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Kinetic study of 1-butanol dehydration to
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Abstract

Kinetics of the catalytic dehydration of 1-butartol di-n-butyl ether (DNBE) over
Amberlyst-70 was investigated. Experiments werdgpered in liquid phase at 4 MPa and
413-463 K. Three elementary reaction mechanisme wensidered: a Langmtlitinselwood
HougenWatson (LHHW) formulation; an Eley-Rideal (ER) fauhation in which DNBE

remains adsorbed; an ER formulation in which wegarains adsorbed.

Two kinetic models explain satisfactorily the detatibn of 1-butanol to DNBE: a LHHW
formalism in which the surface reaction between adfacent adsorbed molecules of 1-butanol
is the rate limiting step (RLS) and where the apison of water is negligible, and a mechanism
in which the RLS is the desorption of water beihg adsorption of DNBE negligible. In both
models the strong inhibiting effect of water wascassfully taken into account by means of a
correction factor derived from a Freundlich adsorptisotherm. Both models present similar

values of apparent activation energies (122+2 kij/mo
Topical area: Reaction Engineering, Kinetics and Catalysis

Key words: di-n-butyl ether, 1-butanol, Amberlyst 70, kirgsti water inhibiting effect.
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Introduction

Environmental regulations imposed over the pasades concerning diesel quality and
vehicles emission have led to an active searchnifore efficient and cleaner fuels. In this
search, di-n-butyl ether (DNBE) has been identiisdan important candidate biofuel which can
be produced from lignocellulosic biomdssBesides the significant advantages of using
lignocellulosic biomass as raw material (residuesnf agriculture, energy crops and forest
refuse are produced in abundance and worldwidehaydhave no direct competition with food,
thus being an attractive, inexpensive, renewaldeuree for the production of next generation
of biofuels), DNBE presents excellent propertiesbto blended with diesel fielit has a
particularly high cetane number (100) indicatingrshgnition delay times which at the end
translates into relatively longer combustion precasd thus less unburned hydrocarbons; its
moderate boiling point (415.6 K) allows facile vagation of the fuel after engine injection
while minimizing the volatile organic compounds egsibns during storage, transport and
refueling; finally, its volumetric energy conterd comparable to that of petroleum fuels
providing satisfactory engine power without modifion of existing diesel engines.

Biobutanol can be produced from biomass eitherdspnéntation or by thermochemical
routes*> Currently, biobutanol is being produced on indabtiscale through the ABE
fermentation process in which biomass fermentatipn microorganisms of the genus
Clostridium gives place to 1-butanol along withtace and ethanélSubsequently, DNBE can
be obtained by dehydration of 1-butanol over acthlysts'® In a previous workit was
showed that acidic ion-exchange resins were extatigtalysts for the selective dehydration of
1-butanol to di-n-butyl ether in liquid phase. Amgotihe ion exchangers tested, Amberlyst 70
was selected as the most appropriate resin forstridluse due to its thermal stability (up to
463 K), its high selectivity to DNBE and its suikalactivity.

In order to design and model an heterogeneousyezathlprocess obtaining a reliable
reaction rate expression is essential. From tiwekfeetic studies on 1-butanol dehydration, the
majority have been carried out at experimental it in which butenes (resulting from
1-butanol intramolecular dehydration) are the n@ioductst® Olaofe and Yu¥ studied the
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kinetics of 1-butanol dehydration over three typézeolites in gas phase in the temperature
range 473 — 573 K and 1-butanol pressures up 0”80 At these conditions the main products
were both butenes and DNBE. For the dehydratiorl-bfitanol to di-n-butyl ether they
considered a power law kinetic model as well asghlougen-Watson type kinetic expressions
assuming the surface reaction as the rate comigadiiep and that the adsorption of water and
ether was negligible against the adsorption of thaol. They concluded that empirical power
functions rate expressions satisfactorily correldtee reaction rate data of the dehydration of
1-butanol to DNBE and found an activation energp4f 142 kJ/mol (depending on the used
zeolite). Krampera and Berartéktudied the kinetics of individual reactions foe tdehydration

of 1-butanol over alumina in gas phase at 433 K.dro-butyl ether formation they proposed a
LHHW mechanism where the irreversible surface reacbf two adsorbed molecules of
1-butanol was the rate limiting step and assumirgadsorption of water and ether negligible
against the adsorption of 1-butanol. Sow ét atudied the kinetics of 1-butanol dehydration to
DNBE in liquid phase (at 433, 453 and 473 K undetogenerated pressure) over three
sulfonated mesoporous silica and organosilica ysttaind a Y-zeolite. In their study they only
considered a kinetic rate expression based on &anexn where one molecule of 1-butanol
adsorbs on an active site, the irreversible surfaeetion being the rate limiting step and

assuming the adsorption of alcohol and ether todggdigible against the adsorption of water,

r = k{ DNBH| /( 1+K, o[ H, q) The values of the activation energies that tHetgiaed ranged

between 95 — 97 kJ/mol.
The main goal of this study was to perform a cormensive kinetic analysis of DNBE
synthesis on the acidic resin Amberlyst 70 in theitl phase at the temperature range of 413 —

473 K. Particular emphasis was placed on high maetents given its inhibitory effet®

Experimental

Material
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1-butanol £ 99.4 wiw % pureg 0.1 w/w % butyl ethers 0.1 w/w % water) and DNBE>(
99.0 w/w % purex 0.05 w/iw % water) supplied by Acros Organics wesed without further
purification. Deionised water (resistivity 18.20ntm) obtained in our laboratory and &
99.995 w/w %) supplied by Abell6 Linde were alsedis

The macroreticular thermostable resin Amberlyssiéfplied by Rohm and Haas was used
as the catalyst. Amberlyst-70 is a low cross-linkddbrinated and sulfonated copolymer of
styrene-divinylbenzene (S-DVB), stable up to 463ItK.acid capacity, determined following
the procedure described by Fisher and Ktinimas found to be 2.65 mol'g. Table 1 gathers

the main properties of Amberlyst 70.

Apparatus and analysis

Experiments were carried out in a 1003cB16 stainless steel autoclave (Autoclave
Engineers, M010SS, maximum temperature: 505 K;spresrange: 0 — 15 MPa).

The system was equipped with a pneumatic injecigstem to load the catalyst, a
magnetic drive stirrer and a 400 W electrical foador heating. Temperature and stirring
speed were measured by a thermocouple locateceitisedreactor and by a tachometer. Both
operation variables were controlled to = 1 K andrpfh respectively by an electronic control
unit. One of the outlets of the reactor was coragkdlirectly to a liquid sampling valve, which
injected 0.2 mrhof pressurized liquid into a gas-liquid chromatgr equipped with a TCD

detector (Agilent Technologies, 7820A). Analysisgadure is described in detail elsewtere.

Procedure

Wet resin (as provided by the supplier) was driedoam temperature for 24 h prior to
mechanical sieving. Afterwards, resin samples witlad size between 0.40 — 0.63 mm were
dried at 383 K in an atmospheric oven during 3 ¢ @ren under vacuum (1 kPa) for 15 h. A
previous work showed that after this drying treaththe residual water content of the resin was
<3% (w/w)1® 70 mL of 1-butanol, or 1-butanol/water, or 1-bwADNBE were charged in the
reactor and heated to the working temperature. grigesure was kept at 4 MPa with t
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ensure that the reaction medium was in liquid pless the whole temperature range and the
stirring speed was set at the corresponding vaB@®-700 rpm). Once the corresponding
working temperature was reached (413-163K), thedddatalyst was injected by means of
pneumatic transport considering this time as theisg point of reaction. Liquid composition
was analyzed hourly during 7 h.

Reaction rates of DNBE formation were obtained frini@ function of the DNBE moles
produced vs. time (Equation 1). A rational functisias used to describe the relationship

between pnge and t.

1 (dn mol
t) = DNBE 1
A L

cat

Measured reaction rate were accurate witht%o

Results and Discussion
Preliminary experiments

In order to check that the overall observed reactamtes were not influenced by mass
transfer limitations or solid distribution effecesset of preliminary experiments was conducted
by changing the resin particle size, stirring spaed the catalyst loading of the reactor. Since
external mass transfer depends both on partickeasid stirring speed, instead of three series of
experiments in which, one by one, the effect ofigarsize, stirring speed and catalyst loading
was tested, a factorial design of experim&ntgas carried out, since it allows to study the
simultaneous effect of the three factors (stirramped, N; catalyst particle size, dhass of
loaded catalyst, ). Each factor was studied at two levels, i.e.oielhg a 2 factorial design.
Taking into account the operation conditions in ekhihe dehydration reactions of 1-pentanol
and 1-octanol to linear ether over Amberlyst 70 everot influenced by mass transfer
limitations®2, the following range for the three factors wasestd: (catalyst mass: 0.5-2 g;
stirring speed: 300-700 rpm; catalyst particle :siz4-0.8 mm). Table 2 shows the experimental
matrix for the 2 factorial design. Some of the eight formulatioder(oted with an *) were

replicated and four additional runs (last 4 row®ravcarried out at the central point of the

5
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design (500 rpm, 1g of catalyst with particle domtween 0.4-0.63 mm). The last column in
Table 2 shows the initial rate of DNBE formatiortaahed for each run. The order in which the
runs were carried out was randomized to avoid syatie errors. All tests were performed at 4
MPa and at the highest temperature of the rangmdy which corresponds to the catalyst
maximum operating temperature (463 K).

As can be seen in Table 2, reaction rates measuraiti the experiments are quite close;
most of them can be taken as the same within thisliof the experimental error. In order to
examine statistically the influence of the studiactors on the reaction rate, a linear regression
model (Equation 2) which considered as regressoahlas the main effects (Np,dWea) as
well as the interaction effects (N: dN- Weag dp- Weag N- dh- Weay) Was fitted to data of Table 2 by
the least squares method.

0 = 150.93 + 1.235-(N) + 2.445-(\y — 4.051-(g) — 0.472-(N-Ws) — 0.341-(N-g) —
2.271- (War &) — 0.677- (N- Wir &) &)

To evaluate whether Equation 2 represented theriexpetal data satisfactorily from a

statistical standpoint, &est for the lack of fit>2 was performed. By computing the variance due

to pure error §.) and the variance due to the lack of ) it was possible to compare the

test statistic F= . /Stc= 0.868 with the critical value of thesibuion = 4.737t0 ascertain if

both variances were statistically different. It d@seen thato< Fuistribuiion fOr @ probability of
0.95. Thus, Equation 2 represents satisfactordgtien rate data.
To determine whether the regressor variables daned significantly to the modelTest

for significance of regression?? was performed. The test procedure involves comguthe

statistic b as the ratio between the variance due to the seigmgs@, and the variance due to

the experimental erros?, and compare this value with the critical valugh# Fstiouion From

the results of the test for significance it carcbacluded that #= 2.608 < Fistribution = 3.293 (for
a probability of 0.95). Thus, none of the regressariables contributed significantly to
Equation 2. As a result, reaction rate values @odnsidered the same in the whole range of

operation variables checked (N = 300 — 700 rgyw; @.4 — 0.8 mm and W= 0.5 -2 g).
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Therefore, to carry out the kinetic experiments fillklowing operation conditions were

selected: N =500 rpm, /= 1 g of Amberlyst-70 and,é& 0.4 — 0.63 mm.

Modeling of kinetic data

The reaction rate models considered in this woekbased on the Langmuir-Hinshelwood-
Hougen-Watson (LHHW) and the Eley Rideal (ER) foismas. These formalisms, as well as
the kinetic expressions derived from different ratgting step (RLS) and quasi-steady states
assumptions are discussed next.

Mechanism 1: Langmuir-Hinshelwood-Hougen-Watson K\W) formalism.

In the LHHW mechanism two alcohol molecules, each adsorbed on an adjacent active
site, react to yield the ether. The elementarysstep this model are shown in the following
expressions, in which represents an active site and BuQIDNBEs and HOc correspond,

respectively, to 1-butanol, di-n-butyl ether andevahemisorbed on an only active site.

BUOH +c U$#5 BuOHs

2BuUOHs+n6) U7 DNBE +H & + ifo)

DNBEs Of#HE DNBE+o

H,Oc Q@H@ﬁ* H,O+o

Mechanism 2: Eley Rideal formalism where DNBE remadsorbed (EfRze)

The ER formalism assumes that only one of the teacting molecules of 1-butanol
adsorbs on the surface and reacts with other aretlyi from the bulk yielding DNBE and

water. The formed DNBE molecule remains adsorbethersurface while water is immediately

released into solution:

BUOH +c U$#5 BuOHs
BUOH +BuOHs +ne) U+ DNBE +H O+ng |

DNBEs UH%HE DNBE +o
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Mechanism 3: Eley Rideal formalism where water rasadsorbed (ERo)
As in mechanism 2, 1-butanol from solution reaitsctly with 1-butanol adsorbed on the
surface of the catalyst but, in this case, therathenmediately released to the liquid phase and

water remains adsorbed:
BuOH +c U#s BuOHs

BUOH +BuOHs +ne) U+ DNBE+H @ +ng§

H,0c UHB5 H,0+o

In the three mechanisms it was taken into accdumtpbssibility than additional active
sites (withn = 0, 1 or 2) could participate in the surface tieac

Each of the elementary steps that take part irghetion mechanisms just described can
be considered as the rate limiting step. If thewibal reaction rate on the surface is considered
the RLS, it is assumed that adsorption of spesandintained in a quasi-equilibrium state all
the time. On the contrary, if the RLS is considet@dbe the adsorption of the reactant or the
desorption of a product, it is assumed that thenoted reaction between adsorbed species is in
quasi-equilibrium. Table 3 gathers the kinetic medderived from the three reaction
mechanisms depending on the elementary step tean&idered as the RL%. is the forward
rate constant for the surface reactiorard K are, respectively, the adsorption rate constamt an
the adsorption equilibrium constant of compoyndKeq is the thermodynamic equilibrium
constant which was experimentally determined imesipus work?3 All the rate expressions of
Table 3 may be expressed as a combination of tarees, the kinetic, the driving potential and

the adsorption terfh?®

_ kineticterm({ driving potential teriyr
r.DNBE -

3
(adsorption ternji” )

When the surface reaction is considered the RL& kihetic term is the product of the
surface reaction rate constant for the forwardtr@a@and a power of the 1-butanol adsorption
equilibrium constant which depends on the consalerechanism. If the adsorption of 1-

butanol or the desorption of one of the producthésRLS, the kinetic term is the rate constant
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of the rate limiting adsorption/desorption proceBse driving potential term accounts, in all
rate expressions, for how far the thermodynamiglibgum is, and it must become zero when
the equilibrium is reached. Finally, the adsorptterm accounts for all the species that are
adsorbed on surface sites. The exponent on tloepds term for the cases where the surface
reaction is considered the RLS is equal to the murobactive sites participating in the surface
reaction. When the adsorption/desorption of a sirgpecies is the RLS, the corresponding
element in the adsorption term is modified accagdmthe surface reaction involved.

Simplified kinetic models were derived from the gea kinetic models of Table 3 by
assuming the amount of free active sites very lommared with the occupied ones (thus the
unity present in the adsorption term can be rempwauad/or the adsorption of alcohol, ether
and/or water to be negligible. This way, 82 différkinetic models were obtained which have
been included in the Supplementary Data section.

All the models where fitted to reaction rate dagarbnimizing the sum of squared relative
errors (SSRE, Equation 4) using the Levenberg-Mandfualgorithmi®2” which is implemented

in Matlab. We consider the relative error to be @emmeaningful measufe&® than the sum of

-r_)?), given that the range of rate values is largesgr=

exp

squared errors, SSESBE= (r

2 — 135 mol/h-kg).

r

2
SSRE:Z(rEXP_r“"J (4)
exp
The dependence of the kinetic parameters with éh®eérature was considered to follow
the Arrhenius law (Equation 5) for the rate contgtatk and k), and the Van't Hoff law
(Equation 6) for the adsorption equilibrium constan(K)). Both expressions were

reparameterized in order to avoid strong binaryetation between parametéfsT .. is defined

as the midpoint T value in the analyzed range rope&ratures.

IA(,k]:Aex & 1_1 (5)
RUT T
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The temperature dependence of the thermodynamitibemgum constant was found to

be?®:
K o= exp[g + 3.2} (7)

Whenever possible, rate and adsorption constants greuped for mathematical fitting
purposes. Equations 8-11 show, by way of exampie, the constants association was done for
the kinetic model LHHW-RLS2/1b (see Supplementagye) which stemmed from the LHHW
formalism when the following assumptions were mgdgthe surface reaction was considered
the RLS; (2) the number of active center partieigatn the reaction was 3 and; (3) the amount

of free active sites was very low compared withdbeupied ones.

K [ éuOH _ Apnee 'Q{zo]

K

€q

(8)

r =

DNBE 3
(aBuOH + Ki-@opee + Kz'% o)
With
0 KéuOH — L.kl
k - k 3 - k KBuOH (9)
BUOH
K
K= —ONBE (10)
Keuon
K
K,=—"2 (11)
K euon

Experiments starting from pure 1-butanol

A series of experiments with pure 1-butanol wasdemted in the temperature range
413 - 463 K. Each experiment was, at least, duigitébeing the relative error corresponding to
DNBE formation rates lower than 5%). Figures la #&ndepresent, respectively, 1-butanol
conversion and selectivity to di-n-butyl ether aguaction of the reaction time for all the

temperatures tested. From Figure la it could beladad that 1-butanol normalized conversion

10
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is strongly influenced by reaction temperature éasing from a value of 4% at 413 K to more
than a tenfold¥ 46%) at 463 K (after 7 h of experiment). Howeviennust be taken into
account that the system is far away from the daiulm position. In a previous work we found
that the dehydration of 1-butanol to DNBE is alglig exothermic reaction (almost athermic).
Thus it is expected that, with time, the curvesafversion for all the tested temperatures tend
to a very close value (not exactly the same value to the existence of secondary reactions
which are influenced by the temperature reaction).

Selectivity to DNBE also depends on the reactionperature although in all cases was
higher than 90%. As it can be seen, after some falectivity reaches a plateau. The time
needed to reach this plateau and the value to wthiehselectivity tends depends on the
operating temperature: a higher reaction temperatsults in longer times to reach a constant
value (in experiments run at the higher temperatud3 — 463 K, selectivity was still
moderately decreasing after 7 h) and lower seligégtiv DNBE, other detected products being
butenes, 2-butanol and the branched ether 1-(1ytpetipoxy)butane (a detailed scheme of the
reaction network can be found elsewhere9). Neviedke for all the tested temperatures the
catalyst is very selective to the linear ether.

Figure 1c shows the reaction rate of DNBE synthaling the experiments as a function
of temperature. As expected, the initial reactiateris highly dependent on temperature
doubling its value with each 10 K rise. Howeveraaton rate decreases along time (more
sharply when the reaction temperature is high) atet 7 h the reaction rate for all the tested
temperatures is very similar with values in thegenf 2.3 - 11.1 mol/h-kg. This decrease could
be due to an inhibition effect caused by the reacfpiroducts (it is well known that water
adsorbs strongly on acidic sites influencing thectien raté*19).

Given the important dissimilarity between the comnpas presents in the medium, the
system deviates from ideality. In order to take iatcount this non-ideality, the kinetic analysis
was carried out as a function of activities instefcconcentrations. The activity coefficients

were estimated by the UNIFAC-Dortmund predictivetmoel 31-34

11
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Figure 2 shows the dependence of the reactionasatefunction of activities of 1-butanol
(asuon), Water (a20) and di-n-butyl ether (age). Due to the fact thatzgon, a20 and @anse are
not independent variables, it is difficult to armdythe influence that each activity has on the
reaction rate. However, from Figure 2 it can bectutied that a decrease iB@, which is
associated with an increase ip@and ansg, affects negatively the DNBE reaction rate for all
the temperatures tested.

General (Table 3) and simplified models (see Supetgary Data) were fitted to
experimental data corresponding to runs startinghfpure 1-butanol. Several kinetic models
with physicochemical meaning (positive activatiamergy, negative adsorption enthalpy and
negative adsorption entropy) fitted the experimerdata satisfactorily. Models, fitted
parameters, confidence intervals for a 95% prolgbisum of squared relative errors and

goodness of the fitRz,) for the best kinetic models are gathered in Tablémong these

models, LHHW-RLS4/1b (Equation 13) and LHHW-RLS3(Hguation 14) present the lowest
sum of squared relative errors (SSRE) and the lopasmeters uncertainty (calculated with
Equation 12, witte; being the uncertainty of paramefgiand p de number of parameters in the
model). Both equations stem from a LHHW formalismwhich the rate limiting step is
considered to be the desorption of one of the psd(water and ether respectively) and
assuming the amount of free active sites to beigibtg in comparison with the other
adsorption terms. On the other hand, model LHHW-RILB (Equation 15) stems from a
LHHW formalism where the surface reaction is coesid the rate limiting step. However, this

model presents higher SSRE and parameters und¢msasignificantly high.

Azlzpl“(;—jzr (12)

It must be pointed out that the concentration oblabl, ether and water in the reaction
medium are not independent variables, thaisra aonse and azo are reciprocally dependent.
Figure 3 shows the relation between water and DNBE&vity. As it can be seen, the ratio

ar2o/apnee IS almost constant along the experiments for &l tdmperatures tested (except for

12
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time = 0) with values ranging between 1.3 and tieé8onging the highest ratios to the highest
temperatures. This tendency is in accordance vghlower selectivity observed for higher
temperatures being water also produced throughremigions. The significant high ratios
observed at time = 0 h are probably due to residadtr in the dry catalyst or in the reactant.
Due to the fact that the ratig-a/apnse is almost constant, models LHHW-RLS4/1b (Equation
13) and LHHW-RLS3/1b (Equation 14) are equival&imilarity between fitted parameters of
both models (Table 4) corroborates it. This fackesampossible to differentiate, from this set
of experiments, which of the two mechanisms prevail

Distribution of residual of fitted models gathered Table 4 must also be taken into
account. As it can be seen in Figure 4a the matkeltlie experimental data satisfactorily.
However, residuals do not show a random distriloutityom Figure 4b it can be concluded that
residuals corresponding to experiments performed68t K account significantly in the total
sum of residuals. Data shown in Figure 4 correspdodnodel LHHW-RLS4/1b (Equation 13)
but for the rest of models gathered in Table 4ttbads are very similar. Two circumstances
may be the cause of the important difference olesetvetween the models fitting to data
corresponding to 463 K runs and to data correspondd the rest of temperatures: (1) a
temperature increase may lead to a change of thdimating step, thus a change of the kinetic
model and/or (2) the considerable amount of watedyced in experiments carried out at high
temperatures (at 463 K the amount of water canhregcto 0.25 molar fraction) play an

important role on the catalytic reaction.

Experiments starting from 1-butanol/water and 1-butanol/DNBE mixtures.

To stress the effect of reaction products on tlaetien rate and to break the constancy of
the ratio a2o/apnee a set of experiments starting from mixtures ofutabol/water and 1-
butanol/DNBE was performed at 413, 433 and 453 igufeé 5 shows the effect of water and
DNBE on the initial reaction rate as a functiontled initial amount of water and DNBE in the
mixture (% w/w). In Figure 5a it can be seen tiat initial reaction rate is highly sensitive to
water content decreasing as the amount of watineimnitial mixture increases. This trend is in
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good agreement with the inhibitor character atteduto water. On the other hand, Figure 5b
indicates that the effect of DNBE on the initiahc&on rate is not remarkable suggesting that
the adsorption of the ether may be negligible.

Besides reducing the initial reaction rate of DN8fathesis, water also affects the catalyst
selectivity. As it can be seen in Figure 6, miggiwith higher initial amount of water present,
after 7 hours of experiment, lower selectivity thlBE. The drop in DNBE selectivity is due to
an increase in the formation of olefins and theosdary alcohol, however, selectivity to the
branched ether, 1-(1-methylpropoxy) butane, is affected. Water molecules adsorb
preferentially on the active sites, blocking théa.the number of active sites blocked by water
increases, the probability of finding two or moreletules of 1-butanol adsorbed on the
catalyst surface close enough decreases redu@nextant of the bimolecular dehydration of 1-
butanol and enhancing the intramolecular dehydratioyield the olefin 1-butene. Data of O
corresponds to experiments performed at 453 K.I&wer temperatures (413 and 433 K) the
amount of water in the initial mixture does not @daa significant effect on the products
distribution which may be due to the fact that ithteamolecular dehydration of 1-butanol to 1-
butene is enhanced at high temperatures. The pesé@®NBE in the starting mixture does not
have any significant effect on the product disttidiu either.

General (Table 3) and simplified models (see Supetdary Data) were fitted to data
corresponding to experiments starting from mixturéd-butanol/water and 1-butanol/DNBE.
Data of experiments performed with pure 1-butanetearnot included in this analysis with the
aim of facilitate differentiation among models tlaa¢ equivalent when the relationship between
activities is almost constant. Best kinetic modeks gathered in Table 5. As it can be seen, the
fact of breaking the constancy ohdaonse makes possible to differentiate between models tha
in the previous set of experiments (pure l-butamaje equivalent. In contrast to results
gathered in Table 4, the model which stems fronH&lW formalism where the desorption of
water is considered de rate limiting step and assythe amount of free active sites negligible
(LHHW-RLS4/1b, see Equation 13) does not fit satighrily experimental data (with SSRE

higher than 20). Nevertheless, the LHHW model whbeerate limiting steps is considered to
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be the desorption of DNBE (LHHW-RLS3/1b, see Equatil4) still does. LHHW models
obtained assuming that the surface reaction is rdte limiting step, LHHW-RLS2/1b
(Equation 15) (considering the amount of free a&cthites negligible) and LHHW-RLS2/3b
(Equation 16) (considering negligible both the anicaf free active sites and the adsorption of
DNBE) withn = 0, 1 and 2 also fit adequately data (exceptLidHW-RLS2/3b with n = 2
where the SSRE is 2.36) however, uncertainty oameaters corresponding to model LHHW-
RLS2/1b withn = 0 and 1 is significant. It should be noted taktthese models (Table 5)
include in their denominator the term of water agson.

Figure 7 shows the comparison between the calclbatd experimental reaction rates, as
well as the residual distribution, for the two mizdef Table 5 which present the lowest SSRE
(LHHW-RLS3/1b and LHHW-RLS2/1b with n = 2). As iae be seen, the model LHHW-
RLS3/1b (Figures 7a and c) fits the experiment&h datisfactorily with a random distribution
of residuals. However, in Figure 7b it can be obsérthat, at 453 K, model LHHW-RLS2/1b
with n = 2 overestimates low and high values ofctiea rates and, on the other hand,
underestimates medium values of reaction ratessé&uently, the residuals do not shown a
completely random distribution (Figure 7d).

Apparent activation energies computed by models WHRLS3/1b and LHHW-RLS2/1b
from experiments starting from mixtures of 1-bufanater and 1-butanol/DNBE (Table 5) are
slightly higher than values computed by the sameehbut from experiments starting from
pure 1-butanol (Table 4). This fact is in agreemeiih the inhibiting effect attributed to
water*1% In the next section, general and simplified kinetiodels where modified in order to

directly introduce the inhibiting effect of water.

Modified kinetic models

Several authors have reported the strong inhibiiffect of water in reactions carried out
over ion exchange resitis® In those works, water is considered to adsorfepeatially on the
sulfonic groups, blocking the adsorption of reattaand thus, suppressing the catalytic

reaction. The common approach to model the wateibition effect is to modify the rate
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constant in such a way that only the fraction cdilmble active sites (not blocked by water
molecules, 16w20) are taken into account. The fraction of acidssiiocked by water molecules
(6H20) can be expressed by an adsorption isotherm. teT&three correction factors derived
from Langmuir (Equations 18 and 19) and Freund(ifuation 17) adsorption isotherms are
shown. In these expressiomsis the total number of active sites taking parthia rate-limiting
step.

Three new sets of models were obtained by addiaghitee correction factors gathered in
Table 6 to both the general kinetic models (TabjeaBd the simplified kinetic models
(Supplementary Data section). In all the casesvdmgation of K, with temperature was

supposed to be:

- k [r. L
o f2)]

Modified models were fitted to experimental datheTact of adding the correction factors
defined by Equations 18 and 19 did not improve fttimmgs. However, the correction factor
derived from the Freundlich adsorption isotherm u#&en 17) provides important
improvements.

For experiments starting from pure 1-butanol, medifmodels (including the Freundlich
correction factor) that best fit rate date areshme as those obtained when the correction factor
was not included (Table 4) but eliminating the teshwater adsorption from the denominator
of Equations 14 and 15 (or, given the equivaleret&éen models due to the constancy of the
ratio aro/apnee, the term of DNBE adsorption in the denominatorbgjuations 13 and 15).
Models with the Freundlich correction factor prasdower SSRE (mainly due to an
improvement of the fitting to data corresponding@tperiments carried out at 463 K); however,
the uncertainty of the fitted parameter is higher.

When models including the Freundlich correctiontdacwere fitted to rate data
corresponding to experiments starting from mixtutebutanol/products, in contrast to the
results obtained in the fitting of the models withoorrection factor (Table 5), modified models
that do not include a water adsorption term indéeominator (LHHW-RLS2/2b, Equation 21,
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and LHHW-RLS4/2b, Equation 22) are the ones that Gethe experimental data (see Table
7). Model LHHW-RLS4/2b stems from a LHHW formaliswhere the desorption of water is
considered the RLS and assuming negligible the amofufree active sites and the adsorption
of DNBE. Model LHHW-RLS2/2b stems from a LHHW forfisan where the RLS is the
surface reaction and considering the amount of fietéve sites and the adsorption of water
negligible. Furthermore, model LHHW-RLS2/1b alscs heery low values of SSRE but the
uncertainty of the parameters is higher.

From the results gathered in Table 5 and Tabledritbe concluded that water effect must
be included in the model either by means of theukalech correction factor (i.e., considering
that water molecules block the active sites redutche number of available ones), or in the
adsorption term. Nevertheless, including the Fréadndcorrection factor gives better results
because not only reduces the SSRE but also achidetdter residual distribution (models in
which the Freundlich correction factor is not irddd show higher residuals in experiments
performed at higher temperatures). Taking into antdoth approach simultaneously does not
improve the fitting and besides introduces moreupeters to the models.

These conclusions agree with the results obtaindte set of experiments starting from
pure 1-butanol (both, when the Freundlich factomiuded and when is not). Thus, we can
conclude that the models that best fit the expertaiedata (for the whole range of water

activities and temperatures explored) are:

- K2, Bonse 3,
ko, 20 J

eq2+n (l_Kwd—on) (21)
(a +KDNBE.8D j

BuOH K NBE

kHzo [K aéuOH -a,, Oj
K eq a 2
r= ” H,0 DNBE az (l-KW ai:l:o) (22)
BuOH aB K BuOH
K uOH eq
H,0 DNBE
With a =K, /T
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Equation 21 stems from a LHHW formalism in whiclotadjacent adsorbed molecules of
1-butanol (from the results it is difficult to disguish the number of additional active sites - 0,
1 or 2 - that participate in the surface reacti@act to yield ether and water, being the surface
reaction the rate limiting step. The formed watmnains in the catalyst surface blocking the
active centers. Equation 21 assumes that the nuwfbenoccupied sites is not significant
compared with occupied ones and that the adsorpfiovater is negligible. Equation 22 stems
from a mechanism in which the rate limiting stepthe desorption of water and where the
adsorption of DNBE is comparatively negligible (einiagrees with the fact that adding DNBE
to the reaction medium does not influence the reaatate, Figure 5) and the number of
unoccupied sites is not significant. From Equatih it is not possible to discern if the
mechanism corresponds to a LHHW formalism or toRaHzO formalism as both lead to the
same form of the rate equation (see in the Supplaane Data Section the models LHHW-

RLS4/2b and ERo-RLS3/1b).

General kinetic model

With the aim of finding a set of parameters thgiresent a wider range of activities,
equations 21 and 22 were fitted to all the expentiadedata simultaneously. Results are gathered
in Table 8.

In Figure 8a and b the reaction rate of DNBE foromatestimated by models LHHW-
RLS2/2b (Equation 21) and LHHW-RLS4/2b (Equation 22luding the Freundlich correction
factor is compared with the experimental one. Azait be seen, both fittings are very similar.

Figure 8c and d show the residual distributiontifier two models.

Figure 9 plots the values of the Freundlich co'roenfactor,l-KWaﬂjo, as used in models

LHHW-RLS2/2b and LHHW-RLS4/2b (Table 8), versusgfor all the temperatures tested. In
both models the correction factor decreases oreasing a-o (linearly in model LHHW-
RLS2/2b and sharply for low values of water acyivdind more moderately for higher water

activities in model LHHW-RLS4/2b) and seems to ti@ependent on the operating temperature
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(which explains the high uncertainty associatedhwie parameter ¢, see Table 8, indicating
little sensitivity to this parameter in the fit).

Similar values of apparent activation energies [@&) were found for all the models (
122 + 2 kJ/mol). This value is slightly higher thidnose reported for the dehydration reactions
over Amberlyst-70 of 1-pentanol to di-n-pentyl efi€¢114.0+0.1 kJ/mol) and 1-octanol to di-
n-octyl ethet! (110+5 kJ/mol) and very similar to that reported the dehydration of 1-hexanol
to di-n-hexyl ethe® (121 +3 kJ/mol). Regarding the molar adsorptiothaipy differences, it is
possible to see that adsorption ebutanol is stronger (more exothermic) than thaDBBE
(models LHHW-RLS2/2b) but weaker than that of wgtandel LHHW-RLS4/2b). For model
LHHW-RLS2/2b, the positive value of the differertmetween the free energy change for DNBE

adsorption AGpnee) and the free energy change for 1-butanol adserfiGs.on), calculated

as(AGpge “AGguon) =(AH prge=AH gyon) T (AS preeAS syor) » indicates  thatAGeuon is more

negative thamAGpnee, being the 1-butanol adsorption a more favoredcess than DNBE

adsorption. In a similar way, for model LHHW-RLSH/2 the positive value of

(AGBuoH -AGHZO)indicates that the adsorption of water over thalgst is a more favored

process than 1-butanol adsorption. This trend isagmeement with the polarity of the

compounds and the high water affinity of the resin.

Conclusions

The reaction rate of 1-butanol dehydration to diutyl ether was found to be very
sensitive to temperature and to water presence.Kimatic models are proposed to explain the
dehydration of 1-butanol to di-n-butyl ether ovemBerlyst 70. One of them stems from a
LHHW formalism in which two adjacent adsorbed males of 1-butanol react to yield ether
and water, being the reversible surface reactierrdke limiting step and where the adsorption
of water is negligible. The other one stems fromexhanism in which the rate limiting step is
the desorption of water and where the adsorptiodNBE is negligible. The two models

present several characteristics in common: (1stieng inhibiting effect of water is taken into
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account by means of a correction factor derivethfeoFreundlich adsorption isotherm (water is
not included in the adsorption term); (2) the numifdree active sites is found to be negligible
compared to the occupied ones; (3) both modeleptesmilar values of SSRE and apparent

activation energies (122 + 2 kJ/mol).
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Notation
A Preexponential factor
3 Activity of compound
ABE Acetone-Butanol-Ethanol
BuOH 1-Butanol
DNBE Di-n-butyl ether
dp Catalyst particle size
Ea Activation Energy
ER Eley-Rideal
ERonee Eley Rideal formalism where DNBE remains adsorbed
ER120 Eley Rideal formalism whereJ@ remains adsorbed
Fo Test estatistic
Fuistribution Value of the continuous probability distribution
Ka Freundlich parameter
k Forward rate constant for the surface reaction
Keq Equilibrium constant of DNBE formation reaction
k; Adsorption rate constant of compound
K; Adsorption equilibrium constant of compoujnd
Ks Surface reaction equilibrium constant
Kw Water correction factor
kw1 First parameter of the water correction factor
Kw2 Second parameter of the water correction factor

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

LHHW

RLS

I'DNBE

r.DNBE

S-DVB

SLO F

Sre

SSRE

t

T

Tret

TCD

Weat

XguoH
Greek symbols

o

Bi

LangmuirHinselwood HougerWatson

Number of total active sites participating in tlheface reaction
Stirring speed

Number of additional active sites participatinghe surface reaction
Moles of DNBE

Ideal gas constant

Goodness of the fit

Estimated reaction rate

Experimental reaction rate

Rate limiting step

Reaction rate of DNBE formation
Initial reaction rate of DNBE formation

Styrene-divinylbenzene

Variance due to the experimental error
Variance due to the lack of fit
Variance due to pure error

Variance due to the regression

Sum of squared relative errors
Time
Temperature
Midpoint T value of the analyzed range of tempeaesu
Thermal conductivity detector
Mass of loaded catalyst

1-Butanol conversion

Freundlich constant

Parameter

21



& Uncertainty of parameter

A Parameters uncertainty

AG Adsorption free energy of compoujpd

AH; Adsorption enthalpy of compound

AS Adsorption entropy of compound

Oh20 Fraction of acid sites blocked by water molecules
c Active site

22
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CAPTIONS TO FIGURES

Figure 1. (a) 1-butanol conversion, (b) selectivity to DNBE&d (c) reaction rate of DNBE
synthesis as a function of temperatusg:413 K; () 423 K; @) 433 K; (A) 443 K; () 453 K;
(o) 463 K. Experiments starting from pure 1-butadad, of catalyst, g= 0.4 — 0.63 mm, 4
MPa, 500 rpm. The error bars indicate the confiddanterval at a 95% probability level. Most
error bars are smaller than markers.

Figure 2. Reaction rate of DNBE synthesis as a functiorapfl¢butanol activity; (b) water
activity; (c) DNBE activity. @) 413 K, ©©) 423 K, @) 433 K, (A) 443 K, () 453 K, ) 463 K.
Experiments starting from pure 1-butanol, 1 g délyest, ¢ = 0.4 — 0.63 mm, 4 MPa, 500 rpm.
Figure 3. Evolution of the ratio @o/apnee With time for experiments starting from pure 1-
butanol. @) 413 K, @) 423 K, @) 433 K, (A) 443 K, (@) 453 K, @) 463 K. Experiments
starting from pure 1-butanol, 1 g of catalyst=.4 — 0.63 mm, 4 MPa, 500 rpm.

Figure 4. (a) Calculated reaction rates by model LHHW-RL®4Equation 13) versus
experimental rates; (b) residuals distributian). 413 K, ©) 423 K, #) 433 K, (A) 443 K, (@)

453 K, @) 463 K. Experiments starting from pure 1-butadad, of catalyst, g= 0.4 — 0.63 mm,
4 MPa, 500 rpm.

Figure 5. Influence of (a) water and (b) DNBE on the initiehction rate of DNBE formation.
(m) 413 K, ) 433 K, (@) 453 K, 1 g of catalyst,,¢=- 0.4 — 0.63 mm, 4 MPa, 500 rpm.

Figure 6. Selectivity to products after 7 h reaction asracfion of initial water content. T = 463
K, 1 g of catalyst, gI= 0.4 — 0.63 mm, 4 MPa, 500 rpra) ODNBE, (o) 1-butene, €) 2-butanol,
(A) cis-2-butene,«) trans-2-butenen 1-(1-methylpropoxy) butane.

Figure 7. Calculated reaction rates by models (a) LHHW-RL83Hquation 14) and (b)
LHHW-RLS2/1b withn = 2 (Equation 15) versus experimental rates; uedsddistribution for
models (c) LHHW-RLS3/1b and (d) LHHW-RLS2/1b with 2. @) 413 K, @) 433 K, ) 453
K. Experiments starting from mixtures 1-butanol/evaind 1-butanol/DNBE, 1 g of catalysg, d

=0.4 - 0.63 mm, 4 MPa, 500 rpm.
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Figure 8. Calculated reaction rates by tmedified models (a) LHHW-RLS2/2b (Equation 21)
and (b) LHHW-RLS4/2b (Equation 22) versus experitakrates; residuals distribution for
models LHHW-RLS4/2b (c) and LHHW-RLS2/2b (di) (413 K, ) 423 K, #) 433 K, (\)

443 K, (@) 453 K, (0) 463 K. Rate data corresponding to all the expeniisy 1 g of catalyst,d
=0.4 - 0.63 mm, 4 MPa, 500 rpm.

Figure 9. Freundlich factor corresponding to models LHHW-RIZ (a) and LHHW-RLS4/2b
(b) vs. a0 at different temperaturem)(413 K, () 423 K, @) 433 K, (A) 443 K, (@) 453 K,

(o) 463 K. All the experiments, 1 g of catalyst=d0.4 — 0.63 mm, 4 MPa, 500 rpm.
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Table 1 Properties of Amberlyst 70.

Catalyst | Amberlyst 70

Structure Macroreticular
Divinylbenzene (%) 7-8
Chlorinated Yes
Skeletal densify(kg/nv) 1514
Sulfonation type Monosulfonated
Acidity® (mol H'/kg) 2.65
Timax(K) 463
In Dry State
Mean particle diametgrd, (mm) 0.55
Surface area(nv/g) 0.02
In Water Swollen State

do® (Mmm) 0.78
Surface area(m?/g) 176

In 1-Butanol Swollen State
dp® (mm) 0.73

a Skeletal density measured by Helium displacement.

b Titration against standard base following the pohre described by Fisher and Kufin.
¢ Determined by laser diffraction.

4 BET (Brunauer-Emmet-Teller) surface area.

¢Surface area determined from Inverse steric exaushromatography (ISEC) technique.
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Table 2 Experimental design used to determine the optiroperational conditions.

Factors Coded Factor
ro [mol/h-kg]

N [rpm] Wea [g] dp[mm] | A B

700 0.502 <04, 1 -10 - 150.4
300 2.067 <04 -1 11 - 163.6
300 2.044 <04 -1 11 -1 152.2
700 2.018 <04 1 10 - 161.0
300 053 0.63-08-1 -10 1 142.2
300 0.516 0.63-08-1 -10 1 145.9
700 0505 0.63-081 -10 1 147.6
300 2.023 0.63-08-1 10 1 147.7
300 2024 0.63-0.8-1 10 1 146.3
700 2028 0.63-081 10 1 149.2
700 2034 063081 10 1 149.7
500 1.012 04-0630 -03 O 155.2
50072 1011 0406830 -03 O 152.5
50072 1.022 04-06830 -03 O 153.8
5002 1.001 04-0630 -03 O 146.9

2 From the four central point replicates an initiehction rate mean value of 152.1

mol/h-kg (standard deviation = 3.7 mol/h-kg) camb&ined.
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Table 3. Kinetic models witm additional active centers participating in theface reaction ranging from 0 to 2

Reaction Mechanisms

ER with DNBE adsorption ER with H,0 adsorption

LHHW-RLS1 ERonee-RLS1 ERH20-RLS1
05
Apnee 8,0 Apnpe & a a,
. Keuon| @suon _[ : J Keuon| guon ~ heE_H0 Keuon| Bsuon ~ OREE M0
1-butanol adsorption Keg _ Keq BauoH _ Keq Bauon
Monge = o5 Tonee = — Tonge = S
onee &0 14K g0 ] DNBETHO |y i 14K, | BoneeBro | o
1+K B“OH{Keq] +K pyee Bonee T K 1,0 8,0 BuOH Keq Qoo pnee Sonee BuOH Keq B0 H,0 9H,0
LHHW-RLS2 ERnee-RLS2 ERi20-RLS2
. - a a . a a A a a
Surface reaction kK éuOH[aéuOH - DNE:EHZO] kK BuOH[aéuOH - DNE}LEHZOJ kK BuOH[aéuOH - DNI:(EM)}
— eq eq eq
Tonge = - f = - Tonge = n
(1+ K suon Bsuon + Kpnee Bonee + K H,0 BH,0 )2 ! oeE (1"' K suon Bguon + K onse Bonse )1 (1+ K guon Bguon + K H,0 BH,0 )1 "
LHHW-RLS3 ERnee-RLS3
2 2
. kDNBE Ke Beuon _ Apnee kDNBE Ke Bouon Apnse
DNBE desorption ~ ‘a0 ~ Y a0
T'onge = N T'onge = N
a a
1+ KBuOH Agon T KDNBE'[KquUOH} +K H,0 aHZO 1+ KBuOH Agon T KDNBE'[KquUOH}
H,0 H,0
LHHW-RLS4 ERH20-RLS3
2 2
a,
] k Ke aBuOH -a ] k [Ke BuOH -a ]
H,O desorptlon _ HZO[ K Apnee "0 _ i K NBE i
Tonge = aé Tonge = a@
1+ KBuOH 8gyon KDNBE Apnee K Hzo'[Keq won ] 1+ KBuOH Aguon + K HZO{KeqM]
NBE NBE
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Table 4. Best kinetic models (fitted parameters, configemmterval for a 95% of probability, sum of

squared relative errors and goodness of the fitgfperiments starting from pure 1-butanol.

LHHW-RLS4/1b
RLS: water desorption. Assuming the amount of fre@ctive sites to be negligible.

_ KHZO ( * pneE HZOJ
I’.DNBE - K K a.2 (13)
BuOH + DNBE , + BuOH
K vo aBuOH K Ho EE)NBE nga ONBE
SSRE =0.59 R;=0.99 A =0.60
Parameters
A Ea ASsuoH- ASHz20  AHeuon- AHu2o  ASpnse- AStzo  AHpnee - AHH20
[kJ/mol] [J/mol-K] [kJ/mol] [J/mol-K] [kJ/mol]

24.2+1.0 112.8%43.5 38.9£1.9 -50.7+17.8 44.8+2.8 0482.7
LHHW-RLS3/1b

RLS: DNBE desorption. Assuming the amount of free &ive sites to be negligible.

K a:
DNBE BUOH
K eq r-a DNBE

K DNBE

a
Fonee = R (14)
KBuOH -3, +K ApuoH +_ H0 6\42
uOH el (o]
KDNBE K aHZO KDNBE
SSRE =0.60 R;=0.99 A =0.65
Parameters
A Ea ASsuoH-ASpnee  AHeuon-AHpnee  ASH20- ASpnee  AHH20- AHpnese
[kJ/mol] [J/mol-K] [kJ/mol] [J/mol-K] [kJ/mol]
24.7+#1.1 110.7+4.0 37.3+1.3 -53.9+16.5 36.0+3.4 9477.1

LHHW-RLS2/1b
RLS: surface reaction. Assuming the amount of freactive sites to be negligible.

Fonee= - (15)
(a‘BuOH + —PHEE " Snee +K e a‘zOJ
BuOH BuOH
n 0 1 2
SSRE: 0.94 0.96 1.01
R%: 0.97 0.98 0.97
A: 1.79 1.99 2.59
Parameters
A: 25.4+1.1 25.5+1.1 25.6%1.1
Ea [kJ/mol]: 118.5+3.9 118.7+4.0 118.9+4.1
ASonee—ASsuon [J/mol-K]: 6.9+2.6 4.1+3.6 2.244.3
AHpnee—AHBuon [kKI/mol]: -26.3+26.4 -27.3+28.9 -28.0+29.7
ASH20—ASguon [J/mol-K]: -12.8+15.3 -10.0+12.1 -8.3+19.8
AHu20— AHguon [kI/mol]: 116.7+92.2 83.4+12.1 66.6+48.4
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Table 5. Best kinetic models (fitted parameters, confideimterval for a 95% of probability,
sum of squared relative errors and goodness ditjlfer experiments starting from mixtures 1-

butanol/water and 1-butanol/DNBE.

LHHW-RLS3/1b (see Equation 14)

RLS: DNBE desorption. Assuming the amount of free &ive sites to be negligible.

SSRE =0.36 RZ;,=1.00 A =253
Parameters
A Ea ASguon-ASonee  AHeuwow-AHpnee  ASH20- ASpnse  AHw20- AHpnee
[kJd/mol] [J/mol-K] [kJd/mol] [J/mol-K] [kJd/mol]
14.4+0.8 117.8+6.7 33.6+1.8 -18.4+18.5 38.9+0.9 +3.9

LHHW-RLS2/1b (see Equation 15)

RLS: surface reaction. Assuming the amount of freactive sites to be negligible.

n 0 1 2

SSRE 0.52 0.45 0.43

Riy: 0.98 0.98 0.98

A: 13.59 6.61 1.89
Parameters

A: 16.9+1.0 16.9+0.8 16.9+0.8

Ea [kd/mol]: 120.7 £5.8 122.7+4.7 123.9+4.4

ASpnee—ASguoH [J/mol-K]: -16.7+7.9 -95+19 -7.8+x1.1

AHpnee—AHBuoH [KI/mol]: -59 + 162 3.4+21.8 10.2+12.0

ASH20—ASguon [J/mol-K]: 49+05 2.0+£0.3 0.2+0.3

AHu20— AHguon [kI/mol]: 463.2 + 6159 2.8+43 40+34

LHHW-RLS2/3b
RLS: surface reaction.
Assuming negligible the amount of free active siteend the adsorption of DNBE.

o i
f'onse = > (16)
(e )
BuOH KBuoH L, O

n 0 1 2
SSRE: 0.54 1.02
R%: 0.98 0.98
A: 2.35 0.70

Parameters
A: 16.1 £ 0.7 14.2 £0.7
Ea [kJ/mol]: 122.1+5.4 125.2+6.5
ASH20-ASsuon [J/mol- K]: 46+04 1.2+0.5
AHu20-AHBuoH [kJ/moI]: 25+6.0 10.7 6.1
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Table 6. Correction factors to represent water inhibitiffge on reaction rate

Correction factor

_ 1/a |M
17) (1. K, elis) Freundlich isotherm. 14
with o =K/T
(18) 1 Langmuir isotherm where a molecule of water adsqrlg
1+ K, 8,0 on one active site.
(19) 1 Langmuir isotherm where a molecule of water adsqris
1+ K, a2 on two active sites.

34



Table 7. Bestmodified kinetic models (fitted parameters, confidencerirgkfor a 95% of
probability, sum of squared relative errors anddymss of the fit) for experiments starting from

mixtures 1-butanol/water and 1-butanol/DNBE.

LHHW-RLS2/1b (see Equation 15)

RLS: surface reaction. Assuming the amount of freactive sites to be negligible.

n 0 1 2
SSRE: 0.14 0.15 0.16
R%: 1.00 1.00 1.00
A: 3.21 1.37 1.59
Parameters
A: 16.6 £ 0.6 16.6 £ 0.6 16.6 £ 0.6
Ea [kJ/mol]: 114.6 + 3.9 1159+ 3.7 116.7 + 3.7
ASonee—ASsuor [J/mol-K]: -11.4+24 -8.3+1.0 -7.1+0.7
AHpnee=AHBuoH [kJ/moI]: 205+24.7 -19.5+10.8 19.0+7.0
ASH20—ASguon [J/mol-K]: 4004 1.3+0.3 -0.3+0.3
AHu20— AHguoH [kJ/moI]: -14.3+5.3 -94+43 -6.4 +3.7
Kwi: -0.19 £ 0.55 -0.64 £ 0.65 -0.99 £0.70
Kwz: 5714 + 2112 7572 + 2902 8670 + 3475
Ke: 65.4+ 26.5 88.3 +26.6 86.8 + 27.6

LHHW-RLS2/2b (see Equation 21)

RLS: Surface reaction.

Assuming negligible the amount of free active siteand the adsorption of HO.

n 0 1 2

SSRE 0.22 0.23 0.24

R%: 0.99 0.99 0.99

A: 0.81 0.53 0.41
Parameters

A: 16.4 +0.8 16.3+0.7 16.3+0.7

Ea [kJ/mol]: 123.2+2.3 123.2+2.4 123.2+25

ASonNee—ASsuoH [J/mol- K]Z 95+1.5 -7.6 £0.8 -6.7 £ 0.6

AHpnee=AHBuoH [kJ/moI]: 34.0+14.5 255+8.2 225+5.8

Kwi: -0.10 £ 0.02 -0.23 £0.02 -0.32 £0.02

Kwe: 265 £ 166 415 + 164 527 + 156

Ko 550.0 + 34.8 499.6 + 25.5 477.4+21.0

LHHW-RLS4/2b (see Equation 22)

RLS: Desorption of water.
Assuming negligible the amount of free active siteend the adsorption of DNBE.

SSRE =0.25 R, =0.99 A =1.50
Parameters
A Ea ASsuon- ASH20  AHguon- AHw20 Kwi Kwz Ka
[kJ/mol] [J/mol-K] [kd/mol]

19.2+1.4 121.8+2.2 22.7+1.9 55.8+17.5 0.08+0.02 8581.8 991+108
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Table 8. Bestmaodified kinetic models (fitted parameters, confidencerirgkfor a 95% of

probability, sum of squared relative errors anddymss of the fit) for all experimental data.

LHHW-RLS2/2b (see Equation 21)

RLS: Surface reaction.
Assuming negligible the amount of free active sitemnd the adsorption of HO.

n 0 1 2
SSRE: 1.24 1.38 1.50
R%: 0.99 0.99 0.99
A: 2.50 0.84 0.54

Parameters

A: 25.4+1.1 249+1.0 247+1.0
Ea [kd/mol]: 121.7+1.8 122.2+1.9 122.6 +2.0
ASonge—ASsuor [I/mol- K]: -9.6+1.7 -7.2+0.9 -6.3+0.7
AHpnse—AHguon [kd/mol]: 61.2+12.9 426+75 36.1 +5.4
Kua: -0.08 + 0.03 -0.20 £ 0.03 -0.29 + 0.02
Kuz: 73.3 £180.4 233.1 + 184.6 364.2 + 178.6
Ka: 563.2 £ 42.4 499.4 +31.5 471.8 +26.2

LHHW-RLS4/2b (see Equation 22)

RLS: Desorption of water.
Assuming negligible the amount of free active siteend the adsorption of DNBE.

SSRE = 1.34 R%,=0.98 A =254
Parameters
A Ea ASguoH- AS20  AHBuon- AHH20 Kwi Kwz Ka
[kJ/mol] [J/mol-K] [kJ/mol]
29.742.1 121.3+1.8 22.8+2.0 83.7£15.4 0.09+0.02 36.8+92.518#128
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Figure 1. (a) 1-butanol conversion, (b) selectivity to DNBEd (c) reaction rate of DNBE
synthesis as a function of temperatusg:413 K; ©) 423 K; @) 433 K; (A) 443 K; (@) 453 K;
(o) 463 K. Experiments starting from pure 1-butada, of catalyst, g= 0.4 — 0.63 mm, 4
MPa, 500 rpm. The error bars indicate the confidanterval at a 95% probability level. Most

error bars are smaller than markers.

37



a. 140 b. 140

140
u] 8] c. L)
120 120 120
_9‘0100 ;ﬁ]OO E‘D]OO
Z % £ 80 Z g0
= = =
E 60 [N} : .E. 60 : ] E 60 : L
- = =
z z z
= 40 . . IR s - =40 ¢ o
[ ] W9 = . [ J o = ) [ J -
20 _ - N 20 = oA, ® o -F 20 S Ll
1 pa®™ oD . e Lo gl L * . &, Pegld
AT T e aa eet . LY eeq Mgy T Lot S ew Lap o
i wees® " O ® e T T e ]
0 T - o W o —T
04 05 06 07 08 09 1.0 0.0 01 02 03 04 05 06 0.0 0.1 0.2 0.3 0.4
ABuoH am0 ApNBE

Figure 2. Reaction rate of DNBE synthesis as a functiorapfltbutanol activity; (b) water
activity; (c) DNBE activity. &) 413 K, ©) 423 K, ¢#) 433 K, (A) 443 K, () 453 K, () 463 K.

Experiments starting from pure 1-butanol, 1 g délyest, ¢ = 0.4 — 0.63 mm, 4 MPa, 500 rpm.
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Figure 3. Evolution of the ratio @&od/apnee With time for experiments starting from pure 1-
butanol. @) 413 K, ©) 423 K, @) 433 K, (A) 443 K, (@) 453 K, €) 463 K. Experiments

starting from pure 1-butanol, 1 g of catalyst=.4 — 0.63 mm, 4 MPa, 500 rpm.
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Figure 4. (a) Calculated reaction rates by model LHHW-RL®4Equation 13) versus
experimental rates; (b) residuals distributian). 413 K, ©) 423 K, #) 433 K, (A) 443 K, (@)
453 K, @) 463 K. Experiments starting from pure 1-butadad, of catalyst, g= 0.4 — 0.63 mm,

4 MPa, 500 rpm.
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Figure 5. Influence of (a) water and (b) DNBE on the initieaction rate of DNBE formation.

(w) 413 K, ) 433 K, (@) 453 K, 1 g of catalyst,,d= 0.4 — 0.63 mm, 4 MPa, 500 rpm.
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Figure 6. Selectivity to products after 7 h reaction asrafion of initial water content. T = 463
K, 1 g of catalyst, gI= 0.4 — 0.63 mm, 4 MPa, 500 rpra) ODNBE, (0) 1-butene, €) 2-butanol,

(A) cis-2-butene,d) trans-2-butenep) 1-(1-methylpropoxy) butane.
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Figure 7. Calculated reaction rates by models (a) LHHW-RL83HAquation 14) and (b)

LHHW-RLS2/1b withn = 2 (Equation 15) versus experimental rates; usdsddistribution for

models (c) LHHW-RLS3/1b and (d) LHHW-RLS2/1b with+ 2. @) 413 K, @) 433 K, (©) 453

K. Experiments starting from mixtures 1-butanol/evaand 1-butanol/DNBE, 1 g of catalysg, d

= 0.4 -0.63 mm, 4 MPa, 500 rpm
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Figure 8. Calculated reaction rates by tmedified models (a) LHHW-RLS2/2b (Equation 21)
and (b) LHHW-RLS4/2b (Equation 22) versus experitakrates; residuals distribution for
models LHHW-RLS4/2b (c) and LHHW-RLS2/2b (di) (413 K, @) 423 K, #) 433 K, (A)

443 K, (@) 453 K, ) 463 K. Rate data corresponding to all the expenitsy 1 g of catalyst,d

=0.4 -0.63 mm, 4 MPa, 500 rpm.
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Figure 9. Freundlich factor corresponding to models LHHW-RIZ (a) and LHHW-RLS4/2b
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