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ABSTRACT 

 

 

Subcritical water processing of organic material has become one of the most interesting 

technologies to perform hydrolysis or extraction processes of organic compounds that 

aren't soluble in water at standard conditions. The main advantages of the use of water 

in the subcritical region come from having a cleaner and sustainable process, after 

exiting the high temperature and pressure region, lower solvent costs, and safer 

operating conditions. In this work, subcritical water hydrolysis of hemp seed and crude 

palm oils was performed under batch (For both material types) and continuously (For 

hemp seed oil only) to evaluate the hydrolysis yield, fatty acid stability, and thermal 

decomposition. To determine the technical feasibility of applying this process to 

consistently produce ꞷ-3 and ꞷ-6 fatty acids from the vegetable oils. 

 

Obtained results showed that subcritical hydrolysis effectively decomposes the 

triglyceride molecules into fatty acids, obtaining mass concentrations above 80% at 

temperatures below 573K in both materials. Moreover, analytical chemistry analysis 

performed on the hemp seed oil hydrolyzates showed that a significant fraction of the 

released fatty acids become dimers that are less likely to be digested by the human 

body. Also, a less significant amount of thermal oxidation was observed mainly on batch 

experimentation, where long chain aldehydes were identified. In addition, the observed 

polymerization level can be desired on industrial products manufacturing such as resins, 

adhesives, surfactants, and insulation fabrication, opening a new value-added 

alternative to low esteemed materials such as palm oil. 

  

On the other hand, this work shows how the use of central composite experimental 

designs together with multiple analytical chemistry techniques such as basic titration, 

Fourier-transformed infrared spectroscopy, gas chromatography with flame ionization 

detection, and mass spectrometry allows to properly identify and obtain the required 

information to establish the reaction kinetics and empirical mathematical models that 

effectively explain the studied phenomena using a significantly lower amount of runs, 

leading to lower research times. 

 

Finally, this work presents the opportunity to continue characterizing the subcritical 

water processing of agricultural-based materials to develop added-value bio-refining 

processes that increase the production pathways for basic crops in developing countries 

such as oil palm, which are facing major challenges in actual markets. 
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1.1 The oil industry in Colombia 

Oil processing is one of the main industries worldwide. But issues like health and 

genetically modified ingredient concerns have reduced the growth rate of the market 

mainly in Europe and other developed countries worldwide. These concerns have 

promoted growth in healthier sources such as olive, avocado, almond, and hazelnut 

among others. These oils have a lower amount of saturated fatty acid lipids which 

reduce the risk of heart disease (1). Depending on the chain length, these oils can be 

consumed directly at its triglyceride or in their free fatty acid form without absorption 

reduction (2). 

 

In Colombia, oil production represents a key sector of the agricultural-based economy. 

The main staple used for vegetable oil production is the oil palm, which produces crude 

and refined fruit and kernel oils. The country ranks 4th worldwide and leads America in 

palm oil production (3). Most oil processing facilities are located in Bogota, Cesar, 

Magdalena, and Meta where 50.9% of the production is concentrated (4). Also, the oil 

palm sector is responsible for more than 170.000 employments distributed in 21 

departments in the nation, becoming the main income source for thousands of families 

nationwide (5). However, recently due to market trends and environmental, palm oil is 

facing trade difficulties in developed countries (6). Opening the opportunity to develop 

new processing alternatives that increase the added-value and using current market 

chances. 

 

1.2 Vegetable oil transformation methods 

Besides the direct consumption of oils with the fatty acids in their triglyceride form, 

vegetable oils can be processed to obtain added-value products. One of the most 

common processes is soap production, where oily materials are hydrolyzed and the 

fatty acids are put in contact with a strong alkali, where a saponification reaction forms 

an ester of the fatty acid that later after further transformation processes becomes the 

commercial soap. Figure 1.1 shows a standard diagram for this process: 
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Figure 1.1 Continuous flow production process of soap (7) 

 

Another added-value process is surfactant production, where after hydrolysis, due to 

different chemical pathways such as amidation, esterification, alkoxylation, or 

chlorination among others, intermediate compounds are formed as surfactant 

precursors. Figure 1.2 shows the routes to obtain oil derived surfactants (8). 

 
Figure 1.2 Surfactant production pathways (8) 

 



Page 20 

 

1.3 Vegetable oil hydrolysis 

Oil hydrolysis is the process to obtain fatty acids, which are major components for 

several varieties of products such as fuels, soaps, lubricants, surfactants, coatings, 

pharmaceuticals, food, and agricultural products among others (9). One of the main 

uses of the fatty acids is biodiesel production, where the vegetable oils are trans-

esterified. But this process is particularly suitable for low free fatty acid oils such as 

refined or solvent extracted products (10). However, there are other processes to 

perform oil hydrolysis. The Colgate-Emery steam hydrolysis process uses the increased 

miscibility of oils in the water at high temperatures and pressures creating an 

enhancement on hydrolysis yield (11). However, the standard Colgate-Emery process 

implies reaction temperatures above 250C and pressures between 50 and 60 bars. 

Those high temperatures can cause triglyceride deterioration due to thermal 

decomposition of the lipids, which combined with the fact that process conditions 

increase the energy use and have a large reactor size has led to the development of 

alternative processes such as enzymatic hydrolysis that require large amounts of time, 

reducing the process efficiency. The hydrolysis methods will be discussed deeper in the 

theoretical background section but it's important to develop a more efficient hydrolysis 

process that increases the fatty acid yield and using milder reaction conditions. 

 

1.4 Project objectives 

 

1.4.1 General objective 

Establish a lipid hydrolysis process with fatty acids as targets using subcritical water 

conditions with hemp seed and Crude palm oil as test biomass subjects, establishing 

reaction dynamics and operational yields. 

 

1.4.2 Specific objectives 

 Objective 1: Theoretical and experimental characterization of lipid hydrolysis 

operation kinetics for essential fatty acids production from selected test matrices 

under subcritical water media. 

 Objective 2: Characterization of obtained lipid phases during extracting 

hydrolysis of selected test subjects under subcritical water media. 

 Objective 3: Development of alternative process paths for extracting hydrolysis 

of selected test subjects for essential fatty acids production under subcritical 

water conditions. 

 Objective 4: Process evaluation to establish a recommended set of operating 

conditions leading to better performance on the hydrolysis of selected test 

subjects, establishing optimal process yields. 
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1.5 Research GAP of the project 

As it was mentioned before, water used for lipid-rich material hydrolysis has been 

explored at high temperatures and pressures mainly for biodiesel production. Reaction 

kinetics of this media under batch type conditions has been limited to oil phase 

extraction and methyl-esterification (FAME) (12, 13). Even though that lipid-based 

nutraceutical production under high-pressure and temperature water condition have 

been explored (14), there are significant challenges such as fatty acid stability, 

intermediate product formation, and mass and heat transfer complete characterization 

of multicomponent materials such as biomass. Lack of in-depth exploration of the 

aforementioned issues is most likely due to biomass system complexity (Highly diverse 

media) (15); leading to different technological challenges to successfully obtain highly 

valuable biochemical products. 
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CHAPTER 2 - THEORETICAL BACKGROUND 

 

 

2.1 Hydrolysis of vegetable oils 

Hydrolysis of esters or fats, it’s a very useful process to break down the lipid molecule to 

obtain different added-value products such as fatty acids and glycerol (16). These 

hydrolysis products can have industrial and food-related usages such as cosmetics, 

lubricants, soaps, surfactants, and nutraceutical production (17, 18, 19, and 20). 

Traditional lipid hydrolysis methods are chemical- and enzyme-based processes (21, 

22, 23, and 24). The first one normally implies the use of Sodium or Potassium salts 

that break down the fat molecule and form fatty acid esters that are used as soaps in a 

process called saponification (25). Other types of salts can be used to chemically 

hydrolyze fats and are normally used in grease, lubricant, and plastics manufacturing. 

Also, acid-based methods have been developed to perform lipid hydrolysis (26, 27). 

Enzymatic procedures are also common to perform partial or total hydrolysis (24, 28, 

and 29). Lipase enzymes are used to decompose lipids into simpler glycerides and 

glycerol in a cleaner way compared to chemical-based processes, but normally take 

larger contact times (30). Also, fats can be hydrolyzed with water in a homogeneous 

reaction (31) at different process conditions. 

 

2.2 Vegetable oil hydrolysis mechanism 

In general terms, hydrolysis can be defined as a bond modification process in which a 

molecule (In this case a lipid) reacts with a water medium forming a new molecule by 

direct displacement of part of the atoms with a new R-O bond (32). Equation 2.1 

illustrates the general mechanism: 

 

𝑅𝑋 + 𝐻2𝑂 → 𝑅𝑂𝐻 + 𝐻𝑋          (2.1) 

 

Normally, lipids are found in nature as carboxylic acid esters, and their hydrolysis 

kinetics is based on the nucleophilic attack of hydroxide radicals OH- to the carbonyl 

oxygen bond (32). These esters have larger kOH
- than kH

+ implying that there is a higher 

affinity with hydrolysis reactions carried out at pH values in the 5-6 range (33). A more 

detailed presentation of the reaction is shown in equation 2.2. 

 

𝑅1 − 𝐶𝑂 − 𝑂𝑅2 + 𝑂𝐻− → 𝑅1 − 𝐶𝑂 − 𝑂𝐻 + 𝐻𝑂𝑅2      (2.2) 

 

Due to its nature, hydrolysis processes can occur under different scenarios. By the end 

of the XIX century, strong acid-induced hydrolysis was the trend (34). One of the first 

commercial industrial processes for splitting fats into glycerol and free fatty acids was 

presented by E. Twitchell in 1900 (35), where small amounts of sulfuric acid and a 
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special catalyst called Twitchell agent (Mixture of sulfonated petroleum products) (36) 

was used. Figure 2.1 shows the fundamental reaction of this process: 

 

 
Figure 2.1 Twitchell process chemical principle \cite{Art_36} 

 

In the above reaction, sulfuric acid and Twitchell agent acts as a catalyst (37). Using 

acid resins containing both catalysts looking for cost reductions on the operation. 

However, chemical catalysis is not the only hydrolysis capitalization pathway (38). 

Evaluated castor lipase properties to hydrolyze fats improving carbonyl attack action at 

the expense of longer processing times. These enzymatic compounds can come from 

different biological sources, for example (39) used Pseudomonas bacteria to obtain 

suitable enzymes. (40) Reported fungal use for lipase production, (41) observed fungi 

had an activity for fat hydrolysis on tempeh which demonstrated fungal enzyme 

importance for fatty acid production. Later, (42) developed a process to hydrolyze 

animal fat and vegetable oil mixtures with Mucor miehei esterase. Enzymes can also be 

obtained from insects. (43) Successfully used Locusta migratoria derived lipases on fat-

splitting. 

 

One of the initial approaches to enzymatic hydrolysis kinetics was reported by (44). 

Later, (45) performed a combined solvent process that used an isooctane-water system 

for a lipase-catalyzed reaction, leading to multiple phase reactive systems that improved 

product purity but with a very low enzyme activity yield. Due to that (46) introduced 

enzyme immobilisation to the process, increasing yields up to a 10-70% range leading 

to membrane technology development (47). Also, specifically-designed reaction 

equipment for these applications was introduced (48). Apart from the yield, energy 

consumption was another driving force on fatty acid production. So, the authors (49) 

developed solid-state hydrolysis operations for animal fat that allowed them to operate 

below the melting point. Another improvement effort on enzymatic hydrolysis was done 

by (50) who successfully combined immobilised fungal enzymes with ultrasound on fatty 

acid production increasing yields and decreasing processing time and energy usage. 

 

Process conditions also play a key role in hydrolysis performance, (51) presented 

positive effects of pressurization during the reactions, later (52) showed combined 
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action of low and medium pressure with alkaline catalysts (Mainly NaOH), (53) and (54) 

were one of the first documented researchers that explored temperature influence on 

reaction rate and catalyst effectiveness, (55) showed that temperature by itself 

generated degradation of triglycerides on what is called thermal hydrolysis; this principle 

is the base for subcritical water processing, which is based on the Colgate-Emery 

process which was developed based on the Ittner and Mills basic work (52). Later (56) 

developed a reaction kinetics model and performed coconut oil hydrolysis under high-

pressure systems in a continuous stirred-tank reactor (-CSTR-) where an effective 

saturated fatty acid production was achieved. Some authors like (57) proposed to not 

perform complete hydrolysis to increase process yields because monoglyceride 

production in less time and resource-demanding in comparison to fatty acid complete 

hydrolysis leading to an operating cost reduction; another effort to decrease fatty acid 

production cost is to combine oil extraction with the hydrolysis operation; (58) showed 

combined effect hexane processing with enzymatic hydrolysis of oilseeds. 

 

2.3 Subcritical water 

Subcritical water is a concept to define liquid water at high temperature and pressure, 

when this state is reached, water can be used as solvent and reactant in lipid hydrolysis 

(59); high fatty acid yields were found, but the main identified drawback is temperature 

stability particularly on polyunsaturated FA (60). This led to an increased interest in 

using this principle for biodiesel preparation, were fatty acid saturation was not an issue 

(61), generating initiatives to develop fuel production up from animal and vegetable 

sources such as corn (62), fishery waste (63) and rice bran (64). Later (12) proposed a 

kinetic model that was verified in a continuous flow process centered on a coil reactor 

inside a furnace which was applied to sunflower oil hydrolysis also for biodiesel 

purposes (65), one year later (66) reported that subcritical water hydrolysis yields were 

not affected by external catalysts which implied environmental impacts and costs 

reductions; however (67) found that on countercurrent scenarios in canola oil hydrolysis, 

diglyceride content had a positive impact on fatty acid yield, (68) proposed an 

autocatalytic kinetic model that effectively represented a batch type operation with 

soybean oil; from this period until now researchers were more focused on yield 

prediction than fatty acid profile and most efforts were done on fluid mixtures and fuel 

production, table 2.1, presents a summary of used fluid, type of reaction system, 

process conditions, main objective and final product destination of the obtained fatty 

acids: 
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Author Type of Reactor 
Temperature 

(K) 
Pressure 

(Bar) 
Raw Material Target Product 

(59) STR 543 50.5 Soybean oil Biodiesel 

(69) STR 568 63 Fish oil EPA, DHA 

(60) Continuous Flow 573 Non-Reported Soybean oil Biodiesel 

(61) STR 543 55 Rapeseed oil Biodiesel 

(62) STR 533 Non-Reported Corn oil Biodiesel 

(63) STR 548 Non-Reported Squid Waste Biodiesel 

(64) STR 493 Non-Reported Rice Bran oil Oryzanol 

(12) STR 543 200 Sunflower oil Free Fatty Acids 

(65) Continuous Coil 543 200 Sunflower oil Biodiesel 

(70) STR 553 65 Neem Seed Biodiesel 

(71) STR 553 103 Rapeseed oil Biodiesel 

(66) Continuous Tubular 573 137 Cuphea Seed oil Free Fatty Acids 

(68) STR 523 Non-Reported Soybean oil Biodiesel 

(72) Packed Bed 523 60 Soybean Soapstock Biodiesel 

(73) STR 603 150 Fish oil EPA, DHA 

(74) Continuous Flow 567 120 Soybean oil Free Fatty Acids 

(75) STR 473 Non-Reported Waste Frying oil Biodiesel 

(76) STR 561.5 Non-Reported Lard Free Fatty Acids 

(77) STR 523 120 Sunflower oil Biodiesel 

(78) STR 523 50 Waste Cooking oil Biodiesel 

(79) STR 578 150 Canola oil Biodiesel 

Table 2.1 Summary of subcritical water oil hydrolysis research parameters 

 

Water-based hydrolysis can be improved if it is performed at high temperatures and pressures above its boiling point but 

avoiding its conversion to the vapor state (80). Taking the process to what is known as the subcritical region, where due to 

the variation of its ion product and dielectric constant Kw (81) with temperature. Water can become an efficient 

autocatalytic medium. This effect provides a "green" and sustainable agent avoiding the use of organic solvents and 

traditional chemical-based catalysts that have been used to accomplish hydrolysis. 
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Subcritical water under appropriate benign conditions (Temperature, pressure, and 

density) is a useful extraction agent for food-related materials as demonstrated by 

numerous research groups (82, 83). However, hydrothermal-initiated reactions must be 

minimized to obtain unaltered products (84, 85, 86, and 87) and have resulted in 

valuable commercial products. Several investigators have utilized subcritical water 

hydrolysis not only applied to fats but also to convert bio- and food-based substrates to 

useful monomeric and oligomeric mixtures (88, 89, 90, and 91). This medium has been 

demonstrated to be effective in hydrolyzing carbohydrate-containing biomaterials (92, 

93, and 94), protein-rich materials (95, 96, 97, and 98), lignin (99, 100), and for 

depolymerizing polyphenolic food biomass (101, 102). Depending on the temperature 

used for subcritical water hydrolysis it can also be used to convert agricultural- and 

food-waste streams to carbo-chemicals (103) and for fuel use (104). Subcritical water 

has also be cited for use on outer space missions to destroy food and fecal waste (105). 

 

2.4 Hemp seed oil as a fatty acid source 

Hemp (Cannabis sativa L.) has been promoted as an alternative source for several 

industries such as wood and paper substitute or biodegradable plastic elaboration, but 

according to authors like (106) hemp seed and its oil have significantly beneficial effects 

mainly due to its relatively high polyunsaturated fatty acid content. Hemp oil is one of 

the major components that accounts for approximately 35% of the seed (107), a 

detailed fatty acid profile of hemp seed oil is shown in table 2.2 (108) where it could be 

seen that hemp seed oil is highly rich on polyunsaturated C18 fatty acids, which 

according to (109) could generate positive effects on human health. 

 

Fatty Acid Name Mass Fraction 

C14:0 Myristic 0.0004 

C16:0 Palmitic 0.064 

C16:1 Palmitoleic 0.001 

C18:0 Stearic 0.0249 

C18:1 Oleic 0.1398 

C18:2 Linoleic 0.5617 

C18:3 α-Linolenic 0.1793 

C18:3 γ-Linolenic 0.0092 

C18:4 Stearidonic 0.0041 

C20:0 Arachidic 0.0068 

C20:1 Paullinic 0.0036 

C20:2 Eicosadienoic 0.0005 

C22:0 Behenic 0.0023 

C22:1 Erucic 0.0015 

C24:0 Lignoceric 0.0009 

Table 2.2 Hemp seed oil fatty acid profile (108) 
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2.5 Crude palm oil as a fatty acid source 

Palm has been one of the most important vegetable oil sources in the world, mainly due 

to its diverse fatty acid content, initially used in the oleo-chemical industry for C16 

product preparation (110). The fatty acid profile of Crude palm oil reported by (111) is 

shown in table 2.3: 

Fatty Acid Name Mass Fraction 

C12:0 Lauric 0.001 

C14:0 Myristic 0.014 

C16:0 Palmitic 0.445 

C18:0 Stearic 0.047 

C18:1 Oleic 0.389 

C18:2 Linoleic 0.100 

C18:3 α-Linolenic 0.004 

Table 2.3 Crude palm oil fatty acid profile (111) 

 

Palmitic and Oleic are the most common fatty acids on Crude palm oil, this was 

confirmed by (112) who states that 85.65% of the total lipids on the Crude palm oil 

(CPO) correspond to those fatty acid glycerides. On the other hand, present 

polyunsaturated fatty acids are mainly linoleic and α-linolenic represent between 10.2 

and 10.5% (113, 114). Another point to take into account is that along with coconut oil, 

Crude palm oil have some of the highly saturated vegetable fats that sometimes are 

negatively perceived but are industrially used as a replacement for trans-FA on oleo-

chemical processes such as soaps, detergents, lubricants, solvents, bioplastics, and 

biodiesel manufacturing (115). 
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CHAPTER 3 - MATERIALS AND METHODS 

 

 

The nature of this work included two raw material types, hemp seed oil (HSO) and 

Crude palm oil (CPO). Also, two different types of processes were done, a continuous 

operation done with a coil reactor has been executed for the HSO and batch processes 

for HSO and CPO. HSO experimentation was done at the Food Science Department 

laboratory at the University of Arkansas at Fayetteville, AR. Finally, CPO 

experimentation took place at the biofuels laboratory of the Universidad del Norte in 

Barranquilla, Colombia. 

 

3.1 Materials 

3.1.1 Hemp seed oil experiments 

Cold-pressed hemp seed oil was provided by NUTIVA® (Richmond, CA, United States). 

Ultra-high purity nitrogen and Helium gas were purchased from AIRGAS (Radnor, PA, 

United States). Solid sodium hydroxide pellets were acquired from Mallinckrodt Baker 

Inc. (Phillipsburg, NJ, United States). Methanol and hexane -both HPLC grade- and 

glacial acetic acid were obtained from EMD Millipore Corporation (Billerica, MA, United 

States). Phenolphthalein -99% purity- and analytical grade methyl-heptadecanoate were 

provided by Sigma Aldrich (St. Louis, Missouri, United States). Laboratory level Toluene 

and ACS grade anhydrous sodium sulfate were obtained from BDH® (MERCK Group, 

Darmstadt, Germany). Sodium methoxide, 98%, purity was acquired from Alfa Aesar 

(Ward Hill, MA, United States). Isopropyl alcohol -99%- was obtained from Avantor 

Performance Materials (Center Valley, PA, United States). Deionized water was 

obtained in the experimental laboratory. 

 

3.1.2 Crude palm oil experiments 

Mechanically extracted Crude palm oil was supplied by PALMACEITE S.A. (Aracataca, 

Magdalena, Colombia) in 2.5-liter bottles that were stored at approximately 23 °C at 

dark conditions to prevent lipidic photo-oxidation. Ultra-high purity argon gas was used 

as inert gas for reactor headspace supplied by The Linde Group (Klosterhofstrasse 1, 

Munich, Germany). Sodium hydroxide pellets were supplied by MERCK KGaA 

(Darmstadt, Germany). Phenolphthalein reagent and HPLC grade Ethanol -99% purity- 

were acquired from PanReac AppliChem (Darmstadt, Germany) for titration analysis. 

Distilled water was obtained from the laboratory facilities. 
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3.2 Processing methods 

3.2.1 Hemp seed oil experimentation 

3.2.1.1 Oil and water preparation 

Hemp seed oil and deionized water were degassed separately in 2-L glass Buchner 

flasks. A magnetic bar was placed on each flask to speed up the process. Both 

containers were closed with a rubber plug, placed on stirring plates, and connected to a 

vacuum pump with a liquid trap (Both provided by VWR International, Rednor, PA, 

United States). The rotation speed of the stirring plate was set to 1100 RPM and the 

vacuum level was 200 mmHg. Degassing time was 4h. After degassing, water and oil 

were taken to hydrolysis stages. 

 

3.2.1.2 Batch hydrolysis 

Degassed oil and water were mixed at specific ratios and poured in a PARR 4530 1-L 

bench stirred-tank reactor (Parr Instruments, Moline, IL, United States). The remaining 

headspace in the reactor was then filled with ultra-high purity compressed nitrogen to 

establish a six bar base pressure. The temperature was increased to the desired level 

and maintained using a 4848 Parr Instruments controller. Due to that temperature 

increase, the internal pressure inside the reactor increased. After reaching the process 

temperatures, the agitator rotation speed was set, and agitation started. Temperature 

and agitation were maintained for the specific reaction time; and after this time, the 

reactor cooled. Once it reached 40C, the pressure was released by opening the manual 

relief valve. Then, the vessel was opened and the hydrolysate mixture was removed 

from the reactor vessel. Samples were poured into 50 ml tubes and immediately 

centrifuged at 3,900 x g for 30 minutes in an Allegra™ X-22R benchtop centrifuge 

(Beckman-Coulter, Brea, CA, United States). After centrifugation, the oil layer was 

separated with a transfer pipette and stored under freezing conditions until analyzed. 

Process conditions were established using a central composite rotatable experimental 

design with reaction temperature, oil fraction (ml/ml), reaction time, and agitation speed 

as the processing variables. 

 

3.2.1.3 Continuous hydrolysis 

Continuous hydrolysis was done in a custom-made system consisting of two- 260D 

syringe pumps (TELEDYNE ISCO, Lincoln, NE, United States) that pumped oil and 

water through two 1/16-Inch nominal diameter stainless steel tubing (Figure 3.1). After 

passing through a mixing valve, oil and water were driven through a 10 m length coil 

placed inside an HP5890 Series II gas chromatograph oven (Hewlett Packard, 

Avondale, PA, United States) that was used for temperature control. A back pressure 

valve was used to maintain the desired internal pressure on the continuous reactor 

system using a BP60-lAllQEMlHl regulator (GO Regulator, Spartanburg, SC, United 
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States) placed outside the oven. An analog pressure gauge (Matheson Gas Products, 

New Jersey, NJ, United States) was used to monitor the backpressure. After the 

backpressure regulator, hydrolysates were cooled by passing the mixture through a 

cooling coil placed in an ice bath. Immediately, samples were collected into glass vials 

and samples centrifuged and saved as explained in the batch hydrolysis section. 

 

 
Figure 3.1 Continuous hydrolysis experimental apparatus P&ID diagram 

 

3.2.2 Crude palm oil experimentation 

3.2.2.1 Oil and water preparation 

Hemp seed oil and distilled water were degassed separately in 500ml glass Buchner 

flasks. Flasks were put in a 1207K40 ultrasonic bath provided by BRANSON 

ULTRASONICS (Danbury, CT, USA) for 25 minutes. After degassing, water and oil 

were taken to hydrolysis stages. 

 

3.2.2.2 Hydrolysis process 

Batch hydrolysis was performed in a 2.5 x 10-4 m3 stirred-tank batch reactor model 3230 

provided by AMAR Equipments Pvt. Ltd. (6, Parmar Industrial Estate, Kale Marg, Bail 

Bazaar, Kurla (West) Mumbai–400 070, India). Crude palm oil and water mixture were 

added. Argon gas was introduced to replace the air on the reactor headspace and 

establish a base pressure. The reaction temperature and agitation were established 

using a NEURO100 PPI Controller (Process Precision Instruments, 101 Diamond 

Industrial Estate, Navghar, Vasai Road (E), Dist. Palghar—101210, Maharashtra, India) 

and a frequency inverter (Schneider Electric Co., 43-45, bd Franklin Roosevelt 92500 

Rueil Malmaison, France) respectively. The pressure was elevated from base level to 

operational condition by temperature action, and also monitored using a NEURO100 

PPI Controller. After the determined reaction time passed, the temperature was 
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decreased using the water cooling system of the vessel. After the system was cooled, 

the vessel was depressurized, and the mixture was poured into a glass funnel for 

separation. Oil hydrolysate was separated and taken to titration according to 3.3.1 

Section. 

 

3.3 Analysis methods 

3.3.1 Free fatty acid determination by titration 

The level of free fatty acids was determined according to the ASTM D5555-95 standard 

method (Reapproved 2017) (ASTM International, 100 Barr Harbor Drive, PO Box C700, 

West Conshohocken, PA, 19428-2959 United States). The oil layer was mixed with 

isopropyl or ethyl alcohol and phenolphthalein indicator. The mixture was heated to 45C 

in a water bath and then titrated using 0.25 and 0.1 N standardized sodium hydroxide 

solutions depending on the estimated free fatty acid content. After titration, the free fatty 

acid content was determined according to equation 3.1. 

 

𝑇𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑦𝑖𝑒𝑙𝑑 =
28.2×𝑉𝑎𝑙𝑘𝑎𝑙𝑖×𝑁

𝑤𝑠𝑎𝑚𝑝𝑙𝑒
       (3.1) 

 

3.3.2 Free fatty acid determination by titration 

A three-drop sample of the oil layer was placed onto the QUEST ATR input diamond 

crystal (SPECAC Ltd, Kent, United Kingdom). Fourier-transform infrared spectroscopy 

was performed using an IRAffinity-1S Spectrophotometer (Shimadzu, Kyoto, Japan). 

Data collection and analysis were done using the LabSolutions IR software suite 

(Shimadzu, Kyoto, Japan). Every sample was run in duplicate using 100 scans per run 

among 4000 cm-1 to 500 cm-1 wavenumber range. IR Absorbance was calculated using 

equation 3.2. 

 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = 2 − log10(𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒)     (3.2) 

 

Absorbances at the 722 cm-1 and 966 cm-1 wavenumbers were used to calculate the 

cis- and trans- isomer content in the samples (116). Then the ratio between the two 

values was calculated and used as an indicator of trans-isomerization of the fatty acids 

according to the following equation. 

 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑟𝑎𝑡𝑖𝑜 =
𝐴𝑏𝑠

722𝑐𝑚−1

𝐴𝑏𝑠966𝑐𝑚−1
       (3.3) 

 

In addition to the presence of cis- and trans- isomers, absorbance readings were also 

used to establish the presence of organic functionalities derived from a probable 

thermal decomposition process that could be associated with the process conditions 
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applied to the hydrolysis process (117, 118). Functional group assignments are shown 

in table 3.1. 

 

Organic 
Functionality 

Target Wavenumber (cm-1) Reference 

C-C and C-H Break Avg. 2000-2400 

(117) 

Aldehyde-Ketone 1700 

Alcohol Avg. 3000-3600 

Carboxylic Dimer 

2700 

2550 

900 

Light Aromatics Avg. 600-800 

Aromatic Aldehyde 1300 

Vinyl and Aromatics Avg. 700-970 

Isomers 
1350 

1450 

Esters 1746 

(118) General Aldehyde 1731 

Free Fatty Acids 1714 

Table 3.1 Targeted wavenumbers for the thermal decomposition of hemp seed oil 

hydrolysates FTIR analysis 

 

Both, cis/trans-ratio and thermal decomposition functionalities were used to analyze the 

hydrolysis process and resultant end-products. 

 

3.3.3 Hydrolysate samples methyl-esterification 

The hydrolyzed oil samples were transformed into fatty acid methyl ester (FAME) before 

gas chromatographic analysis. First, a 0.1 g oily sample was added to a 50 ml 

centrifuge tube and mixed with 0.5 ml of a 1% methyl-heptadecanoate solution in 

hexane that was used as an internal standard. Then, 2 ml of Toluene and 4 ml of a 0.5 

M sodium methoxide in methanol solution were added. The mixture was heated and 

agitated in a water bath at 50C and while sonicated at 60 Hz for 12 minutes. The 

mixture was cooled down at room temperature and 200 µl of glacial acetic acid, 5 ml of 

deionized water, and 5 ml of hexane were added. The tubes were vortexed for 2 

minutes and the top layer was extracted with a pipette and poured into glass vials 

containing anhydrous sodium sulfate for sample dehydration. The dehydrated samples 

were transferred to brown glass vials and stored under freezing conditions until injected. 

Samples of the original (unprocessed) hemp seed oil were also derivatized to FAME, 

processed as described, and stored for comparison to the hydrolyzed oil samples. 

 

3.3.4 Gas chromatography with flame ionization detection (GC-FID) 
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Methyl-esterified samples were analyzed using a Varian CP-3800 Gas Chromatograph 

with FID detector (Agilent Technologies, Santa Clara, CA, United States), equipped with 

a CP-Sil 88, 250 µm internal diameter, 100 m length, and 0.20 µm film thickness FAME 

capillary column (Agilent Technologies, Santa Clara, CA, United States). Ultra-high 

purity Helium was used as the carrier gas. Injection volumes were 2 µl. The column 

oven temperature was programed in a ramp with an initial temperature of 130C and a 

final temperature of 225C, using a temperature increasing rate of 0.9C/min. The solvent 

delay time was set at 20 minutes with a final isothermal holdup time of 5 minutes and a 

total analysis time of 110 minutes. Every sample was run in duplicate and the detected 

signal intensity recorded. Integrated peak areas were used to determine the relative 

percentages of the individual FAMEs. A Galaxie Workspace software suite (Agilent 

Technologies, Santa Clara, CA, United States) was used for data collection and 

analysis. 

 

3.3.5 Gas chromatography with mass spectrometry (GC-MS) 

To perform a confirmatory analysis of the fatty acid content determined by GC-FID, 

samples were analyzed by a model 6890N Network Gas Chromatography system 

coupled with a model 5973 mass selective detector (Agilent Technologies, Santa Clara, 

CA, United States). For this analysis, the GC was equipped with a RESTEK 12497, 250 

µm internal diameter, 30 m length, and 0.25 µm film thickness FAMEWAX® capillary 

column (RESTEK Corporation, Bellefonte, PA, United States). Ultra-high purity Helium 

again was used as the carrier gas. Injection volumes were 1 µl. The column oven 

temperature was programed in a ramp with an initial temperature of 130C and a final 

temperature of 225C. The solvent delay time was set at 6 minutes with a final 

isothermal holdup time of 17 minutes and a total analysis time of 30.86 minutes per 

sample. Every sample was run in duplicates and the detected signal intensity recorded. 

Integrated peak areas were used to determine species relative percentages. MSD 

Chemstation software suite with BUDDY-05 Interface (Agilent Technologies, Santa 

Clara, CA, United States) was used for signal processing and data collection. The NIST-

02 library 1A v17 was used to assist in the compound identification (National institute of 

standards and technology, Gaithersburg, MD, United States). 

 

3.3.6 Experimental design 

A central rotatable composite design was defined using reaction temperature, reaction 

time, and initial volumetric oil fraction as experimental factors for the continuous trials; 

rotation speed was added in the batch processes. The experimental design was built 

using the RSM package of the R project software suite. Factor levels with their coded 

equivalent and the applied run order are shown in the experimental analysis section. 

The significance of experimental factors and their interactions was tested using an 

Analysis of Variance (ANOVA), with α=0.05. All ANOVA models were built with main 
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effects, their interactions, leading to enough degrees of freedom for experimental error 

(MSE) in every case. Normality, heteroscedasticity, and independence assumptions 

were verified using graphical and analytical tests respectively. 

 

3.3.6.1 Linear regression modelling 

To obtain a capable regression model that describes phenomenon behavior and 

perform suitable predictions and process optimizations. Several regression models were 

fitted using experimental results and they were tested for significance and adequacy. 

The general structure used for every model is shown in equation 3.4. 

 

𝑌 = β{0} + ∑ 𝛽{𝑖}𝑥{𝑖}
𝑖=3
𝑖=1 + ∑ ∑ β{ij}x{i}x{j}

𝑖=2
𝑖=𝑖

𝑗=3
𝑗=2 +∑ 𝛽{𝑖𝑖}𝑥{𝑖}

2𝑖=3
𝑖=1 + ϵ   (3.4) 

 

Where: 

 Y is the regression model response. 

 xi and xj correspond to the process factors. 

 β0 is the intercept term. 

 βi corresponds to the coefficients of the linear terms. 

 βij corresponds to the interaction terms coefficients. 

 βii corresponds to the coefficients of the squared terms. 

 ε is the modelling error term. 

 

Model adequacy was tested using an overall model significance test (Including lack of 

fit), individual coefficients t-tests, and by analyzing residual structure. Standard R2 and 

adjusted R2
adj determination coefficients were evaluated for the obtained linear and 

quadratic models. Box-Cox, Box-Tidwell, and Cochrane-Orcutt procedures were 

executed to transform the models when it was necessary. 
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CHAPTER 4 - ANALYSIS AND DISCUSSION 

 

 

4.1 Hemp Seed oil experimentation 

Analysis of the experimental results for the hemp seed oil processing started with the 

free fatty acid equivalent content that represented the first indicator of the hydrolysis 

process. Also, besides the hydrolysis level determination, product decomposition 

evidence was looked at; the first evaluated modification was the transesterification that 

was assessed using the ratio between FTIR-ATR absorbance readings on the cis- and 

trans- wavenumbers. Also, using the obtained absorbance readings were used to 

establish probable decomposition pathways for the released fatty acids during the 

subcritical treatment. Parallel to the absorbance reading determination, Gas 

Chromatography with FID and MS results were analyzed to establish the fatty acid 

profile and quantify the amount of identified products after the hydrolysis process. The 

main targeted variables were: 

 

 The free fatty acid equivalent is measured by titration. 

 Cis- to trans- absorbance ratio. 

 The polyunsaturated fatty acid fraction is measured by GC-FID. 

 Product species mass fraction measured by GC-MS. 

 

The absorbance readings were used not as target variables due to the variability of the 

obtained results. However, they provide sufficient evidence to support the GC-MS 

identification process. Finally, statistical analysis applied for all main variables consisted 

on: 

 Correlation Analysis 

 Factor effect calculation 

 Normal Probability Plots for the Factor Effects 

 Analysis of Variance 

 Regression model Construction 

 Model Evaluation 

  

The experimental data production process is shown in figure 4.1. 
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Figure 4.1 Hemp Seed Oil Experimentation Process 

 

4.1.1 Batch experimentation 

Using literature review and physical observation, for the hydrolysis process reaction 

temperature, time, oil fraction, and rotation speed were considered as experimental 

factors. Table 4.1 shows their experimentation region limits: 

 

Experimental Factor Units Low Level Center Level High Level 

Temperature K 454.4 485.7 516.9 

Time min 35 50 65 

Oil Fraction (g/g) 0.156 0.188 0.219 

Rotation Speed RPM 300 400 500 

Table 4.1 Experimental Factors and their levels for the HSO Batch Experimentation 

 

A central composite design using experimental factors and their levels are shown in 

table 4.1 was done. The run order is shown in table 4.2. Leading to a set of 

experimental conditions consisted of 36 runs, 16 factorial, 12 center points, and 8-star 

points. 
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Run Temperature (K) Time (min) Ratio (g/g) 
Rotation Speed 

(RPM) 

1 485.7 80 0.188 400 

2 485.7 50 0.125 400 

3 423.2 50 0.188 400 

4 454.4 35 0.219 300 

5 485.7 50 0.188 400 

6 548.2 50 0.188 400 

7 485.7 50 0.25 400 

8 516.9 65 0.156 500 

9 454.4 35 0.219 500 

10 485.7 50 0.188 600 

11 454.4 65 0.219 500 

12 485.7 50 0.188 400 

13 516.9 65 0.219 500 

14 516.9 35 0.156 500 

15 485.7 50 0.188 400 

16 516.9 35 0.156 300 

17 485.7 20 0.188 400 

18 485.7 50 0.188 400 

19 454.4 65 0.156 500 

20 454.4 65 0.219 300 

21 485.7 50 0.188 400 

22 454.4 35 0.156 500 

23 516.9 65 0.219 300 

24 516.9 65 0.156 300 

25 485.7 50 0.188 200 

26 485.7 50 0.188 400 

27 516.9 35 0.219 300 

28 485.7 50 0.188 400 

29 454.4 35 0.156 300 

30 485.7 50 0.188 400 

31 454.4 65 0.156 300 

32 485.7 50 0.188 400 

33 485.7 50 0.188 400 

34 485.7 50 0.188 400 

35 516.9 35 0.219 500 

36 485.7 50 0.188 400 

Table 4.2 HSO Batch experimentation order 
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4.1.1.1 Free fatty acid content by titration 

After experimental execution, free fatty acid yield as Oleic acid equivalent was 

measured according to the materials and methods section. Results are shown in the 

following table: 

 

Temperature (K) Time (min) Ratio (g/g) Rotation Speed (RPM) Titration Yield 

485.7 80 0.188 400 0.2143 

485.7 50 0.125 400 0.1227 

423.2 50 0.188 400 0.02088 

454.4 35 0.219 300 0.02407 

485.7 50 0.188 400 0.09717 

548.2 50 0.188 400 0.97367 

485.7 50 0.25 400 0.232 

516.9 65 0.156 500 0.85035 

454.4 35 0.219 500 0.0404 

485.7 50 0.188 600 0.108 

454.4 65 0.219 500 0.02824 

485.7 50 0.188 400 0.09682 

516.9 65 0.219 500 0.83924 

516.9 35 0.156 500 0.52672 

485.7 50 0.188 400 0.16137 

516.9 35 0.156 300 0.49812 

485.7 20 0.188 400 0.1 

485.7 50 0.188 400 0.1233 

454.4 65 0.156 500 0.02003 

454.4 65 0.219 300 0.01618 

485.7 50 0.188 400 0.09279 

454.4 35 0.156 500 0.012 

516.9 65 0.219 300 0.91711 

516.9 65 0.156 300 0.82233 

485.7 50 0.188 200 0.17975 

485.7 50 0.188 400 0.13835 

516.9 35 0.219 300 0.70903 

485.7 50 0.188 400 0.18103 

454.4 35 0.156 300 0.012 

485.7 50 0.188 400 0.09738 

454.4 65 0.156 300 0.01205 

485.7 50 0.188 400 0.10893 

485.7 50 0.188 400 0.10341 

485.7 50 0.188 400 0.14675 

516.9 35 0.219 500 0.50169 

485.7 50 0.188 400 0.18961 

Table 4.3 Titration yield results for the HSO batch experimentation 
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.The first analysis that was done is the correlation Pearson’s coefficient calculation. Results are shown in Table 4.4 

 

Variable Temperature (K) Time (min) Ratio (g/g) RPM Titration Yield 

Temperature (K) 1.0000 0.0000 0.0000 0.0000 0.8521 

Time (min) 0.0000 1.0000 0.0000 0.0000 0.1623 

Ratio (g/g) 0.0000 0.0000 1.0000 0.0000 0.0594 

RPM 0.0000 0.0000 0.0000 1.0000 -0.0386 

Titration Yield 0.8521 0.1623 0.0594 -0.0386 1.0000 

Table 4.4 Correlation coefficients among experimental factors and titration yield for the HSO batch experimentation results 

 

Correlation analysis gives hints about the high correlation between reaction temperature and the measured titration yield. 

Also, a mild level of correlation between the retention time and the response variable was detected. However, correlation 

analysis itself is not a suitable analysis to determine if the impact of the process factors is significant over the response 

variable. So, individual factor and interactions effects were calculated, results are shown in table 4.5: 

 

Term Ort. Estimate  

Temperature (K) 0.2518380  
(Temperature (K)-485.678)*(Time (min)-50) 0.0502105  

Time (min) 0.0479726  
Ratio (g/g) 0.0175645  

(Temperature (K)-485.678)*(Ratio (g/g)-0.18775)*(RPM-400) -0.0150934  
(Ratio (g/g)-0.18775)*(RPM-400) -0.0134127  

RPM -0.0114214  
(Temperature (K)-485.678)*(RPM-400) -0.0110421  

(Temperature (K)-485.678)*(Ratio (g/g)-0.18775) 0.0086603  
(Temperature (K)-485.678)*(Time (min)-50)*(Ratio (g/g)-0.18775)*(RPM-400) 0.0059292  

(Time (min)-50)*(Ratio (g/g)-0.18775) -0.0055907  
(Time (min)-50)*(RPM-400) 0.0055250  

(Temperature (K)-485.678)*(Time (min)-50)*(RPM-400) 0.0052158  
(Time (min)-50)*(Ratio (g/g)-0.18775)*(RPM-400) 0.0049083  

(Temperature (K)-485.678)*(Time (min)-50)*(Ratio (g/g)-0.18775) -0.0030869  

Table 4.5 Factor effect calculation results on the titration yield for the HSO batch experimentation results 
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The calculated effects show that reaction temperature, retention time, and their 

interaction have the highest calculated effect over the response variable. Also, it could 

be seen that their impact is additive (Increasing the factor level will increase the titration 

yield). To continue the factor evaluation process, the effects were normalized and a 

normal probability plot was built and is shown in figure 4.2. 

 

 
Figure 4.2 Normal probability plot of effects for the titration yield on HSO batch 

experimentation 

 

On the normal probability plot, it could be seen that reaction temperature, retention time, 

and their interaction effects deviate from the normal probability line. Therefore, analysis 

of variance was done using them as variation sources. The results are shown in table 

4.6. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 2.2851232 2.2851232 264.341 <.0001 

Time (min) 1 0.0829248 0.0829248 9.5927 0.0042 

Temperature 

(K)*Temperature (K) 
1 0.404267 0.404267 46.765 <.0001 

Temperature (K)*Time 

(min) 
1 0.0907596 0.0907596 10.499 0.0029 

Time (min)*Time (min) 1 0.0240652 0.0240652 2.7839 0.1056 

Error 30 0.25931 0.008643667     

Table 4.6 Analysis of variance results for the titration yield on HSO batch 

experimentation results. 

 



Page 41 

 

Analysis of variance results shows that the reaction temperature in its first and second-

order forms, retention time, and the interaction between temperature and time have a 

significant impact on the response variable. Before executing a model construction, 

graphic evaluation of normality and homoscedasticity assumptions was done analyzing 

the normal probability and residual versus factor level plots. Obtained results are shown 

in the following figures: 

 
Figure 4.3 Normal probability plot of residuals for the titration yield on HSO batch 

experimentation 

 

 

(a)         (b) 

Figure 4.4 Standardized residuals versus factor levels plot for titration yield on HSO 

batch experimentation. (a) Reaction temperature, (b) Retention time 

 

On the normal probability plot, it could be seen that most of the residuals are located in 

the normal probability line neighborhood, only the values corresponding to the extremes 

deviate. Also, on the residual versus level plots, If the values corresponding to the star 

points are not considered (Due to the absence of replications) It could be seen that all 

residual ranges overlap in certain regions. Therefore, normality and homoscedasticity 
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assumptions are validated. Finally, to evaluate the absence of autocorrelation the 

analytical Durbin-Watson test was executed with the following results: 

 

Durbin-Watson 
Number of 

Obs 
P-Value 

1.7485606 36 0.0629 

Table 4.7 Durbin-Watson results for the titration yield on the HSO batch experimentation 

 

The Durbin-Watson test wasn’t conclusive because the calculated p-value is very close 

to the significance level. Therefore, a time-series plot between the log function of the 

response variable and the sampling order was done. The results are shown in figure 

4.5. 

 

 
Figure 4.5 Time-series plot for the logarithmic function of the titration yield on the HSO 

batch experimentation 

 

On the figure, no visible time-series trend can be determined. Therefore, the absence of 

autocorrelation assumption is accomplished. After the assumption confirmation, an 

initial regression model was built using those components. The obtained expression is 

shown below: 

 

𝑇𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑦𝑖𝑒𝑙𝑑 = 26.53 + 1.15 × 10−4𝑇2 + 1.22 × 10−4𝑡2 − 0.11𝑇 − 0.086𝑡 + 1.61 × 10−4𝑇𝑡  

             (4.1) 

 

Due to the lack of significance of the quadratic form of retention time, the whole 

regression model building process was repeated and the following expression was 

obtained. 

 

𝑇𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑦𝑖𝑒𝑙𝑑 = 26.24 + 1.15 × 10−4𝑇2 − 0.11𝑇 − 0.074𝑡 + 1.61 × 10−4𝑇𝑡   (4.2) 
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Summary of fit statistics for both models are shown in tables 4.8 and 4.9: 

 

Parameter Model 4.1 Model 4.2 

RSquare 0.917526 0.909873 

RSquare Adj 0.903781 0.898244 

Root Mean Square Error 0.092976 0.095614 

Mean of Response 0.258827 0.258827 

Observations (or Sum Wgts) 36 36 

Table 4.8 Summary of fit statistics for equations 4.1 and 4.2 

 

Equation 4.1 

Source DF Sum of Squares Mean Square F Ratio 
Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
3 0.19682143 0.065607 28.335 <.0001 0.9801 

Pure Error 27 0.06251611 0.002315 
   

Total Error 30 0.25933754         

Equation 4.2 

Source DF Sum of Squares Mean Square F Ratio 
Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
4 0.22088666 0.055222 23.8496 <.0001 0.9801 

Pure Error 27 0.06251611 0.002315 
   

Total Error 31 0.28340277         

Table 4.9 Lack of fit analysis results 

 

Obtained fitting parameters are very similar between both models. Also, both equations 

showed a significant lack of fit. But this happens due to the high number of repetitions in 

the center value of the experimental region which allows a larger error around the 

center value. Finally, to validate both models' performance a response surface was built 

for each one, and the experimental results were overlapped and it could be seen in 

figures 4.6 and 4.7. 
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Figure 4.6 Equation 4.1 Response surface with experimental results 

 

 
Figure 4.7 Equation 4.2 Response surface with experimental results 

 

Response surfaces show similar behavior of both models. However, equation 4.2 shows 

a lower excess at the higher value area of the experimental region. That is a better 

representation of the obtained results. Therefore, model 4.2 is recommended. 
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4.1.1.2 Polyunsaturated fatty acid fraction 

Reaction temperature plays a key role in the hydrolysis yield. But, according to some 

authors (124), an increase in temperature could generate fatty acid deterioration, 

especially on the polyunsaturated species. For this purpose, non-processed oil and the 

obtained hydrolysates were derivatized according to the materials and methods section 

and processed in a gas chromatograph. Initially, the baseline for the fatty acid profile 

was established using the non-processed derivatized samples. Table 4.10 shows the 

obtained composition. 

Fatty Acid Species % Area 

C16:0 Palmitic 10.3 

C18:0 Stearic 1.89 

C18:1 Oleic 9.91 

C18:2 Linoleic 56.09 

C18:3-γ Gamma-Linolenic 4.41 

C18:3-α Alpha-Linolenic 16.21 

C20:0 Arachidic 1.19 

Table 4.10 Identified fatty acids on the non-processed hemp oil 

 

Obtained areas were grouped by the unsaturation level according to the following 

groups: 

 

 Saturated fatty acids: Palmitic (C16:0), Stearic (C18:0), and Arachidic (C20:0). 

 Mono-unsaturated fatty acids: Oleic (C18:1). 

 Polyunsaturated fatty acids: Linoleic (C18:2), Gamma-Linolenic (C18:3-γ), and 

Alpha-Linolenic (C18:3-α). 

 

Totalizing the obtained group fractions on the non-processed hemp seed oil, it could be 

seen that the detected polyunsaturated fatty acid area is significantly high (77%) 

compared with the mono-unsaturated and saturated fractions. Also, to perform the 

evaluation the detected area on the GC-FID analysis in microvolts per minute was 

selected as the response variable. The initial results are shown in table 4.11. 
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Run Temperature (K) Time (min) Ratio (g/g) PUFA Area (microV/min) 

1 485.7 80 0.188 369.18 

2 485.7 50 0.125 317.4 

3 423.2 50 0.188 515.38 

4 454.4 35 0.219 478.1 

5 485.7 50 0.188 459.6 

6 548.2 50 0.188 8.55 

7 485.7 50 0.25 453.68 

8 516.9 65 0.156 58.2 

9 454.4 35 0.219 572.5 

10 485.7 50 0.188 568.83 

11 454.4 65 0.219 593.53 

12 485.7 50 0.188 561.15 

13 516.9 65 0.219 90.15 

14 516.9 35 0.156 293.43 

15 485.7 50 0.188 535.25 

16 516.9 35 0.156 337.78 

17 485.7 20 0.188 642.98 

18 485.7 50 0.188 627.7 

19 454.4 65 0.156 781.53 

20 454.4 65 0.219 821.4 

21 485.7 50 0.188 816.83 

22 454.4 35 0.156 809.1 

23 516.9 65 0.219 77.95 

24 516.9 65 0.156 126 

25 485.7 50 0.188 772.28 

26 485.7 50 0.188 875.78 

27 516.9 35 0.219 206.5 

28 485.7 50 0.188 837.68 

29 454.4 35 0.156 936.63 

30 485.7 50 0.188 956.28 

31 454.4 65 0.156 588 

32 485.7 50 0.188 616 

33 485.7 50 0.188 632.54 

34 485.7 50 0.188 789.45 

35 516.9 35 0.219 225.68 

36 485.7 50 0.188 814.61 

Table 4.11 PUFA detected area on the HSO batch experimentation 

 

With the experimental results, just as it was done with the free fatty acid equivalent, a 

Pearson’s correlation coefficient calculation was done. Results are shown in table 4.12: 
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Variable Temperature (K) Time (min) Ratio (g/g) PUFA Area (microV/min) 

Temperature (K) 1.0000 0.0000 0.0000 -0.6605 

Time (min) 0.0000 1.0000 0.0000 -0.1621 

Ratio (g/g) 0.0000 0.0000 1.0000 -0.0724 

PUFA Area (microV/min) -0.6605 -0.1621 -0.0724 1.0000 

Table 4.12 Correlation coefficients among experimental factors and PUFA detected area for the HSO batch 

experimentation results 

 

The correlation analysis shows that PUFA detected area has an inverse relation with the reaction temperature. The rest of 

the process factors didn't show appreciable correlation coefficients. Also, effect calculation for the factors and their 

interactions was done. The results are shown in table 4.13. 

 

Term 
Orthogonal 

Estimate 
 

Temperature (K) -176.1020  
Time (min) -43.2253  

(Time (min)-50)*(Ratio (g/g)-0.18775) 38.3941  
(Temperature (K)-485.678)*(Time (min)-50) -29.1424  

(Temperature (K)-485.678)*(Time (min)-50)*(Ratio (g/g)-0.18775)*(RPM-400) 27.4917  
(Time (min)-50)*(Ratio (g/g)-0.18775)*(RPM-400) -26.1192  

(Temperature (K)-485.678)*(Time (min)-50)*(Ratio (g/g)-0.18775) -23.2335  
Ratio (g/g) -19.2917  

RPM -18.8862  
(Temperature (K)-485.678)*(Ratio (g/g)-0.18775) 18.6107  

(Temperature (K)-485.678)*(Ratio (g/g)-0.18775)*(RPM-400) 14.2914  
(Ratio (g/g)-0.18775)*(RPM-400) -2.4775  

(Time (min)-50)*(RPM-400) -1.3183  
(Temperature (K)-485.678)*(Time (min)-50)*(RPM-400) -1.2175  

(Temperature (K)-485.678)*(RPM-400) -0.5690  

Table 4.13 Factor effect calculation results on the detected PUFA area on the HSO batch experimentation results 
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The calculated effects showed that reaction temperature has a higher effect over the 

detected PUFA area. Also, it was confirmed that the observed effect is inverse, which 

means that increasing the reaction temperature will decrease the detected PUFA area 

on a GC-FID analysis. Continuing the evaluation process, effects were normalized and 

a normal probability plot was built and is shown in figure 4.8. 

 

 
Figure 4.8 Normal probability plot of effects for the detected PUFA area on HSO batch 

experimentation 

 

Normal probability plot confirms that reaction temperature is the only factor that has an 

effect which could be considered not normal. Therefore, analysis of variance was done 

only using reaction temperature as a source of variation. The results can be seen in 

table 4.14. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 1116429 1116429 36.195 <.0001 

Temperature 

(K)*Temperature (K) 
1 424530 424530 13.763 <.0001 

Error 33 1017885 30845     

Table 4.14 Analysis of variance results for the detected PUFA area on HSO batch 

experimentation results. 

 

Analysis of variance shows that reaction temperature and its quadratic form have a 

significant impact on the response variable. Graphic evaluation of ANOVA assumptions 

was done, starting with a normal probability plot of the residuals. The plot is shown in 

figure 4.9: 
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Figure 4.9 Normal probability plot of residuals for the detected PUFA area on HSO 

batch experimentation 

 

Figure 4.9 shows that experimental residuals follow the normal probability plot, this 

confirms the normality assumption of the residuals. Also, a residual versus factor level 

plot was done to evaluate homoscedasticity. Figure 4.10 shows the results. 

 

 
Figure 4.10 Standardized residuals for the PUFA area versus reaction temperature 

levels plot on HSO batch experimentation. 
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The residuals versus factor levels plot show that all level ranges can be overlapped 

which is a clear indicator of homoscedasticity compliance. To evaluate the absence of 

autocorrelation a Durbin-Watson test was done; results are shown in table 4.15. 

 

Durbin-Watson 
Number of 

Obs 
P-Value 

1.408182 36 0.2470 

Table 4.15 Durbin-Watson results for the detected PUFA area on the HSO batch 

experimentation 

 

The absence of autocorrelation was confirmed and therefore a regression model was 

built and is shown in equation 4.3. 

 

𝑃𝑈𝐹𝐴𝐴𝑟𝑒𝑎 = 107.66𝑇 − 0.118𝑇2 − 23857.25        (4.3) 

 

Also, a third-order model was built as an alternative to equation 4.3 and is shown in 

equation 4.4. 

 

𝑃𝑈𝐹𝐴𝐴𝑟𝑒𝑎 = 0.00146𝑇3 − 2.252𝑇2 + 1141.26𝑇 − 190276.84     (4.4) 

 

Summary of fit statistics for both models are shown in tables 4.16 and 4.17: 

 

Parameter Model 4.3 Model 4.4 

RSquare 0.602209 0.639674 

RSquare Adj 0.5781 0.605893 

Root Mean Square Error 175.6274 169.7441 

Mean of Response 532.4342 532.4342 

Observations (or Sum Wgts) 36 36 

Table 4.16 Summary of fit statistics for equations 4.3 and 4.4 
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Equation 4.3 

Source DF Sum of Squares Mean Square F Ratio 
Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
2 199444.7 99722.3 3.7772 0.034 0.6802 

Pure Error 31 818440.3 26401.3 
   

Total Error 33 1017885 
    

Equation 4.4 

Source DF Sum of Squares Mean Square F Ratio 
Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
1 103577.9 103578 3.9232 0.0566 0.6802 

Pure Error 31 818440.3 26401 
   

Total Error 32 922018.2 
    

Table 4.17 Lack of fit analysis results for models 4.3 and 4.4 

 

Obtained fitting parameters for model 4.4 are slightly higher compared with the model 

4.3 results. Also, even though that model 4.4 lack of fit was found not significant, the 

obtained p-value is very close to the significance level. That is caused to the uneven 

amount of reps among the factor levels. Finally, to validate both models' performance a 

response curve was built for each one and the experimental results were overlapped 

and it could be seen in figure 4.11. 

 
Figure 4.11 Estimated responses for the PUFA area for models 4.3 and 4.4 versus 

experimental results for the HSO batch hydrolysis process. 
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In figure 4.11 it could be seen that model 4.3 represents in a much better form the 

experimental behavior of the detected PUFA area. Therefore, the quadratic model is 

recommended to predict the response variable. 

 

4.1.1.3 Fatty acid trans-isomerization 

 

Another concern of performing the hydrolysis of hemp oil under subcritical water 

conditions is that trans-isomerization of the lipid compounds could be favored. 

Therefore, to detect if in effect trans-fat content was increased due to process 

conditions, an identification analysis using a Fourier-Transform Infrared Spectrometer 

was applied to the obtained oil phases after performing the experimental process. Some 

of the trans-isomer detection methods certified by AOCS and AOAC are based on the 

IR or GC technologies and normally required fat isolation to perform an accurate 

estimation of the trans- and cis-isomers, this process is very laborious and time-

consuming. However, some authors like (116) have proposed the use of a direct 

method using an Attenuated Total Reflectance (ATR) and an FTIR that can accurately 

establish the presence of both isomers based on the absorbance peaks at 966 and 722 

cm-1 wavenumbers. Other authors like (121, 122) have successfully identified trans- and 

cis- isomers on dairy products based on similar procedures. Obtained absorbance data 

obtained by the FTIR-ATR direct analysis was plotted and the region of interest was 

zoomed, then the absorbance readings on the two selected wavenumbers were 

measured and the ratio obtained dividing the 722 cm-1 on the 966 cm-1 wavenumber 

readings. Equation 4.5 illustrates the used indicator: 

 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒𝑅𝑎𝑡𝑖𝑜 =
𝐴𝑏𝑠722

𝐴𝑏𝑠966
          (4.5) 

 

It has to be noticed that besides the 36 samples collected from the batch 

experimentation, FTIR analysis was performed also on the unprocessed Nutiva hemp 

seed oil was also analyzed to establish the baseline to compare the absorbance peaks, 

to check the normality of the baseline, a normal vegetable oil profile is presented. The 

standard and raw material readings are shown in figures 4.12 and 4.13. 
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Figure 4.12 Referenced hemp seed oil absorbance profile 

 

 
Figure 4.13 Obtained absorbance profile for the non-processed hemp oil (Nutiva) 

 

Figures 4.12 and 4.13 show that the non-processed hemp seed oil and the standard 

reference profiles have a very similar pattern. Therefore, it is valid to use the proposed 

indicator. Experimental results for the calculated indicator are shown in table 4.18. 
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Run 
Temperature 

(K) 

Time 

(min) 

Ratio 

(g/g) 
Absorbance Ratio 

1 485.7 80 0.188 3.007 

2 485.7 50 0.125 3.147 

3 423.2 50 0.188 3.224 

4 454.4 35 0.219 3.255 

5 485.7 50 0.188 3.014 

6 548.2 50 0.188 1.512 

7 485.7 50 0.25 2.916 

8 516.9 65 0.156 2.216 

9 454.4 35 0.219 3.221 

10 485.7 50 0.188 2.995 

11 454.4 65 0.219 3.033 

12 485.7 50 0.188 2.884 

13 516.9 65 0.219 2.206 

14 516.9 35 0.156 2.556 

15 485.7 50 0.188 2.955 

16 516.9 35 0.156 2.609 

17 485.7 20 0.188 3.136 

18 485.7 50 0.188 3.018 

19 454.4 65 0.156 3.155 

20 454.4 65 0.219 3.267 

21 485.7 50 0.188 3.056 

22 454.4 35 0.156 3.235 

23 516.9 65 0.219 2.184 

24 516.9 65 0.156 2.229 

25 485.7 50 0.188 2.956 

26 485.7 50 0.188 2.959 

27 516.9 35 0.219 2.309 

28 485.7 50 0.188 2.918 

29 454.4 35 0.156 3.106 

30 485.7 50 0.188 3.009 

31 454.4 65 0.156 3.086 

32 485.7 50 0.188 2.828 

33 485.7 50 0.188 2.867 

34 485.7 50 0.188 2.749 

35 516.9 35 0.219 2.435 

36 485.7 50 0.188 2.737 

Table 4.18 Absorbance ratio results on the HSO batch experimentation 
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Just like it was done with previous variables, the analysis started with Pearson’s correlation coefficient calculations. The 

results are shown in table 4.19. 

 

Variable Temperature (K) Time (min) Ratio (g/g) Rotation Speed (RPM) 
Absorbance 

Ratio 

Temperature (K) 1 1.01055E-17 8.4876E-06 0 -0.877265296 

Time (min) 1.01055E-17 1 1.96315E-17 0 -0.140504706 

Ratio (g/g) 8.4876E-06 1.96315E-17 1 -1.17789E-17 -0.063823126 

Rotation Speed (RPM) 0 0 -1.17789E-17 1 0.007865222 

Absorbance Ratio -0.877265296 -0.140504706 -0.063823126 0.007865222 1 

Table 4.19 Correlation coefficients among experimental factors and Absorbance ratio for the HSO batch experimentation 

results 

As it was seen on the titration yield and the PUFA area, reaction temperature shows a high correlation with the response 

variable. Also, retention time has a mild correlation with the absorbance ratio. The calculated effects for the experimental 

factors are shown in table 4.20. 

Term Orthogonal Estimate  

Temperature (K) -0.3413959  
Time (min) -0.0546787  

(Temperature (K)-485.678)*(Time (min)-50) -0.0331994  
(Temperature (K)-485.678)*(Ratio (g/g)-0.18775)*(RPM-400) 0.0283270  

(Temperature (K)-485.678)*(Ratio (g/g)-0.18775) -0.0279395  
Ratio (g/g) -0.0248345  

(Temperature (K)-485.678)*(Time (min)-50)*(Ratio (g/g)-0.18775) 0.0184655  
(Time (min)-50)*(RPM-400) -0.0134810  

(Time (min)-50)*(Ratio (g/g)-0.18775) 0.0122870  
(Time (min)-50)*(Ratio (g/g)-0.18775)*(RPM-400) -0.0117482  

(Ratio (g/g)-0.18775)*(RPM-400) -0.0104559  
(Temperature (K)-485.678)*(Time (min)-50)*(RPM-400) 0.0080728  

(Temperature (K)-485.678)*(RPM-400) 0.0063919  
RPM 0.0030608  

(Temperature (K)-485.678)*(Time (min)-50)*(Ratio (g/g)-0.18775)*(RPM-400) -0.0001174  

Table 4.20 Factor effect calculation results on the calculated Absorbance Ratio on the HSO batch experimentation results 



Page 56 

 

Reaction temperature has a very high estimated effect compared with the rest of the 

experimental factors and their interactions. To confirm the magnitude of the effects, a 

normal probability plot of the effects was built and is shown in figure 4.14. 

 

 
Figure 4.14 Normal probability plot for the effects and their interactions for the 

calculated Absorbance Ratio on the HSO batch experimentation 

 

In figure 4.14, the effect of the reaction temperature is deviated from the normal 

probability line, giving more indications of the probable significant effect of this 

experimental factor over the response variable. Also, retention time shows a slight 

deviation from the normal probability line. Therefore, analysis of variance was done 

considering both experimental factors. The results are shown in table 4.21. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 4.1984 4.1984 381.35 <.0001 

Time (min) 1 0.1067 0.1067 9.69 0.0041 

Temperature 

(K)*Temperature (K) 
1 0.7762 0.7762 70.50 <.0001 

Temperature (K)*Time 

(min) 
1 0.0400 0.0400 3.63 0.07 

Time (min)*Time (min) 1 0.0152 0.0152 1.38 0.25 

Error 30 0.3303 0.0110     

Table 4.21 Analysis of variance results for the detected PUFA area on HSO batch 

experimentation results. 
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Analysis of variance results showed that reaction temperature and retention time effects 

have a significant impact on the response variable. Also, the quadratic form of the 

reaction temperature has an identified significant impact over the calculated absorbance 

ratio. The effect of the interaction between the temperature and time p-value was very 

close to the significance level and the quadratic form of time was found non-significant. 

The graphic evaluation of the ANOVA assumption started with the normal probability 

plot of the residuals. The results are shown in figure 4.15. 

 

 
Figure 4.15 Normal probability plot of residuals for the calculated absorbance ratio on 

HSO batch experimentation 

 

The experimental residuals showed normal behavior, allowing validation of the normality 

assumption. Residuals versus factor plots were done to evaluate homoscedasticity, 

results are shown in figures 4.16 and 4.17. 

 

 
Figure 4.16 Standardized residuals for the calculated absorbance ratio versus reaction 

temperature levels plot on HSO batch experimentation. 
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Figure 4.17 Standardized residuals for the calculated absorbance ratio versus reaction 

temperature levels plot on HSO batch experimentation. 

 

It could be seen that residual ranges overlap. Therefore, the homoscedasticity 

assumption is validated. To evaluate the absence of autocorrelation, the Durbin-Watson 

statistic was calculated. The result is shown in table 4.22. 

 

Durbin-Watson 
Number of 

Obs 
P-Value 

1.3391769 36 0.2508 

Table 4.22 Durbin-Watson results for the calculated absorbance ratio on the HSO batch 

experimentation 

 

Durbin-Watson index confirmed the absence of autocorrelation. Therefore, an initial 

model containing all the ANOVA terms was built and is shown in equation 4.5. 

 

𝐴𝑏𝑠𝑅𝑎𝑡𝑖𝑜 = 0.1469𝑇 + 0.0377𝑡 − 0.00011𝑇𝑡 − 0.00016𝑇2 + 9.67 × 10−5𝑡2 − 30.32   (4.5) 

 

Also, a second model removing the quadratic form of time was built and is shown in 

equation 4.6. 

 

𝐴𝑏𝑠𝑅𝑎𝑡𝑖𝑜 = 0.1469𝑇 + 0.04733𝑡 − 0.0001066𝑇𝑡 − 0.0001595𝑇2 − 30.54    (4.6) 

 

Summary of fit statistics for both models are shown in tables 4.23 and 4.24: 
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Parameter Model 4.5 Model 4.6 

RSquare 0.939671 0.937036 

RSquare Adj 0.929616 0.928911 

Root Mean Square Error 0.104708 0.105231 

Mean of Response 2.832979 2.832979 

Observations (or Sum Wgts) 36 36 

Table 4.23 Summary of fit statistics for equations 4.5 and 4.6 

 

Equation 4.5 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
3 0.0536366 0.017879 1.7536 0.1798 0.9495 

Pure Error 27 0.2752776 0.010195 
   

Total 

Error 
30 0.3289142         

Equation 4.6 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
4 0.068004 0.017001 1.6675 0.1866 0.9495 

Pure Error 27 0.2752776 0.010195 
   

Total 

Error 
31 0.3432816         

Table 4.24 Lack of fit analysis results for models 4.5 and 4.6 

 

Fit statistics are very similar between the obtained models. Lack of fit was found non-

significant. With the obtained models response surfaces were built and experimental 

results were overlapped to compare the behavior representation. Figure 4.18 illustrates 

both response surfaces with similar results. 
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(a) 

 
(b) 

Figure 4.18 Obtained response surfaces for the calculated absorbance ratio. (a) 

Equation 4.5 (b) Equation 4.6 
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4.1.1.4 Final product composition determination 

According to the previous results, during the hydrolysis released free fatty acids are 

transformed due to process conditions, mainly reaction temperature and time. To 

determine the resultant species present in the final hydrolysate samples. GC-MS 

analysis was done according to the materials and methods section; the species 

identification process was done using the NIST-02 1Av7 library fragment identification 

database. The fragment selection was done after a 98% match and a complimentary 

FTIR wavenumber measurement for the parent organic functionality. For comparison 

purposes, figures 4.19 and 4.20 present the baseline chromatogram for the non-

processed hemp seed oil and hydrolysate sample six which showed a high free fatty 

acid level as C18:1 equivalent during the titration analysis respectively. 

 

 
Figure 4.19 Non-processed hemp seed oil chromatogram 

 

 
Figure 4.20 Hydrolysate sample No. 6 chromatogram 
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In figures 4.19 and 4.20 it could be seen that on the non-processed oil, most peaks 

appear before the 15-minute mark. On the other hand, the hydrolysate sample 

chromatogram has a clear group of peaks above that time frame. After doing the 

fragment identification. The faster-appeared peaks correspond to monomer forms of 

FAME. However, the peaks that appear after the 15-minute mark were identified mainly 

as dimer forms of FAME's and the peak near the 30-minute mark was identified as a 

dimer form of a C18 aldehyde. Those results are consequent with the PUFA decrease 

and fatty acid modifications observed in previous sections. Also after analyzing the 

absorbance profiles for the hydrolysate samples, it was found that the readings peaked 

on the isomerization, polymerization, aldehyde, and free fatty acid formation. To confirm 

the peak presence, the second derivative of the reading was calculated. Obtained 

values were plotted, negative peaks mean strong deceleration of the reading which is a 

clear indication of a high absorbance reading. The results are shown in figure 4.21. 

 

Figure 4.21 Second derivative of the absorbance readings for the hemp seed oil 

hydrolysates 

 

The appreciated peaks on the 4.21 figure are consequent with the detected species on 

the GC-MS analysis, before proceeding with the correlation coefficient calculation 

analysis. Before performing the same analysis done on previous sections, individual 

species behavior was observed using the identified species mass fractions box plots. 

Each product detected fraction was plotted versus the process factor levels. Results of 
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the detected fatty acid species are presented in figures 4.22 to 4.25. There it could be 

seen that all identified fatty acid species with exception of C20:0 behave in a very 

similar manner to the process factor changes. 

 

 

Figure 4.22 Reaction Temperature Vs. Identified Fatty Acid Mass Fraction for the HSO 

Batch Experimentation, (a) C16:0, (b) C18:0, (c) C18:1, (d) C18:2, (e) 6,9,12-C18:3, (f) 

9,12,15-C18:3 
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Figure 4.23 Reaction Time Vs. Identified Fatty Acid Mass Fraction for the HSO Batch 

Experimentation, (a) C16:0, (b) C18:0, (c) C18:1, (d) C18:2, (e) 6,9,12-C18:3, (f) 

9,12,15-C18:3 
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Figure 4.24 Initial Oil Fraction Vs. Identified Fatty Acid Mass Fraction for the HSO Batch 

Experimentation, (a) C16:0, (b) C18:0, (c) C18:1, (d) C18:2, (e) 6,9,12-C18:3, (f) 

9,12,15-C18:3 
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Figure 4.25 Rotation Speed Vs. Identified Fatty Acid Mass Fraction for the HSO Batch 

Experimentation, (a) C16:0, (b) C18:0, (c) C18:1, (d) C18:2, (e) 6,9,12-C18:3, (f) 

9,12,15-C18:3 

 

The behavior of the C20:0 species is shown in figure 4.26. 
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Figure 4.26 C20:0 Mass Fraction response to process factor changes, (a) Reaction 

Temperature, (b) Retention Time, (c) Initial Oil Fraction, (d) Rotation Speed 

 

As it could be seen, the response of the C20:0 is different to the other fatty acids. 

However, the magnitude of the identified mass fraction for this species is much smaller 

compared to the other detected fatty acids. Therefore, to simplify the analysis, the 

detected mass fractions were added and treated as a single group. After doing that, 

totalized fractions were obtained. The results are shown in table 4.25. 
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Run 
Temperature 

(K) 

Time 

(min) 

Ratio 

(g/g) 
RPM 

FAME Mass 

Fraction 

Dimer Mass 

Fraction 

Aldehyde Mass 

Fraction 

1 485.7 80 0.188 400 0.8186 0.1351 0.0329 

2 485.7 50 0.125 400 0.8868 0.0816 0.0223 

3 423.2 50 0.188 400 0.8224 0.1007 0.0688 

4 454.4 35 0.219 300 0.9371 0.0387 0.0131 

5 485.7 50 0.188 400 0.786 0.1454 0.057 

6 548.2 50 0.188 400 0.0844 0.7186 0.1842 

7 485.7 50 0.25 400 0.7265 0.2006 0.0623 

8 516.9 65 0.156 500 0.1495 0.6321 0.2021 

9 454.4 35 0.219 500 0.819 0.1173 0.0529 

10 485.7 50 0.188 600 0.7857 0.1439 0.0601 

11 454.4 65 0.219 500 0.8413 0.1031 0.0456 

12 485.7 50 0.188 400 0.8063 0.1298 0.0538 

13 516.9 65 0.219 500 0.1616 0.659 0.1696 

14 516.9 35 0.156 500 0.4782 0.4046 0.1086 

15 485.7 50 0.188 400 0.7231 0.1904 0.0761 

16 516.9 35 0.156 300 0.4848 0.3942 0.1126 

17 485.7 20 0.188 400 0.8061 0.1305 0.0537 

18 485.7 50 0.188 400 0.7723 0.1552 0.0627 

19 454.4 65 0.156 500 0.9432 0.0346 0.0114 

20 454.4 65 0.219 300 0.9203 0.0498 0.0201 

21 485.7 50 0.188 400 0.861 0.0936 0.0359 

22 454.4 35 0.156 500 0.9531 0.0268 0.009 

23 516.9 65 0.219 300 0.142 0.6944 0.1563 

24 516.9 65 0.156 300 0.169 0.6717 0.1523 

25 485.7 50 0.188 200 0.8153 0.1337 0.042 

26 485.7 50 0.188 400 0.793 0.143 0.0547 

27 516.9 35 0.219 300 0.261 0.5761 0.1533 

28 485.7 50 0.188 400 0.7381 0.1842 0.0687 

Table 4.25 HSO batch experimentation species mass fraction results -Part 1- 
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Run 
Temperature 

(K) 

Time 

(min) 

Ratio 

(g/g) 
RPM 

FAME Mass 

Fraction 

Dimer Mass 

Fraction 

Aldehyde Mass 

Fraction 

29 454.4 35 0.156 300 0.8569 0.0926 0.0411 

30 485.7 50 0.188 400 0.9194 0.056 0.0148 

31 454.4 65 0.156 300 0.7419 0.1712 0.0774 

32 485.7 50 0.188 400 0.8572 0.099 0.0349 

33 485.7 50 0.188 400 0.8445 0.106 0.0405 

34 485.7 50 0.188 400 0.854 0.1048 0.0324 

35 516.9 35 0.219 500 0.47065 0.4021 0.118 

36 485.7 50 0.188 400 0.7833 0.1572 0.051 

Table 4.26 HSO batch experimentation fatty species mass fraction results -Part 2- 

 

Just like it was done in previous sections, the correlation between experimental results and factors was done. Obtained 

Pearson’s coefficients are shown in table 4.27. 

 

Variable 
Temperature 

(K) 

Time 

(min) 
Ratio (g/g) RPM 

FAME Mass 

Fraction 

Dimer Mass 

Fraction 

Aldehyde 

Mass 

Fraction 

Temperature (K) 1.000 0.000 0.000 0.000 -0.801 0.809 0.748 

Time (min) 0.000 1.000 0.000 0.000 -0.152 0.156 0.122 

Ratio (g/g) 0.000 0.000 1.000 0.000 -0.067 0.069 0.059 

RPM 0.000 0.000 0.000 1.000 0.032 -0.046 0.018 

FAME Mass Fraction -0.801 -0.152 -0.067 0.032 1.000 -0.999 -0.980 

Dimer Mass Fraction 0.809 0.156 0.069 -0.046 -0.999 1.000 0.969 

Aldehyde Mass Fraction 0.748 0.122 0.059 0.018 -0.980 0.969 1.000 

Table 4.27 Correlation coefficients among experimental factors and detected species mass fractions for the HSO batch 

experimentation 

 

The correlation analysis showed that free fatty acid (FFA) detected mass fraction has a clear inverse relationship with the 

reaction temperature, which is consequent with the decomposition results explained in previous sections and the 
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absorbance readings. Also, a strong inverse correlation between detected FFA, Dimer, and aldehyde mass fractions, 

implies that to estimate the response of the three variables, a regression model relating the process factors and the FFA 

detected mass. And after finding a suitable model, simple expressions between the FFA and the dimers and aldehyde 

content can be stated. Also, the magnitude of the correlation between response variables backs the hypothesis of 

released fatty acid conversion into polymers and aldehydes. Therefore, initially, the statistical analysis was executed 

determining the effect of the experimental factors on FFA mass fraction, starting with the effect calculation. Table 4.28 

shows the calculated effects. 

 

Term 
Orthogonal 

Estimate 
 

Temperature (K) -0.2098848  
Time (min) -0.0397004  

(Temperature (K)-485.678)*(Time (min)-50) -0.0396870  
(Temperature (K)-485.678)*(Ratio (g/g)-0.18775)*(RPM-400) 0.0312478  

Ratio (g/g) -0.0176827  
(Time (min)-50)*(Ratio (g/g)-0.18775) 0.0147256  

(Temperature (K)-485.678)*(Time (min)-50)*(RPM-400) -0.0144646  
(Temperature (K)-485.678)*(Ratio (g/g)-0.18775) -0.0108260  
(Time (min)-50)*(Ratio (g/g)-0.18775)*(RPM-400) -0.0101313  

(Ratio (g/g)-0.18775)*(RPM-400) -0.0100614  
RPM 0.0083130  

(Temperature (K)-485.678)*(Time (min)-50)*(Ratio (g/g)-

0.18775)*(RPM-400) 
-0.0046312  

(Temperature (K)-485.678)*(RPM-400) 0.0042719  
(Temperature (K)-485.678)*(Time (min)-50)*(Ratio (g/g)-0.18775) 0.0035859  

(Time (min)-50)*(RPM-400) -0.0024479  

Table 4.28 Factor effect calculation results on the detected fatty acid mass fraction on the HSO batch experimentation 

results 
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Calculated effects show that reaction temperature and retention time have the highest 

impact over the response variable. Also, the interaction between those two factors 

seems to have an important influence on response behavior. To confirm if those effects 

have an abnormal influence, a normal probability plot of the effects was done and is 

shown in figure 4.27. 

 
Figure 4.27 Normal probability plot for the effects and their interactions for the detected 

fatty acid mass fraction on the HSO batch experimentation 

 

The normal probability plot confirms that the reaction temperature has an abnormal 

impact on the response variable. Also, it could be seen that all other factors and 

interaction effects have normal behavior. Therefore, no difference between the rest of 

the effects and the natural variability of the phenomena could be found. Finally, analysis 

of variance was done with the reaction temperature as the source of variation. The 

results are shown in table 4.29. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 1.58586 1.58586 108.117 <.0001 

Temperature 

(K)*Temperature (K) 
1 0.40184 0.40184 27.396 <.0001 

Error 33 0.48405 0.01467     

Table 4.29 Analysis of variance results for the detected Fatty Acid mass fraction on 

HSO batch experimentation results 
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Analysis of variance showed that the reaction temperature in the first and second-order 

forms have a significant impact on the response variable. After confirming the 

significance of the factor in both forms, assumption validation was done. Initially, to 

evaluate normality, a normal probability plot of the residuals was built and is shown in 

figure 4.28. 

 

Figure 4.28 Normal probability plot for the detected fatty acid mass fraction as a function 

of temperature on the HSO batch experimentation 

 

The normal probability plot shows that experimental residuals deviate in the center of 

the line. That is a clear indicator of abnormal behavior. To confirm this issue, a Shapiro-

Wilk analytic test was done and resulted in a W-statistic of 0.90268 and a p-value of 

0.004. Those results confirm the lack of normality in the analysis. Therefore, a new 

ANOVA was done including the retention time. Table 4.30 shows the results. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 1.58586 1.58586 134.18 <.0001 

Time (min) 1 0.05674 0.05674 4.80 0.036 

Temperature 

(K)*Temperature (K) 
1 0.40184 0.40184 34.00 <.0001 

Temperature (K)*Time 

(min) 
1 0.05670 0.05670 4.79 0.036 

Time (min)*Time (min) 1 0.001603 0.001603 1.36 0.25 

Error 30 0.35457 0.01182     

Table 4.30 Analysis of variance results for the fatty acid mass fraction including 

retention time 
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A new analysis of variance shows that besides the reaction temperature, retention time, 

and the interaction between time and temperature effects were found significant. Also, 

the second-order form of time effect wasn’t found significant. To evaluate the normality 

of the analysis, a new normal probability plot of the residuals was built and is shown in 

figure 4.29. 

 

Figure 4.29 Normal probability plot for the detected fatty acid mass fraction as a function 

of temperature and time on the HSO batch experimentation 

 

The new normal probability plot only shows deviations at the extremes of the line, which 

is a clear indicator of normality accomplishment. To evaluate homoscedasticity, residual 

versus factor level plots were built and are shown in figures 4.30 and 4.31. 

 

 

Figure 4.30 Fatty acid mass fraction residuals versus reaction temperature levels on the 

HSO batch experimentation 
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Figure 4.31 Fatty acid mass fraction residuals versus retention time levels on the HSO 

batch experimentation 

 

In both residuals versus factor level plots, it could be seen that besides the higher level, 

where only one result was gathered, residual ranges coincide. Therefore, the 

homoscedasticity assumption is confirmed. The final assumption was an absence of 

autocorrelation, for that purpose, the Durbin-Watson test was done, results can be seen 

in table 4.31. 

Durbin-Watson 
Number of 

Obs 
P-Value 

1.8272 36 0.284 

Table 4.31 Durbin-Watson results for the fatty acid detected mass fraction on the HSO 

batch experimentation 

 

Durbin-Watson index confirmed the absence of autocorrelation. Therefore, an initial 

model containing all the ANOVA terms was built and is shown in equation 4.7. 

 

𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.11𝑇 + 0.0684𝑡 − 0.00013𝑇𝑡 − 0.00011𝑇2 − 9.95 × 10−5𝑡2 − 25.46   (4.7) 

 

Also, due to the lack of significance of the quadratic form of time, a second model 

removing that term was done and is shown in equation 4.8. 

 

𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.11𝑇 + 0.0582𝑡 − 0.00013𝑇𝑡 − 0.000115𝑇2 − 25.23     (4.8) 

 

Summary of fit statistics for both models are shown in tables 4.32 and 4.33: 
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Parameter Model 4.7 Model 4.8 

RSquare 0.85655 0.850064 

RSquare Adj 0.832641 0.830718 

Root Mean Square Error 0.108716 0.109339 

Mean of Response 0.689265 0.689265 

Observations (or Sum Wgts) 36 36 

Table 4.32 Summary of fit statistics for equations 4.7 and 4.8 

 

Equation 4.7 

Source DF Sum of Squares 
Mean 

Square 
F Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
3 0.2324419 0.077481 17.1289 <0.0001 0.9506 

Pure Error 27 0.12213158 0.004523 
   

Total 

Error 
30 0.35457349         

Equation 4.6 

Source DF Sum of Squares 
Mean 

Square 
F Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
4 0.24847185 0.062118 13.7326 <0.0001 0.9506 

Pure Error 27 0.12213158 0.004523 
   

Total 

Error 
31 0.37060343         

Table 4.33 Lack of fit analysis results for models 4.7 and 4.8 

 

Fit statistics are very similar between the obtained models. Just like it was seen on the 

titration yield, lack of fit was found significant in both cases. However, equation 4.8 has 

a lower f-statistic on the lack of fit analysis. With the obtained models response surfaces 

were built and experimental results were overlapped to compare the behavior 

representation. Figure 4.32 illustrates both response surfaces with similar results. 
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Figure 4.32. Obtained response surfaces for the calculated absorbance ratio. (a) 

Equation 4.7 (b) Equation 4.8 

 

Both models have similar responses. However, due to the smaller lack of fit and the 

higher level of simplicity in the model, equation 4.8 is selected as the estimator for the 



Page 77 

 

fatty acid mass fraction of hydrolysates. Finally, due to the high correlation found 

between fatty acids, aldehydes, and dimer acids, simple models were built to estimate 

decomposition product fractions among the experimental region. In both cases first and 

second-order models were built. Equations 4.9 and 4.10 show the obtained models for 

the dimer acid mass fractions. 

 

𝐷𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.786 − 0.807𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛       (4.9) 

 

𝐷𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.8006 − 0.8914𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + 0.08005𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛
2    (4.10) 

 

The summary of fit for both models is shown in table 4.34. 

 

Parameter Model 4.9 Model 4.10 

RSquare 0.997394 0.99775 

RSquare Adj 0.997317 0.997614 

Root Mean Square Error 0.01112 0.010488 

Mean of Response 0.229933 0.229933 

Observations (or Sum Wgts) 36 36 

Table 4.34 Summary of fit statistics for equations 4.9 and 4.10 

 

With obtained models, response surfaces were built and are shown in figures 4.33 and 

4.34. 

 

Figure 4.33 Estimated response surface for the dimer acid mass fraction on the HSO 

batch experimentation with expression 4.9 
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Figure 4.34 Estimated response surface for the dimer acid mass fraction on the HSO 

batch experimentation with expression 4.10 

 

Both surfaces have a similar behavior representing the response variable. However, the 

first-order model has a lower deviation on the higher section of the region, therefore, 

equation 4.9 was selected to estimate the dimer acid mass fraction. The process was 

repeated for the aldehyde mass fraction, obtaining the following models: 

 

𝐴𝐿𝐷𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.2037 − 0.1927𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛      (4.11) 

 

𝐴𝐿𝐷𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.2303 − 0.2223𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + 0.0901𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛
2    (4.12) 

 

The summary of fit for both models is shown in table 4.35. 

 

Parameter Model 4.11 Model 4.12 

RSquare 0.960765 0.968286 

RSquare Adj 0.959611 0.966364 

Root Mean Square Error 0.010499 0.009581 

Mean of Response 0.070894 0.070894 

Observations (or Sum Wgts) 36 36 

Table 4.35 Summary of fit statistics for equations 4.11 and 4.12 

 

With obtained models, response surfaces were built and are shown in figure 4.35. 
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Figure 4.35 Obtained response surfaces for the aldehyde mass fraction on the HSO 

batch experimentation. (a) Equation 4.11 (b) Equation 4.12 
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On figure 4.35 it could be seen that both models yield a similar response. However, the 

first-order equation has a better fit on the lower part of the region giving a better 

representation of the phenomenon. 

 

4.1.1.5 Reaction Kinetics 

The reaction kinetics is based on the predictive models (65, 68). But also, the polymer 

fatty acid (PM) and aldehyde in polymer form (PAL) are included in an auxiliary reaction 

set. 

 

First-order set 

𝑇𝐺 +𝑊
𝑘1
↔
𝑘−1

𝐷𝐺 + 𝐹𝐴 

𝐷𝐺 +𝑊
𝑘1
↔
𝑘−1

𝑀𝐺 + 𝐹𝐴 

𝑀𝐺 +𝑊
𝑘1
↔
𝑘−1

𝐺 + 𝐹𝐴 

Second-order reaction set 

𝑇𝐺 +𝑊 + 𝐹𝐴
𝑘2
↔
𝑘−2

𝐷𝐺 + 2𝐹𝐴 

𝐷𝐺 +𝑊 + 𝐹𝐴
𝑘2
↔
𝑘−2

𝑀𝐺 + 2𝐹𝐴 

𝑇𝐺 +𝑊 + 𝐹𝐴
𝑘2
↔
𝑘−2

𝐷𝐺 + 2𝐹𝐴 

Auxiliary reaction set 

2𝐹𝐴
𝑘3
→𝑃𝐹𝐴 + 2𝐻 

𝐹𝐴 + 2𝐻
𝑘4
→𝐴𝐿 +𝑊 

2𝐴𝐿
𝑘3
→𝑃𝐴𝐿 + 2𝐻 

 

The differential equation system for the reaction set is assumed to be proportional to the 

stoichiometric coefficients of the set. Therefore, the species concentration can be 

calculated according to: 
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𝑑[𝑇𝐺]

𝑑𝑡
= 𝑘−1[𝐷𝐺][𝐹𝐴] + 𝑘−2[𝐷𝐺][𝐹𝐴]

2 − 𝑘1[𝑇𝐺][𝑊] − 𝑘2[𝑇𝐺][𝑊][𝐹𝐴]        (4.13) 

𝑑[𝐷𝐺]

𝑑𝑡
= 𝑘1([𝑊][𝑇𝐺] − [𝐷𝐺]) + 𝑘−1[𝐹𝐴]([𝑀𝐺] − [𝐷𝐺]) + 𝑘2[𝑊][𝐹𝐴]([𝑇𝐺] − [𝐷𝐺]) + 𝑘−2[𝐹𝐴]

2([𝑀𝐺] − [𝐷𝐺])  (4.14) 

 
𝑑[𝑀𝐺]

𝑑𝑡
= 𝑘1([𝑊][𝐷𝐺] − [𝑀𝐺]) + 𝑘−1[𝐹𝐴]([𝐺] − [𝑀𝐺]) + 𝑘2[𝑊][𝐹𝐴]([𝐷𝐺] − [𝑀𝐺]) + 𝑘−2[𝐹𝐴]

2([𝐺] − [𝑀𝐺])   (4.15) 

𝑑[𝐺]

𝑑𝑡
= 𝑘1[𝑀𝐺][𝑊] − 𝑘−1[𝐺][𝐹𝐴] + 𝑘2[𝑀𝐺][𝑊][𝐹𝐴] − 𝑘−2[𝐺][𝐹𝐴]

2         (4.16) 

 

If: 

[𝐵𝑃𝐺] = [𝑇𝐺] + [𝐷𝐺] + [𝑀𝐺]             (4.17) 

 

And: 

[𝑆𝑃𝐺] = [𝐷𝐺] + [𝑀𝐺] + [𝐺]             (4.18) 

 

Then: 

 
𝑑[𝑊]

𝑑𝑡
= 𝑘−1[𝐹𝐴][𝑆𝑃𝐺] − 𝑘1[𝑊][𝐵𝑃𝐺] − 𝑘2[𝑊][𝐹𝐴][𝐵𝑃𝐺] + 𝑘−2[𝐹𝐴]

2[𝑆𝑃𝐺] + 𝑘4[𝐹𝐴][𝐻]
2     (4.19) 

𝑑[𝐹𝐴]

𝑑𝑡
= 𝑘1[𝑊][𝐵𝑃𝐺] − 𝑘−1[𝐹𝐴][𝑆𝑃𝐺] + 𝑘2[𝑊][𝐹𝐴][𝐵𝑃𝐺] + 𝑘−2[𝐹𝐴]

2[𝑆𝑃𝐺] − 𝑘3[𝐹𝐴]
2 − 𝑘4[𝐹𝐴][𝐻]

2    (4.20) 

𝑑[𝑃𝐹𝐴]

𝑑𝑡
= 𝑘3[𝐹𝐴]

2              (4.21) 

𝑑[𝐴𝐿]

𝑑𝑡
= 𝑘4[𝐹𝐴][𝐻]

2 − 𝑘3[𝑃𝐴𝐿][𝐹𝐴]
2            (4.22) 

𝑑[𝑃𝐴𝐿]

𝑑𝑡
= 𝑘3[𝐴𝐿]

2              (4.23) 

𝑑[𝐻]

𝑑𝑡
= 𝑘3([𝐹𝐴]

2 + [𝐴𝐿]2) − 𝑘4[𝐹𝐴][𝐻]
2           (4.24) 

 

The reaction rates were assumed to have an Arrhenius form. 

𝑘𝑖 = 10𝑎𝑖𝑒
−𝐸𝑖

𝑅𝑇⁄               (4.25) 

 

To determine the rate coefficients, a least minimum squares optimization exercise was done using the experimental yield 

results; obtaining the kinetic parameters shown in table 4.36. 
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i a E 

1 7.04E-05 37.48 

-1 7.736 195.38 

2 9.403 112.37 

-2 5.868 124.61 

3 0 19.56 

4 0 268.78 

Table 4.36 Obtained kinetic parameters for the hemp seed oil Hydrolysis under 

Subcritical Water Conditions in the Batch Experimentation 

 

Using the obtained kinetic parameters, the estimated concentrations for free fatty acids, 

polymers, and aldehyde compounds were calculated for all the experimental reaction 

temperatures. The results are shown in figure 4.36, 4.37, and 4.38. Where it could be 

seen that on the 517K and 548K reaction temperatures, the molar concentration of free 

fatty acid spikes rapidly and after reaching its maximum drops steadily. Meanwhile, an 

opposite behavior is shown on the polymer species. The calculated aldehyde 

concentration remains minimal at temperatures below 548K. 

 
Figure 4.36 Calculated fatty acid concentrations for 423K, 454K, 486K, 517K, and 548K 
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Figure 4.37 Calculated dimer acid concentrations for 423K, 454K, 486K, 517K, and 

548K 

 

Figure 4.38 Calculated aldehyde concentrations for 423K, 454K, 486K, 517K, and 548K 

 

Also, using the estimated free fatty acid concentration, the estimated hydrolysis yield 

was calculated according to expression 4.26; and is shown in figure 4.39. 

 

𝑌𝑖𝑒𝑙𝑑𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 =
[𝐹𝐴]𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑

[𝐹𝐴]𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
        (4.26) 
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Figure 4.39. Estimated Hydrolysis Yields for the HSO Batch Experimentation 

 

The calculated yield has the same behavior as the concentration. At temperatures of 

517K and beyond it spikes above 80% and steadily decreases. That effect is 

consequent with the identified fatty acid thermal transformation explained in previous 

sections. This means that even though carrying out the process at higher temperatures 

could lead to elevated hydrolysis yields. Also, could lead to quicker decomposition of 

the obtained fatty acids. 

 

4.1.2 Continuous experimentation 

Using the experimental device mentioned in the materials and methods section. A 

series of continuous experiments were carried out to perform the hemp seed oil 

hydrolysis. In this case, three process factors were modified. Reaction temperature, 

retention time, and initial oil fraction were modified to determine its influence over the 

hydrolysis results. The experimental levels are shown in table 4.37. 

 

Experimental Factor Units Low Level Center Level High Level 

Temperature K 454.4 485.7 516.9 

Time min 60 80 100 

Oil Fraction (ml/ml) 0.156 0.188 0.219 

Table 4.37 Process factors and region limits for the continuous HSO experimentation 

 

As it was expressed in the materials and methods section a central composite design 

was executed with seven central and six axial points. The experimentation order is 

shown in table 4.38. 
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Run Temperature (K) Retention time (min) Oil Fraction (ml/ml) 

1 485.7 80.0 0.188 

2 485.7 80.0 0.188 

3 485.7 80.0 0.250 

4 454.4 100.0 0.219 

5 516.9 100.0 0.159 

6 454.4 60.0 0.219 

7 516.9 60.0 0.219 

8 485.7 120.0 0.188 

9 454.4 60.0 0.159 

10 548.2 80.0 0.188 

11 485.7 80.0 0.188 

12 485.7 80.0 0.188 

13 516.9 100.0 0.219 

14 485.7 40.0 0.188 

15 454.4 100.0 0.159 

16 485.7 80.0 0.188 

17 485.7 80.0 0.188 

18 423.2 80.0 0.188 

19 485.7 80.0 0.188 

20 485.7 80.0 0.125 

21 516.9 60.0 0.159 

Table 4.38 HSO Continuous experimentation order 

 

4.1.2.1 Free fatty acid content by titration 

 

Repeating the data processing procedure and analysis sequence applied in the batch 

experimental results; initially, a free fatty acid determination of hydrolysates by titration. 

Table 4.39 shows the experimental results. 
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Run 
Temperature 

(K) 

Time 

(min) 

Oil Fraction 

(ml/ml) 

Titration 

yield 

1 485.7 80.0 0.188 0.4958 

2 485.7 80.0 0.188 0.4673 

3 485.7 80.0 0.250 0.4687 

4 454.4 100.0 0.219 0.2303 

5 516.9 100.0 0.159 0.5672 

6 454.4 60.0 0.219 0.2495 

7 516.9 60.0 0.219 0.7332 

8 485.7 120.0 0.188 0.8741 

9 454.4 60.0 0.159 0.2977 

10 548.2 80.0 0.188 0.9063 

11 485.7 80.0 0.188 0.4910 

12 485.7 80.0 0.188 0.5681 

13 516.9 100.0 0.219 0.8807 

14 485.7 40.0 0.188 0.3590 

15 454.4 100.0 0.159 0.2888 

16 485.7 80.0 0.188 0.5273 

17 485.7 80.0 0.188 0.5352 

18 423.2 80.0 0.188 0.2212 

19 485.7 80.0 0.188 0.4786 

20 485.7 80.0 0.125 0.5273 

21 516.9 60.0 0.159 0.8819 

Table 4.39 Titration yield results for the HSO continuous experimentation 

 

Just like it was done on the batch experimentation, a Pearson correlation coefficient 

calculation started the analysis process. The results are shown in table 4.40. 

 

Source 
Temperature 

(K) 

Time 

(min) 

Oil Fraction 

(ml/ml) 

Titration 

yield 

Temperature (K) 1.000 0.000 0.000 0.855 

Time (min) 0.000 1.000 0.000 0.212 

Oil Fraction 

(ml/ml) 
0.000 0.000 1.000 -0.016 

Titration yield 0.855 0.212 -0.016 1.000 

Table 4.40 Correlation coefficients for the factors and titration yield on the HSO 

continuous experimentation 

 

The obtained coefficients show very similar results to the ones appreciated at the batch 

experimentation. Where the reaction temperature shows a clear indication of correlation 



Page 87 

 

with the response variable. On the other hand, retention time showed a lower 

correlation. Meanwhile, the oil fraction didn't present any correlation level to the 

response variable. After determining the correlation coefficients, factor, and interaction 

effects were calculated. The results are shown in table 4.41. 

 

Term 
Orthogonal 

Estimate 
 

Temperature 0.1836984  
Time 0.0455450  

(Temperature-485.681)*(Time-

80)*(Ratio-0.18833) 
0.0364576  

(Time-80)*(Ratio-0.18833) 0.0332843  
(Temperature-485.681)*(Ratio-0.18833) 0.0217340  

(Temperature-485.681)*(Time-80) -0.0106497  
Ratio -0.0035002  

Table 4.41 Experimental factor effect calculation results for the titration yield on the 

HSO continuous experimentation 

 

It could be seen that the reaction temperature effect is very high compared with the rest 

of the process factors and interactions. To confirm the evaluation, a normal probability 

plot of the effects was done and is shown in figure 4.40. 

 

 

Figure 4.40 Normal probability plot of the effects on the HSO continuous 

experimentation 
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The normal probability plot shows a clear separation of reaction temperature effect 

concerning the normal line. Also, the rest of the effects doesn’t fit right on the normal 

line. However, the observed difference between the reaction temperature effect and the 

rest of the factors and interactions is clear. Therefore, an initial analysis of variance 

including only reaction temperature was done and is shown in table 4.42. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 0.70855 0.70855 49.31 <.0001 

Temperature 

(K)*Temperature (K) 
1 0.00175 0.00175 0.12 0.7313 

Error 18 0.25865 0.01437     

Table 4.42 Analysis of variance results for the titration yield as a sole function of 

reaction temperature on the HSO continuous experimentation 

 

The analysis of variance showed that the reaction temperature has a significant effect 

on the response variable. Before proceeding with a regression model, ANOVA 

assumptions were evaluated starting with the normality. To do so, a normal probability 

plot of the residuals was built and is shown in figure 4.41 

 

 

Figure 4.41 Normal probability plot of the residuals for the analysis of variance for the 

titration yield as a sole function of reaction temperature on the continuous 

experimentation 

 

The normal probability plot of the residuals shows abnormal behavior in the center of 

the region. Therefore, a Shapiro-Wilk analytic test was done and resulted in a W-
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statistic of 0.88906 and a p-value of 0.021. Those results confirm the lack of normality in 

the analysis. Therefore, a new ANOVA was done including the retention time. The 

results are shown in table 4.43. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 0.70855 0.70855 54.27 <.0001 

Time (min) 1 0.04357 0.04357 3.33 0.088 

Temperature 

(K)*Temperature (K) 
1 0.00175 0.00175 0.13 0.719 

Time (min)*Time (min) 1 0.01687 0.01687 1.29 0.274 

Temperature (K)*Time 

(min) 
1 0.00238 0.00238 0.18 0.675 

Error 15 0.19582 0.01305     

Table 4.43 Analysis of variance for the titration yield as a function of reaction 

temperature and time on the HSO continuous experimentation 

 

The new ANOVA confirms the significant effect of reaction temperature over the 

response variable. Also, shows that the reaction time effect doesn’t reach a significant 

level. However, the obtained p-value is just slightly higher than the significance level 

value of 0.05. With the new analysis of variance results, diagnostics were evaluated. 

The new normal probability plot is shown in figure 4.42. 

 

 

Figure 4.42 Normal probability plot of the residuals for the analysis of variance for the 

titration yield as a function of reaction temperature and time on the continuous 

experimentation 
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The new normal probability plot shows a better behavior of the residuals. Also, as a 

confirmation, the Shapiro-Wilk statistic was calculated with a resultant value of 0.96399 

and a p-value of 0.5997 which is consistent with normality accomplishment. To evaluate 

homoscedasticity, residual versus factor level plots were built and are shown in figures 

4.43 and 4.44. 

 

 

Figure 4.43 Titration yield residuals versus reaction temperature levels on the HSO 

continuous experimentation 

 

 

Figure 4.44 Titration yield residuals versus retention time levels on the HSO continuous 

experimentation 
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Residual plots don’t show any visible trend or complete range deviation on the factor 

levels. Therefore, the homoscedasticity assumption can be confirmed. Durbin-Watson 

statistic was calculated to evaluate the absence of autocorrelation. Results are shown in 

Table 4.44 

 

Durbin-Watson 
Number of 

Obs. 
P-Value 

1.2164 21 0.06 

Table 4.44 Durbin-Watson results for the titration yield on the HSO continuous 

experimentation 

 

Just like it happened on the batch experimentation, the Durbin-Watson statistic doesn’t 

show clear evidence. Therefore, a time-series plot between the log function of the 

response variable and the sampling order was done. The results are shown in figure 

4.45. 

 

 
Figure 4.45 Time-series plot for the logarithmic function of the titration yield on the HSO 

continuous experimentation 

 

The time-series analysis showed no appreciable trend on the data. Therefore, the 

absence of autocorrelation assumption is confirmed, so as a starting point, a regression 

model was built and is shown in equation 4.26. 

 

𝑇𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑦𝑖𝑒𝑙𝑑 = 0.0061𝑡 + 6.23 × 10−5𝑡2 + 1.2 × 10−5𝑇2 − 0.0027𝑇 − 2.76 × 10−5𝑇𝑡 − 0.834 

            (4.26) 

Also, a second model removing the least significant terms was produced and is shown 

on equation 4.27. 

 

𝑇𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑦𝑖𝑒𝑙𝑑 = 0.00673𝑇 − 0.00665𝑡 + 5.79 × 10−5𝑡2 − 2.6    (4.27) 
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The summary of fit statistics is shown in tables 4.45 and 4.46. 

 

Parameter Model 4.26 Model 4.27 

RSquare 0.797911 0.791621 

RSquare Adj 0.730548 0.754848 

Root Mean Square Error 0.114261 0.108987 

Mean of Response 0.526148 0.526148 

Observations (or Sum Wgts) 21 21 

Table 4.45 Summary of fit statistics for equations 4.26 and 4.27 

 

Equation 4.26 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
3 0.12317193 0.041057 6.7806 0.0063 0.9250 

Pure Error 12 0.07266116 0.006055 
   

Total 

Error 
15 0.19583309         

Equation 4.27 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
5 0.12926777 0.025854 4.2697 0.0183 0.9250 

Pure Error 12 0.07266116 0.006055 
   

Total 

Error 
17 0.20192893         

Table 4.46 Lack of fit analysis results for models 4.26 and 4.27 

 

Fit statistics are very similar between the obtained models. Just like it was seen on the 

titration yield, lack of fit was found significant in both cases. However, equation 4.27 has 

a lower f-statistic on the lack of fit analysis. With the obtained models response surfaces 

were built and experimental results were overlapped to compare the behavior 

representation. Figure 4.46 illustrates both results. 
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Figure 4.46. Obtained response surfaces for the titration yield in the HSO continuous 

experimentation, (a) Equation 4.26, (b) Equation 4.27 

 

Both equations result in similar surfaces. However, due to its simplicity and higher 𝑅𝑎𝑑𝑗
2 , 

equation 4.27 is recommended to estimate the response variable in the continuous 

experimentation. 
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4.1.2.2 Polyunsaturated fatty acid fraction by GC-FID 

Experimental results are presented in table 4.47. 

 

Run 
Temperature 

(K) 

Time 

(min) 

Oil Fraction 

(ml/ml) 

PUFA Area 

(microV/min) 

1 485.7 80.0 0.188 452382.23 

2 485.7 80.0 0.188 296556.10 

3 485.7 80.0 0.250 418495.55 

4 454.4 100.0 0.219 668261.66 

5 516.9 100.0 0.159 412265.32 

6 454.4 60.0 0.219 615294.82 

7 516.9 60.0 0.219 318146.22 

8 485.7 120.0 0.188 121964.44 

9 454.4 60.0 0.159 326447.24 

10 548.2 80.0 0.188 184652.47 

11 485.7 80.0 0.188 534334.61 

12 485.7 80.0 0.188 353611.87 

13 516.9 100.0 0.219 127008.46 

14 485.7 40.0 0.188 574097.33 

15 454.4 100.0 0.159 590145.15 

16 485.7 80.0 0.188 472524.60 

17 485.7 80.0 0.188 20308.03 

18 423.2 80.0 0.188 17828.32 

19 485.7 80.0 0.188 22900.01 

20 485.7 80.0 0.125 12883.26 

21 516.9 60.0 0.159 1406.35 

Table 4.47 Experimental results for the PUFA detected area on the HSO Continuous 

experiment 

 

Initially, correlation coefficients between experimental factors and the response were 

calculated. The results are shown in table 4.48. 

Source 
Temperature 

(K) 

Time 

(min) 

Oil Fraction 

(ml/ml) 

PUFA Area 

(microV/min) 

Temperature (K) 1.000 0.000 0.000 -0.251 

Time (min) 0.000 1.000 0.000 -0.091 

Oil Fraction (ml/ml) 0.000 0.000 1.000 0.308 

PUFA Area 

(microV/min) 
-0.251 -0.091 0.308 1.000 

Table 4.48 Correlation coefficients between experimental factors and response variable 

for the PUFA detected area on the HSO continuous experiment 
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Correlation coefficient results differ in comparison with the observed behavior of the 

detected PUFA area on the GC-FID analysis performed on the batch experimentation. 

In this case, the found correlations have lower coefficients and also, the oil ratio showed 

the highest correlation value with the response variable. Continuing with the analysis, 

factor, and interaction effects were calculated and are shown in table 4.49. 

 

Term 
Orthogonal 

Estimate 
 

Ratio 67604.31  
(Time-80)*(Ratio-0.18833) -60834.14  

Temperature -55022.60  
(Temperature-485.681)*(Time-

80)*(Ratio-0.18833) 
-30183.78  

(Temperature-485.681)*(Ratio-

0.18833) 
-28004.34  

Time -20069.49  
(Temperature-485.681)*(Time-80) -7568.27  

Table 4.49 Experimental factor effect calculation results for the detected PUFA area on the 

HSO continuous experimentation 

 

Effect calculation shows that the initial oil ratio and the interaction between retention 

time and oil fraction have the highest calculated effect, which is very close to the 

reaction temperature effect. However, the observed impact of oil fraction is positive, and 

the rest of the factors harm the detected PUFA area on the GC-FID analysis. To 

continue with the analysis sequence, a normal probability plot was done and is shown in 

figure 4.47. 

 

Figure 4.47 Normal probability plot for the effects for the PUFA area on the HSO 

continuous experimentation 
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The normal probability plot doesn’t show many differences between observed factors 

and interaction effects. Therefore, a complete analysis of variance was done and is 

shown in table 4.50. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 6.4 x 1010 6.4 x 1010 1.13 0.306 

Time (min) 1 8.5 x 109 8.5 x 109 0.15 0.704 

Ratio (ml/ml) 1 9.6 x 1010 9.6 x 1010 1.71 0.213 

Temperature (K)*Time (min) 1 1.2 x 109 1.2 x 109 0.02 0.886 

Temperature (K)*Ratio (ml/ml) 1 1.6 x 1010 1.6 x 1010 0.29 0.597 

Time (min)*Ratio(ml/ml) 1 7.8 x 1010 7.8 x 1010 1.39 0.260 

Temperature 

(K)*Time(min)*Fraction(ml/ml) 
1 1.9 x 1010 1.9 x 1010 0.34 0.569 

Error 13 7.3 x 1011 5.6 x 1010     

Table 4.50 Analysis of variance for the detected PUFA area on the HSO continuous 

experimentation 

 

The analysis of variance showed that the identified effects on the response variable 

don't reach the p-value significance level below 0.05. Therefore, it could be stated that 

there is no sufficient evidence of significant impact over the detected PUFA area; 

therefore, no regression model was built in this case. 

 

4.1.2.3 Fatty acid trans-isomerization 

Just like it was done on batch experimentation, the absorbance ratio was used as an 

indicator of the trans-isomerization of hydrolysate fatty acids. Initially experimental 

results are shown in table 4.51. Later a correlation coefficient calculation was done and 

the obtained values are presented in table 4.52. 
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Run 
Temperature 

(K) 

Time 

(min) 

Oil Fraction 

(ml/ml) 

Absorbance 

ratio 

1 485.7 80.0 0.188 2.346 

2 485.7 80.0 0.188 1.904 

3 485.7 80.0 0.250 2.165 

4 454.4 100.0 0.219 2.127 

5 516.9 100.0 0.159 1.696 

6 454.4 60.0 0.219 2.079 

7 516.9 60.0 0.219 1.963 

8 485.7 120.0 0.188 1.844 

9 454.4 60.0 0.159 1.944 

10 548.2 80.0 0.188 1.59 

11 485.7 80.0 0.188 1.815 

12 485.7 80.0 0.188 2.196 

13 516.9 100.0 0.219 1.799 

14 485.7 40.0 0.188 2.078 

15 454.4 100.0 0.159 2.165 

16 485.7 80.0 0.188 2.205 

17 485.7 80.0 0.188 2.235 

18 423.2 80.0 0.188 2.424 

19 485.7 80.0 0.188 2.451 

20 485.7 80.0 0.125 2.262 

21 516.9 60.0 0.159 1.823 

Table 4.51 Experimental results for the Absorbance Ratio on the HSO continuous 

experimentation 

 

Source 
Temperature 

(K) 

Time 

(min) 

Oil Fraction 

(ml/ml) 

Absorbance 

ratio 

Temperature (K) 1.000 0.000 0.000 -0.634 

Time (min) 0.000 1.000 0.000 -0.115 

Oil Fraction 

(ml/ml) 
0.000 0.000 1.000 0.024 

Absorbance ratio -0.634 -0.115 0.024 1.000 

Table 4.52 Correlation coefficients for the Absorbance Ratio and Experimental Factors 

on the HSO Continuous experimentation 

 

Just like it was seen on the batch experimentation, an inverse correlation between the 

experimental factors and the response variable is observed. Reaction temperature has 

a higher correlation value with the response variable. Also, as it was done previously, 

the factors and interaction effects were calculated and are shown in table 4.53 
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Term 
Orthogonal 

Estimate 
 

Temperature -0.1473339  
(Temperature-485.681)*(Time-

80) 
-0.0432324  

Time -0.0267317  
(Time-80)*(Ratio-0.18833) -0.0156252  

(Temperature-485.681)*(Ratio-

0.18833) 
0.0120420  

(Temperature-485.681)*(Time-

80)*(Ratio-0.18833) 
0.0104936  

Ratio 0.0056058  

Table 4.53 Experimental factor effect calculation results for the Absorbance Ratio on the 

HSO continuous experimentation 

 

The results presented in table 4.53 show that reaction temperature has a differentiated 

inverse effect on the absorbance ratio. On the other hand, the initial ratio effect was the 

smallest found. To confirm the significant effects, a normal probability plot of effects was 

built and is shown in figure 4.48. 

 

 

Figure 4.48 Normal probability plot of the effects for the Absorbance Ratio on the HSO 

Continuous experimentation 

 

The normal probability plot confirms the clear effect of reaction temperature. Also, other 

identified effects are closer to the normal line. Therefore, an analysis of variance with 

reaction temperature as a source of variation was done. The results are shown in table 

4.54. 
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Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 0.45585 0.45585 13.05 0.0020 

Temperature 

(K)*Temperature (K) 
1 0.05144 0.05144 1.47 0.2405 

Error 18 0.62857 0.03492     

Table 4.54 Analysis of variance results for the Absorbance Ratio as a sole function of 

reaction temperature 

 

The analysis of variance results shows that the reaction temperature in its first-order 

form. However, the second-degree term didn’t show a significant effect over the 

response variable. Before proceeding with regression modelling, normality, 

homoscedasticity, and absence of autocorrelations assumptions were verified. Initially 

with a normal probability plot of residuals that is shown in figure 4.49. 

 

 

Figure 4.49 Normal probability plot of studentized residuals for the absorbance ratio as 

a sole function of reaction temperature 

 

On the normal probability plot, no major deviations from the line were identified. 

However, due to the presence of slight differences in the center of the region, an 

analytical Shapiro-Wilk test was done with a W-statistic of 0.96861 and a p-value of 

0.7022, confirming the normal behavior. To evaluate homoscedasticity, residual versus 

factor level plots were built and they are shown in figure 4.50. 
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Figure 4.50 Experimental residuals versus reaction temperature levels for the 

absorbance ratio on the HSO continuous experimentation 

 

The residual plot doesn’t show any visual trend nor range exclusion. Therefore, the 

homoscedasticity assumption is confirmed. To evaluate the absence of autocorrelation, 

a Durbin-Watson test was executed with a DW of 1.5271 and a p-value of 0.1614, 

confirming all assumptions. After confirmations, two models were built, a first and a 

second-order model that was shown in equations 4.28 and 4.29. 

 

𝐴𝑏𝑠𝑅𝑎𝑡𝑖𝑜 = 4.676 − 0.0054𝑇         (4.28) 

 

𝐴𝑏𝑠𝑅𝑎𝑡𝑖𝑜 = 0.0374𝑇 − 0.00044𝑇2 − 5.68        (4.29) 

 

Fit statistics for both models are shown in tables 4.55 and 4.56. 

 

Parameter Model 4.28 Model 4.29 

RSquare 0.401 0.459 

RSquare Adj 0.370 0.168 

Root Mean Square Error 0.189 0.217 

Mean of Response 2.053 2.053 

Observations (or Sum Wgts) 21 21 

Table 4.55 Summary of fit statistics for equations 4.28 and 4.29 
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Equation 4.28 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
3 0.192111 0.064037 2.1 0.1405 0.5705 

Pure Error 16 0.487894 0.030493 
   

Total 

Error 
19 0.680005 

    

Equation 4.29 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
7 0.301966 0.043138 0.8279 0.5995 0.7248 

Pure Error 6 0.312638 0.052106 
 

  Total 

Error 
13 0.614604 

 

 

 

 Table 4.56 Lack of fit analysis results for models 4.28 and 4.29 

 

Fit statistics show that equation 4.28 should have better performance. However, the 

values seem low. Therefore, a third model using retention time was added and is shown 

in equation 4.30. 

 

𝐴𝑏𝑠𝑅𝑎𝑡𝑖𝑜 = 0.047𝑇 − 0.000054𝑇2 + 0.024𝑡 − 0.00016𝑡2 − 8.86   (4.30) 

 

The fit statistics for equation 4.30 are shown in tables 4.57 and 4.58. 

 

Parameter Model 4.30 

RSquare 0.558 

RSquare Adj 0.448 

Root Mean Square Error 0.177 

Mean of Response 2.053 

Observations (or Sum Wgts) 21 

Table 4.57 Fit statistics for equation 4.30 
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Equation 4.30 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
4 0.155747 0.038937 1.3504 0.3078 0.6954 

Pure Error 12 0.346005 0.028834 
   

Total 

Error 
16 0.501752 

    

Table 4.58 Lack of fit analysis for model 4.30 

 

If the summary and lack of fit results between the three models are compared, it could 

be seen that equation 4.30 represents better the experimental results. Therefore, a 

response surface was done using the selected expression and is shown in figure 4.51. 

 

 

Figure 4.51 Estimated response surface for the absorbance ratio on the HSO 

continuous experimentation 

 

4.1.2.4 Final product species determination 

Just like it was done on the batch experimentation, hydrolysate samples were taken to a 

GC-MS analysis for product species identification. Also, identified fractions were added 

due to behavior similarity with experimental factor level changes. The results are shown 

in table 4.59. 
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Run 
Reaction 

temperature (K) 

Retention 

time (min) 

Oil Fraction 

(ml/ml) 

Fatty acid 

fraction 

Dimer 

fraction 

Aldehyde 

fraction 

1 485.7 80 0.188 0.614588866 0.324089781 0.061321353 

2 485.7 80 0.188 0.42002941 0.496750961 0.083219629 

3 485.7 80 0.25 0.524807873 0.400689297 0.07450283 

4 454.4 100 0.219 0.746255957 0.216314531 0.037429512 

5 516.9 100 0.159 0.431683732 0.494004385 0.074311883 

6 454.4 60 0.219 0.746759163 0.218111393 0.035129443 

7 516.9 60 0.219 0.287422482 0.601373407 0.111204111 

8 485.7 120 0.188 0.142985589 0.72518905 0.131825361 

9 454.4 60 0.159 0.693805666 0.264331907 0.041862427 

10 548.2 80 0.188 0.330528765 0.578750624 0.090720611 

11 485.7 80 0.188 0.555573699 0.400737935 0.043688366 

12 485.7 80 0.188 0.414691603 0.490470823 0.094837574 

13 516.9 100 0.219 0.12086112 0.748476926 0.130661954 

14 485.7 40 0.188 0.633448196 0.312873659 0.053678146 

15 454.4 100 0.159 0.703552909 0.251221677 0.045225414 

16 485.7 80 0.188 0.449850506 0.460417697 0.089731798 

17 485.7 80 0.188 0.438742134 0.468807394 0.092450471 

18 423.2 80 0.188 0.760416791 0.201256064 0.038327145 

19 485.7 80 0.188 0.741323295 0.216503358 0.042173346 

20 485.7 80 0.125 0.461823645 0.450091824 0.08808453 

21 516.9 60 0.159 0.092547126 0.766560596 0.140892278 

Table 4.59 Experimental results for the identified species on the HSO continuous experimentation 

 

Initially, correlation coefficients between the experimental factors and response variables were calculated and are shown 

in table 4.60. 
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Source 
Reaction 

temperature (K) 

Retention 

time (min) 

Oil Fraction 

(ml/ml) 

Fatty acid 

fraction 

Dimer 

fraction 

Aldehyde 

fraction 

Reaction 

temperature (K) 
1.000 0.000 0.000 -0.744 0.753 0.672 

Retention time 

(min) 
0.000 1.000 0.000 -0.211 0.213 0.192 

Oil Fraction (ml/ml) 0.000 0.000 1.000 0.028 -0.028 -0.026 

Fatty acid fraction -0.744 -0.211 0.028 1.000 -0.999 -0.975 

Dimer fraction 0.753 0.213 -0.028 -0.999 1.000 0.966 

Aldehyde fraction 0.672 0.192 -0.026 -0.975 0.966 1.000 

Table 4.60 Correlation coefficients for the experimental factors and the detected species on the HSO continuous 

experimentation 

 

Calculated coefficients show that reaction temperature has a high inverse correlation on the detected fatty acid fraction. 

Also, retention time shows a mild inverse correlation with the detected fatty acid fraction. Finally, a very high inverse 

correlation between the fatty acid fraction and the remaining response variable was found. Initially, a detailed statistic 

analysis between the identified fatty acid fraction and the experimental factors was done. The starting point was the effect 

calculation; results are shown in table 4.61. 

 

Term Orthogonal Estimate  

Temperature -0.1537053  
Time -0.0435948  

(Time-80)*(Ratio-0.18833) -0.0383002  
(Temperature-485.681)*(Time-80)*(Ratio-0.18833) -0.0382222  

(Temperature-485.681)*(Ratio-0.18833) -0.0177236  
(Temperature-485.681)*(Time-80) 0.0125295  

Ratio 0.0057312  

Table 4.61 Calculated effects for the experimental factors and interactions for the fatty acid fraction on the HSO 

continuous experimentation 
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The calculated reaction temperature effect is very high compared with the other values, 

giving more hints about the significant impact of this experimental factor on the 

response variable. Also, a normal probability plot of the effects was done and is shown 

in figure 4.52. 

 
Figure 4.52 Normal probability plot of the effects on the fatty acid fraction for the HSO 

continuous experimentation 

 

A normal probability plot shows that the reaction temperature effect deviates clearly 

from the normality line. Also, the rest of the effects has a slight deviation from the 

normal line. However, analysis of variance was initially done only using the reaction 

temperature as a source of variation. The results are shown in table 4.62. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 0.49613 0.49613 22.51 0.0002 

Temperature 

(K)*Temperature (K) 
1 0.00395 0.00395 0.18 0.6771 

Error 18 0.39665 0.02204   

Table 4.62 Analysis of variance results for the detected fatty acid mass fraction as a 

sole function of reaction temperature on the HSO continuous experimentation 

 

Analysis of variance shows that reaction temperature has a significant effect over the 

response variable in its first-order form. Before proceeding with the regression model 

construction, normality, homoscedasticity, and absence of autocorrelation were done. 

Figure 4.53 shows the obtained normal probability plot of the residuals: 
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Figure 4.53 Normal probability plot of studentized residuals for the detected fatty acid 

mass fraction as a sole function of reaction temperature on the HSO continuous 

experimentation 

 

Figure 4.53 shows a normal behavior of the experimental residuals, to evaluate 

homoscedasticity, residuals were plotted against the factor levels and they are shown in 

figure 4.54. 

 

Figure 4.54 Experimental residuals versus reaction temperature levels for the fatty acid 

detected mass fraction on the HSO continuous experimentation 
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The residuals didn’t show any visible trend, also residual ranges were overlapped, 

which is a clear indicator of homoscedasticity. To evaluate the absence of 

autocorrelation, a Durbin-Watson test was done with a DW of 1.9205 and a p-value of 

0.4772 as result. Therefore two regression models were built and are shown on 

equations 4.31 and 4.32. 

 

𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 3.228 − 0.0056𝑇         (4.31) 

 

𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 6.097 − 0.0175𝑇 − 0.0000122𝑇2       (4.32) 

 

Fit statistics for both models are shown in tables 4.63 and 4.64. 

 

Parameter Model 4.31 Model 4.32 

RSquare 0.553266 0.557669 

RSquare Adj 0.529754 0.508521 

Root Mean Square Error 0.145204 0.148446 

Mean of Response 0.491033 0.491033 

Observations (or Sum Wgts) 21 21 

Table 4.63 Summary of fit statistics for equations 4.31 and 4.32 

 

Equation 4.31 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
3 0.082738 0.027579 1.3882 0.2825 0.6455 

Pure Error 16 0.317863 0.019866 
   

Total 

Error 
19 0.400601 

    

Equation 4.32 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
2 0.07879 0.039395 1.983 0.1701 0.6455 

Pure Error 16 0.317863 0.019866 
   

Total 

Error 
18 0.396653 

    

Table 4.64 Lack of fit analysis results for models 4.31 and 4.32 

 

Both models show a non-significant lack of fit and very similar fitting parameters. 

Therefore, response curves were built and are shown in figure 4.55. 
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Figure 4.55 Estimated responses for the fatty acid fraction for models 4.31 and 4.32 

versus experimental results for the HSO continuous hydrolysis process 

 

Obtained responses effectively describe the middle line and the trend of the 

experimental results. However, due to the nature of the obtained expressions, there is a 

large dispersion of data in the center part of the region. Therefore, a third model 

including the retention time due to its high effect compared to the initial oil fraction. The 

obtained model is shown in equation 4.33. 

 

𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 2.919 − 0.0056𝑇 + 0.0109𝑡 − 0.0000835𝑡2     (4.33) 

 

The fit statistics for equation 4.33 are shown in tables 4.65 and 4.66. 

 

Parameter Model 4.33 

RSquare 0.63234 

RSquare Adj 0.567458 

Root Mean Square Error 0.139261 

Mean of Response 0.491033 

Observations (or Sum Wgts) 21 

Table 4.65 Summary of fit statistics for equation 4.33 
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Equation 4.33 

Source DF Sum of Squares 
Mean 

Square 

F 

Ratio 

Prob > 

F 

Max 

RSq 

Lack Of 

Fit 
5 0.165255 0.033051 2.4119 0.0982 0.8166 

Pure Error 12 0.164438 0.013703 
   

Total 

Error 
17 0.329693 

    

Table 4.66 Lack of fit analysis results for model 4.33 

 

Fit statistics for equation 4.33 show better behavior compared to models 4.31 and 4.32. 

Therefore, a new estimated response was built and is shown in figure 4.56. 

 

Figure 4.56 Estimated response surface for the fatty acid mass fraction on the HSO 

continuous experimentation with equation 4.33 

 

Figure 4.56 confirms the better performance of equation 4.33 in comparison with 

models 4.31 and 4.32. Therefore the final developed model is selected. Finally, 

according to the correlation analysis results, simple models relating dimer and aldehyde 

fractions with the fatty acid fraction, and the obtained models are shown in equations 

4.34 and 4.35. 
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𝐷𝑖𝑚𝑒𝑟𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.848 − 0.846𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛       (4.34) 

𝐴𝑙𝑑𝑒ℎ𝑦𝑑𝑒𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0.152 − 0.154𝐹𝐴𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛       (4.35) 

 

Fit statistics for both models are shown in table 4.67. 

 

Parameter Model 4.34 Model 4.35 

RSquare 0.998311 0.951504 

RSquare Adj 0.998223 0.948951 

Root Mean Square Error 0.007558 0.007558 

Mean of Response 0.432715 0.076251 

Observations (or Sum Wgts) 21 21 

Table 4.67 Summary of fit statistics for equations 4.34 and 4.35 

 

Obtained fit statistics are very high. Finally, response surfaces for both estimations were 

built and are shown in figures 4.57 and 4.58. 

 

 

Figure 4.57 Estimated response surface for the dimer acid mass fraction on the HSO 

continuous experimentation with equation 4.34 
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Figure 4.58 Estimated response surface for the aldehyde mass fraction on the HSO 

continuous experimentation with equation 4.35 

 

Both figures 4.57 and 4.58 show in a proper manner the behavior of the dimer acids and 

aldehydes present on the hydrolysate samples. 

 

4.1.2.5. Reaction kinetics and process yield 

The results seen in previous sections of the continuous experiment analysis are similar 

to the ones saw on the batch experiment. Therefore, it could be inferred that a similar 

reaction set governs the continuous phenomenon with a reaction rate according to 

expression 4.41. Therefore, another least minimum squares exercise was done to 

determine the kinetic parameters for this process. Table 4.68 shows the obtained 

results. 

i a E 

1 7.4E-05 29.17 

-1 7.736 195.37 

2 9.406 334.20 

-2 5.518 139.93 

3 0 18.26 

4 0 268.78 

Table 4.68 Obtained kinetic parameters for the hemp seed oil Hydrolysis under 

Subcritical Water Conditions in the HSO Continuous Experimentation 
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If the kinetic parameters are compared between the batch and continuous exercises, it 

could be seen that forward primary reactions (i = 1) have a lower activation energy 

value, this could mean that the continuous process provides better conditions to 

develop the primary reactions. However, autocatalytic forward and backward reactions 

(i = 2 and -2) have higher activation energy, probably due to a decrease in mechanical 

contact between phases. Pre-exponential factors are almost the same on all rates. 

Auxiliary reaction parameters are also almost the same between both phenomena. The 

concentration estimations at different temperatures using the obtained kinetic 

parameters are shown in figures 4.59 and 4.60. 

 

 
Figure 4.59 Calculated free fatty acid concentrations for 423K, 460K, 486K, 522K, and 

548K on the HSO continuous experimentation 

 

Figure 4.60 Calculated dimer acid concentrations for 423K, 460K, 486K, 522K, and 

548K on the HSO continuous experimentation 
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Figure 4.61 Calculated aldehyde concentrations for 423K, 460K, 486K, 522K, and 548K 

on the HSO continuous experimentation 

 

As was seen on the batch experimentation, the projected concentration of fatty acid 

reaches the peak at a certain time depending on the reaction temperature. Then, the 

estimated free fatty acid concentration decreases. At the same time, dimer fatty acid 

concentration behaves oppositely. Also, the kinetic model shows that aldehyde 

concentration remains very low at temperatures below 548K. Also, using the kinetic 

model, the estimated hydrolysis yield was calculated using equation 4.26. The results 

were plotted in figure 4.62. 

 

Figure 4.62 Estimated Hydrolysis Yields for the HSO Continuous Experimentation 

 

The estimated yield behaves in the same manner as the free fatty acid concentration 

but with a smoother peak compared to the batch experimentation results. This could be 

beneficial because it’s an indicator of smaller fatty acid decomposition. 
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4.2 Crude palm oil experimentation 

To establish differences between the behavior of opposite raw materials in terms of fatty 

acid profile, Crude palm oil (CPO) was also tested. Experimental factors and their levels 

are shown in table 4.69. 

Experimental Factor Units Low Level Center Level High Level 

Temperature K 443.2 463.2 483.2 

Time min 40 60 80 

Oil Fraction (g/g) 0.15 0.20 0.25 

Rotation Speed RPM 700 800 900 

Table 4.69 Process factors and region limits for the batch CPO experimentation 

 

In this case, due to laboratory equipment limitation, only batch experimentation was 

done and free fatty acid by titration as the response variable was selected. Therefore, 

the process comparison was based on those results. Tables 4.70 and 4.71 show the 

experimental results. 

 

Run 
Temperature 

(K) 

Time 

(min) 

Oil Fraction 

(g/g) 

Rotation 

Speed (RPM) 

Titration 

Yield 

1 463.15 60 0.2 1000 0.1836 

2 483.15 80 0.15 900 0.3430 

3 463.15 60 0.2 600 0.1507 

4 463.15 60 0.2 800 0.1270 

5 463.15 60 0.2 800 0.1376 

6 443.15 80 0.15 700 0.0821 

7 503.15 60 0.2 800 0.7977 

8 483.15 80 0.15 700 0.5484 

9 463.15 60 0.2 800 0.1808 

10 483.15 80 0.25 700 0.4503 

11 463.15 60 0.2 800 0.1516 

12 483.15 80 0.25 900 0.4078 

13 463.15 100 0.2 800 0.2450 

14 463.15 60 0.2 800 0.1379 

15 463.15 20 0.2 800 0.0721 

16 483.15 40 0.25 900 0.2649 

17 443.15 80 0.25 700 0.1015 

18 463.15 60 0.1 800 0.1213 

19 483.15 40 0.15 700 0.1828 

20 463.15 60 0.2 800 0.1315 

Table 4.70 Experimental results for the titration yield on the CPO batch experimentation 

-Part 1- 
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Run 
Temperature 

(K) 

Time 

(min) 

Oil Fraction 

(g/g) 

Rotation 

Speed (RPM) 

Titration 

Yield 

21 463.15 60 0.3 800 0.1100 

22 463.15 60 0.2 800 0.1054 

23 463.15 60 0.2 800 0.1060 

24 463.15 60 0.2 800 0.1183 

25 483.15 40 0.25 700 0.2142 

26 423.15 60 0.2 800 0.0475 

27 443.15 80 0.25 900 0.0617 

28 463.15 60 0.2 800 0.0997 

29 483.15 40 0.15 900 0.1822 

30 443.15 40 0.25 700 0.0634 

31 443.15 40 0.15 900 0.0483 

32 463.15 60 0.2 800 0.1114 

33 443.15 80 0.15 900 0.0778 

34 463.15 60 0.2 800 0.1148 

35 443.15 40 0.15 700 0.0620 

36 443.15 40 0.25 900 0.0480 

Table 4.71 Experimental results for the titration yield on the CPO batch experimentation 

-Part 2- 

 

As it was done with the HSO experiments, the initial point to begin the analysis was the 

correlation coefficient calculation. Table 4.72 shows the results. 

 

Source 
Temperature 

(K) 

Time 

(min) 

Oil 

Fraction 

(g/g) 

Rotation 

Speed 

(RPM) 

Titration 

Yield 

Temperature (K) 1.0000 0.0000 0.0000 0.0000 0.7804 

Time (min) 0.0000 1.0000 0.0000 0.0000 0.2973 

Oil Fraction (g/g) 0.0000 0.0000 1.0000 0.0000 0.0138 

Rotation Speed 

(RPM) 
0.0000 0.0000 0.0000 1.0000 -0.0451 

Titration Yield 0.7804 0.2973 0.0138 -0.0451 1.0000 

Table 4.72 Correlation coefficients between experimental factors and titration yield on 

the CPO batch experimentation 

 

Obtained correlation coefficients show a high direct relation between reaction 

temperature and the obtained titration yield. Also, retention time showed a smaller direct 

correlation level with the response variable, represented with a 0.2973 coefficient. Then, 

individual and interaction effects were calculated and they are shown in table 4.73. 
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Term t Ratio  

Temperature (K) 7.324816  
Time (min) 2.790838  

(Temperature (K)-463.15)*(Time (min)-60) 2.032230  
(Time (min)-60)*(RPM-800) -0.790790  

(Temperature (K)-463.15)*(Time (min)-60)*(RPM-800) -0.715071  
(Temperature (K)-463.15)*(Fraction (g/g)-0.2)*(RPM-800) 0.635602  

(Fraction (g/g)-0.2)*(RPM-800) 0.447164  
RPM -0.423239  

(Temperature (K)-463.15)*(Time (min)-60)*(Fraction (g/g)-0.2) -0.378407  
(Temperature (K)-463.15)*(Time (min)-60)*(Fraction (g/g)-0.2)*(RPM-800) 0.367462  

(Time (min)-60)*(Fraction (g/g)-0.2) -0.367010  
(Temperature (K)-463.15)*(RPM-800) -0.314604  

(Time (min)-60)*(Fraction (g/g)-0.2)*(RPM-800) 0.197086  
(Temperature (K)-463.15)*(Fraction (g/g)-0.2) 0.193261  

Fraction (g/g) 0.129530  

Table 4.73 Effect estimation for the individual factors and their interactions for the titration yield on the CPO batch 

experimentation 

 

Effect estimation shows that the reaction temperature has the highest influence over the response variable. Also, retention 

time and the interaction between time and temperature have similar estimated effects. To confirm the impact over the 

response variable, a normal probability plot of the effects was built and is shown in figure 4.63. 
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Figure 4.63 Normal probability plot for the effects on the titration yield response for the 

CPO batch experimentation 

 

The normal probability plot shows that reaction temperature, retention time, and their 

interaction have a clear deviation from the normality line. Therefore, analysis of variance 

using the reaction temperature and time as sources of variation was done. The results 

are shown in table 4.74. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 0.52492 0.52492 262.30 <.0001 

Time (min) 1 0.07620 0.07620 38.08 <.0001 

Temperature 

(K)*Temperature (K) 
1 0.15965 0.15965 79.78 <.0001 

Time (min)*Time (min) 1 0.00068 0.00068 0.34 0.563 

Temperature (K)*Time 

(min) 
1 0.04041 0.04041 20.19 <.0001 

Error 30 0.06004 0.00200     

Table 4.74 Analysis of variance results for the titration yield on the CPO batch 

experimentation 

 

Analysis of variance shows that only the second-order form of time doesn’t have a 

significant impact on the response variable. Before proceeding with the regression 

modelling exercise, the ANOVA assumptions were evaluated. Initially, the normality 

assumption was validated using a normal probability plot of the residuals. The results 

are shown in figure 4.64. 
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Figure 4.64 Normal probability plot of studentized residuals for the CPO batch 

experimentation 

 

Figure 4.64 shows that experimental residuals have normal behavior, the only observed 

deviations are seen on the extreme quantiles. To evaluate homoscedasticity, residuals 

versus factor level plots were done and are shown in figures 4.65 and 4.66. 

 

 

Figure 4.65 Residuals versus reaction temperature levels for the titration yield on the 

CPO batch experimentation 
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Figure 4.66 Residuals versus retention time levels for the titration yield on the CPO batch experimentation 

 

Figure 4.65 shows a distinctive funnel form between the residuals among the factor levels. That residual pattern could be 

an indicator of heteroscedasticity. Therefore, analytical homoscedasticity tests were done to determine if the variances 

were equal or not. The results are shown in table 4.75. 

 

Test 

Experimental Factors 

Reaction Temperature Retention Time 

F Ratio DFNum DFDen Prob > F F Ratio DFNum DFDen Prob > F 

O'Brien 4.049 2 31 0.0274 1.7063 2 31 0.1981 

Brown-Forsythe 4.7717 2 31 0.0156 0.9374 2 31 0.4025 

Levene 6.1506 2 31 0.0056 0.9935 2 31 0.3818 

Bartlett 7.9146 2 . 0.0004 1.8105 2 . 0.1636 

Table 4.75 Analytical homoscedasticity tests result for the titration yield residuals on the CPO batch experimentation 
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All analytical tests show a significant level of heteroscedasticity on the experimental 

residuals. Therefore, a Box-Cox transformation was done, the calculated lambda is 

shown in figure 4.67. 

 

 
Figure 4.67 Calculated λ on the Box-Cox transformation exercise on the titration yield 

results for the CPO batch experiment 

 

The calculated optimum lambda value is near 0 (λ = 0.03). Meaning that a logarithmic 

transformation of the titration yield is recommended to correct the homoscedasticity 

failure; the suggested transformation is shown in equation 4.36. 

 

𝑌′ = log(𝑇𝑖𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑌𝑖𝑒𝑙𝑑)        (4.36) 

 

After doing the transformation, a new analysis of variance was done and the results are 

shown in table 4.76. 

 

Source DF 
Sum of 

Squares 

Mean 

Square 
F Ratio 

P-

Value 

Temperature (K) 1 13.1133 13.1133 417.68 <.0001 

Time (min) 1 1.9432 1.9432 61.90 <.0001 

Temperature 

(K)*Temperature (K) 
1 0.3245 0.3245 10.33 0.0031 

Time (min)*Time (min) 1 0.0009 0.0009 0.03 0.8631 

Temperature (K)*Time 

(min) 
1 0.1273 0.1273 4.06 0.053 

Error 30 0.9419 0.0314     

Table 4.76 Analysis of variance results for the transformed titration yield on the CPO 

batch experimentation 

 

Due to the nature of the transformation, normality can be altered. Therefore, a new 

normal probability plot of the residuals was done and is shown in figure 4.68. 
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Figure 4.68 Normal probability plot of studentized residuals for the transformed titration 

yield analysis on the CPO batch experimentation 

 

Figure 4.68 shows a normal behavior of the residuals, validating the normality 

assumption for the transformed analysis. On the other hand, new residual versus factor 

level plots were built and are shown in figures 4.69 and 4.70. 

 

 

Figure 4.69 Residuals versus reaction temperature levels for the transformed titration 

yield on the CPO batch experimentation 
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Figure 4.70 Residuals versus retention time levels for the transformed titration yield on the CPO batch experimentation 

 

The observed funnel form was eliminated on the transformed analysis. That is a clear indicator of homoscedasticity 

compliance. However, as confirmation, the same analytical tests were done and the results are shown in table 4.77. 

 

Test 

Experimental Factors 

Reaction Temperature Retention Time 

F Ratio DFNum DFDen Prob > F F Ratio DFNum DFDen Prob > F 

O'Brien 0.0121 2 31 0.9880 0.1789 2 31 0.837 

Brown-Forsythe 0.0014 2 31 0.9986 0.0136 2 31 0.9865 

Levene 0.0022 2 31 0.9978 0.0196 2 31 0.9806 

Bartlett 0.0083 2 . 0.9917 0.1253 2 . 0.8823 

Table 4.77 Analytical homoscedasticity tests result for the transformed titration yield residuals on the CPO batch 

experimentation 
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Analytical test results confirm that the homoscedasticity assumption is confirmed for the 

transformed variable analysis. Finally, the absence of autocorrelation was evaluated 

with a Durbin-Watson test was done, obtaining a DW statistic of 1.5782 and a p-value of 

0.1288 as result. Therefore two regression models were built and are shown on 

equations 4.37 and 4.38. 

 

𝑌′ = 40.22 − 0.210𝑇 − 0.091𝑡 + 2.23 × 10−4𝑇𝑡 + 2.52 × 10−4𝑇2 + 1.36 × 10−5𝑡2  (4.37) 

 

𝑌′ = 40.22 − 0.210𝑇 − 0.089𝑡 + 2.23 × 10−4𝑇𝑡 + 2.52 × 10−4𝑇2    (4.38) 

 

Fit statistics for both models are presented in tables 4.78 and 4.79. 

 

Parameter Model 4.37 Model 4.38 

RSquare 0.942748 0.94269 

RSquare Adj 0.933206 0.935296 

Root Mean Square Error 0.177187 0.174394 

Mean of Response -1.98702 -1.98702 

Observations (or Sum Wgts) 36 36 

Table 4.78 Summary of fit statistics for equations 4.37 and 4.38 

 

Equation 4.37 

Source DF Sum of Squares Mean Square F Ratio Prob > F Max RSq 

Lack Of Fit 3 0.021881 0.007294 0.2141 0.8858 0.9441 

Pure Error 27 0.91998 0.034073 
   

Total Error 30 0.941861 
    

Equation 4.38 

Source DF Sum of Squares Mean Square F Ratio Prob > F Max RSq 

Lack Of Fit 4 0.02283 0.005708 0.1675 0.9531 0.9441 

Pure Error 27 0.91998 0.034073 
   

Total Error 31 0.94281 
    

Table 4.79 Lack of fit analysis results for models 4.37 and 4.38 

 

Fit statistics are very similar between both models. However, equation 4.38 has better 

indicators in comparison to model 4.37. Finally, response surfaces with experimental 

results overlapped were built and are shown in figure 4.71. 
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(a) 

 
(b) 

 

Figure 4.71 Obtained response surface for the titration yield on the CPO 

experimentation (a) Equation 4.37, (b) Equation 4.38 
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Reviewing the obtained surfaces, both models have similar behaviors. However, 

equation 4,37 has a lower deviation on the higher end of the experimental region; 

therefore is recommended to predict the titration yield on the phenomena. 

 

4.2.1 Reaction kinetics and yield estimation 

Due to the absence of GC-MS analysis for this material, and the observed similar 

behaviors. The same kinetics were applied, but only including the primary (First and 

second-order) reactions shown in section 4.1.1.5. Implying that the kinetic model for 

species concentration, in this case, is composed of equations 4.13 to 4.24 and the 

water and fatty acid concentrations were represented by equations 4.39 and 4.40: 

 
𝑑[𝑊]

𝑑𝑡
= 𝑘−1[𝐹𝐴][𝑆𝑃𝐺] − 𝑘1[𝑊][𝐵𝑃𝐺] − 𝑘2[𝑊][𝐹𝐴][𝐵𝑃𝐺] + 𝑘−2[𝐹𝐴]

2[𝑆𝑃𝐺]  (4.39) 

𝑑[𝐹𝐴]

𝑑𝑡
= 𝑘1[𝑊][𝐵𝑃𝐺] − 𝑘−1[𝐹𝐴][𝑆𝑃𝐺] + 𝑘2[𝑊][𝐹𝐴][𝐵𝑃𝐺] + 𝑘−2[𝐹𝐴]

2[𝑆𝑃𝐺]  (4.40) 

 

To determine the experimental fatty acid molar concentration, the mass fraction 

equivalent obtained in section 4.2 was converted using the average molar mass 

according to the profile presented by (123) and shown in table 4.80. 

 

Fatty acid Mass fraction 
Molar Mass 

(g/mole) 

C14:0 0.011 228.37 

C16:0 0.437 256.42 

C16:1 0.002 254.41 

C18:0 0.045 284.49 

C18:1 0.402 282.49 

C18:2 0.096 280.49 

C18:3 0.005 278.49 

C20:0 0.002 312.51 

Table 4.80 Referenced CPO Fatty Acid Profile and individual molar mass 

 

Using the information from the table an average molar mass for the hydrolyzates of 

269.68 g/mole was obtained. With that, the mixture concentration was calculated. A 

least minimum squares exercise using the experimental concentrations and the kinetic 

equation set was executed to determine the kinetic parameters for this phenomenon. 

The results are shown in table 4.34. 
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i a E 

1 8.868 112.60 

-1 7.735 498.96 

2 9.406 334.20 

-2 0 31964.98 

Table 4.81 Obtained kinetic parameters for the Crude palm oil Hydrolysis under 

Subcritical Water Conditions on a stirred-tank reactor 

 

Using the obtained kinetic parameters, the estimated free fatty acid concentration was 

calculated. Obtained results are plotted in figure 4.72. 

 

Figure 4.72 Calculated free fatty acid concentrations for 423K, 443K, 463K, 483K, and 

503K on the CPO experimentation 

 

In this scenario, it could be seen that to maximize the calculated fatty acid 

concentration, the reaction temperature must be taken above 500K. At lower valuer, the 

obtained concentration does not find its peak in less than 120 minutes. Just like it was 

done with the hemp seed oil experimentation, process yield was calculated and plotted. 

The results are shown in figure 4.73. 
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Figure 4.73 Calculated process yields for 423K, 443K, 463K, 483K, and 503K on the 

CPO experimentation 

 

Process yield shows the same behavior as the concentration. However, in this case, no 

thermal decomposition analysis was done, therefore, it is probable that non-detected 

polymerization has occurred. On the other hand, due to the lower polyunsaturated fatty 

acid content of this raw material, the oxidation level leads to aldehyde production. 

 

4.3 Process comparison 

Reviewing the results it could be seen that HSO and CPO data as they are cannot be 

compared because CPO hydrolyzates weren't analyzed on the FTIR-ATR and GC-MS. 

However, considering that the observed thermal decomposition on the HSO 

experiments is likely to appear on the CPO process. Therefore, to establish a 

comparison, a hypothetical fatty acid concentration calculated only with the titration 

results and only used for comparison was calculated. With the resultant values, a new 

set of kinetic parameters for both batch and continuous processes were calculated and 

shown in table 4.82. 
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i 
Batch Continuous 

a E a E 

1 9.85 126.01 1.062 39.87 

-1 7.74 498.96 7.735 498.96 

2 9.41 334.2 9.406 334.2 

-2 0 31964.98 0 31964.98 

Table 4.82 Recalculated kinetic parameters for the HSO batch and continuous reactions 

on the simplified version 

 

With these kinetic parameters, the compared concentrations and process yields were 

calculated using 503K as the reference temperature. Then, plotted and shown on 

figures 4.57 and 4.58. Where is shown that CPO experiments showed a higher yield at 

the comparison temperature (503K). This happens mainly due to the lower activation 

energy required on the first forward primary reaction found for the CPO process. The 

latter implies that having a lower unsaturation level on the raw material could require 

less energy in the process. On the other hand, if the continuous and batch results for 

the HSO experimentation are compared, it could be seen that the continuous process 

has higher performances in terms of hydrolysis yields compared with the batch process 

with the same raw material. This could be due to the higher thermal uniformity in the 

system. Also, if the results shown in figures 4.38 and 4.61 are compared, it could be 

seen that continuous process leads to lower thermal oxidation which is more desirable 

in terms of final product composition. 
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Figure 4.74 Calculated totalized Fatty Acid concentrations for the CPO and HSO 

experimentations 

 

Figure 4.75 Calculated hydrolysis yields for the CPO and HSO experimentations 
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CHAPTER 5 - CONCLUSIONS 

 

Subcritical water hydrolysis of vegetable oils is a technically feasible option to 

decompose the present triglycerides into free fatty acids in both high and low 

unsaturation level raw materials. However, this work showed that the Crude palm oil -

CPO- hydrolysis process has a lower activation energy in one of the primary reactions, 

which leads to higher hydrolysis yields at lower temperatures in comparison to the hemp 

seed oil process results. This effect could occur due to the large fraction of smaller lipids 

on the raw material such as C16:0 (Palmitic Acid). This implies a higher amount of 

smaller chain molecules compared to the predominant C18:2 (Linoleic Acid) present on 

the HSO. 

 

Two thermal decomposition pathways were identified on the HSO experimentation, 

polymerization, and oxidation. The dimer formation was the most common observed 

decomposition round, at the point that is possible to state that there is an inverse 

relation between free fatty acid and dimer fatty acid concentration. Implying, that due to 

the thermal energy applied during the process, and the oxygen absence/restriction that 

after the triglyceride hydrolysis, the fatty acid molecules react with themselves forming 

the dimer structures. On the other hand, oxidation also occurs but in a much less 

proportion and could be triggered mainly due to residual oxygen coming from the 

material preparation or headspace replacement. That can be said because the 

continuous experimentation, where no headspace was needed to remove barely 

showed fatty acid oxidation into aldehydes. However, the formed aldehydes also were 

identified in dimer form, which means that the main thermal modification present in the 

mixture was indeed polymerization of the hydrolysates. 

 

Between the continuous and batch experiments, the continuous route showed a higher 

conversion rate compared to the batch results. This happened due to the smaller cross-

sectional area of the used reactor which in combination with the uniform temperature 

provided by the oven used to contain the reactor produced a better thermal distribution 

among the fluid mixture, leading to a better performance represented in a calculated 

hydrolysis yield higher by at least a 10% considering a reaction temperature of 503K. 

 

Even though CPO hydrolysate samples weren't analyzed on the GC-MS and the FTIR-

ATR it is likely to also experience polymerization. This can be said because on the HSO 

results unsaturated and saturated fatty acids showed the same response in terms of 
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dimer formation. Therefore, it is safe to state that all fatty acids on the CPO matrix are 

likely to form dimers at similar rates compared to the ones found on the HSO 

experimentation. This means that subcritical water can be used as an effective medium 

not only to hydrolyze lipids but also to produce polymers of the released fatty acids. 

 

Finally, the subcritical water process proved to be effective in vegetable oil hydrolysis. 

According to the results, the observed thermal decomposition phenomenon makes it 

non-feasible for a constant ꞷ-3 and ꞷ-6 fatty acid production destined for human 

consumption, mainly due to the polymer formation. However, those polymer forms can 

be useful in industrial applications such as resins, surfactants, lubricants, fuel additives, 

and adhesives among others. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Page 132 

 
 

 

CHAPTER 6 - FUTURE WORK 

 

 

This work opens the opportunity for Universidad del Norte and part of the Colombian 

engineering research community to continue exploring the subcritical water use on 

biochemical product processing as a green separation alternative to organic solvent use 

or heavy chemical hydrolysis and in a much quicker way compared to enzymatic 

alternatives. 

 

Directly on this line of research, the continuous hydrolysis of Crude palm oil under 

subcritical water conditions needs to be researched to establish if the appreciated trend 

on the HSO experimentation is also present. Also, complete product and byproduct 

characterization need to be done, to establish the dimer level and obtained types on the 

CPO processing. Finally, after complete characterization, a scale-up and industrial 

solution design need to be developed. 

 

Finally, parallel to this research, including subcritical water processing at Universidad 

del Norte has started the following fields of research: 

 

 Development of an oil palm empty fruit bunch de-lignification process using 

subcritical water alkaline mixtures to obtain crude cellulose. 

 Hydrothermal cracking of oil palm empty fruit bunch under subcritical conditions 

to densify the energy levels of the biomass. 
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