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ARTICLE INFO ABSTRACT 

keywords: The study centered on the modeling and optimization of shea butter bio-hydraulic 

production utilizing Adaptive Neuro fuzzy Inference System (ANFIS) and Response 

Surface Methodology (RSM). The time and temperature were treated as independent 

variables, whereas the kinematic viscosity and specific gravity were regarded as 

dependent variables. The ANFIS-generated 3D plots clearly demonstrated that the 

process parameters exerted a substantial influence on the response. The Analysis of 

Variance (ANOVA) revealed that a second-order polynomial model with kinematic 

viscosity (R2- 0.99, Adj R2-0.98, Pred R2-0.95) and specific gravity (R2- 0.99, Adj R2-

0.99, Pred. R2-0.99) exhibited a strong correlation between the actual and predicted 

responses. The kinematic viscosity of 45.71 mm2/s and specific gravity of 0.88 were 

determined at a temperature of 36.83 oC and a duration of 1.368 hours. The gbell 

membership function (mf) achieved the lowest mean square error (MSE) of 0.019 for 

kinematic viscosity and 0.0007 for specific gravity compared to other membership 

functions after 500 epochs. This indicates a highly accurate predictive behaviour of 

the model. The ANFIS analysis yielded optimal results indicating that the kinematic 

viscosity and specific gravity were measured at a temperature of 40 oC and duration 

of 2 hours. The resulting hydraulic characteristics were found to be in accordance 

with the ASTM standards. The study's observations demonstrate that the ANFIS 

technique is a viable method for predicting the biohydraulic properties of shea butter. 

The characterizations of the shea butter oil were determined using FT-IR (Fourier 

Transform Infrared Spectroscopy) and GCMS (Gas Chromatography Mass 

Spectrometer). These analyses confirmed the successful production of the 

biohydraulics. 
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1. Introduction     

The study involving the behavior of fluids when in 

motion is hydraulics; this applies to the flow of 

liquids in pipes, fluids contained in tanks, and other 

storage areas [1]. They are pressurized to generate 

mechanical power without the wear and tear of gears 

or levers [2]. They provide energy transmission 

through the system, which enables work and motion 

to be accomplished. They are also responsible for 

lubrication and heat transfer and are also essential in 

driving circuits, cylinders, drive systems, manifolds, 

and cylinders. Hydraulic oil plays an important role 

in the lubricating, cooling, and protection of the 

hydraulic system [2,3].  

Researchers have been motivated to explore alternate 

possibilities to mineral oil-based hydraulic oil due to 

environmental issues [4, 5]. In certain open systems, 

hydraulic oil will unavoidably be discharged into the 

surrounding environment as a result of regular wear 

and tear, leakage and sputtering, accumulating inthe 

environment, leading to pollution [6]. Therefore, the 

strong interest in environmental sustainability has led 

to the adoption of organic oil for industrial 

fluids.Vegetable oil-based hydraulic oil is a type of 

lubricating oil that is environmentally beneficial. It is 

specifically hydraulic oil that uses vegetables as its 

basis oil. [4, 6] 

Vegetable oils display excellent tribological 

properties such as lower friction coefficients than 

mineral oil-based fluids, lower evaporation, higher 

flash points, and viscosity index. Also, different 

additives are added to improve the oxidation 

inhibitors and pour point depressants of the oil [4, 7]. 

It exhibits good lubrication performance, oxidation 

resistance, temperature and hydrolysis stability, and 

biodegradability [8].  

Vitteleria paradoxa (shear nut tree) is the tree that 

produces the shear nut and is an important source of 

vegetable fat in Africa. It naturally and often thrives 

throughout Africa, particularly in Cameroon, 

Senegal, Nigeria, Ivory Coast, and Ghana. Shea 

butter is primarily composed of triglycerides and 

unsaponifiable materials. It contains 40-55% fat per 

kernel. Other notable properties of Shea butter oil 

include high density, high viscosity, low volatility, 

and incompressibility. These characteristics make it 

well-suited for hydraulic formation [9, 10].  

Researchers have documented the use of vegetable 

oils as hydraulic fluids in the machining sector. Xi et 

al. [11] developed a hydraulic fluid for metal cutting 

that is based on vegetable oil. This fluid effectively 

reduces cutting force, cutting temperature, and chip 

thickness, resulting in outstanding machining 

performance. Briggs and Victor [3] effectively 

assessed the appropriateness of groundnut oil as a 

http://www.njetse.dsust.edu.ng/
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potential biohydraulic fluid. Menon and Rajasekara 

[12] effectively utilised Neem seed-derived plant-

based lubricants in motorbike engines. The findings 

demonstrated that the oil is both environmentally 

friendly and biodegradable. Furthermore, the oil 

exhibited antiwear properties that were comparable to 

those of standard oil, as determined through engine 

performance analysis. Nwosu-obieogu et al. [9] state 

that glycerol, a byproduct of the transesterification 

process, is considered the primary raw material for 

biohydraulic production.   

The pursuit of optimal operating conditions in 

hydraulic production has led to significant interest in 

modeling, prediction, and parameter optimization 

using techniques like Response Surface Methodology 

(RSM) and Adaptive Neuro-Fuzzy Inference System 

(ANFIS) [7]. RSM is particularly useful for 

evaluating linear, interaction, and quadratic effects of 

process variables to identify optimal operating 

conditions [13]. However, its applicability is 

constrained by the fact that the developed models are 

generally limited to the range of the experimental 

data and may not effectively capture complex, non-

linear interactions among variables. 

In contrast, soft computing approaches such as 

ANFIS have demonstrated superior predictive 

capabilities compared to traditional Artificial Neural 

Networks (ANN), owing to the integration of fuzzy 

logic, which enhances the learning and decision-

making abilities of ANN models [9,14]. Several 

studies have successfully applied ANFIS in biodiesel 

production, including the work by Nassef et al. [15] 

on biodiesel synthesis from microalgae, Ogaga et al. 

[16] on Thevetiaperuviana seeds, and Betiku et al. 

[17] on the esterification of high free fatty acid palm 

kernel oil. Despite these advancements, there is a 

noticeable gap in the application of RSM and ANFIS 

for developing hydraulic fluids from shea butter. This 

study aims to address this gap by focusing on the 

production of biohydraulic fluid from shea butter oil. 

2. Materials and Methods 

2.1 Materials and Equipment 

Shea butter used in this study was obtained from the 

National Research Institute, Umudike. The 

experimental setup included: a 250 mL three-neck 

flat-bottom flask, 500 mL round-bottom flask, glass 

beads, thermometers, plastic rod stirrers, a hot plate 

magnetic stirrer, 100 mL storage containers, a 

condensation unit, distillation unit, 50 mL burettes, 

funnels, 250 mL and 1 L conical flasks, 500 mL 

beakers, measuring cylinders (250, 500, and 1000 

mL), a stopwatch, and 1 L separating funnels for 

phase separation. 

2.2 Oil Characterization 

The physicochemical properties of shea butter oil 

(SBO) were determined using ASTM standard 

http://www.njetse.dsust.edu.ng/
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methods. Parameters measured included density, 

refractive index, moisture content, saponification 

value, viscosity, acid value, peroxide value, 

molecular weight, smoke point, ester value, and free 

fatty acid content. Functional group analysis and fatty 

acid profiling were carried out using Fourier 

Transform Infrared Spectroscopy (FTIR, Shimadzu 

FTIR-8400S) and Gas Chromatography-Mass 

Spectrometry (GC-MS), respectively [18, 19]. 

2.3 Acid-Catalyzed Esterification of Shea Butter 

Following the procedure adapted from   [7], the 

esterification process was conducted to reduce the 

free fatty acid content and improve the oil’s thermal 

stability. A 500 g sample of shea butter was 

preheated at 60 °C for 10 minutes to ensure uniform 

melting. Methanol was added at a concentration of 

60% w/w relative to the oil. Subsequently, 

concentrated sulfuric acid (15% w/w of the sample) 

was introduced as the catalyst. The reaction mixture 

was stirred at 55–60 °C using a magnetic hot plate for 

one hour in an open system. After the reaction, the 

mixture was transferred to a 500 mL separating 

funnel and left undisturbed for 24 hours to allow 

phase separation. Three distinct layers formed: the 

bottom layer containing impurities, the middle layer 

containing the esterified oil, and the top layer 

composed of excess methanol. The middle layer was 

isolated, washed with hot distilled water, and heated 

to 105 °C to remove residual moisture 

2.4 Transesterification reactions (biodiesel 

production) 

Biodiesel production from shea butter oil, was carried 

out bytransesterification of the shea butter with 

methanol. For each of the samples, 1000 mL (1 L) of 

oil was used. The sample was introduced into 2000 

ml (2 L), 3 necks round bottom flask. A quick-fit 

reflux condenser will be fitted to the central neck of 

the flask. The reaction system, though an open one, is 

such that material (vapour) is not lost either as gas or 

vapour. This will be made possible by the reflux 

condenser, which circulates water within the column 

hence, condenses vapor back to the reaction chamber. 

Heating and stirring were  achieved by the action of a 

magnetic heating plate with a stirring capsule. The 

reaction parameters (time, temperature, stirring 

speed, catalyst concentration, and mole ratio) were 

set as follows: time is 1 hour, temperature is 65 

minutes, stirring or agitation speed is 400 revolutions 

per minute (rpm), catalyst (NaOH) concentration is 

1% and alcohol and oil mole ratio is 6:1. After 

production, the biodiesel and glycerol mixture (with 

excess catalyst and methanol) were transferred into a 

separating funnel and left overnight. The crude 

glycerol from the bulk is separated through the tap 

http://www.njetse.dsust.edu.ng/
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for purification before use for bio-hydraulic 

formulation.  

 

2.5 Purification of crude glycerol   

Glycerol was purified using the Briggs and Victor 

technique [3]. A quantity of 50 gof unrefined glycerol 

was subjected to heating at a temperature of 550oC 

within a 250 ml container known as a beaker, which 

was positioned on a magnetic hot plate. The liquefied 

glycerol was made acidic by adding 1M sulphuric 

acid until it reached a pH of 4. The mixture was then 

moved into a separating funnel. The sample was 

incubated for duration of three hours to facilitate the 

formation of three different layers. The uppermost 

layer consists of a phase rich in fatty acids, the 

intermediate layer is composed of a phase abundant 

in glycerol, and the lowermost layer is an inorganic 

salt phase. The phase containing a high concentration 

of glycerol was gathered and neutralized with a 2M 

solution of potassium hydroxide. Subsequently, the 

water was evaporated at a temperature of 100°C. The 

glycerol produced was refined by a solvent extraction 

method using methanol as the solvent to encourage 

the separation of dissolved ions. A separation funnel 

was used to separate the precipitated salts. The 

purified glycerol is subjected to a drying process at a 

temperature of 70°C in order to eliminate any 

remaining methanol.. 

 

2.6 Biohydraulic formulation 

In the production of bio-fluids, as described by [5], 

glycerol derived from the transesterification reaction 

between groundnut oil and methanol, in the presence 

of sodium hydroxide catalyst, was utilised as both the 

solvent and the main component. The blend consisted 

of 500 g of glycerol, which accounted for 90% of the 

total mass of the fluid blend. Glycerol, with a boiling 

point between 230-300 oC and a freezing point below 

-50 0C, can be used as an anti-freeze in automotive 

brake and clutch fluid formulations. It can be a 

substitute for polyoxyalkylene glycol ether blend, 

which has a boiling point of 200 0C and a freezing 

point of -10 oC. 

 

2.7 Types of lubricants and additives employed 

 and the formulation of biohydraulic fluid  

In order to attain the desired characteristics of the 

brake and clutch fluid, various chemicals, including 

lubricants and additives, were added to the base 

substance in different proportions [5]. The lubricants 

and additives encompass the following:   

2.7.1 Bio-butanol and methanol     

Bio-butanol, commonly known as butyl alcohol, is a 

physiologically generated alcohol having a chemical 

formula of C4H9OH. It consists of four carbon atoms. 

It served as a solvent in the mixture. The substance 

http://www.njetse.dsust.edu.ng/
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exhibits boiling and melting temperatures of 117.7 0C 

and -89.9 0C, respectively. Additionally, it possesses 

a viscosity of 2.573x103mPa at a temperature of 25 

0C. In addition, it may dissolve in ethanol and 

methanol, which is why non-edible methanol is 

included in the lubricants used [5].    

2.7.2 Diethylene glycol with furfural aldehyde 

Diethylene glycol, a lubricant component, was used 

exclusively to decrease the freezing temperature of 

the fluid compound and enhance its formulation's 

freezing point characteristic. Additionally, an 

essential attribute of an acceptable brake fluid should 

offer a protective layer that safeguards the surface of 

these components from corrosion, even after the fluid 

has dissipated and disappeared from the automotive 

parts. Despite its corrosive nature towards iron and 

steel, diethylene glycol was used as both a diluent 

and retardant. Although this chemical is derived from 

fossils, the amount used in the entire recipe is so 

negligible that its contribution to emissions can be 

disregarded when compared to the desirable 

properties input in the overall formulation [5].  

Graphite      

       

Graphite is a substance that is effective at reducing 

friction between fluid molecules and the walls of a 

container. The addition of graphite dust dissolved in 

methanol served as a friction modifier, hence 

increasing the total viscosity index of the fluid. 

Graphite also functions as an anti-wear agent in the 

mixture [5].      

2.7.3 Bitter leaf    

Corrosion and rust inhibition, as well as antioxidant 

properties. Brake fluids commonly cause corrosion in 

the metal components they come into contact with, 

such as callipers, master cylinders, and ABS control 

valves. In order to prevent corrosion of the 

components they come into touch with, it is 

necessary for them to include additives such as 

corrosion inhibitors, as vapours may be produced 

during activities with extremely high temperatures. 

Certain leaves of the bitter leaf plant (vernonia 

amygdalina) have demonstrated the ability to 

effectively hinder the process of corrosion and rust 

formation in various materials. Additionally, it can 

function as an antioxidant. Consequently, dried 

leaves of bitter leaf plants were soaked in ethanol for 

a duration of two days, then filtered and combined 

with the base substance to achieve the desired 

inhibitory and antioxidant effects [5].   

2.7.4 Monoethylene Glycol   

Brake or clutch fluids should not freeze in the hoses 

or pipes, as this could cause them to fail in 

transmitting force. Brake fluids need to exhibit little 

compressibility, even when subjected to temperature 

variations. Depressing the brake pedal should result 

http://www.njetse.dsust.edu.ng/
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in an equivalent amount of force being applied to the 

brake calliper piston. Fluid cooling is essential 

because when the operational temperature is 

extremely high, the fluid may reach its boiling point, 

leading to the introduction of moisture contaminants 

into the cooled fluid. To provide both antifreeze and 

coolant properties, a small amount of Monoethylene 

glycol lubricant, which is also soluble in most 

organic solvents, was used in the formulation recipe 

[5].  

Table 1. Formulation of shea butter biohydraulic 

fluid 

The glycerol obtained from shea butter 

transesterification was utilized as the base feedstock 

to produce biohydraulic coupled with other additives 

in various ratios listed in Table 1   to enhance its 

performance.    

2.8 Experimental design   

Central composite designimplementing response 

surface methodology was employed to model and 

optimize the process, In order to determine how the 

parameters affected biohydraulics, the two 

independent parameters; reaction temperature and 

time, were assessed. Table 2 displays the independent 

variables' levels and experimental range. The 

responses that were chosen were the specific gravity 

and kinematic viscosity, a total of 13 experiments 

was developed from the design [9].  

Table 2: Summary of the experimental design for 

biohydraulic production 

Factor Units Low 

level 

Mid-

level 

High 

level 

Time Hour 1 2 3 

Temperature oC 35 40 45 

 

2.9 ANFIS Modelling Development  

A MISO (multi-input single-output) fuzzy model is 

developed to estimate biohydraulic production using 

ANFIs [15,17]. This work utilised the Takagi-Sugeno 

fuzzy grid partitioning system to accurately model 

the non-linear variables. The ANFIs modelling 

process utilised three input variables (time (h) and 

temperature (OC)) and two output variables (specific 

gravity and kinematic viscosity). This process was 

conducted using the fuzzy logic toolbox of MATLAB 

R2015b by Mathworks Inc., located in Natick, Ma, 

USA [20]. To enhance the efficiency of ANFIs, the 

data was normalized through min-max scaling. The 

ANFIS architecture consists of five layers, as 

depicted in Figure 3. Figure 3 depicts square nodes, 

referred to as adaptive nodes, which indicate that the 

parameters can be adjusted and learned. On the other 

hand, the circle nodes, known as fixed nodes, 

S/N Chemical used Function Quantity 

(%) 

1 Glycerol Base chemical 90.00 

2 Methanol Formulation 

solvent 

3.50 

3 Diethyl glycol Diluent and 

retardant 

2.50 

4 Graphite Friction 

modifier, anti-

wear 

2.00 

5 Bitter leaf 

powder 

Corrosion 

inhibitor, 

antioxidant 

0.30 

6 Detergent Detergent 0.20 

7 Monoethylene 

Glycol 

Anti-freeze, 

coolant 

1.50 

http://www.njetse.dsust.edu.ng/
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represent parameters that have been picked. The rule 

set consists of two fuzzy if-then rules, which are 

commonly used.: 

Rule 1: If x is 𝐴1 and y is𝐵1 , then 𝑓1  =𝑝1 x + 𝑞1x+𝑟1                                               

(1) 

Rule 2: If x is 𝐴2 and y is𝐵2 , then 𝑓2  = 𝑝2x +𝑞2x+𝑟2                                               

(2)  

Where A, B are linguistic terms that are user-defined 

and represent a range of values. The sequence and 

functions of the layers are as follows: 

Layer 1: Square node equipped with node function 

𝑂𝑖
𝐿 = 𝜇𝐴𝑖(𝑥)           (3)                                                                                            

Assuming x and y are the two typical input values fed 

at the two input nodes, transforming those values to 

the input membership functions. Where 𝑂𝑖
𝐿 is the 

membership function of 𝐴𝑖 and x is the input 

parameter to the node.  𝐴𝑖is the linguistic label 

connected with the node function. 

Layer 2: This node increases the homeward bound 

signal and releases the product out of the layer.𝑤𝑖 =

𝜇𝐴𝑖(𝑥) × 𝜇𝐴𝑖(𝑦), 𝑖 = 1,2                   (4)  

Layer 3: circle node. A node calculates the ratio of 

the i-th rule's firing strength to the sum 

of all rules’ firing strengths: 

𝑤𝑖
′ =

𝑤𝑖

𝑤1+𝑤2
 , 𝑖 = 1, 2           (5)                                                                                                  

Layer 4: Square node with node function: 

𝑂𝑖
4 =  𝑤𝑖

′𝑓𝑖 = 𝑤𝑖
′(𝑝𝑖𝑥 + 𝑞𝑖𝑦 + 𝑟𝑖)   (6)                                                                             

p, q, r – parameter set (consequent, linear parameters) 

Layer 5: circle node. This node computes the overall 

output as the summation of all incoming signals. 

 

𝑂𝑖
5 = 𝑜𝑣𝑒𝑟𝑎𝑙𝑙𝑜𝑢𝑡𝑝𝑢𝑡 = ∑ 𝑤𝑖

′
𝑖 𝑓 =

∑ 𝑤𝑖𝑓𝑖𝑖

∑ 𝑤𝑖𝑖
                                                                

(7) 

 

 

 

 

 

 

 

 

 

 

Fig 1: ANFIS basic structure 

2.10 Developed Models Evaluation 

The model's evaluation for the process was 

assessed   using the statistical indicators below in 

equations 8 and 9 

 

(Mean square error) MSE = 
1

𝑃
∑ (𝑑𝑝 − 𝑂𝑝)2    (8)

𝑝
𝑝=1  

(Coefficient of determination) 𝑅2 = 1 −

∑ (𝑑𝑝−𝑂𝑝)2𝑝
𝑝=1

∑ (𝑂𝑝)2𝑝
𝑝=1

    (9) 

 

𝑑𝑝 and op represent the observed and the predicted 

values. The  MSE value  closeness to 0 and the R2 

value to 1 shows  how well the model fits [21]. 

 

2.11 Biohydraulic characterization 

Kinematic viscosity and specific gravity were used to 

evaluate the  producedbiohydraulic and 

instrumentation such as FTIR (Shimadzu FTIR-

8400S) was  used to evaluate the  functional group of 

the oil respectively [19, 22]. 

http://www.njetse.dsust.edu.ng/
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2.12 Kinematic viscosity at 40°C    

The D445 Test Method was utilised to measure the 

kinematic viscosity of both transparent and opaque 

liquids, and to calculate the dynamic viscosity. A 

viscosity tube with a capacity of 861 units was 

partially filled with biodiesel, up to the halfway point 

of the bottom bulb. The tube was kept at a consistent 

temperature of 37.8° C for a duration of 30 minutes. 

Subsequently, the fluid was extracted from the upper 

bulb, and the duration of the fluid's discharge was 

measured. The duration of the flow was thereafter 

multiplied by the constant of the tube employed [23, 

24]. 

 

2.13 Specific gravity determination  

The specific gravity was obtained using the 

expression in Equation 10 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑔𝑟𝑎𝑣𝑖𝑡𝑦 =
𝑤𝑒𝑖𝑔ℎ𝑡𝑜𝑓𝑜𝑖𝑙

𝑤𝑒𝑖𝑔ℎ𝑡𝑜𝑓𝑡ℎ𝑒𝑒𝑞𝑢𝑎𝑙𝑣𝑜𝑙𝑢𝑚𝑒𝑜𝑓𝑤𝑎𝑡𝑒𝑟
 

    (10) 

3. Results and discussion 

3.1 Physicochemical properties of SBO 

Table 3 presents the physicochemical characteristics 

of raw shea butter oil. The specific gravity (0.89) 

falls within the acceptable range for (International 

Standards Organization Viscosity Grade) ISOVG 32-

grade hydraulic fluids (0.87–0.874), which is 

beneficial in minimizing microbial contamination. 

The oil exhibits high acid and free fatty acid (FFA) 

values of 4.38 mg KOH/g and 2.19%, respectively, 

suggesting limited hydrolytic degradation but 

indicating a potential risk of corrosion to soft metallic 

components in hydraulic systems [8,25]. 

Consequently, pretreatment is essential to reduce 

these values, thereby preventing soap formation and 

facilitating glycerol separation during processing.The 

measured saponification and peroxide values imply 

that the oil has good oxidative stability and is less 

susceptible to rancidity. With an iodine value of 

70.8 g I₂/100 g, the oil demonstrates a moderate level 

of unsaturation. This is consistent with the findings of 

Briggs and Victor [3], who stated that oils with 

iodine values ranging between 60 and 128 are 

appropriate for hydraulic fluid applications. 

However, the oxidation stability of SBO was found to 

be below the ASTM D6751 standard of 3 hours, 

indicating the need for further treatment before use in 

biodiesel production. The stability observed might be 

influenced by the extraction method used, as noted in 

previous studies [27].The kinematic viscosity of the 

oil aligns closely with that of palm kernel oil 

(57.34 mm²/s), as reported by [16], supporting its 

potential as a viscous and effective feedstock for 

hydraulic applications. Additionally, the flash point 

of 157 °C reflects the oil’s high thermal resistance 

and safety under elevated temperature conditions. 

The pour point of 10.89 °C suggests moderate 

flowability, indicating that the presence of 

http://www.njetse.dsust.edu.ng/
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unsaturated triglycerides enhances both oxidation 

resistance and fluid behavior at lower temperatures 

 

 

 

 

Table 3: Physicochemical properties of  SBO 

Physicochemical properties SBO 

Free fatty acid (FFA) (%) 2.19 

Acid value (mgKOH/g) 4.38 

Moisture content (%) 0.09 

Saponification value (mgKOH/g) 106.17 

Specific gravity 0.89 

Kinematic viscosity at 40oC (mm2/s) 67.77 

Molecular weight 744.30 

Flash point 157 

Peroxide value 5.95 

Cloud point 12.56 

Pour point 10.89 

Oxidation stability 110oC (Hour) 2.5 

Refractive index 1.46 

Iodine value (gI2/100g) 70.85 

 

 

3.2 Fatty Acid Composition of SBO 

The fatty acid profile of shea butter oil was 

determined using Gas Chromatography-Mass 

Spectrometry (GC-MS), as presented in Table 4. The 

analysis revealed that oleic acid is the predominant 

fatty acid, comprising 55.5 wt%, followed by stearic 

acid at 21.81 wt%, myristic acid at 8.62 wt%, and 

linolenic acid at 6.82 wt%. Overall, the oil contains 

approximately 38.59 wt% saturated fatty acids and 

62.32 wt% unsaturated fatty acids. This composition 

indicates that shea butter oil is rich in 

monounsaturated and polyunsaturated fatty acids, 

particularly oleic and linolenic acids, which are 

known to favor transesterification reactions. The high 

unsaturated fatty acid content supports the suitability 

of SBO for glycerol-based hydraulic fluid production, 

as these components enhance the oil's reactivity and 

performance characteristics [28, 29]. 

Table 4. Fatty acid profile of SBO for GCMS 

analysis 

3.3 Physiochemical properties of the 

produced biohydraulic 

The physicochemical properties of the produced bio-

hydraulic from SBO were compared with the 

conventional hydraulics, and the obtained results are 

presented in Table 5. Table 5 also showed how the 

produced bio-hydraulic was comparable to the 

conventional. The acid value (AV) shows the 

SBO 

Fatty Acid Composition 

(%) 

Capric acid 1.72 

Lauric acid - 

Stearic acid 21.81 

Palmitic acid 5.80 

Myristic acid 8.62 

Arachidic acid 0.64 

Linolenic acid 6.82 

Linoleic acid - 

Oleic acid 55.5 

Total 100.91 

http://www.njetse.dsust.edu.ng/
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specifications of oil, and it is determined as the 

weight of potassium hydroxide (KOH) in mg needed 

to neutralize the organic acid present in 1g [30]. AV 

also measures the breakdown of triacylglycerols into 

free fatty acids (FFA). The oxidation process 

increases the acid value and deteriorates the 

hydraulics. The AV results show that the oxidation 

effect affects the conventional hydraulic (8.69) more 

compared with the produced bio-hydraulic (2.09). 

The increase in the amount of FFA, as observed in 

the conventional hydraulic (4.35), indicates the 

hydrolysis of triglycerides. The FFA value for the 

produced bio-hydraulic (2.09) showed that the 

hydrolysis process of triglycerides was minimal. The 

hydrolysis of triglycerides was due to the action of 

the lipase enzyme, indicating a dysfunctional process 

condition [31].The observation from the FFA values 

revealed that the produced bio-hydraulic from SBO 

was better than the conventional. In a study 

conducted by Habib et al. [32], the free fatty acid 

content of orange seed oil was found to be 0.21 mg 

KOH/g oil, while mandarin seed oil had a free fatty 

acid content of 0.65 mg KOH/g oil. In a similar 

manner, [33]  found that the acid value of orange 

seed oil extracted using n-hexane was 0.67 mg 

KOH/g oil, whereas the peroxide value was 6.37 meq 

02 /kg oil. The refractive index (RI) is a crucial factor 

to consider while evaluating the appropriateness of 

oils. This is because greater refractive index (RI) 

values have a negative impact on the efficiency of 

oil.  The RI values of the produced bio-hydraulic and 

conventional were comparable, with a difference of 

0.0134, as shown in Table 5.The boiling point of the 

bio-hydraulic (333°C) and the conventional (345°C) 

were comparable to the boiling point of the biodiesel 

as reported by the US Department for Energy (2015); 

hence, high boiling point averts vaporization in the 

fluid pots and lines  [5]. The smoke point of the 

produced bio-hydraulic and conventional also called 

the flash point, is the temperature at which the oil 

begins to break down into FFA [3]. The smoke point 

(106°C) valuecompared well with the conventional 

smoke point value. The cloud point shows that the 

conventional clouds or forms wax faster than the 

produced bio-hydraulic. The pour point, which is the 

lowest temperature at which the hydraulic losses its 

flow, indicates that the conventional hydraulic has 

good flow ability compared to the produced bio-

hydraulic [3]; hence, there is a close agreement 

between the commercial and biohydraulic properties 

shown in Table 3 

Table 5:  Physiochemical properties of the 

produced biohydraulic 

 

Sample Biohydraulic Commercial 

hydraulic 

Acid value 

(mgKOH/kg) 

4.18 8.69 

Free fatty acid 

(mgKOH/kg) 

2.09 4.35 

http://www.njetse.dsust.edu.ng/
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Refractive 

index @ 290c 

1.45 1.44 

Boiling point 

(0c) 

333.00 345.00 

Smoke point 

(0c) 

106.00 120.00 

Cloud point 15.00 18.00 

Pour point 4.50 7.00 

 

3.4 FTIR of the extracted SBO 

Figure 2 displays the FTIR spectrum of the SBO. The 

presence of functional groups in biohydraulic 

production indicates its suitability and efficiency 

[34]. The extracted SBO sample was analysed using 

an Agilent Technologies FTIR Spectrometer in the 

mid-infrared region, namely within the range of 3500 

to 1000 cm-1. The FTIR analysis indicated the 

presence of specific functional groups in the 

extracted SBO, including esters (C-D), alkene (CC),  

alkynes (CSC), alkanes (C-H), carbonyl (C-0), and 

alcohol (OH) bands [35]. The absorption spectrum of 

the SBO, as indicated by the band absorption at peak 

3308.7-2922.2 cm-1showingthe symmetric vibration 

of C-H alkane groups, demonstrates that it has low 

moisture content. This is evident in the 

physiochemical properties listed in Table 3.The 

absorption at 1625.1cm-1 corresponds to O-H  and 

C=C group stretched in the carboxylic acid.   The 

presence of carbonyl ester functional groups in the 

extracted SBO was confirmed by the characteristic 

peaks observed at 1244.4 during stretching 

vibrations. These bands are considered important 

when evaluating the suitability of extracted SBO as a 

viable substitute for bio-hydraulic production, as 

highlighted by [36], [37], and [34]. The absorption 

spectrum in the area of 1461.1-1379.1cm-1 exhibits 

bands that correspond to asymmetric and symmetric 

vibrations, indicating the presence of alkane (CH) 

and alkene (C) groups in the extracted 050. The FTIR 

analysis of SBO revealed that the region between 

1237.5 and 1159.9 cm-1 was identified as containing 

esters and aromatic band functional groups, 

respectively. The out-of-plane bending vibrations at a 

frequency of 913.1cm-1 exhibited an alkene chain, as 

reported by [36]. 

  3.5 FTIR of the Produced Bio-hydraulic 

Figure 3 displays the results of the FTIR 

spectroscopic study, which was conducted to 

determine the functional groups contained in the bio-

hydraulic fluid. The presence of functional groups 

yields valuable information and enhances the 

efficiency of the generated bio-hydraulic [34]. The 

bio-hydraulic sample was analysed using an Agilent 

Technologies FTIR Spectrometer, which scanned the 

sample within the mid-infrared region of 3500 to 

1000 cm-1. The FTIR study indicated that the bio-

hydraulic now being generated possessed functional 

groups that exhibited the typical bands of esters 

(C=O), esters (C-O), Esther and Alkanes (C-H) 

http://www.njetse.dsust.edu.ng/
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carbonyl (C-0), and hydroxyl (OH) [30,31,35]. The 

absorption spectrum of the band at peak 3224.8-

2317.4 cm-1 indicates the existence of the OH 

hydroxyl group [38]. The absorption spectra at 

2967.0, 2824.3cm-1, and 1625.1 cm-1, which 

correspond to symmetric stretching vibrations, serve 

as indicators of alkane and carbon bands. [34] 

Observed that these bands correspond to the 

vibrations of single and double bonds at low energy, 

suggesting the presence of functional groups known 

as olefins. The presence of carbonyl ester functional 

groups in the generated biohydraulic was confirmed 

by the distinctive peaks observed in the range of 

13259-1408 cm-1 stretching [31]. When evaluating 

the suitability of bio-hydraulics as a viable 

alternative, the presence of functional groups 

exhibiting specific bands is taken into account [36]. 

In particular, the bands observed in the absorption 

spectrum at 1110.7cm-1, which correspond to 

asymmetric and symmetric vibrations, indicate the 

presence of ether symmetric stretching groups in bio-

hydraulics. The esters functional groups were 

identified in the FTIR analysis of bio-hydraulics at a 

specific area of 849.8 cm-1. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  FTIR of the sheabutter bio-hydraulic 

 

3.6 Effect of process variation on 

biohydraulic yield 

The general effect of temperature on the specific 

gravity and kinematic viscosity of the hydraulic is 

shown in Table 6. The hydraulic properties were 

compared with the conventional hydraulics. From the 

table, it was observed that an increase in temperature 

led to a non significant decrease in the specific 

gravity and the kinematic viscosity; this also was 

observed when compared to the commercial product; 

this agrees with the observation of Paredes et al.[39]; 

on the high  pressure viscosity characterization of 

four vegetable and mineral hydraulic oils. Also, at a 

temperature of 35oC, the hydraulic kinematic 

viscosity of 44.89 was recorded, which was within 

http://www.njetse.dsust.edu.ng/
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the standard (45.9); the same trend was replicated in 

the specific gravity of both the bio and the 

commercial hydraulic[3]. Hence, this shows that 

temperature has a significant effect on hydraulic 

properties; an increase in temperature leads to a rise 

in the kinetic energy of molecules and reduces the 

cohesive forces between the molecules of the liquid. 

Table 6: Effect of process parameters on the 

biohydraulic yield 

S/N Temp. 

(0C) 

Bio-

hydraulic 

Specific 

gravity  

Commercial 

hydraulic 

specific 

gravity 

Bio-

hydraulic 

kinematic 

viscosity 

(mm2s-1) 

Commercial 

hydraulic 

kinematic 

viscosity 

(mm2s-1) 

1 25 1.219 1.0844 49.1655 24.9202 

2 30 1.218 1.0840 47.4329 24.3796 

3 35 1.217 1.0809 44.8919 23.1677 

4 40 1.215 1.0766 40.1604 22.0589 

5 45 1.213 1.0715 34.1021 19.1801 

6 50 1.211 1.0651 30.1176 16.7467 

7 55 1.205 1.0542 26.5549 13.0304 

8 60 1.202 1.0423 18.6838 9.5542 

 

Kinematic viscosity =43.20 − 1.69𝐴 − 3.93𝐵 +

1.22𝐴𝐵 − 3.14𝐴2 − 0.71𝐵2  (11) 

Specific gravity = 𝟏. 𝟎𝟕 + 𝟎. 𝟏𝟔𝟔𝟔𝑨 + 𝟎. 𝟏𝟑𝟔𝟑𝑩 −

𝟎. 𝟏𝟑𝟔𝟑𝑨𝑩 + 𝟎. 𝟎𝟎𝟎𝟒𝑨𝟐 + 𝟎. 𝟎𝟎𝟎𝟓𝑩𝟐        (12) 

The data shown in Table 7 provides a comprehensive 

overview of the experimental results obtained from 

13 different experiments conducted to measure the 

kinematic viscosity and specific gravity of the 

biohydraulics. These studies involved varying 

combinations of interacting variables. The 

experimental data underwent sophisticated multiple 

regression analysis to derive second-order 

polynomial equations with regression coefficients 

and were subsequently assessed for statistical 

significance. The results indicate that the variables 

had a substantial influence on the response [4]. In 

order to establish a correlation and create the model 

for the given data, a quadratic polynomial was used. 

The factors (A) time and (B) temperature have a 

relationship with the responses (kinematic viscosity 

and specific gravity). The coefficient of the quadratic 

polynomial regression model for the response 

described in equations 11 and 12 was determined 

using multiple regression approaches. The one-factor 

coefficient quantifies the impact of the specific 

variable. Conversely, the relationship between the 

Table 7. RSM experimental run  on the 

biohydraulic properties of shea butter 

 

Run time temperature 
kinematic 

viscosity 

specific 

gravity 

 
hrs Degree 

  
1 1 40 39.92 0.83 

2 2 35 47.38 0.88 

3 2 40 43.2 1.07 

4 2 40 43.2 1.07 

5 3 35 40.44 1.1 

6 2 40 43.2 1.07 

7 2 40 36.82 1.26 

8 1 35 45.87 0.766 

9 2 40 43.2 1.07 

10 1 45 35.2 1.05 

11 3 40 34.58 1.31 

12 3 45 34.63 1.37 

13 2 40 43.2 1.07 

http://www.njetse.dsust.edu.ng/
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two variables and the quadratic effect is depicted by 

the two-factor and second-order coefficients. This 

aligns with the findings of [21] about the epoxidation 

of rubber seed oil using the combined approach of 

RSM and adaptive neuro-fuzzy inference system-genetic algorithm (ANFIS-GA). 

 

Table 8: ANOVA for the model of  kinematic viscosity of the biohydraulics 

Source Sum of Squares df Mean Square      F-value     p-value 
 

Model 221.23 5 44.25 218.27 < 0.0001 significant 

A-time 22.96 1 22.96 113.25 < 0.0001 
 

B-temperature 123.36 1 123.36 608.53 < 0.0001 
 

AB 5.90 1 5.90 29.13 0.0010 
 

A² 68.37 1 68.37 337.28 < 0.0001 
 

B² 3.51 1 3.51 17.30 0.0042 
 

Residual 1.42 7 0.2027 
   

Lack of Fit 1.42 3 0.4730 
   

Pure Error 0.0000 4 0.0000 
   

Cor Total 222.65 12 
    

Std. Dev. 0.4502 
 

R² 0.9936 

Mean 40.83 
 

Adjusted R² 0.9891 

C.V. % 1.10 
 

Predicted R² 0.9547 

   
Adeq Precision 41.8438 

 

Table 9: ANOVA for the model of specific gravity of the biohydraulics 

Source Sum of Squares df Mean Square F-value p-value 
 

Model 0.3706 5 0.0741 4281.82 < 0.0001 significant 

A-time 0.2219 1 0.2219 12818.79 < 0.0001 
 

B-temperature 0.1487 1 0.1487 8587.63 < 0.0001 
 

AB 0.0000 1 0.0000 2.55 0.1540 
 

A² 9.783E-07 1 9.783E-07 0.0565 0.0489 
 

B² 1.409E-06 1 1.409E-06 0.0814 0.0137 
 

Residual 0.0001 7 0.0000 
   

Lack of Fit 0.0001 3 0.0000 
   

http://www.njetse.dsust.edu.ng/
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Pure Error 0.0000 4 0.0000 
   

Cor Total 0.3707 12 
    

Std. Dev. 0.0042 
 

R² 0.9997 

Mean 1.07 
 

Adjusted R² 0.9994 

C.V. % 0.3887 
 

Predicted R² 0.9977 

   
Adeq Precision 214.2966 

Table 8 presents the findings of the analysis of 

variance for kinematic viscosity. The model's R2, 

adjusted R2, and predicted R2 were 0.9936, 0.9891, 

and 0.9547, respectively. These values indicate a 

strong fit for the model and a high correlation 

between the observed and expected values. The 

whole model demonstrated statistical significance (p-

value <0.05). The single, interaction, and quadratic 

factors were found to be significant. The standard 

deviation (0.4502), coefficient of variation (C.V%) 

(1.10), and adequate precision (41.8438) suggest that 

the model is acceptable and resilient for optimising 

specific gravity. The values of R2, adjusted R2, and 

anticipated R2 in Table 9 are all near to 1. The single 

and quadratic terms are significant, but the 

interaction term is not significant. This indicates that 

all the process factors had a significant impact on 

kinematic viscosity and specific gravity. The model 

is deemed appropriate and robust for optimisation 

based on the standard deviation (0.0042), coefficient 

of variation (C.V%) (0.3887), and adequate precision 

(214.2966). The results are consistent with the 

research conducted by [40]  regarding the 

manufacture of biodiesel by the transesterification of 

shea butter oil, as well as the study by [41]  which 

focused on optimising the two stages of biodiesel 

production using shea butter oil.  

 

3.7:  ANFIS simulation results 

Table 10: ANFIS model efficiency for biohydraulic 

prediction from shea butter. 

Input membership 

function 

MSE 

(kinematic 

viscosity) 

MSE 

(specific 

gravity) 

Gauss 0.00267 0.01345 

Dsig 0.02596 0.08564 

Gauss2 0.03456 0.04663 

Trap 0.09585 0.04968 

Pi 0.02459 0.07549 

Tri 0.0026 0.0245 

Gbell 0.0019 0.0007 

Psig 0.01456 0.0832 

The ANFIS model was used to simulate the best 

forecast for shea butter biohydraulic production. This 

simulation involved several input membership 

functions, including gauss mf, gauss2 mf, gbell mf, tri 

mf, trap mf, psig mf, and dsigmf. The output 

membership functions were set with a constant 500 

epoch number and a step size of 0.01. The mean 

square error (MSE) was utilised to assess the level of 

predictability of the models. Table 5 presents a 

summary of the ANFIS results for several input 

membership function types. The mean squared error 

http://www.njetse.dsust.edu.ng/
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(MSE) values range from 0.00193251 to 0.08564. 

The lowest Mean Squared Error (MSE) values were 

achieved for kinematic viscosity (0.00193251) and 

specific gravity (0.00070017) at gbellmf, as seen in 

the table. Therefore, gbell mf provided the most 

accurate prediction for the process. The findings 

derived from this study exhibit a close resemblance 

and can be directly compared to a prior inquiry 

conducted by Nwosu-Obieogu et al. (2020) that 

employed ANFIS to simulate the process of 

extracting huracrepitan seed oil. Nevertheless, the tri 

mf exhibited the lowest mf. Nonetheless, the model 

successfully predicted the process [14,15]. 

3.8 Optimization of the process variables 

 

Fig. 4: Optimum Conditions ramp for 

biohydraulic production from shea butter 

A numerical optimisation technique was employed to 

optimise the synthesis of shea butter biohyradulics, 

with the aim of determining the most favourable 

conditions for the process. Figure 4 shows that the 

optimal circumstances for the experiment were 

achieved with a temperature of 36.833oC, a time of 

1.37 hours , a kinematic viscosity of 45.704mm2/s, 

and a specific gravity of 0.877464. These parameters 

were found to have a desirability rating of 1.00 

according to the Response Surface Methodology 

(RSM). The desirability values achieved in this study 

are comparable to those found in prior research 

conducted by Nwosu-obieogu [20] on groundnut 

shell mercerization using the ANFIS technique, and 

by Oke et al. [21] on rubber seed oil epoxidation 

using RSM and ANFIS. 

 

 

 

 

 

 

 

 

 

 

Fig. 5a: ANFIS surface plot for the kinematic 

viscosity of  biohydraulic production from shea 

butter 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5b: ANFIS surface plot for  the specific 

gravity of  biohydraulic production from shea 

butter 
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Fig. 6a: ANFIS rule viewer for the kinematic 

viscosity of biohydraulic production from shea 

butter 

 

 

 

 

 

 

 

 

ANFIS surface plot for the kinematic viscosity and 

the specific gravity of biohydraulic from shea butter 

is presented in Fig. 5 and b. The kinematic viscosity 

and specific gravity were reduced when both time 

and time increased in the 3D model graph; this is a 

result of the increase in the randomness and collision 

of molecules, showing a significant impact of the 

independent parameters on the response. Also, the 

liquid contracts, making them denser. Hence, the 

behaviours depict that time and temperature impacted 

biohydraulic formation [20, 39] 

 

 

 

 

 

 

 

 

 

 

Fig. 6b: ANFIS rule viewer for the specific gravity 

of  biohydraulic production from shea butter 

 

3.9 ANFIS Rule Analysis for Kinematic 

Viscosity and Specific Gravity 

Figure 6a and 6b illustrate the ANFIS rule viewer for 

the kinematic viscosity and specific gravity in the 

biohydraulic production process. A key component of 

ANFIS is the fuzzy logic system, which governs how 

input parameters are mapped to output predictions. 

These rules can be adapted to predict outcomes even 

for untested input combinations, as long as they fall 

within the defined experimental domain. A total of 

nine fuzzy rules were employed to predict the 

kinematic viscosity and specific gravity. At a reaction 

time of 2 hours and a temperature of 40 °C, the model 

predicted a kinematic viscosity of 43.2 mm²/s and a 

specific gravity of 1.07. The close alignment between 

ANFIS and RSM outputs highlights the reliability 

and accuracy of the model in identifying optimal 

processing conditions [20, 21]. 

 

Conclusion 

This research demonstrated the feasibility of 

producing biohydraulic fluid from shea butter 

through a comprehensive study involving process 

optimization, modeling, and material 

characterization. Analytical techniques such as FTIR 

and GC-MS confirmed the structural and 

compositional properties of the synthesized oil. The 

3D surface plots and ANOVA results validated the 
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model's robustness and revealed that the process 

variables significantly influenced the response 

metrics. Among the membership functions tested, the 

generalized bell (gbellmf) function delivered the 

most accurate predictions, as evidenced by the lowest 

mean square error (MSE). The optimized results for 

kinematic viscosity and specific gravity, as predicted 

by both RSM and ANFIS models, met the ASTM 

specifications for hydraulic fluids. These insights also 

offer valuable implications for the efficient 

estimation of epoxides from AISO, supporting rapid 

and effective optimization of the epoxidation process 

using tools such as RSM and PSO. 
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