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Featured Application: The adequate conditions (temperature, pressure, space time, and molar
ratios in the feed of Hy/COx and CO,/CO) for the production of dimethyl ether are described,
whose commercialization would partially compensate the costs of the process.

Abstract: The direct synthesis of dimethyl ether (DME) is an ideal process to achieve the
environmental objective of CO, conversion together with the economic objective of DME production.
The effect of the reaction conditions (temperature, pressure, space time) and feed composition
(ternary mixtures of Hy + CO + CO, with different CO,/CO and H;/COy molar ratios) on the
reaction indices (COy conversion, product yield and selectivity, CO, conversion) has been studied by
means of experiments carried out in a fixed-bed reactor, with a CuO-ZnO-MnO/SAPO-18 catalyst,
in order to establish suitable ranges of operating conditions for enhancing the individual objectives
of CO, conversion and DME yield. The optimums of these two objectives are achieved in opposite
conditions, and for striking a good balance between both objectives, the following conditions are
suitable: 275-300 °C; 20-30 bar; 2.5-5 gcat h (molc)~! and a H, /COx molar ratio in the feed of 3.
CO,/CO molar ratio in the feed is of great importance. Ratios below 1/3 are suitable for enhancing
DME production, whereas CO, /CO ratios above 1 improve the conversion of CO;. This conversion
of CO; in the overall process of DME synthesis is favored by the reverse water gas shift equation,
since CO is more active than CO, in the methanol synthesis reaction.

Keywords: CO; utilization; STD process; syngas; dimethyl ether; bifunctional catalyst; SAPO-18

1. Introduction

Dimethyl ether (DME) is receiving increasing attention as alternative fuel and raw material.
Its properties (low toxicity and ease of storage, transport, and distribution, high cetane index)
are suitable for its use as fuel in different sectors (domestic, automotive, and electric power
generation) [1-3]. Besides, DME is a potential raw material for the production of diesel fuels (such as
dimethoxymethane and polyoxymethylene dimethyl ethers, via oligomerization) [4], and chemicals
(methyl acetate, formaldehyde, ethanol, among others) [5], replacing methanol. Moreover, it can
replace methanol for light olefin production [6,7] and it is a H, vector through steam reforming [8-10].
In 2015 a DME production market of US$5.2 billion was reported, with an annual growth projection of
9.9% until 2024 [11], produced by methanol dehydration. The demand corresponds in a 65% to the
consumption in Asia (mainly in China) as domestic fuel, replacing liquefied petroleum gases (LPG),
being its price dependent on the market of methanol and of LPG, which can be estimated as the 75 to
90% of the price per unit mass of LPG [12].
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The synthesis of dimethyl ether (DME) in a single-stage (STD process) is more effective than the
conventional route in two-stages, and is of great interest for the utilization on a large-scale of the CO,
co-fed with syngas, which can be obtained from sources alternative to oil and with greater availability
(natural gas, coal, biomass, and wastes) [13-15].

The STD process co-feeding CO, together with syngas involves the following reactions:

Methanol synthesis:
CO + 2H, +»CH30H (AH® = —90.56 k] mol 1) (1)
CO; + 3H, +»CH;OH+ H,O (AH? = —49.43 k] mol™') ()
Water gas shift (WGS):
CO + H,O ++CO; + Hy (AH? = —41.12 k] mol™1) (3)

Methanol dehydration to DME:
2CH;O0H ++CH30CH; + H,O (AH? = —23.56 k] mol™!) (4)

Secondary reactions of paraffin formation (mainly methane):
CO + 3H, «»CHy + H,O (AH" = —206.30 k] mol 1) ®)

It is well established that the direct synthesis of DME is thermodynamically more favored than
the synthesis of methanol and than the synthesis of DME in two-stages, because the in situ conversion
of methanol into DME (Equation (4)) displaces the thermodynamic equilibrium of the reactions of
methanol synthesis (Equations (1) and (2)), favoring the conversion of CO and CO, [16-19]. Therefore,
the STD process is an attractive route to accomplish two objectives, that is, the production of DME, and
the utilization of CO,. Combining both targets, the economy of DME would partially fund the CO,
capture costs, which condition the implementation of the different technologies for its utilization [20].
This economic compensation would be achieved by replacing fossil fuels by DME in different industries
(iron and steel, cement, oil refining, pulp, and paper) in which CO, capture is a priority [21]. The effort
of the refineries to reduce CO, emissions is also to be highlighted [22], and the investment costs could
be offset by the commercialization of DME as green fuel (without emissions of particulate matter and
post-combustion shoot).

In the studies on the direct synthesis of DME incorporating CO; in the feed together with syngas,
the attention has been focused on the effect of the reaction conditions and the composition of the
catalyst on the yield and selectivity to DME (economic objective) [23-33], but without studying in
detail the effect on the conversion of CO, (environmental objective) and without analyzing the relation
between both targets. As to the complex reaction scheme concerns (Equations (1)—(5)), it is observed
that CO; is both a reactant (Equation (2)), and a product of the WGS reaction (Equation (3)); and
therefore, CO, conversion does not have a direct relationship with the yield of DME, it depends on the
reaction conditions, which must be determined experimentally.

The main objective of this work is to determine the appropriate conditions (temperature, pressure,
space time, Hy /COx, and CO,/CO molar ratios in the feed) to avoid the emission of CO, and attain
its effective conversion, as well as achieving a good compromise between DME production and CO,
conversion. The study has been conducted using a CuO-ZnO-MnO/SAPO-18 bifunctional catalyst,
selected based on its good kinetic performance (activity, selectivity, and stability) in the direct synthesis
of DME co-feeding CO, [34].

2. Experimental

2.1. Catalyst Preparation and Characterization

The hybrid catalyst (CZMn/S-18) is composed of a CuO-ZnO-MnO (CZMn) metallic function,
for methanol synthesis, and a SAPO-18 (S-18) acid function, for the selective dehydration of methanol to



Appl. Sci. 2018, 8, 677 3of 14

DME, with a mass ratio between the metallic and acid function of 2/1. The CZMn/S-18 hybrid catalyst
is prepared by physical mixture of the metallic and acid functions, and it is then finely powdered,
pelletized, crushed and sieved to the desired particle size (125-500 um). The preparation conditions
of both functions and their properties, along with the properties of the hybrid catalyst, have been
detailed in previous works [34,35], and the most relevant properties have been summarized in Table 1.
The regenerability of this catalyst by coke combustion with air has also been assessed [36]. Prior to
each run, the catalyst is subjected to an in situ treatment in the reactor, aimed at reducing CuO species
to Cu’. This treatment consists of a reduction in hydrogen atmosphere, in two steps: (i) reduction
with Hj (10% diluted in Nj) at 200 °C, for 14 h; (ii) reduction with Hy (20% diluted in N,) at 300 °C,
for 1.5 h.

Table 1. Physical and acid properties of the individual metallic and acid functions and of the
bifunctional catalyst.

Physical Properties Acid Properties
Catalyst SBET Vmicropore Vp Acid Strength Total Acidity B/L *
m?g™) (@m3gH (mPg) (Jmolygz~!)  (mmolymz g™l at150°C
CZMn 121 0.002 0.284 - - -
S-18 480 0.160 0.390 130 0.42 0.15
CZMn/S-18 213 0.060 0.278 99 0.12 -

* Bronsted / Lewis sites ratio.

2.2. Reaction Equipment and Product Analysis

The automated reaction equipment used (PID Eng. and Tech. Microactivity) (Figure 1) is
illustrated elsewhere [35]. It is provided with a high-pressure isothermal 316 stainless steel reactor,
with an internal diameter of 9 mm and 10 cm of effective length. The reactor is located inside a ceramic
chamber, heated by an electric resistance, and can operate up to 100 atm, 700 °C, and 5 g of catalyst.
The catalyst is mixed with an inert solid (carborundum with 0.035 mm average particle size), to attain
a sufficient bed height under low space time conditions, as well as to ensure the isothermality of
the fixed-bed.
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Figure 1. Reaction equipment; FIC: Flow Indicator Controller; TIC: Temperature Indicator Controller;
LIC: Level Indicator Controller; PC: Pressure Controller; FT: Flow Transmiter.
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Reactant and reaction product samples (diluted in a He stream of 25 cm® min~!) are continuously
analyzed in a Varian-CP4900 gas micro-chromatograph provided with three analytical modules:
(i) Porapak Q (PPQ) (10 m x 20 pm), where light products (CO,, methane, ethane, propane, methanol,
DME, water and butanes) are separated; (ii) a molecular sieve (MS-5) (10 m x 12 um) to separate Hy,
CO, Oy and Npy; (iii) 5CB (CPSiL) (8 m x 2 um), to identify the presence of possible C5—Cj fraction
(not observed).

Runs have been carried out in a wide range of reaction conditions: temperature, 250-350 °C;
pressure, 1040 bar; space time, 1.25-20 gcat h (molc)~1; Hy + CO + CO, feeds, with a Hy /COx molar
ratio of 3—4, and a CO, /CO molar ratio of 0-1.

2.3. Reaction Indices
The conversion of COx (CO + CO,) has been defined as the fraction of COx converted:

Fo, —F
XCOX _ COX0 COx 100 (6)
COx

where F%OX and Fco, are the molar flow rates of COy in the feed and in the product stream, respectively.
The yield of each product has been determined as follows:
.F.
100 @)
COx

Y; =

where n; is the number of C atoms in the i product, and F; is the molar flow rate of the i product in the
outlet stream.

Product selectivity (by mass unit of carbon) has been calculated as the ratio between the molar
flow rate of the i compound and the sum of the molar flow rates of the organic compounds (DME,
MeOH and C;-C3 hydrocarbons) in the outlet stream:

n.F,

S; = =100 8
ZiniFi ®)

CO; conversion has been defined as the mole fraction of CO, converted into products:

Feo, — Fco
— 2
Xco, = —22—=22100 )

CO,

where FOCO2 and Fco, are the molar flow rates of CO; in the feed and in the outlet stream, respectively.
It should be noted that CO; is a product of the WGS reaction (Equation (3)), and with the definition

of Equation (9), a positive CO, conversion indicates that a fraction of the CO; co-fed together with

syngas is converted into DME and methanol, and other by-products, avoiding CO, emissions.

3. Results and Discussion

To simplify the exposition of the experimental results, those corresponding to certain conditions
providing more useful information have been selected.

3.1. Effect of Temperature

The experiments focused on studying the effect of temperature on the reaction indices have been
conducted feeding ternary mixtures of H, + CO + CO, with CO,/CO molar ratios between 1/3 and 1
under the following conditions: pressure, 30 bar; space time, 10 gcat h (molc)~!; Hy /COx molar ratio, 3.
Figure 2 shows the results of the effect of temperature over COy conversion (Figure 2a), product yield
(Figure 2b) and CO, conversion (Figure 2c). These results are shown as an example and correspond to
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a CO,/CO molar ratio of 1/3 in the feed. It is observed that the maximum COy conversion and DME
yield (Figure 2a,b, respectively) are reached at 300 °C. These results differ from those obtained with the
same catalyst feeding syngas (without CO;), where the maximum is attained within the 275-300 °C
temperature range, and COx conversion and DME yield are higher, while methanol yield is lower
than that shown in Figure 2b [35]. Moreover, it is also remarkable that methanol yield (Figure 2b)
remains almost constant within the whole temperature range studied. This result is characteristic of
a CO,/CO ratio of 1/3, as it has been proven (results not shown) that for higher values of this ratio,
the yield of methanol shows a growing trend with temperature. On the other hand, when comparing
these results with those obtained using syngas feeds [35], it is observed that paraffin yield diminishes
slightly co-feeding CO,, being the decrease more evident for feeds richer in CO5.

When CO, utilization is analyzed in Figure 2¢, it is necessary to distinguish two regions: (i) the area
where the net CO, conversion is negative, that is, where there is formation of CO,, due to the
predominant role of the reverse WGS reaction (reverse Equation (3)). In this case, the value will
correspond (in absolute terms) to CO, yield; and (ii) the area of positive CO, conversion. In general,
the effect of temperature over CO, conversion shows the opposite trend to that of DME yield (Figure 2b).
The results plotted in Figure 2c show a positive value of CO, conversion at 250 °C (7.5%), while above
this temperature there is a net formation of CO,, with a maximum at 325 °C. Regarding the study of
the capability of the process for the utilization of CO,, it should be noted that temperatures below
250 °C have not been studied, as under these reaction conditions both COy conversion and DME
yield are very low. On the other hand, it was observed that for CO,/CO ratios above 1/3 (results not
shown) the effect of temperature on CO, conversion is attenuated: (i) at 250 °C, the conversion of
CQO;, is similar to that obtained with a CO,/CO molar ratio of 1/3; (ii) at 275 °C, the CO, conversion
value is low; (iii) at 300 °C, the net CO, formation is lower than that of CO,/CO =1/3. It must also
be noted, that the results correspond to per-pass conversion values. This conversion can therefore be
increased operating on a larger scale, by recycling the (CO + CO, + H) gas stream, which are easily
separated from the products (DME, methanol and water) by condensation. Note that this limitation
of the per-pass conversion by thermodynamics is greater in the reaction of CO, hydrogenation to
methanol, which therefore, also requires the recycling of the unconverted reactant gases to improve
the economics of the process [37].
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Figure 2. Cont.
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Figure 2. Effect of temperature on the conversion of COy; (a) Product yield; (b) CO, conversion (or CO,
yield, for negative values); (c) Reaction conditions: Feed, H, + CO + CO, with Hy /COx molar ratio
of 3, and CO,/CO molar ratio of 1/3; 30 bar; 10 gcat h (molc)_l.

3.2. Effect of Pressure

Figure 3 shows the influence of pressure (between 1040 bar) on the reaction indices. The remaining
operating conditions have been fixed as follows: Feed, ternary mixtures of H, + CO + CO, with
CO,/CO molar ratios between 1/3 and 1; temperature, 275 °C; space time, 10 geat h (molc)™1; Hy /COx
molar ratio, 3. The results indicate that COx conversion increases with pressure (Figure 3a), which is
characteristic of the DME synthesis reaction, given that it involves a reduction in mole number. It is
observed that, for the CO,/CO molar ratio used in the feed (2/3), an increase in pressure from 20 to
40 bar results in a very low improvement of the reaction indices. Hence, DME yield rises from 11.0% to
12.3% (Figure 3b). Moreover, under the operating conditions studied, the conversion of CO; is positive
(Figure 3c) in the whole pressure range, with a minimum within the 20-30 bar range. Nevertheless,
it should be noted that for a CO,/CO ratio lower than that plotted in Figure 3 (that is, for CO,/CO
molar ratios of 1/3), the effect of pressure on the reaction indices is more pronounced (results not
shown). In consequence, it can be concluded that an increase in the CO, content in the feed attenuates
the favorable influence of pressure on the reaction indices.

The good kinetic performance of the catalyst for all the CO,/CO feeds studied (between 1/3 and 1)
and under moderate pressures (20-30 bar) should be highlighted, as the results of COx conversion and
DME yield are only scarcely lower than those obtained at 40 bar, with positive CO; conversion. On the
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other hand, despite CO; conversion is greater at 10 bar, as previously discussed, the other reaction
indices are significantly lower under these conditions, in particular the yield of DME. In view of these
results, it is concluded that a good balance among COy conversion, DME yield and selectivity and
CO; conversion is achieved within the 20-30 bar range.
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Figure 3. Effect of pressure on the conversion of COy; (a) Product yield; (b) CO, conversion (or CO,
yield, for negative values); (c) Reaction conditions: Feed, H, + CO + CO, with Hy /COyx molar ratio
of 3, and CO,/CO molar ratio of 2/3; 275 °C; 10 gcat h (molc)~ L.
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3.3. Effect of Space Time

The effect of space time (in the 1.25-20 gca¢ h (molc) ! range) on COy conversion, product yield
and CO; conversion has been studied under the following reaction conditions: Feed, ternary mixtures
of Hy + CO + CO; with CO,/CO molar ratios between 1/3 and 1; temperature, 275 °C; pressure,
30 bar; Hy /COx molar ratio, 3. Results in Figure 4 show the influence of space time on the reaction
indices for a ternary feed with a CO,/CO molar ratio of 2/3, as an example of the data obtained for
the different feeds studied. It is observed that an increase in space time has a favorable effect on COx
conversion (Figure 4a) and DME yield (Figure 4b). It should be highlighted that at these conditions
CO; conversion is positive within almost the entire range of space time studied (Figure 3c), with a
maximum value (10%) at 2.5 gcat h (molc)~L.

On the other hand, the comparison of these results in Figure 4 with those regarding the syngas
feed [35] reveal that significantly higher values of space time are required when co-feeding CO,,
to obtain similar values of COx conversion and DME yield. In addition, as observed when studying
the influence of reaction temperature (Figure 2), pressure (Figure 3) and space time (Figure 4), under
the conditions corresponding to the maximum value of CO, conversion, low DME yield is attained.
The explanation is that the unfavorable effect of the presence of CO; in the feed over the WGS reaction
(Equation (3)), leads to the attenuation of the methanol synthesis reactions (Equations (1) and (2)),
and its subsequent dehydration to DME (Equation (4)), due to the increase of the water content in the
reaction medium.
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Figure 4. Cont.
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Figure 4. Effect of space time on the conversion of COy; (a) Product yield; (b) CO; conversion (or CO,
yield, for negative values); (c) Reaction conditions: Feed, Hy + CO + CO, with Hy /COx molar ratio
of 3, and CO,/CO molar ratio of 2/3; 275 °C; 30 bar.

3.4. Effect of Hy/CO, Molar Ratio in the Feed

The influence of Hy /COy molar ratio over the reaction indices has been studied, maintaining
constant the remaining operating conditions in the following values: Feed, ternary mixtures of
H; + CO + CO;, with CO,/CO molar ratios between 1/3 and 1; temperature, 275 °C; pressure, 30 bar;
space time, 10 geat h (molc)~!. The main target is to assess the possible improvement in the reaction
indices with a higher H, /COx molar ratio than that used in the preceding sections (3).

The results of COy conversion, DME yield and selectivity in Figure 5a (corresponding to feeds
with a CO,/CO molar ratio of 1, taken as an example) point out that the improvement in these
reaction indices when increasing H, concentration in the feed from H;/COy = 3 to 4 is negligible.
The same behavior was observed for the rest of the feeds studied (CO, /CO molar ratios of 1/3 and 2/3).
However, the increase of Hy /COx ratio above 3 is effective for increasing CO, conversion (Figure 5b),
since the transformation of CO, to CO through the reverse WGS reaction (reverse Equation (3)),
is favored.

40 100
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10 20
0 0
3 4
H,/CO, molar ratio

Figure 5. Cont.
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CO, Conversion (%)

3 4
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Figure 5. Effect of Hy /COx molar ratio in the feed on the conversion of COx and DME yield (a); CO,
conversion (or CO; yield, for negative values) (b). Reaction conditions: Feed, H, + CO + CO, with
CO,/CO molar ratio of 1; 275 °C; 30 bar; 10 gcat h (molc) 1.

3.5. Effect of CO,/CO Molar Ratio in the Feed

Figure 6 displays the effect of CO,/CO molar ratio in the feed (between 1/3 and 1) on COx
conversion (Figure 6a), product yield (Figure 6b) and CO; conversion (Figure 6c). The other operating
conditions are: feed, ternary mixtures of Hy + CO + CO, with Hy /COx molar ratio of 3; temperature,
275 °C; pressure, 30 bar; space time, 10 geat h (molc)’l. The results are consistent with those reported
in the previous sections and reinforce the fact that an increase in the concentration of CO; in the feed
leads to a decrease in COx conversion and in DME yield, in good agreement with the results reported
in the literature [25]. The upgrade of CO, conversion with increasing CO,/CO ratio is also confirmed
in Figure 6c¢.

When analyzing the effect of CO, /CO molar ratio on the conversion of CO, for different values of
space time (within the 2.5 and 10 gcat h (molc)~! range), (Figure 7), it is observed that the importance
of the favorable effect of decreasing space time on the conversion of CO;, depends on the CO,/CO ratio
in the feed. Indeed, for low values of this ratio (1/3), the conversion of CO; is significantly favored
using low space time values. Nevertheless, this effect decreases when increasing CO, /CO ratio, that
is, under operating conditions of higher CO, conversion.
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Figure 6. Cont.
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Figure 6. Effect of CO,/CO molar ratio in the feed on the conversion of COy (a); Product yield (b);
CO; conversion (or CO, yield, for negative values) (c). Reaction conditions: Feed, H, + CO + CO, with
H, /COx molar ratio of 3; 275 °C; 30 bar; 10 gcat h (molC)*l.
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Figure 7. Effect of CO,/CO molar ratio in the feed on the CO, conversion (or CO, yield, for negative
values), for different space time values. Reaction conditions: Feed, H, + CO + CO, with Hp /COy molar

ratio of 3; 275 °C; 30 bar.
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4. Conclusions

The results obtained with the CuO-ZnO-MnO/SAPO-18 catalyst evidence the capacity of the
DME synthesis process in a single-step for the utilization of the CO; co-fed with syngas. Given the
complexity of the reaction system, wherein CO; is both reactant and product, the suitable operating
conditions for the conversion of CO; correspond to those of minimum DME production. Thus, CO,
conversion in enhanced by decreasing temperature and increasing Hy /COy molar ratio and CO,
content in the feed, while it goes through a minimum for intermediate pressure, and through a
maximum for a relatively low space time value. These conditions favor (by means of the reverse WGS
reaction) the formation of CO, more active than CO, in the methanol synthesis reaction.

The catalyst used enables co-feeding CO, under the suitable operating conditions for striking a
good balance between the individual and opposing targets of CO, conversion and DME production.
In this study, we have determined the operating conditions ranges in which both objectives are
achieved, producing DME with a negative balance of net CO; emission (positive CO, conversion) and
under moderate reaction conditions (pressure and Hy /COx ratio). This compromise is reached within
the 275-300 °C range at moderate pressure (20-30 bar), which is interesting concerning the economic
viability of the process. Under these conditions both objectives (environmental and economic) are
attained using space time values between 2.5 and 5 gc,¢ h (molc) ™! and a H, /COy molar ratio in the
feed of 3. On the other hand, CO,/CO molar ratio in the feed is of great importance. Indeed, ratios
below 1/3 are suitable for enhancing DME production, whereas CO, /CO ratios above 1 improve the
conversion of CO;.
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Nomenclature

B/L Bronsted /Lewis sites ratio.

FOCOX, FOCO2 COx (CO + COy) and CO, molar flow rates in the feed, respectively, mol h—1

E T Molar flow rates of the i component and COx (CO + COy) in the reactor outlet
ir HCOx stream, respectively, molc h=1.

ny Number of carbon atoms of the i component.

SBET BET specific surface area, m? gfl.

Si Selectivity of product i, Equation (8).

STD Syngas to DME process.

Vmicropores Vp  Micropore volume and total pore volume, respectively, cm? gfl.
Xcoy, Xco, COx (CO + COy) and CO;, conversions, respectively, Equations (6) and (9).
Y; Yield of the i component, Equation (7).
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