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ABSTRACT

The kinetics of the simultaneous syntheses of ethyl tert-butyl ether (ETBE) and butyl tert-butyl
ether (BTBE) over Amberlyst™ 35 (A35) has been studied at 315-353 K in the liquid phase.
Different kinetic modeling approaches—namely, empirical power-law modeling, mechanistic
modeling based on Langmuir-Hinshelwood-Hougen-Watson (LHHW) and Eley-Rideal (ER)
formalisms, and information-based modeling—have been compared. Empirical kinetic equations
yield optimal quality of the fit, whereas mechanistic equations can explain the mechanisms of the
studied reactions. The best mechanistic equation for both reactions corresponds to an ER-type
mechanism in which an alcohol molecule (ethanol or 1-butanol) is adsorbed on one active site
and reacts with isobutene from solution to produce the corresponding adsorbed ether molecule
(ETBE or BTBE), which desorbs. A model built based on previous data has been used to check
the validity of the inferred mechanism, while significantly reducing the number of adjustable
parameters in the model.
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1. INTRODUCTION

Liquid-phase etherification of 2-methylpropene (isobutene) with alcohols to give branched ethers
has been a major industrial process since the introduction of oxygenated octane enhancers in
gasoline, after the phase out of lead-based additives by the end of the 20" century. Most known
examples are methyl tert-butyl ether (MTBE) and ethyl tert-butyl ether (ETBE), obtained by
reaction with methanol and ethanol, respectively, over an ion-exchange resin catalyst. Analogous
ethers can be obtained from other alcohols, such as 1-propanol and 1-butanol, which are
extensively produced at industrial scale by the oxo process [1], or by biomass-based production
routes, namely, the condensation of bioethanol and/or biomethanol (Guerbet catalysis) and the
ABE fermentation, which produces a mixture of acetone, 1-butanol and ethanol [2-5]. Provided
that the designated alcohol is obtained from biomass, the corresponding ether is considered to
contribute in accomplishing the biofuel target. Furthermore, promising catalytic routes for
obtaining biomass-based isobutene are currently being investigated with different degrees of
success, which reinforce the renewable character of these ethers [6-8]. Nowadays, these ethers
are relevant in the framework of obtaining renewable chemicals for use as biofuels and/or
biolubricants to substitute non-renewable, oil-based ones [9,10].

Butyl tert-butyl ether (BTBE) is obtained by reaction between isobutene and 1-butanol. The
simultaneous production of ETBE and BTBE in the same reaction unit (Scheme 1), which was
studied in a previous work [11], would allow feeding ethanol and 1-butanol from renewable
sources (e.g., ABE fermentation) to current ETBE production facilities without further alcohols
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separation. This process can be of interest for manufacturers since it brings versatility to adapt the
production targets to the market demands and stock disposal. Preferential adsorption of ethanol
over 1-butanol on the catalyst active sites was observed, which, ultimately, hindered BTBE
formation rates [11]. Interestingly, BTBE formation rates are much faster than ETBE rates when
both reactions proceed individually, which is consistent with the higher reactivity of larger
primary alcohols with isobutene [12-15], but when both reactions take place simultaneously the
opposite is observed [11].

~o lo— Lk
OH
/\O
EtOH IB ETBE
/\/\OH + )}\ T /\/\ )<
O
BuOH BTBE

SCHEME 1. Studied reaction system.

The knowledge of the mechanism and thermodynamic limitation of both reactions is of utmost
importance for setting the industrial operation conditions. In this regard, we detected a lack of
literature references aimed at characterizing the kinetics of reaction systems where two chemical
species compete for the same catalyst active sites. The aim of the present work is to study the
kinetics of the simultaneous production of ETBE and BTBE over A35.

2. EXPERIMENTAL SECTION
2.1. CHEMICALS AND CATALYST

Reactants were ethanol (EtOH), 1-butanol (BuOH), and 2-methylpropene (IB). Some chemical
standards were used for analytical procedures: 2-methyl-2-propanol (TBA), diethyl ether (DEE),
2,4,4-trimethyl-1-pentene  (TMP-1),  2,4,4-trimethyl-2-pentene  (TMP-2),  2-ethoxy-2-
methylpropane (ETBE), and 1-tert-butoxybutane (BTBE). The source and purity of all
compounds is listed in Table 1.

TABLE 1. Source, purity, and analysis of used materials.
Mass fraction

Compound

Source

Analysis method

purity [%]
ethanol Panreac >99.8 gas chromatography
1-butanol Sigma-Aldrich >99.8 gas chromatography
2-methylpropene Air Liquide >99.9 gas chromatography
2-methyl-2-propanol Panreac >99.7 gas chromatography
diethyl ether Panreac >99.5 gas chromatography
2,4,4-trimethyl-1-pentene Sigma-Aldrich >98.0 gas chromatography
2,4, 4-trimethyl-2-pentene Sigma-Aldrich >98.0 gas chromatography
2-ethoxy-2-methylpropane TCI Europe >95.0 gas chromatography
1-tert-butoxybutane Synthesized and >98.0 gas chromatography
purified in our lab
Nitrogen Air Liquide >99.9995 -
Helium Abell6-Linde >99.998 -
hydrogen Air Liquide >09.99 -
synthetic air Air Liquide >09.999 -
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The ion-exchange resin Amberlyst™ 35 (A35) was used as the catalyst. A35 is a macroreticular,
strongly acidic, sulfonated polymer of styrene-divinylbenzene. Its physical properties can be
found elsewhere [16]. In a previous work, A35 showed the highest activity level with low
byproducts formation among six acidic ion-exchange resins tested in the present reaction system
[11].

2.2. EXPERIMENTAL SETUP AND PROCEDURE

Experiments were performed at a constant temperature, in the range 315-353 K and 2.5 MPa in
a stirred tank batch reactor. The reactants composition was varied as follows: the initial ethanol/1-
-butanol molar ratio (R°g) varied from 0.5 to 2.0, and the initial alcohols/isobutene molar ratio
(that is, moles of both alcohols per mole of isobutene, R°aig) varied from 0.5 to 5.5, with the total
amount of reactants being always about 2.2—-2.4 moles. These ranges of the initial compositions
allowed covering for a wide range of global properties of the reactants mixture, which might
affect the reaction mechanism including the behavior of the resin as a catalyst [12,13,17]. The
total volume of the reactants mixture was approximately of 200 cm?®.

Before every experimental run, a drying protocol for the catalyst was applied. It consisted of three
steps: firstly, the catalyst was dried at room temperature for 48 h, then introduced in an
atmospheric oven at 383 K for 2.5 hours and, finally, placed in a vacuum oven at 373 K and 0.001
MPa for at least 12 h until the run started. By means of this procedure, the final water content in
the resin beads was 3-5 wt.%, determined by Karl-Fischer titration in the lab.

Experiments were performed with catalyst beads that had been crushed and sieved to obtain
particle sizes in the ranges of 0.25-0.40 mm and 0.08-0.16 mm. In a previous work, it was
observed that particles below 0.40 mm showed no significant diffusional effects at 333 K for a
wide variety of acidic ion-exchange resins in the syntheses of MTBE, ETBE, PTBE, and BTBE
(by isobutene etherification with methanol, ethanol, 1-propanol, and 1-butanol, respectively) [18].

The experimental procedure consisted of the following: firstly, the catalyst (about 0.1 to 1.0 %wt.
of the reactants mixture) was loaded into a catalyst injector and it was pressurized to 2.5 MPa
with nitrogen. Then, the reactants were introduced separately into the reactor vessel: the alcohols
were directly placed inside the reactor at atmospheric pressure and isobutene was introduced into
the reactor from a pressure burette by pressure difference, impelled by nitrogen, up to a pressure
of 1.0-1.5 MPa. The reactor stirring was switched on and the reaction mixture was heated until it
reached the designated temperature (controlled within = 0.1 K). The catalyst was injected into the
vessel and the total pressure in the reactor was set at 2.5 MPa with nitrogen. This instant was
considered as the starting point for the reaction. Each experimental run lasted about 5-8 h.

Samples were taken inline from the reaction medium approximately every 30 min with a sampling
valve that injected 0.2 pL of pressurized liquid into an Agilent 6890 gas chromatograph attached to
a mass selective detector HP5973N (GC-MS), which allowed to identify and quantify the reaction
mixture components. The electron source of the mass detector was set to 503 K and the quadrupole
to 423 K. The GC was equipped with a capillary column (HP-PONA 19091S-001, J&W Scientific,
Santa Clara, US; 100% dimethylpolysiloxane, 50 m x 0.20 mm % 0.50 um). Helium was the carrier
gas, and its flowrate was set to 0.6 mL/min. The oven temperature was programmed with an initial
10 min hold at 333 K followed by a 10 K/min ramp, up to 353 K, and a second hold of 11.5 min
at 353 K.

2.3. CALCULATIONS
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Reaction rates were estimated from the slope of the empirical function fitted to the measured mole
evolution, as follows:

1 dnj
! Wcat[ dt j @)

where We is the weight of the dry catalyst, n; is the number of moles of the compound j and t is
the time of reaction. More details regarding the calculation of experimental reaction rates are
provided in Section S1 of Appendix A. Supplementary material.

For each considered kinetic equation, the optimal parameter values were obtained by
minimization, using the Levenberg-Marquardt algorithm, of the total weighted sum of residual
squares (TWSRS), defined as follows:

r 1 r (riexp . ricalc )2
SRS = ‘SRS, =) ————
M T T () ?

. . . . . Ic -
where ri® is the experimental reaction rate of reaction i, ri"" is the calculated one from the model,

max

and the weight factor, ]/ (ri‘j‘Xp )2, allows normalizing the objective functions between zero and

one. By normalizing the objective functions, the same importance is given to all responses and,
therefore, biases due to the different magnitudes of the experimental reaction rates are avoided
[19].

The fitted Kinetic equations were ranked from higher to lower likelihood through the estimator
As, which provides information regarding the empirical support of model S (the lowest As value
signaling the most plausible equation), and is defined as follows [20,21]:

A, = AlCc, - AlCc . 3)

where AICc is the bias-corrected reduced Akaike Information Criterion (AIC) for relatively small
samples [20,21]:

Alce = Al + 2X(k+1) (4)
m-k-1
AIC :m[ln(TWnS]RS H+2k (5)

Parameters m and k in Equations 4 and 5 correspond, respectively, to the number of experimental
points and the number of parameters in the fitted equation. When m/k < 40, it is advisable to use
AlCc instead of AIC [20,21].

Akaike weights, w, allow measuring the probability that each model is the actual best model
among the R candidate ones, given the available dataset. Akaike weights can be calculated as
follows:

_exp(-4q/2)
" ZLeXp(—AS/Z) ©

3. RESULTS AND DISCUSSION
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3.1. EXPERIMENTAL RESULTS

Figure 1 shows the initial reaction rate dependence on the temperature (a), on the isobutene content
in the reaction mixture (b), and on the alcohols concentration (c). As seen in Figure 1a, reaction
rates obtained with 0.25-0.40 mm catalyst beads at the highest assayed temperature (353 K) are
lower than expected, which suggests transport limitations arising at the highest assayed temperature.
Additional experiments were carried out using 0.08-0.16 mm catalyst beads at a close temperature
(shown as open symbols in Figure 1a) that yielded well-aligned reaction rate, which consequently
can be considered as free from mass transfer limitations. Henceforward, only reaction rates free

from mass transfer effects are considered for the kinetic analysis.
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FIGURE 1. Arrhenius plot of initial reaction rate data at R°aig = 1.0 (a), initial etherification rates as a
function of the initial isobutene molar fraction at T = 333 K and R°gs = 1.0 (b), and initial reaction rates
as a function of the initial alcohols molar fraction at T = 333 K and R°aig = 1.0 (¢). Solid symbols: initial

formation rates of ETBE (m) and BTBE (A) using 0.25-0.40 mm catalyst beads. Open symbols: initial
formation rates of ETBE (o0) and BTBE (A) using 0.08-0.16 mm catalyst beads. Error bars are referred to
standard error for replicated experiments. Solid lines represent the fit of rate data to straight lines. Dashed

lines are guides to the eye.

The apparent activation energy for each synthesis reaction can be estimated from the slope of the
straight lines in Figure 1a: (75 * 4) kJ mol* for the ETBE reaction formation and (86 + 6) kJ mol*
for BTBE. These values are close to those quoted in literature for similar reaction systems over
the same catalyst, typically in the range 67-84 kJ/mol [16,19,22-24].

The initial formation rates of both ethers increases with temperature and with the initial amount of
isobutene (Figure 1b), as discussed elsewhere [11]. BTBE initial formation rate drops drastically as
the initial amount of 1-butanol diminishes, whereas ETBE rates are hardly affected by the alcohols
concentration in the reactants mixture (Figure 1c). This fact suggests preferential adsorption of
ethanol over 1-butanol over the catalyst active sites.

3.2. EMPIRICAL FIT OF KINETIC DATA

As a first approach to model the kinetics of somewhat complex reaction systems, empirical fitting
of kinetic data based on a power-law model can be carried out. This approach is often found useful
for process simulators implementation and to quickly obtain expressions able to predict reaction
rates within a certain range of operating conditions. As inferred from Figure 1, initial rate data are
expected to be influenced by, at least, the following variables: temperature and initial
concentrations of isobutene, ethanol, and 1-butanol. Accordingly, a possible simple kinetic
expression based on observed empirical results could be the following:

=k (ROAHB)pNIB (RE/B)pE/B (7
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where r° is the initial rate of reaction i, R°aig and R°gss are the initial molar ratios of alcohols-to-
isobutene and of ethanol-to-1-butanol, respectively, and they are each raised to the fitted
parameters pans and pes. The factor ki accounts for an apparent kinetic coefficient for reaction i,
which, if an Arrhenius-type temperature dependence is assumed, could take the following form:

ki =exp| k, +k; (T -1/T,)] (8)

where ky; and kr; are the actual fitted parameters, and the mean temperature (Tm) is included to

reduce correlation between parameters. Fit of Equation 7 to experimental data is shown in Figure
2.
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FIGURE 2. Parity plot (a) and residuals distribution (b) for experimental and calculated initial reaction
rates with Equation 7 for the syntheses of ETBE (@) and BTBE (o) over A35.

As shown in Figure 2, a rather simple expression like Equation 7 already suffices to describe and
predict initial reaction rate data satisfactorily. However, since olefin-ether-alcohols mixtures are
highly non-ideal, activities of compounds should be used instead of molar fractions [25].
Furthermore, since the studied reactions are reversible, if reaction rates (r;) other than the initial
ones are to be included in the empirical model, a term related to the progress of each reaction
towards the chemical equilibrium can be added to the kinetic model, as follows:

= a2 () () 0

where the activity of compound j (&) is included (note that the subscripts OH and E in Equation
9 refer, generically, to alcohol and ether, respectively, for every reaction), together with Keg;,

which is the chemical equilibrium constant for either the ETBE or BTBE syntheses, as they were
determined in an earlier work [26]:

InK,,__ = 4590 1146 (10)
ETBE T
InK,, . =870.35- 102148 (A2

(11)
-3 -5
11.0849T B 28.316x10 T2 4 2.1305x10 T3

2R 6R 12R




198 It is worth mentioning that the expression used for ETBE equilibrium (Equation 10) is derived
199  from assuming that the reaction enthalpy change can be considered as independent from
200  temperature variations in the explored range, whereas for BTBE (Equation 11) reaction enthalpy
201  change is considered temperature dependent. The choice of equations is consistent with the
202  findings of the quoted work, where BTBE enthalpy of reaction was observed to be more sensitive
203  to temperature variations than ETBE [26].

204  Needless to say, if more terms are added to the empirical kinetic expression, the fit to experimental
205 rate data can be further improved, provided there is sufficient experimental data. As examples,
206  terms related to the isobutene conversion (Xig), to the activity of the main chemical species (a;),
207  to the Hildebrand solubility parameter of the reaction medium (Jm), which has been reported to
208  improve significantly the quality of kinetic fits [27], or combinations of those, can be included.
209  The general empirical expression could be written as follows:

210 1 =k (alBaOH —a. /K, )H P (12)

m

211 where every f, term added is raised to its corresponding fitted parameter pr. Considered fn'™

. . 2 . .
212 have been the following: R°ais"'8, R°zs"¥8, om™, &, and (1-Xig™). Notice that the fitted
213 parameter associated to the isobutene conversion term (px) has been raised to the power 2 to
214  ensure values ranging from zero to unity for that term.

215  Optimal parameters values of fitted equations, together with their standard errors and the TWSRS
216  obtained are listed in Table 2. As seen in the table, some of the added terms include coefficients
217  that are statistically non-significant (that is, the value of their standard error is larger than the
218  parameter value) and, consequently, their inclusion is not justified.

219 TABLE 2. Optimal parameters values for the fit of Equation 12 to experimental rate data and TWSRS. A

220  “—”sign indicates that the related effect is not included in the model.
Mod Optimal parameters values
od. kietee krEeTBEX10® KkipTRe KrBTBEX10® pae Pes Ps Py P Petok Peuon TWSRS
1 1.2+0.3 -9.9+1.9 0.78+0.13 -8.4+1.1 — — — — — — — 1.188
2 1.26+0.09 -9.6£0.8 0.80+0.07 -8.4+0.6 -0.9+0.2 -0.6+0.2 — — — — — 0.260
3 1.21+#0.12 -10.0+1.2 0.63+0.09 -10.0+0.7 -1.0+0.3 -0.8+0.2 — 7+10° — — — 0.366
4 1.440.9 -9.6+0.8 0.9+0.9 -8.4+0.9 -0.9+0.2 -0.6+0.2 -0.04%0.34 — — — — 0.260
5 1.4+0.9 -9.6+0.8 0.9+0.9 -8.4+0.9 -0.9+0.2 -0.6+0.2 -0.04+0.34 11+10° — — — 0.260
6 0.5+1.1 -9.1+1.1 0.05+1.1 -7.5#0.6 -1.2+0.2 -0.54+0.14 0.2+0.4 0.78+0.8 -1.6+0.2 — — 0.210
7 1.8+0.6 -9.9+14 1.240.6 -9.8406 -0.9+0.2 -0.6£0.2 -0.3+0.2 9+10* — -0.2+0.2 — 0.305
8 1.4+09 -10.0+1.9 09+09 -10.0£0.7 -0.9+0.3 -0.9+0.3 -0.2+0.3 8+10° — — -0.30.4 0.335
9 1.3+1.0 -11.2408 09+1.0 -8.8+0.8 -1.4+0.3 -0.7#0.3 -0.2+0.3 0.84+0.11 -1.6+0.3 0.1+0.4 — 0.253
10 0.8+0.9 -10.1+0.8 0.4+09 -8.8+0.6 -1.2+0.2 -0.8+0.2 -0.1+0.3 0.85+0.11 -1.5+0.2 — -0.3+0.4 0.209
11 0.8+1.0 -9.9+08 04+1.0 -85+0.7 -0.8#0.2 -0.6+0.2 0.05:0.30 10+10° —  -0.19+0.15-0.3x0.3 0.235
12 1.2+09 -10.0+1.2 0.7#1.0 -10.0+0.7 -1.2+0.3 -1.0+0.4 -0.3+0.3 0.91+0.15 -1.4+0.3 0.1+0.4 -0.4+0.5 0.295

221

222 At this point, analysis of the fitting results should be helpful to assessing the effect of every
223 parameter on rates. For instance, according to results, both R°as and R°gs have a similar effect
224 on rates for the two reactions, since the two parameters are raised to a negative value in all fitted
225  models. Consequently, larger values of R°ae and/or R°g/s would reduce observed rates. In this
226  regard, notice that larger values of R°ag are related to higher initial concentration of alcohols
227  and, consequently, lower initial concentration of isobutene. As discussed from Figure 1b, lower
228 initial isobutene concentrations would yield lower initial reaction rates, which is consistent with
229 the fitting results. On the other hand, from Figure 1c, larger R°gs values (that is, higher initial
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concentration of ethanol over 1-butanol) should enhance ETBE rates while inhibiting BTBE rates,
which is not reflected on the information that can be retrieved regarding R°gs through the fitting
results, probably due to a compensating effect with other variables. Furthermore, the effect on
rates of parameters related to the Hildebrand solubility parameter, isobutene conversion, or
activity of the main chemical species remains unclear, since some of the optimal values found are
positive, some are negative, and some are statistically non-significant.

Therefore, despite being useful tools for predicting rate values (as an example, check the fit of
model 2 to experimental data shown in Figure 3), results obtained through empirical fitting
procedures are not always informative enough because they are restricted to the interval of the
fitted variables, and cannot be relied upon to further understand the physicochemical reality of a
reaction system.

(@ °

TWSRS

I’calc [mOI (gcat h)l]

0 T T T

rexp [mOI (gcat h)-l] r.calc [mOI (gcat h)-l]

FIGURE 3. Parity plot (a) and residuals distribution (b) for experimental and calculated reaction rates
with Equation 12, with optimal parameters of model 2 in Table 2, for the syntheses of ETBE (®) and
BTBE (0) over A35.

3.3. MECHANISTIC FIT OF KINETIC DATA
3.3.1. SYSTEMATIC MODELING AND FITTING OF KINETIC DATA

Contrarily to empirical methods, mechanistic kinetic modeling relates rate values with
physicochemical properties to establish fundamental relationships that explain observed rate
values and allow extrapolations outside the fitted range of the variables. Thus, following the
approach of our previous works [16,28], kinetic models were systematically built to include every
possible combination of adsorbed and non-adsorbed species in the catalyst active sites, significant
and non-significant temperature dependence of parameters, and inclusion or exclusion of a term
representing the influence on rates of the interaction between liquid mixture and catalyst particle.
General kinetic expression for reaction i is as follows:

{driving force}

r, = {Kinetic term}. _ L {resin-medium interaction} (13)
{adsorption term}"

A detailed description of each term in the general kinetic expression can be found elsewhere [16].
The kinetic terms correspond to apparent kinetic constants (k') and, analogously with Equation 8,
they are assumed to follow an Arrhenius-type temperature dependence, as follows:
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{kinetic term} =k/ = exp[kl'i +kp (YT -YT, )] (14)
where Ky, and K'r, are fitted parameters.

With regards to the driving force terms, it has been assumed that adsorption of reactants and
desorption of products would be faster than the surface reaction, which consequently is the rate-
determining step for the overall process, as it follows from results in our previous works [16,28]
and assumed in many preceding works on similar reaction systems [25,27,29-31]. Therefore, the
following expression has been used:

{driving force} = [a,BaOH —;—EJ (15)

€q;

where a; is the activity of compound j and Keg; is the chemical equilibrium constant for either the
ETBE or the BTBE syntheses, which have been shown in Equations 10 and 11.

Regarding the adsorption term, two general forms have been considered, namely Equations 16
and 17:

{adsorptionterm} =1+ > K3, (16)

j=EtOH, BuOH,
1B, ETBE, BTBE

{adsorption term} = a, + > K;a, (17)

j=k
Equation 16 corresponds to a situation with a significant fraction of unoccupied active sites on
the catalyst surface affecting the reaction rates. Equation 17 derives from assuming that the
number of vacant active sites is not significant. In Equations 16 and 17, a; is the activity of
compound j, a the activity of compound k, and K; corresponds either to an adsorption equilibrium
constant (K; = Ka;), when the adsorption term has the form of Equation 16, or to a ratio of
adsorption equilibrium constants (Kj = Kaj / Kax), when the adsorption term has the form of
Equation 17 [16]. The coefficient K; in both Equation 16 and 17 can be considered as dependent

on temperature, or constant within the assayed temperature range. Then, K; can be expressed either
as:

K; =exp| Ky, + Ky (YT -YT,)] (18)
with Ky and Kr; as the fitted parameters or, if K is not significant, directly as:
K, =exp ( K, ) (19)

Since the two reactions take place simultaneously in the same reaction mixture, the adsorption
term in their respective kinetic equations should be the same, because of the same relative
occupancy of the free and the occupied active sites at a given moment, irrespectively of the
reaction considered. The same reasoning applies to the presence or absence of the resin-medium
interaction term, which presents the following general equation:
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290 {resin-medium interaction} = eXp[E—?P(&M — 6 )2} (20)
291  where V,\,I is the molar volume of the liquid mixture, ¢p is the catalyst porosity in the swollen-
292  state, R is the gas constant, T is the temperature, and Jdu and Jp are the Hildebrand solubility
293  parameters of the reaction medium and the catalyst, respectively. If the interaction term is
294  included in the kinetic model, the parameter Jr can be expressed as follows:
295 0, = kP1 + kPT (T _Tm) (21)
296  with ke, and ke, as fitting parameters, and Tm being included to reduce total correlation among
297  parameters. If Jp is not considered as temperature-dependent, ke, equals zero and, consequently,
298  kp, is the only fitted parameter.
299  Onthe other hand, the exponent in the adsorption term (n; in Equation 13) can differ between both
300 reactions, since it accounts for the number of active sites, or clusters, involved in each reaction.
301  Valuesof 1, 2, and 3 have been assumed for every reaction.
302  Upto 9,504 different equations have been considered in the present kinetic analysis to include all
303  combinations of the aforementioned terms. Table 3 lists the ten best equations obtained according
304  to bias-corrected reduced Akaike Information Criterion (AlCc), where optimal parameters values
305  with associated standard errors, TWSRS, A, and w are included.
306 TABLE 3. Top ten best kinetic equations obtained following a mechanistic approach. A “—” sign indicates
307 that the related effect is not included in the model.
op
k' mol/g h k' mol/g h adsorption term 12
Mod erse (mol/g h) erse (Mol/g h) {adsorp } Nere Mo (MPa%) s A w
K'etee, K'eteerx103 K'smee; K'BtBErx103 1%AdS® Kigon Kigion  Kierse  Kigree ke,
148 -0.7+0.4  -84%11 -12403  -7.4%0.6  agoy = — — 0403 — 1 1 276:19 0325 0 100
4,867 10+06 -95+11 18+10  -8.6%0.7 1 08:06 —  09+05 — 1 3  26£2 0412 40 <10°®
200 -0.8+0.5 -8.4+1.2 -1.3104 -7.0£0.7 Agon — — — 1.0£0.3 1 1 28+2 0474 60 <10%°
379 05+02  -97+12 -0.6403 -8.0%0.8 Ay — -11+06 -0.702 — 1 2 — 055 86 <10
6,740 6+3  -10.0:+1.8  7+#4  -10.0+1.0 1 2814 16£015 21%15 — 2 3  — 0611 103 <10%
6,982 24+1.0 -10.0+1.8 2.8+1.2 -10.0+1.1 1 1.4+0.6 — 1.2405 — 2 3 25+3  0.614 103 <10
8855 7+3  -100+18  6+3  -10.0+10 1 24411 13%12 18#12 — 3 3  — 0614 103 <10%
1,253 -14+05 -87+18 -1.0+05 -85:08  agoy  — — — 0504 2 1  26+3 0630 105 <10%
1,576 -0.8+0.4 -10+2 -1.4+05 -10.0£1.0 8eoH — -1.8£1.0 -0.4+0.3 — 2 2 2244 0.624 106 <102
756  0.6x0.2 -9.4+15 -1.240.3 -7.7£0.8 Agton - -0.8£0.4 — -0.3102 1 3 — 0.641 108 <102
2 First summand of the adsorption term.
308
309 3.3.2. MECHANISTIC MODELING RESULTS
310  As seen in Table 3, models obtained through the mechanistic approach present similar TWSRS
311  values to those from the empirical approach (Table 2) and, consequently, they can be regarded as
312 useful models to predict experimental rate data. On the other hand, among models in Table 3, the
313 best ranked model, namely model 148, is clearly the best fitted model, since it presents a A1
314  value of 0 whereas the next best model (i.e., model 4,867) has Asgsz = 40. Previous authors
315 indicated that models can be considered as substantially supported by empirical evidence when
316  they present As < 3 [20,21].
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Besides allowing identification of the most plausible kinetic model (that is, model 148), fitting
results listed in Table 3 can also be useful to retrieve some information regarding chemical species
adsorption on the catalyst active sites. For instance, within models consistent with assuming that
the number of vacant active sites is not significant (that is, those with ag,y in the first summand
of the adsorption term), the ones including the coefficient Kig,oy (namely, models 379, 1576, and
756) show that the relative adsorption of ethanol was greater than that of 1-butanol. For example,
for model 379, Kig,on = Kaguon / Kagron = exp (-1.1£0.6) = 0.33, which involves that the ethanol
adsorption constant would be about three times greater than the 1-butanol adsorption constant
over the assayed experimental conditions. Furthermore, all models consistent with assuming that
the number of vacant active sites is significant include Kaewon but only one (i.e., model 8855)
includes also Kaguon and its value is about half that of K, ewon. These fitting results are consistent
with the previously reported preferential adsorption of ethanol over 1-butanol from observation
of Fig. 1c. On the other hand, if the same analysis is carried out comparing the adsorption of
ethanol with that of both ethers, the fitting results in Table 3 are not that straightforward, since
for some models the ethanol adsorption constant would be greater than that of both ethers (e.g.,
model 6740), but for some others the two produced ethers could be adsorbed in a greater extent
than ethanol (e.g., models 148 and 200).

Fit of model 148 to experimental data is shown in Figure 4. As seen, the obtained kinetic equations
fit well the experimental kinetic data.

@ (b)

TWSRS

-1
I’calc [mOI (gcat h) ]

rexp [mOI (gcat h)l] r‘calc [mOI (gcat h)l]
FIGURE 4. Parity plot (a) and residuals distribution (b) for experimental and calculated reaction rates
with model 148 for the syntheses of ETBE (®) and BTBE (o) over A35.

For the sake of clarity, the corresponding kinetic equations for each of the reactions taking place
in the present system according to model 148 are shown in Equations 22 and 23:

aETBE

d.a -
A (E_ 1 ) 1BAEOH KEq] ETBE oxp \7M¢§ (5 s )2 -
o ETBE,  ETEE \T 3336 Agon TEXP ( KlETBE )aETBE RT o 2
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Q8501 _Ki S
e = exp{k' +k’ ( 1.1 ﬂ ST exp {VN‘% (S —5P)2} (23)

BTBE,  BTBE, ? - 333.6 Agon TEXP ( KlETBE ) Aerpe RT

With regards to Equation 23, it might seem counterintuitive that the kinetic equation for the BTBE
synthesis does not include 1-butanol in the adsorption term since, obviously, at least one of the
reactants must be adsorbed in the resin active sites in order for the reaction to take place in
heterogeneous catalysis. Therefore, the fact that 1-butanol is not explicitly included in the
adsorption term of model 148 should only be interpreted as it referring to a much lower extension
of the adsorption of 1-butanol in comparison to that of ethanol and ETBE. Note that the
corresponding term for 1-butanol in model 148 would actually be Kig,on = Kaguon / Kagon and,
consequently, if Kagon >> Kaguwon, then Kagwon/Kaeon = 0, leading to a quantitatively
nonsignificant term. Actually, this fact is consistent with the previously reported preferential
adsorption of ethanol over 1-butanol when competing for A35 active sites [11]. The same
reasoning could apply for BTBE adsorption.

Equations 22 and 23 cannot be consistent with Langmuir-Hinshelwood-Hougen-Watson
(LHHW) mechanisms other than the Eley-Rideal (ER) subtype because the number of involved
active sites, or clusters of active sites, is one for the two studied syntheses (that is, Nerse = Narae
= 1), which inherently avoids the possibility of two molecules being adsorbed in adjacent active
sites. Moreover, neither model 148 nor any of the top-ten models in Table 3 include isobutene in
the adsorption term. From this, it follows that there is very little evidence that isobutene could be
significantly adsorbed on the catalyst active sites. Then, since both reactions occur, it becomes
evident that the adsorbed reactant must be the corresponding alcohol rather than isobutene, which
must remain in solution.

So, Equations 22 and 23 are consistent with ER mechanisms taking place for both reactions, with
the surface reaction step being the rate-determining step of the overall reaction process. Thus, one
molecule of the corresponding alcohol, ethanol for the ETBE synthesis and 1-butanol for BTBE,
would adsorb on one active site in the resin, or on a single cluster of active sites, whereas the
olefin, isobutene, would remain in the liquid phase. Then, one molecule of isobutene from
solution and an adsorbed molecule of alcohol would react, giving one adsorbed molecule of the
corresponding ether, ETBE or BTBE. Finally, the ether molecule would desorb to the liquid
phase. This mechanism is consistent with previous kinetic studies on similar reactions with A35,
either for individual reaction systems (e.g., syntheses of MTBE [30], ETBE [29], or PTBE [16])
or simultaneous ones (e.g., ETBE and TAEE [19]).

For every reaction, the kinetic coefficient, k', is related to the actual kinetic constant, k;, and to
adsorption equilibrium constants, Kaj. Since nerge and ngree equal 1, then:

— 7(nETBE 71) —
kI;TBE - kETBE Ka, EtOH - kETBE (24)
kr _ k K—nETBE K _ k Ka,BuOH 25
BTBE ~ '‘BTBE ' “a,EtOH' “a,BuOH ~ '‘BTBE K ( )

a, EtOH

From Equation 24, it follows that the apparent activation energy, Eap, for the ETBE synthesis
reaction corresponds to the actual activation energy of the reaction. Then, Egrge = k'E|13Er -R=(70

+ 9) kJ mol?, with R being the gas constant. This value is consistent with the one obtained from
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the slope of the corresponding line in Figure 1a (i.e., 75 = 4). On the other hand, from Equation
25, the following relationship can be established between the apparent activation energy
(EapeTee), the actual activation energy (Esree), and the enthalpy changes of adsorption of 1-
butanol (AH®auon) and ethanol (AH®a ewon):

Eap,BTBE = Egrae + AHaO,BuOH - AHao,EtOH (26)

Values of AH®, guor = -(6.9 + 0.3) kI mol™* and AH®a ion = -(8.1 + 0.9) kJ mol™ have been reported
in a previous work that studied the adsorption of several compounds on A35 [32]. Thus, Egrsee
can be computed from Equation 26 to obtain (60 + 6) kJ mol™?, which is clearly smaller than the
one obtained from the slope of Figure 1a (i.e., 86 + 6), but close to quoted Ea, values for similar
reaction systems, typically in the range 67-84 kJ/mol [16,19,22-24].

Parameter Kerge in the adsorption term corresponds to a ratio of adsorption equilibrium constants,
that is, Ka etee/Kaeon. Since Kerge = 1.5 + 1.3, the adsorption of ETBE would be slightly stronger
than that of ethanol. However, considering the magnitude of the associated uncertainty, it could
be stated that the extension of both adsorptions is similar. Kerse is related to thermodynamic
properties of adsorption as follows:

Ka,ETBE (AG:ETBE _AG;,EtOH)
INKgrge =1In =- =
a,EtOH RT (27)
__ (AH:ETBE ~AHeon ) i-l— AS; eree —AS; kion
R T R
where AG®,;, AH’;; and AS°,; are the Gibbs free energy, enthalpy and entropy changes of

adsorption of compound j, respectively. Since Kerse is not sensitive to temperature variations,
differences in enthalpy and entropy changes of adsorption of ETBE and ethanol on A35 cannot
be computed. However, the difference between the Gibbs free energy changes of adsorption of
ETBE and ethanol can be obtained, its value being AG®, gr5e — AG®, g0y = -(1.2 £ 0.8) kJ mol™ at
333.6 K. This value suggests that ETBE adsorption on A35 would be slightly more favored than
ethanol.

The obtained information regarding the adsorption of ethanol and ETBE on A35, which should
be taken carefully, since it has been obtained from the fit of kinetic data, seems to disagree with
the scarce available data on individual compounds adsorption on ion-exchange resins. Previous
studies have reported stronger adsorption of alcohols (e.g., methanol, ethanol, 1-propanol or 1-
butanol) than ethers (e.g., ETBE, MTBE, TAEE or TAME) in the gas-phase [32,33].
Unfortunately, no data has been found regarding the liquid-phase adsorption of these ethers on
ion-exchange resins.

Finally, the obtained value of dp (27.6 £ 1.9) is very similar to previously reported values for A35,
in the range 20.5-24.51 MPa'? [16,19,28,34], which reinforces the validity of the present results.

3.4. INFORMATION-BASED APPROACH

As seen in previous sections, adopting a systematic approach to build kinetic models for the
present reactions system involves building a considerable number of equations, containing a
rather high number of adjustable parameters (for instance, there can be up to sixteen fitted
parameters in the mechanistic approach, namely k'eree,, K'ereer, K'sree;, k'steer, Kisy, Kisr, Ketony,
Ketory, Keuory, Keuonr, Ketse;, Kerser, Kereg;, Kerser, kpl, and ka), and flttlng them to experimental
data at once. As a matter of fact, except for the chemical equilibrium constants, all other
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parameters susceptible of being included in the final kinetic equation, either empirical or
mechanistic, have been obtained through the fitting procedure. Given the number of adjustable
parameters involved, and considering the implicit complexity of the studied system, it would seem
reasonable to suspect that masked effects could be affecting the fitting procedure and model
selection thereof.

To check if the modeling results can be regarded as reliable, an alternative approach was adopted
to fit the kinetic data, aimed at reducing some of the uncertainty associated to model selection and
fitted parameters values. For this approach, previously reported information on the present system
(that is, two independent kinetic analyses comprising the present syntheses [19,28] and an
adsorption study [32]) was introduced to a kinetic equation that is consistent with the reaction
mechanism deduced from the mechanistic kinetic modeling. In particular, all available
information on the adsorption of the involved compounds has been used to formulate an
adsorption term of the form agop + Kerge 8grae + Kauon (@suon + Ketee @grae)s With Keree = K, etae

I Kaeronr Keuon = Kaguon / Kagon @and Kgree = K, gree / Kaguon

Regarding parameters Kgrge and Kgrge, previous kinetic studies [19,28] found the following:

K [ 1 1 )]

Kerge = 2™ — exp| —(0.124£0.04) —(4.6 £0.4)-10°| = —— (28)
FTeE Ka,EtOH o ( ) ( ) (T 338'4(K)\J_
K [ 1 1 )]

Koo = 28T _eyn| —(1.12+0.06)—(4.0+0.3)-10°| 21— — = (29)
BT Ka,BuOH exp ( ) ( ) (T 3294(K)J_

Notice that Kerge values from Equation 28 range from 0.5 at 323 K to 1.6 at 353 K, whereas the
value obtained in the present mechanistic fit was 1.5 + 1.3. The fact that both sources of
information produce similar values reinforces their validity.

On the other hand, parameter Kg, o4 can be deduced from quoted values of thermodynamics of
adsorption of ethanol and 1-butanol over A35 in the liquid-phase [32], by taking into account that
enthalpy and entropy changes of adsorption (Table 5) are related to adsorption equilibrium
constants as follows:

AH; 1 AS;;
]
R T R

TABLE 5. Enthalpy and entropy changes of adsorption of ethanol and 1-butanol over A35 in the liquid
phase [32].

InK,;=- (30)

AHC_. AS°_ .
C d aj ai
OmPoUNg ey mol] [ (mol Ky
Ethanol -8.1+0.9 -3.7+2.8
1-Butanol -6.9+0.3 -3.4+1.0

At this point, the kinetic equations that were formulated based on previously reported data and
fitted to experimental rates are the following:

a V, ¢2 2
a.a _ 9ETBE |ay MPP (5 —§
1 1 { 1B YEtOH K J p|: RT ( M p) :|
Merge = EXP k' ' (__ j =
ETBE, etee, \ T 333.6 AQgon t KETBEaETBE + KBuOH (aBuOH + KBTBEaBTBE)

(31)
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[aIBaBuOH - alzTBE JeXp {ngp (5M — 6 )2}
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Moree =€XP|l K +K’ (1— 1
eTee BTBE, BTeE, \ T 333.6 aEtOH + KETBEaETBE + KBuOH (aBuOH + KBTBEaBTBE)

where K'eme;, K'ereer, K'emeg;, K'sreer, and Jp are the only fitted parameters, which involves a significant

reduction of the total number of adjustable parameters in comparison with previous approaches.
Found optimal parameters values and model TWSRS are listed in Table 6.

TABLE 6. Optimal parameters values, standard uncertainty, and TWSRS of the fit of Equations 31 and 32
to experimental kinetic data.

Coefficient ~ Optimal valuét56

K'eTeE, 0.1+0.3

Keteer 9.0+ 13)x10°
K'sTeE, -(0.4+0.2)
K'sTeer -(8.0+0.7)x 10°
op 255+1.2
TWSRS 0.516

The fit of the present equations to experimental rate data is shown in Figure 5. As seen, despite a
somewhat lower quality of the fit if compared to Figures 3 and 4, the present model is able to
predict reasonably well all observed rate values. Consequently, the appropriateness of the kinetic
mechanism inferred in the present work and the proposed kinetic equations (Equation 22 and 23)
is reinforced.

(b)

‘_I'I—|
—
<
5 D .
= 7 S o o .
S = 0 o0 ® ®
b= = L
I_‘u [ ] ©
E
—
-0.25 T T T T
0 1 2 3 4 5
-1. -1.
rexp [mOI (gcat h) ] r.calc [mOI (gcat h) ]

FIGURE 5. Parity plot (a) and residuals distribution (b) for experimental and calculated reaction rates
with Equations 31 and 32 for the syntheses of ETBE (®) and BTBE (o) over A35.

4. CONCLUSIONS

The kinetics of the liquid-phase etherification reactions of isobutene with ethanol and with 1-
butanol to produce ethyl tert-butyl ether (ETBE) and butyl tert-butyl ether (BTBE)
simultaneously in the same reaction unit over the catalyst Amberlyst™ 35 has been studied in the
temperature range of 315 to 353 K. Experimental reaction rates free from mass transfer limitations
were used to fit kinetic equations that were built by means of three different approaches, namely
empirical, mechanistic, and information-based approach. Empirical kinetic equations produce
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optimal quality of the fit, being able to predict kinetic rate data with excellent accuracy using a
relatively low number of adjustable parameters and scarce information regarding the operating
conditions (e.g., temperature or initial reactants concentration). On the contrary, empirical kinetic
equations do not provide enough information to explain the intrinsic nature of the kinetic
mechanisms in place. The mechanistic approach provides insight regarding the mechanisms of
the studied reactions, as well as information on the compounds adsorption on the catalyst active
sites. The best mechanistic kinetic equation for both etherification reactions corresponds to an
Eley-Rideal type mechanism in which a molecule of the corresponding alcohol (ethanol or 1-
butanol, for ETBE or BTBE synthesis reaction, respectively) is adsorbed on one active site and it
reacts with isobutene from solution to produce the adsorbed ether molecule, which finally desorbs.
Since the obtained results are consistent with the literature for liquid-phase etherification
reactions, an information-based approach can be considered. This approach is based on using
previously reported data on the adsorption of the chemical species involved in the present reaction
system over the same catalyst and introduce them as variables in reformulated kinetic equations,
consistent with the most plausible mechanism. A significant reduction of the total number of
adjustable parameters is achieved and the equations fit satisfactorily to all experimental Kinetic
data. The fact that different sources of information obtained through separate experimental works
can be combined and used to obtain consistent results reinforces the validity of the inferred
mechanism for the studied reactions system.

Each of the three kinetic fitting approaches present advantages and disadvantages. For instance,
the empirical approach is suitable for predicting reaction rate values with maximum accuracy,
quickly, and with a manageable amount of variables, albeit restricted to a certain range of
operating conditions. The mechanistic approach allows establishing fundamental relationships
that can be extrapolated outside the fitted range of the variables, but it involves a considerable
computational effort and, potentially, some of the obtained coefficients values should be taken
with caution. Finally, the information-based approach can circumvent some of the drawbacks of
the mechanistic approach by reducing the number of considered equations and adjustable
parameters, but it is only possible when there are enough reported data on the studied system.
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