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Abstract 

Oil palm wine is highly perishable, and conversion into syrup offers a technically accessible route for local value addition. This 

study described open-pan evapoconcentration profiles and the immediate physicochemical quality of syrups prepared from four 

identified batches of oil palm wine. For each batch, 2 L of wine were heated at a nominal hotplate setpoint of 80°C under regular 

manual stirring. Apparent total soluble solids were measured every 20 min, and five nonlinear equations were compared using 

the root mean square error, coefficient of determination, corrected Akaike information criterion, and physical admissibility of 

the fitted parameters. The syrups were characterized for pH, titratable acidity, moisture, dry matter, and water activity 

immediately after processing. Apparent soluble solids increased from 6.97-10.00°Brix to 74.25-87.77°Brix within 200-260 min, 

corresponding to concentration factors of 8.18-10.65. Apparent syrup recovery ranged from 6.83 to 11.24 g per 100 mL of feed. 

A simplified evaporation-balance equation best represented batches S1 and S4, whereas a power-law equation described S2 and 

S3; the selected fits gave R2 values of 0.9713-0.9944 and root mean square errors of 1.434-2.976°Brix. Final pH ranged from 

3.92 to 4.08 and titratable acidity from 0.36 to 0.91 g acetic acid equivalents per 100 g. Water activity separated the products 

into two lower-moisture syrups (0.472-0.482) and two higher-moisture syrups (0.660-0.704). The results establish the feasibility 

of producing highly concentrated oil palm wine syrup and identify simple nonlinear equations that can support endpoint control. 

Replicated runs with direct product-temperature measurement and standardized evaporation geometry are required for process 

optimization. 
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1. Introduction 

Palm sap is a sugar-rich plant exudate that is valued as a 

fresh beverage and as the raw material for fermented drinks, 

sugars, and syrups. Its composition depends on palm species, 

tapping practice, climate, and post-collection handling. Once 

collected, the sap is microbiologically unstable because its 

sugars support rapid development of yeasts, lactic acid bacte-

ria, and acetic acid bacteria [1, 2]. In oil palm wine from Elaeis 

guineensis, these microbial groups act concurrently, consum-

ing fermentable sugars and producing ethanol and organic ac-

ids [3, 4]. Metagenomic and metabolomic studies further show 

that oil palm wine contains a complex, changing ecosystem 

dominated by Saccharomyces, lactic acid bacteria, and acetic 

acid bacteria, with corresponding shifts in organic acids, sug-

ars, and other metabolites [5, 6]. Refrigeration can slow this 

evolution but does not eliminate the inherent variability of a 

living fermented matrix [1, 2]. 

Concentration into syrup offers a practical means of reduc-

ing bulk, increasing soluble solids, and extending the range of 

products derived from palm sap and palm wine. Palm sugar 

syrups are commonly produced by atmospheric open-pan 

evaporation because the equipment is simple and locally ac-

cessible [7, 8]. More controlled operations, including ultrafil-

tration and vacuum evaporation, can reduce thermal load or 

modify syrup clarity, rheology, and composition [9]. Across 

nipa, palmyra, and date palm materials, both raw-material his-

tory and evaporation conditions influence final pH, moisture, 

water activity, color, viscosity, sugar profile, and antioxidant 

properties [10-13]. Open-pan processing is therefore not 

merely water removal: it concentrates acids and nonvolatile 

solids while promoting sucrose inversion, nonenzymatic 

browning, and heat-derived chemical changes [8, 13-15]. 

A central processing difficulty is endpoint control. As evap-

oration proceeds, the mass of residual water decreases and the 

apparent soluble-solids trajectory becomes increasingly 

curved. An endpoint judged only from color and viscosity may 

consequently be reached abruptly, increasing the risk of un-

der-concentration, excessive heating, or local scorching. Ki-

netic equations can summarize this evolution and provide op-

erational coefficients for process comparison. In complex 

foods, however, empirical parameters should not be inter-

preted automatically as elementary reaction-rate constants; 

model selection must combine goodness of fit, information 

criteria, and physical plausibility [16]. Akaike's information 

criterion and its small-sample correction are particularly use-

ful when several equations with different numbers of parame-

ters are fitted to short experimental series [17-19]. 

Published work on palm syrups has mainly addressed non-

fermented sap or date extracts. Far less is known about atmos-

pheric concentration of oil palm wine after collection and re-

frigerated holding, especially in Central Africa. The present 

study therefore aimed to (i) describe the open-pan evapocon-

centration trajectories of four identified oil palm wine batches, 

(ii) select physically admissible nonlinear equations for the 

soluble-solids profiles, and (iii) characterize the physicochem-

ical state of the resulting syrups immediately after production. 

The work was designed as a descriptive process study: each 

batch was concentrated once, so observed differences are in-

terpreted as batch-level process responses rather than as causal 

effects of refrigerated holding time. 

2. Manuscript Formatting 

2.1. Raw Material and Study Design 

Oil palm wine was obtained from Elaeis guineensis Jacq. in 

Linzolo, Pool Department, Republic of the Congo. The wine 

was transported to Brazzaville in an insulated container at ap-

proximately 10°C. Four identified batches were held under re-

frigeration and processed after 1, 2, 3, or 4 days; these batches 

are designated S1, S2, S3, and S4, respectively. Each batch 

was subjected to one production run. Because batch identity 

and refrigerated holding time were not independently repli-

cated, the experimental unit was the individual batch and the 

analysis was descriptive. 

2.2. Open-Pan Evapoconcentration 

For each run, 2000 mL of oil palm wine were transferred to 

an open vessel and heated on a hotplate set to a nominal 80°C. 

The product was stirred manually and regularly with a wooden 

spatula throughout concentration. Apparent total soluble sol-

ids (TSS) were measured every 20 min with an SGW-733 dig-

ital refractometer. Highly viscous samples were subjected to 

controlled dilution before measurement. Heating was stopped 

when the product had developed a russet-brown color and a 

viscous to semi-solid consistency, before perceptible scorch-

ing. The hotplate setpoint was recorded, but the product tem-

perature was not monitored continuously. 

The concentration factor was calculated as final apparent 

TSS divided by initial apparent TSS. Because the starting ma-

terial was measured volumetrically rather than gravimetrically, 

product recovery was expressed on a volume-of-feed basis as 

grams of syrup per 100 mL of initial wine: 

Apparent recovery =  (𝑚𝑠𝑦𝑟𝑢𝑝 / 𝑉𝑓𝑒𝑒𝑑)  ×  100   

(1) 

2.3. Physicochemical Analyses 

Physicochemical measurements were performed immedi-

ately after syrup production. The pH was measured with a cal-

ibrated VWR pH 1100 L meter. Titratable acidity was deter-

mined by titration with 0.1 mol L⁻1 sodium hydroxide and ex-

pressed as grams of acetic acid equivalents per 100 g. Mois-

ture was determined by oven drying at 105°C to constant mass, 
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and dry matter was obtained by difference, following the prin-

ciples of the Official Methods of Analysis of AOAC Interna-

tional [20]. Water activity (aw) was measured after equilibra-

tion with a HygroLab instrument according to the measure-

ment principle described in ISO 18787:2017 [21]. 

2.4. Nonlinear Modeling and Model Selection 

Five equations were fitted separately to the apparent TSS 

trajectory of each batch. In Equations (2)-(6), B(t) is apparent 

TSS at time t, B0 is the measured initial value, B∞ is an em-

pirical asymptote, and k, n, k1, k2, a, and b are fitted coeffi-

cients. 

B(t) = B0 / (1 - kt)               (2) 

B(t) = B0 + (B∞ - B0)[1 - exp(-(kt)ⁿ)]       (3) 

B(t) = B0 + t / (k1 + k2t)              (4) 

B(t) = B0 + atᵇ                 (5) 

B(t) = B0 + at + bt2                (6) 

Parameters were estimated by nonlinear least squares in Py-

thon. Model performance was assessed using the root mean 

square error (RMSE), coefficient of determination (R2), and 

corrected Akaike information criterion (AICc) [17-19]. A can-

didate was retained only when it combined a low AICc and 

RMSE, a high R2, and physically admissible parameters over 

the observed time range. Peleg-type solutions that produced a 

negative k2 and a singularity close to the experimental domain 

were rejected despite favorable numerical fit. The selected co-

efficients are process descriptors and were not interpreted as 

elementary chemical reaction constants. 

2.5. Data Analysis 

All time-series observations were retained for primary 

modeling. Results are presented by batch without inferential 

comparison because there was one independent production 

run per batch. Analytical values in the physicochemical table 

describe the corresponding product and were not treated as in-

dependent process replicates. 

3. Results 

3.1. Evapoconcentration Profiles and 

Processing Outcomes 

All four batches exhibited a prolonged region of gradual 

concentration followed by a steep increase in apparent TSS 

near the endpoint (Figure 1). Initial values ranged from 6.97 

to 10.00°Brix and final values from 74.25 to 87.77°Brix. 

Batch S2 reached 87.77°Brix after 200 min, whereas S1, S3, 

and S4 reached their endpoints after 220, 240, and 260 min, 

respectively. Small early fluctuations were observed in S3 and 

S4 before sustained increases became evident. 

 
Figure 1. Evolution of apparent total soluble solids during open-pan evapoconcentration of four oil palm wine batches under regular manual 

stirring. 

The concentration factor varied from 8.18 for S1 to 10.65 

for S4 (Table 1). Final syrup mass ranged from 136.55 to 

224.79 g, corresponding to an apparent recovery of 6.83-11.24 

g per 100 mL of starting wine. These recovery values reflect 

the recovered product mass after repeated sampling and trans-

fer of a highly viscous material. 
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Table 1. Batch description and technological outcomes of open-pan evapoconcentration. 

Batch 
Holding 

time (d) 

Initial 

(°Brix) 

Final 

(°Brix) 

Process 

time (min) 

Concentration 

factor 

Syrup 

mass (g) 

Apparent recovery 

(g 100 mL⁻1) 

Concentration 

factor 

S1 1 10.00 81.80 220 8.18 136.55 6.83 8.18 

S2 2 10.00 87.77 200 8.78 170.67 8.53 8.78 

S3 3 7.26 75.11 240 10.35 145.22 7.26 10.35 

S4 4 6.97 74.26 260 10.65 224.79 11.24 10.65 

 

Holding time identifies the refrigerated interval assigned to 

each batch; it was not an independently replicated treatment. 

Apparent recovery is expressed per 100 mL of feed. 

3.2. Selected Nonlinear Models 

The simplified evaporation-balance equation was selected 

for S1 and S4, whereas the power-law equation was selected 

for S2 and S3 (Figure 2 and Table 2). The selected models 

yielded R2 values of 0.9713-0.9944 and RMSE values of 

1.434-2.976°Brix. The strongest numerical fit was obtained 

for S3 with the power law (R2 = 0.9944; RMSE = 1.434°Brix; 

AICc = 14.56). Power-law exponents were 3.37 for S2 and 

6.38 for S3, consistent with the particularly steep terminal cur-

vature of these profiles. 

 
Figure 2. Observed apparent soluble solids and selected physically admissible nonlinear models for batches S1-S4. Panels (a) and (d) show 

the simplified evaporation-balance equation; panels (b) and (c) show the power-law equation. 
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Table 2. Selected nonlinear models, fitted coefficients, and performance statistics. 

Batch Selected model Fitted coefficients RMSE (°Brix) R2 AICc 

S1 Simplified evaporation balance k = 0.00399 min⁻1 2.598 0.9821 25.31 

S2 Power law a = 1.44 × 10⁻6; b = 3.37 2.307 0.9917 23.89 

S3 Power law a = 4.30 × 10⁻14; b = 6.38 1.434 0.9944 14.56 

S4 Simplified evaporation balance k = 0.00347 min⁻1 2.976 0.9713 32.87 

AICc: corrected Akaike information criterion; RMSE: root mean square error. Coefficients are apparent process parameters for the equations 

defined in Section 2.4. 

3.3. Immediate Physicochemical Characteristics 

The syrups were acidic, with pH values from 3.92 to 4.08 

and titratable acidity from 0.36 to 0.91 g acetic acid equiva-

lents per 100 g (Table 3). S1 and S2 contained 22.46-23.74% 

moisture and had water activities of 0.472-0.482. S3 and S4 

contained 33.87-36.34% moisture and had higher water activ-

ities of 0.660-0.704. Thus, the products separated into two 

lower-moisture, lower-a_w syrups and two higher-moisture, 

higher-a_w syrups. 

Table 3. Physicochemical characteristics of oil palm wine syrups immediately after production. 

Batch 
Apparent TSS 

(°Brix) 
pH 

Titratable acidity 

(g 100 g⁻1) 

Moisture 

(%) 

Dry matter 

(%) 

Water activity 

(aw) 

S1 81.80 4.08 0.49 23.74 76.26 0.482 

S2 87.76 3.93 0.36 22.46 77.54 0.472 

S3 75.11 3.92 0.82 36.34 63.66 0.704 

S4 74.25 3.95 0.91 33.87 66.13 0.660 

 

Titratable acidity is expressed as acetic acid equivalents. 

Values describe individual syrup batches and are not inde-

pendent process replicates. 

4. Discussion 

4.1. Concentration Behavior and Kinetic 

Description 

The four trajectories reveal the characteristic acceleration 

expected when a progressively smaller water mass carries a 

nearly conserved pool of dissolved solids. During the early 

phase, a given amount of evaporated water causes only a mod-

est increase in apparent TSS. Near the endpoint, the same wa-

ter loss produces a much larger increase because the denomi-

nator of the concentration ratio has become small. This behav-

ior explains both the long low-slope region and the abrupt ter-

minal rise. It also shows why visual endpoint control becomes 

increasingly sensitive late in open-pan processing. Similar 

open-pan production of nipa syrup required heating to approx-

imately 70°Brix, and palm and date syrup studies report sub-

stantial changes in viscosity and soluble solids as water re-

moval approaches the final stage [10-14]. 

The simplified evaporation-balance equation provided an 

economical description of S1 and S4. Its denominator, 1 - kt, 

represents the progressive loss of the liquid fraction under an 

apparent near-linear evaporation assumption; k therefore sum-

marizes the combined effects of heat transfer, exposed area, 

mixing, and changing composition. The power law was more 

suitable for S2 and S3, whose terminal acceleration was 

stronger than the simple balance could capture. Exponents 

greater than one quantify curvature, but they are not chemical 

reaction orders. This distinction is important because viscosity, 

boiling-point elevation, heat-transfer resistance, and sampling 

all change simultaneously during concentration [16]. 

Model acceptance depended on physical admissibility as well 

as numerical fit. A negative Peleg coefficient can place a de-

nominator zero close to the observed domain and generate an 

artificial divergence. Rejecting such a solution prevents a statis-

tically attractive but operationally impossible curve from being 
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used for extrapolation. The combined use of RMSE, R2, and 

AICc is therefore preferable to selecting a model from R2 alone, 

particularly for the short series studied here [17-19]. For practi-

cal endpoint control, the selected equations can be recalibrated 

in future replicated trials and used to trigger more frequent 

measurements once the predicted terminal acceleration begins. 

The shorter processing time and higher final apparent TSS 

of S2 cannot be attributed solely to its two-day refrigerated 

holding interval. Initial soluble solids, vessel conditions, evap-

oration area, manual agitation, and the evolving composition 

of each batch can all influence concentration rate. Palm wine 

studies demonstrate that sugar conversion, acidification, and 

microbial community structure vary during tapping and stor-

age [3-6]. Accordingly, the present trajectories are most ap-

propriately interpreted as individual batch responses. 

4.2. Physicochemical Quality of the Syrups 

The final pH range of 3.92-4.08 confirms that the concen-

trated products retained the acidic character of fermented oil 

palm wine. Previous studies of oil palm wine have docu-

mented simultaneous alcoholic, lactic, and acetic fermentation 

and a decline in pH as sugars are metabolized [3-6]. Concen-

trating such a matrix increases nonvolatile acid and solids con-

centrations, while the extent of volatile-acid loss depends on 

the open-pan conditions. The higher titratable acidity of S3 

and S4 is consistent with batch-to-batch variation in the chem-

ical history of the wine, but the unreplicated design does not 

support a storage-time effect. 

Moisture content and water activity provided complemen-

tary evidence of endpoint differences. S1 and S2 combined 

approximately 23% moisture with aw below 0.50, whereas S3 

and S4 retained more moisture and had aw values of 0.660-

0.704. Water activity, rather than total moisture alone, governs 

the thermodynamic availability of water and depends on the 

concentration and identity of dissolved components [22]. The 

close ranking of moisture and aw in this study indicates that 

water removal was the dominant separator of the products, alt-

hough their different sugar, acid, and residual fermentation-

metabolite profiles may also have contributed. 

The very low aw of S1 and S2 would be strongly restrictive 

to microbial growth. Nevertheless, aw is not a lethality meas-

urement, and high-sugar foods can be spoiled by specialized 

osmophilic yeasts. Experimental work has shown that some 

Zygosaccharomyces rouxii strains can grow at an aw as low as 

0.67 depending on the controlling solute and culture condi-

tions [23]. This benchmark places S3 near a zone in which 

osmophilic spoilage remains plausible and S4 close to the re-

ported lower boundary, whereas S1 and S2 are substantially 

below it. Commercial stability would still require hygienic 

packaging, microbial challenge or storage testing, and confir-

mation that aw remains uniform throughout the product. 

Apparent°Brix and gravimetric dry matter did not coincide, 

particularly for S1 and S2. This is analytically plausible be-

cause a refractometer reports a sucrose-equivalent concentra-

tion from refractive index, whereas dry matter measures all 

nonvolatile residue. Organic acids, residual ethanol and other 

fermentation products, as well as dilution of highly viscous 

samples, can therefore affect apparent°Brix. For process con-

trol, refractometry remains rapid and useful, but batch calibra-

tion against gravimetric solids is advisable before defining a 

commercial endpoint. 

4.3. Thermal Chemistry and Process 

Development 

The russet-brown endpoint is consistent with nonenzymatic 

browning in an acidic, sugar-rich matrix. Studies of palm and date 

syrups show that open heating modifies color, reducing sugars, 

Maillard reaction products, and 5-hydroxymethylfurfural (HMF) 

more strongly as temperature and residence time increase [8, 13-

15]. HMF can arise through acid-catalyzed dehydration of hex-

oses, especially fructose, and is widely used as an indicator of 

thermal history in carbohydrate-rich foods [24, 25]. Because the 

present dataset does not contain a validated quantitative HMF se-

ries, product ranking should rely on the reported physicochemical 

measurements. Future process optimization should pair TSS ki-

netics with validated HMF, color, individual-sugar, and rheolog-

ical measurements. 

The main technological contribution of this work is the in-

tegration of complete concentration trajectories with physi-

cally screened nonlinear models and immediate product char-

acterization for a Central African oil palm wine. Its interpre-

tation is bounded by one run per batch, the absence of contin-

uous product-temperature measurement, and unstandardized 

manual agitation and evaporation geometry. Replicated exper-

iments should therefore control vessel surface area, heating 

power, agitation, and actual product temperature; establish a 

complete mass balance; and assess microbiological stability 

after packaging. Those additions would allow the effects of 

raw-wine history and process conditions to be separated and a 

reproducible endpoint specification to be developed. 

5. Conclusions 

Open-pan heating at a nominal 80°C hotplate setpoint con-

verted four oil palm wine batches into syrups with 74.25-

87.77°Brix in 200-260 min. The concentration trajectories ac-

celerated markedly near the endpoint. A simplified evapora-

tion-balance equation described two batches, while a power-

law equation described the other two after physically inadmis-

sible solutions were excluded. The syrups differed most 

clearly in moisture and water activity: two products reached 

a_w below 0.50, whereas the other two remained at 0.660-

0.704. These results demonstrate the technological feasibility 

of oil palm wine syrup and provide a quantitative basis for im-

proved endpoint monitoring. Direct temperature measurement, 

replicated processing, standardized agitation and evaporation 

geometry, validated thermal-marker analysis, and packaged-
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product stability testing are the next steps toward process op-

timization and commercial specification. 

Abbreviations 

AICc Corrected Akaike Information Criterion 

a_w Water Activity 

HMF 5-Hydroxymethylfurfural 

RMSE Root Mean Square Error 

TSS Total Soluble Solids 
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Appendix 

Table A1 reports every apparent soluble-solids observation used for the nonlinear fits. 

Table A1. Raw apparent soluble-solids time series used in the primary analyses. 

Time (min) S1 (°Brix) S2 (°Brix) S3 (°Brix) S4 (°Brix) 

0 10 10 7.26 6.97 

20 13 10.26 6.87 6.86 

40 14 11.86 7.34 7.19 

60 16 13.54 7.85 7.43 

80 17 15.74 7.99 7.38 

100 20 18.95 8.94 9.1 

120 22 23.18 10.14 9.33 

140 25 30.1 12 10.65 

160 31 47.06 14.64 12.87 

180 39.67 70.94 18.72 16.11 

200 47.2 87.77 25.93 20.52 

220 81.8 - 44.82 24.28 

240 - - 75.11 35.1 

260 - - - 74.26 

A dash indicates that the batch had already reached its processing endpoint. 
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