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A B S T R A C T

Turpentine is a mixture of monoterpene hydrocarbons obtained as a by-product in the paper industry. In this
contribution we present its transformation process towards an alcohol named nopol, that is an important
household product and fragrance raw material. Reaction conditions were established for the oxyfuntionalization
of crude turpentine oil over Sn-MCM-41 catalyst for the selective conversion of β-pinene to nopol. Synthesized
materials were characterized by XRD, N2 adsorption, FT-IR, TEM and chemical absorption. The reaction was
tested in 2 mL glass reactor with a sample of commercial turpentine with α-pinene (55.5% w/w) and β-pinene
(39.5% w/w) as main components and scaled up into a 100 mL Parr reactor, getting 92% conversion of β-pinene
and a nopol selectivity of 93%. The reusability tests showed that the catalyst can be reused 4 times without loss of
activity. The results showed that 86% less solvent and 37.5% less paraformaldehyde can be used with turpentine,
compared to the conditions used with β-pinene for getting similar catalysts activity.
1. Introduction

Crude sulfate turpentine is one of the kraft pulping process byprod-
ucts of pine wood. It is a cheap material with applications in the manu-
facture of solvents and cleaning materials [1]. Many perfume chemicals
are produced from α-pinene and β-pinene, the main constituents of tur-
pentine [1]. 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 β -pinene [2]. This alcohol is used in
household product formulations, agrochemicals, detergents and soaps
[3]. Some of the widely used processes for the production of nopol
require temperatures around 200 �C or the use of homogeneous catalysts
such as ZnCl2 [4,5].

The above methods present some drawbacks, due to their low selec-
tivity to nopol, high energy demand, the use of toxic and corrosive
chemicals, the elimination of complex chemical residues or the difficulty
in separating the catalyst from the reaction mixture [6, 7]. For this
reason, different heterogeneous catalytic systems have been studied for
the production of nopol, such as Sn-SBA-15, sulfated zirconia and
Sn-MCM-41 [7, 8, 9, 10, 11]. Using a more efficient catalyst such as
Sn-MCM-41 for the transformation of β-pinene, is possible to reduce the
temperature of the process below 100 �C with the additional advantage
of ease separation and reuse of the catalyst. Over Sn-MCM-41, yields
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between 90 and 100% have been reported [12, 13, 14, 15], values that
exceed the optimum yield reported (71%)with the homogeneous catalyst
ZnCl2 [4]. The mesoporous properties (large surface area with pores di-
ameters between 1.5 to 10 nm [16] and a thin pore-walls of 1–1.5 nm
[17]) of the MCM-41 allow the diffusion of the β-pinene molecule into
the large pore sizes that facilitate they reach the active tin species.
Additionally, tin generate Lewis-type acidity that is required to carry out
the condensation of Prins between β -pinene and formaldehyde [18].

In this contribution, the use of Sn-MCM-41 catalyst in the oxy-
functionalization of commercial turpentine (50% α-pinene, 40%
β-pinene, 3% limonene, 7% other monoterpenes) as source of β-pinene is
studied using different amounts of ethyl acetate as a solvent, for avoiding
formaldehyde polymerization in the vapor phase [19]. An efficient and
environmentally friendly process is looked for adding value to the kraft
pulping process byproducts of pine wood and contribute to green
chemistry standards.

2. Materials and methods

2.1. Materials

The reagents used in this work were β-pinene (purity 99% w/w),
myristyltrimethylammonium bromide (purity 99% w/w), tetraethyl
pril 2020
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orthosilicate (TEOS, 98% w/w), paraformaldehyde (purity 95% w/w)
supplied by Sigma Aldrich; SnCl2⋅2H2O supplied by Alfa Aesar; aqueous
ammonia (28–30% w/w) supplied by EM Science; toluene (99.9% w/w)
and ethyl acetate (purity 99.5% w/w) were purchased to J. T. Barker.
Commercial turpentine oil was obtained from local market.

2.2. Catalyst synthesis

MCM-41 was prepared using the method reported by Grün et al [20].
Briefly, myristyl trimethylammonium bromide was dissolved in distilled
water under vigorous stirring. Then, the pH was adjusted by adding
aqueous ammonia and TEOS was added dropwise at 10 mL min�1, using
a peristaltic pump. This suspension was stirred at room temperature for 1
h. The precipitate was filtered and dried overnight at 100 �C. The solid
obtained was calcined at 550 �C for 5 h (1 �C min�1).

Sn was grafted onto the mesoporous materials via incipient wetness
impregnation [7, 10]. A solution of SnCl2⋅2H2O in ethyl acetate was
prepared and added to the solid dropwise and under a manual homog-
enization process. The solid obtained was dried for 24 h at room tem-
perature and calcined at 550 �C for 5 h (1 �C min�1).

2.3. Catalyst characterization

The phase structures of the catalyst were identified by small angle
XRD analysis in a Bruker AXS diffractometer provided with a copper
lamp, monochromatic CuKα radiation source (λ ¼ 1.5406 Å). The porous
properties of the samples were determined by N2 sorption isotherms at 77
K using a Micrometics model ASAP 2020 PLUS. Surface areas were
calculated using the Brunauer-Emmett-Teller (BET) method and Barrett-
Joyner- Halenda (BJH) pore size distribution from the desorption branch.
The FTIR measurements were carried out by mixing the powder sample
with KBr, in a Frontier FT-IR spectrometer (PerkinElmer), model Spec-
trum 65, with a resolution of 4 cm�1. Transmission electron microscopy
(TEM) images were collected on a Tecnai F20 Super Twin Transmission
Electronic Microscope TMP by FEI. The Sn content was quantified by
chemical absorption in a Thermo Elemental spectrometer SOLAAR S4
Spectrometer.

2.4. Catalytic reactions

First, reactions were performed at 90 �C with pure β-pinene in 2 mL
vials covered with inert silicon septa equipped with magnetic stirrer at
2000 rpm, immersed in an oil bath whose temperature was controlled
with an IKA brand FUZZY temperature controller [13, 14]. A stirring
speed of 2000 rpm was used for avoiding external mass transfer limita-
tions, as it was reported for nopol synthesis by Prins condensation of pure
β-pinene and paraformaldehyde over Sn-MCM-4 [21]. The average par-
ticle size of the catalyst used was between 38 and 41.5 μm for avoiding
internal mass transfer limitations. Later, a commercial turpentine sample
was characterized and used instead of high purity β-pinene to evaluate
the effect of different reaction parameters such as the amount and type of
solvent, the amount of catalyst and the reaction time; appropriate reac-
tion conditions were obtained (12 mg Sn-MCM-41, 0.8 mmol of β-pinene
from commercial turpentine, 1 mmol of paraformaldehyde (HCHOx),
0.25 mL of ethyl acetate, 90 �C). Larger scale reaction in a 100 mL Parr
reactor was evaluated.

Reaction products were analyzed using a gas chromatograph model
7890 N Agilent, coupled with a mass Triple-Axis detector (5975C, Agi-
lent). The GC was equipped with a DB-1 capillary column (30 m � 320
μm x 0.25 μm) and the carrier gas was helium. The chromatograph oven
temperature was kept at 100 �C for 1 min, and then it was increased to
220 �C at a rate of 10 �C min�1, where it remained stable for 1 min; the
split ratio was 1/25. The GC-MS operates simultaneously with a MS-
source temperature of 230 �C and MS-quadrupole temperature of 150
�C. The system was operated in electron impact mode and the MS spectra
were analyzed using the NIST library.
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Pure nopol was identified by comparison with standard sample and
by GC-MS. The analysis of the reaction samples was carried out by the
external standard method: three calibration curves corresponding to
α-pinene, β-pinene and nopol were prepared; the samples of known
concentration were prepared in volumetric balloons of 5 mL, which was
later analyzed by gas chromatography. Molar concentrations were
plotted against the average area obtained by chromatographic analysis.
The quantification was carried out by comparing the signals of the
sample with those corresponding to the standard solutions. Catalyst
recycling study was carried out to check the heterogeneity of the catalyst.

The conversion, selectivity and yield were calculated using Eqs. (1),
(2), and (3), respectively.

% β�Pinene conversion¼
�
Cβ�pinene

�
initial

� �
Cβ�pinene

�
final�

Cβ�pinene

�
initial

*100 (1)

% Nopol selectivity¼ Cnopol�
Cβ�pinene

�
initial

� �
Cβ�pinene

�
final

*100 (2)

% Nopol yield¼% β � pinene conversion*%nopol selectivity
100

(3)

where C is the concentration.

3. Results and discussion

3.1. Catalyst characterization

Typical powder X-ray diffraction pattern of MCM-41 and Sn-MCM-41
samples are shown in Figure 1. The literature reports that materials of
mesoporous channels with hexagonal distribution are characterized by a
pronounced reflection at 2θ ¼ 2�, and two small reflections at higher
angles [20, 22]. The synthesized materials have the characteristic peak at
2θ ¼ 2.6�, which corresponds to the reflection of the d100 ~ 33 Å plane
[23]. The diffractogram of MCM-41 (Figure 1a) shows the four charac-
teristic signals of this materials as (100), (110), (200) and (210) re-
flections [16], as well as the tin catalyst (Figure 1b) which has the same
peaks but with a decrease in its intensity. This phenomenon, as well as
the displacement at greater angles, has been observed previously [13,
24], and has been attributed to the slight distortion of the hexagonal
array of channels of the MCM-41 incorporating other species such as Sn
and Zn, and the decrease of the cell parameters when removing the
structuring agent.

Figure 2 shows N2 adsorption-desorption isotherms of the MCM-41
and Sn-MCM-41 materials. The isotherms of both samples were type IV
according to the IUPAC classification, a typical type for small pore
diameter mesoporous materials without a visible an H1 hysteresis loop
[10, 25]. Table 1 shows the BET surface area, the pore volume and the
pore diameter and the Sn content of the synthesized materials. When
comparing the BET area obtained for MCM-41 and Sn-MCM-41, it is
possible to concluded that they are within the range reported in previous
studies for this kind of materials, 929–1154 m2 g�1 [24]. In this case the
physical properties are not drastically affected because tin incorporation.

The atomic absorption analysis (Table 1) showed that the Sn content
(0.25% w/w or 21 μmol Sn g�1 of catalyst) of the synthesized material, is
very similar to the value reported in previous studies for Sn-MCM-41 (24
μmol Sn/g of catalyst) [15].

The IR spectra for synthesized MCM-41, MCM-41 after calcination
and Sn-MCM-41 are shown in Figure 3. The peaks around 1500 cm�1

assigned to aliphatic C–H bending vibrations and 2930 cm�1 assigned to
aliphatic C–H stretching vibrations of the surfactant disappear during the
calcination process [26], which indicates that the surfactant was effec-
tively removed from the MCM-41. The band around 3432 cm�1 in the
three materials could be related to O–H bond stretching vibrations [27].
The bands around 1629 cm�1 are caused by the vibrations of water



Figure 1. XRD patterns of synthesized materials (a) MCM-41 (b) Sn-MCM-41.

Figure 2. N2 adsorption-desorption isotherms of (a) MCM-41 and (b) Sn-MCM-41.
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molecules, while the bands close to 1080 cm�1 could represent the
bending and symmetric stretching vibrations of the Si–O–Si linkages [27,
28]. This assignment of characteristic bands of the MCM-41 confirms the
results found by XRD sown in Figure 1. The characteristic bands of the
MCM-41 (1080 cm�1) [27], indicates that the process of silica formation
was successfully carried out; while the appearance of aliphatic C–H
bending and stretching vibrations (1629 cm�1, 2930 cm�1) [28], may be
owing to no hydrolyzed TEOS. Whenmetal is introduced into the support
structure, distinctive bands appear at 968 cm�1, which corresponds to
stretching vibration of heteroatom attached to Si–O–Sn [29, 30]. In this
case, there are no distinctive bands that suggest the incorporation of tin
in the structure.

Figure 4 shows the TEM images for MCM-41 and Sn-MCM-4. As can
be observe there is a well-ordered hexagonal arrangement structure in
both materials [24]. No agglomerates are observed, suggesting an
adequate method of synthesis for MCM-41 and a uniform distribution of
deposited tin.
Table 1. Physical properties of MCM-41 and Sn-MCM-41 materials.

Property MCM-41 Sn MCM-41

μmol Sn/g supporta 43.05

%w/w Sn Depositedb 0.25

BET Surface Area (m2/g) 1041 1043

Pore volume (cm3 g�1) 0.64 0.77

Pore diameter DBJH (nm) 3.47 3.29

a Amount of tin used in the impregnation procedure.
b Tin charge determined by atomic adsorption.
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3.2. Catalytic reactions

First, the activity of the catalyst was evaluated under the standard
reaction conditions between β-pinene and paraformaldehyde in the
presence of ethyl acetate (12 mg of Sn-MCM-41, β-pinene in ethyl acetate
solution 0.46 M (1 mL), (HCHO)x:β-pinene molar ratio of 2:1, 90 �C, 0.5
h) where a conversion of 40% and a selectivity to nopol of 93% were
reported [15]. The catalytic reactions using Sn-MCM-41 synthesized for
this work showed a conversion of 25.2%, selectivity of 89.8% and a yield
of 22.6%. These results show a conversion 10 units below the reported
one, which may be associated to the actual amount of Sn deposited. The
reference reports a tin charge of 24 μmol Sn g�1 catalyst, while the ma-
terial used in this work has 21 μmol Sn g�1 of catalyst, which translates to
12.5% w/w less than the reference. Studies show that the metal content
and the pore size can affect the catalytic performance of Sn-MCM-41
materials [10].

One advantage of this process is the use of the heterogeneous catalyst
Sn-MCM-41. Table 2 shows the TOF values for three different catalysts in
the production of nopol under the same reaction conditions. Sn-MCM-41
and ZnCl2 have a comparable catalytic activity. However, the heteroge-
neous catalyst is easier to separate from the reaction mixture and can be
reused without loss of activity. Although, higher conversion is obtained
using SnCl2 as catalyst, its lower selectivity suggests a more complex
process for nopol separation.

Two samples of turpentine from different suppliers were character-
ized by gas chromatography. The samples were named sample TE-1 and
TP-1 and characterized using peak area normalization method (Table 3).

Figure 5 shows the chromatograms for both turpentine samples. The
peaks assigned to 5.2 and 5.5 min correspond to α-pinene and β-pinene,



Figure 3. FTIR spectra of (a) MCM-41without calcination, (b) calcinated MCM-
41 and (c) Sn-MCM-41 materials.

Table 2. Comparison of TOF between homogeneous and heterogeneous
catalysts.

Catalyst % Conversion % Selectivity TOFa

Sn-MCM-41 40 98 0.0025

SnCl2 98 85 0.0048

ZnCl2 91 92 0.0028

Reaction conditions: Catalyst (12 mg), β-pinene (0.46 mmol), HCHOx (1 mmol),
30 min, 1 mL ethyl acetate, 90 �C a mol of substrate converted/(mol Sn s).
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respectively. From the figure it can be concluded that the sample TP-1
has a higher content of α-pinene, while the sample TE-1 has a higher
content of β-pinene. The results of the analysis by the external standard
method showed that sample TE-1 had 55.45% w/w of α-pinene, 39.5%
w/w of β-pinene and others, while TP-1 has 78.78% and 9.99% w/w of α
and β-pinene, respectively. The results found by the external standard
method are very similar to those found by the normalization of areas
(Table 3). Therefore, it was decided to use the sample with the highest
β-pinene content for the reaction tests.

Figure 6 shows the effect of the amount of two different solvents (n-
heptane and ethyl acetate) on conversion of β-pinene that contains the
turpentine sample and selectivity and yield of nopol [7]. Figure 6a shows
that as the amount of n-heptane increases, the selectivity of the reaction
Figure 4. TEM images of (a) M

4

toward nopol increases; however, the conversion and yield decrease.
When ethyl acetate was used as a solvent for the oxyfuntionalization of
turpentine (Figure 6b), better results were obtained. The polarity of the
solvent may affect also the reaction rate. A polar solvent can positively
affect the reaction rate by coordinating and stabilizing the intermediate
carbocation [7]. n-Heptane is a non-polar solvent with a relative polarity
of 0.012 while ethyl acetate is an aprotic apolar solvent with a relative
polarity of 0.228, the low polarity of the n-heptane could decrease the
coordination of the intermediate species and causes a decrease in the
reaction rate [31]. The kinetics and the effect of solvent was previously
described [7] and it was found that solubility of formaldehyde was
higher in ethyl acetate than in toluene that has a lower polarity. When
there is not ethyl acetate and α-pinene (that is the main component of
turpentine oil) plays the solvent role, conversion is low. The maximum of
conversion is obtained in Figure 6b when ethyl acetate is added because
formaldehyde solubility enhances, but then conversion decreases
because the rate law giving in Eq. (4) [7] indicates that an increase on the
concentration of solvent will reduce the catalytic activity.

r¼ krsKAKBCACB

ð1þ KACA þ KBCB þ KCCC þ KsolCsolÞ2
(4)

The best results were found using 0.25 mL of ethyl acetate, a con-
version of 40% and a selectivity of approximately 75% were obtained.

Figure 7a shows that although the reaction can be carried out in the
absence of solvent, higher yields are achieved in the presence of ethyl
acetate, and without paraformaldehyde deposits in the cold reactor
zones, which is due to the fact that polymerization of formaldehyde in
vapor phase is favored thermodynamically at temperatures below 80 �C
[19]. It was observed that an increase in the amount of catalyst enhances
the conversion (Figure 7b), however the selectivity seems to decrease
when the catalyst concentration is doubled. Possibly it is an effect caused
CM-41 and (b) Sn-MCM-41.



Table 3. Characterization of turpentine samples using peak area normalization method.

Sample TE-1 Sample TP-1

Name % w/w Name % w/w

α-Pinene 50.0 α-Pinene 67.1

Camphene 1.3 Camphene 1.3

β-Pinene 40.5 β-Pinene 13.7

Sabinene 0.4 (þ)-3-Carene 2.6

p-Cimene 0.9 Limonene 2.7

γ-Terpinene 4.8 α-Phellandrene 1.8

Fenchone 0.2 trans-Pinocarveol 0.3

α-Pinene epoxide 0.1 (þ)-4-Carene 1.7

Fenchol 0.4 α-Longipinene 0.7

Terpinen-4-ol 0.1 α-Santalene 0.4

α-Terpineol 0.4 Sativene 0.3

Borneol 0.2 Longifolene 6.1

Unidentified 0.9 Unidentified 1.3

Figure 5. Chromatographic analysis of two turpentine samples. (a) TE-1 and (b)
TP-1.
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by the competitive absorption between the different components of
turpentine or simply as time progresses the catalyst becomes less efficient
and the selectivity begins to decrease due to secondary reactions cata-
lyzed by Lewis acid sites. Some changes were found in the areas of the
isomers such as limonene, a behavior that has been previously reported
Figure 6. Effect of the amount of (a) n-heptane and (b) ethyl acetate on β-pinene con
mg), β-pinene (0.8 mmol), HCHOx (1 mmol), turpentine with 39.5% w/w of β-pine
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[32]. The results show that 86% less solvent and 37.5% less para-
formaldehyde can be used with turpentine, compared to the conditions
used with pure β-pinene.

Finally, the reaction was carried out in a 100 mL Parr 4590 reactor,
for 24 h, in order to determine if it is possible to scale the oxy-
functionalization process without affecting the conversion and selec-
tivity. Then, ethyl acetate was separated from the sample by means of a
rotoevaporation process at 85 �C and 500 mbar Figure 8 shows the tur-
pentine spectra before and after the oxyfunctionalization process. A
conversion of 92% for β-pinene and 93% of selectivity to nopol were
obtained. The final composition by weight of the sample of oxygenated
turpentine was 42.7% nopol, 2.37% β-pinene, 51.73% α-pinene and
others was obtained.

3.3. Reusability tests

The performance and viability of a heterogeneous catalyst is also
measured by its capacity for been reused. The reuse of Sn-MCM-41 was
evaluated in 2 mL vials under the same reaction conditions used with
turpentine as substrate. After each use, the material was washed twice
with 2-propanol under magnetic stirring for 30 min and then washed
with ethyl acetate for an additional 30 min; and finally dried at 100 �C for
12 h. Figure 9 shows that the catalyst activity is maintained after reusing
the catalyst four times; which demonstrates the good performance of the
catalyst and suggests a remarkable chemical stability of the metal on the
surface of the support.
version, nopol selectivity and nopol yield. Reaction conditions: Sn-MCM-41 (12
ne, 1 h, 90 �C.



Figure 7. Effect of (a) amount of solvent and (b) amount of catalyst on the oxyfunctionalization of turpentine. Reaction conditions: catalyst (12 mg), turpentine with
39.5% w/w of β-pinene (0.8 mmol), HCHOx (1 mmol), 90 �C, ethyl acetate as solvent.

Figure 8. Chromatographic analysis of turpentine before (a) and after oxy-
functionalization by reaction of Prins with paraformaldehyde (b). Reaction
conditions scaled up to 50 times: Catalyst (12 mg), β-pinene (0.8 mmol), HCHOx
(1 mmol), 90 �C, 0.25 mL of ethyl acetate.

Figure 9. Reusability tests in turpentine. Reaction conditions: 12 mg Sn-MCM-
41, β-pinene in turpentine (0.8 mmol), HCHOx (1 mmol), 18 h, 90 �C, 0.25 mL
of ethyl acetate.

I. Aguas et al. Heliyon 6 (2020) e03887
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4. Conclusions

The selective condensation of β-pinene present in turpentine sample
over the catalyst Sn- MCM-41 was successfully carried out. Turpentine oil
can be oxyfunctionalized to the nopol molecule with high yield (81%)
and selectivity (92) after 24 h. Using 75% less solvent and 37.5% less
amount of paraformaldehyde, compared to the conditions normally used
with pure β-pinene. The oxyfunctionalization could be scaled without
requiring drastic modifications, using a Parr 4590 reactor of 100 mL for
24 h to obtain a conversion of 92% and 93% selectivity to nopol, with a
mass composition of the main components of 42.7% nopol, 2.37 % of
β-pinene and 51.73% of α-pinene. This process gives added value to
oxyturpentine and reduces the risk of contamination generated by ho-
mogeneous catalysts during the traditional nopol synthesis processes.
The results show that 86% less solvent and 37.5% less paraformaldehyde
can be used with turpentine, compared to the conditions used with
β-pinene for getting the same activity. These favorable conditions allows
to process the essential oil under milder and economical conditions,
using the catalyst 4 more times.
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