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Designing a novel dual bed reactor to realize efficient ethanol
synthesis from dimethyl ether and syngas

Xinhua Gao,a'b Bolian Xu,® Guohui Yang,b Xiaobo Feng,b Yoshiharu Yoneyama,b
Ushio Taka® and Noritatsu Tsubaki*”

A novel dual bed reactor packed with the combination of zeolite (H-Modernite or H-Ferrierite) catalyst and CuZnAl catalyst
was proposed to realize the direct ethanol (EtOH) synthesis from dimethyl ether (DME) and syngas (CO + H,). DME and CO
were firstly introduced into the upper zeolite bed to conduct the carbonylation reaction, and then H, was directly
imported into the below CuzZnAl catalyst bed to accomplish the hydrogenation of methyl acetate (MA) produced at the
first catalyst bed. In this novel dual bed process, the DME and CO were introduced into the reactor from the top of the first
catalyst bed layer, but H, was introduced into the second catalyst bed layer directly through an inner stainless steel tube
equipped with evenly distributed holes. Benefitting from the precise control of the distribution of the reactants on the
surface of different catalysts, an enhanced catalytic performance was obtained compared with the conventional dual bed
reactor which introduced DME and syngas into the reactor simultaneously. The synergistic effects offered by this novel
dual bed reactor were further confirmed by numerous comparative tests. Our results show that the excellent catalytic
performance in this novel dual bed reactor was ascribed to the improved CO partial pressure in the upper zeolite catalyst
bed. Compared with the conventional dual bed reactor, both DME conversion and EtOH yield were almost doubled in this

novel dual bed reactor packed

1. Introduction

Ethanol (EtOH), a basic chemical product, has been widely
used as solvent, industrial intermediate and promising fuel
additive. For industrial EtOH production, sugar fermentation
and ethylene hydration are major synthesis routes.’ However,
sugar fermentation may aggravate the food crisis and face the
problem of high cost due to the high energy demand to isolate
the products. And the ethylene hydration strategy also is
constrained with the diminishing of crude oil, as ethylene is
mostly produced by the cracking of petroleum derivatives.
Therefore, it is necessary to develop new EtOH synthesis
routes from non-edible biomass or other fossil resources.*” At
present, some potential routes for EtOH synthesis have been
widely investigated, such as the direct synthesis of EtOH from
syngas (CO + H,) over Rh-based catalysts, production of EtOH
from syngas with dimethyl oxalate (DMO) as the intermediate
using Cu-based catalysts, and methanol (MeOH) homologation
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with  the

combination of H-Ferrierite and CuZnAl catalyst.

process with the combination of transition-metal catalysts and
iodine compounds as promoters. 1368710 Bt the commercial
applications of the above mentioned strategies are hampered
by the usage of noble metal catalysts, tedious process, and
lower selectivity of EtOH.

Recently, Iglesia and co-workers reported that H-Modernite
(MOR) and H-Ferrierite (FER) zeolites are selective catalysts for
dimethyl ether (DME) carbonylation at low temperature from
423 to 463 K, which provide a promising non-haldide and
noble metal-free route to produce methyl acetate (MA).H_13 A
common feature of MOR and FER is the existence of 8-
member ring channels, where the DME carbonylation reaction
mainly occurs.M*™3 Considering that the DME carbonylation to
MA and ester hydrogenation to alcohols occured at a similar
temperature, a novel process for direct synthesis of EtOH from
DME and syngas using a dual-bed reactor has been proposed
by our group.z“_29 Briefly, the DME was firstly converted to MA
through carbonylation on a solid acid zeolite catalyst such as
MOR or FER in the first stage of the reactor, and then the
formed MA was hydrogenated to EtOH on a Cu-based catalyst
in the second stage of the reactor. These two reactions at
different stages can be described as follows:

CO + CH;0CH; — CH;COOCH; o)

CH,COOCH; + 2H, — CH;CH,OH + CH;0H 2)
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The main byproduct of this process is MeOH, which can be
recycled to synthesize DME over other solid acid catalysts
through catalytic dehydration.30

In the conventional dual bed system (Scheme 1a), the DME
and syngas are introduced into the reactor simultaneously.
Nevertheless, it’s no doubt that the carbonylation of DME with

DME/CO +H, DME/CO H,

l ﬂ

— FER —

l— Quartz _]
wool

CuZnAl

(a) Conventional dual bed reactor  (b) Novel dual bed reactor

Scheme 1 lllustration of the (a) conventional dual bed reactor and (b) novel dual bed
reactor, and the varied importing ways of feed gas: (a) DME/CO and H, were
introduced simultaneously from the reactor inlet; (b) DME/CO and H, were respectively
introduced to the top catalyst layer and the bottom catalyst layer in the reactor.

CO will be suppressed due to the lower accessibility of DME
and CO caused by the co-feed of Hz.zs’ » Wang et al. also found
that the presence of H, in the first stage of the reactor
decreased DME conversion and MA selectivity by suppressing
the CO reaction with the intermediate methyl.22 As the DME
conversion rate is proportional to the partial pressure of CO”,
improving the partial pressure of CO in the first stage will be
helpful to increase the conversion of DME and facilitate the
EtOH formation in the second stage of the reactor.

Herein, a novel dual bed reactor is designed and employed
for the highly efficient synthesis of EtOH from DME, CO and H,
in a one-pot process. As shown in Scheme 1b, the DME and CO
are routinely introduced to the upper zeolite (MOR or FER) bed
to drive the carbonylation reaction, and the H, is directly
introduced into the second CuZnAl catalyst bed through an
inner stainless steel tube equipped with evenly distributed
holes. As a result, the CO partial pressure at the upper zeolite
layer of this novel dual bed reactor was improved nearly 100%
than that of the conventional dual bed reactor. Surprisingly,
due to this smart strategy, the DME conversion and EtOH vyield
were significantly enhanced compared with the conventional
dual bed reactor.

2. Experimental

2.1 Catalyst Preparation.

H-type MOR zeolite (SiO,/Al,0; = 18) and H-type FER zeolite
(SiO,/Al, 05 = 18) were purchased from Tosoh Corporation for
DME carbonylation. Prior to the reaction, the zeolite sample

2 | J. Name., 2012, 00, 1-3

was calcined in air at 823 K for 3 h, and then granulated into
the size of 20—-40 mesh.

The CuznAl (molar ratio of Cu/Zn/Al = 1:1:0.1) catalyst was
prepared by a homogeneous precipitation method as our
previous work.” Briefly, aqueous solution of Cu(NOs),:3H,0,
Zn(NO3),-6H,0 and AI(NOs);-9H,0 were added to the aqueous
solution of urea with constant stirring. The mixing solution was
heated to 363 K and maintained at this temperature for 2 h
until the mixture were completely precipitated. The obtained
slurry was aged overnight at ambient temperature, and then
filtrated and washed with deionized water. After drying at 393
Kand calcination in air at 623 K for 2 h, the sample was also
granulated into the size of 20—40 mesh.

The obtained zeolite catalyst and CuZnAl catalyst were
respectively loaded as the top and bottom catalysts layer in
one reactor, as shown in Scheme 1. Prior to reaction, the
CuZnAl catalyst was reduced in situ in a pure hydrogen flow at
573 K for 10 h.

2.2 Catalyst characterization.

The textural property of the catalyst was determined by N,
physisorption instrument (Quantachrome Nova 2200e). The
crystalline phase of the catalyst was measured by a Rigaku
UltimalV X-ray diffractometer with a Cu K, radiation (A= 0.154
nm) at 40 kV and 30 mA. The surface morphology of catalyst
was observed using a JEOL JSM-6360LV scanning electron
microscope (SEM). The elemental composition of the catalyst
was measured by a JED-2300 energy dispersive spectrometer
(EDS) equipped on SEM apparatus.

2.3 Catalytic reaction

2.3.1 EtOH synthesis reaction. The EtOH synthesis reaction
was carried out in a novel dual bed stainless steel reactor (9.5
mm OD) as shown in Scheme 1b. Typically, 0.5 g MOR or FER
zeolite catalyst was loaded at the first stage of the reactor, and
another 0.5 g CuZnAl catalyst was loaded at the second stage
of the reactor. For the separation of these two catalysts, the
quartz wool was loaded between them. A gas mixture of
Ar/DME/CO (molar ratio of 3/4/93 with a flow rate of 20
mL/min) was firstly introduced into the reactor from the inlet
of the reactor, and the pure H, (flow rate of 20 mL/min) was
directly introduced into the second stage of the dual bed
reactor through an inner stainless steel tube equipped with
evenly distributed holes (0.5 mm in diameter). Prior to the
EtOH synthesis reaction, the catalysts were reduced in situ in a
pure hydrogen flow at 573 K and atmospheric pressure for 10
h. The reaction was initiated after the reactor temperature
cooled down to 493 K and the pressure increased to 1.5 MPa.
As reference, the EtOH synthesis reaction was also studied
in a conventional dual bed reactor, as shown in Scheme 1a.
The reaction pressure and temperature were the same to
those of the novel dual bed reactor; however, the reactant
gases Ar/DME/CO and H, were simultaneously introduced into
the reactor from the inlet of the reactor. Comparatively, the
EtOH synthesis reaction was also performed in the novel dual

This journal is © The Royal Society of Chemistry 20xx
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bed reactor with H, introduced into the different locations of
this novel reactor, such as into inlet, zeolite bed, quartz wool,
CuZnAl catalyst bed, or outlet layer of the reactor. The DME
conversion was calculated after the reaction reached stable
state (at TOS = 10 h), and the product selectivities were
collected and calculated by the data from 8 to 10 h.

2.3.2 DME carbonylation reaction. In order to compare the
catalytic performance of these two zeolite catalysts (MOR and
FER) in the DME carbonylation reaction, the single DME
carbonylation reaction was also performed in these two types
of reactors with only zeolite catalyst.

To study the effect of H, on the carbonylation reaction, the
DME carbonylation was carried out over FER catalyst in the
conventional dual bed reactor with different H, compositions.
The gas mixture of Ar/DME/CO (molar ratio of 3/4/93) was
kept in a flow rate of 20 mL/min, while the H, flow rate was
systematically increased from 0, 5, 10, 15 to 20 mL/min.

To further clarify the relationship of DME conversion with
the reaction pressure, the DME carbonylation was evaluated
with the feeding stream of Ar/DME/CO (molar ratio of 3/4/93)
over the FER catalyst under different reaction pressures.

After reaction, the released effluent gases passed through
an ice trap firstly, and then were analyzed by an online gas
chromatographs (GC). The CO, CO,, CH, and Ar (Ar was
employed as the internal standard) were analyzed by a
Shimadzu GC-8A with a thermal conductivity detector (TCD)
and an activated carbon column; DME was analyzed by the
TCD with another Porapak Q column. The liquid products MA,
MeOH, EtOH and ethyl acetate (EA) collected by the ice trap
with 1-butanol as solvent were analyzed by another Shimadzu
GC-8A with a flame-ionization detector (FID) and a connected
dual column packed by Gaskuropack 54 and Porapak N packing
materials. Before analysis, 1-propanol was added into the
liquid products as the internal standard. The DME conversion
(Xpue) was calculated by internal standard method, and the
selectivity values of the products (S;) were calculated in
molecular selectivity. The EtOH vyield (Yz,oy) was calculated
with the DME conversion and EtOH selectivity using following
formulas:

Xpue (%) = (XDME,in/ Arj, — XDME,om/Arou:) / (XDME,in/Arin) x 100%
S; (%) =nyZn; x 100% (i = MA, MeOH, EtOH, EA, CO,, CH,)

Yeion (%) = Xpue X Seion

3. Results and discussion

3.1 Catalyst characterization

3.1.1 X-ray diffraction (XRD) and N,-adsorption results. The XRD
patterns of the MOR zeolite, FER zeolite and CuZnAl catalyst
are presented in Fig. 1. Both MOR and FER zeolites exhibit
typical diffraction peaks of their unique crystal structures.> "
229 £or the CuznAl catalyst, the diffraction peaks appearing at

20 = 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.9° and 68.0° are

This journal is © The Royal Society of Chemistry 20xx

assigned to ZnO, and the diffraction peaks appearing at 26 =
35.5°and 38.7° are assigned to Cu0.”? 0On the basis of the
Scherrer formula, the average crystallite size of the CuO
particles over CuZnAl catalyst is about 15.7 nm.

+CuO
VZnO
Il
2
g
E
U Wb
v CuZnAl
Ve
v \% V V V
| | | | | |

|
10 20 30 40 50 60 70 80
200

Fig. 1 The XRD patterns of the MOR, FER and CuZnAl catalyst.

The BET specific surface area, pore volume and average
pore diameter of the catalysts were measured by N,
physisorption and summarized in Table |. The MOR catalyst
shows larger specific surface area than that of FER, however,
the pore volume and average pore diameter are almost same.
The CuZnAl catalyst possesses a specific surface area of 47 m?

-1

N, adsorption-desorption isotherms and relevant pore size
distribution results of catalysts are depicted in Fig. 2. Both
MOR and FER showed a combination of type | and IV isotherms
with hysteresis loops (from 0.1 to 0.9 P/P° in Fig. 2a, from 0.2
to 0.9 P/P° in Fig. 2b), indicating the existence of both micro-
and mesopores. As reported, the DME carbonylation reaction
mainly occurs within the micropores.12 Those mesopores
existed among MOR and FER are favorable for the reactants
and products transportation. In Fig. 2c, a typical mesopore
structure was detected on CuZnAl catalyst, which showed a
type IV isotherm with hysteresis loop beginning at a P/F° value
of 0.8. The micropores size distribution of MOR and FER are
shown in Fig. 2a (inset) and Fig. 2b (inset), respectively. Two
micropores at around 0.53 nm and 0.57 nm were detected
over MOR zeolite, while only one micropore at around 0.54 nm
was observed over FER zeolite. For CuzZnAl (Fig. 2c), the pore
size mainly distributed around 22 nm.

Table 1 The physical properties of different catalysts.

Specific Pore Si0,/Al,03
Average pore a
Catalysts  surface areas . Volume® (mL  molar
) 1 diameter (nm) 1 b

(m“g™) g) ratio
MOR 446 2.5 0.3 13
FER 297 4.1 0.3 13
CuzZnAl 47 8.7 0.2 -

? Characterized using the N, adsorption method.

® Calculated from EDS analysis.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 N, adsorption isotherms and pore size distribution curves (inset) of catalysts:
MOR (a), FER (b), and CuznAl (c).

3.1.2 SEM-EDS analysis. Fig. 3 displays SEM images and EDS
results of MOR and FER catalyst. Both MOR (Fig. 3a) and FER
(Fig. 3c) exhibit a traditional block-like morphology. They
comprised the aggregation of nanoparticles, where mesopores
were formed between these adjacent nanoparticles. It is in
accordance with the N,-adsorption results of hysteresis loops

4 | J. Name., 2012, 00, 1-3
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Fig. 3 SEM images and EDS analyses of catalysts: MOR (a) and (b), FER (c) and (d).

detected on MOR and FER catalyst. EDS (Fig. 3b and d) was
used to quantify the element composition of catalysts. Both
MOR and FER show the SiO,/Al,03; molar ratio of 13 (Table 1).

3.2 DME carbonylation in different reactors over pure MOR or FER
catalyst

At first, the catalytic performance of the MOR catalyst for the
DME carbonylation reaction was studied in the conventional
dual bed reactor and the novel dual bed reactor, respectively.
The reaction results are shown in Fig. 4 and Table 2. In these
cases, the CuZnAl catalyst was not loaded into the reactor. The
DME conversion over MOR catalyst in the novel dual bed
reactor was nearly doubled if compared to that of the
conventional dual bed reactor, while keeping the same MA
selectivity. However, MOR catalyst exhibits poor stability
during the reaction, the DME conversion decreased slightly
after 2.5 h time on stream. This is probably due to the high
acid density of 12-member ring channel in MOR, which will
lead to catalyst deactivation by coke deposition.m'16
contrast, FER zeolite consists of a one-dimensional channel of
8-member ring and a perpendicularly intersected one-
dimensional channel of 10-member ring, which can reduce the
hydrocarbon depositions by restricting the diffusion of
reactants due to the steric hindrance effects of 10-member
ring channels.” ® Thus, FER zeolite was then employed as the
DME carbonylation catalyst in both types of reactors. In Fig. 4b,
the DME conversion over the FER in the novel dual bed reactor
was also about doubled, over that in the conventional dual bed
reactor. The MA selectivities in these two reactors were both
higher than 94% (see Table 2). After 4 h time on stream, the
DME conversion was increased. In comparison with MOR, the
FER catalyst exhibited superior stability for the DME
carbonylation reaction.

In

This journal is © The Royal Society of Chemistry 20xx
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20 mL/min Ar/DME/CO (Ar/DME/CO in a molar ratio of
3/4/93) was mixed with another 20 mL/min pure H, in the inlet
of the reactor. For the reason that the total pressure was 1.5
MPa, the CO partial pressure in the zeolite layer was only 0.7
MPa. However, in the novel reactor, the H, was directly
introduced into the second CuZnAl stage of the reactor, below
the zeolite layer in the first stage. The CO partial pressure in
the zeolite layer should be as high as 1.4 MPa in theory, where
the H, gas could not enter the zeolite layer. To verify the
influence of the accompanying H, gas on the DME
carbonylation, the DME carbonylation reaction with different
H, contents in the raw materials was studied as follows.

3.3 Effect of H, presence on DME carbonylation reaction

50
(a) MOR —®— Novel dual bed reactor
—— Conventional dual bed reactor
40 -
S
530 |
a
o
>
820 |-
T
=
Aa10 +
0 . 1 . 1 . 1 . 1 .
0 1 2 3 4 5
Time on stream /h
50
b FER Novel dual bed reactor
( ) —A— Conventional dual bed reactor
40 -
S
5301
7
g
L8)20 = A/A_A—A/"“‘/A
m
p
Al10 +-
n 1 n 1 n 1 n 1 n
0 1 2 3 4 5

Time on stream /h
Fig. 4 Catalytic performance tests of (a) MOR and (b) FER catalysts for DME
carbonylation reaction in the conventional dual bed and novel dual bed reactor.
Reaction conditions: 493 K, 1.5 MPa, 0.5 g MOR or FER, Ar/DME/CO = 3/4/93 (20
mL/min), 100% H, (20 mL/min).

In the conventional dual bed reactor, H, firstly passed through
the upper zeolite layer, and then entered into the following
Cu-based catalyst layer for EtOH synthesis. It is necessary to
investigate the effect of H, on DME carbonylation at the upper
layer. In this part, the DME carbonylation with different H,
flow rates was carried out over FER catalyst in the
conventional dual bed reactor, and the reaction results are
shown in Fig. 5. The flow rate of the mixture gas Ar/DME/CO
(3/4/93) was kept at 20 mL/min for all experiments while the
H, flow rate was gradually increased. When the H, flow rate
increased from 0 to 20 mL/min, the DME conversion gradually
decreased from 40% to 20%, which should be caused by the
decrease of the CO partial pressure in the zeolite Iayer.zs’ Ptis
noteworthy that the DME conversion obtained from the
conventional dual bed reactor without H, was about 40%,
similar to that of the novel dual bed with H, flow rate of 20
mL/min in the feed gas, as shown in Fig. 4b. It also indicates
that the novel dual bed reactor with single zeolite catalyst
layer could be assumed as a plug flow model reactor, without
H, back-mixing. In addition, the effects of possible H,
adsorption on the active zeolite acid sites to the simultaneous

60

Both MOR and FER catalysts realized significantly enhanced 50 -
catalytic activity in the novel dual bed reactor, compared with y=138.9-0.96x
those in the conventional dual bed reactor. This result could be ;\?40 B a R?=0.99
attributed to the higher CO partial pressure in the reactor \g \\\
without co-feed of H,.?* In conventional dual bed reactor, the 'g 30 L .

&~
Table 2 DME carbonylation in the conventional dual bed reactor and novel dual bed % \‘\\A\_
reactor over MOR or FER catalysts. 320 L T-< ~a
Catalyss Selectivity (%) E
MA MeOH CHa 10 -

MOR® 95.63 3.71 0.66
MOR® 96.37 3.18 0.45 0 L
FER’ 94.71 4.68 0.61 5 0 5 10 15 20 25
FER® 95.28 4.15 0.57 H, / (mL/min)

Fig. 5 Effect of H, composition in feed gas on DME conversion over FER catalyst.
Reaction conditions: 493 K, 1.5 MPa, 0.5g FER, Ar/DME/CO 3/4/93 (20
mL/min), 100% H, (0, 5, 10, 15, 20 mL/min).

? Conventional dual bed reactor; ® Novel dual bed reactor.

Reaction conditions: 493 K, 1.5 MPa, 0.5 g cat., Ar/DME/CO = 3/4/93 (20
mL/min), 100% H, (20 mL/min).
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adsorption of DME on the same active sites could be erased in
the novel dual bed reactor.

3.4 Effect of reaction pressure on DME carbonylation reaction

In order to confirm the relationship between DME conversion
and reaction pressure, the DME carbonylation reaction using
single FER catalyst was investigated in the conventional dual
bed reactor under different pressures. As shows in Fig. 6, the
DME conversion is almost proportional to reaction pressure
(0.5-2.0 MPa). The DME conversions are 18 and 43% at
reaction pressure of 0.75 and 1.5 MPa, respectively. This result
shows that the differences of DME conversion in the
conventional and novel dual bed reactor were caused by the
different CO partial pressure. Iglesia and co-workers found
that the rate of MA synthesis did not depend on DME pressure,
however, was proportional to CO pressure.11 Therefore, the
kinetically relevant steps involve reactions of gas-phase or
adsorbed CO with DME-derived intermediates.'’ This result
indicates that increasing CO partial pressure in the zeolite bed
layer will be beneficial for DME conversion.

3.5 EtOH synthesis with the combination of FER and CuZnAl
catalyst

Fig. 7 shows the comparison results of the DME conversions
and product selectivities over the combination of FER and
CuZnAl catalyst in the conventional dual bed reactor and the
novel dual bed reactor. The DME conversions (Fig. 7a) at 15 h
were 23% in the conventional and 42% in the novel dual bed
reactor, respectively. This could be explained by the different
CO partial pressures in the first stage of these two reactors.
Similar product selectivity values were obtained in these two
types of reactors, and the results are presented in Fig. 7b and c.
The main products are EtOH and MeOH, which are formed by
the MA hydrogenation over the CuZnAl catalyst.

The EtOH yield was calculated with the DME conversion and
EtOH selectivity. The EtOH yields at 15 h were 19% in the novel
dual bed reactor and 10% in the conventional dual bed reactor.
The EtOH yield in this novel dual bed reactor was almost twice

6 | J. Name., 2012, 00, 1-3
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Fig. 7 EtOH synthesis in the novel dual bed reactor and the conventional dual bed
reactor over the combination of FER and CuZnAl catalyst. (a)DME conversions in two
reactors; (b) Products selectivities in the novel dual bed reactor and (c) conventional
dual bed reactor. Reaction conditions: 493 K, 1.5 MPa, 0.5 g FER, 0.5 g CuZnAl,
Ar/DME/CO = 3/4/93 (20 mL/min), 100% H, (20 mL/min).

as high as that from the conventional dual bed reactor.
Compared with previous works using the conventional dual
bed reactor (Table 3), the highest EtOH vyield (19%) was
obtained in this work. This value is also competitive to the one

This journal is © The Royal Society of Chemistry 20xx
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Table 3 Comparison with previous results in the one-step EtOH synthesis.
. Reactortype  Timeon DME EtOH i
Catalysts Gas composition . - EtOH Yield Reference
stream (h) Conversion Selectivity
N,/DME/CO/H, = Two-stage
HMOR-Cu/SBA-15% 6 72.1% 37.8% 27.3% 22
o/ 6.25/1.56/29.69/62.50 ’ ’ ’ [22]
b Ar/DME/CO/H, = Conventional
MOR-Cu/Zn0O 2 49.7% 37% 18.4% [27]
1.42/2.83/45.75/50 dual bed
C tional
Pt/MOR-Cu/ZnQ" Ar/DME/CO/H, = 1.55/2.35/46.1/50 d‘:zl"sz d'°"a 2 35.2% 32.6% 11.5% 128]
Cu-HZSM-35- Conventional
Ar/DME/CO/H, =1.51/2/46.49/50 4 27.19 46.79 12.79 29
Cu/zn/Al "/ /cO/H, 12/ / dual bed % : : [29]
Novel dual P t
FER-CuznAl® Ar/DME/CO/H, = 1.5/2/46.5/50 b:(;le ua 30 42% 45% 19% l::ken
w

*The mixture flow of DME and CO (n(CO)/n(DME) = 19): 15 mL/min, Carbonylation: 483 K, Hydrogenation: 503 K, 1.8 MPa, 0.5g HMOR, 2.0g Cu/SBA-15.

“Feed gas flow rate = 40 mL/min, 493 K, 1.5 MPa, Zeolite = 0.5 g, Cu-based catalyst = 0.5 g.

obtained using a two-stage type reactor with the connected
two reactors (Table 3). Furthermore, the combination of FER
and CuZnAl catalyst exhibits a good stability in the EtOH
synthesis reaction. Our new catalyst here was stable for about
30 h time on stream, whereas the catalysts in previous reports
deactivated rapidly within 4 h.2"°

3.6 EtOH synthesis in novel dual bed reactor with different
introduced locations of H,

To study the effect of H, introduced locations on the EtOH
synthesis reaction, this reaction was carried out over FER and
CuZnAl catalysts in the novel dual bed reactor. H, was
introduced into the reactor from the inlet, FER bed, quartz
wool, CuZnAl catalyst bed, or outlet layer stage of the reactor
respectively. With the H, introduced location shifting from the
inlet to the CuZnAl catalyst bed of the reactor stepwise, the
DME conversion increases from about 23% to 41% (Fig. 8).
Except being located at outlet layer, the selectivities of MeOH
and EtOH are almost the same as in Table 4. The EtOH yield
increases in this novel dual bed reactor, which can be ascribed
to the high efficiency in the DME carbonylation process.
However, when the H, was introduced directly into the outlet
of the reactor, the main product was MA. Thereby, it is
obvious that the CuZnAl catalyst plays the key role for
converting MA to EtOH in the second stage.

It is noteworthy that the DME conversion in the case of H,
gas being introduced at the quartz wool layer location is not
twice as high as that at the inlet layer, and also not the same
to that at the CuZnAl catalyst layer. This result indicates that
the back-mixing of H, existed to some extent in this system,
which may be caused by the quartz wool layer. However, when
the H, introduced location shifted to CuzZnAl catalyst layer, the
back-mixing of H, was sufficiently suppressed, ensuring the
excellent catalytic performance of this novel dual bed reactor.

This journal is © The Royal Society of Chemistry 20xx

Table 4 EtOH synthesis in the novel dual bed reactor with different H, imported
locations over the combination of FER and CuZnAl catalysts.

H,imported Selectivity (%)

locations MeOH EtOH MA EA CO, CH,4
Inlet 47.81 47.12 2.13 0.74 1.71 0.49
FER 48.24 46.27 2.28 0.72 1.86 0.63
Quartz wool 46.32 45.74 3.65 1.61 2.12 0.56
CuZnAl 46.41 45.05 3.94 1.85 2.14 0.61
Outlet 7.02 2.31 90.02 0 0.08 0.57

Reaction conditions: 493 K, 1.5 MPa, 0.5 g FER, 0.5 g CuZnAl, Ar/DME/CO =
3/4/93 (20 mL/min), 100% H; (20 mL/min).

100 50
DME/CO DME/CO DME/CO DME/CO DME/CO
l[" H, H, H. H,
Inlet ]l
— 80 - FER
X
< Quartz —_
g wool °\°
- — ~
@ 60 -cuznAl e
2 Outlet &
= u —
S
O 401 =
= S
> m
Q [} [t
20 o s 10
- I
0 L

I I I I w
Inlet FER Quartz wool CuZnAl Outlet

Fig. 8 EtOH synthesis in the novel dual bed reactor with different H, imported locations
over the combination of FER and CuZnAl catalyst. Reaction conditions: 493 K, 1.5 MPa,
0.5 g FER, 0.5 g CuZnAl, Ar/DME/CO = 3/4/93 (20 mL/min), 100% H, (20 mL/min).

3.7 Numerical analysis of gas flow in novel dual bed reactor

On the basis of the above experiment results, the back-mixing
of H, into the first stage could be prevented when the H, was
directly introduced to the second stage of the reactor. Herein,
the nature of gas flow in this novel dual bed reactor was

J. Name., 2013, 00, 1-3 | 7
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discussed numerically. Generally, the Reynolds number is used
to determine whether the flow of a fluid is laminar or
turbulent.®** In this part, we analyzed the flow type of the
fluid in the first and second stage of the reactor, respectively.

To simplify calculations, the feed gas in the first stage of the
reactor is assumed as 100% CO, because of very high content
of CO gas in this stage (Ar/DME/CO = 3/4/93). At the second
stage, even though the DME has been converted 41%, its
influence still can be ignored in our calculations, owing to the
low content of DME gas in the system. Therefore, the feed gas
in the second stage is assumed as a mixture of 50% CO and
50% H,. The parameters of the catalysts, the reactor and the
Reynolds number values are listed in Table 5. Their symbols
are also defined in Table 5.

The Reynolds number in the two stages of the novel dual
bed reactor could be calculated as follows:***

RMz_dP”f”f(_l )zﬁ(_l )
€ U 1— &gy U \1— &gy

In the above equation, dj,, ps, ur, 4, and ggy, could be
calculated as follows:
Geometric average diameter d,, of catalyst particles is:

dp = |dpyr X dpr2 = V3.8x10*x8.3x107* = 5.6x10* (2)

Density ps of gas flow at 493 K, 1.5 MPa was calculated
based on psg at standard temperature (273 K) and pressure
(0.1 MPa) with the ideal gas law of PV=nRT,

2

a=n(3) o (2) =o(

%' Technolog:

Journal Name

P T
Pri =P X Prs1

s/T

N

Plr /403
T, 273
pr =0.74
Pr1t pra
ppm = L2 > 2 _ 556

Superficial velocity uf of gas is:
G
Up = —
f s
where the mass flow rate G of the gas is:

_ pfs X ufs

G A

 Pps1 Xupg  1.25x3.3x107

G =1.0x10?
! A 4x107
7
Prsm X Ussm  0.67x6.6x10 5
G = = =1.1x10
m A 4x10°

in which, the cross sectional area A of reactor is:

75x10%\  (2.5x107)’ .
-7 7 =4x10

2
G, 1.0x107 4

upy =p—f1=W=9.6x10
Gn 1.1x102 3

U == s = 1.98 10

3

C))

)

(6)

The viscosities of CO and H, at 493 K were listed in Table 5, and the viscosity u,, of the mixture of H, and CO could be

34
calculated as follows:

YR uxi/M; | 2.56x10°x50%v28 + 1.23x10°x50%v2

=2.28x10°

Hm
i xiyM;

50%+v/28 + 50%V2

Equation (8), (9) and (10) were used to calculate the void fraction:*®

&g = 0.38 4+ 0.073 [1 +

@
—
()

where the equivalent diameter of the reactor d; could be calculated from:

8 | J. Name., 2012, 00, 1-3
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®

€))
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(dt)z _(75x10%\ (2.5x107
2) T\ "2 T2
d, = 7.1x10°
2
I[ <7.1x10'3_2>1|
5.6x10
g5 = 0.38+0.073| 1+ > /|
5.6x10™*

Considering the FER zeolite and CuZnAl catalysts are porous materials, calibration was performed on the ggas follows:

=05

egm = (Vo X &g + V, xm) [V, (10)

(Vo1 X € + Vpy xm)  (1.2x10°x0.5+3x10"x5x10™")
Vi1 B 1.2x10°

€M1 =

=0.63

epm1 = (Vp1 X ep + Vg Xxm) [V = (1.2x107x0.5+3x107" x5% 2% =0.
v, v, /V 1.2x107°%0.5+3x107#x5%10)/1.2x10°° = 0.63
epmz = (Voa X €5 + Vg X m)/Vpy = (6x107x0.5+2x107*x5x10™) /6x107 = 0.67

The void fractions of the first and second stage of the reactor are egy1=0.63 and £gy;,=0.67. The Reynolds numbers in these
two stages of the reactor could be calculated following the above equations, in which R,;;1=0.59 and R,,=0.82. Both Reynolds
number values in these two stages are less than 10, which should be considered to be laminar flow (fluid flow through a packed
bed is considered to be laminar if the Reynolds number is less than 10).31—33

The pressure drops through the first and second stage of the catalyst bed were calculated with Ergun equation, as follows:

A 1—epy)? U U 1—¢ ug?
B0 _ sl fom)” bmly | g5 1 = Com Prty an
L €pm dp €pm dy
A l1—¢ 2 l—¢ Upq?
ﬂ= 150( Bl\gl) H1 ;1 +1.75 BM1 Pr1Uf1
Ly EpM1 d, €pM1 dy
(1—6A3><10'1)2 2.56x1079x9.6x10* 1-6.3x10"" 10.38x (9.6><10'4)2
=150 J Z 007 4 1752010 L —6.48
(63x107) (s.6x10%) (63x107) 5.6%10
A l—¢ 2 U l1—¢ Up?
APz _ 150( 31»312) Hm é‘m +1.75 31;12 Prm Urm
L, EpMm2 d, Epm2 dy
(1—6.7x10")2 228x10°5x1.98x107 1=6.7x10"1 5.56% (1.9z;x10'3)2
=150 I S APl 2 =789
(67x10™) (s6x10%) (6:7x10") 5.6x10

The pressure drop through the first and second catalyst bed
layer were 0.19 Pa and 0.12 Pa, respectively. The total .
pressure drop of these two catalyst beds was 0.31 Pa, which Conclusions
was insignificant to the operation pressure (1.5 MPa). The
Ergun equation shows that the pressure drop through the
reactor was proportional to the catalyst bed height. As a

In this study, a novel dual bed reactor was successfully
designed and employed as the catalytic reactor for EtOH
synthesis via the sequential reactions of DME carbonylation
result, the system pressure in the first stage of the reactor was 344 MA hydrogenation. Both MOR and FER zeolite catalysts
higher than that in the second stage. showed high catalytic activity on DME carbonylation reaction.

Considering the laminar nature of the fluid flow and the The DME conversion in this novel dual bed reactor was nearly
higher pressure in the first stage of the reactor, the back- {oubled if compared with that in the conventional dual bed
mixing of H, into the first stage could be ignored when the H,  reactor. Moreover, the FER catalyst exhibited similar catalytic
was directly introduced into the second stage of the reactor. activity, but better stability than MOR catalyst in the DME
Therefore, the partial pressure of CO in the first stage of the  carhonylation reaction. The effect of reaction pressure to the
reactor was improved automatically. Furthermore, the DME  ppE carbonylation using single FER catalyst was investigated
conversion and EtOH yield were enhanced. in detail. The DME conversion was almost proportional to the
reaction pressure. The numerical analysis result disclosed that

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00,1-3 | 9
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the Reynolds numbers in this novel dual bed reactor were less
than 10, which could be considered to be laminar flow. No
back-mixing of H, was found, thus the partial pressure of CO in
the upper zeolite bed of the novel dual bed reactor was
around double higher than that of the conventional dual bed
reactor. The DME conversion and EtOH yield were also
doubled consequently. To the best of our knowledge, for the
first time, this design concept of novel dual bed reactor was
employed in EtOH synthesis from DME, CO, and H,. Moreover,
the optimal parameters for EtOH synthesis in this novel
reactor were obtained. This smart design strategy can be also
extended to other multistage sequential reactions.

Table 5 Parameters of catalysts and reactor.
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parameters values nomenclature notes

d,-(m) 3.8-83x10" diameter range of catalyst particles 20-40 mesh
d,(m) 5.6 x 10" geometric average diameter of catalyst particles equation (2)
prsr(kg:m?) 1.25 density of CO flow at 273 K, 0.1 MPa

pfsz(kg-m'a) 8.9x107 density of H, flow at 273 K, 0.1 MPa

pfsm(kg-m'a) 0.67 density of the mixture of CO and H, at 273 K, 0.1 MPa

ufsl(m3~s’1) 3.3x107 flow rate of CO gas at 273 K, 0.1 MPa

um(m3-s'1) 3.3x10” flow rate of H, gas at 273 K, 0.1 MPa

ufsm(m3-s'1) 6.6 x 10~ flow rate of the mixture of CO and H; at 273 K, 0.1 MPa

P(MPa) 15 operation pressure of fixed bed reactor

T(K) 493 operation temperature

pfl(kg-m'3) 10.38 density of CO flow at 493 K, 1.5 MPa equation (3)
pfz(kg-m'a) 0.74 density of H, flow at 493 K, 1.5 MPa equation (3)
pfm(kg~m’3) 5.56 density of the mixture of CO and H, at 493 K, 1.5 MPa

ufl(m~s'1) 9.6x 10 superficial velocity of CO equation (4)
ufm(m~s'1) 1.98x 107 superficial velocity of the mixture of CO and H, equation (4)
Gl(kg~m'2-s’1) 1.0x 107 mass flow rate of CO equation (5)
Gm(kg-m'z-s'l) 1.1x 107 mass flow rate of the mixture of CO and H, equation (5)
d,(m) 7.5x10° inner diameter of the reactor

d,(m) 2.5x10° outer diameter of the inner pipe

A(mz) 4x10° cross sectional area of reactor equation (6)
ul(kg-m'l-s'l) 2.56 x 10° viscosity of CO at 493 K reference [36]
uz(kg-m'l-s'l) 1.23 x10° viscosity of H, at 493 K reference [36]
X; 50% mole fraction of component i (CO or H,)

M;(mol-g™) 28(CO)/2(H,) molecular weight of component i

U (kg-m™s™) 2.28x10° viscosity of the mixture of H, and CO at 493 K equation (7)
£ 0.5 void fraction of fixed bed equation (8)
d.(m) 7.1x10° equivalent diameter of the reactor equation (9)
m(kg) 5x10™ weight of catalysts

Vyi(m?) 1.2x10° bulk volume of FER catalyst

Vo (m?) 6x 107 bulk volume of CuzZnAl catalyst

V,,l(m3-kg'3) 3x10* specific pore volume of FER catalyst

V,,z(m3-kg'3) 2x10* specific pore volume of CuzZnAl catalyst

Eav1 0.63 void fraction correction of first stage of the fixed bed equation (10)
Eav2 0.67 void fraction correction of second stage of the fixed bed equation (10)
Remt 0.59 Reynolds Number in the FER catalyst layer equation (1)
Remz 0.82 Reynolds Number in the CuZnAl catalyst layer equation (1)
Ly(m) 3.0x107 height of the FER catalyst bed

L,(m) 1.5x10° height of the CuzZnAl catalyst bed

Ap4(Pa) 0.19 pressure drop of the FER catalyst layer equation (11)
Ap,(Pa) 0.12 pressure drop of the CuZnAl catalyst layer equation (11)
Ap(Pa) 0.31 pressure drop of the total catalyst bed

First stage of the reactor: Feed gas: Ar/DME/CO = 3/4/93 (20 mL/min), T =493 K, 1.5 MPa, Zeolite weight = 0.5 g; Second stage of the reactor: Feed gas: Ar/DME/CO =
3/4/93 (20 mL/min), 100% H, (20 mL/min), T =493 K, 1.5 MPa, CuZnAl catalyst = 0.5 g.
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A novel dual bed reactor packed with H-Ferrierite and CuZnAl catalyst for the efficient ethanol

synthesis from DME and syngas.
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(a) Conventional dual bed reactor ~ (b) Novel dual bed reactor



