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Abstract

Dromedary camel (Camelus dromedarius) milk is increasingly recognized as a valuable livestock-de-

rived food with particular relevance to arid and semi-arid production systems. Beyond its nutritional im-

portance, its distinctive protein organization, fat-globule characteristics, mineral equilibrium and bioac-

tive components confer techno-functional properties that differ substantially from those of bovine milk.

These same structural features, however, impose important constraints on conventional dairy process-

ing. This review critically synthesizes the supplied literature on the composition, physicochemical char-

acteristics, techno-functional behaviour and processing constraints of camel milk, with particular em-

phasis on thermal treatment, fermentation, coagulation, yogurt, cheese and butter manufacture.

Although the gross composition of camel milk falls broadly within the nutritional range of other mam-

malian milks, differences in casein distribution, whey-protein composition, casein-micelle structure, fat-

globule characteristics and mineral balance influence heat stability, acidification kinetics, gel formation,

rennet action, curd strength, fat separation and product yield. Consequently, processing conditions de-

veloped for bovine milk cannot always be directly transferred to camel milk. The available evidence in-

dicates that successful product development requires product-specific optimization that accounts for

raw-milk variability, animal and environmental factors, heat history, starter-culture performance, min-

eral equilibrium, enzyme activity and mechanical processing conditions. An emerging opportunity is the

integration of sensor-based monitoring, automated process control, artificial intelligence and data-

driven approaches into camel-dairy processing. Such technologies could support real-time monitoring

and predictive control of critical processing variables, although camel-milk-specific automation remains

an evolving research area rather than an established industrial standard. Future research should therefore

integrate molecular characterization, standardized process indicators, pilot-scale validation, digital

process monitoring and techno-economic assessment to enable the development of safe, consistent,

scalable and commercially viable camel-dairy products.

Keywords: Camelus dromedarius, Camel milk, Milk composition, Techno-functional properties,

Thermal stability, Fermentation, Yogurt, Cheese, Butter, Processing constraints, Process automation

Introduction

Camels have historically played an important role in food security and rural livelihoods in regions where

high ambient temperatures, water scarcity and limited forage availability constrain conventional livestock

production. In such environments, camel husbandry represents an adaptive livestock system capable of sus-

taining food production under conditions that are often unfavourable for other dairy species. Camel milk has

traditionally been consumed fresh or following fermentation, whereas large-scale collection, refrigeration

and standardized processing have developed more slowly because of infrastructural, technological and geo-

graphical limitations. Increasing interest in camel milk is therefore associated not only with its nutritional

and functional attributes but also with its potential contribution to resilient livestock and food systems in arid

and semi-arid regions (FAO, 2020; Faye, 2016; Konuspayeva et al., 2021) 
[2, 1, 3]

.

Two principal domestic camel species are recognized: the one-humped dromedary, Camelus dromedarius,

and the two-humped Bactrian camel, Camelus bactrianus. The supplied literature emphasizes the predomi-

nance of dromedaries in global camel populations and their long history of domestication and utilization in

arid environments (Ali et al., 2019; Almathen et al., 2016; Burger, 2016; Trinks et al., 2012) 
[4, 5, 6, 7]

.

Importantly, camel milk is not a chemically invariant raw material. Its composition and technological behav-

iour can vary with breed or population, stage of lactation, geographical conditions, feeding regime, water

availability, animal health and management practices. Such variability has direct implications for down
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stream processing and indicates that camel milk should be considered

a dynamic biological raw material rather than a standardized

commodity.

From a technological perspective, the central question is therefore not

simply how camel milk compares with bovine milk in terms of gross

chemical composition, but how its molecular organization governs its

behaviour during processing. Camel milk possesses a distinctive pro-

tein system characterized by differences in casein distribution and mi-

cellar structure, relatively low κ-casein, and the natural absence of β-

lactoglobulin. Its fat phase is also characterized by relatively small

globules and a distinctive milk-fat-globule membrane. In addition, an-

timicrobial proteins and differences in mineral equilibrium contribute

to its distinctive physicochemical behaviour. Collectively, these char-

acteristics influence protein denaturation, heat stability, acidification,

gel formation, rennet coagulation and fat separation, thereby affecting

the technological performance of camel milk in fermented and non-

fermented dairy products (Al haj et al., 2010; Hailu et al., 2016b;

Hinz et al., 2012; Yang et al., 2013) 
[8, 9, 10, 11]

.

These compositional and structural differences help explain why tech-

nologies developed primarily for bovine milk cannot always be trans-

ferred directly to camel milk. The difficulty is particularly evident in

products in which protein interactions and phase separation determine

final quality. During yogurt manufacture, differences in acidification

behaviour and gel development can result in weak or heterogeneous

structures. During cheese manufacture, the characteristics of casein

micelles, lower relative κ-casein content and altered mineral-protein

interactions can contribute to prolonged coagulation, weak curd for-

mation and reduced processing efficiency. Similarly, the distinctive

physical and thermal behaviour of camel-milk fat can complicate

cream separation, churning and butter formation. Thermal treatment

presents another important challenge because the response of camel-

milk proteins and indigenous enzymes may differ from that of bovine

milk, making direct application of conventional processing indicators

potentially inappropriate.

Accordingly, the processing of camel milk should be viewed as an in-

terconnected structure–function–process system. Raw-milk composi-

tion determines molecular organization; molecular organization influ-

ences the response to thermal, enzymatic, fermentative and mechani-

cal treatments; and these responses ultimately determine product

quality, yield and process efficiency. This perspective is particularly

important for the development of value-added camel-dairy products

because optimization of an individual processing step may not be suf-

ficient when upstream milk variability strongly influences down-

stream behaviour. An additional emerging dimension is the applica-

tion of process automation and digital technologies to camel-dairy

processing. Advances in sensors, automated process control, Internet

of Things connectivity, artificial intelligence and machine learning

provide opportunities for continuous monitoring of variables such as

temperature, pH, acidity, flow, pressure, fermentation progress and

coagulation behaviour. For camel milk, such technologies could be

particularly relevant because raw-milk variability and species-specific

processing responses may make fixed processing recipes less reliable.

Real-time measurements could ultimately be linked with predictive

models to support adaptive control of heating, fermentation, coagula-

tion and fat separation. However, camel-milk-specific automation is

still an emerging research direction, and its successful implementation

will require validated datasets, reliable process indicators and pilot-

scale evidence before advanced artificial-intelligence or robotic sys-

tems can be considered industrially robust.

The objective of this review is therefore to provide a processing-ori-

ented synthesis of the available evidence on camel milk while retain-

ing the established scientific framework of composition, physico-

chemical behaviour and techno-functional properties. Particular atten-

tion is given to the relationship between milk structure and processing

response, including thermal treatment, fermentation and yogurt manu-

facture, coagulation and cheese production, and butter manufacture.

The review further identifies the major technological bottlenecks and

considers how sensor-based monitoring, automated control and data-

driven processing could provide future opportunities for improving

consistency, reproducibility and scalability. Rather than treating auto-

mation as a replacement for established dairy-processing knowledge,

the review positions it as an emerging tool that can become effective

only when camel-milk-specific structure–function relationships and

critical process indicators are adequately understood.

2. Chemical composition of Camelus dromedarius

milk

2.1 Major constituents

The gross composition of Camelus dromedarius milk is broadly com-

parable to that of bovine milk; however, substantial inter-study vari-

ability has been reported in the concentrations of its principal con-

stituents. Water generally accounts for approximately 87–89% of the

milk, whereas protein, fat, lactose, minerals, and total solids vary with

breed, season, stage of lactation, hydration status, feed availability,

animal health, and production environment. Such variability should

not necessarily be interpreted as analytical inconsistency, as it can re-

flect genuine biological and environmental differences among pro-

duction systems (Konuspayeva et al., 2009; Al haj et al., 2010; Ereifej

et al., 2011) 
[12, 8, 13]

. From a processing perspective, this composi-

tional variability represents a major source of uncertainty because

changes in protein, mineral, and total-solids concentrations can di-

rectly modify thermal stability, fermentation kinetics, coagulation be-

havior, and product yield.

Protein is one of the most technologically consequential constituents

of camel milk. Reported protein concentrations are generally close to

3%, with caseins representing the predominant fraction and whey pro-

teins accounting for the remainder. However, the distribution and

structural characteristics of these proteins differ from those of bovine

milk. Camel milk contains α-, β-, and κ-caseins, but their relative

abundance and molecular organization differ from the bovine system.

These differences are particularly important because casein micelles

determine acid and rennet coagulation, whereas whey proteins con-

tribute substantially to heat-induced denaturation, aggregation, water

binding, and interfacial phenomena (Rafiq et al., 2016; Hinz et al.,

2012; Omar et al., 2016) 
[14, 10, 15]

.

The comparatively lower abundance of κ-casein is of particular tech-

nological significance. κ-Casein contributes to the stabilization of ca-

sein micelles and represents a key substrate during enzymatic coagu-

lation. Camel casein micelles have also been reported to be larger

than those of bovine milk, although their reported dimensions vary

according to analytical technique and experimental conditions (Hailu

et al., 2016a; Barłowska et al., 2011) 
[17, 16]

. These structural charac-

teristics provide a mechanistic basis for the prolonged coagulation

times and weaker curd formation frequently observed during camel-

milk cheese manufacture.

The whey-protein fraction includes α-lactalbumin, serum albumin,

lactoferrin, immunoglobulins, and other proteins with biological and

protective functions. A notable compositional characteristic is the re-

ported absence of β-lactoglobulin, the major whey protein in bovine

milk (El-Agamy, 2009; Omar et al., 2016) 
[18, 15]

. This distinction is

relevant to the allergenicity profile and thermal behavior of camel

milk, although nutritional or clinical benefits should be interpreted

cautiously and restricted to outcomes supported by appropriate exper-

imental or clinical evidence (Arain et al., 2022) 
[19]

. More impor-

tantly from a processing perspective, the distinctive whey-protein sys-

tem contributes to the different response of camel milk to heating and

subsequent gel formation.

2.2 Lactose, fat, and total solids

Lactose concentrations reported for camel milk generally range from

approximately 3.3 to 5.4%, although substantial variation occurs

among geographical regions, seasons, animals, and production sys-

tems. Hydration status can further influence the concentration of milk

constituents. Under conditions of restricted water availability, changes

in water balance can alter the concentration of lactose and minerals
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and consequently influence the sensory characteristics of the milk, in-

cluding perceived saltiness and acidity (Ismaili et al., 2019; Al-

Juboori et al., 2013) 
[21, 20]

. Such compositional shifts are technologi-

cally relevant because lactose concentration and mineral balance in-

fluence fermentation kinetics and acid-induced casein destabilization.

Milk fat is similarly variable, with reported concentrations commonly

falling within approximately 1.8–4.3%, although wider ranges have

been documented depending on sampling and analytical conditions.

Beyond total fat content, camel milk possesses a distinctive lipid

composition characterized by differences in fatty-acid distribution and

triacylglycerol structure relative to bovine milk. In particular, camel

milk fat generally contains a greater contribution from long-chain

fatty acids and comparatively lower proportions of short-chain fatty

acids than several conventional dairy milks (Jilo and Tegegne, 2016;

Haddad et al., 2011; Konuspayeva et al., 2008) 
[23, 22]

. These compo-

sitional characteristics can influence melting behavior, crystallization,

creaming efficiency, churning, and the texture of fat-rich products.

Total solids are frequently lower than those of bovine or buffalo milk,

although the magnitude of the difference depends strongly on the

source and production conditions. Lower solids recovery has direct

implications for cheese yield and the structural properties of fer-

mented products. Consequently, concentration technologies such as

ultrafiltration may be particularly valuable when the target product re-

quires increased protein density, higher dry-matter recovery, or im-

proved gel strength (Yoganandi et al., 2014; Baig et al., 2022) 
[25, 24]

.

Importantly, concentration should be regarded not merely as a yield-

enhancement operation but as a means of modifying the physico-

chemical environment in which subsequent coagulation or fermenta-

tion occurs.

2.3 Vitamins, minerals, and bioactive components

Camel milk provides a range of minerals and vitamins, with numer-

ous studies reporting comparatively high vitamin C concentrations

relative to bovine milk. Differences have also been reported in se-

lected B-group vitamins and minerals, including sodium, potassium,

iron, and copper (Stahl et al., 2006; Sawaya et al., 1984; Mehaia,

1996) 
[27, 28, 26]

. However, these values should not be treated as fixed

compositional specifications because micronutrient concentrations are

strongly influenced by breed, diet, geographical origin, season, lacta-

tion stage, and analytical methodology.

The presence of bioactive and protective proteins, including lactofer-

rin, lysozyme, immunoglobulins, and lactoperoxidase, is particularly

relevant to the technological behavior of camel milk. Their antimicro-

bial activities may contribute to the comparatively slow development

of acidity observed with some starter cultures (Elagamy, 2000; Attia

et al., 2001; Berhe et al., 2018) 
[30, 29, 31]

. Thus, characteristics that

may provide biological protection can simultaneously create a techno-

logical constraint when rapid, reproducible fermentation is required.

This duality illustrates a recurring theme in camel-milk processing: a

compositional characteristic that is advantageous from a biological

perspective may require process adaptation to achieve predictable in-

dustrial performance.

3. Physical and techno-functional properties

3.1 Physical characteristics

Fresh camel milk is generally characterized by an opaque white ap-

pearance and a mildly salty or slightly acidic sensory profile.

Reported pH values commonly fall within approximately 6.2–6.5,

while titratable acidity varies with animal, feed, handling, and storage

conditions. Freezing-point values have generally been reported in the

approximate range of −0.53 to −0.57 °C (Yoganandi et al., 2014; Abd

El-Aziz et al., 2022) 
[25, 32]

. These parameters provide useful baseline

indicators for raw-milk characterization and process control, but their

interpretation should account for the substantial natural variability of

camel-milk production systems.

The relatively small fat globules reported in camel milk influence its

creaming, emulsification, rheological behavior, and phase separation.

The characteristics of the milk-fat globule membrane may further

modify the response to mechanical separation and homogenization

(Attia et al., 2000; El-Zeini, 2006) 
[33, 34]

. Consequently, mechanical

operations developed for bovine milk cannot necessarily be trans-

ferred without adjustment. Parameters such as shear intensity, resi-

dence time, homogenization pressure, and separation conditions

should instead be optimized against the physical response of camel

milk.

3.2 Functional behavior of milk proteins

The techno-functional behavior of milk proteins encompasses solubil-

ity, water binding, emulsification, foaming, interfacial adsorption, ag-

gregation, and gel formation. In camel milk, these properties are gov-

erned by the composition and structure of the casein micelles, whey-

protein profile, mineral equilibrium, pH, temperature, and previous

processing history. Recent investigations involving ultrasound and

fermentation indicate that physical and biochemical treatments can

deliberately modify protein functionality rather than serving solely as

preservation operations (Shokri et al., 2022; Gammoh et al., 2020)

[36, 35]
.

The coupling between protein structure and processing conditions is

particularly important because relatively small changes in pH, tem-

perature, ionic strength, or mineral balance can alter micellar stability

and protein–protein interactions. Accordingly, process development

should not be based exclusively on final sensory attributes.

Intermediate physicochemical responses—including particle-size dis-

tribution, protein solubility, rheological development, water-holding

capacity, and protein aggregation—should also be monitored to iden-

tify the mechanisms responsible for product performance.

3.3 Why bovine-milk technology cannot simply be transferred

Macronutrient similarity between camel and bovine milk does not im-

ply technological equivalence. Differences in κ-casein abundance, ca-

sein-micelle size, whey-protein composition, fat-globule characteris-

tics, mineral equilibrium, and endogenous antimicrobial proteins can

collectively alter the response of camel milk to heating, acidification,

enzymatic coagulation, creaming, and drying (Al haj et al., 2010;

Hailu et al., 2016b; Berhe et al., 2017) 
[8, 9, 37]

.

This distinction has a direct implication for industrial process design:

camel milk should be treated as a distinct processing matrix rather

than as a bovine-milk substitute. A thermal schedule developed for

bovine milk may produce different degrees of protein denaturation

and aggregation in camel milk. Similarly, a starter culture or rennet

selected on the basis of bovine-milk performance may exhibit inade-

quate acidification or coagulation in camel milk. Therefore, process

development should begin with camel-milk response surfaces and ki-

netic data, followed by optimization of temperature, pH, enzyme con-

centration, culture dose, solids concentration, and mechanical

conditions.

4. Impact of thermal processing

4.1 Thermal stability

Thermal treatment is indispensable for microbial safety and shelf-life

extension, but camel milk exhibits a distinct response to heating com-

pared with bovine milk. Its thermal behavior has been associated with

casein-micelle structure, lower κ-casein abundance, whey-protein

composition, and mineral equilibria. Intensive heating can increase

whey-protein denaturation and protein–protein interactions, poten-

tially resulting in aggregation or precipitation and consequent changes

in viscosity, color, coagulation behavior, and downstream processing

performance (Hassan et al., 2007; Alhaj et al., 2011; Omar et al.,

2018) 
[39, 38, 40]

.

Heating also modifies mineral partitioning and acid–base equilibria.

Some heat-induced changes may be reversible during cooling,

whereas more severe treatments can generate persistent structural

changes. Prolonged or intense heating can additionally promote lac-

tose degradation and the formation of organic acids, contributing to

further pH reduction (Berg, 1993; Ma et al., 2003) 
[41, 42]

. These ef
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fects become particularly important when the treated milk is subse-

quently subjected to fermentation or enzymatic coagulation, where

pH and calcium availability strongly influence protein destabilization

and gel formation.

The central processing challenge is therefore not simply to maximize

microbial inactivation. Rather, thermal treatment must achieve an ap-

propriate balance between microbial safety, enzyme inactivation, pro-

tein functionality, sensory quality, and preservation of downstream

processing performance. This balance makes time–temperature opti-

mization a critical research priority for camel-milk processing.

4.2 Pasteurization and process verification

Validation of pasteurization in camel milk requires careful selection

and validation of appropriate process indicators. Although alkaline

phosphatase is widely used as a conventional indicator of pasteuriza-

tion adequacy in bovine milk, camel-milk enzyme systems can ex-

hibit different thermal resistance. Consequently, γ-glutamyl trans-

ferase, lactoperoxidase, and other heat-sensitive enzymes have been

investigated as potential indicators, with reported results varying ac-

cording to milk source, heating regime, and analytical methodology

(Elagamy, 2000 
[30]

; Didier et al., 2001 
[43]

; Wernery et al., 2007 
[44]

;

Lorenzen et al., 2011 
[45]

; Tayefi-Nasrabadi et al., 2011) 
[46]

.

The variation among proposed enzyme markers highlights an impor-

tant methodological issue: no single biological indicator should be as-

sumed to be universally applicable to all camel-milk pasteurization

systems. Marker performance should instead be validated against the

specific time–temperature profile, milk composition, equipment con-

figuration, and analytical method used at the processing scale. An in-

dustrial verification strategy should combine continuously recorded

time–temperature data with a validated process indicator and routine

microbiological testing.

4.3 Emerging non-thermal and assisted processing

Non-thermal and assisted technologies, including high-pressure pro-

cessing and ultrasound, offer potential approaches for modifying

camel-milk functionality while reducing dependence on severe ther-

mal exposure. High-pressure treatment can modify casein-micelle

structure and influence enzymatic coagulation, whereas ultrasound

can alter protein aggregation, particle interactions, and interfacial be-

havior (Needs et al., 2000; Shokri et al., 2022) 
[47, 36]

. Nevertheless,

the translation of these technologies from laboratory studies to indus-

trial camel-dairy systems requires systematic evaluation of energy de-

mand, microbial lethality, equipment compatibility, scale-up behavior,

and product stability.

4.4 Automation and intelligent process control

The compositional variability and processing sensitivity of camel

milk make it particularly suitable for advanced process-monitoring

strategies. Conventional control based on fixed processing recipes as-

sumes relatively stable raw-material properties; this assumption is of-

ten inappropriate for camel milk. Integration of temperature, pH,

flow, pressure, conductivity, and other process sensors could enable

continuous monitoring of milk behavior and early detection of

process deviations.

A future intelligent processing architecture could combine online sen-

sor measurements with historical batch data and predictive models to

estimate thermal response, identify abnormal process trajectories, and

dynamically adjust operating conditions. Machine-learning models

may ultimately support adaptive control in which processing condi-

tions are selected according to the measured characteristics of each

incoming milk batch rather than according to a single fixed recipe.

Such systems could improve reproducibility, reduce unnecessary ther-

mal exposure, and minimize energy consumption while maintaining

food-safety targets.

5. Fermentation and camel-milk yogurt

Fermentation has historically played an important role in extending

the usability of camel milk, particularly in production environments

where refrigeration is limited. However, modern camel-yogurt manu-

facture presents a technological challenge because acidification and

gelation kinetics differ from those of bovine milk. Several studies

have reported slower acid development with selected commercial

starter cultures, potentially reflecting the antimicrobial activity of en-

dogenous milk components and differences in the physicochemical

environment of camel milk (Attia et al., 2001; Berhe et al., 2018) 
[29,

31]
.

5.1 Acidification kinetics

The rate and extent of pH decline are among the most important con-

trol variables in yogurt manufacture. Slow acidification prolongs in-

cubation, increases the time during which contamination can occur,

and may result in incomplete or weak gel development. Acidification

kinetics depend on starter strain, inoculum level, incubation tempera-

ture, milk pretreatment, solids concentration, and the initial physico-

chemical state of the milk. Comparative studies have demonstrated

that thermophilic cultures may produce faster acidification than some

mesophilic cultures, emphasizing that starter selection should be

treated as a formulation and process variable rather than transferred

directly from bovine-yogurt manufacture (Berhe et al., 2018; Bekele

et al., 2019) 
[31, 48]

.

A useful development strategy is therefore to characterize complete

acidification curves rather than relying solely on a final pH measure-

ment. Parameters such as maximum acidification rate, lag phase, time

to target pH, and post-acidification behavior can provide a more in-

formative basis for starter selection and process optimization.

5.2 Texture, water holding, and syneresis

Weak, fragile, or heterogeneous gel structures are frequently reported

as limitations in camel yogurt. Inadequate protein aggregation can re-

sult in reduced firmness and viscosity and increased syneresis,

thereby negatively affecting both physical stability and consumer ac-

ceptance. Heat treatment, solids adjustment, hydrocolloids, starches,

and starter-culture selection have therefore been investigated as ap-

proaches to improve gel structure (Abd Elhamid et al., 2017; Khalifa

et al., 2015; Al-Zoreky et al., 2015) 
[49, 50, 51]

.

Importantly, the addition of stabilizers does not necessarily reproduce

the structural characteristics of bovine yogurt. Limited improvements

obtained with carboxymethyl cellulose, alginate, gum acacia, or

pectin suggest that the underlying limitation may originate from pro-

tein-network formation rather than simply from insufficient hydrocol-

loid concentration (Al-Zoreky et al., 2015) 
[51]

. This indicates that

formulation strategies should address the entire sequence of events

from protein denaturation and aggregation to acid-induced gel forma-

tion and serum immobilization.

5.3 Process-development strategy and automation

An optimized camel-yogurt process should begin with systematic

characterization of incoming milk, including protein, fat, total solids,

pH, mineral composition, and microbiological quality. Starter cultures

should then be screened using camel-milk acidification kinetics rather

than relying solely on performance data generated in bovine milk.

Heat treatment should be optimized to achieve microbial safety while

promoting the appropriate degree of whey-protein denaturation for

subsequent gel formation. Where necessary, concentration or total-

solids adjustment can be incorporated to increase network density.

Product development should evaluate firmness, apparent viscosity,

water-holding capacity, syneresis, microstructure, and sensory accep-

tance throughout refrigerated storage rather than immediately after

fermentation. This approach allows instrumental measurements to be

connected with the mechanisms responsible for physical deterioration

and consumer acceptance.

From an automation perspective, online pH and temperature measure-

ments provide relatively simple opportunities for improving fermenta-

tion control. Rather than terminating incubation after a fixed time, an

automated system could use the real-time acidification trajectory to

identify the appropriate endpoint. At a more advanced level, predic-

tive models could combine pH slope, temperature history, inoculum

characteristics, and milk composition to estimate the time required to

International Journal of Advanced Chemistry Research https://www.chemistryjournals.net
2
6
6
4
6
7
9
X

, 2
0
2
6
, 8

(
1
0
)
, D

o
w

n
lo

a
d
e
d
 f

r
o
m

 h
ttp

s
://w

w
w

.d
o
i.o

rg
/1

0
.3

3
5
4
5
/2

6
6
4
6
7
8
1
.2

0
2
6
.v

8
.i1

0
a
.7

5
2
 b

y
 I

n
te

r
n
a
tio

n
a
l J

o
u
r
n
a
l o

f
 A

d
v
a
n
c
e
d
 C

h
e
m

is
tr

y
 R

e
s
e
a
r
c
h
 o

n
 [

0
7
/1

0
/2

0
2
6
]
. S

e
e
 th

e
 T

e
r
m

s
 a

n
d
 C

o
n
d
itio

n
s
 (

h
ttp

s
://w

w
w

.c
h
e
m

is
tr

y
jo

u
r
n
a
ls

.n
e
t)

 f
o
r
 r

u
le

s
 o

f
 u

s
e
; O

A
 a

r
tic

le
s
 a

r
e
 g

o
v
e
r
n
e
d
 b

y
 th

e
 a

p
p
lic

a
b
le

 C
r
e
a
tiv

e
 C

o
m

m
o
n
s
 L

ic
e
n
s
e

12



reach the target gel state. Such adaptive control could reduce over-

acidification and batch-to-batch variability while improving process

efficiency.

6. Cheese manufacturing: Major processing

constraints

Cheese manufacture represents one of the most pronounced examples

of the technological divergence between camel and bovine milk. The

process requires controlled destabilization of casein micelles, forma-

tion of a cohesive curd, and efficient separation of whey. In camel

milk, prolonged coagulation, weak curd development, and reduced

cheese yield have been reported under several processing conditions

(Al haj et al., 2010; Berhe et al., 2017; Baig et al., 2022) 
[8, 37, 24]

.

6.1 Rennet coagulation

Rennet coagulation is governed by casein-micelle structure, accessi-

bility of the enzymatic cleavage site, mineral equilibrium, pH, tem-

perature, and enzyme concentration. Camel milk may require substan-

tially longer coagulation times than bovine milk under otherwise

comparable conditions. The larger casein micelles, lower relative

abundance of κ-casein, and differences in the structure of the κ-casein

substrate contribute to this behavior (Farah and Bachmann, 1987;

Farah et al., 1990; Kappeler et al., 2006) 
[52, 53]

.

Camel chymosin has consequently received considerable attention as

a species-specific coagulating enzyme. Comparative studies indicate

that recombinant camel chymosin can provide favorable coagulation

characteristics because its substrate specificity is better matched to

camel-casein structure (Kappeler et al., 2006; Hailu et al., 2016a) 
[53,

17]
. This provides an important general principle for camel-dairy

process development: enzymatic systems should be selected accord-

ing to substrate structure rather than assumed to be functionally inter-

changeable across milk species.

6.2 Weak curd and low yield

Reduced cheese yield can arise from the relatively low total-solids

concentration of camel milk as well as differences in casein composi-

tion, micelle structure, mineral balance, and fat-globule behavior.

However, reported yields vary considerably because studies differ in

milk composition, concentration treatment, enzyme preparation, coag-

ulation conditions, and cheese type. Consequently, cheese yield

should always be interpreted alongside milk composition and reported

on a dry-matter recovery basis where possible (El Zubeir et al., 2008;

Ho et al., 2022) 
[54, 55]

.

Membrane concentration technologies, particularly ultrafiltration, of-

fer one route to increase protein and casein availability before coagu-

lation. Controlled acidification and mineral adjustment may further

modify casein interactions and curd development. Collectively, the

available evidence indicates that camel cheese manufacture is techni-

cally feasible but requires optimization of enzyme specificity, solids

concentration, pH, calcium availability, and curd-handling conditions

rather than direct adoption of bovine cheese recipes (Konuspayeva et

al., 2014; Bekele et al., 2019; Konuspayeva et al., 2017) 
[48, 56, 57]

.

6.3 Research priorities and intelligent coagulation control

Future research should focus on species-specific enzyme systems, in-

cluding camel chymosin and optimized mixed-enzyme preparations,

for different cheese categories. The effects of ultrafiltration, mineral

adjustment, controlled acidification, and temperature on curd strength

should be quantified using standardized rheological and texture mea-

surements. Seasonal and geographical variation in milk composition

should also be incorporated into process specifications.

The slow and variable coagulation kinetics of camel milk provide a

particularly strong opportunity for sensor-assisted process control.

Real-time measurements of pH, temperature, viscosity, electrical

properties, or other coagulation-related physical signals could poten-

tially identify the transition from enzymatic hydrolysis to gel forma-

tion and determine the optimum cutting point. In contrast to conven-

tional fixed-time cutting, such a system would respond to the actual

coagulation state of each batch. With sufficiently large datasets, ma-

chine-learning models could integrate milk composition, enzyme

dose, temperature history, and coagulation kinetics to predict gelation

time and curd firmness, thereby enabling predictive rather than purely

reactive process control.

7. Camelus dromedarius milk butter and fat-phase

processing

Butter manufacture is strongly influenced by the physical organiza-

tion and composition of camel milk fat. The relatively small fat glob-

ules, distinctive milk-fat-globule membrane, and characteristic fatty-

acid and triacylglycerol profiles influence creaming, crystallization,

churning, and the final structure of the fat phase (Attia et al., 2000;

Karray et al., 2005a, 2005b; Haddad et al., 2011) 
[33, 58, 59]

.

Traditional churning can therefore provide lower fat recovery than

would be expected from bovine milk under comparable conditions.

The resistance of the globule membrane to aggregation, together with

differences in fat crystallization behavior, can reduce the efficiency of

cream formation and churning. The reported melting characteristics of

camel milk fat further emphasize the importance of controlling cool-

ing history and churning temperature (Berhe et al., 2013; Farah et al.,

1989) 
[60, 61]

.

The composition of the fat phase also influences oxidative stability,

moisture retention, firmness, and spreadability. Products such as

camel-milk ghee should be considered separately from conventional

butter because clarification substantially alters the composition and

physicochemical properties of the final fat. Consequently, compar-

isons between butter and ghee should be based on product-specific

compositional and functional parameters rather than yield alone

(Parmar, 2013) 
[62]

.

7.1 Process optimization and automation

Optimization of camel-milk butter manufacture should focus on con-

trolled cream separation, cooling history, fat crystallization, agitation

intensity, and churning endpoint. Fat-globule size distribution and

membrane characteristics can provide useful indicators of separation

and churning behavior, while free fatty acids, moisture, residual pro-

tein, oxidation indices, and sensory characteristics should be moni-

tored during storage.

Automation can substantially improve reproducibility in this process

because cream temperature and crystallization state strongly influence

churning performance. Continuous temperature sensing, controlled

cooling, motor-load monitoring, and automated endpoint detection

could replace subjective manual determination of the churning end-

point. In future systems, real-time measurements of temperature,

torque, conductivity, or vibration could be integrated into predictive

models to identify the onset of butter-grain formation and terminate

churning at the optimum point. Such control would be particularly

valuable where raw-milk fat composition varies seasonally or be-

tween herds.

8. Cross-cutting processing constraints and

opportunities

8.1 Raw-material variability

Intrinsic variability is one of the most important constraints to the in-

dustrialization of camel milk. Water availability, feed composition,

ambient temperature, season, lactation stage, animal health, and herd-

management practices can alter protein, fat, lactose, minerals, and to-

tal-solids concentrations. Consequently, industrial process specifica-

tions should begin with well-defined incoming-milk criteria rather

than assuming a constant raw material.

This variability also creates a strong rationale for adaptive processing.

Instead of applying identical processing conditions to every batch, fu-

ture plants could use rapid compositional measurements to classify

milk and select appropriate operating windows for pasteurization,

concentration, fermentation, or coagulation. Such a shift from fixed
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recipes toward composition-aware processing represents an important

intersection between camel-dairy science and automation.

8.2 Microbiological quality and cold-chain limitations

Fermentation has historically contributed to the preservation of camel

milk in environments where refrigeration infrastructure is limited.

Commercial production, however, requires systematic control of raw-

milk hygiene, rapid cooling, collection logistics, storage temperature,

and validated heat treatment. Raw or inadequately processed milk

may present microbiological hazards; therefore, traditional consump-

tion practices should not be interpreted as evidence that unprocessed

milk is intrinsically safe. Appropriate hygienic handling and validated

processing remain essential components of a modern camel-dairy

supply chain (Ismaili et al., 2019; Claeys et al., 2014) 
[21, 63]

.

Cold-chain limitations also highlight the importance of process auto-

mation beyond the processing plant itself. Automated temperature

logging, cold-chain monitoring, alarm systems, and digital traceabil-

ity could provide continuous verification of storage and transportation

conditions. Integration of these data with processing records would

create a more complete quality-management system from farm collec-

tion to final product.

8.3 Product diversification and process-specific innovation

The technological constraints associated with camel milk should not

be viewed solely as limitations; they also provide opportunities for

product-specific innovation. Camel milk can be processed into fresh

milk products, fermented beverages, yogurt, cheese, butter, ghee, con-

centrated products, and dried ingredients, but each product requires a

tailored processing strategy. Membrane concentration, ultrasound,

high-pressure processing, optimized starter cultures, and camel-spe-

cific coagulating enzymes provide potential routes for modifying

functionality while limiting excessive thermal exposure (Needs et al.,

2000; Shokri et al., 2022; Arain et al., 2023) 
[47, 36, 64]

.

The most promising strategy is therefore not to identify a single “opti-

mal” camel-milk process, but to establish a modular processing

framework in which raw-milk composition determines the appropriate

combination of unit operations and operating conditions.

8.4 Standardization and industrial scale-up

A major limitation of the current literature is the limited comparabil-

ity among experimental studies. Differences in animal origin, season,

milk composition, heat-treatment conditions, starter cultures, enzyme

preparations, concentration methods, and analytical endpoints can

produce apparently conflicting results. Greater standardization of ex-

perimental reporting is therefore required.

Future studies should report raw-milk composition, mineral profile,

protein fractions, fat-globule characteristics, processing history, for-

mulation, equipment configuration, and relevant operating conditions

in sufficient detail to enable reproducibility. Pilot-scale studies are

particularly important because hydrodynamics, heat transfer, resi-

dence-time distribution, shear conditions, and energy consumption at

industrial scale cannot always be predicted from laboratory

experiments.

8.5 Toward an integrated research and automation

framework

A systematic pathway for the development of industrial camel-milk

processes can be organized into five interconnected stages. The first

stage should establish a comprehensive raw-milk fingerprint encom-

passing composition, minerals, protein fractions, fat-globule size, mi-

crobiological quality, and relevant physicochemical properties. The

second stage should investigate the mechanisms controlling protein

denaturation, micelle stability, acidification, fat crystallization, and

enzyme–substrate interactions. The third stage should use statistically

designed experiments and response-surface approaches to optimize

critical process variables, including temperature, pH, culture concen-

tration, enzyme dose, solids concentration, pressure, and mechanical

conditions. The fourth stage should validate product quality through

measurements of rheology, texture, flavor, shelf life, nutritional char-

acteristics, and microbiological safety. Finally, the fifth stage should

evaluate industrial feasibility through mass and energy balances,

equipment compatibility, process economics, environmental perfor-

mance, and consumer acceptance.

Within this framework, automation should not be considered an inde-

pendent technological add-on but as an enabling layer connecting

raw-material characterization, process monitoring, predictive model-

ling, and quality assurance. The long-term objective is a closed-loop

camel-dairy processing system in which sensor data describe the in-

coming milk, mechanistic and machine-learning models predict its

processing response, automated control systems adjust operating con-

ditions in real time, and product-quality measurements provide feed-

back for subsequent batches. Such an architecture could transform

camel-milk processing from predominantly recipe-based operation to-

ward data-driven, adaptive manufacturing.

The development of these systems will require interdisciplinary inte-

gration of dairy chemistry, food engineering, sensor technology,

process control, data science, and machine learning. Importantly, au-

tomation should be introduced only after the underlying process

mechanisms and critical quality attributes have been sufficiently char-

acterized. Otherwise, digital control may simply automate an inade-

quately understood process. The major opportunity, therefore, lies in

combining fundamental understanding of camel-milk structure with

real-time sensing and predictive control to achieve safer, more consis-

tent, energy-efficient, and scalable processing.

9. Integrated comparison of Camelus dromedarius

milk with conventional bovine-milk processing

The principal technological differences between Camelus dromedar-

ius and bovine milk arise not from their gross compositional similar-

ity but from differences in protein organization, mineral equilibrium,

fat-globule structure, and biological activity. These differences propa-

gate across unit operations, meaning that a change at the molecular or

colloidal level can influence several downstream processing steps.

Table 1 summarizes the major structure–function differences and their

corresponding processing implications.

The comparison demonstrates that camel-milk processing should be

regarded as a coupled structure–function system rather than a se-

quence of independent unit operations. Casein and mineral character-

istics influence thermal stability and coagulation; thermal history sub-

sequently affects protein functionality and gel formation; fat-globule

structure determines separation and churning behavior; and endoge-

nous antimicrobial components can influence fermentation kinetics.

Consequently, optimizing one processing step without accounting for

upstream milk characteristics may produce limited or inconsistent

improvements.

This systems perspective also explains why apparently contradictory

findings are common in the literature. A treatment that improves one

quality attribute under a particular milk composition may not produce

the same response under different seasonal, geographical, or composi-

tional conditions. Future studies should therefore report processing

outcomes together with detailed descriptions of the starting milk and

process history.
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9.1 Quality attributes that should be reported in future

studies

Improved standardization of experimental reporting is essential for

developing transferable processing models. At minimum, future stud-

ies should report:

geographical and production origin of the milk, animal popula-

tion, stage of lactation, season, and relevant feeding or manage-

ment conditions;

protein, fat, lactose, total solids, ash, and major mineral

concentrations;

casein fractions, whey-protein composition, and fat-globule size

distribution where analytical facilities permit;

complete thermal history, including treatment temperature, hold-

ing time, heating and cooling rates, and equipment

configuration;

starter-culture identity, inoculum concentration, fermentation

temperature, and fermentation endpoint;

enzyme identity, activity, concentration, pH, calcium conditions,

and coagulation temperature for cheese studies;

coagulation time, gel firmness, rheological parameters, synere-

sis, and water-holding capacity;

cheese and butter mass yield together with dry-matter recovery;

microbiological quality, storage conditions, shelf-life indicators,

and sensory acceptance; and

where possible, energy consumption, process losses, and eco-

nomic indicators.

Such standardized datasets would not only improve reproducibility

but would also provide the foundation required for predictive model-

ling and intelligent process control.

10. Discussion

The evidence reviewed in this manuscript supports a central interpre-

tation: Camelus dromedarius milk should not be considered techno-

logically inferior to bovine milk; rather, it represents a distinct pro-

cessing matrix with different structure–function relationships. Many

of the difficulties reported during camel-milk processing can be inter-

preted as consequences of applying process assumptions developed

for bovine milk to a fundamentally different colloidal and biochemi-

cal system.

The implications are product-specific. In thermal processing, the chal-

lenge is to achieve the required microbial reduction while limiting un-

desirable protein denaturation, aggregation, and mineral redistribu-

tion. In yogurt manufacture, the critical challenge is to achieve suffi-

ciently rapid acidification and the formation of a stable three-dimen-

sional protein network. In cheese manufacture, the dominant con-

straint is controlled enzymatic destabilization of casein micelles fol-

lowed by formation and strengthening of the curd. In butter manufac-

ture, efficient separation and controlled crystallization of a distinctive

fat phase are the principal technological requirements. These differ-

ences indicate that a universal “camel-milk process” is unlikely to be

optimal; instead, process conditions should be designed according to

the target product and the physicochemical characteristics of the in-

coming milk.

10.1 From compositional variability to adaptive processing

A particularly important conclusion is that natural variability should

be incorporated into process design rather than treated exclusively as

experimental noise. Hydration status, feed, season, environmental

temperature, lactation stage, animal health, and management practices

can alter the concentrations and interactions of proteins, lipids, lac-

tose, minerals, and total solids. Consequently, a fixed processing

recipe may operate satisfactorily for one milk batch but become sub-

optimal when raw-milk composition shifts.

This creates an opportunity to move from recipe-based processing to-

ward adaptive processing. Rapid measurement of selected milk at-

tributes could be used to classify incoming milk and determine an ap-

propriate processing window. For example, variation in protein and

total-solids concentration could inform concentration requirements

before yogurt or cheese production, while measurements associated

with acidity and mineral balance could assist in selecting fermentation

or coagulation conditions. Such an approach would convert raw-mate-

rial variability from an uncontrolled source of process instability into

an explicitly managed process variable.

10.2 From empirical optimization to structure–function

engineering

The literature further supports a transition from predominantly empir-

ical optimization toward structure–function engineering. Rather than

evaluating only the final product, researchers can characterize the mo-

lecular and colloidal state of the milk before and during processing

and relate these measurements to subsequent functional behavior.

For example, casein-micelle characteristics can be related to rennet

coagulation kinetics; whey-protein denaturation can be related to ther-

mal history and yogurt gel development; fat-globule size and mem-

brane properties can be linked to creaming and churning efficiency;

and acidification kinetics can be connected to gel strength and synere-

sis. This mechanistic framework provides a more transferable basis

for process optimization than isolated end-point measurements.

10.3 Opportunity for sensor-based process monitoring

The combination of raw-material variability and product-specific pro-

cessing requirements makes camel milk an attractive candidate for ad-

vanced process monitoring. Conventional dairy operations frequently

rely on predetermined time–temperature profiles, fixed incubation pe-

riods, or operator-defined endpoints. Although these approaches are

practical, they may not adequately accommodate the variability inher-

ent in camel milk.

Sensor-based monitoring could provide continuous measurements of

temperature, pH, flow, pressure, conductivity, viscosity, torque, or

other process-relevant variables. These measurements could be used

to identify deviations from expected process trajectories and to estab-

lish objective endpoints for fermentation, coagulation, separation, and

churning.

The immediate value of such systems is not necessarily artificial in-

telligence itself, but better observability of the process. Once reli-

able real-time measurements are available, predictive models can be

developed to relate process trajectories to product outcomes.

10.4 Artificial intelligence and machine learning

Artificial intelligence and machine learning represent a further stage

in the evolution of camel-dairy process control. A sufficiently large

and well-annotated dataset could link raw-milk composition, process-

ing history, sensor signals, and final product quality. Models trained

on these data could potentially predict fermentation endpoint, coagu-

lation time, curd strength, butter yield, or quality deterioration.

However, predictive performance should not be confused with

process understanding. Black-box models may perform well within

the range represented by their training data but fail when milk compo-

sition, season, equipment, or operating conditions move outside that

range. For this reason, hybrid modelling may be particularly appropri-

ate for camel-milk processing. Mechanistic knowledge of protein ag-

gregation, micelle destabilization, acidification, heat transfer, and fat

crystallization could be combined with machine-learning algorithms

to improve prediction while retaining physical interpretability.

The most advanced architecture would be a closed-loop, data-driven

processing system:

raw-milk characterization → sensor acquisition → mechanistic/predictive model → adaptive process control → product-quality measurement → model updating
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Such a framework could enable processing conditions to respond dy-

namically to the properties of each incoming batch. In principle, this

could reduce batch-to-batch variability, unnecessary thermal expo-

sure, processing losses, and energy consumption while improving

consistency and traceability.

11. Conclusion and future prospective

Camelus dromedarius milk represents an important dairy resource

whose technological potential extends beyond its nutritional composi-

tion. Although its gross composition overlaps with that of conven-

tional bovine milk, differences in casein-micelle organization, κ-ca-

sein abundance, whey-protein composition, fat-globule characteris-

tics, lipid composition, mineral equilibrium, and endogenous antimi-

crobial components produce a distinct processing response.

The central conclusion of this review is therefore that camel milk

should not be processed by simply transferring bovine-milk protocols.

Thermal processing requires optimization of microbial safety against

protein and mineral changes; yogurt manufacture requires control of

acidification kinetics and protein-network development; cheese man-

ufacture requires species-compatible coagulation systems and, where

appropriate, solids concentration; and butter manufacture requires

careful control of cream separation, fat crystallization, and churning.

Raw-milk variability represents an additional industrial challenge.

Seasonal, environmental, nutritional, physiological, and management-

related factors can alter milk composition and consequently shift the

optimum processing conditions. Industrial standardization should

therefore combine defined raw-milk specifications with flexible

process windows rather than rely exclusively on fixed recipes.

Future research should prioritize five interconnected areas. First, stan-

dardized characterization of camel milk should include composition,

mineral balance, protein fractions, fat-globule characteristics, micro-

biological quality, and relevant physicochemical properties. Second,

mechanistic studies should clarify the relationships among molecular

structure, heat stability, acidification, coagulation, and fat-phase be-

havior. Third, process intensification and product-specific technolo-

gies, including membrane concentration, high-pressure processing, ul-

trasound, optimized starter cultures, and camel-compatible coagulat-

ing enzymes, should be evaluated at pilot and industrial scales.

Fourth, studies should incorporate economic, energy, environmental,

and life-cycle considerations so that laboratory-scale technological

improvements can be assessed for practical feasibility. Fifth, research

should establish high-quality process datasets suitable for predictive

modelling and intelligent control.

An especially promising direction is the integration of sensing, auto-

mation, artificial intelligence, and machine learning into camel-dairy

processing. Real-time monitoring of temperature, pH, fermentation

kinetics, coagulation behavior, flow, mechanical response, and separa-

tion performance could provide the process observability required for

adaptive manufacturing. Machine-learning and hybrid mechanistic

models could subsequently be developed to predict process endpoints

and recommend operating conditions based on raw-milk

characteristics.

Nevertheless, automation should complement rather than replace fun-

damental process understanding. Reliable AI-driven control requires

standardized measurements, validated process indicators, sufficiently

large datasets, and clearly defined critical quality attributes. The im-

mediate research priority should therefore be the generation of robust

camel-milk process datasets and the identification of measurable vari-

ables that reliably predict product performance.

Ultimately, the development of camel-dairy processing can progress

from empirical, fixed-recipe operation toward adaptive, data-driven

manufacturing. A future camel-dairy plant could continuously charac-

terize incoming milk, predict its processing response, adjust operating

conditions in real time, and use final-product data to refine subse-

quent production cycles. Such integration of dairy science with

process engineering and digital technologies has the potential to im-

prove consistency, resource efficiency, traceability, scalability, and

product quality, while establishing a scientifically grounded pathway

for the industrial modernization of camel-milk processing.
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