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Abstract 

The kinetics of the liquid-phase etherification of 1-hexanol to di-n-ethyl ether and water 

on the ion-exchange resin Amberlyst 70 in the temperature range 423-463K is studied. 

The strong inhibition effect of water is considered following two approaches. First, a 

model stemming from a Langmuir- Hinshelwood-Hougen-Watson (LHHW) mechanism 

was used, wherein the inhibitor effect of water was explained by the competitive 

adsorption of water and hexanol. Secondly, a modified Eley-Rideal (ER) model that 

includes an inhibition factor, in which a Freundlich-like function is used to explain the 

inhibitor effect of water by blocking the access of hexanol to the active centers. Both 

models fitted data quite well, although the best fitting results were obtained with the 

modified ER model. The activation energy was 125 ± 3 kJ/mol for the LHHW model 

and 121 ± 3 kJ/mol for the modified ER one. 

Keywords: di-n-hexyl ether, 1-hexanol, Amberlyst 70, kinetics, effect of water.  

1. Introduction 

Langmuir-Hinshelwood-Hougen-Watson (LHHW) or its related Eley-Rideal (ER) 

kinetic models are widely used to represent data of liquid-phase reactions catalyzed by 
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solids [1-7] but some inaccuracies appear because of the reaction medium-catalyst 

interaction. Frequently, some reactant or reaction product adsorbs preferably on the 

catalyst surface, e.g., polar species onto sulfonic styrene/divinylbenzene (S/DVB) 

resins, leading to a decrease of the reaction rate. This rate-inhibiting effect of polar 

species on S/DVB resins is sometimes used to control selectivity to intermediate 

products in series reactions [8-11], however this effect is undesirable when such polar 

species, in particular water, are reaction products [12-22]. To quantify the effect of 

reaction medium-catalyst interaction, empirical corrections are suggested in the open 

literature. Water effect has been represented by using empirical exponents in the driving 

force and the adsorption term of LHHW or ER rate-expressions [12,16]. In the 

particular case of liquid-phase etherification reactions, a second approach is found: 

water effect on the reaction rate is quantified by splitting off the rate constant, k̂ , into 

two factors as a product of the true rate constant, ˆ
ok , and an inhibition factor, which 

should take values between 0 and 1 and depends on temperature and water activity, aw, 

in the liquid-phase. Such factor is analogous to those mostly used to describe catalyst 

deactivation by poisoning and, at first sight, it can be seen as the fraction of active 

centers free of water [20-22], (1–w), i.e., 

     ˆ ˆ ˆ· , 1o w o wk k f a T k           (1) 

In a previous work [23], the feasibility of the dehydration of 1-hexanol to di-n-hexyl 

ether (DNHE) on some acidic thermally stable catalysts was proved in the temperature 

range 423-463K. Under these conditions, the main reaction was found to be the 

bimolecular dehydration of 1-hexanol to di-n-hexyl ether and water. 1-hexanol can also 

undergo dehydration to C6 alkenes, which could hydrate to 2-hexanol (although it was 

detected in very low amounts). Some branched ether were also detected, which could be 

produced by the reaction of 1/2-hexanol and a C6 alkene, or bimolecular dehydration of 
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2-hexanol. More detailed information about the reaction scheme can be found elsewhere 

[23]. Among the catalysts tested, the ion-exchange resin Amberlyst 70 was highlighted 

due to its best behavior at lower temperatures. Moreover, the equilibrium constants for 

the liquid-phase dehydration of 1-hexanol to DNHE were determined experimentally 

[24]. 

The aim of this work is to perform a comprehensive kinetic analysis of DNHE synthesis 

on Amberlyst 70 in the temperature range 423-463K, taking into account the 

abovementioned work [23] and new rate data obtained in the presence of additional 

water and ether amounts in order to stress the effect of water on the kinetic equation. 

 

2. Materials and methods 

2.1. Materials  

1-hexanol (99.5% pure, < 0.3% 2-methyl-1-pentanol, 0.1% water) was used after 

purification in a distillation column of the alcohol supplied by Fluka (≥ 98%). Di-n-

hexyl ether was obtained in our lab and purified to ≥ 98%. 1-hexene (≥ 99%) from 

Aldrich, trans-2-hexene (≥ 98%), cis-2-hexene (≥ 95%), trans-3-hexene ( 97%), cis-3-

hexene (≥ 95%), and 2-methyl-1-pentanol (≥ 99%) were supplied by Fluka and used for 

analysis purposes. 

The catalyst was the thermally stable acidic resin Amberlyst 70 (A-70), a chlorinated 

low crosslinked polystyrene-divinylbenzene (PS-DVB) copolymer from Rohm and 

Haas France. Amberlyst 70 has an acidic capacity of 2.65 meq H+/g, a skeletal density 

of 1.52 g/cm3, mean bead diameter of 0.57 mm, and its maximum operating temperature 

is 473 K. Some structural properties can be found elsewhere [25].  

 

2.2 Experimental set-up 



4 
 

Experiments were carried out in a 100-mL stainless steel autoclave which operates in 

batch mode. A magnetic drive turbine was the mixing system. Temperature was 

controlled to within ±1 K by an electric furnace. To carry out the reaction in the liquid 

phase pressure was set at 2.1 MPa using N2 as inert gas. One of the outlets of the reactor 

was connected directly to the liquid sampling valve, which injected 0.2 μl of pressurized 

liquid into a GLC apparatus. More information about the experimental setup can be 

found elsewhere [26].  

 

2.3 Analysis 

The composition of liquid mixtures was analyzed by using a split-mode operation in a 

HP6890A GLC apparatus equipped with TCD, because of the presence of water as a 

reaction product. A 50 m x 0.2 mm x 0.5 μm methyl silicone capillary column was used 

to determine 1-hexanol, DNHE and by-products: C6 olefins (1-hexene, 2-hexene and 3-

hexene) and branched ethers (2-hexoxy-2-hexane and 2-hexoxy-1-hexane). The column 

was temperature programmed with a 6 min initial hold at 318K, followed by a 30 K/min 

ramp up to 453K and holding for 5 min. Helium was used as a carrier gas at a total flow 

rate of 30 ml/min. Under these conditions the peaks of the chromatogram were clearly 

defined and isolated, which permitted the separation and identification of all the above 

mentioned species. 

 

2.4 Methodology 

Amberlyst 70 was dried at 383K in an oven, firstly at atmospheric pressure during 15 h, 

and then 2h in vacuum. Dried catalyst and 70 ml of 1-hexanol were charged into the 

reactor and when pressure achieved 2.1 MPa leaking problems were checked, and the 

reactor heated until reaction temperature was reached. This time was taken as the zero 
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time of experiment. For 6 h, liquid samples were analyzed hourly to obtain the variation 

in concentration over time of all compounds. The temperature was selected in the range 

423 – 463K. The effect of stirring speed was studied among 50 and 800 rpm for two 

different stirrers: a six blade dispersimax impeller and a four-blades axial up disperser. 

Catalyst mass used was between 1 and 3.5 g. 

 

In each experiment, 1-hexanol conversion (XHeOH), selectivity to DNHE (SDNHE), to 

alkenes (Salkenes) and to branched ethers (Sethers), and yield of DNHE with respect 1-

hexanol (YDNHE) were computed by the expressions. 

 

1

1HeOH

mole of hexanol reacted
X

initial mole of hexanol





     (2) 

 

1

1DNHE

mole of hexanol reacted to form DNHE
S

mole of hexanol reacted





   (3) 

 

1

1DNHE HeOH DNPE

mole of hexanol reacted to form DNHE
Y X S

initial mole of hexanol


 


 (4) 

 

Finally, from the function of variation of nDNHE (number of DNHE moles produced) 

versus time, reaction rates of DNHE formation were calculated as: 

 

t

1  
   

·
DNHE

DNHE

dn mol DNHE
r

W dt kg h

         
     (5) 

In all the experiments mass balance was accomplished within ±5%. 
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3. Results and discussion 

3.1 Preliminary experiments 

Preliminary experiments were performed at 463K to study the effect of stirring speed, 

particle size and catalyst mass on initial reaction rate. The influence of external mass 

transfer was checked by using two different mixers, namely a six-blade Dispersimax 

impeller and a four-blade axial up, at 463K and using the commercial distribution of 

beads of A70. As Figure 1 shows, measured initial reaction rates were very similar, 

within the limits of the experimental error, in the range 100-600 rpm for both mixers. 

Although not shown, the same conclusion can be drawn when comparing 1-hexanol 

conversions. As a result, stirring speed was set at 500 rpm in subsequent experiments 

using the 4-blade axial up mixer. 

 

 

 

Figure 1. Effect of stirring speed on initial reaction rate (commercial distribution of bead size, 1 

g A-70, 463K) 
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In order to check the influence of catalyst particle size on the reaction rate, an 

experimental series was carried out at 463K and 500 rpm using beads of different 

particle size in the range 0.45 - 0.8 mm. As shown in Figure 2, initial reaction rate is not 

influenced by the resin particle size within the limits of the experimental error. 

Probably, this effect is due to resin swelling by the water produced in the reaction, 

favoring diffusion to the active sites. Mean value of particle size distribution of 

commercial beads is close to 0.57 mm (open rhombus in Figure 2), so henceforth 

samples with commercial particle distribution size were used.  

 

 

 

Figure 2. Influence of particle size on initial reaction rate. Open rhombus corresponds to the 

mean diameter of commercial beads (T = 463K, 500 rpm, W = 1 g) 

 

The effect of the catalyst mass was checked in a series of experiments carried out with 

catalyst amounts between 0.5 to 5 g. Figure 3 shows that there is not any influence for 

catalyst amounts lesser than 3.5 g, within the limits of the experimental error. For higher 

catalyst mass, initial reaction rate drops significantly. The fact that initial reaction rate 
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decreases when the catalyst mass increases above 3.5g could be explained by the loss of 

the proper hydrodynamic contact between solid and liquid. On increasing the catalyst 

mass, the slurry becomes heterogeneously suspended resulting in mass transfer effects 

that lessen the reaction rate. The same conclusion can be drawn from data of Figure 4, 

as explained below. 

 

 

 

Figure 3. Effect of catalyst mass on the initial reaction rate at 463K and 500 rpm with 

commercial distribution of bead size of A70. 

 

3.2. Experiments starting with pure 1-hexanol 

Several experiments were performed in the temperature range 423-463K on different 

amounts of Amberlyst 70 (0.5 to 3.5g) with the aim of complementing those reported in 

a previous work [23]. These new experiments confirm the reaction scheme proposed 

previously, being the intermolecular dehydration of 1-hexanol to DNHE and water the 

main reaction, and the intramolecular dehydration of 1-hexanol to 1-hexene (and 

subsequent double bond isomerization to (cis- and trans-) 2- and 3-hexene) the main 
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side reaction. The reaction between 1-hexanol and any alkene leads to a branched ether, 

being these products detected in less extent, however. 

Figure 4 plots 1-hexanol conversion versus the contact time (W·t/n0
HeOH) with the aim 

of showing that experiments performed with different catalyst weight are consistent. 

According to the performance equation of a batch stirrer reactor in the absence of 

artifacts, at a constant temperature, all data have to be distributed along a unique curve. 

As seen in Figure 4, hexanol conversion increased with temperature and contact time, 

reaching a value of 85% at 463K and 3.5g of catalyst. Although the slope of curve of 1-

HeOH conversion shown in Figure 4 seems to decrease, the system is far from 

equilibrium conditions since a value of 93% of conversion was achieved with 5g of this 

catalyst at 463K. As commented before, this last value is not included in Figure 4 (and 

in the kinetic analysis) because of the initial reaction rate drop observed in Figure 3 for 

such amount of catalyst. 

 

 

 

Figure 4. Plot of 1-hexanol conversion against W·t/nHeOH,0 at different temperatures 
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Selectivity to DNHE (see Figure 5 up) decreased with temperature and on increasing 1-

hexanol conversion, mainly due to the formation of C6 alkenes (see Figure 5 middle) 

and, in minor extension, branched ethers (see figure 5 bottom). The lowest selectivity to 

the desired ether (and the highest to C6 alkene products) was 83.1% at 463K and 3.5g of 

catalyst (13.5% C6 alkenes and 3.4% branched ethers). Despite the decrease on the 

selectivity, yield to DNHE (not shown, YDNHE = XHeOH·SDNHE) increased on increasing 

conversion (and time), reaching a maximum value of 71% at 463K and 3.5g of catalyst. 
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Figure 5. Selectivity to DNHE (top), C6 alkenes (middle) and branched ethers (bottom) 

versus 1-hexanol conversion at different temperatures 

3.3 Experiments starting with 1-hexanol/water and 1-hexanol/DNHE mixtures 

In order to stress the effect of water and DNHE on the kinetics of the reaction, a set of 

experiments starting with 1-hexanol/water (1-5 wt.% water at 433K, 1-7 wt.% water at 

443K and 1-10 wt.% water at 453K) and 1-hexanol/DNHE (5-20 wt.% DNHE at 433-

463K) mixtures was performed at different temperatures. 

Figure 6 (top) plots the initial reaction rate versus the initial wt.% content of DNHE. As 

observed, the effect of the ether on the initial reaction rate is not remarkable, confirming 

that the weight of the ether activity on the denominator of the kinetic model should not 

be very important. On the other hand, initial reaction rate decreased sharply on 

increasing the initial amount of water, as Figure 6 (bottom) shows. In fact, a decrease of 

90% of the initial reaction rate was observed at 463K when 10 wt.% of water was 

added. This fact confirms the strong inhibiting effect of water on ion-exchange resins. 
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Figure 6. Effect of the initial concentration of DNHE (top) and water (bottom) on the 

initial reaction rate at different temperatures. 

 
 
3.4 Kinetic analysis 

As the reaction mixture is non-ideal [24], kinetic analysis is given in terms of activities 

of 1-hexanol (aH), DNHE (aD), and water (aW). Activity coefficients were computed by 

the UNIFAC-DORTMUND predictive method [27]. The dependence of the reaction 
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rate as a function of aH, aD and aW is shown in Figure 7 for those experiments starting 

with pure 1-hexanol. As seen, reaction rate increases on increasing aH in the entire range 

of explored activities and temperatures, whereas it decreases on increasing aD and aW. 

These facts suggest that a hyperbolic model, based on a LHHW or ER mechanism, 

could explain satisfactorily rate data. Figure 7 (top) suggests that aH influences chiefly 

the numerator of such kinetic model, so promoting forward reaction. The rate-

decreasing effect showed by aD and aW (Figures 7 (middle and bottom)) can be 

attributed to a preferential adsorption onto the resin of the ether and water, and also, as 

they are reaction products, to the enhancement of the reverse reaction as the system 

approaches to chemical equilibrium. 
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Figure 7. Reaction rate of DNHE synthesis as a function of 1-hexanol (top), DNHE 

(middle) and water (bottom) activities in the temperature range explored 

 

Based on the analysis of the reaction rate dependence, considering the adsorption-

reaction–desorption process and assuming that surface reaction is the rate-limiting step, 

the following kinetic models were obtained:  
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 

2 2

2

ˆ

1

W D
H H

DNHE

H H D D W W

a a
k K a

K
r

K a K a K a

   
 

  
      (6) 

2ˆ

1

W D
H H

DNHE
H H D D

a a
k K a

K
r

K a K a

   
 

 
       (7) 

2ˆ

1

W D
H H

DNHE
H H W W

a a
k K a

K
r

K a K a

   
 

 
       (8) 

Equation 6 stems from a LHHW mechanism in which two 1-hexanol molecules 

adsorbed on two adjacent active sites react to give the ether and water, both adsorbed on 

the resin surface. Equation 7 is based on an ER mechanism in which a molecule of 1-

hexanol from solution reacts with another molecule of 1-hexanol adsorbed on one active 

center to give the ether adsorbed on the resin surface, the water being released 

instantaneously to the liquid phase.  Equation 8 stems from an analog ER mechanism 

but water remains adsorbed and the ether is released to the bulk phase. More detailed 

information about the mechanisms is found elsewhere [26,28]. 

 

On the basis of these equations, all possible kinetic models derived by considering one 

or more factors of adsorption term being negligible were fitted to rate data. For fitting 

purposes, all the models were grouped into two classes, depending on the number of 

free active centers (see Table 1): 

(i) Class I, for which the number of free active centers is considered to be negligible 

compared to occupied ones. This fact implies that the unity present in the adsorption 

term is removed. 

(ii) Class II, where that hypothesis is rejected.  
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Table 1. Kinetic models tested with n values ranging from 1 to 2  

TYPE CLASS I CLASS II 

1 

2 D W
H

n
H

a a
a

K
r A

a

  
   

 

2
1

1

D W
H

n

H H

a a
k a

K
r

K a

  
 


 

2 

2 D W
H

n
D

a a
a

K
r A

a

  
   

 

2
1

1

D W
H

n

D D

a a
k a

K
r

K a

  
 


 

3 

2 D W
H

n
W

a a
a

K
r A

a

  
   

 

2
1

1

D W
H

n

W W

a a
k a

K
r

K a

  
 


 

4 

 

2 D W
H

n

H D

a a
A a

K
r

a B a

  
 


 

 

2
1

1

D W
H

n

H H D D

a a
k a

K
r

K a K a

  
 

 
 

5 

 

2 D W
H

n

H W

a a
A a

K
r

a B a

  
 


 

 

2
1

1

D W
H

n

H H W W

a a
k a

K
r

K a K a

  
 

 
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 

2 D W
H

n

D W

a a
A a

K
r

a B a

  
 


 

 

2
1

1

D W
H

n

D D W W

a a
k a

K
r

K a K a

  
 

 
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 

2

2

D W
H

H D W

a a
A a

K
r

a B a C a

  
 
 

 
 

2
1

2
1

D W
H

H H D D W W

a a
k a

K
r

K a K a K a

  
 

  
 

 

 

For models of Class I, the surface rate constant, k̂ , and the adsorption equilibrium 

constants, KP, KD, and KW, have been grouped into factors, called A, B, and C, for 

mathematical fitting purposes. The particular form how constants are grouped depends 

on the mechanism (LHHW or ER) and the neglected adsorption term, if any. 

Concerning the models of class II, k1 is equal to 2ˆ
HkK  for LHHW models and to ˆ

HkK  

for ER models. The temperature dependence of such factors was defined as follows: 
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1 1

1 1
, , , exp( )exp - -i iA B C k b b

T T

       
      (9) 

where T  is the mean experimental temperature. To take into account the influence of 

the reverse reaction, the temperature dependence of the thermodynamic equilibrium 

constant, K, was computed as [24] 

 

1019.7
exp 1.83K

T
   
 

        (10) 

 

Fitted parameters of the models shown in Table 1 were b’s, as appeared in Equation 9. 

The subtraction of the inverse of the mean experimental temperature was included to 

minimize the correlation among fitted parameters bi and bi+1. 

From a mathematical point of view, the most suitable model is the one in which the 

minimum sum of squared residuals (SSR), residuals randomness, and lower parameter 

correlation is obtained with the minimum number of fitted parameters. On the other 

hand, these parameters should have a physicochemical meaning, i.e. rate constant, and 

adsorption equilibrium constants, must increase, and decrease, respectively, with 

temperature, because reaction activation energy is positive and adsorption enthalpies 

negative. 



18 
 

 

Figure 8. Comparison of the goodness of fit in terms of SSRmin/SSR 

 

Figure 8 shows the goodness of fit in terms of SSRmin/SSR, where SSRmin is the 

minimum value obtained for the different models. Obviously, the model with 

SSRmin/SSR = 1 is the one with the minimum SSR, i.e. the best mathematical fit, while 

SSRmin/SSR tends to zero for worse fits. Models Class I type 3 (from now coded as I-3) 

with n = 1 and 2, II-5 (n=2) and II-7 (n=2) did not converge or led to results without 

physicochemical meaning during the fitting procedure. A closer look to models I-5 

(n=2) and I-7 (n=2) reveals that the introduction of the term B·aD in the denominator of 

model I-7 does not upgrade the mathematical fit obtained with model I-5 (n=2). As seen 

in Figure 8, using the mathematical criterion of minimum SSR the best model was I-5 

(n=2): 

 

2

2

D W
H

eq

H W

a a
A a

K
r

a B a

 
  

 


        (11) 
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Equation 11 stems from a LHHW mechanism, assuming that DNHE adsorption and the 

fraction of free active sites are negligible. The effect of water is explained by the 

competitive adsorption with 1-hexanol. Table 2 shows the values of fitted parameters of 

Equation 11 and their standard errors, estimated by means of the linear least squares 

method with 95% confidence level. For this model, A= k̂ and B=Kw/KH. Therefore, from 

b2 the activation energy can be computed, whereas from b3 and b4 the alcohol/water 

ratio of equilibrium adsorption constants can be calculated over the entire temperature 

range. B’s values are higher than unity at all temperatures, which means that the 

adsorption equilibrium constant was higher for water than for 1-hexanol, i.e. water has 

more affinity for the active sites than 1-hexanol. 

Table 2. Parameters of the fitting procedure of Equation 11 (b1 and b2 corresponding to 

A, and b3 and b4 corresponding to B, according to Equation 9) and Equation 15 (b1 and 

b2 corresponding to ôk ) 

 Equation 11 Equation 15 

b1 3.67 ± 0.03 3.71 ± 0.03 

b2 15078 ± 401 14524 ± 304

b3 0.42 ± 0.06  

b4 2427 ± 829  

Kw1  529 ± 22 

Kw2  1452 ± 364 

Kα  594 ± 44 

Ea (kJ/mol) 125 ± 3 121 ± 3 

SSR 2853 2496 
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Equation 11 satisfactorily represents experimental data as a whole (see Figure 9 top). 

However some deviations are observed for low reaction rate values (see Figure 9 

bottom), being clearly overestimated by the proposed model. These overestimated 

values correspond to experimental data with high water content, so the effect of water is 

not well explained only by the competitive adsorption proposed by equation 11. 

Furthermore, the residual plot shown in Figure 10 (top) is clearly biased. On the other 

hand, it should be highlighted that the same kinetic model was proposed in a previous 

work for the analog reaction system of 1-pentanol dehydration to di-n-pentyl ether and 

water [28]. So for these reacting systems, the bimolecular dehydration of two molecule 

of alcohol to produce one molecule of ether and water, the largest and least polar ether 

molecule is rapidly released to the bulk phase, whereas water remains adsorbed on the 

active centers. 
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Figure 9. Calculated reaction rates by equation 11 versus experimental values in the 

whole rate data (top) and low values (bottom). 

 

 

Figure 10 (top). Residuals distribution for Equation 11 (top) and Equation 15 (bottom) 

 

3.5 Modification of the kinetic model 

As found elsewhere in two different studies [22,28], a new approach was undertaken to 

model the effect of water on the reaction rate, considering that it blocks –SO3H groups. 
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The rate constant, k̂ , is a function of the total amount of available sites. Water effect 

was modeled by splitting k̂  into a “true” rate constant, ôk , and a function of the fraction 

of sites free of water (1 - W) which depends on aW and temperature. Analogously to du 

Toit and Nicol’s work [22], a Freundlich adsorption isotherm was used to consider the 

amount of adsorbed water, where n are the sites taking part in the rate-limiting step.  

   1ˆ ˆ ˆ· , 1
n

o W o W Wk k f a T k K a            (12) 

where  
K

T
           (13) 

and  1
2

1 1
exp - -W

W W

K
K K

T T T

       
      (14) 

Models of Table 1, modified by including the correction factor defined by Equation 12, 

were fitted to the rate data. Fitted parameters were b’s from Equation 9, K from 

Equation 13, and KW1 and KW2 from Equation 14. Therefore, three additional parameters 

where involved in the fitting procedure. This fact and the presence of water activity in 

the correction factor led to an improvement of the fit obtained by Equation 11 with 

some models. But many of them were rejected due to the high uncertainty of the 

estimated parameters, which indicates the over parameterization of the model.  The 

selected modified kinetic model was: 

 
2

11

D W
H

eq

W W
H

a a
A a

K
r K a

a

 
  

           (15) 

 

Equation 15 corresponds to the modified model I-1 (n=1), and stems from an ER 

mechanism, by assuming adsorption of DNHE and water and free active sites 
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negligible. The effect of water is taken into account by considering that it blocks or 

inhibits the active centers, which has a reducing effect on the global rate constant value. 

Again, this model was also the best fit for 1-pentanol system [28], confirming the 

similitude of both reacting systems.   

 

 

 

 

Figure 11. Calculated reaction rates by equation 15 versus experimental values in the 

whole rate data (top) and low values (bottom). 
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Table 2 also shows the values of fitted parameters of Equation 15. Equation 15 

improved the SSR by 12% and, as seen in Figure 11 (bottom), the prediction of rate data 

is clearly enhanced for low rate values (and high water content) and the model presents 

a good residual distribution (Figure 10 (bottom)). The improvement of the fit could be 

attributed to the fact that Equation 15 has one more parameter than Equation 11 and/or 

that the mathematical expression for water adsorption is more flexible to fit rate data. 

Since apparent activation energies for both models are very similar, water adsorption 

does not influence the sensitivity of the reaction rate to temperature. As seen in Table 3, 

Equation 15 presents a more desirable cross-correlation matrix. 

 

Figure 10 (bottom). Residuals distribution for Equation 11 (top) and Equation 15 

(bottom) 

The Freundlich isotherm approach expects that α decreases almost linearly with 

temperature and KW is non-dependent [22, 29]. Moreover, α should be larger than 1. 

From KWi and Kα values shown in Table 2, α and KW can be computed (Equations 13 

and 14) and plotted versus temperature (Figure 12). As seen, α is higher than unity and 

it decreases with temperature, but KW increases by 20% from 423K to 463K. These 

points suggest that the fitting improvement is due to the flexibility of the power 
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expression for θW and to the fact that the fitting procedure involved more parameters 

rather than to a fundamental insight of Freundlich isotherm. Thus, the kinetic model 

proposed by Equation 15 is a pseudo empirical model rather than a mechanistic one. 

However, if the correction factor is considered in terms of catalyst deactivation, KW 

could be considered as a deactivation constant. Consequently, from its temperature 

dependence a pseudoactivation energy for the water deactivation process of 12 ± 3 

kJ/mol could be computed. 

 

 

Figure 12. Evolution of computed KW and α from optimum parameters over temperature 

 

Table 3. Correlation matrix of fitted parameters for Equation 11 (bi are the fitting 

parameters of factors A and B of the model) and Equation15 (bi and KWi are the fitting 

parameters of factors A and KW of the model), respectively. 

Equation 11 

 b1 b2 b3 b4 

b1 1    

b2 -0.91 1   
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b3 0.77 -0.71 1  

b4 -0.67 -0.75 -0.89 1 

 

Equation 15 

 b1 b2 KW1 KW2 K 

b1 1     

b2 -0.72 1    

KW1 -0.17 -0.32 1   

KW2 0.44 -0.58 0.60 1  

K 0.67 -0.09 -0.72 0.06 1 

 

4. Conclusions 

Two approaches are used to explain the kinetics of the dehydration of 1-hexanol to 

DNHE and water. First, a classical LHHW model, based on a mechanism in which the 

surface reaction between two adjacent adsorbed molecules of 1-hexanol is the rate-

limiting step. The effect of water is accounted as a strong competition with 1-hexanol 

for the active sites, both in the denominator of the model. In a second approach, a 

modified ER model is proposed, based on a mechanism in which the surface reaction 

between one adsorbed molecule of alcohol and one from the bulk phase is the rate-

limiting step, with a significant contribution of 1-hexanol in the denominator. The 

inhibition effect of water is taken into account with a factor that modifies the intrinsic 

rate constant. Both models fitted data satisfactorily, although the best results were 

obtained with the modified model. The activation energy was 125 ± 3 for the LHHW 

and 121 ± 3 for the modified ER one. 
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6. Nomenclature 

aj    activity of compound j 

A, B, C, k1 grouped factors for fitting purposes 

bi  fitted parameters  

Ea   activation energy (kJ/mol) 

k̂   intrinsic rate constant (mol h-1g-1) 

0k̂   intrinsic rate constant without the effect of water (mol h-1g-1) 

jK   adsorption equilibrium constant of j 

K  thermodynamic equilibrium constant 

, wK K  Freundlich-type correction factor constants 

n  number of active sites involved in the surface reaction 

nDNHE  number of DNHE moles 

rDNHE  reaction rate of DNHE synthesis (mol h-1kg-1) 

Sj    selectivity to j (%) 

SSR  sum of squared residuals 

t   time (h) 

T  temperature (K) 

T   mean experimental temperature (K) 

XHeOH   conversion of 1-hexanol (%) 

YDNHE    DNHE yield 

W  catalyst mass (g)   
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Greek letters 

θW   fraction of active centers occupied by water 

 

Subscripts 

Alkenes  C6 alkenes 

Branched ethers C6 branched ethers 

D,DNHE  di-n-hexyl ether 

H, HeOH  1-hexanol 

W    water 
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