times) under the supercritical hexanes phase conditions.

In Figure 5, the effect of GHSV on the selectivity toward
methanol and higher alcohols is presented. It was found that
the selectivity toward methanol reached a maximum at the
GHSV of 500 h™! when holding the total pressure at 18
MPa and the hexanes/syngas molar ratio at a value of 3.
Ethanol selectivity reached its highest value somewhere
around 1000 h™! GHSV. The selectivity toward the C; and
C,4 alcohols was consistently in the range of 1-2% over the
range of GHSV values studied under these supercritical hex-
anes phase conditions. These results suggest that moderate
residence time (ca. 1000 h™!) favors higher alcohol forma-
tion, whereas additional contact time with the catalyst results
in a significant increase in the formation of methanol and
CH, at the expense of higher alcohol selectivity. Table 2
shows the effect of GHSV on the CO conversion and alcohol
selectivity under gas-phase conditions. When the GHSV was
increased from 500 to 2000 h™ ' under gas-phase conditions,
the CO conversion decreased from 29.2 to 18.9%, as shown
in Table 2. It was also observed that the CO, selectivity
decreased from 20.7 to 13.3% as the GHSV increased from
500 to 2000 h™!. CH, selectivity was at the level of 60%,
when the GHSV was within the range of 500-2000 h™'
under these gas-phase conditions. The low space velocity
values that were used in this study (compared to higher val-

and the selectivity toward CH; and CO, when the GHSV  ues that have been used in the literature'>***>>*%) have
Table 2. The Effect of GHSV on CO Conversion and Product Selectivities under Gas Phase Conditions
Selectivity (%)
GHSV (h™ 1 CO Conversion (%) Activity (g/kgca/h) C,.OH CO, CH,
500 29.17 0.0659 NA 20.7 60.5
1000 27.76 0.0603 10.1 17.8 57.7
2000 18.92 0.1385 7.2 13.3 69.6
Reaction conditions: T = 300°C, catalyst: 0.5 wt % K promoted Cu/Co/ZnO/Al,O3 H,/CO = 2.
Alcohols: C;—Cg alcohols.
Sco+on: Weight percentage of C,.. alcohols/(methanol + C, . alcohols).
AIChE Journal May 2014 Vol. 60, No. 5§ Published on behalf of the AIChE DOI 10.1002/aic 1789



Table 3. The Effect of Argon and Supercritical Hexanes Reaction Media on the Conversion and Selectivity

Selectivity (%)

Reaction Medium Total Pressure (MPa) Pyngas (MPa) CO Conversion (%) CO, Sa Su Sco+0H
Argon 13.5 4.5 55.5 42.7 4.5 25.5 96.2
SC Hexanes 13.5 4.5 33.9 43.5 16.0 18.9 73.7

Reaction conditions: T = 300°C, catalyst: 0.5 wt % K promoted Cu/Co/ZnO/Al,O3 H,/CO = 2, syngas flow rate: 3000 L/Kgc,/h.

Sa: selectivity towards C;—Cg alcohols.
Sy: selectivity towards C,—Cs hydrocarbons.
Sco+on: Weight percentage of C,.. alcohols/(methanol+ C,. alcohols).

resulted in very high methanation activity under these gas-
phase conditions, resulting from poor heat management
within the catalyst. Table 2 also shows the C,OH selectiv-
ity, which is the weight of C,, alcohols over the total alco-
hol product. Under these gas-phase conditions, the low
GHSV (500-2000 h™ ') resulted in a liquid product that was
composed of 90% methanol. Overall, the low space velocity
under gas-phase conditions favors the formation of methanol
and CHy, and a GHSV value greater than 2000 h™! would
be suggested for the formation of higher alcohols over this
Cu—Co catalyst under gas-phase conditions.

Using argon as balance gas

Investigations were also conducted to determine the
impact of the presence of the supercritical hexanes on the
activity and productivity by varying the partial pressure of
the SCF and by maintaining constant space velocity by using
argon as the balance gas. The addition of argon as an inert
balance gas allowed GP-HAS experiments to be performed
with comparable total flow rate (i.e., contact time) and syn-
gas concentration to those used in supercritical-phase HAS
(SC-HAS). In the studies involving the effect of hexanes/
syngas molar ratio (section: The effect of hexanes/syngas
molar ratio on the catalytic performance above), it was
observed that CH, selectivity decreased rapidly and higher
alcohols productivity increased monotonically with an
increase in the hexanes/syngas ratio under supercritical con-
ditions. However, no definitive conclusion could be drawn
on this effect due to the fact that both the total pressure and
partial pressure of SCF were varied simultaneously. In this
current experiment, a constant total pressure of 13.5 MPa
and a partial pressure of syngas of 4.5 MPa were maintained,
whereas argon was used to offset the change in the partial
pressure of hexanes. Due to limitations in the pressure that
could be supplied by the argon tank used in this set of
experiments (as limited by the manufacturer), the total sys-
tem pressure was maintained at 13.5 MPa instead of 18
MPa. Therefore, a hexanes/syngas molar ratio of 2 was used
in this experiment instead of 3, as used in the sections
above.

Table 3 presents the effect of both argon and supercritical
hexanes reaction media on the CO conversion as well as the
selectivity toward CO, alcohols and hydrocarbons. These
data represent the average values obtained at each reaction
condition operated for at least 50 h. CO conversion was
55.5% under the argon gas-phase conditions, which was
higher than the average value under supercritical hexanes
phase conditions (ca. 33.9%). CO, selectivity was found to
be quite stable as the reaction medium was changed from
argon gas-phase to supercritical hexanes phase. The selectiv-
ity toward alcohols was observed to be 16.0% under super-
critical hexanes phase reaction conditions and 4.5% under
the argon gas-phase conditions, whereas the partial pressure
and the flow rate of syngas were kept constant. However, the
light hydrocarbon selectivity (the Sy shown in Table 3) was
found to be much higher under argon gas-phase conditions
than under the supercritical hexanes phase conditions. The
Cg—C5( hydrocarbon selectivity under both reaction condi-
tions was found to have a value of 6.0% (not included in
Table 3.)

Figure 6 presents a comparison of the alcohols productiv-
ity obtained from argon gas-phase conditions and supercriti-
cal hexanes phase conditions. This data clearly demonstrated
that the presence of the supercritical hexanes medium
enhanced the productivity of alcohols significantly. An inter-
esting observation is that the productivity of C;—Cg linear
alcohols decreased monotonically with the increase in carbon
number under the supercritical hexanes phase conditions;
however, a maximum productivity was found at 1-butanol
under argon gas-phase reaction conditions. Figure 7 shows a
comparison of the Cg—C;g paraffin productivity obtained
under both GP- and SC-HAS conditions. A nearly doubled
Cg—C,, paraffin productivity was observed in argon GP-
HAS compared with SC-HAS. The higher productivity of
Cg—Cy; paraffins observed in the liquid product analysis cor-
responds well with the higher light hydrocarbon selectivity
obtained from the vapor phase product analysis as shown in
Table 3.

There are several proposed mechanisms for the formation
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Figure 6. Productivity of C;—Cg alcohols in gas-phase and supercritical-phase HAS.

The reaction conditions were as follows: catalyst=0.5 wt % K promoted Cu/Co/Zn0O/Al,03;, H,/CO ratio=2.0, temper-
ature = 300°C, pressure = 13.5 MPa, hexanes/syngas molar ratio =2 for the supercritical hexanes phase operation, Argon/syngas

molar ratio =2 for the argon phase operation.
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Figure 7. Productivity of Cg—C,g n-paraffin in GP-HAS and SC-HAS.

Reaction conditions were as follows: catalyst = 0.5 wt % K promoted Cu/Co/Zn0O/Al,03, H,/CO ratio = 2.0, temperature = 300°C,
pressure = 13.5 MPa, hexanes/syngas molar ratio =2 for the supercritical hexanes phase operation, Argon/syngas molar ratio =2

for the argon phase operation.

systems."'®19% Although, many intermediates have been
proposed regarding the carbon chain growth in HAS, such as
alkyl61 or acyl entities,'” it is has been suggested that alco-
hols and hydrocarbons are formed from the same intermedi-
ates."? Moreover, the linear alcohol products have been
reported to follow the Anderson-Schulz-Flory (ASF) distribu-
tion,l’zg’57 as described by

log (w,/n)=nlogo+log ((1—x)*/x)

where w, is the weight percentage of C, alcohols and 7 is
the number of carbon atoms. The probability of chain growth
o can be determined from the slope of the log (w,/n) vs. n
plot. Figure 8 shows the variation of log (w,/n) vs. n for the
alcohol synthesis and hydrocarbon synthesis, respectively. It
can be observed that under supercritical hexanes phase con-
ditions the formation of the alcohols obeys the ASF distribu-
tion with a carbon chain growth number, o, of 0.52. As
expected, the hydrocarbons also follow the ASF distribution
and the carbon chain growth number was found to be
o =0.76. As shown in Figure 6, the productivity of C;—Cj;
linear alcohols is significantly lower in the argon phase than
in the supercritical hexanes phase. Combined with the obser-
vation that the light hydrocarbon selectivity was much higher
under the argon gas-phase conditions, as shown in Table 3,
it is reasonable to speculate that the termination step of con-
verting lower carbon number surface intermediates to paraf-
fin was promoted under the argon phase conditions.
Therefore, a deviation from the linear ASF type distribution
was observed for the alcohol products in argon as illustrated
in Figure 9.

The productivity results in Figures 6 and 7 show that the
termination step toward alcohols is preferred over the termi-
nation step toward hydrocarbons under the supercritical con-
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0 0
£ S z -1
z \‘\\ =
S s
o 2 & 3
o [=)]

. y=-0.2824x-0.;?\0§\0 2 5 L ¥=01317x-04397

0 2 4 6 8 10 0 4 8 12 16 20

a Carbon number b Carbon number

Figure 8. The variation of log (w,/n) with respect to n
(the number of carbon atoms) of alcohols
(left) and hydrocarbons (right) obtained in
SC-HAS.
Reaction conditions were as follows: catalyst = 0.5 wt %
K promoted Cu/Co/Zn0O/Al,03, H,/CO ratio = 2.0, tem-

perature = 300°C, pressure =13.5 MPa, hexanes/syngas
molar ratio = 2.
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ditions. As a result, the productivity of alcohols is enhanced
significantly. Because of the unique properties of SCF, the
presence of the supercritical hexanes provided enhanced heat
capacity and solubility compared to gas-phase operation. As
such, the heat removal and the mass transport will be
enhanced in the presence of supercritical hexanes. As a
result of the enhanced heat removal, localized hotspots in
the reactor were avoided and the selectivity toward C;—Cy4
n-paraffins was significantly reduced.'***> Moreover, the
improved extraction capacity of the SCF solvent can allow
for more efficient removal of FTS products from the catalyst
resulting in higher C;3—C,( hydrocarbons productivity under
the SC-HAS conditions.

Effect of H,/CO ratio on GP-HAS and SC-HAS

The effect of H,/CO ratio on HAS was investigated under
gas-phase conditions where the H,/CO ratio was maintained
at the different values of 2.0, 1.75, 1.35, and 1.0, respec-
tively. Figure 10 shows the CO conversion, H, conversion,
CO, selectivity, and CH, selectivity in this GP-HAS experi-
ment under these four H,/CO molar ratio conditions. As
shown in Figure 10, the CO conversion increased consider-
ably from 22.4% at H,/CO ratio=1 to 47.6% at H,/CO
ratio = 2. H, conversion shows a similar trend but changed
less dramatically from 10.8 to 17.1% when the H,/CO ratio
was changed from the value of 1 to 2. CO, selectivity was
stable with the change in H,/CO ratio. It is interesting to
note that under gas-phase conditions the CH, selectivity
exhibited a maximum at an intermediate H,/CO ratio,
approximately between the values of 1.35 and 1.75.

The effect of H,/CO ratio on the reaction performance of
HAS under SC-HAS is shown in Figure 11. It can be seen
that the CO conversion remained stable in the range of 30.0
to 35.0% under supercritical conditions when changing the

Alcohols Hydrocarbons
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Figure 9. The variation of log (w,/n) with respect to n
(the number of carbon atoms) of alcohols
(left) and hydrocarbons (right) obtained in
GP-HAS.
Reaction conditions were as follows: catalyst = 0.5 wt %
K promoted Cu/Co/Zn0O/Al,03, H,/CO ratio = 2.0, tem-

perature = 300°C, pressure =13.5 MPa, Argon/syngas
molar ratio = 2.
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Figure 10. Effect of H,/CO ratio on conversion and gas
product selectivity in GP-HAS.
The reaction conditions were as follows: catalyst = 0.5
wt % K promoted Cu/Co/Zn0O/Al,03, syngas flow rate-

=3000 L/Kg.,/h, temperature =290°C, pressure = 4.5
MPa.

H,/CO ratio from 1 to 2, whereas the CO conversion under
gas-phase conditions increased monotonically from a value
that was lower than supercritical phase at H,/CO=1 to a
value considerably higher than supercritical phase at Hy/
CO = 2. Fan et al.®* observed a lower CO conversion in the
supercritical-phase FTS reaction compared to the gas-phase
FTS reaction and attributed this to the fact that the diffusion
of synthesis gas in the supercritical phase was slower than in
the gas-phase. A similar trend was observed in this HAS
experiment when the H,/CO ratio was maintained at 1.75 or
2.0. However, at the H,/CO ratio of 1.0 or 1.35, the opposite
trend was observed where the CO conversion in SC-HAS
was actually higher than that obtained in GP-HAS, illustrat-
ing that this cannot be the effect of differences in diffusion
alone. The H, conversion also follows a similar trend when
the H,/CO ratio was changed from 1 to 2 in SC-HAS, where
the H, conversion was relatively steady across all of the H,/
CO ratios employed. In addition, CO, selectivity decreased
slightly as the H,/CO ratio increased from 1 to 2 in the SC-
HAS experiment. However, the CH, selectivity was found to
increase remarkably in SC-HAS from 5.3% at H,/CO
ratio = 1 to a value of 13.4% at H,/CO ratio = 2.

Table 4 demonstrates the selectivity toward alcohol prod-
ucts and hydrocarbon products as a function of the H,/CO
ratio in GP-HAS. Under gas-phase operation, alcohol prod-
ucts were comprised of C;—Cjg linear mixed alcohols, and
hydrocarbons were collected up to Cy n-paraffin. It can be
seen that selectivity toward alcohol products increased from
2.98 to 5.71% when the H,/CO ratio increased from 1 to 2
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Figure 11. Effect of Ho/CO ratio on conversion and gas
product selectivity in SC-HAS.
The reaction conditions were as follows: catalyst = 0.5
wt % K promoted Cu/Co/ZnO/Al,03, syngas flow rate-
=3000 L/Kg.,/h, temperature = 290°C, pressure = 13.5
MPa, syngas partial pressure =4.5 MPa, hexanes/syn-
gas molar ratio = 2.

in GP-HAS. Selectivity toward Cg—C,q n-paraffin did not
demonstrate a clear trend as the H,/CO ratio was increased
from 1 to 2, and was in the range of 2.5 to 6.5%. In addi-
tion, Table 4 also presents the alcohol product distribution in
terms of alcohol weight percentage (ROH wt %), which is
defined as the weight of alcohols having a certain carbon
number over the weight of total alcohol products. It has been
found that this Cu—Co based catalyst has a good selectivity
toward higher alcohols, with methanol selectivity lower than
6% for the conditions studied in the gas phase.

In contrast, Table 5 shows the catalytic performance in
SC-HAS as a function of H,/CO ratio. It can be seen that
selectivity toward alcohol products slightly decreased from
15.09% when H,/CO ratio=1 to a value of 12.61% when
H,/CO ratio = 2. Table 5 also lists the alcohol products dis-
tribution as a function of H,/CO ratio. Increasing the H,/CO
ratio under supercritical hexanes phase conditions favors the
formation of methanol and ethanol. Little to no change was
observed in the formation of C3 and C4; alcohols when H,/
CO ratio increased from 1 to 2. However, Cs, alcohol
decreased significantly with the increase in H,/CO ratio.
Table 5 also presents the selectivity toward hydrocarbon
products in SC-HAS. Under supercritical hexanes phase con-
ditions, up to C,4 linear paraffin was observed in the FID
chromatogram, suggesting that the presence of supercritical
hexanes facilitates the extraction of longer carbon chain
hydrocarbons (C,q to C,4) from the catalytic sites.

Table 4. Catalytic Performance as a Function of H,/CO Ratio in Gas Phase HAS

Selectivity (%) ROH (wt %) o
H,/CO Molar Ratio CO Conversion (%) ROH HC C, C, Cs Cy Cs. ROH HC
1.00 22.5 2.98 2.59 3.93 25.52 32.38 27.28 10.90 0.35 0.62
1.35 28.4 3.51 6.37 3.12 25.65 30.50 25.68 15.05 0.42 0.60
1.75 24.7 391 2.55 5.63 32.21 33.78 19.38 8.99 0.36 0.61
2.00 47.6 5.71 5.69 3.06 23.72 30.63 23.68 18.91 0.49 0.59

Reaction conditions: catalyst = 0.5 wt % K promoted Cu/Co/ZnO/Al,O3 T =290°C, P = 4.5 MPa, syngas flow rate = 3000 L/Kg.,/h.

ROH: C,—Cjg alcohols.
HC: C3—C, hydrocarbons.
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Table 5. Catalytic Performance as a Function of H,/CO Ratio in SC-HAS

Selectivity (%) ROH (wt.%) o
H,/CO Molar Ratio CO Conversion (%) ROH HC C, C, C; Cy Csy ROH HC
1.00 33.6 15.09 16.20 2.11 12.97 22.53 22.37 40.01 0.70 0.81
1.35 29.1 13.44 7.11 4.23 17.21 25.53 23.03 30.00 0.62 0.78
1.75 35.8 12.65 7.70 8.30 21.12 23.13 2091 26.55 0.59 0.80
2.00 36.1 12.61 7.87 9.39 21.86 21.89 21.46 25.40 0.58 0.78

Reaction conditions: catalyst = 0.5 wt % K promoted Cu/Co/ZnO/A1,O3 T =290°C, P = 13.5 MPa, P, = 4.5 MPa, syngas flow rate = 3000 L/Kg../h, hex-

anes/syngas molar ratio = 2.
ROH: C,—Cjg alcohols.
HC: Cs—C,4 hydrocarbons.

The observation that the production of higher alcohols can
be enhanced by the presence of supercritical solvent in the
HAS process has been reported by our group and others pre-
viously.'*”%* A comparison of the data in Tables 4 and 5
illustrates that the ROH selectivity in SC-HAS was signifi-
cantly higher (average of 13.5%) than the ROH selectivity
observed in GP-HAS (average of 4.0%), confirming these
prior observations. It is also worth pointing out that under
supercritical hexanes phase conditions the lower H,/CO
ratios actually promoted the formation of higher alcohols
significantly. The difference in the effect that changes in the
H,/CO ratio can have on the formation of higher alcohols in
GP-HAS compared to SC-HAS can also be seen in the dif-
ferent trends that are observed for the higher alcohol produc-
tivity, as shown in Figures 12 and 13. Figure 12
demonstrates that with the decrease in the H,/CO ratio from
2 to 1, the productivity of higher alcohols decreased almost
monotonically in GP-HAS. The stoichiometry of alcohol
synthesis from syngas reveals that two moles of H, and one
mole of CO are required for the synthesis of methanol and
higher alcohols. However, due to a multitude of side reac-
tions that occur in parallel to the HAS process, such as the
water-gas-shift reaction, the optimum H,/CO ratio in actual
practice may be different from the theoretical value of 2. It
has been reported by several investigators that the optimum
H,/CO ratio for HAS is below the stoichiometric value of
2.1 In general, decreasing the H,/CO ratio while maintain-
ing the same reaction pressure will result in an increase in
the CO partial pressure. Higher CO partial pressure would
favor the CO insertion and promote the C—C chain growth
in the HAS process, thereby resulting in an increased pro-
duction of higher alcohols and/or hydrocarbons.”® However,
higher H, partial pressure (higher H,/CO ratio) could dimin-
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Figure 12. Effect of H2/CO ratios on the productivity of
higher alcohols under gas-phase conditions.

The reaction conditions were as follows: catalyst = 0.5
wt % K promoted Cu/Co/Zn0O/Al,03, syngas flow rate-
=3000 L/Kg.,/h, temperature =290°C, pressure = 4.5
MPa.

AIChE Journal May 2014 Vol. 60, No. 5

Published on behalf of the AIChE

ish coke formation, thereby sustaining catalytic activity.
From Figure 12, it can be observed that of the four reaction
conditions applied in this study, the H,/CO ratio of 2 seems
to be the optimum value in GP-HAS for the production of
each of the C, to Cg higher alcohols. This can primarily be
attributed to the higher CO conversion (ca. 47.6%) at the
H,/CO ratio of 2, compared to the much lower CO conver-
sion (ca. 22.5%) at the H,/CO ratio of 1. An opposite trend
in the productivity of each higher alcohol is observed in SC-
HAS as a function of the H,/CO ratio, as shown in Figure
13. Among the H,/CO ratios studied, the productivity of
higher alcohols was much higher in SC-HAS than in GP-
HAS. When the H,/CO ratio decreased from 2 to 1, a mono-
tonic increase in the formation of higher alcohols was
observed, as demonstrated in Figure 13. Combined with the
fact that the CO conversion was relatively stable with
respect to the change in H,/CO ratios in SC-HAS, it can be
inferred that the presence of the supercritical solvent as a
reaction medium further enhanced the carbon chain growth
process at low H,/CO ratios. Further evidence of this can be
found in the fact that the Cs; alcohol weight percentage
under SC-HAS conditions was significantly higher than that
observed in GP-HAS conditions (e.g., 40.01% in SC-HAS
vs. 10.90% in GP-HAS when the H,/CO ratio=1).
Increased higher alcohol formation under supercritical condi-
tions and at low H,/CO ratios is also demonstrated by the
differences between the carbon chain growth probability fac-
tors for both GP-HAS and SC-HAS, as discussed below.

The alcohol products produced over Cu—Co catalysts
have been reported to obey the Schulz-Flory distribu-
tion.'">?® Bailliard et al.®® reported a same o value (ca. 0.45)
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Figure 13. Effect of Ho/CO ratios on the productivity of
higher alcohols under supercritical hexanes
phase conditions.

The reaction conditions were as follows: catalyst = 0.5
wt % K promoted Cu/Co/ZnO/Al,03, syngas flow rate-
= 3000 L/Kg.,/h, temperature =290°C, pressure = 13.5
MPa, syngas partial pressure =4.5 MPa, hexanes/syn-
gas molar ratio = 2.
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for both the alcohol and hydrocarbon products, indicating
that the formation of alcohols and hydrocarbons occurs in
parallel. In the current study, as shown in Table 4, an o
value of alcohol formation was found to be 0.49 at the stand-
ard reaction conditions (H,/CO ratio of 2 in GP-HAS),
whereas the o value of hydrocarbon formation was slightly
higher (ca. 0.59). As the H,/CO ratio decreased from 2 to 1,
little to no difference was observed in the o values for both
the alcohol and hydrocarbon products in GP-HAS. However,
very different values and trends for the carbon chain growth
probability factor were observed in SC-HAS with respect to
changes in the H,/CO ratio, as shown in Table 5. Compared
to o =0.49 for higher alcohols in GP-HAS, an o value of
0.58 was found in SC-HAS for the same H,/CO ratio of 2,
illustrating a higher probability for carbon chain growth.
This difference is even more obvious in the o values for the
formation of hydrocarbons, where an o =0.78 was obtained
in SC-HAS vs. an «=0.59 in GP-HAS at the same H,/CO
ratio of 2. Furthermore, the decrease in the H,/CO ratio
from 2 to 1 under supercritical hexanes phase conditions
resulted in a further increase in the o value for the formation
of alcohols (from 0.58 to 0.70), as shown in Table 5. Elba-
shir et al.>' found that availability of active sites increased in
supercritical FTS relative to gas-phase operation, and that
the supercritical media may promote both the adsorption of
the reactant molecules (CO and H;) and possible incorpora-
tion of primary products (x olefins) into the chain growth
process. Based on the results presented above, the presence
of supercritical hexanes may similarly improve the accessi-
bility of catalyst active sites in the SC-HAS process thereby
resulting in improved production of higher alcohols. As a
result, when the partial pressure of CO increased (H,/CO
ratio decreased from 2 to 1), the CO insertion reaction path-
way was promoted. As such, the o value of alcohol products
increased from 0.58 to 0.70. Hydrocarbon formation, how-
ever, was not affected by the change in H,/CO ratio under
both gas-phase and the supercritical hexanes phase condi-
tions, although it should be noted that the value was signifi-
cantly higher under supercritical phase conditions in all
instances.

Conclusions

In summary, we have described the preparation of a K,O
promoted Cu/Co/ZnO/Al,O;3 catalyst and investigated the
effect of supercritical hexanes on its catalytic performance
as well as alcohol productivities. We also investigated the
effect of GHSV and H,/CO molar ratio on the synthesis of
higher alcohols under both gas-phase and supercritical hex-
anes phase conditions.

The presence of supercritical hexanes has been shown to
enhance the heat-transfer rate and significantly reduce the
selectivity toward CHy. With increases in the hexanes/syngas
molar ratio, the productivity toward higher alcohols
increased monotonically among the conditions studied and
reached its highest value at a hexanes/syngas molar ratio
of 3.

When the hexanes/syngas molar ratio was set at 3 and the
reaction pressure was set at 18 MPa, it was found that
decreasing the GHSV from 2000 to 500 h™' had a positive
effect on the formation of methanol and CH,. The use of a
GHSV higher than 1000 h™' would be suggested for subse-
quent studies of SCF-HAS to further improve the formation
of higher alcohols.
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The benefits of using supercritical hexanes as a reaction
medium was confirmed when SC-HAS was compared with
argon GP-HAS under the same operating conditions. The
type of alcohol products obtained in SCF-HAS was the same
as that obtained in the gas-phase studies. In addition, the for-
mation of alcohols under the supercritical hexanes conditions
was found to obey the Schulz-Flory distribution. The intro-
duction of the SCF medium improved the heat removal from
the active sites, resulting in a remarkably lower selectivity
toward C;—C, paraffins. The significantly enhanced alcohols
productivity, especially that of C;—Cjs linear alcohols, was
likely due to improved extraction of these alcohols from cat-
alyst pores by the supercritical hexanes.

Under gas-phase conditions, the CO conversion decreased
with decreases in the H,/CO ratio from 2 to 1. However,
under supercritical hexanes phase conditions, the CO conver-
sion remained quite stable with changes in H,/CO ratio.
Changes in H,/CO ratio had little effect on CO, selectivity
in GP-HAS and slightly influenced CO, selectivity in SC-
HAS, indicating that the water-gas-shift reaction approached
equilibrium at the conditions studied. CH, selectivity exhib-
ited a maximum at moderate H,/CO ratios in GP-HAS, but
decreased significantly with decreasing H,/CO in SC-HAS.

Under gas-phase conditions, higher H,/CO ratios favor the
productivity and selectivity of higher alcohols by promoting
CO hydrogenation. Under supercritical hexanes phase condi-
tions, however, a lower H,/CO ratio resulted in much higher
alcohol productivity and enhanced carbon chain growth
probability factor. Much higher carbon chain growth proba-
bility factors for both the alcohol and the hydrocarbon for-
mation were observed in SC-HAS compared to the GP-HAS
at the same reaction conditions. An increase in the carbon
chain growth probability factor for alcohol formation was
also found as the H,/CO ratio decreased from 2 to 1 under
supercritical hexanes phase conditions. This change can be
attributed to improved CO insertion resulting from enhanced
CO partial pressure in SC-HAS.
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