
CHEMICAL 

ENGINEERING

INTERNATIONAL STUDIES IN THE FIELD OF

MARCH 2026

EDITOR
Prof. Dr. Nil ACARALI



İmtiyaz Sahibi / Yaşar Hız 
Yayına Hazırlayan / Gece Kitaplığı

Birinci Basım  / Mart 2026 - Ankara
ISBN / 978-625-321-013-7

© copyright
Bu kitabın tüm yayın hakları Gece Kitaplığı’na aittir. 
Kaynak gösterilmeden alıntı yapılamaz, izin almadan hiçbir yolla çoğaltılamaz. 

Gece Kitaplığı
Kızılay Mah. Fevzi Çakmak 1. Sokak  
Ümit Apt No: 22/A Çankaya/ANKARA
0312 384 80 40 
www.gecekitapligi.com / gecekitapligi@gmail.com

Baskı & Cilt
Bizim Büro 
Sertifika No: 42488



INTERNATIONAL STUDIES 

IN THE FIELD OF 

CHEMICAL ENGINEERING

MARCH 2026

EDITOR

Prof. Dr. Nil ACARALI





CONTENTS

CHAPTER 1

ABSORBENT MATERIALS FROM CONVENTIONAL SYSTEMS TO NANOMATERIALS AND 
RADAR ABSORBING TECHNOLOGIES

Ayça Ceren ÇAM, Fatma İrem ŞAHİN, Nil ACARALI ................................................................................................ 7

CHAPTER 2

SUSTAINABLE BIO-COMPOSITES FROM WASTE SUNFLOWER STALKS AND FOOD-BASED 
NATURAL BINDERS:  

A MECHANICAL AND PHYSICAL PROPERTIES ASSESSMENT

Duygu KURU, İrem BULGUR, Azra YUNUSOĞLU,  Abdullah USLU, Sedef ÇELIK ............................................. 21

CHAPTER 3

DEVELOPMENT AND OPTIMIZATION OF A CINNAMON/DOX-LOADED EUDRAGIT S100 
POLYMERIC SYSTEM: STATISTICAL DESIGN AND PARTICLE CHARACTERIZATION

Fatma Ceren ÖZBEK, Fatma İrem ŞAHİN, Nil ACARALI ........................................................................................ 41





CHAPTER 1

ABSORBENT MATERIALS FROM 
CONVENTIONAL SYSTEMS TO 
NANOMATERIALS AND RADAR 
ABSORBING TECHNOLOGIES

Ayça Ceren ÇAM1, Fatma İrem ŞAHİN2, Nil ACARALI3 

1  Chemical Engineer, Yildiz Technical University, Department of Chemical Engineering, 34220, Esenler-İstanbul, Türkiye. 0009-0001-
0360-5676
2  Chemical Engineer, Yildiz Technical University, Department of Chemical Engineering, 34220, Esenler-İstanbul, Türkiye. 0000-0001-
7670-8871
3  Prof.Dr. Yildiz Technical University, Department of Chemical Engineering, 34220, Esenler-İstanbul, Türkiye. 0000-0003-4618-1540 
nilbaran@gmail.com



8

Ayça Ceren ÇAM, Fatma İrem ŞAHİN, Nil ACARALI

Ayça Ceren ÇAM, Fatma İrem ŞAHİN, Nil ACARALI

1. INTRODUCTION 

Fluids are retained and absorbed by using absorbents [1]. Absorption is defined as penetration 

of water or other liquids into solid substances pores [2]. An ideal absorbent has a fast rate and 

good capacity of absorption, long-term holding capacity [3]. Absorbents are used in many 

different industries with variable objectives [4]. Depending on their structural form and 

chemical composition, absorbents could be classified into several material groups, among 

which foams represent one of the most widely used categories. Foam is used as an absorbent in 

different industries. There are many types of foams in the world like open and closed-cell foams, 

cross-linked polyethylene foams, PVC foams, polyurethane, polyether foam, polyester foam, 

ethafoam, rubber foams [5]. Open-celled hydrophilic polymeric foams offer capillary fluid 

absorption [6]. In addition to polymer-based absorbents, naturally occurring inorganic materials 

have also attracted significant attention due to their availability and surface characteristics. 

Clays and clay minerals play a significant role in geology, industry, agriculture, as well as the 

building of buildings, bridges, dams, and other constructions [7]. Smectites are known to be 

often very thin flakes with extremely small particle sizes, resulting in a material with a large 

surface area [8]. Diatomites are lightweight and highly porous materials primarily composed of 

siliceous skeletal remains of microscopic diatoms. Owing to their pronounced liquid absorption 

capability, diatomites are widely employed as effective for a variety of substances and 

formulations [9]. There are many different types of absorbents. These absorbents could be 

categorized based on the materials they absorbed. Oil, noise, and CO2 could be given as 

materials possible to be absorbed [10]. Among these categories, oil absorbents have gained 

particular importance due to the scale and environmental impact of the petroleum industry. 

With the performance and volume of the oil industry, it is practically impossible to use oil 

without causing loss [11]. Previous oil tanker accidents have seriously contaminated the ocean 

[12]. Oil present in industrial wastewater is also a concern for the ecosystem [13]. Materials 

made of oil-absorbing polymers have high oil retention capability [14]. The term noise pollution 

describes the increase in ambient noise levels brought on by human activity [15]. Sound-

absorbing asphalt could be used to solve the problem [16]. Similarly, gaseous pollutants have 

become a major focus of absorbent material research due to global environmental concerns. 

Several significant sectors produce substantial amounts of carbon dioxide [17]. Three different 

kinds of commercially accessible materials are mainly used, and some of them allow exhaled 

anesthetic chemicals to be rebreathed [18, 19]. A possible effective absorbent for removing CO2 

from post-combustion exhaust gases is 2-Aminoethylethanolamine [20]. In addition to 

environmental pollutants, absorbent materials are also developed to protect materials and 
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describes the increase in ambient noise levels brought on by human activity [15]. Sound-

absorbing asphalt could be used to solve the problem [16]. Similarly, gaseous pollutants have 

become a major focus of absorbent material research due to global environmental concerns. 

Several significant sectors produce substantial amounts of carbon dioxide [17]. Three different 

kinds of commercially accessible materials are mainly used, and some of them allow exhaled 

anesthetic chemicals to be rebreathed [18, 19]. A possible effective absorbent for removing CO2 

from post-combustion exhaust gases is 2-Aminoethylethanolamine [20]. In addition to 

environmental pollutants, absorbent materials are also developed to protect materials and 

human health from radiation-related degradation. Sunlight's ultraviolet radiation causes rapid 

photodegradation of organic polymers is harmful to human health [21]. The development of 

biodegradable biological materials with UV absorption properties has generated significant 

interest [22]. It was reported that particles with a high specific surface area could dramatically 

increase the degree of otherwise unfavourable kinetic or thermodynamic processes [23]. As a 

result of the spilling in oil and chemical compound leaks and countless animals [24]. These 

criteria motivated the quest for novel absorber materials [25]. Recent research efforts have 

therefore focused on engineered and bio-based absorbents with enhanced performance. 

Cellulose-based superabsorbent is formed by bacterial cellulose on grafting acrylic acid with a 

crosslinker and ammonium persulfate as an initiator [26]. Polymer solid foams are crucial 

materials that were frequently employed in current technologies as extremely efficient 

absorbents [27]. Overview of absorbent materials and nano-absorbent technologies were shown 

in Figure 1.  

 
Figure 1. Overview of Absorbent Materials and Nano-Absorbent Technologies 

To provide a structured overview of the wide range of absorbent materials discussed in this 

chapter, their industrial usage, application areas, and key performance characteristics were 

systematically summarized in Table 1.  
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Table 1. Summary of Absorbent Materials: Usage, Applications, and Key Characteristics 

 

  

Category Material Usage Applications Key Characteristics Reference 

Absorbents Various 
Retaining fluids in 

various sectors 

Absorbents must have high 

absorption rate, capacity, and 

retention time. 

[1-3] 

Chemical 

Absorbents 

Natural minerals, 

polymers, 

Cleanup of chemical 

spills 

Quick and effective absorption, 

reusable, and specific to chemical 

properties 

[4] 

Foam 

Absorbents 
Polyurethane 

Construction, insulation, 

absorbent products 

Must resist aggressive materials; 

open-celled hydrophilic foams in 

high-performance absorbent cores 

[5, 6] 

Clay 

Absorbents 

Smectite 

Pet litter, herbicides, 

petroleum, water 

absorption 

Known as "swelling clay"; high 

absorption capacity due to large 

surface area 

[8] 

Sepiolite 
Various industrial 

applications 

Effective due to charge on pores and 

large surface area 
[7] 

Diatomite 
Filtration, sorbents, 

fillers, nanocomposites 

Excellent retaining medium; wide 

range of applications 
[9] 

Oil 

Absorbents 

Biomass-derived 

materials 

Oil spill cleanup, 

industrial wastewater 

treatment 

High oil retention capability but 

limited by surface alteration and 

high-temperature carbonization. 

[14] 

Noise 

Absorbents 

Bituminous 

conglomerate 

Reduces noise and aids 

rainwater drainage 

Draining layer acts as a sound-

absorbing septum 
[16] 

CO2 

Absorbents 

Lithium hydroxide, 

Sodasorb, Baralyme 

CO2 capture in various 

applications 

High efficiency in CO2 absorption; in 

anaesthesia and flue gas treatment 
[17-20] 

UV 

Absorbents 

Triazine, zinc oxide, 

titanium dioxide 

UV protection for 

materials and health 

Protects against UV radiation; 

organic and inorganic options 

available with varying effectiveness 

[21, 22] 
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2. NANOMATERIALS IN INDUSTRIES AND NANOMATERIAL BASED 

ABSORBENTS 

In response to the limitations of conventional absorbent materials, recent research has 

increasingly focused on materials engineered at the nanoscale [28]. Nanomaterials had special 

and specific characteristics because of their small dimensions and large surface area [29]. 

Nanomaterials could enter the body via the skin, even if it was unbroken, as well as by 

inhalation or ingestion [30]. Nanoparticles manufactured in a variety of ways with physical 

approaches and chemical processes being the most common [31]. Nanomaterials were 

increasingly pervasive in daily life and were slowly being sold as commodities [32]. Parallel to 

their growing commercial availability, nanomaterials have become essential components in 

addressing large-scale industrial and energy related challenges. The rise in global energy 

consumption was accelerated the development of innovative technology in hydrocarbon 

recovery techniques [33]. Obtaining materials with the needed qualities was one of the most 

difficulties in contemporary processes [34]. Metal nanoparticles were remarkable due to 

extraordinary optical, catalytic, and electrical properties [31, 35]. These advantageous 

properties enabled the widespread integration of nanotechnology into advanced industrial 

systems. Nanotechnology was used in a wide range of communications and electronic industrial 

products [36]. Beyond electronics, nanomaterials have become integral to modern 

transportation and manufacturing technologies. Due to a wide variety of these gadgets formed 

on flexible supports on a large scale, printed electronics also known as PE were employed in 

the fabrication of electronic devices [37, 38]. Automobile production contained several 

components made of nanomaterials that were integrated to make the cars [39]. Overall, 

nanotechnology represented a transformative scientific and technological paradigm on 

industrial development and material design. Nanotechnology was a pioneering scientific and 

technical idea that had a significant influence on people life [23]. 

3. RADAR 

As an extension of nanomaterial-based absorbent technologies, radar absorbing materials 

represented a specialized class of absorbents designed for electromagnetic energy attenuation 

rather than fluid or gas retention. Since radar's creation, techniques for lowering microwave 

reflections investigated since it was a sensitive detecting instrument [40]. The electromagnetic 

waves were important in daily lives which reflected energy acting on the matter in the form of 

electromagnetic fields [41]. In this context, absorption referred to the dissipation of 

electromagnetic energy within a material rather than its reflection back to the source. As 

illustrated in Figure 2, incoming radar waves interacted with radar absorbing materials (RAMs), 
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where electromagnetic energy was attenuated through absorption mechanisms and converted 

into thermal energy, resulting in minimal reflection. 

 

 
Figure 2. Principle of Radar Wave Absorption Using Radar Absorbing Materials (RAMs) 

 

Radar absorbing materials (RAMs) research was established by the 1930s, driven primarily by 

military and strategic needs to reduce electromagnetic wave reflection and radar detectability 

[42]. Understanding the fundamental interaction between electromagnetic waves and material 

properties formed the basis of early RAM research. Early studies focused on understanding the 

interaction between incident microwave radiation and material properties such as electrical 

conductivity, magnetic permeability, and dielectric permittivity. Over time, this research 

evolved into a multidisciplinary field combining materials science, electromagnetics, and 

applied physics. An ideal RAM was expected to possess several critical characteristics, 

including high electromagnetic wave attenuation efficiency over a broad frequency range, low 

density, minimal thickness, mechanical durability, thermal stability, and environmental 

resistance [43]. Radar absorption could be achieved using a wide variety of materials, including 

metals and metal particles, ferrites, conductive polymers, carbon-based materials, and dielectric 

composites [44]. Carbon-based absorbent systems attracted considerable interest because of 

their low density, adjustable electrical characteristics, and economic viability. Structural design 

strategies introduced to further improve absorption efficiency. Multilayer absorber designs 

developed to enhance absorption performance, where double-layer structures incorporating 

carbon black and fibrous carbon provide synergistic effects by combining dielectric and 

conductive loss mechanisms [45]. Furthermore, radar-absorbing materials were not limited to 
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Table 2. Radar Absorbing Materials (RAMs): Summary of Techniques and Applications 

Study Materials Applications Findings Reference 

Conducting 

Polymers 
Polyaniline 

Cost-effective, 

modifiable absorbers 

Polyaniline's derivatives offer 

opportunities to adjust absorber 

characteristics 

[39] 

Radar Absorbing 

Materials 

Metals, metal 

particles, ferrites, 

conductive polymers, 

dielectric materials 

Anechoic chambers, 

radar reflection 

reduction 

Absorb electromagnetic waves 

and convert them to thermal 

energy; ideal RAMs are thin, 

light 

[40, 41] 

Military 

Applications 
Various RAMs 

Radar invisibility for 

military platforms 

RAM reduces radar visibility 

and detection range 
[44] 

Double Layers 
Carbon black, fibrous 

carbon 

Enhanced absorption 

properties 

Improved absorption through 

layered structures 
[45] 

Dual-Use 

Technology 
Various RAMs Defence applications 

RAMs have potential for 

industrial and residential use, 

reducing resonance phenomena 

[42, 46] 

 

4. ANALYSIS AND EVALUATION 

Following the discussion of absorbent materials, nanotechnology-based systems, and radar 

absorbing applications, this section focused on selected experimental studies that demonstrate 

practical implementations of absorbent technologies. By research and chromatographic 

condition optimization, an HPLC technique for the detection of 11 different UV absorbents in 

plastic food contact materials developed by researchers [47]. In addition to analytical detection 

techniques, absorbent materials are investigated in consumer-oriented applications. Another 

research [48] examined the many ingredients found in commercial shoes, contribution to 

improving and strengthening their operations, and the desirable qualities for best performance. 

In a study [49], it had been mentioned that heavy metal ions in industrial effluent were 

effectively absorbed by cement-based products. According to the findings, the compressive 

strength of absorbent particle was strongly connected with cement concentration and curing 

age. An antibacterial smart absorbent pad [50] with a Janus structure was formed to maintain 

and reflect the meat's quality. To provide a comparative perspective on these diverse research 
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efforts, a concise overview of recent literature on absorbent materials and techniques is 

presented in Table 3.  

 

Table 3. Overview of Recent Research on Absorbent Materials and Techniques 

Study Reference 
Materials & 

Techniques 
Findings Applications 

Clay Bed 

Usability 
[2] 

Absorbent clay beds, 

Ca-Na bentonite 

Investigated absorption and 

mechanical property changes 

due to heat treatment 

Cat litter 

production, clay 

treatment 

CO2 

Adsorption 
[17] 

Magnetic mesoporous 

silica-based nano-

absorbent 

High stability, reusability, 

and selectivity for CO2 

capture 

Large-scale CO2 

capture in energy 

and industrial 

sectors 

UV Absorbent 

Film 
[22] 

UV absorbent film, 

grape syrup, PLA 

matrix 

UV-Vis studies showed 

absorption of UV radiation 

UV protection in 

films, potentially 

for packaging. 

Nanostructure

d RAMs 
[43] 

Nanostructured RAMs, 

magnetic-dielectric 

absorbers 

Improved absorption 

properties due to nanoscale 

size 

Microwave 

absorption in RAMs 

UV Absorbent 

Detection 
[47] 

HPLC technique, UV 

absorbents 

Successfully separated 11 

UV absorbents in less than 

30 minutes  

Detection of UV 

absorbents in plastic 

food contact 

materials 

Shoe Material 

Analysis 
[48] 

Commercial shoe 

ingredients, organic 

and carbon 

nanomaterials 

Evaluated materials for 

performance improvements 
Shoe manufacturing 

Heavy Metal 

Absorption 
[49] 

Cement-based 

products, coke, porous 

absorbent 

Effective absorption of heavy 

metal ions 

Industrial effluent 

treatment, heavy 

metal removal 

Antibacterial 

Smart Pad 
[50] 

Janus structure pad, 

PU nanofibers, PVA 

nanofibers 

Absorbs fluids, maintains 

dryness, inhibits bacterial 

growth 

Meat preservation, 

freshness 

monitoring 
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5. CONCLUSIONS AND FUTURE PERSPECTIVES 

The chapter provided an overview of absorbent materials employed across various industrial 

sectors, with particular emphasis on the importance of application specific material selection. 

The chapter also reviewed the growing importance of nanomaterials in absorbent technologies. 

Nanomaterials were shown to enhance absorption efficiency and functionality in many 

industrial sectors, offering new possibilities for performance improvement and material design. 

In parallel, radar absorbing materials were discussed as a specialized class of absorbents that 

operate on electromagnetic waves rather than fluids or gases. Their role in radar systems used 

for detection, monitoring, tracking, and targeting, particularly in military applications, was 

emphasized, demonstrating how absorption principles extend beyond conventional industrial 

contexts. Chemical applications represented one of the most critical areas for absorbent use, 

where rapid and effective absorption is essential for safety and environmental protection. 

Advances in nanotechnology continue to form new industrial opportunities suggesting that 

sustained investment in nano absorbent research will be important for future technological 

progress. Overall, the findings indicated that correct selection and application of absorbent 

materials could play a key role in mitigating the impacts of chemical spills and industrial waste. 

Continued research, combined with increased awareness and proper training for individuals 

working with hazardous substances, would contribute significantly to the responsible 

application of absorbents and the reduction of environmental and human health risks. 
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1. Introduction 

Sunflower (Helianthus annuus L.), a member of the Compositae (Asteraceae) family, 

was first cultivated approximately 3,000 years ago in the regions of Arizona and New Mexico, 

North America. Recognized globally as a major agricultural crop, sunflower is primarily grown 

for their seeds and vegetable oil production. In addition to being the fourth-largest source of 

vegetable oil, sunflowers have historically served multiple purposes [1]. Early applications 

included the use of sunflower stalks and seeds in basketry, dye production, and medicinal 

practices [2]. From the 19th century onwards, the industrial production of sunflower oil and the 

commercial utilization of its by-products have increased substantially [3]. 

Sunflower stalks, owing to their favorable physical and chemical properties, represent a 

promising agricultural by-product for sustainable material production. Their low density (0.028 

g/cm³) combined with high mechanical strength renders them attractive for construction 

material applications [4]. The outer region of the stem exhibits a higher Young’s modulus, 

which enhances mechanical resistance and enables effective incorporation into composite 

materials [5]. Additionally, the high cellulose, hemicellulose, and lignin content of sunflower 

stalks facilitates their use as reinforcement agents in polymer composites [6]. These properties 

enhance their potential applications in areas such as bioremediation, particleboard production, 

and natural polymer composites. 

According to 2024 data from the Turkish Statistical Institute (TÜİK), sunflower 

production in Turkey increased by 8.7% relative to the previous year, reaching approximately 

2.4 million tons annually [7]. In Bilecik province specifically, sunflowers are cultivated both 

for oil and as a snack product, ranking as the third most widely grown crop after wheat and 

barley. Total production in Bilecik rose from 13,633 tons in 2022 to 18,398 tons in 2023 [8]. 

Currently, the seeds hold economic value and are commercialized, while the stems largely 

remain as waste. Historically, sunflower stalks in this region were employed for insulation, 

construction of hard surfaces, and mixed-soil ceilings; however, these traditional uses have 

largely disappeared. The potential for reusing sunflower stalks, combined with this historical 

knowledge, provides an inspiring foundation for exploring modern applications in the 

construction and building materials sector. 

The development of composites derived from sunflower stalks is critical from both 

environmental and economic perspectives. Literature reports indicate that composites based on 

sunflower stalks can exhibit enhanced mechanical strength, impact resistance, and thermal 

stability [9]. For instance, Uğur et al. demonstrated a significant correlation between increased 

stalk content and water absorption and thickness swelling in particleboards fabricated from 
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construction and building materials sector. 

The development of composites derived from sunflower stalks is critical from both 

environmental and economic perspectives. Literature reports indicate that composites based on 

sunflower stalks can exhibit enhanced mechanical strength, impact resistance, and thermal 

stability [9]. For instance, Uğur et al. demonstrated a significant correlation between increased 

stalk content and water absorption and thickness swelling in particleboards fabricated from 

sunflower stalks and wood particles [10]. Similarly, Sunmaz et al. reported that NaOH treatment 

improved the mechanical properties of bio-epoxy composites reinforced with sunflower shells 

[11]. Another study by Temiz et al. highlighted the promising performance of composites made 

from wood chips and other waste materials in sound and thermal insulation applications [12]. 

Moreover, ash derived from sunflower stalks has been suggested to enhance concrete resistance 

against freeze-thaw cycles and chemical attack, providing innovative solutions for the 

construction sector [9]. In a study conducted by Nimcharoen and colleagues, they obtained a 

biocomposite material from sunflower stems for use in wall panels. Natural latex was used as 

the binder in the study.  They compared the outcomes of hot oven and hot compression 

treatments. Moisture content ranged from 6.01% to 14.20%, with only the 1:5 and 1:6 hot-

compressed sunflower stalk composites exceeding 13%. Thickness swelling varied between 

5.63% and 12.03%. All specimens demonstrated fire resistance meeting the UL94HB standard, 

classifying them as at least flame-retardant [13]. In particular, the inner core of sunflower stems 

(sunflower pith) stands out as a potential insulation material due to its porous structure and low 

density. However, its small size, irregular shape, and anisotropic properties limit its practical 

applications. The "crushing-stacking-molding" (BSM) technique, introduced to address this 

issue, consists of reducing sunflower pulp into small particles, impregnating them with phenol–

formaldehyde (PF) resin, and subsequently molding the mixture into panels of specified 

dimensions and shapes. The biocomposites produced using this method exhibit superior 

properties, including mechanical strength, thermal insulation, and sound absorption. These 

biocomposites possess a thermal conductivity coefficient between 0.038 and 0.048 W m⁻¹ K⁻¹, 

which decreases to 0.023 W m⁻¹ K⁻¹ when transformed into vacuum insulation panels. 

Additionally, 10 mm-thick SPF panels show a sound insulation coefficient of 0.34 across the 

250–3000 Hz frequency range, indicating excellent suitability for sound absorption applications 

[14]. The study by Bekhta et al. focused on assessing the physical and mechanical 

characteristics of lightweight particleboards incorporating sunflower stalk particles in their core 

section. The study determined the density, water absorption, swelling, and bending properties 

of boards with different densities and compositions. The results showed that boards containing 

sunflower stalks offer an environmentally sustainable alternative, providing adequate 

mechanical performance and dimensional stability despite their low density. These findings 

support the potential use of agricultural waste as a valuable building material source [15].  

This study presents an original approach that utilizes locally available sunflower stalks, 

an agricultural waste product, combined with natural binders to develop sustainable 
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construction materials, thereby enhancing the economic value of agricultural by-products and 

promoting environmentally friendly solutions. Although numerous studies in the literature have 

focused on synthetic binders, a comparative study on composite materials using natural binders 

has not been documented. Integrating the physical and mechanical properties of sunflower 

stalks into building materials offers substantial advantages over conventional alternatives. This 

approach not only serves as a model for waste management and resource efficiency but also 

contributes functionally to literature by advancing the development of low-cost, durable, and 

eco-conscious construction materials. 

 

2. Materials and Methods 

 

2.1. Materials 

Sunflower (Helianthus annuus L.) stalks (Figure 1) were used as the primary raw 

material for the production of composites intended for construction material applications. The 

sunflower stalks utilized in this study were harvested in September 2024 from the fields of 

Taşçılar Village, a region where sunflower cultivation is widespread. The pith, a spongy 

substance located within the stalks, was removed, and the stalks were processed into coarse and 

fine particles. Subsequently, the particles were sieved and categorized into different size 

fractions: θ > 0.850 mm, 0.600 > θ > 0.425 mm, 0.425 > θ > 0.250 mm, 0.250 > θ > 0.090 mm, 

and θ < 0.090 mm. 

For comparative purposes regarding mechanical performance, coarse sunflower stalk 

particles (θ ≥ 0.600 mm) and fine stalk extracts (0.250 > θ > 0.090 mm) were selected. In the 

experimental study, these two particle types were combined with various binders, namely egg 

white, wheat starch, and epoxy resin, to fabricate the composite materials. 

 



International Studies in the Field of Chemical Engineering - March 2026

25

construction materials, thereby enhancing the economic value of agricultural by-products and 

promoting environmentally friendly solutions. Although numerous studies in the literature have 

focused on synthetic binders, a comparative study on composite materials using natural binders 

has not been documented. Integrating the physical and mechanical properties of sunflower 

stalks into building materials offers substantial advantages over conventional alternatives. This 

approach not only serves as a model for waste management and resource efficiency but also 

contributes functionally to literature by advancing the development of low-cost, durable, and 

eco-conscious construction materials. 

 

2. Materials and Methods 

 

2.1. Materials 

Sunflower (Helianthus annuus L.) stalks (Figure 1) were used as the primary raw 

material for the production of composites intended for construction material applications. The 

sunflower stalks utilized in this study were harvested in September 2024 from the fields of 

Taşçılar Village, a region where sunflower cultivation is widespread. The pith, a spongy 

substance located within the stalks, was removed, and the stalks were processed into coarse and 

fine particles. Subsequently, the particles were sieved and categorized into different size 

fractions: θ > 0.850 mm, 0.600 > θ > 0.425 mm, 0.425 > θ > 0.250 mm, 0.250 > θ > 0.090 mm, 

and θ < 0.090 mm. 

For comparative purposes regarding mechanical performance, coarse sunflower stalk 

particles (θ ≥ 0.600 mm) and fine stalk extracts (0.250 > θ > 0.090 mm) were selected. In the 

experimental study, these two particle types were combined with various binders, namely egg 

white, wheat starch, and epoxy resin, to fabricate the composite materials. 

 

 
Figure 1. Sunflower stalk. 

Egg white contains more than half of the niacin and riboflavin present in the whole egg, 

and the majority of the egg’s carbohydrates are also found in the egg white. Approximately 

63% of egg white consists of proteins, primarily ovalbumin. Due to its gelling properties and 

biocompatibility, egg white serves as an effective binder in composite materials. Its applications 

span a wide range of sectors, including ceramics, nanocomposites, and biomedical scaffolds, 

demonstrating both its versatility and environmental benefits. 

Starch granules are primarily composed of glucose polymers, namely amylose and 

amylopectin, while also containing small amounts of phosphate and lipids. Due to its 

biodegradability and ability to enhance mechanical properties, starch serves as an effective 

binder in composite materials. In this study, starch was gelatinized with water before use, as 

gelatinization is essential for its function as a binder in composites. 

Epoxy is a resinous material with increased viscosity that hardens to a stone-like 

consistency due to the additives it contains. It is commonly used as a binder in paints and 

various other mixtures. Epoxies are two-component systems that require mixing before 

application. In composite materials, epoxy serves as a crucial binder due to its unique 

properties, including high strength, elasticity, and resistance to thermal and chemical 

degradation. 

2.2. Method

The sunflower stalks collected from the fields were initially left to dry in the sun for 15 days. 

Once dried, the pith, a spongy material within the stalks, was removed manually with a knife and 

ground for 15 minutes using a household blender. The ground spongy material was then sieved and 
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separated into different particle sizes. Small and large particle fractions were placed in separate 

containers to be combined with different binders. 

The fine particle fraction was mixed with whisked liquid egg white as the binder. Once a homogeneous 

and viscous consistency was achieved, the mixture was poured into silicone molds and cured in an 

oven at 50 °C for approximately 3 hours. After cooling and standing at room temperature for 2 days, 

the composites were demolded. The same procedure was repeated for the coarse particle fraction with 

egg white. 

This process was subsequently applied to the fine particle fraction using starch and epoxy, as 

well as to the coarse particle fraction, to produce the composite materials. Photographs of the resulting 

composites are provided in Figure 2.  

 
Figure 2. Images of composites produced using different binders. 

           

The procedures for producing the composites using the pre-prepared egg white, starch, and 

epoxy for the different formulations intended for analysis are summarized in Figure 3. 

For the production of composite materials containing sunflower stalk extract, different ratios 

of egg white, starch, and epoxy were tested as binders to determine the most suitable formulations 

for the study. The resulting mixtures were poured into 20 silicone molds, each measuring 100 mm × 

200 mm × 15 mm.  
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Figure 3. Composite production flow chart. 

 

All mixtures were poured into molds of identical volume. Different ratios of the main material 

and binders were used in each composite preparation to achieve the desired density. The casting 

formulation used in the preparation of the composite material is given in Table 1. 

 

Table 1. Casting formulation employed in the synthesis of composite materials 

Sample 

Code 

0.250>θ>0.090 (g)  θ≥0.0600 (g) Egg 

white (g) 

Starch (g) Epoxy 

(g) 

Water 

(g) 

UY 75  - 55 - - - 

UN 50 - - 50 - 100 

IY - 70 65 - - - 

IN - 70 - 50 - 100 

UE 100 - - - 75 - 

IE - 80 - - 75 - 

 

Codes were assigned to the composite samples for subsequent testing and analysis. The coding 

system is as follows: UY for samples prepared with egg white and fine sunflower stalk particles 

(0.250 > θ > 0.090 mm), IY for samples with egg white and coarse sunflower stalk particles (θ ≥ 

0.0600 mm), UN for samples with starch and fine particles (0.250 > θ > 0.090 mm), IN for samples 
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with starch and coarse particles (θ ≥ 0.0600 mm), UE for samples with epoxy and fine particles (0.250 

> θ > 0.090 mm), and IE for samples with epoxy and coarse particles (θ ≥ 0.0600 mm). 

 

2.3. Characterization 

The morphological characteristics of the composite materials were examined using SEM 

(Zeiss Supra 40VP). The functional groups in the structure of composite materials were determined 

using FT-IR (Perkin Elmer / Spectrum 100) analysis. Flexural strength and modulus were evaluated 

through three-point bending tests conducted in accordance with EN ISO 178, using a Shimadzu AG-

IC Test Machine at a crosshead speed of 2 mm·min⁻¹. Five specimens were tested in each group, and 

the corresponding mean values were recorded. All flexural tests were carried out at room conditions 

of 23 ± 2 °C. To determine the composites’ mechanical behavior, rectangular samples measuring 100 

mm in length, 10 mm in width, and 4 mm in thickness were used. The flexural strength (σ) and 

flexural strain (εf) of the composites were calculated using the following equations: 

σ = ((3PL) / (2bd2))            (1)  

εf = (6Dd) / (L2)            (2)  

where L is the support span (mm), b is the specimen width (mm), d is the specimen thickness (mm), 

P is the maximum applied load (N), and D represents the elongation at the midpoint of the sample. 

According to ASTM D570, Archimedes’ Principle was applied to determine the density of the 

composite specimens. Bulk density, thickness swelling, water absorption, and open porosity were 

among the physical properties investigated. Tests were conducted on 5 × 5 cm samples, and the 

corresponding properties were derived from the following formulas: 

WA (Water Absorption), % = ((W3 -W1) / W1) *100       (3)  

bulk density = (W1 / (W3 -W2)) *100         (4)  

open porosity = ((W3 -W1) / (W3 -W2)) *100        (5)  

where W1 is dry weight, W2 is suspended weight, and W3 is saturated weight. 

Impact energy absorption of the composites was evaluated using an Izod impact testing device 

(DVT CD Devotrans Quality Control Test Instruments Ltd.) fitted with a 6 J hammer. The hammer 

descends at an angle of 150° with a speed of 3.8 m/s. The impact strength was obtained as follows: 

impact strength = (fracture energy, Joule) / (cross-sectional area, m2)     (6) 

To measure the Shore D hardness (Hildebrand, Shore D, ASTM D 2240), a composite 
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among the physical properties investigated. Tests were conducted on 5 × 5 cm samples, and the 
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Impact energy absorption of the composites was evaluated using an Izod impact testing device 

(DVT CD Devotrans Quality Control Test Instruments Ltd.) fitted with a 6 J hammer. The hammer 

descends at an angle of 150° with a speed of 3.8 m/s. The impact strength was obtained as follows: 

impact strength = (fracture energy, Joule) / (cross-sectional area, m2)     (6) 

To measure the Shore D hardness (Hildebrand, Shore D, ASTM D 2240), a composite 

specimen with an 8 cm diameter was positioned on a rigid, flat surface. The instrument’s indentor 

was then pressed perpendicularly into the specimen's surface until it made firm contact. The hardness 

value was recorded within 1 second. For each composite formulation, three replicate tests were 

performed to obtain an average hardness value.

 

 

3. Results and Discussion 

3.1. Structural Analysis of Composites 

Figure 4 shows morphological images of composites obtained using different binders. When 

comparing fine and coarse particles, it is clearly observed that the composites obtained with coarse 

particles have more and larger pores.  

 
Figure 4. SEM images of composites synthesized under different conditions. 

The most porous structure was observed in the composite using egg white binder and large 

sunflower stalk particles as filler. The presence of a loose, porous interface here indicates weak 

adhesion between the egg white and the sunflower, which also causes their mechanical properties to 

be weaker [16]. An examination of the composite structure formed from sunflower stalks and starch 

revealed a more homogeneous morphology compared to the egg-based counterpart. This is evidenced 
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by the strong interfacial contact between the matrix and filler phases, which consequently led to a 

reduction in porosity [17]. In the case where epoxy is used as a binder, the porosity is almost 

negligible, and the matrix and filler phases have achieved complete contact with each other; therefore, 

the structure is homogeneous. It confirms that the fibers are uniformly distributed within the 

composite and do not exhibit a tendency to agglomerate. Particle size also governs the efficiency of 

reinforcement: finer stalk particles provide a larger surface area for bonding and create a denser 

structure, while coarser particles tend to cluster and generate localized stress concentrations. 

Therefore, the morphology of sunflower stalks, particularly interfacial contact and porosity, directly 

determines the mechanical behavior of the composite material [18,19].  

 
Figure 5. IR spectrum of composite materials. 

Figure 5 presents the IR spectra of composites obtained under different conditions. In all 

composites, the stretching observed around 3380 cm⁻¹ indicates the presence of water and hydrogen 

bonds, corresponding to the –OH stretching vibration. The characteristic band near 1020 cm⁻¹ 

corresponds to the C–O–C stretching vibrations, representing the presence of cellulose and 

hemicellulose in the sunflower stalks. The stretching observed in the 1400–1500 cm⁻¹ range is 

attributed to the C=C bonds in lignin. The band at 1611 cm⁻¹ corresponds to the C=O group vibrations 

originating from lignin and pectin within the structure [20]. All composites exhibit characteristic 

functional groups of sunflower stalks. Notably, the composites prepared with epoxy show higher 
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Figure 5 presents the IR spectra of composites obtained under different conditions. In all 

composites, the stretching observed around 3380 cm⁻¹ indicates the presence of water and hydrogen 

bonds, corresponding to the –OH stretching vibration. The characteristic band near 1020 cm⁻¹ 

corresponds to the C–O–C stretching vibrations, representing the presence of cellulose and 

hemicellulose in the sunflower stalks. The stretching observed in the 1400–1500 cm⁻¹ range is 

attributed to the C=C bonds in lignin. The band at 1611 cm⁻¹ corresponds to the C=O group vibrations 

originating from lignin and pectin within the structure [20]. All composites exhibit characteristic 

functional groups of sunflower stalks. Notably, the composites prepared with epoxy show higher 

stretching intensity compared to the others, primarily due to a more homogeneous distribution of the 

sunflower stalks within the epoxy matrix and reduced structural deformation [21]. 

3.2. Mechanical Properties of Composites 

Based on the mechanical strength tests, it was observed that the specimens containing 

sunflower stalk extract particles with sizes in the range of 0.250>θ>0.090, bonded with starch and 

epoxy, exhibited higher flexural strength compared to those produced with other binders (Figure 6). 

The highest flexural strength was recorded for the specimen prepared with sunflower stalk extract 

particles of 0.250>θ>0.090 in size using epoxy as the binder. 

 
Figure 6. Flexural strength of composites. 

The obtained results demonstrated that the use of sunflower stalk extract particles with sizes 

in the range of 0.250>θ>0.090 led to an improvement in flexural strength. This finding suggests that 

particle size has a direct influence on the mechanical properties of the material. The specified size 

range may have enabled more effective interaction between the particles and the binder, resulting in 

a more homogeneous structure and stronger interfacial bonding within the material [22]. This 

situation can also be clearly observed in the SEM analyses. Sanya et al. also demonstrated in their 

study on epoxy composites reinforced with silicon carbide that composites containing smaller silicon 

carbide particles exhibited superior flexural strength, compressive strength, and hardness values [23]. 

In another study, silicon carbide particles of varying sizes were embedded in an aluminum matrix, 

and their mechanical properties were compared. As particle size increased, compressive strength and 

impact resistance decreased [24]. In the study conducted by Efe and Hakkı, sunflower stalks were 

utilized to produce composite structures, and the flexural strength of these composites was found to 

range between 9 and 13 N/mm². Notably, the composites prepared using a starch-based binder in our 
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study approached this range, indicating that a natural material can serve as a viable alternative to 

conventional binders [25]. 

 
Figure 7. Flexural strain of composites. 

In Figure 7, analysis of the flexural strain results of the composite materials revealed that an 

increase in flexural strain was observed in the specimens containing sunflower stalk extract particles 

larger than θ ≥ 0.600 bonded with epoxy, as well as those containing particles in the range of 

0.250>θ>0.090 bonded with egg white. The highest flexural strain was recorded for the specimen 

prepared with θ ≥ 0.600 particles using epoxy as the binder. 

These findings indicate that larger particles can enhance mechanical strength under certain 

conditions. When combined with a binder, larger particle sizes may provide greater load-bearing 

capacity within the internal structure of the material [26]. Large particles can reduce the formation of 

microcracks in the binder matrix and mitigate stress concentration during load transfer, thereby 

improving overall strength [27]. The observation that the highest flexural strain was achieved with 

the θ ≥ 0.600 + epoxy combination suggests that larger particles integrate more effectively with 

epoxy, forming a more robust structure in which the epoxy acts as a reinforcing matrix [28]. 

Conversely, the 0.250>θ>0.090 + egg white composite demonstrates that natural binders, such as egg 

white, can achieve high efficiency at the microstructural level with smaller particle sizes. However, 

this combination does not provide the same level of mechanical strength as the epoxy-based system. 

Izod impact strength and hardness values of the composites were given in Figure 8. 
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Figure 8. Izod impact strength and hardness values of composites. 

Impact resistance tests performed on the composite materials revealed that specimens 

prepared with sunflower stalk extract particles in the size range of 0.250>θ>0.090, bonded with starch 

and epoxy, exhibited increased impact resistance. The highest impact resistance was observed in the 

specimen containing 0.250>θ>0.090 particles bonded with starch. These results suggest that the 

natural binder may contribute to enhancing the impact resistance of the composite material. Smaller 

particles can achieve stronger bonding with the binder due to their increased surface area. This 

enhanced interaction contributes to improved impact resistance, thereby enhancing the mechanical 

properties of the material [29]. The highest impact resistance was observed in the specimen prepared 

with starch as the binder, indicating that starch has a high capacity to reinforce the material matrix at 

this particle size. Ductile binders, such as starch, more effectively dissipate energy and slow crack 

propagation, thereby enabling higher impact strength. In contrast, brittle binders promote rapid crack 

initiation, resulting in reduced impact resistance [30]. 

Specimens prepared with epoxy also exhibited increased impact resistance, although their 

performance was not as high as that of the starch-bonded samples. In composites containing small 

sunflower stalk particles 0.250>θ>0.090, the type of binder played a critical role in determining 

impact resistance. The superior performance achieved with starch demonstrates that natural binders 

can be effective in enhancing mechanical performance. Moreover, the use of starch as a binder, which 

provides the highest impact resistance, presents a significant advantage for projects prioritizing 
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sustainability and environmental friendliness. Its natural and biodegradable nature further highlights 

the potential of this material for the development of green construction materials. 

Hardness tests conducted on the composite materials revealed that specimens prepared with 

sunflower stalk extract particles of sizes 0.250>θ>0.090 and θ ≥ 0.600, bonded with epoxy, exhibited 

increased hardness. The highest hardness was observed in the specimen containing 0.250>θ>0.090 

particles bonded with epoxy. This indicates that smaller particles interact more effectively with the 

epoxy binder, thereby reinforcing the binder matrix. Epoxy provided an increase in hardness for both 

particle sizes, demonstrating its capability to enhance the mechanical performance of composites 

across different particle size ranges. 

3.3. Physical Properties of Composites 

In the physical analyses of the composite materials, open porosity, water absorption, and 

thickness swelling were examined. The results obtained are presented in Table 2. The specimen 

bonded with epoxy and containing particles in the size range of 0.250>θ>0.090 exhibited the lowest 

porosity (3.86%), the lowest water absorption (10.50%), and the lowest thickness swelling (3.50%). 

This indicates that the epoxy binder provides excellent adhesion with the small particles (0.250 < θ < 

0.090), thereby minimizing void formation. It also demonstrates that the minimal presence of voids 

within the material structure, combined with the impermeable nature of the epoxy binder, contributes 

to its effectiveness. Moreover, the low porosity and water absorption properties suggest that the epoxy 

binder plays a crucial role in maintaining the material’s stability [31]. The fibrous and porous 

structure of sunflower stalks allows them to easily absorb water.  

Table 2. Physical properties of composite materials. 
Sample code Open porosity (%) Water Absorption (%) Thickness swelling (%) 

UY 73.48 233.07 9.04 

UN 62.23 159.66 5.79 

İY 87.33 701.07 18.71 

İN 86.34 644.79 6.01 

UE 3.86 10.50 3.50 

İE 39.90 33.06 13.33 

SEM images indicate that the porous nature of the fibers and the presence of interfacial voids 

contribute to an increased water absorption capacity. However, a homogeneous distribution of fibers 

and well-bonded interfaces partially restricts water ingress, thereby reducing the overall water 

absorption rate as seen in epoxy-based composites [32]. The presence of interfacial voids and porosity 

allows water to accumulate between the fibers, leading to an increase in thickness swelling. Fiber size 

and distribution directly influence the swelling rate; small and homogeneously distributed fibers 
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within the material structure, combined with the impermeable nature of the epoxy binder, contributes 
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binder plays a crucial role in maintaining the material’s stability [31]. The fibrous and porous 
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Table 2. Physical properties of composite materials. 
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SEM images indicate that the porous nature of the fibers and the presence of interfacial voids 

contribute to an increased water absorption capacity. However, a homogeneous distribution of fibers 

and well-bonded interfaces partially restricts water ingress, thereby reducing the overall water 

absorption rate as seen in epoxy-based composites [32]. The presence of interfacial voids and porosity 

allows water to accumulate between the fibers, leading to an increase in thickness swelling. Fiber size 

and distribution directly influence the swelling rate; small and homogeneously distributed fibers 

result in less swelling, whereas large or clustered fibers can create localized swelling points. In the 

study by Migneault et al., composites reinforced with long fibers exhibited water absorption and 

swelling rates that were 51% and 46% higher, respectively, compared to composites containing 

shorter fibers. These results indicate that fiber length and distribution are critical factors influencing 

the swelling behavior of composites [33].  

4. Conclusion and Suggestions 

The mechanical and physical properties of sunflower stalk extract-based composites were 

strongly influenced by particle size and binder type. Flexural tests showed that particles in the 

0.250>θ>0.090 range enhanced flexural strength due to improved interfacial bonding and more 

effective load transfer, while larger particles θ ≥ 0.600 bonded with epoxy exhibited the highest 

flexural stress, indicating strong mechanical interaction with the matrix. 

Impact resistance was highest for composites containing 0.250>θ>0.090 particles with starch binder. 

The small particle size increased surface contact with the binder, promoting homogeneous stress 

distribution and efficient energy dissipation. Hardness tests revealed that the same particle range 

bonded with epoxy provided the highest hardness, highlighting the reinforcing effect of smaller 

particles within a rigid epoxy matrix. The morphology of sunflower stalks, particularly interfacial 

contact and porosity, directly determines the mechanical behavior of the composite material. In terms 

of physical performance, small particles with epoxy resulted in the lowest porosity, water absorption, 

and thickness swelling, demonstrating enhanced dimensional stability. Overall, the results suggest 

that optimizing particle size and binder type is crucial for strengthening mechanical performance and 

durability, with natural binders, such as starch, offering a sustainable option for impact-resistant 

composites. In particular, the use of starch-based composites as a sustainable alternative to synthetic 

binders underscores the significance of this study. As a suggestion, in regions with high sunflower 

production, public engagement can be promoted in projects aimed at developing sustainable 

construction materials. Long-term tests could be conducted to evaluate the material’s performance 

under various environmental conditions, including humidity, temperature fluctuations, and UV 

radiation. 
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1. INTRODUCTION 

Nowadays, breast cancer has been the most often diagnosed cancer in women that is fatal and 

is the main reason for cancer-related deaths in females. Over the past two decades, research on 

breast cancer has considerably increased understanding of the disease and has led to the 

development of more effective therapeutic strategies. Various treatment approaches, including 

drug therapy, chemotherapy, gene therapy, and theragnostic applications, have been explored 

for breast cancer management [1–4]. 

Chemotherapy remains one of the primary treatment modalities; however, conventional 

anticancer drugs are often associated with significant adverse effects, such as blood 

abnormalities, alopecia, and neurotoxicity. Compared with single-drug delivery systems, dual-

drug delivery systems may enhance therapeutic efficacy by overcoming limitations related to 

solubility, release behaviour, and systemic toxicity [5–10]. 

In recent years, various dual drug delivery platforms have been investigated for cancer 

treatment such as nanoparticles, polymeric micelles, liposomes, dendrimers, Eudragit-based 

systems, hydrogels, and nanofibers. Among these materials, Eudragit polymers are widely used 

as pharmaceutical coating agents in oral tablet and capsule formulations due to their pH-

responsive properties and ability to provide controlled drug release. In addition to their use as 

film-coating materials, Eudragit polymers have been increasingly investigated in the 

development of advanced drug delivery systems [11]. 

In literature, Eudragit S100-based nanoparticle systems have been developed in which Eudragit 

S100 serves as the core material, facilitating the self-assembly of micellar structures [12]. In 

addition, hollow mesoporous silica nanoparticles have been bio conjugated with Epidermal 

Growth Factor (EGF) to promote efficient and targeted cellular internalization, thereby 

enhancing the efficiency and specificity of drug delivery [13]. 

Breast, ovarian, lung, and bladder cancers are among the many cancers that are treated with 

doxorubicin (DOX), a common anthracycline chemotherapy drug. By intercalating into DNA 

and blocking topoisomerase II, DOX exhibits anticancer action by stopping the growth of 

cancer cells. It could be administered intravenously or in liposomal formulations designed to 

reduce systemic toxicity [14–16]. 

Cinnamon has also attracted attention due to bioactive and antioxidant properties, and it has 

been investigated in combination with chemotherapeutic agents to potentially enhance 

therapeutic performance. Previous studies have demonstrated that formulation optimization 

using statistical experimental designs, such as the Box–Behnken design, provides an efficient 

strategy for developing and optimizing nanoparticle-based drug delivery systems [17]. 
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doxorubicin (DOX), a common anthracycline chemotherapy drug. By intercalating into DNA 

and blocking topoisomerase II, DOX exhibits anticancer action by stopping the growth of 

cancer cells. It could be administered intravenously or in liposomal formulations designed to 

reduce systemic toxicity [14–16]. 

Cinnamon has also attracted attention due to bioactive and antioxidant properties, and it has 

been investigated in combination with chemotherapeutic agents to potentially enhance 

therapeutic performance. Previous studies have demonstrated that formulation optimization 

using statistical experimental designs, such as the Box–Behnken design, provides an efficient 

strategy for developing and optimizing nanoparticle-based drug delivery systems [17]. 

In present study, a cinnamon/DOX-loaded Eudragit S100 polymeric system was developed and 

optimized using a Box–Behnken experimental design. The effects of doxorubicin, cinnamon, 

and Eudragit S100 concentrations on the formulation response were statistically evaluated. The 

optimized formulation was subsequently characterized in terms of particle size distribution and 

morphological features. The findings provided a statistically supported approach for the 

development and physicochemical characterization of a dual-loaded polymeric system 

intended. 

2. MATERIALS AND METHODS 

2.1 Materials 

Cinnamon and doxorubicin (DOX) were used as bioactive components. DOX was obtained 

from TCI Chemicals. Eudragit S100 was used as the pH-responsive polymeric carrier. A 

magnetic stirrer (MTOPS MS300HS), an analytical balance (Sartorius CP225D), an optical 

microscope (SOIF BK5000), and a Zetasizer instrument (Malvern Instruments) were employed 

for formulation and characterization studies. 

2.2. Experimental Method 

Prior to experimentation, a Box-Behnken experimental design was formed using Design-Expert 

software to determine the concentration levels. The experimental setup was carried out 

according to the coded and actual concentration values provided by the design matrix. 

The investigated concentration ranges were as follows: DOX (0.1, 0.2, and 0.3 mg), cinnamon 

(1, 2, and 3 mg), and Eudragit S100 (10, 20, and 30 mg). For each experimental run, the 

specified amounts of cinnamon and Eudragit S100 were accurately weighed using an analytical 

balance and initially mixed. 

Under magnetic stirring at 50 °C, the necessary quantity of DOX was dissolved in distilled 

water. Subsequently, the cinnamon-Eudragit S100 mixture was combined with the DOX 

aqueous solution under continuous stirring to obtain a homogeneous dispersion. 

Following mixing, the resulting suspension was subjected to filtration to separate fractions. The 

solid fraction retained on the filter paper consisted of polymer-associated components, whereas 

the filtrate contained the aqueous phase with non-associated materials.  The solid portion that 

remained on the filter paper was dried at room temperature for additional examination. The 

dried samples were examined to assess their morphological characteristics and particle size 

distribution (Figure 1). 
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Figure 1. Formulation preparation, filtration, drying, and subsequent particle size and 

morphological characterization 

 

 

3. RESULTS AND DISCUSSION  

Design-Expert Version 7.0.0 software was used for the form of the experimental design, 

regression analysis, statistical evaluation, generation of response surface plots, and 

optimization. A user-defined experimental design generated by Design-Expert was developed 

and implemented to evaluate the optimization of the drug system and the interactions among 

the independent variables. In the three-variable design, a total of 17 experimental runs were 

conducted, including five replications at the center point. Based on preliminary trials, the 

independent variables and their respective level ranges affecting the drug formulation were 
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3. RESULTS AND DISCUSSION  

Design-Expert Version 7.0.0 software was used for the form of the experimental design, 

regression analysis, statistical evaluation, generation of response surface plots, and 

optimization. A user-defined experimental design generated by Design-Expert was developed 

and implemented to evaluate the optimization of the drug system and the interactions among 

the independent variables. In the three-variable design, a total of 17 experimental runs were 

conducted, including five replications at the center point. Based on preliminary trials, the 

independent variables and their respective level ranges affecting the drug formulation were 

determined as DOX, cinnamon, and Eudragit S100. The amount of doxorubicin remaining on 

the filter (mg) was defined as the response parameter (R1) (Table 1). 

 

Table 1. Experimental set with Box-Behnken design 

 
 

Based on the optimization results obtained from program, Experiment No. 8 was identified as 

the optimum formulation. In the developed model, the linear coefficients were designated as A, 

B, and C, corresponding to doxorubicin, Eudragit-S100, and cinnamon concentrations, 

respectively. Interaction effects were represented by AB, AC, and BC terms, while the quadratic 

contributions were expressed as A², B², and C². Model adequacy was supported by a Model F-

value of 42.65, demonstrating overall statistical significance. The associated probability 

indicated that the likelihood of this result arising from random variation was only 0.01%. In the 

present analysis, A, B, AC, A², B², and C² were identified as significant contributors to the 

model. Furthermore, the quadratic model's predictive capacity was supported by the Predicted 

R² value (0.8035), which demonstrated acceptable agreement with the Adjusted R² value 

(0.9591) (Table 2). 
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Table 2. ANOVA Analysis 

        

 

The developed model's coefficient of determination (R2) was 0.9821, meaning that it accounted 

for 98.21% of the response's overall variation. The expected R2 value was found to be 0.8035, 

indicating that the model could estimate about 80.35% of the variability in new data (Table 3). 

 

Table 3. Model Summary 

 

The relatively small difference between R² values indicated acceptable consistency and 

confirmed the satisfactory predictive performance of the model [18-20]. The signal to noise 

ratio of the model was assessed using the Adequate Precision parameter. In this study, the 

Adequate Precision value was determined to be 16.622, demonstrating a strong signal and 

confirming that the model was suitable for predicting responses within the experimental domain 

(Figure 2). 
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Figure 2. Optimization Results: a) Predicted and Actual R2 Values, b) 3D Response Surface  

Graphs 

The regression model determined for doxorubicin on the filter was as follows Eq. (1): 

R1=0.24+8.500E-003×A+0.027×B-5.750E-003×C+5.250E-003×A×B-0.029×A×C-8.750E-

003×B×C-0.038×A2-0.034×B2-0.053×C2                                                                                      (1) 

Experiment No. 8, identified as the optimum formulation according to the statistical 

optimization results, was selected for detailed particle size analysis. Particle size analyses of 

cinnamon, doxorubicin (DOX), Eudragit S100, the solid fraction of Experiment No. 8 retained 

on the filter paper, and the corresponding liquid fraction were performed using a Malvern 

Zetasizer based on dynamic light scattering (DLS). In the intensity-based distributions (Figure 

3), the solid fraction of Experiment No. 8 (A1) exhibited a relatively narrow and unimodal peak 

within the submicron range, indicating a uniform particle population after filtration. The liquid 

fraction (A2) showed a distinct peak in a similar size region, with a slight shift toward smaller 

diameters compared to the solid fraction, suggesting the presence of more finely dispersed 

particles in the aqueous phase. The cinnamon sample (A3) displayed a primary dominant peak 

along with minor secondary peaks, reflecting a limited degree of polydispersity. DOX (A4) 

demonstrated a sharper and more concentrated distribution profile, consistent with a 

comparatively uniform particle size. Eudragit S100 (A5) presented a narrow and symmetric 

distribution, indicating a stable and homogeneous polymer dispersion under the measurement 

conditions. 
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Figure 3. Particle size distribution by intensity obtained using dynamic light scattering A1) 

solid fraction of optimum retained on the filter paper; A2) liquid fraction of optimum 

collected in the beaker; A3) cinnamon; A4) doxorubicin (DOX); A5) Eudragit S100 

 
 

The volume-based size distributions (Figure 4) provided complementary insight into the 

relative contribution of larger particles within the samples. In these profiles, the solid fraction 

of the optimized formulation (B1) retained a concentrated and well-defined peak, indicating the 

dominance of a specific particle size range. The liquid fraction (B2) exhibited a distribution 

pattern consistent with the intensity-based analysis; however, the contribution of smaller 

particles was less pronounced due to the volume-weighted calculation method. The cinnamon 

sample (B3) showed slight peak broadening, suggesting the presence of relatively larger 

particles contributing more significantly to the overall volume distribution. Doxorubicin (B4) 

displayed a narrow and distinct peak, supporting the relatively uniform particle size observed 

in the intensity-based measurements. Eudragit S100 (B5) maintained a compact and symmetric 

distribution profile, indicative of stable particle dispersion under the measurement conditions. 

Overall, the agreement between intensity- and volume-based analyses confirmed that the 

optimized formulation (Experiment No. 8) exhibited a controlled particle size distribution. 

Clear differences between the solid and liquid fractions following filtration were observed. The 

consistency between both evaluation approaches supported the reliability of the particle size 

characterization. 
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Figure 4. Particle size distribution by volume obtained using dynamic light scattering 

B1) solid fraction of optimum retained on the filter paper; B2) liquid fraction of optimum 

collected in the beaker; B3) cinnamon; B4) doxorubicin (DOX); B5) Eudragit S100 

 
 

The mean particle size of the solid fraction of optimum retained on the filter paper was 

approximately 250 nm, while the corresponding liquid fraction collected in the beaker exhibited 

a mean particle size of approximately 300 nm. The cinnamon sample showed a particle size of 

about 40 nm. Doxorubicin (DOX) exhibited a mean particle size of approximately 170 nm, 

whereas Eudragit S100 demonstrated a particle size close to 250 nm under the same 

measurement conditions. Particle size measurements were performed using a Malvern Zetasizer 

instrument based on dynamic light scattering (DLS), which determines the hydrodynamic 

diameter of particles by analysing fluctuations in the intensity of scattered light caused by 

Brownian motion. This technique enabled accurate particle size determination in the nanometer 

range. Cinnamon, DOX, and Eudragit S100 were analysed individually, and both the solid and 

liquid fractions of the optimized formulation (Experiment No. 8) were measured separately. 

The similarity between the particle size of the solid fraction of Experiment No. 8 (≈250 nm) 

and that of Eudragit S100 suggested the association of DOX within the polymeric matrix [21–

24].  

Morphological observations were conducted using a SOIF BK5000 optical microscope (Figure 

5). Cinnamon, DOX, Eudragit S100, and both the solid and liquid fractions of Experiment No. 

8 were examined. The solid fraction of Experiment No. 8 exhibited a distinct morphology 
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compared to the individual components, appearing larger and darker under microscopic 

observation. DOX particles appeared comparatively smaller, while Eudragit S100 particles 

were larger than DOX. Cinnamon showed a tendency toward aggregation. The observed 

differences in size and morphology supported the formation of a polymer-associated drug 

system in the optimized formulation. These findings were compatible with previously reported 

studies [25–28]. 

 
Figure 5. Optical microscopy images of the optimized formulation and individual 

components at different magnifications. A1–A3: optimum (400×, 200×, and 100×, 
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4. CONCLUSION  

In this study, a cinnamon/DOX-loaded Eudragit S100 polymeric system was successfully 

developed and optimized using a Box–Behnken experimental design approach. The effects of 

doxorubicin, cinnamon, and Eudragit S100 concentrations on the formulation response were 

systematically evaluated. The high coefficient of determination (R² = 0.9821) demonstrated 

strong agreement between the experimental data and the model predictions within the 

investigated design space. Particle size characterization performed by dynamic light scattering 

showed that the optimized formulation (Experiment No. 8) exhibited a controlled particle size 

distribution in the submicron range. Morphological observations further supported the 

formation of a polymer-associated drug system, with distinguishable differences between the 

optimized formulation and the individual components. The consistency between statistical 

modelling and physicochemical characterization confirmed the robustness of the developed 

system. The application of response surface methodology enabled efficient formulation 

optimization with a limited number of experimental runs, providing a structured and 

reproducible strategy for polymeric drug system development. Although biological evaluation 

was beyond the scope of the present work, the findings offered a statistically supported and 

characterized platform that could serve as a basis for further pharmaceutical investigations 

involving dual-loaded polymeric systems. 
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