
Thermochemical and Rheological 
Dynamics of Fruit Preserve Production: 
Integrating Beet Sugar and Extracted 
Pectin for Optimal Gelation 
Introduction to Viscoelastic Fruit Preserves 
The formulation and commercial production of high-quality fruit preserves, specifically jams and 
marmalades, reside at a highly complex intersection of carbohydrate chemistry, polymer 
rheology, and thermodynamic processing. At its foundational level, the manufacturing of a 
shelf-stable, organoleptically superior jam relies on the precise calibration of three primary 
components: a pectin-rich fruit substrate, a high-purity sucrose matrix, and a meticulously 
controlled acidic aqueous environment. When processed under optimal thermal conditions, 
these elements undergo a rigorous sol-gel transition. This transition yields a semi-solid 
viscoelastic matrix capable of immobilizing water, arresting microbial proliferation, and 
suspending macroscopic fruit particulates evenly throughout the continuous liquid phase. 
Regulatory standards and microbiological safety paradigms dictate that standard commercial 
and high-grade artisanal jams must be concentrated to a minimum of 65% soluble solids, 
universally quantified as 65° Brix1. At this exact concentration threshold, the water activity of the 
system drops to approximately 0.80 to 0.821. This thermodynamic depression of unbound water 
creates an impenetrable hurdle against the proliferation of spoilage bacteria and suppresses the 
metabolic activity of most xerophilic molds and osmophilic yeasts, ensuring ambient shelf 
stability2. 
Historically, preserve manufacturing relied on the inherent pectin content of the primary fruit. 
However, modern culinary and industrial methodologies necessitate the exogenous addition of 
extracted pectins to guarantee consistent yield stress and textural rigidity, particularly when 
working with low-pectin botanical varieties. The structural integrity of the final gel is heavily 
dictated by the molecular weight, the degree of esterification, and the spatial conformation of the 
pectin polymer, alongside the colligative properties of the sucrose co-solute. This 
comprehensive report elucidates the physical chemistry and industrial mechanics of jam and 
marmalade production, with a specific focus on utilizing highly refined beet sugar and naturally 
extracted High Methoxyl pectin sourced from under-ripe apples and citrus albedo. Furthermore, 
it details the localized logistical framework for acquiring these raw materials within the Berlin, 
Germany, commercial ecosystem, providing an end-to-end analysis from agricultural sourcing to 
the rheological validation of the final macromolecular gel. 

Agronomic Sourcing and Supply Chain Architecture in 
Berlin 
The architectural foundation of a premium fruit preserve requires uncompromising quality and 



traceability in its foundational ingredients. For a production facility or high-end artisanal 
operation situated in Berlin, the regional supply chain offers a robust framework for sourcing 
organic, ecologically sustainable, and highly refined raw materials that align with stringent 
European Union organic regulations. 
The global sugar market is predominantly supplied by tropical sugarcane, but the European 
agricultural sector is overwhelmingly dominated by the cultivation of the sugar beet. For 
production in Berlin, premium organic beet sugar can be procured directly through regional 
agricultural cooperatives and specialized organic wholesalers. Südzucker AG, a primary 
European producer, operates processing facilities in southern Germany, such as the plant in 
Rain am Lech, where over 80% of the processed organic sugar beets are cultivated in 
surrounding Bavarian soils5. This facility supplies certified Bioland and Biokreis organic beet 
sugar5. Bioland standards significantly exceed baseline EU organic requirements, mandating 
strict multiannual crop rotations, the preservation of soil organic carbon, and the absolute 
prohibition of synthetic agrochemicals and neonicotinoid seed treatments5. 
For commercial operations in Berlin, this Bioland-certified, EU Category II fine crystalline beet 
sugar is typically acquired in robust, recyclable 25-kilogram multi-wall paper sacks8. Purchasing 
through regional distributors or direct-to-trade supply networks yields significant economies of 
scale, with prices ranging from 1.96 EUR per kilogram for single sacks down to 1.39 EUR per 
kilogram for palletized bulk orders exceeding 36 sacks8. Smaller-scale or pilot productions can 
source Alnatura or Südzucker organic beet sugar directly from extensive local bio-supermarket 
chains. The LPG Biomarkt GmbH operates multiple large-scale locations across Berlin, 
including facilities in Neukölln, Steglitz (Albrechtstraße), and Moabit, prioritizing goods produced 
within a 200-kilometer radius of the capital to minimize carbon emissions10. 
To extract natural pectin, the raw biomass must possess a high concentration of protopectin, the 
water-insoluble parent pectic substance found in the primary cell walls and middle lamella of 
plant tissues14. Apple pomace, the fibrous byproduct of apple juice pressing, is an exceptional 
source, consisting of 10% to 17% pectin on a dry matter basis16. If raw pomace from a cider 
press is unavailable, under-ripe whole apples represent the superior alternative. In under-ripe 
fruit, the protopectin has not yet been enzymatically depolymerized into soluble pectin by 
endogenous polygalacturonases during the natural ripening process. The Berlin region benefits 
immensely from its proximity to the Werder (Havel) agricultural district in Brandenburg, a 
historically significant fruit-growing region. Bulk quantities of under-ripe, high-acid apple cultivars 
can be sourced directly from Werder orchards or via the extensive network of Berlin's weekly 
farmers' markets, such as the bi-weekly market at Maybachufer in Neukölln19. 
Citrus peels, specifically the inner white spongy tissue known as the albedo, are the most 
globally abundant natural source of pectin, yielding 20% to 30% on a dry matter basis16. While 
citrus is not cultivated in the temperate German climate, wholesale markets in Berlin, such as 
the Berliner Großmarkt, provide continuous access to untreated, unwaxed organic lemons and 
bitter oranges imported from Spain or Italy20. Utilizing certified organic citrus is mandatory, as 
the peel of conventionally grown citrus heavily accumulates fungicidal residues, such as imazalil 
or thiabendazole, which would be aggressively concentrated during the acid extraction of the 
pectin. 



Physicochemical Distinctions: Beet Sugar Versus 
Cane Sugar 
While beet sugar and cane sugar are chemically identical in their highly refined states, both 
yielding greater than 99.9% pure sucrose and conforming to the ICUMSA 45 standard for 
brilliant white, highly crystalline product, their integration into boiling fruit matrices introduces 
distinct thermochemical phenomena7. These operational differences are primarily driven by 
trace impurities inherent to the disparate biological sources. 
Cane sugar often retains microscopic traces of cane molasses, which imparts a subtle, complex 
flavor profile that is frequently described as rich or caramelized, even in its highly refined white 
state22. Conversely, beet sugar is completely devoid of molasses, rendering its flavor profile 
exceptionally neutral and providing a clean, unadulterated sweetness that allows delicate fruit 
aromatics to dominate the sensory experience of the preserve22. However, experienced 
confectioners and preserve manufacturers frequently report that beet sugar exhibits a higher 
susceptibility to rapid caramelization and burning when subjected to aggressive, 
high-temperature boiling25. This necessitates precise thermal regulation during the final stages 
of the jam concentration process. 
The most critical operational challenge introduced by beet sugar is the aggressive generation of 
surface foam. This foam is a highly stable matrix of trapped air bubbles, described rheologically 
as a metastable thermodynamic system28. The primary chemical agents responsible for this 
foaming are saponins, specifically bidesmosidic triterpenoid glycosides endogenous to the root 
tissue of the sugar beet30. Saponins possess a highly amphiphilic structure, comprising a 
hydrophobic aglycone base covalently bonded to a hydrophilic oligosaccharide moiety29. Even 
highly refined beet sugar retains trace parts-per-million concentrations of these surface-active 
molecules31. 
When beet sugar is dissolved and subjected to vigorous boiling, the saponins migrate rapidly to 
the air-water interface. They significantly depress the surface tension of the aqueous phase, 
frequently reducing it to approximately 40 mN/m31. This powerful surfactant activity allows steam 
and mechanically entrapped air to form a persistent, resilient foam layer on the surface of the 
boiling massecuite31. The stability of this foam is further exacerbated by the presence of pectin 
and divalent cations, which act synergistically to reinforce the lamellae of the bubbles33. 

Interfacial Thermodynamics and the Imperative of 
Skimming 
In commercial and artisanal preserve manufacturing, the thorough removal, or skimming, of this 
saponin-stabilized foam is a non-negotiable processing step. Beyond the visual defect of 
introducing cloudy, opaque, sea-foam-like streaks into an otherwise translucent, jewel-like gel, 
foam introduces severe structural and microbiological risks28. 
Foam represents a localized matrix of exceptionally high air entrapment. If foamy jam is 
decanted into glass jars, the entrained air mimics liquid volume, leading to a phenomenon 
known as false headspace28. Upon cooling and the establishment of a vacuum seal, the 



microscopic air bubbles collapse, increasing the absolute headspace volume well beyond the 
standard 0.25-inch margin28. Excessive oxygen trapped within the jar accelerates the oxidative 
degradation of ascorbic acid and fruit anthocyanins, inducing premature browning and 
off-flavors during long-term storage28. Furthermore, the insulative thermodynamic properties of 
the foam can disrupt the thermal lethality kinetics during hot-water bath processing28. This 
disruption potentially allows xerophilic fungal spores to survive the pasteurization phase and 
subsequently colonize the headspace boundary28. 
To mitigate foaming without relying on synthetic polydimethylsiloxane antifoaming agents, 
manufacturers employ physical maceration and prolonged osmotic resting28. By mechanically 
chopping the fruit and macerating it in the beet sugar for 12 to 24 hours prior to thermal 
processing, a powerful osmotic gradient draws intracellular moisture out of the fruit matrix28. 
This gradual plasmolysis physically collapses the intercellular air pockets within the parenchyma 
tissue of the fruit, drastically reducing the total volume of air available for subsequent saponin 
entrapment during the aggressive boiling phase28. 

Structural Biochemistry of Pectin Domains 
To engineer a stable, high-yield stress jam from fruits with natively low pectin content, 
exogenous pectin must be extracted from the procured apple pomace or citrus albedo and 
introduced into the primary formulation. The structural complexity of the extracted pectin dictates 
its ultimate utility in a sugar-acid gel. Pectin is a highly heterogeneous plant cell wall 
macromolecule comprising multiple distinct domains, predominantly Homogalacturonan, 
Rhamnogalacturonan-I, and Rhamnogalacturonan-II14. 
The Homogalacturonan domain is a linear, unbranched polymer consisting of alpha-1,4-linked 
D-galacturonic acid residues14. This smooth backbone is the primary functional component 
responsible for junction-zone formation during gelation14. Conversely, the 
Rhamnogalacturonan-I domain consists of a repeating disaccharide backbone of 
alpha-1,2-L-rhamnose and alpha-1,4-D-galacturonic acid14. Crucially, the rhamnose residues 
within the RG-I domain are highly substituted at the O-4 position with complex, bulky neutral 
sugar side chains, primarily composed of alpha-1,5-linked arabinans and beta-1,4-linked 
galactans14. 
Historically, the RG-I domain was considered an impediment to industrial gelation. The insertion 
of rhamnose into the backbone produces physical kinks in the otherwise linear galacturonan 
chain, while the massive, bushy arabinan and galactan side chains generate severe steric 
hindrance34. This steric repulsion physically obstructs adjacent Homogalacturonan chains from 
aligning closely enough to establish the hydrogen bonds and hydrophobic interactions required 
for a three-dimensional network14. However, recent rheological advancements reveal that while 
the side chains induce steric hindrance, they simultaneously execute a vital function in 
water-binding and synergistic structural reinforcement36. When blended with exogenous 
sucrose, the lengthy galactan branches intertwine, creating a pliable, highly resilient continuous 
network36. This entanglement allows the resulting gel to exhibit high fracture strain and 
recoverability, moving the gel away from a purely brittle state toward an elastic, spreadable 



morphology ideal for fruit preserves36. 

Pectin Domain Structural Composition Rheological Function 

Homogalacturonan (HG) 
Linear 
-(1,4)-D-galacturonic acid 
backbone. 

Primary site for 
intermolecular hydrogen 
bonding and hydrophobic 
junction zone formation. 
Drives gel rigidity. 

Rhamnogalacturonan-I 
(RG-I) Alternating 

-(1,2)-L-rhamnose and 
-(1,4)-D-GalA backbone. 

Introduces backbone "kinks" 
disrupting continuous rigid 
alignment. 

RG-I Side Chains 
-(1,5)-arabinans and 

-(1,4)-galactans attached to 
rhamnose. 

Generates steric hindrance, 
but intertwines to provide 
extreme elasticity, fracture 
strain, and massive 
water-binding capacity. 

Rhamnogalacturonan-II 
(RG-II) 

Highly branched complex 
featuring apiose, fucose, 
and aceric acid. 

Facilitates borate-ester 
cross-linking in the primary 
cell wall; minor role in food 
gelation. 

Table 1: Biochemical domains of the pectin macromolecule and their respective rheological 
implications. 
[cite: 14, 34, 36, 37] 

Methodologies of Natural Pectin Extraction 
The objective of extraction is the hydrolytic cleavage of the insoluble protopectin 
macromolecule, freeing the water-soluble pectic hydrocolloids while meticulously preserving 
their polymeric backbone length and degree of methyl esterification. The process typically 
begins with a physical pretreatment. For citrus albedo, subjecting the peels to steam or hot 
water blanching effectively denatures endogenous pectin methylesterase and polygalacturonase 
enzymes, preventing them from prematurely depolymerizing the protopectin21. Furthermore, 
blanching softens the cellulosic cell wall architecture, facilitating deeper solvent penetration21. 
The raw material is then dried and milled to an optimized particle size; extractions utilizing apple 
flour with a particle diameter between 125 and 250 micrometers yield significantly higher pectin 



recoveries than roughly chopped pomace, owing to the exponential increase in solvent contact 
surface area41. 
Pectin extraction is universally executed via hot acid hydrolysis. The selection of the acidic 
solvent, alongside the precise modulation of temperature and reaction time, determines both the 
quantitative yield and the qualitative rheological power of the resulting extract. Industrial 
environments frequently employ harsh mineral acids, such as hydrochloric, sulfuric, or nitric 
acid, due to their aggressive hydrolytic power. These reagents can achieve absolute mass 
yields approaching 30% to 35% from citrus peel44. However, these harsh conditions precipitate 
severe structural collateral damage to the pectin polymer44. Mineral acids unselectively cleave 
the glycosidic bonds of the homogalacturonan backbone, drastically reducing the intrinsic 
viscosity and molecular weight of the hydrocolloid44. Furthermore, they induce aggressive 
de-esterification and trigger runaway Maillard browning reactions with residual neutral sugars, 
producing dark, visually unappealing extracts with poor solubility44. 
Consequently, the extraction of premium culinary pectin necessitates the use of milder organic 
aliphatic acids, specifically citric acid or L-(+)-tartaric acid44. While organic acids typically deliver 
lower total yields (ranging from 10% to 15%), their mild hydrolytic action preserves the integrity 
of the polymer backbone and protects the critical esterified functional groups44. Experimental 
response surface methodology kinetics indicate that a citric acid solution calibrated to a pH of 
2.0 to 2.5, operated at 90°C to 97°C for a duration of 60 to 150 minutes, optimizes the extraction 
envelope for apple pomace41. Under these controlled parameters, the hydronium ions 
selectively target the non-covalent calcium bridges and weak ester linkages anchoring the 
protopectin to the cellulosic matrix, while leaving the primary covalent backbone intact48. 
Advanced extraction methodologies are increasingly utilizing ultrasonic probe intervention. 
Exposing the acidic citrus albedo slurry to high-intensity ultrasound (e.g., using a Qsonica 
transducer) induces acoustic cavitation. The implosion of microscopic cavitation bubbles 
generates extreme localized shear forces that mechanically fracture the plant cell walls49. This 
drastically accelerates mass transfer, allowing extractions to achieve theoretical maximum yields 
(up to 34.6%) in an unprecedented 3 to 7 minutes of total processing time, bypassing the 
thermal degradation inherent to hours-long boiling49. 
Following the extraction phase, the hot acidic slurry is rapidly filtered. The soluble pectin is 
subsequently precipitated out of the aqueous phase via the introduction of absolute ethanol or 
isopropanol43. The alcohol acts as an anti-solvent, drastically depressing the dielectric constant 
of the medium. This strips the hydration spheres from the highly hydrophilic pectin polymers, 
forcing them to coagulate into a buoyant, recoverable gelatinous floc that is subsequently 
pressed, washed, and dried51. 

Analytical Quantification: Degree of Esterification via 
FTIR Spectroscopy 
The single most critical metric defining pectin functionality is its Degree of Esterification, defined 
as the molar percentage of the D-galacturonic acid carboxyl groups that have been naturally 
esterified with a methyl group14. Pectins with a Degree of Esterification greater than 50% are 



classified as High Methoxyl pectins, whereas those below 50% are Low Methoxyl pectins14. 
Traditional high-sugar preserve manufacturing relies exclusively on High Methoxyl pectin, as it 
dictates the specific sugar-acid mechanism required for product setting. 
To assure the extracted batch meets the High Methoxyl criteria without resorting to laborious, 
chemical-intensive, and time-consuming titrimetric or gas chromatography assays, 
Fourier-Transform Infrared spectroscopy is employed as a highly accurate, non-destructive 
analytical tool53. The Degree of Esterification is calculated by analyzing the specific absorption 
intensities within the characteristic carbonyl region, spanning 1800 to 1500 cm⁻¹, of the infrared 
spectrum56. 
The characteristic absorption band for the esterified carbonyl group, representing the C=O 
stretching vibration in the methyl esters, manifests at approximately 1740 to 1747 cm⁻¹53. 
Conversely, the free, unesterified carboxylate ion, representing the COO⁻ asymmetric stretching, 
exhibits a strong, broad absorption peak at 1600 to 1639 cm⁻¹53. The degree of esterification can 
be mathematically derived by taking the ratio of the integrated peak area, or the 
baseline-corrected absorbance intensity, of the esterified groups relative to the total carboxyl 
population: 

 
[cite: 53, 58, 59] 

Functional Group Chemical Shift / 
Wavenumber 

Spectral Significance 

Esterified Carbonyl (C=O) 1740 - 1747 cm⁻¹ Stretching vibration of 
methyl ester groups. High 
intensity indicates HM 
pectin. 

Free Carboxylate (COO⁻) 1600 - 1639 cm⁻¹ Asymmetric stretching of 
free galacturonic acid. High 
intensity indicates LM 
pectin. 

Pyranose Ring (C-O-C) ~1100 cm⁻¹ Carbohydrate fingerprint 
region; frequently used to 
normalize spectral data. 



Table 2: Key Fourier-Transform Infrared spectral assignments for the quantification of pectin 
esterification. 
[cite: 53, 57, 58, 59] 
In complex matrices containing high levels of residual protein, spectral deconvolution software 
must be utilized to separate overlapping amide absorption bands from the primary carboxylate 
signals53. However, for purified apple pomace and citrus albedo extracted under controlled, mild 
citric acid conditions, direct peak ratio analysis routinely yields highly accurate Degree of 
Esterification values ranging from 68% to 75%41. This securely positions the extracted 
biopolymer in the rapid-set High Methoxyl pectin category, mechanically ideal for high-sugar fruit 
preserve applications35. 

Thermochemical Kinetics of the Boiling Phase 
The introduction of the fruit, beet sugar, and extracted pectin into the boiling kettle initiates a 
cascade of complex, interconnected chemical reactions. The application of thermal energy must 
be rigorously controlled to achieve the target soluble solids concentration while actively 
managing sucrose inversion, the degradation of native anthocyanin pigments, and the 
preservation of the pectin backbone. 
Kinetics of Sucrose Inversion 
During the boiling of a highly acidic jam, operating strictly between pH 2.8 and 3.4, the 
disaccharide sucrose undergoes a continuous hydrolytic cleavage into an equimolar mixture of 
its constituent monosaccharides: D-glucose and D-fructose61. This process is universally known 
as inversion, as the specific optical rotation of the solution, measurable via a polarimeter, shifts 
from strongly dextrorotatory (+66.5°) to mildly levorotatory (-20.0°)62. This optical shift occurs 
because the powerful levorotatory specific rotation of the liberated fructose (-92.0°) 
mathematically overpowers the dextrorotatory nature of the liberated glucose (+52.0°)62. 
The reaction is catalyzed by hydronium ions provided by the endogenous organic acids of the 
fruit and the exogenous pectin-extraction acids. Because water is present in vast stoichiometric 
excess, the reaction is functionally independent of water concentration and rigidly follows 
pseudo-first-order kinetics61. The rate of inversion is expressed by the differential equation: 

 
[cite: 64] 

Where the effective rate constant ( ) is exponentially dependent on both temperature and 
hydronium ion concentration. Empirical kinetics calculate the base rate constant at ambient 

temperatures to be approximately , which accelerates drastically 



at the boiling point61. Integrated, the concentration of sucrose at any time  follows standard 
exponential decay63. 
Inversion is absolutely vital to the thermodynamic stability of the jam. Pure sucrose has a rigid 
solubility limit of approximately 67 g/100 mL at room temperature. If a jam is boiled to 65% or 
68% soluble solids using exclusively un-inverted sucrose, the product will inevitably cross the 
boundary of supersaturation and undergo catastrophic macroscopic crystallization during shelf 
storage, rendering the texture gritty and commercially unacceptable66. The generated invert 
sugar, however, boasts a significantly higher aggregate solubility and acts as a powerful 
humectant, interfering with the sucrose crystal lattice and ensuring a smooth, glossy, amorphous 
texture62. 
However, inversion must be strictly arrested before completion. Fructose is highly hygroscopic 
and highly reactive in high-temperature environments. Excessive inversion, exceeding 30% to 
40% conversion of the total sugars, results in a jam that is overly fluid due to the depression of 
the mixture's average molecular weight67. More critically, high concentrations of free fructose 
severely darken the product via accelerated Maillard browning and spontaneous fructose 
caramelization under hot acidic conditions67. The manufacturer must therefore carefully balance 
the boiling duration to achieve adequate, but not total, sucrose inversion. 
Anthocyanin Degradation Kinetics 
For preserves featuring deep red or purple fruits, such as cherries, blackberries, or specific 
citrus varieties, the preservation of visual color is a critical quality parameter. The primary 
pigments, anthocyanins, prominently including cyanidin-3-glucoside and cyanidin-3-rutinoside, 
are highly unstable and sensitive to thermal degradation69. 
The thermal destruction of cyanidin-3-glucoside during boiling follows strict first-order reaction 
kinetics. In high-sugar environments, the massive concentration of sucrose significantly 
influences the thermodynamics of the aqueous phase, frequently exerting a minor protective 
effect against pigment degradation by reducing water mobility and reactant collision frequency. 
However, under standard atmospheric boiling temperatures, reaching 100°C to 105°C 
depending on boiling point elevation, the activation energy for the degradation of total 
anthocyanins is approximately 48.0 to 57.4 kJ/mol69. The half-life of these vital pigments at 
aggressive boiling temperatures shrinks to a mere 6.6 to 15.9 minutes69. Consequently, 
extended boiling phases drastically bleach the fruit matrix, transitioning the brilliant purples and 
reds into dull, polymerized brown melanoidins71. This reinforces the necessity for rapid, 
high-efficiency evaporative boiling. 

Thermal Depolymerization of the Pectin Backbone 
Simultaneous to sucrose inversion and pigment degradation, the dissolved High Methoxyl pectin 
polymer is subjected to severe hydrolytic stress. Pectin is inherently unstable at elevated 
temperatures, undergoing massive, irreversible depolymerization that directly destroys its 
capacity to form a gel matrix upon cooling72. The non-enzymatic thermal degradation of pectin is 
governed by two competing thermochemical mechanisms: acid hydrolysis and 
beta-elimination73. 



In the highly acidic environment of a boiling jam, typically below pH 3.5, the predominant 
mechanism of chain scission is acid hydrolysis73. Acid hydrolysis targets the 
alpha-1,4-glycosidic linkages between the galacturonic acid monomers, directly fracturing the 
Homogalacturonan backbone74. The rate of acid hydrolysis increases exponentially with 
decreasing pH and has a calculated activation energy of approximately 95 kJ/mol74. 
Interestingly, acid hydrolysis is sterically hindered by high degrees of esterification; therefore, 
High Methoxyl pectin is marginally more resilient to pure acid hydrolysis than Low Methoxyl 
pectins74. 
Conversely, beta-elimination represents the cleavage of the glycosidic bond localized 
specifically at the C-4 position, concomitant with the removal of a hydrogen atom at the C-5 
position of an esterified galacturonic acid unit73. This reaction creates a double bond and 
shatters the polymer chain77. While beta-elimination is universally recognized as the dominant 
mode of degradation in neutral or alkaline conditions, it still actively and aggressively occurs in 
heated acidic environments, particularly because High Methoxyl pectin inherently possesses the 
massive concentration of esterified residues required to drive the reaction74. The activation 
energy for beta-elimination is exceptionally high, calculated at 136 kJ/mol74. 

Degradation 
Mechanism 

Chemical Action Activation Energy 
(Ea​) 

Primary Drivers 

Acid Hydrolysis 
Cleavage of 
-(1,4)-glycosidic 
linkages. 

~ 95 kJ/mol Low pH. Rate is 
hindered by high 
DE. 

-Elimination 
Cleavage at C-4, 
creating a double 
bond via proton loss 
at C-5. 

~ 136 kJ/mol Neutral/alkaline pH, 
but occurs in acid. 
Requires esterified 
groups (high DE). 

Demethoxylation Hydrolysis of methyl 
esters to free 
carboxyl groups. 

~ 98 kJ/mol High temperatures. 
Converts HM pectin 
to LM pectin over 
time. 

Table 3: Thermodynamic parameters governing the non-enzymatic thermal degradation of 
pectin during prolonged boiling. 
[cite: 73, 74, 76] 
Because the activation energy of beta-elimination (136 kJ/mol) is significantly higher than that of 
acid hydrolysis (95 kJ/mol), the predominant mechanism of pectin destruction is highly 



temperature-dependent74. At the elevated temperatures required to boil off water and achieve 
65° Brix, often reaching 104°C to 105°C, the thermal energy easily surpasses the threshold to 
aggressively drive both reactions simultaneously74. 
If the boiling process is protracted, the continuous depolymerization fractures the long High 
Methoxyl pectin chains into short, rheologically useless oligomers. Once the molecular weight 
drops below a critical structural threshold, typically below 50 to 60 kDa, the truncated chains 
lack the spatial geometry, entanglements, and interaction sites required to form continuous 
junction zones78. The inevitable result is a total rheological failure—a runny, liquid syrup that 
cannot be salvaged, regardless of subsequent cooling78. 

Rheology of the Sol-Gel Transition 
Assuming the boiling phase is executed rapidly, preserving the structural integrity of the High 
Methoxyl pectin and achieving 65% soluble solids, the ultimate phase of production is the 
sol-gel transition upon cooling. The gelation of High Methoxyl pectin represents a massive 
physical, rather than chemical, cross-linking process. 
In an aqueous solution at a neutral pH, the unesterified carboxyl groups on the 
homogalacturonan backbone are fully ionized, carrying strong negative charges80. The resulting 
electrostatic repulsion forces the polymer chains apart, maintaining a highly fluid, solubilized 
state80. To collapse this system into a rigid gel matrix, two exact physiochemical conditions must 
be met: the suppression of electrostatic repulsion and the severe dehydration of the polymer80. 

First, the pH of the system must be lowered below the  of pectin, which rests at 
approximately 3.580. The massive influx of hydronium ions protonates the ionized carboxylate 
groups, converting them to neutral carboxylic acids80. With the repulsive forces neutralized, the 
long chains can physically approach one another without electrostatic deflection80. Second, 
even when neutralized, pectin chains are heavily sheathed by a tight hydration sphere of highly 
ordered water molecules bound via hydrogen bonding. The addition of massive quantities of a 
co-solute, specifically the 65% beet sugar sucrose matrix, is required to break this hydration80. 
Sucrose acts as an aggressively powerful dehydrating agent, outcompeting the pectin for 
available free water and effectively stripping the hydration spheres from the polymer 
backbone14. 
Forced into extremely close proximity in a highly thermodynamically unfavorable, low-water 
environment, the hydrophobic methyl ester groups of adjacent pectin chains seek to minimize 
their contact with the remaining polar aqueous phase81. They associate tightly via hydrophobic 
interactions, while the newly protonated carboxylic acid groups and available hydroxyl groups 
lock together via dense intermolecular hydrogen bonding81. These localized areas of intense, 
zipper-like association are termed junction zones35. When sufficient junction zones form, a 
continuous three-dimensional polymer network traps the viscous sucrose and water solvent, 
completing the transition from a liquid sol to a solid gel35. 

Viscoelasticity and the Winter-Chambon Criterion 
The physical manifestation of this macroscopic gelation can be tracked and quantified via 



dynamic oscillatory rheology. The material's mechanical response is characterized by its 

complex shear modulus, encompassing the elastic storage modulus ( ) and the viscous loss 

modulus ( )83. 
In the hot, pre-gel state, the boiling jam behaves as a viscoelastic liquid. The energy dissipated 

as heat via viscous flow exceeds the energy stored elastically, meaning  is strictly greater 

than 86. As the temperature drops and the massive network of hydrogen bonds and 
hydrophobic junction zones rapidly nucleates, the storage modulus undergoes a sudden, 
exponential divergence, violently crossing over the loss modulus87. 
The precise, definitive moment of the liquid-to-solid transition is defined rheologically by the 
Winter-Chambon criterion88. Winter and Chambon established mathematically that at the critical 
gel point, the storage and loss moduli exhibit identical power-law frequency dependence, 

scaling uniformly with the relaxation exponent 86. Mathematically, at the gel point, the phase 

shift becomes absolutely independent of the oscillation frequency, and the loss tangent ( ) 
converges to a constant value: 

 
[cite: 86, 88, 91] 
For an ideal, stoichiometrically balanced polymer network where the relaxation exponent 

, the loss tangent equals exactly 1, representing the exact crossover point where 

88. The critical gel at this specific threshold exhibits a self-similar fractal geometry, 
possessing infinite steady-shear viscosity yet a zero equilibrium elastic modulus, acting as the 
precise evolutionary boundary between the fluid state and the semi-solid matrix91. 

The Manifestation of Yield Stress 
Upon full thermal equilibration, the mature jam exhibits a defined yield stress. Yield stress is the 
critical threshold of applied mechanical force below which the material behaves as a rigid, 
elastic solid, and above which the hydrophobic junction zones fracture, causing the material to 
shear and flow like a liquid93. 
From a consumer and functional perspective, the yield stress governs spreadability and 
suspension dynamics. A meticulously extracted High Methoxyl pectin, with protected molecular 
weight and optimized sucrose concentration, will generate a yield stress high enough to 
suspend heavy fruit particulates uniformly in the jar against the force of gravity, yet low enough 
to shear smoothly under the pressure of a knife without crumbling or weeping syneresis93. 
Utilizing a rheometer, dynamic yield stress is typically quantified via an amplitude sweep, 



measuring the exact stress required to initiate the sharp drop in the elastic modulus93. 

Process Control: Refractometry and Water Activity 
To guarantee that the thermodynamic hurdle of an  near 0.80 is met, and to trigger the 
dehydration mechanisms required for High Methoxyl pectin junction-zone formation, the soluble 
solids must be rigorously quantified during the boiling process1. This is universally executed 
using a refractometer, an optical instrument that measures the refractive index of the syrup, 
translating the optical bending of light into a standard °Brix value96. 
Because refractive index is highly sensitive to the density of the medium, and fluid density is 
inversely proportional to thermal expansion, accurate Brix measurement is strictly 
temperature-dependent96. Refractometers are universally calibrated to a baseline standard of 
20°C98. Attempting to measure boiling jam directly from the kettle introduces massive 
mathematical deviations. At elevated temperatures, the expanded, less-dense fluid bends light 
less severely, resulting in a falsely low Brix reading96. 
Modern digital refractometers employ Automatic Temperature Compensation, utilizing internal 
thermistors and algorithms to mathematically correct the reading back to a 20°C baseline96. 
However, Automatic Temperature Compensation systems are generally bounded between 10°C 
and 30°C100. A sample pulled directly from a 104°C boiling kettle possesses thermal mass far 
exceeding the compensatory limits of the instrument's microprocessors101. Consequently, to 
prevent catastrophic over-boiling—which would irreparably degrade the anthocyanins and 
irreversibly depolymerize the pectin—the manufacturer must rapidly quench a minute sample of 
the jam on a room-temperature optical prism. This allows the sample to equilibrate into the 
compensation system's operational window prior to optical assessment, ensuring a precise 65° 
Brix measurement100. 

Conclusion 
The transformation of raw fruit, water, and sucrose into a shelf-stable, structurally perfect fruit 
preserve represents a masterclass in controlled polymer chemistry and thermodynamics. 
Utilizing locally sourced organic beet sugar from the Berlin agricultural sector mandates careful 
attention to the powerful surfactant properties of inherent triterpenoid saponins. This requires 
deliberate, physical skimming protocols to prevent foam-induced oxidative degradation, 
false-headspace generation, and thermal insulation during pasteurization. 
Simultaneously, the extraction of High Methoxyl pectin from under-ripe regional apples or citrus 
albedo demands rigorous control over acidic parameters. By employing mild organic acids like 
citric acid, manufacturers can successfully liberate the homogalacturonan backbone while 
preserving the critical degree of esterification and Rhamnogalacturonan-I side branches. This 
guarantees synergistic water-binding and yields a robust, high-molecular-weight hydrocolloid 
capable of forming strong junction zones. 
The thermal processing phase must function as a rapid, highly optimized intervention. The boil 
must be brief enough to outpace the exponential kinetics of pectin beta-elimination and 
anthocyanin degradation, yet long enough to facilitate pseudo-first-order sucrose inversion, 
preventing post-production crystallization and generating necessary invert humectants. Finally, 



the successful formulation culminates in the Winter-Chambon sol-gel transition, where the 
strategic manipulation of pH and massive sucrose dehydration forces the pectin polymers into 
an interlocking lattice of hydrophobic junction zones. The mastery of these interconnected 
physical, chemical, and rheological parameters ensures the reliable production of an optimal, 
highly structured gel matrix. 
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