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ABSTRACT 7 

The kinetics of the simultaneous syntheses of ethyl tert-butyl ether (ETBE) and butyl tert-butyl 8 

ether (BTBE) over Amberlyst™ 35 (A35) has been studied at 315–353 K in the liquid phase. 9 

Different kinetic modeling approaches—namely, empirical power-law modeling, mechanistic 10 

modeling based on Langmuir-Hinshelwood-Hougen-Watson (LHHW) and Eley-Rideal (ER) 11 

formalisms, and information-based modeling—have been compared. Empirical kinetic equations 12 

yield optimal quality of the fit, whereas mechanistic equations can explain the mechanisms of the 13 

studied reactions. The best mechanistic equation for both reactions corresponds to an ER-type 14 

mechanism in which an alcohol molecule (ethanol or 1-butanol) is adsorbed on one active site 15 

and reacts with isobutene from solution to produce the corresponding adsorbed ether molecule 16 

(ETBE or BTBE), which desorbs. A model built based on previous data has been used to check 17 

the validity of the inferred mechanism, while significantly reducing the number of adjustable 18 

parameters in the model. 19 
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1. INTRODUCTION 22 

Liquid-phase etherification of 2-methylpropene (isobutene) with alcohols to give branched ethers 23 

has been a major industrial process since the introduction of oxygenated octane enhancers in 24 

gasoline, after the phase out of lead-based additives by the end of the 20th century. Most known 25 

examples are methyl tert-butyl ether (MTBE) and ethyl tert-butyl ether (ETBE), obtained by 26 

reaction with methanol and ethanol, respectively, over an ion-exchange resin catalyst. Analogous 27 

ethers can be obtained from other alcohols, such as 1-propanol and 1-butanol, which are 28 

extensively produced at industrial scale by the oxo process [1], or by biomass-based production 29 

routes, namely, the condensation of bioethanol and/or biomethanol (Guerbet catalysis) and the 30 

ABE fermentation, which produces a mixture of acetone, 1-butanol and ethanol [2–5]. Provided 31 

that the designated alcohol is obtained from biomass, the corresponding ether is considered to 32 

contribute in accomplishing the biofuel target. Furthermore, promising catalytic routes for 33 

obtaining biomass-based isobutene are currently being investigated with different degrees of 34 

success, which reinforce the renewable character of these ethers [6–8]. Nowadays, these ethers 35 

are relevant in the framework of obtaining renewable chemicals for use as biofuels and/or 36 

biolubricants to substitute non-renewable, oil-based ones [9,10].  37 

Butyl tert-butyl ether (BTBE) is obtained by reaction between isobutene and 1-butanol. The 38 

simultaneous production of ETBE and BTBE in the same reaction unit (Scheme 1), which was 39 

studied in a previous work [11], would allow feeding ethanol and 1‐butanol from renewable 40 

sources (e.g., ABE fermentation) to current ETBE production facilities without further alcohols 41 
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separation. This process can be of interest for manufacturers since it brings versatility to adapt the 42 

production targets to the market demands and stock disposal. Preferential adsorption of ethanol 43 

over 1-butanol on the catalyst active sites was observed, which, ultimately, hindered BTBE 44 

formation rates [11]. Interestingly, BTBE formation rates are much faster than ETBE rates when 45 

both reactions proceed individually, which is consistent with the higher reactivity of larger 46 

primary alcohols with isobutene [12–15], but when both reactions take place simultaneously the 47 

opposite is observed [11]. 48 

 49 

SCHEME 1. Studied reaction system. 50 

The knowledge of the mechanism and thermodynamic limitation of both reactions is of utmost 51 

importance for setting the industrial operation conditions. In this regard, we detected a lack of 52 

literature references aimed at characterizing the kinetics of reaction systems where two chemical 53 

species compete for the same catalyst active sites. The aim of the present work is to study the 54 

kinetics of the simultaneous production of ETBE and BTBE over A35.  55 

2. EXPERIMENTAL SECTION 56 

2.1. CHEMICALS AND CATALYST 57 

Reactants were ethanol (EtOH), 1-butanol (BuOH), and 2-methylpropene (IB). Some chemical 58 

standards were used for analytical procedures: 2-methyl-2-propanol (TBA), diethyl ether (DEE), 59 

2,4,4-trimethyl-1-pentene (TMP-1), 2,4,4-trimethyl-2-pentene (TMP-2), 2-ethoxy-2-60 

methylpropane (ETBE), and 1-tert-butoxybutane (BTBE). The source and purity of all 61 

compounds is listed in Table 1. 62 

TABLE 1. Source, purity, and analysis of used materials. 63 

Compound Source 
Mass fraction 

purity [%] 
Analysis method 

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 

purified in our lab 

≥ 98.0 gas chromatography 

Nitrogen Air Liquide ≥ 99.9995 – 

Helium Abelló-Linde ≥ 99.998 – 

hydrogen Air Liquide >99.99 – 

synthetic air Air Liquide >99.999 – 



 64 

The ion-exchange resin Amberlyst™ 35 (A35) was used as the catalyst. A35 is a macroreticular, 65 

strongly acidic, sulfonated polymer of styrene-divinylbenzene. Its physical properties can be 66 

found elsewhere [16]. In a previous work, A35 showed the highest activity level with low 67 

byproducts formation among six acidic ion-exchange resins tested in the present reaction system 68 

[11].  69 

2.2. EXPERIMENTAL SETUP AND PROCEDURE 70 

Experiments were performed at a constant temperature, in the range 315–353 K and 2.5 MPa in 71 

a stirred tank batch reactor. The reactants composition was varied as follows: the initial ethanol/1-72 

-butanol molar ratio (R°E/B) varied from 0.5 to 2.0, and the initial alcohols/isobutene molar ratio 73 

(that is, moles of both alcohols per mole of isobutene, R°A/IB) varied from 0.5 to 5.5, with the total 74 

amount of reactants being always about 2.2–2.4 moles. These ranges of the initial compositions 75 

allowed covering for a wide range of global properties of the reactants mixture, which might 76 

affect the reaction mechanism including the behavior of the resin as a catalyst [12,13,17]. The 77 

total volume of the reactants mixture was approximately of 200 cm3. 78 

Before every experimental run, a drying protocol for the catalyst was applied. It consisted of three 79 

steps: firstly, the catalyst was dried at room temperature for 48 h, then introduced in an 80 

atmospheric oven at 383 K for 2.5 hours and, finally, placed in a vacuum oven at 373 K and 0.001 81 

MPa for at least 12 h until the run started. By means of this procedure, the final water content in 82 

the resin beads was 3-5 wt.%, determined by Karl-Fischer titration in the lab.  83 

Experiments were performed with catalyst beads that had been crushed and sieved to obtain 84 

particle sizes in the ranges of 0.25-0.40 mm and 0.08-0.16 mm. In a previous work, it was 85 

observed that particles below 0.40 mm showed no significant diffusional effects at 333 K for a 86 

wide variety of acidic ion-exchange resins in the syntheses of MTBE, ETBE, PTBE, and BTBE 87 

(by isobutene etherification with methanol, ethanol, 1-propanol, and 1-butanol, respectively) [18]. 88 

The experimental procedure consisted of the following: firstly, the catalyst (about 0.1 to 1.0 %wt. 89 

of the reactants mixture) was loaded into a catalyst injector and it was pressurized to 2.5 MPa 90 

with nitrogen. Then, the reactants were introduced separately into the reactor vessel: the alcohols 91 

were directly placed inside the reactor at atmospheric pressure and isobutene was introduced into 92 

the reactor from a pressure burette by pressure difference, impelled by nitrogen, up to a pressure 93 

of 1.0–1.5 MPa. The reactor stirring was switched on and the reaction mixture was heated until it 94 

reached the designated temperature (controlled within ± 0.1 K). The catalyst was injected into the 95 

vessel and the total pressure in the reactor was set at 2.5 MPa with nitrogen. This instant was 96 

considered as the starting point for the reaction. Each experimental run lasted about 5-8 h. 97 

Samples were taken inline from the reaction medium approximately every 30 min with a sampling 98 

valve that injected 0.2 µL of pressurized liquid into an Agilent 6890 gas chromatograph attached to 99 

a mass selective detector HP5973N (GC-MS), which allowed to identify and quantify the reaction 100 

mixture components. The electron source of the mass detector was set to 503 K and the quadrupole 101 

to 423 K. The GC was equipped with a capillary column (HP-PONA 19091S-001, J&W Scientific, 102 

Santa Clara, US; 100% dimethylpolysiloxane, 50 m × 0.20 mm × 0.50 μm). Helium was the carrier 103 

gas, and its flowrate was set to 0.6 mL/min. The oven temperature was programmed with an initial 104 

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 105 

at 353 K.  106 

2.3. CALCULATIONS 107 



Reaction rates were estimated from the slope of the empirical function fitted to the measured mole 108 

evolution, as follows: 109 

cat

j

j
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 (1) 110 

where Wcat is the weight of the dry catalyst, nj is the number of moles of the compound j and t is 111 

the time of reaction. More details regarding the calculation of experimental reaction rates are 112 

provided in Section S1 of Appendix A. Supplementary material. 113 

For each considered kinetic equation, the optimal parameter values were obtained by 114 

minimization, using the Levenberg-Marquardt algorithm, of the total weighted sum of residual 115 

squares (TWSRS), defined as follows: 116 
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where ri
exp

 is the experimental reaction rate of reaction i, ri
calc

 is the calculated one from the model, 118 

and the weight factor, ( )
2

exp

, max1 ir , allows normalizing the objective functions between zero and 119 

one. By normalizing the objective functions, the same importance is given to all responses and, 120 

therefore, biases due to the different magnitudes of the experimental reaction rates are avoided 121 

[19]. 122 

The fitted kinetic equations were ranked from higher to lower likelihood through the estimator 123 

ΔS, which provides information regarding the empirical support of model S (the lowest ΔS value 124 

signaling the most plausible equation), and is defined as follows [20,21]: 125 

S S minAICc AICc = −  (3) 126 

where AICc is the bias-corrected reduced Akaike Information Criterion (AIC) for relatively small 127 

samples [20,21]: 128 
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 (4) 129 
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 (5) 130 

Parameters m and k in Equations 4 and 5 correspond, respectively, to the number of experimental 131 

points and the number of parameters in the fitted equation. When m/k < 40, it is advisable to use 132 

AICc instead of AIC [20,21]. 133 

Akaike weights, w, allow measuring the probability that each model is the actual best model 134 

among the R candidate ones, given the available dataset. Akaike weights can be calculated as 135 

follows: 136 
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3. RESULTS AND DISCUSSION 138 



3.1. EXPERIMENTAL RESULTS 139 

Figure 1 shows the initial reaction rate dependence on the temperature (a), on the isobutene content 140 

in the reaction mixture (b), and on the alcohols concentration (c). As seen in Figure 1a, reaction 141 

rates obtained with 0.25-0.40 mm catalyst beads at the highest assayed temperature (353 K) are 142 

lower than expected, which suggests transport limitations arising at the highest assayed temperature. 143 

Additional experiments were carried out using 0.08-0.16 mm catalyst beads at a close temperature 144 

(shown as open symbols in Figure 1a) that yielded well-aligned reaction rate, which consequently 145 

can be considered as free from mass transfer limitations. Henceforward, only reaction rates free 146 

from mass transfer effects are considered for the kinetic analysis.  147 
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 148 

FIGURE 1. Arrhenius plot of initial reaction rate data at R°A/IB = 1.0 (a), initial etherification rates as a 149 
function of the initial isobutene molar fraction at T = 333 K and R°E/B = 1.0 (b), and initial reaction rates 150 
as a function of the initial alcohols molar fraction at T = 333 K and R°A/IB = 1.0 (c). Solid symbols: initial 151 

formation rates of ETBE (■) and BTBE (▲) using 0.25-0.40 mm catalyst beads. Open symbols: initial 152 
formation rates of ETBE (□) and BTBE (△) using 0.08-0.16 mm catalyst beads. Error bars are referred to 153 
standard error for replicated experiments. Solid lines represent the fit of rate data to straight lines. Dashed 154 

lines are guides to the eye. 155 

The apparent activation energy for each synthesis reaction can be estimated from the slope of the 156 

straight lines in Figure 1a: (75 ± 4) kJ mol-1 for the ETBE reaction formation and (86 ± 6) kJ mol-1 157 

for BTBE. These values are close to those quoted in literature for similar reaction systems over 158 

the same catalyst, typically in the range 67-84 kJ/mol [16,19,22–24]. 159 

The initial formation rates of both ethers increases with temperature and with the initial amount of 160 

isobutene (Figure 1b), as discussed elsewhere [11]. BTBE initial formation rate drops drastically as 161 

the initial amount of 1-butanol diminishes, whereas ETBE rates are hardly affected by the alcohols 162 

concentration in the reactants mixture (Figure 1c). This fact suggests preferential adsorption of 163 

ethanol over 1-butanol over the catalyst active sites.  164 

3.2. EMPIRICAL FIT OF KINETIC DATA 165 

As a first approach to model the kinetics of somewhat complex reaction systems, empirical fitting 166 

of kinetic data based on a power-law model can be carried out. This approach is often found useful 167 

for process simulators implementation and to quickly obtain expressions able to predict reaction 168 

rates within a certain range of operating conditions. As inferred from Figure 1, initial rate data are 169 

expected to be influenced by, at least, the following variables: temperature and initial 170 

concentrations of isobutene, ethanol, and 1-butanol. Accordingly, a possible simple kinetic 171 

expression based on observed empirical results could be the following: 172 

( ) ( )A/IB E/Bo o o

A/IB E/Br R R
p p

i ik=  (7) 173 



where ri° is the initial rate of reaction i, R°A/IB and R°E/B are the initial molar ratios of alcohols-to-174 

isobutene and of ethanol-to-1-butanol, respectively, and they are each raised to the fitted 175 

parameters pA/IB and pE/B. The factor ki accounts for an apparent kinetic coefficient for reaction i, 176 

which, if an Arrhenius-type temperature dependence is assumed, could take the following form: 177 

( )1 T mexp 1 1 = + − i iik k k T T  (8) 178 

where k1i and kTi are the actual fitted parameters, and the mean temperature (Tm) is included to 179 

reduce correlation between parameters. Fit of Equation 7 to experimental data is shown in Figure 180 

2. 181 
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 182 
FIGURE 2. Parity plot (a) and residuals distribution (b) for experimental and calculated initial reaction 183 

rates with Equation 7 for the syntheses of ETBE (●) and BTBE (○) over A35.  184 

As shown in Figure 2, a rather simple expression like Equation 7 already suffices to describe and 185 

predict initial reaction rate data satisfactorily. However, since olefin-ether-alcohols mixtures are 186 

highly non-ideal, activities of compounds should be used instead of molar fractions [25]. 187 

Furthermore, since the studied reactions are reversible, if reaction rates (ri) other than the initial 188 

ones are to be included in the empirical model, a term related to the progress of each reaction 189 

towards the chemical equilibrium can be added to the kinetic model, as follows: 190 

( )( ) ( )A/IB E/Bo o

IB OH E eq A/IB E/Br R R
i

p p

i ik a a a K= −  (9) 191 

where the activity of compound j (aj) is included (note that the subscripts OH and E in Equation 192 

9 refer, generically, to alcohol and ether, respectively, for every reaction), together with Keqi, 193 

which is the chemical equilibrium constant for either the ETBE or BTBE syntheses, as they were 194 

determined in an earlier work [26]: 195 
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It is worth mentioning that the expression used for ETBE equilibrium (Equation 10) is derived 198 

from assuming that the reaction enthalpy change can be considered as independent from 199 

temperature variations in the explored range, whereas for BTBE (Equation 11) reaction enthalpy 200 

change is considered temperature dependent. The choice of equations is consistent with the 201 

findings of the quoted work, where BTBE enthalpy of reaction was observed to be more sensitive 202 

to temperature variations than ETBE [26]. 203 

Needless to say, if more terms are added to the empirical kinetic expression, the fit to experimental 204 

rate data can be further improved, provided there is sufficient experimental data. As examples, 205 

terms related to the isobutene conversion (XIB), to the activity of the main chemical species (aj), 206 

to the Hildebrand solubility parameter of the reaction medium (δM), which has been reported to 207 

improve significantly the quality of kinetic fits [27], or combinations of those, can be included. 208 

The general empirical expression could be written as follows: 209 

( )IB OH E eqr m

i

p

i i m

m

k a a a K = −   (12) 210 

where every βm term added is raised to its corresponding fitted parameter pm. Considered βm
pm 211 

have been the following: R°A/IB
pA/IB, R°E/B

pE/B, δM
pδ, aj

pj, and (1–XIB
pX

2

). Notice that the fitted 212 

parameter associated to the isobutene conversion term (pX) has been raised to the power 2 to 213 

ensure values ranging from zero to unity for that term. 214 

Optimal parameters values of fitted equations, together with their standard errors and the TWSRS 215 

obtained are listed in Table 2. As seen in the table, some of the added terms include coefficients 216 

that are statistically non-significant (that is, the value of their standard error is larger than the 217 

parameter value) and, consequently, their inclusion is not justified. 218 

TABLE 2. Optimal parameters values for the fit of Equation 12 to experimental rate data and TWSRS. A 219 
“—” sign indicates that the related effect is not included in the model. 220 

Mod. 
Optimal parameters values 

k1,ETBE kT,ETBE×10-3 k1,BTBE kT,BTBE×10-3 pA/IB pE/B pδ p
X
 pIB pEtOH pBuOH 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±103 — — — 0.366 

4 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 — — — — 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±106 — — — 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±1.4 1.2±0.6 -9.8±0.6 -0.9±0.2 -0.6±0.2 -0.3±0.2 9±104 — -0.2±0.2 — 0.305 

8 1.4±0.9 -10.0±1.9 0.9±0.9 -10.0±0.7 -0.9±0.3 -0.9±0.3 -0.2±0.3 8±103 — — -0.3±0.4 0.335 

9 1.3±1.0 -11.2±0.8 0.9±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±0.9 -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±0.8 0.4±1.0 -8.5±0.7 -0.8±0.2 -0.6±0.2 0.05±0.30 10±105 — -0.19±0.15 -0.3±0.3 0.235 

12 1.2±0.9 -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 

At this point, analysis of the fitting results should be helpful to assessing the effect of every 222 

parameter on rates. For instance, according to results, both R°A/IB and R°E/B have a similar effect 223 

on rates for the two reactions, since the two parameters are raised to a negative value in all fitted 224 

models. Consequently, larger values of R°A/IB and/or R°E/B would reduce observed rates. In this 225 

regard, notice that larger values of R°A/IB are related to higher initial concentration of alcohols 226 

and, consequently, lower initial concentration of isobutene. As discussed from Figure 1b, lower 227 

initial isobutene concentrations would yield lower initial reaction rates, which is consistent with 228 

the fitting results. On the other hand, from Figure 1c, larger R°E/B values (that is, higher initial 229 



concentration of ethanol over 1-butanol) should enhance ETBE rates while inhibiting BTBE rates, 230 

which is not reflected on the information that can be retrieved regarding R°E/B through the fitting 231 

results, probably due to a compensating effect with other variables. Furthermore, the effect on 232 

rates of parameters related to the Hildebrand solubility parameter, isobutene conversion, or 233 

activity of the main chemical species remains unclear, since some of the optimal values found are 234 

positive, some are negative, and some are statistically non-significant. 235 

Therefore, despite being useful tools for predicting rate values (as an example, check the fit of 236 

model 2 to experimental data shown in Figure 3), results obtained through empirical fitting 237 

procedures are not always informative enough because they are restricted to the interval of the 238 

fitted variables, and cannot be relied upon to further understand the physicochemical reality of a 239 

reaction system. 240 
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 241 
FIGURE 3. Parity plot (a) and residuals distribution (b) for experimental and calculated reaction rates 242 
with Equation 12, with optimal parameters of model 2 in Table 2, for the syntheses of ETBE (●) and 243 

BTBE (○) over A35.  244 

3.3. MECHANISTIC FIT OF KINETIC DATA  245 

3.3.1. SYSTEMATIC MODELING AND FITTING OF KINETIC DATA 246 

Contrarily to empirical methods, mechanistic kinetic modeling relates rate values with 247 

physicochemical properties to establish fundamental relationships that explain observed rate 248 

values and allow extrapolations outside the fitted range of the variables. Thus, following the 249 

approach of our previous works [16,28], kinetic models were systematically built to include every 250 

possible combination of adsorbed and non-adsorbed species in the catalyst active sites, significant 251 

and non-significant temperature dependence of parameters, and inclusion or exclusion of a term 252 

representing the influence on rates of the interaction between liquid mixture and catalyst particle. 253 

General kinetic expression for reaction i is as follows: 254 

 
 

 
 

driving force
r kinetic term resin-medium interaction

adsorption term i

i
i ni
=  (13) 255 

A detailed description of each term in the general kinetic expression can be found elsewhere [16]. 256 

The kinetic terms correspond to apparent kinetic constants (k í) and, analogously with Equation 8, 257 

they are assumed to follow an Arrhenius-type temperature dependence, as follows: 258 



  ( )1 T mkinetic term exp 1 1
i iii

k k k T T   = = + −   (14) 259 

where k´1i and k´Ti are fitted parameters. 260 

With regards to the driving force terms, it has been assumed that adsorption of reactants and 261 

desorption of products would be faster than the surface reaction, which consequently is the rate-262 

determining step for the overall process, as it follows from results in our previous works [16,28] 263 

and assumed in many preceding works on similar reaction systems [25,27,29–31]. Therefore, the 264 

following expression has been used: 265 
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 (15) 266 

where aj is the activity of compound j and Keqi is the chemical equilibrium constant for either the 267 

ETBE or the BTBE syntheses, which have been shown in Equations 10 and 11. 268 

Regarding the adsorption term, two general forms have been considered, namely Equations 16 269 

and 17: 270 

 
EtOH, BuOH, 

IB, ETBE, BTBE

adsorption term 1
j

j jK a
=

= +   (16) 271 

 adsorption term
j

k j j

k

a K a


= +  (17) 272 

Equation 16 corresponds to a situation with a significant fraction of unoccupied active sites on 273 

the catalyst surface affecting the reaction rates. Equation 17 derives from assuming that the 274 

number of vacant active sites is not significant. In Equations 16 and 17, aj is the activity of 275 

compound j, ak the activity of compound k, and Kj corresponds either to an adsorption equilibrium 276 

constant (Kj = Ka,j), when the adsorption term has the form of Equation 16, or to a ratio of 277 

adsorption equilibrium constants (Kj = Ka,j / Ka,k), when the adsorption term has the form of 278 

Equation 17 [16]. The coefficient Kj in both Equation 16 and 17 can be considered as dependent 279 

on temperature, or constant within the assayed temperature range. Then, Kj can be expressed either 280 

as: 281 

( )1 T mexp 1 1 = + −
 j jjK K K T T  (18) 282 

with K1,j and KT,j as the fitted parameters or, if KT,j is not significant, directly as: 283 

( )1exp=
jjK K  (19) 284 

Since the two reactions take place simultaneously in the same reaction mixture, the adsorption 285 

term in their respective kinetic equations should be the same, because of the same relative 286 

occupancy of the free and the occupied active sites at a given moment, irrespectively of the 287 

reaction considered. The same reasoning applies to the presence or absence of the resin-medium 288 

interaction term, which presents the following general equation: 289 



  ( )M P
M Presin-medium interaction exp

2
2V

RT


 

 
= − 

 
 (20) 290 

where MV  is the molar volume of the liquid mixture, ϕP is the catalyst porosity in the swollen-291 

state, R is the gas constant, T is the temperature, and δM and δP are the Hildebrand solubility 292 

parameters of the reaction medium and the catalyst, respectively. If the interaction term is 293 

included in the kinetic model, the parameter δP can be expressed as follows: 294 

( )
1 TP P P mk k T T = + −  (21) 295 

with kP1 and kPT as fitting parameters, and Tm being included to reduce total correlation among 296 

parameters. If δP is not considered as temperature-dependent, kPT equals zero and, consequently, 297 

kP1 is the only fitted parameter. 298 

On the other hand, the exponent in the adsorption term (ni in Equation 13) can differ between both 299 

reactions, since it accounts for the number of active sites, or clusters, involved in each reaction. 300 

Values of 1, 2, and 3 have been assumed for every reaction. 301 

Up to 9,504 different equations have been considered in the present kinetic analysis to include all 302 

combinations of the aforementioned terms. Table 3 lists the ten best equations obtained according 303 

to bias-corrected reduced Akaike Information Criterion (AICc), where optimal parameters values 304 

with associated standard errors, TWSRS, Δ, and w are included. 305 

TABLE 3. Top ten best kinetic equations obtained following a mechanistic approach. A “—” sign indicates 306 
that the related effect is not included in the model. 307 

Mod. 
k'ETBE (mol/g h) k'ETBE (mol/g h)  {adsorption term} 

nETBE nBTBE 

δP 

(MPa1/2) 
TWSRS Δ w 

k'ETBE1 k'ETBET×10-3 k'BTBE1 k'BTBET×10-3  1st Adsa K1EtOH K1BuOH K1ETBE K1BTBE kP
1
 

148 -0.7±0.4 -8.4±1.1 -1.2±0.3 -7.4±0.6  aEtOH — — 0.4±0.3 — 1 1 27.6±1.9 0.325 0 1.00 

4,867 1.0±0.6 -9.5±1.1 1.8±1.0 -8.6±0.7  1 0.8±0.6 — 0.9±0.5 — 1 3 26±2 0.412 40 <10-8 

200 -0.8±0.5 -8.4±1.2 -1.3±0.4 -7.0±0.7  aEtOH — — — 1.0±0.3 1 1 28±2 0.474 60 <10-13 

379 0.5±0.2 -9.7±1.2 -0.6±0.3 -8.0±0.8  aEtOH — -1.1±0.6 -0.7±0.2 — 1 2 — 0.556 86 <10-18 

6,740 6±3 -10.0±1.8 7±4 -10.0±1.0  1 2.8±1.4 1.6±0.15 2.1±1.5 — 2 3 — 0.611 103 <10-22 

6,982 2.4±1.0 -10.0±1.8 2.8±1.2 -10.0±1.1  1 1.4±0.6 — 1. 2±0.5 — 2 3 25±3 0.614 103 <10-22 

8,855 7±3 -10.0±1.8 6±3 -10.0±1.0  1 2.4±1.1 1.3±1.2 1.8±1.2 — 3 3 — 0.614 103 <10-22 

1,253 -1.4±0.5 -8.7±1.8 -1.0±0.5 -8.5±0.8  aEtOH — — — 0.5±0.4 2 1 26±3 0.630 105 <10-22 

1,576 -0.8±0.4 -10±2 -1.4±0.5 -10.0±1.0  aEtOH — -1.8±1.0 -0.4±0.3 — 2 2 22±4 0.624 106 <10-23 

756 0.6±0.2 -9.4±1.5 -1.2±0.3 -7.7±0.8  aEtOH — -0.8±0.4 — -0.3±0.2 1 3 — 0.641 108 <10-23 

a First summand of the adsorption term. 

 308 

3.3.2. MECHANISTIC MODELING RESULTS 309 

As seen in Table 3, models obtained through the mechanistic approach present similar TWSRS 310 

values to those from the empirical approach (Table 2) and, consequently, they can be regarded as 311 

useful models to predict experimental rate data. On the other hand, among models in Table 3, the 312 

best ranked model, namely model 148, is clearly the best fitted model, since it presents a Δ148 313 

value of 0 whereas the next best model (i.e., model 4,867) has Δ4867 = 40. Previous authors 314 

indicated that models can be considered as substantially supported by empirical evidence when 315 

they present ΔS < 3 [20,21].  316 



Besides allowing identification of the most plausible kinetic model (that is, model 148), fitting 317 

results listed in Table 3 can also be useful to retrieve some information regarding chemical species 318 

adsorption on the catalyst active sites. For instance, within models consistent with assuming that 319 

the number of vacant active sites is not significant (that is, those with aEtOH in the first summand 320 

of the adsorption term), the ones including the coefficient K1BuOH (namely, models 379, 1576, and 321 

756) show that the relative adsorption of ethanol was greater than that of 1-butanol. For example, 322 

for model 379, K1BuOH = Ka,BuOH / Ka,EtOH = exp (-1.1±0.6) ≈ 0.33, which involves that the ethanol 323 

adsorption constant would be about three times greater than the 1-butanol adsorption constant 324 

over the assayed experimental conditions. Furthermore, all models consistent with assuming that 325 

the number of vacant active sites is significant include Ka,EtOH but only one (i.e., model 8855) 326 

includes also Ka,BuOH and its value is about half that of Ka,EtOH. These fitting results are consistent 327 

with the previously reported preferential adsorption of ethanol over 1-butanol from observation 328 

of Fig. 1c. On the other hand, if the same analysis is carried out comparing the adsorption of 329 

ethanol with that of both ethers, the fitting results in Table 3 are not that straightforward, since 330 

for some models the ethanol adsorption constant would be greater than that of both ethers (e.g., 331 

model 6740), but for some others the two produced ethers could be adsorbed in a greater extent 332 

than ethanol (e.g., models 148 and 200). 333 

Fit of model 148 to experimental data is shown in Figure 4. As seen, the obtained kinetic equations 334 

fit well the experimental kinetic data. 335 
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 336 
FIGURE 4. Parity plot (a) and residuals distribution (b) for experimental and calculated reaction rates 337 

with model 148 for the syntheses of ETBE (●) and BTBE (○) over A35. 338 

For the sake of clarity, the corresponding kinetic equations for each of the reactions taking place 339 

in the present system according to model 148 are shown in Equations 22 and 23: 340 

( )
( )

ETBE
IB EtOH

Eq, ETBE M P
M P

EtOH 1 ETBE
1 T

ETBE

2
2

ETBE
ETBE ETBE

a
a a

K V1 1
r exp k k exp

T 333.6 RTa exp K a


 

 
−         = + − −    

+    
 (22) 341 



( )
( )

BTBE
IB BuOH

Eq, BTBE M P
M P

EtOH 1 ETBE
1 T

ETBE

2
2

BTBE
BTBE BTBE

a
a a

K V1 1
r exp k k exp

T 333.6 RTa exp K a


 

 
−         = + − −    

+    
 (23) 342 

With regards to Equation 23, it might seem counterintuitive that the kinetic equation for the BTBE 343 

synthesis does not include 1-butanol in the adsorption term since, obviously, at least one of the 344 

reactants must be adsorbed in the resin active sites in order for the reaction to take place in 345 

heterogeneous catalysis. Therefore, the fact that 1-butanol is not explicitly included in the 346 

adsorption term of model 148 should only be interpreted as it referring to a much lower extension 347 

of the adsorption of 1-butanol in comparison to that of ethanol and ETBE. Note that the 348 

corresponding term for 1-butanol in model 148 would actually be K1BuOH = Ka,BuOH / Ka,EtOH and, 349 

consequently, if Ka,EtOH >> Ka,BuOH,  then Ka,BuOH/Ka,EtOH ≈ 0, leading to a quantitatively 350 

nonsignificant term. Actually, this fact is consistent with the previously reported preferential 351 

adsorption of ethanol over 1-butanol when competing for A35 active sites [11]. The same 352 

reasoning could apply for BTBE adsorption. 353 

Equations 22 and 23 cannot be consistent with Langmuir-Hinshelwood-Hougen-Watson 354 

(LHHW) mechanisms other than the Eley-Rideal (ER) subtype because the number of involved 355 

active sites, or clusters of active sites, is one for the two studied syntheses (that is, nETBE = nBTBE 356 

= 1), which inherently avoids the possibility of two molecules being adsorbed in adjacent active 357 

sites. Moreover, neither model 148 nor any of the top-ten models in Table 3 include isobutene in 358 

the adsorption term. From this, it follows that there is very little evidence that isobutene could be 359 

significantly adsorbed on the catalyst active sites. Then, since both reactions occur, it becomes 360 

evident that the adsorbed reactant must be the corresponding alcohol rather than isobutene, which 361 

must remain in solution. 362 

So, Equations 22 and 23 are consistent with ER mechanisms taking place for both reactions, with 363 

the surface reaction step being the rate-determining step of the overall reaction process. Thus, one 364 

molecule of the corresponding alcohol, ethanol for the ETBE synthesis and 1-butanol for BTBE, 365 

would adsorb on one active site in the resin, or on a single cluster of active sites, whereas the 366 

olefin, isobutene, would remain in the liquid phase. Then, one molecule of isobutene from 367 

solution and an adsorbed molecule of alcohol would react, giving one adsorbed molecule of the 368 

corresponding ether, ETBE or BTBE. Finally, the ether molecule would desorb to the liquid 369 

phase. This mechanism is consistent with previous kinetic studies on similar reactions with A35, 370 

either for individual reaction systems (e.g., syntheses of MTBE [30], ETBE [29], or PTBE [16]) 371 

or simultaneous ones (e.g., ETBE and TAEE [19]). 372 

For every reaction, the kinetic coefficient, k'i, is related to the actual kinetic constant, ki, and to 373 

adsorption equilibrium constants, Ka,j. Since nETBE and nBTBE equal 1, then: 374 

( )1

, EtOH
 ETBEn

ETBE ETBE a ETBE
k k K k

− − = =  (24) 375 

, BuOH

, EtOH , BuOH

, EtOH

 BTBE
an

BTBE BTBE a a BTBE

a

K
k k K K k

K

− = =  (25) 376 

From Equation 24, it follows that the apparent activation energy, Eap, for the ETBE synthesis 377 

reaction corresponds to the actual activation energy of the reaction. Then, EETBE = k'ETBET
 · R = (70 378 

± 9) kJ mol-1, with R being the gas constant. This value is consistent with the one obtained from 379 



the slope of the corresponding line in Figure 1a (i.e., 75 ± 4). On the other hand, from Equation 380 

25, the following relationship can be established between the apparent activation energy 381 

(Eap,BTBE), the actual activation energy (EBTBE), and the enthalpy changes of adsorption of 1-382 

butanol (H°a,BuOH) and ethanol (H°a,EtOH): 383 

ap,BTBE BTBE ,BuOH ,EtOH

o o

a aE E H H= +  −  (26) 384 

Values of H°a,BuOH = -(6.9 ± 0.3) kJ mol-1 and H°a,EtOH = -(8.1 ± 0.9) kJ mol-1 have been reported 385 

in a previous work that studied the adsorption of several compounds on A35 [32]. Thus, EBTBE 386 

can be computed from Equation 26 to obtain (60 ± 6) kJ mol-1, which is clearly smaller than the 387 

one obtained from the slope of Figure 1a (i.e., 86 ± 6), but close to quoted Eap values for similar 388 

reaction systems, typically in the range 67-84 kJ/mol [16,19,22–24].  389 

Parameter KETBE in the adsorption term corresponds to a ratio of adsorption equilibrium constants, 390 

that is, Ka,ETBE/Ka,EtOH. Since KETBE = 1.5 ± 1.3, the adsorption of ETBE would be slightly stronger 391 

than that of ethanol. However, considering the magnitude of the associated uncertainty, it could 392 

be stated that the extension of both adsorptions is similar. KETBE is related to thermodynamic 393 

properties of adsorption as follows: 394 

( )

( )

,ETBE ,EtOH,ETBE

ETBE

,EtOH

,ETBE ,EtOH ,ETBE ,EtOH1

o o

a aa

a

o o o o
a a a a

G GK
ln K ln

K RT

H H S S

R T R

 −
= = − =

 −  −
= − +

 (27) 395 

where Go
a,j, Ho

a,j and So
a,j are the Gibbs free energy, enthalpy and entropy changes of 396 

adsorption of compound j, respectively. Since KETBE is not sensitive to temperature variations, 397 

differences in enthalpy and entropy changes of adsorption of ETBE and ethanol on A35 cannot 398 

be computed. However, the difference between the Gibbs free energy changes of adsorption of 399 

ETBE and ethanol can be obtained, its value being Go
a,ETBE – Go

a,EtOH = -(1.2 ± 0.8) kJ mol-1 at 400 

333.6 K. This value suggests that ETBE adsorption on A35 would be slightly more favored than 401 

ethanol.  402 

The obtained information regarding the adsorption of ethanol and ETBE on A35, which should 403 

be taken carefully, since it has been obtained from the fit of kinetic data, seems to disagree with 404 

the scarce available data on individual compounds adsorption on ion-exchange resins. Previous 405 

studies have reported stronger adsorption of alcohols (e.g., methanol, ethanol, 1-propanol or 1-406 

butanol) than ethers (e.g., ETBE, MTBE, TAEE or TAME) in the gas-phase [32,33]. 407 

Unfortunately, no data has been found regarding the liquid-phase adsorption of these ethers on 408 

ion-exchange resins. 409 

Finally, the obtained value of δP (27.6 ± 1.9) is very similar to previously reported values for A35, 410 

in the range 20.5-24.51 MPa1/2 [16,19,28,34], which reinforces the validity of the present results. 411 

3.4. INFORMATION-BASED APPROACH 412 

As seen in previous sections, adopting a systematic approach to build kinetic models for the 413 

present reactions system involves building a considerable number of equations, containing a 414 

rather high number of adjustable parameters (for instance, there can be up to sixteen fitted 415 

parameters in the mechanistic approach, namely k'ETBE1
, k'ETBET

, k'BTBE1
, k'BTBET

, KIB1
, KIBT

, KEtOH1
, 416 

KEtOHT
, KBuOH1

, KBuOHT
, KETBE1

, KETBET
, KBTBE1

, KBTBET
, kP1

, and kPT
), and fitting them to experimental 417 

data at once. As a matter of fact, except for the chemical equilibrium constants, all other 418 



parameters susceptible of being included in the final kinetic equation, either empirical or 419 

mechanistic, have been obtained through the fitting procedure. Given the number of adjustable 420 

parameters involved, and considering the implicit complexity of the studied system, it would seem 421 

reasonable to suspect that masked effects could be affecting the fitting procedure and model 422 

selection thereof. 423 

To check if the modeling results can be regarded as reliable, an alternative approach was adopted 424 

to fit the kinetic data, aimed at reducing some of the uncertainty associated to model selection and 425 

fitted parameters values. For this approach, previously reported information on the present system 426 

(that is, two independent kinetic analyses comprising the present syntheses [19,28] and an 427 

adsorption study [32]) was introduced to a kinetic equation that is consistent with the reaction 428 

mechanism deduced from the mechanistic kinetic modeling. In particular, all available 429 

information on the adsorption of the involved compounds has been used to formulate an 430 

adsorption term of the form aEtOH + KETBE aETBE + KBuOH (aBuOH + KBTBE aBTBE), with KETBE = Ka,ETBE 431 

/ Ka,EtOH, KBuOH = Ka,BuOH / Ka,EtOH and KBTBE = Ka,BTBE / Ka,BuOH.  432 

Regarding parameters KETBE and KBTBE , previous kinetic studies [19,28] found the following: 433 

( ) ( )
( )

,ETBE

ETBE

,EtOH K

a 3

a

K 1 1
K exp 0.12 0.04 4.6 0.4 10

K T 338.4

  
= = −  −   −   

   

 (28) 434 

( ) ( )
( )

,BTBE

BTBE

,BuOH K

a 3

a

K 1 1
K exp 1.12 0.06 4.0 0.3 10

K T 329.4

  
= = −  −   −   

   

 (29) 435 

Notice that KETBE values from Equation 28 range from 0.5 at 323 K to 1.6 at 353 K, whereas the 436 

value obtained in the present mechanistic fit was 1.5 ± 1.3. The fact that both sources of 437 

information produce similar values reinforces their validity.  438 

On the other hand, parameter KBuOH can be deduced from quoted values of thermodynamics of 439 

adsorption of ethanol and 1-butanol over A35 in the liquid-phase [32], by taking into account that 440 

enthalpy and entropy changes of adsorption (Table 5) are related to adsorption equilibrium 441 

constants as follows: 442 

1
o o

a, j a , j

a , j

H S
ln K

R T R

 
= − +  (30) 443 

TABLE 5. Enthalpy and entropy changes of adsorption of ethanol and 1-butanol over A35 in the liquid 444 
phase [32]. 445 

Compound 
Ho

a,j 

[kJ mol-1] 

So
a,j

  

[J (mol K)-1] 

Ethanol -8.1 ± 0.9 -3.7 ± 2.8 

1-Butanol -6.9 ± 0.3 -3.4 ± 1.0 

 446 

At this point, the kinetic equations that were formulated based on previously reported data and 447 

fitted to experimental rates are the following: 448 

( )

( )

ETBE M P
IB EtOH M P

Eq

EtOH ETBE ETBE BuOH BuOH BTBE BTBE


 

   
− −           = + −   + + +  1 T

2
2

ETBE
ETBE ETBE

a V
a a exp

K RT1 1
r exp k k

T 333.6 a K a K a K a
 (31) 449 



( )

( )

BTBE M P
IB BuOH M P

Eq

EtOH ETBE ETBE BuOH BuOH BTBE BTBE


 

   
− −           = + −   + + +  1 T

2
2

BTBE
BTBE BTBE

a V
a a exp

K RT1 1
r exp k k

T 333.6 a K a K a K a
 (32) 450 

where k'ETBE1, k'ETBET, k'BTBE1, k'BTBET, and δP are the only fitted parameters, which involves a significant 451 

reduction of the total number of adjustable parameters in comparison with previous approaches. 452 

Found optimal parameters values and model TWSRS are listed in Table 6.  453 

TABLE 6. Optimal parameters values, standard uncertainty, and TWSRS of the fit of Equations 31 and 32 454 

to experimental kinetic data. 455 

 456 

 457 

The fit of the present equations to experimental rate data is shown in Figure 5. As seen, despite a 458 

somewhat lower quality of the fit if compared to Figures 3 and 4, the present model is able to 459 

predict reasonably well all observed rate values. Consequently, the appropriateness of the kinetic 460 

mechanism inferred in the present work and the proposed kinetic equations (Equation 22 and 23) 461 

is reinforced. 462 
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 463 

FIGURE 5. Parity plot (a) and residuals distribution (b) for experimental and calculated reaction rates 464 
with Equations 31 and 32 for the syntheses of ETBE (●) and BTBE (○) over A35. 465 

4. CONCLUSIONS 466 

The kinetics of the liquid-phase etherification reactions of isobutene with ethanol and with 1-467 

butanol to produce ethyl tert-butyl ether (ETBE) and butyl tert-butyl ether (BTBE) 468 

simultaneously in the same reaction unit over the catalyst AmberlystTM 35 has been studied in the 469 

temperature range of 315 to 353 K. Experimental reaction rates free from mass transfer limitations 470 

were used to fit kinetic equations that were built by means of three different approaches, namely 471 

empirical, mechanistic, and information-based approach. Empirical kinetic equations produce 472 

Coefficient Optimal value 

k'ETBE1
 0.1 ± 0.3 

k'ETBET
 -(9.0 ± 1.3) × 10

3
 

k'BTBE1
 -(0.4 ± 0.2) 

k'BTBET
 -(8.0 ± 0.7) × 10

3
 

δP 25.5 ± 1.2 

TWSRS 0.516 



optimal quality of the fit, being able to predict kinetic rate data with excellent accuracy using a 473 

relatively low number of adjustable parameters and scarce information regarding the operating 474 

conditions (e.g., temperature or initial reactants concentration). On the contrary, empirical kinetic 475 

equations do not provide enough information to explain the intrinsic nature of the kinetic 476 

mechanisms in place. The mechanistic approach provides insight regarding the mechanisms of 477 

the studied reactions, as well as information on the compounds adsorption on the catalyst active 478 

sites. The best mechanistic kinetic equation for both etherification reactions corresponds to an 479 

Eley-Rideal type mechanism in which a molecule of the corresponding alcohol (ethanol or 1-480 

butanol, for ETBE or BTBE synthesis reaction, respectively) is adsorbed on one active site and it 481 

reacts with isobutene from solution to produce the adsorbed ether molecule, which finally desorbs. 482 

Since the obtained results are consistent with the literature for liquid-phase etherification 483 

reactions, an information-based approach can be considered. This approach is based on using 484 

previously reported data on the adsorption of the chemical species involved in the present reaction 485 

system over the same catalyst and introduce them as variables in reformulated kinetic equations, 486 

consistent with the most plausible mechanism. A significant reduction of the total number of 487 

adjustable parameters is achieved and the equations fit satisfactorily to all experimental kinetic 488 

data. The fact that different sources of information obtained through separate experimental works 489 

can be combined and used to obtain consistent results reinforces the validity of the inferred 490 

mechanism for the studied reactions system.  491 

Each of the three kinetic fitting approaches present advantages and disadvantages. For instance, 492 

the empirical approach is suitable for predicting reaction rate values with maximum accuracy, 493 

quickly, and with a manageable amount of variables, albeit restricted to a certain range of 494 

operating conditions. The mechanistic approach allows establishing fundamental relationships 495 

that can be extrapolated outside the fitted range of the variables, but it involves a considerable 496 

computational effort and, potentially, some of the obtained coefficients values should be taken 497 

with caution. Finally, the information-based approach can circumvent some of the drawbacks of 498 

the mechanistic approach by reducing the number of considered equations and adjustable 499 

parameters, but it is only possible when there are enough reported data on the studied system. 500 
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