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From process variability to product stability: effects of traditional processing practices on 1 

physicochemical quality of kluiklui, peanut oil and roasted peanuts in Benin. 2 

Abstract: 3 

Traditional peanut processing in Benin involves diverse artisanal practices which effects on process 4 

performance and final product quality remain insufficiently quantified. This study investigated the 5 

influence of traditional processing variants on processing kinetics, mass balance, physicochemical 6 

properties, and quality of kluiklui, peanut oil, and roasted peanuts. Process monitoring was conducted 7 

with 18 experienced female processors across four municipalities in Benin. A common peanut landrace 8 

was used as raw material. For kluiklui and peanut oil production, three processing technologies 9 

combining hot- or cold-water kneading, maize flour incorporation, and manual pressing were 10 

compared through 27 production trials. For roasted peanuts, three heat-transfer practices, namely 11 

direct pan roasting, white clay (Howé), and dried maize bran (floflo), were evaluated through 27 trials. 12 

Processing durations, thermal profiles, mass flows, extraction yields, dry matter, lipid content, water 13 

activity, texture, acidity, peroxide value, browning index, and oil density were determined. Significant 14 

differences were observed among technologies for several processing operations, particularly sorting, 15 

roasting, grinding, kneading, pressing, shaping, and frying. Oil extraction efficiency also differed, with 16 

crude oil recovery ranging from 25.3 to 32.0% of paste mass. However, these differences were largely 17 

attenuated at the final-product stage. Final kluiklui yields were statistically comparable (59.5–59.8% of 18 

initial raw material), as were roasted-peanut yields (76.1–78.1%). Most physicochemical 19 

characteristics of roasted peanuts were not significantly affected by the heat-transfer medium. 20 

Nevertheless, some quality attributes remained technology-dependent, particularly kluiklui breaking 21 

force and the acid and peroxide values of crude peanut oil. Overall, traditional processing practices 22 

generated substantial variability in processing trajectories and intermediate products but resulted in 23 

relatively stable final-product characteristics. These findings suggest that future process improvement 24 

should focus on critical operations and quality-sensitive parameters rather than complete 25 

homogenization of traditional processing practices. 26 
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1. Introduction 29 

Peanut (Arachis hypogaea L.) plays an important role in West African food systems. It provides 30 

essential dietary proteins to supplement cereal-based and tuber-based local diets (Bonuedi et al., 31 

2025). Primary peanut products including kluiklui, roasted peanuts and traditional peanut oil, 32 

arewidely consumed and marketed in Benin and neighbouring countries (Loko et al., 2020; 33 

Oguntoyinbo, 2014; Sogbossi Gbétokpanou, Jonard, et al., 2025; E. G. Videgla et al., 2016). Small-34 

scale traditional peanut processing contributes to household economic activities, particularly in rural 35 

and peri-urban areas(Allan et al., 2023). The popular fried snack kluiklui is widely consumed bylow-36 

income Beninese urban households (E. G. Videgla et al., 2016).In southern Benin, kluiklui and roasted 37 

peanut snacks are consumed in several municipalities including those with strong peanut processing 38 

and trade activity,and those where peanut-based productsare only sold and consumed, showing the 39 

dynamic ofa local food systems (Sogbossi Gbétokpanou, Iko Afé, et al., 2025). Traditional peanut oil 40 

is used for both culinary and commercial purposes, and is a recognized dietary commodity of the 41 

regional food economy (Ingenbleek et al., 2019). 42 

Artisanal peanut processing relies on traditional empirical knowledge transmitted across successive 43 

generations (Abdul-Majeed, 2017). These artisanal practices involve sequential unit operations 44 

performed at small scale. The equipment used is generally simple or rudimentary, while processing 45 

conditions vary among producers (Zio et al., 2020). Such variability may concern raw materials, 46 

equipment, processed quantities and operator practices.Kluikluiand peanut oil share roasting, 47 

dehulling,grounding, manual kneading and pressing as unit operations.The partially defatted peanut 48 

dough is shaped and deep-fried to produce kluiklui. Roasted peanut production mainly involves dried 49 

seedroastinguntil the desired coat browning is reached(Sogbossi Gbétokpanou, Iko Afé, et al., 50 

2025).Similar processing practices have been reported across Benin, Togo and Nigeria. 51 
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Existing literature primarily focused on describing individual processing operations (drying, roasting, 52 

grinding, etc.) and selected quality attributes of peanut products(Sithole et al., 2022; Wang et al., 2018; 53 

Xiang et al., 2025; Zhang et al., 2026). Peer-reviewed studies highlight several recurring gaps in the 54 

documentation and quantitative understanding of artisanal peanut processing systems (Bonuedi et al., 55 

2025; Kortei et al., 2024). Comprehensive stepwise mass balances and process throughput remain 56 

poorly documented across entire processing chains, particularly under traditional processing 57 

conditions (Ali & Muhammad, 2014; Kortei et al., 2024). Although some studies quantified specific 58 

parameters, such as constituent losses or oil extraction yields, these measurements are generally 59 

reported for individual processing stages rather than integrated across the complete processing 60 

sequence(L. Gao et al., 2017; Martinez-Yusta et al., 2025). Consequently, the relationships between 61 

material flows, processing operations, intermediate products,and final product yields remain 62 

insufficiently characterized. 63 

Intermediate masses, ingredient loss fractions, and stage-specific extraction yields remain entirely 64 

unknown. Intermediate physicochemical profiling across grinding, roasting, and frying stages is 65 

largely missing (Xiang et al., 2025). Stepwise measurements of moisture content, water activity, and 66 

browning index are not established (Chiou, 1990; Xiang et al., 2025). Similarly, textural mechanics 67 

like breaking force and distance to break lack quantitative process-stage models (Lykomitros et al., 68 

2018).  69 

Lipid oxidation kinetics, including acid value and peroxide value, are rarely tracked step-by-step 70 

(Honfo et al., 2010; Yaacoub et al., 2008). Quantitative effects of traditional technological variants 71 

remain unassessed under real field conditions (Karimuna et al., 2021; Muego et al., 1990). This 72 

limitation is particularly relevant to artisanal processing systems, in which processing conditions may 73 

vary considerably according to processors’ practices, available equipment, raw material characteristics, 74 

and local production contexts. Such variability may influence processing kinetics, material flows, 75 

intermediate products, and ultimately the quality and yield of the final products. A quantitative 76 

understanding of these variations is therefore essential, particularly for processing systems involving 77 

multiple technological modalities.  78 
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In this context, the present study aimed to quantitatively characterize the traditional production of 79 

kluiklui, peanut oil, and roasted peanuts in Benin, with particular emphasis on processing operations, 80 

process kinetics, mass balances, and selected physicochemical characteristics of intermediate and final 81 

products.Processing follow-up will enable establishing end-to-end mass balances and measure 82 

material flows across major unit operations. The research evaluates the effect of traditional variants, 83 

including water temperature and maize flour addition. By integrating process monitoring, mass 84 

balance analysis, and physicochemical characterization, this study provides a quantitative basis for 85 

understanding variability within traditional peanut processing systems and contributes scientific 86 

evidence to inform future efforts toward appropriate process standardization. 87 

2. Material and methods 88 

2.1. Study area and experimental design 89 

2.1.1. Selection of study sites and artisanal processors 90 

Field production follow-ups were carried out in four municipalities located across Southern and 91 

Central Benin (Covè, Aplahoué, Ouèssè, and Abomey). These municipalities are representative ofthe 92 

major agricultural development poles recognized for artisanal peanut processing and 93 

commercialization of peanut. A total of eighteen female processors (nine dedicated to peanut oil and 94 

kluiklui, and nine dedicated to roasted peanut snack processing) were selected based on their extensive 95 

empirical expertise (≥ 10 years) in traditional peanut processing. 96 

2.1.2. Experimental design 97 

To evaluate the quantitative impact of traditional technological variants on process efficiency, mass 98 

balances, and product quality attributes, two multi-factor experimental designs were established 99 

(Figure 1): 100 

 Peanut oil and kluiklui processing: Processing was systematically documented three 101 

municipalities to test two key technologicalfactors: (1) Water temperature during kneading: 102 

Cold versus warm water and (2) Cereal flour incorporation: Kneading without versus with 103 

maize flour.The operational layout comprised: Covè (cold water without flour), Aplahoué 104 

(cold water with maize flour incorporation), and Ouèssè (hot water without flour). Three 105 
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processors per site performed three independent, non-consecutive production trials (3 106 

processors X 3 replications = 9 trials per site), yielding a total of 27 production runs. 107 

 Roasted peanut processing: The experimental design evaluated the effect of heat transfer 108 

media on roasted peanut properties: direct pan-roasting (Covè), roasting using white clay 109 

powdernamed Howé in fongbélanguage (Abomey), and roasting using dry maize bran 110 

namedfloflo, in fongbé language(Ouèssè). 111 

Three processors per site performed three independent production trials, resulting in 27 roasting trials. 112 

2.2. Raw materials standardization and field production follow-up 113 

2.2.1. Collection and pre-treatment of raw peanuts 114 

The characterization of the traditional processing of peanut (Arachis hypogea) into kluiklui, peanut oil 115 

and roasted peanut was performed, using a commonly consumed local peanut landrace named: 116 

Fonkouin, identified during diagnostic surveys as the most used landraces, and provided by a single 117 

experienced farmer (≥10 years of cultivation experience) from Covè municipality (a town in Zou 118 

department, Benin)(Adjéniya et al., 2026).Batches ofpeanuts (75 kg each) were prepared from a single 119 

produce of this farmer and sent to the study locations. Each batch was split in three by each processor 120 

for using 25kg of peanut per trial). Raw samples were systematically collected from representative 121 

points of each bag prior processing for establishing baseline physicochemical and stability markers. 122 
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2.2.2. Technological characterization of kluiklui, peanut oil and roasted peanut traditional 132 

producing 133 

Peanuts (25 kg) were provided to 18peanuts processors randomly selected in different areas for 134 

processing into kluikluiand peanut oil (n = 9) and roasted peanut (n = 9), according to their own 135 

traditional procedures. The follow-up was conducted using a questionnaire that was filled with 136 

enumerator observations and the responses from the processors. Data were collected on processing 137 

steps, production schedule, experience with peanut production, seasonality of the activity, as well as 138 

sociodemographic backgrounds. Temperature during roasting and frying processes including 139 

combustion temperature in combustion place, temperature at the contact point of pan with seed, and 140 

core product temperature were recordedat each 10 min frequency with a thermocouple (Traceable 141 

digital thermocouple no.620-2006, France)according to the same method used by Assogba et al. 142 

(2020). A mass balance assessment was carried during peanuts products production. Weights of input 143 

and output at each unit operation (dried, sorted, roasted, peanut paste, added water, added salt, added 144 

maize flour, extracted crude oil, press cake, shaped dough portions, kluiklui) were recorded. Duration 145 

of drying, roasting, crushing, winnowing, grinding, kneading, shaping, and frying were also recorded. 146 

2.2.3. Sample preservation and preparation for laboratory analyses 147 

For laboratory analyses, 135 intermediates and 81 final products were aseptically sampled (Figure 2 & 148 

3) and packaged in sterile containers, kept at 4 °C in portable coolers, and transferred to the laboratory 149 

for analysis. Approximate 1 kg of solid sample (kluiklui, roasted peanuts) and 500–750 mL of liquid 150 

sample (Peanut oil) was collected for analyses. 151 

Peanut oil samples were used directly for analysis. Raw peanut, Kluiklui and roasted peanuts 152 

floursamples were prepared for compositional analysis as described below.Raw peanut, kluikluior 153 

roasted peanuts sample was grinded and homogenized using a blending device (IKA A11 Basic, 154 

Frequency 60Hz, voltage 220V, speed 28000 rpm, France)to obtain powder. Then the powdered 155 

samples were stored in a properly precleaned and dried polyethylene plastic containers until analysis. 156 

 157 
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2.2.4. Mass balance and processing yield calculations 158 

Mass balances and transformation yields were quantitatively established across all production 159 

monitoring trials for kluiklui, crude peanut oil, and roasted peanut processing chains. To discriminate 160 

between local operational performance and cumulative product conversion, two distinct yield metrics 161 

were calculated on a wet weight basis (wb): 162 

Stage-specific yield / Unit operation yield (Ystage,wb): To evaluate material loss, retention, or gain at 163 

each sequential unit operation i (e.g., sorting, roasting, de-skinning, milling, kneading/pressing, 164 

shaping, and deep-frying), the stage-specific yield was computed using Eq. (1):  165 

Ystage, wb (%) = (
Mout,i

Min,i
) x 100 (1) 166 

where Mout,i(kg) is the mass of intermediate product recovered at the exit of unit operation i, and Min,i 167 

(kg) is the mass of material fed into unit operation i. 168 

Overall product yield (Yproduct, wb): To determine the global conversion efficiency relative to the raw 169 

material, the cumulative product yield was calculated using Eq. (2):  170 

Yproduct, wb (%)= (
Mfinal

Mraw
) x 100 (2) 171 

where Mfinal (kg) is the final mass of the target finished product (fried kluiklui cakes, extracted crude 172 

peanut oil, or roasted peanut kernels), and Mraw (kg) is the initial mass of raw decorticated peanut 173 

seeds (M0 = 25.0kg) introduced at the beginning of the processing batch3. 174 

Because artisanal operations induce substantial water transfer (evaporation during roasting and deep-175 

frying, water addition during brine soaking or dough kneading), all yields were normalized and 176 

expressed on a dry matter basis (db) using Eq. (3):  177 

Ydb (%) =Ywbx (
DMproduct

100
) (3) 178 
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where Ywb(%) is the corresponding wet basis yield (either Ystage,wbor Yproduct, wb), and DMproduct (%) is 179 

the dry matter content of the evaluated intermediate or finished product fraction, determined 180 

gravimetrically by oven-drying to constant weight at 103±2°C. 181 

2.2.5. Calculation of theoretical oil yield and extraction efficiency 182 

Three parameters characterize oil extraction. The first is the theoretical oil yield, which represents the 183 

maximum quantity of oil that can be extracted from the raw material. It is calculated using Equation 184 

(4): 185 

Hth (kg)= (
mRM 𝑥 𝑇𝑂

100
) (4) 186 

where Hth is the theoretical oil yield (kg), mRM is the mass of raw material (kg), and TO is the oil 187 

content of the raw material (%). 188 

The mass yield Rm is the ratio of the mass of oil extracted to the initial mass of raw material. It is 189 

expressed as a percentage using Equation (5): 190 

Rm (%)= (
𝐦𝐨

𝐦𝐑𝐌
) x 100 (5) 191 

where mOis the mass of oil extracted (kg). 192 

The effective yield Re compares the oil extracted with the theoretical oil yield. It measures the 193 

efficiency of the extraction process, as shown in Equation (6): 194 

Re(%) = (
mo

Hth
) x 100 (6) 195 

The effective yield can therefore be interpreted as the percentage of the extractable oil actually 196 

recovered. Its values range from 0 to 100%. 197 

2.3. Physicochemical and textural characterization 198 

The dry matter content of raw, kluiklui and roasted peanuts flour was determined by oven-drying at 199 

103 ± 2°C to constant weight (ISO1442, 1997). Crude fat content was assessed through the Randall’s 200 

method (ISO11085, 2015) using petroleum ether (40–60°C) as solvent until constant reflux was 201 
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achieved. Water activity was assessed using the HygrolabRotronic C1 Aw-meter, in accordance with 202 

ISO21807 (2004).Texture of kluiklui samples (breaking force in N and fracturability) was determined 203 

using a Texture Analyzer (TA-XT Plus, Stable Micro Systems) equipped with a 3-point bending rig. 204 

Instrumental settings were as follows: pre-test speed, 1.5 mm/s; test speed, 1.0 mm/s; post-test speed, 205 

10.0 mm/s; and travel distance, 10.0 mm following sample contact. Measurements were performed 206 

using a 5-kg load cell, with the support span fixed at 20.0 mm. Distance to break which refers to the 207 

brittleness of the kluiklui based on the distance that the probe had moved (downward) inside the 208 

kluiklui sample beforeit fractured. Twenty replicates were performed by sample. 209 
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Figure 2:Flow diagram of kluiklui and peanut oil 
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Figure 3:Flow diagram of roasted peanut production 
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Non-enzymatic browning index of peanut oil was measured according to Zhang et al. (2022). 235 

Peanut oils were diluted with n-hexane (1:10, w/v) and the absorbance of 420 nm was determined 236 

with a Perkin Elmer Lambda 45 UV/VIS spectrophotometer (Massachusettss, USA).  237 

Specific gravity of peanut oil was assessed by Nelkon and Parker (1995)method. A known 238 

volume of 100ml the oil was weighed in a beaker and the mass (g) noted. The oil specific gravity 239 

was calculated as follws: 240 

Oil Specific gravity (S.G.) = 
Oil  mass  (g)

oil  volum e  ml ∗water  density  
 241 

Peroxide (PV) and free fatty acid (FFA) of oils was performed by a photometric method using a 242 

CDR FoodLab® portable analyzer. To test PV and FFA, 5 μL and 2.5 μL oil, respectively, were 243 

placed in the prefilled cuvettes with relevant reagents and the colour intensity was measured. For 244 

peroxide value, the analytical principle is based on the oxidation of ferrous ions (Fe2+) to ferric 245 

ions (Fe3+)  by lipid peroxides present in the sample, followed by spectrophotometric 246 

measurement of the resulting coloured complex at 505 nm (Tian & Dasgupta, 1999). Peroxide 247 

values were automatically calculated by the instrument using an internal calibration model and 248 

expressed as milliequivalents of active oxygen per kilogram of oil (meq O₂/kg oil) (Okere et al., 249 

2022; Tahmasbian et al., 2021). For acidity analysis, the instrument measures free fatty acids and 250 

provides a result as a percentage of oleic acid. The colour intensity was measured at 505 nm for 251 

PV samples and at 630 nm for FFA samples. The PV was expressed as meqO2/kg oil and FFA and 252 

presented as a percentage of oleic acid. 253 

All measurements were performed in triplicate and the results expressed per 100 g of dry matter 254 

(DM). 255 

  256 
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2.4. Data Analysis 257 

All processing parameters, field measurements, and laboratory analytical data were compiled in 258 

Microsoft Excel 2019 and analyzed using R software (version 4.4.2). Data were tested for 259 

normality using the Shapiro–Wilk test and for homogeneity of variance using Levene’s test. 260 

One-way and multi-factor Analysis of Variance (ANOVA) were performed to evaluate the main 261 

effects of water temperature, flour incorporation, heat transfer media, as well as their interactive 262 

effects on process yields, lipid quality indices, and texture. Mean structurationwas conducted 263 

using Tukey post-hoc tests. For non-normally distributed data, non-parametric Kruskal–Wallis or 264 

Wilcoxon rank-sum tests were applied. Statistical significance was established at a threshold of P 265 

= 0.05. 266 

3. Results and discussion 267 

3.1. In-process operational kinetics: durations and thermal profiles 268 

3.1.1.  Kluiklui and peanut oil processing chain: Phase separation, dough rheology, and 269 

thermal loads 270 

Processing durations and thermal profiles differed significantly among the traditional 271 

technologies, particularly during kneading, pressing, shaping and frying of kluiklui (Table 1a). 272 

Technology 1 (Tech.1), based on hot-water kneading (76.6 ± 9.8 °C) without a subsequent 273 

pressing step, required the longest kneading time (104 ± 45.1 min), shaping time (388.8 ± 158.7 274 

min) and frying time (204.7 ± 72.5 min). These longer durations were associated with higher fire 275 

(541.4 ± 84.4°C) and frying temperatures (103.4 ± 30.7°C) than those recorded for Tech. 2and 276 

Tech. 3. Conversely, kneading duration was significantly reducedin cold-water variants, dropping 277 

to 66.6 ± 25.2 min in Tech. 2 and 51.7 ± 24.1 min in Tech. 3 (p < 0.05). 278 

These operational divergences illustrate the technological trade-off between thermal 279 

destabilization and mechanical expression during traditional oil extraction(Ali & Muhammad, 280 

2014; Muego et al., 1990; Rivera et al., 2025). Aqueous extraction of peanut oil requires breaking 281 
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the oil-in-water emulsion to coalesce dispersed oil droplets(Ali & Muhammad, 2014; Wang et al., 282 

2016). While hot-water kneading thermodynamically promotes lipid release by reducing oil 283 

viscosity and weakening protein–lipid interactions(Muego et al., 1990), Tech. 1 omits any 284 

pressing step and relies exclusively on manual shearing to separate the oil phase. Conversely, 285 

cold-water technologies (Tech. 2 and Tech. 3) introduce a dedicated manual pressing stage 286 

specifically designed to express an additional 15–20% of crude oil beyond what is initially 287 

released during primary kneading. Consequently, the mechanical expression step in cold-water 288 

technologies effectively compensates for the thermodynamic advantage of hot-water extraction, 289 

explaining the absence of significant differences in cumulative oil extraction yields between hot- 290 

and cold-water systems. 291 

Dough shaping represented the most time-consuming unit operation across all technologies, but 292 

was dramatically more protracted in Tech. 1 (~6.5 h vs. ~2–4h in Tech. 2 and 3). This pronounced 293 

discrepancy is directly governed by dough rheology and residual fat management. In Tech. 1, 294 

processors are compelled to leave substantially higher residual fat in the cake (as evidenced by 295 

the significantly higher lipid content of Tech. 1 press-cake, p < 0.05; Table 2a) to preserve the 296 

cohesion and plasticity required for rolling dough portions without structural crumbling. 297 

However, handling this high-oil, warm paste requires meticulous, repetitive manual care, 298 

drastically inflating shaping time. In sharp contrast, while manual pressing in Tech. 2 and Tech. 3 299 

yields a heavily defatted, rigid cake, processors systematically recondition the matrix during a 300 

subsequent second kneading step by incorporating controlled amounts of water. This water 301 

addition rehydrates and plasticizes the defatted dough, providing optimal viscoelasticity that 302 

allows rapid portioning and shaping. Within the cold-water variants, pressing duration differed 303 

significantly between Tech. 3 (105.8 ± 33.5 min) and Tech. 2 (55.9 ± 17.6 min, p < 0.05). 304 

Importantly, this variation cannot be attributed to maize flour incorporation, as flour is introduced 305 

during the second kneading step (post-pressing) and at a negligible level (≈ 1% w/w). Instead, 306 
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this divergence may reflect deliberate procedural differences in dewatering intensity. In Tech. 3, 307 

processors implement more exhaustive, prolonged pressing to maximize oil extraction prior to 308 

rehydration and dough conditioning. In other side, processors in Tech. 3 implement an 309 

intermediate pressing duration and sun-drying operation of shaped dough portions (averaging ~1 310 

h under ambient sunlight) prior to deep-frying. This combining step serves as an integrated 311 

moisture-reduction strategy to minimize frying spatter and stabilize cake geometry. Finally, the 312 

protracted deep-frying duration (204.7 ± 72.5 min) and intense fuelwood combustion (> 540 °C) 313 

recorded in Tech. 1 represent an energetic compensation for initial moisture retention. Because 314 

Tech. 1 bypasses mechanical pressing and intermediate drying, the shaped dough enters the frying 315 

bath with significant higher moisture content (76.2 ± 1.8 %, Table 3a). Since water vaporization is 316 

the rate-limiting kinetic step during deep-fat frying (Meng et al., 2019; Zhao et al., 2017), 317 

processors must maintain sustained, vigorous boiling to drive moisture below the safe 318 

conservation limit (aw < 0.40). Thus, while Tech. 1 eliminates the physical labor of pressing 319 

equipment, it transfers the operational burden onto dough shaping time, frying duration, and 320 

fuelwood consumption. 321 

Table 1a. Operating durations and thermal profiles — Kluiklui / oil production 322 

Unit operation / 

parameter 
Unit 

Tech. 1 (Hot 

water, no 

pressing) (N=9) 

Tech. 2 (Cold 

water + flour, 

pressing) 

(N=9) 

Tech. 3 (Cold 

water, no 

flour, 

pressing) 

(N=9) 

Sig. 

(p value 

<0.05) 

  Operation durations 

Sorting  min 210.3 ± 133.6a 110.4 ± 43.8ab 81.6 ± 98.6b * 

Roasting  min 126.9 ± 60.2a 143.7 ± 29.0a 61.4 ± 28.7b * 

Crushing  min 8.7 ± 11.8a 9.7 ± 7.8a 4.6 ± 2.0a NS 

Winnowing min 11.2 ± 4.0b 31.5 ± 15.3a 11.2 ± 5.6b * 

Grinding  min 51.9 ± 25.1a 22.9 ± 12.9b 15.6 ± 7.2b * 

Kneading  min 104 ± 45.1a 66.6 ± 25.2ab 51.7 ± 24.1b * 

Pressing  min NA (no pressing) 55.9 ± 17.6a 105.8 ± 33.5b * 

Shaping  min 388.8 ± 158.7a 257 ± 124.2ab 173.8 ± 140.4b * 

Sun-drying  min N/A 77.5 ± 18.8a N/A * 

Frying min 204.7 ± 72.5a 107.4 ± 37.5b 85.9 ± 48.3b * 
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Unit operation / 

parameter 
Unit 

Tech. 1 (Hot 

water, no 

pressing) (N=9) 

Tech. 2 (Cold 

water + flour, 

pressing) 

(N=9) 

Tech. 3 (Cold 

water, no 

flour, 

pressing) 

(N=9) 

Sig. 

(p value 

<0.05) 

  Operation durations 

Whole process min 1316.3 ± 367.7a 972.2 ± 215.2b 571.1 ± 201.2c * 

  Thermal profiles 

Roasting pan temp. °C 107.3 ± 21.1b 106.6 ± 26.4b 143 ± 58.6a * 

Fire temp., roasting °C 484.1 ± 90.5a 467.4 ± 103.9a 472.1 ± 90.5a NS 

Roasted kernel temp. °C 82 ± 28.3ab 86 ± 26.4a 80 ± 27.4b * 

Fire temp., frying °C 541.4 ± 84.4a 484.3 ± 87.5b 527.9 ± 69a * 

Frying oil-bath temp. °C 103.4 ± 30.7a 106.9 ± 33.8a 99.1 ± 39.3a NS 

Legend: Tech. 1 = hot-water kneading, no pressing (Kluiklui/oil chain); Tech. 2 = cold-water 323 

kneading + maize flour, with pressing; Tech. 3 = cold-water kneading, no flour, with 324 

pressing. Values are Mean ± SD; n given per group. Means in the same row followed by 325 

different superscript letters differ significantly (p < 0.05, Tukey HSD). NS = not significant 326 

(p ≥ 0.05). N/A = Not Applicable 327 

3.1.2. Roasted peanut processing chain: Thermal regimes, drying endpoint control, and yield 328 

dynamics 329 

The traditional roasted peanut process demonstrated a significant different pattern of 330 

technological adaptation across processing variants (Table 1b). The nature of the heat-transfer 331 

medium significantly influenced pre-cooking duration (9.3 to 40.9 min), sun-drying duration 332 

(20.6 to180.9 min), pre-cooked kernel temperature (53.7 to 96.5°C), roasting pan/heat media 333 

temperature (103.0 to 126.9 °C), fire temperature during roasting (474.4 to 543.9 °C) and roasted 334 

kernel temperature (93.6 to 109.6°C) (p < 0.05). Conversely, the operational durations of sorting, 335 

soaking, draining, roasting, and whole process did not differ significantly among heat carriers (p 336 

> 0.05).These quantitative data demonstrate that heat-carrier selection fundamentally alters the 337 

thermal transfer mechanism and kinetic energy input without perturbing the overall temporal 338 

schedule established by traditional processors. 339 

Prior to roasting, pre-treatment unit operations exhibited marked procedural divergence. For dry 340 

maize bran (floflo), processors exclusively applied a boiling/pre-cooking pre-treatment at 341 

substantially higher temperatures (up to 96.5 °C) and durations (up to 40.9 min) compared to the 342 



 

18 

 

milder soaking or gentle hydrothermal treatments recorded for bare pan and white clay (Howé) 343 

technologies (53.7–62.5°C). This intense hydrothermal pre-cooking(up to 96.5 °C) in the 344 

flofloprocess plasticizes cotyledon tissues and facilitates deep brine penetration. Crucially, 345 

although subsequent sun-drying times fluctuated widely (from ~20 min up to ~3 h) due to diurnal 346 

solar variations and initial moisture uptake, the resulting pre-treated and dried kernels converged 347 

to statistically indistinguishable dry matter contents (p > 0.05). This invariance reveals the 348 

precision of traditional sensory endpoint assessment: processors empirically evaluate seed surface 349 

tactile dryness, sound during manual agitation, and seed coat detachment to terminate sun-drying 350 

at a standardized dehydration plateau, thereby standardizing kernel initial moisture prior to the 351 

thermal roasting stage (Casulli et al., 2019; Chiou et al., 1991).  352 

During the roasting phase, heat-transfer media induced distinct thermal regimes. Kernel roasting 353 

temperatures were significantly higher when using dried maize bran (floflo) (110.7 °C) than direct 354 

pan roasting (93.6 °C), a pattern mirrored by fire combustion intensity, which reached 543.9 °C 355 

for floflo compared to temperatures for Howé(480°C) and direct pan systems (474.4°C). While 356 

bare metal or earthenware pans deliver focal conductive heat transfer susceptible to localized hot 357 

spots, particulate media provide a semi-fluidized bed effect characterized by diffuse conductive-358 

convective heat exchange (Bagheri et al., 2016; Kortei et al., 2024). In the case of floflo, this 359 

organic granular medium possesses a lower bulk thermal conductivity than mineral clays; 360 

consequently, processors sustain an exceptionally fierce fire (>540 °C) to overcome bed 361 

insulation and maintain adequate conductive-convective flux through the biomass layer into the 362 

kernels.  363 

This thermal intensity directly governed stage-specific roasting yields. Calculated relative to pre-364 

cooked kernel mass, the roasting yield decreased significantly as roasting temperature severity 365 

increased (p < 0.05): direct pan roasting achieved the highest yield (85.3 ± 4.9%), followed by 366 

Howé clay (82.5 ± 3.6%), while floflo yielded the lowest recovery (79.8 ± 3.8%). The elevated 367 
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kernel temperatures (110.7°C) and vigorous thermal regime of the floflo variant accelerated 368 

moisture evaporation and non-bound water flashing, coupled with heightened testa embrittlement 369 

and subsequent cuticle shedding during roasting (Shi et al., 2016; Xiang et al., 2025). In contrast, 370 

direct pan roasting at lower core temperatures (93.6 °C) limited excessive deep dehydration 371 

during the pan residence phase. Remarkably, despite these operational and stage-yield 372 

discrepancies, the cumulative mass yield of roasted peanuts and final physicochemical quality 373 

markers (total dry matter, lipid content on a dry matter basis, and water activity, aw) were 374 

statistically equivalent across all heat-transfer media (p > 0.05). All processing variants 375 

consistently drove final water activity below the critical threshold (aw < 0.35), ensuring effective 376 

microbial lethality and chemical stability against hydrolytic spoilage (Olaimat et al., 2020; Yu, 377 

2023). Nevertheless, field observations revealed that kernels roasted with Howé clay reportedly 378 

experience accelerated post-roast softening during ambient storage compared to direct pan or 379 

floflo products. This phenomenon can be explained by surface microstructural and sorption 380 

mechanisms: fine mineral aluminosilicate clay particles adhering to the seed coat and 381 

microporous fractures induced by rapid mineral-to-seed thermal shocks can enhance localized 382 

surface hygroscopicity, accelerating moisture re-adsorption under the high relative humidity 383 

conditions characteristic of Southern Benin (Lee & Resurreccion, 2006; Martínez-Navarrete & 384 

Chiralt, 1996). This qualitative post-roast divergence underscores that while empirical processing 385 

achieves compositional parity at the exit of the pan, protective packaging remains essential to 386 

maintain textural crispness in clay-roasted snacks. 387 

Table 1b. Operating durations and thermal profiles — Roasted peanut chain 388 

Unit operation / 

parameter 
Unit 

White clay 

(Howé) 

(N=9) 

No heat carrier 

(Direct pan) 

(N=9) 

Dried maize 

bran (Floflo) 

(N=9) 

Sig. 

(p value 

<0.05) 

  Operation durations 

Sorting  min 457.8 ± 554a 365.6 ± 237.3a 656.3 ± 597.7a NS 

Pre-cooking  min 9.3 ± 6.0b 26 ± 5.6ab 40.9 ± 31.9a * 

Soaking  min 6.2 ± 9.3a 20.7 ± 32.3a NA NS 
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Unit operation / 

parameter 
Unit 

White clay 

(Howé) 

(N=9) 

No heat carrier 

(Direct pan) 

(N=9) 

Dried maize 

bran (Floflo) 

(N=9) 

Sig. 

(p value 

<0.05) 

Draining min 15.0±14.0a 8.0±7.2a 8.0±5.8a NS 

Sun-drying min 20.6±18.8b 163.1±154.9ab 180.9±101.3a * 

Roasting  min 92 ± 53.4a 204.1 ± 113.2a 208.9 ± 142.9a NS 

Whole process min 672.4±604.6a 714.9 ± 507.1a 1452.7 ± 

968.1a 

NS 

  Thermal profiles 

Pre-cooked kernel temp. °C 61.5 ± 15.4b 53.7 ± 15.7b 96.5 ± 31.5a * 

Soaked kernel temp. °C 54.3 ± 18.1a 62.5 ± 9.3b N/A * 

Roasting pan/media 

temp. 
°C 126.9 ± 30.4a 103 ± 32.7b 118.3 ± 30.5a * 

Fire temp., roasting °C 480 ± 65.0b 474.4 ± 84.5b 543.9 ± 84.7a * 

Roasted kernel temp. °C 109.6 ± 32.3a 93.6 ± 25.2b 110.7 ± 36.8a * 

Legend: Values are Mean ± SD (n = 9 production batches per heat carrier). Different superscript 389 

letters within a row denote significant differences (p < 0.05); NS = not significant; N/A =not 390 

applicable. White clay (Howé), No heat carrier (direct pan), Dried maize bran (floflo) = roasted 391 

peanut heat-transfer media. 392 

3.2. Mass balance and extraction yields: intermediate variability and final convergence 393 

3.2.1. Masse balance and yield of kluiklui and oil production 394 

Stepwise mass-balance tracking demonstrated that all three artisanal processing technologies 395 

shared equivalent mass flows during upstream unit operations, diverged significantly during 396 

phase separation, and ultimately converged at the finished-product stage (Table 2a). The masses 397 

of raw peanuts, sorted peanuts, and peanut paste did not differ significantly among Tech. 1, Tech. 398 

2, and Tech. 3 (p > 0.05). 399 

The first major bifurcation in material flows occurred at the liquid–solid phase separation stage, 400 

leading to significant variations in crude oil extraction recovery (p < 0.05). Technology 1 401 

achieved a crude oil recovery of 5.1 ±0.5kg, corresponding to a stage yield of 25.3 ± 1.3% 402 

relative to the initial paste mass. In sharp contrast, cold-water processing with pressing in Tech. 2 403 

and Tech. 3 yielded 6.4kg (32.0 ± 3.9%) and 6.3 kg (29.3 ± 3.2%) of crude oil, respectively. This 404 

quantitative disparity is directly governed by the presence or absence of mechanical extraction. 405 

Traditional aqueous peanut oil extraction depends on destabilizing the dispersed lipid-protein 406 
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emulsion to promote lipid droplet coalescence (Ali & Muhammad, 2014; Wang et al., 2016). 407 

While hot-water addition in Tech. 1 thermodynamically lowers oil viscosity, relying solely on 408 

manual shearing without pressing leaves a substantial fraction of coalesced oil entrapped within 409 

the interstitial capillary network of the proteinaceous matrix. Conversely, manual pressing in 410 

Tech. 2 and Tech. 3 provides an external mechanical driving force that expels this capillary-bound 411 

oil, increasing stage oil recovery by 4 to 7 percentage points. 412 

The divergence in oil recovery directly dictated the yield of intermediate defatted paste. 413 

Expressed as a percentage of initial paste mass, the defatted-paste yield differed significantly 414 

among technologies (p < 0.05), peaking in Tech. 1 at 128.1 ± 6.7%, compared to 120.0 ± 5.7% in 415 

Tech. 2 and 122.1 ± 3.6% in Tech. 3. Notably, all values substantially exceeded 100%. This 416 

apparent mass expansion reflects the net mass gain associated with the incorporation of 417 

exogenous process water (and minor quantities of table salt) during kneading to induce phase 418 

inversion and dough conditioning (Muego et al., 1990; E. A. G. Videgla et al., 2016).The 419 

significantly higher defatted-paste ratio observed in Tech. 1 (128.1%) stems from a dual 420 

accumulation mechanism: the total retention of added kneading water combined with the 421 

unexpressed residual lipid fraction. In Tech. 2 and Tech. 3, the pressing operation expels both 422 

crude oil and a fraction of free water, yielding a drier, heavily defatted press-cake that is only 423 

moderately re-expanded during the second kneading step. Thus, the kneading–extraction stage 424 

represents the critical technological crossroad where water addition, flour incorporation, and 425 

mechanical expression dictate the partitioning of oil and water between intermediate fractions. 426 

Despite these substantial intermediate deviations in liquid retention and phase separation, the 427 

final cumulative yield of kluiklui snacks exhibited remarkable convergence across all three 428 

technologies. Finished kluiklui yields represented 59.5 ±3.4% for Tech. 1, 59.8 ± 6.8% for Tech. 429 

2, and 59.6 ± 7.5% for Tech. 3 of initial raw peanut seed mass (p > 0.05).This statistical parity 430 

demonstrates that operational divergences generated during oil extraction are progressively 431 
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neutralized during subsequent unit operations. Deep-fat frying is fundamentally a coupled heat 432 

and mass transfer process governed by moisture vaporization and counter-current oil absorption 433 

(Bouchon, 2003; Meng et al., 2019). Because the shaped dough portions in Tech. 1 entered the 434 

frying bath with higher initial water and fat contents, processors sustained a substantially longer 435 

frying cycle (204.7 min) under fierce fuelwood combustion (>540°C). This extended thermal 436 

exposure acted as an energetic compensator, driving out surplus moisture via intense steam 437 

flashing until the matrix reached a terminal dehydration plateau. Conversely, dough portions in 438 

Tech. 2 and Tech. 3, which had already undergone mechanical dewatering and intermediate sun-439 

drying, required significantly shorter frying times to achieve the same target moisture level. 440 

Consequently, the operational trade-off between mechanical dewatering (cold water + press) and 441 

prolonged thermal vaporization (hot water without press) resulted in an identical conversion 442 

efficiency of raw peanuts into marketable kluiklui cakes.From a techno-economic standpoint, 443 

however, this yield equivalence highlights a major efficiency trade-off. While Tech. 1 eliminates 444 

the capital requirement for pressing utensils and yields an identical kluiklui mass, it does so at the 445 

cost of sacrificing marketable crude peanut oil (25.3% vs. 29.3 and 32.0%) while inflating 446 

fuelwood expenditure and labor time during shaping and deep-frying. 447 

Table 2a. Stepwise operation yields and final effective yields — Kluiklui / oil production 448 

Parameter Unit 

Tech. 1 (Hot 

water, no 

pressing) 

(N=9) 

Tech. 2 (Cold 

water + flour, 

pressing) (N=9) 

Tech. 3 (Cold 

water, no flour, 

pressing) (N=9) 

Sig. 

 Masse balances 

Unprocessed peanut kg 25.2 ± 0.2a 25.7 ± 0.9a 25.2 ± 0.2a NS 

Sorted peanut kg 24.6 ± 0.5a 25.2 ± 1.4a 24.9 ± 0.4a NS 

Roasted peanut kg 22.1 ± 0.3a 22.3 ± 0.9a 22.4 ± 0.4a NS 

Dehulled peanut kg 21 ± 0.7a 21.3 ± 1.2a 21.6 ± 0.7a NS 

Peanut paste kg 20.4 ± 0.3a 21.3 ± 0.9a 20.8 ± 1.2a NS 

Water mass kg 4.6 ± 1.6b 6.4 ± 1.1a 5.2 ± 0.8ab * 

Maize flour mass kg NA 0.2 ± 0.2 NA - 

Salt mass kg 0.2 ± 0.1a 0.2 ± 0.1a 0.2 ± 0.0a NS 

Peanut oil mass kg 5.1 ± 0.5b 6.4 ± 0.8a 6.3 ± 0.8a * 

Partially defatted peanut 

paste 

kg 19.2 ± 0.7a 19.4 ± 1.3a 18.9 ± 1.3a NS 
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Parameter Unit 

Tech. 1 (Hot 

water, no 

pressing) 

(N=9) 

Tech. 2 (Cold 

water + flour, 

pressing) (N=9) 

Tech. 3 (Cold 

water, no flour, 

pressing) (N=9) 

Sig. 

Shaped peanut paste kg 18.1 ± 1.7a 20.1 ± 1.9a 18.8 ± 1.6a NS 

Kluiklui kg 14.4 ± 0.8a 15 ± 1.7a 14.6 ± 1.8a NS 

 Production yields 

Unprocessed peanut-to-

Dehulled yield 

% 90.3 ± 1.2b 87.9 ± 1.4c 92.4 ± 1.9a * 

Dehulled-to-peanut paste 

yield 

% 93.8 ± 1.4b 98.0 ± 4.4a 96.8 ± 2.2ab * 

Oil-extraction yield (% 

of paste) 

% 25.3 ± 1.3b 32 ± 3.9a 29.3 ± 3.2a * 

Defatted-paste ratio (% 

of paste) 

% 128.1 ± 6.7b 120 ± 5.7a 122.1 ± 3.6ab * 

Kluiklui yield (% of 

defatted paste) 

% 78.7 ± 4.0a 80 ± 7.6a 83.9 ± 10.4a NS 

Oil yield on raw material 

(Rm; % of raw material) 

% 20.3 ± 2.1b 25.1 ± 3.3a 25 ± 3.2a * 

Effective oil-extraction 

efficiency (Re) 

% 38.4 ± 13.3a 46.3 ± 18.4a 45.7 ± 15.8a NS 

Final Kluiklui product 

yield (KK, % raw 

material) 

% 59.5 ± 3.4a 59.8 ± 6.8a 59.6 ± 7.5a NS 

Legend:Values are Mean ± SD, n = 9 per technology. Different superscripts within a row 449 

denote significant differences (p < 0.05); NS = not significant. 450 

3.2.2. Masse balance and yield of roasted peanutchain 451 

Compared to the liquid–solid phase separation dynamics observed in the kluiklui chain, the 452 

traditional roasted peanut process exhibited substantially greater stability and continuity in mass 453 

allocation across all processing variants (Table 2b). Initial decorticated seed inputs, sorted clean 454 

kernel masses, and final roasted peanut yields showed no statistically significant differences 455 

among the three heat-transfer media (p > 0.05). Across all trials, cumulative finished product 456 

yields relative to the initial raw material (Yproduct, db) converged into a narrow window ranging 457 

from 76.1% to 78.1%. 458 

The only significant divergence in material flow occurred strictly at the roasting operation itself 459 

(p < 0.05). Stage-specific roasting yield (Yproduct, db), defined as the mass ratio of roasted kernels 460 

recovered relative to soaked or pre-cooked kernel inputs, varied significantly according to the 461 

heat carrier: direct pan roasting achieved the highest mass retention (85.3 ± 4.9%), followed 462 
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closely by white clay (Howé, 82.5 ± 3.6%), whereas dry maize bran (floflo) treatment resulted in 463 

significantly lower mass recovery (79.8 ± 3.8%).This localized operational disparity may be 464 

directly linked to the hydrothermal history imposed prior to roasting coupled with roasting 465 

thermal severity. In the floflo technology, processors perform prolonged hydrothermal pre-466 

cooking (40.9±31.9min at 96.5± 31.5°C) rather than the cold/ambient brine soaking applied in 467 

bare pan and clay systems. This pre-cooking causes swelling of starch granules, partial protein 468 

solubilization, and deeper capillary water imbibition into the cotyledons (Ijarotimi et al., 2022; 469 

Sacca, 2012). During subsequent pan roasting, the floflo medium operates under severe thermal 470 

conditions, with fire combustion temperatures reaching 543.9°C and internal kernel temperatures 471 

reaching 110.7°C. This elevated thermal flux induces intense flash-evaporation of unbound and 472 

capillary-held moisture, driving moisture content from higher hydration levels down to safe shelf-473 

stable levels below 2% db(Bagheri et al., 2016; Shi et al., 2018; Xiang et al., 2025). Furthermore, 474 

intense convective-conductive friction within the agitating biomass bed promotes testa 475 

embrittlement and cuticle dusting, compounding mass loss through skin shedding (Shi et al., 476 

2018). In contrast, direct pan and white-clay treatments enter the roasting stage with lower initial 477 

water loads from ambient soaking, which mitigates excessive vapor flashing and preserves higher 478 

intermediate mass retention. 479 

Crucially, this operational discrepancy remained strictly localized within the roasting unit 480 

operation and did not carry over into the finished product yield (p > 0.05). When normalized to 481 

initial raw decorticated peanut seeds (M0 = 25.0 kg), the cumulative mass conversion of raw 482 

seeds into marketable roasted kernels was completely buffered across technologies. This overall 483 

yield parity highlights two foundational engineering principles governing traditional processing: 484 

 Transient mass conservation: The excess mass absorbed during boiling in the floflo 485 

variant consists almost entirely of process water, which is subsequently lost as vapor 486 

during roasting. Because solid-state matrix integrity is preservedunlike the kluiklui 487 
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process where lipid extraction partitions macronutrients, the dry matter conversion 488 

efficiency remains conserved regardless of intermediate moisture fluxes (Xiang et al., 489 

2025; Yu, 2023). 490 

 Sensory-guided endpoint regulation: Traditional female processors consistently 491 

terminate roasting based on multi-sensory physical markers, including the acoustic 492 

frequency of expanding cotyledon cracking, surface golden-brown coloration (Maillard 493 

reaction progress), and roasted pyrazine aroma intensity (Chiou et al., 1991; Kortei et al., 494 

2024; Lykomitros et al., 2016). This empirical vigilance ensures that all batches achieve 495 

equivalent terminal dehydration and chemical maturity, buffering against discrepancies in 496 

heat carrier mechanics. 497 

From a practical and economic perspective, these findings demonstrate that artisanal processors 498 

can select between direct pan roasting, mineral clay (Howé), or organic agro-industrial by-499 

products (floflo) based on local fuel availability, cookware access, or cultural preference without 500 

incurring any material penalty on overall finished product output. 501 

Table 2b. Stepwise mass balance and yields — Roasted peanut chain 502 

Parameter Unit 

White clay 

(Howé) 

(N=9) 

No heat 

carrier (Direct 

pan) 

(N=9) 

Dried maize 

bran (Floflo) 

(N=9) 

Sig. 

  Masse balances 

Raw peanuts kg 25.4 ± 0.4a 25.3 ± 0.4a 24.4 ± 1.2a NS 

Sorted peanuts kg 21.3 ± 2a 22.1 ± 1.3a 21.9 ± 1.9a NS 

Soaking/pre-

cooking water 

absorbed 

kg 2.4 ± 0.9a 4.5 ± 2.6a 2.8 ± 2.3a NS 

Salt used kg 0.4 ± 0.2a 0.5 ± 0.2a 0.4 ± 0.2a NS 

Pre-

cooked/soaked/

dried kernels 

kg 23.9 ± 2.7a 24.1 ± 2.6a 23.3 ± 2.9a NS 

Roasted 

peanuts 
kg 19.2 ± 2.4a 19.2 ± 2a 18.2 ± 2.0a NS 

  Production yields 

Pre-treatment 

yield on 
% 116.5 ± 10.9a 116.6 ± 16.7a 120.5 ± 16.0a NS 



 

26 

 

Parameter Unit 

White clay 

(Howé) 

(N=9) 

No heat 

carrier (Direct 

pan) 

(N=9) 

Dried maize 

bran (Floflo) 

(N=9) 

Sig. 

rawpeanut 

(Pre-

cooked/soaked/

dried kernels) 

Roasting yield 

on pre-

traited(roasted 

peanut, %) 

% 82.5 ± 3.6ab 85.3 ± 4.9a 79.8 ± 3.8b * 

Final product 

yield on raw 

material 

(Yproduct, db) 

% 77.7 ± 8.8a 78.1 ± 7.6a 76.1 ± 6a NS 

Legend:Values are Mean ± SD, n = 9 batches per heat carrier. Different superscripts 503 

within a row denote significant differences (p < 0.05); NS = not significant. 504 

3.3. Physicochemical dynamics and finished-product quality 505 

3.3.1. Physicochemical dynamics and kluiklui quality 506 

The physicochemical composition of the initial matrices was highly consistent across kluiklui 507 

technologies (Table 3a). Raw peanuts, roasted kernels and initial ground paste showed no 508 

significant differences in dry matter, crude lipid content (on a dry matter basis) or acid value (p > 509 

0.05). This homogeneity demonstrates that subsequent analytical divergences in intermediate 510 

matrices and end-products did not originate from botanical, agronomic, or preliminary processing 511 

variations, but were exclusively driven by the downstream technological choices implemented 512 

during dough conditioning and phase separation. 513 

The first significant physicochemical divergence appeared in the defatted paste(p < 0.05). Tech. 1 514 

retained higher residuals lipid in the defatted cake(23.6 ± 8.2% db.), compared with Tech. 2 (12.9 515 

± 2.9%db) and Tech. 3 (16.0 ± 4.4%db). This pattern indicates the lower oil-extraction efficiency 516 

ofTech. 1. The shaped dough also differed in dry matter, with Tech. 1 reaching 76.2 ± 1.8%, 517 

compared with 69.4 ± 1.8% for Tech. 2 and 63.0 ± 21.5% for Tech. 3 (p < 0.05). These 518 
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differences indicate that technological variation is expressed primarily in intermediate matrices 519 

following kneading and oil extraction. 520 

Kluiklui retained some of this technological differentiation but showed a more limited variation in 521 

composition. Residual lipid content varied slightly but significantly (p < 0.05) between Tech. 1 522 

(25.6 ± 1.2%), Tech. 2 (22.4 ± 4.1%) and Tech. 3 (25.9 ± 10.8%), mirroring the combined effects 523 

of intermediate cake fat levels and frying-oil absorption dynamics (Bouchon, 2003). In contrast, 524 

dry matter, water activity and breaking deformation length (probe penetration distance prior to 525 

structural fracture)didn’t vary significantlyamong technologies (p > 0.05). The invariance of 526 

water activity confirms that traditional frying endpoints achieve equivalent moisture vaporization 527 

plateaus, ensuring effective microbial stability and hydrolytic protection across all artisanal 528 

formulations (Olaimat et al., 2020; Yu, 2023). 529 

Conversely, breaking force differed markedly among technologies (p < 0.05). Tech. 3 generated 530 

the hardest snack structure, requiring the highest breaking force(63.0 ± 44.0 N), followed by 531 

Tech. 2with Tech. 2 (34.3 ± 31.0 N) ; p < 0.05), whereas Tech. 1 yielded the lowest fracture 532 

resistance(10.3 ± 4.3 N). This mechanical gradient is directly governed by residual fat 533 

plasticization, structural compaction, and formulation differences:  534 

 Fat-mediated structural softening in Tech. 1: In fried starch-protein matrices, lipids act 535 

as structural "shorteners" and plasticizers that disrupt cross-linked protein networks and 536 

reduce mechanical strength (Chiou et al., 1991; Owade et al., 2022). The higher residual 537 

oil content in Tech. 1 cakes, coupled with the absence of intensive mechanical 538 

compaction, produces a porous, fragile cellular structure that fractures under minimal 539 

force (10.3 N) imparting a more tender and friable bite. 540 

 Mechanical compaction, sun-drying, and starch reinforcement cold water 541 

technologies: The remarkable hardness observed in Tech. 3 (63 N) stems principally 542 

from the protracted manual pressing step (105.8 min) thoroughly a significant proportion 543 
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of the free oil, yielding a compact, dense protein framework. Technology 2, for its part, 544 

occupied a balanced intermediate position (34.3 N) for twofold reasons. First, processors 545 

in Tech.2 apply ~1 h of intermediate open-air sun-drying to shaped dough rolls prior to 546 

frying, inducing surface crust pre-hardening and moisture gradients that consolidate 547 

matrix density. Second, the incorporation of maize flour (≈1% w/w) during secondary 548 

kneading introduces external cereal starch granules that gelatinize and retrograde during 549 

high-temperature frying, forming an interconnected structural scaffold that significantly 550 

elevates fracture resistance (Lykomitros et al., 2018; Muego et al., 1990).  551 

3.3.2. Peanut oil quality: Enzymatic hydrolysis versus thermal autoxidation 552 

Technological differences were more pronounced in crude peanut oil than in the finished kluiklui 553 

product, indicating a greater sensitivity of oil quality attributes to processing variations. Acid 554 

value was lowest for Tech. 1 (3.1 ± 1.5 mg KOH/g), intermediate for Tech. 2 (5.9 ± 3.3 mg 555 

KOH/g) and highest for Tech. 3 (7.9 ± 2.2 mg KOH/g; p < 0.05). This divergence highlights the 556 

critical role of processing temperature on endogenous enzymatic activity. In Tech. 1, kneading 557 

dough with hot water (76.6 ± 9.8°C) rapidly denatures endogenous peanut lipases and 558 

lipoxygenases, effectively arresting the biocatalytic cleavage of triacylglycerols into free fatty 559 

acids (Ali & Muhammad, 2014; Sanders, 2002).Conversely, cold-water kneading (Tech. 2 and 560 

Tech. 3) occurs at ambient temperatures (28–32 °C) that coincide with near-optimal lipase 561 

kinetics. In Tech. 3, where dough handling and mechanical pressing are protracted over ~106 562 

min, endogenous and microbial lipases remain active for extended periods in an aqueous-lipid 563 

emulsion, accelerating triacylglycerol hydrolysis and elevating free fatty acid accumulation 564 

(Honfo et al., 2011; Yaacoub et al., 2008). According to the Codex Alimentarius standard for 565 

virgin peanut oil (CXS 210, 1999), the maximum allowable AV is 4.0 mg KOH/g. Consequently, 566 

while crude oil from Tech. 1 complies fully with international standards, cold-water variants 567 

(Tech. 2 and 3) exceed this regulatory threshold due to prolonged ambient biocatalysis. 568 
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The oxidative pattern was exactly reversed. Crude oil fromTech. 1 showing the highest value 569 

(14.0 ± 4.9 meq O₂/kg), followed by Tech. 2 (11.9 ± 3.8 meq O₂/kg) and Tech. 3 (10.0 ± 8.8 meq 570 

O₂/kg; p < 0.05). Hot-water extraction in Tech. 1 exposes unsaturated fatty acids (predominantly 571 

oleic and linoleic acids) to elevated temperatures in the presence of dissolved atmospheric oxygen 572 

during vigorous open-air kneading, accelerating the initiation and propagation of free-radical 573 

chain autoxidation to form primary lipid hydroperoxides (F. Gao et al., 2017; Wang et al., 2016). 574 

Conversely, ambient cold-water expression limits thermal oxygen activation, preserving lower 575 

primary oxidation levels. Nevertheless, all three crude oil variants complied with the Codex 576 

Alimentarius ceiling for virgin vegetable oils(PV ≤ 15.0 meq O2/kg).  577 

Other physical and chromatic attributes of crude oil—specifically volumetric bulk density (0.914-578 

0.916g/cm
3
), free fatty acid percentage, and spectrophotometric browning index (BI) didn’t vary 579 

significantly across all technologies (p > 0.05). This stability demonstrates that the traditional 580 

extraction configuration selectively modulates biochemical degradation pathways (hydrolysis vs. 581 

primary peroxidation) without altering the fundamental physical state or non-enzymatic 582 

chromatic profile of the crude oil. 583 

In marked contrast to crude oil, the residual frying oil exhibited complete cross-technological 584 

convergence across all measured parameters (Table 3a). Total dry matter, bulk density, and 585 

peroxide value showed no statistically significant differences among technologies (p > 0.05). 586 

Peroxide values of the frying oils converged within a narrow range of 16.9 to 18.1 meq O2/kg. 587 

During deep-fat frying, the sustained thermal load (over 150 °C) in open pans induces severe 588 

thermo-oxidative stress that drives the rapid decomposition of unstable primary hydroperoxides 589 

into volatile and non-volatile secondary oxidation products (aldehydes, ketones, epoxides, and 590 

polymeric triglycerides) (Bouchon, 2003; Zhao et al., 2017). Simultaneously, continuous steam 591 

flashing generated by frying wet dough portions strips away volatile scission compounds. This 592 

dynamic equilibrium between hydroperoxide generation, thermal breakdown, and steam stripping 593 
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creates a standardized thermo-oxidative steady state in the oil bath, effectively buffering and 594 

overriding any upstream oxidative differences inherited from the crude extraction phase. 595 

 596 

3.3.3. Physicochemical dynamics and roasted peanut quality 597 

Thetraditional roasted-peanut chain exhibited even greater physicochemical stability across all 598 

evaluated heat-transfer media (Table 3b). Raw peanuts, pre-treated/dried kernels and roasted 599 

peanuts showed no significant differences in dry matter, crude lipid content or water activity 600 

among heat carriers (p > 0.05). Raw peanuts contained 93.6–93.9% dry matter and 44.7–46.6% 601 

lipid on a dry basis. After pretreatment, dry matter increased to 79.7–82.4%, while roasted 602 

peanuts retained 39.3–43.1% lipid on a dry basis. Therefore, heat-carrier selection modified the 603 

thermal conditions of roasting without producing measurable differences in the physicochemical 604 

composition of the intermediate and final products. 605 

The consistency of water activity (aw< 0.35) across all roasted products demonstrates that the 606 

thermal regimes generated by distinct heat carriers consistently achieve the same terminal 607 

dehydration plateau. In low-moisture snack foods, water activity represents the definitive 608 

thermodynamic measure of free water availability, directly dictating chemical stability and 609 

microbiological shelf life (Islam et al., 2026; Olaimat et al., 2020). 610 

During pan roasting, heat transfer drives out capillary and multilayer moisture via flash 611 

vaporization (Chen et al., 2023; Meng et al., 2019). Operating below the critical threshold of aw = 612 

0.35 places the product in the monolayer moisture sorption zone (glassy state), which completely 613 

arrests endogenous lipase and lipoxygenase catalysis, prevents non-enzymatic hydrolytic 614 

rancidity, and inhibits the growth of xerophilic molds, including toxigenic Aspergillus flavus 615 

strains (Casulli et al., 2019; Martínez-Navarrete & Chiralt, 1996; Sogbossi Gbétokpanou, Jonard, 616 

et al., 2025). 617 
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Table 3a. Stepwise physicochemical properties — Kluiklui / oil chain (raw seed → finished products) 620 

Technologie Step N TMS 
Lipid 

(%BS) 
aw 

Acid 

Index 

Acidity 

(% Acid 

oleic) 

Force 

(N) 

Length 

(mm) 

Brun 

Index 

Peroxyde 

value 

Density 

volumique 

Tech. 2 Abs 3 93.7 ± 

1.4a 

45.3 ± 

4.6a 

- - - - - - - - 

Tech. 3  3 93.5 ± 

0.5a 

46.6 ± 

2.1a 

- - - - - - - - 

Tech. 1  3 94.7 ± 

1.2a 

44.8 ± 

3.5a 

- - - - - - - - 

Tech. 2 Ato 9 98.2 ± 

0.8a 

- 0.4 ± 

0.1a 

- - - - - - - 

Tech. 3  9 97.4 ± 

0.8a 

- 0.4 ± 

0.1a 

- - - - - - - 

Tech. 1  9 97.7 ± 

0.6a 

- 0.3 ± 

0.1a 

- - - - - - - 

Tech. 2 PAT 9 98.8 ± 

0.6a 

45.4 ± 

5.2a 

- 6.6 ± 

1.1a 

0.4 ± 

0.3a 

- - - - - 

Tech. 3  9 98.3 ± 

0.7a 

44.9 ± 

4.4a 

- 8.7 ± 

2.9a 

0.6 ± 

0.5a 

- - - - - 

Tech. 1  9 98.1 ± 

0.7a 

40 ± 

5.6a 

- 7 ± 1.5a 0.4 ± 

0.2a 

- - - - - 

Tech. 2 PDA 9 72.9 ± 

1.4a 

12.9 ± 

2.9b 

- - - - - - - - 

Tech. 3  9 75 ± 

2.2ab 

16 ± 

4.4b 

- - - - - - - - 

Tech. 1  9 76.2 ± 

2b 

23.6 ± 

8.2a 

 

- - - - - - - - 

Tech. 2 Pato 9 69.4 ± 

1.8a 

21.5 ± 

28.7a 

- - - - - -   

Tech. 3  9 63.0 ± 

21.5a 

36.7 ± 

53.2a 

- - - - - -   
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Technologie Step N TMS 
Lipid 

(%BS) 
aw 

Acid 

Index 

Acidity 

(% Acid 

oleic) 

Force 

(N) 

Length 

(mm) 

Brun 

Index 

Peroxyde 

value 

Density 

volumique 

Tech. 1  8 76.2 ± 

1.8b 

19.5 ± 

2.8b 

- - - - - -   

Tech. 2 KKT 9 97.7 ± 

1a 

22.4 ± 

4.1a 

0.3 ± 

0.1a 

- - 34.3 ± 

31.0ab 

1.5 ± 

0.4a 

- - - 

Tech. 3  9 97 ± 

1.2a 

25.9 ± 

10.8ab 

0.3 ± 

0.1a 

- - 63.0 ± 

44.0a 

1.3 ± 

0.5a  

- - - 

Tech. 1  9 96.3 ± 

1.2a 

25.6 ± 

1.2b 

0.3 ± 

0.1a 

- - 10.3 ± 

4.3b 

1.4 ± 

0.3a 

- - - 

Tech. 2 HAB 9 99.5 ± 

0.5a 

- - 5.9 ± 

3.3ab 

0.1 ± 

0.0a 

- - 0.2 ± 

0.1a 

11.9 ± 

3.8ab 

0.9 ± 0.0a 

Tech. 3  9 99.7 ± 

0.3a 

- - 7.9 ± 

2.2a 

0.1 ± 

0.1a 

- - 0.1 ± 

0.1a 

10 ± 8.8a 0.9 ± 0.0a 

Tech. 1  9 99.6 ± 

0.5a 

- - 3.1 ± 

1.5b 

0.1 ± 

0.1a 

- - 0.1 ± 

0.1a 

14 ± 4.9b 0.9 ± 0.0a 

Tech. 2 HF 9 99.6 ± 

0.4a 

- - - - - - - 17.4 ± 

14.3a 

0.9 ± 0.0a 

Tech. 3  9 99.7 ± 

0.3a 

- - - - - - - 18.1 ± 

6.5a 

0.9 ± 0.0a 

Tech. 1  9 99.5 ± 

0.5a 

- - - - - - - 16.9 ± 

8.5a 

0.9 ± 0.0a 

Legend: Abs: raw peanut; Ato: Roasted peanut; PAT: peanut paste; PDA: Partially defatted peanut; Pato: stick-shaped peanut paste before frying; 621 

KKT: Stick kluiklui; HAB: Freshly pressed peanut oil; HF: Frying oil; Lipide (%BS): percentage of lipid content on dry basis, aw: water activity, 622 

Acid Index, Acidity (% Acid oleic), Force (N); Texture fracture, Lenght (mm): texture distance to break kluiklui, Brun Index: non enzymatic 623 

browning values of peanut oil, Peroxide value, Density volumetric 624 

TMS: total dry matter; BS: dry basis; aw: water activity. Different superscripts within a column denote significant differences (p < 625 

0.05); NS = not significant. 626 

 627 
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Table 3b. Stepwise physicochemical properties — Roasted peanut chain 628 

Technology  Step N TMS (%) Lipide (%BS) aw 

White clay Abs 3 93.6 ± 1.1a 44.7 ± 3a - 

No heat carrier  3 93.9 ± 1.0a 45.8 ± 0.9a - 

Dried Maize bran  3 92.8 ± 1.7a 46.6 ± 3.4a - 

White clay Abp 9 80.8 ± 5.2a - - 

No heat carrier  9 82.4 ± 4.4a - - 

Dried Maize bran  9 79.7 ± 3.9a - - 

White clay AGT 9 97.3 ± 1.0a 43.1 ± 2.8a 0.3 ± 0.0a 

No heat carrier  9 97.2 ± 0.5a 39.3 ± 4.5a (8) 0.3 ± 0.0a 

Dried Maize bran  9 97.8 ± 1.0a 40.8 ± 4.4a 0.3 ± 0.0a 

Legend:Abs: raw peanut; Abp: Soaked/precooked and dried peanut; AGT: Roasted peanut snack 629 

TMS: total dry matter; BS: dry basis; aw: water activity. Different superscripts within a row denote 630 

significant differences (p < 0.05); NS = not significant. 631 

4. Conclusion 632 

This study assessed the extent to which traditional processing variants for kluiklui/oil and roasted 633 

peanuts influence processing conditions, intermediate product characteristics, and the quality attributes 634 

of the resulting products, thereby providing a basis for targeted process improvement. The results 635 

revealed significant differences across operational parameters and intermediate matrices among 636 

processing variants. These variations were particularly observable in kneading, pressing, and frying 637 

durations, thermal profiles, oil extraction, and the compositional characteristics of defatted peanut 638 

paste. Collectively, these findings highlight the importance of specific processing steps and 639 

intermediate product transformations in explaining the variability associated with traditional peanut 640 

processing. 641 

However, these process-oriented differences were largely weakened at latter processing stages for 642 

showing no overall difference between process variants.Consistently, several physicochemical 643 

characteristics of the finished products also showed substantial convergence. Nevertheless, some 644 
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attributes remained sensitive to processing configuration, particularly kluiklui texture and the acid and 645 

peroxide values of crude peanut oil. 646 

Overall, the findings indicate that traditional processing variants may partially offset differences 647 

occurring at earlier processing stages, ultimately yielding finished products with broadly comparable 648 

quality characteristics despite distinct processing trajectories. Accordingly, process improvement 649 

should not necessarily aim to standardize all processing operations, but rather focus on identifying and 650 

controlling the specific process parameters that contribute most to the observed quality differences. 651 

Such an approach would facilitate the identification of critical processing steps and the establishment 652 

of optimized processing conditions, thereby improve process efficiency while maintain the desirable 653 

quality attributes of traditional peanut products. 654 
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