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Kinetics of the nopol synthesis by the Prins reaction over tin impregnated
MCM-41 catalyst
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" Kinetic model for nopol synthesis based on the Langmuir–Hinshelwood formalism is obtained.
" The main product, nopol, inhibits the activity of the Sn-MCM-41.
" The rate law is robust respect to equilibrium adsorption constants.
" The effect of temperature on kinetic of nopol synthesis is mainly on the surface reaction constant.
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a b s t r a c t

The kinetics of the nopol synthesis by Prins condensation of b-pinene and paraformaldehyde over Sn-
MCM-41 synthesized by impregnation was evaluated using the initial reaction rate method. The reaction
rate equation obtained from a kinetic model based on the Langmuir–Hinshelwood formalism with the
surface reaction of adsorbed reactants on catalytic sites of the same nature as the limiting step, gave a
good prediction of the experimental data. The effect of temperature on the kinetics of nopol synthesis
over Sn-MCM-41 obtained by impregnation was studied between 75 and 100 �C. The robustness analysis
of the kinetic model showed that the surface reaction constant, k0sr , should be about 0.185 mol g�1 h�1 at
90 �C, while the ratio between the adsorption equilibrium constant of b-pinene, KA, and formaldehyde
species, KB, is approximately 1.2:1 (KA:KB). The obtained apparent activation energy and pre-exponential
factor are 78 kJ/mol and 2.3 � 1010 mol g�1 h�1, respectively, but compensation effect analysis using both
experimental and simulated data gave strong evidence of the dependency in temperature of the apparent
Arrhenius parameters.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nopol is an optically active, unsaturated and bicyclic monot-
erpenic alcohol obtained from natural b-pinene and it is useful as
a raw material for synthesis of fragrances and household products
[1]. Nopol is produced from the Prins condensation of b-pinene and
paraformaldehyde under anhydrous conditions at temperatures
above 180 �C or using ZnCl2 as homogeneous catalyst [2]. Recently,
high nopol yields were reported over tin supported MCM-41 [3–7]
and SBA-15 [8,9] materials. Sn-MCM-41 synthesized by impregna-
tion of SnCl2�2H2O in an ethyl acetate dissolution under incipient
wetness conditions, exhibits higher activity that Sn-MCM-41
materials obtained by CVD of SnCl4, with the additional advantage
that its regeneration is possible by exhaustive washing with ace-
tone instead of thermal treatment under air atmosphere [10].
These promising results encouraged our research group to carry

out kinetic studies as they are useful for reactor design purposes
and for better understanding of the phenomena related to nopol
production. No detailed kinetic studies have been reported for the
production of nopol or another a, b-unsaturated alcohol obtained
neither by the Prins reaction over heterogeneous catalytic condi-
tions nor under homogeneous acid catalyzed reactions. In the ab-
sence of catalyst, Watanabe [11] reported reaction rate of first
order respect to each reactant for nopol synthesis at temperatures
between 170 and 190 �C. The reaction rate law reported over Sn-
SBA-15 was of pseudo-first order [8]. Using Sn-MCM-41 prepared
by impregnation [12], with a pseudo-homogeneous rate law deter-
mined by the excess method [13], zero and second order respect to
b-pinene and formaldehyde, respectively, were obtained. As the
rate laws reported for those heterogeneous catalytic systems were
not based on a mechanism that included the characteristic adsorp-
tion phenomena step of the heterogeneous catalytic phenomena, in
this contribution a reaction mechanism based on the Langmuir–
Hinshelwood formalism is proposed for nopol synthesis over
Sn-MCM-41 material obtained by impregnation. Initial reaction
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rates for nopol synthesis were estimated under several reactant
concentrations and at temperatures between 75 and 100 �C.

2. Experimental

2.1. Catalyst synthesis

Tin supported MCM-41 material was synthesized by incipient
wetness impregnation following previously reported procedures
[10]. The support (2 g), synthesized according to the method devel-
oped by Grün et al. [14], was mixed with 3 mL of a solution of
SnCl2�2H2O in ethyl acetate (28.7 lmol Sn/mL) under inert atmo-
sphere, then the solvent was allowed to evaporate for 24 h at room
temperature; finally, the solid was calcined at 550 �C for 5 h. The
material was coded as Sn(0.28)-I, where the number in parenthe-
ses corresponds to the tin weight percent loading determined by
atomic absorption.

2.2. Catalytic tests

The reactions were performed in 2 mL capped vials covered
with inert silicone septa and immersed in an oil bath which tem-
perature was controlled with an IKA fuzzy controller, and the stir-
ring rates of the stir plate were calibrated and measured with an
Extech Instrument digital stroboscope. The catalytic tests were car-
ried out at least by duplicate in six batch reactors under identical
reaction conditions (Fig. 1 and Table 1), that is, 1 mg of catalyst
Sn(0.28)-I, 1 mL of b-pinene in toluene solution at a concentration
between 0.063 and 0.5 M, and paraformaldehyde (0.046–2.5 M).
Each reactor was removed from the oil bath every 5 min and
cooled immediately with pressurized air, then the solid and the li-
quid phases were separated by centrifugation. The size of the cat-
alyst was classified with standard series mesh of 170, 270, 325 and
400. The particle size distribution was measured with laser diffrac-
tion using a Master Sizer 2000 ver. 5.6 (model Hydro 2000S AWA,
Malvern Instruments Ltd., UK) on solids dispersed in water under
ultrasound. Table 2 shows the properties of the sieved solids. The
temperature effect on the nopol production was evaluated be-
tween 75 and 100 �C, with increases of 5 �C (Table 3). The reaction
products in the liquid phase were identified in a GC–MS Agilent
7890 N equipped with a HP-5 capillary column, FID detector and
autosampler. The carrier gas was He (1 mL min�1) and the split ra-
tio 100:1. The oven temperature was kept at 90 �C for 1 min and
then it was raised to 160 �C at 10 �C min�1 for 7 min. The quantifi-
cation of nopol and b-pinene was carried out by multi point cali-
bration curves using dodecane as internal standard. The initial

reaction rates of b-pinene disappearance and nopol formation were
determined from the slopes of the curves of concentration of the
corresponding compound against the time evaluated at t = 0.

3. Results and discussion

3.1. Mass transfer considerations

The reaction conditions that avoided mass transfer limitations
were determined. Particle sizes estimated by the average between
standard meshes are in good agreement with those values ob-
tained by the particle size distribution analyzer. Average particle
size below 38 lm, could actually correspond to particles of
33.4 lm and lower. To evaluate the effect of external diffusion on
the reaction rate, the reaction was carried out at different stirring
rates (650–2000 rpm) under standard reaction conditions and with
a fixed average particle size of 41.5 lm (Fig. 2). The highest initial
reaction rate was obtained above 2000 rpm. The effect of the inter-
nal diffusion on the reaction rate was evaluated by changing the
average particle size (38–71.5 lm) under the standard reaction
conditions and at a stirring rate of 2000 rpm (Fig. 2). These results
indicated that the initial reaction rate is almost constant when the
average particle size of the catalyst is between 38 and 41.5 lm.
Thus, all further experiments were carried using catalyst with an
average particle size of 38 lm and at a stirring rate of 2000 rpm.

3.2. Determination of the kinetic rate law

Table 1 shows the effect of the substrate concentrations on the
experimental initial reaction rates of b-pinene disappearance and
nopol formation. Although, the results suggest that parallel reac-
tions of b-pinene take place from the starting of the reaction, since
�r0A0 P r0C0, for next analysis only nopol production is taken into ac-
count. Side product formation was favored over Sn(0.28)-I with a
large excess of b-pinene or paraformaldehyde (runs 1 and 6). We
previously reported that byproducts from isomerization of b-
pinene, such as camphene and limonene, and from allylic oxidation
such as myrtenol, are observed at high conversions (above 60%)
over Sn-MCM-41 obtained by chemical vapor deposition (CVD) or
by direct hydrothermal synthesis [6]. Over Sn(0.28)-I not only
the aforementioned byproducts but also nopyl acetate, pinocarveol
and myrtenyl acetate byproducts were observed.

Fig. 1 shows the effect of the concentration of reactants on the
initial reaction rate of nopol formation. The decrease of the initial
reaction rate in the presence of nopol suggests a strong adsorption
of the main reaction product on active catalytic sites. A maximum
in the r0C0 was observed in the absence of nopol in the initial reac-
tion mixture and under stoichiometric conditions. The type of pro-
file obtained is typical of bimolecular processes where the two
reactants are adsorbed in one kind of site [15], which corresponds
to mechanism 1 (Table 4). The model M1 had the best fitting of the
experimental data (higher R2, lower RSS and MSE, with randomly
distribution of residuals); the predicted initial rate is showed in
Fig. 3. Model M1 was obtained from the mechanism 1 according
to the Langmuir–Hinshelwood formalism, where the surface reac-
tion was assumed as the rate determining step, as it is the case of
the most of heterogeneous catalytic reactions [13,15]. The mecha-
nism 2 and its corresponding model M2 are included for compari-
son, but it is clear from its statistics that the experimental data
fitting is not better than for model M1.

3.3. Sensibility analyses of the kinetic parameters of model M1

The constants determined with the nonlinear regression of
model M1 at 90 �C were k0sr ¼ 0:185� 0:009 mol g�1 h�1,

Fig. 1. Effect of the concentrations of reagents on the initial reaction rate of nopol
formation, r0C0.

A.L. Villa et al. / Chemical Engineering Journal 215-216 (2013) 500–507 501



Author's personal copy

KA = 126 ± 35 M�1, KB = 105 ± 29 M�1 and KC = 401 ± 4 � 10�8 M�1.
The KA:KB ratio is about 1.2:1, and independently of the values of
the adsorption constants, if that ratio is maintained, the predicted
initial reaction rate of nopol formation does not vary (Fig. 3). This
sensitivity analysis is a first indication of the robustness of the
model that would indicate that: (i) it could be possible to deter-
mine one adsorption constant at 90 �C if the experimental value
of the other constant is known; and (ii) the temperature effect
could be only determined on the rate constant of the surface reac-
tion, k0sr . The sensibility analysis of the reaction parameters of the
model M1 was carried out with concentrations of b-pinene and
paraformaldehyde of 0.25 M and 0.5 M, respectively, without no-
pol addition, at 90 �C, with r0C0 ¼ 0:0423 mol g�1 h�1. This value
was compared to the value of r0C0 recalculated, ðr0C0Þrc , after some
modifications: (i) changing k0sr in some percent and maintaining
the KA/KB = 1.2, (ii) varying KA (or KB) and maintaining both
KA/KB = 1.2 and k0sr ¼ 0:185 mol g�1 h�1 (continuous lines in Fig. 4),
and (iii) modifying KA/KB maintaining k0sr ¼ 0:185 mol g�1 h�1

(Fig. 4, dashed line). These results indicate that the initial reaction
rate of nopol production is proportional to changes in k0sr . A simul-
taneous variation in both KA and KB up to 500%, or even higher,

produced a maximum change in the initial reaction rate of nopol
production of about 2%, confirming the robustness of the model
respect to these parameters.

3.4. Temperature effect on the reaction rate law

The adsorption equilibrium constant dependency on tempera-
ture is given by the Van’t Hoff equation, Eq. (1) [16]. If DHads,i is
not strongly temperature-dependent between T1 and T2, then Eq.
(1) is transformed into Eq. (2). At the reference temperature
(T1 = 90 �C) KA,T1/KB,T1 = 1.2, the ratio KA,T2/KB,T2 is calculated
according to Eq. (3). Fig. 5 shows that KA,T2/KB,T2 � KA,T1/KB,T1 if
the adsorption enthalpies of both reactants were similar. Although
changes up to 300% were possible in the ranges of temperature and
differences of adsorption enthalpies analyzed, Fig. 4 would give a
maximum variation of around 10% in the initial reaction rate of no-
pol production. Under these analyses, we propose that the effect of
temperature on reaction rate could be mainly considered on the
surface reaction constant.

d ln K
dT

¼ DHads

RT2 ð1Þ

Ki;T2 � Ki;T1 exp �DHads;i

R
1
T2
� 1

T1

� �� �
ð2Þ

KA;T2

KB;T2

¼ KA;T1

KB;T1

exp �
DHads;A � DHads;B

� �
R

1
T2
� 1

T1

� �� �
ð3Þ

In order to assess the validity of our proposal, available kinetic
data of heterogeneously catalyzed reactions with a rate law similar
to model M1 in a liquid phase were analyzed, Table 5 [17–21].
These reactions include alkylation [17], oxidation [18], and hydro-
genation [19–21]. Table 5 shows that the KA/KB ratio decreases
when the temperature increases, as it is concluded from Eq. (3).
Unfortunately, it was not possible to confirm that the observed ef-
fect of temperature on Dr0C0 is of the same order of magnitude of
Dk0sr , because there were not enough available data in those refer-
ences to carry out the calculations. However, the |DHads,A � DHads,B|
varied between 4.0 and 115.8 kJ/mol [17–27]. We chose a

Table 1
Effect of the concentration of b-pinene, paraformaldehyde and nopol on the initial
reaction rate of b-pinene disappearance and nopol formation.

Run Concentration (M) r0i0 � SDðmol g�1 h�1Þ

b-pinene
(A)

HCHOx
(B)

Nopol
(C)

�r0A0 r0C0

1 0.250 0.063 0 0.0621 ± 0.0040 0.0232 ± 0.0030
2 0.250 0.125 0 0.0424 ± 0.0050 0.0370 ± 0.0060
3 0.250 0.250 0 0.0580 ± 0.0010 0.0438 ± 0.0010
4 0.250 0.375 0 0.0587 ± 0.0010 0.0436 ± 0.0005
5 0.250 0.500 0 0.0468 ± 0.0060 0.0416 ± 0.0010
6 0.250 2.500 0 0.0312 ± 0.0080 0.0162 ± 0.0040
7 0.063 0.250 0 0.0411 ± 0.0070 0.0343 ± 0.0020
8 0.125 0.250 0 0.0509 ± 0.0020 0.0418 ± 0.0005
9 0.375 0.250 0 0.0574 ± 0.0030 0.0418 ± 0.0020
10 0.500 0.250 0 0.0372 ± 0.0005 0.0359 ± 0.0030
11 0.463 0.046 0 0.0416 ± 0.0020 0.0186 ± 0.0030
12 0.250 0.250 0.0625 0.0291 ± 0.0100 0.0206 ± 0.0030
13 0.250 0.250 0.125 0.0270 ± 0.0030 0.0139 ± 0.0030

r0i0: initial reaction rate of disappearance of b-pinene, �r0A0, and formation of nopol,
r0C0; SD: experimental standard deviation.

Table 2
Particle size properties of sieved materials.

Sieve range Average particle size (lm)a Percentile 0.90 (lm)b

170–270 71.5 71.7
270–325 49.0 47.9
325–400 41.5 43.1
<400 <38 33.4

a Average between sizes of standard series mesh.
b Indicates the highest size of 90% of the analyzed particles using a Master Sizer.

Table 3
Temperature effect on the measured initial reaction rate of nopol production.

Run Temperature (�C) r0C0 ± SD (mol g�1 h�1)

1 75 0.0090 ± 0.0010
2 80 0.0172 ± 0.0016
3 85 0.0216 ± 0.0014
4 90 0.0402 ± 0.0010
5 95 0.0473 ± 0.0039
6 100 0.0534 ± 0.0033

Reaction conditions: 1.0 mL of b-pinene in toluene solution (0.25 M), b-pinene:
HCHOx molar ratio of 1:2, 1 mg catalyst.

Fig. 2. Effect of the average particle size and the stirring rate on the initial reaction
rate (disappearance) of b-pinene, �r0A0, to evaluate the mass transfer resistances.
Reaction conditions: 1.0 mL of b-pinene in toluene solution (0.25 M), b-pinene:
HCHOx molar ratio of 1:2, 90 �C, 1 mg catalyst; 2000 rpm (h) and an average
particle size of 42 lm (s).
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|DHads,A � DHads,B| of 115 kJ/mol and together with the estimated
Arrhenius parameters, the effect of Dk0sr and D(KA/KB) on Dr0C0 was
determined for nopol synthesis under the reaction conditions used
in this research.

For obtaining the Arrhenius parameters, the surface reaction
constants were determined between 75 and 100 �C, with the
experimental data of the initial reaction rate production of nopol
(Table 3) and with following equation:

k0sr ¼
r0C0ð1þ KA;T1 CA0 þ KB;T1 CB0Þ2

KA;T1 KB;T1 CA0CB0
¼ k00r0C0 ð4Þ

where r0C0 is the initial reaction rate of nopol production,
CA0:CB0 = 1:2, KA,T1 = 126 M�1, KB,T1 = 105 M�1, and k00 = 4.37.

Fig. 6 shows the Arrhenius plot of the reaction rate constant of
nopol production over Sn-MCM-41, and the reaction carried out
without catalyst and without solvent that was reported by Watan-
abe [11]. Table 6 shows the corresponding Arrhenius parameters,
i.e. apparent pre-exponential factor, Aapp, and the apparent activa-
tion energy, Eapp, for nopol production by thermal synthesis and
heterogeneous catalytic processes over Sn-MCM-41 and Sn-SBA-
15. The apparent activation energies of the heterogeneous Sn-
MCM-41 and the non-catalyzed system were around of 67 and
79 kJ/mol, respectively, without considering the constant value at

Table 4
Statistics of the best fitted reaction rate law of nopol synthesis (A + B ? C) and their mechanisms.

Mechanism Rate law Parameters Value IC R2 (RSS, MSE)

Mechanism 1

Aþ S$kA A � S ð1Þ Model M1 � r0C ¼
k0sr KA KB CACB

ð1þKA CAþKB CBþKC CC Þ2
k0sr 0.185 0.009 0.9178

Bþ S$kB B � S ð2Þ KA 126.0 35.0 (1.2 � 10�5, 2.6 � 10�4)

A � Sþ B � S!ksr C � Sþ S ð3Þa KB 105.2 29.1

C � S$kC C þ S ð4Þ KC 400.6 4 � 10�8

Mechanism 2

Aþ S$kA A � S ð1Þ Model M2 � r0C ¼
k0sr KAKB CA CB

ð1þKA CAÞð1þKB CBþKC CC Þ
k0sr

0.0392 0.0043 0.4641 (7.6 � 10�5,
0.001681)

Bþ L$kB B � L ð2Þ KA 3942 6 � 10�9

A � Sþ B � L!ksr C � Lþ S ð3Þa KB 41.3 9 � 10�6

C � L$kC C þ L ð4Þ KC 136 2 � 10�6

a Rate determining step. r0C : Initial reaction rate of nopol formation (mol g�1 h�1), Ci: initial concentration of each specie i, ksr: surface reaction constant, Ki: adsorption
constant for each specie i (Ki = ki/k�i), A: b-pinene, B: paraformaldehyde, C: nopol, k0sr ¼ ksr�q, q: concentration of active sites on the catalyst surface (mol g�1). IC: 95%
confidence interval. R2: determination coefficient. RSS: residuals sum of squares. MSE: mean squared error. The nonlinear regressions were carried out in Statgraphics 5.1.

Fig. 3. Experimental and predicted data with model M1. Reaction conditions of
runs are in Table 1.

Fig. 4. Sensibility analysis of the constants of model M1 showed in Table 4.
Dr0C0 ¼ ½ðr0C0Þrc � r0C0�=r0C0 � 100%, where r0C0 ¼ 0:0423 mol g�1 h�1 at 90 �C.
k0sr ¼ 0:185 mol g�1 h�1, KA = 126 M�1 and KB = 105 M�1.

Fig. 5. Effect of the adsorption heat differences of b-pinene and formaldehyde
species between 75 and 100 �C. D(KA/KB) = (KA,T2/KB,T2 � 1.2)/1.2 � 100%.
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75 �C, since this value is out of the trend, attributed to the fact that
below 80 �C the paraformaldehyde depolymerization rate toward
its monomeric units of HCHO is low [28].

On the other hand, if Arrhenius parameters of Table 6 are taken
along with the hypothetical |DHads,A � DHads,B| = 115 kJ/mol, Fig. 7
is obtained using k0simulated from Eq. (4). Simulated data indicate only
pronounced deviations at 100 �C, suggesting that our hypothesis is
a good approximation for the lowest temperatures on this work.
Moreover, simulated data have a good fit to a second order polyno-
mial. Experimental data for nopol kinetics (Fig. 6) and the data re-
ported by Ramaswamy [8] seem to have also this shape. Lyngaard
et al. [16] reported the compensation effect in the apparent activa-
tion energy and pre-exponential factor with temperature. It means
that ln r0C0 vs. 1/T or ðln k0sr � ln k00Þ vs. 1/T are not linear functions
and Eqs. (5) and (6) are valid, were a and b are known as the linear
parameters of Cremer–Constable relation [16]:

Eapp ¼ �R
dðln r0C0Þ
dð1=TÞ ¼ �R

dðln k0srÞ
dð1=TÞ ¼ RT2 dðln k0srÞ

dðTÞ ð5Þ

ln Aapp ¼
Eapp

RT
þ ln r0C0 ¼ a�Eapp þ b ð6Þ

Taking into account the observed second order polynomial
dependency respect to 1/T discussed above, the Eq. (7) is obtained
for temperatures between 75 and 100 �C. The temperature depen-
dency of Eapp and the Constable plot are displayed in Figs. 8 and 9,
respectively. Although the apparent activation energy average ob-
tained from the Constable plot (77 kJ/mol) is very close to the value
obtained from linear approximation (Table 6), Fig. 8 shows that the
Eapp varies between 28 and 128 kJ/mol, showing the temperature
effect on this parameter:

ln k0sr ¼ �218:05þ 164939:15
1
T
� 31383471:82

1
T2 ;

R2 ¼ 0:98185 ð7Þ

3.5. Comparison of the proposed kinetics with another reports based
on heterogeneous catalysis

Table 6 (entry 3) shows the Arrhenius parameters reported for
the nopol production over Sn-SBA-15 [8], giving an activation en-
ergy of around 47 kJ/mol The data reported over Sn-SBA-15 were
obtained at 70, 80, 90 and 110 �C [8], and between 2 and 24 h.
Our experimental rate data obtained at 90 �C [10] were correlated
with the integral method in a similar way as Sn-SBA-15, producing
also a pseudo-first order kinetic respect to b-pinene (Fig. 7, dashed
lines). The determination coefficients, R2, were reasonably high
(96–99%), excepting the data that correspond to a catalyst and b-
pinene concentration of 1 mg/mL and 0.25 M, respectively.

For determining if the kinetic model M1 is coherent with experi-
mental data, Eqs. (8)–(12) were used. Eq. (8) corresponds to the mole
balance of nopol in a batch reactor and Eq. (9) to the yield definition:

rCW ¼ dNC

dt
ð8Þ

Table 5
Effect of temperature on the parameters of the rate law of liquid phase reactions which kinetic expression analogous to model M1.

Rate law expression, a �r0i T0 (K) DT (K)b
Dk0sr , (%) b D(KA/KB) (%) b |DHads,A � DHads,B| (kJ/mol)b Ref.

�rA ¼ k1KAKB CA CB

ð1þKA CAþKB CBþKC CC Þ2
313 10 55.7 �8.5 7.3 [17]

A: tert-butyl alcohol 20 136.7 �15.6
B: phenol 30 248.1 �22.0
C: p-tert-butyl phenol

�rA ¼ kST K0:5
A KB C0:5

A CB

ð1þK0:5
A C0:5

A þKB CBÞ2
423 25 183.7 �33.0 16.8 [18]

A: oxygen 40 736.6 �9.1
B: total organic carbon (TOC) 50 1821.5 �2.1

�rIV ¼ KS K 0H2 KIV PH2 CIV

ð1þK 0H2 PH2þKIV CIV Þ2
393 15 72.3 �14.9 115.8 [19]

H2: hydrogen 30 278.1 �92.1
IV: iodine value of palm fatty acid

�rR ¼ Lkr1KRKH2 CR PH2

ð1þKR CRþKH2PH2Þ2
323 30 283.3 �35.0 15.8 [20]

R: Citral 40 455.6 �45.3
H2: hydrogen

�rCOD ¼ k1 KCOD KH2CCOD CH2

ð1þKCOD CCODþKH2CH2Þ2
313 10 100.0 �38.2 54.6 [21]

COD: 1,5-cyclooctadiene 30 1233.3 �82.5
H2: hydrogen

T0 is the lowest temperature reported in the reference.
DT = (T � T0).
Dk0sr ¼ ððk

0
sr;T � k0sr;T0Þ=k0sr;T0Þ � 100%.

D(KA/KB) = ((KA,T/KB,T) � (KA,T0/KB,T0)) � 100%/(KA,T0/KB,T0)).
|DHads,A � DHads,B| is the absolute value of the difference between enthalpies of adsorption.

a The component A was chosen in order to have |DHads,A| > |DHads,B|.
b Determined with data from the reference.

Fig. 6. Temperature effect on the reaction rate constant of nopol production
without catalyst [11] and over Sn-MCM-41 synthesized by impregnation.
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NC ¼ NA0Y ð9Þ

Eq. (10) gives a correlation between the fractional conversion of
b-pinene (X) and the amount of catalyst (W) with the nopol yield
(Y), according to experimental data showed in Fig. 9 [10], with
R2 = 99.5%.

Y ¼ 0:8517X � 0:1770W ð10Þ

Eq. (11) was obtained after calculation with a fixed catalyst
weight. Eq. (12) was obtained by replacing the kinetics of nopol
synthesis given by model M1 in following equation:

r0CW ¼ 0:8517NA0
dX
dt

ð11Þ

dX
dt
¼ k0srKAKBC2

A0ð1� XÞðh� XÞ
ð1þ KACA0ð1� XÞ þ KBCA0ðh� XÞ þ KCCA0XÞ2

� W
NA0

� 1
0:8517

ð12Þ

The simulation of Eq. (12), with constants of mechanism 1, was
carried out using ODE45 tool from Matlab (Fig. 10, continuous
lines), indicating that the simulated data also have a good fit with
a kinetic of a pseudo-first order after 2 h of reaction. The simula-
tion of Eq. (12) at different temperatures, with the Arrhenius
parameters in Table 6, produced apparent activation energy
around 58 kJ/mol (vs. 67 kJ/mol). It means lower activation ener-
gies could be predicted if the pseudo-homogeneous rate laws were
used, as observed in Table 6.

In contrast with the good fit at initial rates (Fig. 3), some dis-
crepancies between the experimental data and the predicted val-
ues by Eq. (12) at long reaction times are observed in Fig. 10;
those differences may be owing to nopol deactivation as it is sug-
gested in model M1. We use a semi-empirical deactivation kinetic
approach, Eq. (13) [13], and an independent poisoning, Eq. (14)
[29], that gave a good fitting of the experimental data (Fig. 11).
The best parameters found were: first order deactivation kinetics
(n = 1), asymptotic activity a� = 0 and deactivation constant
kd = 0.1838 h�1. Although, the trend is improved up to 9 h, there
is still a lack of fit at 24 h. A phenomenological interpretation of
all processes occurring in the reactor at long times is under pro-
gress in our laboratory in order to understand the behavior of
the catalytic system and to improve the predictability of the model.
The possible processes are: (i) a competitive adsorption of reac-
tants and byproducts over the active sites; (ii) depolymerization

Table 6
Arrhenius parameters reported for nopol synthesis with several systems.

Entry System or catalyst Method used for rate data analysis Rate law Eapp (kJ/mol) Aapp Ref.

1 Sn-MCM-41 Initial reaction rates Eq. (4) 67 ± 10 (78 ± 9) a 6.52 � 108 mol g�1 h�1 This work
2 Thermal synthesis No available k ¼ rC

CACB
79 ± 4 3.8 � 108 mol�1 h�1 [11]

3 Sn-SBA-15 Pseudo-first order fitted to data between 2 and 24 h k0 ¼ rC
CA

47 ± 9b 5.3 � 105c [8]

a Determined between 80 and 100 �C; in parenthesis Eapp in the range 75–100 �C.
b Calculated value from the reported Arrhenius plot.
c Units not available.

Fig. 7. The effect of temperature simulated with Eq. (4) using the estimated
Arrhenius parameters and hypothetical difference of adsorption enthalpies. Arrhe-
nius parameters from Table 6 (+ dashed lines), simulated data (D), and polynomial
fitting (continuous line).

Fig. 8. Effect of temperature in the apparent activation energy.

Fig. 9. Constable plot for variation in apparent prefactors due to temperature
changes.
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of paraformaldehyde to formaldehyde, above 80 �C [28]; (iii) diffu-
sion of solubilized HCHO throughout pores and active sites of the
solid catalyst; and (iv) competitive reactions of gaseous HCHO on
the colder zones of the reactor, which depends on the reaction sys-
tem setup [30]:

aðtÞ ¼ �riðtÞ
�riðt ¼ 0Þ ð13Þ

da
dt
¼ �kdða� a�Þn ð14Þ

4. Conclusions

A model deduced from a mechanism where the determining
reaction rate step is the surface reaction between aldehyde species
and b-pinene, both adsorbed on sites of the same nature, with the
later desorption of the product is coherent with the experimental
data under initial rate conditions. The model predicts a catalyst
inhibition by the adsorption of the produced nopol. At 90 �C the
relation among the adsorption constants KA and KB in the model
M1 (A: b-pinene, B: paraformaldehyde) is about 1.2:1. A sensibility

analysis of the model confirmed its robustness when the KA:KB ra-
tio is kept constant around 1.2, allowing an easier analysis of the
temperature effect on the reaction on the surface reaction rate con-
stant k0sr . The apparent activation energy obtained from Arrhenius
plot was around 78 ± 9 kJ/mol for temperatures between 75 and
100 �C. Compensation effects are well described by experimental
and simulated data, suggesting that apparent activation energy
actually depends on temperature. It was demonstrated the agree-
ment of the model to pseudo-first order rate law when times are
in the range of 2–24 h of reaction; moreover our kinetics predicts
lower activation energies in pseudo-homogeneous rate laws. The
nopol production could not be totally described by the kinetics of
its formation reaction at long times; it is partially improved by a
semi-empirical deactivation law. It would be necessary to intro-
duce kinetic models that describe also byproduct formation, depo-
lymerization of paraformaldehyde and polymerization in the
gaseous phase of HCHO when the experimental setup allows that
the vapor phase is in contact with zones below 80 �C.
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