
The Biochemical and Physical 
Chemistry of Cultured Butter and Ghee 
Production: Phase Inversion, 
Clarification, and Oxidative Stability 
The transformation of raw bovine milk into cultured butter, and its subsequent thermal 
clarification into anhydrous milk fat (ghee), represents one of the most intricate series of 
biophysical and biochemical operations in dairy science. Bovine milk is fundamentally a 
polyphasic biological fluid, existing simultaneously as a colloidal dispersion of casein micelles 
and an oil-in-water emulsion in which liquid triglyceride droplets are suspended within an 
aqueous plasma matrix1. The thermodynamic instability of this emulsion is the foundational 
driver of phase separation, but the conversion of this emulsion into a water-in-oil matrix (butter) 
and eventually into a highly stable, 99.5% pure lipid phase (ghee) requires precisely controlled 
mechanical shear, microbial fermentation, and extreme thermal kinetics2. 
This report provides an exhaustive physical, biochemical, and operational analysis of this 
transformation. It delineates the microbial metabolism driving cream ripening, the rheological 
phenomena governing macroscopic phase inversion, the protective denaturation kinetics of 
whey proteins during clarification, the complex Maillard reaction cascade that generates the 
organoleptic profile of ghee, and the thermodynamic kinetics of lipid and cholesterol 
auto-oxidation during extended storage. 

Emulsion Stability and the Milk Fat Globule Membrane 
(MFGM) 
To comprehend the mechanics of churning, one must first rigorously analyze the structural 
barrier that prevents spontaneous phase inversion in raw milk: the Milk Fat Globule Membrane 
(MFGM). The MFGM is a highly complex, 5 to 50-nanometer-thick trilayered structure that coats 
every successfully secreted milk fat globule, physically isolating the hydrophobic triglyceride 
core from the hydrophilic aqueous plasma1. 
During intracellular biogenesis, lipid droplets originate within the endoplasmic reticulum. As they 
bud off, they are coated in an inner monolayer of specific polar lipids and intracellular proteins1. 
These droplets subsequently migrate to the apical pole of the mammary epithelial cell and are 
pushed through the apical plasma membrane, enveloping the droplet in a true, outer cellular 
bilayer1. This trilayered architecture creates a robust physical barrier possessing a highly 
negative zeta potential, which induces electrostatic repulsion and prevents the spontaneous 
coalescence of the droplets while they remain suspended in the milk plasma2. 
Embedded deeply within this intricate phospholipid matrix is a vast array of highly conserved 
transmembrane glycoproteins, peripheral proteins, and numerous active enzymes. Advanced 
proteomic analyses reveal the presence of at least 28 different enzymes within the MFGM, 



including 5'-nucleotidase, gamma-glutamyl transpeptidase, plasmin, and aldolase, which 
collectively dictate the biological and physical resilience of the globule5. 

MFGM Protein Molecular Weight (kDa) Biochemical and 
Structural Function 

Xanthine Oxidase (XO) 155 kDa Structural scaffolding; 
generates antimicrobial 
reactive oxygen species. 
Complexation with BTN 
maintains membrane 
rigidity. 

Butyrophilin (BTN) 67 kDa Transmembrane 
glycoprotein essential for 
lipid droplet secretion. 
Forms a robust structural 
lattice via disulfide bonds 
with XO. 

Lactadherin (PAS 6/7) ~47–53 kDa Peripheral glycoprotein 
providing antiviral activity 
and facilitating apoptotic cell 
clearance. 

Adipophilin 50 kDa Associated primarily with 
the inner monolayer; critical 
for intracellular lipid droplet 
assembly and structural 
stability. 

Table 1: Primary protein constituents of the intact bovine Milk Fat Globule Membrane (MFGM) 
and their respective functions1. 
The physical integrity of this membrane is the primary obstacle to butter production. The 
mechanical disruption of the Butyrophilin-Xanthine Oxidase structural lattice, alongside the 
reduction of the membrane's electrostatic repulsion, is the fundamental biochemical prerequisite 
for phase inversion1. 

Microbial Fermentation and the Biochemistry of 
Cream Ripening 



While sweet cream can be mechanically churned directly into butter, the production of 
traditional, highly prized cultured butter requires a carefully calibrated microbial fermentation 
phase. This ripening process serves a critical dual purpose: it lowers the pH of the plasma to 
biochemically alter the electrostatic stability of the MFGM, and it generates the vital volatile 
carbonyl compounds responsible for the characteristic aroma of cultured butter and downstream 
ghee11. 

Lactic Acid Glycolysis and Zeta Potential Modification 
Fresh, pasteurized cream is inoculated with a mesophilic lactic starter culture, typically a 
precisely controlled biological consortium of Lactococcus lactis subsp. cremoris, Lactococcus 
lactis subsp. lactis biovar. diacetylactis, and Leuconostoc mesenteroides11. As these obligate 
fermenters proliferate at an optimized incubation temperature of approximately 20°C, they 
metabolize available lactose into lactic acid via the homofermentative glycolytic pathway12. 
The continuous accumulation of lactic acid rapidly depresses the pH of the cream from a native 
physiological baseline of 6.7 down to an acidic optimum of 4.4 to 5.011. This acidification 
profoundly impacts the physical chemistry of the emulsion. As the pH approaches the isoelectric 
point of the integral MFGM glycoproteins, the highly protective negative zeta potential of the fat 
globules is effectively neutralized7. The electrostatic repulsion that previously maintained the 
dispersion collapses, allowing the fat globules to flocculate and aggregate. This renders them 
vastly more susceptible to the mechanical shear forces that will be applied during subsequent 
churning17. 

Citrate Metabolism and Diacetyl Synthesis Kinetics 
The signature organoleptic profile of cultured butter—and by extension, the complex flavor 
profile of the resulting ghee—is driven heavily by the microbial synthesis of diacetyl 
(2,3-butanedione)11. Crucially, diacetyl is not a direct byproduct of lactose fermentation; rather, it 
is synthesized via the citrate metabolism pathway uniquely possessed by specific strains, such 
as Lactococcus lactis biovar. diacetylactis15. 
Bovine milk naturally contains a small concentration of citric acid. Citrate-positive bacterial 
strains utilize a specialized, plasmid-encoded citrate permease to transport citrate from the 
plasma into the intracellular matrix, where it is enzymatically cleaved into acetate and 
oxaloacetate15. Through subsequent decarboxylation, oxaloacetate is converted to pyruvate, 

which is further metabolized into -acetolactate. The spontaneous, non-enzymatic oxidative 

decarboxylation of this -acetolactate yields the highly aromatic compound diacetyl15. 
The kinetic efficiency of this specific metabolic pathway is exquisitely sensitive to the thermal 
and chemical environment of the fermentation vat. Advanced research indicates that the 
absolute maximum diacetyl yield (achieving concentrations up to 105 mg/L) is realized at a 
cultivation temperature of exactly 20°C, particularly when the substrate is supplemented with 

trace metal catalysts15. Specifically, the addition of  at 0.001% significantly upregulates 

-acetolactate decarboxylase activity, forcefully driving the reaction toward diacetyl 



accumulation15. Conversely, if the ripening temperature is inadvertently elevated to 30°C, the 
activity of diacetyl reductase increases exponentially, rapidly reducing the highly desirable 
diacetyl into a relatively flavorless compound known as acetoin, thereby permanently impairing 
the sensory quality and commercial value of the butter15. 

Thermal Tempering and Triglyceride Crystallization 
Concurrent with the microbial fermentation phase, the cream must undergo precise thermal 
tempering to induce partial fat crystallization. Bovine milk fat is an exceptionally complex and 
heterogeneous lipid matrix, comprising well over 3,000 distinct triacylglycerol (TAG) species20. 
Because of this immense molecular diversity, milk fat does not possess a single, discrete 
melting point; rather, it melts over a broad thermodynamic continuum ranging from -40°C to 
+40°C21. 

Solid Fat Content (SFC) Optimization 
For the mechanical process of churning to succeed, the liquid cream must be engineered to 
possess a highly specific Solid Fat Content (SFC)—typically stabilized between 30% and 40% 
prior to entering the churn11. If the SFC is too low, the fat remains excessively liquid and fails to 
retain the air necessary for foam formation, resulting in massive fat losses into the buttermilk11. 
Conversely, if the SFC is too high due to over-chilling, the fat globules become rigid, brittle 
spheres that refuse to coalesce under mechanical shear, yielding a crumbly, unworkable 
product11. 

Crystal Polymorphism and Sub-cell Packing 
Milk fat exhibits profound crystal polymorphism, meaning the constituent triglycerides can pack 
into several entirely different crystalline lattices depending strictly on the thermal history and 
specific cooling rate applied to the fluid22. Detailed analyses utilizing Differential Scanning 
Calorimetry (DSC) and Real-Time X-Ray Powder Diffraction (XRD) have confirmed that the 
three primary polymorphic forms of milk fat, classified in order of increasing thermodynamic 

stability and crystalline density, are the , , and  modifications22. 

Polymorphic 
Modification 

Sub-cell Lattice 
Packing 

Thermodynamic 
Stability 

Primary 
Triglyceride 
Drivers and 
Formation 
Conditions 

 (Alpha) 
Hexagonal Lowest (Metastable) Formed during rapid 

quenching or 
extreme cooling 
rates. Driven by 
high concentrations 
of saturated TAGs 
with carbon 



numbers (CN) 
34-38. 

 (Beta-prime) 
Orthorhombic Intermediate Formed during 

controlled, gradual 
tempering. 
Essential for optimal 
butter texture, 
spreadability, and 
structural 
puncturing of the 
MFGM. 

 (Beta) 
Triclinic Highest (Most 

Stable) 
Formed during 
prolonged storage 
or slow maturation. 
Favored by 
unsaturated TAGs 
with carbon 
numbers (CN) 
52-54. 

Table 2: Polymorphic crystal modifications of bovine milk fat and their corresponding 
thermodynamic properties20. 
During the precise tempering protocol, the pasteurized, inoculated cream is rapidly cooled to 
approximately 8°C. This rapid thermal drop forces the spontaneous nucleation of the unstable 

-crystals24. Following this initial shock, the temperature is gently raised to roughly 20°C to 
melt the lowest-melting fractions, and then slowly cooled again to 15°C27. This specific 
temperature cycling deliberately forces a polymorphic transition, driving the fat from the 

metastable -form into the highly desired, intermediate -form23. 

The resulting  crystals form a delicate, needle-like internal network that protrudes outward 
toward the periphery of the fat globule. During the subsequent churning process, these sharp, 

dense  crystals physically puncture the MFGM from the inside out. This internal structural 
failure provides a critical mechanical catalyst for membrane rupture, allowing the entrapped, 
sticky liquid fat to exude from the globule and cement adjacent droplets together11. 

The Fluid Dynamics and Mechanics of Phase 



Inversion 
The physical transformation of fluid cream into solid butter represents the macroscopic 
manifestation of extreme microscopic emulsion destabilization. Contemporary physical 
chemistry relies on a multidisciplinary synthesis of several historical models to explain the exact 
mechanics of this phase inversion, moving past overly simplistic models to embrace complex 
fluid dynamics17. 

Historical and Contemporary Churning Theories 
Early scientific attempts to explain the churning process, such as the theory proposed by Fisher 
and Hooker, posited a simple, direct reversal. They argued that cream is naturally an oil-in-water 
(O/W) emulsion and that the mechanical agitation of churning simply reverses this arrangement 
entirely, converting it into a water-in-oil (W/O) emulsion18. However, advanced microscopic 
studies demonstrated that finished butter still contains millions of fully intact fat globules 
suspended within the free fat matrix, proving that the phase reversal is not absolute, rendering 
the Fisher and Hooker model incomplete18. 
Subsequently, Rahn proposed the Foam Theory, which argued that agitation creates a massive 
foam structure by incorporating air into the fluid. Due to intense surface tension dynamics, the 
discrete milk fat globules rapidly migrate to the air-water interfaces of these newly formed air 
bubbles, concentrating the fat and forcing the globules into proximity18. 
Contemporary dairy science relies on King’s Modern Theory, which builds upon Rahn’s 
foundation by incorporating the mechanical destruction of the MFGM. According to King, as the 
agitation persists, the fat globules concentrated in the foam are forced into violent, high-velocity 
collisions17. 

Churning Theory Primary 
Proponents 

Core Mechanistic 
Argument 

Limitations in 
Modern Context 

Phase Reversal Fisher & Hooker Agitation directly 
forces an absolute 
flip from an O/W 
emulsion to a W/O 
emulsion. 

Fails to account for 
the millions of intact 
fat globules proven 
to remain 
suspended in 
finished butter. 

Foam Theory Rahn Air incorporation 
creates a foam; 
surface tension 
draws fat globules 
to the air-plasma 
interface where they 
crowd and merge. 

Incomplete; does 
not fully explain the 
precise mechanism 
of membrane 
rupture required for 
coalescence. 



Modern Synthesis King Foam concentrates 
globules, but 
intense mechanical 
shear and friction 
actively tear the 
MFGM. Liquid fat 
leaks out, acts as a 
foam depressant, 
and cements the 
mass together. 

Currently accepted 
as the most 
accurate 
biophysical model 
of phase inversion. 

Table 3: The evolution of biophysical theories explaining the mechanics of cream churning17. 

Macroscopic Coalescence and Foam Collapse 
The hydrodynamic shear stress generated by the churn's dashers, combined with the extreme 

pressure exerted at the air-plasma interface and the internal puncturing action of the  fat 
crystals, subjects the MFGM to catastrophic physical strain2. The delicate intermolecular 
disulfide bonds holding the Butyrophilin and Xanthine Oxidase complex together are 
mechanically severed, and the phospholipid bilayer is physically ripped apart, stripping the 
protective membrane away from the hydrophobic core1. 
Upon the complete rupture of the MFGM, the liquid triglyceride fraction—which was carefully 
preserved through meticulous temperature control during the tempering phase—leaks out of the 
globule. This highly viscous, sticky liquid fat spreads as a thin film over the surface of the air 
bubbles18. In fluid dynamics, this free lipid acts as a profound chemical foam depressant18. 
As the free fat rapidly extinguishes the surface tension supporting the foam, the air bubbles 
burst, and the foam structure undergoes a sudden, violent, and macroscopic collapse. The 
localized fat clusters, now completely lacking electrostatic repulsion and heavily coated in 
adhesive liquid fat, instantly coalesce into massive, macroscopic agglomerations known 
universally as butter grains2. 
This precise, visually distinct moment represents the phase inversion. The system transitions 
instantaneously from an oil-in-water emulsion (fat suspended in plasma) to a true water-in-oil 
emulsion (aqueous droplets permanently trapped within a continuous matrix of solid and liquid 
fat)2. The expelled aqueous phase, containing the sheared remnants of the MFGM (including 
high concentrations of polar lipids and glycoproteins), unfermented lactose, and whey proteins, 
drains away as buttermilk5. 

Buttermilk Washing and Hydrolytic Rancidity 
Mitigation 
Following phase inversion, the residual buttermilk entrapped within the newly formed butter 
grains must be systematically expelled through a careful process of washing and mechanical 



working. Chilled break water—strictly calculated to generally not exceed 25% of the total cream 
volume—is introduced into the churn to rapidly harden the butter grains and flush out the 
residual aqueous plasma18. 
The biochemical imperative for thorough washing is the absolute removal of residual lactose 
and non-fat proteins. The continued presence of these hydrophilic, nutrient-dense compounds 
within the final butter matrix creates a highly hospitable microenvironment for aggressive 
bacterial spoilage30. 

The Threat of Psychrotrophic Lipolysis 
The most critical and devastating microbiological threat to cultured butter is the proliferation of 
Pseudomonas fluorescens and allied gram-negative psychrotrophs (such as Alcaligenes and 
Flavobacterium species)31. While the vegetative cells of these specific bacteria are typically 
destroyed by initial pasteurization, post-processing contamination or the prolonged survival of 
their metabolic byproducts poses a catastrophic risk to lipid stability during storage30. 
Pseudomonas species that have adapted to cold environments possess a dangerous 
evolutionary advantage: they synthesize massive quantities of extracellular lipases and 
proteases at refrigeration temperatures31. Crucially, the specific lipases produced by P. 
fluorescens are exceptionally heat-stable30. These extracellular enzymes easily survive 
standard pasteurization and even ultra-high-temperature (UHT) protocols that obliterate the 
bacteria that produced them30. 
If these resilient lipases are allowed to persist in the aqueous pockets of the butter, they will 
aggressively hydrolyze the ester bonds of the triglycerides at the oil-water interface, 
preferentially cleaving short-chain fatty acids from the glycerol backbone33. The resulting 
liberation of free butyric, caproic, and caprylic acids imparts severe hydrolytic rancidity to the 
butter, characterized by intensely soapy, bitter, and vomit-like organoleptic defects that render 
the fat entirely unfit for human consumption or downstream conversion into ghee8. 
Consequently, meticulous washing and aggressive mechanical working of the butter is required 
to minimize the total volume of the aqueous phase and distribute it as microscopic droplets 

(typically less than 5  in diameter). This microscopic compartmentalization physically 
restricts bacterial mobility and severely limits enzymatic access to the triglyceride interface, 
extending the shelf life of the butter27. 

Thermal Clarification: The Conversion of Butter into 
Ghee 
While cultured butter is a stabilized emulsion, it remains inherently susceptible to microbiological 
spoilage and enzymatic degradation due to its ~16% moisture content. The conversion of butter 
into ghee (anhydrous milk fat) via thermal clarification removes this moisture entirely, halting all 
microbial activity and initiating a cascade of complex, heat-driven biochemical reactions that 
radically extend the shelf life and alter the flavor profile of the lipid3. 

Thermodynamics of Moisture Evaporation and Protein Coagulation 
The clarification process requires heating the cultured butter in a specialized, steam-jacketed 



boiler to temperatures reaching between 110°C and 120°C37. As the thermal energy of the 
system increases, the entrapped water reaches its boiling point, generating intense physical 
effervescence and foaming at the surface. Simultaneously, the residual solids-not-fat 
(SNF)—comprising primarily casein proteins, native whey proteins, and unfermented 
lactose—begin to chemically coagulate under the extreme heat39. 
As the temperature rapidly breaches 100°C, the water is forcefully driven off as steam. The 
violent boiling of the dispersed aqueous phase forces the coagulated SNF particles to 
agglomerate, eventually settling at the bottom of the vessel as a dense, dark mass known 
universally in the industry as ghee residue37. The precise endpoint of clarification is dictated 
visually and audibly by the complete cessation of effervescence and the profound browning of 
the curd particles, signalling that the moisture content of the lipid has safely fallen below 0.3%39. 

Whey Protein Denaturation and Sulfhydryl Release 
A critical, yet historically underappreciated, biochemical phenomenon occurring during 

clarification is the severe thermal denaturation of residual whey proteins, most notably 

-lactoglobulin41. -lactoglobulin is a globular protein containing buried cysteine residues that 
possess highly reactive free sulfhydryl (-SH) groups43. 

As the clarification temperature exceeds 60°C, the tertiary structure of the -lactoglobulin 
molecule begins to unfold42. By the time the overall temperature of the fat reaches 110°C, the 
protein undergoes massive, irreversible thermal denaturation. This unfolding physically exposes 
the previously shielded sulfhydryl groups directly to the surrounding hot lipid matrix42. 
The liberation of these sulfhydryl compounds is profoundly beneficial to the chemical longevity 
of the ghee. These exposed -SH groups function as potent, natural, sacrificial antioxidants. By 
preferentially reacting with dissolved molecular oxygen and rapidly sequestering free radicals 

within the fluid, the sulfhydryl compounds derived from the denatured -lactoglobulin drastically 
retard the initiation phase of lipid auto-oxidation, granting high-heat clarified ghee its legendary, 
extended oxidative stability41. 

The Maillard Reaction Cascade in Clarified Butter 
The signature nutty, caramelized, and intensely savory flavor profile of traditional ghee is not 
derived from the pure lipids themselves, but rather from the severe thermal degradation of the 
trace carbohydrates and proteins trapped in the sinking ghee residue. This entire organoleptic 
transformation is governed strictly by the Maillard reaction, a highly complex, multi-stage 
non-enzymatic browning cascade44. 

The Early and Intermediate Stages: Amadori Rearrangement and 
Enolization 
The Maillard reaction initiates rapidly when the electrophilic carbonyl group of a reducing sugar 
(typically residual lactose, or its cleaved monomers glucose and galactose) undergoes 

nucleophilic attack by the free -amino group of a protein-bound amino acid, most notably 



lysine47. This condensation reaction immediately forms an unstable Schiff base, which quickly 
undergoes an Amadori rearrangement to form a stable ketoamine50. In dairy systems subjected 
to heat, the primary Amadori product generated is lactulosyl-lysine (or fructosyl-lysine)48. 
Because the Amadori compounds themselves are entirely colorless and flavorless, they must 
degrade further to generate the desirable organoleptic properties of ghee46. The specific 
degradation pathway these compounds follow is dictated entirely by the pH of the surrounding 
microenvironment50. 
Because the butter was cultured and heavily acidified by Lactococcus lactis prior to churning, 
the pH during clarification is relatively low (acidic). Under acidic conditions, the Amadori 
products are forced to undergo 1,2-enolization50. This specific dehydration pathway rapidly 
yields 3-deoxyosones, which are subsequently converted into highly reactive intermediates such 
as 5-hydroxymethylfurfural (HMF) and furfural50. (Conversely, had sweet, uncultured cream 
been utilized, the neutral pH would have heavily favored 2,3-enolization, leading to a vastly 
different profile of 1-deoxyosones and reductones, ultimately resulting in an inferior flavor 
complexity51). 

Maillard Stage Chemical 
Mechanism 

Primary 
Intermediate/Analy
tical Marker 

Visual and 
Organoleptic 
Impact 

Early Condensation & 
Amadori 
Rearrangement 

Lactulosyl-lysine; 
Furosine 
(Quantified via 
HPLC) 

Odorless, colorless. 
Reduces the 
nutritional 
bioavailability of 
lysine. 

Intermediate 1,2-Enolization 
(Dictated by the 
acidic pH of 
cultured butter) 

3-Deoxyglucosone; 
5-Hydroxymethylfurf
ural (HMF) 

Precursors to 
aroma formation; 
slight yellowing of 
the residue. 

Advanced Strecker 
Degradation, Aldol 
Condensation, 
Polymerization 

Carboxymethyl-lysin
e (CML); 
Melanoidins; 
Pyrazines 

Intense browning; 
generation of 
roasted, nutty, and 
highly savory 
aromas. 

Table 4: The sequential Maillard reaction cascade occurring during the thermal clarification of 
cultured butter into ghee46. 

The Advanced Stage: Melanoidins, AGEs, and Flavor Chemistry 



As clarification continues and the temperature holds at 120°C, the reaction enters the advanced 
stage. Here, the intermediate dicarbonyls undergo Strecker degradation by reacting with free 
amino acids, releasing volatile Strecker aldehydes and generating a massive, highly aromatic 
array of heterocyclic volatile compounds47. 
Gas Chromatography-Mass Spectrometry (GC-MS) profiling of high-quality ghee reveals an 
incredibly dense concentration of pyrazines (yielding roasted, nutty notes), furans (yielding 

sweet, caramel notes), and various highly specific lactones54. Specifically, the synthesis of 

-decalactone and -dodecalactone during this phase imparts the heavy, fatty, and 
characteristic peach-like sweet notes that define premium artisanal ghee58. 
Simultaneously, the chemical reaction terminates in the widespread polymerization of 
melanoidins—large, nitrogen-rich brown polymers that settle heavily into the ghee residue and 
impart the rich golden hue to the liquid fat above47. Advanced Glycation End-products (AGEs), 

such as N- -(carboxymethyl)lysine (CML) and N- -(carboxyethyl)lysine (CEL), are also formed 
via the oxidative cleavage of the early Amadori products51. 
The exact extent of this thermal damage is closely monitored in modern dairy science. The 
early-stage marker, lactulosyl-lysine, is indirectly quantified by measuring its acid-hydrolysis 
product, Furosine, using reversed-phase High-Performance Liquid Chromatography (HPLC) 
coupled with fluorescence detection48. Concurrently, CML serves as an excellent analytical 
marker for advanced thermal processing severity48. While a controlled Maillard reaction is 
essential for flavor, extreme accumulation of AGEs resulting from excessive temperature abuse 
(>150°C) can severely diminish the nutritional quality of the fat and block lysine bioavailability48. 

Kinetics of Lipid Auto-Oxidation and Cholesterol 
Degradation 
Despite the complete expulsion of moisture and the generation of highly protective sulfhydryl 
groups and antioxidant melanoidins during clarification, ghee remains a lipid and is therefore 
susceptible to long-term chemical degradation during ambient storage. The primary 
mechanisms of shelf-life failure in anhydrous milk fat are lipid auto-oxidation and cholesterol 
oxidation3. 

Arrhenius Kinetics of Lipid Auto-Oxidation 
The thermodynamic degradation of the polyunsaturated and monounsaturated fatty acids within 
the ghee matrix follows a classical free-radical chain reaction, comprising distinct initiation, 
propagation, and termination phases65. 
This auto-oxidation process is mathematically modeled using Arrhenius reaction kinetics, where 

the reaction rate constant ( ) scales exponentially with the absolute temperature of the 

environment. During the highly destructive propagation phase, lipid radicals ( ) react rapidly 

with dissolved molecular oxygen to form peroxyl radicals ( ). These peroxyl radicals 



then aggressively abstract hydrogen from adjacent, intact lipids to form hydroperoxides (

)65. Hydroperoxides are the primary, yet chemically unstable, products of oxidation, 
and their accumulation is typically quantified via the Peroxide Value (PV) iodometric assay8. 
As the oxidation reaction progresses over months of storage, these hydroperoxides undergo 
homolytic cleavage to generate secondary, highly volatile oxidation products. The most notable 
of these is hexanal, a short-chain aldehyde which imparts the characteristic rancid, 
cardboard-like off-flavors to degraded ghee65. Advanced studies characterizing the 

thermodynamic parameters of milk fat oxidation report activation energies ( ) ranging widely 
from 80 to 154 kJ/mol67. The exact activation energy depends heavily on the ratio of saturated 
to unsaturated fatty acids in the specific batch of milk, as well as the initial concentration of 

inherent antioxidants (such as the denatured -lactoglobulin sulfhydryls and naturally occurring 

-tocopherol)45. To artificially elevate this activation energy and extend the Oxidative Stability 
Index (OSI), contemporary research has successfully explored the addition of natural 
polyphenol-rich herb extracts, such as orange peel powder or Aegle marmelos, which forcefully 
scavenge the DPPH radicals before they can propagate the chain reaction9. 

Cholesterol Oxidation Products (COPs) 
Bovine milk fat naturally contains significant quantities of cholesterol, an unsaturated sterol 
integral to animal cell membranes. When ghee is subjected to extreme thermal stress (such as 
during deep-fat frying) or prolonged aerobic storage, the cholesterol fraction undergoes severe 
oxidative degradation, yielding highly toxic Cholesterol Oxidation Products (COPs)71. 
The auto-oxidation of cholesterol initiates primarily at the C-7 position via targeted hydrogen 
abstraction, followed immediately by oxygen addition to form 7$\alpha$-hydroperoxycholesterol 
and 7$\beta$-hydroperoxycholesterol72. As heating continues, these volatile hydroperoxides 
readily undergo dehydration to form 7-ketocholesterol, which serves as the predominant and 
most heavily monitored COP marker in thermally abused dairy fats72. 
Crucially, the kinetics of COP formation are heavily temperature-dependent. Clarifying ghee at 
the traditional optimum of 110°C to 120°C generally minimizes cholesterol oxidation73. However, 
elevating the clarification or frying temperature beyond the critical threshold of 150°C triggers a 

massive, exponential surge in the formation of 7-ketocholesterol, -epoxides, and 
25-hydroxycholesterol75. Because COPs are heavily implicated in advanced atherogenesis, 
cytotoxicity, and neurodegenerative pathologies, precise thermal management during the final 
boiling stage of ghee is an absolute necessity to ensure both organoleptic quality and human 
food safety72. 

Industrial vs. Artisanal Methodologies: Process 
Engineering 
The biochemical and biophysical principles outlined above are universally applicable to the 
transformation of milk into ghee. However, the specific engineering methodologies utilized to 



extract the fat and apply the heat profoundly alter the thermodynamic efficiency, yield, and final 
chemical profile of the product. The global dairy industry recognizes several distinct processing 
methodologies, ranging from ancient artisanal techniques to modern, highly optimized 
continuous fluid dynamics systems40. 

The Indigenous (Bilona/Desi) Method 
The traditional, artisanal method involves the fermentation of whole milk (or raw, clotted cream) 
into a solid curd (dahi), which is subsequently hand-churned in a wooden vessel (bilona)40. The 
resulting butter (makkhan) is then heated over an open, smoky fire. 
While highly inefficient from an industrial standpoint—suffering from severe fat loss into the 
massive volume of buttermilk generated (recovering only 80-85% of available lipids)—the Bilona 
method is deeply revered for yielding a product with an unmatched sensory profile40. The 
prolonged fermentation of the entire whole milk matrix maximizes diacetyl and short-chain fatty 
acid development, while the unique inclusion of massive amounts of lactic acid bacteria directly 
into the boiling vessel vastly enhances the complexity of the final Maillard reaction40. 
Furthermore, proponents correctly note that the gentle, low-shear traditional method fractionally 
preserves slightly higher concentrations of bioactive conjugated linoleic acid (CLA) and 
essential fatty acids compared to the violent hydrodynamic forces of centrifugal extraction80. 

Pre-Stratification and Creamery Butter Methods 
To achieve massive industrial scale, modern manufacturers typically utilize the Creamery 
Butter Method. Here, cream is centrifugally separated from the milk, pasteurized, culturally 
ripened, mechanically churned in continuous high-speed Fritz-style churns, and then melted and 
pumped into massive steam-jacketed kettles for boiling17. While highly scalable and yielding a 
respectable 88-92% fat recovery, the extensive frothing during the boiling of the 16% moisture 
butter requires careful thermal management to prevent boil-over40. 
To drastically reduce fuel consumption and limit the exposure of the fat to prolonged heat, dairy 
engineers developed the Pre-Stratification Method. In this highly efficient protocol, the butter is 
melted at roughly 80°C and held completely undisturbed in a specialized settling tank78. Over 
several hours, the density differentials cause the emulsion to physically stratify into three distinct 
layers: denatured proteins float to the top, pure liquid fat settles in the middle, and the heavy, 
acidic buttermilk serum sinks to the bottom82. By mechanically draining the bottom serum layer 
prior to boiling, up to 50% of the moisture is removed without the application of high heat. The 
remaining fat is then boiled briefly at 110°C to induce the required Maillard browning40. This 
minimizes the formation of Free Fatty Acids (FFAs), significantly extending the oxidative shelf 
life of the resulting ghee while saving up to 45% in energy costs40. 

Continuous Ghee Manufacture and Scraped Surface Heat Exchangers 
(SSHE) 
For ultra-high-volume industrial operations, batch boiling in open kettles has been superseded 
by fully continuous, closed-loop systems designed to maximize thermodynamic efficiency77. In 
the modern continuous method, raw cream is subjected to extreme centrifugal force in a 
clarifixator or centrifixator, which mechanically obliterates the MFGM and breaks the emulsion 



without a traditional churning step, concentrating the fat directly to 95-99%77. 
The nearly pure lipid is then pumped directly into a Scraped Surface Heat Exchanger (SSHE). 
The SSHE consists of a steam-jacketed cylinder housing a rapidly rotating central shaft fitted 
with razor-sharp scraper blades83. As the highly viscous fat is pumped through the cylinder, the 
blades continuously wipe the heated inner wall85. 

Ghee Production 
Method 

Fat Recovery 
Efficiency 

Energy Profile & 
Thermodynamics 

Unique 
Chemical/Sensory 
Implications 

Indigenous 
(Bilona) 

Lowest (80–85%) Highly inefficient; 
requires prolonged 
boiling of massive 
volumes of water. 

Superior flavor 
complexity due to 
heavy lactic acid 
bacteria inclusion in 
the Maillard 
reaction. High CLA 
retention. 

Creamery Butter High (88–92%) Moderate energy 
use; scalable batch 
process. 

Standardized flavor; 
highly consistent 
output for 
commercial retail. 

Pre-Stratification High (~92%) High efficiency; 
saves 35-50% 
thermal energy by 
gravitationally 
draining serum prior 
to boiling. 

Low FFA 
development yields 
exceptional 
oxidative shelf life. 
Flavor is notably 
milder. 

Continuous 
(SSHE) 

Highest (>95%) Maximum 
efficiency; lowest 
specific exergy 
destruction. 

Prevents burn-on 
entirely. Excellent 
preservation of 
heat-labile vitamins 
due to rapid 
residence time. 

Table 5: Comparison of operational efficiencies and chemical outcomes across ghee production 
methodologies40. 
This continuous mechanical scraping disrupts the static thermal boundary layer that would 



normally insulate the fluid, ensuring an exceptionally high and uniform overall heat transfer 

coefficient (achieving -values up to 1600 W/ K)85. The fat is flash-heated to 115°C in a 
matter of seconds, inducing the requisite Maillard browning and moisture evaporation 
instantly77. Because the residence time at high heat is reduced from hours (in an open pan) to 
mere seconds, the SSHE completely eliminates burn-on, totally prevents the formation of toxic 
cholesterol oxidation products (COPs), and highly preserves the delicate, heat-labile fat-soluble 
vitamins (A, D, E, and K) while achieving an overall exergy efficiency of 26.8%77. 

Conclusion 
The production of cultured butter and shelf-stable ghee is a profound triumph of applied 
biophysics, fluid mechanics, and food chemistry. The process requires a multidisciplinary 
orchestration of microscopic variables: the precise biological manipulation of the Lactococcus 
citrate metabolism to generate diacetyl, the exact thermodynamic tempering of complex 

triglyceride polymorphism to yield the critical  crystals, and the violent hydrodynamic shear 
required to rupture the highly conserved Butyrophilin-Xanthine Oxidase architecture of the 
MFGM. 
Once macroscopic phase inversion is achieved, meticulous washing is required to starve out 
psychrotrophic Pseudomonas lipases, ensuring the triglyceride ester bonds remain intact. 
Finally, the thermal clarification of the butter into ghee perfectly balances the destructive and 
protective forces of extreme heat. By carefully driving the temperature to 115°C, manufacturers 
deliberately induce the 1,2-enolization Maillard cascade to build complex pyrazine and lactone 

flavor profiles, while simultaneously denaturing -lactoglobulin to release highly protective, 
antioxidant sulfhydryl groups into the matrix. However, strict engineering controls—best realized 
through the highly efficient thermodynamics of modern Scraped Surface Heat 
Exchangers—must be maintained to prevent the reaction from proceeding into severe 
cholesterol oxidation. The resulting anhydrous milk fat stands as a highly stable, 
microbiologically secure, and biochemically complex lipid matrix, perfectly engineered for 
long-term ambient stability. 
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