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Gasification of biomass to syngas followed by catalytic conversion of syngas over mixed alcohol catalysts is an
alternative pathway to produce bioethanol. Significant improvements in catalyst and process development
need to be achieved to make this process commercially attractive. It is known that ethanol is produced from
methanol by means of a CO insertion mechanism in the case of mixed alcohol MoS2 catalysts. Thus, an improve-
ment in the industrial process could be to recycle methanol produced in the reactor. This paper examines exper-
imentally the influence of methanol co-feeding for a wide range of methanol concentration in the feed at
different reaction temperatures. The results reveal that CO conversion and productivity of ethanol and higher al-
cohol increase linearlywithmethanol concentration in the feed for a given reaction temperature,while hydrocar-
bon productivity increases exponentially. Therefore, there is a trade-off between increasing alcohol productivity
and the selective conversion of methanol to alcohols. When the concentration of methanol in the feed changes
from 0% to 8%mole concentration, ethanol and higher alcohol productivity increase more than two-fold. The ad-
dition of methanol has a positive influence in the ethanol selectivity only at low methanol content in the feed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Gasification of biomass to syngas, followed by catalytic conversion of
synthesis gas to mixed alcohols is a promising route for the production
of bioethanol [1]. Improvements in catalyst and process development
need to be achieved to make the process commercially viable [2].

Santiesteban [3] carried out experiments with labeled methanol
over an alkali/Co-MoS2 catalyst and concluded that ethanol is produced
from methanol through a CO insertion mechanism. This means that in
an industrial process, methanol produced in the reactor could be
recycled back to the reactor along with syngas to further increase etha-
nol production. The literature where methanol co-feeding is experi-
mentally studied is very scarce. Gunturu [4] ran experiments, based
on a fractional–factorial experimental design, in a Berty-type reactor
to evaluate the kinetics of higher alcohol synthesis over an alkali/Co-
MoS2 catalyst. The variables considered were temperature (T), partial
pressures of carbon monoxide (PCO), hydrogen (PH2) and methanol
mole concentration in the feed (CMET). The range of operating condi-
tions was T: 300–350 °C, PCO: 14–28 bar, PH2:14–28 bar and CMET 0–
4%. Results of this experimental design indicated that methanol co-
feeding enhances CO conversion and the productivity of ethanol, higher
alcohols and hydrocarbons. Quarderer et al. [5] reported significant im-
provement in higher alcohol productivity using a K/MoS2 catalyst by

injecting methanol into the feed syngas. The conditions of the experi-
ments were: 260 °C, 175 bar, GHSV: 1870 h−1, H2/CO: 1.12 and metha-
nol feed rate (g/h)= 0−5.9−7. They also showed that adding ethanol
improved higher alcohol productivity, however, the effect was not as
pronounced as it was with methanol addition.

Experimentswithmethanol co-feedingmaybe of interest in order to
generate amodel which is able to predict how the catalystmay perform
as a result of significantmethanol recycle, and design a process that con-
sidersmethanol recirculation. Very few kineticmodels have been devel-
oped for alkali doped MoS2 catalysts [7–10]. Of these, Gunturu
examined the possibility of methanol recycle. The kinetic model by
Gunturu was adopted as a starting point for the work of Larsson et al.
[11], which slightly reformulated and refitted the parameters of
Gunturu's model but also included thewater–gas shift reaction. This ki-
neticmodelwas validated against experimental data obtained fromvar-
ious literature sources with experiments that do not take the methanol
recycle into account. However, Philips et al. used the same kinetic and
reactormodel as Larsson's to study by simulation the effect of methanol
recycle at different temperatures [12]. NREL simulated a process for
alcohol production with methanol recycle over promoted MoS2 cata-
lysts [6]. The reactor was modeled using a kinetic model supplied by
The Dow Chemical under confidential agreement [14]. The model was
developed by Dow Company using both bench-scale and pilot-scale
data but this model has not been published in literature.

As previously mentioned, the literature has studied the effect of co-
feeding methanol to MoS2-based mixed alcohol catalysts, but a more
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thorough assessment is necessary in order to determine to what extent
ethanol productivity increases with highmethanol concentration in the
feed. Moreover, the effect of methanol addition should be assessed at
different reaction temperatures, which significantly affect the rate of
the reactions that take place over these types of catalysts. These exper-
iments have been carried out and presented in this work. The results
may also be of great value to obtain a kineticmodel that reliably predicts
the effect of methanol recycle, which is not available in the literature.
This kinetic model could be used in the simulation of the whole mixed
alcohol process in order to determine the optimummethanol recycle
which results in the highest ethanol productivity. That model is cur-
rently being researched and will be published in the future.

2. Experimental setup

Fig. 1 shows a diagram of the experimental setup. Extremely pure
CO, N2 and H2 and two mixtures of H2S and H2 are supplied from pres-
surized cylinders. A mixture of 10% H2S in H2 is used for the pretreat-
ment of the catalyst, while a mixture of 400 ppm H2S in H2 is used to
maintain a 50 ppm H2S concentration in the feed gas to the reactor in
order to maintain the activity (sulphidity) of the catalyst. The CO/H2

mole ratio and total flow of the feed are adjusted with mass flow con-
trollers. Before being fed to the reactor the gases pass through a carbon-
yl filter to prevent catalyst poisoning by Fe and Ni carbonyls. A HPLC
pump has been used for methanol co-feeding tests. The experiments
were carried out in a high pressure fixed bed reactor (inner diameter:
8.3 mm, length: 330 mm, stainless-steel). A bed of catalyst particles

(5 g) was placed inside the reactor supported with CSi. An alkali-
doped MoS2 catalyst produced by an industrial manufacturer based on
a patented formulation was used [13]. Two spiral resistances supply
heat to the reactor to maintain the reactor temperature, which is mea-
sured with a multipoint thermocouple type K located along the reactor.
Downstream from the reactor, the pressure is maintained with a pres-
sure control valve. The tube between the reactor and the gas chromato-
graph (GC) is wrapped in heat tracing tape to avoid condensation of
liquid on the pipe. The temperature of the heat tracing is about 200 °C.

The reactor outlet stream is in vapor-phase and is analyzed on-line
using a GC detection system (Agilent 7890 A) equipped with a thermal
conductivity detector and two flame ionization detectors, which use
helium as a carrier gas. Behind the GC, there is a condenser to separate
the liquid and gaseous components. The condenser temperature varies
between 0 to 10 °C depending on the inlet gas temperature and the
room temperature.

With this experimental lab-scale setup, several tests were carried
out in series at different temperatures (280, 290 and 300 °C) and
molar concentrations of methanol in the feed (0, 2.98%, 4.68%, 5.79%,
8.44%) maintaining the pressure (110 bar), the H2/CO molar ratio (1)
and GHSV (~1300 h−1) constant, in order to study the effect of metha-
nol co-feeding. Each test lasted at least 12 hours to ensure that steady
state was reached, resulting in 400 hours of operation for all tests.
Prior to these tests, the catalyst was subjected to a sulphurisation and
reduction pretreatment by feeding a mixture of H2 and H2S (10% v/v).
The pretreatment was comprised of two steps. First, a preheating from
room temperature to 400 °C at 2 °C/min was carried out. Next, the

HPLC
PUMP

HYDROGEN

AIR HELIUM

C
A

R
B

O
N

Y
LS

 F
IL

T
E

R

LIQUID
RESERVOIR

MFC1

MFC2

MFC3

MFC4

H2 + H2S
10%

H2 + H2S 
400 PPM

NITROGEN

HYDROGEN

CARBON
MONOXIDE

GASES

LIQUID

PRESSURE
CONTROL

VALVECONDENSER

REACTOR

POWER ON SUCCESSFUL

GAS CHROMATOGRAPH

C
A

R
B

O
N

Y
LS

 F
IL

T
E

R

Fig. 1. Simplified diagram of the experimental setup.
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