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The direct synthesis of dimethyl ether (DME) from biomass-derived syngas is a topic of great interest in the
field of biofuels. The process takes place in one reactor combining two catalytic functions, Cu/ZnO/ALLO3
(CZA) for the synthesis of methanol and an acid catalyst (typically y-Al,O3) for methanol dehydration to
DME. However, the catalytic performance of those catalysts is negatively affected by the high CO,/CO
ratio in the bio-syngas, resulting in low methanol and DME production rates. In this work, we show that
promoters such as zirconium and gallium oxides increase the CO fraction in the syngas. However, the
production of H,O is also increased, leading to the deactivation of both CZA and y-AlL,Os. The addition
of a water sorbent (zeolite 3A) in the reaction medium alleviates the detrimental effect of H,O in the
direct synthesis of DME from CO,-rich syngas. Thus, DME production over the CZA/y-Al,Oz catalytic
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Accepted 19th September 2020 bed increases from ca. 8.7% to 70% when a zeolite 3A is placed in the reaction medium. In fact, carbon
conversions higher than conventional equilibrium conversions are achieved. This work demonstrates that
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Introduction

The use of biomass or municipal solid waste as feedstock to
produce transportation fuels and chemicals is a central policy to
address environmental and oil dependence issues of today's
society. The range of products that can be obtained through the
different routes for biomass transformation covers from
hydrogen and light hydrocarbons, to liquids fuels including
diesel and kerosene.” Among those, dimethyl ether (DME)
stands out as an excellent diesel substitute for ignition engines
providing very low NO, and soot in the exhaust gases.>* DME
production from biomass gasification is a multistep process
which includes biomass gasification, syngas conditioning,
production of methanol and methanol dehydration to DME
among its chemical unit operations.»® Usually, the syngas ob-
tained from biomass shows a CO,/CO ratio significantly higher
than the optimum one for the synthesis of methanol, around 3-
5% CO,,° resulting in low once through carbon conversion.”®
Methanol synthesis from syngas and dehydration steps can be
carried out in separate reactors, or within a single reactor.
Recently, the direct synthesis of DME from (biomass-
derived) syngas or from pure CO, is attracting a great deal of

“Grupo de Energia y Quimica Sostenibles, Instituto de Catdlisis y Petroleoquimica,
CSIC, C/Marie Curie 2, Madrid, 28049, Spain. E-mail: srojas@icp.csic.es

*Biomass and Energy Efficiency, TNO Energy Transition, P.O. Box 15, 1755 ZG Petten,
The Netherlands

5674 | Sustainable Energy Fuels, 2020, 4, 5674-5681

attention.>***** During the direct synthesis of DME, the
following reactions take place simultaneously; CO and CO,
hydrogenation to methanol (eqn (1) and (2)), water gas shift
reaction (WGS) (eqn (3)), and the dehydration of methanol to
DME (eqn (4)).

CO + 2H, < CH;0H (1)
CO, + 3H, < CH;OH + H,0 ()
CO + H,0 < CO, + H, 3)
2CH;0H < CH;0CH; + H,0 (4)

The direct synthesis of DME intends to mitigate the strong
thermodynamic limitations of syngas conversion to methanol
by shifting the equilibrium as methanol produced is dehydrated
and thus removed from the system.® The direct synthesis of
DME entails the use of two different catalytic phases, one for the
synthesis of methanol from syngas and one for DME produc-
tion. Cu-ZnO-Al,O; (CZA) materials are the benchmark cata-
lysts for the synthesis of methanol from syngas,"'*” whereas
acidic solids such as y-Al,03,'**® zeolites,'**® acidic oxides®* or
heteropolyacids*™® are the most active catalysts for the meth-
anol dehydration to DME.

Cu®, or more likely the Cu/ZnO interphase is considered as
the active site for the methanol production.”®* The dependence

This journal is © The Royal Society of Chemistry 2020
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of the activity on the morphology and size of copper particles****
and the effect of promoters such as Mn,***® Zr,*****° or Ga,*
have been discussed thoroughly in the literature. The main
carbon source for methanol, either CO or CO,, is also a recur-
ring topic in the literature. Although there is seemingly an
agreement in that methanol is mostly produced from CO, (eqn
(1)),272%3* other authors claim that the relative hydrogenation
rate of CO and CO, depends on the conditions and the CO,/CO
ratio of the syngas.**** In part, the lack of consensus arises from
the interconversion between CO and CO, during methanol (and
direct DME) synthesis through the WGS reaction (eqn (3)).
Regardless of the actual source of methanol, it is well admitted
that methanol production rates from CO, rich syngas are slower
than from CO rich ones. On the one hand, the presence of
a small amount of CO, in the syngas is beneficial for the
synthesis of methanol because it promotes the partial oxidation
of metallic Cu into Cu’, which increases methanol production
rates. On the other hand, CO, has an inhibitory effect since it
adsorbs strongly on the active sites thus poisoning the cata-
lyst.*** In addition, the presence of CO, in the syngas results in
the production of H,O in the reaction medium via the reverse
water gas shift and methanol synthesis reactions (eqn (2) and
(3), respectively). Water is a major source of catalyst deactiva-
tion, causing the agglomeration of the Cu particles in CZA and
the deactivation of y-Al,0;. Moreover, since H,O is produced
along with methanol and DME, a high partial pressures of H,O
in the reaction medium also inhibits methanol and DME
production.®® Martin et al. reported that the optimum CO,
content for the methanol synthesis is 2.4 vol%.? Sadly, the CO,
content of biomass-derived syngas is usually well above this
optimum value.>*® From the catalytic point of view, it has been
reported that the use of promoters such as Zr or Ga oxides
increase conversion rates of rich CO, syngas mixtures over
CZA.*”*® However, this strategy also results in a high production
of H,0, which has to be eliminated from the reaction medium.
The use of water permselective membranes or high capacity of
water adsorption materials are the main technologies proposed
for the in situ removal of water from carbon hydrogenation
reactions.**® Recent studies about the effect of in situ water
removal during the synthesis of DME by placing sorbent
materials in the reactor have been published.***! This strategy,
which is coined as sorption enhanced DME synthesis
(SEDMES), aims to intensify the production of DME from
syngas by shifting the equilibria towards the production of
methanol and DME via H,O removal. Whilst a relatively large
body of work on the direct synthesis of DME is available®**84>-
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and although some theoretical models on SEDMES***¢ and its
cycling design®” have been published, very few experimental
studies on this process have been reported hitherto.**** More-
over, studies conducted with CO,-rich syngas such as that ob-
tained from biomass gasification, which results in higher
production of H,O, are lacking in the literature.

In this work, we study the synthesis of methanol (MeS), the
direct synthesis of DME (DDMES) and the sorption enhanced
DME synthesis (SEDMES) using CO,-rich syngas (CO,/CO molar
ratio of 1.9; a composition similar to that obtained from
biomass-derived syngas) using CZA and v-Al,O; -catalytic
mixtures. With the aim to adjust the CO,/CO syngas ratio within
the reaction medium, we doped CZA with ZrO, and Ga,O; that
are known to promote the r-WGS reaction. SEDMES experi-
ments were conducted by using zeolite 3A as H,O adsorbent in
the catalytic bed. A remarkable increase of DME production and
carbon conversion was observed in the SEDMES experiments.

Experimental
Synthesis of catalysts

Copper—zinc oxide-alumina (-zirconia-gallium oxide) catalysts
used in this study were synthesized by the coprecipitation
technique at controlled pH and temperature. An aqueous
solution of the metal nitrates (Cu(NO3), - 3H,0; Zn(NO3), - 6H,0;
Al(NO3)3-9H,0; Zr(NO;);-xH,0 and Ga(NOs);-xH,0) in the
desired proportion, but maintaining a total concentration of
2 M was prepared. The solution containing the nitrate precur-
sors and a 1.6 M solution of Na,CO; were added simultaneously
and dropwise to a flask containing 100 mL of Milli-Q water at
70 °C. The rate of addition was controlled to maintain a pH
value of 7 for the zirconia-containing catalysts and 8 for the
catalyst without zirconia, under continuous stirring. Once the
addition was completed, the mixture was aged for 12 hours at
room temperature. The solid obtained was recovered by filtra-
tion and rinsed with Milli-Q H,O until the pH of the recovered
liquid is ca. 7. The solid obtained was dried at 70 °C during 12 h,
crushed and calcined under static air at 325 °C during 2.5 h. The
Cu content in all catalysts is ca. 60% (see Table 1). The catalysts
with ZrO, are labelled as CZAZ, and the Ga,O; containing
catalysts are referred to as CZAZGa. The actual Cu, ZnO, ZrO,
and Ga,0; contents in the catalysts are shown in Table 1. A
commercial catalyst for methanol synthesis (CZA_comm) was
used as benchmark. The zeolite sample Molsieve Type 3A (MS-
1014, lot 2890000651) was purchased from UOP/ASGE (New

Table 1 Textural properties and compositions of the synthesized and commercial catalysts. Particle size (dc,), dispersion (Dc,) and Cu surface

area (Scu)
Composition (wt%)
Surface Pore diameter, dcus  Scu (XRD), D¢y,  Scu (chem N,0),

Catalyst area, m> g’l nm Cu ZnO ALO; ZrO, Ga,0; MgO nm My gca{l % Mey” gcafl
CZA 38 125 36 67 29 5 — — — 11 41 7.8 34

CZAZ 88 6; 48 67 10 15 8 — — 8 56 5.8 25

CZAZGa 28 13-50 63 16 13 6 1 — 9 47 — —

CZA_comm 97 7 59 27 11 — — 2 6 66 13.7 52

This journal is © The Royal Society of Chemistry 2020
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Jersey, USA). Zeolite 3A lacks of acidity. y-Al,O3 (acid catalyst)
was purchased as 3 mm pellets (assay >98%, Riogen NJ, USA).

Characterization

Specific surface areas and pore size distribution were deter-
mined from the N, adsorption-desorption isotherms collected
in an Asap2020 Micromeritics at —196 °C after degasification at
140 °C.

X-ray diffractograms were obtained in a polycrystal X-ray
X'Pert Pro PANalytical with a configuration -26, using CuKa
radiation (wavelength of 0.15418 nm), and an Anton Paar
XRK900 was used for the pre-treatment of the samples under
reductive atmosphere. The size of the Cu crystallites (d¢,) was
calculated with the Scherrer equation (eqn (5)).

K
" Bcosb

Cu (5)
where K is the Scherrer constant, 0.94 for spherical crystals with
cubic symmetry, and A represents the wavelength of the inci-
dent radiation. § and # are the full width at half maximum
(FWHM) and the position of the diffraction peak, respectively.
Based on the calculated d,, the surface area of the reduced
copper particles (Scu, My Zear ) Was calculated with eqn (6), in
which pc, is the density of copper (8.92 g cm ™) and Cu content
is the mass fraction of copper in the catalyst.

6000 x Cu content

Pcu

SCu (XRD) = X dCu (6)

The chemical composition of the catalysts was analyzed in
an inducted coupled plasma-optical emission spectroscope
PlasmaQuant PQ 9000 Analytik Jena, after proper digestion of
the solid.

Cu dispersion and Cu surface area were determined from
N,O chemisorption. First, a temperature-programmed reduc-
tion (TPR-t) was performed by subjecting the catalyst under
study to a thermal treatment between 25 to 280 °C at a rate of
2 °C min~", under a gas flow of H,/N, (20/80 v/v). The temper-
ature was decreased to 30 °C, and N,O was flown through the
reactor at 30 °C during 15 min. Once the chemisorption ended,
non-chemisorbed N,O was flushed under flowing He during 30
minutes. In this step, surface Cu species are selectively oxidized
to Cu,O. Next, a second TPR (TPR-s) was performed from 30 to
280 °C, with a heating rate of 10 °C min~" under a H,/N, 20/80
flow. The hydrogen consumed in TPR-t stands for the totality of
the copper in the catalyst. The hydrogen consumed in TPR-s
accounts to the reduction of surface cupper species (Cu,O)
oxidized during the N,O chemisorption step. Cu dispersion
(Dcy) was calculated from eqn (7).

2 x area TPR-s

Dcy (%) =
cu(%) area TPR-t

x 100 (7)
and the surface area of copper (Scy, in Mcy” gear ) Was calcu-
lated with eqn (8).

NaDc,Cu content

Sc“(chem NzO) = dm,Cu MCu < 100

(8)
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The value of the surface area occupied by an atom of Cu in
a polycrystalline surface, ay, ¢y, is 6.85 m” per atom of Cu. N, is
the Avogadro number and M, is the atomic mass of Cu (63.55 g
mol ). For the number of copper sites per gram of catalyst, eqn
(9) was used.

Scu(chem N,O) X pg

Cu sitesg ; =
Na

)

where Cu sites., ; is the number of copper sites in catalysts i, in
moles of copper per g, and ps ¢, is de surface density of copper,
which is 1.47 x 10" atoms per m>.

Catalytic tests

Synthesis of methanol (MeS). The catalytic tests were per-
formed in a fixed-bed stainless-steel reactor with a diameter of
0.9 cm. The catalytic bed consisted of 200 mg of catalysts sieved
at 250-300 um fraction and diluted in SiC to avoid hot spots.
The catalysts were pre-treated iz situ in a H,/N, 20/80 vol current
at 250 °C during 2.5 h. Afterwards, the reactor was cooled to
100 °C in N, and then pressurized to 25 bar with a syngas,
similar to biomass-derived syngas, with a CO/CO,/H,/N, volu-
metric composition of 1/1.9/7.7/1.18 (Air Liquid), so that the M
module ([H,-CO,]/[CO + CO,]) is 2. Once reached this pressure,
the reactor was heated to 270 °C and the proper flow of syngas to
get a GHSV = 7500 h™'. Reaction outlet gases were analysed
with an on-line Varian CP-3800 gas chromatograph equipped
with a Hayesep Q packed column connected to a thermal
conductivity detector (TCD) and a Rtx-1 capillary column con-
nected to a flame ionization detector (FID). N, was used as
intern patron for the calculations of CO and CO, conversions.
The methanol produced was calculated taking into account that
it was the only product, since no other compound different to
the ones in the feed was observed. The activity of each catalyst
was measured for at least 5 hours. The composition of the outlet
gases was analysed three times and the values reported in this
work are the averaged values.

CO and CO, conversions were calculated as indicated in eqn
(10).

mole flow;;, — mole flow; oy
mole flow;;,

X = (10)
where X; represents the conversion of compound i (CO or CO,),
and mole flow; ;, and mole flow; ., are the inlet and outlet mole
flows of compound i, respectively, in moles per s. For the
turnover frequency numbers (TOF, in s~ '), eqn (11) and (12) and
were used.

Methanol production (MeS) = > mole low; ;, x X; (11)

TOF = methanol production (MeS)/(Cu sites- gca) (12)
Methanol production in MeS is expressed in moles per s, and
geat Fepresents the grams of catalyst loaded to the reactor. Since
methanol is the only product detected, methanol production
during the MeS was calculated form eqn (11).
Direct synthesis of DME (DDMES) and sorption enhanced
DME synthesis (SEDMES). The metallic and acidic catalyst were

This journal is © The Royal Society of Chemistry 2020
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crushed to powder, mixed in a 1 : 1 weight ratio, pelletized, and
finally crushed and sieved to 212-425 um. The adsorbent zeolite
3A was also crushed and sieved to the same fraction. The
catalytic bed was prepared mixing the catalysts and the zeolite
in a ratio 1 : 4 (weight basis) and diluted with SiC in order to
avoid the hot spots formed during the reaction.

The DDMES and SEDMES experiments were conducted on
the high-pressure multi-column rig (‘Spider’), with 8 reactors of
20 mm internal diameter. 5.3 g of a 1 : 1 catalyst mixture of the
Cu-based and acid catalyst plus 21 g of 3A zeolite was loaded in
each reactor. A flow of 90 NmL min " of simulated syngas (CO,/
CO = 2, and M = (H,-CO,)/(CO + CO,) = 2) was fed to each
reactor at 275 °C, 25 bar. The catalytic mixture was activated
under H,/N, flow (20/80 v/v) at 250 °C and 1 bar during 2.5 h.
Product analysis was performed by gas chromatography (GC,
equipped with a TCD and a FID detector) and mass spectrom-
etry, by monitoring the following species; hydrogen (m/z = 2),
water (m/z = 18), carbon monoxide/nitrogen (m/z = 28), argon
(m/z = 40), carbon dioxide (m/z = 44) and DME (m/z = 46).
Traces of C,H, (m/z = 28) were detected, but due to the
extremely low intensity of the signal, it was not considered.
C,H, comes from the further dehydration of DME in presence of
an acid catalyst,”™** so the assumption that CO and CO, con-
verted only form methanol is still valid for these experiments.
All experiments were performed in triplicate. The first was
always discarded, the second and third reached very similar
results.

The data for the SEDMES regime were those collected during
the early stages of the reaction, in the transient state (ca. 50
minutes), when the adsorbent zeolite was still dry. The data
collected once the zeolite is saturated, at steady state, represent
the DDMES (after ca. 100 minutes). The adsorption capacity of
the zeolite is regenerated in situ. The regeneration protocol
consisted in a periodic switching to dry nitrogen, followed by
decreasing the pressure to 3 bar and increasing the temperature
to 400 °C. For every setting, the reaction and the regeneration
were measured for every sample.

Results
Characterization

Table 1 displays the specific surface areas, pore diameters,
elemental composition, and results of RXD and N,O chemi-
sorption of the catalysts studied in this work. As shown in Table
1, all catalysts have similar Cu loading of 60-67 wt%. CZA -
comm displays the largest specific surface area in the series. Its
homemade analogue (CZA) displays a lower surface area due to
the lower content of Al,O;. The addition of ZrO, (CZAZ)
increases the surface area of the material. On the other hand,
the catalyst with gallium presents the lowest surface area of the
series. The CZA_comm shows a narrow distribution of the pore
sizes, while the rest of the catalysts present a bimodal distri-
bution or a very wide range in the diameter of their pores, which
are larger than in the commercial catalyst.

The X-ray diffractograms for the catalysts reduced in H,/N, at
250 °C (heating rate 2 °C min~ ') are shown in Fig. 1. All dif-
fractograms display the characteristic diffraction lines for

This journal is © The Royal Society of Chemistry 2020
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Fig.1 X-ray diffractograms of the catalysts after reduction at 250 °C.
*Cu®, *ZnO.

metallic Cu, with peaks at 43, 50, 74° and ZnO at 32, 35, 37 and
57°. The absence of diffraction peaks for Al,03, ZrO, or Ga,03
indicates that these phases are amorphous our highly dispersed
on the solid.

Table 1 reports Cu dispersion and surface areas of the
catalysts as determined from N,O chemisorption. Sadly, it was
not possible to conduct N,O chemisorption experiment with the
Ga-doped sample, CZAZGa, because Ga,O; reduction overlaps
with the reduction of Cu,* invalidating the assumption that
hydrogen consumption during the experiment accounts only to
the reduction of copper. Therefore, we also calculated Cu
dispersion and surface area of all catalyst from the particle sizes
obtained from the XRD results using eqn (5) and (6). N,O
chemisorption results reveal that CZA comm displays the
highest Cu surface area in the series, followed by CZA and CZAZ.
The same trend is obtained when using the particle sizes ob-
tained from XRD, with CZAZGa displaying the lowest Cu surface
area in the series.

Catalytic activity

Three different reactions were studied in this work, namely the
synthesis of methanol (MeS), the direct synthesis of DME
(DDMES) and the sorption enhanced DME synthesis (SEDMES).
The MeS experiments were performed as steady-state experi-
ment, and the SEDMES and DDMES experiments were per-
formed in a transient mode, see Fig. 2. The final steady-state
conversion level, after complete saturation of the zeolite
adsorbent, was taken as the DDMES experiment. The pre-
breakthrough part of the experiment corresponds to the
SEDMES. As an example, Fig. 2 shows the transient response for
the CZA catalyst, identifying regions considered for reporting
the performances of the SEDMES and DDMES modes. Although
water is not removed previous to product analysis, product
selectivity is reported on dry basis.

Synthesis of methanol, MeS. As shown in Fig. 3a, both
CZA_comm and CZA record the highest CO and CO, conver-
sions of ca. 7.6 and 9.9%, respectively. These conversions are

Sustainable Energy Fuels, 2020, 4, 5674-5681 | 5677
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Fig. 2 Outlet compositions for DDMES and SEDMES experiment:
275 °C, 25 bar, 1080 h~!, CO,/CO = 2.

close to the equilibrium conversion values. Doping the catalysts
with ZrO, decreases CO conversion to ca. 1.6%, without
affecting CO, conversion. CZAZGa displays the lowest CO and
CO, conversions in the series, with negative CO conversion of
—10.6%, indicating that the content of CO in the outlet is higher
than in the inlet. Negative conversion values indicate that CO is
formed during the process via the r-WGS reaction, which is
promoted by the addition of ZrO, and especially Ga,O; to CZA.
Fig. 3b shows the outlet concentrations of CO,, CO and meth-
anol for all catalysts. All catalysts show similar CO, outlet
concentration around 57% mole (the equilibrium value is
58.7% mole), but the concentration of CO increases in the order
CZA_comm (32.2% mole) < CZA (34.4% mole) < CZAZ (36.8%
mole) < CZAZGa (39.8% mole; the equilibrium value is 32.2%
mole), confirming the higher ability of CZAZ and CZAZGa for
the r-WGS reaction. Methanol production is higher over the
non-promoted catalysts, i.e., CZA_comm (9.9% mole) and CZA
(8.5% mole), decreasing over CZAZ (5.9% mole) and CZAZGa
(3.1% mole) (9.1% mole at the equilibrium). A direct relation-
ship between the outlet concentration of methanol and the Cu
surface area of the catalysts obtained through N,O chemisorp-
tion can be observed (CZA_comm > CZA > CZAZ, see Table 1).
This direct relationship between methanol production and Cu
surface area has been also reported by other authors.?” In terms
of TOF, a similar value of around 2 x 10> s~ was obtained for
these three catalysts. On the other hand, the activity trends
shown in Fig. 3a and b reveal that even if the addition of ZrO,
and Ga,Oj; increases the CO/CO, ratio in the reactor, it does not
result in higher methanol production. Martin et al. studied the
synthesis of methanol over CZA commercial catalysts using
different syngas compositions and concluded a CO, concen-
tration of ca. 2.4% in the syngas is the optimum one for the
synthesis of methanol.” The presence of a low amount of CO,
suffices to form methanol and water. The H,O formed activates
the WGS reaction to produce more CO,, which is transformed to
methanol. In this way, the production and consumption of H,O
(eqn (2) and (3), respectively) are balanced in the overall
process, favouring the production of methanol while avoiding
catalyst deactivation via Cu sintering. However, when the syngas
contains a high concentration of CO,, such as that used in this
work, methanol production is not optimal with CZA catalysts. In
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principle is it possible to adjust the CO,/CO ratio in the syngas
via the WGS reaction. The addition of Zr and Ga promoters to
CZA catalysts improves CO, adsorption on the catalyst and
favours the r-WGS reaction thus increasing CH;OH production
from CO,."****° Faen Song et al. found that a Zr load of approx.
3 mol% improves the dispersion of Cu and the adsorption of
CO, on the surface of the CZA, stating that higher values result
in the sintering of Cu particles, and therefore a decrease of the
catalyst activity.” W. J. Lee et al. studied the addition of Zr, Mg
and Ga to a commercial CZA catalyst® and concluded that Zr
favours the methanol production but lowers CO, conversion.

We found that doping CZA with Zr or Ga oxides promotes the
r-WGS, thus increasing the CO/CO, ratio in the reactor.
However, this effect does not lead to a higher methanol
production with the doped catalysts. This can be explained by
taking into account that CO, transformation into CO via the r-
WGS reaction results in the production of H,O (eqn (3)). The
presence of H,O in the reaction medium is detrimental for the
production of methanol from CO, (eqn (2)) because it displaces
the equilibrium towards the reactants. The outlet gas compo-
sition of the experiments with CZA_comm and CZA is close to
the equilibrium composition (9.2% of CH;OH). However,
methanol concentration below the equilibrium value is ob-
tained with the doped catalysts, 5.9% with CZAZ and 3.1% with
CZAZ-Ga. As shown above, CZAZ and CZAZGa display the lowest
ZnO content in the series (see Table 1). ZnO plays a very
important role in the performance of CZA catalyst as an struc-
tural promoter of the active phase.***® The presence of ZnO
promotes the formation of small and stable Cu crystals on the
catalyst, improves its dispersion and even promotes H, disso-
ciation under conditions of deficient adsorption of H, on Cu
particles, followed by H, spillover to Cu.** The N,O chemi-
sorption data reveal that the catalysts with the highest ZnO
loadings (CZA_comm and CZA) display the highest Cu surface
areas (see Table 1), therefore showing the highest methanol
production rates. Conversely, CZAZ and CZAZGa display the
lowest Cu surface areas in the series, and consequently the
lower methanol production rates. In addition, it is possible that
by promoting the r-WGS reaction Cu particles in the latter
samples tend to agglomerate due to the excess of H,O in the
reaction medium.

Since CO, is the source for both methanol (eqn (2)) and CO
(eqn (3)), the CH;OH to CO ratio can be taken as a good
descriptor for the preferential reaction pathway on each cata-
lyst. Thus, high CH;OH/CO ratios indicate that the catalyst is
more active to methanol production than to the r-WGS reaction.
Conversely, lower CH;OH/CO ratios indicate that the catalyst is
more active to the -WGSR. As shown in Fig. 3a, the CH;0H/CO-
ratio decreases in the order CZA _comm > CZA > CZAZ >
CZAZGa, confirming the promotional effect of ZrO, and Ga,0;
towards the r-WGS reaction.

Direct dimethyl ether synthesis, DDMES. As shown in
Fig. 3¢, the CO, and CO conversions obtained in the DDMES are
higher than during the MeS with all catalysts. This observation
indicates that the production of DME from methanol (eqn (4))
shifts the syngas to methanol reactions (eqn (1) and (2)) towards
the formation of CH3;OH. All catalysts show similar CO,

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 CO, and CO conversions, CHzOH/CO or DME/CO-ratios and outlet mole concentrations of methanol (green bar), CO (red bar), CO,
(blue bar) and DME (yellow bar), recorded during the MeS (a and b), DDMES (c and d) and SEDMES (e and f) processes under the following
conditions: DDMES and SEDMES: 275 °C, 25 bar, 1080 h™!, CO,/CO = 2; MeS: 270 °C, 25 bar, 7500 h™%, CO,/CO = 1.9.

conversions, ca. 20%, with CZAZGa showing a slightly higher
conversion of 23%. These conversion values appear to be above
the equilibrium values, but it must be noticed that the equi-
librium calculations have been carried out considering only CO,
CO,, H,, H,O, methanol and DME in the system. As stated
before, traces of C,H, have been observed in both DDMES and
SEDMES experiments. If ethylene is included among the

This journal is © The Royal Society of Chemistry 2020

products, CO and CO, equilibrium conversions rise to ca. 100%
and above 50%, respectively. This effect of the presence of C,H,
in the reacting system on the thermodynamics can explain why
the outlet concentration of CO, surpasses the theoretical value.
On the other hand, CO conversions below the equilibrium value
(54%) are observed. Again, CZA_comm shows the highest CO
conversion of 47.5% followed by CZA (40.5%), CZAZ (38.8%),
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and CZAZGa (4.7%). This observation contradicts previous
works reporting that doping Cu/ZnO/Al,O; catalysts with ZrO,
increases the conversion of conversion of CO,-containing
syngas.'®*” This feature can be due to the higher CO,/CO ratio
used in our experiments. Product selectivity is shown in Fig. 3d.
As observed, methanol and DME are produced over all catalysts,
with CZA _comm, CZA, and CZAZ reaching DME outlet
concentrations of 8.7% mole, 7.2% mole, and 6.8% mole. Note
that these values are slightly below the DME equilibrium
concentration of 10.9% mole at the conditions studied in this
work. CZAZGa produced a very low amount of DME, with an
outlet concentration of ca. 0.8% mole, but shows the highest
concentration of methanol of 5.7% mole vs. ca. 4% mole shown
by the other catalysts (the equilibrium value for methanol
composition is 3.8% mole). Note that the combined production
of methanol and DME with CZAZGa is the lowest in the series.
The lower activity towards the production of methanol and DME
in the catalytic bed with CZAZGa/v-Al,O;3 can be explained by
the very high activity of CZAZGa for the r-WGS reaction, which
results in a high content of H,O in the reaction medium, which
is known to deactivate both methanol production over CZA
catalysts and methanol dehydration over y-Al,0;. As explained
above, we used the DME/CO outlet ratio as a descriptor of the
preferential reaction pathway, DME production vs. r-WGS
reaction, with the catalysts under study during the DDMES. In
line with the trend observed above for the synthesis of methanol
MeS, all catalysts show a similar trend of DME/CO ratios of ca.
between 0.4 (CZA_comm) and 0.3 (CZAZ), with CZAZGa showing
the smallest ratio of 0.02, indicating a high r-WGS activity of this
catalyst hence a higher CO selectivity.

Sorption enhanced DME synthesis, SEDMES. As shown in
Fig. 3e, the SEDMES process results in significantly higher CO,
conversions, ca. 100%, irrespectively of the catalyst under study.
The CO conversions with the CZA catalysts (CZA_comm 55%
and CZA 47%) are higher than in the other process, but the ones
recorded with CZAZ (17%) and CZAZGa (—56%), especially the
latter, are lower than the ones recorded during the DDMES and
MeS. DME and methanol are produced with all catalysts. DME
production is significantly higher than that obtained in the
DDMES process, with outlet concentration values of 70%, 66%,
54%, and 23% mole for CZA_comm, CZA, CZAZ, and CZAZGa,
respectively (Fig. 3f). All of these values are well above the
aforementioned DME equilibrium concentration of 10.9%
mole. The significantly higher CO and CO, conversions (above
equilibrium) and DME production reveal the promotional effect
of water removal with zeolite 3A during the direct DME
synthesis from syngas.

The in situ removal of H,O during the SEDMES process
exacerbates the different performances between the catalysts
with high activity for the production of methanol (CZA_comm
and CZA) and the ones with high activity for the -WGS reaction
(CZAZ and CZAZGa). DME production is favoured over CZA and
CZA_comm, indicating the higher catalytic activity of these
catalysts for the reactions in which methanol and DME are
produced, eqn (2) and (4), respectively. On the other hand, since
the r-WGS reaction (eqn (3)) is faster than methanol production
over CZAZGa, water removal promotes further the production of
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CO from CO,, resulting in negative CO conversion values, which
is an indication that the rate of methanol production from CO
(eqn (1)) is very slow.

Finally, it is worth mentioning that the CO, concentration in
the products in SEDMES is very low (<4%) for all catalysts,
which is very important for the DME/CO, separation process
downstream. These low CO, outlet concentrations suggests that
the SEDMES process could be also successfully applied the
direct synthesis of DME from pure CO,/H, syngas.

Conclusions

In this work, we have studied the performance of a series of CZA
catalysts for the synthesis of methanol and the direct synthesis
of DME (using y-Al,O; as acid catalyst) from a CO,-rich syngas,
akin to that obtained from the gasification of biomass. In order
to adjust the CO,/CO ratio within the reactor, CZA has been
doped with Zr and Ga oxides. This strategy allows to increase
the CO/CO, product ratio, but it fails to increase methanol
production probably due to the higher ability of the doped
catalysts for the r-WGS reaction and the concomitant produc-
tion of H,O, which results in the loss of activity of the doped
CZA for the production of methanol from syngas. In addition,
being a reaction product, the presence of water in the reaction
medium prevents the production of methanol from syngas and
the production of DME from methanol. In order to remove H,O
during the direct synthesis of DME from CO,-rich syngas we
have placed an H,O sorbent solid, zeolite 3A, in the reactor. This
strategy, referred to as sorption enhanced DME synthesis
(SEDMES), allows to shift the equilibria to the product side,
thus resulting in higher carbon conversions and DME produc-
tions. In fact, a DME concentration of ca. 70%, well above the
equilibrium value, was obtained with the non-doped CZA
catalysts, which show the highest production of methanol from
CO, rich syngas. On the other hand, water removal during the
SEDMES with the Zr and Ga doped catalysts lead to a high
production of CO.
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