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Abstract 

 

Evaluation of oleoresin-based compounds as additives to diesel fuels 

 

 

Duban Fabián García Navas 
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Doctor of Chemical Engineering 
 

Chemical Engineering Graduate Program 
 

Despite the marked reduction in proven reserves of fossil fuels and their contribution 
to global warming, it is expected that diesel engines will continue to play a key role 
in road transportation worldwide : on the one hand, diesel engines present high 
power-output, fuel and thermal efficiency, and durability; and, on the other, new 
technologies still need to overcome technical limitations and reach the stage of 
economic viability. Furthermore, as the road to cleaner and environmentally-friendly 
transportation would include biofuels, sustainability issues should be considered, 
such as the feedstock used in the production of the biofuel. In particular, conifer 
trees, which are encountered in many places on earth and may growth in otherwise 
barren soils, produce pine oleoresin by bleeding; pine oleoresin can be also obtained 
as a byproduct of Kraft process in the pulp industry. Turpentine oil and the non-
volatile rosin or colophony are then obtained by distillation of oleoresin. Turpentine 
has been tested as additive (i.e., below 1%) in several fuel formulations and directly 
as component (i.e., up to 40%) in diesel fuels, and its transformation, e.g., 
hydrogenation (to remove unsaturation) and oxyfunctionalization, has been 
proposed. Prior transformations are required to use of rosin as fuel, however, to 
break its heavy and complex molecules into smaller hydrocarbons.  

In this work, the potential of oleoresin-oxygenated molecules as components or 
additives of diesel fuel was evaluated. Firstly, the combustion of five molecules which 
can be obtained from oleoresin by oxyfunctionalization (i.e., nopol, terpineol — with 
α-terpineol as the main isomer, myrtenol, borneol, and abietic acid methyl ester — 
AAME) was studied to assess their influence on emissions of the main pollutants 
(carbon monoxide — CO, unburned hydrocarbons — UHC, and nitrogen oxides — 
NOx) and flame characteristics (i.e., temperature and height) in non-premixed co-
flow laminar flames of n-heptane + oleoresin derivative blends. CO and UHC 
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emission were reduced and the flame temperature was increased (leading to an 
increase in NOx emissions) in the blends with alcohols, which suggests an 
improvement in the combustion. Nopol stands out between the alcohols probably 
due to the longest sidechain where the hydroxyl group is attached in. Conversely, 
AAME, which, although soluble in n-heptane at low content, is solid at ambient 
conditions, showed a deterioration in the combustion.  

The Prins condensation reaction was then performed to transform β-pinene from 
turpentine into nopol without previous separation (the molecule with best 
performance in the combustion tests), with high conversion and high selectivity 
(>99%). The reaction was scaled-up to 10 L with minor impact on the performance. 
Furthermore, the properties of blends of the oxyfunctionalized turpentine in diesel up 
to 20 % vol. are within the limits established by European Standard EN 590:2013 
(diesel fuel with high quality). In addition, this blend was used as fuel in a Euro 6 
direct injection engine to evaluate the influence of oxyturpentine on performance and 
emissions. A reduction in particulate number, particulate matter and nitrogen oxides, 
and an increase in carbon monoxide and hydrocarbon emissions (as it has been 
reported for oxygenated fuels such as alcohols) was observed. All emissions were 
under the limits established by the NEDC protocol (a valid protocol for vehicle testing 
currently in Colombia and other American, Asian and African countries), suggesting 
a high potential of the oxygenated turpentine as component of diesel fuel. 
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The most frequently used notation in this Thesis is presented.  
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HC Hydrocarbons 
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HHV Higher heating value 

HSP Hansen solubility parameter  

HV Heating value 
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LHV Lower heating value 
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ME methyl ester 

MS Mass spectrometry  

MTABr Myristyl-trimethyl-ammonium bromide 



XXIV 
 

MW Molecualr weight 

ND Not data or Not detected 

NDIR Non-dispersive infrared spectroscopy 

NEDC New European Driving Cycle  

NM Not measured 

NOx  Nitrogen oxides 

OESI Oxygenated-extended sooting index 

PM Particulate matter 

PN Particulate number 

PTFE Poly-tetra-fluoro-ethylene 

TCD Thermal conductivity detector 

TEOS Tetra-ethyl-orthosilicate  

TMAH Tetra-methyl-ammonium hydroxide 

TPD Temperature programmed desorption 

TSI Threshold sooting index 

UHC Unburnt hydrocarbons 

vol. In vol basis 

WSD Wear scar diameter 

wt. In weight basis 

XRD X-ray difraction 
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1.1 Alternative fuels 

1.1.1 Background 

Because of the higher power output, fuel and thermal efficiency, torque, and 

durability of the diesel engine in comparison to the spark ignition engine, road 

transportation is a major consumer of diesel fuel [1]. Thence, it is expected that diesel 

fuel will continue to play a key role in global market. Therefore, it is important to 

design diesel additives and/or components from diverse and renewable sources, at 

low costs and in green processes, which could improve the combustion of diesel 

fuels. 

Oxygenated compounds have shown improvements in the combustion of typical 

fuels [2]. These compounds can improve the combustion, increase the engine 

performance and reduce some pollutants [3], and may be obtained from renewable 

sources. In recent years, different alcohols, such as methanol, ethanol, butanol and 

1-pentanol have been studied in blends with diesel and diesel/biodiesel, with 

concentrations of up to 30 vol. %. Reductions in emissions and viscosity were found, 

whereas energy performance was similar to pure diesel or diesel/biodiesel blends 

[4]–[7]. 

Currently, the use of blends of (up to 10 vol. %) biodiesel and diesel is mandatory in 

Colombia. The biodiesel, obtained from crude palm oil, is an oxygenated compound 

with higher density and viscosity than conventional diesel. Due to the oxygenated 

nature of biodiesel, an improvement of combustion process is evidenced. By 

increasing the ratio of biodiesel in the blends, the smoke opacity and temperature, 

and hydrocarbon, carbon monoxide and carbon dioxide emissions, are decreased 

[8]. The oxygen content contributes to reduction in soot and particulate material, as 
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well as polycyclic aromatic hydrocarbons. In addition, engine performance of 

diesel/biodiesel blends is very similar to that of petroleum diesel [1], [9], [10]. 

The oxygen content of n-alcohols is higher than that of biodiesel [1] which would 

translate into better combustion of alcohol + fuel blends. Use of alcohols in diesel 

and biodiesel blends influences other fuel properties, such as lubricity (related to the 

engine durability) and flash point (related to the risk associated to storage and 

transport of fuels) [11].  

The engine tests at transient conditions with three different fuels (neat diesel fuel 

and diesel fuel blended with either biodiesel or n-butanol) show that combustion 

behavior and stability during the first transient cycles are affected mostly by the 

biodiesel blend and less by the n-butanol blend. The biodiesel blend resulted in a 

significant increase in smoke opacity, whereas there was a decrease with the n-

butanol blend [12] suggesting that alcohols influence better than biodiesel the 

combustion in transient conditions.  

Biodiesel and normal alcohols have shown positive influence in engine tests, 

reducing some pollutants at similar engine performance, but drawbacks such as the 

high viscosity and cold-flow properties of biodiesel, and high volatility, low viscosity 

and latent heat of normal alcohols, impact the injection and diffusion of the fuel blend. 

Therefore, the study of new oxygenated molecules may help improving diesel 

properties, such as stability, volatility, viscosity, cold-flow properties, lubricity, or flash 

point, and simultaneously reduce pollutant emissions. 

1.1.2 Production of alternative fuels 

Renewable and alternative fuels are obtained from biomass, which is naturally 

available or cultivated with this purpose. Biomass represents vegetable crops, forest 

production, alga, and animal and vegetable wastes. The majority of biomass requires 

prior treatment and transformation to be used as fuel. A classification of methods to 

produce alternative fuels from biomass is based on the feedstock and the product 

obtained, as shown in Figure 1.1 [13]. 
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Figure 1.1. Production of alternative fuels from biomass [13] 

Bio-based production of fuels involves the utilization of microorganisms, for instance, 

the fermentation of sugar to obtain ethanol or n-butanol. Gasification and pyrolysis 

are typical examples of treatments with temperature to obtain gas and liquid 

alternative fuels. Production of biodiesel from vegetable oils, on the other hand, 

requires the cultivation and crops of seeds by farming methods, which later are 

treated to be transformed into fuels with processes as transesterification.  

Other transformations from biomass have been investigated, such as hydrogenation, 

cracking, esterification, condensations, among others, using residues to obtain 

molecules with fuel properties. Generally, these transformations involve catalysts 

which increase fuel yield while reducing reaction times or dispensing with hazardous 

substances. Heterogeneous catalysts are preferred because they are easily 

separated from reaction products, their disposal is relatively easy and, in some 

cases, they are low-cost materials. Thus, from a technical, environmental and 

economical standpoint its use should be encouraged.  

1.1.3 Scaling procedures 

Novel reactions to synthesize fuels are usually conducted and optimized at lab scale, 

in fact, a few mL is produced. Thus, scaling-up of the reaction plays an important 
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role in the evaluation of the actual potential of biomass-derived fuels. There are three 

types of scaling-up approaches: physical, experimental and fundamental (or 

phenomenological). The fundamental approach involves the solution of a detailed 

(and complex) model of the system, while the experimental one is based on trial and 

error, thus being a lengthy and costly process. Physical approach, on the other hand, 

is based on dimensionless numbers and variables, and relationships to relate the 

same process at different scales [14].  

In particular, reaction scaling-up should ensure similar conditions in the large and 

laboratory scales, especially chemical thermodynamics and kinetics: if these factors 

are conserved, the chemistry should be identical in the new scale. For 

heterogeneous reactions, however, heat and mass transfer accompany the chemical 

reaction, and is necessary to guarantee that both transfer processes are similar in 

the new scale [15]. This topic is further discussed in Appendix A. 

1.2 Oleoresin as biofuel 

1.2.1 Oleoresin components 

Oleoresin is a complex mixture of volatile monoterpenes (turpentine) and less 

volatile diterpene resin acids (colophony or rosin) obtained from conifer trees (see 

Figure 1.2).  

 

Figure 1.2. Oleoresin components 
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Although the composition of the oleoresin depends on the type of the conifer tree, in 

general the content of turpentine (with α- and β-pinene as the main components) is 

less than 20%, and the fraction of rosin is up to 80% (where 90% are isomeric abietic 

acids and 10% is a mixture of dihydroabietic and dehydroabietic acids); distillation is 

necessary to separate the turpentine and the rosin [16]–[19].  

Main compounds of rosin have chemical structure from abietane skeleton, whereas 

a common carbocationic reaction starting with the ionization of the geranyl 

diphosphate substrate has been established as the mechanism for all monoterpene 

synthesis [20]. 

Turpentine is a mixture of monoterpenes, where α and β-pinene are the major 

components, and β-myrcene, limonene, camphene and Δ3-carene are among the 

minor components. Molecular structures of main components of turpentine are 

presented in Figure 1.3.  

-Pinene -Pinene 3-CareneCampheneLimonene -Myrcene
 

Figure 1.3. Molecular structure for main components of turpentine 

Table 1.1. Composition of turpentine from different parts of the world. Data collected from [19], [21], 
[22] and from own measurements 

Compounda CAS 
Composition (% wt.) 

USA Indonesia North Europa China Spainb 

α -pinene 80-56-8 40-70 73-87 55-70 40-70 70-76 
β-pinene 127-91-3 15-35 1-2 2-6 4-15 14-20 
Limonene 138-86-3 -- 1-2 -- -- 2-4 
β-Myrcene 123-35-3 -- ~1 -- -- ~1 
Δ3-carene 13466-78-9 2-10 7-19 7-30 0-5 <1 
Camphene 79-92-5 1-2 ~1 ~1 1-2 1-2 
aMolecular formula for all compounds is C10H16; bown measurements 

Composition depends on the origin of turpentine. Typical composition of turpentine 

from different parts of the world is shown in Table 1.1. In all cases α-pinene is the 



6  Chapter 1. Introduction 
 

main component, but turpentine from USA, China and Spain have relatively high 

contents of β-pinene. The amount of camphene, limonene, Δ3-carene and myrcene 

is usually low. 

Depending on the recovery method there are different kinds of rosin: wood rosin 

(extracted from pine stumps), gum rosin (tapped from living pine trees), and tall oil 

rosin (obtained as a by-product in paper pulp production) [18]. Typical composition 

of rosin from different countries [23] and that measured for rosin commercially 

available in Colombia is shown in Table 1.2 (the rosin composition was determined 

by gas chromatography; the methodology is presented in Chapter 3).  

Table 1.2. Composition of rosin from different parts of the world. Data collected from [23] and 
obtained from own measurements 

Compound*  
(acids) 

Concentration (% wt.) 

USA China Honduras India Spain Colombia** 

Pimaric 5.1 9.2 9.6 9.2 8.7 2.3 

Sandaracopimaric 1.8 2.7 2.2 1.5 1.5 0.0 

Communic 2.8 0.0 0.0 0.0 0.0 0.0 

Isopimaric 17.0 1.5 17.0 20.0 0.0 11.2 

Levopimaric/ 
Palustric 

25.0 22.0 21.0 11.0 27.0 29.7 

Dehydroabietic 5.7 4.3 12.0 2.0 1.9 19.7 

Abietic 22.0 44.0 22.0 38.0 36.0 21.1 

Neoabietic 20.0 15.0 15.0 18.0 24.0 10.9 

Others 0.6 1.3 1.2 0.3 0.9 5.1 
aMolecular formula for all acids is C20H30O2 except dehydroabietic acid (C20H28O2); bLocally 
commercial 

According to Table 1.2, abietic acid is the main component of rosin, followed by 

neoabietic, isopimaric and levopimaric/palustric acids. Communic acid is present 

only in rosin from the USA, and at low concentration. In addition, levopimaric and 

palustric acids are usually reported together due to the difficulty to separate them by 

gas chromatography, specifically after the derivatization (a necessary step to 

successfully separate the resin acids; details in Chapter 3). 
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Figure 1.4. Molecular structure for main components rosin 

Molecular structures for main components of rosin are shown in Figure 1.4. As a 

result of the presence of these heavy and complex structures, rosin displays very 

high viscosity and cannot be used directly as fuel in compression ignition engines.  

It is expected that the two main products of distillation of oleoresin, namely, 

turpentine and rosin, can be transformed into fuel components or additives. 

Oxygenated compounds from oleoresin present features common to some fuels, 

and some of these compounds have been studied as components or additive (mainly 

as a part of additive formulations) of diesel, gasoline and aviation fuels. In 
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comparison to rosin, the application of turpentine as fuel is facilitated because of its 

liquid nature and properties apparently similar than those for some fuel and the 

easier chemical transformation of its components. The next sections show some 

applications of turpentine and rosin as fuels, either as component or additive of 

diesel, gasoline and aviation fuels. 

1.2.2 Turpentine as fuel 

Turpentine had been used as additive in several fuel formulations, performing a key 

role in decreasing emissions and increasing the useful energy by providing higher 

calorific value to the fuel, without emissions of harmful species; furthermore, 

additives from turpentine are obtained in a simple process at low cost [24]–[30]. As 

constitutive component of fuel, turpentine had been assessed in gasoline (contents 

between 3-7 vol. % would be suitable for running the engine) [31] and diesel (20-40 

vol. % turpentine would provide a performance similar to pure diesel) [32], [33] 

engines. In addition, a blend of colza oil, paraffinic hydrocarbons, additives and 

turpentine (content between 10-30 wt.%) was reported to yield a fuel with a reduction 

in pollutant emissions and improvement in engine performance [34].  

Regarding the transformation of turpentine to alternative fuels, α-pinene can be 

hydrated to produce α-terpineol in the presence of acid catalysts. The reaction 

product (α-terpineol, unreacted pinene and some minor quantities of other by-

products and impurities) has been blended with diesel and biodiesel, and injected to 

a compression-ignition engine, showing improvements in engine performance and 

reducing some pollutants, such as carbon monoxide and dioxide [35]–[37].Besides, 

α-terpineol has been recently used as an octane booster for gasoline fuel. Due to its 

high-energy density and oxygen content, terpineol improved the brake thermal 

efficiency and reduced total fuel consumption, displaying similar performance than 

typical gasoline. Besides, total hydrocarbon and carbon monoxide emissions were 

reduced [38], [39].  

On the other hand, Harvey and coworkers tested a new fuel obtained by selective 

isomerization and dimerization of pinenes under moderate conditions (100°C and 

atmospheric pressure), using the heterogeneous acid catalysts Montmorillonite-K10 
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and Nafion. Then, the mixture of dimers was upgraded through hydrogenation over 

PtO2 and fractional distillation. Although the high viscosity may limit their application 

as stand-alone fuels, their low freezing points suggest that they can be major 

components of high density fuel mixtures or additives to conventional fuels [40], [41].  

Price et al. [42] tested mixtures of myrcene, the product of limonene hydrogenation, 

and diesel fuel, in a fraction larger than 10 vol. %. The presence of these molecules 

in the fuel lowered the cloud point as well as the fuel viscosity, compared to the base 

diesel fuel.  

In general, several works deal with turpentine and its derivatives, in blends with 

diesel or gasoline. It is demonstrated that the presence of these molecules improves 

engine performance by increasing the useful energy and reducing some pollutants, 

such as carbon monoxide and carbon dioxide, due to a better combustion of the 

fuels [43]–[47]. 

1.2.3 Rosin as fuel 

To use rosin as fuel, Clark and coworkers reported its conversion into lower 

molecular weight compounds by catalytic cracking over silica-zirconia-alumina 

catalyst, at atmospheric pressure and temperature between 350- 500°C in a tubular 

reactor. The oil product was a complex mixture of hydrocarbons (80-90%) with some 

phenolic and acidic materials, with a specific gravity of 0.9-0.91 at 25°C [48].  

Coll and coworkers proposed the hydrotreatment of abietic and dehydroabietic acid 

compounds over commercial NiMo and CoMo catalysts, which allowed obtaining 

saturated hydrocarbons (mainly saturated tricyclic rings) that could be used as diesel 

fuel additives. The authors claim that the direct use of tall oil rosin is not possible 

because of poor rheological properties at low temperatures, contamination of the 

lubricating oil, coking of the diesel engine, and excessive corrosion in some engine 

parts. Since hydrotreatment is a mature technology in oil refineries, it could be 

applied without substantial modifications to other types of organic compounds, in 

particular by removal of carboxylic groups to produce a hydrocarbon and carbon 

dioxide and the hydrogenation of the unsaturated bonds. The liquid products display 
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a density between 30 to 45°API and the cetane index of the liquid product is between 

28 and 43 [49], [50]. 

Mikulec and coworkers tested three commercial hydrocracking catalysts in the 

hydrotreating of the crude depitched tall oil (volatile fraction of crude tall oil 

distillation): NiW/γ-Al2O3-zeolite, Ni-Mo, and Ni-W hydrotreating catalysts. NiW and 

NiMo catalysts were found to be active for hydrotreating a mixture of crude depitched 

tall oil and atmospheric gas oil. The reaction pathway of crude tall oil involves 

hydrogenation of double bonds, decarboxylation, hydrodeoxygenation, 

isomerization, and hydrocracking of alkane and cyclic structures at 360–380ºC and 

hydrogen pressure of 5.5 MPa. A liquid product with Cetane number between 55 

and 58, which is high for a diesel, was obtained with all catalysts. The density ranges 

between 0.832 and 0.839 g/mL at 15°C [51].  

Recently, Anthonykutty and coworkers studied the conversion of crude tall oil over 

commercial NiMo catalyst to produce a wide range of hydrocarbons, mainly 

paraffins. They found that at lower temperatures (<400°C) selective deoxygenation 

routes, such as hydrodeoxygenation, decarboxylation, and decarbonylation, were 

the most important reactions; at higher temperatures, cracking (thermal or catalytic) 

and dehydrogenation were evidenced, with cycloalkanes and aromatics as main 

products, which can be used in fuel blends [52], [53]. 

Xiao-an and coworkers tested an acid-activated clay in the production of abietane 

(which is a hydrocarbon molecule that can be used as diesel compound) from rosin 

in a batch reactor with a water separator, at 270°C for 2 h. The hexadecane number 

of abietane was 39, lower than that required for diesel fuels (45). Therefore, blends 

of abietane and additives, such as octyl nitrate and α-olefin were prepared in order 

to increase this value. The blend of α-olefin and abietane shows a hexadecane 

number of 52 and density of 0.880 g/mL, when the α-olefin dosage was about 20% 

[54]. 

Bernas and coworkers studied the thermal decarboxylation of abietic acid followed 

by the hydrogenation over Pd/C and Ru/C under hydrogen pressure. The first step 

(hydrogenation of rosin acid) produces dihydroabietic and tetrahydroabietic acids, 
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followed by a thermal non-catalytic decarboxylation in toluene which takes place at 

200–300°C. The cyclic unsaturated hydrocarbons obtained have a molecular weight 

of 234–256 g/mol [55].  

Gürü and coworkers synthesized organic compounds of Mn, Mg, Cu and Ca using 

abietic acid from colophony, which were used as diesel fuel additives. The results 

showed that the Mn-based compound yielded the greatest decrease in freezing 

point, increase in cetane number, and decrease in viscosity and flash point, as well 

as reduction of some pollutants, such as carbon monoxide and sulphur dioxide [56], 

[57]. 

1.3 Problem statement and hypothesis 

Fuels play a key role in different human activities. Nowadays, a change aimed at 

replacing the fossil fuels is ongoing driven by the strong reduction of proved reserves 

of fossil sources and the impact on global warming. In the next decades, however, 

use of diesel fuel is expected to continue because no current technologies can 

satisfy the need of ground transportation on a low-cost basis [1].  

Biofuels are very attractive from an environmental point of view because they can 

be produced from renewable sources and reduce the life-cycle of greenhouses 

gases. However, social and economic factors must also be considered. In particular, 

the feedstock used in the production of biofuels should guarantee food security, and 

proper use of land and fertilizers, among other aspects [58]. In addition, benefits 

such as improving the engine performance and the positive environmental impact 

from reduce pollutant emissions are expected from these biofuels.  

Oleoresin from conifer trees (which are encountered in many places on earth and 

may grow in otherwise barren soils) is composed of rosin and turpentine, which can 

be transformed into oxygenated molecules to be used as additives or components 

of diesel fuel. However, an evaluation of the influence on combustion, engine 

performance and emissions of oleoresin-derived compounds blended with diesel is 

required to assess their potential as biofuels. 

Therefore, this Thesis is based on the following hypotheses: 
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 Oxyfunctionalization of main components of oleoresin is possible through 

chemical reactions with heterogeneous catalysis. 

 Oxygenated molecules from oleoresin will display fuel-like properties and, thus, 

will positively influence the combustion (i.e., reducing pollutants, increasing 

combustion efficiency, etc.). Furthermore, their impact on engine tests, either in 

diesel and/or biodiesel blends, will be favorable. 

 Oxyfunctionalization of the oleoresin can be scaled-up to produce the large 

amounts required to be used as fuel component. 

1.4 Objectives 

1.4.1 Main objective 

Evaluate the potential of oleoresin-based compounds as diesel additives. 

1.4.2 Specific objectives 

 Evaluate the combustion performance, in terms of emissions, of model 

oleoresin-derivatives (turpentine and colophony) using n-heptane as diesel 

surrogate. 

 Synthesize the best performance oxyfunctionalized molecule from turpentine 

and the derivate molecule from colophony. 

 Evaluate the combustion performance of the synthesized oleoresin-based 

additive with diesel blends. 

 Evaluate the engine performance of the synthesized oleoresin-based additive 

with commercial diesel/biodiesel blends. 

1.5 Aim and structure of the thesis 

Potential of turpentine- and rosin-derived compounds as additives and/or 

components of diesel fuel was evaluated by selecting molecules which can be 

oxyfunctionalized, and determining their combustion performance in terms of 

emissions. The selection was based on the results of laminar-flame tests with model 

molecules; specifically, molecules displaying reduction in emissions of carbon 

monoxide and increase in flame temperature were chosen for the next stage. The 

chemical synthesis of the selected molecules was performed at lab-scaled in a 

heterogeneous catalytic process which was then scaled-up to produce large 
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amounts (e.g., 10 L) of the component/additive fuel. Finally, the synthesized 

molecules were evaluated on the laminar-flame test, their main physico-chemical 

fuel properties were measured or estimated, and their influence on engine 

performance and emissions were assessed in an engine test bench. 

A scheme of the organization of this dissertation is shown in Figure 1.5.  

 

Figure 1.5. Scheme of distribution of chapters in the thesis 

Chapter 2 is devoted to an overall literature review, and to establish the required 

theoretical framework, involving measuring and diagnostic techniques for fuel 

properties, for instance, burner and engines tests. Chapter 3 deals with the chemical 

transformation of rosin; in addition, the evaluation of the rosin-derived compounds 

as fuels is presented; specifically, property estimations and combustion tests in a 
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diffusion- and laminar-flame burner are presented and discussed. Some compounds 

proposed as test molecules from turpentine were also evaluated to select the best 

one based on emissions and estimated properties, Chapter 4. Once the best 

molecule from turpentine was selected, Chapter 5 deals with its chemical 

transformation through heterogenous catalysis, and the evaluation of the “as-

reaction” product, i.e., without further purification, in combustion tests. Chapter 6 

scales-up the reaction to produce large amounts of the additive/component, and 

presents the results of engine bench tests. Finally, the conclusions of the work are 

collected in Chapter 7. 
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Chapter 2. Theoretical framework 

 

This chapter presents some concepts on the main properties of fuels, as well as the 

procedures to evaluate the performance of fuels, mainly flame analysis at laboratory 

scale and tests in an actual engine bench. Measurement of emissions is also briefly 

discussed. 

2.1 Fuel properties 

2.1.1 Fuel composition 

Typically, purity of alternative fuels is determined by gas chromatography (GC), thin 

layer chromatography (TLC), liquid chromatography (LC), and gel permeation 

chromatography (GPC) [59]. The water content is an important parameter to ensure 

phase stability during the storage of blends of fossil fuels + alternative fuels (e.g., 

alcohols). The Karl Fischer titration is commonly used to determine the water content 

in organic liquids, specifically, Coulometric Karl Fischer (measuring range 0.02 to 

5% wt.). In diesel fuel, low content of water is required (i.e., European Standard EN 

590-2014 states a maximum content of water in diesel fuels of 200 ppm), and, 

accordingly, Karl Fischer standard EN 10337 (equivalent to ASTM D4928) is used. 

2.1.2 Physical properties 

The main methods to measure physical properties of fuels are presented in the 

Guide to ASTM Test methods for the analysis of petroleum products and lubricants 

[60], and a brief overview is included here. 

2.1.2.1 Density 

Most common standard tests to measure density of liquid fuels are ASTM D1298, 

D1217, D1480, D1481, D1657, D4052 and D5002, based on gravimetry, 

pycnometer, hydrometer, oscillating frequency or digital meters. The density is often 

measured in a climatic chamber and reported at a reference temperature and relative 
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humidity (15°C and 45 %, respectively). In Europe, the standard EN 590:2013+A1 

establish a range between 775 and 840 kg/m3 for the density of diesel fuels. 

2.1.2.2 Viscosity  

Viscosity is a very important parameter of a fuel because it influences important 

steps in compression engines, such as the atomization inside the combustion 

chamber. Moreover, some combustion properties may also be affected by viscosity: 

for instance, at high viscosity, nitrogen oxides (NOx) emissions decrease but 

unburned hydrocarbons (UHC) and particulate matter (PM) increase significantly 

[61]. Several standards have been proposed to measure the viscosity of liquids. In 

particular, for liquid fuels the standard test method of transparent and opaque liquids 

ASTM D455 (equivalent to EN 3104), which quantifies the kinematic viscosity of a 

sample by measuring the time for a volume of liquid to flow under gravity through a 

calibrated glass capillary viscosimeter at 40°C, is the most used. The standard EN 

590:2013+A1 establish a range between 2 and 4.5 mm2/s for the viscosity of diesel 

fuels in Europe. 

2.1.2.3 Vapor pressure 

Emission of vapors to the atmosphere is directly related to the vapor pressure of the 

fuel. Thus, vapor pressure is an important physical property of a fuel. ASTM D323 

(related to ASTM D4953) is one of the most used methods to determine the vapor 

pressure of fuels. Briefly, the liquid sample is connected to a vapor chamber, and 

both are immersed in a bath at 100°F until a constant pressure is observed. ASTM 

D6378 (based on ASTM D5191 and equivalent to EN 3007) was developed to 

automate this test.  

2.1.2.4 Lubricity 

The lubricity represents the capacity of a fluid to reduce friction between solids: it is 

a measure of how the friction and/or wear is reduced. Thus, lubricity is not a material 

property and direct measurement is not possible. However, as the fuel takes a part 

in the lubrication process in modern diesel engines, its lubricity is very important, 

and some additives have been developed to increase it.  
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The EN 12156-1 standard test (equivalent to ASTM D 6079) evaluates the diesel 

fuel lubricity using a high frequency reciprocating rig (HFRR), where a vibrator arm 

holding a 200 mg non-rotating steel ball is lowered until it contacts a test disk 

completely submerged in the sample, causing a rub against the disk with a 1 mm 

stroke at frequency of 50 Hz for 75 min. Then, the ball is removed and the 

dimensions of the major and minor axes of the wear scar are recorded, generally by 

optical magnification. In Europe, the standard EN 590:2013+A1 establishes a 

maximum value of 460 µm for the diameter of wear scar. 

2.1.3 Thermal properties 

2.1.3.1 Volatility 

Volatility is typically measured based on the atmospheric distillation test of the 

standard EN 3405 (equivalent to ASTM D86). Volatility characteristics of a liquid fuel 

influence the performance of a fuel in a combustion. Thus, factors such as the 

potential evaporative fuel loss during storage, potential of fire hazard and the 

ambient influences of fuel volatility (i.e. cold start limitations and potential vapor lock) 

can be analyzed from volatility characteristics of fuels [62].  

The standards EN 3405 and 3924 establish that the maximum content of distillated 

at 250°C must be lower than 65 % vol., the content of distillate at 350°C must be 

higher than 85% vol., and the 95 % vol. of distillated must be recovered with a 

maximum temperature of 360°C.  

2.1.3.2 Estimation of thermal properties 

Different methodologies have been proposed to estimate thermal properties, group 

additivity methods being the most popular [63]. Joback and Reid [64] developed a 

family of group-contribution from a set of molecular groups to estimate thermal 

properties, such as normal boiling and melting temperatures, heat capacity, and 

critical properties. The method uses structural information until chemical groups 

(first-order methodology). 

In this work, the critical compressibility factor, volume, pressure and temperature, 

and heat capacity were computed by using Joback methodology. Estimation of these 

properties with different methods amply used for molecules similar to those derived 
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from oleoresin (i.e., Benson’s and Joback’s method) were conducted elsewhere [65], 

and no significant difference was observed. Estimation equations are summarized 

in Table 2.1. 

Table 2.1. Equations to estimate properties with Joback [64] 

Property Equation 

Boiling temperature (K) 𝑇𝑏 = 198.2 + ∑ GC𝐽 
Equation 2.1 

 

Melting temperature (K) 
𝑇𝑚 = 122.5 + ∑ GC𝐽 

 

Equation 2.2 

 

Critical temperature (K) 

𝑇𝑐

=
𝑇𝑏

(0.548 + 0.965 ∑ GC𝐽 − (∑ GC𝐽)
2
)
 Equation 2.3 

Critical pressure (bar) 𝑝𝑐 = (0.113 + 0.0032𝑛𝐴 − ∑ GC𝐽)
2

 Equation 2.4 

Critical volume (cm3/mol) 𝑣𝑐 = 17.5 + ∑ GC𝐽 Equation 2.5 

Critical factor of 
compressibility 

𝑍𝑐 = 𝑃𝑐𝑉𝑐 𝑅𝑇𝑐⁄  Equation 2.6 

Heat capacity, ideal gas 
(J/mol.K) 

𝐶𝑝
0 = ∑(𝑎) − 37.93

+ (∑(𝑏) + 0.210) 𝑇

+ (∑(𝑐)

+ 3.91 × 10−4) 𝑇2

+ (∑(𝑑)

+ 2.06 × 10−7) 𝑇3 

Equation 2.7 

GCJ group contribution of Joback; 𝑛𝐴 total number of atoms; 𝑎, 𝑏, 𝑐 and 𝑑 have GCJ values to be 
computed as a function of temperature  

2.1.4 Thermochemical properties 

2.1.4.1 Adiabatic flame temperature 

The adiabatic flame temperature is the temperature that the combustion products 

would reach with no heat loss due to radiation, convention or conduction. Adiabatic 

flame temperature can be defined at constant-pressure or constant-volume 

combustion. For a fuel-air mixture burning adiabatically at constant pressure, the 

absolute enthalpy of the reactants at initial state (subscript 𝑖) equals that for the 

products at the final state (subscript 𝑎𝑑), Equation 2.8, 
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𝐻react.(𝑇𝑖, 𝑝) = 𝐻prod.(𝑇𝑎𝑑, 𝑝) Equation 2.8 

Equation 2.8 defines the constant-pressure adiabatic flame temperature. For the 

evaluation of this temperature, knowledge of the composition of the combustion 

products is necessary. In the case of constant-volume adiabatic flame temperature, 

by the first law of thermodynamics and applying the ideal-gas law, Equation 2.9, 

𝐻react.(𝑇𝑖, 𝑝𝑖) − 𝐻prod.(𝑇𝑎𝑑, 𝑝𝑎𝑑) − 𝑅(𝑁react.𝑇𝑖 − 𝑁prod.𝑇𝑎𝑑) = 0 Equation 2.9 

where 𝑁 is the number of moles of the species. The composition of products 

depends on temperature and pressure, making the calculation of adiabatic 

temperature difficult. Moreover, due to the high temperature, dissociation species 

(e.g., OH, H) are expected to be present along with the complete oxidation species 

(i.e., CO2 and H2O). 

There are several ways to obtain the equilibrium composition, primarily based on the 

species present and their chemical reactions. Then, from the fuel / air composition 

and thermal properties (i.e., heat of formation and heat capacity), and the 

equivalence ratio and initial pressure and temperature, the final temperature is 

iterated to achieve a difference of enthalpy equals to zero for the process [66]. 

2.1.4.2 Heat of combustion 

Heat of combustion (also called heating value, 𝐻𝑉) is the chemical energy released 

when a chemical compound undergoes complete combustion. Numerically is 

equivalent to the enthalpy of reaction but with opposite sign, Equation 2.10, 

𝐻𝑉 = −∆𝐻𝑅 = 𝐻Reac − 𝐻Prod Equation 2.10 

The enthalpy of reactants and products can be computed from Equation 2.11, 

𝐻Reac/Prod = ∑ 𝑁𝑖 × ℎ̅𝑖 Equation 2.11 

where ℎ̅𝑖 is the molar absolute enthalpy for species 𝑖 and 𝑁𝑖 represents the mol for 

species 𝑖. The molar enthalpy is obtained from the enthalpy of formation at a 

standard reference state for species 𝑖 (ℎ̅𝑓
0

𝑖
(𝑇ref)) and the enthalpy change from 𝑇ref 

to the actual 𝑇 (∆ℎ̅̅̅̅
𝑠𝑖

), according to Equation 2.12 (assuming there is no change in 

the state of aggregation between the reference and final states), 

ℎ̅𝑖(𝑇) = ℎ̅𝑓
0

𝑖
(𝑇ref) + ∆ℎ̅𝑠𝑖

 Equation 2.12 
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The standard reference state typically is 25°C and 1 atm. Heat of combustion can 

be computed by assuming that the all water in the reaction products is condensed 

out; this upper limit is commonly known as Higher Heating Value (HHV), whereas if 

water is not condensed the Lower Heating Value (LHV) is obtained [67], [68]. 

Heating values of mixtures can be obtained from composition and heating values of 

pure species according to Equation 2.13, 

𝐻𝑉 = ∑ 𝐻𝑉𝑖 × 𝑥𝑖 Equation 2.13 

where 𝐻𝑉𝑖  is the heating value for pure species i (mass basis) and 𝑥𝑖 is the mass 

fraction.  

Heat of combustion for liquid fuels is typically measured with a bomb calorimeter. 

ASTM D240 is used to determine the heat of combustion by burning a weighted 

sample in an oxygen bomb calorimeter under controlled conditions, with a 

repeatability and reproducibility of 0.13 and 0.40 MJ/kg, respectively.  

2.1.4.3. Estimation of Thermochemical Properties 

Estimation of thermochemical properties has been commonly performed by group 

additivity. In particular, Joback’s method can be used to estimate the heat of 

formation, which, in turn, can be used to estimate heating values [64], Equation 2.14, 

∆ℎ𝑓
0 = ∑ GC𝐽 Equation 2.14 

where GC𝐽 represent the group contribution of Joback.  

Benson method has been widely used to estimate thermochemical properties of pure 

compounds, such as enthalpy and Gibbs energy of formation, and heat capacity, of 

different chemical compounds [63], [69]–[71]. The method establishes a hierarchy of 

additivity: atomic > bond > group [72], [73], allowing it to capture the information of 

neighbors (i.e., second-order methodology). Although Joback’s method can also be 

used to estimate thermochemical properties, the second-order group contribution 

method of Benson has been proved to be more precise [74]. 

Heat of formation (kJ/mol) from Benson can be obtained by Equation 2.15, 

∆ℎ𝑓
0 = ∑ GC𝐵 

Equation 2.15 
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where GC𝐵 is the group contribution of Benson. 

Lower heating value (LHV, MJ/kg) for a species i can be obtained from its heat of 

formation, Equation 2.16. 

𝐿𝐻𝑉 =
∆ℎ𝑓,comb.  prod.

0 − ∆ℎ𝑓,𝑖
0

𝑀𝑊𝑖
− ∆ℎv,𝑖

0  
Equation 2.16 

where 𝑀𝑊𝑖 is the molecular weight of the species, ∆ℎ𝑓,𝑖
0  and ∆ℎ𝑓,comb.  prod.

0  the heat 

of formation of the species and major combustion products (usually CO2 and water), 

respectively, and ∆ℎv,𝑖
0  is the heat of vaporization.  

From the principle of corresponding states and by using the Pitzer correlation, heat 

of vaporization (kJ/mol) is determined according to Equation 2.17. 

∆ℎv
0 = 𝑅𝑇𝑐 (7.08 (1 − 298.15

𝑇𝑐
⁄ )

0.354

+ 10.95 (1 − 298.15
𝑇𝑐

⁄ )
0.456

𝜔) 

Equation 2.17 

where 𝜔 is the acentric factor, which can be obtained by implementing the Lee-

Kesler method of vapor pressure and by using the critical temperature and pressure, 

and the boiling temperature, according to Equation 2.18. 

ln(1
𝑝𝑐

⁄ ) = 𝑓(0) + 𝜔 ∙ 𝑓(1) 

𝑓(0) = 5.92714 −
6.09648 ∙ 𝑇𝑐

𝑇𝑏
− 1.28862 ∙ ln (

𝑇𝑏
𝑇𝑐

⁄ )

+ 0.169347 (
𝑇𝑏

𝑇𝑐
⁄ )

6

 

𝑓(1) = 15.2518 −
15.6875 ∙ 𝑇𝑐

𝑇𝑏
− 13.4721 ∙ ln (

𝑇𝑏
𝑇𝑐

⁄ )

+ 0.43577 (
𝑇𝑏

𝑇𝑐
⁄ )

6

 

Equation 2.18 

2.1.5 Combustion properties 

2.1.5.1 Flash point 

The flash point temperature is a measure of the ignitability limit for a mixture of fuel 

and air formed above a liquid fuel, and, thus, is directly related to the potential 

hazards of the fuel. Several procedures have been standardized to measure the 

flash point: Cleveland open cup, Pensky Martens closed cup tester, tag closed 

tester, and continuously closed cup flash point. The first three methods (ASTM 
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standards D56, D92 and D93) are currently used, with D93 being the most popular 

and cited in regulations and specifications (equivalent to standard EN 2719). This 

standard is widely used for fuel and lube oils, suspension of solids and other liquids. 

Briefly, the sample is heated slowly at constant rate with continuous stirring, and a 

flame is driven into the cup at regular intervals; the temperature at which the vapor 

above the sample ignites is the flash point.  

2.1.5.2 Smoke point 

The smoke point is the maximum height of a flame without smoke, that is, at flame 

heights larger than the smoke point the flame produces smoke. Thus, a high smoke 

point number indicates a fuel with low tendency to produce smoke. Smoke point can 

be related to the propensity of soot formation. 

The measurement of smoke point of liquid fuels is based on standard ASTM D1322. 

A sample is burned in an enclosed wick-fed lamp and the flow of air is changed until 

smoke appears in the chimney of the system, registering the height of flame. The 

smoke point is related to the sooting tendency by using the threshold sooting index 

(TSI) concept. The TSI is a numerical scale which compares the formation of soot 

as a function of molecular weight and smoke point of the fuel.  

2.1.5.3 Ignition delay and derived-cetane number 

The ignition delay (ID) is defined as the time between the start of injection and the 

start of combustion. It consists of physical delay due to atomization, vaporization and 

mixing of air and fuel, and pre-combustion reactions. The derived-cetane number 

(DCN) is an inverse function of ignition delay: the higher the DCN value, the shorter 

the ID of a fuel. Both ID and DCN can provide a measure of the ignition 

characteristics of diesel fuels in compression ignition engines. These properties are 

typically measured in a CFR engine which reproduces the ignition delay time for a 

determinate sample of fuel but using a mixture of hexadecane and metal-

naphthalene. 

The standard EN 16715 (equivalent to ASTM D7170) depicts a procedure to 

measure ID and DCN in a combustion-heated, temperature-controlled, constant-

volume chamber, where the sample is directly injected into a previously compressed 
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air. Each injection produces a single-shot, compression ignition combustion cycle. 

The ignition delay is measured using sensors that detect the start of fuel injection 

and the start of significant combustion for each cycle, and the values are averaged. 

In addition, by using a mathematical expression it is possible to obtain a derived-

cetane number.  

Generally, ignition characteristics depend on the number of carbons, and the higher 

the carbon number on the molecule the better the ignition [61]. Aromatics and 

paraffins usually have very poor and very good ignition characteristics, respectively. 

In Europe, the standard EN 590:2013+A1 establish a minimal value of DCN of 51 for 

diesel fuels. 

2.1.6 Cold flow properties 

2.1.6.1 Pour point  

The pour point is a measurement of the lowest temperature to which a fuel can be 

cooled with free flow. It is a measure of manipulability of the fuel; at values lower 

than the pour point, the fuel cannot flow in a free form. Pour point is determined by 

cooling a sample at a specific rate and examining its flow characteristics at intervals 

of 3°C, based on ASTM D97, D99 and D5853. The lowest temperature at which 

movement of the sample is observed is recorded as the pour point.  

2.1.6.2 Cloud point 

The cloud point is the temperature at which a hazy or waxy crystallization begins to 

appear in the fuel when it is cooled. ASTM D2500 is used for petroleum products by 

cooling the sample at specific rate and examining it periodically; the temperature at 

which haziness is first observed at the bottom of the test jar is recorded as the cloud 

point. Other standard tests (ASTM D5771, D5772 and D5773) use different 

instruments (ISL®, Herzog and phase technology), which are considered more 

precise than D2500. The maximum cloud point for Europe diesel (standard EN 

23015) is -34°C for highest class and -10°C for lowest class diesel fuel. 

2.1.6.3 Cold filter plugging point  

The cold filter plugging point (CFPP) is the lowest temperature at which a certain 

amount of diesel fuel still passes through a standardized filtration device in a 
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specified time when cooled under specific conditions. ASTM D6371 describes the 

procedure where the sample is cooled at intervals of 1°C into a pipette under a 

controlled vacuum through a filter; the procedure is repeated until the amount of wax 

crystals that have separated out of the fuel is sufficient to stop or slow down the flow 

so that the time to fill the pipette exceeds 60 s or the fuel completely fails to return 

to the jar. The limit of CFPP for Europe (standard EN 590:2014) depends on the 

grade of the diesel fuel, for instance, for fuels at the lowest grade (grade A) the 

maximum CFPP is 5°C, and that for the highest grade (grade F) is -20°C. 

2.2 Evaluation of fuels 

2.2.1 Stoichiometry 

The stoichiometry of the combustion reaction of an oxygenated hydrocarbon is 

shown in Equation 2.19, 

𝐶𝑥𝐻𝑦𝑂𝑧 + 𝑎𝑂2 → 𝑥𝐶𝑂2 +
𝑦

2
𝐻2𝑂 + others Equation 2.19 

Other species are assumed in traces. The stoichiometric coefficient of oxidizer can 

be obtained by balancing Equation 2.19, as expressed by Equation 2.20, 

𝑎 = 𝑥 + 𝑦 4⁄ − 𝑧 2⁄  Equation 2.20 

The mass ratio between oxidizer and fuel indicates whether the fuel-oxidizer mixture 

is rich, stoichiometric or lean. For air as oxidizer, Equation 2.21, 

(𝐴 𝐹⁄ ) =
𝑚̇𝐴

𝑚̇𝐹
 Equation 2.21 

where 𝐴 and 𝐹 represent air and fuel, respectively.  

The mass stoichiometric oxidizer-fuel ratio, by considering an air composition of 21% 

of O2 and 79% of N2, can be obtained from Equation 2.22, 

(𝐴 𝐹⁄ )Stoichiometric = 4.76𝑎 (
𝑀𝑊𝐴

𝑀𝑊𝐹
) Equation 2.22 

where, MW is the molecular weight.  

The equivalence ratio (ϕ) is used to indicate quantitatively the ratio of fuel and 

oxidizer according to Equation 2.23,  

ϕ =
(𝐴 𝐹⁄ )Stoichiometric

(𝐴 𝐹⁄ )
 Equation 2.23 
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If oxidizer is supplied in a value lower than the stoichiometric value (ϕ > 1) the 

mixture is said to be fuel-reach, while supplying more than the stoichiometric oxidizer 

(ϕ < 1) results in a fuel-lean [67]. 

In co-flow flames, ϕ > 1 corresponds to an underventilated flame, and ϕ < 1 to an 

overventilated flame. 

2.2.2 Quantification of emissions 

In order to measure the combustion products, it is common first to collect a sample 

by means of a probe. After removing particulate matter and moisture from the sample 

(e.g., with filters and traps), the gas stream is analyzed by gas chromatography, 

infrared spectroscopy or chemiluminescence [75], [76].  

It is important to ensure that all emissions are quantified on the same basis. For 

instance, NOx concentration measured on dry basis must be converted to the wet 

basis used with permanent gases, or vice versa. Besides, a standardization of the 

measured concentration must be performed. The conversion between different basis 

and the standardization are detailed in Appendix B  

Emission indices have also been used to report the emissions. In particular, emission 

indices facilitate the comparison of different experimental configurations, and, as 

they express the amount of pollutant formed per mass of fuel, isolate the effects of 

combustion efficiency or dilution [77]. Emission index can be represented as 

Equation 2.24, 

𝐸𝐼𝑖 =
𝑚̇𝑖

𝐸

𝑚̇𝐹
 Equation 2.24 

where 𝐸𝐼𝑖 is the emission index of species 𝑖 and, 𝑚̇𝑖
𝐸 and 𝑚̇𝐹 are the mass flow of 

emitted (combustion products) and fuel consumed species. If CO2 and CO are the 

only carbon-containing species in the stream of reaction products, the emission 

index of a species 𝑖, according to Equation 2.24, can be obtained from the molar 

fractions of the species, CO2 and CO (𝑥𝑖, 𝑥𝐶𝑂2 and 𝑥𝐶𝑂), the number of mole of 

carbon in one mole of fuel (𝑥) and the molecular weight of fuel and species 𝑖 (𝑀𝑊Fuel 

and 𝑀𝑊𝑖), Equation 2.25, 
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𝐸𝐼𝑖 = (
𝑥 ∙ 𝑥𝑖

𝑥𝐶𝑂2 + 𝑥𝐶𝑂
) (

𝑀𝑊𝑖

𝑀𝑊Fuel
) Equation 2.25 

The uncertainties associated to the measurements can be used to estimate the error 

of the emission indices by using the method of error propagation, which provides a 

set of rules to assign an error to a magnitude from the uncertainties of the 

measurements and the mathematical operations involved in its calculation. The main 

rules of error propagation are summarized in Table 2.2 [78]. 

Table 2.2. Main rules of error propagation 

Operation Error rule Example 

Addition and 
subtraction 

Sum of absolute 
uncertainties 

𝑀1 ± 𝑀2 = (𝑥 ± 𝑦) ± (𝛿𝑥 + 𝛿𝑦) 

Multiplication 
and division  

Sum of relative 
uncertainties 

𝑀1 × ÷⁄ 𝑀2 = (𝑥 × ÷⁄ 𝑦)

± [(𝑥 × ÷⁄ 𝑦) (𝛿𝑥
𝑥⁄ +

𝛿𝑦
𝑦⁄ )] 

Constant 
product 

Sum of relative  𝑘𝑀1 = (𝑘𝑥) ± 𝑘𝛿𝑥 

Power 
Product of the 
power and relative 
uncertainties 

𝑀1
𝑛 = (𝑥𝑛) ± [𝑛𝑥𝑛(𝛿𝑥

𝑥⁄ )] 

𝑀1 = (𝑥 ±  𝛿𝑥); 𝑀2 = (𝑦 ±  𝛿𝑦) 

The mathematical expression obtained from the application of rules for error 

propagation to emission indices is shown in Appendix C. 

2.2.3 Laminar diffusion flames 

2.2.3.1 Background 

Regarding the physical separation of the fuel and oxidizer streams, flames can be 

classified as premixed and nonpremixed (or diffusion). In addition, nonpremixed 

flames can be classified according to the configuration of the fuel and oxidizer supply 

as jet, coflow, counterflow and crossflow diffusion flames. In jet flames, quiescent air 

is the oxidizer and the fuel flows through a burner port, whereas the other 

configurations also involve the flow of the oxidizer stream.  

Figure 2.1 shows the typical configuration of coflow diffusion flames, as well as the 

concentration and temperature profiles in a cross section of the flame. Generally, in 

coflow flames, air (as oxidizer) stream flows through an annular region surrounding 

the fuel port (see Figure 2.1a). Fuel and oxidizer diffuse radially and mix through 
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diffusion in the combustion zone [13]. A maximum on fuel concentration is observed 

in the centerline of the flame and falls rapidly at the reaction zone in the flame front 

(see Figure 2.1b). 

 

Figure 2.1. Coflow diffusion flames: a) configuration and b) spatial concentration profiles [67] 

The oxygen concentration decreases from the oxidizer stream until the flame front. 

The concentration of products shows a maximum in the reaction zone and falls away 

in both oxidizer and fuel zones. Temperature has a behavior similar to product 

concentrations (i.e., presents a maximum in the flame front). Combustion products 

are formed and heat of combustion is released in the flame front, and then are 

transported away in both directions [79]. 

A distinctive characteristic of a diffusion flame is that the burning (or fuel 

consumption) rate is determined by the rate of diffusion of fuel and oxidizer to the 

flame front [80]. In co-flow diffusion flames the ratio between inwards / outwards 

diffusion of reactions products (resulting from bulk velocity) translates into steady-

state concentration at the centerline of the flame [67], [80].Laminar diffusion flames 

have been used to get insight into soot formation and to design combustion 

equipment [67]. 

The shape of the flame depends on the equivalence ratio. In particular, when the air 

stream surrounds the fuel stream, overventilated flames display a closed, elongated 

form, whereas underventilated flames present a fan-shaped form [80]. In addition, in 

the concentric configuration the flame height does not depend on the diameter of the 
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inner tube (e.g., fuel stream) and velocity, but on the volumetric flowrate: several 

combinations of diameter and velocity can yield the same flame height [67].  

Other characteristics of diffusion flames can be evidenced as a function of the 

velocity of fuel. Figure 2.2 displays the behavior of flame height and the velocity in 

the fuel port. In laminar flames, height flame is directly proportional to Reynolds 

number. When velocity of fuel port surpasses a critical value (i.e., the start of 

transition between laminar and turbulent regimes), however, flame height decreases 

and reaches a plateau. In addition, the transition between laminar and turbulent 

regimes is shortened and achieves a constant also at the breakpoint of the flame 

(defined as the flame height when the fluctuations of the flame shape and yellow 

luminosity are significantly high). When this velocity is very high, the flame begins to 

separate considerably from the fuel port (i.e., liftoff of the flame), and larger velocities 

lead to blows off [81], [82]. 

 

Figure 2.2. Flame height versus fuel port velocity [81], [82] 

Flame height is an important parameter in the design of burners and combustion 

chambers. Theoretical analysis of diffusion flames has been carried out to obtain the 

height of flame, mainly in jet configuration, and one of the most recognized methods 

is that by Burke and Schumann. Likewise, empirical correlations have been 
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proposed to estimate the height even over other configurations, for instance, co-flow 

diffusion flames. Some of these correlations are shown in Table 2.3. 

Table 2.3. Correlations to estimate height of diffusion flames  

Roper theoretical [83] 𝐻 =
1

4𝜋𝜐∞

𝑄

ln(1 + 1
𝑆⁄ )

(
𝑇∞

𝑇𝐹
) (

𝑇∞

𝑇𝑃
)

0.67

 Equation 2.26 

Roper experimental  
[83] 𝐻 = 1330.675

𝑄𝐹 (
𝑇∞

𝑇𝐹
⁄ )

ln(1 + 1
𝑆⁄ )

 Equation 2.27 

Mishra [76] 
𝐻 =

𝜌𝑄𝐹

4π (
𝑘𝑔

𝐶𝑝
⁄ )

 
Equation 2.28 

𝐻 is the height of flame (m); 𝐶𝑝 is the specific heat (J/kg.K); 𝐷∞ is the mean diffusion coefficient 

evaluated at 𝑇∞ (m2/s); 𝑘𝑔is the thermal conductivity (J/m.K.s); 𝑄𝐹 is the volumetric flow rate of the 

fuel (m3/s); 𝑆 is the molar stoichiometric oxidizer-to-fuel ratio; 𝑇∞ is the oxidizer stream temperature 
(K); 𝑇𝐹  is the fuel stream temperature (K); 𝑇𝑝 is the mean flame temperature (K); 𝜐∞ is the cinematic 

viscosity of oxidizer (m2/s) 

For fuels represented as 𝐶𝑥𝐻𝑦𝑂𝑧, the molar stoichiometric air to fuel ratio used in 

correlations of Table 2.3, may be expressed as Equation 2.29, 

𝑆 =
(𝑥 +

𝑦
4⁄ − 𝑧

2⁄ )(1 − 𝑥Dil)

𝑥𝑂2

 
Equation 2.29 

where 𝑥𝑂2
 is the mole fraction of oxygen in oxidizer stream and 𝑥Dil is the mole 

fraction of fuel diluent (i.e., carrier gas).  

2.2.3.2 Evaluation of laminar diffusion flames 

2.2.3.2.1. Species concentration 

Typically, NO2 and NO concentrations are measured by the chemiluminescence 

technique, where the primary principle is a photo-physical detection of the signal 

emitted as electronically excited NO2
* decays to the ground state following the 

chemical reaction of NO with ozone [84]. Once in the analyzer, the sample is mixed 

with ozone, causing the reactions expressed in Equation 2.30 and Equation 2.31, 

𝑁𝑂 + 𝑂3 → 𝑁𝑂2
∗ + 𝑂2 Equation 2.30 

𝑁𝑂 + 𝑂3 → 𝑁𝑂2 + 𝑂2 Equation 2.31 

NO2
*
 reverts to NO2 emitting electromagnetic radiation in the wavelength between 

600-3000 nm and with maximum intensity about 1200 nm. The chemiluminescence 

signal is then detected by photo-electrically detector, considering that with an excess 
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of ozone the signal is proportional to the NO-concentration of the sample gas. If NO2
 

of the sample is first converted into NO (for instance, by reduction with carbon or 

metallic active material), it is possible to measure NO2-concentration [76], [84]. 

GC analysis is the most popular method to quantify emissions of hydrocarbon 

species and permanent gases. In GC, the components of the sample are separated 

using specific columns, and then are quantified by a detector; most popular detectors 

are flame ionization detectors (FID) and thermal conductivity detectors (TCD) [76]. 

The selection of the column depends on the nature of the substances to be 

separated. Appendix D summarizes the most relevant GC parameters typically used 

to analyze combustion emissions. For example, to separate CO and CO2 by GC, an 

arrangement of two packed columns and a TCD detector is necessary. Porapak 

column in series with molecular sieve column is a common configuration which 

allows to analyze other permanent gases (e.g., H2, N2, O2). For hydrocarbons, FID 

detector, and HP PLOT Q, DB-1 and PLOT Al2O3 capillary columns have been 

reported. 

2.2.3.2.2. Flame size and shape 

Flame shape and size can be analyzed by image (and video) processing. Normal 

visible-range cameras have been used to obtain the dimensions of flames. 

Specifically, once recorded the video or image, filters and noise reducers may be 

applied to improve their quality. Then, the image is converted to binary format and, 

by analyzing pixels, it is possible to obtain its area, equivalent diameter, perimeter 

and other shape parameters [85]. Some computer programs, such as Matlab®, 

include a toolbox or package for image processing which facilitates the analysis of 

images. 

2.2.3.2.3. Temperature 

R or S type thermocouples are commonly used to determine the temperature of 

flames because their fine wire (< 50 µm) causes minor interference on the flame 

[76]. In temperature measurement with thermocouples, errors resulting from heat 

transfer (which are important at high temperature) should be accounted for. In 

particular, from an energy balance in the joint of thermocouple, and neglecting 
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energy loss by conduction and energy storage due to the small dimensions [76], 

Equation 2.32, 

𝑇𝑔 = 𝑇𝑏 +
𝜎𝜀

ℎ
(𝑇𝑏

4 − 𝑇∞
4 ) 

Equation 2.32 

where 𝑇∞, 𝑇𝑏 and 𝑇𝑔 are surrounding, thermocouple joint and gas temperatures, 

respectively, 𝜎 is the Stefan-Boltzmann constant (5.67x-8 W/m2K4), 𝜀 is the 

emissivity of the thermocouple surface, and ℎ is the convective heat transfer 

coefficient (W/m2K). Convective heat transfer can be obtained from Prandtl (𝑃𝑟 =

𝜐 𝛼⁄ ) and Reynolds (𝑅𝑒 = 𝑉𝐷𝑇 𝜐⁄ ) numbers, which depend on gas properties and 

thermocouple dimensions [76], Equation 2.33. 

𝑁𝑢 =
ℎ𝐷𝑇 

𝑘
= 0.42𝑃𝑟0.2 + 0.57𝑃𝑟0.33𝑅𝑒0.5 Equation 2.33 

Wire emissivity (𝜀), thermal conductivity (𝑘), thermal diffusivity (𝛼), and kinematic 

viscosity (𝜐) can be obtained by the following expressions, Equation 2.34 (valid for 

0.01 < 𝑅𝑒 < 105 and 𝑇 > 1250 𝐾) [76], 

𝜀 = 9.35 × 10−5 ∙ 𝑇𝑏 + 0.6 

𝑘 = 3.75 × 10−5 ∙ 𝑇𝑏 + 0.04 

𝜐 = 2.5 × 10−7 ∙ 𝑇𝑏 − 1.43 × 10−4 

𝛼 = 2.89 × 10−7 ∙ 𝑇𝑏 − 1.23 × 10−4 

Equation 2.34 

2.2.4 Engine tests 

2.2.4.1 Background 

Typical experimental setup for engine tests include an engine designed for 

combustion research, which allows measure and/or control of temperature, 

pressure, fluid flow rate, and force or torque. In addition, an exhaust gas analyzer 

coupled with a particle analyzer, and a device to measure the mass changes of fuel 

consumption are commonly implemented in the engine. This experimental setup 

allows to analyze fuel consumption, power output and emissions of particulate 

matter, nitrogen oxides, carbon oxide, unburned hydrocarbons, carbon dioxide and 

aromatics. 
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Brake engine performance is defined as an analysis of the complete engine as a 

thermodynamic system, and deals with the work transfers to/from the engine. Figure 

2.3 shows the simplest and earliest means of measuring brake performance of 

engine using a friction dynamometer or brake, used to establish some important 

concepts [86]. 

 

Figure 2.3 Scheme of dynamometer of the type friction band [86] 

 Mechanical efficiency (𝜂mech) is a measure of how effective the engine is at 

reducing internal losses. It relates the brake work (𝑊̇𝐵) to the indicate work (𝑊̇𝐼) 

(or power), see Equation 2.35. Indicated work can be obtained from an indicated 

engine analysis, considering the fuel-air mixture as a system and by an 

integration in pressure and volume in the combustion chamber, 

𝜂mech =
𝑊̇𝐵

𝑊̇𝐼

× 100 Equation 2.35 

 Brake work is related to the friction force (𝑓) acting through a distance (2𝜋𝑟) in 

one revolution, according to Equation 2.36; 𝑟 is the drive shaft wheel radius. 

𝑊̇𝐵 = 2𝜋𝑟 × 𝑓 Equation 2.36 

 Brake torque (𝜏) is the amount of work a prime mover can produce. It is, 

therefore, a measure of how large a load a given engine can pull. It can be 

represented by the product of a moment arm and the corresponding brake force 
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according to Equation 2.37 (see Figure 2.3). In a dynamometer, the driveshaft 

torque is absorbed and conduces to a dynamic equilibrium with the moment arm 

(𝑅) and load (𝐹), 

𝜏 = 𝑟𝑓 = 𝑅𝐹 Equation 2.37 

 Brake power (𝐵𝐻𝑃) is the power measured at the crankshaft just outside the 

engine. It can be determined from torque and speed (𝑁) according to Equation 

2.38, 

𝐵𝐻𝑃 = 2𝜋𝜏𝑁  Equation 2.38 

 Brake mean effective pressure (𝐵𝑀𝐸𝑃) is the calculation of the engine cylinder 

pressure that would give the measured BHP. It can be obtained from the brake 

power, number of power strokes per revolution (𝑛), stroke length (𝐿) and area 

(A), and the number of cylinders (𝐶), Equation 2.39, 

𝐵𝑀𝐸𝑃 =
𝐵𝐻𝑃 ∙ 𝑛

𝐿 ∙ 𝐴 ∙ 𝑁 ∙ 𝐶
 Equation 2.39 

 Brake thermal efficiency (𝜂brake) evaluates how well an engine converts the heat 

from a fuel to mechanical energy. It is defined as the brake power of a heat 

engine as a function on thermal input from the fuel, and can be determined from 

BHP, mass flow of fuel (𝑚̇𝑓𝑢𝑒𝑙) and calorific value of the fuel (𝐻𝑉), Equation 2.40, 

𝜂brake =
𝐵𝐻𝑃

𝑚̇𝑓𝑢𝑒𝑙𝐻𝑉
 Equation 2.40 

 Brake heat rate (𝐵𝐻𝑅) is the inverse of the brake thermal efficiency, Equation 

2.41. It expresses the ideal fuel-air energy addition required by an engine per 

unit of brake power output, 

𝐵𝐻𝑅 =
𝑚̇𝑓𝑢𝑒𝑙𝐻𝑉

𝐵𝐻𝑃
 Equation 2.41 

 Brake specific fuel consumption (𝐵𝑆𝐹𝐶) represents the normalized fuel 

consumption to the brake engine power output according to Equation 2.42, 

𝐵𝑆𝐹𝐶 =
𝑚̇𝑓𝑢𝑒𝑙

𝐵𝐻𝑃
 Equation 2.42 

2.2.4.2 Protocols for engine tests 

A test cycle is a protocol which specifies the conditions under which the engine (or 

vehicle) must be operated during an engine test in order to ensure reproducibility 
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and repeatability. The most important parameters in an engine tests are speed, load, 

and temperature of operation.  

Several protocols for engine tests have been issued by different governments and 

institutions. The most important are those from USA, European Union and Japan, 

and are classified according to the type of vehicle (light or duty) or the type of test 

(chassis or engine dynamometer). The Worldwide Harmonized Light Vehicles Test 

Cycle (WLTC) and New European Driving Cycle (NEDC) are some of the most 

important and used cycles. The main differences between these cycles are the 

maximum velocity, the time and distance for the cycle, the number of phases which 

represent the road types and the average speed, those for WLTC being higher than 

NEDC. 

2.2.4.3 Diagnostic techniques 

In diesel engines, the fuel is injected into the cylinder which is already filled with air 

at high pressure and temperature. The autoignition of air/fuel mix starts the 

combustion processes. If enough oxygen is available, the hydrocarbons can be 

completely oxidized. In practice, however, the exhaust gases contain incomplete 

combustion products (e.g., carbon monoxide, unburned hydrocarbons, etc.) [87]. 

Fuel and air mass or volume flow rates must be measured in an engine test. Fuel 

consumption can be obtained using either volume or weight measurements; modern 

systems use photocell burettes to automatically measure the fuel consumption. For 

air flow, the pressure and temperature at the intake must be monitored, for instance 

with an orifice meter complemented with a thermometer [86].  

The dynamometer, together with the engine, is the core of the engine tests. Several 

types of dynamometer have been developed. The simplest dynamometer is the 

prony brake, which uses a brake drum attached to the engine, developing a constant 

resisting torque for a given friction band pressure, which regulates the engine load. 

The water brake dynamometer is a hydraulic or fluid power absorption system. The 

engine torque is transmitted through a pump driven by an engine. A fan brake 

dynamometer is also fluid power absorption system, which uses the resistance of 
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air. Other dynamometers use electrical as opposed to mechanical means of loading 

[86].  

The concentration of engine pollutants is usually measured in engine tests. Over 

90% vol. of the typical exhaust gas composition consists of CO2, N2 and water, the 

other compounds (e.g., CO, NOx, UHC, SO2, PM) being in much lower 

concentrations. Techniques to measure the concentration of the main components 

of the combustion discussed in Section 2.2.3.2 can also be used to the exhaust gas 

from engine also. Specialized sampling techniques must be used, generally by 

separation of the main sample, to obtain reliable values of trace compounds. Optical 

and spectroscopy techniques often have been used to measure low-concentration 

compounds.  

Analysis of particulate matter accompany the modern engine test. Collecting and 

conditioning the gas sample containing PM, separation of PM and measurement of 

desired properties, are the steps for particulate matter analysis. Usually, a sample 

of the flue gas is taken by a vacuum pump and directed to the particle-analyzing train 

(e.g., filter, impinger, etc.). Sampling plays a key role on the characterization of PM: 

homogeneity (point of sample extraction), humidity (ambient temperature and air 

dilution according to the dew point of sample), kinetics (ideally isokinetic pump 

aspiration) and losses in transport (e.g., by deposition of PM in the lines), are 

important factors to obtain a representative samples [84], [88]. 

Mass concentration of PM can be measured by different methods, mainly by 

gravimetric (filters and impactor) and in-situ (tapered-element oscillating 

microbalance — TEOM) techniques. Particle size distribution is analyzed according 

to the aerodynamic properties (i.e., cascade impactor and aerodynamic particle sizer 

— APS), electrical mobility (electrostatic classifier, such as differential mobility 

analyzer — DMA) and light scattering/laser desorption/ionization (aerodynamic 

mass spectrometry — AMS, and white light-scattering analyzers) [84]. Chemical and 

internal structure, and morphology of PM are important characteristics to understand 

the soot formation. Thus, X-ray diffraction, phase contrast electron and dark field 

microscopy have been used to study the internal structure of soot, high-resolution 
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transmission electron microscopy (HRTEM) has been used to study morphology 

(which allows to determine the size distribution of particles), and FTIR analysis have 

been performed to analyze the chemical structure [89]. 
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Chapter 3.  Fuel characteristics of rosin-derived compounds 

 

This chapter presents the results of the evaluation of rosin-derived compounds, 

particularly abietic acid methyl ester (AAME), as component and/or additive of diesel 

fuel. Due to scarcity of published information on the properties and impacts of rosin 

and rosin-derivates as fuels, estimations of thermal and thermochemical properties 

were performed. In addition, a section is devoted to the synthesis of AAME from 

commercially available rosin in Colombia. The influence of AAME in combustion 

tests is analyzed from emissions of carbon monoxide, carbon dioxide, nitrogen 

oxides (NOx = NO + NO2) and unburned hydrocarbons, and temperature and flame 

size, by using a laminar flame in a coflow burner. 

3.1 Estimation of some fuel properties 

3.1.1 Background 

In Section 1.2.3 it was mentioned that the use of rosin as fuel component involves 

the previous transformation of resinic acids into light hydrocarbons, for instance by 

hydrotreatment or hydrocracking. Although the obtained hydrocarbons displayed 

good performance as fuel components, these processes demand high amounts of 

energy. Thus, in this chapter the transformation of rosin is evaluated at mild reaction 

conditions. Esterification and reduction reactions appear to be appropriate because 

their products (esters and alcohols) have been typically used as fuels, and these 

reactions can be performed using heterogenous catalysts. In the case of 

esterification, considering that the resin acids of rosin are heavy molecules, only 

methyl esterification is proposed. 

Due to scarce information on thermal and thermochemical properties of rosin and 

rosin-derived products, estimation of these properties was also performed. Indeed, 

beyond evident advantages such as economizing experiments, obtaining 



38   Chapter 3. Fuel characteristics of rosin-derived compounds 
 

information from molecules difficult to separate in pure form (e.g., rosin) is very 

relevant in order to evaluate the feasibility of certain chemical transformations.  

3.1.2 Methodology 

Adiabatic flame temperature of the molecules was estimated by using the fuel 

properties (e.g., enthalpy of formation, heat capacity, etc.), at atmospheric pressure 

and temperature (0.87 bar and 298 K). The equivalence ratio (φ, defined as the ratio 

of the actual fuel/air ratio to the stoichiometric value) was varied in the estimations. 

Specifically, the temperature was iterated until the enthalpy loss between reactants 

and combustion products was below a defined tolerance, at constant pressure. The 

source code, developed by Lapuerta and coworkers [66], involves the chemical 

equilibrium of 32 species and 63 chemical reactions. 

Estimations of thermal and thermochemical properties were performed based on 

group additivity methods described in Sections 2.1.3 and 2.1.4. Group additivity 

methods are popular and reliable for estimating thermal and thermochemical 

properties, and Benson’s and Joback’s were implemented to estimate properties of 

rosin and rosin-derivates. 

Methods to estimate thermal and thermochemical properties depend on the type of 

molecules (molecular structure, weight, and complexity). It is known that these 

methods are not highly accurate, often showing both over- and under-predictions. 

Thus, in order to get better insight the analysis (with the exception of adiabatic flame 

temperature) was not performed on the property of the rosin component (e.g., abietic 

acid) itself but on the change of the property between the rosin component and the 

rosin-derivative obtained by the corresponding chemical transformation (e.g., methyl 

abietate, for the case of esterification); for instance, the change in melting 

temperature for the esterification product is calculated as the difference between the 

melting temperature of the (e.g.) abietic acid and that of the (e.g.) methyl abietate. 

In particular, since the purpose of the transformations reviewed in this work is to use 

rosin-derivates as fuel, negative changes in boiling / melting temperatures and 

positive changes in heating values are desired. 
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The studied chemical transformations of rosin were (see Figure 3.1): reduction (r), 

esterification (e) and isomerization (i) of rosin compounds; isomerization was studied 

as a previous step of reduction (ri) and/or esterification (ei). Direct reduction of acids 

from rosin leads to the formation of alcohols, while the reaction between carboxylic 

acids and an alcohol produces methyl esters (ME). Isomerization, on the other hand, 

is proposed because the solid state of rosin is due to only some components. 

 

Figure 3.1. Transformations of rosin  

These transformations of rosin aimed at improving the properties of resin acids. In 

particular, a decrease in viscosity, as well as in fusion and boiling temperature, is 

expected by performing reduction and methyl esterification of resin acids, which are 

solid at normal conditions. Isomerization is analyzed as a previous homogenization 

step for diverse acids from rosin before undergoing reduction and/or methyl 

esterification. 

Composition of rosin from different countries and its main components was 

presented in Section 1.2.3. A detailed literature review of experimental data, 

especially of boiling and melting temperature, for pure components of rosin and the 

products of esterification and reduction reactions was performed; the findings are 

shown in Table 3.1. Only abietic acid and its derivates (AAME and abietyl alcohol) 

have experimental boiling and melting temperatures reported in the literature. In 

general, boiling temperatures of resin acids from rosin and rosin-derived molecules 

are scarce, while melting temperatures have been reported more often than boiling 

ones for rosin compounds and its derivates. 
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Table 3.1. Boiling and melting temperatures of rosin components and rosin-derived molecules 

 Compound Acid Methyl ester (ME) Alcohol 

Tb
a 

(°C) 
Dehydroabietic ND ND 177 [90] 
Abietic 315-385 [91] 362.5 [92] 164 [93] 

Tm
b  

(°C) 

Pimaric 218-219 [94] ND 85-86 [95] 
Sandaracopimaric 218 [96] 67-68 [97] ND 
Isopimaric 175 [98] ND 86-87 [99] 
Levopimaric 150-152 [100] 63-64 [101] ND 
Palustric acid 163-164 [102] ND ND 
Dehydroabietic 171-171.5 [102] 62.3-63.9 [103] ND 
Abietic 172-174 [104][105] 25-84 [92] [101] 79-81 [106] 
Neoabietic 165-167 [107] 61.5-62 [108] 96-97 [109] 

a Boiling temperature; b Melting temperature; ND no experimental data 

3.1.3 Methyl esterification of rosin 

Influence of the esterification reaction on the estimated melting and boiling 

temperatures is shown in Figure 3.2; the average from experimental values in Table 

3.1 and the corresponding upper and lower limits are also presented as comparison. 

Joback method predicts the same change of boiling temperatures under 

esterification reaction for pimaric, isopimaric, levopimaric, dehydroabietic, abietic 

and neoabietic acids (∆𝑇𝑏
𝑒=-64.8°C), while for sandaracopimaric and palustric acids 

change was -54.8 and -59.5°C, respectively. The decrease in boiling temperature of 

abietic acid after methyl esterification, calculated from experimental data in Table 

3.1 is -12.5°C, which is lower than that estimated with Joback method (only the upper 

limit of the experimental temperature change is close to Joback estimation). 

Although Joback method typically overestimates boiling and melting temperatures, 

abietic acid has a wide range of experimental boiling temperatures, and the 

experimental value of boiling temperature of AAME is in the middle of this range. 

Theoretically, a reduction in boiling temperature is expected after esterification. 

Thence, some experimental data of boiling temperature for abietic acid might be 

erroneous. 

The changes of melting temperature after esterification estimated with Joback 

method are very close to the expected from the experimental values for neoabietic 

and dehydroabietc acids, while the group contribution method underestimates the 

change in temperature for sandaracopimaric and abietic acids (although for abietic 
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acid it is within the experimental deviation) and overestimates that for levopimaric 

acid.  

 

Figure 3.2. Changes in melting and boiling temperature due to methyl esterification of rosin 

Pimaric skeleton is shared by pimaric, isopimaric and sandaracopimaric acids, the 

only difference being the position of an instauration inside the rings (see Figure 1.4). 

Nevertheless, the change in melting temperature calculated from the experimental 

data in Table 3.1 is significantly higher for sandaracopimaric acid without apparent 

reason. In general, good agreement was obtained with Joback method for changes 

in melting temperatures under esterification reaction of rosin compounds. 

Estimated changes in lower heating value after esterification of rosin compounds, 

calculated by Benson and Joback methods, are shown in Figure 3.3. In general, 

results from Joback’s are higher than Benson’s, probably due to Joback neglecting 

the contribution of neighboring groups. In any case, esterification of rosin 

components into the corresponding methyl esters has a minor effect on heating 

values, because an increase of about 0.5 MJ/kg is estimated. 

Under the assumption that all components of rosin are completely converted in the 

reaction, the esterification of rosin commercially available in Colombia translates into 

a reduction of melting temperature of 110.6°C, a reduction in boiling temperature of 
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62.9°C and an increase in heating values about 0.5 MJ/kg, which are appreciable 

changes in properties of methyl rosinate with respect to rosin. Despite the acid group 

being removed from their molecular structure, a high tendency to remain as solid of 

methyl rosinate is still maintained, with a minor increase in heating values.  

 

Figure 3.3. Changes of lower heating value due to methyl esterification of rosin 

If methyl rosinate components are compared with typical methyl esters from 

vegetable oils (i.e., biodiesel), melting temperatures of the former are higher than 

those of methyl stearate and palmitate (38.9 and 33.5°C [110], respectively). 

Considering that biodiesel has often experienced filter clogging problems derived 

from both impurities (mainly mono-, di- and triglycerides and glycerol) and saturated 

esters, the reduction in melting point of methyl rosinate compounds seems to be 

insufficient for fuel applications. 

Adiabatic flame temperatures for rosin-derived compounds of methyl esterification 

(methyl ester of rosin - ME rosinate, and particularly AAME) were calculated at 

“ambient conditions” (i.e., constant pressure, initial pressure and temperature of 0.87 

bar and 298 K, respectively) and “engine conditions” (i.e., constant pressure, initial 

pressure and temperature of 80 bar and 900 K, respectively), and compared with 

that for a diesel of reference (C15.18H29.13) and biodiesel from palm oil (C18.01H34.97O2), 

Figure 3.4.  
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Figure 3.4. Adiabatic flame temperature for ME rosinate, AAME, diesel and biodiesel at “ambient 
conditions” (i.e., constant pressure) and “engine conditions” (i.e., constant volume, shown in insert) 

At “ambient conditions”, similar values of adiabatic flame temperature are observed 

for ME rosinate, AAME and diesel, with biodiesel displaying slightly lower values. At 

“engine conditions”, differences are evidenced, diesel displaying the highest 

adiabatic flame temperature, followed by rosinol and ME rosinate (practically the 

same profile than AAME), and biodiesel (the lowest temperature).  

Some properties of fuels, including the heat of formation from Benson method 

(Equation 2.15) for ME rosinate, AAME, diesel and biodiesel are shown in Table 3.2.  

Table 3.2. Main properties of AAME, diesel and biodiesel 

Fuel MW (g/mol) % O H/C ∆𝒉𝒇
𝟎 (MJ/mol) 

Diesel 211.7 0.0 1.92 -22.21 

Biodiesel 283.5 11.3 1.94 -79.91 

ME rosinate 316.5 10.2 1.52 -62.81 

AAME 316.5 10.2 1.52 -62.60 

Diesel is the lightest fuel and, as a result of the absence of oxygen in its molecules, 

it is expected to deliver more energy in combustion. Although ME rosinate and AAME 

are heavier than biodiesel, their heats of formation are higher, thereby the energy 

extracted from them in combustion is higher than from biodiesel. Properties of ME 

rosinate and AAME are very similar because the main component of ME rosinate is 
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AAME, and the corresponding properties of other components of ME rosinate are 

similar to AAME. 

3.1.4 Reduction of rosin 

Change in melting and boiling temperature due to reduction reaction of rosin are 

shown in Figure 3.5. Variations in boiling temperature for alcohols derived from rosin 

are slightly lower than those of the corresponding methyl esters. Similarly to the 

esterification of rosin, the change in boiling temperature calculated with the only 

experimental value available in the literature (see Table 3.1) is significantly larger 

than the estimated value. In addition, the change in boiling temperature for abietyl 

alcohol from experimental reports shows high dispersion due to the high dispersion 

of experimental boiling temperatures for abietic acid. 

 

Figure 3.5. Change in melting and boiling temperature due to reduction of rosin 

Experimental and estimated changes in melting temperatures from reduction of 

abietic and isopimaric acids are very similar. Difference in melting temperature 

resulting from the reduction reaction of neoabietic and pimaric acids are over- and 

under-estimated by Joback method, respectively, but estimations and experimental 

data are of the same order of magnitude. As in the case of esterification, alcohols 

from abietic and levopimaric acids display the lowest melting temperatures (15°C 

lower than those of other alcohols derived from rosin compounds). 
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Estimated change in lower heating value for the reduction of rosin compounds, 

calculated with Joback and Benson methods, are shown in Figure 3.6. Unlike the 

estimated changes in lower heating values due to esterification of rosin, Benson’s 

results are higher than Joback’s probably as a result of the contribution of hydroxyl 

groups from Benson’s being higher than from Joback’s, whereas that for carboxyl 

groups is lower. In all cases (lower heating values from Joback and Benson 

methods), no significant differences are observed between the different compounds. 

The reduction reaction of rosin compounds shows a stronger effect on the lower 

heating value than esterification: lower heating values are increased in more than 3 

MJ/kg, which is a significant change. 

 

Figure 3.6. Delta of lower heating values due to reduction of rosin 

The reduction reaction of rosin commercially available in Colombia, results in a 

reduction in both melting temperature (103.4°C) and boiling temperature (51.8°C), 

along with an increase in lower heating value (about 3 MJ). Melting and boiling 

temperatures of alcohols from rosin are 7.2 and 11.1°C lower than methyl rosinate’s, 

respectively, indicating higher propensity of the reduced compounds from rosin to 

remain as solids in comparison to methyl esters. On the other hand, reduction of 

rosin yields products with higher heating values than rosin and its esterification 

products.  
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Adiabatic flame temperatures for rosinol (the derived-compound from reduction of 

rosin) were obtained at the same conditions than the products of esterification of 

rosin (i.e., “ambient conditions” and “engine conditions”), and also compared with 

diesel and biodiesel from palm oil, Figure 3.7.  

 

Figure 3.7. Adiabatic flame temperature for rosinol, diesel and biodiesel at “ambient conditions” 
(i.e., constant pressure) and “engine conditions” (i.e., constant volume, shown in insert) 

Adiabatic flame temperatures for rosinol and diesel are similar even at “engine 

conditions”. The molecular weight, oxygen content and heat of formation for rosinol 

are 288.5, 5.5% and -47.23 MJ/kg, respectively. The heat of formation of rosinol is 

significantly higher than that for biodiesel (see Table 3.2). Similarly, adiabatic flame 

temperatures for rosinol are higher than for ME rosinate, probably due to its lower 

molecular weight and oxygen content. 

3.1.5 Isomerization of rosin 

Significant differences in melting and boiling temperatures between the rosin 

compounds can be observed in Table 3.1. Pimaric and sandaracopimaric acids 

display the highest melting temperatures, which makes them the most propense 

rosin compounds to remain solid. Thus, their presence in the raw material implies 

that unmodified rosin is unsuitable for fuel applications. On the other hand, 

levopimaric acid has the lowest melting temperature. In fact, the difference in melting 
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temperature between levopimaric and pimaric acid is around 65°C, which is 

somewhat large given their structural similarity. Therefore, isomerization of rosin 

compounds may improve the potential of rosin as feedstock for fuels by removing 

the acids with high melting temperature.  

Unfortunately, experimental information for some rosin-derivates (methyl esters and 

alcohols shown in Table 3.1) is missing. Hence, estimated properties may help select 

a target compound for isomerization, which would undergo further reduction and/or 

esterification. Reaction products of reduction / esterification of levopimaric and 

abietic acids showed the lowest melting and boiling temperatures; thus, these acids 

are good candidates as target products in the isomerization reaction. In addition, 

both reduction and esterification yield rosin-derivates with similar lower heating 

values (i.e., around 36.4 MJ/kg after methyl esterification and around 38.9 MJ/kg 

after reduction, estimated with Benson method), thus, isomerization apparently does 

not influence this property. 

3.1.6 Remarks of the section 

 A significant decrease in melting and boiling temperatures and an increase in 

heating values can be expected by performing the reduction and esterification 

of rosin, that is, the melting / boiling temperature and heating value of the 

reaction product are lower and higher, respectively, than the corresponding 

compound of rosin.  

 Esterification of rosin compounds yields esters with melting temperatures 

around 108°C lower than resin acids, while the heating values is slightly 

increased. Besides, adiabatic flame temperature of the product of methyl 

esterification of rosin is lower than that for diesel, but higher than that for 

biodiesel.  

 Reduction of rosin yields alcohols with melting temperatures higher than those 

for esters, but higher heating values and adiabatic flame temperatures (closely 

similar to diesel) are obtained.  

 Molecules derived from levopimaric and abietic acids displayed the best thermal 

properties among rosin compounds, with similar lower heating values, making 

these acids good candidates for an isomerization reaction. 
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3.2 Production of methyl esters of rosin 

3.2.1 Background 

Rosin is composed mainly by resin acids, namely, abietic, dehydroabietic, 

neoabietic, palustric, pimaric, isopimaric and levopimaric [18], which are readily 

esterified yielding products with interesting properties. For instance, AAME (CAS 

127-25-3; mw: 316.47; mf: C21H32O2) is a colorless-to-yellow thick liquid, almost 

odorless, 360-365°C boiling point, 190°C flash point and 1.040 g/cc density at 20°C. 

It is insoluble in water, soluble in organic solvents (alcohols, ether, etc.) and aliphatic 

hydrocarbons. Combustible when exposed to heat or flame it can react with 

oxidizers. Heated to decomposition emits irritating fumes and acrid smoke. The uses 

of AAME are similar to methyl rosinate, including plasticizer, solvent for vinyl and 

cellulosic materials [111–114].  

Typically, sulfuric acid has been used as catalyst in the esterification of resin acids. 

Esterification of abietic and dehydroabietic acids with this catalyst displayed high 

yield (up to 90%), and a purification by ester extraction was necessary [115]. Acidic 

functional ionic liquids (1-(3-sulfonic group)propyl-3-methylimidazole p-

toluenesulfonate) have been used to catalyze the esterification of abietic acid with 

methyl alcohol obtaining ca. 90% conversion and easy reusability of the catalyst 

[116]. Other processes use esters, such as dimethyl sulfate, methyl sulfate and 

dimethyl carbonate, as methyl donors in the esterification. In these reactions, lithium 

hydroxide and potassium carbonate have been used as catalysts, obtaining yields 

ca. 99% [117]–[119]. 

Different catalysts have been reported for the esterification of rosin with different 

alcohols. Lewis and Brönsted acids, such as acetic acid, sulfuric acid and p-

toluenesulfonic acid, are suitable. On the other hand, most studies on 

heterogeneous catalysis have been conducted on the esterification of rosin with 

polyols using different materials: oxides (e.g., calcium, zinc magnesium aluminum 

and rare metal), alkaline hydroxides (e.g., calcium and magnesium hydroxides), 

organic and inorganic salts (e.g., iron chloride, calcium formate and calcium 

phosphate), and acidic-functionalized ionic liquids [120], [121]. 
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Studies on the heterogenous esterification of rosin with methanol are scarce. 

Recently, ZnO supported on spent fluidized-catalytic-cracking catalyst 

(ZnO/SFCCR) was applied to the esterification of rosin with methyl alcohol under 

subcritical CO2 conditions. CO2 acts as auxiliary catalyst, improves mass transfer 

and adjusts pH to values between 3.54 and 3.91; conversion ca. 97% was obtained 

at 5 h reaction time, 220°C and without solvent [122]. On the other hand, acidic 

groups as p-toluenesulfonic and sulfuric acids were incorporated into MCM-41, 

achieving high activity in the esterification of rosin with methyl alcohol, i.e., 88% 

conversion, at 220°C and 5 h reaction time [123]. Steric effects and low molecular 

size of methyl alcohol with respect to rosin, together with the fact that the acid group 

in resin acids is attached to a tertiary carbon, makes the esterification of rosin with 

methyl alcohol a very difficult reaction [122], [123]. 

3.2.2 Methodology 

3.2.2.1 Materials 

Rosin (technical grade: Colophony WW®, 64-78°C softening point, and 146-169 

mg/g acid number) was supplied by Protokimica (Medellín, Colombia). Methyl 

alcohol and acetone (Ph. Eur. Reag., purity >99.0%), and analytically-pure 

potassium acid phthalate were purchased from Merck. Potassium hydroxide, 

toluene, isopropyl alcohol, diethyl ether, ethyl alcohol and magnesium oxide, all 

analytically grade, were purchased from JT Baker. Analytical grade Amberlyst® 15 

and dimethyl carbonate (technical grade), abietic acid methyl ester (analytical assay 

not available), and tetra-methyl-ammonium hydroxide solution at 25 wt.% in methyl 

alcohol were purchased from Sigma-Aldrich. Titanium dioxide (Hombikat®, 

analytically pure) was purchased from Sachtleben Chemie. γ-Alumina (analytical 

grade) was purchased from Alpha-Aesar. Kaolin and calcium carbonate (analytical 

assay not available) were acquired in the local market. In addition, a low-cost a 

calcium-based material (a mixture of CaO, Ca(OH)2 and CaCO3) available in the 

local market was also evaluated. 

3.2.2.2 Rosin and reaction product characterization 

Rosin and the reaction products were characterized by GC and GC-MS, based on 

ASTM D5974-15. A derivatization (i.e., methylation with tetra-methyl-ammonium 
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hydroxide — TMAH) was necessary for individual rosin acids identification; 

specifically, titration of samples previously diluted in methyl alcohol/diethyl ether 

solution was carried out with TMAH 6 wt.% titration/methylation solution and 

phenolphthalein as indicator. The same derivatization procedure was followed for 

the reaction products. 

Quantification was made by area percentage method, according to ASTM D5974-

15. GC analysis was performed in an Agilent Technologies 7890 equipped with a 

flame ionization detector (FID). A 1 μL sample was separated using an HP-5 ((5%-

Phenyl)-methylpolysiloxane) capillary column (30-m legth x 0.32-mm i.d., 0.25-μm 

film thickness) (Agilent J&W). Helium was used as carrier gas with an average linear 

velocity of 20 cm/s; the initial temperature (150°C) was held for 5 min and, then, a 

5°C/min heating ramp up to 250°C (held for 10 min) was used. The split ratio, inlet 

injection temperature and detector temperature were 100 : 1, 300°C and 325°C, 

respectively. 

Peak identification was conducted by gas chromatography mass spectrometry (GC-

MS) using an Agilent 7890 GC system coupled to Agilent 5975C VL MSD triple 

quadrupole mass detector. Chromatographic conditions were as above. Electron-

impact mass spectra were recorded every second at an electron energy of 70 eV. In 

addition, Fourier-transform infrared (FTIR) spectra of feed and reaction product were 

performed in a Perkin Elmer Spectrum 65 with a horizontal attenuated total 

reflectance (HATR) attachment from 600 to 4000 cm-1. Reaction product was 

concentrated by roto-evaporation in a Heidolph V-800 with vacuum control in 

automatic mode. 

3.2.2.3 Catalyst characterization 

XRD patterns of materials were recorded by using a Bruker D8 Advance coupled 

with CuKα1 radiation generated at 40 kV and 40 mA, 2θ from 5º to 70º with a step 

size of 0.05º. Fourier-transform infrared (FTIR) spectra for fresh and post reaction 

samples of catalysts were collected in a Perkin Elmer Spectrum 65 on diffuse 

reflection mode (Pike) with KBr powder. Temperature-programmed desorption 

profiles with CO2 were obtained in a Micromeritics Autochem 2920. The temperature 
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programmed desorption of CO2 (TPD-CO2) was conducted in helium flow at 50 

mL/min until 850°C with a heating ramp of 10°C/min. Previous pretreatment of the 

samples was performed by heating at 200°C for 60 min with a heating rate of 

10°C/min under helium flow of 50 mL/min. 

3.2.2.4 Catalyst activity 

The catalyst activity was evaluated performing the chemical reaction represented in 

Figure 3.8 (𝑅 represents the skeleton for each resin acid, see Figure 1.4). 

Me OH R

O

O Me

+ OH2+R-COOH
Cat.

 

Figure 3.8. Scheme of rosin esterification reaction with methyl alcohol 

The sample of rosin, methyl alcohol, and catalyst was placed in a flask (50 mL) 

equipped with temperature control, a condenser and magnetic stirring. Reaction 

temperature was maintained at 64°C (reflux temperature) and stirring at 500 rpm. 

Different reaction conditions (i.e., solvent, reaction time, reactant molar ratio, and 

catalyst load) were evaluated, and the catalyst was removed by filtration; in some 

cases, a subsequent centrifugation was performed.  

Conversion was calculated with the acid value of reactants and products, Equation 

3.3.1, 

Conversion (%) = 100 ∗ (1 −
𝑊𝑛f

𝑊𝑛i
) Equation 3.3.1 

where 𝑊𝑛 is the acid number and, subscripts 𝑖 and 𝑓 represent the initial and final 

conditions for each reaction. The conversion of rosin was used as criterion to assess 

the esterification reaction. The acid value was determined according to ASTM D465-

15. The dissolved reaction product (or rosin dissolved in methyl alcohol or isopropyl 

alcohol / toluene mixture) and 4-5 drops of phenolphthalein indicator was titrated 

with a standard solution of potassium hydroxide; titration solution was standardized 

with potassium acid phthalate solution. Acid number in mgKOH/gsample was computed 

as Equation 3.3.2, 
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𝑊𝑛 =
𝑉 ∙ 𝐶 ∙ 𝑀

𝑚
 Equation 3.3.2 

where 𝑉 is the volume of potassium hydroxide used in titration (mL), 𝐶 is the 

concentration of potassium hydroxide solution (mol/L), 𝑚 is the weight of the sample 

(g) and 𝑀 is the molecular weight of potassium hydroxide (56.11 g/mol). 

3.2.2.5 Catalyst stability 

The reusability of the catalyst was assessed by using the same catalyst and reaction 

conditions in five reaction cycles. After each cycle, the catalyst was washed for one 

hour with methyl alcohol at the same reaction temperature and stirring, filtered and 

dried. 

3.2.3 Results and discussion 

3.2.3.1 Overall results 

The most relevant results of this study on the esterification reaction of rosin with 

methyl alcohol are summarized in Table 3.3. 

Table 3.3. Relevant results from rosin esterification 

Entry Catalyst Solvent Rosin/MeOHa Conversion (%) 

1 Cab None 748 45 
2 MgO None 748 26 
3 TiO2 None 748 27 
4 Al2O3 None 748 18 
5 Kaolin None 748 7 
6 Amberlyst None 748 4 
7 Cab Acetone 187 35 
8 Cab Ethanol 187 48 
9 Cab 2-Propanol 187 35 

10 MgO Toluene 187 6 
11 CaCO3 Toluene 187 30 
12 Cab None 60 45 
13* Cab None 187 55 
14 Cab None 523 45 
15 Cab None 900 47 

aWeight ratio; bcalcium material; *at 4.5 h reaction rime. Reaction conditions: 
64°C, 500 rpm, 40% catalyst loading (with respect to rosin), 3.5 h reaction time, 
1 : 1.76 volumetric ratio of methyl-alcohol : solvent. 

The highest conversion is obtained with the calcium material as catalyst, at 4.5 h 

reaction time, 187 weight ratio of rosin : methyl-alcohol and without solvent (entry 13 
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in Table 3.3). Detailed analysis of the main variables influencing the reaction is 

presented in the following sections. 

3.2.3.2 Characterization of rosin and reaction products 

Rosin samples were freshly broken from a larger mass to avoid air oxidation (ASTM 

D5974-15). The acidity number of rosin, as measured with several samples of 

different weight (0.5 to 4.0 g) by using different concentrations of the titration solution 

(0.08, 011 and 0.49 mol/L), ranged from 145.3 mg/g to 146.0 mg/g, with an average 

value of 145.6 mg/g.  

A chromatogram of rosin is shown in Figure 3.9. The main components of rosin are 

eluted between 32- and 44-min. A proper separation was achieved, as indicated by 

the well-defined peaks observed. The components of rosin (identified by comparison 

between mass spectra for each peak and NIST database) and their concentration 

are displayed in Table 3.4. The concentration of rosin is similar to that produced in 

Centro America [23], with levopimaric (4), dehydroabietic (5) and abietic (6) acids as 

main compounds (according to Figure 3.9). 

 

Figure 3.9. Chromatogram of rosin 

Elution times in Table 3.4 are in good agreement with Hudy [124] and Volkman and 

coworkers [125]. Hudy [124] used polar and nonpolar packed columns for the 

separation of resin acid esters, obtaining similar results with both columns. 
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Furthermore, the differences in volatility and unsaturation of resin acid esters are the 

key for the separation, which is not achieved with rosin acids without esterification. 

Volkman and coworkers [125] reported a successful separation of the main resin 

acids; the elution in a nonpolar column (HP-1 methyl silicone capillary column) 

followed the order: pimaric, isopimaric, levopimaric, dehydroabietic, abietic and 

neoabietic resin acid esters. 

Table 3.4. Peak identification for rosin compounds 

#a tR (min) Compound Concentrationb (wt.%) 
 2.6 Methyl alcohol -- 

2 33.4 Methyl pimarate 2.3 

3 35.4 Methyl isopimarate 11.2 

4 37.6 Methyl levopimarate 29.7 

5 38.7 Methyl dehydroabietate 19.7 

6 40.1 Methyl abietate 21.1 

7 42.0 Methyl neoabietate 10.9 

    Others 5.1 
aSee Figure 3.9; tR is the retention time; bSolvent-free basis 

FTIR spectrum of rosin is shown in Figure 3.10. The peak at 1275 cm-1 is assigned 

to stretching vibration of the carboxylic group (C—O bond), while bands at 1451 and 

888 cm-1 can be attributed to bending vibrations of the same group (O—H bond) 

[126]. The intense band at 1694 cm-1 is assigned to the carbonyl structure (C=O) of 

carboxyl groups [126]. Aditionally, the bands at 2927 and 3434 cm-1 can be assigned 

to stretching vibration of hydroxyl group of adsorbed water and vibrations typicals for 

hydrocarbons, respectively [127]. These bands have been commonly reported for 

rosin [128]. 

The reaction product obtained with toluene as solvent (methyl-alcohol : toluene at 

1 : 0.4 volume ratio), rosin:methyl-alcohol molar ratio of 1 : 186, 64°C, 3 h reaction 

time, and calcium-based material loaded at 40% with respect to rosin was analyzed 

by FTIR and GC-MS (following the same procedure than rosin characterization). The 

concentration of reaction products obtained by GC analysis is shown in Table 3.5 

(reaction conversion >90%). Concentration of reaction products is similar to that of 

rosin (see Table 3.4), suggesting that all components of rosin are transformed into 

ester products in the reaction. 
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Figure 3.10. FTIR spectrum of rosin 

Table 3.5. Peak identification for reaction product 

tR (min) Compound Concentrationa (%) 

2.6 Methyl alcohol -- 

33.4 Methyl pimarate 3.6 

35.4 Methyl isopimarate 10 

37.6 Methyl levopimarate 27.8 

38.7 Methyl dehydroabietate 18.1 

40.1 Methyl abietate 18 

42.0 Methyl neoabietate 11.6 

  Others 10.9 

tR is the retention time; aSolvent-free basis. 

FTIR spectrum of the product of esterification of rosin is compared with that of abietic 

acid methyl ester (AAME) in Figure 3.11. The FTIR analysis of reaction product was 

performed once volatile compounds (i.e., toluene and methyl alcohol) are removed 

by evaporation. A broad band at 3334 cm-1 is observed for both AAME and the 

reaction product, as well as for rosin (see Figure 3.10), and can be attributed to 

hydroxyl group of adsorbed water. 

FTIR spectrum for AAME displays an intense band at 1727 cm-1 assigned to the 

stretching vibration of carbonyl structure (C=O); the sharp peak at 1244 cm-1 is 
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assigned to the stretching vibration of C-O bond from ester group [129]. Since IR 

spectra for methyl ester of rosin compounds are not available in literature, a 

simulation of the molecule was carried out. The optimization of the AAME geometry 

was performed using the Density Functional Theory (DFT) with the hybrid functional 

B3YLP and the electronic base 6-31G with Gaussian G09. Bands at 1727 and 1244 

cm-1 were obtained for both elucidated and experimental IR spectra. 

 

Figure 3.11. FTIR spectra of reaction product and standard abietic acid methyl ester (AAME). 
Reaction conditions: 64°C, 3 h reaction time, rosin : methyl-alcohol molar ratio of 1 : 186, methyl-

alcohol : toluene volumetric ratio of 1 : 0.4, and calcium-based material loaded at 40% with respect 
to rosin. 

FTIR spectrum for reaction product in Figure 3.11 shows the same bands than 

AAME, located at 1727 and 1244 cm-1. Aditionally, bands at 3670 and 3329 cm-1, 

which are typical for methyl alcohol (assigned to the stretching vibration of hydroxyl 

group [127]) are due to unreacted methyl alcohol. On the other hand, the slight peak 

at 3079 cm-1, assigned to the stretching vibration of C-H bond, the band at 1550 cm-

1, assigned to the stretching vibration of C-C bond, and the sligth peak at 845 cm-1, 

assigned to the out-of-plane bending of C-H bond, which are typical of aromatic 

rings, point to the presence of an aromatic ring in the reaction product [129]. Indeed, 

low amounts of methyl alcohol and toluene are expected in the reaction product, in 

agreement with the low area of the corresponding peaks, probably because rosin 
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and/or rosin methyl ester adsorb them, avoiding its total separation in the 

evaporation step. 

3.2.3.3 Activity of different catalysts 

Figure 3.12 shows the activity of the calcium-based material, magnesium oxide, 

titanium dioxide, alumina, kaolin, and Amberlyst® 15 at different loads (with respect 

to rosin) for the esterification of rosin with methyl alcohol.  

 

Figure 3.12. Activity of the different catalysts. Catalyst load is computed with respect to rosin. 
Reaction conditions: 64°C, 3 h, rosin : methyl-alcohol molar ratio of 1 : 748. Conversion without 

catalyst is ca. 4% 

Amberlyst® 15 does not display activity for the reaction, suggesting that acidity does 

not promote the formation of esters under heterogeneous conditions. Conversely, 

the basic materials tested in this work have a significant effect on the reaction. 

Similar performance was displayed by magnesium oxide and titanium dioxide: both 

catalysts have the best performance at 20% catalyst load, achieving 23-27% 

conversion. Furthermore, conversion decreases at higher catalyst loads probably 

due to diffusional effects resulting from the high density and high loads of these 

materials. After an initial increase with catalyst load, conversion with alumina and 

kaolin decreases until 20 % catalyst load to increase again reaching 15 and 23% 

conversion, respectively, at a 40% catalyst load. The calcium-based material 

outperforms all the other materials, conversion being directly proportional to catalyst 
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load and reaching 46% at 40% catalyst load. The high activity of this material would 

be related to its basicity and/or the higher pH of the slurry [130]. 

3.2.3.4 Solvent effect 

Acetone, toluene, and methyl, ethyl and isopropyl alcohols were evaluated as 

solvents in the esterification of rosin and methyl alcohol, with the calcium-based 

material as catalyst, Figure 3.13a. A slight increase in rosin conversion (ca. 5%) with 

respect to the reaction without solvent is observed with ethyl alcohol. On the other 

hand, acetone and isopropyl alcohol displayed similar performance on the 

esterification of rosin, with conversions smaller than the base case (i.e., no solvent). 

Thus, high basicity and polarity would be desirable for a solvent in the esterification 

of rosin; indeed, according to the polarity parameter of Kamlet-Taft (𝐸𝑇
𝑁), polarity 

decreases in the order methyl alcohol>ethyl alcohol>isopropyl alcohol>acetone, 

whereas according to the β parameter of Kamlet-Taft the basicity decreases in the 

order isopropyl alcohol>ethyl alcohol> methyl alcohol>acetone [131]. However, 

since toluene (non-polar solvent) displayed an adverse effect on the calcium-based 

material, stability tests were performed with this solvent (see below).  

 

Figure 3.13. Effect of solvents on rosin esterification. a) calcium-based material as catalyst, and b) 
toluene as solvent. Reaction conditions: 64°C, 4.5 h and rosin : methyl-alcohol molar ratio of 

1 : 187; methyl-alcohol : solvent volumetric ratio of 1 : 1.76. In the case of methyl alcohol as solvent, 
additional methyl alcohol was added with respect to experiment without solvent (w/o) to match the 

reaction volume of the experiments with other solvents 
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Performance of magnesium oxide and calcium carbonate as catalysts with toluene 

as solvent is presented in Figure 3.13b: conversions are low, around 7 and 30%, 

respectively. Calcium carbonate is a highly-basic material, with strong basic sites. 

On the other hand, magnesium oxide displays medium-strength sites. Therefore, the 

combination of materials with medium- and high-strength basicity with low-polarity 

solvents appears to be insufficient to activate the acid groups of rosin and/or the 

hydroxyl group of methyl alcohol. 

The stability tests of the calcium-based material with toluene as solvent were 

performed at 64°C, 3 h, rosin : methyl-alcohol molar ratio of 1 : 186, methyl-alcohol 

: toluene volumetric ratio of 1 : 0.4, and a 40% load of calcium-based material (with 

respect to rosin). FTIR spectra for samples of the calcium-based material before and 

after reaction are shown in Figure 3.14.  

 

Figure 3.14. FTIR spectra of calcium-based material: fresh (CM fresh), after first reaction (CM R1), 
after washing treatment post first reaction (CM PT-R1), and after second reaction (CM R2), with 

toluene as solvent 

FTIR spectra of the fresh sample of the calcium-based material depicts a shark peak 

at 3643 cm-1 associated to the stretching vibrations of OH groups of Ca(OH)2 [132] 

and two peaks at 1452 and 876 cm-1 attributed to CO3
2− species from CaCO3 [133], 

indicating that calcium carbonate and calcium hydroxide are the main phases of this 

material. In addition, the fact that the area of the peak at 3643 cm-1 decreases until 
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it is practically absent after the second cycle of reaction, indicates that Ca(OH)2 

phase disappears from the bulk of the calcium-based material. 

XRD patterns of samples of the calcium-based material at different cycles of 

esterification reaction of rosin with methyl alcohol and toluene as solvent are 

presented in Figure 3.14. The fresh sample of the calcium-based material shows a 

major peak at 25.9° indicating that calcite (CaCO3) is the major phase of the material 

[134]. Calcium oxide and hydroxide, represented by peaks at 2θ values of 18, 46.8, 

50.1 and 62.6° [135], and 28.7, 34.1, 54.8 and 64.8°, respectively [134], [135], would 

be present in lower concentrations. Similarly to FTIR spectra, XRD patterns in Figure 

3.15 show a strong effect of reaction on the catalyst. In particular, at the end of the 

second reaction cycle the catalyst is composed only by calcium carbonate, the peaks 

of CaO and Ca(OH)2 phases almost absent from the sample. 

 

Figure 3.15. XRD patterns of calcium-based material: fresh (CM fresh), and after first (CM R1) and 
second reaction (CM R2), with toluene as solvent 

Profiles of temperature-programmed desorption with CO2 for samples of the calcium-

based material before and after reaction with toluene as solvent are shown in Figure 

3.16. TPD-CO2 profile of the fresh sample displays three peaks around 300-320, 

370-400 and 700-750°C. According to XRD and FTIR results, these peaks can be 

attributed to CaO, Ca(OH)2 and CaCO3, respectively. Therefore, the strongest base 
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sites in the sample of the calcium-based material are due to the presence of 

carbonate. Ca(OH)2 phase is represented by other strong base sites (lower than that 

for carbonate), and a medium-strength base sites (with low availability) are due to 

the CaO phase. 

 

Figure 3.16. TPD-CO2 of calcium-based material: fresh (CM fresh), and after first (CM R1) and 
second reaction (CM R2), with toluene as solvent 

The peak between 300 and 450°C in the TPD-CO2 profiles decreases with the 

number of reaction cycles suggesting a reduced availability of Ca(OH)2 phase, in 

agreement with the FTIR and XRD results, perhaps as a result of the very low polarity 

of toluene facilitating the dissolution of calcium hydroxide leading to the formation of 

species dissolved in the solvent phase. Simultaneously, the area of the peak at 

700°C is increased which is consistent with the leaching of Ca(OH)2 phase. 

Structural changes of the calcium-based material suggest that the solvent - catalyst 

system toluene - calcium hydroxide is not suitable for the esterification of rosin with 

methyl alcohol. Furthermore, the conversion of rosin with the toluene - calcium 

carbonate system is low, suggesting that the calcium hydroxide phase plays an 

important role in the esterification of rosin. 



62   Chapter 3. Fuel characteristics of rosin-derived compounds 
 

3.2.3.5 Activity of the calcium-based material without solvent 

Minor influence of the solvent on the esterification of rosin was observed (i.e., 

conversion was increased by 5% with ethyl alcohol). Furthermore, avoiding 

subsequent separation of solvents is desirable. Thus, different reaction times and 

ratios of reactants were evaluated to obtain improved reaction conditions for the 

esterification of rosin with methyl alcohol using the calcium-based material as 

catalyst. 

As the stoichiometric ratio of rosin compounds and methyl alcohol is 1 : 1 (see Figure 

3.8), the formation of rosin ester would be favored by an excess of methyl alcohol. 

Therefore, the rosin : methyl-alcohol molar ratio was varied; conversion of rosin at 

different rosin-to-methyl-alcohol molar ratios without solvent is shown in Figure 3.17; 

at 1 : 187 rosin : methyl alcohol molar ratio the conversion is ca. 55%, while the other 

ratios tested display similar values (ca. 45%). 

 

Figure 3.17. Performance of esterification of rosin as a function of reactants ratio (at 4.5 h and 40% 
of load of calcium-based material with respect to rosin) 

After an initial increase, conversion levels off at ca. 45% at high reactant ratios, 

perhaps due to the competition of molecules to reach the active sites on the catalyst. 

On the other hand, in esterification reactions at lower reactant ratios dissolution of 

rosin is difficult, which may explain the reduction in catalyst activity at 1 : 97; 

therefore, experiments were not performed at lower rosin : methyl alcohol molar 

ratios. Similarly, the large variation in the conversion of rosin at 1 : 97 rosin : methyl 
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alcohol molar ratio (12.8 standard deviation in conversion) would be explained by 

this dissolution effect. 

Figure 3.18 shows the conversion of rosin as a function of time. At 1 h the conversion 

is ca. 40%, and a (somewhat) constant conversion of ca. 45% is achieved after 3.5 

h of reaction, indicating that there is little gain in further increasing the reaction time. 

As a result of steric effects of tricyclic skeleton of rosin compounds and the position 

of carboxyl group (located on a tertiary carbon atom), esterification reactions typically 

involve severe conditions, such as high temperatures and pressures and long 

reaction times, to reach high conversions [122], [123]. 

 
Figure 3.18. Performance of esterification of rosin as a function of time (at 64°C, rosin : methyl 

alcohol molar ratio of 1 : 523, and 40% calcium-based material load with respect to rosin) 

3.2.3.6 Catalyst stability 

Five reaction cycles were carried out to evaluate the stability of the calcium-based 

material in the esterification of rosin with methyl alcohol and without solvent. Fresh 

rosin and methyl alcohol were added to the catalyst at the beginning of each cycle 

to keep the same molar ratio in all cycles. Reaction conditions were the same for all 

cycles, namely: 64°C, 500 rpm, 2.5 h, 40% catalyst load (with respect to rosin), and 

rosin : methyl alcohol molar ratio of 1 : 187 and 1 : 22 for reaction without solvent 

and with toluene as solvent, respectively. The procedure was repeated with different 

amounts of initial catalyst to evaluate the repeatability of the experiment.  

Conversion of rosin is decreased by ca. 50% in the second cycle, see Figure 3.19. 

A slight increase in the conversion of rosin is observed for the remaining cycles, 
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suggesting that the procedure implemented to wash the catalyst is not enough to 

remove the compounds adsorbed on the surface of the calcium-based material, but 

repetitive washing probably removes more adsorbed material. 

 

Figure 3.19. Catalyst stability. Reaction conditions: 64°C, 500 rpm, 2.5 h, 40% catalyst load (with 
respect to rosin) and rosin : methyl alcohol molar ratio of 1 : 187 and 1 : 22 for reaction without 
solvent (w/o) and with toluene as solvent (at methyl-alcohol : solvent volumetric ratio of 1 : 0.4), 

respectively  

FTIR spectra for a sample of the calcium-based material after reaction without 

solvent and a sample of washed calcium-based material after reaction were 

compared with that for the fresh sample (see Figure 3.20). Although the spectra are 

similar for the fresh and used samples, some differences can be observed. The peak 

area at 2928 cm-1 is larger for the sample of the calcium-based material after reaction 

than the other samples. This peak can be attributed to the carboxilic group of rosin 

and carbonyl structure of ester group, which may suggest the presence of unreacted 

rosin and/or rosin methyl ester on the surface of the catalyst after reaction. After 

reaction and washing this area is reduced, but it is not equal to that of the fresh 

catalyst, suggesting that some rosin and/or rosin methyl ester are present after the 

washing step. 

No significant difference in the XRD pattern of the sample of the calcium-based 

material is observed after the first reaction cycle, see Figure 3.21, whereas after five 

reaction cycles an appreciable reduction in intensity of peaks associated to Ca(OH)2 
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(17.86, 46.8 and 50.86°) and CaO phases (31.86, 34.11 and 54.37°) is evidenced, 

suggesting a minor leaching of these phases. 

 

Figure 3.20. FTIR spectra for samples of calcium-based material: fresh (CM fresh), and after first 
reaction (CM R1) and washing (CM PT-R1); reaction was conducted without solvent. 

 

Figure 3.21. XRD patterns for fresh sample of the calcium-based material: fresh (CM fresh), and 
after first (CM R1) and 5th reaction cycle (CM R5); reactions were carried out without solvent. 

55% conversion of rosin can be achieved with the calcium-based material as 

heterogeneous catalyst at 3.5 h reaction time, rosin : methyl alcohol molar ratio of 1 

: 187, 64°C, 500 rpm stirring, and 40% catalyst load. However, a separation step 

would be required to purify the esters, for instance by liquid-liquid extraction and 
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column chromatography. In particular, extraction of esters using hexane has been 

reported [115], [117]. Firstly, washing with water (or aqueous HCl and NaHCO3, or 

brine) is performed, and the inorganic phase is removed (drying over sodium sulfate 

is also performed). Then, silica columns together with the use of linear solvent 

gradient (isopropyl alcohol in hexane) are used for the separation/purification. 

3.2.4 Remarks of the section 

 The esterification of rosin with methyl alcohol without solvent is promoted by 

basic solids. The strength of basic sites may be an important property of the 

catalyst to reach high activity. Although calcium carbonate has high-strength 

basicity, catalysts with moderate strength basic sites, such as materials with 

calcium hydroxide and calcium oxide phases, showed better performance. No 

important effect was found for the solvents tested. 

 A sample of a calcium-based material, composed mainly by calcium carbonate 

and calcium hydroxide, acquired in the local market in Colombia was evaluated 

as catalyst, at 40% load with respect to the rosin, 64°C and 500 rpm stirring. 

55% of conversion without solvent, at 3.5 h reaction time and 1 : 187 rosin : 

methyl alcohol molar ratio was found in the esterification of rosin with methyl 

alcohol.  

 Under reaction conditions tested in the present work and using toluene as 

solvent, Ca(OH)2 phase of the calcium-based material can be dissolved into the 

reaction matrix, as evidenced by FTIR, TPD-CO2 and XRD analysis, suggesting 

that toluene is not a suitable solvent for this reaction system. In addition, the 

dissolved species can interact with rosin affecting the reaction, and quantification 

of conversion by means of the acidic number. 

3.3 Laminar flames of blends of AAME + n-heptane 

3.3.1 Background 

The potential of the esterification of rosin as a source of fuels additives / components 

was evaluated by studying the effect of AAME in laminar flames of n-heptane + 

AAME. Although the combustion behavior in a laminar flame differs from that in a 

combustion chamber of a diesel engine, diffusion plays a key role in both processes, 

leading to a relatively high formation of nitric oxide (NO) and particulate matter (PM) 
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as a consequence of the high temperatures and oxidizer-fuel mixing (NO formation 

taking place in the lean regions of the mixture, whereas PM in the rich regions) [136], 

which facilitates to correlate the results of the flame. In addition, co-flow burners 

display high stability and reproducibility, which makes them suitable to study the 

behavior of the flames. The results presented in this section are, to the authors’ 

knowledge, the first on the combustion of methyl esters from rosin (particularly 

AAME) in laminar flames to assess its influence on the emissions and flame 

characteristics. 

3.3.2 Methodology 

3.3.2.1 Fuel 

Blends of n-heptane as diesel surrogate, and AAME as probe molecule of methyl 

ester of rosin at 0.1, 1 and 5% vol. were evaluated in the burner; combustion of pure 

n-heptane provided the baseline. Properties of n-heptane and AAME are 

summarized in Table 3.6. Although AAME has a molecular weight around three 

times larger than n-heptane, the AAME displays a lower LHV perhaps due to its high 

complexity and the presence of two oxygen atoms in its structure. 

Table 3.6. Fuel properties 

Property n-Heptane AAME 

Molecualr weight (g/mol) 100.2 316.5 
Densitya (g/cm3) 0.688 1.02 
Viscositya (mPa.s) 0.397 ND 
Boiling temperature (°C) 98 362.5 
Melting temperature (°C) -91 66.5b 
Flash temperaturec (°C) -4 180 
Lower heating value (kJ/kg) 48000 36467b 
aDensity and viscosity from [137] at 20 and 40°C, respectively; bestimations 
from present work; cfrom Scifinder; ND no information available. 

 

3.3.2.2 Burner tests 

Experimental setup is shown in Figure 3.22. Combustion tests are performed in an 

atmospheric pressure, co-flow, axisymmetric, non-premixed, laminar flame burner in 

which the fuel flows from a 25 mm inner diameter vertical tube (27 mm outer 

dieameter) and the oxidizer flows from the annular region between the fuel tube and 

a 37 mm inner diameter vertical tube. Standard air (oxidizer stream) and carrier 
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nitrogen (stream carrying the fuel) pass through porous metal disks to generate a 

uniformly-distributed velocity to keep the flame stable. The flow of the oxidizer and 

fuel streams are controlled by FMA 5400A/5500A series OMEGA mass flow meters. 

 

Figure 3.22. Experimental setup for combustion tests 

This type of burner and flame have been used typically to test the soot tendencies 

of fuels. Gases such as methane and ethylene have been the most reported fuels, 

but liquid fuels such as n-heptane, dimethyl ether, liquefied-petroleum gas (LPG) 

and fuel surrogates have been burned to test soot emissions [138]–[144]. Moreover, 

mixtures of gas and liquid fuels have also been burned in this configuration to 

evaluate the influence of liquid in emissions and sooting tendency [145]–[148]. 

The line between the probe and the GC system is heated with a JCT Austria heating 

line to avoid condensation. Considering that the system is used to evaluate rosin- 

and turpentine- derivates, some simulations were performed to determine the 

required temperature. Specifically, ASPEN was used to estimate the dew point of 

the different mixtures (test molecule1 + n-heptane); Peng-Robinson was selected as 

equation of state, although other EOS lead to similar values. For components not 

included in the software database (nopol, myrtenol, borneol, and AAME) the 

properties were computed by ASPEN from molecular weight, chemical structure, 

boiling point, specific gravity and enthalpy and Gibbs energy of formation, according 

to Table 3.7. 

 
1 Please note that the calculation was performed for all the molecules studied in this Thesis. Indeed, 
the same setup was used to assess AAME and the other probe molecules. 
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Table 3.7. Properties of components not included on ASPEN database 

Compound Nopol Myrtenol Borneol AAME 

Formula C11H18O C10H16O C10H18O C21H32O2 

Molecular weight (g/mol) 166.263 152.24 154.252 316.484 

Boiling temperature (°C) 235 221.5 212.65 360 

Specific gravityc @ 60°F 0.973 0.982 1.01 1.049 

Std. Enthalpy of formationd (kJ/mol) -241.95 -22.31 -272.72 -436.49 

Std. Gibbs energy of formationd (kJ/mol) 21.45 13.03 -20.5 33.3 
a From [137]; b from [149] 

The dew points of the mixtures of model oleoresin-derivative compounds and n-

heptane are shown in Table 3.8. Therefore, the lines between the atomizer and the 

burner, as well as the sampling probe and the GC system should be kept at > 200°C 

to avoid condensation. 

Table 3.8. Dew points of different mixtures of oleoresin additives and n-heptane 

Compound Volume fraction (%) 

n-Heptane 100 95 95 95 95 95 98 

Turpentine 0 5 0 0 0 0 0 

Nopol 0 0 5 0 0 0 0 

α-Terpineol 0 0 0 5 0 0 0 

Myrtenol 0 0 0 0 5 0 0 

Borneol 0 0 0 0 0 5 0 

AAME 0 0 0 0 0 0 2 

Dew point (°C) 93.4 101.3 135.5 129.2 127.6 128.1 198.3 

3.3.2.3 Emissions 

Carbon monoxide, carbon dioxide, oxygen, nitrogen, unburned hydrocarbon, nitric 

oxide, and nitrogen dioxide emissions were measured. An uncooled stainless-steel 

(4.3 mm internal diameter) and a quartz (0.6 mm internal diameter) probe were 

tested by placing them in the centerline of the flame to sample the combustion 

products; a PTFE (polytetrafluoroethylene) filter was used after the probe to remove 

the particulate material. An oil free vacuum pump, which has a PTFE diaphragm was 

used to transport the sample. The probe was located at different heights above 

burner (HAB).  

A dried sample (i.e., a water trap was used) was driven to a NOx analyzer (Eco 

Physics CLD 700 EL ht, 0-10000 ppm, 0.1 ppm of lowest detection limit). Calibration 
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of NO and NO2 are shown in Appendix E; NOx concentrations up to 50 ppm, where 

NO is the main nitrogen oxide, were expected. Uncertainty in NO-concentration is 

lower than 10% for concentration up to 30 ppm, and in NO2-concentration is lower 

than 15% for concentrations below 1 ppm. 

A wet sample (i.e., no water trap was used) was driven to a gas chromatograph (GC) 

to measure CO, CO2, O2, N2, and UHC. A GC Agilent 7920A equipped with FID and 

TCD detectors was used. The GC system is shown in Figure 3.23. Initially, the ten-

way valve is turned-off and the sample is collected in two loops. Once the ten-way 

valve is turned-on, the sample collected in one of the loops is driven to the FID (blue 

line) and the other is driven to the TCD line (red line). FID line has a DB-1 (100% 

Dimethylpolysiloxane, 50m x 0.32mm x 0.25 um), non-polar capillary column, which 

can separate hydrocarbons (C1-C12). TCD line has a Porapak QS (styrene/ethyl 

vinylbenzene, 8” x 0.125, 80/100) packed column, and then a three-way valve which 

allows (or not) the pass to a third column (Molecular Sieve 5A, 8” x 0.125, 80/100): 

the Porapak column retains the carbon dioxide (CO2), and the Molecular Sieve 

column separates the other permanent gases (CO, H2, N2, O2, etc.). 

 

Figure 3.23. Internal setup of GC system 

Thus, initially the three-way valve is turned-on, as shown in Figure 3.23, and the 

permanent gases different from CO2 reach the Molecular Sieve column after 

Col 1 DB-1 

Col 2 Porapak QS 

Col 3 Molecular Sieve 5A 
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travelling through the Porapack column. Then, the three-way valve is turned-off and 

CO2 is desorbed from the Porapack column (at about four minutes) while the other 

gases are trapped in the Molecular Sieve column. When the three-way valve is 

turned-on again, permanent gases except CO, which is strongly adsorbed on the 

Molecular Sieve, are separated, and reach the TCD detector.  

Helium carrier gas was used with an average linear velocity of 22 cm/s through DB-

1; the initial temperature (30°C) was held for 6 min and, then, a 10°C/min heating 

ramp up to 150°C (held for 10 min) was used, with a split ratio of 100 : 1 (applies 

only to the FID line). The inlet injection temperature was 250°C, whereas the 

temperature of FID and TCD detectors was 325°C and 250°C, respectively. The 

flame of FID detector was obtained by using 30 mL/min of hydrogen and 400 mL/min 

of air, and using nitrogen as make-up gas at 25 mL/min. Reference flow for TCD 

detector was adjusted at 44 mL/min, with a make-up flow of 2 mL/min of nitrogen. 

Retention time obtained by individual injection of pure species, and calibration of O2 

and N2 are shown in Appendix F. 

3.3.2.4 Measurement of flame dimensions 

Videos of flames at Full HD 1920x1080 and 60 fps were recorded with a Nikon 

D3300 camera equipped with an AF-S DX Micro-NIKKOR 40mm f/2.8G lens. Each 

run was recorded three times for at least one minute. Videos were processed with 

the Image Processing Toolbox of Matlab®. The distance between the flame base 

and flame tip along the center line of the flame was calculated as the average flame 

height obtained from these video frames. Similar procedure can be performed for 

the lift-off height, by taking the average height from the burner rim to the flame base. 

Figure 3.24 depicts the algorithm used; the developed in Matlab® code to process 

the video frames and obtain the flame dimensions is shown in Appendix G. 
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Figure 3.24. Algorithm to obtain flame dimensions 

3.3.2.5 Temperature measurement 

A type R thermocouple (Platinum-13% Rhodium vs Platinum thermocouple, -50 to 

1768°C temperature range) was fixed in one point on the flame at 20% of the height 

of the flame, and the temperature was recorded for 15 minutes after getting a stable 

value. An image processing algorithm was used to digitalize the temperature values 

from the thermocouple device; Figure 3.25 presents the algorithm, and the Matlab® 

code is presented in Appendix H. 

 

Figure 3.25. Algorithm to obtain temperature values from thermocouple 

Radiation and heat transfer losses were included in the measurement according to 

Equations 2.32-34. Parameters of thermocouple, burner and surroundings used for 

temperature correction are shown in Table 3.9. 
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Table 3.9. Parameters for temperature correction 

𝐷𝑇 (m) 0.0015 Thermocouple diameter 

𝐷𝑏 (m) 0.025 Burner diameter 

𝑆𝑏 (m2) 4.91x10-4 Cross-section area of burner 

𝑇∞ (K) 298.15 Surrounding temperature 

Previous experiments were performed to set the conditions of combustion tests. 

Flow of air and nitrogen (as carrier gas of n-heptane as fuel), and height and 

diameter of the probe were varied, and the stability of the flame was evaluated by 

measuring temperature and dimensions of the flame, and species concentrations. A 

stable flame was obtained at fuel (i.e., nitrogen carrier stream) and air flows between 

353-499 and <1380 mL/min, respectively; however, at very low air flows the flame 

turns instable, and at air flows larger than 300 mL/min high dilution of species is 

observed. On the other hand, 1.5 times the height of flame (around 110 mm) appears 

to be an appropriate HAB of probe to obtain representative concentration of 

combustion products with minor variation of measured values. More details of the 

experiments to obtain optimum conditions for flames are shown in Appendix I. 

3.3.3 Results and discussion 

3.3.3.1 Flame temperature  

The temperature correction for radiation and heat transfer losses of flames obtained 

with n-heptane and its blends with AAME was around 200 K. The temperature of the 

flame ranges between 900 and 1100 K, which can be considered low in comparison 

to the adiabatic flame temperature (see Figure 3.4). Some factors need to be 

considered in the comparison of experimental and maximum adiabatic flame 

temperatures: a) the actual location of the probe (i.e., HAB of thermocouple); b) the 

dilution of fuel with carrier gas and the consequent reduction in local fuel/air ratio; 

and, c) the possibility of incomplete combustion. The conduction losses, on the other 

hand, can be neglected because of the small diameter of the wire (<1µm). In 

particular, the effect of dilution of fuel with the nitrogen of the carrier stream absorbs 

sensible energy from the flame and reduces the flame temperature [68]. In addition, 

the experimental equivalence ratio for all flames is higher than 1.0 (ϕ ≈ 1.3), 

corresponding to fuel-rich mixtures and lower adiabatic flame temperatures. 



74   Chapter 3. Fuel characteristics of rosin-derived compounds 
 

Moreover, the experimental equivalence ratio was determined under the assumption 

that all the air from the annular region of the burner is mixed with the fuel, but if some 

air is not diffused into the fuel, the equivalence ratio is increased, resulting in lower 

“real” adiabatic flame temperatures. 

As the position of thermocouple strongly affects the results, all measurements were 

conducted at 20% of flame HAB. Table 3.10 shows the flame HAB and the actual 

location of the thermocouple for different flames from pure n-heptane and blends 

with AAME. In some flames it was not possible to achieve the target HAB (i.e., 20%), 

as shown in Table 3.10. Particularly, the actual HAB of the thermocouple were 

significantly lower than the target for blends with higher contents of AAME. In fact, 

the flames obtained with these fuels were highly unstable (high variation in size), 

and, consequently, locating the thermocouple at 20% of the flame height was 

difficult. Probably the proximity between the dew point of these blends with the 

temperature of the evaporation system (around 195-198 and 200°C, respectively), 

was not enough to completely vaporize the AAME molecules. In addition, with the 

experimental setup available it was not possible to achieve temperatures higher than 

200°C. 

Table 3.10. HAB of thermocouple for flames with different contents of AAME 

AAME content  
(vol.%) 

Flame HAB  
(mm) 

Thermocouple 

HAB  
(mm) 

Relative  
position (%) 

0 46.70 9.22 19.74 +/- 0.97 

0.1 48.91 11.12 22.73 +/- 1.10 

1 49.66 7.66 15.42 +/- 1.94 

2 53.75 9.00 16.75 +/- 1.97 

The plot of the ratio of the flame temperature of AAME blends to that for pure n-

heptane (To), Figure 3.26, indicates that the flame temperature is inversely 

proportional to the content of AAME. However, an increase in flame temperature 

with AAME would be expected from its higher estimated adiabatic flame 

temperatures; in fact, AAME possesses an adiabatic flame temperature higher than 

that for n-heptane (around 15 K), indicating that AAME combustion products are at 

a higher temperature than those from n-heptane, in agreement with the comparison 
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of alkanes and methyl esters of fatty acids presented by Glaude and coworkers [150] 

(with similar H/C molar ratio and number of carbons than AAME and estimated at 

similar conditions, i.e. 300K and atmospheric pressure). The discrepancy can be 

attributed to the high instability of the flames, especially for those obtained with 

AAME blended at 1 and 2% vol. with n-heptane: firstly, as an increase in the flame 

temperature is expected with higher values of HAB, probably the tendency of 

adiabatic flame temperature may be achieved with thermocouple fixed in the target 

position; secondly, the low temperature used for the vaporization system, which was 

very close to the estimated dew point of the blends, may have not been high enough 

to vaporize the methyl ester molecules, which can lead to liquid droplets of AAME 

affecting the diffusion and combustion process and reducing the flame temperature. 

 

Figure 3.26. Influence of AAME content on flame temperature  

3.3.3.2 NOx emissions 

Emission index for nitrogen oxides (EINOx) in flames of AAME + n-heptane blends is 

shown in Figure 3.27. Emissions of NO2 were low for all flames (up to 1.5 ppm), thus, 

NOx are mainly NO, which would be formed via the thermal mechanism. Therefore, 

the formation of nitrogen oxides is related to the flame temperature, which is 

associated to the energy released in combustion. Presence of AAME in the fuel 
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reduces EINOx in agreement with the decrease in flame temperature shown in Figure 

3.26. 

 

Figure 3.27. Influence of AAME content on NOx emissions 

3.3.3.3 CO and UHC emissions 

As the combustion is fuel-rich, a relatively high concentration of CO and UHC is 

expected although low amounts of CO and UHC indicate that more energy is 

extracted from the combustion (lower losses) [67]. Emission indices of CO and UHC 

for flames with different contents of AAME are shown in Figure 3.28. Emission index 

of CO is increased from 38 to 44 gco/kgfuel when n-heptane is blended with 2% vol. 

of AAME, supporting the hypothesis of an incomplete combustion, which would 

influence its performance as fuel. The decrease in CO emissions can be related to 

the decrease in O2 consumption and the increase in the flame temperature. 

Contrarily to the emission of CO and the flame temperature, the emission indices of 

UHC decrease with the content of AAME (Figure 3.29). If the vaporization of AAME 

was not complete, a deterioration in the combustion is expected. Besides, since less 

amount of n-heptane reaches the combustion zone as a consequence of the AAME 

presence, less unburned hydrocarbons are obtained, in agreement with the 

measured values. In addition, unburned AAME cannot be detected in the GC system 

because of the higher temperature required, which is above the recommended 
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values for the packed columns used to separate permanent gases. Consequently, 

the observed decrease in UHC emissions can be attributed to the decrease in n-

heptane content in the liquid fuel, replaced by AAME. 

 

Figure 3.28. Influence of AAME content on CO emissions 

 

Figure 3.29. Influence of AAME content on UHC emissions 
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3.3.3.4 Flame size  

Experimental flame heights obtained from videos of flames with AAME + n-heptane 

blends, and the corresponding values from the correlation by Roper [83] are 

compared to that of a pure n-heptane (Ho) flame in Figure 3.30. According to Roper’s 

expression, the height of the flame is directly proportional to the volumetric flow of 

fuel and the stoichiometric air-to-fuel ratio. In this work, the higher the content of 

AAME in the fuel the higher the stoichiometric air-to-fuel ratio, but the volumetric fuel 

decreases because the higher average molecular weight of the blend translates into 

smaller number of moles of fuel. Moreover, the increasing of the stoichiometric ratio 

appears to be more important than the reduction of volumetric flow of fuel, and then, 

the predicted height of flame is directly proportional to the dosage of AAME. 

 
Figure 3.30. Influence of AAME content on flame height. The air viscosity and temperature of the 

fuel and surrounding used for the estimations were 1.78x10-5 m2s, and 298 and 473 K, respectively. 

The experimental results follow the same trend than the theoretical ones. 

Considering that the H/C ratio of fuel is decreased as AAME is increased, an 

increase in height of flame is to be expected because the larger availability of carbon 

atoms in the fuel molecules increase the combustion time allowing the flame to reach 

more larger heights [67]. 
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3.3.4 Remarks of the section 

Results of CO and flame temperature suggest a decrease in the performance of the 

combustion reaction when AAME is added to n-heptane. The temperature of the 

evaporation system was very close to the dew points estimated for the AAME + n-

heptane blends. In fact, the lack of information on the experimental values of 

properties of rosin and some derivate molecules, mentioned in Section 3.1, made it 

necessary to estimate the thermal and thermochemical properties. Therefore, a 

temperature of 200°C in evaporation system may have not been high enough, 

leading to incomplete evaporation of the AAME. The presence of AAME in the 

combustion zone as liquid droplets (instead of vapor) is disadvantageous, 

decreasing the performance of combustion. On the other hand, other emissions are 

influenced positively by the incomplete combustion resulting from the presence of 

AAME, for instance the decrease in NOx emissions, which is a consequence of the 

decrease in flame temperature. 

3.4 Conclusions 

 Estimation of thermal properties of rosin and rosin-derived compounds was 

necessary due to the lack of experimental information, specially boiling 

temperatures and heating values. In particular, a large discrepancy between 

estimated and measured boiling temperatures for rosin and rosin-derived 

compounds was observed, which can be attributed to the high complexity of 

rosin compounds and their derivates, the low accuracy of the group-contribution 

methods for the estimation of this kind of properties, and the molecular 

interactions of molecules neglected in the implemented methods. Estimated 

values of melting temperatures are similar than experimental ones and/or of the 

same magnitude order. Adiabatic flame temperatures of rosin-derived 

compounds are slightly lower than that for diesel but higher than that for 

biodiesel. 

 A sample of a calcium-based material from the local market in Colombia 

catalyzes the esterification reaction of rosin with methyl alcohol, yielding 55% 

conversion without solvent, at 3.5 h reaction time, 1 : 187 rosin : methyl alcohol 

molar ratio, catalyst load at 40 % with respect to the rosin, 64°C, and 500 rpm.  
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 From the estimated properties of rosin-derived compounds, it is possible to 

conclude that reduction reaction increases significantly the lower heating value 

of rosin compounds, and methyl esterification reaction decreases appreciably 

the boiling and melting temperatures. Additionally, isomerization can be 

considered attractive because a significative difference in properties such as 

melting and boiling temperatures was found for components of rosin. 

 The benefits of rosin transformation could be insufficient for fuel applications. 

Indeed, the expected products will still have high tendency to remain as solid 

(and liquid) and, considering that biodiesel has often experienced filter clogging 

problems derived partially from its low melting point, it is likely that these 

transformations are unsuitable for fuel applications. Besides, Colombian 

legislation (Res. 9 0963/2014) requires a conversion > 96% for a methyl ester of 

biodiesel to be sold in the market, and although the chemical nature of esters 

produced from rosin differs from the typical esters of biodiesel, the low 

conversion of rosin also can be considered as a drawback for its fuel application. 

 Deterioration in the combustion performance of n-heptane blended with AAME 

was evidenced. The possible incomplete evaporation of the AAME would lead 

to the presence of AAME in the combustion zone as liquid droplets, resulting in 

low diffusivity of the fuel and air, and low combustion efficiency. Simultaneously, 

the low temperature of the flame conduces to a decrease in NOx emissions.  
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Chapter 4. Fuel characteristics of molecules from turpentine 

 

Some applications of turpentine as fuel have been reported, as well as the use of 

some oxygenated-derived molecules in fuels and additive formulations, as 

discussed in Chapter 1. However, other oxygenated molecules which can be 

obtained from oleoresin compounds have not yet been tested as fuel, for instance 

nopol and myrtenol. The purpose of this chapter is to evaluate oxygenated molecules 

from turpentine to get insight into the actual influence of this kind of molecules in 

combustion reactions, and, at the same time, select the probe molecule with best 

performance for advanced tests. The main components of turpentine (α- and β-

pinene), and some of their oxygenated-derived molecules (nopol, terpineol, myrtenol 

and borneol, selected based on the possibility to be synthesized under 

heterogeneous catalysis) were tested. Estimation of some properties of high interest 

in fuel applications, and experiments to measure the influence on combustion 

reactions were performed to the selected probe molecules. 

4.1 Estimation of properties 

4.1.1 Background 

A general scheme for the analysis of the compounds proposed as test molecules 

from turpentine is depicted in Figure 4.1. The main components of turpentine are α- 

and β-pinene, accounting for up to 90 % of its composition; consequently, the 

properties of interest for turpentine depend on those of α- and β-pinene. Thus, the 

first part of the section is devoted to the individual evaluation of α- and β-pinene. In 

addition, the results of the combustion of these molecules lead to evaluating the 

influence of their oxyfunctionalization in the combustion performance.  

Little information has been reported on the evaluation of α- and β-pinene in 

combustion reactions. Furthermore, the molecular structure of α- and β-pinene 

allows studying the influence of the position of an unsaturation (the only difference 
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between these isomer molecules) in combustion reactions; specifically, the carbon-

carbon double bond is located inside the main cycle in α-pinene, whereas it is located 

outside the main ring in β-pinene. 

 

Figure 4.1. Relation of the tested molecules from turpentine  

Transformation of turpentine is proposed because one of the most important 

drawbacks of using diesel as fuel is the PM emissions, and it is well-known that the 

presence of oxygen atoms in the molecules of the fuel can help to reduce these 

emissions [1], [2]. On the other hand, the properties of alcohols from terpenes are 

substantially different from alcohols such as methanol or ethanol, for instance, the 

volatility, viscosity, density, heat of combustion and lubricity, among others. 

Consequently, the terpene alcohols may be suitable additives or components for 

diesel fuel not only by reducing PM emissions, but by (probably) enhancing other 

important properties.  

The probe molecules proposed to be evaluated are α- and β-pinene, nopol, α-

terpineol, myrtenol and borneol. The molecular structures of these molecules are 

shown in Figure 4.2. 

-Pinene     -Terpineol     Myrtenol     

OH
OH

OH

OH

Borneol Nopol-Pinene
 

Figure 4.2. Molecules from turpentine 



Chapter 4. Fuel characteristics of molecules from turpentine  83 
 

A thorough literature review of thermal and thermochemical properties for these 

molecules indicated that although those for α- and β-pinene have been reported, 

those for oxygenated probe molecules are lacking. Table 4.1 shows some important 

thermal and thermochemical properties of the probe molecules from turpentine. Heat 

of formation for α- and β-pinene differs around 10 kJ/mol, being the highest that for 

β-pinene. Melting and boiling temperatures for α- and β-pinene differ around 6 and 

10°C, respectively, suggesting that the differences in thermal and thermochemical 

properties of α- and β-pinene are minor. Besides, the difference in melting 

temperature among borneol and α-terpineol is around 170°C, indicating that the 

oxyfunctionalization reaction of turpentine can produce oxygenated molecules with 

properties significantly different. 

Table 4.1. Thermal and thermochemical properties of probe molecules 

Probe molecule MW (g/mol) Tb
a (°C) Tm

b (°C) ΔHf
0,c (kJ/mol) 

α-Pinene 136.23 156.14 -55 28.3 
β-Pinene 136.23 166.04 -61 38.7 
Nopol 166.26 235.00 ND ND 
Myrtenol 152.23 221.50 ND ND 
α-Terpineol 154.25 220.00 31-35 ND 
Borneol 154.25 212.65 197.9-208 ND 
aBoiling temperature from [137]; bmelting temperature from [151]; cheat of formation at 25°C from 
[152]. 

4.1.2 Methodology 

Estimations of changes in melting and boiling temperatures, and lower heating 

values were performed based on methods of Joback and Benson, using the same 

methodology presented in Chapter 3. In addition, the adiabatic flame temperatures 

were estimated with the methodology shown in Section 3.1.2. 

4.1.3 Oxyfunctionalization of main turpentine components 

Changes in melting and boiling temperatures (due to the oxyfunctionalization) for 

oxygenated molecules which can be obtained from main components of turpentine 

are shown in Figure 4.3. The values of changes in boiling temperatures for 

oxygenated molecules form turpentine are largely overestimated by Joback method. 

On the other hand, changes in melting temperature for borneol and α-terpineol 

estimated by Joback are significantly lower than the calculated from the experimental 
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values, suggesting that this method is not suitable for this kind of molecules. In all 

cases, the oxyfunctionalization of main components of turpentine translates into 

increased melting and boiling temperatures. However, given the low melting and 

boiling temperatures of α- and β-pinene, its derived-oxygenated molecules may still 

have thermal properties suitable for fuel applications. 

 

Figure 4.3. Changes in melting and boiling temperature due to oxyfunctionalization of main 
components of turpentine 

The estimation of change of lower heating values for oxygenates molecules from 

turpentine can be seen in Figure 4.4a. LHV for oxygenated molecules are lower than 

that for α- and β-pinene (around 5 MJ/kg with Benson and Joback methods), 

indicating a reduction in the heat of combustion due to the oxyfunctionalization. 

Nopol displayed the highest estimated LHV, followed by α-terpineol, myrtenol and 

borneol, Figure 4.4b. 

The estimation methods suggest that the hydroxyl group significantly reduce the heat 

of formation of the oxygenated molecules, decreasing their heat of combustion. From 

a chemical point of view, the presence of oxygen atoms in the molecules of fuel 

decreases the amount of energy which can be released in a combustion reaction 

because the high carbon-oxygen bonding energy means that more energy is 

consumed in breaking it.  
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a)  

LHV 
(MJ/kg) 

Estimation 
method 

Joback Benson 

α-pinene 42.3090 42.8878 

β-pinene 42.5920 42.9539 

Nopol 37.3322 37.8363 

α-terpineol 37.2761 37.3534 

Myrtenol 36.7550 37.3349 

Borneol 37.5228 36.9896 

 

 

 

b)  

Figure 4.4. a) Delta of LHV due to oxyfunctionalization of main components of turpentine and b) 
LHV for probe molecules from turpentine and the 

The adiabatic flame temperatures estimated for α- and β-pinene are shown in Figure 

4.5a. Both compounds present similar temperatures, which are higher than those of 

diesel and biodiesel. At “engine conditions”, the maximum value of adiabatic flame 

temperature for diesel is 30 K lower than that for α- and β-pinene, while the difference 

with respect to biodiesel is almost 60 K, which can be explained by the much lower 

molecular weight of the pinenes. Thence, a higher release of energy is expected in 

the combustion of turpentine with respect to diesel and biodiesel. 

Adiabatic flame temperatures for oxygenated molecules from turpentine are 

presented in Figure 4.5b. Nopol, myrtenol and α-terpineol display similar adiabatic 

flame temperatures which are slightly lower than α- and β-pinene, but higher than 

those for diesel (at maximum adiabatic flame temperature the difference between 

diesel and the alcohols is around 20 K). On the other hand, adiabatic flame 

temperature of borneol is lower than that for diesel but very close to biodiesel. 

Although adiabatic flame temperatures of molecules after oxyfunctionalization are 

decreased, the reduction is slight and the final values are similar to those for typical 

fuels, and even higher  
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Figure 4.5. Adiabatic flame temperature for a) α- and β-pinene and b) nopol, α-terpineol, myrtenol 
and borneol compared to diesel and biodiesel at “ambient conditions” (i.e., constant pressure) and 

“engine conditions” (i.e., constant volume, shown in insert) 

4.1.4 Remarks of the section 

 Heating values and melting and boiling temperatures for α- and β-pinene are 

suitable for fuel applications. These properties are even better than those for 

diesel and biodiesel.  

 Theoretical analysis of thermal and thermochemical properties shows that 

oxygenated molecules from turpentine have lower LHV and higher melting and 

boiling temperatures than those for the main components of turpentine. Although 

these changes are undesirable, thermal and thermochemical properties of 

molecules after oxyfunctionalization are still suitable for fuel applications. 

Indeed, they are liquid at ambient conditions, and present heating values similar 

to diesel and biodiesel, and higher adiabatic flame temperatures than diesel 

(with the exception of borneol, which is a solid fuel partially soluble in n-heptane, 

with thermochemical properties similar than biodiesel ones). 

4.2 Laminar flames of blends of probe molecules from turpentine + n-heptane  

4.2.1 Background 

Despite the inherent limitations of laminar flames to gain actual insight into the 

oxidation kinetics of a fuel, this technique was used to evaluate the performance of 

a) b) 
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oleoresin-derived molecules as fuel because of different factors. Firstly, similarly to 

the actual operation of a diesel engine, diffusion plays a key role in laminar flames. 

Secondly, much lower amounts of sample are required (in comparison with 

techniques such as engine bench). Lastly, oppositely to shock tubes or rapid 

compression machines, it is a simple technique which allows qualitative comparison 

of the influence of different molecules (such as those derived from oleoresin) on the 

combustion performance. 

Some relevant properties of the probe molecules (i.e., alcohols than can be obtained 

from oxifunctionalization of turpentine) and n-heptane are shown in Table 4.2. 

Except for borneol, all molecules are liquid at ambient conditions and fully soluble in 

n-heptane; although borneol is solid and partially soluble, complete dissolution in n-

heptane was obtained at concentrations up to 5 % vol. The oxygen content of the as 

probe molecules is around 10 wt.%, which is significantly lower than that for typical 

alcohols used in fuel applications (e.g., 34.7 wt.% for ethanol) but similar than that 

for typical biodiesel (around 11 wt.%). The molecular weight of probe molecules is 

lower than that for diesel and biodiesel (not shown). 

Table 4.2. Properties of components of fuels 

Molecule Formula 
MW 

(g/mol) 
Specific  
gravitya 

Oxygen cont.  
(wt.%) 

H/C molar 
ratio 

α-Pinene C10H16 136.23 0.86 0 1.60 

β-Pinene C10H16 136.23 0.87 0 1.60 

Nopol C11H18O 166.26 0.97 9.62 1.64 

α-Terpineol C10H18O 154.25 0.94 10.37 1.80 

Myrtenol C10H16O 152.23 0.98 10.51 1.60 

Borneol C10H18O 154.25 0.91 10.37 1.80 

n-Heptane C7H16 100.21 0.69 0 2.29 
a From [153]. 

Although several molecules derived from oleoresin, including turpentine and α-

terpineol, have shown potential to be used as biofuels (with promising results in 

engine tests), it is necessary to get insight into the actual effect of this type of 

molecules in the combustion. In particular, a few studies have focused on the 

influence of the position of unsaturation on emissions and combustion performance 

in alkenes [154], [155], but no information was found on the influence of the position 

and location (i.e., inside or outside) of unsaturation in cycloalkenes. This work is 
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perhaps the first to deal with combustion of terpene molecules in laminar flames to 

assess the influence of their molecular structure on the emissions and flame 

characteristics. 

4.2.2 Methodology 

Emissions, temperature, and dimensions of the flame were obtained from laminar 

flames of blends of n-heptane (as diesel surrogate) + probe molecules from 

turpentine (0.1, 1 and 5 vol. %), using the experimental setup detailed in Section 

3.3.2. 

4.2.3 Results and discussion  

4.2.3.1 Temperature of the flame 

Adiabatic flame temperature for the tested molecules is compared with that for n-

heptane in Figure 4.6. The compounds that can be obtained directly from pine 

turpentine by separation, i.e., α- and β-pinene (the main components of turpentine) 

present similar adiabatic flame temperatures, which are higher (~50 K) than that of 

n-heptane, Figure 4.6a.  

 

Figure 4.6. Adiabatic flame temperature of tested molecules compared to that for n-heptane at 
different equivalence ratios. a) α- and β-pinene; b) nopol, terpineol, myrtenol and borneol  

On the other hand, among the terpenic alcohols that can be obtained from the 

transformation of oleoresin myrtenol and nopol, as well as terpineol display adiabatic 

flame temperatures higher (~40 K and 15 K, respectively) than n-heptane, whereas 
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that of borneol is slightly lower (~2 K), Figure 4.6b. Similar results were reported for 

the adiabatic flame temperature of normal alcohols (i.e., methanol, ethanol and n-

butanol) with respect to their corresponding alkanes [150]. Thus, at a given H/C ratio 

and number of carbon atoms, it appears that the presence of oxygen in the molecule 

involves a slight reduction in adiabatic flame temperature, but this reduction is less 

than the loss in heating value (the decrease in the maximum adiabatic flame 

temperature due to oxyfunctionalization ranges between 2-4 %, whereas that for the 

heating value ranges between 11-13 %, see Figure 4.4b). 

The presence of carbon-carbon double bonds in the molecule would be related with 

the higher adiabatic flame temperature, as observed when the peak of this 

temperature (which corresponds to an equivalence ratio of around 0.94) is 

represented as a function of the H/C ratio of the different molecules, Figure 4.7a. 

Indeed, myrtenol and nopol, as well as terpineol, display a double bond whereas 

borneol does not. In fact, alkenes commonly display higher adiabatic flame 

temperatures than alkanes due to the lower H/C molar ratios [150]. On the other 

hand, the lower H/C molar ratio for myrtenol and the higher number of carbon atoms 

in nopol explain the higher adiabatic flame temperature of myrtenol. 

 

Figure 4.7. Adiabatic flame temperature for tested molecules. a) As a function of H/C molar ratio, 
and b) as a function of carbon atoms 
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Deviations in temperature measurements were below 25K for all flames, 

corresponding to an average experimental error of ~3%. n-Heptane blends with the 

probe molecules display flame temperatures between 1100 and 1200K, with 

corrections by radiation around 250K, which are low in comparison to the adiabatic 

flame temperature (see Figure 4.6). Similarly to flames with AAME in Section 3.3, 

location of the thermocouple and equivalence ratio may explain the rather low values 

of flame temperature obtained. 

Table 4.3 shows the flame HAB and the actual location of the thermocouple for 

different flames of pure n-heptane and blends with the probe molecules. The relative 

position of the thermocouple was in all cases close to the 20% target (i.e., within 

1%). However, it can be noticed that the position in the tests of n-heptane + β-pinene 

was significantly lower than the target (i.e., 20% respect to the HAB of flame).  

Table 4.3. HAB of thermocouple for different flames from mixtures with n-heptane 

Tested molecule  
added 

Content 
(vol.%) 

Flame 
HAB  
(mm) 

Thermocouple 

HAB 
(mm) 

Relative position 
(%) 

n-Heptane (reference) 0 46.70 9.22 19.74 +/- 0.97 

α-Pinene 

0.1 47.11 9.04 19.19 +/- 0.97 

1.0 50.85 9.29 18.26 +/- 0.76 

5.0 51.51 9.28 18.02 +/- 0.62 

β-Pinene 

0.1 46.81 8.36 17.85 +/- 0.82 

1 48.17 7.84 16.28 +/- 0.58 

5.0 47.87 7.27 15.18 +/- 0.57 

Nopol 

0.1 49.65 8.75 18.63 +/- 0.69 

1 54.19 10.29 19.00 +/- 0.78 

5 61.10 11.40 18.66 +/- 0.87 

Terpineol 

0.1 47.28 9.50 20.09 +/- 0.99 

1 50.23 9.89 19.68 +/- 1.03 

5 55.84 10.55 18.89 +/- 0.67 

Myrtenol 

0.1 47.65 8.10 18.99 +/- 0.99 

1 52.57 9.88 18.79 +/- 0.86 

5 55.12 11.14 20.20 +/- 1.02 

Borneol 

0.1 53.05 11.66 21.99 +/- 1.43 

1 59.21 11.16 18.84 +/- 0.94 

5 62.60 11.39 18.20 +/- 0.81 
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The influence of the content of tested molecules from turpentine on flame 

temperature is shown in Figure 4.8, where T0 is the flame temperature for pure n-

heptane. As observed, the flame temperature increases with the content of α-pinene, 

nopol, myrtenol and terpineol, whereas a small reduction is observed in the β-pinene 

and borneol blends. The values of flame temperature for β-pinene blends were 

significantly lower than those for α-pinene blends, see Figure 4.8a, which is not 

consistent with their similar adiabatic flame temperature. This could be explained by 

inaccuracy on the location of thermocouple (see Table 4.3). 

The significant increase in the flame temperature in the blends with α-pinene, nopol, 

myrtenol and terpineol, and the slight reduction of flame temperature evidenced with 

borneol, agree with the adiabatic flame temperature. On the other hand, despite the 

higher estimated adiabatic flame temperature for myrtenol with respect to nopol, the 

measured flame temperatures of n-heptane + nopol blends were slightly higher than 

that with myrtenol (see Figure 4.8b). Considering that the main difference in the 

chemical structures of these two alcohols is the longest side-chain of nopol (see 

Figure 4.2), this feature would play an important role in combustion performance, as 

will be discussed below.  

 

Figure 4.8. Influence of the content of probe molecules on flame temperature. a) α- and β-pinene; 
b) nopol, terpineol, myrtenol and borneol  
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4.2.3.2 NOx emissions 

Figure 4.9a depicts a slight increase in NOx emissions with α-and β-pinene content 

in the blend, probably as a result of the higher flame temperature. Nevertheless, 

despite its apparent lower flame temperatures (no definitive values because of the 

lower relative HAB of the thermocouple), β-pinene blends display a slight increase 

in NOx emissions, supporting the hypothesis that the double bond outside the ring 

favors reactions with oxygenated species. 

 

Figure 4.9. Influence of content of probe molecules on NOx emissions. a) For α- and β-pinene; b) 
for nopol, terpineol, myrtenol and borneol 

NOx emissions from blends of n-heptane with alcohols are a consequence of the 

flame temperature and the consequent formation of thermal NO. Consistently, 

flames with borneol show a decrease in NOx emissions, whereas increases in NOx 

emissions are observed with the other alcohols (see Figure 4.9b). 

4.2.3.3 CO and UHC emissions 

The ratio between emission indices of CO for flames fueled with blends of n-heptane 

and turpentine-derived molecules, and those from pure n-heptane (EICO
o) are shown 

in Figure 4.10. Interestingly, CO is slightly reduced with β-pinene but increased with 

α-pinene (see Figure 4.10a). With regard to alcohols, a decrease in CO emissions 

is observed with myrtenol, terpineol and nopol (see Figure 4.10b), while an increase 

is observed with borneol. 
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Figure 4.10. Influence of content of probe molecules on CO emissions. a) α- and β-pinene; b) 
nopol, terpineol, myrtenol and borneol 

Regardless being isomers, α- and β-pinene display different influence on 

combustion. The increase in CO emission when α-pinene was added to n-heptane 

indicates a difficulty to achieve complete combustion, although the flame 

temperature for n-heptane + α-pinene was higher because of its relatively high 

enthalpy of formation. Conversely, combustion appears to be slightly benefited by 

the presence of β-pinene in the blends with n-heptane. Therefore, not just the 

presence of a double bond but also its position may be relevant for combustion. 

Particularly, the location of the instauration outside the ring would make of β-pinene 

a more reactive molecule. 

Despite their more complex chemical structures, myrtenol, terpineol and nopol 

display better performance in combustion than n-heptane (even higher than those of 

α- and β-pinene, see Figure 4.10b), as a result of the oxygen content of 

oxyfunctionalized molecules. Emission index of CO with borneol as additive 

increases around 40% at 5 vol. % of the additive, indicating a deterioration in the 

combustion, in agreement with the results of flame temperature. 

The ratio between emission indices of UHC for the blends and pure n-heptane 

(EIUHC
o) are shown in Figure 4.11. α-Pinene decreases the emission of UHC and β-

pinene does not affect this index (Figure 4.11a). Interestingly, all alcohol additives 
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display a reduction of UHC emissions at all contents, see Figure 4.11b. In view of α- 

and β-pinene differing only on the location of the double bond, it can be argued that 

its presence outside the ring favors the reactions of oxygenated intermediates (e.g., 

lower CO emissions in β-pinene) whereas the unsaturation inside the ring favors 

reactions with hydrocarbon species (e.g., lower UHC emissions in α-pinene). On the 

other hand, considering that all the studied flames are fuel-rich, these results suggest 

that the alcohols would supply the extra oxygen required to facilitate hydrocarbon 

oxidation. 

 

Figure 4.11. Influence of content of probe molecules on UHC emissions. a) For α- and β-pinene; b) 
for nopol, terpineol, myrtenol and borneol 

The hydroxyl group of borneol is attached directly to the bi-cycle of the molecule 

(Figure 4.2), whereas in the other alcohols it is located at the end point of a side-

chain. Since the performance of nopol was the best, followed by myrtenol and 

terpineol, while presence of borneol in the fuel may be detrimental to the combustion 

performance, the length of the chain would play an important role in the behavior of 

the fuel component. The interatomic distance between the main ring of the molecules 

and the OH group for each molecule was estimated with the density functional theory 

(DFT) by the Material Studio 2017 suite (see Figure 4.12). The geometry of each 

molecule was optimized and its energy minimized using the local density 

approximation (LDA) with the parameterizations developed by Perdew-Wang 

without any solvatation model [20]. 
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Figure 4.12. Interatomic distance (Å) between the OH group and the main ring of the molecules: a) 
nopol, b) myrtenol, c) terpineol and d) borneol 

In can be observed that the performance of alcohols in combustion tests is correlated 

to the interatomic distance between the OH group and the main ring, that is, nopol > 

terpienol > myrtenol > borneol. In fact, by increasing the interatomic distance, the 

strain of the molecule resulting from the interaction between the hydroxyl group and 

the main ring of the molecule is reduced, increasing the reactivity of the molecules. 

Besides, the number of carbon(s) in the chain of the hydroxyl group can influence 

the properties of the intermediate species in a combustion reaction. For instance, 

Godwin and coworkers showed that n-pentanol has better emissions and engine 

efficiency than n-butanol [156], and that benzyl alcohol (with a structural 

resemblance to terpenic alcohols due to the hydroxyl group attached to a ring via a 

carbon chain) displayed better performance than linear and branched alcohols (i.e., 

n-butanol, isobutanol, and n-pentanol). On the other hand, analysis of the 

combustion mechanism of isopropanol and n-propanol led to propose that the 

intermediate species from n-propanol (i.e., propanal) are more active than those for 

isopropanol (i.e., acetone) [157], [158], suggesting that the longer the side-chain to 

which the hydroxyl group is attached the more active the intermediate species. This 
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would explain the performance of nopol, followed by myrtenol, terpineol and borneol. 

In addition, the good performance of nopol is favored by the presence of an extra 

carbon atom respect to other alcohols. 

Lower CO and UHC emissions for flames obtained with blends of n-heptane and 

myrtenol, terpineol and nopol were observed with respect to those from n-heptane 

blended with α- and β-pinene. This indicates that the presence of oxygen in the 

molecules of fuel may improve the oxidation reaction of the fuels. For instance, 

myrtenol and α-pinene present a double bond inside the main ring in addition to 

having the same H/C molar ratio, and myrtenol displays better combustion 

performance with similar flame temperature and lower CO and UCH emissions than 

α-pinene. Probably, the oxygen atoms in the fuel increase the oxygen content in 

oxygen-deficient regions of the flame, overcoming possible diffusion problems of the 

fuel and air [159]. In addition, the carbon atoms with a hydroxyl group in close 

proximity display more propensity to be transformed into carbon dioxide than 

hydrocarbons or particulate matter [160]. 

4.2.3.4 Flame size 

In agreement with the theoretical heights (i.e., obtained with Roper’s expression), 

experimental results show an increase in flame tip height with the content of the 

turpentine-derived molecules in the blend, Figure 4.13, with a higher effect for 

alcohols. Furthermore, from a theoretical point of view, no difference in flame height 

between α- and β-pinene, and some minor changes for blends with alcohols can be 

expected, with borneol displaying the highest flame height. Although borneol indeed 

displays the largest experimental flame height, some differences are observed 

between α- and β-pinene flames. 

According to Roper’s expression, the height of the flame is directly proportional to 

the volumetric flow of fuel and stoichiometric air-to-fuel ratio. In this work, the higher 

the content of tested molecules the higher the molar stoichiometric air-to-fuel ratio, 

increasing the theoretical flame height. Experimental values of height of flame tip 

were larger than the theoretical ones, probably due to the actual molar stoichiometric 

air-to-fuel ratio being higher than the computed one (i.e., not all oxygen in the 
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oxidizer stream would diffuse into the reaction zone). Considering that the H/C ratio 

of fuel decreases as the content of oleoresin-based molecules increases (see Table 

4.2), an increase in height of flame tip is to be expected because the larger 

availability of carbon atoms in the fuel molecules increase the combustion time 

allowing the flame to reach larger heights [67]. 

 

Figure 4.13. Influence of content of probe molecules on flame height. a) For α- and β-pinene; b) for 
nopol, terpineol, myrtenol and borneol 

4.2.4 Remarks of the section 

The high reactivity of β-pinene makes its combustion easier than α-pinene, where 

the carbon-carbon double bond is located inside the six-membered ring. Besides, 

and contrarily to β-pinene, the intermediates formed from the oxidation of α-pinene 

can promote the formation of CO. The thermal mechanism dominates the formation 

of nitrogen oxides from flames fueled with α- and β-pinene because their emissions 

are directly related to the temperature of the flame. 

Significant reduction in CO and UHC emissions, and an appreciable increase in 

flame temperature was observed in the blends of nopol, terpineol and myrtenol with 

n-heptane, suggesting an improvement in combustion performance. Molecular 

structure appears to be a key factor in the combustion of monoterpenic alcohols, 

especially the position of the hydroxyl group. In particular, the longer the distance 
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between the OH group and the bi-cycle (or main ring) the better the performance of 

the molecule in combustion.  

The fact that the interatomic distance is related to the strain of the molecule and that 

the number of carbons in the side-chain where hydroxyl group is attached to is 

associated to the reactivity of the intermediates formed in the oxidation of alcohols, 

can be related with the performance of the combustion reaction. Nopol (with two 

carbons between the OH group and the bi-cycle of the molecule), shows a better 

performance in combustion than myrtenol (which has similar structure but with just 

one carbon in between the OH group and the bi-cycle). α-terpineol, with just one 6-

carbon ring, also displays good performance in combustion. 

4.3 Conclusions 

 Based on estimations (and few available experimental values) of thermal and 

thermochemical properties, probe molecules from turpentine present high 

potential to be tested in fuel applications. Although both boiling and melting 

temperatures are increased with respect to the pinenes present in turpentine, 

and the LHV and adiabatic temperature of the flame are decreased after the 

oxyfunctionalization, oxygenates from main components of turpentine have 

similar thermochemical properties than diesel (in some cases better), stressing 

their potential as additive or component of diesel fuels. 

 The high reactivity of β-pinene makes its combustion easier than α-pinene, 

where the carbon-carbon double bond is located inside the six-membered ring. 

Besides, and contrarily to β-pinene, the intermediates formed from the oxidation 

of α-pinene can promote the formation of CO. The thermal mechanism 

dominates the formation of NOx species from flames fueled with α- and β-

pinene. 

 Significant reduction in CO and UHC emissions, and an appreciable increasing 

in flame temperature were observed when nopol, α-terpineol and myrtenol were 

added to n-heptane, suggesting an improvement in combustion performance. 

Molecular structure appears to be a key factor in the combustion of 

monoterpenic alcohols, especially the position of the hydroxyl group. In 

particular, the longer the distance between the OH group and the bi-cycle (or 
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main ring) the better the performance of the molecule in combustion. As the 

interatomic distance is related to the molecule stress, and the number of carbons 

in the side-chain where hydroxyl group is attached, the reactivity of the 

intermediates formed in the oxidation of alcohols can be related with the 

performance of the combustion reaction. Nopol (with two carbons between the 

OH group and the bi-cycle of the molecule), shows a better performance in 

combustion than myrtenol (which has similar structure but with just one carbon 

in between the OH group and the bi-cycle). α-Terpineol, with just one 6-carbon 

ring, also displays good performance in combustion. 

 The turpentine-derived molecules display high potential as fuel component for 

combustion applications. Except borneol, all other tested molecules showed 

improvements in combustion performance derived from the increase in flame 

temperature and the decrease in UHC and CO emissions when these molecules 

were added to n-heptane, whereas the increase in NOx emissions can be 

attributed to the increase in flame temperature. In addition, the 

oxyfunctionalization of constituent molecules of turpentine leads to alcohols 

which display better performance in combustion reaction. This is particularly 

interesting because oxygenated molecules have additional advantages in fuel 

applications, such as reduction in particulate matter emissions. 
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Chapter 5. Oxyfunctionalized turpentine as biofuel 

 

The chemical oxyfunctionalization of turpentine towards nopol, the estimation of 

some important properties in fuel applications, and the influence on emissions and 

flame characteristics of laminar flames fueled with oxyfunctionalized turpentine 

(oxyturpentine) are presented in this chapter in order to assess the potential of 

oxyturpentine as biofuel, specifically from the point of view of emissions and 

combustion. 

5.1 Introduction 

Interest in the utilization of renewable resources from biomass has been increasing 

in recent years, particularly to obtain high-added value products for industries such 

as polymers, food and even biofuels [161], [162]. Terpenes are found in many plants 

and some animal species, and are used as solvents, pharmaceuticals, and 

fragrances, among others [163].  

Worldwide production of turpentine in the last decades is estimated at 330000 t/year, 

presenting a steady increase since the 1980s. Currently, major methods of 

turpentine production are from the Kraft process (70%) and from distillation of 

oleoresin (30%) [164]. The market value of turpentine in Colombia is 7-8 USD/gal. 

The fact that turpentine is a byproduct of paper industry and the increase in its 

production from oleoresin in countries such as China, among other reasons, have 

reduced significantly the price of turpentine, thus becoming an attractive source for 

biofuels. Likewise, some efforts have been focused on the improvement of the yield 

of oleoresin from pine trees. The oleoresin yield from Pinus merkusii is estimated 

around 40 g/tree/day with a yield of turpentine from oleoresin of around 20 % wt. 

[19]. The U.S. Department of Energy recently has assigned $6.3 million to increase 

at least five times the current yield of oleoresin from Pinus in order to make 

economically attractive the production of turpentine as a feedstock for biofuels. 
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Although turpentine has already been used in fuel applications, it is expected that 

oxygenated compounds derived from turpentine would display better performance 

because the oxygen content contributes to reduce soot formation and, therefore, 

particulate matter emissions and polycyclic aromatic hydrocarbons [1], [2]. In 

addition, other fuel properties such as lubricity (related to the engine durability) and 

flash point (related to the risk associated to storage and transport of fuels) are usually 

improved as a consequence of the oxygen content. Currently, some oxygenated 

molecules such as methyl esters and alcohols (mainly ethanol and n-butanol) are 

widely used as fuel components, but others are also interesting as components of 

future advanced biofuels [58]. In particular, combustion tests of different oxygenated 

molecules which can be obtained from turpentine (i.e., nopol, terpineol, and 

myrtenol) in blends with n-heptane showed a significant reduction in CO and UHC 

emissions, and an appreciable increasing in flame temperature, suggesting an 

improvement in combustion performance.  

Nopol, with two carbons between the OH group and the bi-cycle of the molecule, 

showed better performance than myrtenol, terpienol and borneol. Therefore, nopol 

was selected as target molecule to be synthesized from turpentine, in order to obtain 

an oxygenate fuel; turpentine available in the local market in Colombia was used as 

raw material. 

A search of turpentine producers in Colombia led to conclude that only one company 

produces turpentine at large-scale from conifers (Centro de Las Gaviotas, Vichada). 

Moreover, as the local market is dominated by imported turpentine, probably 

because of its lower price or the small amounts produced in Colombia, different 

samples of turpentine were purchased in the local market from Colombia and were 

characterized to select the most suitable for the oxyfunctionalization reaction. 

5.2 Estimation of properties of oxyturpentine 

5.2.1 Thermochemical properties 

Estimations of thermochemical properties for turpentine and oxyturpentine with the 

methods proposed by Joback and Benson were carried out by using the typical 

concentration of turpentine from Colombia (see Table 1.2), and assuming that all the 
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β-pinene from turpentine is converted into nopol. Standard heat of formation (∆ℎ𝑓
0) 

and LHV for turpentine and oxyturpentine are sown in Table 5.1. 

Significant differences in the estimated values of the standard heat of formation are 

observed for Joback and Benson methods, both for turpentine and oxyturpentine. 

However, the changes in heat of formation due to the oxyfunctionalization (i.e., the 

difference between standard heat of formation of oxyturpentine and turpentine) are 

-95.0286 and -82.5888 MJ/mol for Joback and Benson, respectively, which are 

comparable. In addition, both methods give consistent results of LHV and a minor 

variation is observed. 

Table 5.1. Thermochemical properties estimated for turpentine and oxyturpentine 

Compound 
∆𝒉𝒇

𝟎(MJ/mol) LHV (MJ/kg) 

Joback Benson Joback Benson 

Turpentine -49.3799 13.1239 42.4556 42.9144 
Oxyturpentine -144.4085 -69.4649 40.1425 40.6478 

The reduction in both the standard heat of formation and lower heating value for 

oxyturpentine with respect to turpentine is related to the insertion of the oxygen atom 

in the molecule of fuel. The oxyturpentine displays an estimated LHV lower than 

diesel but higher than biodiesel (44.7249 and 38.5599 MJ/kg, respectively, 

measured in this work). In addition, estimated LHV of oxyturpentine is higher than 

that for pure nopol (37.8363 MJ/mol, obtained by Benson method) due to the 

presence of α-pinene (LHV = 42.8878 MJ/kg, obtained by Benson method) in the 

mixture. 

5.2.2 Adiabatic flame temperature 

Adiabatic flame temperatures for turpentine and oxyturpentine were estimated from 

the chemical equilibrium of combustion reactions using the same methodology than 

in Chapter 3 and Chapter 4, and are presented in Figure 5.1; the results of nopol 

obtained in Chapter 4, as well as those for diesel and biodiesel are presented for 

comparison. Turpentine presents the highest maximum adiabatic flame temperature 

followed by oxyturpentine, pure nopol, diesel and biodiesel, suggesting the high 

potential of turpentine and oxyturpentine as diesel fuels. 
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The lower adiabatic flame temperature for oxyturpentine with respect to turpentine 

is ascribed to the presence of nopol (with one oxygen atom in its molecule). On the 

other hand, the difference of the maximum adiabatic flame temperature between 

turpentine and diesel is around 30 K, similar to that between α- and β-pinene and 

diesel. The reduction of the maximum adiabatic flame temperature due to the 

oxyfunctionalization of turpentine is just 7 K, oxyturpentine thus displaying an 

adiabatic flame temperature ~23 K higher than diesel. 

 

Figure 5.1. Adiabatic flame temperature for turpentine and oxyturpentine, compared to diesel, 
biodiesel and nopol at “ambient conditions” (i.e., constant pressure) and “engine conditions” (i.e., 

constant volume, shown in insert) 

5.2.3 Remarks of the section 

The presence of α-pinene in the oxyturpentine mixture can be favorable because its 

high heating value respect to nopol increases the amount of heat released in the 

combustion. On the other hand, although the LHV of oxyturpentine is slightly lower 

than that of diesel, its adiabatic flame temperature is higher. 

5.3 Synthesis of oxyturpentine 

5.3.1 Background 

Different products can be obtained from the oxyfunctionalization of turpentine, 

mainly alcohols (see Table 5.2). Terpineol is usually obtained from α-pinene or 

limonene by hydration in the presence of acid catalysts. This transformation involves 
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the formation of an intermediate with a carbenium ion, which is subjected to 

nucleophilic attack by water molecule to form the alcohol [165]. The production of α-

terpineol from α-pinene-rich turpentine under heterogeneous catalyst has been 

reported. Around 85 % conversion of α-pinene and 50% selectivity towards α-

terpineol were obtained using Amberlyst 15 as catalyst and isopropyl alcohol as 

solvent [166]. The product of this kind of transformation (i.e., α-terpineol, unreacted 

α-pinene and other by-products and impurities) has been used directly in diesel 

engines and as an octane booster for gasoline fuels, showing improvements in 

engine performance and reducing some pollutants such as carbon monoxide [3], 

[38].  

Table 5.2. Some products from oxyfunctionalization of turpentine 

Compound CAS Formula MW (g/mol) 

α-Terpineol 98-55-5 C10H18O 154.25 

Nopol  128-50-7 C11H18O 166.26 
Borneol 507-70-0 C10H18O 154.25 
Myrtenol 515-00-4 C10H16O 152.23 
Verbenol 473-67-6 C10H16O 152.23 
Pinocarveol 3917-59-7 C10H16O 152.23 
MW Molecular Weight 

If β-pinene is used as reactant and an appropriate solvent-catalyst system is 

selected, nopol can be produced instead. Nopol is a terpenic alcohol used in 

cosmetics and perfumes as fragrance compound, detergents, and soaps, among 

other applications [167]. Bain and coworkers [168] proposed a method for 

preparation of nopol using β-pinene and paraformaldehyde in the presence of 

homogeneous catalyst such as zinc chloride and with continuous heating, the so-

called Prins condensation reaction, schematized in Figure 5.2.  

OH
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H

H

n
+

OH

acid



-Pinene Paraformaldehyde Nopol
 

Figure 5.2. Nopol synthesis from β-pinene 
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Several solid catalysts have been reported for the Prins condensation of nopol from 

β-pinene and paraformaldehyde, such as Tin, Zirconia, Iron and Zinc supported on 

silicate materials such as SBA-15, MCM-41 and kenyaite [169]–[174], ZnCl2 

impregnated over montmorillonite [175], and sulfated zirconia [176]. All these 

materials present acid properties, which are desired for the reaction, and display 

high activity, with complete conversion of β-pinene and high selectivity towards nopol 

(>90 %) at optimal operation conditions. 

Sn/MCM-41 catalyst, in addition to its high activity in the synthesis of nopol, has 

other properties such as easy synthesis and high stability (and thus high potential to 

be reused) [177]. Optimal loading of Sn has been found at low monolayer content, 

with coverage below 0.06 Sn nm-2 [178]. Additionally, kinetic studies of this material 

with toluene and ethyl acetate as solvent with pure β-pinene and paraformaldehyde 

have been conducted [177], [179]. 

In all the cases reported, nopol was produced from pure β-pinene, thus reducing the 

interest of these reactions to produce biofuels, due to practical, industrial and 

economic factors. In addition, some previous work showed the difficulty to scale-up 

the reaction, mainly as a consequence of the difficult scaling-up of the catalyst. 

Therefore, in this work Prins condensation reaction was performed to obtain nopol-

rich oxyfunctionalized turpentine using turpentine as β-pinene source. 

5.3.2 Methodology 

5.3.2.1 Materials 

Different samples of turpentine were purchased in the local Colombian market 

(Protokimica S.A., Indu Guim, Antioqueña de Químicos S.A, GMP Productos 

Químicos S.A, Prodeysa S.A., Proquimar S.A., Químicos JM and Franco LTDA). 

Paraformaldehyde powder, tetra-ethyl-orthosilicate (TEOS) and myristyl-trimethyl-

ammonium bromide (MTABr), all analytical-grade, were purchased from Sigma-

Aldrich. Toluene and ethyl acetate analytically-pure, and solution of ammonium 

hydroxide at 28-30% were supplied by JT Baker. Di-hydrated Tin chloride was from 

Alpha-Aesar. 
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5.3.2.2 Chromatographic characterization 

The identification and quantification of components in the turpentine samples and 

reaction products (oxyfunctionalized turpentine) were performed by GC and GC-MS 

in an Agilent 7890 GC system coupled to Agilent 5975C VL MSD triple quadrupole 

mass detector and flame ionization detector (FID).  

Both the inlet injection and detector temperatures were 250°C. A 1 μL sample was 

eluted using an DB-1 (30 m x 320 µm x 0.25 µm) capillary column (Agilent J&W). 

Helium was used as carrier gas. The initial temperature (70°C) was held for 1 min, 

and then, a 15°C/min heating ramp up to 180°C (held for 1 min) was used, with a 

split ratio of 25 : 1. Mass spectra were compared with the NIST database to identify 

the components of the mixture. Calibration of nopol, α- and β-pinene and toluene 

were performed and results are presented in Appendix J. 

5.3.2.3 Catalyst preparation and characterization 

Sn-MCM-41 catalyst with 0.5 wt.% Sn was prepared by the gel procedure at room 

temperature, as previously reported [180]. Briefly, 7.4 g of MTABr were dissolved in 

326 mL of water with subsequent addition of 0.2 g of hydrated tin chloride, controlling 

the pH at 11.6 by adding ammonia solution. 28 g of TEOS was added dropwise to 

the solution at a rate of 0.6 mL/min keeping the solution stirred at 400 rpm. Once 

TEOS was added, stirring of the solution was continued for 1 h, followed by 1 h of 

decanting. Then, the precipitated solid was washed with water until negative test of 

chlorides (qualitative tests performed with silver nitrate). The solid was dried at 

100°C overnight and calcined at 550°C for 5 h, with a heating ramp of 1°C/min.  

Sn-MCM-41 was characterized by Atomic Absorption (AA) in a Thermo Elemental 

SOLAAR S4 whit a Tin lamp. X-ray diffraction (XRD) was conducted in a Bruker D8 

Advance coupled with Cukα1 radiation generated at 40 kV and 40 mA, over a 2θ 

range from 0.5º to 10º with a step size of 0.02035º. Nitrogen adsorption/desorption 

isotherms at 77K were measured in a Micromeritics Gemini 2380; sample was 

previously outgassed at 150°C during 4 h. Fourier-transform infrared (FTIR) spectra 

for fresh and post reaction samples of catalysts were collected in a Perkin Elmer 

Spectrum 65 on diffuse reflection mode (Pike) with KBr powder. 
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5.3.2.4 Turpentine oxyfunctionalization 

The performance of the reaction was evaluated in 2 mL vials under magnetic stirring 

and autogenous pressure. Stirring speed, reaction temperature, Sn-MCM-41 load, 

and paraformaldehyde : β-pinene molar ratio, were kept at 1000 rpm, 90°C, 20 wt.% 

with respect to β-pinene, and 1 : 1, respectively, for all reactions. Reaction time was 

varied from 0.5 to 24 h. The effect of the solvent was evaluated by comparing the 

reaction without solvent and with different amounts of solvent (toluene:β-pinene 

weight ratio up to 12). 

To evaluate the stability and reusability of Sn-MCM-41, the same catalyst and 

reaction conditions were used in three reaction cycles, performing different 

aftertreatments in each cycle (washing with toluene or ethyl acetate), with 

subsequent filtering and drying. In addition, the same reaction conditions were 

evaluated at different scales: 2 mL, 250 mL and 10 L flask reactors, to assess the 

potential scaling-up of the reaction. 

Conversion of β-pinene and selectivity to nopol were calculated from the species 

concentrations with the expressions in Equation 5.1 and Equation 5.2, 

Conversion(%) =
(𝐶i − 𝐶f)β−pinene

(𝐶i)β−pinene
100 Equation 5.1 

Selectivity(%) =
(𝐶f)nopol

(𝐶i − 𝐶f)β−pinene
100 Equation 5.2 

where 𝐶i and 𝐶f are the initial and final concentrations, respectively. 

The water content of oxyturpentine was measured with the Karl-Fischer technique 

based on ASTM D 4377 standard in a Metrohm 831 KF Coulometer. 

5.3.3 Results and discussion 

5.3.3.1 Catalyst synthesis and characterization 

Actual content of Sn on Sn-MCM-41, evaluated by atomic absorption, was 0.42 

wt.%, slightly lower than the target value. The XRD pattern of the synthesized 

material, Figure 5.3, shows the main peak at 2.6° 2θ and two smaller peaks at 4.5 

and 5.2° 2θ, which are typical of hexagonal channels presented in MCM-41 materials 

(d100 = 33.19 Å, d110 = 19.06 Å and d200 = 16.43 Å, respectively) [172]. 
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Figure 5.3. XRD pattern of Sn-MCM-41 

Figure 5.4 shows the FTIR analysis of Sn-MCM-41.  

 

Figure 5.4. FTIR spectrum of Sn-MCM-41 

The peaks observed between 800 and 1000 cm-1 can be attributed to bending and 

symmetric stretching vibrations of the Si—O—Si bond, while the peaks between 

1000 and 1300 cm-1 are assigned to asymmetric vibrations of Si—O—Si bond. 

Entrapped water into the molecular structure of MCM-41 commonly shows a band 
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around 1600 cm-1 due to the bending vibrations of OH bond. The wide band in the 

region 2500-3800 cm-1 is related to OH stretching of adsorbed moisture on the 

support and/or of silanol groups [181]. 

BET area, and pore volume and diameter obtained by nitrogen adsorption on the 

synthesized Sn-MCM-41 were 1241 m²/g, 0.8665 cm³/g and 28 Å, respectively, 

which are typical values for MCM-41 materials [172]. The isotherm of nitrogen 

adsorption/desorption over the Sn-MCM-41, Figure 5.5, depicts a type IV isotherm, 

as expected for mesoporous materials, with a hysteresis loop type H4 (according to 

IUPAC classification [182]), which are typical properties of MCM-41 materials. 

 

Figure 5.5. Nitrogen absorption/desorption isotherm of Sn/MCM-41 

5.3.3.2 Characterization of turpentine and oxyturpentine 

Contents of typical components of turpentine for the samples acquired in local 

market from Colombia, Table 5.3, shows that α-pinene is the main component in 

almost all the samples. α-pinene content on Sample 8, however (this sample is 

composed mainly by linear hydrocarbons, i.e., n-heptane and n-decane), is much 

lower, and no β-pinene was found; thus, this sample is not representative of 

turpentine and was discarded from the study. α-Pinene content is in the range 70-

77 wt.% in most samples. β-pinene is the second major component in samples 2, 3 
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and 6 (8-10 wt.%), while Δ3-carene is present in higher concentration than β-pinene 

in samples 4, 5 and 7. 

Table 5.3. Composition of turpentine from Colombian local market 

Compound 
Sample (wt.%) 

1 2 3 4 5 6 7 8 

α-Pinene 48.1 76.9 76.9 73.0 71.3 70.3 70.6 11.8 

Camphene 0.7 2.3 2.3 2.9 2.6 1.1 2.5 0.0 

β-Pinene 38.4 8.3 8.3 6.4 6.8 10.1 5.7 0.0 

3-carene 1.7 3.8 3.8 13.3 14.0 3.9 14.7 19.4 

Others 11.1 8.7 8.7 4.3 5.2 14.6 6.6 68.8 

The sample labeled as 1, supplied by GMP Productos Químicos, was selected due 

to its highest β-pinene content, which would facilitate its oxyfunctionalization to 

nopol, representing the best scenario to evaluate the potential of nopol-rich 

turpentine as biofuel. A more detailed composition of the turpentine this sample is 

presented in Table 5.4 (left column). It can be observed that the third main 

component is limonene, with much smaller composition (ca 5 wt.%); the other 

compounds are present in much lower concentration (< 2 wt.%). 

The composition of the oxyfunctionalized turpentine obtained without solvent at 1000 

rpm, 90°C, 24 h, catalyst loaded at 20 wt.% with respect to β-pinene, and 

paraformaldehyde  :β-pinene 1 : 1 molar ratio at vial scale is presented in Table 5.4 

(right column).. In addition to the expected decrease in β-pinene content (because 

of its transformation into nopol), a significant decrease in limonene content, an 

increase in α-terpineol content, and the presence of new compounds such as α-

longipinene and borneol at low contents is observed. In particular, the increase in α-

terpineol, which can be derived from α-pinene and limonene, indicates that the 

reaction conditions (i.e., temperature, time, and presence of water), and the catalyst 

properties promote the oxyfunctionalization by hydration of these terpenes. Other 

components present in turpentine appear not to be affected by oxyfunctionalization. 

The water content in the reaction product was 3430 ppm, in contrast with 153 ppm 

in turpentine, indicating that water is likely released in the depolymerization of 

paraformaldehyde during the reaction. 
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Table 5.4. Composition of turpentine and oxyturpentine (obtained without solvent at 24 h and at vial 
scale) 

Compound Turpentine  
(% wt.) 

Oxyturpentine  
(% wt.) 

α-Pinene 48.1 44.7 
β-Pinene 38.36 0.1 
Limonene 5.18 0.8 
β-Myrcene 1.81 1.4 
Longifolene 1.76 0.5 
3-Carene 1.67 2.3 
Camphene 0.73 2.1 
α-Terpineol 0.68 4.7 
(+)-Fenchone 0.48 1.4 
Terpinolene 0.23 1.5 
Isoborneol 0.09 0.7 
m-Cymene 0.05 0.3 
Nopol 0.00 31.0 
α-Phellandrene 0.00 2.7 
α-Longipinene 0.00 4.3 
Borneol 0.00 0.6 
Unidentified 0.93 1.0 

5.3.3.3 Effect of solvent 

Concentration of the different species in the reaction product (reaction time = 15 h) 

as a function of the amount of solvent (toluene) is shown in Figure 5.6. Total species 

concentration in Figure 5.6a shows that toluene is increased and other species are 

decreased, mainly due to the dilution effect. Although α-pinene outlet concentration 

does not appear to be influenced by the presence and amount of solvent, results 

indicate that α-pinene can react when no solvent is used (see Figure 5.6b). The non-

linear trend of nopol content in free-solvent basis can be attributed to a trade-off 

between toluene (which favors nopol conversion) and α-pinene (which favors nopol 

conversion, especially in the absence of toluene) content. 

Other reaction products (e.g., α-terpineol, α-longipinene, α-phellandrene, and 

borneol) are also favored in the absence of solvent. In particular, comparison of the 

contents for α-pinene and limonene compounds indicates that α-terpineol is likely 

formed from them, as previously reported [165]. 
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The conversion of limonene and α- and β-pinene, as well as nopol selectivity, as a 

function of solvent content is shown in Figure 5.7. The selectivity to α-terpineol was 

not determined because it can be obtained either from limonene, α-pinene or β-

pinene [165]. Conversion decreases in the order β-pinene > limonene >> α-pinene, 

and high selectivity to nopol is observed. The high conversion of limonene and α-

pinene (in the reaction without solvent) and the presence of α-terpineol in the 

reaction product (confirmed by GS-MS) indicate that a side-reaction of 

oxyfunctionalization (i.e., hydration) of limonene and/or α-pinene is occurring, which 

has been reported previously [165],[166]. Moreover, considering that the aim of this 

study is to obtain oxygenated molecules from terpenes, the presence of α-terpineol 

in the reaction mixture is desirable. 

 

Figure 5.6. Effect of solvent on species concentration after reaction. a) Total species concentration, 
and b) species concentration in free-solvent basis. Reaction time = 15 h 

A decrease in selectivity towards nopol is observed as the toluene : β-pinene mass 

ratio is decreased. Particularly, the lowest selectivity is observed at a ratio of 2, 

probably due to a change in the roles of toluene and α-pinene as solvents. Studies 

of the solvent effect on the reaction of pure β-pinene and paraformaldehyde over 

Sn-MCM-41 showed that both solvent polarity and solubility with paraformaldehyde 

are important in nopol synthesis [180]. In particular, the nature of the solvent and the 

Hansen solubility parameter (HSP) would indicate the adequacy of a solvent for the 

Prins condensation of nopol. For instance, toluene and ethyl acetate showed high 
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activity, and both are aprotic with an HSP parameter around 18 MPa0.5. However, in 

the case of the reaction of turpentine in the absence of solvent, it is expected that α-

pinene, as the main component of the mixture, performs the role of solvent. In fact, 

α-pinene is non-polar and aprotic, with an HSP parameter around 17 MPa0.5, similar 

to toluene and ethyl acetate. Furthermore, nopol formation in the 

oxyfunctionalization of turpentine is favored in the absence of solvent, suggesting 

that the presence of toluene simultaneously with α-pinene decreases the probability 

of activation of β-pinene, perhaps due to the adsorption of toluene onto the active 

sites of the catalyst. Thus, the high performance of the reaction can be attributed to 

the presence of α-pinene to promote the activation of β-pinene and to maintain the 

catalyst activity. 

 

Figure 5.7. Performance of the reaction as a function of solvent content at 15 h reaction time 
(calculated in free-solvent basis) 

5.3.3.4 Effect of reaction time 

Figure 5.8 shows the effect of the reaction time on the performance of the reaction 

of turpentine with paraformaldehyde over Sn-MCM-41 without external solvent. β-

Pinene from turpentine is consumed as the time is increased, with a conversion 

around 60% at 0.5 h reaction time, until almost complete consumption at 24 h. The 

α-pinene conversion trend reaches a maximum (around 30 %) at 15 h, indicating 

that, with enough time, α-pinene can react at the reaction conditions to produce 
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molecules such as α-terpineol, α-longipinene and/or α-phellandrene. The conversion 

of limonene is almost constant with time, suggesting that the reaction conditions and 

medium are suitable for its transformation, probably to α-terpineol, due to the 

presence of water. 

β-Pinene can be considered more reactive than α-pinene because of its carbon-

carbon double bond located outside the main ring (instead of inside the main ring, 

as α-pinene). Consequently, at low reaction time the conversion of β-pinene is 

considerably higher than that for α-pinene, because β-pinene reaches more easily 

the active sites of the catalyst. At high reaction times, when β-pinene is transformed 

almost completely, more active sites are available, allowing for α-pinene activation 

and reaction. 

 

Figure 5.8. Performance of the reaction without solvent as a function of time.  

Regarding the selectivity towards nopol, the reaction reaches the highest value at 

15 h (>99%), indicating that somewhat the interaction between β-pinene and 

paraformaldehyde needs time “to build-up”. Probably, β-pinene is easily activated 

into the catalyst, favored by the high accessibility to the active sites due to the good 

textural properties of MCM-41 (i.e., high surface area and porosity, with enough pore 

diameter to β-pinene access), whereas the depolymerization of paraformaldehyde 

is not as fast. Therefore, at low reaction time the relatively low availability of 

formaldehyde would translate into β-pinene producing molecules other than nopol. 
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In any case, this effect can be considered low because the change in selectivity is 

just 5%. 

5.3.3.5 Effect of reusability of the catalyst 

The catalyst was subjected to two different post-reaction treatments before 

evaluating its activity in a new cycle, namely: washing with toluene and washing with 

ethyl acetate. Washing was performed after two consecutive reactions. The washing 

consists in stirring the catalyst sample at 1000 rpm at room temperature during 30 

min, with a mass ratio of catalyst : washing agent (toluene or ethyl acetate) of 1 : 10. 

Then, the catalyst is filtered and dried and the washing procedure is repeated three 

times with each solvent. Finally, the catalyst is dried overnight at 100°C. 

Figure 5.9 compares the β-pinene conversion and nopol selectivity of the fresh 

catalyst, and those of the used catalyst washed with: the used catalyst washed with 

toluene or ethyl acetate after the first reaction cycle (Tol or Eac, respectively), and 

the used catalyst washed after two consecutive reaction cycles with toluene or ethyl 

acetate (Tol+Tol or Eac+Eac, respectively). The same reaction conditions were 

maintained (vial scale, 1000 rpm, 90°C, 24 h, catalyst loaded at 20 wt.% with respect 

to β-pinene, and molar ratio of paraformaldehyde : β-pinene = 1 : 1) in all tests. 

 

Figure 5.9. Catalysts stability by different aftertreatments. Reaction conditions: vial scale, 1000 
rpm, 90°C, 24 h, catalyst loaded at 20% wt. with respect to β-pinene, and equimolar ratio of 

paraformaldehyde : β-pinene 
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A small decrease in conversion (1%) and a significant reduction in selectivity (16 %) 

was observed after washing the catalyst with toluene. Washing with ethyl acetate 

has a lower effect on selectivity (reduced by 5%) and a moderate effect on 

conversion (reduced by 2%). Thus, ethyl acetate appears to be a better medium for 

the washing procedure, perhaps because toluene can affect the catalytic properties 

of the solid by dissolving some species on the catalyst which can be important in the 

reaction (for instance, ions and impurities), as a consequence of its low polarity and 

the conditions of the washing procedure. 

On the other hand, an increase in selectivity is observed after the second reaction 

cycle when the catalyst is washed with either toluene or ethyl acetate, but the 

conversion decreased. Since turpentine is a complex mixture, the probability of 

adsorption of some molecules in the catalyst is high, suggesting that the loss of 

activity can be associated with poisoning of the catalyst, leading to changes in 

conversion and selectivity after the second consecutive reaction cycle as a 

consequence. Precisely, FTIR spectra for Sn-MCM-41 sample after five cycles of 

reaction without solvent was compared with that for the fresh sample, Figure 5.10. 

 

Figure 5.10. FTIR spectra for fresh and after reaction Sn-MCM-41 catalyst 

For the used catalyst, the peaks between 1350 and 1500 cm-1 can be assigned to 

sp3 C—H bending, while those present between 2600-3100 cm-1 are asigned to sp3 
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C—H stretching vibrations [129], indicating that the adsorbed molecules onto the 

catalyst surface are aliphatic hydrocarbons from turpentine.  

5.3.4 Remarks of the section 

 Sn-MCM-41 was synthesized and evaluated in the Prins condensation reaction 

of β-pinene-rich turpentine and paraformaldehyde, leading the formation of 

oxyturpentine (a nopol-rich mixture). The reaction was performed without any 

added solvent, the α-pinene present in the turpentine probably performing this 

role, because of its aprotic nature and solubility. These properties are very 

similar to toluene and ethyl acetate, which have displayed good performance as 

solvents in the production of nopol from pure β-pinene. 

 Complete conversion and selectivity towards nopol >99 % were observed in the 

transformation of β-pinene from turpentine. In addition, a significant amount of 

α-terpineol was obtained in the reaction product, probably due to the hydration 

of limonene and/or α-pinene. Nopol and α-terpineol are desirable products 

because the main objective of the transformation of turpentine is to 

oxyfunctionalize the terpene molecules, and it is expected that these molecules 

positively influence the combustion of diesel fuel, particularly reducing 

particulate matter emissions. 

 A reduction in conversion, simultaneously with an increase in selectivity towards 

nopol, was observed in three consecutive reaction cycles. The decrease in 

conversion can be attributed to a poisoning of catalyst. 

 The presence of nopol and α-terpineol in oxyturpentine makes this mixture a 

promising biofuel because of the well-known positive influence of oxygenated 

molecules on the diesel engine emissions, particularly on particulate matter. In 

addition, some fuel properties are expected to be improved such as lubricity and 

flash point, which are related to engine durability and fuel safety, respectively. 

However, further analysis of the main fuel properties of oxyturpentine is 

necessary to confirm its actual potential for fuel applications. 
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5.4 Laminar flames of blends of oxyturpentine + n-heptane 

5.4.1 Methodology 

Measurement of CO, CO2, NOx and UHC emissions, and temperature and flame 

size were carried out according to the methodology detailed in Section 3.3.2. The 

laminar flames were obtained by burning blends of n-heptane with turpentine / 

oxyturpentine at 0.1, 1 and 5 vol.%; the oxyturpentine obtained in Section 5.3 was 

used without any purification, and the turpentine was the same than the feed of the 

oxyfunctionalization reaction. Results for blends of n-heptane with nopol are 

included as comparison. 

5.4.2 Results and discussion 

5.4.2.1 Temperature of flame 

Measured temperature of the flames ranges between 1000 and 1100 K, and the 

temperature correction of losses is around 150-200 K. An equivalence ratio higher 

than the stoichiometric one, as well as the position of the thermocouple (ca. 20% 

with respect to the height of flame, see Table 5.5) would explain these rather low 

temperatures, as discussed in the previous chapters. The actual HAB of 

thermocouple of the flames are presented in Table 5.5; in all cases, the 

thermocouple was located close to the 20% target, i.e., within 1%. 

Table 5.5. HAB of thermocouple for flames with different contents of turpentine and oxyturpentine 

Turpentine/ 
oxyturpentine 

content (% vol.) 

Flame HAB  
(mm) 

Thermocouple 

HAB  
(mm) 

Relative  
position (%) 

Turpentine 

5 55.17 10.59 19.20 +/- 0.64 

1 49.92 9.75 19.53 +/- 0.86 

0.1 49.32 9.88 20.03 +/- 0.70 

Oxyturpentine 

5 58.39 10.89 18.65 +/- 0.91 

1 57.34 11.17 19.48 +/- 0.97 

0.1 54.36 10.44 19.21 +/- 0.97 

The temperature of the flames of n-heptane + oxyturpentine / turpentine, and n-

heptane + nopol blends are shown in Figure 5.11. The higher the content of 

turpentine and oxyturpentine the higher the temperature of flame. The profile of 

flame temperature for oxyturpentine is lower than that for nopol but higher than that 
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for turpentine. The presence of nopol in the oxyturpentine mixture apparently 

translates into a slight increase in the flame temperature (with respect to the 

turpentine blends), as observed with nopol and, α- and β-pinene in Section 4.2.3.1. 

 

Figure 5.11. Influence of oxyturpentine, turpentine and nopol content on the temperature of flame 

5.4.2.2 NOx emissions 

Negligible effect on the emission index of NOx can be observed for turpentine, 

whereas nopol and oxyturpentine increase these emissions, see Figure 5.12. Such 

nil effect of turpentine was observed in the NOx emissions from the n-heptane + α- 

and β-pinene blends (see Figure 4.9). On the other hand, the increase in NOx 

emissions in the oxyturpentine and nopol blends can be mainly ascribed to the 

increase in flame temperature resulting from the presence of oxygen in the fuel. 

Although other factors such as the degree of unsaturation may impact NOx emission, 

in this case the main difference among turpentine, and nopol and oxyturpentine is 

the presence of oxygen in the latter molecules. 
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Figure 5.12. Influence of oxyturpentine, turpentine and nopol content on NOx emissions 

5.4.2.3 CO and UHC emissions 

The influence of oxyturpentine and turpentine in the fuel on CO emissions is shown 

in Figure 5.13.  

 

Figure 5.13. Influence of oxyturpentine, turpentine and nopol content on CO emissions 

Similarly to nopol, oxyturpentine decreases the emission index of CO, indicating an 

improvement in the combustion by the presence of oxyturpentine as a consequence 
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of the oxygen content, particularly in the oxidation reactions. On the other hand, a 

slight decrease in CO emissions with turpentine content is observed, indicates that 

the trade-off between α- and β-pinene (β-pinene decreases and α -pinene increases 

CO emissions, see Figure 4.10) favors the latter, confirming the predominant role of 

β-pinene in the combustion. The content of nopol significantly improves the 

performance of oxyturpentine in the combustion, particularly in the reduction of CO 

emissions, because the oxygen atoms in the fuel allow more useful energy to be 

extracted from the fuel. 

A strong effect of oxygen content and UHC emissions in coflow-diffusion flames is 

observed in Figure 5.14. Indeed, negligible effect is observed for flames with 

turpentine, which can be attributed to the high reactivity of β-pinene in turpentine 

(i.e., the same behavior was obtained with pure β-pinene, see Figure 4.11). On the 

other hand, the minor UHC emissions in the nopol blends with respect to 

oxyturpentine would be a consequence of its higher oxygen content. Thus, it can be 

argued that the carbon atoms surrounding oxygen atoms have a higher tendency to 

form directly CO2 [160]. 

 

Figure 5.14. Influence of oxyturpentine, turpentine and nopol content on UHC emissions 
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5.4.2.4 Flame size 

The relationship between the ratio of the height of flame of n-heptane + turpentine / 

oxyturpentine blends to that for pure n-heptane (Ho) is presented in Figure 5.15; both 

experimental results and estimation with Roper expression are presented.  

 

Figure 5.15. Influence of oxyturpentine, turpentine and nopol content on flame height 

The height of flame increases with the content of oxyturpentine and turpentine for 

both experimental and estimated values, even for nopol. The increment of terpene 

content in the fuel increases the stoichiometric ratio and reduces the volumetric flow 

and the H/C molar ratio of the fuel, contributing to increase the height of the flame. 

The largest influence is observed for nopol, followed by oxyturpentine and turpentine 

(the same trend as the volumetric flow and the H/C molar ratio of the fuels). 

5.4.2.5 Overall emissions 

The performance of oxyturpentine as component of the fuel is similar to that of nopol 

and better than that of turpentine, as expected from the results of α- and β-pinene 

and nopol observed in Section 4.2.3. Figure 5.16 shows the effect on characteristics 

and emission of flames of oxyturpentine, turpentine and nopol blended separately at 

5 %vol. with n-heptane.  
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Figure 5.16. Influence of oxyturpentine and turpentine compared to nopol (5 vol.% blends) on flame 
size and temperature, and emissions (HoF height of flame) 

Nil effect on carbon dioxide emissions is display for all fuels. The flame temperature 

is increased around 10 % with respect to pure n-heptane when the fuel was blended 

with nopol and oxyturpentine, and 8 % with turpentine. The increase in the 

temperature of the flame and the decrease in CO and UHC emissions are lower for 

oxyturpentine than nopol due to the presence of other compounds such as α-pinene 

(i.e., the decrease in CO emissions with nopol at 5 vol.% in n-heptane was ~30 %, 

whereas for oxyturpentine was ~20 % at the same conditions). In addition, NOx 

emission in flames with nopol in the fuel is increased by 50 % with respect to pure 

n-heptane, whereas that increase for flames with oxyturpentine is 25 %. However, 

as NOx concentrations measured from laminar flames were low (up to 20 ppm) a 

small change in concentration may result in a rather large percentage of change. 

Additionally, the performance of the combustion in the actual chamber may differ 

from that in the laminar flames, especially regarding the behavior of local 

temperature, as discussed below. At the same time, α- and β-pinene display a 

positive effect, such as higher adiabatic flame temperatures and LHV than nopol. 

5.4.3 Remarks of the section 

The effects observed on temperature, and CO, NOx and UHC emission lead to 

conclude that the molecular structure and oxygen content of fuel can enhance the 
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performance of combustion reaction. Nevertheless, the experimental setup used for 

the evaluation does not account the assessment of other fuel properties. For 

instance, the previous evaporation of the sample overcome typical drawbacks of the 

fuel atomization such as that due to high surface tension and viscosity of the fuel. 

According to the results, oxyturpentine has high performance in combustion, which 

suggests a high potential to be used as additive/component of diesel fuel. 

5.5 Conclusions 

 The thermochemical properties of oxyturpentine can be considered suitable for 

diesel fuel applications. For instance, LHV of oxyturpentine is slightly lower and 

its adiabatic flame temperature is significantly higher than those for diesel fuel. 

The presence of α-pinene in the oxyturpentine mixture is positive because of its 

high heating value respect to nopol, increasing the amount of heat released in 

the combustion of the oxyturpentine mixture.  

 Oxyfunctionalization of turpentine to produce oxyturpentine showed good 

performance (complete conversion and selectivity towards nopol >99 %), 

becoming it in a promising procedure to obtain an oxygenated biofuel from 

turpentine. In addition, significant amount of α-terpineol was obtained in the 

reaction product, probably formed by the hydration of limonene and/or α-pinene. 

Nopol and α-terpineol are desirable products because the main objective of the 

transformation of turpentine is to oxyfunctionalize the terpene molecules. 

 The effects observed on temperature and CO, NOx and UHC emission lead to 

conclude that oxyturpentine improves the performance of combustion reaction 

at the evaluated conditions. This can be associated to the content of oxygen in 

the molecular structure of nopol, together with the relatively high LHV of α-

pinene. Although the experimental setup used does not allow determining the 

effect on other physical and thermal properties, such as viscosity, density and 

melting and boiling points, oxyturpentine presents high potential to be used as 

additive/component of diesel fuel in terms of combustion reaction. 
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This chapter presents an approximation to the properties and performance of 

oxyturpentine in actual fuel applications. The oxyfunctionalization reaction was 

scaled-up to study the effect of the change in reaction size and geometry as well as 

to obtain enough quantity of oxyturpentine to perform engine-bench tests. Then, the 

oxyturpentine was blended separately with diesel and biodiesel fuels at different 

volume ratios to measure several fuel properties, which are compared with fuel 

standards. Finally, an oxyturpentine-diesel volume ratio was selected according to 

its properties and the blend was prepared to carry out the engine tests. In these 

tests, the behavior of the fuel was evaluated through the diagnostics of the 

performance and emissions of an internal combustion engine. 

6.1 Scaling-up of turpentine oxyfunctionalization 

6.1.1 Background 

The main objectives of scaling the reaction to produce oxyturpentine are to 

determine criteria to transfer from small to large scales, and obtain large amounts of 

the reaction product. Although the target for the large-scale reactor in the present 

work would be limited to laboratory or pilot-plant scale where the typical size of batch 

reactor is below 20 L [15], further scaling is reviewed to encourage future works on 

the evaluation of technical and economical feasibility of an industrial plant to produce 

the proposed fuel and to evaluate the theoretical criteria to scaling a batch reactor 

with actual data. The use of advanced techniques or further experiments starting 

from the results presented in this Thesis would conduce to obtain optimal parameters 

for the reaction at large scale. 

Detailed information on the oxyfunctionalization of turpentine is presented in Chapter 

5. The reaction conditions are summarized in Table 6.1. In addition, rounded bottom 

flask reactors (Pyrex-glass) in the range 50 - 10000 mL were used to perform the 
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scaling-up (please note that the synthesis in Chapter 5 was conducted in 2 mL size 

vials). Furthermore, the scaling was based on the characteristic dimensions of the 

spherical geometry (see Appendix A). 

Table 6.1. Conditions for turpentine oxyfunctionalization 

Reaction temperature (K) 363 
Reaction time (h) 24 
Stirring speed (rpm) 1000 
Weight ratio of catalyst* 0.078 
Reagents molar ratio 1 : 1 
*With respect to turpentine 

The dimensions of the spherical reactors selected for the scaling procedure are 

shown in Table 6.2. The geometrical factor (i.e., the ratio of diameters) for the 

scaling-up procedure from small to large scale is 5.25 [183]. 

Table 6.2. Properties of batch reactors for both small and large scales 

 Small scale Medium scale* Large scale 

Capacity (mL) 50 250 10000 
Inner diameter (mm) 51 81 269.8 
Wall thickness (mm) 2 2 5 
* Presented for comparison purposes 

The volume of the reaction mixture in the small scale tests was 23.5 mL. Thence, 

the height of reaction mixture (from the bottom of the reactor to the vapor-liquid 

interface) is 1.98 cm, corresponding to an aspect ratio of 0.39; the surface area 

available to heat transfer at this scale is 31.94 cm2. The volume of reaction mixture 

in the large scale is 3400 mL, corresponding to a height of fluid of 10.39 cm and 

maintaining the aspect ratio; the surface area available for heat transfer at this scale 

is 880.58 cm2. The surface and volume scale factors for the small and large scale 

geometries shown in Table 6.2 are 27.57 and 144.73, respectively.   

The reaction time necessary to obtain complete conversion of β-pinene in small 

scale was 24 h. As the residence time must be equal for both scales of batch 

reactors, the reaction time at large scale should be also 24 h. At the optimum reaction 

conditions of Prins reaction (pure β-pinene and toluene as solvent) at the small scale 

reaction, the estimation of the minimum stirring speed to ensure dispersion of the 

catalyst was 950 rpm, while 1000 rpm was obtained to be adequate in the reaction 
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with turpentine as β-pinene source and without solvent. Thence, agitation at 1000 

rpm is a suitable value at this scale. Besides, this agitation regime avoids external 

mass transfer limitations [177], [179]. 

Depending on the goal of the mixing (e.g., equal liquid motion, equal suspension of 

solids, equal and uniform concentration, or equal rates of mass transfer for both 

scales, see Appendix A), several criteria can be found in the literature to determine 

the required agitation speed at a larger scale. Table 6.3 summarizes the results for 

the different criteria, evaluated for the large scale used in this work with the 

expressions presented in Appendix A.  

Table 6.3. Scale-up values of speed of agitation 

Parameters  Agitator speed (rpm) 
 

𝜌𝑝 Sn/MCM-41 (kg/m3) 970a Equal liquid motion 190 

𝑑̅
𝑃 Sn/MCM-41 (µm) 38-42b Equal and uniform concentration 288 

𝑊𝑃  Sn/MCM-41 (%) 7.8 Equal mass transfer 661 

𝜌𝐿 Turpentine (kg/m3) 862.1c Equal heat transfer 331 

𝜌𝐿 Oxyturpentine (kg/m3) 912.6c Equal suspension of solids 466 

𝜐𝐿 Turpentine (mm2/s) 1.7.E-06c Minimum to suspension of solidsd 366 

𝜐𝐿 Oxyturpentine (mm2/s) 3.5.E-06c Minimum to suspension of solidse 393 

  Equal shaft speed 1000 
aFrom [184]; bupper value from [177] was used for calculations in this work; cmeasured in this work;  
dcomputed with properties of turpentine; ecomputed with properties of oxyturpentine. 

According to Table 6.3, the recommended speed of agitation at the large scale is 

lower than that for small scale (except for the equal shaft speed criterion), as a 

consequence of the increase in the agitator diameter. The speed of agitation to keep 

uniform concentration of liquid and equal heat transfer in the reaction mixture is less 

relevant because these values are lower than the minimum speed necessary to keep 

the catalyst suspended. 

The higher the speed of agitation the lower the propensity to observe mass transfer 

limitation in batch reactors. If the lab scale is maintained in the reactor at 10 L and 

other criterium than the equal speed of shaft (the highest speed of agitation in Table 

6.3) is used, the probability to get mass transfer limitations is high. In addition, the 

reaction at 10 L consumes high amounts of materials, where the production of the 
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catalyst plays an important role. Thus, the selection of the highest speed of agitation 

involves higher probability to successfully carry out the reaction just once. 

With the criterion of equal shaft speed, the heat transfer may differ for both scales.  

An electrical heating mantle was used in this work. Thus, the heat is transferred by 

conduction to the outer wall of the reactor. Furthermore, the high thermal conductivity 

of the pyrex with respect to the reaction medium indicates that the controlling step in 

the overall heat transfer is the convection inside the reactor. Thence, the convective 

heat transfer coefficient was calculated for both scales at initial (i.e., turpentine 

mixture) and final (i.e., oxyturpentine) conditions. The overall and inside heat transfer 

coefficients are presented in Table 6.4 for both large and small scales. 

Table 6.4. Heat transfer coefficient for small and large scales to produce oxyturpentine 

Parameters Heat transfer parameters Small Large 

𝐶𝑝 (J/kgK) 1654.7a 
Turpentine 

ℎ𝑖 (W/m2K)  209.2 364.8 

𝑘Pyrex (W/mK) 1.3b 𝑈 (W/m2K)  158.3 151.8 

𝑘𝑇𝑢𝑟𝑝. (W/mK) 0.128c 
Oxyturpentine 

ℎ𝑖 (W/m2K)  172.5 299.9 

𝑘𝑂𝑥𝑦𝑇.. (W/mK) 0.1706d 𝑈 (W/m2K)  136.3 139.3 
aEstimated for turpentine with Joback method (see Section 2.1.3); bfrom [185]; cfrom [186]; 
destimated with the correlation of Gharagheizi et al (see Appendix A). 

Convective heat transfer coefficients are different in turpentine and oxyturpentine. In 

particular, the lower value for the oxyturpentine translates into a higher resistance to 

heat transfer as the reaction progresses. However, the effect would be similar at 

both scales because of the similar ratio of the “initial” and “final” heat transfer 

coefficients at both scales, that is, 209.2/172.5 ≈ 364.5/299.9. 

Finally, assuming the same driving force for both scales and considering turpentine’s 

properties, the ratio of heat flow for both scales is, 

𝑄2

𝑄1
= (

𝑈2

𝑈1
) (

𝐴2

𝐴1
) = (0.9589)(27.57) = 23.44 

Thence, the heat flow at large scale must be around 23 times that of the small scale 

to ensure similar temperatures in the reaction medium at both scales. 
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6.1.2 Experimental 

Four different scales were tested to evaluate the effect of scaling-up, namely, mili 

scale (or vial-scale, 2 mL reactor), small scale (50 mL reactor), medium scale (250 

mL reactor), and large scale (10 L reactor), after one, two and three consecutive 

cycles of reaction; washing with ethyl acetate was performed in between the cycles 

(see Chapter 5). The same catalyst and reaction conditions were maintained for 

each scale and each reaction cycle. The major difference between the scales was 

that the reaction at vial scale was conducted at autogenous pressure whereas the 

reaction occurred at ambient pressure (under reflux) at the other scales. 

Catalyst synthesis was also scaled. The synthesis gel procedure at room 

temperature and 1500 mL was followed (as detailed in Section 5.3.2.3); several 

batches were necessary to obtain around 400 g of catalyst prior to the calcination. 

The reproducibility of the synthesis was evaluated by testing a sample from each 

batch in the oxyfunctionalization of turpentine; similar compositions for the reaction 

products were obtained in all cases, indicating that the catalysts synthesized in each 

batch display similar characteristics. 

The composition of oxyturpentine obtained by GC analysis (see Section 5.3.2.2) of 

the mixture of the reaction product at large-scale (the addition of reaction products 

from each of the three consecutive cycles) is shown in Table 6.5 (the oxyturpentine 

for properties measurement and engine tests); this oxyturpentine was used for 

measuring fuel properties and in engine tests.  

Table 6.5. Oxyturpentine composition 

Compound (% wt.) Compound (% wt.) 

α-Pinene 47.1 Isoborneol 0.7 

Nopol 31.7 Limonene 0.6 

α-Terpineol 4.7 m-Cymene 0.5 

β-Pinene 4.2 Longifolene 0.1 

Δ3-Carene 3.7 (+)-Fenchone 0.1 

α-Phellandrene 1.9 Terpinolene 0.1 

β-Myrcene 1.8 Borneol 0.1 

Camphene 1.6 Unidentified 0.9 

α-Longipinene 1.2     
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The main differences in the oxyturpentine synthesized at large scale (see Table 6.5) 

and vial scale (see Table 5.4) oxyfunctionalized turpentine are the content of 

unreacted β-pinene (lower conversion was obtained at large-scale), and the content 

of α-pinene (apparently, α-pinene reacts under vial-scale conditions, as suggested 

by its lower content simultaneously with higher α-longipinene content at that scale); 

these rather small differences can be attributed to the reaction pressure. 

The performance of the reaction at different scales is shown in Figure 6.1. The higher 

the number of reaction cycles the lower the conversion of β-pinene at all scales (see 

Figure 6.1a), probably due to the poisoning of the catalyst which would not be 

completely addressed in the aftertreatment. However, the selectivity increases with 

the number of reaction cycles (see Figure 6.1b). In fact, some important properties 

in the catalyst, such as the availability of active sites and the presence of impurities, 

may change for the repetitive reactions, affecting the reaction performance. 

Furthermore, it is not uncommon that a decrease in selectivity may be observed at 

high conversion, and vice versa, which can explain the increase in selectivity. 

 

Figure 6.1. Effect of scaling-up on oxyfunctionalization of turpentine 

The deterioration of the reaction performance was most severe at large scale, 

followed by medium and small scales. Obviously, parameters of the reaction at vial-

scale (even for small-scale) are easier to control, and other effects, such as mixing 
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zones and mass transfer (due to the difference in the mixing regime), become more 

important as the scale is increased. This is likely the reason for the different trends 

observed for conversion and selectivity at different scales: an inversely proportional 

effect is evidenced for conversion, while no relation between selectivity and scale 

was observed. 

6.1.3 Remarks of the section 

The oxyfunctionalization reaction of turpentine was performed at the same 

conditions for different scales. The higher the scale the (slightly) lower the formation 

of nopol, that is, selectivity and conversion were decreased in comparison to the vial 

scale. Probably, differences in mixing and mass transfer aroused among scales. For 

instance, the criterium selected for the agitation speed at higher scales was the shaft 

speed, which was significantly higher than those for equal mass or heat transfer. 

6.2 Fuel properties of the oxyturpentine 

6.2.1 Methodology 

Diesel without any oxygenated molecule, known as “first fill diesel”, was supplied by 

Repsol (Spain) and biodiesel was supplied by BioOils Energy (Spain). Nopol, α- and 

β-pinene and terpineol (analytical grade) were purchased from Sigma-Aldrich (USA). 

Composition of turpentine is presented in Chapter 5, and oxyturpentine composition 

is shown in Table 6.5. The main fuel properties of these substances and the method 

used in the measurements are shown in Table 6.6. 

Melting temperatures of pure terpenes and derived alcohols (and consequently, 

those of turpentine and oxyturpentine) were measured but not detected. In the case 

of differential scanning calorimetry analysis, no abrupt heat change was recorded 

(see below), whereas no crystals were recorded by the optical detectors of cloud 

and pour points. Therefore, crystal formation in these samples is very slow and/or 

their size is smaller than the threshold used to calibrate the equipment (i.e., higher 

hydrocarbons). The melting temperature of terpineol is out of the range of the 

equipment, whereas that of nopol has not been reported. 

Turpentine and oxyturpentine were blended separately with diesel and biodiesel; in 

all cases the concentration was kept below 20 vol.% because it was expected that 
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some properties, such as the heating value and the cetane number, would notably 

deteriorate at higher contents of oxyturpentine. The main properties for diesel fuels 

(e.g., density, viscosity, lubricity, flash point, and derived-cetane number) were 

measured to get a better assessment of the potential of oxyturpentine as a fuel 

component. 

Table 6.6. Specifications of fuels 
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C* - - 15.2 18 10 10 10 11 10 10.4 

H* - - 29.1 34.9 16 16 18 18 16 16.9 

O* - - 0 2 0 0 1 1 0 0.5 

MWa g/mol - 212 284 136 136 154 166 136 149 

ρb kg/m3 3675 829 880 858 868 940 971 862 913 

νc cSt 3104 2.5 4.3 1.3 1.4 28.6 13.4 1.3 3.5 

WSDd µm 12156 443 170 242 758 394 248 484 302 

LHVe MJ/kg 51123 42.9 37.0 42.2 41.5 37.3 37.9 42.3 39.7 

DCNf - 16715 64.4 58.1 22.2 18.5 15.4 19.6 20.2 19.8 

CPg °C 3015 -22.7 7.0 ND ND ND ND ND ND 

PPh °C 3016 -19.6 7.0 ND ND ND ND ND -94.8 

CFPPi °C 6371† -22.6 9.0 ND ND ND ND ND -36.0 

CrPj °C 2386 -28.2 -49.6 ND ND ND ND ND ND 

FPk °C 2719 79.5 130 31 36 88 98 34 37 

VPl kPa 3007 ~0 1.4 0.5 2.1 ~0 ~0 1.7 2.7 

SPm mm 3014 22.3 >50 15.7 NM ND ND 8.9 33.4 

WCn ppm 10337 117 411 682 126 190 470 153 3429 

*Atoms; †ASTM method; amolecular weight (rounded values for visualization); bdensity at 15°C and 

45% RH; ckinematic viscosity at 40°C; dwear scar diameter for lubricity; eLower Heating Value; 
fderived-cetane number; gcloud point; hpour point; icold filter pluggin point; jcrystallization point; 
kflash point; lvapor pressure; msmoke point; nwater content; ND not detected; NM not measured 

All measurements were performed by triplicate, and the values were used to obtain 

the average and standard deviation. The limits for density, viscosity, lubricity, flash 

point and derived-cetane number for European diesel fuels established in the 

standards EN 590:2013+A1 and EN 14214:2013 V2+A1:2018 (diesel and biodiesel 

fuels, respectively) were used to compare the properties of the blends. 
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6.2.1.1 Physical properties 

Vapor pressure was measured according to standard EN 3007 in the Vapor Pressure 

Tester ERAVAP model EV01 of Eralytics. 

Density was measured based on standard EN 3675, using a 10 mL glass 

pycnometer and a climate chamber Ineltec (used to set the temperature and relative 

humidity of the sample to 15°C and 45 %, respectively).  

Viscosity of the blends was measured based on standard EN 3104 using a Froton 

Viscosimeter 150 series and a thermal bath Tamson Zoetermeer-Holland TV 2000 

to keep the samples at 40°C during the test.  

Wear scar diameter was measured to quantify the lubricity of the blends, based on 

standard EN 12156-1, using a High Frequency Reciprocating Rig (HFRR) from PCS 

Instruments, and a microscope Optika SRZ-1 coupled to Motical 2500 digital 

camera.  

6.2.1.2 Thermal properties 

Distillation curves were measured based on standard EN 3405 in the Automated 

Distillation Tester AD-7 from Tanaka. The initial and final heat, and, bath and 

receiver temperatures were optimized for each sample. Barometric pressure for all 

runs was 948.0 + 1.0 hPa. 

Differential Scanning Calorimetry (DSC) was used to determine the crystallization 

point in a TA Q20 equipment, according to standard EN 2386. Around 10 mg of 

sample was placed in a crucible of aluminum hermetically closed. Once temperature 

is stabilized at 40°C, the sample was cooled to -80°C at 5°C/min. Then, the sample 

was kept at this temperature during 5 min and returned to 40°C, recording the heat 

flux. 

6.2.1.3 Combustion and thermochemical properties 

Flash point was measured in a Pensky-Martens Closed Cup Tester SETA PM-93 

model 35000-0, which is based on standard EN 2719.  

The smoke point was measured in a standard Smoke Point Lamp according to 

standard ASTM D1322, with previous calibration in accordance to this standard. The 
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sooting tendency index relates the molecular weight and the smoke point with the 

propensity of the fuel to form soot. This concept was extended to oxygenated 

molecules (OESI) with the following expression [187], 

𝑂𝐸𝑆𝐼 = 𝑎′ (
𝑛 + 𝑚

4⁄ −
𝑝

2⁄

𝑆𝑃
) + 𝑏′ 

Equation 6.1 

where n, m and p are the coefficients of the chemical formula of the fuel (CnHmOp), 

SP is the smoke point, and a’ and b’ are parameters depending on the experimental 

setup (43.588 mm-1 and -5.7177, respectively, for diffusion flames [187]). 

The combustion- and ignition-delay times (CD and ID, respectively) were measured 

in a Cetane Ignition Delay 510 from PAC Instruments, and the derived-cetane 

number (DCN) was determined according to standard EN 16715.  

Higher heating value was measured according to standard method EN 51123 in a 

Parr 1351 calorimetric pump, while the lower heating was obtained by subtracting 

the heat of vaporization (∆ℎv
0) from the HHV. The heat of vaporization was 

determined from the principle of corresponding states and by using the Pitzer 

correlation, according to Equation 2.17 and Equation 2.18. 

6.2.1.4 Cold flow properties 

Cloud and pour point, based on standard tests methods EN 3015 and 3016, 

respectively, were measured in an Automated Cloud and Pour Point Analyzer CPP 

5Gs from PAC Instruments. Cold Filter Plugging Point (CFPP) was measured in the 

FPP 5Gs analyzer from PAC Instruments, according to the standard ASTM D6371.  

6.2.2 Results and discussion 

6.2.2.1 Physical properties 

Density profiles of blends of the oxyfunctionalized turpentine (oxyturpentine), with 

diesel and biodiesel, are shown separately in Figure 6.2. The density of 

oxyturpentine is higher than that for diesel and biodiesel, and is above the upper 

limits for both standards. Density of oxyturpentine + diesel blends at contents lower 

than 20 vol.% is between the limits of standard EN 590:2013+A1; however, it should 

be kept in mind that the diesel used in this work presents a relatively low density. 
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Blends of oxyturpentine and biodiesel up to 20 vol.% are between the limits of 

standard EN 14214:2013 V2+A1:2018. 

The density of nopol, α-pinene, and terpineol (the main components of the reaction 

product), presented in Table 6.6, was measured with the same methodology. A blend 

of nopol, α-pinene and terpineol (its composition was obtained by normalizing the 

oxyturpentine composition in Table 6.5) presents a density of 920.9 kg/m3, in 

agreement with the value of oxyturpentine (912.6 kg/m3). 

 
Figure 6.2. Density for blends of diesel and biodiesel with oxyturpentine 

Density of blends was used to determine the specific volume (𝜐), which is used to 

compute the partial volume for oxyfunctionalized turpentine (𝜐̅ot) and diesel or 

biodiesel (𝜐̅d/b) by considering each blend as binary solution (i.e., diesel-

oxyfunctionalized turpentine, and biodiesel-oxyfunctionalized turpentine solutions), 

according to Equation 6.2, 

𝜈̅ot = 𝜈 + (1 − 𝑦
ot

)
d𝜈

d𝑦
ot

 

𝜈d/ b = 𝜈 − 𝑦
ot

d𝜈

d𝑦
ot

 

Equation 6.2 

where 𝑦ot represents the mass fraction of oxyfunctionalized turpentine. Although the 

concept of partial specific volume applies to single components, due to the intrinsic 

complexity of each blend we consider diesel and biodiesel as pseudo-components; 
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this is a common approach in evaluating properties of liquid fuels. Also, 

oxyturpentine is considered as a pseudo-component because of the similarity of its 

constituent molecules. 

The relationship between density of blends of oxyturpentine + diesel and 

oxyturpentine appears to be linear, while that of blends with biodiesel clearly 

deviates from a linear behavior. Partial specific volumes for diesel-oxyturpentine, 

and biodiesel-oxyturpentine, determined according to Equation 6.2, are shown in 

Figure 6.3. Error bars represent the error obtained by propagation from the 

measurements. 

 
Figure 6.3. Specific volume of oxyfunctionalized turpentine blended with a) diesel and b) biodiesel  

Oxyturpentine displays high interaction with both diesel and biodiesel. With diesel, 

the partial specific volume of oxyturpentine is lower than diesel one (see Figure 

6.3a). The higher the oxyturpentine mass fraction, the higher the partial specific 

volume of oxyturpentine, while that for diesel is almost constant, indicating that the 

molecules of oxyturpentine interact with each other proportionally to its volume in the 

blend.  

For blends with biodiesel, at low contents of oxyturpentine (up to 2 vol.%) the partial 

specific volume of oxyturpentine is higher than that of biodiesel, but at the other 

contents tested in present work the partial specific volume of oxyturpentine is lower 

than that for biodiesel (see Figure 6.3b), whereas the partial specific volume of 
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biodiesel is almost constant, similarly to diesel in blends of diesel-oxyturpentine. 

Thus, oxyturpentine molecules would be confined by biodiesel ones at oxyturpentine 

contents higher than 2% vol., occupying more volume under this limit.   

Viscosity of blends of oxyturpentine with diesel and biodiesel is shown in Figure 6.4. 

The experimental values were used to obtain the interaction coefficient (𝐺) of the 

Grunberg-Nissan correlation for kinematic viscosity of blends (𝜐), by means of 

Equation 6.3 [188], 

ln(𝜌𝜐) = 𝑥1 ln(𝜌
1
𝜐1) + 𝑥2 ln(𝜌

2
𝜐2) + 𝑥1𝑥2𝐺 Equation 6.3 

where 𝑥 represents the molar fraction, 𝜌 is the density of the blend, and subscripts 

1 and 2 refer to the components of the binary blend. 

 
Figure 6.4. Viscosity for blends of diesel and biodiesel with oxyturpentine 

Viscosity of oxyturpentine is higher than that of diesel but lower than that of biodiesel 

(see Figure 6.4). The viscosity of oxyturpentine is inside both standard limits for 

diesel and biodiesel (EN 590:2012+A1 and EN 14214:2013 V2+A1:2018, 

respectively), although in the comparison with the biodiesel standard its value is 

close to the lower limit. Experimental values of viscosity for blends of oxyturpentine 

with diesel are between the limits of the standard EN 590:2012+A1, whereas the 

corresponding values for blends of oxyturpentine and biodiesel are between the 

limits of the standard EN 14214:2013 V2+A1:2018.  
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Viscosities for nopol, α-pinene, and terpineol (see Table 6.6) do not follow a linear 

trend with the composition. Due to the presence of α-pinene, the viscosity of the 

oxyturpentine is low, even though nopol is in a high concentration and its viscosity 

is high. The high viscosity and density of nopol and terpineol limits their application 

as pure fuels. 

The interaction coefficients of Grunberg-Nissan obtained for the blends of diesel and 

biodiesel with oxyturpentine were -0.604505 and -0.10006, respectively. The 

estimations of viscosity with this correlation are in good agreement with experimental 

data (see Figure 6.4). 

 
Figure 6.5. Interaction coefficients for Grunberg-Nissan correlation 

Lapuerta and coworkers analyzed the interaction coefficients of the correlation of 

Grunberg-Nissan as a function of the number of carbon atoms in alcohols [189]. 

Although the oxyturpentine is not strictly an alcohol (it is a complex mixture where 

nopol is one of the main components), the values of interaction coefficients of the 

correlation of Grunberg-Nissan obtained from experimental viscosity for blends of 

diesel and biodiesel with oxyturpentine are projected into the results of blends of 

diesel and biodiesel with normal alcohols, as shown in Figure 6.5. Although the 

alcohols in oxyturpentine are not linear, and the other components in oxyturpentine 

can also interact with diesel and biodiesel, the result presented in Figure 6.5 seems 
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to indicate that the interaction between diesel and biodiesel with alcohol(s) from 

oxyturpentine follows a similar trend than with linear alcohols. 

The results of the measurements of the wear scar diameter to evaluate the lubricity 

of the blends of diesel and biodiesel with oxyturpentine are presented in Figure 6.6; 

lubricity is a very important property for the performance and durability of the engine. 

All wear scar diameters measured in the present work for both diesel and biodiesel 

blended with oxyturpentine are lower than 460 µm, the limit established in the 

standard EN 590:2013+A1 for lubricity of diesel fuels. Oxyturpentine displays a wear 

scar diameter lower than that for diesel and higher than that for biodiesel. At low 

contents of oxyturpentine, the wear scar diameter of the blend is even lower than 

that for oxyturpentine for blends with diesel, indicating an interaction between 

oxyturpentine and diesel molecules for this property. Conversely, the wear scar 

diameter for biodiesel and oxyturpentine blends is proportional to the content of 

oxyturpentine. 

 
Figure 6.6. Lubricity for blends of diesel and biodiesel with oxyturpentine 

Interestingly, the experimental value of lubricity of oxyturpentine is similar to that 

obtained for a mixture of nopol, α-pinene and terpineol (see Table 6.6). Thus, nopol 

and terpineol, which display good lubricity behavior, dominate the lubricant 

properties of the oxyturpentine. 
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The vapor pressure of blends of oxyturpentine with diesel was measured to evaluate 

the influence of volatile compounds of oxyfunctionalized turpentine in the fuel blend. 

Figure 6.7 displays the Reid pressure and the dry vapor pressure equivalent (DVPE), 

both obtained following the standard ASTM D 4953. Although the vapor pressure of 

fuel blend is increased with the content of oxyturpentine, experimental values 

obtained are still very low, and, therefore, no volatilization problems are expected. 

Thence, these blends can be used in diesel engines. 

 
Figure 6.7. Reid Pressure and Dry Vapor Pressure Equivalent (DVPE) for blends of diesel with 

oxyturpentine 

The measured values of Reid pressure for nopol, α-pinene, and terpineol (see Table 

6.6) indicate that the Reid pressure for oxyturpentine is dominated by the most 

volatile compound, such as α-pinene or even more volatile ones. 

6.2.2.2 Thermal properties 

Distillation curves for diesel, biodiesel, turpentine, and oxyturpentine are shown in 

Figure 6.8. A similar trend between distillation curves of turpentine and biodiesel is 

observed, indicating a similar volatility of the components of these mixtures. 

Conversely, the boiling temperatures for biodiesel and turpentine differ around 

175°C, indicating a considerable difference in the volatility of these fuels, with 

turpentine and biodiesel being highly and lowly volatile with respect to diesel. 
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Oxyfunctionalization of turpentine increases the range of boiling points of the 

mixture, its distillation curve becoming similar to diesel one. The boiling temperatures 

to recover 90 % vol. of distillated (T90) for diesel and oxyturpentine are 292, and 

267°C, respectively. The s-shape of the distillation curve of oxyturpentine is the 

result of the presence of nopol and α-pinene. In addition, a broad range of boiling 

(130°C) is observed. 

 

Figure 6.8. Distillation curves for diesel, biodiesel, turpentine and oxyturpentine 

Measurement of heat flow of a sample as a consequence of changes in temperature 

allows the determination of crystallization point. Nopol, α- and β-pinene, terpineol, 

turpentine, and oxyturpentine display similar signal without any peak in the analyzed 

region of temperature. On the other hand, diesel and biodiesel show peak(s), see 

Figure 6.9a, which can be associated with the crystallization of the sample.  

Biodiesel displays two peaks associated with saturated and unsaturated methyl 

esters in the mixture, whereas diesel displays only one peak. On the other hand, the 

crystallization points of the blends of diesel and biodiesel with oxyturpentine are 

shifted towards lower temperatures, Figure 6.9b. The crystallization point of diesel 

is decreased almost 2°C, whereas that for saturated and unsaturated esters in 

biodiesel were decreased by 5 and 9°C, respectively, with 20 vol.% of oxyturpentine 

in the blends. Low crystallization point is a highly desirable property of a fuel 
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particularly for cold weather, because of the lower propensity to experience problems 

associated with the presence of crystal in liquids, such as filter plugging. 

 

Figure 6.9. Crystallization temperatures for blends of diesel and biodiesel with oxyturpentine. a) 
Heat flow diagram and b) Crystallization points of blends 

6.2.2.3 Combustion and thermochemical properties 

The heating values of both oxyturpentine and its blends with diesel and biodiesel are 

lower than pure diesel and higher than biodiesel (see Figure 6.10).  

 

Figure 6.10. Heating values for blends of diesel / biodiesel with oxyturpentine. HHV: solid symbols; 
LHV: open symbols 
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However, such differences have been reported to affect only slightly engine 

combustion and performance, and emissions [1], [9], [10]. The presence of oxygen 

atoms in the molecule of nopol and terpineol decreases the heating value of 

oxyturpentine, as shown in Table 6.6. In addition, LHV measured for oxyturpentine 

was 39.71 MJ/kg, which is very close to that obtained from a mixture of its main 

components (40.34 MJ/kg). 

The flash point (one of the most important properties of fuel because of its 

relationship with safety) for blends of diesel and oxyturpentine is shown in Figure 

6.11. Although nopol displays a flash point higher than that for diesel (see Table 6.6), 

the presence of more volatile compounds in oxyturpentine, e.g., α-pinene, translates 

into flash points of the oxyturpentine + diesel blends being lower than that for diesel: 

indeed, oxyturpentine presents a very low flash point (37°C). However, the flash 

points of the blends of diesel and oxyturpentine at contents lower than 20 vol.% are 

higher than 55°C, which is the minimum value established by the standard EN 

590:2013+A1. On the other hand, the flash points of nopol and terpineol are higher 

this minimum value and could be considered as safe fuels. 

 

Figure 6.11. Flash point for blends of diesel and biodiesel with oxyturpentine 

Figure 6.12 shows the smoke point for blends of diesel with oxyturpentine. The 

higher the smoke point, the lower the tendency to soot formation and particulate 
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matter (PM) emissions. The smoke point of oxyturpentine is ca. 11 mm higher than 

that for diesel, and at least 17 mm lower than that for biodiesel (the test with biodiesel 

surpassed the upper measure limit of the equipment). Thus, the sooting tendency of 

these fuel is diesel > oxyturpentine > biodiesel.  

 

Figure 6.12. Smoke point for blends of diesel with oxyturpentine 

The OESI values obtained for diesel, biodiesel, oxyturpentine, and some blends are 

shown in Table 6.7. The relationship of oxygen-extended sooting index with the 

oxyturpentine content is shown in Figure 6.13. It is evident that the OESI values for 

the blends are inversely proportional to the oxyturpentine content, which could be 

related with the lower molecular weight and higher oxygen content of the fuel 

obtained as oxyturpentine content is increased [187]. 

Table 6.7. Oxygenated-extended soot index for diesel, biodiesel, oxyturpentine and some blends 

Parameter Diesel Biodiesel Oxyturpentine 
Oxyturpentine content* (%) 

10 20 

SP (mm) 22.75 >50 33.43 24.67 25.67 

OESI 43.04 <22 18.78 38.27 37.87 

* For blends with diesel, in volume basis 

The low sooting tendency of oxyturpentine would be one of its major strengths as 

potential biofuel, because of the expected reduction in particulate material emission. 

The carbon atoms in close proximity of oxygen atoms have considerably less 
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propensity to produce soot, the effect of methyl ester group being higher than the 

hydroxyl group: carbons attached to the former are converted directly into CO2, 

whereas some carbons attached to the latter are transformed into soot [160]. 

 

Figure 6.13. OESI values for diesel and oxyturpentine blends 

The smoke point and OESI values are directly and inversely proportional, 

respectively, to oxyturpentine content in the diesel blend. Although the smoke point 

for nopol and terpineol was not obtained (the high viscosity led to flame attenuation 

making it not possible to register a length flame), the low value obtained for α-pinene 

(see Table 6.6) would suggest a high value for the other components of 

oxyturpentine, which implies lower OESI values. Consequently, a significant 

reduction in particulate material emissions would be expected with terpenic alcohols 

as fuel.  

The derived-cetane number was obtained as a function of the ignition- and 

combustion-delay times (standard EN 16715). The ignition-delay is defined as the 

interval of time between the start of the injection and the start of the combustion in a 

diesel engine; the main processes involved in the ignition delay are atomization, 

vaporization, mixing of fuel with oxidant (diffusion), and pre-combustion reactions. 

The combustion-delay is defined as the interval of time between the start of the 

injection and the middle point of the dynamic pressure curve measured during the 
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combustion; this delay represents the time to reach the controlled phase of the 

combustion reaction.  

The ignition- and combustion-delay times for oxyturpentine were notably higher than 

those for diesel and biodiesel (see Table 6.8). Consequently, ignition- and 

combustion-delay times for blends of diesel and oxyturpentine are slightly higher 

than that for diesel, but still similar to those for biodiesel. The increase in ignition- 

and combustion-delay times is related with a decrease in the ignitability of the fuel, 

impacting the efficiency and emissions from the engine (efficiency reduction and 

increase in emissions, such as carbon monoxide and unburnt hydrocarbons). This 

increase has been reported for oxygenated fuels as a consequence of the low cetane 

number resulting from the presence of oxygen in the molecule [190]. 

Table 6.8. Ignition- and combustion-delay times 

Parameter Diesel Biodiesel Oxyturpentine 
Oxyturpentine content* (%) 

5 10 15 20 

ID (ms) 2.52 3.02 15.13 2.56 2.70 2.87 3.02 

CD (ms) 3.79 4.13 37.66 3.92 4.12 4.37 4.60 

*For blends with diesel, in volume basis; ID ignition-delay; CD combustion-delay 

The results of the dynamic pressure curve and derived-cetane number are presented 

in Figure 6.14. Dynamic pressure curves obtained from combustion of biodiesel and 

oxyturpentine are shifted to the right with respect to diesel (see Figure 6.14a), as a 

consequence of the longer time to start the ignition and combustion for biodiesel and 

oxyturpentine with respect to the diesel. 

The derived-cetane number for the blends of diesel and oxyturpentine are decreased 

with the increase in oxyturpentine content (see Figure 6.14b), whereas the ignition- 

and combustion-delay times  increase. However, blends of diesel and oxyturpentine 

up to 20 vol.% present a derived-cetane number higher than 51 (the limit established 

in standard EN590:2013).  



 Chapter 6. Engine-bench tests of oxyturpentine as biofuel 149 
 

 

Figure 6.14. Results of derived-cetane number tests. a) Pressure dynamic curve for diesel, 
biodiesel, oxyturpentine, and diesel+oxyturpentine blends. b) Derived-cetane number as a function 

of oxyturpentine content  

6.2.2.4 Cold-flow properties 

Cold-flow properties have become important for biofuels, particularly biodiesel, 

because their fuel properties at low temperature negatively affect fuel delivery (i.e., 

filter plugging) and combustion behavior. Different tests can used to evaluate the 

possibility of a fuel to form solid particles, such as crystals, at low temperatures. 

Although the crystallization point may display this propensity, this temperature is 

associated with the bulk phase change of the fuel. In fact, the presence of 

substances such as paraffins can result in the formation of crystals at low 

temperature; if the amount of these crystals is large enough, their accumulation can 

generate the aforementioned problems. Pour, cloud, and cold filter plugging points 

help to identify the temperature at which the behavior of fuel begins to be 

problematic; these temperatures are shown in Figure 6.15. 

The measured cloud, pour and CFPP temperature are decreased as oxyturpentine 

content is increased (with both diesel and biodiesel blends), indicating that the 

presence oxyturpentine decreases the trend to form crystals. For instance, with the 

blend of diesel and oxyturpentine at 20 vol.%, the required temperature to observe 

filter plugging of crystals was 0.6°C lower than that for diesel, while those differences 

for cloud and pour points were 2.5°C and 2.6°C, respectively. The effect of 
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oxyturpentine on biodiesel is stronger than that observed with diesel, obtaining a 

reduction of 3.5°C on CFPP and cloud point due to the oxyturpentine content. 

 

Figure 6.15. Cold-flow properties for diesel and biodiesel blended with oxyturpentine at different 
contents. a) Pour point (PP, solid symbols) and cloud point (CP, open symbols). b) CFPP 

6.2.3 Remarks of the section 

 Fuel density is significantly affected by the presence of oxyturpentine up to 20 

vol.% in blends with diesel, because of the high density of oxyturpentine. 

Oppositely, despite the higher viscosity of oxyturpentine, diesel + oxyturpentine 

blends present lower viscosity than diesel. Lubricity, on the other hand, is 

improved by the presence of oxyturpentine, especially at low content (1-5 vol.%). 

 The heating value, derived-cetane number, boiling temperatures (particularly the 

T90 temperature in the distillation curve), and flash point of oxyturpentine are 

considerably lower than those for diesel. Thus, the corresponding properties for 

the blends decrease with oxyturpentine content, due to the presence of oxygen 

atoms in the fuel molecules and the characteristic properties of nopol. Moreover, 

these properties for blends of diesel and oxyturpentine up to 20 vol.% are within 

the limits established by European standard EN 590:2013, which regulates the 

quality of diesel fuels. 

 Crystallization, cloud, pour, and cloud filter plugging points of diesel are 

decreased with oxyturpentine content, reducing the occurrence probability of 
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filter plugging by decreasing the temperature at which crystals may be formed in 

the fuel. In addition, the sooting tendency of diesel + oxyturpentine blends was 

also reduced with oxyturpentine content. Therefore, a reduction in emissions of 

particulate material from engine is expected with the use of oxyturpentine as fuel 

component. 

6.3 Bench engine tests 

6.3.1 Background 

The use of oxygenated molecules as components of diesel fuel has increased in 

recent decades, mainly because biofuels are often oxygenated. Typical oxygenate 

molecules with fuel application are esters, alcohols aldehydes and ethers. In the 

case of alcohols, the influence of methanol, ethanol and n-butanol on engine 

performance and emissions have been studied [191]–[194]. For instance, reduction 

of some pollutants, such as particulate material, without affecting engine efficiency 

has been reported, but an increase in nitrogen oxides and hydrocarbon emissions 

has been also observed. Furthermore, “fuel properties” of the oxygenated molecule, 

e.g., density, viscosity or heating value, play a key role in its combustion 

performance in actual engines.  

Oxyturpentine is composed by molecules with very different properties, in particular 

terpenes (mainly α-pinene) and alcohols (mainly nopol). For instance, the viscosity 

of nopol is considerably higher than that for α-pinene, the heating value of α-pinene 

is higher than that for nopol, and nopol is an alcohol whereas α-pinene is an 

unsaturated hydrocarbon. However, as previously discussed in this Thesis, this 

combination of properties leads to promising fuel properties. Specifically, a blend of 

diesel and oxyturpentine (20 vol.%) satisfies the fuel properties established by 

European standard EN 590:2014+A1. Thus, an assessing of the influence of 

oxyturpentine in the performance and emissions of a compression ignition Euro 6 

engine is presented in this section. 
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6.3.2 Methodology 

6.3.2.1 Experimental setup 

The engine test bench used is composed of an engine coupled to a dynamometer, 

a fuel gravimetric system and a flowmeter to measure fuel and air consumption, 

respectively, and an exhaust gas and particle analyzers as shown in Figure 6.16. 

 

Figure 6.16. Experimental setup for engine tests 

The engine used for the experiments is a common-rail direct injection diesel engine, 

with Euro 6 technology manufactured by Nissan, model K9K (1.5 dCi). The engine 

is equipped with double-loop exhaust gas recirculation system (low- and high-

pressure, LP- and HP-EGR, respectively) which are managed according to the 

temperature of coolant: LP-EGR for high coolant temperature, and HP-EGR for low 

coolant temperature. The main specifications of the engine are summarized in Table 

6.9, including the resistance force (𝐹(𝑉)) as a function of the vehicle velocity (𝑉), 

obtained from the coast-down procedure. 

Aftertreatment is composed of a diesel oxidation catalyst (DOC), a diesel particle 

filter (DPF, wall-flow-type), and a lean NOx trap (LNT). The high-pressure EGR 

system is activated when the NOx trap purge is also activated. 
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Table 6.9. Engine specifications 

Cylinders 4 (in line) 
Valves/Cylinder 2 
Displacement (cm3) 1461 
Stroke number 4 
Stroke (mm) 80.5 
Bore (mm) 76 
Compression ratio 15.5 : 1 
Injection Common rail direct injection 
Torque (max.) 260 Nm/1750-2500 rpm 
Power (max.) 81 kW /4000 rpm 
Aftertreatment system DOC+DPF+LNT 

An asynchronous electric dynamometer (Schenk Dynas III LI 250) is coupled to the 

engine through the rotating shaft to control the engine speed and torque. A Road 

Load Simulation system (RLS, Horiba) was used to simulate transmission, tires, 

gearbox, and other characteristics of the dynamics of a Nissan Qashqai 1.5 dCi, 

which represents one of the most popular sport utility vehicles (SUVs) in Europe. 

The main properties of the vehicle are shown in Table 6.10. 

Table 6.10. Vehicle properties 

Transmission Manual, 6 gears 
Differential ratio 4.13 : 1 
1st:2nd:3rd:4th:5th:6th gear ratio 3.73 : 1.95 : 1.23 : 0.84 : 0.65 : 0.56 : 1 
Coast-down constants* 89.6; 0.0659; 0.0391 
Vehicle test mass (kg) 1470 
*𝐹(𝑉)(N) = 𝑓0 + 𝑓1𝑉(km h⁄ ) + 𝑓2𝑉(km h⁄ )2  

The hardware ETAS ES 591.1 was used to communicate the INCA PC software and 

the electronic control unit (ECU), keeping the original setting of the vehicle mapping. 

Signals from raw sensors such as the air and fuel consumption (the latter previously 

calibrated with an AVL 733s fuel gravimetric system [195]) were registered with the 

INCA PC software. 

Analysis of exhaust gases consists in measurement of total hydrocarbon (THC), 

carbon monoxide, carbon dioxide, and nitrogen oxides (NOx=NO+NO2) emissions. 

CO and CO2 emissions were measured with non-dispersive infrared spectroscopy 

(NDIR) in a MIR 2M analyzer. THC emissions were measured with a flame ionization 

detector (FID) Graphite 52M-D, by pumping and filtering the sample at 190°C. NOx 
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emissions were measured using the chemiluminescence technique in a Topaze 

3000 analyzer. These analyzers are integrated in a modular system acquired from 

Environnement and the signals are carried out to a suitable software. The modular 

system and software allow performing calibrations and span tests. 

The particle analyzer consists of a sampling system, which dilutes the gas sample 

from upstream of the DPF with a rotating disk diluter model MD19-2E (set at 150°C 

to avoid hydrocarbon condensation) through a first dilution with a thermal conditioner 

model ASET15-4 (set at 300°C), a second dilution system (a blending chamber 

which cools down the sample) and an Engine Exhaust Particle Sizer (EEPS) 

spectrometer model 3090 from TSI, which is able to measure the number and size 

of particles. The dilution factors for the rotating disk and thermal conditioner were 

64.73 : 1 and 6.18 : 1, respectively, leading a total dilution factor of 400 : 1. The 

particle mass was determined from the mobility diameter and particle number 

measured with EEPS, according to the following expression [196], 

𝜌 = 𝜌0 − (𝜌0 − 𝜌𝑝) [1 − exp (𝐶 (
log 𝐷 − log 𝐷0

log 𝐷𝑝 − log 𝐷0
)

𝑚

)] Equation 6.4 

where ρ and D are the particle apparent density and equivalent diameter, 𝜌0 and 𝜌𝑝 

are the maximum and minimum particle apparent densities: 1.55 and 0.155 g/cm3, 

respectively, 𝐷0 and 𝐷𝑝 are the minimum and maximum equivalent particle diameter: 

0.03 and 1.0 µm, respectively, and m and C are coefficients determined by fitting 

experimental data [197], with values resulting in 4.28 and -6.908, respectively. 

6.3.2.2 Fuel 

The fuel used in the engine test is composed of diesel (80 vol.%) and oxyturpentine 

(20 vol.%). Although the main fuel properties of diesel and oxyturpentine were 

presented in Table 6.6, those for diesel are shown in Table 6.11 together with those 

for the diesel + oxyturpentine blend, to facilitate the analysis. 
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Table 6.11. Properties of the fuels tested in the engine 

Property Units Method Diesel Blend 

Mean molecular formula - - C15.05H27.61 C14.2H25.5O0.1 
C content wt.% - 86.1 85.8 
H content wt.% - 13.9 13.5 
O atoms wt.% - 0.0 0.7 
Molecular weight kg/kmol - 208.6 199.2 
Stoichiometric fuel-air ratio - - 1/14.51 1/14.33 
Densitya kg/m3 EN 3675 829 847 
Viscosityb cSt EN 3104 2.5 2.5 
Lubricity (WSDd) µm EN 12156-1 443 341 
Lower Heating Value MJ/kg EN 51123 42.94 42.11 
Derived-cetane number - EN 16715 64.4 51.7 
Cloud point °C EN 3015 -22.6 -25.2 
Pour point °C EN 3016 -19.6 -22.2 
Cold filter plugging point °C ASTM D6371 -22.6 -23.2 
Crystallization point °C EN 2386 -28.2 -29.9 
Flash point °C EN 2719 79.5 63 
Vapor pressure kPa EN 3007 ~0 1.1 
Smoke point Mm EN 3014 22.3 25.7 
aAt 15°C and 45% relative humidity; bat 40°C; cwear scar diameter. 

6.3.2.3 Test protocol 

The New European Diesel Cycle (NEDC) was selected as driving cycle for the tests. 

This cycle has been used in Europe during the last two decades years to certificate 

light-duty vehicles according to their fuel consumption and emissions, and is 

currently accepted by south American countries such as Colombia and Uruguay 

(Resolutions 1111 of 2013 and UNIT 1130:2013, respectively) and center American 

countries such as Costa Rica (decree 39724 MOPT-MINAE-S). The cycle includes 

four urban driving sub-cycles, where the maximum velocity is 50 km/h, and an extra-

urban driving cycle, where the vehicle reaches 120 km/h. The cycle is started from 

cold-engine conditions and performed without any interruption. The total time for the 

driving cycle is 1180 seconds. Figure 6.17 depicts the NEDC cycle. 

All tests were repeated three times to evaluate the repeatability, and the results were 

averaged. Each test was performed at different days to replicate the initial conditions 

of the engine, and the temperature in the test room was 25.23 + 0.15 and 22.5 + 

0.95°C for the tests with diesel and diesel+oxyturpentine blend, respectively. These 

values respond to the respective local weather at the time of each test. 
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Figure 6.17. Scheme of the NEDC cycle 

6.3.3 Results and discussion 

6.3.3.1 Specific fuel and energy consumption 

The instantaneous and cumulative fuel consumption for engine tests averaged from 

replicate measurements (the error band represents the standard deviations) using 

diesel and blend of diesel and oxyturpentine are shown in Figure 6.18. The 

instantaneous fuel consumption with the blend was slightly higher than that with 

diesel in the whole cycle. The maximum consumption in both cases was reached in 

the extra-urban sub-cycle, when the engine was accelerated for the vehicle to reach 

120 km/h. The total fuel consumption for tests with diesel and blend were 871 + 3 

and 914 + 20 g, respectively (see Figure 6.18b), thus, the increase in fuel 

consumption was around 5% for tests with the diesel+oxyturpentine blend with 

respect to that with diesel fuel for the NEDC. The lower heating value of the blend is 

around 1 MJ/kg (2%) lower than that for diesel (see Table 6.11) as a consequence 

of the oxygen content in the blend. On the other hand, the energy consumption, 

defined as the product of the fuel consumption and its lower heating value, was 37.40 

+ 0.13 MJ and 38.47 + 0.88 MJ for the whole cycle, for diesel and the blend 

diesel+oxyturpentine, respectively. 
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Figure 6.18. Fuel consumption: a) instantaneous and b) cumulative in the total NEDC 

The difference on energy consumed amounts 2.9 %, which corresponds to a 

difference in engine efficiency of 0.37%. Since Euro 6 engines have more delayed 

combustion with respect to previous ones such as Euro 4 engines (with the purpose 

of reducing NO formation), higher ignition delays for the oxyturpentine blend (with 

lower cetane number, see Table 6.11) can explain the decrease in engine efficiency. 

Considering that the engine power is set to the same value, the decrease in fuel 

heating value, together with the decrease in engine efficiency, can explain the 

aforementioned increase in fuel consumption. 

6.3.3.2 Equivalence ratio and EGR 

The effect of the fuel formulation on the engine emissions is often an indirect effect, 

based on the equivalence ratio and on the exhaust gas recirculation (EGR). Although 

these are integrated or averaged quantities, they both affect local conditions at the 

combustion chamber, and consequently, have strong effect on the formation and 

destruction of pollutants. If no changes are observed on the equivalence ratio and 

on the EGR, the effect on emissions can then be attributed to the fuel molecular 

structure. 

The equivalence ratio, defined as the fuel-air ratio at actual and stoichiometric 

conditions is shown in Figure 6.19. The equivalence ratio for both fuels is lower than 

1.0 in almost all the cycle. Few exceptions appear for minor periods of time 
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corresponding to accelerations in the urban sub-cycle for both fuels, and in the case 

of regeneration of the lean NOx trap (at around 1070 s). In addition, as the cycle 

progressed along the urban sub-cycle, the equivalence ratio decreased for both fuels 

as a result of the increase in engine temperature. 

 

Figure 6.19. Instantaneous equivalence ratio 

The measured total consumption of air mass for tests with diesel and the diesel + 

oxyturpentine blend was very similar (32.98 + 0.02 kg and 33.15 + 0.01 kg, 

respectively), indicating that the same amount of air was consumed in both tests. 

This result, together with the slight increase in fuel consumption for tests with the 

diesel + oxyturpentine blend with respect to the tests with diesel, means that the 

actual fuel-air ratio for the diesel + oxyturpentine blend is slightly higher than that for 

diesel. In addition, the stoichiometric fuel-air ratio for the blend is slightly higher than 

that for diesel fuel (see Table 6.11), correspondingly with its oxygen content. 

However, such reduction in stoichiometric fuel-air ratio is not enough to compensate 

the reduction in heating value, leading to a certain increase in equivalence ratio, 

which may favour the local formation of carbon monoxide and may hinder the local 

oxidation of hydrocarbons. 

The instantaneous exhaust gas recirculation (EGR) rate is shown in Figure 6.20. The 

coolant temperature for tests with both diesel and the diesel+oxyturpentine blend 
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showed similar increase as the tests progresses (as shown ahead). Experiments 

with both fuels reach 65°C for coolant temperature at similar times (around 580 s 

with a variation lower than 6 s), and then the LP-EGR system was activated almost 

at the same time for both fuels, simultaneously to the deactivation of the low-

pressure system. The total mass of exhaust gas recirculation were 6.19 + 0.02 kg 

and 6.39 + 0.05 kg for tests with diesel and blend of oxyturpentine and diesel, 

respectively, indicating that the total EGR for tests with the diesel+oxyturpentine 

blend was 3.2 % higher than that for test with diesel (in both cases the error in the 

measurements was lower than 1%). 

 

Figure 6.20. Instantaneous rate exhaust gas recirculation 

6.3.3.3 Gaseous emissions 

The emissions of CO registered for the tests with diesel and diesel + oxyturpentine 

blend during the NEDC are shown in Figure 6.21. The high peaks observed for both 

fuels at the start of the test in Figure 6.21a are attributed to the acceleration of the 

engine, stressed by the cold-start conditions. As the test progresses, CO emissions 

decrease due to the increase in engine temperature (for similar accelerations, the 

CO emissions are reduced in subsequent sub-cycles). In addition, another high peak 

is observed at the end of the NEDC due to the regeneration of the lean NOx trap. 
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Figure 6.21. Emissions of carbon monoxide: a) instantaneous and b) cumulative in the total NEDC 

The difference in CO emissions for tests with diesel and diesel + oxyturpentine blend 

after 300 s is almost constant, as shown in Figure 6.21b. This means that the main 

difference on the behavior of CO emissions among both fuels occurs at engine start, 

due to the low engine temperature.  

Figure 6.22 shows the total hydrocarbons emissions of engine tests with and without 

oxyturpentine in diesel. As with CO emissions, the main differences among fuels are 

observed at the start of the NEDC. After 300 s, the difference in HC emissions 

between both fuels stabilizes, indicating that the deterioration of the combustion is 

due to the cold-engine start, which affects more the diesel + oxyturpentine blend 

than diesel fuel. 

The lower excess of air in combustion with diesel+oxyturpentine blend with respect 

to that with diesel (see Figure 6.19), together with the increase in EGR in these tests, 

influence the CO and HC emissions. As aforementioned, the fuel properties of 

oxyturpentine lead to higher equivalence ratio and EGR when it is blended with 

diesel. The lower amount of air can hinder the mixing with fuel, and lead to higher 

emissions of CO and HC as a consequence of the increase in the local formation of 

CO and the decrease in local oxidation of hydrocarbons [198]. 
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Figure 6.22. Emissions of total hydrocarbon: a) instantaneous and b) cumulative in the total NEDC 

Apart from the effect of the equivalence ratio and the EGR, two additional effects 

may also contribute to the increase in CO and HC emissions at the beginning of the 

cycle, associated with surface tension and to volatility. The blend of diesel and 

oxyturpentine at 20 %vol. possesses similar viscosity than diesel fuel at the 

reference conditions (see Table 6.11). The increase in fuel density as a 

consequence of the addition of oxyturpentine can lead to an increase in surface 

tension of the fuel, as has been reported for blends of diesel and oxygenated 

molecules [199], [200]. Besides, the alcohol-hydrocarbon interactions can generate 

positive excess of surface tension, and consequently the surface tension of the blend 

can increase considerably [201]. 

Estimated values of a surface tension from the literature2 are 33.2 mN/m, 32.1 mN/m 

and 27.1 mN/m for α-terpineol, nopol and β-pinene, respectively, whereas reported 

experimental surface tension for diesel and biodiesel is 26.4 mN/m and 30.1 mN/m, 

respectively [199]. Therefore, the surface tension of oxygenated molecules from 

turpentine would be higher than that of diesel and biodiesel, also than other 

oxygenated biofuels such as ethanol and butanol (20-22 mN/m). Thence, the 

presence of nopol and terpienol in the blend is expected to increase its surface 

 
2 ChemSpider, The Royal Chemical Society (Consulted in May of 2020). 
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tension. This increase may affect the atomization of the fuel, deteriorating the 

subsequent combustion; this phenomenon has been evidenced in combustion tests 

with blends of diesel with biodiesel [202], [203], especially at cold conditions [204]. 

Additionally, some difference in volatility between diesel and oxyturpentine is 

observed in distillation curves (see Figure 6.8) For instance, the temperature to 

recover 90 % of the diesel as distillate is 25°C higher than that for the 

diesel+oxyturpentine blend. In addition, at low distillated volume, the difference in 

boiling temperature is even larger, indicating that the evaporation of volatile 

components of oxyturpentine can decrease the local temperature and thus narrow 

the flammability limit range in which the flame can progress to burn the overleaned 

mixture which is formed far away from the burning sprays. 

This effect has been observed with other volatile molecules such as ethanol, 

methanol, isopropanol and n-butanol [205], [206]. In any case, the volatility of 

oxyturpentine is higher than that for normal alcohols. In fact, the boiling temperature 

of α-pinene (the most volatile component of turpentine) is higher than that for normal 

alcohols (i.e. boiling temperature of pentanol is 138°C), while that for nopol and α-

terpineol is even higher (230°C and 219°C boiling temperatures, respectively). 

Figure 6.23 shows the accumulated emissions of CO and HC for each sub-cycle in 

comparison with the coolant temperature for both fuels. As the temperature is 

increased, the accumulated emission of CO and HC for urban sub-cycles are 

significantly reduced, leading to an improvement in the combustion process, as a 

consequence of the reduction in equivalence ratio (see Figure 6.19) and of the 

reduction in viscosity and surface tension with the increase in temperature. 

Emission of nitrogen oxides are shown in Figure 6.24. The NOx emission by using 

diesel + oxyturpentine blend in the test is slightly lower than that for the diesel fuel 

during the entire NEDC (see Figure 6.24a). The differences in cumulative NOx 

emissions among fuels begin to be appreciable at around 360 s (Figure 6.24b) which 

means that these emissions become sensitive to the type of fuel only when the 

combustion chamber is hot enough. 
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Figure 6.23. Cumulative emission for each sub-cycle of a) carbon monoxide and b) total 
hydrocarbons 

 

Figure 6.24. Emissions of oxides of nitrogen: a) instantaneous and b) cumulative in the total NEDC 

The estimated adiabatic flame temperature for diesel fuel is very similar to that for 

oxyturpentine at stoichiometric conditions (see Figure 5.1). The decrease in NOx 

emission observed for the tests with the diesel+oxyturpentine blend can be mainly 

attributed to the increase in EGR, which leads to reduced local temperature in the 

combustion chamber. 
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Although a reduction in DCN was evidenced for the blend with respect to diesel and, 

often, this change is related to an increase in NOx emissions, two factors must be 

considered. Firstly, a high sensibility of EGR variations on engine performance, 

particularly on emissions, has been observed experimentally. Secondly, currently 

the effect of DCN on NOx emission is not clear (especially for Euro 6 engines, in 

which the efficiency can be decreased at the expense of avoiding excessive peaks 

of pressure and temperature in the combustion chamber). In fact, depending on the 

delay time caused by the decrease in DCN, NOx emissions can be either decreased 

or increased. 

6.3.3.4 Particulate number 

The number of particles - PN (including particle diameters ranged between 5.6 and 

560 nm) emitted instantaneously during the tests with both diesel + oxyturpentine 

and diesel fuels is shown in Figure 6.25. The peaks of particles number observed in 

Figure 6.25a for both fuels are due to the acceleration of the engine. The particle 

number is notably reduced by the presence of oxyturpentine in the fuel (see Figure 

6.25b). 

 

Figure 6.25. Number of particulate material (all sizes): a) instantaneous and b) cumulative in the 
total NEDC 

This reduction is associated with the content of oxygen atoms in the fuel molecules, 

which promotes the oxidation of soot, and the reduction in aromatic compounds of 
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diesel (replaced by oxyturpentine in the blend). These factors, associated to the 

presence of oxyturpentine in the fuel, would be more important than the change in 

local temperature (as a consequence of the variation in EGR), suggesting that at the 

same EGR for diesel and diesel + oxyturpentine blend, the decrease in PM may be 

higher. 

The instantaneous particle size analyzed from engine tests with and without 

oxyturpentine in the fuel is shown in Figure 6.26. The instantaneous particle size 

distribution was bimodal for both fuels in the whole NEDC. Thus, total number of 

particles are classified as nucleation mode (or small particles) and accumulation 

mode (or large particles) with the limit between these ranges being in 22.1 nm. This 

value was obtained as the average of the local minimum values from the bimodal 

behavior of all measurements. Small particles can be associated with liquid-

nucleation whereas the large particles are mainly composed of soot. 

 

Figure 6.26. Instantaneous particle size 

The total number of particles as a function of their size, accumulated for each sub-

cycle and the total NEDC, is shown in Figure 6.27. A strong reduction in the total 

number of particles in nucleation mode can be observed in Figure 6.27a with the 

diesel + oxyturpentine blend with respect to that with diesel, whereas the number of 

accumulation mode particles is decreased in a lower extent. In each cycle, the 
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number of both small and large particles is lower for the diesel + oxyturpentine blend 

than for diesel fuel. 

 

Figure 6.27. Total particle size distribution for a) the total NEDC and b-f) each sub-cycle of the 
NEDC 

The cumulative particle size distribution for the first urban sub-cycle shown in Figure 

6.27b depicts a high peak for the small particles in the tests with diesel, even higher 

than the corresponding large particles. The oxyturpentine in the fuel reduces 

considerably the small particles after the first urban cycle. The high content of small 

particles in the first urban cycle is mainly due to the cold-engine start. Probably, the 

hydrocarbon species remaining from the low-efficient combustion of diesel fuel at 

cold-start conditions tend to nucleate, favored by the low temperature of the engine, 

favored by the lower molecule volatility. 

Due to the improvement in the combustion process as a consequence of the 

increase in engine temperature, the number of nucleation-mode particles for both 

fuels is decreased as the test progresses, avoiding the nucleation to form these 

particles (see Figure 6.27c-e). A high portion of the total number of particles is 

formed in the extra-urban cycle (see Figure 6.27f) because of the high consumption 
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of fuel (and thus equivalence ratio) to achieve the high vehicle speed. The average 

mobility diameter of nucleation-mode particles is 9.6 and 9.9 nm for diesel and 

diesel+oxyturpentine blend, respectively, whereas the average diameter of 

accumulation-mode particles is 58.8 nm for both fuels. The only difference in the 

particle size for nucleation-mode appears in the extra-urban cycle.  

6.3.3.5 Particle mass 

The mass of particles (PM) emitted from tests with both diesel + oxyturpentine and 

diesel fuels, obtained from the measurements of number and size particles, and 

using Equation 6.4 is shown in Figure 6.28. The acceleration of the engine promotes 

the formation of PM (peaks in Figure 6.28a). Both instantaneous and cumulative 

emissions of PM are higher for diesel than for the blend. 

 

Figure 6.28. Mass of particulate material: a) instantaneous and b) cumulative in the total NEDC 

The accumulation of mass of particles in each sub-cycle is shown in Figure 6.29. 

The main generation of particulate matter is in the extra-urban sub-cycle for both 

fuels, where the vehicle reaches the highest speed in the NEDC. In addition, in each 

sub-cycle, the mass of particle obtained from diesel + oxyturpentine blend is lower 

than that from diesel, being the most significative difference that for the extra-urban 

sub-cycle. The decrease in PM is lower than the reduction in particulate number (18 

% and 28 % in PM and PN, respectively, for the total NEDC), because the reduction 



168  Chapter 6. Engine-bench tests of oxyturpentine as biofuel 
 

in PN is based on a strong reduction in nucleation particles, which have minor 

contribution to the particle mass. 

 

Figure 6.29 Cumulative emission of PM for each sub-cycle 

6.3.3.6 Overall emissions in the NEDC 

Total emissions of particles (number and mass), nitrogen oxides, carbon monoxide, 

and total hydrocarbons in the NEDC are shown in Figure 6.30 for diesel and diesel 

+ oxyturpentine blend; the left panel represents the data per km, and the right panel 

represents the total value. No significant effect is observed in the emissions of 

carbon dioxide, whereas a ~18 %, ~28 % and ~13 % decrease is evidenced in 

particulate mass, particulate number and nitrogen oxides, respectively, due to the 

presence of oxyturpentine in the fuel. On the other hand, a large increase in carbon 

monoxide and hydrocarbons emissions (~47 % and ~44 % increase, respectively) is 

observed. 

The increase on CO and HC emissions when oxyturpentine was added to diesel fuel 

is probably due to the higher equivalence ratio and EGR. Besides, the high density 

(and consequently high surface tension) and volatility of the oxyturpentine mixture 

respect to that for diesel, accentuated by the low temperature at cold-engine start 

conditions, can affect the atomization and diffusion processes in the fuel jet. On the 

other hand, some of the unburnt hydrocarbons remaining after the combustion 
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reaction of diesel+oxyturpentine blend appear to be more volatile and diffusive than 

those for diesel, thus leading to an increase in the emission of gaseous 

hydrocarbons. 

 

Figure 6.30. Total emissions from the NEDC 

NOx emissions were reduced also as a consequence of the increase in EGR, which 

reduces the local temperature in the combustion chamber, and of the lower cetane 

number of the fuel, which, in the case of Euro 6 engine, with delayed injection, 

contributes to reduces temperature peaks and thus nitric oxide formation. 

Reduction in particulate matter is a consequence of the presence of oxygen in the 

fuel molecules, which contributes to soot oxidation. Although typically alcohols 

reduce notably the particulate material, oxyturpentine has high content of α-pinene 

which has higher sooting tendency than nopol and diesel, but the trade-off is still 

dominated by nopol as evidenced by the reduction of PM emissions (despite the 

higher smoke point of oxyturpentine with respect to diesel).  

The Euro 6 standard limits emissions have not been shown in Figure 6.30 because 

the measurement conditions are different to the ones used in this work. Particularly, 

the PM emissions were sampled upstream of the diesel particle filter DPF, see 

Figure 6.16, since the standard requires tailpipe measurements. However, it is well-
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known that the efficiency of this type kind of filters is higher than 90% and the tailpipe 

PM and PN emissions are expected to be significantly lower than the measured 

values. 

Additionally, the use of the Road Load Simulations (RLS) system implies slightly 

higher emissions than those measured from the actual vehicle (specially NOx 

emissions). For instance, the simulated cycle in RSL is more abrupt than a human 

driver and the gear position in RLS is kept in the third position (because it is the most 

used gear during the urban sub-cycles, the most representative sub-cycle in the 

NEDC), differing from an actual vehicle where the gear position is an input in the 

engine control unit (ECU). 

These factors impact critical properties in the engine performance such as the 

combustion chamber temperature (due to the abrupt accelerations) and the injection 

strategy (which is delayed or advanced due to the gear position in comparison to 

actual vehicle). Likewise, the results of this work cannot be compared to the current 

Colombian regulation (Resolution 1111 of 2013) because it is based on Euro 4 

regulation and the used engine is a Euro 6. 

6.3.4 Remarks of the section 

The results of engine tests performed with diesel and oxyturpentine blended at 20 % 

vol, with respect to diesel fuel are summarized: 

 Same carbon dioxide emissions for both fuels. 

 Increase in carbon monoxide and unburnt hydrocarbon emissions due to the 

increase in equivalence ratio and the higher surface tension and volatility of the 

oxyturpentine than those for diesel fuel.  

 Reduction in nitrogen oxides emissions as a consequence of the increase in 

equivalence ratio and EGR in the engine. 

 Significant reductions in particulate material and particle number, associated 

with the oxygen content of the fuel and the reduction in the aromatic content in 

the blend.  
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In diesel vehicles, particulate matter and nitrogen oxides emissions are the tightest 

ones, thus, their reduction is a highly positive finding with oxyturpentine as a 

component of diesel fuel.  

6.4 Conclusions 

 Synthesis of large amounts of oxyturpentine was successfully performed. A 

slight decrease in activity was observed at large-scale reaction with respect to 

the vial-scale, which can be attributed to the mixing and mas transfer effects 

stressed by the scale factor.  

 The properties most affected by the presence of oxyturpentine (up to 20 vol.%) 

in blends with diesel were the lubricity, derived-cetane number, density, heating 

values, sooting tendency, and cold-flow properties. Although some of these 

changes in fuel properties impact negatively the blend (e.g., decrease in derived-

cetane number and heating value, and increase in density), the final blend 

presents a good fuel profile. In fact, all the analyzed fuel properties of those 

blends are within the European standard EN 590:2013 and EN 14214:2013, 

indicating that they have high quality for diesel applications. In addition, the 

positive effect observed in other properties, such as lubricity and soot tendency, 

have positive implications on relevant aspects such as the engine durability and 

its emissions.  

 The results of engine tests performed with the diesel and oxyturpentine (20 

vol.%) blend showed significant reductions in particulate material and number, 

attributed to the oxygen content of the fuel and the reduction in aromatic content, 

and nitrogen oxides emissions, attributed to the reduction in EGR in the engine. 

Considering that these emissions are tightly controlled in diesel engines, the 

blend may have high potential. However, carbon monoxide and hydrocarbons 

emissions were increased as a consequence of changes in EGR and the 

equivalence ratio (and probably due to the deterioration of fuel atomization and 

volatility) by the presence of oxyturpentine.
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Chapter 7. General conclusions and main contributions 

7.1. General conclusions 

In order to better present the main findings of this Thesis, an overall overview of the 

results is first presented in Figure 7.1 which highlights the potential and shortcomings 

of oxygenated compounds from turpentine as biofuels, specifically as components 

of diesel blends. In particular, oxyfunctionalized turpentine was validated in engine 

bench tests with good results. However, despite rosin-derivatives’ thermal and 

thermochemical properties, and good activity in the synthesis of methyl ester from 

rosin, the reduction and methyl esterification rosin proposed in present work would 

lead to compounds with properties not suitable for fuel applications.  

 

Figure 7.1. Overall overview of the results of the work 

7.1.1. Rosin-derived compounds as fuel 

Methyl esterification and reduction reactions significantly decrease the boiling and 

melting temperatures (stronger effect in methyl esterification) and increase the lower 
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heating value of rosin compounds (stronger effect in reduction). In addition, adiabatic 

flame temperature of rosin-derived compounds is slightly lower than that for diesel 

but higher than that for biodiesel. These results suggest the potential of rosin-derived 

compounds towards fuel applications.  

The methyl esterification reaction of rosin with methyl alcohol was achieved 

successfully at mild conditions and using a low-cost catalyst. The steric effects and 

low molecular size of methyl alcohol with respect to rosin, together with the fact that 

the acid group in resin acids is attached to a tertiary carbon, makes the esterification 

of rosin with methyl alcohol a very difficult reaction. Moreover, little information is 

available on this transformation.  

Some drawbacks were observed with the rosin-derived molecules. Firstly, the 

decrease in melting and boiling temperatures may not be sufficient for fuel 

applications, mainly because the expected products would still display high tendency 

to remain as solid, or to coalesce to form solid nuclei at low temperatures. Secondly, 

the highest conversion of rosin obtained in present work (and even the values 

reported in the literature) appears to be low for its application as fuel and, 

furthermore, does not achieve the value required by current regulations. Finally, the 

deterioration in the combustion performance observed for laminar flames of n-

heptane (as diesel surrogate) + methyl ester of abietic acid (AAME, a probe molecule 

from the methyl esterification of rosin) blends at low contents of AAME suggests that 

some properties of the fuel were negatively affected by the presence of the rosin-

derived compound. For instance, the strong increase in the dew point of the n-

heptane + AAME blend leads to deterioration in the combustion process. 

7.1.2. Turpentine-derived compounds as fuel 

The boiling and melting temperatures of the oxygenated-derived compounds from 

turpentine are increased with respect to the corresponding components of 

turpentine. In addition, the lower heating value and adiabatic temperature of the 

flame are decreased after oxyfunctionalization. The final values for these properties 

of oxyturpentine are suitable for fuel application. In fact, oxygenates from main 

components of turpentine have similar thermochemical properties than diesel, in 
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some cases better, and these compounds are liquids at normal conditions (except 

to borneol), indicating their potential as additive or component of diesel fuels.  

The combustion performance of selected oxygenated turpentine-derivates was 

evaluated in blends with n-heptane in a coflow diffusion burner; specifically, nopol, 

terpineol, myrtenol and borneol were chosen because they can be obtained from 

turpentine by heterogeneous catalysis and may display other properties relevant to 

fuel applications (e.g., viscosity). An improvement in combustion performance, 

particularly with nopol, α-terpineol and myrtenol, was observed, that is, a significant 

reduction in CO and UHC emissions, and an appreciable increasing in flame 

temperature were evidenced. 

Molecular structure appears to be a key factor in the combustion of these molecules, 

especially the position of the hydroxyl group. In particular, the longer the distance 

between the OH group and the bi-cycle (or main ring) the better the performance of 

the molecule in combustion. The fact that the interatomic distance is related to the 

strain of the molecule, and that the number of carbons in the side-chain where the 

hydroxyl group is attached to is associated to the reactivity of the intermediates 

formed in the oxidation of alcohols, can be related with their performance on the 

combustion. 

Nopol (with two carbons between the OH group and the bi-cycle of the molecule), 

shows a better performance in combustion than myrtenol (which has similar structure 

but with just one carbon in between the OH group and the bi-cycle). α-Terpineol, with 

just one 6-carbon ring, also displays good performance in combustion. Although the 

thermal and thermochemical properties of oxygenated molecules are slightly worse 

than those for turpentine components, the presence of oxygen in the fuel molecules 

improves the oxidation reactions, decreases the tendency carbon atoms in the 

proximity of the oxygen ones to form particulate material, and contributes to the 

formation of more carbon dioxide instead of hydrocarbons. 

Nopol, which gives the best performance in combustion tests, was synthesized from 

turpentine (with high β-pinene content, slightly lower than that for α-pinene). The 

oxyfunctionalization reaction showed high performance (complete conversion and 
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selectivity towards nopol >99 %), becoming a promising procedure to obtain an 

oxygenated biofuel from turpentine. In addition, significant amount of α-terpineol was 

obtained in the reaction product, probably formed by the hydration of limonene 

and/or α-pinene. Moreover, synthesis of large amounts of oxyturpentine was 

successfully performed. A slight decrease in reaction activity was observed at large-

scale reaction with respect to the vial-scale, which can be attributed to the mixing 

and mas transfer effects stressed by the scale factor. 

The presence of nopol and α-terpineol in the oxyturpentine blend is highly desirable 

because the main objective of the transformation of turpentine is to oxyfunctionalize 

the terpene molecules. In addition, the presence of α-pinene in the oxyturpentine 

mixture is positive because of its high heating value respect to nopol, which 

increases the amount of heat released in the combustion, as well as its decrease of 

the viscosity of the mixture. 

The effects observed on temperature and CO, NOx and UHC emission lead to 

conclude that oxyturpentine improves the performance of combustion reaction at the 

evaluated conditions, which can be associated to the oxygen present in the 

molecular structure of nopol together with the relatively high heating value of α-

pinene. 

To evaluate the fuel properties of the oxyturpentine, blends with diesel and 

oxyturpentine (up to 20 vol.%) were prepared, and several properties were 

measured. The properties mostly influenced by the presence of oxyturpentine were 

lubricity, derived-cetane number, density, heating values, sooting tendency, and 

cold-flow properties. Although some of these changes affect negatively the blend, 

such as the decrease in derived-cetane number and heating value, and the increase 

in density, the final blends displays good fuel characteristics. In fact, all the analyzed 

fuel properties of the blends are within the European standard EN 590:2013 and EN 

14214:2013, indicating that they have high quality for diesel applications. Moreover, 

the positive effect observed in other properties, such as lubricity and soot tendency, 

have positive implications on relevant parameters, such as the engine durability and 

its emissions. 
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In the evaluated fuel properties only the lubricity of diesel was improved with low 

amounts of oxyturpentine, indicating that the most favorable application of 

oxyturpentine as additive is as lubricity improver. Other fuel properties which can be 

improved with low contents of additives such as oxidation state, corrosion, foam-

formation and stabilization were not measured. 

The results of engine tests performed with a diesel + oxyturpentine (20 vol.%) blend 

showed a significant reduction in particulate material and nitrogen oxides emissions 

as a result of the oxygen content of the fuel and the reduction in equivalence ratio in 

the engine. Considering that these emissions are tightly regulated in diesel engines, 

these results are highly encouraging. Furthermore, other oxygenated molecules, 

such as normal alcohols and biodiesel, have shown increase in NOx simultaneously 

with decrease in PM emissions. 

The carbon monoxide and hydrocarbons emissions were increased as a 

consequence of changes in EGR and the equivalence ratio (and probably due to the 

deterioration of fuel atomization and fuel volatility) due to the presence of 

oxyturpentine. However, increase in CO and HC have been also reported with other 

oxygenated molecules such as methanol, ethanol, and n-butanol. 

Laminar flames have shown a reduction in CO and HC emissions when 

oxyturpentine was added to n-heptane, simultaneously with an increased in NOx 

emissions, while the engine tests showed the opposite effect when oxyturpentine 

was added to diesel. This apparent contradiction can be associated to the 

differences in both experimental setups. For instance, in laminar flames the fuel 

injection is kept constant whereas in the engine is a function of the power output. In 

addition, the geometry of the combustion chamber in the engine (i.e., a closed 

space) affects key combustion parameters such as pressure, local temperature, and 

air availability, while the laminar flames are an open system. These factors may 

influence the emissions. 

7.2. Future work 

Future work which can be derived from the Thesis include: 
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 The characterization of particulate material collected from emissions of 

oxyturpentine combustion, in particular, morphology, chemical composition, 

and structure, to complete the assessment of its potential as fuel additive. 

 Optimization of the engine injection parameters for the diesel + oxyturpentine 

blend. 

 Evaluation of fuel properties and engine performance of ternary diesel + 

oxyturpentine + biodiesel mixtures. 

 Determination of the surface tension of oleoresin derived molecules such as 

nopol, myrtenol, terpineol, α- and β-pinene, and oxyturpentine. 

 The simultaneous transformation of α- and β-pinene from turpentine to nopol 

and α-terpineol 

7.3. Main contributions of the Thesis 

7.3.1. Source code developed 

Different source codes with their corresponding graphical user interface (GUI) were 

developed in Matlab® to facilitate data processing and analysis of the results. Figure 

7.2a shows the GUIs used for the estimation of some flame properties, flow regimes 

and composition of the different streams in the coflow burner, starting from the 

prepared blends and system properties. Calculations were based on thermodynamic 

and flow properties of the involved compounds. 

Figure 7.2b shows the GUI to facilitate the acquisition of flame properties from the 

videos recorded for each experiment. This code was particularly important because 

around 5400 videos (~180 GB of information) were processed. The source code 

uses image processing of Matlab according to Appendix G. The GUI for the 

acquisition and visualization of the data from the GC analysis is shown in Figure 

7.2c-d. This source code reads the output files from GC software and extract the 

necessary information for the determination of the sample composition (including 

statistical analysis) and its visualization. 
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Figure 7.2. Graphical user interfaces for source codes developed in the thesis 

7.3.2. Presentations and publications 

Table 7.1 shows the events in which the results of the project were presented, either 

as oral presentations or posters. 

Table 7.2 shows the publications derived from this work. All the papers are related 

to the main objectives of the Thesis, even the paper on the epoxidation of β-pinene 

because it was a product of the evaluation of oxyfunctionalization of oleoresin 

molecules. 
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Table 7.1. Participation in events 

Work Modality Date 

García, D. F., Alarcón,  E. A., Bustamante, F., Villa, A. 
L. “Síntesis de metil-ester de colofonia mediante 
catálisis heterogénea.” 
XXVI Congresso Ibero-Americano De Catálise 
(CICAT 2018), Coimbra, Portugal. ISBN: 978-989-
8124-23-4.  

Poster 
September 
2018  

García, D. F., Bustamante, F., Villa, A. L., Alarcón,  E. 
A. “Compuestos de oleorresina de pino como aditivos 
del combustible diesel.” 
III Foro Regional Retos Y Oportunidades Del Cambio 
Climático Para Antioquia, Medellín, Colombia. 
Radicado #2019030074720 Gobernación de 
Antioquia.  

Oral 
presentation 

December 
2018 

García, D. F., Bustamante, F., Villa, A. L., Alarcón, E. 
A. “Emissions from combustion of fuels with oleoresin-
based compounds as additives.”  
9th European Combustion Meeting (ECM 2019), 
Lisbon, Portugal. Pereira S., and Costa, M., Book of 
papers of ECM 2019, Paper S5_AIII_36, Instituto 
Superior Técnico of Lisbon. 

Poster April 2019 

García, D., Imbachi-Gamba, C., Jaramillo, M., 
Bustamante, F., Villa, A. L., and Alarcón, E. “A simple, 
selective and highly-active catalyst for the epoxidation 
of β-pinene.”  
26th North American Catalysis Society Meeting 
(NAM26 2019), Chicago, USA.  

Poster June 2019 
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Table 7.2. Publications 

Work Status 

García, D., Bustamante, F., Alarcón, E., Donate, J.M., Canoira, L., 
Lapuerta, M. “Improvements of thermal and thermochemical 
properties of rosin by chemical transformation for its use as biofuel.”  
Waste Biomass Valorization, 2019 – DOI 10.1007/s12649-019-
00863-y 

Published 

García, D., Bustamante, F., Villa, A. L., Lapuerta, M. and Alarcón, E. 
“Oxyfunctionalization of turpentine for fuel applications.”  
Energy & Fuels, 2019 – DOI 10.1021/acs.energyfuels.9b03742 

Published 

García, D., Ramos, A., Rodríguez, J., Bustamante, F., Alarcón, E., 
Lapuerta, M. Impact of oxyfunctionalized turpentine on emissions 
from a diesel engine. 
Energy, 2020 – DOI 10.1016/j.energy.2020.117645 

Published 

García, D., Lapuerta, M., Villa, A.L., Alarcón, E., Bustamantea, F., 
“Influence of molecular structure of oleoresin-derived compounds on 
flame properties and emissions from laminar flames” 
Environmental Science and Pollution Research, 2020 – DOI 
10.1007/s11356-020-09555-w 

Published 

García, D. F., Jaramillo, M., Bustamante, F., Villa, A. L., Alarcón, E. 
A. “Epoxidation of β-pinene with hydrogen peroxide under highly-
active and low-cost catalyst.” 
Brazilian Journal of Chemical Engineering, 2020. 

Accepted 

García, D. F., Bustamante, F., Villa, A. L., Alarcón, E. A. “Esterification 
of rosin with methyl alcohol using a low-cost material as 
heterogeneous catalyst.” 
Revista Facultad de Ingeniería UdeA, 2020. 

Submitted 

García, D., Bustamante, F., Alarcón, E., Ballesteros, R., Lapuerta, M. 
Oxyfunctionalized turpentine: Evaluation of properties as automotive 
fuel. 

In 
preparation 
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Appendix A. Scaling-up procedures 

 

The first criterium to scale-up a reactor is by relating the residence time for both 

laboratory (subscript 1) and large (subscript 2) scales, which can be obtained from 

the relation between the generation per unit volume and the transport of mass by 

convection (Damkhöler I number), Equation A.1 

𝐷𝑎1 = 𝐷𝑎2 

(
𝑅𝑖

±𝐿

𝑉𝐶
)

1

= (
𝑅𝑖

±𝐿

𝑉𝐶
)

2

 
Equation A.1 

where 𝑅𝑖
±, 𝐿, 𝑉 and 𝐶 represent the characteristics variables of chemical generation, 

length, velocity and concentration, respectively. If initial and/or final concentration, 

and generation are the same for both scales, then (𝐿 𝑉⁄ )1 = (𝐿 𝑉⁄ )2, indicating that 

residence time for both scales must be equals. 

Often, biomass conversion at laboratory scale is conducted in batch and liquid-phase 

reactors operating isothermally. For the analysis, spherical shape of reactor is 

chosen. Figure A.1 shows the geometrical parameters of a spherical batch reactor. 

The working volume inside the reactor fulfill the geometry of partial sphere. Main 

geometric parameters for partial spheres, according to Figure A.1 are represented 

by Equation A.2: 

𝐶 = 2√ℎ(𝐷 − ℎ) 

𝑉 =
𝜋

6
ℎ(3𝐶2 + ℎ2) 

𝐴 = 𝜋ℎ𝐷 

Equation A.2 

where 𝐶 represents the radius of the surface of the reaction mixture at a level of 

liquid located at a height of ℎ, 𝑉 is volume occupy by the liquid and 𝐴 is the surface 

area for heating transfer. 
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Figure A.1. Geometrical dimensions of reactor 

By defining the aspect ratio of the system as 𝑅 = ℎ 𝐷⁄  and solving 𝐷 from volume 

expression, Equation A.3 is obtained, 

𝐷 =
𝑉

𝜋(𝑅2 2⁄ − 𝑅3 3⁄ )
 Equation A.3 

The scale-up factors are defined as the relation of surface (𝐹𝐴) and volume (𝐹𝐴) of 

large (state 2) and laboratory scale (state 1) and using Equation A.3, Equation A.4, 

𝐹𝐴 =
𝐴2

𝐴1
= (

𝐷2

𝐷1
)

2

 

𝐹𝑉 =
𝑉2

𝑉1
= (

𝐷2

𝐷1
)

3

 

Equation A.4 

Which mean that 𝐹𝐴 = 𝐹𝑉
2/3. For lineal increasing of volume, the surface available 

for heat transfer increase but at the power of 2/3. Besides, the scale-up factor for 

diameters is defined as 𝐹𝐷 = 𝐷2 𝐷1⁄ , which represents the geometrical factor of 

scaling-up. 
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The scale-up rule to determine the agitator speed in large scale (𝑁2) is based on the 

scale-up ratio from reactor diameters (𝐹𝐷) and agitator speed in laboratory scale (𝑁1), 

Equation A.5, 

𝑁2 = 𝑁1 (
1

𝐹𝐷
)

𝑛

 Equation A.5 

where the value of 𝑛 depends on the purpose of scale-up, thus: one for equal liquid 

motion, 3/4 for equal suspension of solids, 1/4 for equal and uniform concentration 

and 2/3 for equal rates of mass transfer for both scales.  

The rate of heat transfer from an agitated batch reactor, for endothermic reactions, 

depends on the physical properties of the reaction mixture, heating medium, reactor 

geometry and agitation (type and size of agitator and degree of agitation). In this 

system, heat transfer is due to forced convection in the reaction mixture, conduction 

through the reactor wall and that for heating media, for instance, convection when 

the heating is by jackets. Heat transferred to the reaction mixture can be expressed 

as function of the overall hear transfer (𝑈), the area of heat transfer (𝐴) and the 

driving force of heat (∆𝑇), as 𝑄 = 𝑈𝐴∆𝑇. It is valid when the reaction mixture and 

heating medium have the same temperature, which means an idealized situation. In 

realistic situation the driving force of heat depends of temperatures in reactor and 

heating medium. A realistic driving force can be represented by Equation A.6, 

∆𝑇𝐿𝑀𝑇𝐷 =
(𝑇2 − 𝑇ℎ2

) − (𝑇1 − 𝑇ℎ1
)

ln [
(𝑇2 − 𝑇ℎ2

)

(𝑇1 − 𝑇ℎ1
)

⁄ ]

 
Equation A.6 

Where 𝑇ℎ and 𝑇 represent the temperature of heating medium and reaction mixture, 

respectively, and subscript 1 and 2 are for entering and leaving streams. The overall 

heat transfer coefficient (𝑈) can be determined by resistances of the transfer heat, 

neglecting the fouling factor for both inside and outside films respect to the wall of 

the reactor, according to Equation A.7,  

1

𝑈
=

1

ℎ𝑖
+

x𝑤

𝑘
+

1

ℎ𝑜
 Equation A.7 

where ℎ (𝑊 𝑚2𝐾⁄ ), 𝑘 (𝑊 𝑚𝐾⁄ ) and x𝑤  (𝑚),  represent the transfer coefficient, 

thermal conductivity and wall thickness of reactor, respectively, and subscripts 𝑖 and 
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𝑜 represent inside and outside of the reactor. The resistance outside of reactor have 

been presented for heating type jacket but can be replaced by corresponding one 

with other kinds of heating. The heat transfer coefficient can be calculated from 

Nusselt number from Equation A.8. For the fluid inside the reactor and three blades 

propellers, 

ℎ𝑖𝐷

𝑘
= 0.64 (

𝜌𝑁𝐷𝐴
2

𝜇
)

0.67

(
𝐶𝑝𝜇

𝑘
)

0.33

(
𝜇𝑏

𝜇𝑤
)

0.14

 Equation A.8 

Values for thermal conductivity can be obtained in several databases or handbooks 

of fluids properties. Besides, several correlations have been proposed to estimate 

the thermal conductivity of liquids as a function of fluid properties such as critical 

pressure and temperature, acentric factor and boiling and melting temperature. The 

work of Latini and coworkers [207] collects the most popular correlations and they 

propose one more. Some of them are showed in Table A.1. 

Table A.1. Correlations to estimate the thermal conductivity of liquids 

Author Correlation 

Sato-Riedel 𝑘 =
1.1053

√𝑀𝑊

3 + 20(1 − 𝑇𝑟)
2

3⁄

3 + 20(1 − 𝑇𝑏𝑟)
2

3⁄
 

Sheffy & Johnson 𝑘 = 1.951
1 − 0.00126(T − 𝑇𝑚)

𝑀𝑊0.3𝑇𝑚
0.216  

Gharagheizi et al 

𝑘 = 1 × 10−4 [10𝜔 + 2𝑃𝑐 − 2𝑇 + 4 + 1.908 (𝑇𝑏

1.009𝐵2

𝑀𝑊2
)

+ (
3.9287𝑀𝑊4

𝐵4
) +

𝐴

𝐵8
] 

where, 
𝐴 = 3.8588𝑀𝑊8(1.0045𝐵 + 6.5152𝑀𝑊 − 8.9756) 
𝐵 = 16.0407𝑀𝑊 + 2𝑇𝑏 − 27.9074 

Latini et al 𝑘 = 0.434 (√5
(Φ − 𝑇𝑟)2

Φ + 𝑇𝑟
)

0.158

 

𝑘 and 𝑀𝑊 are the thermal conductivity (W/mK) and molecular weight (g/mol), 𝑇𝑏 and 𝑇𝑚 are the 
boiling and melting temperature (K), 𝑃𝑐 is the critical pressure (bar), 𝑇𝑟 and 𝑇𝑏𝑟  (K) are the reduced 
temperature and boiling temperature  Φ is the sequence factor of Fibonacci (=1.618033);  

To scale-up the reactor keeping similar bulk average temperatures (with equals heat 

transfer coefficients for both scales), Equation A.8 is used for both laboratory and 

large scales, obtaining Equation A.9, 
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𝑁2 = 𝑁1 (
𝐷𝐴1

𝐷𝐴2

)

0.46

 Equation A.9 

For exothermic reactors, the concept of power per unit volume can relates the 

consume of heat for both large and laboratory scales, 𝑃 𝑉⁄ ∝ 𝑁3𝐷𝐴
2. The ratio of 

power per unit volume for large and laboratory scales can be expressed by Equation 

A.10, 

(𝑃 𝑉⁄ )2 = (𝑃 𝑉⁄ )1(𝐹𝐷)0.62 Equation A.10 

The consume of heat is proportional to the volume (same fluid in both scales) for 

exothermic reactions, but the area increases at the power of 2 3⁄ , indicating less 

surface area available to transferring heat. In some cases, coils are added to 

increases the surface area. Consequently, the scale-up criterium of constant heat 

transfer is suitable when the reaction in a batch system is exothermal and the 

removal of heat is the predominant phenomena [15]. 

The agitation of liquid-solid systems such as heterogenous catalysis systems, 

requires special attention and some correlation have been proposed to calculate the 

minimum speed to keep solids in suspension. One of these correlations is proposed 

by Zwietering [208], Equation A.11, 

𝑁min = Ψ (
𝐷

𝐷𝐴
)

𝛼

[
(

𝑔(𝜌𝑃 − 𝜌𝐿)
𝜌𝐿

⁄ )
0.45

𝜐𝐿
0.1𝑑̅

𝑃
0.2

𝑊𝑃
0.13

𝐷𝐴
0.855 ] Equation A.11 

where 𝐷𝐴 and 𝐷 are the diameter of agitator and reactor, respectively, 𝜌𝑃 and 𝜌𝐿 are 

de density of particles and liquid, respectively, 𝜐𝐿 is the kinematic viscosity of the 

liquid, 𝑊𝑃  and 𝑑̅𝑃 are the weight ratio of particles to liquid percentage and mean 

diameter of particles and, 𝛼 and  Ψ depend on the characteristics of the stirrer, for 

instance, 1.4 and 1.5, respectively, for agitator type propeller. 𝑁min is in revolution 

per second. 

  



188   Appendices 
 

 

 

 

Appendix B. Emission quantification 

 

Starting from flame of oxygenate fuel, at lean combustion and considering water in 

stream of reaction product, the chemical reaction can be expressed by Equation B.1, 

𝐶𝑥𝐻𝑦𝑂𝑧 + 𝑎𝑂2 + 3.76𝑎𝑁2

→ 𝑥𝐶𝑂2 +
𝑦

2
𝐻2𝑂 + 𝑏𝑂2 + 3.76𝑎𝑁2 + Others 

Equation B.1 

The mole fraction of species in combustion product in wet basis can be expressed 

as Equation B.2, 

𝑥𝑖
𝑤 =

𝑁i

𝑁𝑇
𝑤 =

𝑁i

𝑥 + 𝑦 2⁄ + 𝑏 + 3.76𝑎
 Equation B.2 

By removing water, the mole fraction of species in combustion product in dry basis 

can be expressed as Equation B.3, 

𝑥𝑖
𝐷 =

𝑁𝑖

𝑁𝑇
𝐷 =

𝑁𝑖

𝑥 + 𝑏 + 3.76𝑎
 Equation B.3 

Combining Equation B.2 and Equation B.3, Equation B.4 is obtained, 

𝑁𝑖

𝑁𝑇
𝐷

𝑁𝑖

𝑁𝑇
𝑊

=
𝑁𝑇

𝑊

𝑁𝑇
𝐷 =

𝑁𝑖

𝑥 + 𝑏 + 3.76𝑎
𝑁𝑖

𝑥 + 𝑦 2⁄ + 𝑏 + 3.76𝑎

=
𝑥 + 𝑦 2⁄ + 𝑏 + 3.76𝑎

𝑥 + 𝑏 + 3.76𝑎
 Equation B.4 

Now, performing an atomic balance of oxygen in Equation B.1 to obtain 𝑏, and 

introducing in Equation B.4, expression Equation B.5 is obtained, 

𝑁𝑇
𝑊

𝑁𝑇
𝐷 =

4.76𝑎 + 𝑧 2⁄ + 𝑦 4⁄

4.76𝑎 + 𝑧 2⁄ − 𝑦 4⁄
 Equation B.5 

The mole fraction of oxygen in combustion product in wet basis can be expressed 

as Equation B.6, 

𝑥𝑂2
𝑊 =

𝑁𝑂2

𝑁𝑇
𝑤 =

𝑏

𝑥 + 𝑦 2⁄ + 𝑏 + 3.76𝑎
 Equation B.6 
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And by replacing expression for b, obtained by atomic balance of oxygen, Equation 

B.7, 

𝑥𝑂2
𝑊 =

𝑎 − 𝑥 − 𝑧 2⁄ − 𝑦 4⁄

𝑧 2⁄ + 𝑦 4⁄ + 4.76𝑎
 Equation B.7 

Variable 𝑎 can be obtained from Equation B.7, as Equation B.8, 

𝑎 =
𝑥 + (1 + 𝑥𝑂2

𝑤 )(𝑧 2⁄ + 𝑦 4⁄ )

1 − 4.76𝑥𝑂2
𝑊  Equation B.8 

Similar procedure but starting from mole fraction of oxygen in combustion product in 

dry basis leads to Equation B.9, 

𝑎 =
𝑥 + (1 − 𝑥𝑂2

𝐷 )(𝑦 4⁄ − 𝑧 2⁄ )

(1 − 𝑥𝑂2
𝐷 4.76)

 Equation B.9 

The relation between molar concentration of species in wet and dry basis can be 

expressed as Equation B.10, 

𝑥𝑖
𝐷

𝑥𝑖
𝑊 =

𝑁𝑇
𝑊

𝑁𝑇
𝐷  Equation B.10 

Converting dry to wet basis or vice versa consists in computing the parameter 𝑎 

(stoichiometric coefficient of oxygen in reactant stream) by using Equation B.8 or 

Equation B.9, using it to computes the relation of total mol by using Equation B.5 

and finally computing other concentration according to Equation B.10.  

Large dilution in coflowing configuration is a big challenge to measure emissions. 

Coflowing air and carrier gas dilutes the emissions, and low concentration of CO, 

CO2, NOx and O2 are expected. A methodology used in literature and industry to 

overcome this drawback is to correct (or convert) the emissions to 15% oxygen 

concentration [77], which standardize the concentration of diluted samples. 

Procedure is similar to correction between wet and dry basis. By analogy with 

Equation B.10, concentration at desired conditions can be obtained from Equation 

B.11, 

𝑥𝑖
Desired = 𝑥𝑖

measured (
𝑁𝑇

Measured

𝑁𝑇
Desired

) Equation B.11 

Equation B.12 and Equation B.13 can be used to obtain total mole in wet and dry 

basis, respectively, 
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𝑁𝑇
𝑊 = 4.76 [

𝑥 + (1 + 𝑥𝑂2
𝑤 )(𝑧 2⁄ + 𝑦 4⁄ )

1 − 4.76𝑥𝑂2
𝑊 ] + 𝑦 4⁄ + 𝑧 2⁄  Equation B.12 

𝑁𝑇
𝐷 = 4.76 [

𝑥 + (1 − 𝑥𝑂2
𝐷 )(𝑦 4⁄ − 𝑧 2⁄ )

(1 − 4.76𝑥𝑂2
𝐷 )

] − 𝑦 4⁄ + 𝑧 2⁄  Equation B.13 
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Appendix C. Mathematical expressions for error propagation 

The standard deviation of experimental concentrations, together with the 

experimental error associated to the other measurements involved in the 

computation of emission indices were considered to obtain the propagated error for 

each emission indices. The mathematical expressions for each contribution to the 

total error associated to the emission indices are presented in Table C.1. 

Table C.1. Expressions for errors of emission indices 

Equation Error 

Emission index 

𝐸𝐼𝑖 = (
𝑥 ∙ 𝑥𝑖

𝑥𝐶𝑂2 + 𝑥𝐶𝑂
) (

𝑀𝑊𝑖

𝑀𝑊f
) 

𝜎𝐸𝐼𝑖
= 𝐸𝐼𝑖 [

𝜎𝑥

𝑥
+

𝜎𝑥𝑖

𝑥𝑖
+

𝜎𝑥𝐶𝑂2
+ 𝜎𝑥𝐶𝑂

𝑥𝐶𝑂2 + 𝑥𝐶𝑂
] 

Total number of moles in dry basis 

𝑁𝑇
𝑑 = 4.76 [

𝑥 + (1 − 𝑥𝑂2
𝑑 )(𝑦 4⁄ − 𝑧 2⁄ )

(1 − 4.76𝑥𝑂2
𝑑 )

]

− 𝑦 4⁄ + 𝑧 2⁄  

𝜎𝑁𝑇
𝑑 = 4.76𝑁𝑇

𝑑 [
𝜎𝑥 + 𝜎

𝑥𝑂2
𝑑 (𝜎𝑦 4⁄ + 𝛿𝜎𝑧 2⁄ )

𝑥 + (1 − 𝑥𝑂2
𝑑 )(𝑦 4⁄ − 𝑧 2⁄ )

+
4.76𝜎

𝑥𝑂2
𝑑

(1 − 4.76𝑥𝑂2
𝑑 )

] +
𝜎𝑦

4
+

𝜎𝑧

2
 

Molar fraction of species i at desired 
conditions 

𝑥𝑖
desired = 𝑥𝑖

measured (
𝑁𝑇

measured

𝑁𝑇
desired

) 
𝜎

𝑥𝑖
desired = 𝑥𝑖

desired [
𝜎

𝑥𝑖
measured

𝑥𝑖
measured

+
𝜎

𝑁𝑇
measured

𝑁𝑇
measured

] 

Molar fraction of species i in dry basis 

𝑥𝑖
𝑑 = 𝑥𝑖

𝑤 𝑁𝑇
𝑤

𝑁𝑇
𝑑

 

𝜎
𝑥𝑖

𝑑 = 𝑥𝑖
𝑑 [

𝜎𝑥𝑖
𝑤

𝑥𝑖
𝑤 +

𝜎𝑁𝑇
𝑤 𝑁𝑇

𝑑⁄

𝑁𝑇
𝑤 𝑁𝑇

𝑑⁄
] 

𝜎𝑥𝑖
𝑤 = 𝑥𝑖

𝑤 [
𝜎

𝑥𝑖
𝑑

𝑥𝑖
𝑑

+
𝜎𝑁𝑇

𝑤 𝑁𝑇
𝑑⁄

𝑁𝑇
𝑤 𝑁𝑇

𝑑⁄
] 

Ratio of total moles in dry and wet basis 
𝑁𝑇

𝑤

𝑁𝑇
𝑑

=
4.76𝑎 + 𝑧 2⁄ + 𝑦 4⁄

4.76𝑎 + 𝑧 2⁄ − 𝑦 4⁄
 

𝜎𝑁𝑇
𝑤 𝑁𝑇

𝑑⁄ =
𝑁𝑇

𝑤

𝑁𝑇
𝑑

{[
4.67𝜎𝑎 + 𝜎𝑧 2⁄ + 𝜎𝑦 4⁄

4.76𝑎 + 𝑧 2⁄ − 𝑦 4⁄
]

+
4.67𝜎𝑎 + 𝜎𝑧 2⁄ + 𝜎𝑦 4⁄

4.76𝑎 + 𝑧 2⁄ − 𝑦 4⁄
} 

Stoichiometric coefficient of oxygen 

𝑎 =
𝑥 + (1 + 𝑥𝑂2

𝑤 )(𝑧 2⁄ + 𝑦 4⁄ )

1 − 4.76𝑥𝑂2
𝑤  

𝑎 =
𝑥 + (1 − 𝑥𝑂2

𝑑 )(𝑦 4⁄ − 𝑧 2⁄ )

(1 − 𝑥𝑂2
𝑑 4.76)

 

𝜎𝑎 = 𝑎 [
𝜎𝑥

𝑥
+

𝜎𝑥𝑂2
𝑤

1 + 𝑥𝑂2
𝑤 +

𝜎𝑧

𝑧
+

𝜎𝑦

𝑦
+

𝜎𝑥𝑂2
𝑤

𝑥𝑂2
𝑤 ] 

𝜎𝑎 = 𝑎 [
𝜎𝑥

𝑥
+

𝜎
𝑥𝑂2

𝑑

1 + 𝑥𝑂2
𝑑

+
𝜎𝑧

𝑧
+

𝜎𝑦

𝑦
+

𝜎
𝑥𝑂2

𝑑

𝑥𝑂2
𝑑

] 

Number of carbon atoms in the fuel  𝜎𝑥 = (𝑁𝐶𝐴 + 𝑁𝐶ℎ𝑒𝑝) ∙ 𝜎𝑊𝐴
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𝑥 = 𝑁𝐶𝐴 ∙ 𝑊𝐴 + 𝑁𝐶ℎ𝑒𝑝 ∙ 𝑊ℎ𝑒𝑝 

Number of hydrogen atoms in the fuel 
𝑦 = 𝑁𝐻𝐴 ∙ 𝑊𝐴 + 𝑁𝐻ℎ𝑒𝑝 ∙ 𝑊ℎ𝑒𝑝 

Number of oxygen atoms in the fuel 
𝑧 = 𝑁𝑂𝐴 ∙ 𝑊𝐴 + 𝑁𝑂ℎ𝑒𝑝 ∙ 𝑊ℎ𝑒𝑝 

 

𝜎𝑦 = (𝑁𝐻𝐴 + 𝑁𝐻ℎ𝑒𝑝) ∙ 𝜎𝑊𝐴
 

 

𝜎𝑧 = (𝑁𝑂𝐴 + 𝑁𝑂ℎ𝑒𝑝) ∙ 𝜎𝑊𝐴
 

𝑀𝑊f = 𝑀𝑊𝐴𝑊𝐴 + 𝑀𝑊ℎ𝑒𝑝 ∙ 𝑊ℎ𝑒𝑝 𝜎𝑀𝑊Fuel
= (𝑀𝑊𝐴 + 𝑀𝑊ℎ𝑒𝑝) ∙ 𝜎𝑊𝐴

 

 

Symbols 

𝑎 Stoichiometric coefficient of oxygen per one mole of fuel 

𝑏 Parameter to balancing the chemical reaction 

𝑥𝑖 Molar fraction of species i 

𝑥 Number of carbon atoms in the fuel 

𝑦 Number of hydrogen atoms in the fuel 

𝑧 Number of oxygen atoms in the fuel 

𝑁 Number of moles 

𝑁𝐶 Number of carbon atoms in pure components 

𝑁𝐻 Number of hydrogen atoms in pure components 

𝑁𝑂 Number of oxygen atoms in pure components 

𝑀𝑊 Molecular weight, g/mol 

𝑊 Mass fraction 

Subscripts and superscripts  

𝑑 Dry basis 

𝑓 Fuel 

𝑖 Species I in combustion product 

ℎ𝑒𝑝 n-Heptane 

𝑤 Wet basis 

𝐴 Added molecule (nopol, myrtenol, terpineol, borneol and α- and β-pinene) 

𝑇 Total species 

𝑊 Mass fraction 
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Appendix D. GC technique to combustion gases 

 

Table D.1. Some configurations used for GC analysis of combustion gases 

Reference Column(s) Detector Gases 

Bannett, D. 
[209] 

I Porapak Q; II delay coil; III 5A 
molecular sieve 

TCD N2, O2, CH4, N2O and 
CO2 

Solomon, P. 
[209] 

I Porapak Q; II Molecular Sieve 
13X. Usage 6-port valve to bypass 
column II  

TCD N2, O2, CH4, N2O and 
CO2 

Nand S. & 
Sarkar M. [210] 

I Porapak Q; II Molecular sieve 
5A. Usage 6-port valve to bypass 
column II 

TCD N2, O2, CH4, CO, CO2, 
ethane, propane, 
isobutene, n-butane 

Dhole, V. 
& Kadam,  V. 
[211] 

I Porapak Q; II Molecular sieve 
5A. Usage 6-port valve to bypass 
column II 

TCD CO, CO2, CH4, O2 and 
N2 

Li, X. & Guan, 
Z. [212] 

I PLOT Al2O3; II Porapak Q & 
Molecular sieve 5A; three valves 

FID & 
TCD 

H2, CO2, O2, N2, CH4 
and CO by TCD; C11-
HCs by FID 

Rogies, F. et. 
al. [213] 

I Poraplot U; II Molsieve 5A; III 
DB-1. Into two GC systems. 

FID & 
TCD 

CO2, CO and <C4-
HCs by TCD; C8-HCs 
by FID 

Zeewu, J., et. 
al. [214] 

ShinCarbon ST column; usage of 
methanizer to converts CO and 
CO2 into CH4 

FID/TCD CO and CO2 in very 
low levels, O2 and N2 

Zou, J. & Wang, 
C. [213] 

I PoraBOND Q PT; II CP-Molsieve 
5Å PT; III HayeSep Q as 
precolumn. Two valves (6 and 10 
ports) 

TCD Ar, O2, H2, N2, 
CH4, CO2, CO and 
C1-C2-HCs. 

Ji, Z. [215] HP-PLOT Q TCD N2, CH4, CO2, C2C6, 
H2O, C7-HCs 
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Appendix E. Calibration of NO and NO2 

 

 

Figure E.1. Parity plots of NO and NO2 calibration 
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Appendix F. Calibration of combustion species measured by GC 

 

 
Figure F.1. Parity plots of O2 and N2 calibration 

 

 
Figure F.2. Parity plots of CO and CO2 calibration 
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Figure F.3. Parity plots of n-heptane calibration 
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Appendix G. Source code for getting flame size 

 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

function [FlameHeight, LiftOff]=GetFrames(File,indice,handles) 
Video = VideoReader(File); 
Duration=Video.Duration; 
FPS=Video.FrameRate; 
if Duration<60 %Only one minute of video! 
    NumberFrames=round(Duration*FPS); 
else 
    NumberFrames=round(60*FPS); 
end 
FlameHeight=zeros(1,NumberFrames); 
LiftOff=zeros(1,NumberFrames); 
Paso=1; 
DataTable=get(handles.ProcessingTable,'data'); 
Angle=3.55; 
ZoomLiftOff=[773.5 533.5 144 106]; 
alea=randi(NumberFrames,1,5); 
for k = 1:Paso: NumberFrames 
    Perc={[num2str(100*k/NumberFrames,'%.2f'),' (%)']}; 
    DataTable(indice,2)=Perc; 
    set(handles.ProcessingTable,'data',DataTable) 
    pause(0.01) 
    Frame=read(Video,k); 
    GrayFrame = rgb2gray(Frame); 
    GrayFrame = imrotate(GrayFrame,Angle); 
    Flame = GrayFrame > 95; 
    stats = regionprops('table',Flame,'BoundingBox') 
    try 
        A=stats.BoundingBox; 
        A=sortrows(A,3); 
        if A(end-1,1)+A(end-1,3)>A(end,1) 
            BurnerIndex=length(A(:,1))-2; 
        else 
            BurnerIndex=length(A(:,1))-1; 
        end 
        ZoomLiftOff1=[A(BurnerIndex,1)+A(BurnerIndex,3)- ... 
10,A(BurnerIndex,2)+(A(BurnerIndex,4)/2)- ... 
 (ZoomLiftOff(4)/2),A(BurnerIndex,3),ZoomLiftOff(4)]; 
    catch 
        A=[]; 
        ZoomLiftOff1=ZoomLiftOff; 
    end 
    Flame2 = imcrop(GrayFrame,ZoomLiftOff1); 
    Flame2 = Flame2 < 25; 
    try 
        stats2 = regionprops('table',Flame2,'BoundingBox'); 
        A2=stats2.BoundingBox; 
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72 

73 
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79 
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81 
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98 
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100 

        A2=sortrows(A2,4); 
    catch 
        A2=[]; 
    end 
    try 
        A3=[ZoomLiftOff1(1)+A2(end,1) ZoomLiftOff1(2)+ ... 
A2(end,1) A2(end,3) A2(end,4)]; 
        bandera=1; 
    catch 
        A3=A2; 
        bandera=2; 
    end 
    for ia=1:length(alea) 
        if isequal(alea(ia),k) 
            if bandera==1 
                Figure1=figure('NumberTitle','off','Name', ... 
'Flame Height') ; 
                imshow(GrayFrame); 
                hold on 
                rectangle('Position', A(end,:),'EdgeColor' ... 
,'m', 'LineWidth', 1) 
                rectangle('Position', A(BurnerIndex,:), ... 
'EdgeColor','y', 'LineWidth', 1) 
                rectangle('Position', A3,'EdgeColor','r', ... 
 'LineWidth', 1) 
                print(Figure1,'-dpng','-r600',[File(1:end- ... 
4),'_SALIDA',num2str(k)]) 
                set(Figure1,'Visible','off') 
                clearvars Figure1 
            end 
        end 
    end 
    try 
        if bandera==1 
            if length(A(:,1))>2 
                FlameHeight(k)=(A(end,1)+A(end,3))- ... 
(A(BurnerIndex,1)+A(BurnerIndex,3)); 
            else 
                FlameHeight(k)=(A(2,1)+A(2,3))-(A(1,1)+A(1,3)); 
            end 
            LiftOff(k)=A2(end,3); 
        end 
    catch 
        FlameHeight(k)=-1.01; 
        LiftOff(k)=-1.01; 
    end 
    bandera=2; 
end 
Perc=0; 
Conversion=(8/823.11); 
FlameHeight=Conversion.*FlameHeight(FlameHeight>0); 
LiftOff=Conversion.*LiftOff(LiftOff>0); 
FlameHeight(~any(~isnan(FlameHeight)))=[]; 
LiftOff(~any(~isnan(LiftOff)))=[]; 
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An example of a plot generated in Line 74 is shown in Figure G.1, 

 

Figure G.1. Picture obtained as a support of the analysis 
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Appendix H. Source code for getting temperatures 

 

1 
2 

3 

4 

5 
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12 

13 
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22 

23 
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25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

clear all, clc, close all, clear all 
% Read image 
MainFolder='D:\CombustionData\AdditiveTests2'; 
Additives={'b-Pinene'}; 
load templatesDN2.mat 
global templates 
for i=1:length(Additives) 
    Files1=dir([MainFolder,'\',Additives{i},'\Temperature']); 
    for j=1:length(Files1) 
        if Files1(j).isdir==0 
            Video = VideoReader([MainFolder, ... 

'\',Additives{i},'\Temperature\',Files1(j).name]); 
            NumberFrames=round(Video.FrameRate*Video.Duration); 
            Acum=0; 
            disp(['File: ',Files1(j).name]) 
            for k=60:NumberFrames-60 
                Acum=Acum+1; 
                Time=Video.FrameRate*Acum; 
                Frame=read(Video,k);           
                %detect one point to fixing the zoom on numbers 
                FrameFiltered = imsubtract(Frame(:,:,1), ... 

rgb2gray(Frame)); 
                %Use a median filter to filter out noise 
                FrameFiltered = medfilt2(FrameFiltered, [3 3]); 
                % Convert the grayscale image into a binary image 
                FrameFiltered = im2bw(FrameFiltered,0.18);                 
                % Remove all those pixels less than 300px 
                FrameFiltered = bwareaopen(FrameFiltered,300);                 
                % Label all the connected components in the 

image. 
                FrameFiltered2 = bwlabel(FrameFiltered, 8);                 
                % A set of properties for each labeled region. 
                stats = regionprops(FrameFiltered2, 

'BoundingBox'); 
                for ii=1:length(stats) 
                    A(ii,:)=stats(ii).BoundingBox; 
                end 
                A=sortrows(A,4,'descend'); 
                GrayFlame = rgb2gray(Frame); 
                GrayFlame=imrotate(GrayFlame,0); 
                GrayFlameCrop1 = imcrop(GrayFlame,A(1,:)); 
                GrayFlameCrop2 = imcrop(GrayFlame,A(2,:)); 
                GrayFlameCrop3 = imcrop(GrayFlame,A(3,:)); 
                threshold1 = graythresh(GrayFlameCrop1); 
                threshold2 = graythresh(GrayFlameCrop2); 
                threshold3 = graythresh(GrayFlameCrop3); 
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                imagen1 =~im2bw(GrayFlameCrop1,threshold1); 
                imagen2 =~im2bw(GrayFlameCrop2,threshold2); 
                imagen3 =~im2bw(GrayFlameCrop3,threshold3); 
                % Remove objects containing fewer than 100 pixels 
                imgn1 = bwareaopen(imagen1,1000); 
                imgn2 = bwareaopen(imagen2,1000); 
                imgn3 = bwareaopen(imagen3,1000); 
                % Compute the number of letters in template file 
                num_letras=size(templates,2); 
                % Resize letter (same size of template) 
                img_r1=imresize(imgn1,[54 22]); 
                img_r2=imresize(imgn2,[54 22]); 
                img_r3=imresize(imgn3,[54 22]); 

                letter1=read_number(imcomplement(img_r1), ... 

num_letras); 
                letter2=read_number(imcomplement(img_r2), ... 

num_letras); 
                letter3=read_number(imcomplement(img_r3), ... 

num_letras); 
                % Letter concatenation 
                word=[letter1 letter2 letter3]; 
                Temperature(Acum)=str2double(word); 
            end 
            save(['SalidasT\',Files1(j).name(1:end-... 

4),'.mat'],'Temperature') 
            clearvars Temperature word letter1 letter2 letter3... 

img_r1 img_r2 img_r3 
        end 
    end 
end 

 
function number=read_number(image,num_digits) 
global templates 
comp=[ ]; 
for n=1:num_digits 
    sem=corr2(templates{1,n},image); 
    comp=[comp sem]; 
end 
try 
    vd1=find(comp==max(comp)); 
    if length(vd1)<2 
        vd=vd1; 
    else 
        vd=vd1(1); 
    end 
catch 
    vd=1; 
end 
if vd==1 
    number='0'; 
elseif vd==2 
    number='1'; 
    elseif vd==3 
    number='2'; 
    elseif vd==4 
    number='3'; 
    elseif vd==5 
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115 

    number='4'; 
    elseif vd==6 
    number='5'; 
    elseif vd==7 
    number='6'; 
    elseif vd==8 
    number='7'; 
    elseif vd==9 
    number='8'; 
    elseif vd==10 
    number='9'; 
else 
    number='-'; 
end 

  

An example of the analysis is shown in Figure H.1, 

 

Figure H.1. Picture obtained as a support of the analysis 
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Appendix I. Previous experiments to set combustion conditions 

 

To evaluate the influence of different fuels (diesel surrogate with different additives) 

on the flame and emissions, several variables must be fixed. Intrinsic variables of 

the flame such as carrier gas flow, air flow and fuel/air ratio, and sampling properties 

such as sample flow and probe properties (internal diameter, HAB and material) 

must be analyzed. Temperature, species concertation and flame size were 

measured as a function of flame and sampling variables. When the measured 

temperature and composition data kept constant, the flame reached the 

thermal/chemical equilibrium [216]. In all cases, the pump was set to provide 0.243 

mL/min of volumetric flow of pure n-heptane as fuel, the thermocouple was fixed at 

9.76 mm from the fuel port and a gas sampling probe was located at half-height of 

the flame. 

I.1. Flame stability 

I.1.1. Probe selection  

Three different probes were tested to analyze the influence mainly of probe diameter, 

on the performance of sampling, specifically in species concentration of reaction 

product. A quartz (0.6 mm internal diameter) and uncooled stainless-steel probes 

(1.93- and 4.3-mm internal diameter) were selected to be tested. UHC did not 

detected by using quartz and stainless-steel (1.93 mm internal diameter) probes, still 

changing the height of the probe. 4.3 mm internal diameter (stainless-steel) probe, 

on the other hand, allows the detection of UHC and separation of gases species 

were well defined even by changing the height of probe. 

I.1.2. Influence of flow of carrier gas  

According to a literature revision, laminar flames are tested with fuel velocities 

between 1 to 50 cm/s, getting Reynolds numbers for fuel under 2000 [141]–[147], 

[217]–[223]. Our burner and facilities lead a variation in volumetric flow of carrier gas 
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(nitrogen) up to 1000 mL/min. This mean that the velocity of carrier gas-fuel mixture 

must be lower than ca. 3.5 cm/s, which conduce a Reynolds number for fuel of ca. 

40 (laminar flow).  0.95, 1.45, 1,95, 2.45, 2.95 and 3.4 cm/s were tested as nitrogen-

fuel mixture velocities by setting 200, 350, 500, 650, 800 and 950 mL/min of nitrogen. 

Air flow was fixed at 2100 mL/min (7cm/s velocity and a Reynolds number for air of 

44). The influence of stream flow of carrier gas on height of flame is showed in Figure 

I.1, 

 

Figure I.1. Influence of stream flow of carrier gas on height of flame 

In Figure I.1a, the tendencies suggest that the height of the flame exhibit a variation 

around an average value in time. At 200 mL/min of nitrogen, the height of flame 

displays high variation. The height of the flame apparently increases with the flow of 

carrier gas as showed in Figure I.1b. The variation in height of the flame is lowest at 

350 and 400 mL/min of nitrogen, because the range of the data is about 13 mm in 

contrast with other nitrogen flows where this ranges is higher than 17 mm. Likewise, 

the range between second and third percentile is 2.5 mm for flames at 350 and 500 

mL/min, while for other nitrogen flows this range is higher than 4 mm. Some outliers 

are presented at these flows, but they represent less than 2% of all measurements.  

Temperature of the flame at different stream flow of carrier is showed in Figure I.2. 

As discussed previously, the flame at 200 mL/min display more instability than other 

stream flows of gas carrier because temperature shows high oscillation. Likewise, 
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all tendencies in Figure I.2a exhibit a variation around an average value in time. The 

higher the stream flow of carrier gas, the lower the temperature, probably due to a 

convection phenomenon. The variation in temperature for flames at 350 and 500 

mL/min nitrogen flow is lowest than other nitrogen flows tested in present work. This 

suggests more stability for flames at 350 and 500 mL/min nitrogen flow, with 

measurement variations about 20°C, contrasting with more than 26°C for other 

stream flows of carrier gas, as showed in Figure I.2b. 

 

Figure I.2. Influence of stream flow of carrier gas on temperature of flame  

The NO-concentration of flames at different stream flow of carrier gas are showed in 

Figure I.3. In Figure I.3a, it is possible to appreciate that all measurements exhibit a 

variation in 𝑁𝑂-concentration around an average value in time. NO-concentration at 

extreme values of stream flow of carrier gas tested in present work display similar 

values (about 1 ppm). The flame size at different stream flows of carrier gas presents 

a variation, while the probe is fixed at same position for all flames, which means 

different relative position of probe on the flames. This variation in relative position of 

probe could explain the variation in NO-concentration for different stream flows of 

carrier gas. The variation in NO-concentration of flames at different stream flows of 

carrier is ca. 0.5 ppm (Figure I.3b). This variation is probably due to the change in 

flame size. 
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Figure I.3. Influence of stream flow of carrier gas on NO-concentration of flame 

I.1.3. Influence of flow of air  

Most experiments for laminar flames involve air velocities between 1 to 120 cm/s, 

getting Reynolds numbers for oxidant under 2000 [141]–[147], [217]–[223]. 0, 630, 

1374 and 2118 mL/min stream flow of air were tested, which conduce to 0, 2, 4.6 

and 7 cm/s. The height of the flame at these air flows is showed in Figure I.4. 

 

Figure I.4. Influence of stream flow of air on height of flame  

Similar behavior of height of flame in time at different stream flows of air are 

displayed in Figure I.4a. In Figure I.4b, it is most evident the similar variation of the  
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Temperature performance of flames at different stream flow of air are showed in 

Figure I.5. The flame without coflowing air has more variation in temperature than 

other air flows (more than 50°C, view Figure I.5a and the flame a 1380 mL/min 

display the lowest variation (about 15°C). This result suggests that 1380 mL/min of 

stream flow of air is better than other tested air flows for flame stability in terms of 

temperature (view Figure I.5b). 

 

Figure I.5. Influence of stream flow of air on temperature of flame 

Figure I.6 shows the performance of NO-concentration of flames at different stream 

flow of air. Appreciable variation in NO-concentration is showed in Figure I.6a for air 

flow of 2200 mL/min, and an increasing in nitric oxide production is observed at this 

stream flow of air. The higher the stream flow of air, the higher the NO-concentration. 

This suggests that the production of nitrogen oxides is proportional to the amount of 

nitrogen available, which can be explained by Zeldovich mechanism [77].  

As no variation in size, species concentration and temperature of the flame is related 

with flame stability, recommended values for the nitrogen flow (as carrier gas) and 

air flow are ranged between 353-499, and >0-1380 mL/min, respectively.  
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Figure I.6. Influence of stream flow of air on NO concentration of flame  

I.2. Height of probe 

The height of probe (stainless-steel and 4.3 mm internal diameter) must be fixed in 

a position over the flame and in a centerline to tests different additives. For it, it is 

important to guarantee that species concentration does not change in time [140], 

[216], [222], [224], [225]. Works such as those from Drake and coworkers [226],  and, 

Fujimori and coworkers [216], establish a height of probe equivalent to twice the 

flame height as minimum distance to get stable NOx emission index for turbulent 

coflow diffusion flames, since Hemanson and coworkers [224] did not find changes 

in concentrations of CO and UHC between 1.1 and 1.2 times the flame height, by 

using coflow diffusion flames in turbulent regime. 

A flame obtained by burning pure n-heptane as fuel, fueled at 0.3 mL/min, nitrogen 

as carrier gas at 500 mL/min (n-heptane loaded at 15 % vol.), air as oxygenating 

stream at 200 mL/min, which results in a height of flame of 74.4 mm, is used as 

target flame to evaluate height of the probe. 88, 110 and 132 mm (1.2, 1.5 and 1.8 

times the height of the flame) of height of probe above burner (HAB) were selected 

as heights of probe to be tested. Concentration of CO, CO2, O2, N2, NO2 and UHC 

(n-heptane) of samples at different probe HAB are showed in Figure I.7. 

According to Figure I.7, amount of air taken in sampling is proportional to the height 

of probe, since higher the HAB of probe, higher de O2 and N2-concentration. A high 
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amount of air is undesirable because other species are diluted, as is showed in 

Figure I.7 for concentration of CO, CO2 and NO but at low HAB of probe, the variation 

in concertation is considerable, for instance for NO, as showed in Figure I.7 also, 

which mean am instability of this specie. 1.5 times the height of flame (in this case 

110 mm) appear to be an appropriate HAB of probe to obtain appreciable 

concentration of combustion products with reasonable variation. 

 

Figure I.7. Influence of height of probe on species concentration 
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Appendix J. Species calibration for oxyfunctionalization reaction 

 

 

Figure J.1. Parity plots of calibration of toluene and α-pinene 

 

Figure J.2. Parity plots of calibration of β-pinene and nopol 
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