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Abstract: The impact of feedstock impurities on catalytic process is among the crucial issues for
processing real raw materials. A real and model 92%-bioethanol contaminated with 0.03-0.3% mol
1-propanol or 2-propanol were used to make ethylene on a proprietary alumina catalyst in isothermal
flow reactor. We proposed a formal kinetic model to describe the impure bioethanol conversion to
ethylene and byproducts and used it to evaluate the multi-tubular reactor (MTR) for 60 KTPA ethylene
production. The simulated data agree well with experimental results. Under reaction-controlled
conditions, C3-alcohols strongly suppress the formation of by-products and ethylene-from-ethanol,
and slightly inhibit the formation of ethylene-via-ether. It is the suppression of the ethylene-via-ether
route that causes a decrease in ethanol conversion. The predominant formation of ethylene-via-ether
results in an increased ethylene yield but doubling the catalyst load is required to achieve conversion
as for pure feedstock. 2-Propanol has a stronger effect on dehydration than 1-propanol. Diffusion
inside the grain’s levels out the effect of C3-alcohols on the process in MTR, giving an ethylene
yield as high as ~98% while dehydrating a contaminated 92% ethanol. However, impurities dilute
ethanol and generate propylene (which contaminates target product), and these worsen feedstock
consumption and ethylene productivity in MTR.

Keywords: bioethanol to ethylene dehydration; alumina catalyst; propanol impurities; kinetic model;
mathematical simulation; multi-tubular fixed-bed reactor

1. Introduction

Bioethanol produced from a non-food phytogenic feedstock can be used to manufac-
ture ethylene as a platform product for a great number of downstream derivatives [1-3].
More specifically, polyethylene [1-4], carbon nanotubes [5-7], multi-walled carbon nan-
otubes [8,9], ethylene oxide [10], and others can be obtained from bioethylene. The impact
of impurities on the catalytic process is one of the crucial issues in catalytic technologies
for processing real feedstock [11]. Once distilled, bioethanol contains various organic
impurities, mostly fusel oil (propanol, butanol, pentanol, etc.) [11,12], which can adversely
affect its further processing. In particular, 2G bioethanol derived from oat hulls [13,14] and
Miscanthus [12,15] is contaminated with C3-alcohols in excess of 60% of the total fusel oil im-
purities. The effect of ethanol impurities has been widely discussed in relation to the steam
reforming of ethanol into hydrogen [11,16-19]. It was shown in [16,17] that C3-alcohols of
1% mol reduce the feedstock conversion in ethanol steam reforming over alumina-based
catalysts. Studies on the impact of ethanol impurities on ethylene production are very
scarce. When evaluating the process of ethylene production from ethanol contaminated
with organic impurities up to ~1% wt., Mohsenzadeh et al. [20] showed that impurities have
no effect on the ethylene quality when the technology provides for conventional ethylene
purification stages. However, this estimation did not address the impact of impurities
on the activity and selectivity of the ethanol dehydration catalyst. In testing, ethylene
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produced from a real 2G bioethanol contained less than 0.5 g/L (~0.05% mol) organic im-
purities [12], and a slight increase in ethylene selectivity due to suppression of byproducts
formation without loss in catalyst activity was observed; however, no systematic study was
carried out. The effect of 2-propanol (i-PrOH) impurity on ethylene production over an
alumina catalyst was examined by varying the concentration and temperature [15], but no
kinetic model was suggested.

Kinetic models with different levels of detail are used to describe catalytic processes of
ethanol to ethylene dehydration (EtOH-to-C2). Detailed kinetic models that consider the
inhibitory actions of water and ethanol as the main components of the reaction feedstock
are discussed in [21-24]. Kagyrmanova et al. [25] employed semi-empirical power-law
equations for product formation rates and showed a good agreement between the pilot-scale
experiments and predicted data, which were used to simulate a commercial multi-tubular
ethanol dehydration reactor. When modelling the ethanol dehydration, the formation
routes of the target ethylene C2 (1) and intermediate diethyl ether DEE (2-3) products are
traditionally factored in, while for byproducts, only the formation of butylene C4 (5) [26]
or C4 and acetaldehyde AA (4) [25,27] is considered. Other studies additionally take into
account the formation of COx from EtOH [28] and ethane from C2 [29].

C2H5OH = CHy + H,O (1)
2C,H50H = C4H1(,0O + H,O (2)
C4H 10O = 2 CoHy + H,O 3)
C2H5OH = C,H4O + Hy (4)
2C2H4 = C4Hg (5)

A pilot study [21] demonstrated that C4 could come from both C2 (5) and DEE (6).
In [21], ethane was observed among the EtOH-to-C2 dehydration byproducts at high con-
versions, while the AA selectivity declined due to the Cox formation, as ethanol conversion
rose above 98%. Thus, we can assume that the formation of Cox from AA is the main
route (7). After removal of liquid reaction products (alcohols, aldehydes, esters), ethane re-
mains one of the main gas products in dry-ethylene, which affects its quality [21]. Therefore,
it is necessary to consider formation of ethane from C2 by Reaction (8).

C4H1QO = C4H8 + H20 (6)
C,H40 +3H,0 = 2CO, +5H, (7)
CHy +Hy, = C2H6 (8)

Propylene is the main product of i-PrOH dehydration (9) [15,30-32].
C3H;OH = C3Hg + H,O )

Diisopropyl ether is another product of i-PrOH dehydration; it was observed at
temperatures below 300 °C [30-32]. However, in EtOH to C2 dehydration performed at
temperatures above 350 °C, conversion of C3-alcohols impurities leads to the formation of
propylene only; other reaction products were not observed [15].

In the present work, we experimentally studied the impact of C3-alcohols impurities on
ethanol dehydration to ethylene, as well as on the catalytic activity of a proprietary alumina
catalyst [21]. To the best of our knowledge, an advanced kinetic model of dehydration of
contaminated ethanol into ethylene, which takes into account the influence of C3-alcohols
impurities on the formation of the target product, byproducts, and secondary reaction
products, was first proposed. Mathematical simulation using the kinetic model allowed a
preliminary assessment of the effect of impurities on ethylene production in a multi-tubular
reactor (MTR).
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2. Results
2.1. Experimental Results

Figures 1 and 2 show the results of an experimental study of the effect of C3-alcohols
impurities on ethanol conversion X4 and products yield Y; in the isothermal reactor by
varying the temperature, anhydrous ethanol loading LHSV,, and concentration of n-
PrOH and i-PrOH under the reaction-controlled conditions. The Nomenclature is given in
Appendix A.

In dehydration of both pure (10) and contaminated with C3-alcohols (m1-m4) ethanol
at 350-400 °C and LHSV4 of 96-27 h™!, ethylene was the main product; its yield Y¢, reached
37-94% mol with X 4 of 63-96% (Figures 1 and 2), yields of byproducts C4, AA, ethane, COx
were 0.3-2%, 0.03-1%, 0.2-0.6%, and 0.001-0.06% mol, respectively. C3-alcohol conversion
(Xpron) was 22-99% (Figures 1 and 2). In the dehydration of C3-alcohols, no products,
except for propylene, were observed; therefore, the conversion Xp,ory was equal to the
propylene yield Y.
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Figure 1. Effect of n-PrOH impurity in 92% wt feedstock on ethanol X4 and propanol Xp,og
conversions, and products yield Y; with variation in LHSV4 at 400 °C (al-a6) and in T at LHSV4
~27 h! (b1-b6) for pure ethanol (m0, open), contaminated ethanol with n-PrOH of 0.01% (m1, semi-
open) and 0.27% (m3, solid). C2, DEE, C4, ethane (circle), AA, and COx (triangle). Conditions:
PFR; proprietary Al,Oj catalysts of 0.25-0.50 mm. Symbols indicate experiments; lines indicate
calculations for PFR using the extended kinetic model.
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Figure 2. Effect of n-PrOH (al-a6) and i-PrOH (b1-b6) impurity in 92% wt feedstock on ethanol X 4
and propanol Xp,on conversions, and products yield Y; at 350 (open), 370 (semi-open), and 400 °C
(solid). C2, DEE, C4, ethane (circle), AA, and COx (triangle). For conditions, see Figure 1. Symbols
indicate experiments; lines indicate calculations for PFR using the extended kinetic model.

When pure ethanol m0 was dehydrated at 400 °C, with an increase in LHSV 4 from 27
to 96 h™! (Figure 1a), the Y, dropped by 36% mol with a 17% decrease in X 4, mainly due
to a ~20% increase in Ypg; the total yield of byproducts (C4, AA, ethane, COx) decreased
by 1.5% mol. This indicates a parallel-consecutive scheme of C2 formation through DEE as
an intermediate (1-3), i.e., routes of products formation directly from EtOH (1,2) dominate
at lower X4, and route of C2 formation from DEE (3) dominates at higher X 4.

Ethanol m3 contaminated with n-PrOH of 0.27% gave the total yield of byproducts
2.5-5 times lower than that for m0, as shown in Figure 1(a4,a5). Athigher X4 (LHSV4~27h™),
this impurity reduced Yr; and X4 by 10% mol and increased Yprr by 4% mol
(Figure 1(al-a3)) compared to m0. Meanwhile, at lower X4 (LHSV4~96 h™), the impu-
rity reduced Y and X 4 by 20% and kept ~4% mol increase for Ypgg. As LHSV, increased,
the conversion of impurity Xp,on decreased by ~7% (Figure 1(a6)). Given the parallel-
consecutive scheme of products formation, the observed difference in the product yields at
lower and higher X4 may be related to the inhibitory effect of impurity on the direct routes
of the products formation from EtOH (1). The slight change in Ypgg with the significant
decline in X4 may be due to impurity inhibition of the DEE consumption routes (3,6).

When we reduced the temperature by 50 °C at LHSV4~27 h™! for m0 (Figure 1b), the
values of X 4 and Y, decreased by 20% and 27% mol, respectively, while Ypgr rose by ~7%
mol (Figure 1(b1-b3)); the total yield of byproducts decreased by 2% mol (Figure 1(b4,b5)).
Thus, the temperature favors the yield of C2 rather than byproducts. Compared to m0,
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impurity of n-PrOH (m3) made an observed decrease in X, and byproduct yields had a
less steep temperature (Figure 1(b1,b4,b5)), and the decrease in Y, and Ypgg was steeper
(Figure 1(b2,b3)). This indicates that impurity of n-PrOH changes the temperature depen-
dencies of the product formation rates and suppresses the EtOH consumption into C2 and
DEE (1,2), and the DEE consumption into C2 (3). As the temperature was reduced, the
Xproy decreased by ~35% (Figure 1(b6)).

With the increase in n-PrOH and i-PrOH concentration (Figure 2(a6,b6)), C3-alcohols
conversion Xp,oy declined by 1-9%. The highest content of byproducts was observed in the
dehydration of pure ethanol: the yield of butylene was as high as 2% mol (Figure 2(a4,b4)),
while the yields of AA (Figure 2(a2,b2)), ethane, and COy (Figure 2(a5,b5)) were as high as
~1, ~0.5, and ~0.06% mol, respectively. When dehydrating ethanol was contaminated with n-
PrOH or i-PrOH, the total yield of byproducts was as low as ~0.7 or ~0.5% mol, respectively;
this quality of ethylene was achieved at the highest concentration of C3-alcohols and the
lowest temperature.

A 10-fold increase in impurity content, from 0.03 to 0.3% mol, reduces the yield of
C2 and byproducts (C4, ethane, COx) by an average of ~1.4 and ~2.4 times, respectively,
while the AA yield drops by ~7 times (Figure 2). However, at 400 °C, within the C3-alcohol
concentration range of 0.05-0.1% mol, the highest values of X4 (96.2 and 95.1%) and Y»
(94 and 92%) were observed (for n-PrOH and i-PrOH, respectively). Note that relative to
X 4 and Y, obtained at impurity concentrations of 0-0.03%, such excess is only 1-3% mol,
which is not much larger than the experimental error in measuring X4 and Y¢;. In any
case, there may be a narrow range of C3-alcohol concentrations, in which the impact of
impurities is negligible, but it increases significantly with impurities greater than ~0.1%
mol (Figure 2).

The effect of n-PrOH (Figure 2a) on X 4 and Y; is not very different from that of i-PrOH
(Figure 2b). On the average, the dehydration indices (X4 and Y;) decrease 1.3 times more
in the presence of i-PrOH impurity.

2.2. Kinetic Model

The proprietary [21] and commercially available [25] alumina catalysts remained stable
for 72 h when dehydrating 94-96% ethanol in a pilot-scale reactor [21,25], and were stable
over a total time-on-stream (TOS) of 8-12 h when exposed to impurities (Section 4.1). This
indicates that the alumina catalysts are sufficiently active in dehydration of azeotropic and
contaminated ethanol, despite the presence of carbonaceous deposits on the catalyst surface
noted in [33]. These facts allowed us to neglect the coke formation and assume steady-state
conditions in the extended kinetic model for the EtOH-to-C2 process on the proprietary
alumina catalyst. The reaction network of bioethanol dehydration is shown in Scheme 1.

/ w1 \‘/wgaEthane
EtOH _ws*C2

—w |
& >—»DEE ws

Scheme 1. Reaction network.

Computer processing of the experimental data allowed us to propose a semi-empirical
kinetic model for reactions rates, in which the coefficient ; (10) formally accounted for the
impact of C3-alcohol impurities on the product formation.

g (1+a;Ppron) (10)
! (1 + b]‘PprOH)z
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here, j = 1-9; Pp,op is the partial pressure of C3-alcohols; a; and b; are temperature depen-
— Eaj

_E,,
dent constants: a; = ag;-e R, b; = boj-eTTh] ; ag j and by ; are the pre-exponential factors;
E,j and Ey; are the temperature coefficients in the Arrhenius equation.

The coefficient f; is a formalized form of the kinetic equation where ag;, by;, E;j and Ep,
are the generalized parameters describing the changes in the reaction rates of the product
formation when exposed to a mixture of C3-alcohols impurities. In the suggested form,
coefficient B; can describe both the weak inhibition (and even acceleration) of the product
formation rates at low impurity concentration, and the significant inhibition of the rates at
high impurity concentration.

The reaction rate equations and its parameters are given in Table 1. The rate
Equations (11)—(19) correspond to the stoichiometric Reactions (1)—(9), respectively. Ki-
netic model includes five reactions (11)—(15) discussed in [25,27], and four new reactions:
formation of C4 from DEE (16), formation of carbon oxides (17) and ethane (18), and
transformation of propanol (PrOH) impurities into propylene (19).

Table 1. Kinetic model and its parameters.

ko, Coefficient ﬁf%
Reaction Rate Equations, w;j atmn;?ll _ E;, kJ/mol (1+b;Pp,op)
8 a[)]' Ea]' bgj Ebj
11) w1 = k1Peion B1 1.412 x 1010 1415 9.249 x 10Y7 195.0 4557 x 1018 200.0
(12) wy = kPl B2 7.434 x 10° 125.1 3.127 x 107 187.0 6.025 x 1017 191.0
(13) w3 = ksPpee B3 1.587 x 10% 52.1 5.665 x 108 71.5 1.682 x 103 4.0
(14) wy = k4Prion Pa 2.069 x 107 119.7 - - 1.1 x 10° 73.7
(15) ws = ksPZ, Ps 9.027 x 1071 63.6 - - 2.258 x 10* 185
(16) we = k¢PpEE PBs 9.041 x 10° 95.2 - - 1.389 x 10° 5.0
(17) wy = kyPy AP%ZO B7 1.950 x 102 1.0 1.560 x 107 18.4 5.417 x 1010 86.0
(18) ws = ksPc, Pr, Ps 2.254 x 1071 1.0 1.672 x 1013 105.0 5.634 x 10° 48.0
(19) wy = koPp,on Py 1.331 x 10° 120.0 - - 8.452 x 107 200.0

wj is the rate of the j-th reaction under reaction-controlled conditions; P; is the partial pressure of the i-th

—E.
/
component of the reaction mixture; k; is the kinetic constant governed by the Arrhenius law k; = ko;-e R ; ko;

is the pre-exponential factor; Ejis the temperature coefficient, R = 8.314 m ; n is reaction order; Bj is the
coefficient that describes the effect of C3-alcohols impurities on w;. The rate Equations (11)~(19) correspond to the
stoichiometric Reactions (1)—(9), respectively.

2.3. Validation of the Kinetic Model

Reagents concentrations measured in the isothermal plug-flow reactor (PFR) under
reaction-controlled conditions correlate quite well with the values predicted by the kinetic
model, as seen in Figure 3. In Figure 3a,b, the correlations for pure and contaminated
ethanol are plotted against 32 experimental data points. Since the values of concentrations
(Figure 3a,b) and yields of byproducts (Figure 3c) were much lower than those of ethylene,
we therefore applied a scaling factor to display all substances on the same graph.

With the use of the extended kinetic model, the relative errors in calculation X 4 and
Y; in PFR were in the ranges of 3-55% rel. for contaminated ethanol (Table 2, #1) and 1-11%
rel. for pure ethanol (Table 2, #2). In evaluating small concentrations of side (C4, AA) and
secondary (ethane, COx) products, the calculation errors are higher. In some cases, the
calculation error may be due to the use of the coefficient §; with generalized parameters in
the kinetic model.

Before modeling the dehydration of contaminated ethanol in a large-scale commercial
multi-tubular reactor (MTR), we compared the process indices in the MTR predicted using
an extended kinetic model with the results of the experimental process study in a wall-
heated pilot tubular reactor (10 data points in total); the latter were published in [21]. In
the pilot studies, the calculation errors were in the range of 0.2-22% rel. for X4 and Y;,
except for Yo, (Table 2, #3). Because of the small COx content (~0.002% mol), the error in
calculation COx yield was 119% rel., which is much higher than for the other components.
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A sufficient correlation between calculated values and experimental measurements in the
pilot study is shown in Figure 3c.

The extended kinetic model proposed here provides an adequate description of the
experimentally observed impact of the C3-alcohols on the conversion and yields of all
reaction products in the EtOH-to-C2 dehydration process.

3]
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Figure 3. Correlation between the measured and calculated values. Reactor design: plug-flow
(a,b), tubular with wall heating (c). Ethanol: pure (a,c), contaminated (b). In the legend, the numbers
mean the scaling factors for each substance.
Table 2. Calculation errors.
Ethanol Calculation Error, Percent Relative (% rel)
# Reactor
Grade Xa XproH Yeo YpEE Yca Yethane Yaa Ycox
1 Contaminated Lab 3 5 5 14 12 46 22 55
2 Pure Lab 1 — 1 7 3 9 3 11
3 Pure Pilot 0.2 — 0.3 12 2 22 11 119

2.4. Dehydration of Contaminated Bioethanol to Ethylene: Simulating Procedure
2.4.1. The Process in Plug-Flow Reactor (PFR) under Reaction-Controlled Conditions

The process indices calculated using the extended kinetic model (Table 1,
Equations (11)—(19)) made it possible to evaluate the effect of C3-alcohols on the products
formation routes. We simulated dehydration of bioethanol contaminated with C3-alcohols
of 0.001, 0.15 and 0.3% mol in PFR at 400 °C. Figure 4 illustrates how the selectivity (a) and
yield (b) of C2 and DEE depend on ethanol conversion X 4. Byproduct selectivity is given
in Supplementary, Figure S1.

If we compare the selectivity at X4 ~ 1% conversion, we can assess the effect of C3-
alcohols on the rates of products formation directly from EtOH (Figure 4a). At X4 ~ 1% the
Sc2 and Spgg were 5.5-2.5 and 94-97% mol, respectively; therefore, C2 is obtained mainly
via the consecutive route EtOH—DEE—C2 (2,3). This can be clearly seen in Figure 4b,
where Ypgg passes through the maximum at X 4~48-57%. As calculated, the C3-alcohol
impurities have a minimal effect on the formation of DEE from EtOH (12). With the
impurity increase from 0.001 to 0.3%, DEE selectivity at X4 ~ 1% becomes ~3% mol higher
(Figure 4a), resulting in a slight increase in C2 formation via the consecutive route (2,3).
C3-alcohol impurities lead to a growth in S¢p and Yy at X4 above 20% (Figure 4) but
require a decrease in LHSVy to achieve the same X4 as in pure ethanol dehydration.
Thus, at X4 ~ 93.6% for ethanol contaminated with impurities of 0.001-0.03 and 0.3% mol,
Scp of 94.6 and 97.6%, and Y, of 88.5 and 91.4% were achieved at LHSV, of 39 and
16.5h71, respectively.
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Figure 4. The calculated C2 and DEE selectivity (a) and yield (b) vs. ethanol conversion X4 in PFR.
Conditions: 400 °C, 1.2 g catalyst, 21.05 g/h solution of 92% wt EtOH and C3-alcohol impurities of
0.001 (dash, open), 0.15 (dash-dot, half), and 0.3% mol (solid, solid). Symbols indicate S; and Y; at
LHSV, ~ 27 h.

Figure 5 shows how coefficient §; varies with increasing C3-alcohol concentration in
bioethanol samples. It follows from the expression (10) for coefficient f; that if Pp,op tends
to zero, the coefficient B; tends to unity, that is, the inhibition of reaction rates of product
formation by impurities is less pronounced.
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Figure 5. The coefficient §; vs. ethanol conversion X4 in PFR. Conditions as in Figure 3. C3-alcohol
of 0.001 (solid) and 0.3% mol (dash-dot).

When dehydrating bioethanol with 0.001% mol C3-alcohols, the coefficients p; were
equal at least to 0.96; i.e., low concentration of impurity had almost no effect on the products
formation in EtOH-to-C2 process (Figure 5, solid lines). When dehydrating bioethanol with
0.3% mol C3-alcohols, the lowest B4 = 0.08-0.3 was found for AA formation by Reaction (14),
and the highest was B9 = 0.6-0.9 for PrOH conversion by Reaction (19). This means that AA
formation is strongly affected by impurities, while inhibition of PrOH conversion is less
pronounced (Figure 5, dash-dot lines). The inhibitory effect of C3-alcohols on the formation
of different products varies greatly; thus, at 0.3% mol and X 4~50%, the formation rates of
AA (14), C4 (15, 16), and C2 (11) decreased by factors of ~60, 9-13, and 9 (1/B;), while the
formation rate of DEE (12) and its consumption to C2 (13) decreased by factors ~3.8 and 2,
respectively. The production of C4 from DEE and from C2 (5, 6), and C2 directly from EtOH
(1) is inhibited almost equally, as evidenced by the close values of B1, B85, and B¢ (Figure 5).
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2.4.2. The Process in Multi-Tubular Reactor (MTR)

In this study, we focused only on the main process features that occur during dehydra-
tion in MTR of ethanol contaminated with C3-alcohols.

First, we found the dehydration process conditions (heat-medium temperature Ty,
linear velocity U, bed height L, tube diameter D) that ensure the maximum Y, when pure
ethanol is used. A diluted 92% ethanol, the quality of which corresponded to the quality
of a real bioethanol (Section 4.1), was considered as a feedstock. The parameters Ty, U,
L, and D were varied in the range of 420-450 °C, 0.85-1.2 m/s, 2.5-4.5 m, and 30-34 mm,
respectively; number of tubes N was adjusted to provide ethylene capacity of 60 KTPA (25).

The indices of selectivity S;, product yield Y;, and ethylene quality Q¢ (26), plotted as
a function of ethanol conversion X 4, are shown in Figure 6. In MTR, when L extends from
2.5t0 3.5 m, X, increases from 98.5 to 99.99%. The process indicators at the reactor outlet
calculated at a fixed L are provided in Table 3. The temperature Tyy favors selectivity for
ethylene rather than for byproducts (Figure 6); this is consistent with the PFR experiments
presented above in Figure 1b, and with the pilot experiments reported in [21].

In dehydrating pure 92% ethanol, the maximum ethylene yield Y = 98.1% was
achieved when X4 was close to 99.9% (Figure 6¢); the process conditions were as follows:
U =0.85m/s, Tyy =430 °C, D =32 mm, and L = 3.5 m. A further rise in conversion degree
leads to a sharp drop in ethylene yield, mainly due to the formation of byproducts such as
(4, ethane, and COy. In addition, ethylene quality drops dramatically if X4 rises above
99.8-99.9% (Figure 6d).
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Figure 6. Selectivity S; (a,b), yield Y, (c), and C2 fraction in dry-ethylene Q¢ (d) vs. conversion X 4
in MTR under diffusion-controlled conditions. Conditions in Table 3: #1 (i), #2 (®).
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Table 3. Dehydration of pure 92% ethanol in MTR over proprietary 6mm ring-shaped alumina catalyst.

Operating Conditions and Reactor Design Parameters S;, mol%
# LHSV4, h™! Yo, mol%  Xa, % Closw,

u Tw,°C D L N A e A c2 DEE 4 COox raw: 8/Kg

m/s mm m 10° pcs
1 () 1.0 420 30 3.0 3.0 2.6 97.2 99.0 98.13 0.23 1.22 0.05 1.83
2(®) 0.85 430 32 3.5 3.0 19 98.0 99.9 98.06 0.00 1.43 0.07 1.81

U—linear velocity; Tiy—heat-medium temperature; D—tube diameter; L—bed height; N—number of tubes.
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Second, we have assessed the effect of C3-alcohols impurities on the performance
of contaminated 92% ethanol dehydration process in MTR at the process parameters
mentioned above (U =0.85 m/s, Tyy =430 °C, D =32 mm, L = 3.5 m).

The catalytic process on the ring-shaped granules is controlled by diffusion. In con-
trast to the process on small particles, C3-alcohols impurities have almost no effect on
dehydration of contaminated ethanol in MTR on industrial size catalyst granules. Even
at C3-alcohol concentration up to 3% (Section 4.3), X4 and Y, do not markedly change.
Therefore, to discuss the results of modeling, we chose the indices of feedstock consump-
tion CI4 and Clyuy (24), products capacity P'C2 (25), and dry-ethylene composition Q;
(Figure 7). The weak impact of impurities on X4 and Y; is manifested by a slight decline in
the anhydrous-ethanol consumption index CI4 (Figure 7a). When C3-alcohols are added
to the feed in amounts up to 3% mol, the ethanol concentration becomes 2.4% mol lower
(Section 4.3), while the yield of propylene as a product of C3-alcohols dehydration rises;
this increases feed consumption index Cl,,,, (Figure 7a) and decreases production capacity
P'C2 by ~3% rel. (Figure 7b). An ~5% wt increase of propylene concentration means a
corresponding loss in the amount of C2 in dry-ethylene from 98 to 93% wt (Figure 7c). In
order to raise the ethylene productivity to the required 60 KTPA, either the number of tubes
in MTR or the temperature Ty should be increased.

a b

1.90+ 0.0
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Figure 7. The impact of impurity concentrations on feedstock consumption (a), products capacity
(b) and dry-ethylene quality (c) for EtOH-to-C2 process in the MTR. Conditions: #2 in Table 3.
El—propylene, Bl —C4, M—COx, " —ethane, and H,, B—C2.

3. Discussion

Our experimental data showed that C3-alcohols in concentrations below 0.1% mol
have almost no negative effect on product formation, but amounts above 0.1% mol strongly
inhibit the formation of by-products, and this is most true for the formation of AA. Of
the C3-alcohols, the branched isomer has a greater effect on EtOH-to-C2 conversion; this
observation is consistent with the data reported in [16]. The resulting set of experimental
data served as a basis for the formulation of the kinetic model.

As observed experimentally, the total yield of C2 and DEE exceeds the total yield
of byproducts (Figures 1 and 2). When X4 is varied, the yields of C2 and DEE change
significantly and in opposite directions; contrary to them, the by-product yields change only
slightly. This behavior is consistent with the parallel-consecutive network of C2 formation
and allows us to assume that the consecutive path of C2 formation via DEE predominates.
It follows that impurities suppress the conversion of EtOH to DEE and its subsequent
conversion to C2; this is the main reason for the decrease in X 4.

Modelling the PFR using the kinetic model (11-19) showed that ethylene formation
through DEE by consecutive route (2,3) prevails over parallel route (1); this confirms the
experimental observations outlined above. Impurities inhibit the direct route of ethylene
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formation (1/81 =~ 9) more strongly than the consecutive one (1/8, =~ 3.8, 1/83 = 2),
which increases the contribution of consecutive route to ethylene accumulation. Reduction
of catalyst activity during dehydration of contaminated ethanol can be explained by the
suppression of the predominant routes of DEE formation and consumption (2,3). The
impurities also significantly inhibit the formation of by-products (1/8; ~ 9-60); with equal
conversions of contaminated and pure ethanol this could give ~3% mol higher ethylene
yield but would require more than a twofold reduction in the feedstock load LHSV4.
The values of the B; coefficient are close for the routes of butylene formation from C2 (5)
and from DEE (6), as well as for ethylene formation from EtOH (1) (1/81 = 1/B5 ~ 1/
Be ~ 9-13); this may indicate that these products are formed with the participation of the
same active sites. Undoubtedly, this assumption requires additional experimental research.

Simulated data for MTR showed that the influence of C3-alcohols impurities on the
ethanol dehydration in the MTR was significantly less than in the PFR. The reason may be
that the apparent kinetics shifts from being dominated by the chemical reactivity on the
fine-dispersed catalyst to the internal diffusion controlled on the catalyst grains. This leads
to a decrease in the observed reaction rates, including the rates of formation of byproducts;
we can say that the diffusion inside the grains levels out the effect of impurities on the
dehydration process.

The negative effect of C3-alcohols on the process performance in MTR can be caused
mainly by dilution of ethanol with impurities and formation of propylene. The first factor
leads to a lower ethylene production capacity, while the second one reduces the quality
of ethylene produced. However, for a given MTR size, the slight (~3% rel.) decrease in
ethylene capacity can easily be compensated by raising temperature Ty by 2-5 degrees;
the standard crude-ethylene conditioning shall give a target polymer-grade product [20].
Since the influence of impurities during dehydration of the real (contaminated) bioethanol
is insignificant, it is possible to save the costs of the raw purification and thereby reduce the
cost of processing of real bioethanol into ethylene. This assumption needs to be confirmed
experimentally on a pilot scale.

4. Materials and Methods
4.1. Experimental

The catalytic dehydration of ethanol to ethylene was run in an isothermal flow reactor
12 mm in diameter on a catalyst with a particle size of 0.25-0.50 mm under reaction-
controlled conditions [21]; the procedure and the main reactor features were reported
in [12,15,21]. The catalyst bed was diluted with quartz grit at a 2:1 ratio. The catalyst particles
were prepared by grinding the ring-shaped granules. The proprietary catalyst comprises
a mixture of phases: 53% y-Al,O3 and 47% x-Al,O3; BET surface area was 208 m?/g. The
textural and acidic properties of the catalyst, alkaline content, and preparation procedure
were reported in [21].

Earlier, we found that in the real bioethanol derived from oat hulls and Miscanthus
by the method described in [12-15], impurities of C3-alcohols prevail, their concentration
reaches ~4 g/L, and the mass content of ethanol is ~92%. In the present study, we used
two samples of a real Miscanthus-derived bioethanol (b1 and b2), and five model samples
prepared from a commercially available azeotropic ethanol diluted with distilled water and
C3-alcohols, namely: pure (m0), contaminated with n-PrOH (m1 and m3), and contaminated
with i-PrOH (m2 and m4). The composition of impurities in all samples expressed on
anhydrous alcohol basis (g/L) is shown in Figure 8.

The effect of temperature (350—400 °C) and the concentration of C3-alcohols
(0.03-0.3% mol) on the catalytic process was studied at 21 & 0.05 g/h alcohol solution
(91.8 £ 0.7% wt EtOH) flow rate and 0.726 & 0.005 g catalyst charge; anhydrous ethanol
feed per catalyst volume LHSV, was ~27.2 4 0.2 h™!. By changing the load of both the
alcohol solution and the catalyst in the range of 21-33 g/h and 0.73-0.33 g, respectively, the
LHSV, can be varied in the range of ~27.2-96.1 h™!. The effect of LHSV, on the catalytic
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dehydration of pure (m0) and contaminated (m3) ethanol was studied at 400 °C. The total
pressure in the reactor was 1.03-1.07 bar.

4.0

3.0

2.5

2.0

1.5

1.04 _I

0.5 o
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mol%: 0 0.03 0.05 0.10 0.07 0.27 0.30

w
T

Impurities in bioethanol, g/L

Figure 8. Impurities in the samples: pure ethanol (m0), real bioethanol (b1, b2), model ethanol
contaminated with n-PrOH (m1, m3), same, contaminated with i-PrOH (m2, m4). Impurities: AA (),
methanol (), i-PrOH (' ), n-PrOH (Hl), isobutanol (M). The molar percentage of C3-alcohol in the
gas phase is given below.

Product yield Y;, ethanol conversion X4, and product selectivity S; were calculated by
the Formulas (20)—(22).

Am;/ G
Y; =100 , 11
l meion + X Am;i/Gjj (th
Xa=)Y, (12)
Y.
Si = Xf;, (13)

here, Am; is the difference in molar fluxes of the i-th component at the reactor inlet and
outlet, mol/h; Gijis the stoichiometric coefficient of the i-th component in the j-th reaction;
mgion is the molar flux of ethanol at the reactor exit, mol/h.

To check the reproducibility and determine the experimental error, a series of exper-
iments were performed for pure and contaminated ethanol under standard conditions.
The relative experimental errors (rel.%) in measuring ethanol X4 and propanol Xp,og
conversions, and the yields of C2, DEE, C4, AA, ethane, and COx were 2, 3, 3, 10, 12, 12,
32, and 17%, respectively. Resource tests were conducted under steady-state conditions
while dehydrating either pure 92% wt ethanol, or ethanol contaminated with C3-alcohols,
and each test lasted 8 h. The process indicators Y;, X4, S; and mass balance were checked
every 1-2 h during the catalyst time-on-stream. The mass balance for the entire series of
measurements was 100 & 5%. The catalyst was stable within the measurement error.

4.2. Kinetic Modeling

The parameters of the kinetic model were determined using MathCad software by
minimizing the deviations in the measured and calculated data for PFR; the procedure
involved two main steps:

1. Determination of parameters k; and E; of the extended kinetic model for pure ethanol
(Ppron =0, Bj =1);

2. Determination of the ; parameters (d;, bo;, E;j, and Ej;) of the extended kinetic model
for contaminated ethanol, with k; and E; found in the previous step. Real bioethanol
contains a mixture of C3-alcohols in various ratios; therefore, the estimation of the
generalized parameters of f; (for a sum of n-PrOH and i-PrOH) seems more relevant.
The upper limit of the parameters E;; and E;; was set as 200 kJ/mol.



Catalysts 2023, 13, 509

14 of 18

4.3. Mathematical Modeling

A mathematical simulation using an extended kinetic model of dehydration of con-
taminated ethanol into ethylene allowed us to preliminarily assess how the impurities
affect the performance of the process in the MTR [25].

For this purpose, we used the two-dimensional quasi-homogeneous model of the
wall-heated tubular reactor; this model had been reported in [27,34]. The model includes
differential equations for material and heat transport in the radial and axial directions in the
bed (Supplementary Materials), and considers the different interstitial gas velocities around
ring-shaped grains and inside their holes (Figure S2), as well as the equation describing
diffusion and reactions in the porous isothermal catalyst grain (23):

j RT —
(D35 ) ~ 5 35 (VG = Ly ey =1L, (14)
here D}; and V;* are the Wilke diffusion coefficient and hydrodynamic velocity of the i-th
component; C; the is molar concentration of the i-th component; w; is the rate of the j-th

reaction under reaction-controlled conditions; @; is the apparent rate of the j-th reaction in
the catalyst grain defined as pgrﬁ Opgr"i" w;i(0)dp; Pgrain is the equivalent grain size, i.e., the
ratio of the geometric volume to the external geometric surface area.

The Wilke diffusion coefficient D}; and hydrodynamic velocity V;* [34] depend on the
effective binary diffusion coefficient D} = I1D;; and on the effective Knudsen diffusion
coefficient ka” = HD;‘”, where Dy is binary diffusion coefficient, DII-‘" is Knudsen diffusion
coefficient, and II is the empirical permeability coefficient accounting for the physical
behavior of the porous structure (I ~ 0.2).

In the present study, the behavior of MTR during the dehydration of 92% wt. pure and
contaminated ethanol over a ring-shaped catalyst was simulated. The strength of ethanol
corresponded to the strength of a real bioethanol (Section 4.1). The catalyst dimensions
(diameter x height x wall thickness = 6.0 x 5.30 x 1.25 mm) were set as the average sizes of
the ring-shaped grains used in the pilot studies [21], where the heat-medium temperature
Tw, linear velocity U, and bed height L were varied at a fixed tube diameter D. The change
in U and L led to a variation in the feedstock loading per catalyst volume, LHSV, in terms
of anhydrous ethanol. The concentration of C3-alcohols impurities in gas feed varied from
0.5 to 3% mol (which is equivalent to ~0.6 to 30 g/L per anhydrous ethanol); the molar
composition of the inlet gas mixture is depicted in Figure 9. MTR simulation for 60 KTPA
ethylene capacity was performed assuming an identical behavior for all tubes.

100+

©
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80_,- - | —

Feedstock, % mol
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C3-alcohols ,% mol

Figure 9. Feedstock composition for MTR plotted against C3-alcohol concentrations in bioethanol.
To validate the model adequacy, we compared the results of our previous pilot studies

for pure ethanol published in [21] with the data simulated by the 2D mathematical model
using the new extended kinetic model (Section 2.2) for the wall-heated tubular reactor.
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The simulation of the process took place in two stages:

1.  Determination of process conditions (T, U) and reactor design (L, D, N) to achieve
maximum ethylene yield from pure (not contaminated) 92% ethanol and to ensure
ethylene capacity of 60 KTPA;

2. Determination of process indicators when varying the impurity concentrations in the
MTR under process conditions and reactor design defined in the previous step.

Indicators of the catalytic process, namely ethylene yield Yy, consumption indices
of anhydrous ethanol and feedstock (CI4 and Cly4 kg/kg), relative ethylene production
capacity (P'C2, rel.%), and weight fraction of C2 in dry-ethylene (Qc», wt%) were calculated
by the Formulas (24)—(26):

frion 10046 100-CI,
Cly= = ——, Clyyp= , 15
T Y2 28" T MEon (15
PC2 — PC2 inated fca -N-8000 60 KTPA
P, C2— pure contaminate: 100, PC2= — 16
PC2pure ’ 106 7 fco -8000-10-3 (16)
Qe e 100, 17)

" fco +fe3+ fi, + fethane + fcox + fea

here, fco , fca, fethanes fcox, fH, , and fcsz are the mass fluxes of ethylene, butylene,
ethane, carbon oxides, hydrogen, and propylene, respectively, at the outlet of the single
tube in MTR, kg/h; MF;op is the mass fraction of ethanol in the feed, % wt; PC2 is the
ethylene production capacity of MTR in the dehydration of pure or contaminated ethanol,
KTPA; N is the number of tubes to secure 60 KTPA with a pure ethanol as a feedstock,
10 pieces; 8000 is the annual operating time, h.

5. Conclusions

During experimental and theoretical studies on the dehydration of 92% bioethanol
over alumina catalysts, how the content of C3-alcohols impurities in the feed affects the
products selectivity and yield was quantitatively estimated. For the first time, an extended
kinetic model of real ethanol dehydration has been proposed; it considers the influence of
C3-alcohols impurities on the rates of formation of basic (ethylene and ether), side (butylene
and acetaldehyde), and secondary (ethane and COy) reaction products.

The kinetic model has been approved experimentally in the dehydration of pure
and contaminated ethanol on a milled catalyst in a plug-flow reactor, as well as in the
dehydration of pure ethanol on a ring-shaped catalyst in a wall-heated tubular reactor.

C3-alcohols have very little effect on the process performance in PFR at concentrations
below 0.05% mol; at higher loads they suppress the formation of byproducts by 9-60 times
and ethylene formation directly from ethanol by 9 times, while ethylene formation via ether
was only suppressed 2-3.8 times. Ethylene formation via ether is dominated on the tested
catalyst. The branched propanol affects the ethanol-to-ethylene process more strongly than
the linear isomer.

For the first time, to preliminarily assess the dehydration of contaminated ethanol
in the MTR, we applied a quasi-homogeneous 2D model that incorporated an extended
kinetic model. When ethanol conversion degree is 99.9%, the highest ethylene yield is
98.1%. Internal diffusion levels out the negative effect of C3-alcohols on the ethylene
yield in the MTR. Despite this, ethylene productivity and its grade are reduced because
impurities dilute ethanol and produce propylene. A proper adjustment of the heat-transfer
fluid temperature and/or the number of tubes in the commercial MTR can provide the
targeted ethylene production capacity.

Since the role of impurities in the catalytic dehydration process is very diverse, further
in-depth studies of the influence of this important factor are necessary.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13030509/s1, Mathematical model of the wall-heated tubular
reactor; Figure S1: The calculated selectivity to C2, DEE, C4, AA, ethane and COx vs. ethanol
conversion in PFR; Figure S2: A sketch of “gas flow sharing” in a holed cylinder. References [35-41]
are cited in the Supplementary Materials.
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Appendix A. Nomenclature and Abbreviations

Components of the reaction mixture

AA Acetaldehyde, Co,H4O

C2 Ethylene, CoHy

C3 Propylene, CsHg

C3-alcohols n-PrOH and i-PrOH

C4 Butylene, C4Hg

DEE Diethyl ether, (CoH5),0

EtOH Ethanol, C;HsOH

n-PrOH 1-Propanol, CzH;OH

i-PrOH 2-Propanol, C3H;OH
Samples of ethanol

b1, b2 Bioethanol from Miscanthus

m0 Pure ethanol

ml, m3 Model bioethanol contaminated with n-PrOH

m2, m4 Model bioethanol contaminated with i-PrOH
Parameters of kinetics equation

p; Partial pressure of the i-th component of the reaction mixture, atm

E; Temperature coefficient in Arrhenius equation, kJ-mol™!

k]- Kinetic rate constant in wj, 1rnol-a’cnr1‘“-kg‘1 g1

koj Pre-exponential factor in Arrhenius equation, mol-atm™-kg™1-s7!

wj Rate of the j-th reaction, mol-a’cm‘“-kg_1 g1

Bj Coefficient considering the effect of C3-alcohols impurities on w;
Process indicators

PFR Plug-flow reactor

MTR Multi-tubular reactor

Cly Consumption index of anhydrous ethanol, kg-kg™!

Cliaw Consumption index of feedstock, kg-kg™!

D Diameter of tube, mm

L Height of catalyst bed, m

LHSV,4 Liquid hourly space velocity of anhydrous ethanol, ht

N Number of tubes, 10° pieces

PC2 Productivity of ethylene, KTPA (thousand tons per year)

P'c2 Relative ethylene production capacity, % rel

Qc2 Quality of ethylene (weight fraction of C2 in dry-ethylene), % wt.
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S; Selectivity to the i-th product, % mol
Tw Heat-medium temperature, °C

u Linear velocity (STP), m/s

Xa Conversion of anhydrous ethanol, %
XproH Conversion of C3-alcohols, %

Y; Yield of the i-th product, % mol
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