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The kinetics of the catalytic synthesis of nopol from b-pinene and paraformaldehyde over Sn-MCM-41
catalyst and using ethyl acetate as solvent is presented and compared with previous studies in toluene.
Reaction rate data were fitted to a kinetic expression based on the Langmuir–Hinshelwood formalism,
using the initial rates method. Reaction rate constant and adsorption constants were determined by
regression of experimental data. The highest adsorption constant for nopol respect to reactants
(KC = 14.948 M�1) allows to explain the strong inhibition effect of this compound that is experimentally
observed. Solvent effects were discussed in terms of formaldehyde solubility, solvation of activated
complex and reactants, and competitive adsorption on active sites. Higher solubility of formaldehyde
in ethyl acetate respect to toluene, determined with Henry’s law, along with the competitive adsorption
of solvent and a more probable solvation of b-pinene and nopol may explain the better selectivity in ethyl
acetate. Dependency of reaction constant on temperature was evaluated between 75 �C and 90 �C,
resulting in an apparent activation energy of 98 kJ mol�1, which is higher than in toluene, suggesting
stabilization of carbocation intermediates by solvation in the polar ethyl acetate solvent.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Nopol, 2-(7,7-dimethyl-4-bicyclo [3.1.1] hept-3-enyl) ethanol,
is an added-value chemical synthesized through Prins reaction
between paraformaldehyde and b-pinene, Fig. 1 [1]. This alcohol
is used in household products formulations, agrochemicals, deter-
gents and soaps [2]. b-Pinene, its natural precursor, is one of the
main constituents of turpentine oil [3].

Several processes based on stoichiometric acid catalysts have
been used traditionally for nopol synthesis: a homogeneously
catalyzed reaction at 115–120 �C with zinc chloride to yield 57%
atalyst
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Fig. 1. Reaction scheme of Prins condensation between b-pinene and
paraformaldehyde.

Fig. 2. Scheme of the experimental setup. 1: Temperature indicator and control, 2:
mechanical stirrer, 3: capped vial, 4: oil bath, 5: heating plate, 6: magnetic stirrer, 7:
temperature potentiometer, 8: stirring potentiometer.
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nopol, autoclaving a mixture of b-pinene and paraformaldehyde at
150–230 �C and reacting b-pinene and paraformaldehyde in the
presence of acetic acid to obtain nopyl acetate, which is then
saponified to nopol [4]. Some drawbacks arise from the aforemen-
tioned methods, as their low selectivity to nopol, high energy
demands, use of toxic and corrosive chemicals, disposal of complex
chemical residues and the difficulty to separate the catalyst from
reaction mixture [5]. For this reason, different types of heteroge-
neous catalysts for nopol production have been recently studied,
such as mesoporous iron phosphate [6], iron-zinc double metal
cyanide complexes [5], Sn-SBA-15 materials [4,7], MWW-type
zeolites [2], sulfated zirconia [8] and Sn-MCM-41 materials [9].

Nopol synthesis over Sn-MCM-41 mesoporous materials has
advantages such as high selectivity towards nopol, high b-pinene
conversion, simple catalyst synthesis procedure and possibility of
catalyst recycling. Kinetic studies of nopol production over
Sn-MCM-41 materials have been reported with toluene as solvent
[10]. This study suggested that parallel reactions, such as isomeri-
zation of b-pinene and polymerization of formaldehyde in the gas
phase, could decrease nopol yield. Ethyl acetate, which is less toxic
and more selective to nopol production than toluene, inhibits the
aforementioned undesired reactions [9,11]. Consequently, the
kinetics of nopol production with ethyl acetate as solvent was
studied in the composition ranges reported previously [10]. Com-
parison of the obtained kinetic parameters with the corresponding
values in the case of toluene as solvent led to elucidate the effects
of the solvent on the catalytic activity. Furthermore, temperature
effects were studied between 75 and 90 �C.
Table 1
Initial reaction rate data as a function of the concentration of b-pinene (A),
paraformaldehyde (B) and nopol (C) in ethyl acetate as solvent.

Run Ci0 (mol/L) ri0 (mol g�1 h�1) SD (mol g�1 h�1)

A B C �r0A0 r0C0 �r0A0 r0C0

1 0.250 0.063 0 0.01396 0.01085 0.00196 0.00066
2 0.250 0.125 0 0.01979 0.01679 0.00238 0.00118
3 0.250 0.250 0 0.02455 0.01966 0.00295 0.00093
4 0.250 0.375 0 0.03507 0.02845 0.00264 0.00296
5 0.250 0.500 0 0.04292 0.03318 0.00493 0.00139
6 0.250 2.500 0 0.01846 0.02394 0.00571 0.00316
7 0.063 0.250 0 0.01034 0.00702 0.00123 0.00063
8 0.125 0.250 0 0.02155 0.01394 0.00192 0.00067
9 0.375 0.250 0 0.03708 0.03188 0.00301 0.00172

10 0.500 0.250 0 0.04806 0.03962 0.00234 0.00255
11 1.000 0.250 0 0.04454 0.03685 0.00491 0.00143
12 2.500 0.250 0 0.08911 0.03630 0.00789 0.00186
13 0.463 0.046 0 0.01868 0.01139 0.00268 0.00125
14 0.250 0.250 0.0625 0.02186 0.01248 0.00246 0.00138
15 0.250 0.250 0.125 0.00963 0.00325 0.00122 0.00064
2. Materials and methods

2.1. Catalyst synthesis

Tin-based material was synthesized by incipient wetness
impregnation and characterized according to reported methods
[9]. Briefly, for Sn-MCM-41 synthesis, 2 g of the mesoporous mate-
rial support obtained following the method reported by Grun et al.
[12] were put in contact with a solution of SnCl2�H2O in ethyl
acetate, added drop wise under inert atmosphere. The material
was allowed to dry for 24 h and then calcined at 550 �C for 5 h.

2.2. Catalytic tests

Reactions were performed in 2 mL capped vials covered with
silicone septas and under magnetic stirring at 2000 rpm (Fig. 2),
to avoid external mass transfer limitations [10]. Catalytic tests
were run in 6 batch reactors under identical conditions, i.e., 1 mg
catalyst, 1 mL of b-pinene solution in ethyl acetate (0.0625–
2.5 M) and paraformaldehyde powder (0.046–2.5 M). Reaction
temperature was achieved by immersing the vials in an oil bath
and controlled with an IKA fuzzy controller. Effect of reactants con-
centration on reaction rate of b-pinene and nopol was evaluated at
90 �C. Temperature effect was studied between 75 �C and 90 �C.
Please cite this article in press as: Casas-Orozco D et al. Kinetic study of the no
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Reactants and products were identified and measured using a
GC–MS Agilent 7890 N, equipped with a DB-1 column, FID detector
and autosampler. Calibration curves were obtained with dodecane
as internal standard.

Reaction samples were withdrawn every 10 min and cooled
immediately with pressurized air. Solid and liquid phases were
separated by centrifugation. A catalyst particle size of 41.5 lm
was used to avoid intraparticle mass transfer limitations, as
reported in earlier studies [10]. Reaction rates were determined
by taking the slope of the b-pinene or nopol concentration in the
liquid phase as a function of time at t = 0. The reported reaction
rates correspond to the average of at least two experiments.
3. Results and discussion

3.1. Internal mass transfer limitations

Table 1 shows the experimental concentration of reactants and
observed rates for initial rate measurements. Weisz–Prater param-
eter, CWP, Eq. (1) [13], was used as a criterion to detect intraparticle
mass transfer limitations for both b-pinene and formaldehyde
[14,15].
pol synthesis by the Prins reaction over tin impregnated MCM-41 catalyst
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Table 3
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CWP ¼ �rexp
A0 R2qp=ðDeff ;iCi;sÞ ð1Þ

with �rexp
A0 : observed initial reaction rate for b-pinene, R: average

catalyst particle radius (20.75 lm), qp: catalyst particle density
(2 g/cm3), Deff ;i: effective diffusivity of reactant i in the solvent,
Ci,s: concentration of reactant i at the catalyst surface. For first order
reaction, values of CWP � 1 are typically attributed to not significant
concentration gradients existing within the catalyst particle [13];
however, a more precise criterion is CWP � 3b, where b is the
maximum decrease in concentration gradient in pores, which is
function of the reaction order. b values of 0.1, 0.2 and 2 are
estimated for second, first and zero order reaction, respectively
[16]. Then, a conservative criteria for the absence of intraparticle
mass transfer limitations is to consider CWP � 0:3.

Diffusivity of b-pinene in ethyl acetate was estimated with
Eq. (2), which is valid for molar fractions lower than 0.1 [16].

D0;l
12 ¼ 4:4� 10�15ðT=g2ÞðV2=V1Þ1=6ðLvap

2 =Lvap
1 Þ

1=2 ð2Þ

with D0;l
12: bulk diffusivity of diluted liquid solute 1 in a liquid

solvent 2 (m2/s); T: absolute temperature (K); g2: dynamic viscosity
of the solvent at the reaction temperature (Pa s); V: molar volume of
each species at the reaction temperature (m3 k mol�1); L: latent
heat of vaporization at normal boiling point (J k mol�1). Physical
properties were obtained from [17].

For mole fractions greater than 0.1 (Runs 11 and 12), b-pinene
diffusivity was calculated using Eq. (3), which is useful for
non-aqueous solvents [16].

D12 ¼ ðD0;l
21Þ

x1 ðD0;l
12Þ

x2
=gm ð3Þ

with D12: bulk diffusivity of a concentrated liquid solute in a liquid
solvent (m2 s�1), x1: solvent molar fraction , x2: solute molar
fraction, gm: viscosity of the mixture (Pa s), Eq. (4)

gm ¼ Pgxj

j ð4Þ

with gj: viscosity of pure liquid j.
Formaldehyde diffusivity in the liquid phase was estimated

using Eq. (5):

D0;g
12 ¼ 1:1728� 10�16T

ffiffiffiffiffiffiffiffiffiffi
XM2

p
=g2V0:6

1 ð5Þ

where D0;g
12 : bulk diffusivity of a dilute gas solute 1 in a liquid solvent

2 (cm2/s), T: temperature (K), M2: molecular weight of solvent, g2:
viscosity of solvent (Pa s), V1: molar volume of the solute
(m3 kmol�1), X: solvent association parameter (Xethyl acetate = 1 [16]).

Effective diffusivity of reactant i through catalyst pores was
determined with Eq. (6) [16].
Table 2
Calculated diffusivities of reactants in ethyl acetate as solvent (Eqs. (2)–(7)).

Run Bulk diffusivity (cm2/s � 106) Effective diffusivity (cm2/s � 106)

A B A B

1 59.22 124.95 4.18 36.97
2 59.22 124.97 4.18 36.98
3 59.22 124.99 4.18 36.98
4 59.22 125.02 4.18 36.99
5 59.22 125.05 4.18 37.00
6 59.22 124.97 4.18 36.97
7 59.22 126.63 4.18 37.47
8 59.22 126.11 4.18 37.31
9 59.22 123.89 4.18 36.66

10 59.22 122.79 4.18 36.33
11 57.36 118.14 4.04 34.96
12 53.82 103.76 3.79 30.70
13 59.22 123.03 4.18 36.40
14 59.22 123.84 4.18 36.64
15 59.22 122.65 4.18 36.29

Please cite this article in press as: Casas-Orozco D et al. Kinetic study of the no
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Deff ;i ¼ Dið1� kÞ=ð1þ 16:26kÞ ð6Þ

with Di: bulk diffusivity of reactant i in the liquid mixture, k: ratio of
molecular size to the pore radius, that is obtained with Eq. (7) [16].

k ¼ ui=up ð7Þ

where ui: molecular size of diffusing species i (Å), up: mean pore
diameter of catalyst (Å).

The Van der Waals radii were simulated in ACD/ChemSketch�

freeware package, and the values obtained were 3.3 Å and 1.05 Å
for b-pinene and formaldehyde, respectively. Pore diameter of cat-
alyst was determined in previous studies, and its mean value was
20 Å (2 nm) [18]. Calculated diffusivities (Eqs. (2)–(7)), at 90 �C, are
presented in Table 2.

Calculations of the Weisz–Prater criterion for b-pinene were
obtained with its initial concentration. Formaldehyde monomer
species concentration was obtained considering its production
from paraformaldehyde depolymerization by thermal effects,
according to an Avrami–Erofeyev model, Eq. (8) [11].

dNPOM=dt ¼ �dNf =dt ¼ �2NPOMk2t ð8Þ

NPOM: moles of polymer, k: reaction rate constant for depolymeriza-
tion (h�1), t: time (h), Nf: total moles of formaldehyde in the system.

For this reason, certain time is required until the formaldehyde
concentration in the liquid reaches a value such that the Weisz–
Prater criterion is satisfied. According to previous studies [10], no
external mass transfer limitations exist at the stirring rates used
in the experimental runs; thus, gas–liquid equilibrium was
assumed for formaldehyde and Henry’s Law was used to estimate
its liquid phase concentration [15]. A material balance leads to
obtain an expression for describing formaldehyde concentration
in the liquid phase as a function of time, Eq. (9)

dCf ;l=dt ¼ dNf =dt � 1 V � 1þ Hf Vgas

RT V

� �� ��
ð9Þ

where Cf,l: formaldehyde concentration in the liquid phase (M), V:
reaction volume (mL), Vgas: volume of gas in the vial (mL), Hf: Henry’s
constant of formaldehyde in the liquid mixture (L atm�1 mol�1), R:
gas constant (L atm�1 mol�1 K�1), T: reaction temperature (K).

Hf was estimated through a mixing rule, Eq. (10) [19].

lnHf ¼
X

xjlnHf ;j ð10Þ

with
Weisz-Prater criterion for b-pinene and formaldehyde in ethyl acetate and toluene.

Run Ehtyl acetate Tolueneb

Cf,l (M)a CW-P,A CW-P,B
a Cf,l (M)a CW-P,A CW-P,B

a

1 0.0100 0.032 0.090 0.0097 0.242 0.546
2 0.0199 0.045 0.064 0.0195 0.165 0.186
3 0.0398 0.056 0.040 0.0390 0.226 0.127
4 0.0596 0.080 0.038 0.0585 0.229 0.086
5 0.0795 0.098 0.035 0.0779 0.182 0.051
6 0.3975 0.042 0.003 0.3897 0.122 0.007
7 0.0397 0.094 0.017 0.0388 0.636 0.090
8 0.0397 0.099 0.035 0.0388 0.397 0.112
9 0.0398 0.057 0.061 0.0391 0.149 0.126

10 0.0399 0.055 0.079 0.0392 0.072 0.082
11 0.0073 0.026 0.076 na na na
12 0.0398 0.022 0.172 na na na
13 0.0398 0.023 0.168 0.0072 0.088 0.499
14 0.0401 0.050 0.036 0.0390 0.113 0.064
15 0.0404 0.022 0.016 0.0391 0.105 0.060

na: not measured.
a Estimated at 10 min of reaction.
b Calculated from experimental data in Ref. [10].
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Hf ;j ¼ c1f ;jP
sat
f Mj=qj ð11Þ

where xj: mol fraction of solvent j in the liquid mixture (j: b-pinene,
ethyl acetate, nopol), Hf,j: Henry’s constant of formaldehyde in the
solvent j (L atm mol�1); c1f ;j: activity coefficient at infinite dilution
of formaldehyde in the solvent j (estimated in Aspen Plus� with
UNIFAC-DMD model), Mj: molecular weight of the solvent j, qj:
density of solvent j (g L�1), Psat

f : saturation pressure of formaldehyde
at the reaction temperature (atm).

Table 3 shows the calculated Weisz-Prater criterion for both
b-pinene and paraformaldehyde in ethyl acetate and in toluene.
In the case of formaldehyde, the Weisz–Prater criterion was
calculated at the time of the first sample withdrawal, i.e. 10 min.
In ethyl acetate, the Weisz–Prater criterion is satisfied for both
b-pinene and formaldehyde; although in toluene higher values
are obtained, it is still near or below the limit of 0.6 established
for first order reactions.

3.2. Kinetic rate law

For initial rate calculations (Table 1), it is necessary to consider
the depolymerization reaction to provide formaldehyde, and the
Weisz–Prater criterion estimated in Section 3.1, which suggest
the possibility of an induction period, due to a lack of available
formaldehyde in the liquid phase for the reaction. Fig. 3 illustrates
the expected dissolved formaldehyde, obtained from Eqs. (8)–(12)
assuming no reaction. The steepest ascent is clear from 6 min,
however, the inset figure indicates that at times as low as 6 s,
the available formaldehyde in the liquid phase per gram of catalyst
is above 24 lmol/g, the tin loading on MCM-41. According to
kinetic curves (see Supplementary Tables s.1–s.4 and Fig. s.1) an
induction period is not observed. In agreement with these explana-
tions, the induction period could be obtained from the inverse of
the turn over frequency (TOF) [16,20]. The measured TOF at initial
rates ðTOF ¼ r0i;0=ðtin loading in mol per gramÞÞ were in the range
0.122–1.05 s�1, resulting on induction times of around 8 and 1 s,
respectively. Summarizing, in spite of the implicit depolimeriza-
tion step of paraformaldehyde, induction period was too short to
be noticeable under the tested conditions.

Previous studies, in toluene as solvent [10], showed that the
Prins reaction between b-pinene and paraformaldehyde over
Sn-MCM41, Fig. 1, obeys a Langmuir–Hinshelwood mechanism,
with the adsorption of reactants and products in equilibrium and
the surface reaction as the rate-limiting step, Eq. (12)–(15).
Fig. 3. Simulation of the in situ dissolved formaldehyde without reaction, Nf: moles
of formaldehyde in the liquid.
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Aþ S$KA A � S ð12Þ

Bþ S$KB B � S ð13Þ

A � Sþ B � S$k
0
sr C � Sþ S ð14Þ

C � S$KC C þ S ð15Þ

Eq. (16) represents the dependency of reaction rate on the
concentration of reacting and product species, according to the
assumed reaction mechanism.
Fig. 4. Effect of initial concentrations of reactants on the initial reaction rate of
nopol. (a) CA0 effect with CB0 = 0.25 M, CC0 = 0. (b) CB0 effect with CA0 = 0.25 M,
CC0 = 0, (c) CC0 effect with CA0 = CC0 = 0.25 M. Experimental (N, h) and predicted by
Eq. (16) (continuous lines). Toluene data adapted from Ref. [10].
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Fig. 5. Order of magnitude determination for the guess values in the optimization
routine. (a) k0sr with KA = KB = KC = 1, (b) KA with the found value of k0sr ¼ 100 and
KB = KC = 1, (c) KB with the found values of k0sr ¼ 100;KA ¼ 100 and KC = 1, (d) KC with
the found values of k0sr ¼ 100;KA ¼ 100;KB ¼ 100.
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r0C ¼ k0srKAKBCACB=ð1þ KACA þ KBCB þ KCCCÞ2 ð16Þ

where r0C: reaction rate for nopol (mol g�1 h�1), Ki: equilibrium
adsorption constant for species i (M�1), k0sr: surface reaction con-
stant (mol g�1 h�1), Ci: concentration of species i (M).

In the absence of nopol (Table 1, runs 1–12), Fig. 4a and b shows
a behavior consistent with previously reported data with toluene
as solvent with a maximum reaction rate corresponding to
bimolecular mechanism and Eq. (16) [10]. When nopol is added
from the beginning of the reaction, the inhibition effect was also
observed (Table 1, runs 3, 14 and 15, Fig. 4c) [10]. As the trend with
ethyl acetate is the same that in the case of toluene, we could sug-
gest that the proposed mechanism is consistent with experimental
data.

In agreement with experiments at higher conversions [10], the
reaction rates in ethyl acetate are lower than the values observed
in toluene (Fig. 4). On the other hand, the maximum initial rate
in toluene has been observed under equimolar concentrations of
b-pinene and paraformaldehyde (0.25 M for both reactants, Fig. 4a
and b), while an excess of either b-pinene or paraformaldehyde is
required to obtain the maximum rate in ethyl acetate (Fig. 4a
and b, respectively).

3.3. Data fitting

Kinetic model, Eq. (16), was fitted to experimental rate data of
nopol formation, Table 1. Levenberg–Marquardt algorithm was
used to minimize the sum of the squared error, Eq. (17).

SSE ¼
X
ðr0exp

C0;j � r0calc
C;j Þ

2 ð17Þ

where r0exp
C0;j: observed initial reaction rate of nopol (mol g�1 h�1),

r0calc
C0;j : calculated initial reaction rate of nopol (mol g�1 h�1).

Only nopol was assumed as product, because no chromato-
graphic peaks related with byproducts were observed during the
analyses performed on samples and its selectivity up to 9 h in ethyl
acetate was above 90%, as reported earlier [9]. As nopol selectivity
in ethyl acetate was close to selectivity reported in toluene, the
same kinetic analysis was carried out in both ethyl acetate and
toluene solvents [10].

The order of magnitude of the initial values used in the optimi-
zation routine was found by a sensibility analysis [21]. The param-
eters were initialized in a value of 1, and each one was changed,
one at a time, to evaluate Eq. (16) at different orders of magnitude,
Fig. 5. Initial values determined with this approach were k0sr = 100,
KA = 100, KB = 100, KC = 101. Using these values, the optimization
algorithm took 8 iterations to converge, with a squared error of
2.012 � 10�4. Resulting parameters are summarized in Table 4.
Fig. 6 shows a random distribution of the residuals, which confirms
the validity of the solution.

In order to assure that the converged values correspond to an
overall minimum for Eq. (17), a new sensibility analysis was per-
formed. It consisted in calculating the response of the objective
function to a perturbation in one parameter at a time letting the
rest at their estimated values [21,22]. It can be seen from Fig. 7 that
any variation of the parameter in the range ±20% causes an
increase in the objective function. This indicates that the obtained
solution corresponds to a global minimum.

Obtained parameters, along with the previously reported values
with toluene as solvent, are shown in Table 4. Continuous lines in
Fig. 4, indicates the good prediction of initial rates with the
regressed parameters in the tested solvents. It is noticeable that
nopol adsorption constant is an order of magnitude larger than
the corresponding values for the reactants. This explains the
behavior observed in Fig. 4c, where a strong inhibition effect is
observed when nopol is added at the beginning of the reaction.
Please cite this article in press as: Casas-Orozco D et al. Kinetic study of the no
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Adsorption constant of formaldehyde is higher than b-pinene adsorp-
tion constant in ethyl acetate as solvent. The opposite tendency is
observed in toluene as solvent. This is an indicative of a better stabil-
ization of adsorbed formaldehyde molecules due to solvation by ethyl
acetate [23], a relatively polar compound compared with toluene.
However, since stronger solvation effects in the bulk liquid take place
in ethyl acetate (Section 3.5) than in toluene, the net effect is a
pol synthesis by the Prins reaction over tin impregnated MCM-41 catalyst
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Table 4
Constants of Eq. (16) found by regression of experimental data.

Parameter Solvent

Ethyl acetate Toluene [10]

k’sr (mol g�1 h�1) ± SD 0.546 ± 0.082 0.185 ± 0.009
KA (M�1) ± SD 1.2804 ± 0.206 126.000 ± 35.0
KB (M�1) ± SD 1.7214 ± 0.331 105.000 ± 29.1
KC (M�1) ± SD 14.948 ± 6.758 400.600 ± 4 � 10�8

R2 0.950 0.918
MSE 7.7384 � 10�6 1.2 � 10�5

Fig. 6. Residual plot for the optimization results.

Fig. 7. Sensitivity analysis for the obtained solution after optimization routine (j:
k0sr, d: KA, N: KB, h: KC).

Table 5
Effect of temperature on production rate of nopol.

T (�C) ln (r0c0) SD

75 �5.3498 0.044
80 �4.7748 0.055
85 �4.4123 0.064
90 �3.9291 0.047

Reaction conditions: 1 mg catalyst, 1.0 mL of b-pinene in ethyl acetate solution,
CA0 = CB0 = 0.25 M.
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moderate higher adsorption of formaldehyde respect to b-pinene,
even when it is present in a greater amount in the liquid phase, given
its increased solubility in ethyl acetate.

Higher adsorption constants are found when the reaction is car-
ried out with toluene as solvent. Liquid-phase non-idealities in
ethyl acetate are presumed to be the cause of this behavior and
are discussed in Section 3.5.

3.4. Temperature effect

The reaction rate was experimentally determined between
75 �C and 90 �C with CA0 = CB0 = 0.25 M and CC0 = 0, Table 5. No
Please cite this article in press as: Casas-Orozco D et al. Kinetic study of the no
with ethyl acetate as solvent. Fuel (2014), http://dx.doi.org/10.1016/j.fuel.2014
internal mass transfer limitations were detected when Weisz–Prater
criterion was calculated (Table 6). Parameters describing the
temperature effect on the reaction rate can be found with
Eqs. (18) and (19) [24].

Eapp ¼ �R dðlnr0C0Þ=dð1=TÞ ð18Þ
lnAapp ¼ Eapp=RT þ lnr0C0 ð19Þ

where Eapp: apparent energy of activation (kJ mol�1), and Aapp:
apparent pre-exponential factor (mol g�1 h�1).

Reaction rate data at different temperatures, Table 5, were used
to construct an Arrhenius plot, i.e., lnr0C0 vs. 1/T (Fig. 8), from which
temperature parameters were found by linear regression. Aapp and
Eapp were 2.63 � 1012 mol g�1 h�1 and 98 ± 5 kJ/mol, respectively.
Eapp is higher than observed values in toluene (Eapp = 78 ± 9
kJ mol�1) and thermal activated reaction (Eapp = 79 ± 4 kJ mol�1)
[10]. Differences in the polarity of the solvents and Eapp suggest
the presence of an activated complex containing oppositely
charged ions which are stabilized by solvation with the polar ethyl
acetate [23]. The intermediate specie is more probably associated
to the interaction of adsorbed formaldehyde on tin active sites,
as schematized in the suggested mechanisms in previous studies
[5,8,25]. Since, apparent activation energy deals with the difference
between true activation energy and the enthalpies of adsorption
for each compound, results suggest the greater contribution of
adsorption phenomena when toluene is the solvent, resulting in
the compensation effect described in this solvent [10].
3.5. Solvent effects

Solvent effect on conversion and nopol selectivity at long times
has been related with polarity and paraformaldehyde solubility [9].
From kinetic point of view over heterogeneous catalysts, solvent
effects could be assessed by: (i) the influence of mass transfer
due to differences in diffusivity in the liquid, (ii) the gas solubility
in the solvent (or liquid mixture), (iii) the non-ideality in liquid
phase due to interactions of solvent and solute, and (iv) the
competitive solvent adsorption on the catalyst surface [15]. Mass
transfer resistances were discussed in Section 3.1. Although
Weisz–Prater criteria trend to be higher in toluene than in ethyl
acetate, catalytic activity in both ethyl acetate and toluene were
carried out under kinetic regime. Solvent effects on adsorption
and surface reaction constants, Table 4, and Arrhenius parameters
are not explained by the mass transfer.

As indicated in Section 3.1, the reaction system involves a
solubilized gas that diffuses through the pores and is adsorbed on
active sites. Henry’s constants in the mixtures containing toluene
and ethyl acetate were 6.46 and 4.97 L bar mol�1, respectively.
These data confirm a higher solubility of formaldehyde in ethyl
acetate than in toluene. As the competitive adsorption of reactants
is a fact by the magnitude of their constants, a higher availability of
formaldehyde in the liquid media could partially explain the best
selectivity in ethyl acetate. Moreover, to consider the competitive
pol synthesis by the Prins reaction over tin impregnated MCM-41 catalyst
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Table 6
Evaluation of Weisz–Prater criterion for the runs at different temperatures.

T (�C) �rA0 (obs) (mol g�1 h�1) SD (mol g�1 h�1) CB,l (M) Bulk diffusivity (cm2/s � 106) Effective diffusivity (cm2/s � 106) CW-P

A B A B A B

75 0.0084 0.0029 0.0170 51.16 108.62 3.61 32.14 0.022 0.037
80 0.0112 0.0068 0.0229 53.45 110.99 3.77 32.84 0.029 0.036
85 0.0153 0.0038 0.0300 55.84 113.42 3.94 33.56 0.037 0.036
90 0.0245 0.0030 0.0398 59.22 124.99 4.18 36.98 0.056 0.040

Fig. 8. Temperature dependency of surface reaction constant of nopol production in
ethyl acetate.
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adsorption of the solvent, Eq. (16) was modified with the adsorp-
tion constant of the solvent (Ksol), Eq. (20).

r0C ¼ k0srKAKBCACB=ð1þ KACA þ KBCB þ KCCC þ KsolCsolÞ2 ð20Þ

with Csol: solvent concentration (M).
Parameters calculated for ethyl acetate by non-linear regression

are shown in Table 7. Results indicate that ethyl acetate could be
also adsorbed on active sites, but at lower extent compared to
the reactants and the product. The corresponding adsorption
constants of reactants and products are about ten times higher
than the previous calculated values, Table 7, but they are still lower
than in toluene. With toluene as solvent no consistent values
were fitted from different starting points; for instance, Ksolv was
� 0.15 ± 9.29 � 10�5 M�1 or 0.0235 ± 3.15 M�1. This suggests that
toluene adsorption should be neglected from statistical point of
view. The solvent polarity, determined with the normalized
solvatochromic polarity parameter, EN

T , is higher for ethyl acetate
(EN

T ¼ 0:288) than for toluene (EN
T ¼ 0:099) [9,26]. High polarity of

ethyl acetate causes a competitive adsorption on active sites on
the catalyst surface, which is related with the lower adsorption
constants of the reacting species with this solvent. Several authors
have discussed these effects on heterogeneous catalyzed reactions.
Table 7
Constants of Eq. (20) found by regression of experimental data in ethyl acetate, when
the effect of the solvent adsorption is included.

Parameter Value

k’sr (mol g�1 h�1) ± SD 0.493 ± 0.033
KA (M�1) ± SD 12.035 ± 0.852
KB (M�1) ± SD 14.586 ± 1.372
KC (M�1) ± SD 127.95 ± 27.98
Ksolv (M�1) ± SD 0.737 ± 4.11 � 10�7

R2 0.9501
MSE 8.048 � 10�6

Please cite this article in press as: Casas-Orozco D et al. Kinetic study of the no
with ethyl acetate as solvent. Fuel (2014), http://dx.doi.org/10.1016/j.fuel.2014
Jadhav et al. [8] studied the solvent effect on the catalytic conden-
sation of b-pinene and paraformaldehyde over sulfated zinc ferrite
catalysts. The authors related the increased polarity of the used
non-protic solvents with the decrease in b-pinene conversion,
due to competitive interaction of solvent lone electron pairs with
Zn2+ Lewis acid sites on the catalyst surface, as in the case of aceto-
nitrile solvent. D’Agostino et al. [27] studied the effect of water on
the aerobic oxidation of 1,3-propanediols, using titania-supported
gold catalysts. Using NMR techniques, the authors related the pres-
ence of water with an increased substrate-solvent interaction,
which weakens the interaction of reagents with catalytic surface
and makes the solvent to access selectively to catalyst surface.

As discussed in Section 3.4, probably the solvation effects are
present in the transition state of nopol reaction mechanism, in
which intermediate carbocations are formed as reacting species that
are adsorbed on the acidic Lewis sites of the catalyst [5,23]. On the
other hand, solvation also occurs in the bulk reactant molecules;
these interactions hinder the reactants, preventing them to be
adsorbed on catalyst surface. The relative strength of these phenom-
ena dictates the overall effect of solvent–solute interactions on
reaction rate. In the case of ethyl acetate, activity coefficients,
Table 8, show that liquid-phase non-idealities are more pronounced
in this solvent than in toluene, favoring the bulk solvation phenom-
enon [23]. This may explain the observed decrease in reaction rates
in ethyl acetate, suggesting that bulk solvation is stronger than
solvation effects on the intermediate adsorbed molecules.

These facts are confirmed by observing that at low concentra-
tions of b-pinene – high solvent concentrations – (0.063 M < CA0 <
0.25 M, Fig. 4a), reaction rates are lower in ethyl acetate
ð0:0076 < r0C0 < 0:020 mol g�1 h�1) than in toluene ð0:034 < r0C0 <

0:044 mol g�1 h�1Þ.
By decreasing solvent amount, reaction rate in ethyl acetate con-

tinues to grow in a broader range of concentration than in the case
of toluene (with CB0 = 0.25 M and CC0 = 0), reaching a maximum in
ethyl acetate with CA0 ¼ 0:5 M ðr0C0 ¼ 0:040� 0:0026 mol g�1 h�1Þ,
while in toluene, the maximum reaction rate is observed at
CA ¼ 0:25 M ðr0C ¼ 0:044� 0:0010 mol g�1 h�1Þ. Moreover, maxi-
mum reaction rate in ethyl acetate is 11% lower than the obtained
velocity in toluene; however, this reduction is not as pronounced
as the corresponding reduction in adsorption constants, possibly
due to the increased solubility of formaldehyde in ethyl acetate. It
is noteworthy that solubility of formaldehyde in the solvent is crit-
ical, since this compound is generating in situ, thus it is not available
from the beginning of the reaction [27].
Table 8
Activity coefficients at infinite dilution in solvents.a

Solute Solvent

Ethyl acetate Toluene

b-Pinene 3.69 1.08
Nopol 5.67 2.90
Formaldehyde 1.76 2.24

a Estimation in Aspen Plus� with UNIFAC-Dortmund model.
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Increased selectivity towards nopol has been reported previ-
ously when ethyl acetate is used as solvent [9,10]. This can be
attributed to the lower adsorption of b-pinene respect to parafor-
maldehyde in this solvent, which prevents b-pinene reactant from
undergoing isomerization reactions [6], being b-pinene isomers the
main byproducts for this reaction [9,10].

Furthermore, lower magnitude adsorption of nopol in this sol-
vent can also prevent it from reacting to other products, increasing
the selectivity towards the main product [28].

4. Conclusions

A reaction rate equation based on the Langmuir–Hinshelwood
formalism was adjusted to nopol experimental initial reaction
rates data with ethyl acetate as solvent. Similarly with previous
studies in toluene, the mathematical adjustment showed that the
proposed mechanism based on the dual-site model is consistent
with experimental data. The higher solubility of formaldehyde in
the liquid and adsorption capacity of the solvent could explain
the best selectivity in ethyl acetate respect to toluene. Liquid-
phase non-idealities are more pronounced in ethyl acetate than
in toluene, and were related with higher solvation capacity of bulk
species such as b-pinene and nopol. Apparent activation energy
was 98 ± 5 kJ/mol, which is greater than the corresponding value
in toluene (67 ± 10 kJ/mol). Differences in the apparent activation
energy suggest stabilization by solvation of carbocation intermedi-
ates when the polar ethyl acetate is the solvent.
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