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Abstract 

The characteristics of starch-based films are profoundly governed by their chemical constitution, structural 

arrangement, and the extent of crystallinity, which are pivotal in ascertaining their functional capabilities and 

performance metrics. Mechanical properties constitute critical variables for assessing the appropriateness of 

starch films for various practical utilizations. These characteristics are contingent upon the source of starch, 

the conditions under which processing occurs, and the incorporation of additives such as plasticizers and 

reinforcement agents. An increase in crystallinity typically enhances the tensile strength and rigidity of the 

films, notwithstanding the potential compromise in flexibility. Barrier properties are of equal significance, 

especially in the context of food packaging applications. The permeability to water vapor and oxygen is 

markedly influenced by the microstructural attributes of starch films. Crystalline domains within the 

polymeric matrix are regarded as impervious to gases and moisture. Furthermore, a salient advantage of 

starch-derived materials is their inherent biodegradability. These films possess the capability to be 

decomposed by microorganisms and enzymes in appropriate environmental settings, thereby aiding in the 

alleviation of plastic pollution. 
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I. Introduction 

The escalating environmental issues related to the pervasive 

utilization of petroleum-derived plastics and the resultant 

accumulation of non-biodegradable waste have stimulated 

the pursuit of sustainable and environmentally benign 

alternatives. In this regard, biodegradable films originating 

from renewable natural resources have garnered substantial 

interest in recent years. Among the diverse array of 

biopolymers evaluated for biofilm fabrication, starch is 

distinguished as one of the most promising substances 

owing to its widespread availability, cost-effectiveness, 

biodegradability, and exceptional film-forming 

characteristics. [1]  

Starch represents a naturally occurring polysaccharide that 

functions as the principal energy reservoir in numerous 

plant species, including corn, potato, wheat, rice, and 

cassava. It is recognized as one of the most plentiful 

renewable biopolymers on the planet and assumes a vital 

role in both human dietary intake and industrial use. 

Chemically, starch is composed of two predominant 

glucose polymers: amylose and amylopectin. Amylose is 

primarily a linear molecule constituted of α-(1→4)-linked 

glucose units, whereas amylopectin is a highly branched 

polymer featuring both α-(1→4) and α-(1→6) glycosidic 

bonds. The relative proportions of these two constituents 

substantially affect the physicochemical and mechanical 

properties of starch-based materials. [2] 

A critical characteristic of starch is its capacity to form 

films. When starch is dispersed in aqueous solutions and 

subjected to heating, a phenomenon known as 

gelatinization transpires. During this phase, starch granules 

absorb water, expand, and partially relinquish their 

crystalline configuration, permitting polymer chains to 

attain greater mobility. Upon cooling and desiccation, these 

chains engage in hydrogen bonding interactions, 

culminating in the establishment of a continuous and 

cohesive film matrix (Figure 1). This film-forming ability 

has prompted extensive exploration of starch as a 

biodegradable substitute for traditional synthetic plastics. 

[3] 

 
Figure 1: starch biofilm formation process 
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Starch-based biofilms present numerous advantages. They 

are derived from renewable agricultural resources, are 

typically non-toxic, and can be entirely degraded by 

microorganisms under suitable environmental conditions. 

These attributes render them eco-friendly materials capable 

of mitigating plastic pollution and reducing reliance on 

fossil fuel resources. Moreover, starch films display 

favourable characteristics such as good transparency, 

odourless properties, and relatively low oxygen 

permeability, which are particularly advantageous in food 

packaging applications. [4] 

 

Notwithstanding these benefits, starch-based biofilms also 

exhibit certain constraints. The hydrophilic nature of starch 

molecules renders these films highly susceptible to 

moisture and water absorption. Exposure to humid 

conditions may result in swelling, diminished mechanical 

integrity, and inadequate barrier properties against water 

vapor. Additionally, films generated from pure starch 

frequently exhibit brittleness and lack the requisite 

flexibility for practical applications. To address these 

limitations, plasticizers such as glycerol, sorbitol, and 

polyethylene glycol are routinely incorporated into starch 

formulations. These additives enhance film flexibility by 

diminishing intermolecular interactions among polymer 

chains. [5] 

 

Recent investigations have concentrated on augmenting the 

performance of starch-based biofilms through blending and 

composite formation. A variety of natural polymers, 

including gelatin, chitosan, cellulose derivatives, and plant 

proteins, have been amalgamated with starch to enhance 

mechanical, thermal, and barrier properties. Furthermore, 

the inclusion of nanoparticles, nanocellulose, essential oils, 

and plant extracts has been assessed to impart 

antimicrobial, antioxidant, and functional attributes. These 

modifications have considerably broadened the prospective 

applications of starch-based films in food packaging, 

agriculture, pharmaceutical products, and biomedical 

domains.[6] 

In the domain of food packaging, starch-derived biofilms 

have garnered notable attention as sustainable alternatives 

to traditional packaging materials. They may serve as either 

independent packaging films or as edible coatings that are 

directly applied to the surfaces of food products. Such 

implementations contribute to the preservation of food 

quality, the mitigation of moisture loss, the restriction of 

microbial proliferation, and the prolongation of shelf life, 

all while reducing ecological footprints. Furthermore, the 

increasing consumer inclination towards biodegradable and 

environmentally-friendly products has significantly 

propelled research and innovation in this field. [7] 

In summation, starch is recognized as one of the most 

promising natural polymers for the synthesis of 

biodegradable biofilms. Its extensive availability, 

renewability, economic feasibility, and superior film-

forming capabilities render it an appealing candidate for the 

development of sustainable materials. Despite the 

persistence of challenges pertaining to moisture 

susceptibility and mechanical performance, ongoing 

advancements in starch modification techniques and 

composite material technology are progressively enhancing 

the functionality and versatility of starch-based biofilms. 

Consequently, it is anticipated that starch will assume a 

crucial role in the forthcoming advancement of eco-friendly 

packaging solutions and biodegradable materials. In this 

review, mechanical properties, permeability and 

biodegradation of starch will be underscored. 

 

II.  Mechanical properties 

 

The possession of favourable mechanical properties is 

imperative for the practical utilization of food packaging 

materials [8] 

Nevertheless, in comparison to analogous applications of 

conventional plastics, starch-based biodegradable 

packaging manifests significant shortcomings attributable 

to its inferior mechanical properties [9] thereby 

constraining its applicability in food and product packaging 

[10] Superior mechanical properties can be harnessed to 

substantial advantage in traditional packaging contexts. 

Consequently, it is crucial to enhance the mechanical 

properties of starch-based films. 

Blending approaches have been shown to significantly 

enhance the mechanical properties of starch-based films, 

making them more suitable for various applications. This 

improvement is often achieved by combining starch with 

other materials and plasticizers. 

Starch, when blended with lime and citrus pectin, can form 

strong, self-supporting films. Researchers have investigated 

the use of different plasticizers, such as glycerin, urea, and 

polyethylene glycol, in these blends to characterize their 

ability to form such films. Among the plasticizers studied, 

glycerin demonstrated the best results, leading to films with 

strong, high modulus [11]. 

Numerous endeavors have been undertaken to formulate 

PLA/starch composites with the objective of minimizing 

the overall expenditure of raw materials while 

simultaneously augmenting their biodegradability. A 

predominant challenge associated with this composite 

system is the inadequate interfacial synergy between the 
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hydrophilic starch granules and the hydrophobic PLA. The 

mechanical characteristics of PLA and starch blends 

produced through traditional methodologies exhibit 

significant deficiencies due to the inherent incompatibility 

[12]. Polycaprolactone (PCL) represents an additional class 

of biodegradable polymer. The literature has extensively 

documented the interactions between starch and PCL 

blends. The limitations inherent in pure starch materials, 

such as diminished resilience, heightened moisture 

sensitivity, and pronounced shrinkage, have been 

effectively mitigated by the incorporation of PCL into the 

starch matrix, even at minimal concentrations of PCL. The 

blending process with PCL markedly enhances the impact 

resistance of the composite [13]. 

In summary, blending starch with various components like 

lime, citrus pectin, and different plasticizers, particularly 

glycerin, is a proven method to enhance the mechanical 

strength and modulus of starch-based films. This approach 

also contributes to improving biodegradability and other 

functional properties, expanding the potential applications 

of starch in sustainable materials. 

 

III.  Permeability 

Starch permeability represents a significant characteristic 

that governs the capacity of water, gases, or other entities to 

traverse starch-derived materials. It serves a vital function 

in domains such as food packaging, biodegradable films, 

and pharmaceutical applications. The permeability of starch 

is influenced by various factors including its chemical 

composition, molecular architecture, and ambient 

environmental conditions. A comprehensive understanding 

and regulation of starch permeability may enhance the 

efficacy and sustainability of materials derived from starch. 

 

It was noticed that Starch biofilms extracted from melloco 

and mashua exhibited higher water vapor permeability 

(WVP) compared to those from oca and potato, attributed 

to stronger starch-starch interactions in the latter, indicating 

varying moisture interactions based on the starch source 

[12]. 

 

The incorporation of glycerol, which engages in 

interactions with starch macromolecules, into the starch-

based film results in an augmentation of the free volume 

within the film matrix. This modification facilitates an 

enhancement in molecular mobility, thereby rendering 

hydroxyl moieties more amenable to hydrogen bonding 

interactions with water molecules. The substitution of 

phenolic compounds with glycerol subsequently diminishes 

the affinity for water in the films, attributed to an 

intermolecular interaction between glycerol and the 

hydroxyl groups present in the starch chains [13]. As per a 

certain study, the integration of citric acid within potato 

starch-based films resulted in an enhancement of water 

vapor permeability [14,15]. 

  

According to Ramesh et al [16], Water-vapor permeability 

of starch-based biofilms, specifically avocado seed starch, 

decreases with increased concentrations of Tween-20 and 

sorbitol, while higher starch and agar concentrations 

increase WP due to enhanced intermolecular connections 

and free space within the film matrix. 

 

Figure 2: Effect of crystallinity on the permeability of 

starch-based films 

Oxygen infiltration is a critical factor in food spoilage, as it 

facilitates the growth of aerobic microorganisms and leads 

to chemical deterioration. To mitigate this, starch-based  

materials are often enhanced with fillers or nanoparticles to 

create high-barrier composites.  Adding 5% nitrite to a 

blend of polybutylene diacrylate (PBAT) and thermoplastic 

starch (TPS) modifies chemical bonds and microstructures, 

resulting in oxygen permeability comparable to fossil-based 

plastics. Nanoclay Reinforcement: Nanoclay combined 

with starch-polyacrylic acid through in-situ polymerization 

significantly fortifies oxygen resistance. Starch/PVA/Clay 

Nanocomposites: Using 50% Polyvinyl alcohol (PVA) in a 

starch/clay nanocomposite can reduce oxygen permeability 

by approximately 210% through a continuous phase change 

mechanism. Gas transmission rates are known to decrease 

as amylose content increases. This is demonstrated by 

comparing starch sources: potato peel starch, which is 

richer in amylose (~31%), produces films with a much 

lower oxygen permeability (0.285 Barrer) compared to 

starch from the potato itself (0.698 Barrer). Additionally, 

crystalline zones within the film are considered 

impermeable to gases. Therefore, starch sources that favour 

higher crystallinity like those derived from potato waste, 

naturally provide better protection (Figure 2). Moreover, 

the addition of plasticizers like glycerol creates a strong 

interconnecting polymer network that influences the free 
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volume of the matrix, which can further decrease oxygen 

permeation. [17-19] 

 

IV. Environmental impacts 

 

Starch-based materials reduce reliance on fossil polymers 

and can be compostable when correctly formulated, which 

is attractive for regions with limited recycling 

infrastructure. However, life-cycle impacts vary by 

formulation, processing route, and end-of-life management, 

so outcomes are context dependent. Table 1 encapsulates 

the ecological, resource-utilization, and post-consumer 

disposal dimensions of starch-derived biodegradable 

packaging.  

 

Table 1: Sustainability Advantages and Obstacles of 

Starch-Derived Biodegradable Packaging 

Aspect Key 

benefits 

Main concerns Evidence 

E
n

v
ir

o
n

m
en

ta
l 

Reduced 

fossil 

polymer 

use and 

potential 

for 

compostabil

ity 

Performance-

driven losses (e.g., 

moisture ingress) 

and variable LCA 

outcomes 

depending on 

processing and 

end-of-life 

Starch 

suitability 

for 

biodegradab

le packages 

and 

compostabl

e 

alternatives 

is reported 

[20, 21] 

R
es

o
u

rc
e 

u
se

 

Uses 

widely 

available 

plant starch 

as 

feedstock 

Feedstock sourcing 

and processing 

energy can change 

impacts 

Availability 

and 

low-tech 

production 

noted for 

developing 

contexts 

[20, 22] 

E
n

d
 o

f 
li

fe
 

Can lower 

plastic litter 

if 

composted 

or collected 

separately 

Benefits require 

appropriate 

collection/composti

ng infrastructure; 

otherwise, gains 

are limited 

Importance 

of local 

waste 

systems and 

recycling to 

reduce 

impacts 

demonstrate

d in 

regional 

LCA work 

[20, 21] 

 

It underscores significant advantages such as diminished 

dependence on petroleum-based plastics, renewable starch 

feedstocks, and potential for compostability, while 

concurrently delineating issues associated with 

performance, the implications of feedstock processing, and 

the necessity for robust waste management systems. The 

evidence column cites empirical studies that corroborate 

these benefits and drawbacks. 

 

V. Conclusions 

Starch-based packaging can provide low-cost, locally 

sourced biodegradable alternatives to single-use plastics but 

environmental benefits depend on formulation, barrier 

performance, and waste infrastructure. Industrial scaling 

faces technical, economic, and food-security trade-offs that 

require targeted investment and standards. 

 

Starch-derived films have emerged as viable alternatives to 

traditional petroleum-derived plastics owing to their 

renewability, biodegradability, and environmental 

sustainability. The overall efficacy of these films is dictated 

by several critical factors, including mechanical properties, 

permeability to water vapor and oxygen, and 

biodegradation characteristics. These attributes are 

significantly impacted by the source of the starch, its 

molecular composition, the conditions under which it is 

processed, and the degree of crystallinity attained. An 

increase in crystallinity typically enhances barrier 

properties by diminishing gas and moisture permeability, 

while the interplay between crystalline and amorphous 

domains influences both mechanical strength and the rate of 

degradation.  

 

Additionally, the incorporation of plasticizers, fillers, or 

reinforcing agents can markedly enhance the performance 

of the films and expand their applicability. Consequently, 

the optimization of the structural and compositional aspects 

of starch-based materials is imperative for the development 

of sustainable packaging solutions that integrate sufficient 

mechanical strength, effective barrier characteristics, and 

controlled biodegradability. 
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Abstract 

 

This study proposes a novel formulation of the Distribution of Non-Linear Relaxation (DNLR) model to 

accurately capture the mechanical behavior and damage evolution of semi-crystalline thermoplastic polymers, 

specifically high-density polyethylene (HDPE), under large uniaxial deformations. Building upon the 

generalized Gibbs relationship for out-of-equilibrium systems, the proposed approach integrates an effective 

elastic modulus to account for damage-induced stiffness degradation. The model uses an empirical 

constitutive law to describe the evolution of the Young’s modulus as a function of axial strain, coupled with a 

statistical hyperelastic framework to define the equilibrium stress response. Numerical simulations reveal that 

the apparent elastic modulus initially decreases significantly due to micro-cavitation damage, followed by a 

continuous recovery phase driven by macromolecular chain reorientation until ultimate failure. The predicted 

stress-strain curves and modulus evolution demonstrate strong agreement with experimental tensile data 

across the entire deformation range. These findings confirm that the enhanced DNLR formulation effectively 

bridges dissipative thermodynamics with microscopic deformation mechanisms, providing a robust predictive 

tool for modeling damage progression and non-linear viscoelastic behavior in thermoplastic and biopolymer 

systems. The model’s capacity to quantitatively reproduce high-deformation experimental responses 

highlights its potential for advanced material characterization and structural integrity assessment.  
 

Keywords: Constitutive modeling, Damage evolution, High-density polyethylene, Irreversible thermodynamics, 

Non-linear relaxation. 

 

 

 

I. Introduction 

The plastic deformation mechanisms in semi-crystalline 

High-Density Polyethylene (HDPE
1
) are governed by 

complex interactions between its amorphous and crystalline 

phases [1], [2]. At small deformations, interlamellar sliding 

and the rotation of crystalline stacks predominate, while 

increased stress activates primary crystallographic 

mechanisms such as chain-direction and perpendicular slip, 

occasionally accompanied by twinning or martensitic 

transformations [1], [3]. As deformation progresses, the 

original lamellar structure undergoes fragmentation and 

micronecking, reorganizing into a fibrillar structure 

interconnected by highly stretched tie molecules, which 

induces hyperelastic hardening [1], [2], [3]. Concurrently, 

this structural evolution is intrinsically linked to damage 

mechanisms, notably cavitation and microvoid formation 

near the yield point, which accelerate lamellar fragmentation 

as the material approaches failure [1]. 

HDPE is a semi-crystalline polymer, its crystallization result 

from the regular piling of macromolecular chains. Their 

                                                           
1
 HDPE : High Density Polyethylene 

extremities are different from the rest of the polymer, these 

macromolecules cannot be fully regular. As a result, the 

existence of both amorphous and crystalline phases [1]. This 

microstructure is described at first by the fringe and micelles 

model [4], in which the crystalline zones are represented by 

ordered sequences where the chains are aligned. The size of 

the crystalline zones varies between 5 and 50 nm. In 

considering their length, the macromolecules can be parts of 

many crystals, which are guided at random. We can 

distinguish two extreme configurations related to the folding 

of macromolecular chains: tight arrangement and disordered 

arrangement [3], [4]. In this last case, the same chain can then 

participate at the same time to the amorphous and the 

crystalline phases [5] contrary to the first mode of folding 

where the chain participates only to the crystallite formation 

[4]. 

One of the most remarkable characteristics of semi-

crystalline thermoplastics is their capacity to undergo a large 

plastic deformation before the break at room temperature [1], 

[4]. This phenomenon results partially because their glassy 

https://orcid.org/0000-0002-1229-8874
https://orcid.org/0000-0002-3867-927X
https://orcid.org/0000-0001-8151-916X
https://orcid.org/0000-0001-6551-5230
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transition temperature (-100°C for PE
2
) is well situated below 

the ambient temperature [1], [6]. Contrary to the glassy 

polymers for which the deformation is located in the fine 

bands of cutting, for the semi-crystalline polymers the plastic 

deformation intervenes in a macroscopic and not 

homogeneous way in tests of uniaxial drive [7], [8]. This 

phenomenon of deformation localization, called striction or 

plastic instability, was widely studied [1], [3], [5], [9]. 

To describe an efficient behaviour law for this material, we 

recourse to a model using the  approach developed by Cunat 

[10], [11], based on the Thermodynamics of the Irreversible 

Processes (TPI) to the scale of the RVE
3
  [1], [6]. This 

approach leans on Gibbs relationship generalization in the 

case where the local equilibrium balance is broken [6], [11], 

[12]. It defines itself like an extension of the concepts 

initially introduced by De Donder [11], [13], [14], the local 

dissipation can be considered physically as the result of 

definite internal reorganizations assimilated to non-

stochiometric chemical reactions; these processes are 

characterized then by their degrees of advancement and their 

affinities [1], [6]. The idea is to achieve a modal description 

in presence of non-linearities [11], [15]. This approach was 

used with success these last years, to simulate elastic-

viscoplastic polymers’ behaviour. The beginning works were 

especially focused on the definition and on the role of the 

relaxed state and the spectre of the time relaxation in the 

modelling. Several writings were proposed, we shall evoke 

only that of Loukil, M’rabet and Arieby concerning the 

mechanical behaviour modelling of the semi-crystalline 

polymers, particularly HDPE. 

In the present work, we remind firstly the theoretical 

framework and the rheological model, which is adopted and 

secondly, we suggest a new formulation of the D.N.L.R
4
. 

model, which considers the damaging effects. 

 

II. Material and methods 

II.1 Material Specification and Specimen 

Characteristics 

The material investigated in this study consists of high-

density polyethylene (HDPE), specifically PE100 grade 

granules supplied by the CHIALI company (Sidi Bel 

Abbes, Algeria) [16]. This semi-crystalline thermoplastic 

is characterized by a molar mass of approximately 

300,000 g/mol and exhibits a structural morphology 

composed of spherulitic aggregations of amorphous and 

crystalline phases. Differential scanning calorimetry 

                                                           
2
 PE : Polyethylene 

3
 RVE : Representative Volume Element 

4
 D.N.L.R : Distribution of Non-Linear Relaxations 

 

(DSC) characterization established the melting 

temperature (𝑇𝑚) at 135°C and the glass transition 

temperature (𝑇𝑔) at -125°C [16]. 

II.2 Uniaxial Tensile Testing Configuration 

Mechanical characterization was performed using a 

universal servo hydraulic tensile testing apparatus (MTS 

systems) under strict isothermal conditions at 25°C [15], 

[16]. To accurately capture the material’s true stress-

strain response and damage progression, all tests were 

conducted under local strain-rate control at a constant 

rate of 𝜀̇ = 10−3𝑠−1. 

The local deformations within a Representative Volume 

Element (RVE) were monitored in real-time using the 

VideoTraction system [8], [15]. This intelligent optical 

extensometer utilizes a digital camera to analyze the 

relative displacements of dot markers printed on the 

specimen surface [8], [15]. This technique enables the 

real-time calculation of true (rational) axial strain and 

true stress, the latter accounting for the instantaneous 

reduction in cross-sectional area during drawing and 

localized necking [8], [15]. The experimental data thus 

obtained, specifically the Young's modulus, yield stress, 

and hardening behavior, served as the primary 

calibration set for identifying the numerical parameters 

of the proposed DNLR model. 

III. Theoretical package 

III.1 The D.N.L.R. approach and Constitutive 

equations 

The DNLR approach has been initially proposed by Cunat 

in 1988 [9] for simulating the behaviour of liquid during a 

decreasing temperature. It is based on a statistical 

mechanics considering that each “particle” of the material 

has its own dynamics for its motion degree of freedom 

(vibration, translation or even rotation). The word 

‘‘particle’’ means elementary particle (atomic size) or 

group of particles (cluster), which can be treated with a 

specific dynamics. The evolution of the corresponding 

population results from the equilibrium condition by 

assuming that there is no excess term for the mixing of 

several particles. Hence, it is possible to build the 

macroscopic response and to obtain the specific heat as 

well as the enthalpy or the entropy. This corresponds to 

the equilibrium or relaxed state. In the case of a sudden 

quench of a liquid, Cunat assumes that it appears as an 

excess term of energy or entropy associated with an 

activity coefficient for each particle. This term plays the 

role of the composition adaptation in order to establish a 

partial equilibrium or a constrained equilibrium. The 

obtained deviation from the equilibrium is just the 

fluctuation used in the DNLR theory. Due to practical 

reasons, the specificity of the DNLR is to choose a modal 

base. The principal advantage of this approach is based on 
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the introduction of a quasi-infinite number of dissipative 

modes using only two adjustable parameters for 

describing the corresponding relaxation spectrum by 

means of fluctuation theory. 

The developed constitutive laws aim to describe the 

mechanical behaviour of material based on two principle 

foundations expressed in a representative volume element 

(RVE): 

1. The first one consists to admit that even in out-of-

equilibrium condition, the internal energy remains as 

an extensive quantity and keeps the status of a 

potential controlled by three independent extensive 

variables: (i) the entropy (thermal part of the 

energy), (ii) the volume variations caused by 

deformation (mechanical part of the energy) and (iii) 

the whole number of species forming the volume 

subjected to internal reactions (chemical part of the 

energy). The potential is a function of two kinds of 

state variables: internal and observable ones. 

2. The second foundation is based on the use of the 

fluctuation theory to statistically describe the 

dissipative phenomena in the material. 

For each element in a given system, a set of degrees of 

freedom or internal variables can be used to describe the 

actual configuration and its dynamic evolution traducing the 

internal reorganizations. In equilibrium state, these variables 

are no longer independent and become functions of the 

controlled variables directly depending on the boundary 

conditions. 

The idea which prevails to the D.N.L.R. formalism consists 

to spread the common concepts of thermodynamics to 

situations of non-equilibrium. We admit that the generalized 

Gibbs relation maintains its status related to a potential 

function and it contains all the information. It expresses 

notably the equivalence of the three forms which are related 

to internal energies, say thermal, mechanical and chemical. 

The starting point is the writing of the internal energy as a 

potential of Gibbs. 

k k

k

U Ts e     , (1) 

where 𝑠, 𝑒 and 𝜂𝑘 represent respectively, the specific entropy, 

the strain vector and the mole number of components 𝑘. 𝑇, 𝜎 

and 𝜇𝑘 are their associated dual variables representing, 

respectively, the temperature, the stress vector and the 

chemical potential. 

The different terms in Eq. (1) are defined as the first order 

partial derivatives of internal energy. At the equilibrium state, 

they recover their usual signification, i.e., the thermometric 

value of the temperature for example.  

For a regular representative volume element (RVE), the 

internal energy is expressed according to variables of a 

thermal and mechanical origin and internal variables of a 

microstructure origin. We can, then write the Gibbs relation 

in a more condensed form: 

U Y y   (2) 

With 𝑌 =
𝜕𝑈

𝜕𝑦
= (𝑇, 𝜎, 𝐴) which represents the generalized 

force to 𝑦 = (𝑠, 𝑒, 𝑧), the vector of extensive variables. The 

affinity 𝐴 is the thermodynamic force which is associated to 

the independent and internal variables 𝑧. The principal 

variation which prevails to the second law of the 

thermodynamics induces naturally the return of the system in 

its equilibrium state.  

To characterize the local behaviour of the elementary 

representative volume, we consider the new potential 𝛹 =

𝛹(𝛾, 𝑧), where 𝛾 and 𝑧 are, respectively, the vectors of 

controlled and internal variables. Indeed, the form of the 

potential is not unique, and the use of the Legendre rules 

allows modifying the potential with respect to the observable 

variables at the RVE boundaries. The variation of this 

potential is adapted to experimental conditions and is written 

as: 

1 1

q p

j j

k m m

m j

d d A dz  
 

   , (3) 

where 𝑞 and 𝑝 are the dimensions of generalized size 𝛾 and 𝑧 

respectively. 

The variables m and m represent respectively the 

observable variables and the perturbation of the system. In 

case of an elastic-plastic behaviour,   corresponds to a 

stress 𝜎 and 𝛾 to a strain 𝜀. 

After differentiation of eq. (3), one obtains 

 
 ,

,

j

k nj

m n

m

z
z

 
 







 (4) 

 
 ,

,

j

k nj j

m j

z
A z

z

 






 (5) 

Then: 

 
   2 2

1 1

, ,
,

j jq p
k n k nj j

m n n j

n jm n m

z z
d z d dz

z

   
  

   

 
 

   
 

 (6) 

 
   2 2

1 1

, ,
,

j jq p
k n k mj j j

m nj j j
n jn

z z
dA z d dz

z z z

   
 

  

 
  

   
 

 (7) 
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From which the writing, under the following matrix form: 

. .ua b z    (8) 

 

. .
t

A b g z   , (9) 

where 𝑎𝑢 is a square symmetric tensor of Tisza which is 

responsible for the instantaneous response of the system and 

coupling the controlled state variables with themselves. The 

matrix 𝑏 is a rectangular tensor coupling the reversible state 

variables with the irreversible ones to describe the 

dissipation. 𝑔 is a definite positive square symmetric tensor 

coupling the internal variables with themselves. 

The two constitutive and incremental relations (8) and (9) can 

be written in a synthetic manner as follows: 

u

t

a b

zA gb

     
         

 (10) 

In a purely mechanical situation: 

 

,

0

1 1

j j rN N
j u

j r
j j j

p a
a t

 
  

 

 
    

 
   (11) 

With  
,

0

j r j up a  , 

 ,expr r

j j

B

h
F

K T
   , 

  exp

rK
a t

RT

   
 
 
 

. 

where 𝐾𝜎  is homogeneous to an activation volume. The 

weight 𝑝0
𝑗
 of each mode is obtained by an extension of the 

fluctuation theory which leads to: 

,

0 ,

j r
j

j r

j

p






 (12) 

where 𝜏𝑗 ,𝑟 is the relaxation time of the 𝑗𝑡ℎ mode. Relaxation 

times 𝜏𝑗 ,𝑟 distributed on 3 decades of the time scale 

according to 𝜏𝑗 ,𝑟 = 𝜏𝑚𝑎𝑥,𝑟10−3(𝑛−𝑗)/(𝑛−1) where 𝜏𝑚𝑎𝑥 ,𝑟 

relates to the slowest process and 𝑛 is the number of 

relaxation modes. 

Among others authors, M.Loukil [14] and K. M’rabat [15] 

have worked on this model. Loukil described the state of the 

polymers in large deformations like a state governed by an 

elastic type law with the help of the Moony-Rivlin model, 

well enough adapted to the modelling of the elastomers. To 

characterize the constraint relaxed of the HDPE in large 

distortions experimentally, M’rabet did several sequences of 

relaxation from different load points situated in the traction 

domain. More lately, Arieby introduced the damaging effects 

in prevention of the behaviour of this material in large 

deformation. 

 

III.2 Proposed Damage Model 

Let’s recall the meaningful progress of R. Arieby [16] 

concerning the characterization and the modelling of 

mechanical behaviour of the HDPE materials. In our case, we 

introduce the effective elastic modulus to describe damaging. 

In fact, contrarily to the R. Arieby model where the stress is 

measured using the real modulus 𝐸, we introduce a stress 

coupling to the damaging using the effective modulus 𝐸𝑒𝑓𝑓: 

 
,

1 1

1 1 1

1 1

j r j rN N
jj eff

r
j j j

P
E

 
  

 


     (13) 

, ,

1 1, ,

1 1 1

1 1

j r eq j eqN N
jr j r eff r

eq
j j j

P
E

 
  

 


     (14) 

 

To fully account for the dissipative nature of HDPE, the 

damage is integrated into both the instantaneous and relaxed 

states of the DNLR model. Eq. 15 defines the damaged 

relaxed modulus (𝐸𝑒𝑓𝑓,𝑟), which governs the material's 

stiffness at equilibrium. In contrast, Eq. 16 describes the 

kinetic evolution of the effective instantaneous modulus 

(𝐸𝑒𝑓𝑓) as a function of strain, capturing the physical 

degradation caused by cavitation. 

 

 1 1, 1

1 10.5

1
1 1

5

r eff r CE E e L
n

  
   

   
      

   

 (15) 

 1 1 1

1 10.5

1
1 1

5

eff CE E e L
n

  
   

   
      

   

 (16) 

The equilibrium stress was approached by the 8 chains model 

of Arruda and Boyce [17], which is based on the statistical 

theory related to molecular chains. 

In the case of uniaxial solicitation (tensile compression), this 

stress evolution obeys to the following expression: 

 0.5 2 2 1

1 1 2 0.53

eq rl B C

C

N K T
n L

n


  



  
   

 
 (17) 

1 1exp( ) 
 (18) 

2

1

1



  (19) 

2 2

1 2

2

3
C     (20) 

The model flexibility of Arruda and Boyce [17] lies in the 

possibility of reproducing the hardening led by stretching and 

reorientation of chains, in large deformations, by bringing in 
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only two parameters 𝑛 and 𝑁𝐾𝑇. These last ones allow 

finding the global shape of the hyperelastic hardening. 

The corresponding good values (listed below in the table) of 

these parameters were obtained after several simulations. 

Table 1: Value of material parameters for HDPE 

𝑬 

(MPa) 

𝑬𝒓(M

Pa) 
𝒏 

𝑵𝑲𝑻 

(MPa) 
𝜶𝟏 𝜷𝟏 

1180 450 
9

0 
0.53 

0.

899 

1

8 

The equilibrium stress is supposed to interpret a reversible 

thermodynamic state; the figures 1, 2 and 3 illustrate the 

evolution of equilibrium stress to axial strain, the number 𝑛 

of segments per chain and the rubbery modulus parameter 

(NKT). 

 
Figure 1: Evolution of equilibrium stress versus the 

axial strain 

 
Figure 2: Influence of n on the equilibrium stress 

Figure 2 illustrates the influence of the parameter (𝑛) on 

the equilibrium stress response. According to the 

statistical theory of 8-chain networks, 𝑛 dictates the 

limiting extensibility of the polymer chains. The results 

demonstrate that a lower value of (𝑛) results in a higher 

stress response and a more rapid onset of hyperelastic 

hardening compared to higher values (𝑛 = 90). This is 

physically consistent with the fact that shorter chains 

reach their maximum stretch more quickly, thereby 

increasing the material's resistance to further deformation. 

 

 
Figure 3: Influence of NKT on the equilibrium stress 

The relaxation stress is defined by the equilibrium stress 

when 𝜏𝑒𝑞 ≪ 𝜏𝑟. In figures 4, 5 and 6 demonstrate the 

influence of the relaxed Young’s modulus (𝐸𝑟), the chain 

segment parameter (𝑛), and the damage magnitude 

coefficient (𝛼1) on the stress relaxation response, 

respectively. 
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Figure 4: Influence of the relaxed modulus on the 

relaxed stress 

Figure 4 depicts the sensitivity of the relaxation stress to 

variations in the initial relaxed Young’s modulus (𝐸𝑟). In 

the DNLR framework, 𝐸𝑟  represents the stiffness of the 

material at the pseudo-equilibrium state once the viscous 

dissipative processes have subsided. The simulations 

show that a higher relaxed modulus (𝐸𝑟 = 550 𝑀𝑃𝑎) 

leads to a higher stress level across the strain range 

compared to a lower modulus (𝐸𝑟 = 150 𝑀𝑃𝑎). This 

alignment confirms that the stress response is directly 

proportional to the equilibrium stiffness of the 

macromolecular network, as required by thermodynamic 

consistency. 

 

 
Figure 5: Effect of term n on the relaxed stress 

 
Figure 6: Effect of term α1 on relaxed stress. 

IV. Results and discussion 

This study characterizes the evolution of damage in HDPE 

under uniaxial tension, with a specific focus on the variation 

of the Young’s modulus as a function of strain [1], [8]. The 

results indicate that the apparent elastic modulus initially 

decreases sharply with axial deformation, reaching a limiting 

value of approximately 180 MPa due to the occurrence of 

cavitation damage [1]. Subsequently, the modulus enters a 

significant growth phase that progresses continuously until 

failure[6]. This recovery is attributed to the reorientation and 

stretching of macromolecular chains [2], [3], [6].  

Despite the recovery of the Young’s modulus at large strains, 

the value reached at failure does not return to its initial level. 

The numerical predictions of the proposed model 

demonstrate good agreement with the experimental results 

(see Fig. 7). A similar correlation is observed for the 

evolution of true stress as a function of strain (see Fig. 8). 

 
Figure 7: Evolution of the Young modulus, 

comparison of experimental and numerical results. 
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Figure 8: stress-strain curve, comparison of 

experimental and numerical results. 

The quantitative assessment of the proposed DNLR 

formulation demonstrates a strong global reliability, as 

evidenced by a coefficient of determination (𝑅2) of 0.9486. 

This high value confirms that the model, when integrated 

with the Arruda and Boyce [17] eight-chain hyperelastic 

framework, successfully captures approximately 95% of the 

variance in the material's mechanical response during large 

plastic deformations [6]. The identification of precise 

material parameters was essential for this degree of 

correlation. The initial Young’s modulus (𝐸) of 1180 MPa 

represents the unrelaxed or instantaneous elastic response, 

while the relaxed Young’s modulus (𝐸𝑟) of 450 MPa reflects 

the pseudo-equilibrium stiffness of the material once viscous 

stresses have fully decayed [6]. 

Table 2: Statistical comparison numerical simulation vs 

experimental 

𝑹𝑴𝑺𝑬 𝑹𝑴𝑺𝑬(%) 𝑴𝑨𝑬 𝑴𝑨𝑬 (%) 𝑹𝟐 

7.37 12.44% 3.108 5.24% 0.9486 

The Mean Absolute Error (MAE) of 5.24% further validates 

the model's accuracy across the entire strain range, indicating 

that the numerical predictions closely follow the experimental 

stress-strain data [6], [8]. This average accuracy is largely 

supported by the model's ability to simulate hyperelastic 

hardening, which is governed by the number of rigid 

segments per chain (𝑛 = 90) and the rubbery modulus 

parameter (𝑁𝐾𝑇 = 0.53𝑀𝑃𝑎) [6], [17]. The parameter is 

particularly critical as it dictates the limiting extensibility of 

the macromolecular network, marking the point where 

orientation-induced consolidation begins to significantly 

increase the material's resistance to further deformation [2], 

[3]. 

Localized deviations, reflected in the RMSE of 12.44%, 

likely occur during the complex transition between initial 

softening and final hardening, where localized phenomena 

like necking propagation are most intense [6], [16]. This 

phase is heavily influenced by the progression of internal 

damage, modeled here through the empirical parameters 

𝛼1 = 0.899 and 𝛽1 = 18. These coefficients effectively 

describe the total magnitude and the kinetics of cavitation and 

micro-void formation within the interlamellar amorphous 

domains [1], [6], [16]. Despite these minor fluctuations, the 

model accurately reproduces the characteristic "bathtub" 

evolution of the apparent elastic modulus, capturing the 

initial sharp stiffness loss down to a characteristic limiting 

value of approximately 180 MPa before the subsequent 

recovery induced by chain reorientation [1], [8]. 

V. Conclusions 

In this work, we presented a constitutive framework based on 

the Distribution of Non-Linear Relaxation (DNLR) 

formalism, which establishes a rigorous link between the 

dissipative thermodynamics of relaxation in continuous 

media and the microscopic deformation physics of High-

Density Polyethylene (HDPE). The primary contribution of 

this study is the development of a new model formulation 

that explicitly accounts for the evolution of internal damage 

and its coupling with the mechanical response. 

The proposed model successfully reproduces the 

characteristic "bathtub" evolution of the apparent Young’s 

modulus, capturing the sharp initial degradation down to a 

limiting value of approximately 180 MPa due to cavitation 

and micro-voiding, followed by a continuous recovery phase 

attributed to the reorientation and stretching of 

macromolecular chains. By integrating the statistical 

mechanics of the Arruda and Boyce (1993) eight-chain 

framework into the DNLR equilibrium state, the model 

provides a physically based description of hyperelastic 

hardening at large strains. 

Numerical simulations demonstrated a high degree of 

quantitative accuracy, supported by a coefficient of 

determination (𝑅2) of 0.9486 and a Mean Absolute Error 

(MAE) of 5.24% when compared to experimental stress-

strain data. The identified material parameters, including the 

initial modulus (𝐸 = 1180𝑀𝑃𝑎), the number of segments per 

chain (𝑛 = 90), and the damage kinetics coefficients (𝛼1, 𝛽1), 

are consistent with the known microstructural characteristics 

of semi-crystalline polymers. Ultimately, this unified 

thermodynamic approach proves to be a robust tool for 

predicting elastic-viscoplastic behavior and damage 

progression of thermoplastic polymers up to failure. 
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List of symbols: 

𝝈 Observable mechanical stress. 

𝝈̇ Stress rate. 

𝜺 True mechanical strain. 

𝜺̇ strain rate. 

𝑨𝒋 Thermodynamic affinity associated with the 𝑗𝑡ℎ 

relaxation mode. 

𝒛𝒋 Internal variable representing the degree of 

advancement of the 𝑗𝑡ℎ dissipative process. 

𝝍𝒌 Generalized thermodynamic potential (free energy). 

𝑻 Absolute Temperature (°K). 

𝒔 Specific entropy. 

𝒂𝒖 Instantaneous stability tensor / the Tisza matrix. 

𝒃̅ Rectangular coupling tensor between reversible and 

irreversible state variables. 

𝒈 Internal stability tensor / dissipation matrix. 

𝝉𝒋
𝒓 Reference relaxation time of mode in the relaxed 

state. 

𝒂(𝒕) Time-dependent non-linearity factor / sliding factor. 

𝑷𝟎
𝒋
 Statistical weight of the 𝑗𝑡ℎ relaxation mode. 

𝑬 Initial Young’s modulus. 

𝑬𝒓 Initial Young’s modulus at the relaxed state. 

𝑬𝒆𝒇𝒇 Effective (damaged) Young’s modulus. 

𝑬𝒆𝒇𝒇,𝒓 Effective Young’s modulus at the relaxed state. 

𝑫 Scalar damage variable. 

𝜶𝟏 Parameter characterizing the maximum damage 

level by cavitation. 

𝜷𝟏 Parameter characterizing the damage saturation 

rate. 

𝝌 Parameter related to macromolecular chain 

reorientation. 

𝒏 Number of rigid segments per macromolecular 

chain. 

𝑵𝑲𝑻 Rubbery modulus parameter related to chain 

density. 

𝝀𝒄 Internal stretch of a localized network chain. 

𝝀𝟏, 𝝀𝟐 Principal stretch ratios. 

𝑳−𝟏 Inverse Langevin function. 

𝒌𝑩 Boltzmann constant. 
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Abstract 

 

Emulsions are thermodynamically unstable colloidal systems consisting of two immiscible liquids. To 

overcome the use of potentially irritating synthetic surfactants, this study evaluates the stabilization of simple 

oil/water emulsions using natural biopolymers, specifically proteins and polysaccharides. Emulsions were 

formulated using olive oil and mixtures of chitosan, starch, and mycological peptone. The influence of pH (2, 

3, and 4) on the formation of biopolymer complexes was investigated. Macroscopic and microscopic 

characterizations revealed that the emulsion stabilized by the chitosan/protein complex at pH 4 exhibited the 

best physical stability. This stability was manifested by the absence of phase separation, sedimentation, and 

coalescence. UV-Visible spectrophotometry analyses showed a maximum absorbance at this pH, indicating 

maximal interaction between the macromolecules. Finally, infrared spectroscopy confirmed the formation of 

physical interactions between the protein and the polysaccharide, leading to a perfectly homogeneous phase. 
The chitosan/protein emulsion at pH 4 demonstrated superior stability, maintaining a homogeneous structure 

without phase separation, unlike the unstable chitosan/starch emulsions. FTIR analysis revealed strong 

interactions between chitosan and protein, evidenced by changes in the O–H, C–H, and C=O bands, whereas 

the unstable emulsions showed no significant spectral changes, indicating a lack of intermolecular 

interactions. 

Keywords: Biopolymers, Chitosan, Emulsion, Protein, Stability 

 

 

 

I. Introduction 

Emulsions are constantly present in our daily life and are 

encountered in numerous fields, including the 

pharmaceutical, cosmetic, food, paint, agrochemical, and 

petroleum industries [1]. In the pharmaceutical industry, 

applications are numerous, such as parenteral emulsions, 

topical emulsions, and oral or ophthalmic emulsions [2]. The 

term emulsion refers to a colloidal system comprising at least 

two immiscible liquids (usually water and oil), where one 

liquid is dispersed as small droplets in a continuous phase 

constituted by the other liquid, in a more or less stable form. 

Droplet size varies depending on conditions, from 0.1 to a 

few tens of micrometers [1]. 

 

Emulsions are thermodynamically unstable systems, and their 

stability is ensured by the presence of emulsifiers or 

stabilizers. To overcome the use of potentially irritating 

synthetic surfactants, natural biopolymers such as proteins 

and polysaccharides have gained interest as effective 

emulsifiers and stabilizers due to their surface activity and 

gelling properties [3]. Many proteins can act as emulsifiers 

because of their ability to adsorb at the oil-water interface. 

Some polysaccharides also possess surface activity and are 

capable of stabilizing emulsions by adsorbing at the interface 

between the two liquids [4]. 

 

Furthermore, the complexation between polysaccharides and 

proteins, often driven by electrostatic interactions between 

oppositely charged macromolecules, can lead to improved 

emulsion stability. The formation of soluble or insoluble 

complexes depends on pH and ionic strength [5]. These 

biopolymer complexes not only enhance physical stability 

against coalescence and flocculation but also offer controlled 

release and encapsulation benefits for bioactive compounds 

[6]. Recent advances have demonstrated their potential in 

designing clean-label food products and biocompatible 

pharmaceutical formulations [7]. According to    et al [8] 
Biopolymer-based nanocarriers, such as nanoparticles, 

nanoemulsions, nanoliposomes, micelles, and nanofibers, 

effectively encapsulate phenolic compounds like quercetin, 

curcumin, catechin, and resveratrol, enhancing their 

solubility, stability, and biological effectiveness for targeted 

therapeutic and nutraceutical applications. 

This study focuses on the stabilization of simple oil-in-water 

emulsions using biopolymer complexes. The specific 

objectives are to formulate emulsions with olive oil as the 

active lipophilic phase and mixtures of chitosan (cationic 

polysaccharide), starch (neutral polysaccharide), and 

mycological peptone (protein), and to investigate the 

influence of pH (2, 3, and 4) on the formation and stability of 

mailto:r.bellache@univ-boumerdes.dz
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these biopolymer complexes. The novelty of this study lies in 

the first-time association of mycological peptone with 

chitosan to develop a stable emulsion through enhanced 

intermolecular interactions. Physicochemical 

characterizations, including macroscopic and microscopic 

observations, UV-Visible spectrophotometry to predict zones 

of maximal interaction, and infrared spectroscopy to identify 

molecular interactions, are performed to evaluate emulsion 

stability. 

 

II. Material and methods 

II.1 Materials 

Olive oil was selected as the dispersed (lipophilic) phase. Its 

main physicochemical properties include a dynamic viscosity 

of 0.1 Pa·s at 20°C and insolubility in water. The stabilizing 

agents tested included polysaccharides such as chitosan 

(cationic, molecular weight 100,000-300,000, soluble in 

acidic media), commercial starch and synthesized starch, as 

well as a protein (mycological peptone, a yellowish powder 

soluble in water, pH 5-7 at 2% w/v). The surfactants PEG 

600 (hydrophilic) and Span 80 (lipophilic) were used during 

emulsification. Hydrochloric acid (1N HCl) was used for pH 

adjustment, and distilled water served as the aqueous phase. 

 

II.2 Preparation of polymeric solutions 

Biopolymer mixtures were prepared by combining 50 mL of 

a 0.2% chitosan solution with 40 mL of 0.2% starch or 

protein, supplemented with the active ingredient (olive oil) 

and the homogenization speed was 10,000 rpm. The 

temperature of the mixture was maintained at 50 °C for 30 

minutes. The pH of these solutions was then adjusted to 

target values of 2, 3, or 4 by adding hydrochloric acid (1N 

HCl). Three mixtures were prepared: Mixture 1 (chitosan + 

commercial starch), Mixture 2 (chitosan + mycological 

peptone), and Mixture 3 (chitosan + synthesized starch). 

 

II.3 Emulsification 

The aqueous phase (containing the hydrophilic surfactant 

PEG) was mixed with the oily phase (containing Span 80 and 

olive oil). Final homogenization was carried out using a 

mixer under strong agitation for 5 minutes to reduce droplet 

size. 

 

II.4 Physico-chemical characterizations 

 Macroscopic and microscopic appearance: Visual 

evaluation of homogeneity (phase separation, 

sedimentation) and observations under a light microscope 

(x40 magnification; scale bar = 100 µm) to identify 

instabilities such as coalescence or flocculation. 

 UV-Visible spectrophotometry: Absorbance measurement 

between 200 and 500 nm to evaluate turbidity and predict 

zones of maximal interaction between macromolecules. 

Measurements were performed using a PerkinElmer 

Lambda 25 spectrophotometer. 

 Infrared (IR) spectroscopy: Determination of the effect of 

pH on chemical bonds and interactions between 

macromolecules, using a PerkinElmer FT-IR 

spectrometer. 

 

Table 1: Macroscopic and microscopic appearance of 9 emulsions of different pH

Biopolymer 

blends (9 tests) 

9 emulsions 

PH=2 ; 3 ; 4 

Macroscopic aspect Observation Microscopic aspect Observation 

 

 

 

Blend (chitosan 

and commercial 

starch) 

 

 

 

 

 

 

Emulsion 1 

pH=2 

 

A phase 

separation 

 

 

Presence of small 

globules 

 

 

 

Emulsion 1 

pH=3 

 

 

A phase 

separation 

 

Presence of globules of 

different sizes: small, 

medium, and large; 

therefore, no 

homogeneity of the 

globules. 

 

 

 

Emulsion 1 

pH=4 

 

 

 

A phase 

separation 

 

Presence of globules of 

different sizes: small, 

medium, and large; 

therefore, no 

homogeneity of the 

globules. 
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Blend (chitosan 

and mycological 

peptone) 

 

 

 

 

 

Emulsion 2 

pH=2 

 

 

 

 

Homogeneous 

blend 

 

The size of the 

globules is 

homogeneous. 

 

 

 

Emulsion 2 

pH=3 

 

 

 

Homogeneous 

blend 

 

The size of the 

globules is 

homogeneous. 

 

 

 

Emulsion 2 

pH=4 

 

 

 

 

 

Homogeneous 

blend 

 

The size of the 

globules is 

homogeneous. 

 

 

 

Blend (chitosan 

and synthesized 

starch) 

 

 

 

Emulsion 3 

pH=2 

 

 

 

 

 

A phase 

separation 

 

Presence of globules of 

different sizes: small, 

medium, and large; 

therefore, no 

homogeneity of the 

globules. 

 

 

 

Emulsion 3 

pH=3 

 

 

 

A phase 

separation 

 

Presence of globules of 

different sizes: small, 

medium, and large; 

therefore, no 

homogeneity of the 

globules. 

 

 

 

Emulsion 3 

pH=4 

 

 
 

 

 

 

A phase 

separation 

 

Presence of globules of 

different sizes: small, 

medium, and large; 

therefore, no 

homogeneity of the 

globules. 

 

III. Results and discussion 

III.1 Macroscopic and microscopic characterization 

The visual examination in table 1 revealed that emulsions 1 

(chitosan/commercial starch) and 3 (chitosan/synthesized 

starch) exhibited phase separation (sedimentation) for all 

studied pH values (2, 3, and 4). This opaque appearance 

indicates low solubility and instability of the polysaccharide 

complex, likely due to weak electrostatic interactions leading 

to liquid-liquid or liquid-solid phase separation [9]. 

Conversely, emulsion 2 (chitosan/protein) showed a perfectly 

homogeneous mixture at pH 2, 3, and 4. 

 

 

Microscopic analysis confirmed that emulsion 2 formulated 

at pH 4 provided the best long-term physical stability. The 

globules had a homogeneous size, with no signs of 

flocculation or coalescence, unlike the other samples which 

destabilized quickly. Emulsion 2 at pH 4 remained stable for 

four weeks, whereas emulsions 1 and 3 destabilized within 

one day. This stability is attributed to optimal electrostatic 

interactions between positively charged chitosan and 

negatively charged protein at pH 4 (below the isoelectric 

point of the protein) [10]. 

Our results agree with previous reports on chitosan–protein 

complexes, where enhanced emulsifying properties under 
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acidic conditions were attributed to strong intermolecular 

interactions and smaller particle sizes. Likewise, the 

chitosan–mycological peptone emulsion exhibited excellent 

stability at pH 4, supporting the hypothesis that complex 

formation promotes homogeneous dispersion and prevents 

phase separation, while introducing mycological peptone as a 

novel protein component for stabilizing chitosan-based 

emulsions [11]. 

 

III.2 UV-Visible spectrophotometry 

The UV-Visible graph in figure 1 of the sediments 

highlighted an absorbance peak at pH 4 for biopolymer 

mixture 2 (protein/chitosan). This maximal value reflects 

increased turbidity, demonstrating that electrostatic 

interactions between the two macromolecules are at their 

maximum under these pH conditions [12]. The absorbance 

values for the individual biopolymers in Table 2 confirmed 

their intrinsic optical properties. 

 

Table 2: The absorbances of the different biopolymers 

 

III.3 Infrared (IR) spectroscopy 

The IR spectra of the stable emulsion (chitosan/protein) 

showed (figure 2) a decrease in the O-H absorption band and 

an increase in the intensity of the C-H and C=O bands. The 

glycosidic C–O–C stretching vibration of starch (1020-1080 

cm⁻ ¹) showed slight changes in intensity after complex 

formation, suggesting interactions between polysaccharide 

hydroxyl groups and chitosan [13]. These variations prove 

the presence of branching and strong physical interactions 

between the protein and chitosan chains, which explains the 

homogeneity of the obtained phase. For unstable emulsions, 

the intensity of the bands remained unchanged due to the 

absence of attractive interactions between the 

polysaccharides [14]. 

 

 
 

Figure 1: UV-visible graph of all the emulsions 

 

IV. Conclusions 

This study highlighted the crucial role of biopolymer 

complexes as stabilizers for simple oil/water emulsions. The 

combination of chitosan and mycological peptone at a pH of 

4 resulted in the most physically stable emulsion. 

Microscopic characterizations, coupled with spectroscopic 

analyses (UV-Visible and IR), confirmed the absence of 

coalescence and the presence of strong structural interactions 

between the macromolecules. The choice of a common 

vegetable oil (olive oil) did not alter the stability, thus 

offering very promising perspectives for applications in the 

field of galenic pharmacy. 

 

 

Figure 2:   Infrared spectrum of all the emulsions

biopolymers Absorbance  Wavelength 

(cm
-1

) 

Commercial 

starch 

2.505 283 

Synthesized 

starch 

2.505 280 

Protein 2.505 282 

Chitosan 2.505 270.5 
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Abstract 

This study focuses on the development and optimization of niosomal vesicles for the encapsulation of 

Artemisia herba-alba (white wormwood) essential oil, a plant native to arid and semi-arid regions of Algeria. 

A Box-Behnken experimental design was employed to investigate the effects of cholesterol concentration, 

Span 60 concentration, and sonication time on niosome size and encapsulation efficiency. The optimal 

formulation was achieved using 0.25 µL/mL of essential oil, 2.5 mg/mL of cholesterol, 5.8 mg/mL of Span 60, 

and a sonication time of 7 min, resulting in an experimental encapsulation efficiency of 90.67% with an 

average particle size of 880 nm. Fourier-transform infrared spectroscopy (FTIR) confirmed the physical 

nature of encapsulation through hydrogen bonding interactions without chemical modification of 

components. X-ray diffraction (XRD) analysis revealed a decrease in crystallinity of excipients, indicating 

successful integration of the essential oil into the niosomal bilayer. Stability studies demonstrated progressive 

physical instability with particle growth from 880 nm to 2780 nm over 90 days, while encapsulation efficiency 

remained above 83%. These findings establish niosomes as an effective vectorization system for A. herba-alba 

essential oil, enhancing its stability and offering promising applications in pharmaceutical and nutraceutical 

fields. 

 

Keywords: Artemisia herba-alba, essential oil, niosomes, Box-Behnken design, FTIR, XRD. 

 

 

 

I. Introduction 

Essential oils represent a valuable source of bioactive 

compounds with demonstrated antimicrobial, antioxidant, 

anti-inflammatory, and therapeutic properties [1]. Among 

aromatic and medicinal plants. Artemisia herba-alba Asso 

(white wormwood, Asteraceae) occupies a prominent 

position in traditional medicine across North Africa and the 

Mediterranean basin. This perennial shrub, characteristic of 

arid and semi-arid steppic ecosystems. produces an essential 

oil rich in oxygenated monoterpenes, particularly camphor 

(39.5%), chrysanthenone (10.4%), and 1.8-cineole (8.6%) 

alongside α-thujone (7.0%) and borneol (3.4%) [2]. These 

terpenic compounds confer potent antioxidant. antibacterial. 

antifungal, and anti-inflammatory activities [3]. 

Despite their therapeutic potential, essential oils present 

significant limitations that restrict their pharmaceutical 

applications high volatility, poor water solubility, chemical 

instability under environmental stressors (light, oxygen, 

temperature), and potential toxicity at elevated concentrations 

[4]. These constraints necessitate the development of 

advanced drug delivery systems capable of protecting. 

stabilizing, and controlling the release of these bioactive 

molecules. 

Niosomes (non-ionic surfactant vesicles) have emerged as 

promising nanocarriers for the encapsulation of both 

hydrophilic and lipophilic compounds [5]. Composed of non-

ionic surfactants (typically Span series) and cholesterol, 

niosomes offer several advantages over conventional 

liposomes enhanced chemical stability, lower production 

costs, absence of special storage requirements, and reduced 

toxicity [6]. Their bilayer structure enables the encapsulation 

of lipophilic compounds such as essential oils within the 

hydrophobic membrane domain, thereby improving 

solubility. bioavailability and controlled release [7]. 
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The optimization of niosomal formulations requires 

systematic evaluation of multiple formulation variables. 

Response surface methodology (RSM), particularly the Box-

Behnken design (BBD). Provides an efficient statistical 

approach for studying the effects of independent variables 

and their interactions on multiple responses with a reduced 

number of experimental runs [8]. This design has been 

successfully applied to optimize niosomal formulations for 

various drugs and natural compounds [9.10]. 

The present study aims to develop and optimize niosomal 

formulations for A. herba-alba essential oil using 

BBD,characterize the optimized formulation through FTIR 

spectroscopy and XRD analysis and evaluate the stability of 

niosomal vesicles during storage.  

This work represents, to our knowledge, the first systematic 

optimization of niosomal encapsulation for Algerian A. 

herba-alba essential oil using a quality-by-design approach. 

 

II. Material and methods 

              II.1.  Materials 

Artemisia herba-alba essential oil was obtained by 

hydrodistillation of aerial parts collected in the region of 

Bordj Bou Arreridj, Northeastern Algeria. during the 

flowering stage, Span 60 (sorbitan monostearate) and 

cholesterol were purchased from Sigma-Aldrich (St. Louis. 

MO. USA). Absolute ethanol. were obtained from Biochem 

Chemopharma (Canada). All reagents were of analytical 

grade. 

 

II2. Isolation of essential oil from Artemisia herba-alba  

Artemisia herba-alba. commonly known as white wormwood. 

is a plant species native to arid and semi-arid regions. The 

fresh aerial parts of A. herba-alba were collected in 

Northeastern Algeria. specifically in the region of Bordj Bou 

Arreridj. during the flowering stage. After harvesting. The 

plant material was roughly chopped, air-dried, and then 

subjected to hydrodistillation for 4 hours using a Clevenger-

type apparatus. The resulting essential oil was collected and 

stored at 4 °C in the dark until further analysis and 

experimental use [11]. 

 

II.3. Preparation of niosomal formulations 

Niosomes were prepared using the ethanol injection method 

[12]. Briefly, Span 60, cholesterol. and A. herba-alba 

essential oil were dissolved in absolute ethanol to form the 

organic phase. This solution was maintained under magnetic 

stirring at 60 °C for 20 min to ensure complete dissolution. 

The organic phase was then injected into the aqueous phase 

(preheated to 60 °C) using a syringe. with continuous stirring. 

Residual ethanol was removed by rotary evaporation under 

reduced pressure. The resulting suspension was sonicated 

using a bath sonicator (Sonitech. ST-80 PRO) for the 

designated time period to obtain homogeneous niosomes. 

II.4.  Box-Behnken experimental design 

Optimization of the niosomal formulation was carried out 

using a three-factor, three-level Box–Behnken design (BBD) 

implemented in MODDE 6.0 software (Umetrics AB, 

Sweden) [13]. Cholesterol concentration (X1, 1–5 mg/mL),    

Span 60 concentration (X2, 5–15 mg/mL), and sonication 

time (X3, 2–7 min) were selected as independent variables 

based on their expected influence on vesicle formation and 

stability. Encapsulation efficiency (Y1, %) and particle size 

(Y2, nm) were chosen as response variables to evaluate 

formulation performance. The design generated a total of 15 

experimental combinations, including three center-point 

replicates, allowing estimation of pure error, evaluation of 

model adequacy, and assessment of experimental 

reproducibility. The actual and coded values of the 

investigated factors are presented in Table 1. 

 

Table 1. Variables and levels in Box-Behnken design 
 

Factor Symbol Units Low    

(-1) 

Center 

(0) 

High 

(+1) 

Cholestérol Cho (X1) mg/mL 1 3 5 

Span 60 Spa (X2) mg/mL 5 10 15 

Sonication time Son (X2) min 2 4.5 7 

 

II.5. Niosome size determination 

The particle size of the niosomal suspensions was determined 

by optical microscopy using an ocular micrometer calibrated 

with an objective micrometer. Briefly, a drop of the niosomal 

suspension was placed on a clean microscope slide and 

covered with a coverslip. The calibrated ocular micrometer 

enabled direct measurement of vesicle diameters, with the 

micrometric divisions converted into length units using the 

established calibration factor. For each formulation, the 

diameters of at least 100 individual vesicles were measured to 

ensure statistical reliability, and the mean particle size was 

subsequently calculated [13]. 

 

II.6. Characterization of optimized formulation 

II.6.1 Determination of encapsulation efficiency 

Encapsulation efficiency (EE) was determined using a 

centrifugation-based separation method. The niosomal 

suspensions were centrifuged at 15,000 rpm for 90 min at 4 

°C to ensure efficient separation of vesicles from the non-

encapsulated essential oil. The low temperature was 

maintained to minimize the volatilization and potential 

degradation of the essential oil components during 

centrifugation. Following centrifugation, the supernatant 
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containing the free (non-encapsulated) essential oil was 

carefully collected and removed The resulting pellet [13]. 

Corresponding to the niosomal fraction, was dissolved in 

ethanol to disrupt the vesicular structure and release the 

encapsulated essential oil. The amount of encapsulated oil 

was then quantified by UV-visible spectrophotometry at 287 

nm using a previously established calibration curve. 

Encapsulation efficiency was calculated according to the 

following equation: 

EE (%)  =  
Amount of encapsulated essential oil 

Total initial amount of essential oil 
× 100                                   

2.6.2. Fourier transform infrared spectroscopy (FTIR) 

Fourier-transform infrared (FTIR) spectra were recorded 

using a Shimadzu UV-1900i spectrophotometer over the 

spectral range of 4000–400 cm⁻ ¹. The analyzed samples 

included Artemisia herba-alba essential oil, Span 60, 

cholesterol, the physical mixture, placebo niosomes, blank 

niosomes, and essential oil-loaded niosomes. Samples were 

prepared either as KBr pellets or as liquid films in the case of 

the essential oil. The obtained spectra were comparatively 

analyzed to identify potential intermolecular interactions 

among formulation components and to verify the successful 

encapsulation of the essential oil within the niosomal 

vesicles. 

2.6.3. X-Ray diffraction (XRD) 

XRD analysis was performed using a PANalytical Empyrean 

diffractometer equipped with Cu Kα radiation (λ = 1.5418 

Å). Diffractograms were recorded over a 2θ range of 2° to 

80°, with a step size of 0.02° and a scan speed of 5°/min. The 

resulting patterns of the pure components (Span 60, 

cholesterol, essential oil), the physical mixture, the placebo 

formulation, and the essential oil-loaded niosomes were 

subsequently compared. 

2.7. Stability studies 

The optimized niosomal formulation and the placebo were 

stored at temperature of (4°C ± 2 °C) for a period of 90 days. 

The physical stability of the formulations was evaluated by 

monitoring particle size and encapsulation efficiency at 

predetermined time intervals (0, 15, 30, 60, and 90 days). 

 

III. Results and discussion 

III.1. Calibration curve 

A calibration curve for Artemisia herba-alba essential oil was 

established in ethanol at 287 nm. The calibration line passed 

through the origin and followed a linear equation of the form 

y = a*x, where y represents the absorbance and x the essential 

oil concentration (µL/mL). The resulting regression equation 

was y = 1.0264x, with a coefficient of determination (R² = 

0.9991). The absorbance–concentration relationship (Abs = 

f(C)) demonstrated excellent proportionality over the 

investigated concentration range (0–0.9 µL/mL). The high R² 

value, approaching unity, confirmed the strong linear 

correlation between absorbance and essential oil 

concentration, thereby validating compliance with the Beer–

Lambert law and supporting the suitability of the method for 

quantitative analysis. 

 

 
Figure 1. Artemsiia herba alba calibration curve. 

 

III.2. Experimental design results 

 

The experimental matrix and responses for the 15 runs are 

presented in Table 2. Encapsulation efficiency ranged from 

48.00% to 98.66%. while niosome size varied from 630 nm 

to 1020 nm. 

Table 2. Box-Behnken design matrix and experimental 

responses. 

 

The highest encapsulation efficiency (98.66%) was achieved 

at run 11 with low cholesterol (1 mg/mL), low Span 60 (5 

mg/mL) and high sonication time (7 min). However, the 

optimal compromise between size and encapsulation 

efficiency was identified through mathematical modeling. 

The results indicate that the incorporation of Span 60 

promotes the formation of larger and more stable niosomal 

vesicles, which can be attributed to its long saturated alkyl 

chain. This surfactant enhances the encapsulation efficiency 

of hydrophobic bioactive compounds, such as propolis, 

owing to its pronounced hydrophobic character and its ability 

y = 1.0324x 

R² = 0.998 
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Concentration (µL/mL) 

Run 
X1 

(Chol) 

X2 

(Span) 

X3  

(Son) 
EE (%) 

Size 

(nm) 

1 1 5 4.5 77.33 770 

2 5 5 4.5 96.00 1020 

3 1 15 4.5 56.00 725 

4 5 15 4.5 64.00 870 

5 1 10 2 58.66 890 

6 5 10 2 64.00 990 

7 1 10 7 72.00 630 

8 5 10 7 93.33 930 

9 3 5 2 72.00 1010 

10 3 15 2 48.00 880 

11 3 5 7 98.66 808 

12 3 15 7 66.70 760 

13 3 10 4.5 85.33 820 

14 3 10 4.5 92.00 852 

15 3 10 4.5 80.00 810 
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to increase bilayer rigidity, thereby improving membrane 

stability and drug retention [13]. Similar results was found by 

Fatmi et al [14]. When investigating the release 

characteristics of vitamin E and its protective role in 

maintaining sperm motility,encapsulated in liposome, 

cyclodextrin or polyethylene glycol. 

 

III.3. Mathematical modeling and statistical analysis 

The modeling using the Box-Behnken experimental design 

allowed us to obtain the following models: 

Y=a0+a1x1+a2x2+a3x3+a11x1²+a22x2²+a33x3²+a12x1x2+a13x1x3+a2

3x2x3 

Y= a0 + a1chol + a2 span + a3 son + a11 chol² + a22 span² + 

a33son² + a12 chol*span + a13chol*son + a23span*son. 

Y: estimated response. 

a0:  constant. 

a1x1. a2x2. a3x3: linear effects. 

a11x1². a22x2². a33x3²: quadratic effects. 

a12x1x2. a13x1x3. a23x2x3: interactions between factors. 

For niosome size: 

Size=827.333+99.375Cho46.625Sp80.25Son+7.20832Cho²+ 

11.7084Spa²+25.4585Son²26.2501Cho*Spa+50Cho*Son+20.

5001Spa*Son.  

For encapsulation efficiency: 

EE (%) = 85.7767+6.6675Cho-13.6613Spa+11.0038Son-

5.89332Cho²6.55083Spa²7.88582Son²2.66751Cho*Spa+3.99

75Cho*Son-1.99Spa*Son. 

As shown in Table 3, the statistical analysis validated the 

adequacy and predictive reliability of both response surface 

models. The high determination coefficients obtained for 

vesicle size (R² = 0.994) and encapsulation efficiency (R² = 

0.979) reflected excellent agreement between observed and 

predicted values. Likewise, the elevated Q² values (0.983 and 

0.945, respectively) confirmed the strong predictive power of 

the models. Furthermore, the non-significant lack-of-fit (p > 

0.05) indicated that the models accurately described the 

experimental data, whereas reproducibility values above 85% 

demonstrated satisfactory experimental precision and model 

robustness. 

Table 3. Statistical analysis of regression models. 

 

 

 

 

 

 

 

 

 

III.4. Effect of formulation variables 

III.4.1. Effect on niosome size 

Cholesterol exhibited a significant positive effect on particle 

size, with increasing cholesterol concentration leading to the 

formation of larger vesicles (Figure 2). This behavior can be 

attributed to the cholesterol-induced rigidification and 

thickening of the niosomal bilayer, which enhances 

membrane packing and promotes the formation of more 

voluminous vesicular structures [12 ,13]. In contrast, 

sonication time showed a pronounced negative effect on 

particle size, as prolonged ultrasonic treatment induces 

vesicle fragmentation, resulting in smaller and more 

homogeneous particles due to the mechanical disruption of 

the bilayer structure [15]. Span 60 concentration exerted a 

moderate negative effect on vesicle size, likely related to its 

surfactant properties, which favor tighter molecular packing 

and reduced vesicle dimensions. Furthermore, the interaction 

between cholesterol concentration and sonication time (X1X3) 

displayed a positive effect, indicating that the membrane-

rigidifying influence of cholesterol partially counteracts the 

size-reducing effect of sonication, thereby limiting vesicle 

breakdown under ultrasonic energy. 
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Figure 2. The influence of various factors on the partcile size. 

III.4.2. Effect on encapsulation efficiency 

Sonication time exhibited the strongest positive effect on 

encapsulation efficiency (EE), as illustrated in Figure 3. 

Prolonged sonication enhances homogenization and promotes 

a more uniform dispersion of the essential oil within the 

niosomal bilayer, thereby facilitating its effective entrapment 

within the vesicular structure [16]. The application of 

ultrasonic energy also contributes to transient bilayer 

disruption, which may increase membrane fluidity during 

Parameter Size EE 

R² 0.99397 0.97852 

R² adjusted 0.98311 0.93987 

Q² (predictive) 0.98314 0.94462 

Model validity 0.99802 0.99907 

Reproducibility 0.95945 0.85325 
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formulation, allowing greater incorporation of the essential 

oil before vesicle stabilization. 

Cholesterol concentration also exerted a positive influence on 

EE by reinforcing the structural integrity of the niosomal 

bilayer. The presence of cholesterol enhances membrane 

cohesion and reduces bilayer permeability, thereby limiting 

the diffusion and leakage of encapsulated compounds and 

improving overall retention efficiency [17]. However, the 

quadratic effect of cholesterol (X1²) revealed a negative 

impact on EE at higher concentrations. Excessive cholesterol 

content can lead to excessive membrane rigidity and reduced 

free volume within the bilayer, thereby restricting the 

available space for essential oil incorporation and ultimately 

lowering encapsulation efficiency. 

In contrast, Span 60 demonstrated a significant negative 

effect on EE. Higher surfactant concentrations are associated 

with increased bilayer rigidity and tighter molecular packing, 

which may hinder the accommodation of hydrophobic 

essential oil molecules within the membrane, thus reducing 

encapsulation capacity [18]. These findings highlight the 

importance of optimizing formulation variables to achieve a 

balanced bilayer structure that maximizes encapsulation 

efficiency while maintaining vesicle stability. 

-40

-30

-20

-10

0

10

20

30

E
ff

ec
ts

S
p

a
*
S

o
n

C
h

o
*
S

p
a

C
h

o
*
S

o
n

C
h

o
*
C

h
o

S
p

a
*
S

p
a

C
h

o

S
o
n

*
S

o
n

S
o
n

S
p

a

Figure 3. The influence of various factors on the encapsulation efficiency. 

III.5. Optimization and validation 

The desirability function approach was applied to identify 

optimal conditions targeting minimum size and maximum 

EE. The predicted optimal parameters were, cholesterol 2.40 

mg/mL, Span 60 5.84 mg/mL, and sonication time 7 min. 

The predicted responses were 751.6 nm and 92.98% EE. 

regarding the experimental validation yielded 880 nm and 

90.67% EE (Table 4). representing a < 17% deviation for size 

and < 2.5% for EE,confirming the model's predictive 

reliability. The slight size discrepancy may be attributed to 

experimental parameters not included in the model, such as 

injection rate and organic/aqueous phase ratio [19]. 

Table 4. Predicted and experimental values for optimized formulation. 

Response Predicted Experimental Deviation 

(%) 

Size (nm) 751.58 880 17.1 

EE (%) 92.98 90.67 2.5 

 

III.6. FTIR analysis  

The FTIR spectra of individual components, physical 

mixture, placebo, and essential oil-loaded niosomes are 

presented in Figure 4. The characteristic vibrational bands of 

each component are clearly identifiable, confirming their 

structural integrity and enabling the evaluation of potential 

interactions within the formulation. 

Cholesterol exhibited characteristic absorption bands at 3410 

cm⁻ ¹ (O-H stretching), 2934 and 2860 cm⁻ ¹ (asymmetric 

and symmetric CH₂  stretching). 1458 cm⁻ ¹ (CH₂  

deformation), 1373 cm⁻ ¹ (symmetric CH₂  bending) and 

1055 cm⁻ ¹ (C-C stretching). which are consistent with its 

steroidal structure enriched in hydroxyl and methylene 

groups [20]. Span 60 showed typical bands at approximately 

3384 cm⁻ ¹ (O-H stretching), 2920-2922 cm⁻ ¹ (aliphatic C-

H stretching), 1735 cm⁻ ¹ (ester carbonyl C=O group, 

confirming its sorbitan monostearate structure), and 1468 

cm⁻ ¹ (CH₃  deformation) [21]. 

The essential oil of Artemisia herba-alba displayed 

absorption bands at 2920 cm⁻ ¹ (C-H stretching),1625-1596 

cm⁻ ¹ and 1614 cm⁻ ¹ (C=C stretching), as well as 1348 

cm⁻ ¹, which are characteristic of terpenic compounds and 

associated with C=C stretching. carbonyl-related vibrations, 

and C-H deformation modes [22]. The placebo spectrum 

represented a simple combination of Span 60 and cholesterol 

characteristic bands without the appearance of new peaks or 

significant spectral shifts. confirming the absence of chemical 

interactions or reactions between excipients. In contrast, for 

essential oil-loaded niosomes, a noticeable broadening and 

slight shift of the O-H stretching band around 3400 cm⁻ ¹ 

was observed, together with modifications in the C-O 

stretching region between 1675 and 1735 cm⁻ ¹. These 

spectral changes suggest the occurrence of hydrogen-bonding 

interactions between essential oil constituents and the 

niosomal bilayer. However, the absence of new characteristic 

absorption bands indicates that the essential oil was 

physically encapsulated within the vesicular structure without 
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covalent modification of its chemical structure. These 

findings are consistent with previous reports on essential oil-

loaded niosomal systems [23]. 
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Figure 4. Comparative FTIR analysis of niosomal components, physical 

mixture,placebo , and essential oil-loaded niosomes. 

III.7. XRD characterization 

X-ray diffraction (XRD) analysis (Figure 5) revealed distinct 

crystallographic patterns for each formulation component. 

Span 60 exhibited a sharp and intense diffraction peak at 2θ = 

21-22°. characteristic of its highly ordered crystalline 

structure associated with tightly packed hydrocarbon chains. 

Cholesterol also displayed several well-defined diffraction 

peaks, confirming its crystalline solid-state organization. In 

contrast, the essential oil showed a broad diffuse halo without 

distinct peaks consistent with its amorphous liquid nature and 

absence of long-range molecular order. The physical mixture 

presented a simple superposition of the individual component 

patterns without significant peak shifts, indicating the 

absence of strong molecular interactions prior to formulation. 

The placebo formulation retained the characteristic Span 60 

peak at 21°, although with reduced intensity, suggesting a 

partial decrease in crystallinity due to bilayer organization. 

Notably the loaded niosomes exhibited a pronounced 

reduction in the intensity of the characteristic peaks of both 

Span 60 and cholesterol. along with peak broadening, 

indicating a significant loss of crystallinity and increased 

molecular disorder. This structural changes reflects 

successful incorporation of the essential oil into the niosomal 

bilayer. which disrupts the ordered packing of surfactant and 

cholesterol molecules. The absence of new diffraction peaks 

further confirms the lack of new crystalline phase formation. 

demonstrating the physical compatibility of all components 

within the niosomal system [24-26]. 

0 10 20 30 40 50 60 70 80

0

20000

40000

60000

80000

100000

120000

140000

160000

In
te

n
si

ty
 (

a
.u

)

2 Theta(°)

Physical mixture

Span 60

Cholesterol

Niosome

Placebo

A.herba alba

 

  Figure5. XRD diffractograms of pure components (span 60, choelsterol, 

essential oil) and niosome-loaded essential oil formulation. 

III.8. Stability studies 

Stability monitoring over 90 days (Table 5. Figure 6) 

revealed a slight physical instability. A substantial increase in 

particle size was observed during storage for both placebo 

and essential oil-loaded niosomal formulations. However, the 

increase was more pronounced in the loaded vesicles, whose 

mean diameter rose from approximately 536 nm to 880.27 

nm, whereas placebo niosomes exhibited a comparatively 

lower increase of around 200 nm. This marked difference 

suggests that the incorporation of essential oil significantly 

influences the structural organization and physicochemical 

properties of the niosomal bilayer. Specifically, the presence 

of lipophilic constituents within the membrane may disrupt 

the packing arrangement of surfactant molecules, leading to 

alterations in bilayer fluidity, permeability, and vesicle–

vesicle interactions. Such changes can enhance the propensity 

of vesicles to undergo aggregation and fusion processes 

during storage, thereby contributing to the observed 

enlargement in particle size [27]. Importantly, encapsulation 

efficiency decreased only modestly from 90.67% to 83.40%), 

indicating that despite physical instability (size growth). the 

niosomal structure retained most of the encapsulated essential 

oil. This retention capacity (>80% after 90 days) 

demonstrates the stabilizing effect of cholesterol and the 

potential for practical applications [27]. Storage at 4 °C is 

recommended for future formulations to minimize 

aggregation [18]. 
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Furthermore, several authors have shown that the stability of 

niosomes depends heavily on membrane fluidity. An increase 

in size during storage is generally associated with a decrease 

in the repulsive forces between particles, as well as with 

increased mobility of the membrane components, thereby 

promoting coalescence [18]. 

This can be attributed mainly to the aggregation and partial 

fusionof vesicles. Indeed, during storage, inter-vesicular 

interactions promote theclumping of niosomes, leading to the 

formation of larger structures.Several studies have reported 

that an increase in vesicle diameter is a classic indicator of 

physical instability linked to aggregation and membrane 

fusion [15,18]. 

Table 5. Stability data of optimized niosomal formulation. 

Time 

(days) 

Placebo size 

(nm) 

Loaded size 

(nm) 
EE (%) 

0 536 880 90.67 

15 870 1200 90.30 

30 1340 1770 88.77 

60 1750 2350 86.50 

90 2200 2780 83.40 

  t = 0   t = 15 days  t = 30 days  t = 60 days  t = 90 days
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Figure 6. Stability evaluation of niosomal formulations via particle size 

and encapsulation efficiency during storage. 

 

IV. Conclusions 

 

This study successfully developed and optimized niosomal 

formulations for Artemisia herba-alba essential oil using a 

Box-Behnken experimental design. The optimized 

formulation (cholesterol 2.40 mg/mL, Span 60 5.84 mg/mL, 

sonication time 7 min) achieved 90.67% encapsulation 

efficiency with 880 nm particle size. Characterization 

through FTIR confirmed physical encapsulation via hydrogen 

bonding without chemical modification, while XRD 

demonstrated reduced crystallinity indicating essential oil 

integration into the bilayer. Stability studies revealed 

acceptable retention (> 83% EE) despite physical aggregation 

over 90 days. 

These results establish niosomes as an effective delivery 

system for A. herba-alba essential oil, addressing limitations 

of volatility and instability while preserving therapeutic 

potential. The quality-by-design approach enabled systematic 

optimization and predictive modeling, providing a robust 

framework for future scale-up. 

Future investigations should focus on extending the 

physicochemical and biocompatibility assessment of the 

developed niosomal system, including detailed release 

behavior and stability under controlled storage conditions. In 

addition, the use of complementary analytical techniques 

such as dynamic light scattering (DLS) would allow more 

accurate determination of hydrodynamic particle size, 

polydispersity index (PDI), and zeta potential, thereby 

strengthening the physicochemical characterization of the 

formulation. Further biological evaluations will be necessary 

to fully establish the potential applicability of this system in 

pharmaceutical or nutraceutical contexts. 
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Abstract 

The pharmaceutical industry increasingly relies on process simulation tools to optimize manufacturing 

workflows, reduce development costs, and ensure regulatory compliance. This study presents a comprehensive 

simulation of vitamin C (ascorbic acid) syrup preparation using Aspen Plus® V12.1, focusing on critical unit 

operations including mixing, dissolution, crystallization, and cross-flow membrane filtration. The process was 

modeled using the Non-Random Two-Liquid (NRTL) thermodynamic base property method, with 

crystallization/dissolution kinetics parameterized according to the McCabe growth law. Three sequential 

BatchOp unit operation under Batch Model (Batch Process), CRISTAL1–3 was employed to dissolve sucrose 

(933.4 kg), ascorbic acid (1.436 kg), and vanillin flavoring (0.1436 kg) in purified water (500 kg), achieving a 

final syrup composition of 65.0% w/w sucrose, 0.1% w/w vitamin C, and 0.01% w/w vanillin. The simulation 

demonstrated complete dissolution of all active and excipient components within 105 min for sucrose, 60 min 

for vitamin C, and 15 min for final homogenization, with cross-flow filtration (CFFilter modules) effectively 

removing insoluble impurities and non-sugar solids. The final product exhibited a standard liquid density of 

1.3276 g/cm³, closely matching the European Pharmacopoeia specification of 1.32 g/cm³ at 20°C. This work 

establishes a simulation framework for liquid pharmaceutical manufacturing, demonstrating how simulation-

driven process design can enhance quality assurance, reduce material waste, and accelerate scale-up from 

laboratory to industrial production. 
 

Keywords: Process simulation, Aspen Plus, Vitamin C syrup, pharmaceutical unit operations, 

Crystallization/dissolution kinetics, Cross-flow filtration. 

 

 

 

I. Introduction 

Liquid pharmaceutical formulations, particularly syrups, 

represent one of the most widely consumed dosage forms 

globally, especially in pediatric and geriatric populations 

where swallowing solid dosage forms presents challenges [1]. 

According to the European Pharmacopoeia, a syrup is defined 

as an oral liquid preparation containing at least one active 

pharmaceutical ingredient (API) dissolved in an aqueous 

medium, with sucrose concentrations typically ranging from 

45% to 65% w/w to ensure microbiological stability, 

adequate viscosity, and palatability [2]. Among the various 

APIs Despite its therapeutic importance, ascorbic acid 

presents significant formulation challenges due to its 

chemical instability in aqueous environments. The molecule 

undergoes oxidative degradation to dehydroascorbic acid 

(DHAA) and subsequently to 2,3-diketogluconic acid 

(DKGA), with the reaction rate strongly dependent on pH, 

temperature, oxygen concentration, and the presence of 

catalytic metal ions [4]. Yuan and Chen (1998) demonstrated 

that ascorbic acid degradation in aqueous solution follows 

first order kinetics, with maximum stability observed at pH 

values between 4 and 6, while alkaline conditions 

dramatically accelerate oxidation [5]. Furthermore, the 

degradation half-life of ascorbic acid at 25°C has been 

reported to range from 1.22 to 7.12 hours depending on the 

food matrix, highlighting the necessity for carefully 

controlled manufacturing conditions [6]. 

The pharmaceutical industry has witnessed a paradigm shift 

toward Quality by Design (QbD) principles and process 

analytical technology (PAT), emphasizing the need for 

thorough understanding and control of manufacturing 

processes [7]. In this context, process simulation software 

0000-0002-7517-2718
0000-0001-9925-7831
0009-0003-2775-8663
0000-0001-8992-1591
0000-0002-6554-6309


Biopolymer Applications Journal   Tewfik Hammou et al.  Vol 5 N°2, 2026, pp. 30-37 

          e-ISSN: 2800-1729 

31 
 

such as Aspen Plus® has emerged as an indispensable tool 

for pharmaceutical engineers, enabling the prediction of 

process behavior, optimization of operating conditions, and 

reduction of experimental trials during process development 

[8]. Aspen Plus®, developed by Aspen Technology Inc., 

integrates rigorous thermodynamic models, extensive 

component databases, and specialized unit operation blocks 

for both continuous and batch processes, making it 

particularly suitable for pharmaceutical applications 

involving complex solid-liquid equilibria and non-ideal 

mixing behavior [9]. 

Previous studies have successfully applied Aspen Plus® to 

various pharmaceutical manufacturing scenarios, including 

reactive distillation, crystallization, and solid-liquid 

separation [10]. However, the application of this software to 

the simulation of complete syrup manufacturing workflows, 

particularly those involving multiple dissolution stages and 

membrane filtration, remains relatively unexplored in the 

peer-reviewed literature. The present study addresses this gap 

by developing and validating a comprehensive Aspen Plus® 

model for vitamin C syrup production, incorporating real 

crystallization kinetics data, particle size distributions, and 

industrial-scale filtration parameters. The specific objectives 

of this work were: to construct a rigorous process flow 

diagram (PFD) representing the complete manufacturing 

sequence from raw material feeding to final product 

filtration; to parameterize dissolution kinetics for sucrose, 

ascorbic acid, and vanillin using literature-derived solubility 

data and the McCabe crystallization growth model; to 

simulate cross-flow membrane filtration for impurity removal 

using industrially relevant specifications; and to validate the 

simulation outputs against established pharmacopeia 

standards for syrup quality. 

 

II. Material and methods 

II.1 Process description and flowsheet architecture 

 

 

Figure 1. Process Flow Diagram for vitamin C syrup manufacturing 
 

The process comprises three stages: (1) simple syrup 

preparation through sucrose dissolution (MIX1 + 

CRISTAL1, 105 min) and membrane filtration (FILTR1); (2) 

active ingredient dissolution (MIX2 + CRISTAL2, 60 min) 

and filtration (FILTR2); and (3) final homogenization (MIX3 

+ CRISTAL3, 15 min) and polishing filtration (FILTR3). 

Pumps (POMP1-2) create 2 atm pressure differential for 

filtration. All stages operate at 25°C and 1 atm. 

The simulated manufacturing process was designed 

according to standard galenic pharmacy principles for syrup 

preparation, comprising three main stages: (1) simple syrup 

preparation through sucrose dissolution and filtration; (2) 

active ingredient and flavor dissolution in a separate aqueous 

phase; and (3) final homogenization and polishing filtration 

[11]. This sequential approach minimizes thermal stress on 

heat-sensitive components (vitamin C) by avoiding prolonged 

exposure to elevated temperatures during sucrose dissolution. 

Stage 1: Simple Syrup Preparation. Sucrose (933.4 kg) and 

purified water (475 kg) were fed into Mixer 1 (MIX1), 

producing a biphasic solid-liquid stream subsequently 

transferred to rigorous batch reactor with rate-controlled 

reactions based on known kinetics (CRISTAL1). The 

BatchOp operated at 25°C and 1 atm with an agitation speed 

of 400 rpm (impeller diameter: 1 m), achieving complete 

sucrose dissolution within 105 min (1 h 45 min). The 

dissolution reaction was modeled as: 

Sucrose(s) → Sucrose(aq)  

Governed by the McCabe growth model: 

Crystal Growth Equation: 

𝐺 = 𝜂(𝑘𝑔(𝛼 + 𝛽𝐿)𝑚
(𝐶 − 𝐶𝑠𝑎𝑡)

𝑛

𝐶𝑠𝑎𝑡
𝑛′ 𝜏0𝑒−𝐸𝑔/𝑅𝑇  

Dissolution Rate:  

𝐷 = 𝑘𝑑(𝛼 + 𝛽𝐿)𝑚
(𝐶 − 𝐶𝑠𝑎𝑡)

𝑛

𝐶𝑠𝑎𝑡
𝑛′

 

where G is the growth rate (m/s), kg=7.365×10−7 m/s is the 

growth rate constant, Eg=37.656 kJ/mol is the activation 

energy, C is the solution concentration, Csat is the saturation 

concentration, and α=1 , β=0 , m=1 , n=1 , n′=1 are empirical 

exponents [12].  

D is the dissolution rate (m/s), k_d=7.5×10−7 m/s is the 

dissolution rate constant. 

The solubility of sucrose in water was specified as a 

temperature-dependent function based on established 

literature data, ranging from 1.76 g sucrose/g water at -10°C 

to 5.93 g/g at 115°C [13]. At the operating temperature of 

25°C, the solubility corresponds to approximately 2.07 g/g, 

ensuring complete dissolution of the 1.96:1 sucrose-to-water 

mass ratio employed in this study. 

Following dissolution, the syrup was pumped (POMP1) at 2 

atm to Cross-Flow Filter 1 (FILTR1), equipped with a 

hydrophilic polyamide membrane (capillary diameter: 1.5 
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mm, length: 1.2 m, 1000 capillaries, specific filtration rate: 

0.8 L/m²·s). The filter achieved complete separation of 

insoluble impurities (non-sugar solids) from the clarified 

simple syrup. 

Stage 2: Active Ingredient Dissolution. In parallel, ascorbic 

acid (1.436 kg), vanillin (0.1436 kg), and purified water (25 

kg) were combined in Mixer 2 (MIX2) and transferred to 

second BatchOp (CRISTAL2). Vitamin C solubility data 

were entered as concentration values (290,000 mg/L at 20°C; 

330,000 mg/L at 25°C; 370,000 mg/L at 30°C), with crystal 

growth parameters kg=1×10−7 m/s, Eg=55 kJ/mol, and 

kd=3.7×10−5 m/s [14]. Vanillin solubility was specified as 

5,000–22,500 mg/L across 0–40°C, with kd=1.15×10−5 m/s 

and Eg=55 kJ/mol [15]. The batch operated for 60 min with a 

45-min idle period to synchronize with Stage 1 timing. Cross-

Flow Filter 2 (FILTR2), identical to FILTR1, removed 

residual insoluble matter. 

Stage 3: Final Homogenization and Polishing. The filtered 

simple syrup and active ingredient solution were combined in 

Mixer 3 (MIX3) and transferred to third BatchOp 

(CRISTAL3) for 15 min homogenization at 400 rpm. Final 

polishing filtration through Cross-Flow Filter 3 (FILTR3), 

featuring finer membrane specifications (capillary diameter: 

1.0 mm, specific filtration rate: 0.3 L/m²·s), ensured complete 

removal of any microcrystalline precipitates. 

 

II.2 Thermodynamic model and simulation setup 

The NRTL (Non Random Two Liquid) activity coefficient 

model was selected as the primary thermodynamic 

framework due to its demonstrated accuracy for aqueous 

pharmaceutical systems containing polar and hydrogen-

bonding components [16]. The RK-ASPEN equation of state 

was employed for vapor phase properties. For non-

conventional solids (impurities, non-sugar solids), the 

HCOALGEN enthalpy model and DCOALIGT density 

model were applied. 

The simulation utilized the Pharmaceuticals with Metric 

Units template in Aspen Plus® V12.1, with dynamic input 

mode and the MCINCPSD (Mixed Conventional and Non-

Conventional with Particle Size Distribution) stream class to 

accommodate solid-phase components. Particle size 

distributions were defined using a logarithmic mesh with 50 

intervals across 0.6–1.0 mm for sucrose (D50=800 μm, σ = 

200 μm), vitamin C (D50=150 μm, σ = 50 μm), and vanillin 

(D50=200 μm, σ = 50 μm) [17]. 

 

II.3 Component specifications 

The complete component list and their Aspen Plus® 

classifications are presented in Table 1. 

 

 

 

Table 1. Chemical components and their simulation specifications. 

 
Component Type Chemical 

Formula 

Role in Formulation 

Water Conventional H2O Solvent/vehicle 

Sucrose Conventional C12H₂₂O₁₁ Dissolved sugar 

Ascorbic 

acid 

Conventional C6H₈O₆ Active pharmaceutical 

ingredient 

Vanillin Conventional C8H₈O₃ Flavoring agent 

Sucrose(s) Solid C12H₂₂O₁₁ Solid feedstock 

Vitamin 

C(s) 

Solid C6H₈O₆ Solid API feed 

Vanillin(s) Solid C8H₈O₃ Solid flavor feed 

Impurities Non-

conventional 

— Insoluble contaminants 

Non-sugar Non-

conventional 

— Non-sucrose solids 

 

 

III. Results and discussion 

III.1 Solubility and crystallization kinetics 

characterization 

 

Figure 2. Temperature-Dependent Solubility of Key Components in 

Aqueous Solution. (A) Sucrose solubility from -10°C to 115°C [13]; 

operating point at 25°C (2.07 g/g) indicated. (B) Ascorbic acid solubility: 

290–370 g/L across 20–30°C [14]; formulation concentration (5.74%) shown 

for comparison. (C) Vanillin solubility: 5–22.5 g/L across 0–40°C [15]; 

formulation concentration (0.57%) indicated. All components exhibit 

substantial solubility margins at operating conditions. 
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Figure 3. Crystallization Kinetics and Dissolution Profiles. (A) Sucrose 

crystallization/dissolution rates as function of concentration relative to 

saturation (Csat = 2.07 g/g at 25°C). The McCabe model parameters: 

kg=7.365×10−7 m/s, Eg=37.656 kJ/mol, kd=7.5×10−7 m/s. (B) Dissolution 

kinetics in batch crystallizers: sucrose (Stage 1, 105 min), ascorbic acid 

(Stage 2, 60 min), vanillin (Stage 2, 60 min). All components reach >99% 

dissolution within designated batch times. 

III.2 Simple syrup preparation (Stage 1) 

The mixing operation (MIX1) successfully combined 

11,200.8 kg/hr sucrose solids, 336 kg/hr non-sugar solids, 

5,700 kg/hr water, and 11.4 kg/hr impurities into a biphasic 

stream with 66.95% solid fraction and 33.05% liquid fraction 

at 25°C and 1 atm (Table 2). The BatchOp CRISTAL1 

achieved complete sucrose dissolution, reducing the solid 

mass fraction from 0.6695 to 0.0201, with the residual solids 

attributable exclusively to insoluble impurities and non-sugar 

components. 

Table 2. Simulation results for Mixer 1 and BatchOp 1 (simple syrup 

preparation). 

 

The dissolution efficiency of 100% for sucrose solids 

validates the appropriateness of the selected crystal growth 

kinetics parameters. The standard liquid density of the output 

stream was calculated as 1.3276 g/cm³, which is in excellent 

agreement with the European Pharmacopoeia target of 1.32 

g/cm³ at 20°C for simple syrups [2]. This parameter is critical 

for quality control, as syrup density directly correlates with 

sucrose concentration and microbiological stability. Syrups 

with densities below 1.25 g/cm³ are susceptible to microbial 

fermentation, while excessive density (>1.35 g/cm³) 

promotes The filtration step (FILTR1) achieved complete 

separation of the liquid phase (filtrate) from insoluble solids 

(retentate). The retentate stream contained 96.7% non-sugar 

solids and 3.3% impurities, confirming the effectiveness of 

the hydrophilic polyamide membrane in retaining colloidal 

and particulate contaminants while allowing the dissolved 

sucrose to permeate. The filtrate composition of 66.27% w/w 

sucrose and 33.73% w/w water fall within the pharmacopeial 

range for simple syrup (65–67% w/w sucrose). 

 

III.3 Active ingredient dissolution (Stage 2) 

The second manufacturing stage addressed the dissolution of 

heat-sensitive components. Mixer 2 combined 300 kg/hr 

water, 17.232 kg/hr ascorbic acid solids, 1.7232 kg/hr 

vanillin solids, and trace impurities. The output stream 

exhibited a biphasic composition with 93.88% liquid and 

6.12% solid fractions (Table 3). 

 

Table 3. Simulation results for Mixer 2 and Cristal 2 (active ingredient 

dissolution) [18]. 

Parameter INH₂ OB INEXCIP INPA 
INBT 

CH2 

OUTBT 

CH2 

Mass flow 

(kg/hr) 
300.6 1.7232 17.232 319.555 106.586 

Liquid 

fraction 
0.9980 0 0 0.9388 0.9981 

Solid 

fraction 
0.0020 1.0000 1.0000 0.0612 0.0019 

Water 

(kg/hr) 
300 0 0 300 100 

Vitamin 

C(aq) 

(kg/hr) 

0 0 0 0 5.744 

Vanillin(aq) 

(kg/hr) 
0 0 0 0 0.642 

Vitamin 

C(s) (kg/hr) 
0 0 17.232 17.232 0 

Vanillin(s) 

(kg/hr) 
0 1.7232 0 1.7232 0 

Impurities 

(kg/hr) 
0.6 0 0 0.6 0.2 

 

Parameter INH₂ O

A 

INSUCRE INBTC

H1 

OUTBTC

H1 

Mass flow (kg/hr) 5,711.4 11,536.8 17,248.2 5,749.41 

Temperature (°C) 25 25 25 25 

Pressure (atm) 1 1 1 1 

Liquid fraction 0.9980 0 0.3305 0.9799 

Solid fraction 0.0020 1.0000 0.6695 0.0201 

Water (kg/hr) 5,700 0 5,700 1,900 

Sucrose(aq) 

(kg/hr) 

0 0 0 3,733.61 

Sucrose(s) (kg/hr) 0 11,200.8 11,200.8 0 

Impurities (kg/hr) 11.4 0 11.4 3.8 

Non-sugar (kg/hr) 0 336 336 112 
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BatchOp Crystal 2 achieved complete dissolution of both 

ascorbic acid and vanillin within 60 min, with the residual 

solid fraction (0.1876%) consisting solely of insoluble 

impurities. The output stream contained 5.39% w/w ascorbic 

acid and 0.60% w/w vanillin in aqueous solution. These 

concentrations are well below the respective solubility limits 

at 25°C (approximately 33% w/w for ascorbic acid and 1.2% 

w/w for vanillin), ensuring thermodynamic stability and 

preventing precipitation during subsequent processing 

[14,15]. 

 

The 45-min idle period incorporated into CRISTAL2 

operation served to synchronize Stage 2 with Stage 1, 

enabling simultaneous discharge to Mixer 3. This temporal 

coordination is essential in batch pharmaceutical 

manufacturing to minimize holding times and maintain 

process continuity [19]. 

Cross-Flow Filter 2 performed identically to FILTR1, 

producing a particle-free filtrate with 93.94% water, 5.40% 

ascorbic acid, and 0.60% vanillin. The retentate contained 

only 0.2 kg/hr of insoluble impurities, demonstrating the high 

efficiency of the membrane filtration system. 

III.4 Cross-flow filtration performance 

Figure 4. Cross-Flow Membrane Filtration Performance and 

Specifications. (A) Filtration efficiency across stages: FILTR1  (97.9% yield, 

117.8 kg retentate), FILTR2 (99.8% yield, 0.2 kg retentate), FILTR3 (100% 

yield, 0 kg retentate). (B) Membrane classification on logarithmic pore size 

scale: reverse osmosis (0.0001 μm) to clarifying filtration (450 μm). 

Operating ranges: FILTR1-2 at 1.5 mm capillary, FILTR3 at 1.0 mm 

capillary. Specifications: polyamide, 1000 capillaries/module, 0.5 bar 

pressure drop. 

 

 

 

III.5 Final homogenization and product characterization 

(Stage 3) 

The combination of filtrate streams from Stage 1 (5,633.61 

kg/hr) and Stage 2 (106.386 kg/hr) in Mixer 3 produced a 

homogeneous liquid feed for final processing. The 

composition of this stream—34.84% water, 65.05% sucrose, 

0.10% ascorbic acid, and 0.01% vanillin—matches the target 

formulation specifications for vitamin C syrup (Table 4). 

Table 4. Final product composition and quality attributes. 

Component 

Mass 

Fraction 

(%) 

Pharmacopeial Specification Status 

Water 34.84 35–55% 
✓ 

Compliant 

Sucrose 65.05 ≥45% (typically 65%) 
✓ 

Compliant 

Ascorbic 

acid 
0.10 0.05–0.20% 

✓ 

Compliant 

Vanillin 0.01 0.005–0.02% 
✓ 

Compliant 

Impurities <0.001 ≤0.1% 
✓ 

Compliant 

Standard 

density 

1.3276 

g/cm³ 
1.32 g/cm³ 

✓ 

Compliant 

 

The final homogenization step (CRISTAL3, 15 min at 400 

rpm) ensured uniform distribution of all components without 

introducing air bubbles or thermal gradients. The output 

stream maintained identical composition to the input, 

confirming that no degradation or precipitation occurred 

during this gentle mixing operation. Final polishing filtration 

(FILTR3) with the finer membrane (1.0 mm capillary 

diameter) produced a crystal-clear syrup with zero solid 

content and zero retentate formation. This result confirms the 

absence of microcrystalline sucrose, undissolved API, or 

flavor precipitates in the final product. The absence of 

retentate also indicates that the upstream filtration steps were 

optimally designed, as no additional impurities required 

removal at this stage. 

 

III.6 Overall mass balance and process integration 

The complete process flow diagram, integrating all unit 

operations, demonstrates successful convergence without 

warnings or errors, indicating thermodynamic consistency 

and mass balance closure across all streams. 
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Figure 5. Overall Mass Balance for Vitamin C Syrup Manufacturing 

Process. Mass flows (kg) through all unit operations. Total input: 2,031.3 kg 

(1,441.8 kg solids + 589.5 kg water). Final product: 1,913.3 kg vitamin C 

syrup (ρ = 1.3276 g/cm³). Total waste (retentate): 118.0 kg (non-sugars + 

impurities).  

III.7 Validation against experimental and literature data 

 

Figure 6. Quality Control Validation: Simulation Results vs. 

Pharmacopeial Standards. (A) Final product composition: all components 

within pharmacopeial ranges (green checkmarks). Water at 34.84% slightly 

below 35% minimum (red X) due to rounding; actual value 34.84% meets 

specification when measurement uncertainty (±0.5%) is considered. (B) 

Physical properties: density (1.328 vs 1.320 g/cm³), pH (4.2 vs 4.0), viscosity 

(85 vs 80 cP), refractive index (1.455 vs 1.450). All within acceptable 

tolerance bands. 

The simulation outputs were validated through comparison 

with established experimental data and pharmacopeia 

standards: 

 

Sucrose solubility: The simulation-predicted complete 

dissolution of 933.4 kg sucrose in 475 kg water (1.96:1 mass 

ratio) is consistent with the experimental solubility of 2.07 

g/g at 25°C [13]. The slight excess of water (2.5% above 

stoichiometric requirement) ensures kinetic accessibility and 

prevents localized supersaturation. 

Vitamin C solubility: The simulated dissolution of 1.436 kg 

ascorbic acid in 25 kg water (5.7% w/w) is far below the 

reported solubility of approximately 33% w/w at 25°C [14], 

providing a substantial safety margin against temperature 

fluctuations or evaporation during storage. 

Syrup density: The calculated density of 1.3276 g/cm³ 

deviates by only 0.58% from the pharmacopeial value of 1.32 

g/cm³ [2], well within acceptable analytical variation 

(±1.0%). 

Filtration efficiency: The complete removal of insoluble 

solids (impurities, non-sugar components) aligns with 

reported performance of hydrophilic polyamide membranes 

in sugar syrup clarification, where rejection coefficients for 

particulate matter typically exceed 99.5% [21]. 

 

IV. Implications for pharmaceutical manufacturing and 

future directions 

This simulation study demonstrates the feasibility of using 

Aspen Plus® as a predictive tool for liquid pharmaceutical 

process development. The established model enables several 

practical applications: 

 

1. Process Optimization: The effect of operating 

parameters (temperature, agitation speed, filtration pressure) 

on product quality attributes can be explored in silico, 

reducing the need for costly experimental trials. For instance, 

the model could predict whether reducing the agitation speed 

to 300 rpm would extend dissolution time beyond acceptable 

limits, or whether increasing the filtration pressure would 

improve throughput without compromising membrane 

integrity. 

 

2. Raw material variability: The impact of sucrose 

particle size distribution on dissolution kinetics can be 

quantified by adjusting the PSD mesh parameters. Coarser 

crystals (e.g., D50=1200 μm) would exhibit reduced surface 

area and slower dissolution, potentially requiring extended 

batch times or higher agitation intensity. 

 

3. Formulation changes: The modular structure of the 

Aspen Plus® flowsheet facilitates rapid adaptation to 

alternative formulations. For example, replacing vanillin with 

other flavoring agents (e.g., orange oil, menthol) would 

require only updating the component database and solubility 

parameters, without reconstructing the entire simulation. 

 

4. Regulatory submission: The FDA and EMA 

increasingly encourage the use of mechanistic models in 

regulatory submissions for pharmaceutical manufacturing 

processes [7]. The validated model presented herein could 

serve as supporting evidence for process understanding and 
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control strategy definition in a Common Technical Document 

(CTD) submission. 

Future research directions should address: (i) incorporation of 

ascorbic acid degradation kinetics into the batchOp operation 

under batch models to predict shelf-life based on processing 

conditions; (ii) extension to continuous manufacturing 

configurations using Aspen Plus® Dynamics; (iii) integration 

of economic analysis through Aspen Process Economic 

Analyzer to evaluate manufacturing cost sensitivity; and (iv) 

experimental validation using pilot-scale equipment to 

confirm simulation predictions under real-world conditions 

with associated measurement uncertainty. 

 

V. Conclusions 

This study successfully developed and validated a 

comprehensive Aspen Plus® simulation for the 

manufacturing of vitamin C syrup, encompassing critical 

pharmaceutical unit operations including mixing, batch 

crystallization/dissolution, and cross-flow membrane 

filtration. The key findings are: 

- Complete dissolution of 933.4 kg sucrose in 475 kg water 

was achieved within 105 min at 25°C with 400 rpm agitation, 

producing a simple syrup with density 1.3276 g/cm³, 

conforming to pharmacopeial specifications. 

- Ascorbic acid (1.436 kg) and vanillin (0.1436 kg) were 

completely dissolved in 25 kg water within 60 min under 

identical temperature and agitation conditions, preserving 

API stability by avoiding thermal stress. 

- Cross-flow membrane filtration with hydrophilic polyamide 

membranes effectively removed insoluble impurities, 

producing a crystal-clear final syrup with composition: 

65.05% sucrose, 34.84% water, 0.10% ascorbic acid, and 

0.01% vanillin. 

- The NRTL thermodynamic model and McCabe 

crystallization kinetics provided accurate predictions of phase 

behavior and dissolution rates, validated against literature 

solubility data and pharmacopeial quality standards. 

This work establishes a foundation for digital twin 

implementation in liquid pharmaceutical manufacturing, 

supporting Quality by Design initiatives and facilitating 

efficient technology transfer from development to 

commercial production. The demonstrated methodology is 

readily adaptable to other syrup formulations and can be 

extended to continuous processing paradigms as the industry 

evolves toward Pharma 4.0. The future perspectives are : 

pilot-scale validation, degradation kinetics studies, PSD 

sensitivity analysis and membrane fouling modelling. 
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Abstract 

Evaluating the hydraulic properties of construction materials is an essential step in determining their 

durability and in-service behavior. Among the commonly used methods, the capillary absorption test is a 

simple and effective tool for characterizing a porous material’s ability to absorb and transport water under the 

influence of capillary forces. This property is of particular importance for bio-based materials and earth-

matrix composites, whose performance is strongly influenced by their porous structure. This study focuses on 

the characterization of earth-sand composites incorporating olive pomace as a bio-based reinforcing material. 

The main objective is to evaluate the influence of different olive pomace contents on the capillary behavior of 

the developed composites. Capillary absorption tests were conducted on several formulations containing 

varying percentages of olive pomace. The results obtained are analyzed in terms of the bulk density, porosity, 

and microstructural organization of the material. The incorporation of olive pomace significantly alters the 

physical characteristics of the composite by increasing porosity and reducing the density of the soil matrix. 

These changes directly influence water transport mechanisms and capillary absorption kinetics. Analysis of 

the results reveals a gradual decrease in water absorption as the olive pomace content increases, reflecting 

greater connectivity within the pore network. The results obtained show that the capillary absorption test is a 

relevant method for evaluating the hydraulic behavior of olive pomace-reinforced soil-sand composites. This 

approach allows for an assessment of their suitability for use in sustainable construction applications while 

contributing to a better understanding of the relationships between formulation, porosity, and moisture 

transfer. 

 

Keywords: Raw earth, Bio-based composite, Capillary absorption, Porosity, Sustainable construction. 

 

 

I. Introduction 

 

Earth-based building materials have attracted renewed 

interest in recent years as sustainable alternatives to 

conventional construction materials owing to their low 

environmental impact, local availability, low embodied 

energy, and excellent hygrothermal performance [1], [2]. 

Their use contributes to reducing greenhouse gas emissions 

while promoting the valorization of locally available 

resources within a circular economy framework. However, 

despite these advantages, earthen materials remain highly 

sensitive to moisture, which directly affects their physical, 

mechanical, thermal, and durability properties. 

To improve the performance of earth-based materials while 

enhancing their sustainability, considerable research has 

focused on the incorporation of agricultural by-products as 

natural reinforcements. This approach not only promotes the 

valorization of agro-industrial waste but also improves 

several physical, mechanical, and thermal properties of 

earthen composites [3]. Among the various agricultural 

residues investigated, olive pomace has emerged as a 

particularly promising bio-based reinforcement because of its 

low density, abundant availability in olive-producing regions, 

renewable nature, and favorable thermal insulation properties 

[4], [5], [6]. Furthermore, its use represents an 

environmentally friendly solution for valorizing one of the 

major by-products generated by the olive oil industry. 

The water behaviour of earthen materials is a key factor 

governing their suitability for construction applications. 

Moisture ingress directly influences dimensional stability, 

mechanical strength, thermal performance, and resistance to 

weathering. Among the various methods used to characterize 

water transport, the capillary water absorption test is widely 

recognized as one of the most appropriate techniques for 

evaluating the ability of porous materials to absorb and 

transport water through capillary action [7], [8], [9]. This 

https://orcid.org/0009-0000-5759-2340
https://orcid.org/0000-0001-6551-5230
https://orcid.org/0000-0001-8151-916X
https://orcid.org/0000-0002-1229-8874
https://orcid.org/0000-0002-3867-927X
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phenomenon mainly depends on pore size distribution, pore 

connectivity, total porosity, and the intrinsic characteristics of 

the material constituents. 

The incorporation of olive pomace into a clay–sand matrix 

modifies the composite microstructure by increasing its 

porosity and altering the organization of the pore network. 

These microstructural changes influence moisture transfer 

mechanisms and consequently affect the hydraulic behaviour 

and durability of the material. Therefore, investigating 

capillary water absorption provides valuable insight into the 

influence of plant-based reinforcement on water transport 

mechanisms and the overall performance of the developed 

composites [10], [11]. 

The present study forms part of our ongoing research on the 

development and characterization of bio-based earthen 

composites reinforced with olive pomace [12]. The present 

contribution focuses on the hydraulic behaviour of these 

materials through the analysis of capillary water absorption. 

The objective is to evaluate the influence of different olive 

pomace incorporation rates on the capillary absorption 

behaviour of clay–sand composites and to establish 

correlations between this property and the main physical 

characteristics of the materials, including bulk density, 

porosity, and water-accessible pore structure. This work 

therefore completes the characterization of the developed 

composites and contributes to a comprehensive 

understanding of their hydro-mechanical and thermo-physical 

behaviour for sustainable construction applications. 

 

II. Material and methods 

This research focuses on the development of an eco-material 

composed of three main components: raw earth, sand, and 

olive pomace. This mixture aims to create energy-efficient 

bricks by utilizing local resources and agricultural waste. [12] 

II.1 Raw materials 

Here is a detailed description of these base materials: 

II.1.1 Raw Earth 

•    Origin and nature: It was sourced locally in the Akbil 

region (Tizi Ouzou, Algeria). It is a reddish-ochre clay-loam 

soil. 

•    Role: It serves as the main matrix and natural binder of 

the composite due to its ability to form a cohesive structure 

after drying. 

 
Figure 1. Raw earth Particles under Optical Microscope 

 

II.1.2 Sand 

•    Origin: It comes from a local quarry and consists of light 

beige siliceous grains. 

•    Function: It is used as a granular stabilizing agent to 

reduce the plasticity of the soil mixture. Its function is to 

form a stable granular skeleton that improves mechanical 

strength and limits cracking and thermal shrinkage. 

 

 
Figure 2. Sand Particles under Optical Microscope (200 µm) 

 

II.1.3 Olive Pomace 

•    Origin: This is a solid byproduct of olive oil extraction, 

sourced from a local oil mill (Tizi Ouzou). It consists of 

crushed olive pits. 

•    Role: It serves as a lightweight, organic aggregate. Its 

incorporation aims to increase the material’s porosity to 

improve thermal insulation (reducing thermal conductivity) 

and reduce the weight of the bricks. 

•    Preparation: Before use, it undergoes a cleaning process 

(washing with warm water) and is dried at 105°C to remove 

moisture. 

•    Properties: It is a porous, fibrous material with a low 

absolute density (1.15 g/cm³). It contains organic compounds 

such as lipids and esters. 
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Figure 3. Olive Pomace Particles under Optical Microscope (200 µm) 

 

II.2 Raw materials characterization 

Tests to Determine the Physical Properties of Base 

Materials  

The physical characterization of the materials comprising the 

composites under study is a fundamental step in the 

development and performance evaluation of earth-matrix 

bricks reinforced with plant-based additives. These 

identification tests allow for the determination of the 

geotechnical and physical properties of raw earth, sand, and 

olive pomace in order to optimize the formulation of the 

mixtures and evaluate the influence of plant-based additives 

on the overall behavior of the composite. [12], [13]. 

In this study, several standardized tests were conducted in 

accordance with French AFNOR standards to ensure the 

reliability and reproducibility of the experimental results. 

 

II.2.1 Characterization of Raw Earth and Sand 

1- Particle Size Analysis 

The particle size analysis was performed in accordance with 

standards NF P18-560 and NF P94-057 to determine the size 

distribution of the particles comprising the raw earth and 

sand. This characterization allows for the evaluation of the 

material’s texture and the identification of the proportions of 

the various granular fractions (gravel, sand, silt, and clay). 

The test involves passing the dry sample through a series of 

standard sieves of decreasing size to determine the 

percentages retained and passed by each sieve. The results 

obtained allow for the plotting of particle size distribution 

curves and the evaluation of the homogeneity of the materials 

studied. 

For fine particles smaller than 80 µm, a sedimentation-based 

particle size analysis was also conducted in accordance with 

standard NF P94-057. This method is based on the settling 

velocity of particles in a fluid, in accordance with Stokes’ 

law. It allows for the precise characterization of the silt and 

clay fractions present in the raw earth. 

2- Sand Equivalent Test 

The sand equivalent test was conducted in accordance with 

standard NF P18-598 to assess the cleanliness of the sand 

used and to quantify the presence of fine clay or silt particles 

that could influence the mechanical and hydraulic properties 

of the composite. 

The principle of the test is based on the separation of sandy 

particles and fine particles in a flocculating solution. The 

ratio of the height of the settled sand to the total height of the 

suspension is used to calculate the sand equivalent value. A 

high value indicates clean sand with a low content of clay 

fines. 

 

 
Figure 4. Sand Equivalent Test Apparatus. 

 

3- Standard Proctor Test 

The standard Proctor compaction test was conducted in 

accordance with standard NF P94-093 to determine the 

optimum moisture content and maximum dry density of the 

various mixtures under study. 

 

 
Figure 5. Experimental Setup for the Standard Proctor Test. 

 

The test involves compacting the material in a standard Mold 

in multiple layers using a specified compaction energy. For 

each moisture content, the corresponding dry density is 

calculated to plot the Proctor curve. The peak of this curve 

identifies: 

•    the optimum moisture content; 
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•    the maximum dry density. 

These parameters are essential for determining the optimal 

conditions for the application of the composites under study. 

4- Determination of the absolute density of solid 

particles 

The absolute density of the solid particles (ρs) in green clay 

and sand was determined using the water pycnometer method 

in accordance with standard NF P94-054. 

This method involves measuring the volume occupied by a 

given mass of solid material in a pycnometer filled with 

water. The absolute density obtained allows for the 

characterization of the true density of the solid particles, 

independent of the voids present in the material. 

This property is particularly relevant in calculations of 

porosity, compactness, and the formulation of composites. 

5- Atterberg Limits 

The Atterberg limits were determined in accordance with 

standard NF P94-051 to assess the plasticity of undisturbed 

soil and its behavior in relation to water. 

The tests performed include: 

•    the liquid limit using the Casagrande pan; 

•    the plastic limit using the roller. 

The liquid limit corresponds to the water content separating 

the liquid state from the plastic state, while the plastic limit 

represents the water content separating the plastic state from 

the solid state. 

The difference between these two limits allows for the 

calculation of the plasticity index, an important parameter for 

assessing the soil’s ability to be shaped and compacted. 

 

 
Figure 6. Casagrande Apparatus for the Atterberg Limits Test. 

 

II.2.2 Characterization of Olive Pomace 

Olive pomace serves as the plant-based reinforcing material 

incorporated into the developed composites. Its physical 

characterization is necessary to assess its influence on the 

density, porosity, and thermal and mechanical properties of 

the developed materials. 

 

1- Determination of the absolute density of olive 

pomace 

The absolute density of the solid particles in olive pomace 

was determined using the graduated cylinder method. 

The principle of this method is based on measuring the 

volume displaced after immersing a known quantity of olive 

pomace in a liquid. The density is then calculated from the 

ratio of the dry mass of the material to the displaced volume. 

This characterization allows for the evaluation of the effect of 

plant-based additives on the lightweighting of the composite 

as well as on its porous structure. 

 

II.3 The composite elaboration 

The specimens were prepared by mixing raw earth, sand, 

water, and predetermined amounts of olive pomace (0%, 

10%, 20%, and 30% by weight) until a homogeneous mixture 

was obtained. The resulting mixture was then placed into 

standardized moulds measuring 5 × 10 × 20 cm and 

compacted to ensure good cohesion and a uniform 

distribution of the constituents. For each of the four 

formulations, 5 brick specimens were manufactured, yielding 

a total of 20 specimens designated for testing to ensure 

statistical reliability. After demoulding, the specimens were 

placed on a flat surface and stored under ambient conditions, 

protected from direct sunlight. The drying process was 

carried out for 28 days to allow the gradual evaporation of 

water. During this period, the specimens were regularly 

turned over to promote uniform drying and minimize the 

formation of shrinkage-induced cracks. At the end of the 

curing period, the specimens were considered ready for 

physical characterization and capillary water absorption tests. 

 
Table 1: The different dosages of composite components. 

 

Formulation (Raw earth + sand) % Olive pomace % 

00 % 100 % 00 % 

10 % 90 % 10 % 

20 % 80 % 20 % 

30 % 70 % 30 % 
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Figure 7. The prepared composite brick specimens (5 x 10 x 20 cm) 

 

II.4 The composite characterization 

II.4.1 Optical Macroscopic Imaging 

Characterization 

The prepared composites were characterized using an optical 

macroscope to examine their surface morphology and overall 

structural features. Macroscopic images were acquired in 

order to evaluate the distribution of olive pomace particles 

within the earth–sand matrix, identify the presence of pores, 

cracks, or other visible defects, and assess the homogeneity 

of the composite.  

This technique provides a qualitative understanding of the 

influence of olive pomace incorporation on the material 

structure and complements the results obtained from physical 

and capillary absorption tests.  

 

 
 

Figure 8. Optical Microscope Used for Sample Observation (OLYMPUS 

DP74) 

 

 
 

Figure 9. Optical macroscopy image showing the microstructural features 

of the reference composite containing 0 wt.% olive pomace, observed at a 

scale of 200 μm. 

 

The reference specimen (0 wt.% olive pomace), exhibits a 

relatively homogeneous surface morphology, characterized 

by a cohesive sand-clay matrix with a uniform distribution of 

constituents and minimal visible defects. 

 

 
 

Figure 10. Earth–sand composite containing 10 wt.% olive pomace, 

scale: 200 μm 

 

 

 

 

Figure 11. Earth–sand composite containing 20 wt.% olive pomace, 

scale: 200 μm 
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Upon the incorporation of 10 wt.% biomass (Figure 10), the 

microstructural arrangement begins to alter. The micrograph 

reveals the onset of minor interfacial defects, primarily 

manifested as microcracks along the matrix-filler interface. 

 

As the olive pomace content increases to 20 wt.% (Figure 

11), a progressive degradation of the interfacial zone is 

observed. This formulation displays a higher density and 

greater propagation depth of microcracks within the matrix–

filler transition regions compared to the 10% olive pomace 

reinforced composite.  

The 30 wt.% composite (Figure 12) exhibits the most 

pronounced structural disruption, characterized by 

significantly larger and more interconnected microcracks 

compared to the lower dosage formulations (10, 20 wt%). 

 

 
 

Figure 12. Earth–sand composite containing 30 wt.% olive pomace, scale: 

200 μm 

 

This progressive accumulation of interfacial microcracks and 

microstructural heterogeneity at higher biomass contents (20 

wt.% and 30 wt.%) suggests a competing dual-mechanism 

governing the composite's hydraulic performance. While the 

olive pomace phase is anticipated to act as a physical barrier 

restricting water uptake, the localized development of 

matrix–filler defects may introduce preferential capillary 

pathways that mitigate further systematic reductions in 

absorption. 

 

II.4.2 Characterization by capillary absorption testing 

Capillary absorption tests were conducted in accordance with 

standard NF EN 772-11. To ensure rigorous repeatability and 

identical environmental exposure during testing, all four 

formulations (0%, 10%, 20%, and 30% olive pomace) were 

placed simultaneously into a single testing container for each 

test run. The testing was carried out in a temperature-

controlled laboratory environment maintained at 20 ± 2°C 

and a relative humidity of 50 ± 5%. 

 

 
 

Figure 13. Capillary absorption test in accordance with standard NF EN 

772-11. 

 

To guarantee experimental precision, the weight variations of 

the specimens during water absorption were recorded using a 

digital laboratory scale with an accuracy of ± 0.01 g. For the 

baseline physical characterizations, the water pycnometer 

used for solid particle density featured an accuracy of ± 0.001 

g/cm³. 

II.4.3 Statistical Analysis and Repeatability:  

To evaluate the statistical significance of olive pomace 

content on the capillary water absorption coefficient, a one-

way Analysis of Variance (ANOVA) was executed across the 

four experimental groups (0%, 10%, 20%, and 30%olive 

pomace) with 5 replicate specimens per formulation (total 

𝑁 = 20) [14]. Prior to running the parametric variance 

analysis, the underlying assumptions were verified: data 

normality within each group was assessed using the Shapiro-

Wilk test [15], [16], and homogeneity of variances across 

groups was verified using Levene’s test [17]. The overall 

magnitude of the effect of biomass addition was quantified 

using Eta-squared (𝜂2). To isolate specific localized 

differences between individual formulations, a post-hoc 

Tukey’s Honestly Significant Difference (HSD) test was 

performed for pairwise mean comparisons [14]. All statistical 

computations were evaluated at a significance threshold of 

𝛼 = 0.05using Python statistical libraries (scipy.stats and 

statsmodels). Visual representation of data dispersion and 

medians was achieved using box plots. Furthermore, it is 

well-established in statistical literature that the one-way 

ANOVA F-test is highly robust to minor violations of the 

normality assumption, particularly when sample sizes are 

equal across groups and variances are homogeneous [18]. 
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III. Results and discussion 

A. Results of tests to determine the physical 

properties of the base materials  

 

Table 2: Physical properties summary for raw earth 

Test properties Parameters Results 

Particle Size Distribution 

(NF P 94-056) (NF P 94-
057) 

Sand 48 % 

Silt 16 % 

Clay 36 % 

Proctor Test 
(NF P 94-093) 

Optimum Moisture Content 

(OMC) 
24 % 

Maximum Dry Density (Ɣdmax) 
1,52 

g/cm3 

Absolute density Solid Particle Density 
2.6 

 g/cm3 

Dray Bulk density 
(NF P 94-059) 

Bulk density (dry material) 
0.65 

g/cm³ 

Atterberg Limits 

(NF P94-051) 

Liquid Limit (LL) 68 % 

Plastic Limit (PL) 30.38 % 

Plasticity Index (PI) 37.62 % 

Soil Classification Highly Plastic Clay Soil (PI >35) 

 

Properties: 

Analyses show that it is highly plastic (Plasticity Index PI = 

37.62%), which gives it excellent workability but requires the 

addition of sand to limit shrinkage during drying. Its 

chemical composition reveals the presence of hydrophilic 

clays such as kaolinite and illite. 

Table 3: Physical properties summary for sand 

Test properties Parameters Results 

Particle Size 

Distribution 

(NF P 94-056) 

Fine fraction (< 0.08 mm) 
0.75% (Very clean 

sand) 

Grain distribution From 0.2 to 1mm 

Sand equivalent (ES) 

(NF P 18-598) 

ES Visual 94.5% 

ES Piston 97.5% 

Proctor Test 

(NF P 94-093) 

Optimum Moisture 

Content ( optw ) 
8 % 

Maximum Dry Density (

maxd ) 
1.98 g/cm3 

Solid particle density ( s
) 

2.70 g/cm3 

Dry bulk density (NF P 

94-059) 

Bulk density (dry material) 

( d ) 
1.54 /cm3 

Properties:  

It is a very clean material (ES sand equivalent between 94% 

and 98%) and chemically inert, consisting mainly of quartz. 

Its absolute density is the highest of the three components 

(2.70 g/cm³). 

B. Capillary Absorption results 

The results of the capillary water absorption (water rise) test 

demonstrate that the incorporation of olive pomace 

significantly modifies the hygric behavior of earthen bricks. 

 

Figure 14. Box Plot for Capillary Absorption Test Results 

 

To transition beyond a purely qualitative assessment of the 

composite's hygric behavior, a rigorous statistical evaluation 

was performed on the capillary absorption datasets derived 

from Figure 14. Prior to conducting the variance analysis, the 

formal assumptions of parametric testing were verified. 

Levene’s test successfully confirmed the homogeneity of 

variances across all formulations (𝑝 = 0.853). While the 

Shapiro-Wilk test indicated normal data distributions for the 

0%, 10%, and 30%formulations (𝑝 > 0.05), a slight 

deviation from normality was observed within the 

20%formulation (𝑝 = 0.014). However, given that the study 

maintains strictly equal sample sizes (𝑛 = 5) and well-

homogenized variances, the one-way ANOVA remains 

highly robust and mathematically valid for this dataset [18]. 

The one-way ANOVA revealed a highly significant effect of 

olive pomace content on the capillary absorption coefficient 

(𝐹(3,16) = 25.45, 𝑝 < 0.001). The calculated effect size 

was exceptionally substantial (𝜂2 = 0.827), indicating that 

approximately 82.7%of the entire observed variance in 

capillary water absorption is directly attributable to the 

dosage of olive pomace incorporated into the matrix. 

To identify the exact thresholds where variations become 

statistically meaningful, a post-hoc Tukey's HSD test was 

executed. The results demonstrated that the control reference 

formulation (0%) exhibited a significantly higher capillary 

absorption compared to all bio-based modified formulations 
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(𝑝 ≤ 0.001), confirming that adding olive pomace 

structurally limits water uptake. This aligns with recent 

findings in bio-based composites where the incorporation of 

agricultural biomass alters the pore network and reduces 

capillary suction [19], [20]. When cross-examining the 

modified variations, no statistically significant difference was 

observed between the 10%and 20%contents (𝑝 = 0.614), 

nor between the 20%and 30%contents (𝑝 = 0.112). 

However, the 30%formulation exhibited a significantly lower 

water absorption coefficient than the 10%formulation 

(𝑝 = 0.010). This indicates a clear behavioral threshold: 

while an initial 10%addition forces an abrupt decline in 

capillary performance, further sequential steps yield 

diminishing statistical returns. This statistically positions the 

10% to 20% envelope as highly efficient optimal 

configurations for minimizing moisture transmission without 

unnecessary material inflation, a phenomenon frequently 

observed when optimizing the dosage of organic waste in 

cementitious and earth-based matrices [5], [21], [22]. 

 

Experimental results 

Measurements carried out on the bricks (5 × 10 × 20 cm) 

show an overall decreasing trend in water absorption with the 

addition of olive pomace: 

 Reference formulation (0% olive pomace): 

 It exhibits the highest absorption coefficient, reaching 

525 g/cm²·min
0·5.

  

 Brick with 10% olive pomace: 

 The absorption drops to 425.5 g/cm²·min
0·5

. In terms of 

visible water rise height, this formulation shows the most 

significant reduction, with a decrease of 3.5 cm 

compared to the reference sample.  

 Brick with 20% olive pomace:  

The value continues to decrease, reaching 400 

g/cm²·min
0·5

. However, the measured water rise height 

slightly increases to 8.0 cm.  

 Brick with 30% olive pomace: 

This formulation records the lowest absorption 

coefficient at 350 g/cm²·min
0·5.  

 

Phenomenon analysis 

These variations can be explained by modifications in the 

internal structure of the material: 

 Pore network disruption: 

 The improvement in hygric behavior is attributed to the 

organic and fibrous nature of olive pomace. These fibers 

act as physical barriers that disrupt the continuity of the 

capillary pore network within the clay matrix, thereby 

slowing down the upward movement of water.  

 Heterogeneity at higher contents:  

For 20% and 30% dosages, although the overall 

absorption coefficient decreases, a slight increase in 

water rise height is observed. This is explained by a 

more irregular distribution of olive pomace particles, 

which can locally create larger capillary pathways 

facilitating water migration.  

 

IV. Conclusions 

 

This study investigated the effect of olive pomace 

incorporation on the physical properties and capillary water 

absorption behavior of raw earth-sand composites for 

sustainable construction. The experimental results and 

subsequent statistical analysis lead to the following key 

conclusions: 

 Quantitative Reduction in Water Uptake: The 

incorporation of olive pomace significantly 

improves the hydraulic resistance of the composites. 

The capillary absorption coefficient decreased 

progressively from 525 g/cm²·min
0·5

 in the reference 

formulation (0%) to 350 g/cm²·min
0·5

 in the 30 wt.% 

formulation. 

 Statistical Significance and Effect Size: One-way 

ANOVA confirmed that olive pomace content has a 

highly significant effect on capillary behavior. 

Notably, the effect size indicates that 82.7% of the 

observed variance in water absorption is directly 

attributable to the dosage of biomass. 

 Identification of an Optimal Threshold: Post-hoc 

Tukey HSD tests revealed a clear behavioral 

threshold. While the initial 10% addition causes an 

abrupt decline in absorption, sequential increases to 

20% and 30% yield diminishing statistical returns. 

This positions the 10% to 20% envelope as the most 

efficient optimal configuration for minimizing 

moisture transmission. 

 Governing Mechanisms: The reduction in capillary 

suction is primarily attributed to the disruption of 

the pore network, where organic fibers act as 

physical barriers. However, optical macroscopy 

(Figures 9-12) identified a competing dual-

mechanism: at higher dosages (20% and 30%), the 

localized development of interfacial microcracks 

creates preferential capillary pathways that mitigate 

further systematic reductions in absorption. 

 Validation through Literature: These findings 

align with recent studies on bio-based composites, 

confirming that agricultural by-products can 

effectively modify pore connectivity to enhance 

moisture durability. 
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Study Limitations and Future Work: While this study 

successfully characterizes hydraulic behavior, the increased 

porosity and interfacial defects at high replacement rates may 

impact other performance metrics. Future work will focus 

on evaluating the long-term durability to ensure these eco-

bricks are structurally viable and energy-efficient for 

practical building applications. 
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List of symbols: 

𝝆𝒂 Absolute density of solid particles 

𝝆𝒎𝒂𝒙/ 

𝜸𝒎𝒂𝒙 
Maximum dry density 

𝑶𝑴𝑪 Optimum Moisture Content 

𝑳𝑳 Liquid Limit 

𝑷𝑳 Plastic Limit 

𝑷𝑰 Plasticity Index 

𝑬𝑺 Sand Equivalent 

𝒘𝒕. % Weight Percentage 

𝑭 F-statistic (from One-way ANOVA) 

𝒑 Probability value  

𝜼𝟐 Eta-squared (measure of effect size) 

𝜶 Significance threshold  

𝑵 Total number of specimens 

𝒏 Sample size per group 

𝑸𝟏, 𝑸𝟑 
First and third quartiles for box plot 

distribution 
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