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Abstract:  19 

In this paper, the dispersion encapsulation was investigated as new process to elaborate the 20 

principal active (PA) loaded biodegradable plastic coacervates, which designs a model of vector 21 

system and drug delivery matrix. The Rosemary Essential Oil (REO) (~ 54%w) was wrapped, 22 

as PA-model, in Benzyl cellulose acrylate (BCac, DSBnz ~ 1.4 and DSAcr ~ 0.4) coacervates 23 

that elaborated in the dispersing aqueous phase as new cellulose derivative. The advantage of 24 

this modification is to ensure the transition from hydrophilic to hydrophobic character of the 25 

cellulosic shell during the encapsulation process, which leads to encapsulation in one step. 26 

Indeed, during the reaction, the dispersive forces, generated by the grafting reaction, disturb the 27 

hydrophilic character of the water-soluble cellulose acrylate (Cac0.4). Then, the hydrophobic 28 

behavior, acquired by the grafted benzylic entities, increases the BCac-affinity to the organic 29 

compounds (oily dispersed phase). Therefore, the migration of the resulting polymer chains to 30 

the EO-rich (discontinuous) micellar dispersed phase, to form a biphasic micellar membrane, 31 

is strongly suggested. Experimental investigations, such as the relationship between the degree 32 

of substitution (DS) and the demixing behavior of the polymer solutions, are in good agreement 33 

with the theoretical interpretations basing on the Flory–Huggins thermodynamic theory. The 34 

results showed a high DS effect on the physicochemical properties, especially the molar Gibbs 35 

free energy of mixing. 36 

Keywords: Cellulose acrylate, Williamson, Encapsulation, Biodegradable plastic, Flory–Huggins, 37 

Thermodynamics of polymers 38 
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Introduction: 40 

As expected in our previous work (Chaouf et al. 2020), the low degree of substitution DS (~ 41 

0.4) of acrylation cellulose reaction (in urea-alkali-solution as a green solvent) showed drastic 42 

changes in the surface charge and physicochemical properties of cellulose, especially the 43 

negative charge density and the water solubility. The resulted water-soluble cellulose (Cac0.4), 44 

as an ecofriendly and green polyelectrolyte, exhibited good floculatrice properties to Cu(II) ions 45 

and colloidal Fe(OH)3 solutions. Recently, the low DS cellulose modification has been the 46 

subject of many serious study areas as strategy for developing of new cellulosic mixed 47 

derivatives-based materials. In this regard, the general philosophy is the disruption of polymeric 48 

structural stability of cellulose, and therefore, acquiring a given solubility level in the usual 49 

solvents (Miyamoto et al. 1985, 1995; Schnabelrauch et al. 1992; Clasen and Kulicke 2001; 50 

Heinze and Koschella 2005; O’Brien et al. 2021; Molenveld and Slaghek 2022; Niederquell et 51 

al. 2022; Shi et al. 2022). On the other side, the water solubility of cellulose derivatives 52 

(resulting from the reduction of supramolecular H-bond interactions) will be the key-open to 53 

wide research areas in front of cellulose chemistry and its applications. Hence, Cac0.4 can 54 

constitute a broad industrial base with other famous cellulose derivatives such as hydroxyethyl 55 

cellulose (HEC) and cellulose acetate (CA).  56 

The “ecofriendly aspect” of cellulose and its derivatives constitute a major part of the modern 57 

green wave industry, especially the pharmaceutical technology of drugs delivery systems 58 

(DDS) (Damiri et al. 2022; Hosseini et al. 2022; Huo et al. 2022; Jain et al. 2022; Liu et al. 59 

2022; Nabipour et al. 2022; Zuppolini et al. 2022). Indeed, spheroids and cellulose-based carrier 60 

have shown excellent characteristics compared to other synthetic polymers, including ease of 61 

administration (Barbu et al. 2021; Gupta et al. 2021; Kulkarni et al. 2022; Subramanian et al. 62 

2022), nontoxicity (Popa et al. 2022; Zhang et al. 2022; Janmohammadi et al. 2023) and 63 

biodegradability (Karimian et al. 2019; Wijaya et al. 2021). Thus, the tropism control of the 64 

size and the supramolecular interactions, in cellulose-based carrier, allow the incorporation of 65 

wide range of active ingredients, which can broaden several application fields to affect the 66 

majority of industrial sectors (Karimian et al. 2019; Zoia et al. 2020; Weiss et al. 2021), 67 

particularly the cosmetic (de Amorim et al. 2020; Mbituyimana et al. 2021; Amorim et al. 2022; 68 

Nascimento et al. 2022), therapeutic (Kim et al. 2012; Wen and Oh 2015; Dai et al. 2019; 69 

Kumari et al. 2021) and physiotherapy (Wang and Chen 2005; Mehta and MacGillivray 2022), 70 

food (Nsor-Atindana et al. 2017; Amalraj et al. 2018; Liu et al. 2021; Razavi et al. 2022; Smaoui 71 
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et al. 2022), electronics and engineering industries (Adonijah Graham et al. 2020; de Amorim 72 

et al. 2020; Hassabo et al. 2022), etc.  73 

In pharmacology and medicine, cellulosic based delivery vectors and carriers (DVC) are 74 

promising substitutes to the synthetic ones that are often expensive (Carvalho et al. 2019; 75 

Sukumaran and Gopi 2021; Khalil et al. 2022). Recently, the literature has reported some 76 

promising applications of cellulosebased DVC, mainly “the targeting” which is still achieved 77 

with plastic polymers, noble metals or silicon nanoparticles or liposomes (Ivanova et al. 2018; 78 

Klębowski et al. 2018; Castellanos et al. 2019; Rață et al. 2019; Zhang et al. 2019; Cadinoiu et 79 

al. 2021; Gu et al. 2021; Lv et al. 2021; Fukuta and Kogure 2022; Raza et al. 2022). In addition, 80 

recent studies have shown that cellulosic encapsulation can ensures and encompass the drug 81 

vectorization requirements of therapeutic molecules, in particular the hydrophobic- hydrophilic 82 

balance, which directly affects their solubility in the biological fluid and their membrane 83 

diffusion (Kesharwani et al. 2022; Mohan et al. 2022; Qiao et al. 2022; Rezaei et al. 2022), the 84 

increase in the accumulative distribution at the level of the target organ and the toxicity 85 

reduction of healthy tissues (Cadinoiu et al. 2019; Ciolacu et al. 2020; Rata et al. 2021; Sheng 86 

et al. 2021a, b; Chung et al. 2022; Karimian et al. 2022), the increase in the elimination time 87 

(decrease in metabolism) (Bertsch et al. 2019; Su et al. 2019; Johnson et al. 2020) and the high 88 

storage stability (Low et al. 2019; Raghav et al. 2021; Aw et al. 2022; Ho et al. 2022; Ma et al. 89 

2022).  90 

The antimicrobial, antioxidant and anticancer properties of Rosemary EO are mainly exploited 91 

for various food industrial applications as preservative and spice or flavor ingredient (Saito et 92 

al. 2004; Panda 2005; Ibarra et al. 2010), cosmetic and pharmaceutical products (Rodríguez-93 

Rojo et al. 2012) and medical applications as therapeutic agent and a potential complementary 94 

agent in anticancer therapy (González-Vallinas et al. 2015; De Oliveira et al. 2019). It can also 95 

be use as natural pesticides and insecticide (Feng et al. 2016), and to increase shelf life of food 96 

products maintaining their quality during storage (El Fawal et al. 2019). However, to overcome 97 

the limitations due to high volatility and sensitivity to environmental conditions during storage, 98 

the encapsulation technique has got more accepted method to enhance its stability and release 99 

rate control. Hence, to beat these limitations and to result a more effective REO coacervates, 100 

the dispersion coacervation was investigated. The advantages of the present modification can 101 

be summarized in the possibility of achieving the hydrophilic-hydrophobic transition of 102 

cellulosic shells, as a new coacervation process, in one step. In comparison with other 103 

encapsulation techniques which involve the different cellulosic derivatives CDs (simple and 104 
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mixed or mixed with other carbohydrates), the coacervation by dispersion, mentioned in this 105 

article, consists of the modification of the starting HLB values of the polymer by the grafting 106 

reaction. However, other CDs retain their HLBs, and encapsulation will only carried out 107 

according to density and invariable types of supramolecular interactions. (Sheng et al. 2021a, 108 

b; Lukova et al. 2023).  109 

In this paper, the green Williamson etherification reaction of cellulose was carried out 110 

successfully in aqueous-alkaline medium (NaOH) without any catalyst. Then, the challenge of 111 

avoiding the use of expensive and toxic solvation systems for the modification of cellulose has 112 

been achieved, and this by the prior incorporation and at low DS (0.4) of the acrylate entities. 113 

The synthesis of Benzylcellulose Acryloate (BCac0.4), as a new cellulose derivative, was 114 

successfully carried out in aqueous medium, and the proposed structures were confirmed based 115 

on the structural vibrational (FTIR-ATR) and magnetic nuclear (1H NMR and 13C NMR-APT) 116 

analysis. In addition, the thermal stability and the morphology changes were studied according 117 

to the thermogravimetric analysis (TGA-drTG) thermograms and Scanning Electron 118 

Microscopy (SEM), respectively. The crystalline comportment and the surface elemental 119 

profile deviations of samples were recorded and studied using the X-ray diffraction 120 

diffractograms and energy dispersive X-ray (EDX) spectra, respectively. The contact angle was 121 

investigated to prove the positive occurrence of aqueous Williamson hydrophobization reaction 122 

of cellulose. The supramolecular modifications of the cellulosic chain, during the Williamson 123 

reaction and during the formation of the cellulose mixed derivative, was investigated to the 124 

preparation -the coated REO as biodegradable cellulose-based as carriers and drug delivery 125 

systems. In addition, the new process was investigated along the encapsulation of Rosemary 126 

Essential Oil (REO), as a bioactive molecule model, in BCac0.4 carrier using “dispersive 127 

coacervation” (D-Coac). The D-Coac process consists in stabilizing micellar emulsions by 128 

grafting reactions, where the polymer to be modified (originally hydrophilic) is dissolved in the 129 

dispersing phase (water), while the dispersed phase (micelle) is constituted by the organic phase 130 

which assembles the active principle and the monomer to be grafted. During the reaction, the 131 

grafting step affects drastically the physicochemical properties of the polymer (Cac0.4), 132 

especially the hydrophilic character that disappears gradually increasing the DS value of the 133 

hydrophobic grafting entities. The reaction mixture becomes cloudier indicating the 134 

hydrophobic adsorption of BCac0.4 on the micellar walls, thus forming a sort of membrane 135 

Pickering at the biphasic interfacial level. Then, the accumulation of BCac0.4 and the evolution 136 

of the reaction progress favor the demixation and the coacervation, which break the dispersive 137 
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equilibrium forces and cause the precipitation of the white sandy powder (coacervates) with 138 

plastic aspect, indicating that the encapsulation of REO in BCac0.4 has been successfully 139 

carried out. The results were in good agreement with those predicted according to the Flory–140 

Huggins thermodynamic theory (developed in the section theory and application), which 141 

investigated to predict the demixation behavior of the cellulosic polymer solution during the 142 

grafting reaction (Abderahmane et al. 2011; Jilal et al. 2018a, b; Jilal et al. 2018a, b).  143 

To the best of our knowledge, the dispersive coacervation as new coating process by micellar 144 

interfacial modification of cellulose, and the synthesis of Benzyl cellulose acrylate or its 145 

application were never discussed in the literature, where the novelty and significance of this 146 

work.  147 

Materials and Methods  148 

Materials 149 

Rosemary Essential Oil (REO) was extracted by hydrodistillation from fresh rosemary leaves 150 

(Rosmarinus officinalis L.) from the eastern region of Morocco (Taourirt). Microcrystalline 151 

Cellulose (MCC) powder was obtained from HIMEDIA Company, the MCC molecular weight 152 

(Mw ~35.5 103 Da) and degree of polymerization (DPw ~220) were estimated in (6%NaOH, 153 

4%Urea, 90%H2O) solvent system using Mark-Houwink equation where the intrinsic viscosity 154 

was evaluated by an Ubbelohde-viscometer. Acrylamide (C3H5NO), NaOH, Urea, Sodium 155 

Dodecyl Sulfate (SDS) and Benzyl bromide were purchased from Sigma Aldrich. All chemicals 156 

and solvents are of analytical grade and were used as received without any further purification. 157 

Methods 158 

Instrumental analysis 159 

The vibrational (FTIR-ATR) spectra were recorded on JASCOFT/IR-4700-ATR Spectrometer, 160 

and 40 scans were accumulated for each sample between 4000 and 400 cm-1 to investigate the 161 

proposed chemical structures. 1H and 13C NMR-APT spectra were registered at 300 K on a 162 

BrukerAvance 400 MHz spectrometer in DMSO-d6 using TMS as an internal standard. The 163 

crystalline profile changes were evaluated using X-ray diffraction technique and the patterns 164 

were recorded on X-ray Diffractometer EQUINOX 2000 using CuKα radiation (λ = 1.5418 A°), 165 

at 40 kV and 30 mA as an accelerating voltage and an operating current, respectively. The 166 

thermogravimetric analyses (TGA/DrTGA) were recorded to examine the thermal stability 167 

behaviors of unmodified cellulose, its derivatives (water-soluble cellulose acrylate (Cac0.4) and 168 

hydrophobic benzylated cellulose (BCac0.4)) and encapsulated matrix. The benzylated Cac 169 
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(BCac) and EOs loaded BCac (BCac-Oil) thermograms were registered on Shimadzu DTG-60 170 

simultaneous DTA-TG apparatus, the scans were run from room temperature to 600 °C, at rate 171 

of 10 °C/min under N2 purge 50 ml. min-1.  The scanning electron microscopy (SEM) coupled 172 

to the energy dispersive X-ray (EDX) were investigated to follow the effect of the chemical 173 

modification on the surface morphologies, the microstructures and the superficial elemental 174 

profile that summarized the different surface chemical elements. The SEM images and the EDX 175 

spectra were obtained using TESCAN VEGA 3 LM microscope at accelerating voltage of 10 kV. 176 

Contact angle values were measured using smartphone camera fixed to an optical device 177 

developed in the laboratory. Briefly, a small drop of deionized water (0.5 to 3 μl) was placed, 178 

using micropipette, above the sample near the edge closest to the camera. The measurement of 179 

the contact angle of the drop is carried out using “Image J” software with “DropSnake” plug-180 

in for contact angle measurements (Yamauchi, Riko et al. 2005, Ribea, Skov et al. 2016, Chen, 181 

Muros-Cobos et al. 2018, Han, Shin et al. 2022). 182 

Preparation of BCac0.4 183 

The Cac0.4 was prepared according to S. Chaouf et al. method (Chaouf et al. 2019, 2020). 184 

Briefly, homogenous and transparent cellulosic solution was obtained by dissolving 1 g (6.2 185 

mmol AGU ) of cellulose in 50 ml of NaOH/Urea aqueous solution (3/2/45, w/w/v), then 1.3 g 186 

(18.3 mmol) of acrylamide were added under stirring. The mixture was refluxed at 60 °C for 3 187 

h. The Cac0.4 was recovered by precipitation and vacuum filtration. However, the 188 

hydrophobization steep of Cac0.4 was carried out using the alkali Williamson reaction in 189 

aqueous medium according to I. Jilal et al. method (Jilal et al. 2018a, b; Jilal et al. 2019), where 190 

HEC has been replaced by Cac0.4 as water-soluble base polymer to be grafted. 1.8 ml (15 191 

mmol) of benzyl bromide was added slowly, at 60 °C, to 1 g (5 mmol AGU ) of Cac0.4 192 

dissolved in 20 ml of NaOH 1N alkali aqueous solution. The homogenous transparent solution 193 

becomes cloudier after 20 min indicating the apparition of the first BCac0.4 hydrophobic 194 

particles. After 3 h, the mixture was neutralized using HCl 1N solution, and the precipitated 195 

BCac0.4 was recovered, by vacuum filtration and frequently washed with water and dried at 60 196 

°C until constant weight then kept in the desiccator for one week with P2O5.  197 

 198 
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 199 

Fig.1. The Reaction pathway of BCac synthesis  200 

Preparation of EOs-loaded BCac (BCac-Oil) 201 

The system consisting of EOs/BzBr/SDS10% (2/5/1, v/v/v) was stirred for 15 min, where the 202 

micellar system has been involved, and added under stirring to 2 g (10 mmol AGU) of Cac0.4 203 

dissolved in 20 ml of 1N NaOH aqueous solution. The mixture was heated to reflux, with 204 

stirring, for 2 h at 60 °C. BCac-Oil showed a sandy appearance, recovered under vacuum 205 

filtration and washing with water, ethanol then with ether.  206 

Results and discussion  207 

Synthesis and structure characterization of BCac0.4 (FTIR‑ATR, 1H NMR and.13C NMR)  208 

The Williamson etherification reaction of cellulose (in aqueous medium) was taken, in this 209 

study, as a model reaction to demonstrate that the Cac0.4 can contributes to solve the major 210 

obstacle of cellulose chemistry, solubility. The repeating unit in cellulose (glucose unit) is 211 

characterized by the constant acid dissociation value (pKa) of 12.92 (Kortüm et al. 1960; 212 

Kortüm 1961). The same value was theoretically confirmed by Babkin et al. based on the AB 213 

INITIO quantum chemical calculation method, where the acid strength of glucose is assessed, 214 

and it is established that it relates to weak H-acids category (pKa = 12.7) (Babkin et al. 2012). 215 
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According to pKa values of AGU and that of NaOH alkali solution, the aqueous alkali 216 

alkoxylation of AGUs is strongly suggested by deprotonation of H-alcohols in NaOH solution 217 

(Guo and Rockstraw 2007). This allows the occurrence of the Williamson etherification 218 

reaction under mild and homogeneous green experimental conditions (Jilal et al. 2018a, b; Jilal 219 

et al. 2019, 2021), and thus avoids the use of stronger bases (e.g. NaH, NaNH2, etc.) as well as 220 

the expensive/toxic solvents with very complicated systems and compositions. In this work, the 221 

nucleophilic substitution was carried out using the Williamson SN2 hydrophobization reaction 222 

of acrylate water-soluble cellulose (Cac0.4) by benzyl bromide (Fig. 1). First, the Cac0.4 was 223 

alkoxylated in NaOH alkali solution to enhance its nucleophilic character and to increase the 224 

electron density on the oxygen nucleophile, where the conjugate base ( RO−, Na+) was created 225 

bay the neutralization of the ROHalcohol acidity by OH−, and then the reaction of RO– with 226 

an alkyl halide. In addition, the use of equimolar quantity of NaOH (or a slight excess), relative 227 

to the functionalizable groups of the AGU, makes it possible to avoid the majority of parasitic 228 

side reactions, in particular, the hydroxylation reaction of the alkyl halides.  229 

Therefore, this result indicates that the Williamson SN2 benzylation reaction was successfully 230 

carried out under green and homogeneous conditions. In addition, the extreme variation of the 231 

contact angle shows that the introduction of the benzyl entities into the cellulosic structure 232 

sources shows drastic changes in the surface energy distribution that induce the modification 233 

of hydrophilic/hydrophobic behavior of the polymeric surface.  234 

FTIR-ATR spectra of unmodified, acrylated (Cac0.4), and benzylated (BCac) cellulose are 235 

shown in Fig. 2. The spectrum of unmodified cellulose shows the characteristic absorption 236 

bands at 3420, 2940, 1647, 1440, 1388, 1335, 1262, 1169, 1073 and 903 cm−1. The wide 237 

absorption band around 3420 cm−1 is attributed to the O–H stretching vibration, and the 238 

absorption band at 2940 cm−1 is associated to the C–H stretching vibration (Knop et al. 2011; 239 

Chen et al. 2018a, b). Moreover, the absorption bands located at 1440 and 1388 cm−1 are related 240 

to the deformation of the O–H plane of the primary alcohol and the C–H symmetric bending 241 

vibration in –CHOH– respectively (Arshad et al. 2016), where the band absorption at 1647 cm−1 242 

was attributed to natural absorption of water (Johar et al. 2012). Thus, the absorption bands 243 

around 1335 cm−1 and 1262 cm−1 are attributed to the characteristic C–C and C–O vibrations of 244 

the cellulosic skeleton (Pappas et al. 2002). The peak at 1169 cm−1 was assigned to the 245 

asymmetric C-O vibration, while the one at 1073 cm−1 was attributed to the stretching C–O–C 246 

vibration of the glucopyranose cycle (El Barkany et al. 2009; Li et al. 2009) while the band at 247 

903 cm−1 is a feature of the b-(1,4) glycoside bond (Abdulkhani et al. 2013). In comparison with 248 
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the cellulose FTIR-ATR spectrum, the Cac0.4 spectrum of the acrylated cellulose, as prepared, 249 

showed the appearance of new absorption bands ascribed to the grafted acrylamide group. The 250 

appearance of a new broad absorption band at 3223 cm−1 attributed to the vibrations of the 251 

amide (–NH2) indicates the success of the acrylamide grafting reaction (Maafi et al. 2010). 252 

Moreover, the new peaks detected at 1674 cm−1, 1562 cm−1 and 1421 cm−1 were attributed to 253 

the stretching vibrations of the C=O carbonyls of the primary amide, asymmetric and symmetric 254 

carboxylate groups, respectively (Fakoya 2013; Krivoshein et al. 2016). Furthermore, the 255 

presence of the carboxylate functions on the FTIR-ATR spectra is due to the alkaline nature of 256 

the reaction medium which induced the saponification of the grafted amide groups to 257 

carboxylate groups. The presence of amide groups can affect the results that impose their total 258 

saponification. So, the second step that was devoted to the alkaline saponification of Cac was 259 

realized in a alkali solution of NaOH (4 N) for 12 h according to our process published recently 260 

by Sara et al. (Chaouf et al. 2020). The disappearance of the characteristic band at around 1647 261 

cm−1 , attributed to the deformation of water molecules naturally absorbed in the cellulosic 262 

structure, is a strong indication of the macromolecular chains separation thus allowing the 263 

escape of small molecules trapped in the polymer network. The BCac FTIR-ATR spectrum 264 

shows a strong decrease in the intensity of the OH stretching absorption band at around 3440 265 

cm−1 indicating that they were consumed during the grafting reaction. Moreover, the success of 266 

the benzylation reaction in an aqueous medium is also confirmed by the increase in the ratio of 267 

stretching vibration intensities between –CH– and –CH2– bonds between 2920 and 2880 cm−1 268 

(Garside and Wyeth 2003). The substitution of OH groups by benzyl entities is evidenced by 269 

the appearance of new aromatic elongations (=C–H) vibrations between 3100 and 3020 cm−1 270 

and C = Csp2 that located at 1454 cm−1 (Tatzber et al. 2007; Vickers 2017). The appearance of 271 

new absorption bands characterizing the angular deformation (out of plane) of the 272 

monosubstituted aromatic C–H bands at 740 cm−1, and the aromatic C=C angular deformation 273 

bands at 698 cm−1 (Cullum and Vo-Dinh 2003; Ghorbani Chaboki et al. 2019), indicates that 274 

the incorporation of benzyl groups into the polymer structure of Cac0.4 has been successfully 275 

achieved. Moreover all characteristic absorption bands of amide function (–CO and –NH2), or 276 

acrylamide (π bond of –C=C at 1614 cm−1),and the benzyl bromide vibration (C–Br between 277 

600 and 650 cm−1) were not recorded on the BCac FTIR-ATR spectrum indicating that the 278 

resulting BCac is free of any residual by-products.  279 
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 280 

Fig.2. FTIR-ATR spectra of unmodified cellulose, hydrophilic acrylated cellulose (Cac) and 281 

hydrophobic benzylated Cac (BCac) 282 

NMR structural measurements proved to be very useful in the carbohydrate chemistry field 283 

especially in the assignment of the resonance signals of cellulose and cellulose derivatives. The 284 

typical assignment of 1H-NMR BCac spectrum in DMSO-d6 is shown in Fig. 3a. The sharp 285 

ring proton signals of the cellulose skeleton (AGU) are shown between the resonances 2.8 and 286 

5.6 ppm, although the AGU protons signals appeared at 3.14, 3.64, 3.77, 4.74 and 5.52 ppm 287 

which are ascribed to H4, H2, H3,5,6, and H1, respectively (El Idrissi et al. 2013; Song et al. 288 

2017). Moreover, the broad signal recorded at 5.52 ppm belongs to the residual hydroxyl 289 

protons linked to the carbons C2 and C3 (–O2H and –O3H) (Guo et al. 2012). At the same time, 290 
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slight shifts of the signal resonances can be encountered compared to the proton resonances of 291 

the starting polymers (Cellulose and Cac0.4) (Fig. SD1); this indicates the modification of the 292 

nuclear magnetic energy levels and consequently the modification of the environment polymer 293 

electronics. Indeed, each recorded chemical shift on an NMR spectrum corresponds to the 294 

disturbance of the nuclear resonance frequency within the polymer, where the change in 295 

electron density of adjacent atoms (chemical bonds) in the polymeric structure behaves as 296 

electronic shielding attenuating the magnetic field exerted on the nuclei.  297 

Under the used experimental conditions in this work, including the alkalinity of the medium 298 

and the presence of alkoxides and carboxylates as two reactive functions, the two mechanisms 299 

of formation of benzyl esters and ethers were highly expected and favoring ether linkage 300 

regarding the low DS of acrylates. The resonances of the aromatic protons (11 and 12) are 301 

recorded between 7.5 and 7.7 ppm (7.33 and 7.37) ppm (Kim et al. 2018). The strong signal at 302 

4.54 ppm and that located at 5.07 ppm are corresponding to the benzyl methylene protons 303 

linking to the ether ( CH2—7) and ester ( CH2—10) groups, respectively (Jilal et al. 2018a, b), 304 

and the integration ratio value between them is I7∕I10 = 1∕0.4 = 2.5 . In addition, the acrylate 305 

methylene proton resonances at 4.33 ( CH2—8) and 2.55 ppm ( CH2—9) are overlapping by 306 

the broader cellulose proton resonances and those of DMSO-d6, respectively (Brar and Kaur 307 

2005).  308 

 309 
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310 
Fig.3. (a) 1H NMR and (b) 13C NMR-APT spectra of Benzylated Cellulose Acrylate (BCac, DSBnz and 311 

DSAcr0.4) in DMSO-d6  312 

 313 
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The carbon chemical shift distribution of elaborated BCac polymer was investigated using 13C 314 

NMRAPT spectral technique. BCac 13C NMR-APT spectrum has the typical AGU carbon 315 

peaks between 60 and 105 ppm (Fig. 3b), and the chemical shifts of six carbons of 316 

anhydroglucose residues were slightly different to the unmodified cellulose and that is due to 317 

the environmental effect (Jabir et al. 2022). In this field, the chemical shift and signal intensity 318 

of cellulosic carbons, in particular the C1 anomeric carbon (providing the gluco-configuration) 319 

has been widely discussed in the literature. (Kono et al. 2015). In this regard, Yuxiang Huang 320 

et al. have shown, by studying the thermal effect on the supramolecular structure of cellulose, 321 

that the chemical shift of C1 can vary between 96 to 108 ppm depending on the polymorph 322 

predominance (Iα, Iβ and II) and depending on the temperature treatment. The C1 peak was 323 

detected as a sharp singlet for cellulose I and a sharp doublet split for cellulose II (Huang et al. 324 

2019). Also, in the case of short cellulosic chains, additional chemical shifts attributed to the 325 

C1 ends (C1 α-end and C1 β-end) were recorded around 92.7 and 99 ppm, respectively (King 326 

et al. 2018; Yuan et al. 2022). On the other hand, the extensive 13C NMR investigation of 327 

cellulose derivatives indicated that the splitting of the C1 signal is attributed to the effect of the 328 

molecular environment, in particular the degree of substitution of adjacent C2-hydroxyl and the 329 

chemical nature of the grafted entities. Indeed, Yanzhu Guo et al. showed that chemical shifts 330 

of C1 carbons adjacent to unsubstituted and substituted C2-hydroxyl groups were detected at 331 

103.0 ppm and 99.6 ppm, respectively (Guo et al. 2013). However, the drastic effect of grafted 332 

entities and their DS on C1 signal intensity was shown by Pierrick Berruyer et al. where a very 333 

weak peak signal intensity of C1 (comparable to background noise) was noticed in the case of 334 

modification of C2-OH by thexyldimethylsilyl groups (TDMS), but the strong peak intensity 335 

was observed again after substitution with methyl groups (Berruyer et al. 2021). In this paper, 336 

the reduction in signal intensity of C1 on the 13C NMR-APT spectrum of BCac (Fig. 4b) was 337 

attributed to the modifying effect of the adjacent C2-hydroxyl, where the intensity of C1 was 338 

higher in the C13 NMR spectrum of Cac0.4 which indicates free unsubstituted C2–OH in 339 

Cac0.4 (Chaouf et al. 2020).  340 

Furthermore, the peaks of acrylate entities were established around 35.0 ppm ( Cacrylate-9) and 341 

65.9 ppm ( Cacrylate-8), then the acrylate carbonyl signal was recorded at 171.5 ppm ( 342 

Cacrylate-a) (Chaouf et al. 2019). However, the absence of the carboxylate carbonyl signal at 343 

180 ppm on the BCac 13C NMRAPT spectrum and the deviation of this chemical shift compared 344 

to the carboxylate carbonyl, discussed in our previous paper for cellulose acrylate (Cac) 345 

(Chaouf et al. 2020), indicates that the benzylation grafting was carried out not only on the 346 
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alkoxide groups but also affected all the acrylate functions through the creation of ester bridges. 347 

The resonances of the substituent entity methylene (–CH2) carbons (benzyl moieties) in 348 

benzylated cellulose acrylate anhydroglucose unities is strongly dependent on AGU 349 

nucleophile carbonic position. The chemistry of carbohydrates (cellulose and its derivatives) 350 

has a unique feature in terms of the regioselectivity of reaction attack. The partial modification 351 

of hydroxyl groups depends on their accessibility and their reactivity, which leads to a 352 

difference in chemical shifts for the same attached unit on different positions ( C2, C3 and/or 353 

C6) AGU. Therefore, the strong indication of the substitution at 3 AGU positions was given by 354 

the appearance of nearest distinct resonances distribution at 63.4 ppm, 71.9 ppm and 72.8 ppm, 355 

which are attributed to benzyl methylene carbon grafted within acrylate (C-10), position C6 (C-356 

7C6) and positions 2 and 3 (C-72,3), respectively (Qi et al. 2012).  357 

The spectra reveal quaternary aromatic carbon peaks of benzyl groups at 136.6 ppm (C-b) 358 

(Gong et al. 2017) and at 138.9 ppm (C-b*) which assigned to the ether linkage associated to 359 

the Williamson SN2 grafting (Huang et al. 2020). Additionally, the significant resonance peaks 360 

at around 127–129 ppm are assigned to sp2 aromatic carbons (C-11 and C-12) (Jilal et al. 2018a, 361 

b). The inversion of the orientation in the 13C NMR-APT spectrum provides additional 362 

information that indicates the presence of sp2-carbon character in the fine structure of BCac. 363 

The degree of substitution DS-value of grafted benzyl entities and their distribution on the AGU 364 

carbons can be determined using the peak integration intensities in the 1H-NMR spectra 365 

according to the above peak assignments. The integration value of the acrylate proton signal 366 

(corresponding to DS value of 0.4 of Cac0.4) and NMR results indicate that all C6 hydroxides 367 

have completely reacted (disappearance of C6 carbon resonance at around 60 ppm). Thus, the 368 

partial and total DS values were evaluated as: DSbenzyl propanoate cellulose (R1) = 0.4, DSbenzyl cellulose 369 

(R2) = 1.0 and DSbenzyl propanoate cellulose = 1.4.  370 

Contact angle characterization  371 

The contact angles of unmodified cellulose, Cac0.4 and Benzylated cellulose (BCac) with water 372 

were investigated to study the effect of the acrylation and the benzylation of cellulose on the 373 

surface hydrophilic character (Fig. 4). Contact angle reduced to around 15° due to the acrylation 374 

of cellulose, indicating the improved hydrophilicity. While no change of contact angle (around 375 

90°) was observed in BCac, this phenomenon demonstrated an excellent hydrophobicity.  376 
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 377 

Fig.4. Contact angle versus. Time of unmodified cellulose, hydrophilic cellulose-acrylate (Cac) and 378 

benzylated Cac (BCac) 379 

X‑ray diffraction characterization  380 

The X-ray diffraction (XRD) patterns of unmodified cellulose, Cac0.4 and BCac were shown 381 

in Fig. 5a. The XRD patterns demonstrate severe produced changes of the crystalline order 382 

caused by the introduction of the acrylate and the benzyl entities in the cellulosic structure. 383 

First, the acrylation of the cellulose reveals the complete destruction of cellulosic Miller planes 384 

(hkl) 1–10, 110, 200 and 004 corresponding to the Bragg 2θ angles 15.0°, 16.3°, 22.6° and 34.5° 385 

respectively, which characterize the cellulose I allomorph (Lu et al. 2015). In addition, no effect 386 

of the alkali reaction conditions was perceived on the polymorphism transition (Carrillo-Varela 387 

et al. 2018), and the new peaks that appeared in the Cac0.4 diffractogram may be suggested the 388 

new supramolecular physical interactions that generated from the interactions between the 389 

protons and the carboxylate group ions.  390 

The Williamson SN2 reaction in this work strongly affected the crystalline comportment of the 391 

benzylated cellulose acrylate (BCac), where the amorphous aspect becomes more established 392 

for BCac than the unmodified cellulose and cellulose acrylate samples. After the encapsulation 393 

of the EOs in BCac (BCac-Oïl), new crystalline material was characterized by the appearance 394 

of two diffraction peaks at 2θ values of 14.6° and 29.7° (Fig. 5c). These results indicate that the 395 

Rosemary essential oil was successively loaded in the biodegradable BCac polymer as plastic 396 

coacervates. Furthermore, and from the periodicity perspective, the achieved results in this 397 

paper were in opposition to those reported in some previous papers, where the benzylated 398 



16 

 

cellulose samples were highly ordered and very well diffracted diffractograms were found 399 

(Isogai et al. 1993; Saliu et al. 2017).  400 

 401 

Fig. 5. a) x-ray diffractograms and b) thermograms (TGA) of unmodified cellulose, hydrophilic 402 

cellulose-acrylate (Cac) and benzylated Cac (BCac), c) x-ray diffractograms and d) thermograms (TGA) 403 

of benzylated Cac (BCac) and EOs loaded BCac (BCac-Oil) 404 

Thermal characterization (TGA/DrTGA)  405 

The effect of the acrylation reaction of the cellulose in an aqueous-alkali-urea solution on the 406 

thermal behavior was largely discussed in our previous paper (Chaouf et al. 2020). In brief, the 407 

thermal decomposition behavior of both starting polymers, unmodified cellulose and Cac0.4, 408 

showed two weight loss stages, corresponding to the endothermic evaporation of the retained 409 

moisture at around 100 °C, where the second major exothermic weight losses were assigned to 410 

the thermal decomposition of cellulose backbone and the grafted groups. Additionally, Sarah 411 

et al. found that the second decomposition was accompanied by two exothermic peaks (335 °C 412 
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and 461 °C) attributed to the decomposition of the amorphous and crystalline parts (Calahorra 413 

et al. 1989; Chaouf et al. 2020). Yet, a slight loss of thermal stability was recorded for Cac0.4 414 

(208 °C) compared to unmodified cellulose (252 °C), which is due to the significant decrease 415 

in structural cohesion density produced by acrylate grafting and the intercalation of polymer 416 

chains of cellulose. However, the benzylation of Cac removed the ionic forms in the polymeric 417 

structure and is replaced by the aromatic sites which provide important hydrophobic 418 

interactions to slightly increase the thermal stability of BCac at around 240–250 °C (Fig. 5b). 419 

Furthermore, the weight of residues over 450 °C is pertinent thermal information confirming 420 

that the SN2 Williamson benzylation of acrylated cellulose was successfully achieved in the 421 

aqueous medium. While the weight loss above 450 °C showed a stable value around 30% of 422 

residual weight for Cac0.4 which interprets the existence of the grafted sodium carboxylate 423 

ionic form (Yan et al. 2009), therefore, this value has become negligible on the BCac 424 

thermogram indicating the successful incorporation of benzyl species into the cellulosic 425 

structure through low DS acrylate as a cellulose derivative and intermediate polymer. On the 426 

other hand, the EOs loaded BCac (BCac-Oil) thermogram show a high degree of the thermal 427 

behavior similarity to that of BCac at the temperatures above 230 °C (Fig. 5c), which designates 428 

the degradation phase of the BCac enveloped Rosemary EOs. Moreover, the first endothermic 429 

recorded on the BCac-Oil thermogram between room temperature and 100 °C revealed that the 430 

plastic coacervates contain at around 6%w of moisture and interfacial adsorbed oil. Since, 431 

Benzylcellulose is known as a good Oil absorber, which is ensured by hydrophobic forces, the 432 

release of EOs trapped in the particle core may require more energy cost than that equivalent to 433 

the elimination of water molecules adsorbed on the surface of the particles (Saliu et al. 2017). 434 

The new dramatic weight loss on the thermogram of BCac-Oil was recorded over the 435 

temperature range of 100 to 230 °C, which is attributed to the evaporation of the internal EOs 436 

in microparticles that escape (~ 54%w loaded) under the action of the thermal pressure 437 

manifesting the thermal release of the oily molecules.  438 

Morphology characterization (SEM/EDX)  439 

Besides, Scanning Electron Microscopy (SEM) has been widely exploited as an effective and 440 

useful technique to assess morphological changes against different physical or chemical 441 

treatments of materials. The cellulosic materials and their derivatives often show radical 442 

microstructural modifications (Ghorbani et al. 2018). The microstructural analyses of cellulose, 443 

cellulose acrylate (Cac0.4) and benzyl cellulose acrylate (BCac) are shown in the Fig. 6, SEM 444 

images of Cac0.4 show a strong effect of the acrylate substitution even at low DS on the 445 



18 

 

cellulosic microfibrous morphology degradation, where the resulted microstructure of Cac0.4 446 

proved the modification of the supramolecular interactions indicating the reduction of the H-447 

bond density that awarded to the polymer new physicochemical properties, especially the water 448 

solubility. The incorporation of benzyl entities in the BCac designated a more compact matrix 449 

and dense microstructure appearance compared to that of Cac0.4 and the complete 450 

disappearance of the microfibrous cellulosic character suggesting the predominance of the 451 

hydrophobic force interactions against the H-bond ones. A slight increase in the atom ratio of 452 

O/C and the appearance of Na both indicated the successful saponification of Cac0.4 in EDX 453 

spectra. Moreover, the elemental profile of benzylated cellulose acrylate (BCac) was studied 454 

according to the recorded EDX spectrum (Fig. 6), which shows a strong decrease of the atomic 455 

ratio (O/C) indicating a high value of carbon countenance that warns from the grafted benzylic 456 

entities. In addition, the disappearance of the Na peak on BCac EDX pattern is an alternative 457 

solid indication of the occurrence of the benzylation grafting reaction on the carboxylate sites 458 

in addition to the alkoxylated hydroxyl groups. The grafting of benzylic groups explains the 459 

stability of the hydrophobic aspect where the total elimination of the hydrophilic character 460 

coming from the ionic bond between carboxylate and Na ion on the one hand, and the 461 

substitution of the mobile hydrogen by the hydrophobic aromatic sites on the other hand.  462 
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 463 

Fig. 6. SEM images and EDX spectra of unmodified, cellulose acrylated (Cac0.4) and hydrophobic 464 

benzylated Cac (BCac0.4)  465 

Flory-Huggins Thermodynamics Theory and Application 466 

According to the Hansen solubility parameter (HSP) theory (Hansen 1967), the energy of 467 

vaporization can be divided into non-polar (dispersive, d) and polar (p) forces and hydrogen-468 

bonding (h) contributions (Eq. 1). Moreover, the basic solubility parameter concept, correlating 469 

between the cohesive energy density (CED) and mutual solubility, allows the expression of the 470 

Hildebrand solubility parameter (δt) in terms of the three HSP (δd, δp, δh) related to each 471 

contribution (Eq. 2) (Breitkreutz 1998). The corresponding equation for the mixing enthalpy 472 

(ΔHm) can be calculated using the Eq. 3, where the δ1 and δ2 are solubility parameters of 473 

solvent and polymer, respectively (Krevelen and Nijenhuis 2009).  474 

ΔEV = ΔEcoh = ΔEd +ΔEp +ΔEh                                    (1) 475 

𝛿𝑡
2 = 𝛿𝑑

2 + 𝛿𝑝
2 + 𝛿ℎ

2                                                      (2) 476 
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∆𝐻𝑚 = 𝜙1𝜙2 [(𝛿𝑑1 − 𝛿𝑑2)2 + (𝛿𝑝1 − 𝛿𝑝2)
2
+ (𝛿ℎ1 − 𝛿ℎ2)2]          (3) 477 

On the other hand, according to the regular solution theory, the relationship between the Flory–478 

Huggins interaction parameter (that quantifies the enthalpic value of mixing in polymer–solvent 479 

system) and the solubility parameters was shown in the Eq. 4 (Lindvig et al. 2001). However, 480 

the “1/4” scale factor was intended to make the “volume of solubility” approximately spherical 481 

(Barton 2017). This factor was theoretically predicted by Prigogine et al. to estimate the 482 

solubility behavior of dissimilar molecule mixtures (Prigogine et al. 1957). Furthermore, the 483 

Hildebrand parameters cannot be calculated directly for polymers from heat of vaporization 484 

data because of their no-volatility. However, it is calculated using the indirect correlation or 485 

atomic contribution group method, based on the assumption of different functional groups 486 

contribution (Ravindra et al. 1998). The Van Krevelen and Hoftyzer method (VKH) 487 

calculations were largely used basing on the tables of group values giving the molar volumes 488 

and molar attraction constants of the repeating unit (Krevelen 1972; Van Krevelen 1972).  489 

In this work, the Flory–Huggins model was investigated to predict the demixation behavior of 490 

the polymeric cellulose solution during the grafting reaction on the cellulose linear chain, which 491 

can be generalized for other grafting reactions. In this regard, the Flory–Huggins solvent 492 

polymer interaction parameter (χ12) was calculated, for the different degrees of substitution, 493 

using Hansen’s partial solubility parameters (HSP). The Van Kerevlen’s Group Contribution 494 

Method (GCM) was used to determine the HSPs (Eqs. 5–7) according to the changes caused by 495 

chemical modification within the chemical structure of the polymer (Abderahmane et al. 2011; 496 

Jilal et al. 2018a, b), and the results are summarized in the tables SD2 and SD3. Fdi and Fpi are 497 

respectively the molar forces of attraction of the dispersion component and the polar component 498 

(Fp). Ehi is the hydrogen bond energy and Σ Vi = Vm2 is the molar volume of the molecule.  499 

𝜒12 = 𝛼
𝑉𝑚1

𝑅𝑇
[(𝛿𝑑1 − 𝛿𝑑2)2 +

1

4
(𝛿𝑝1 − 𝛿𝑝2)

2
+ 

1

4
(𝛿ℎ1 − 𝛿ℎ2)2]          (4) 500 

where α is the correction factor and is equal to the unity value in the absence of polarity 501 

interactions and hydrogen bonds, while it approaches the value 0.5 in the opposite case where 502 

the predominance of physical interactions including polarity and bonds hydrogen. d , p and h 503 

are partial Hansen solubility parameters attributed to the dispersive, polarity and hydrogen 504 

bonds contribution, respectively.  505 
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𝛿𝑑 =
∑ 𝐹𝑑𝑖

∑ 𝑉𝑖
   (5) 506 

𝛿𝑝 =
√∑ 𝐹𝑝𝑖

2

∑ 𝑉𝑖
          (6) 507 

𝛿ℎ = √
∑ 𝐹ℎ𝑖

∑ 𝑉𝑖
    (7) 508 

The hydrophobization reaction generates a drastic modification of the physicochemical 509 

properties of the cellulose polymers, in particular the water-solubility behavior. This 510 

modification can be explained by the variation of the interactional energy quantities exchanged 511 

between the solvent and the polymer during the reaction. At this point, the interaction parameter 512 

Chi (χ) should be a mathematical function that describes the degree of hydrophobicity of the 513 

cellulosic polymer. Thus, the rate of reaction progress is represented by the degree of 514 

substitution (DS) that is framed between the value 0 and the functionality of the polymeric 515 

segment (δ), and which presents the variable in the function χ(δ). In addition, the chemical 516 

modification of repetitive entities within the polymer chain strongly influences the 517 

supramolecular and polymer–solvent interactions, and therefore, a large modification of the 518 

polymeric architecture is expected and results from the structural expansion of the latter. Then, 519 

this geometric modification disturbs the dimensional stability of the Flory network 520 

(thermodynamic boxes), and thus causes modifications in the volume fractions 1 and 2 . In the 521 

present work, the proposed correction at the geometric fluctuation level is to highlight the 522 

variability of the molar volume of the polymer, during the reaction, as a function of DS  Vm2(-523 

) - , and consequently 𝜙1(𝛿) and 𝜙2(𝛿). Therefore, the Gibbs free energy of mixing, for a 524 

binary system consisting of n1 solvent molecules and N2 polymer chains with an average degree 525 

of polymerization x, is given by the following equation (Eq. 8):  526 

      ∆𝐺𝑚𝑖𝑥 = 𝑅𝑇𝑁(𝛿)[𝜙1(𝛿) 𝑙𝑛 𝜙1(𝛿)527 

+ (𝜙2(𝛿) 𝑥⁄ ) 𝑙𝑛 𝜙2(𝛿) + 𝜙1(𝛿)𝜙2(𝛿)𝜒12(𝛿)]        (8)             528 

Where, 529 

𝜙1(𝛿) =
𝑛1𝑉𝑚1

𝑛1𝑉𝑚1 + 𝑥𝑁2𝑉𝑚2(𝛿)
     →    

1

𝜙1(𝛿)
= 1 +

𝑥𝑁2

𝑛1
 𝛽(𝛿)     530 
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𝜙2(𝛿) =
𝑥𝑁2𝑉𝑚2(𝛿)

𝑛1𝑉𝑚1 + 𝑥𝑁2𝑉𝑚2(𝛿)
    →     

1

𝜙2(𝛿)
= 1 +

𝑛1

𝑥𝑁2𝛽(𝛿)
    531 

      𝑁(𝛿) =  
𝑉1

𝑉𝑚1
+ 𝑥𝑁2

𝑉𝑚2(𝛿)

𝑉𝑚1
= 𝑛1 + 𝑥𝑁2𝛽(𝛿) 532 

Vm1 and Vm2 are the molar volumes of the solvent and polymer segments, respectively. N(δ) is 533 

the total number of lattice thermodynamic cells normalized to the solvent cell, and 𝛽(δ) = 534 

Vm2(δ)∕Vm1 is the Flory size constant correction that indicate the number of solvent molecules 535 

replaceable by a freely orienting segment of the polymer chain, depending on the δ. This 536 

expression (Eq. 8) becomes similar to the classical expression if the equal‐sized molecules and 537 

one segment-polymer conditions are verified. In the case of grafting of functional units on 538 

polyfunctional linear polymeric supports (i.e. cellulose), the hypothetical spatial network 539 

architecture strongly depends, as the grafting reaction progresses, on the chemical nature of the 540 

grafted group, which governs the qualitative aspect of the solventpolymer and supramolecular 541 

interactions. Then, the quantitative representation and the density of the interactions are 542 

controlled by the degree of substitution represented symbolically by the functionality of the 543 

linear polymer. So it is imperative to determine the expression of Vm2(δ), and taking into 544 

account the notion of additivity of volumes, Vm2(δ) can be written in the following form (Eq. 545 

9):  546 

𝑉𝑚2(𝛿) = 𝑉𝑚2(0) + 𝑉𝑖𝛿 + 𝑉𝐸(𝛿)            (9) 547 

Where, 𝑉𝑚2(0) is the molar volume of the polymer before modification (𝛿 = 0), 𝑉𝑖 is the molar 548 

volume of grafted group and 𝑉𝐸is the excess molar volume of polymer which indicates the 549 

effect of grafting reaction on polymer expansion (or contraction), and the expansion (or 550 

contraction) coefficient is given as 𝛿(𝜕𝑉𝐸 𝜕𝛿⁄ ) is a constant value. Then the Equation Eq.-9 551 

becomes:  552 

𝑉𝑚2(𝛿) = 𝑉𝑚2(0) + 𝛿 (𝑉𝑖 +
𝜕𝑉𝐸

𝜕𝛿
)           (10) 553 

→ 𝛽(𝛿) = 𝑉𝑚2(𝛿) 𝑉𝑚1⁄  554 

=
𝑉𝑚2(0)

𝑉𝑚1
+ 𝛿

(𝑉𝑖 +
𝜕𝑉𝐸

𝜕𝛿 )

𝑉𝑚1
 555 

Posing 𝑉𝑚2(0) 𝑉𝑚1 = 𝑦 ⁄ and  (𝑉𝑖 +
𝜕𝑉𝐸

𝜕𝛿
) 𝑉𝑚1⁄ = 𝑧           → 𝛽(𝛿) = 𝑦 + 𝛿𝑧 556 
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Where, 557 

 
1

𝜙1(𝛿)
= 1 +

𝑥𝑁2

𝑛1
 𝛽(𝛿)         →  

1

𝜙1(𝛿)
= 1 +

𝑥𝑦𝑁2

𝑛1
 +

𝑥𝑧𝑁2

𝑛1
𝛿      (11) 558 

    
1

𝜙2(𝛿)
= 1 +

𝑛1

𝑥𝑁2𝛽(𝛿)
      →     

1

𝜙2(𝛿)
= 1 +

𝑛1

𝑥𝑦𝑁2+𝑥𝑧𝑁2𝛿
            (12) 559 

      𝑁(𝛿) =  𝑛1 + 𝑥𝑦𝑁2  + 𝑥𝑧𝑁2𝛿 =
𝑛1

𝜙1(𝛿)
                                   (13) 560 

Under conservative conditions of the physical system where the number of polymeric chains 561 

(𝑁2), degree of polymerization (x), quantity and quality of solvent (𝑛1), y and z are constants, 562 

the benzylation of cellulose acrylate showed a negative expansion factor  𝛿(𝜕𝑉𝐸 𝜕𝛿⁄ ) < 0 (Fig. 563 

7a), which indicates that the introduction of benzyl species (at a defined value of the degree of 564 

substitution) causes a structural contraction of BCac0.4 in comparison to the results obtained 565 

from volume additivity reflection. According to the Equation Eq.-12, the substitution of the 566 

mobile protons (alcohol and carboxylic acid or carboxylate) of the cellulose acrylate by the 567 

benzyl groups drastically modifies the molar volume of the polymeric chain  𝑉𝑚2(𝛿), and 568 

consequently the Flory size-constant correction 𝛽(𝛿) is no longer constant.  569 

During the benzylation of cellulose acrylate (Cac 0.4), the total number of constitutional 570 

cavities of the thermodynamic network increases by adding the volume occupation of the 571 

grafted entities (Fig. 7b). The deviation of total network cell disturbs strongly the fraction values 572 

and explains their values displacement. Figure 8 highlights the hypothetical lattice dimensional 573 

instability of the polymeric system, where the volume fractions 𝜙1and 𝜙2 are strongly 574 

influenced. The study of the variation of the volume fraction of BCac0.4 (Δ𝜙2), versus its initial 575 

volume fraction (Cac0.4) and the degree of substitution (δ), showed that the fractional transition 576 

reaches its maximum at the initial fraction of 0.3 and a degree of substitution δ = 3.  577 
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 578 

Figure 7:  a) Effect of the chemical modification on the excess molar volume of Bcac0.4 and Flory-579 

Huggins interaction parameter BCac-water (χ12), and b) Effect of the benzylation reaction of Cac0.4 on 580 

the total number of lattice thermodynamic cells N(δ)  581 

In addition, the fractional displacement during grafting onto polyfunctional polymers such as 582 

cellulose causes broad variations in dimensional stability, and these signify the profound 583 

changes in supramolecular interactions, which govern the hydrophilic behavior conversion 584 

boundaries to the hydrophobicity. Then, the expected results based on Flory’s theory, where 585 

the hypothesis of thermodynamic network dimensional stability is considered (green lines in 586 

Fig. 9), are largely separated from those determined in this work by applying the fractional 587 
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displacement approach. Furthermore, taking for example the state of coordinates ( 2 = 0.5, - = 588 

1) , according to Flory ΔGmix∕RTN(𝛿) > 0 which indicates the mixture demixation, while the 589 

thermodynamic stability of mixing is strongly favored by fractional shift where ΔGmix∕RTN(𝛿) 590 

< 0 (Fig. 9). Often, the demixation in the absence of modification reactions (χ is constant) is 591 

produced by the fractional effect. However, with increasing polymer fraction, two stable mixing 592 

zones are expected and favored by negative molar Gibbs free energy values ( ΔGmix∕RTN(𝛿) < 593 

0 ); the first was characterized by a high concentration of liquid (solvent) while the other is the 594 

solvation of liquid in the polymeric matrix considered as solvent of small solvent molecules. 595 

The range of intermediate polymer fractions causes biphasic demixing where the polymer phase 596 

is completely separated from the solvent phase ( ΔGmix∕RTN(𝛿) > 0).  597 

 598 

Fig.8. Effect of the benzylation reaction of Cac0.4 on the volume fraction of polymer (𝜙2 )  599 



26 

 

 600 

Fig.9. The variation of molar Gibbs free energy of mixing (ΔGmix/RTN(δ)) vs. volume fraction of 601 

BCca0.4 in water (𝜙2 ) and Flory interaction parameter (χBCac-water) 602 

In this paper, a novel strategy was investigated for the encapsulation of oils and drugs using a 603 

novel Flory–Huggins thermodynamic approach, where the demixation and the coacervates 604 

formation were favored by increasing the Flory interaction parameter by the modification of 605 

hydrophobic level of polymeric chains upon the reaction. At this point, the free Gibbs energy 606 

of the mixture becomes positive, and the parameters that govern the coacervation phenomenon 607 

are the interaction parameter of Flory (enthalpic magnitude) and fractional shift (entropic 608 

magnitude). Moreover, no changes have occurred about the polymerization degree, and all other 609 

thermodynamic parameters remain constant in the system (𝜙1𝑖  ,𝜙2𝑖, n1 , N2, x, y, z ). In this 610 

study, an anionic surfactant (SDS) that is represented by a blue line in Fig. 9) was used to form 611 

oily micellar colonies trapping the hydrophobic entities (benzyl bromide) to graft onto Cac0.4 612 

dissolved in aqueous alkali solution (NaOH 1N) (ΔGmix = −18.37JK−1mol−1). The cellulose 613 

hydrophobization was carried out at the micellar interface, where the DS increases with reaction 614 

time as the hydrophobicity rate of Cac0.4 increases, and then the demixation appears. 615 

According to the thermodynamic study (Fig. 9), the demixation can be obtained even at low DS 616 

(e.g. = 0.4 → ΔGmix = +12.79JK−1mol−1 ) giving the variation of the mixture Gibbs energy 617 

obtained based on the Flory–Huggins theory results.  618 

Increasing the hydrophobic character of the BCac0.4, during the reaction, increases the affinity 619 

of BCac0.4 to the hydrophobic medium, and then the BCac0.4 moved to the micellar surface, 620 
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and consequently enveloped the oily phase. Moreover, although the BCac0.4 formation is 621 

spectacular elsewhere in the Eos droplets, its migration to the surface of the Eos droplets is 622 

governed by the diffusion under the action of the hydrophobic forces that caused by cellulose 623 

acrylate benzylation (Fig. 10). On the other hand, the NaBr salt, resulting from the Williamson 624 

SN2 etherification reaction, strongly contributes to modifying the physicochemical properties 625 

of the reaction system, in particular the increase in the critical micellar concentration (CMC). 626 

Thus, it promotes the release of surfactant and its diffusion towards the reaction medium than 627 

it’s elimination by washing. So, the rosemary oil coacervates were elaborated upon 628 

modification of the hydrophilic aspect of cellulose (Cac0.4). In this reaction system assuming 629 

that the benzylation reaction is homogeneous in all points of the reaction system [xN2 = 10–2 630 

mol, n1 = 1.11 mol, x = 220, M (Cac0.4) = MAGU + 0.4*Macrylate-Na = 162 + 0.4*95 = 200 631 

g.mol−1].  632 

 633 

Fig. 10. BCac0.4 rosemary oil-coacervates formation upon modification of the hydrophilic aspect of 634 

cellulose (Cac0.4)  635 
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Conclusion  636 

In this work, the Williamson SN2 synthesis of BCac ( DSBnz ~ 1.4) was successively carried out 637 

in aqueous alkaline system as the dispersing medium. The difference of pKa values between 638 

the mobile acid protons of water-soluble cellulose acrylate (AGU) and the alkali solution 639 

(NaOH) leads to the formation of alkoxides, which are more likely to attack the electrophilic 640 

centers of the alkyl halide. The proposed chemical structures were confirmed by the recorded 641 

results on the vibrational (FTIR-ATR) and nuclear resonance (1H NMR and 13C NMR-APT) 642 

spectra of unmodified, acrylate cellulose (Cac0.4) and benzylated cellulose acrylate (BCac, 643 

DSBnz ~ 1.4 and DSAcr ~ 0.4). According to X-ray diffraction patterns, the proton substitution 644 

by hydrophobic benzyl sites modified the supramolecular interactions and established the 645 

drastic changes in the crystalline profile. In addition, the contact angle results showed the 646 

extreme modifications of the Cac0.4 hydrophilic to BCac hydrophobic character, where the 647 

contact angle increased from 15° to 90°, respectively. On the other hand, the structural results 648 

were in good agreement with the elemental profiles that showed on EDX-spectra. Also, the 649 

SEM-images indicated that the microstructure was greatly affected by the Williamson SN2 650 

benzylation of Cac0.4, where the cellulose fibrous morphology was completely destroyed 651 

indicating that the Williamson hydrophobization reaction was carried out with success. The 652 

REO loaded-plastic coacervates (~ 54%w) were successively elaborated indicating that the 653 

BCac was successfully used to envelop the EO-charged micellar system. In addition, the 654 

hydrophobic effect incited during the grafting reaction contributes highly in the formation of 655 

stable coacervates, and that by the migration of water molecules around the oily hydrophobic 656 

surface into the solution through the polymer chains (self-associated). The Flory–Huggins 657 

thermodynamic theory was used to predict the demixation according to the DS value and 658 

revealed the  strong effect of DS on the molar Gibbs free energy of mixing values. However, 659 

the polymer modification at the constant concentration affects strongly the interaction force 660 

distribution of the cellulosic derivatives. Furthermore, beyond the critical chi-Flory value (χc), 661 

corresponding to the critical DS-value ( DSc), the mixture Gibbs energy (ΔGmix) values become 662 

positive making demixing more favorable, this explains the formation of coacervates through 663 

the “Pickering” membrane at the biphasic interfacial.  664 
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