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Cellulose (Cell) and cellulose acetate (CA) are attractive durable materials; they can acquire various properties through 
modification in order to obtain valuable industrial products. First, a series of novel fluorinated cellulose carbamate and 
fluorinated CA carbamate have been synthesized. The introduction of fluoro-groups onto cellulose and CA chain 
backbone was achieved by the one-pot grafting method using diisocyanate as a coupling agent, which can be 
considered as a green procedure. The compounds prepared were characterized by Fourier transform infrared 
spectroscopy (FTIR), nuclear magnetic resonance (NMR), X-ray diffractometry (XRD), thermogravimetric analysis 
(TGA) and differential thermogravimetry (DTG) measurements. The results obtained from these analytical techniques 
confirm that modification occurs successfully. Second, the solubility behavior and biodegradation process of these new 
fluorinated materials have been studied. The results show that these new materials exhibit better solubility compared to 
cellulose, but this solubility decreases compared to that of CA. The phenomenon of biodegradation was studied using 
two methods, the rate of biodegradability was determined. The results of this part show that the biodegradation of 
fluorinated materials decreases compared to that of the starting materials. These novel materials are biodegradable, can 
substitute currently used industrial non-biodegradable products and be promising agents for several uses, such as 
bioplastics, drug carriers, etc. A sustainable development and an increased use of green chemistry principles are among 
the essential objectives of this work. 
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INTRODUCTION 

The use of natural renewable resources, such 
as cellulose and its derivatives, as reinforcing 
elements in bio-composites has gained 
considerable attention, as emphasized by 
numerous reviews.1–13 These biocomposites can 
be biodegradable or recyclable like thermoplastic 
matrices or incinerated to recover energy 
(combustion of thermosetting composites), 
compared to composites based on glass fibers.10 
In addition, cellulose fibers possess several 
potential advantages, namely: (i) their low 
density,  (ii)  their  bio-renewable  character,  (iii)  

 
their ubiquitous availability at low cost and in a 
variety of forms (wood, annual plants, agricultural 
residues, etc.) and (iv) their modest abrasivity, 
which ensures greater longevity of the processing 
tools.10 Cellulose fiber, which represents the 
major content of ligno-cellulosic biomass, is also 
inexpensive, biodegradable and has received a 
great deal of attention due to its physical 
properties and chemical reactivity.14 In addition, 
according to its molecular structure, cellulose is 
an active chemical due to the presence of three 
hydroxyl groups in each glucose unity, which are 
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mainly responsible for this reactivity. This 
reactivity should not be simply regarded as being 
that of a tri-hydric alcohol that is similar in its 
chemistry to sugars having three hydroxyl groups, 
because cellulose is a fiber-forming and a high 
molar mass substance. However, cellulose has 
some inherent drawbacks, including poor 
solubility in common solvents, poor crease 
resistance, poor dimensional stability, lack of 
thermoplasticity, high hydrophilicity and lack of 
antimicrobial properties. To overcome such 
drawbacks, controlled physical and/or chemical 
modifications of the cellulose structure are 
necessary and these modifications can confer new 
properties (such as super-absorbency, super-
hydrophobicity, anti-adhesion, antimicrobial 
activity, compatibilization, etc.) to cellulose, 
without destroying its many desirable intrinsic 
properties.14,15 These modifications are also based 
on the exploitation of the hydroxy functions 
present at the surface of cellulose.15 
Esterification,16–18 etherification,19,20 amidation,21 
carbamation,22–25 nucleophilic substitution and 
click chemistry have been reported as techniques 
to modify the surface of cellulose.26 

The carbamation, as an example, is a chemical 
modification of cellulose by an isocyanate group 
or blocked diisocyanate. The high and broad 
reactivity of such groups has been exploited using 
a coupling agent, and leading to a variety of 
applications, including in coatings, adhesives and 
cross-linking in the development of solid 
propellants.26,27 

Perfluorinated compounds (PFCs) are organic 
substances in which all of the hydrogens of the 
hydrocarbon backbones are substituted with 
fluorine atoms. The fluorine-carbon bonds are 
extremely stable, conferring very high thermal 
and chemical stability to these substances.28 They 
have a suite of unique properties, such as 
amphiphobicity and high chemical, biological and 
thermal stability. Taking into account these 
properties, PFCs are widely used in commercial 
and industrial applications as lubricants, surface 
protective agents and surfactants.29 They can be 
divided into the following groups: perfluorinated 
sulfonic acids, perfluorinated carboxylic acids, 
fluorotelomer alcohols, high-molecular weight 
fluoropolymers and low-molecular weight 
perfluoroalkanamides.28 The introduction of 
fluorine groups into organic molecules is of great 
interest for the development of pharmaceuticals, 
agrochemicals, and functional materials, since 
these groups enhance properties such as metabolic 

stability, lipophilicity and dipole moment.30 The 
chemical and thermal stability of a perfluoroalkyl 
moiety, in addition to its hydrophobic and 
lipophobic nature, leads to highly useful and 
enduring properties in surfactants and polymers 
into which the perfluoroalkyl moiety is 
incorporated. Polymer applications also include 
textile staining and soil repellents, as well as 
grease-proof, food-contact paper.31 Furthermore, 
fluorinated organic compounds can also be 
applied as fluorosurfactants, which can lower the 
surface tension of water down to a value half of 
what can be reached by using hydrocarbon 
surfactants. More recently, fluorosurfactants have 
been used for the synthesis of mesoporous 
materials.32 

For cellulose modification, a recent study 
using trifluoroacetic anhydride as a reagent to 
esterify the surface of cellulose fibers, was 
conducted in the gas and the liquid phase.33–36 
Nystrom et al.

37 reported the surface modification 
of cellulose fibers with a long perfluoro-alkyl 
chain, which was grafted either directly or 
through an intermediate layer of OH-bearing 
polymers. More stable perfluorinated cellulose 
derivatives were prepared by esterifying the 
surface of cellulose fibers with two other 
perfluorinated reagents, viz., pentafluorobenzoyl 
chloride (PFBz)38 and 3,3,3-trifluoropropanoyl 
chloride (TFP),39 under controlled heterogeneous 
conditions. Ly et al.

15 recently reported the 
grafting of the surface of two model cellulose 
fibers, Avicel (AV), and Whatman paper (WP), 
with two fluorine-bearing alkoxysilanes.40 The 
presence of fluorated groups at the cellulose 
surface gave rise to strongly hydrophobic and 
lipophobic properties.40–45 

The main purposes of this work are the 
following: (i) preparing novel compounds through 
grafting of fluorinated compounds onto cellulose 
and CA chain backbone using coupling reactions 
– this synthesis procedure using a sustainable raw 
material occurs in one-pot in order to avoid 
residues and wastes; (ii) characterizing the 
molecular structure, using FTIR spectroscopy, 
NMR spectroscopy techniques, XRD, TGA and 
DTG; (iii) studying the effect of different solvents 
on the solubility behavior of the fluorinated 
compounds. Furthermore, the biodegradation 
phenomena of the obtained cellulose derivatives 
will be established using two methods. 
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EXPERIMENTAL  
Materials 

Cellulose powder (DPw ≈ 1402 and Mw ≈ 227200 
g/mol) was extracted from Esparto grass (Stipa 

tenacissima) from Eastern Morocco, following the 
procedure developed by El Idrissi et al.46 It was dried 
in a vacuum oven at 90 °C for 48 h before use. Dibutyl 
tin dilaurate (DBTL 95%) was obtained from Aldrich 
and used as a catalyst. Lithium chloride (LiCl 98%) 
was obtained from Riedsl-de Haën. N,N-
dimethylacetamide (DMAc), (1,6)-hexamethylene 
diisocyanate (HDI 98%) and dodecanethiol (RSH 
≥98%) were purchased from Sigma-Aldrich. The 
reagents 1,1,2,2,3,3,4,4,5,5,6,6,6-tridecafluorohexan-1-
ol (C6F13OH) (P1), 1,1,2,2,3,3,4,4,5,5,6,6,6-
tridecafluorohexane-1-thiol (C6F13SH) (P2) and 
1H,1H,2H,2H-perfluorooctanethiol (C6F13C2H4SH) 
(P3) were provided by the Macromolecular 
Engineering and Architectures Laboratory – 
Montpelier, France – and the other chemicals were of 
analytical grade and were also purchased from Sigma-
Aldrich. 

FTIR experiments were performed using a 
Shimadzu Fourier Transform Infrared spectrometer 
FTIR-8400S, using a KBr disc containing 2% finely 
ground samples. Twenty scans were taken of each 
sample and recorded from 4000 to 400 cm-1. The FTIR 
spectra were accumulated at a resolution of 4 cm−1. 

The 1H NMR spectra were recorded in the 
Scientific Research Technical Support Units 
(UATARS), National Center for Scientific and 
Technical Research (CRNST) (Rabat, Morocco) using 
a Bruker Spectrometer (300 MHz). Deuterated 
dimethyl sulfoxide (DMSO) was used as a solvent. 
Tetramethylsilane (TMS) was used as an internal 
standard. All spectra were recorded with 16 scans and 
a pulse delay of 20s. 

We have used the 1H NMR technique to estimate 
the degree of substitution (DS) of CA, fluorinated 
cellulose (Cell-HDI-P1, Cell-HDI-P2 and Cell-HDI-P3) 
and fluorinated CA (CA-HDI-P1, CA-HDI-P2 and CA-
HDI-P3), using Equation 1,47 and the results are 
summarized in Table 2: 

                (1) 

where : integration of the grafted group (i); : 

integration of the cellulose skeleton;  and : 
number of protons in cellulose or CA ( ) and 
in corresponding grafted group, respectively. 

 

 

 

 

; the 

global DS of CA-HDI-P1 is equal to 1.7 + 0.9 ≈ 2.6 

; the 

global DS of CA-HDI-P2 is equal to 1.7 + 0.7 ≈ 2.4 

; the 

global DS of CA-HDI-P3 is equal to 1.7 + 0.7 ≈ 2.4 

Thermal behavior was determined using a 
Thermogravimetric Analyzer T4 pan and the operation 
was carried out under nitrogen atmosphere (50 
mL/min). The sample was heated from 25 to 700 °C at 
a heating rate of 15 °C min−1. The weight loss of the 
sample at different temperature was recorded. 

The X-ray diffraction (XRD) was performed using 
a diffractometer system (Shimadzu XRD 6000) with 
Cu (λ = 0.154 Å). To estimate the crystal structure of 
Cell-HDI-P1, Cell-HDI-P2, Cell-HDI-P3, CA, CA-HDI-
P1, CA-HDI-P2, CA-HDI-P3, the crystallinity index 
(CrI) was calculated using Equation 2 cited in the 
literature:48 

               (2) 
where I002 is the maximum intensity (in arbitrary units) 
of the 002 lattice diffraction and Iam is the intensity of 
diffraction in the same units at 2θ = 18°. 
 
Methods 

Synthesis of fluorinated cellulose carbamate (Cell-

HDI-P1, Cell-HDI-P2 and Cell-HDI-P3) 
Firstly, a blocked isocyanate (precursor) was 

synthesized by a simple reaction between alcohol or 
thiol and diisocyanate groups. In a three-necked round-
bottom flask equipped with a funnel, a thermometer, a 
magnetic stirrer and a reflux condenser, 0.86 mmol of 
1,6-HDI was introduced and an equal molar of 
C6F13OH with a relative amount of DBTL as a catalyst 
was placed in the funnel and added dropwise to the 
reaction mixture. The system was kept under stirring in 
nitrogen atmosphere at 80 °C for 3 h. At the end, the 
blocked isocyanate was formed with a high yield. The 
reaction was followed by FTIR analysis and we noted 
the presence of an absorbance band at 2270 cm-1 
associated with the NCO group in excess. Without 
insulating the blocked isocyanate precursor, the 
cellulose solution already prepared according to El 
Idrissi et al.

46 (0.07 g) was added to the mixture. This 
addition reaction was catalyzed by DBTL and kept 
under stirring at 80 °C for 3 h in nitrogen atmosphere 
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until all NCO groups were reacted, and their 
absorption band in the FTIR spectrum (2270 cm-1) 
disappeared. Then, a characteristic band corresponding 
to the carbamate formed appeared. The resulting 
product (Cell-HDI-P1) was isolated by filtration using 
a membrane filter. After precipitation in a mixture of 
methanol/water (1/3), the resulting product was 
washed with distilled water, methanol and dried under 
vacuum at 80 °C.49 The fluorinated celluloses (Cell-
HDI-P2 and Cell-HDI-P3) were synthesized following 
the same treatment. The fluorinated cellulose 
carbamates obtained were characterized by 1H-NMR 
and 13C-NMR techniques. An example of NMR 
spectrum is given in Figure 2. The NMR chemical 
shifts of the prepared derivatives (Cell-HDI-Pi i = 1, 2, 
3) are reported below. 

Cell-HDI-P1: 
1H-NMR (300 MHz, DMSO, 25 °C, 

ppm): δ 0.96 – 1.77 (-HN-(CH2)-(CH2)4-(CH2)-NH-); 
2.98 (-HN-CH2-(CH2)4-CH2-NH-); 3.00-4.85 (-CH- of 
AUGCell); 4.25 (-CH2- of AUGCell) and 5.78 (-NH-). 
13C-NMR (300 MHz, DMSO, 25 °C, ppm) δ: 22.1 (-
HN-CH2-(CH2)4-CH2-NH-); 40.95 (-HN-CH2-(CH2)4-
CH2-NH-); 62.13-75.05 (CH of AUGCell); 62.13 (CH2 
of AUGCell); 113.80-128.74 (-S-(CF2)5-CF3) and 
156.23 (OOC-HN-(CH2)6-NH-COO). 

Cell-HDI-P2: 
1H-NMR (300 MHz, DMSO, 25 °C, 

ppm): δ 1.07-1.67 (-HN-CH2-(CH2)4-CH2-NH-); 2.95 
(-HN-CH2-(CH2)4-CH2-NH-); 3.04-4.78 (-CH- of 
AUGCell); 4.47 (-CH2- of AUGCell); 5.78 (-NH-COO-) 
and 7.78 (-NH-COS-). 13C-NMR (300 MHz, DMSO, 
25 °C, ppm) δ: 25.71 (-HN-CH2-(CH2)3-(CH2)2-NH-); 
31.04 (-HN-(CH2)4-CH2-CH2-NH-); 40.65 (-HN-CH2-
(CH2)4-CH2-NH-); 62.81-81.06 (-CH- of AUGCell); 
64.16 (-CH2- of AUGCell); 104.19-128.37 (-S-(CF2)4-
CF3); 150.22 (-OOC-HN-) and 160.51 (-NH-COS-). 

Cell-HDI-P3: 
1H-NMR (300 MHz, DMSO, 25 °C, 

ppm): δ 0.98-1.81 (-HN-CH2-(CH2)4-CH2-NH-); 2.01 
(-S-CH2-CH2-CF2-); 2.95 (-HN-CH2-(CH2)4-CH2-NH-
); 3.09 (-S-CH2-CH2-CF2-); 3.18-4.75 (-CH- of 
AUGCell); 4.27 (-CH2- of AUGCell); 5.78 (-NH-COO-) 
and 8.24 (-NH-COS-). 13C-NMR (300 MHz, DMSO, 
25°C, ppm) δ: 18.12 (-S-CH2-CH2-CF2-); 27.06 (-HN-
CH2-(CH2)3-(CH2)2 –NH-); 28.71 (-HN-(CH2)4-CH2-
CH2-NH-); 31.04 (-S-CH2-CH2-CF2-); 40.18 (-HN-
CH2-(CH2)4-CH2-NH-); 59.80-83.38 (-CH- of 
AUGCell); 62.81 (-CH2- of AUGCell); 101.86-121.46 (-
(CH2)2-(CF2)5-CF3); 150.22 (-OOC-HN-) and 161.19 (-
NH-COS-). 
 
Synthesis of fluorinated CA carbamates (CA-HDI-P1, 

CA-HDI-P2 and CA-HDI-P3) 

In a three-necked round-bottom flask equipped 
with a funnel, a thermometer, a magnetic stirrer and a 
reflux condenser, an amount of 1,6-HDI (0.57 mmol) 
was introduced, then an equal molar of C6F13OH (P1) 
with a relative amount of DBTL as a catalyst was 
placed in the funnel and added dropwise to the reaction 
mixture. The system was maintained at 80 °C for 3 h 
under nitrogen atmosphere, the progress of the reaction 

was followed by FTIR analysis. We noted the presence 
of an absorbance band at 2270 cm-1 associated to the 
NCO group, showing that a free isocyanate precursor 
is formed. Without insulating the blocked isocyanate, 
the cellulose acetate solution already prepared 
according to the method described in the literature by 
Doyle and Pethrick50 (in DMSO - DS = 1.7) was 
added. This addition reaction was catalyzed by DBTL 
and kept under stirring at 80 °C for 3 h in nitrogen 
atmosphere until all NCO groups were reacted, and 
their absorption band in the FTIR spectrum (2270 cm-

1) disappeared. Then, a characteristic band 
corresponding to the carbamate formed appeared. The 
resulting product (CA-HDI-P1) was precipitated in 
methanol, filtered and washed successively with 
distilled water, methanol and dried in an oven at 60 °C 
for 24 h. 

The fluorinated CAs (CA-HDI-P2 and CA-HDI-P3) 
were also synthesized and isolated using the same 
procedure as above ((C6F13SH)(P2), 
(C6F13C2H4SH)(P3)). They were also characterized by 
1H-NMR and 13C-NMR techniques. An example of 
NMR spectrum is given in Figure 2. The NMR 
chemical shifts of the prepared derivatives (CA-HDI-Pi 
i = 1, 2, 3) are reported below. 

CA-HDI-P1: 
1H-NMR (300 MHz, DMSO, 25 °C, 

ppm): δ 1.24 (-HN-(CH2)2-(CH2)2-(CH2)2-NH-); 1.95 
(-HN-CH2-CH2-(CH2)2-CH2-CH2-NH-); 2.07 (-OC-
CH3- of CA); 2.98 (-HN-CH2-(CH2)4-CH2-NH-); 3.52-
4.90 (-CH- of AUGCell); 4.24 (-CH2- of AUGCell) and 
7.21 (-NH-). 13C-NMR (300 MHz, DMSO, 25 °C, 
ppm) δ: 22.40 (OC-CH3 of CA); 27.06 (-HN-CH2-
(CH2)4-CH2-NH-); 40.28 (-HN-CH2-(CH2)4-CH2-NH-); 
58.53-78.73 (CH of AUGCell); 62.81 (CH2 of AUGCell); 
100.88-120.87 (-O-(CF2)5-CF3); 156.83 (OOC-HN-
(CH2)6-NH-COO) and 170.12 (OC-CH3 of CA). 

CA-HDI-P2: 
1H-NMR (300 MHz, DMSO, 25 °C, 

ppm): δ 1.24 (-HN-(CH2)2-(CH2)2-(CH2)2-NH-); 1.95 
(-HN-CH2-CH2-(CH2)2-CH2-CH2-NH-); 2.07 (-OC-
CH3- of CA); 2.95 (-HN-CH2-(CH2)4-CH2-NH-); 3.09-
4.80 (-CH- of AUGCell); 4.55 (-CH2- of AUGCell); 6.30 
(-NH-COO-) and 7.74 (-NH-COS-). 13C-NMR (300 
MHz, DMSO, 25 °C, ppm) δ: 20.08 (OC-CH3 of CA); 
27.06 (-HN-CH2-(CH2)3-(CH2)2-NH-); 32.32 (-HN-
(CH2)4-CH2-CH2-NH-); 39.60 (-HN-CH2-(CH2)4-CH2-
NH-); 59.50-75.05 (-CH- of AUGCell); 63.11 (-CH2- of 
AUGCell); 104.19-118.76 (-S-(CF2)4-CF3); 155.86 (-
OOC-HN-); 169.75 (-NH-COS-) and 174.71 (OC-CH3 
of CA). 

CA-HDI-P3: 
1H-NMR (300 MHz, DMSO, 25 °C, 

ppm): δ 1.24 (-HN-(CH2)2-(CH2)2-(CH2)2-NH-); 1.93 
(-HN-CH2-CH2-(CH2)2-CH2-NH-); 2.05 (-OC-CH3- of 
CA); 2.50 (-S-CH2-CH2-CF2-); 2.77 (-HN-CH2-(CH2)4-
CH2-NH-); 2.95 (-S-CH2-CH2-CF2-); 3.05-5.29 (-CH- 
of AUGCA); 4.53 (-CH2- of AUGCell); 5.76 (-NH-COO-
) and 8.25 (-NH-COS-). 13C-NMR (300 MHz, DMSO, 
25 °C, ppm) δ: 17.17 (-S-CH2-CH2-CF2-); 24.06 (OC-
CH3 of CA); 25.71 (-HN-CH2-(CH2)3-(CH2)2-NH-); 
28.71 (-HN-(CH2)4-CH2-CH2-NH-); 33.37 (-S-CH2-
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CH2-CF2-); 40.95 (-HN-CH2-(CH2)4-CH2-NH-); 61.83-
79.71 (-CH- of AUGCA); 65.14 (-CH2- of AUGCell); 
101.26-120.11 (-CH2-(CF2)5-CF3); 156.83 (-OOC-HN-
); 168.77 (-NH-COS-) and 170.12 (OC-CH3 of CA). 
 
Solubility study 

Some dissolution tests of fluorinated cellulose 
carbamates (Cell-HDI- P1, Cell-HDI-P2 and Cell-HDI-
P3) and fluorinated CA carbamates (CA-HDI-P1, CA-
HDI-P2 and CA-HDI-P3) were carried out. In the first 
step, powder samples were placed in a small weighing 
bottle and dried in a vacuum oven at 70 °C. In the 
second step, 0.1 mL of an adequate solvent was added 
to the dried samples (1 mg). The bottle was placed at 
120 °C. The mixture was kept under stirring until the 
powder disappeared (visual monitoring) and 
transparent solutions were obtained. The results are 
reported in Table 2. 
 
Biodegradability 

There are several different methods and techniques 
to determine the degradability of plastic materials. In 
this work, we have focused on visual observations and 
the quantitative determination of microbial growth 
when fluorinated compounds are submitted to 
biodegradation and used as a carbon source. This test 
was carried out in two steps. The first one was based 
on visual observation of the crossroads of the 
microorganisms (solid medium). The second test was 
based on the calculation of the biomass (g) resulting 
from the biodegradation phenomena (liquid medium); 
then, this test was reinforced by the biodegradability 
investigation following the standard test method ISO 
14851. 

Biodegradation under aerobic solid conditions: 
This test method has been standardized and adopted 
basically in the same form by the American Society for 
Testing and Materials (ASTM G21-70, G22-76, G29-
75), by the French Association for Normalization 
(AFNOR X 41-514-81 and X41-517-69), by the 
German Institute of Standardization (DIN 53739) and 
by the International Organization for Standardization 
(ISO 846).51 The tested samples were placed on the 
surface of a mineral salt agar (MS), which is composed 
of monopotassium phosphate (KH2PO4: 0.7 g), 
potassium hydrogen phosphate (K2HPO4: 0.7 g), 
magnesium sulfate heptahydrate (MgSO4/7H2O: 0.7 g), 
ammonium nitrate (NH4NO3: 1 g), sodium chloride 
(NaCl: 0.005 g), ferrous sulfate heptahydrate 
(FeSO4/7H2O: 0.002 g), zinc sulfate heptahydrate 
(ZnSO4/7H2O: 0.002 g) and manganese sulfate 
heptahydrate (MnSO4/7H2O: 0.001 g) dissolved in 
sufficient distilled water to make up 1000 mL with 
agar (autoclaving at 121 °C for 20 min and the pH was 
between 6.0 and 6.5) in a Petri dish containing no 
additional carbon source. The material tested and the 
agar medium were sprayed with standardized mixed 
inoculums of lixivia. Petri dishes were incubated at a 
constant temperature (25 °C) during 21 to 28 days. The 

tested material was then subjected to visual 
assessment. 

Biodegradation under aerobic liquid conditions: 
The assessment of biodegradability has been 
performed following the standard test method ISO 
14851.52 Glass flasks with a 600 mL capacity were 
used as test vessels. The flasks were filled till a final 
400 mL volume and kept closed with glass caps. The 
test liquid medium was the “standard test medium” 
described in ISO 14851 (Determination of the ultimate 
aerobic biodegradability of plastic materials in an 
aqueous medium-method by measuring the oxygen 
demand in a closed respirometer), based on the 
following solutions: 
• Solution A: KH2PO4 (8.5 g/L), K2HPO4 (21.75 
g/L), Na2HPO4.2H2O (33.4 g/L), NH4Cl (0.5 g/L); 
• Solution B: MgSO4.7H2O (22.5 g/L); 
• Solution C: CaCl2.2H2O (36.4 g/L); 
• Solution D: FeCl3.6H2O (0.25 g/L). 

The test medium was prepared by adding solution 
A (10 mL), solutions B, C, and D (1 mL of each) to 
about 500 mL of water and bringing the volume to 
1000 mL with water. The inoculum solution was 
prepared as described below. A sample was drawn 
from the soil, diluted with water in order to reach the 
final total solids concentration of 200 g/L, and aerated 
for 4 h. Each vessel was filled with 380 mL of test 
medium and inoculated with 20 mL of inoculum 
solution. Test or reference material was added to each 
vessel (50 mg), with the exception of the blanks. Two 
replicates were used for each material. The tests were 
stopped when O2 consumption was no longer 
detectable, in all cases at least after three months. The 
Oxitop system used in the determination of BOD 
contains an individual number of reactors, consisting 
of glass bottles with a carbon dioxide trap (sodium 
hydroxide) in the headspace. The bottles are supplied 
with a magnetic stirrer and sealed with a cap 
containing an electronic pressure indicator. 

Afterwards, each vessel was kept under aeration for 
15 min to restore the original oxygen concentration of 
the liquid medium. The vessels were then closed and 
put back in incubation. The net biochemical oxygen 
demand (BOD) of the test material was calculated as 
the difference between oxygen consumption in the test 
and the blank flasks using the equation: 

               (3) 
where BODtm is the total biochemical oxygen demand 
of the test material; BODb is the biochemical oxygen 
demand of the blanks. 

The percentage of biodegradation, Dtm, was 
calculated as the ratio of the net biochemical oxygen 
demand to the total theoretical oxygen demand (total 
ThOD, referred to the amount of test material 
introduced originally in the flask) using Equation (4): 

               (4) 
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where Dtm: percentage of biodegradation; net BOD: 
specific Biochemical Oxygen Demand (in mg O2/L); 
ThOD: Theoretical Oxygen Demand (in mg O2/L). 

The ThOD of the polymer n(CcHhOoNnSs), with a 
relative molecular mass Mr (per monomer), was 
calculated according to: 

    (5) 
The experiments were incubated for 40 days and 

repeated twice. In both cases, after this period, oxygen 
consumption in respirometers was no longer 
detectable. 
 
RESULTS AND DISCUSSION 

Modification procedure 

This modification was established in two 
stages: the first one is an addition reaction 

between the 1,6-HDI and the following 
fluorinated compounds (C6F13OH, C6F13SH and 
C6F13C2H4SH), respectively, (Fig. 1a) which leads 
to the formation of blocked isocyanate precursors. 
This modification was followed by FTIR analysis, 
and all the spectra of these precursors showed a 
new sharp peak around 2270 cm-1, assigned to the 
NCO group situated at their end. The second part 
is a reaction between these precursors resulted 
from the first stage (blocked isocyanate) and 
cellulose or CA (Fig. 1b). Figure 1 illustrates this 
grafting method. The products were obtained with 
great selectivity and high yields. Then, they were 
characterized using different spectroscopy 
techniques, such as FTIR and NMR. 

 

 

 

 
Figure 1: Preparation of (a) the precursor (HDI-R), and of (b) fluorinated cellulose (Cell-HDI-P1, Cell-HDI-P2 and 

Cell-HDI-P3) and fluorinated CA (CA-HDI-P1, CA-HDI-P2 and CA-HDI-P3) 
 
 
NMR analysis 

On the 1H NMR spectra of the fluorinated 
cellulose derivatives (Cell-HDI-P2) and 
fluorinated CA derivatives (CA-HDI-P2), for 
example (Fig. 2a and 2b), some signals between 
1.07 ppm and 2.95 ppm appeared, indicating that 
the modifications of cellulose and CA by the 
aliphatic chain (HDI-CFSH) occurred. In 

addition, the peak of CH3 of CA appeared at 2.02 
ppm. The peaks of the carbamate group (-NHCO-
O-) appeared at 5.78 and at 6.30 ppm for Cell-
HDI-P2 and CA-HDI-P2 respectively, and the 
peaks of the thiocarbamate group (-NHCO-S-) 
appeared at 7.78 ppm and at 7.74 ppm for Cell-
HDI-P2 and CA-HDI-P2, respectively. The signals 
of the cellulose backbone appeared between 3.04 
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and 4.78 and the protons of the methylene group 
(-CH2-) in the cellulose backbone gave a signal at 
4.47 ppm. Finally, the signals of the CA backbone 
appeared between 3.09 and 4.80, and the protons 

of the methylene group (-CH2-) in the CA 
backbone gave a signal at 4.55 ppm. 

 

 

 
 

Figure 2: Examples of 1H NMR spectra of (a) Cell-HDI-P2 and (b) CA-HDI-P2 

 
FTIR analysis 

The chemical structures of cellulose, CA 
and their fluorinated derivatives were 
characterized using FTIR spectroscopy. Figure 3 
shows the main infrared spectral differences 
recorded as their characteristic peaks. The 
cellulose spectrum shows various bands (Fig. 3a) 
attributed to hydroxyl groups (3200-3600 cm-1), 
C-H and CH2 groups stretching (2700-3000 cm-
1), C-O stretching (1000-1300 cm-1), C-O-C 
stretching (∼1164 cm-1) and glycosidic linkages 
(∼895 cm-1).53 The grafting of the precursor 
compounds (HDI-R) onto cellulose and CA, 
respectively, shows that the NCO peak at 2270 
cm-1 disappears in the resulted FTIR spectra, 
which means that the NCO group has been 
integrated into the carbamate group and this 
procedure was successful. The FTIR study on the 
–NH and –C=O regions provides a powerful 
method for evaluating the formation of carbamate 
groups.54 

The derivatives (Cell-HDI-P1, Cell-HDI-P2 
and Cell-HDI-P3) (Fig. 3a) show an absorption 

band around 3340 cm-1 associated with NH group 
stretching vibrations. The absorption bands at 
around 2859 and 2930 cm-1 are due to the -
CH/CH2-stretching vibrations, and those at 
around 1690 and 1730 cm-1 might be due to the 
thiocarbamate and carbamate (NHCOS and 
NHCOO) stretching vibrations, respectively. 
Most of the absorption bands at around 1140 and 
1000 cm-1 are related to the C-O-C and C-F 
stretching vibration and those at around 600 cm-1 
are attributed to the stretching vibrations of C-S 
bands for Cell-HDI-P2 and Cell-HDI-P3. Finally, 
the absorption band around 1500 cm-1 is assigned 
to the bending vibration of NH. These results are 
in agreement with those reported in the 
literature.45 In Figure 3b, the FTIR spectrum of 
the CA shows an absorption band located at 1751 
cm−1, which is assigned to the stretching vibration 
of the ester group (CH2CO).  

Furthermore, a decrease in the absorption 
intensity of the band located at around 3431 cm−1, 
which is assigned to the stretching of the hydroxyl 
groups, is observed. This decrease indicates that 
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the hydroxyl groups of cellulose are substituted 
by acetyl groups.55 As regards the FTIR spectra of 
the products (CA-HDI-P1, CA-HDI-P2 and CA-
HDI-P3), resulting from the reaction between the 
residual hydroxyl groups in CA and the precursor 
compound, having a free isocyanate group (HDI-
P1, HDI-P2 or HDI-P3), several novel absorption 
bands resulted. The peaks at around 1690, 1700 

and 1750 cm-1 are attributed to the stretching 
vibration of the thiocarbamate (-NHCOS-), the 
carbamate function (-NHCOO-) and the ester 
group (CH3COO-), respectively. Those appearing 
at around 1140 and 1050 cm-1 are assigned to the 
absorption bands due to the stretching vibration of 
the C-F and C-O-C bonds. 

 

 
Figure 3: FTIR spectra of (a) Cell, Cell-HDI-P1, Cell-HDI-P2 and Cell-HDI-P3, as well as of  

(b) CA, CA-HDI-P1, CA-HDI-P2 and CA-HDI-P3 

 
Moreover, at around 3300 cm-1, absorption 

bands appeared due to the stretching vibration of 
N-H and the bending vibration of these bands is 
around 1520 cm-1. In addition, the increase in the 
absorption band at around 2800 and 2900 cm-1 
indicated that the grafting was established. These 
bands are attributed to the stretching vibration of 
CH/CH2 bonds. Table 1 summarizes the most 
important peaks detected for all the products in 
the FTIR spectra. 

 
Thermal analysis 

The thermal degradation of cellulose, CA, the 
fluorinated cellulose/CA derivatives was studied 
using thermogravimetric analysis (TGA/DTG). 
Figure 4 shows examples of TGA and DTG 
curves, illustrating the weight loss of the samples. 
The cellulose exhibits a slight initial loss between 
30-220 °C (elimination of residual water) and a 
major decomposition proceeds from 220 °C to 
400 °C. This step shows the maximum peak 
(Tmax) at 370 °C (Fig. 4b). The residual weight 
(about 6%) is comparable to that of neat cellulose 
under similar conditions. The main residues 
(about 6%) are attributed to the formation of char, 

because the decomposed products are easily 
volatilized. This result was also confirmed by 
other studies.53 

The Cell-HDI-P1 derivative shows a first loss 
of mass corresponding to the elimination of 
humidity and desorption of gases between 30-120 
°C, a second loss of weight occurs between 150 
°C and 380 °C, composed in fact of two 
transitions attributed to the detachment of the 
graft chains and to the degradation of the main 
cellulose chain. The final step is situated in the 
temperature range of 390-550 °C, and is mainly 
attributed to the thermal decomposition of 
fluorinated compound chains. The high 
temperature value is due to the stability of C-F 
bonds. This step is confirmed by an intense 
endothermic peak with a maximum at 540 °C. 
Cell-HDI-P2 and Cell-HDI-P3 also show 
behaviors with three main steps of weight loss 
(Fig. 4b). The first loss is observed between 30 
and 200 °C, and is due to the elimination of 
residual solvent, especially residual water having 
some interactions with the cellulosic backbone 
chain. 
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Table 1 
FTIR absorption bands of fluorinated cellulose carbamates and fluorinated CA carbamates 

 
Wavenumber (cm-1) 

Cellulose carbamate Cellulose acetate carbamate Functional groups 
Cell-HDI-P1 Cell-HDI-P2 Cell-HDI-P3 CA-HDI-P1 CA-HDI-P2 CA-HDI-P3 

NH (stretching vibration) 
CH/CH2 (stretching vibration) 
CH2C=O (stretching vibration) 
HN—C=OO (stretching vibration) 
NH—C=OS (stretching vibration) 
C—N (stretching vibration) 
N—H (bending vibration) 
C-O-C (stretching vibration) 
C-F (stretching vibration) 
C-S (stretching vibration) 

3352 
2857 and 2936 

- 
1693 
1624 
1259 
1533 
1144 
1007 

- 

3339 
2857 and 2934 

- 
1734 
1651 
1254 
1564 
1157 
1070 
621 

3331 
2858 and 2936 

- 
1717 
1647 
1236 
1520 
1144 
1074 
648 

3354 
2857 and 2936 

1755 
1693 
1624 
1240 
1531 
1142 
1053 

- 

3327 
2859 and 2936 

1755 
1686 
1643 
1236 
1520 
1144 
1074 
648 

3325 
2858 and 2936 

1749 
1734 
1647 
1234 
1522 
1144 
1049 
646 
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The second step represents the 
decomposition of the grafted groups attached 
on the cellulose main chain and is situated 
between 200 and 380 °C. The last step is a loss 
phenomenon mainly attributed to the thermal 
decomposition of fluorinated chain, which is 
confirmed by an intense endothermic peak at 
540 °C. Comparing the results of the present 
study with those reported on the modification 
by thiol compounds,56 it was found that the 
fluorinated compounds present higher thermal 
stability than thiol compounds. 

In the case of CA, the thermal 
decomposition occurred in three steps (Fig. 
4c). The first one is before 240 °C and 
represents the volatilization of residual 
absorbed water and solvents. The second step, 
from 240 °C to 420 °C, represents the thermal 
degradation of the cellulose acetate main 
chains. A weak third step starts at 430 °C and 
may be attributed to ash formation. 

The TGA and DTG curves of CA-HDI-P1, 
CA-HDI-P2 and CA-HDI-P3 derivatives show 
three major slopes of weight loss. They start to 
degrade after the elimination of the solvents, 
especially residual water. It should be noted 
that the stability of fluorinated compounds is 
relatively improved compared to the CA due to 
the presence of the fluorinated chains grafted 
onto the cellulose. The derivatives CA-HDI-P1 
and CA-HDI-P2 show two other transitions. 
The first approximately between 200 and 380 
°C, corresponding to the detachment of the 
grafted groups and CA main chain 
degradation, and the second between 430 and 

520 °C, which may be due to the 
decomposition of the fluorinated compounds 
main chain. 

In conclusion, these fluorinated materials 
show better thermal stability compared to the 
starting materials (cellulose and CA). 

 
 
 
 
 

 
 

Figure 4: Examples of (a) TGA thermograms of cellulose and Cell-HDI-P2, (b) DTG thermograms of cellulose 
and Cell-HDI-P2, (c) TGA thermograms of CA and CA-HDI-P2 and 

(d) DTG thermograms of CA and CA-HDI-P2 
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XRD analysis 
XRD results reveal some important pieces 

of information about the grafted reactions and 
the lattice of cellulose and CA. The XRD 
patterns of the cellulose, Cell-HDI-P1, Cell-
HDI-P2, Cell-HDI-P3, CA, CA-HDI-P1, Cell-
HDI-P2 and CA-HDI-P3 are presented in 
Figure 5. It can be seen that cellulose has 2θ 
diffraction peaks at 13.82°, 16.30°, 22.04 and 
34.10°, justifying the typical cellulose I 
crystalline form.57 Furthermore, the XRD 
patterns of Cell-HDI-P1 derivative display 

some new peaks around 2θ = 17.84°, 20.95°, 
23.73° and 24.54°, showing the presence of 
new crystal planes, which indicates that the 
grafting process was successful and that a 
change occurs in the morphology of cellulose. 
The same change was noted for Cell-HDI-P2 
and Cell-HDI-P3, their XRD patterns show 
new peaks at 17.48°, 19.74°, 23.62°, 24.70° 
and 26.85° for Cell-HDI-P2, and at 16.46°, 
18.99°, 23.38° and 24.66° for Cell-HDI-P3. 
The morphology of cellulose has greatly 
changed. 

 

 
Figure 5: XRD spectra of (a) cellulose, Cell-HDI-P1, Cell-HDI-P2, and Cell-HDI-P3 and (b) CA, CA-HDI-P1, 

CA-HDI-P2 and CA-HDI-P3 

 
 

CA presents a lower degree of crystallinity 
(63%), compared to the cellulose (88%) due to 
the substitution of the hydroxyl groups by 
acetyl groups, thus the inter- and intra-
molecular hydrogen bonds were partially 
eliminated.58 The XRD pattern of CA in Figure 
5b shows diffuse peaks around 2θ = 8.05°, 
20.75°, 24.09°, 41.47° and 49.49°, with two 
maxima at 2θ = 17° and at 24°, showing its 
semi-crystalline appearance.55,59 The main peak 
located at approximately 8.05° is cited as the 
principal characteristic of the semi-crystalline 
behavior of CA.55 Furthermore, the major 
reflections for CA-HDI-P1, CA-HDI-P2 and for 
CA-HDI-P3 are at 2θ = 17.70°, 20.39° and 
23.48°, at 2θ = 16.49°, 21.50°, 22.38° and 
25.09° and at 2θ = 11.08°, 17.74°, 20.21°, 
23.57° and 24.24°, respectively. A great 
change was noted between the XRD spectrum 
of CA and those of fluorinated CA carbamates. 

The ICr decreases from 88% for cellulose to 
21% for Cell-HDI-P1, to 54% for Cell-HDI-P2 
and to 23% for Cell-HDI-P3. This decreasing 
indicates that the content of the amorphous 
regions increases significantly, allowing their 
modification and transformation to occur 
easily.60 In addition, this fact indicates that 
these products have lost their crystallinity after 
fiber modification. For CA and fluorinated CA 
carbamates, a small variation in the 
crystallinity index between CA (63.98%), CA-
HDI-P1 (12.50%), CA-HDI-P2 (52.70%) and 
CA-HDI-P3 (27%) was observed. It is noted 
that Cell-HDI-P2 and CA-HDI-P2 keep a larger 
value for ICr, compared to their counterparts. 
The X-ray diffraction studies showed that 
crystallinity depends greatly on the structure of 
the reagents and the reaction conditions. 
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Solubility study 
The solubility behavior is an important 

parameter that characterizes the miscibility of a 
system under a qualitative aspect.17 According 
to our recent study, it is well-known that the 
introduction of fluorinated compounds on the 
cellulose and CA backbones leads to a change 
in their solubility in some solvent systems. 
Table 2 lists the solubility of fluorinated 
cellulose carbamates and fluorinated CA 
carbamates in various solvent systems. It is 
worth noticing, according to this study, that 
these derivatives show almost the same 
solubility, they are soluble in DMSO. 
Moreover, CA-HDI-P1, Cell-HDI-P2, Cell-
HDI-P3 and CA-HDI-P3 show higher solubility 
in DMF, and CA-HDI-P1 and CA-HDI-P3 

derivatives are soluble at high temperature and 
partially soluble at room temperature in 
dichloromethane and DMAc, respectively. In 
summary, their solubilities improved because 
fluorinated cellulose carbamates and 
fluorinated CA carbamates became 
hydrophobic and interchain interactions were 
destroyed. Consequently, they show a good 
solubility phenomenon in polar aprotic solvent 
systems and, respectively, a low solubility 
phenomenon in non-polar aprotic solvent 
systems at room temperature.  

 
Biodegradability study 

The first test method used was an attempt to 
simulate the conditions experienced by a 
biocomposite when buried under 
environmental conditions. The test has been 
conceived as a qualitative test based simply on 
visual assessment. The second test method was 
intended to determine the biochemical oxygen 
demand (BOD) in a closed respirometer. The 
biodegradability study of the blank, cellulose, 
Cell-HDI-P1, Cell-HDI-P2, Cell-HDI-P3, CA-
HDI-P1, CA-HDI-P2 and CA-HDI-P3 was 
conducted under aerobic solid and liquid 
conditions according to ASTM (G21-70, G22-
76 and G29-75), AFNOR (X 41-514-81 and 
X41-517-69), DIN 53739, ISO 846 and ISO 
14851. 

Firstly, the aerobic biodegradation 
experiments under solid conditions were 
validated by visual assessment (qualitative 
information), showing the amount of growth 
on the surface of the material or clear areas due 
to the hydrolysis of the substrate by the 
enzymes released by the microorganisms. 
Thanks to the clarity of the Petri dish, the 

biodegradation progress can be closely 
correlated with the disappearance of the 
specimens, confirming that the development of 
microorganisms is actually linked to the rate of 
biodegradation. Figure 6 summarizes the 
evolution of the biodegradation of the blank 
test, cellulose, CA and their derivatives under 
aerobic solid conditions. After 28 days of 
incubation, it is noted visually that cellulose, 
CA and the derivatives already cited were 
largely colonized by the micro-organisms and 
the blank test did not show any development of 
the microorganisms, indicating that the 
microorganisms that grew on the solid medium 
containing cellulose, CA and their derivatives 
were capable of degrading and using it as the 
sole carbon source. 

The aerobic biodegradation experiments in 
liquid conditions were validated by a method 
named biochemical oxygen demand (BOD) 
using a closed respirometer. The BOD is the 
quantity of O2 indispensable for a 
biodegradation step and it was determined 
using standard ISO 14851 (1999) during 40 
days. The methodology is explained in detail in 
the experimental part. The ThOD is expressed 
as the mass of O2 per mass of polymer, and it 
was determined by calculating the amount of 
O2 necessary for aerobic mineralization of the 
cellulose derivatives, i.e., complete oxidation 
of carbon to CO2. 

The rate of degradation is very much 
dependent upon the biodegradation conditions 
(solid, liquid medium) and the chemical 
structure of the sample submitted to a 
biodegradation test. 
According to the curves plotted in Figure 7, it 
should be noted that the degradation kinetics of 
the studied samples show a slight variation. As 
we know, two key steps occur in the polymer 
degradation process: first, depolymerization, or 
a chain cleavage step, and second, a 
mineralization process. The first step normally 
occurs outside the micro-organism due to the 
size of the polymer chain and its insoluble 
nature. Once sufficiently formed, the small-
size oligomeric or monomeric fragments are 
transported into the cell where they are 
mineralized.61 The biodegradation process of 
cellulose, CA and the fluorinated derivatives 
(Cell-HDI-P1, Cell-HDI-P2, Cell-HDI-P3, CA-
HDI-P1, CA-HDI-P2 and CA-HDI-P3) is 
represented by the evolution of the 
biodegradation percentage and the 
biodegradability rate. 
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Table 2 
Solubility test of Cell-HDI-P1, Cell-HDI-P2, Cell-HDI-P3, CA-HDI-P1, CA-HDI-P2 and CA-HDI-P3 

 
 Cell-HDI-P1 Cell-HDI-P2 Cell-HDI-P3 CA-HDI-P1 CA-HDI-P2 CA-HDI-P3 

Ethanol - - - - - - 
Methanol - - - - - - 
Water - - - - - - 

Polar 
protic 
solvents 

Propane-2-ol - - - - - - 
Dimethylsulfoxide + ± + + ± + 
Dimethylformamide - ± ± ± - ± 
Dimethylacetamide - - - ± - ± 
Acetone - - - - - - 

Polar 
aprotic 
solvents 

Acetonitrile - - - - - - 
Chloroform - - - - - - 
Dichloromethane - - - + - ± 
Toluene - - - - - - 
Hexane - - - - - - 
Tetrahydrofuran - - - - - - 

Non-polar 
aprotic 
solvents 

Diethyl ether - - - - - - 
+: Soluble, ±: Partially soluble, -: Insoluble 
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Figure 6: Evolution of biodegradation process of cellulose, CA and their derivatives after 28 days of incubation 

on solid medium 
 

The results show that, whatever the 
cellulose, CA and their derivatives, the 
consumption of O2 confirms the multiplication 
and growth of aerobic bacteria and their ability 
to assimilate them as the only carbon source. 
The experimental results show that the 
cellulose is biodegraded over 72%. The 
derivatives Cell-HDI-Pi (i = 1, 2, 3) are 
biodegraded over 34%. Indeed, Cell-HDI-P2 is 
biodegraded over 35%, Cell-HDI-P3 is 
biodegraded over 35% (Fig. 7a). Certainly, CA 
is potentially degradable in the environment 
and its rate of biodegradation is very much 
influenced by the degree of substitution.62 In 
Figure 7b, CA is biodegraded over 62%, CA-
HDI-P1 is biodegraded over 33%. Furthermore, 
CA-HDI-P2 is biodegraded over 33% and the 
CA-HDI-P3 is biodegraded over 32%. The 
experimental results suggest that the cellulose 
and CA were more biodegradable than their 
respective derivatives. 

According to the shape of the curves 
obtained experimentally, we suggest that 
biodegradation can be associated to the 
exponential growth of microorganisms, 
indicating a high and rapid biodegradation 
process of these biopolymers. This 
phenomenon can be modeled approximately by 
an exponential equation: 

           (6) 

          (7) 
where BD0 and BD represent, respectively, the 
biodegradation at t0 and t; µ represents the rate 
of biodegradation. 

According to Equations 6 and 7, the rate of 
biodegradation (µ) of the tested biopolymers is 
0.11 for cellulose, 0.06 for Cell-P1, 0.079 for 
Cell-P2, 0.08 for Cell-P3, 0.12 for CA, 0.096 
for CA-P1, 0.10 for CA-P2 and 0.16 for CA-P3 
(Table 3). 
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Figure 7: Biodegradation percentage of (a) cellulose and its derivatives; (b) CA and its derivatives after 40 days 

of incubation at 25 °C in aerobic liquid medium 
 

Table 3 
Rate of biodegradation (µ) of the tested biopolymers 

 
Biopolymer Rate of biodegradation (µ) 
Cell 
Cell-P1 
Cell-P2 
Cell-P3 
CA 
CA-P1 
CA-P2 
CA-P3 

0.11 
0.06 
0.079 
0.08 
0.12 
0.096 
0.10 
0.16 

 
According to these results, the rate of 

biodegradation (µ) shows a slight variation in 
the case of cellulose derivatives and a rough 
comparison can be deducted Cell-P1 < Cell-P2 
< Cell-P3 < Cellulose and CA-P1 < CA-P2 < 
CA < CA-P3. Hence, the introduction of the 
fluorinated functions in cellulose and CA 
reduced their biodegradation rate. This 
decrease can be explained by the presence of 
fewer ester groups, in all the fluorinated 
materials, except CA-P3, which possesses a 
relatively moderate biodegradation rate. 
Microbial attack can occur by involving 
esterase enzymes. Fungi associated with 
biopolymers are known for their esterase 
production capacity on various plant 
polysaccharides.63 This variation in 
biodegradation rate can also be explained by 
the variation of crystallinity index (CrI) from 
cellulose or CA to their derivatives. Moreover, 
it is known that the biodegradation process is 
faster for amorphous regions, compared to 
crystalline ones.64 

It is worth noting that the presence of 
carboxyl groups increases the ability of the 

composites to be degraded, but the 
introduction of fluorinated groups acts 
negatively in the biodegrading process because 
the fluorinated cellulose and the fluorinated 
CA have a biodegradation percentage that does 
not exceed 35% and the biodegradation rate is 
less than that of cellulose and CA. Moreover, 
we can conclude the environment used as 
inoculum has a biodegradation effect, and the 
growth of microorganisms is due to their 
ability to use these biopolymers as a sole 
carbon source. 
 
CONCLUSION 

In this study, the synthesis of novel 
fluorinated materials from cellulose and CA 
was conducted as described below. Firstly, a 
blocked isocyanate was prepared from a 
carbamation or thiocarbamation reaction 
between fluorinated compounds (alcohol and 
thiol) and (1,6)-HDI. Secondly, the obtained 
precursors were added to the cellulose and CA, 
respectively, in a homogeneous medium, 
yielding the desirable products with high 
selectivity and high yields. This procedure was 
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carried out in one pot, avoiding the formation 
of residues and with an atomic economy of 
100%. The compounds prepared were 
characterized by Fourier transform infrared 
spectroscopy (FTIR), nuclear magnetic 
resonance (NMR), X-ray diffractometry 
(XRD), thermogravimetric analysis (TGA) and 
differential thermogravimetry (DTG) 
measurements. 

The results obtained showed that the 
grafting process was successful and changes 
occurred in the morphology of cellulose and 
AC. In addition, the thermal behaviour of these 
new materials also exhibited better stability, 
compared to that of the reagents, due to the 
presence of fluorine. Moreover, these new 
materials exhibited better solubility compared 
to cellulose, but it decreased compared to AC. 
The phenomenon of biodegradation has been 
investigated by BOD and microbial growth 
methods. It has been shown that the 
introduction of fluorinated chains into the 
cellulose and AC chains backbone slightly 
reduced their rate of biodegradation, compared 
to the initial homologues. It can be concluded 
from this study that the fluorinated compounds 
may have applications in the antimicrobial 
field. These tests target environmentally 
friendly materials, the sustainability 
development and the enhancement in the 
discipline of green chemistry. 
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