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1-Butanol dehydration in microchannel reactor: Kinetics and reactor modelling

Yaseen Khan*, Minna Marin, Reetta Karinen, Juha Lehtonen, Jaana Kanervo

Department of Biotechnology and Chemical Technology, Aalto University School of Chemical Technology, P.O. Box 16100, 00076 Aalto, Finland.

Abstract

A structured microchannel reactor (MCR) coated with pure y-Al,O3 was applied to investigate 1-butanol dehydration
under atmospheric and isothermal conditions. Kinetic experiments were carried out and the advantages related to mass
transfer properties with the application of MCR were explored under different reaction parameters and conditions. It
was revealed that with the average coating thickness of 25 um, the operation was free of diffusional limitations
and hence intrinsic kinetics could be determined by describing the reactor as pseudohomogeneous PFR with reaction
kinetic expressions incorporated. Experimental data was regressed using power-law kinetics with a simplified reaction
scheme for 1-butanol dehydration to butenes and dibutylether as well as with mechanistic model involving surface
butoxies as relevant species. Both models were able to describe the experimental observations and the estimated
values for kinetic parameters were in physically meaningful order of magnitude. A dynamic mathematical model was
developed including diffusional mass transport of components and reaction inside coating, whereas, in free channel,
plug flow mass transport was considered. The proposed model besides reproducing the experimental results was also
able to predict presence of diffusional limitations when coating thickness is increased beyond 40 um. Furthermore,
the simulation results show that for specific operation regimes Microchannel Reactor (MCR) outperforms packed-bed
reactor, as mass transfer limitations can be appreciably reduced for 1-butanol dehydration.
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1. Introduction reactor systems, and main products are reported as
butene, dibutyl ether, water and butene isomers, such as,

1-Butanol, the four-carbon linear alcohol is consid- cis-2-butene, trans-2-butene and iso-butene (Knozinger

ered one of the future bio-compounds for fuel and
chemical use. So called biobutanol (1-butanol) pro-
duced from renewable sources by ABE fermentation
process (Acetone, Butanol, Ethanol). Although the pro-
duction of biobutanol is unfeasible yet compared to tra-
ditional production from crude oil, improving the pro-
cess e.g. by means of metabolic engineering of the bac-
teria or by lowering the expenses of the needed sepa-
ration processes, are widely researched. (Chen et al.,
2014) Dehydration reactions of different primary and
secondary alcohols have been studied and modeled in
microchannel reactors, e.g. (Rouge et al., 2001; Hu
et al., 2005; Chen et al., 2007), but 1-butanol dehydra-
tion reaction, to our knowledge has not been studied
in a microchannel reactor. Dehydration of 1-butanol
has been studied by applying different catalysts and
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and Kohne, 1966; Berteau and Delmon, 1989; Berteau
et al., 1991; Hsu et al., 2009; West et al., 2009; Ma-
cho et al., 2001; Bernal and Trillo, 1980; Zhang et al.,
2010; Giniestra et al., 1987; Mostafa and Youssef, 1998;
Makarova, 1994; Chakor-Alami et al., 1984; Krampera
and Beranek, 1986; West et al., 2009; Bautista, 1995;
Delsarte and Grange, 2004).

1-Butanol dehydration reaction on y-Al,O3 produces
butenes, water, dibutyl ether and butene isomers as the
main products. The reaction has also been studied as
a test reaction for acidic sites of the catalyst: the prod-
uct distribution especially the ratio between butene iso-
mers is reported to depend on the acidity and the nature
of the acidic sites of the catalyst (Berteau et al., 1991;
Macias et al., 2006). The crystal structure of y-Al,O3
and type of active sites are still reported to be a mat-
ter of discussion, due to defective non-stoichiometric
spinel structure and shifting bands for hydroxyl groups
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(Busca, 2014; Phung et al., 2014). Recent spectroscopic
data and most recent theoretical calculations about sur-
face sites on y-Al, O3 are summarized by research group
of G. Busca. Besides other observations these authors
have also reported from IR spectroscopic observations
that y-Al, O3 contains Lewis acid/base sites and surface
hydroxyl groups. Phung et al. (2014) studied ethanol
dehydration on different alumina samples and proposed
a surface reaction mechanism in which ethoxy groups
formed through surface hydroxyl groups and Lewis
acid-base pairs, are proposed to be intermediate species
for both diethyl ether and ethylene production. These
recent spectroscopic findings and theoretical calcula-
tions provide an opportunity to test such mechanistic
models, along with engineering type models (power law
type kinetics), for other alcohol molecules as well, such
as 1-butanol.

We acknowledge the contribution of recent spectro-
scopic studies (Busca, 2014; Phung et al., 2014) in de-
veloping further understanding of dehydration surface
reaction mechanism of ethanol on y-Al,O3. The pro-
posed scheme by Phung et al. (2014), is generalized
here for kinetic description for alcohol dehydration on
v-Al,O3. Under this scheme it is considered that alkoxy
species serve as the intermediate species for the forma-
tion of olefins and ethers. These alkoxy species may be
formed by two pathways (Figure 1), first: by attack of
Lewis acid-base pairs on likely dissociative adsorbed al-
cohol with new OHs. Second: adsorption of alcohol on
surface OH groups and releasing water.

Adsorption on Lewis acid/base sites (site 1)

R-OH

()  Alkoxy species

AP ... o= R R=R

Figure 1 Adsorption reaction scheme for alkene formation,
adapted from Phung et al. (2014).

For ether formation two pathways are considered.
In first pathway (Figure 2), ether formation occurs by
nucleophilic substitution reaction by attack of alkoxy

group to H-bonded adsorbed undissociated alcohol, as
proposed by Phung et al. (2014).

R\ R\ R-0-R

Figure 2 Surface reaction scheme I for ether formation,
adapted from Phung et al. (2014).

The second pathway is assumed to be a dual site
mechanism (Figure 3). In literature some studies for
alcohol dehydration Berteau et al. (1985) and De-
canio et al. (1992) have advocated this dual site mech-
anism. In general two neighboring alkoxy species
formed through Lewis acid-base and basic sites on alu-
mina, undergo a nucleophilic attack of the Lewis acid-
base alkoxide species on positively polarized carbon in
basic alkoxide species.

OH

Figure 3 Surface reaction scheme II for ether formation,
adapted from Berteau et al. (1985) and Decanio et al. (1992).

Microreactors are miniaturized reactor systems with
at least one dimension below the submillimeter scale.
Microchannel reactors consist of one or multiple par-
allel channels. In general, microchannel reactors are
known for their good heat and mass transfer properties
enabling nearly isothermal operation of highly exother-
mic or endothermic reactions (Walter et al., 2005).
However, in catalytic microchannel reactors, where the
channel walls are coated with the catalyst, both inter-
nal and external mass transport limitations need to be
considered. External and internal mass transport con-
siderations have been discussed by e.g. Kolb and Hes-
sel (2004), Gorke et al. (2009) and Lopes et al. (2011),
who have applied modified forms of Mears criterion
(Mears, 1971) and Weisz-Prater criterion (Weisz and
Prater, 1954), for wall coated microchannel reactors.
The thickness of the catalyst coating is the most signif-



icant parameter determining whether the internal mass
transfer can be neglected (Reschetilowski, 2013).

Different approaches have been reported in literature,
e.g. by Spatenka et al. (2005), Walter et al. (2005),
Gorke et al. (2009) and Schmidt et al. (2013), to model
coated microchannel reactors for gas-phase reactions.
In all these cases, plug flow model was applied to de-
termine kinetic parameters. In addition to kinetic stud-
ies, Spatenka et al. (2005) and Walter et al. (2005) also
developed a 2D dynamic model to simulate the coated
microchannel reactor. Spatenka et al. (2005) modeled
cylindrical channel in 2D considering axial convection
and axial dispersion in an empty space with the exter-
nal mass transfer coefficient. In the solid phase, inter-
nal diffusion and reaction inside the catalyst layer were
considered. Walter et al. (2005) modeled the cylindri-
cal channel in 2D considering axial convection, disper-
sion in axial and radial direction for gas-phase, where
pseudo-homogeneous reaction was considered instead
of modelling internal transport. Schmidt et al. (2013)
developed a steady state 2D model and regarded cata-
lyst layer using a slab geometry. Internal diffusion was
modeled while external diffusion was not considered.
The literature review shows that wall-coated microchan-
nel reactors are often considered to be operated under
laminar flow conditions (Kolb and Hessel, 2004; Kiwi-
Minsker and Renken, 2005; Walter et al., 2005). Walter
et al. (2005) observed that the application of plug flow
model to determine kinetics was validated with a dy-
namic 2D model, including axial and radial dispersion.
In summary, due to thin catalyst layer and small diam-
eter of the channel, plug flow conditions can usually be
assumed in the microchannel reactors.

The aim of this research is to combine modelling
of industrially relevant reaction of a bio-component
to general modelling methodology development of mi-
crochannel reactors. New insights to the detailed mech-
anistic modelling of 1-butanol dehydration network on
v-Al,O3 will be introduced. Microchannel reactor ad-
vantages related to mass and heat transfer are utilized by
determining intrinsic kinetics for 1-butanol dehydration
reaction based on experiments in a coated microchannel
reactor. Furthermore, simulations are performed by de-
veloping a dynamic 2D model considering mass trans-
port inside the catalyst layer to determine optimal opera-
tion parameters, for instance, catalyst coating thickness
and reactant partial pressure.

2. Experimental part

2.1. Kinetic experiments

Sandwich-type structured microchannel reactors
composed of two plates coated with pure y-alumina
catalyst were used in the dehydration of 1-butanol to
butenes and dibutyl ether. The plates (14 channels,
width 500 um and depth 250 um, see Figure 4) were
obtained from IMM (Institute fr Mikrotechnik Mainz
Gmbh, Germany). The reactor contained 18 mg of cat-
alyst, 9 mg per plate. The coating method has been
described elsewhere (Zapf et al., 2003). The catalyst
coated plates were calcined at 600 °C for two hours.

Figure 4 Microchannel reactor plate with dimensions,
diameter 500um, depth 250um and length 25 mm.

1-Butanol (VWR, 99.9 %) was fed to reactor with
HPLC-pump (Agilent Technologies 1100 Series Iso-
cratic pump) via evaporator with inert argon (AGA,
99.999 %) flow. 1-Butanol/Ar ratio was varied in the
experiments. Reaction products were analyzed by an
online Fourier transform infrared spectrometer (FTIR,
Gasmet Cr-2000, Temet Instruments). The flow was di-
luted with nitrogen (AGA, 99.999 %) before analysis to
achieve the flow required by the analysis equipment.

The microreactor experiments were carried out in a
temperature range 346 — 397 °C. The typical length of
the experiment was 4 hr; some longer experiments (20
h) were performed to examine the stability of the cata-
lyst. Between the experiments catalyst regeneration was
performed with constant air flow of 30 ml/min at 550 °C
for an hour. The experimental parameters are shown in
Table 1.

2.2. Validation of kinetic operation regime and selec-
tion of reactor model

Many authors in literature have reported advantages
of applying microchannel reactors (Kolb and Hessel,



Table 1 Experimental conditions

Variables Ranges
CC4H90H 1.3-34 Il’lOl/Il’l3
(partial pressure 7.5-20.4 kPa)
Temperature 346 - 397°C
Flow rate (C4;HyOH) 0.075-0.2 ml/min
Catalyst amount 18 mg

Weight hourly space velocity ~ 195-521 h™!

2004; Gorke et al.,, 2009). Gorke et al. (2009) re-
ported that applying a wall coated microchannel reac-
tor provides the opportunity to determine kinetics with-
out mass and heat transfer considerations. Thus differ-
ent empirical correlations can be employed to identify
if both external and internal mass transport resistances
can be neglected in the estimation of kinetic parameters.

For wall coated microchannel reactors Mears crite-
rion for external mass transfer (Mears, 1971) is modi-
fied by Gorke et al. (2009) and has been successfully
validated by Lopes et al. (2011).

Vew
Teff.0b5 0y pen - 0.05
kg - Cipuik n

6]

Where 77,05 is the observed reaction rate, V .y is
volume of the catalyst, Ocusge0, 15 the catalyst geomet-
ric surface area, k, is the mass transfer coeflicient and
Cipulk 18 the inlet concentration of the reactant. The mass
transfer coefficient k, can be replaced by the ratio of
diffusion coefficient D; to diffusion pathway. The diffu-
sion pathway is difference between the channel radius
Tehanner and layer thickness 0.4 If the criterion is ful-
filled then mass transfer in the boundary layer is not
present. (Pfeifer, 2012).

V.,
reff,abs(rchannel - 6cat) Owlzm 0.05
o o DD
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2

Modified Weisz-Prater criterion for coated mi-
crochannel reactors is applied to estimate mass transfer
(pore diffusion) inside the catalyst layer (Pfeifer, 2012).

reff,obs(g_f,)z

— <0.1,n>095,n#0 3)
Df‘” * Cibuik
Where, fo 7 is the effective diffusion coefficient in
catalyst layer, C;, is the concentration of species at the
surface of the catalyst and n is the reaction order.
The binary diffusion coefficient of C¢,p,0on in Ar
was calculated to be 1.34-107¢ and effective diffusivity
for C¢,n,0n in the catalyst layer was calculated to be

1.8-1077. Using these empirical correlations in Equa-
tions 1 — 3, it is observed that both external and inter-
nal mass transport resistances are not present for the
range of experimental conditions (Table 2). The L.H.S
of Equation 2 was evaluated to be 4.5-107> and L.H.S of
Equation 3 was evaluated to be 2.5-107%.

Table 2 Set of values used for evaluation of mass transfer
criteria

Gas flow Ocar Re Sc
I/min um

0.048 25 39.09 32.31
0.145 25 9.37 32.31

Thus parameter estimation can be carried out by
applying a steady state 1D-pseudo-homogeneous plug
flow model.

% =TPp Z VviiR; 4
2.3. Parameter estimation strategy

In order to reduce the number of parameters to be
estimated, the chemical equilibrium of individual reac-
tions in the selected reaction scheme was studied (pre-
sented in Section 3.2). ReaEqu module in Flowbat soft-
ware (Jakobsson et al., 2014) was used to compute equi-
librium for multiple reactions in a wide temperature
range. In Flowbat software, thermodynamic proper-
ties are retrieved from the Design Institute for Physical
Properties (DIPPR) database. For kinetics of the reac-
tions, empirical power law and surface reaction mecha-
nism based models were applied.

Parameter estimation was performed by using

MATLAB® software. Minimization of Residual Sum
of Squares (RSS) was achieved by Nelder-Mead sim-
plex algorithm. For solving ordinary differential equa-
tions, ODE15s solver was used. Objective function Q,
was minimized using non-linear regression.

Qp = min Z(Yexp - ycal)z (5)

Mean temperature averaging methodology was used
to obtain rate constant at the average temperature. By
this technique experiments are centralized and the cor-
relation between parameters is suppressed.

— Eg 1
k=kex? (6)

Where k is the rate constant at average temperature T
and 6 is defined as,

1 1

1
6T T 7



3. Results

3.1. Results from MCR experiments

Different reaction products were detected in the prod-
uct gas where 1-butene, water, dibutyl ether were ob-
served as main products but also cis-2-butene, trans-
2-butene and isobutene which are formed in small
amounts from 1-butene by isomerisation according to
Figure 5. At reaction temperatures above 390 °C and
1-butanol partial pressure < 13kPa, high selectivity
(> 90%) to 1-butene was achieved. Formation of
dibutyl ether was very low up to 5% of the products.
Butene isomers, cis-2-butene, trans-2-butene and iso-
butene were also observed in lower quantities, less than
4% of formed product. For reaction temperatures below
380 °C and butanol partial pressure > 13 kPa, formation
of dibutyl ether was increased up to 10% and as high as
14% at temperatures of 346 °C. Furthermore, tempera-
ture did not affect the butene isomers distribution that
significantly.

The thermodynamics to a certain extent dictates
the selection of temperature to achieve high yields of
butenes as a reaction product. High temperatures favor
the direct dehydration route to 1-butene. If butenes are
the desired products then in order to suppress ether for-
mation the partial pressure has to be kept low. From ex-
periments it was observed that at temperatures > 380 °C
and the partial pressure of 1-butanol < 13 kPa, high
selectivity to 1-butene (> 90%) was achieved. This
can be explained by the fact that at low partial pressure
the molecules occupy far away catalyst sites and due to
low concentration of 1-butanol in the bulk, possibility to
form dibutyl ether is low (Phung et al., 2014). Similarly
if dual site mechanism is considered to form dibutyl
ether, it can be postulated that since the molecules are
occupied on scattered catalyst sites the possibility of in-
teraction between two adsorbed species at adjacent sites
is very low (Berteau et al., 1985). Increasing the partial
pressure in turn increases the concentration of butoxy
species formed by adsorption of 1-butanol on the ac-
tive sites. The concentration of 1-butanol in bulk gas
is also high in a continuous flow reactor as compared
to a batch reactor, where it would decreases with time.
Whereas, when the reaction temperatures are compara-
tively lower, then due to thermodynamics the possibil-
ity to form dibutyl ether becomes higher as compared to
butene (Berteau et al., 1985, 1991).

To determine kinetics of the reaction system, the ob-
servations from experiments and studies reported in lit-
erature for 1-butanol dehydration on alumina (Berteau
etal., 1985) and ethanol dehydration on alumina (Phung
et al., 2014), were considered. Two types of kinetic

models, a more general power law kinetics and de-
tailed surface surface reaction mechanism were consid-
ered for describing the reaction kinetics. Butene iso-
mers have been discarded due to very low percentage
in the product gas, and thus were lumped together with
1-butene. For determining kinetics through power law,
based upon the experimental observations and literature
(Berteau et al., 1985), reaction scheme presented in Fig-
ure 5 has been suggested for 1-butanol dehydration on
v-Al,03. This scheme considers reactions between the
bulk species and leaves aside the catalytic action. The
surface reactions in the system are introduced in Sec-
tion 3.4.

3.2. Thermodynamic equilibrium study for reactions

Chemical equilibrium of individual reactions I, II,
and III (presented in Figure 5); was evaluated with
ReaEqu module in Flowbat software (Jakobsson et al.,
2014). The obtained equilibrium constants, equilibrium
conversions and reaction enthalpies as functions of tem-
perature for these three different reactions are shown in
Table 3.

The main reaction for dehydration of 1-butanol to 1-
butene (reaction I) has a very high equilibrium constant,
suggesting that at the studied temperature range this re-
action can be considered as irreversible reaction. The
second reaction leading to formation of dibutyl ether has
a relatively low equilibrium constant and this reaction
has to be considered as a reversible reaction. The third
reaction, i.e, dissociation of dibutyl ether to 1-butene
and water has a very high value for the equilibrium con-
stant in the given reaction conditions. Thus this reac-
tion is also considered as an irreversible reaction. The
equilibrium conversion for reaction I in the experimen-
tal temperature ranges is 99.2 — 99.4% and the selectiv-
ity to 1-butene is 99.9%. Thus at higher temperatures,
higher conversion of 1-butanol and high selectivity to
1-butene can be achieved. Although the residence times
in the experiments did not allow achieving equilibrium
conversions relatively high conversions (88%) were ob-
served.

The thermodynamic values for the reaction enthalpy
reveal that reactions I and III are endothermic reactions,
whereas reaction II is an exothermic reaction. This
implies that at high temperatures, high selectivity to
butenes could be achieved. Van’t Hoff equation was ap-
plied for the reaction II to calculate equilibrium constant
as a function of temperature. The equilibrium constant
value is then used in kinetics to express the reaction rate
of backward reaction.
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Figure 5 Proposed reaction scheme for 1-butanol dehydration over y-alumina modified from (Berteau et al., 1985).

Table 3 Equilibrium constants of three reactions as function of temperature. Summing reactions II and III yields reaction I, and

thus K;=K,-Kj3, which is consistent with laws of thermodynamics.

K., for reactions
Temperature (K) “

Equilibrium conversions

Equilibrium enthalpies (kJ/mol)

K; Ky K X X X AH; AHj; AHyy;
613 14800 3.5 4269 0.992 0.651 0.985 34.26 -22.02 56.28
619 15800 3.3 4756 0.992 0.646 0.986 34.25 -21.96 56.22
625 16860 3.2 5287 0.992 0.641 0.986 34.24 -21.91 56.15
631 17960 3.1 5865 0.993 0.636 0.987 34.23 -21.85 56.08
637 19110 2.9 6492 0.993 0.632 0.988 34.22 -21.80 56.02
643 20300 2.8 7171 0.993 0.627 0.988 34.21 -21.74 56.95
649 21550 2.7 7906 0.993 0.623 0.989 34.20 -21.69 56.88
655 22850 2.6 8700 0.993 0.618 0.989 34.18 -21.63 56.82
661 24200 2.5 9555 0.994 0.614 0.990 34.17 -21.58 56.75
667 25610 2.4 10480 0.994 0.610 0.990 34.15 -21.53 56.68
3.3. Power law kinetics r3=kz-cp (10)

The power-law approach with first order reactions is
a classic first attempt to describe kinetic data. It allowed
the comparisons with few existing literature results and
was therefore tested and found successful in describing
the observations. This implies that more intricate cat-
alytic behavior could be reduced to a first order behav-
ior in the studied regime. Berteau et al. (1985), have
demonstrated the existence of different regimes for ap-
parent reaction orders between zero and one. In the
power law model the order is fixed to a constant one,
whereas the mechanistic model in principle allows the
reaction orders to vary depending on the conditions.

Using the reaction scheme in Figure 5 the rate equa-
tions were derived for the reactions in the system for
applying power law kinetics. Reaction I and III were as-
sumed to be irreversible and reaction II reversible based
on studies of chemical equilibrium (Section 3.2). The
rate equations for different reactions are thus presented
below,

ro=ki-ca (8)

1
r2=k1'(C/24—K—eq'CC'CD) 9

where, A is 1-butanol, B is 1-butene, C is water and D
is dibutyl ether.

The mass balances for species taking account the sto-
ichiometry are given as,

dc

d—*‘ = (=2r = 2r2) - p (11)
-

d

% = (21 +2r3) - py (12)
-

dc

d—c = Qri+r+13) (13)
-

dc

d—” =(r2=r3)-pp (14)
.

3.4. Kinetics based on surface reaction mechanism

As discussed previously in Section 1, the surface re-
action mechanism is based on recent spectroscopic stud-
ies. In this mechanism surface butoxy species are con-
sidered as intermediates to butene and dibutyl ether for-
mation. These reactive adsorption steps are considered
to be in quasi-equilibrium. The identities of sites are
presented in Figure 6.



“OH

A¥ 0=  A*-— OH

(a) Site 1: Lewis acid site (b) Site 2: surface
(unsaturated cationic hydroxyl bound to
site). unsaturated cationic site.

Figure 6 Two different types of active sites considered on the
surface of y-Al,Os3.

The ether formation is considered as reversible reac-
tion where adsorbed ether on site 1 or site 2 may disso-
ciate back into a butoxy and loosely hydrogen bonded
alcohol. The butoxy species and alcohol may undergo
the same reaction or it is also possible to form butene
and gas—phase alcohol. The surface species and active
sites are denoted by * sign to differentiate from bulk or
gas phase species. The reaction equations are presented
as,

Butanol + sitel”™ < Butoxy® (15)
Butanol + site2* < Butoxy" + water (16)
H>0 + sitel” < site2” a7

Butene is formed from the surface butoxy species and
site 2 is regenerated.

Butoxy® < Butene + site2” (18)
Ether formation through single site mechanism oc-
curs with nucleophilic attack of the butoxy species on
H-bonded undissociated butanol, with the site 2 regen-
eration.

Butoxy* + Butanol < DBE + site2* (19)

Considering dual site mechanism the overall equation
for dibutyl ether can be written as,

2Butoxy* <> DBE + sitel” + site2". (20)
Overall site balance and site coverage can be give as,
NButoxy"'Nl + N2 = Nioy 21

eButoxy +60,+6, = 1. (22)

Surface coverage of butoxy species can be achieved
by combining Equations 15 — 16 and 22 and assum-
ing the steps in Equations 15 — 16 to be in quasi-
equilibrium,

K
1CA (23)

gButoxy 1+ Kjcqa + %CC ’
The detailed derivation to achieve O,y is provided
in the Supplementary Information. The formation of
butene from butoxy species is assumed to be rate de-
termining step and the reaction rate equation for butene
formation through Equation 18 is then written as,

r =k ﬂButuxy‘ 24

The final rate equation is obtained when Equation 23
is inserted into Equation 24,

Kica

ry = kl. (25)

— %
1+ Kjcs + F;CC

The derivation of the surface reaction mechanism for
the formation of dibutyl ether also, expressing the back-
ward rate constant by utilizing macroscopic thermody-
namic equilibrium constants is less straightforward than
for the power law kinetics. But it can be done as fol-
lows:

In single—site mechanism (from here on referred to as
mechanistic model I) the nucleophilic attack of butoxy
species on H-bonded undissociated butanol is assumed
to be the rate determining step,

2
gButoxyCCCD

= k2~(93utoxy~CA - (26)

KquA

The final rate equation for dibutyl ether with
single—site mechanism is obtained when Equation 23
is inserted into Equation 29,

Kic
— % Y2ceep
KICA 1+K1(A+TZCC
I = kz. X CA—
1+ Kicq + fiCC Kech

Considering dual site mechanism (from here on referred
to as mechanistic model II) the rate equation for dibutyl
ether can be written as,

2
gButoxch ¢p

_ 2
r; = kz'(gb’utaxy - K. 2
eqgCp

) (28)

The final rate equation for dibutyl ether with dual site
mechanism is obtained when Equation 23 is inserted
into Equation 31,

KI—CAK])ZCCCD
Kica 2 1+K10A+K—ZCC
ry = ky.|( )~ 5 (29)
1+ Kicq + K—lCC KeqCA



This version of proposed surface reaction mechanism
contains two Arrhenius dependent rate constants and
two adsorption equilibrium constants. The thermody-
namic equilibrium constant is obtained from the ther-
modynamics study presented in Section 3.2. Conse-
quently there are no more degrees of freedom in the sur-
face reaction model compared to the power-law model.
The difference is that mechanistic approach allows a
change in the reaction order of butanol for 1-butene and
ether formation depending on the reaction conditions:
temperature and partial pressure of 1-butanol. This par-
ticular mechanistic feature has been advocated in liter-
ature (Berteau et al., 1985) even though it has not been
used for determining kinetics of alcohol dehydration.

The mass balances for species taking account the sto-
ichiometry are given as,

dc

d—A =(-r1=2r) - pp (30)
-

dc

d—B = (r1) - po G1)
-

dc

d—c = (r + 1) pp (32)
-

dc

d—D = (r2) - pp (33)
n

where, again A is 1-butanol, B is 1-butene, C is water
and D is dibutyl ether.

3.5. Parameter estimation results

Kinetic parameters estimated with pseudo-
homogeneous plug flow model are presented in
Table 4. The estimated parameters are physically mean-
ingful and relatively close to the ranges reported for
activation energies in literature Table 4. Both power law
kinetics and surface reaction mechanism based kinetics
were able to describe the kinetics of the dehydration
reaction. Coefficient of determination R? for estimated
parameters from power law and mechanistic models |
and II is about 99%, which is in good correspondence.

The parameter values are compared to the two litera-
ture references. Makarova (1994) used H-ZSM-5 with
high concentration of acid sites in temperature range of
378-458 K, whereas, Clayborne et al. (2004) applied
pure y-alumina in Temperature Programmed Desorp-
tion (TPD) studies in temperature range of 500—620 K.

3.6. Model fit and sensitivity analysis

The obtained parameters are used to fit the model
against experimental data with power law kinetics and

mechanistic model I. Two plots are presented in Fig-
ure 7 using power law kinetics. Figure 7 (a) contains
1-butanol conversion as a function of temperature at
WHSV of 521 h™!, corresponding to residence time of
0.01s in the reactor. The partial pressure of 1-butanol
was 14.6 kPa. Figure 7 (b) contains 1-butanol conver-
sion as a function of different residence times at partial
pressure of 12.2 kPa. The corresponding WHSV are
indicated on the plots with e’ symbol for different res-
idence times. The presented plots in Figure 7 show that
the model reproduces the experimental data and shows
a good fit.

1-Butanol conversion at 521 h!

 Experimental —Model

Conversion

20

340 350 360 370 380 390 400
Temperature (°C)

(a) Temperature vs. conversion of experimental and
model values for WHSV 521 h~! and 1-butanol partial
pressure of 14.6 kPa.
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(b) Residence time vs. conversion plotted for 1-butanol partial
pressure of 12.2 kPa and different WHSV. Experimental points
for corresponding WHSV are denoted by e.

Figure 7 Model fit plot for 1-butanol conversion against
temperature and WHSV (corresponding to residence time).

As observed in experiments, for reactions at higher
temperatures resulting in high conversion of 1-butanol
(> 60%), selectivity to 1-butene is also very high (90 —
98%). This indicates dominance of direct dehydration
route via reaction I. Thus in order to perform the sen-
sitivity analysis, the objective function is investigated
in terms of parameters for reaction I only. Both rate



Table 4 Parameter estimation results with power—law and mechanistic models I and II. K; and K, are fixed adsorption parameters

for the formation of butoxy species on site 1 and site 2.

Parameters Model results o o Literature
Power law Mechanistic I Mechanistic II (Makarova, 1994) (Clayborne et al., 2004)
E; (kJ/mol) 135 134.6 135.7 134 132
Ay (1/s) 5.44-10° 1.73-10'° 2.66-10'° 1.92-10% 1.1-108
E, (kJ/mol) 102 105 100 92 100
A, (1/s) 6.87-10° 3.91-10° 8.68-108 3.1-10'° 1-10°
E; (kJ/mol) 130 K; =13 K; =0.6 134 -
Aj (1/s) 2.93-10° K, =0.55 K, =0.525 4.5-10%° -
imum value for the objective function was achieved in
the vicinity of estimated values of the parameters. Sim-
16.400 4 . ilar fits were also observed for surface reaction mecha-
nism models. The R? value was observed around 99%
16.395+ and sensitivity analysis also produced model fits in con-
w fidence intervals as observed for power law Kkinetics.
Q1630 = " These figures are presented in Supplementary Informa-
tion: Additional Figures.
16.385 . L]
. 3.7. Dynamic 2D model
16380 ) 3.7.1. Microchannel reactor
0.061 0062 .06 0060 0065 0.066 A dynamic 2D heterogeneous model was developed

Rate constant, k

(a) Normalized reaction rate constant plotted against objective
function.

16.390
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RSS

16.384
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Activation energy, E (kJ/mol)

(b) Activation energy plotted against objective function.

Figure 8 Parameter sensitivity analysis for reaction I with
power-law kinetics.

constant (k) and activation energy (E) are varied indi-
vidually, while all other estimated parameters are kept
constant. Graphical representation is shown in Figure 8,
where symmetry was observed on both sides and min-

for Microchannel Reactor (MCR) to study mass trans-
port limited and kinetically controlled regimes.

G
v

Figure 9 Cross section of the half cylindrical channel. R; is
the radii of inner cylinder, R; is the radii of outer cylinder, J;
is the difference between the two radii and corresponds to the
deoposited catalyst (S) layer thickness. G represents
gas-phase in the free channel.

The microchannel reactor is assumed to have uniform
conditions in parallel channels and thus a single channel
can be modeled to represent all the channels in reactor
domain. Inside the channel empty space, plug flow is
used to the mass transport implying radially good mix-
ing. Diffusion and reaction in the porous coating on the
channel walls take place via heterogeneously catalyzed
gas-phase reactions. For modelling purposes, the chan-
nel is assumed to consist of two hollow cylinders inside



each other with internal radii R; and R,, where the in-
ternal cylinder corresponds to the empty channel space
and the difference between the radii of the two cylinders
contains the catalyst layer (Figure 9).

The following assumptions are made for the single
channel model:

e Isothermal conditions: Isothermal conditions are
assumed throughout the channel and the catalyst
layer.

o Constant pressure: There is no pressure drop
across the length of the reactor.

e No homogeneous reaction: In the gas phase no re-
action takes place. Reactions are heterogeneously
catalyzed in solid catalyst layer.

o Ideal gas: The gas mixture has an ideal gas behav-
ior at reaction conditions.

e External mass transfer: External mass transfer re-
sistances are neglected based on Mears criterion
(Gorke et al., 2009), presented in Section 2.2, and
the surface concentration was set to correspond to
the bulk concentration.

The detailed derivations for the mass balances in the
channel domain and in the catalyst layer are provided
in the Supplementary Information. However, the main
mass balance equations, boundary conditions and trans-
port properties are also discussed in this section.

Mass balance in the cylindrical coating for each com-
ponent can be described as follows:

186,‘) ,

i e

Bci Dei(('izc,-
= + rpp.

Lo Ay
o R?\ 82

where z = r/Ry, is a dimensionless radial coordinate
The boundary conditions applied to the surface and
bottom of the layer are,

GC,‘(I" = Rg) _

P 0, (35

Ci(r = Rl) = ci,gas(x)7

and following initial conditions at t=0 were assumed

s _ Go
C, =¢C .

(36)

Dynamic mass balance in the free gas channel for
each component obtains the following form:

i i 2D, Oc;
dei = U dai dei _ (37)
ot Le, 0x R%Eb 0z =1

Where x = [/L, is a dimensionless axial coordinate
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The boundary condition applied to the free channel
domain is,

c(l=0)= Ci,gas(in) (38)

and the initial condition for mass balances in free chan-
nel at t=0 can be written as:

G _ Go
¢’ =¢;

(39

The effective diffusion coefficient D,; of components
were estimated by using Wilke approximation

€
Dei = (2)Di (40)
1- Xi
D; = (41)
T B

Binary molecular diffusion coefficients Dy used in
Wilke equation were estimated using Fuller-Schettler-
Giddings (Fuller et al., 1966) equation.

175, [1 1
T i, + W

— . 107m?¥/s
13, 1/3
P, +v")

Dy = (42)

The volume contributions of the molecules were ob-
tained from literature (Poling et al., 2000).

3.7.2. Packed bed powder reactor

Analogous continuum models were expressed for
PBR as well (for details see Supplementary Informa-
tion).

Mass balance in catalyst particle for each component
is given as follows,

(43)

66,‘ De,‘ (626‘,‘ +
= - - r
z 0z Pr

2 6c,- ,
e — = 24 )
P ot R2\ 922
where z = 7/R,, is the dimensionless radial coordi-
nate.
Following boundary conditions,

oci(r =0)

T =0, ci(r = Rp) = Ci,gas(-x) (44)
and initial conditions at t=0 were used.

¢ = ciGo 45)

Mass balance in the reactor for each component can
be expressed

U (9c,-

Le, 0x

i _
o

3D.(1 - &) dc;

46
R (46)

9z |,



where x = [/L is dimensionless, axial coordinate,
following boundary condition,

¢i(l=0)= Ci,gas(in) 47)
and initial conditions at t=0, were used.
¥ = (48)

The effective diffusivity of components is estimated
by using Equations 40 — 42 presented in Section 3.7.1.
In packed-bed reactor, catalyst particles of standard size
between 250 — 420 um were assumed. The concentra-
tion profile for 1-butanol was simulated with the devel-
oped 2D heterogeneous model.

3.7.3. Numerical solution strategy
Continuum equations leading to coupled partial
differential equations were solved numerically in

MATLAB® environment by method of lines, i.e., dis-
cretizing the system by approximating the axial and ra-
dial derivatives by backward and central differences, re-
spectively. Discretization was done equidistantly and
system matrices were developed accordingly. Achieved
sparse matrix from the ODE system was manipulated to
a diagonal matrix to make calculations computationally
more efficient.

3.7.4. 2D MCR simulations

The concentration profiles inside the catalyst layer
were simulated with the developed 2D dynamic model
and the determined parameters. The thickness of the
catalyst layer varies across the cylindrical cross-section;
such that the layer is thin at the channel side-walls,
whereas, the layer is thicker at the bottom of the chan-
nel. The Scanning Electron Microscopy (SEM) stud-
ies showed that the catalyst layer distribution varies be-
tween 15 um to 30 um, therefore the whole range was
considered for simulations.

Concentration profile for 1-butanol inside the catalyst
layer for different thicknesses is presented in Figure 10.
The model simulations show that the reactant concen-
tration profile starts to change significantly from layer
thickness of 40 ym. With increase in the layer thickness
beyond 40 um, the concentration of the reactant inside
the layer starts to decrease appreciably. This decrease
in the concentration of the reactant along the dimen-
sionless distance inside the catalyst layer with increased
layer thickness, would result in decreased efficiency for
the MCR. Thus more catalyst loading might not be a
solution to achieve higher conversions. In order to fully
utilize advantages of MCR rather a balance should be

achieved between catalyst layer thickness, catalyst load-
ing and conversion.

1-Butanol concentration profile inside the catalyst layer (um)

5

Concentration (mol/m3)

S
n

0 0.2 0.4 0.6 0.8 1
Dimensionless distance into layer, z

Figure 10 Simulated 1-butanol concentration profile inside
the catalyst layer for different layer thicknesses at 391 °C.
The higher catalyst layer thicknesses 100 and 200 ym
correspond to ranges of radius for the standard particle size
used in packed-bed reactor simulations.

To further validate the effect of concentration distri-
bution inside the catalyst layer with varied layer thick-
ness, the effectiveness factor was calculated for the first
reaction. The effectiveness factor for cylindrical catalyst
layer is considered analogous to the cylindrical shaped
catalyst particle geometry. Considering characteristic
length for the channel geometry, the effectiveness fac-
tor for any geometry can be written as,

tan(¢;)
Nei = —— (49)
bi
where Thiele modulus is calculated from equation
ke
i =R . 50
$i =R, Do (50)

Table 5 Effectiveness factor for the dehydration reaction to
butene.

Catalyst layer thickness Effectiveness factor

pm n
15 0.97
25 0.93
30 0.91
40 0.85
50 0.79
100 0.52
200 0.27

The effectiveness factor n (Table 5) varies between
0.97-0.91 as a function of catalyst layer thickness vari-
ation (15-30 pum). This shows that for an average layer



thickness of 25 um, diffusional limitations are minor
and microchannels can be considered to operate in the
kinetic regime. The effectiveness factor is decreased
significantly with increasing thickness of the catalyst
layer and reaction is considerably affected by the pore
diffusion for layer thicknesses of 100 um and beyond
which equals the particle size of the catalyst in the
packed-bed reactor. Thus the findings of the 2D simula-
tions presented in Figure 10 agree with the effectiveness
factor.

— 15— 25 —30 —40 — 50 — 100 —200

- N
(9)] N (9]

Concentration (mol/m3)

N

0'50 5 10 15 20 25
Reactor length (mm)

Figure 11 Simulated 1-butanol concentration profile across
the reactor length for different layer thicknesses at 391 °C.

Bulk concentration profile along the axial coordinate
is investigated with constant mass of catalyst for differ-
ent layer thicknesses. The profile in Figure 11, shows
that as the layer thickness is increased from 15 um, the
conversion is decreased and more reactant is available
in the bulk phase. At lower catalyst layer thickness
of 15 um, the reactant is able to penetrate through to
the layer and accesses the whole catalyst layer. Thus
more reactant is transported from surface to the catalyst
layer and reactant distribution inside the layer is suffi-
cient enough to lead to high conversion which in turn
means that the concentration of the reactant in the bulk
would be lower. On the other hand increased catalyst
layer thickness means increased resistance to the trans-
port of the reactant within the catalyst layer, therefore
within a set residence time the reactant conversion is
low and respectively the bulk concentration is higher.

3.8. Comparison of MCR and PBR

Concentration profiles of 1-butanol inside the catalyst
layer for average thickness of 25 um and in PBR using
spherical particles of radius ranging from 100 — 210 um
are shown in Figure 12. The catalyst mass in both the
reactors is considered to be 18 mg.

As observed in Figure 12, 1-butanol concentration in-
side the spherical catalyst particle considering particle
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size with diameter 200 — 420 um show that internal re-
sistance to mass transport are present in PBR. In com-
parison, for MCR with average layer thickness of 25
um internal mass transport resistances are very low and
the catalyst in the entire layer is accessible to the re-
actant. Thus within experimental conditions, internal
mass transport resistance can be avoided in MCR as
compared to PBR, where particle size cannot be pro-
gressively reduced owing to emerging pressure drop
along the catalyst bed.

N
&)

Catalyst layer, 25 um

N

Spherical partile, 100 ym

N

Spherical partile, 165 um———

Concentration (mol/ma)
(6}

o
o

Spherical particle, 210 pm

0 0.2 0.4 0.6 0.8 1
Dimensionless coordinate in solid, z

Figure 12 Simulated 1-butanol concentration profile inside
MCR with layer thickness 25 ym and PBR with spherical
particle radius of 100 um, 155 ym and 210 um at 391 °C.

The role of the catalyst layer thickness is very impor-
tant and has a twofold impact on the reaction process.
The MCR simulations revealed that if the catalyst layer
deposited on the inner walls of the microchannel reac-
tor is thicker than 40 um the advantages related to mass
transfer and heat transfer may not be fully realized with
the application of MCR. The presence of mass transfer
resistance due to high catalyst layer thickness would af-
fect the distribution of the reactant concentration across
the catalyst sites and the catalyst pores would be less
accessible to the reactant further away from surface and
closer to the channel walls. This in turn would decrease
the overall conversion of the process. On the other hand
thinner catalyst layer would result in decreased catalyst
loading in the channels which is often attributed a prob-
lem in microchannel reactors as compared to packed-
bed reactors.

Another important aspect to understand is whether
the increased diffusion limitations induced by increased
layer thickness in the reactor would impact the selectiv-
ity to 1-butene or dibutyl ether by utilizing the other op-
timized reaction parameters (partial pressure, residence
time, and temperature). At optimized conditions for
high selectivity to 1-butene, such as, low partial pres-
sure of 1-butanol, high residence time and high reac-



tion temperatures, it may be postulated that due to ther-
modynamics and reaction pathway (intermediate butoxy
species, single-site mechanism), the selectivity to 1-
butene may not be affected significantly, which was also
observed in simulations. It is pertinent to mention that
selectivities of 1- butene and dibutyl ether are coupled
to each other and thus increasing or decreasing the se-
lectivity to either one would be vice versa on the other
product.

The selectivity to dibutyl ether at the catalyst layer
surface, may still not be affected due to abundance of
adsorbed and gas phase 1-butanol close to the surface,
at optimized conditions, i.e., high partial pressure of 1-
butanol, low residence time and low reaction tempera-
tures. The surface reaction mechanisms for ether forma-
tion (single-site and dual-site) are favored due to abun-
dance of adsorbed butoxy species at the surface and
1-butanol in gas phase close to the surface. However,
deeper within the catalyst layer due to lack of gas phase
1-butanol as well as adsorbed butoxy species, possibil-
ity to form ether through single site interaction with 1-
butanol within the pore (single-site mechanism) and the
interaction of two neighboring butoxy species (dual-site
mechanism), would be limited. This may result in de-
creased selectivity to dibutyl ether, whereas 1-butene se-
lectivity would increase. This deviation in the selectivi-
ties was observed to be between 1-3 % from simulation
results.

To achieve equilibrium conversions with the pro-
posed 2D model, the reaction system was simulated
with optimized parameters to assess and predict reac-
tor performance at conditions beyond those of the ex-
periments. The temperature was selected to be 391 °C
(maximum temperature in experiments), partial pres-
sure was kept >13 kPa to remain in region where reac-
tion order change would not affect the power-law model.
Furthermore, at the selected WHSV of 195 h! the res-
idence time was doubled to see if the reaction system
would achieve equilibrium conversion. The results for
simulations with both power law and surface reaction
scheme I are presented in Figure 13. Both models pre-
dict high conversions in the vicinity of the experimen-
tally observed conversions for 1-butanol. The selectiv-
ity to 1-butene is high (> 90%) and dibutyl ther for-
mation is observed up to 7% for the mechanistic model
and 3% for the power-law model. This clearly shows
that mechanistic model over-predicts the formation of
dibutyl ether. This could be due to the fact that the
mechanistic models lack an additional reaction route
for conversion of formed dibutyl ether as compared to
the power-law model. The temperature dependencies of
the two adsorption constants K; and K, were omitted
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for simplicity and constant values were assigned com-
promising over the whole temperature range. Thus the
mechanistic models would require its parameters to be
determinded with more richer range of data and inclu-
sion of temperature effect on the adsorption constants.
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(a) Simulation results with power-law kinetics.

2.5

—C4HgOH—C, Hg—H,0 CAHgOC4Hg‘

N
(&}

N

Conc. (mol/m3)

0.5

0 0.01

0.02

0.03
residence time (s)

0.04 0.05 0.06

(b) Simulation results with mechanistic model 1.

Figure 13 Concentration profiles of 1-butanol, butene, water
and dibutyl ether, simulated with proposed model Equations
34 — 42, using reaction mechanism model and power-law
kinetics, at reaction temperature 391 °C , partial pressure 15
kPa and longer contact time > 0.06 s.

Doubling the residence time did not yield equilibrium
conversion for the simulated set of parameters. To fur-
ther verify the equilibrium conversion the temperature
was increased to 400 °C while keeping the partial pres-
sure at 15 kPa and simulating for a longer residence time
up to 0.06 s. The simulation results (presented in Sup-
plementary Information: Additional Figures) show that
the reaction system does reach the equilibrium conver-
sion at 400 °C with power-law kinetics and 410 °C with
surface reaction kinetics, keeping the residence time of
0.06 s as compared to 0.03 s in the experiments.

4. Conclusions

Kinetics of 1-butanol dehydration was addressed in
alumina-coated microchannel reactor. Well-established



criteria (Mears and Weisz-Prater) were evaluated to con-
firm that the experiments were carried out in a kinet-
ically controlled regime. Different ranges of conver-
sions (18 — 88%) were achieved for varying experimen-
tal conditions. At temperatures > 391 °C high conver-
sions (> 60%) of 1-butanol at different Weight Hourly
Space Velocity (WHSV) were achieved in the coated
microchannel reactor used in this study. Direct dehydra-
tion route to 1-butene was dominating and thus high se-
lectivity to 1-butene was obtained in Microchannel Re-
actor (MCR).

A power-law type of kinetic model as well as a mech-
anistic model inspired by the current view of alumina-
catalyzed alcohol dehydration mechanisms were tested
against experimental data. Equal compatibilities to the
data were found for the models in the studied condi-
tions. Kinetic parameters were in a physically meaning-
ful order of magnitude and agreed with earlier findings.

The determined kinetics were applied to simulate a
microchannel reactor and a packed bed powder reac-
tor. The proposed 2D simulation model for MCR vali-
dates that for catalyst layer thickness up to 40 um, diffu-
sional resistances are minimal and the effectiveness fac-
tor remains high up to 0.90. Increasing the layer thick-
ness beyond 40 pm induces more considerable internal
transport resistance. Simulations also validate that high
selectivity to 1-butene is achieved with optimizing the
reaction parameters, for instance, temperature and par-
tial pressure of 1-butanol. Further simulations with the
optimized reaction parameters for MCR revealed that
packed-bed reactor with spherical catalyst particles of
250 — 420 um diameter exhibits more significant in-
ternal mass transport resistance and lower effectiveness
than MCR. The results demonstrate that MCR is a con-
venient tool for assessing reaction kinetics and poten-
tial for efficient production of chemicals. Valid MCR
simulation model including adequate kinetic description
allows optimization of the yield of desired product by
choosing the operation parameters.
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