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Abstract

In this study, cellulose fibers were chemically functionalized under mild conditions by introducing
palmitate groups in order to produce a hydrophobic cellulose-based ester. The effectiveness and the
degree of functionalization were evaluated by FTIR spectroscopy and thermo-gravimetric analysis
(TGA), whereas the structural integrity was confirmed by XRD measurements. The prepared
materials were tested in water remediation processes from fatty oils mixtures from both animal (cod
liver oil) and vegetable (sunflower oil) sources. Experimental kinetic measurements, rationalized by
means of the most common models, show that the best performances were reached by the sunflower
oil, hence proving the promising application of such green materials as a sustainable alternative tool
for oil-water remediation processes.

1. Introduction

According to the literature (Dave and Ghaly 2011; Nistico et al. 2017; Nistico 2017; Nistico et al.
2018; Magnacca et al. 2018; Teas et al. 2001), the most diffuse and easily applicable cleanup
technique for water remediation is based on physical adsorption, even if magnetically guided
advanced oxidation processes (AOPs) are also emerging as a promising green solution alternative
for the complete removal of organic contaminants (Bianco Prevot et al. 2017; Franzoso et al. 2017;
Klamerth et al. 2010). The most widely used conventional adsorbents are polymer foams (mainly,
polypropylene and polyurethane) as well as porous carbons (Dave and Ghaly 2011; Teas et al.
2001). However, in those years, in accordance with the guiding principles of the green chemistry
and the circular economy, more eco-friendly alternative bio-based materials for water remediation
processes have been properly designed (Ahmad et al. 2018; Huang et al. 2018; Mohanty et al. 2018;
Yadav et al. 2018).

Quite recently, there has been a growing interest in the use of renewable bio-based materials, such
as cellulose, as sources for the production of novel functionalized materials with enhanced specific
properties in alternative to fossil resources-derived chemicals (Palmeros Parada et al. 2017).
Cellulose is the most abundant biopolymer on earth since it is the principal structural component of
plants and vegetables. Cellulose is a linear semi-crystalline polysaccharide, whose chains are
formed by D-glucose units linked by B-1,4-glycosidic bonds (Coseri 2017, Lavagna et al. 2018).
Since cellulose can easily be functionalized by reactions involving the three hydroxyl groups of the
D-glucose unit, this biopolymer can be successfully used in a wide range of applications in several
fields, mostly for the production of bio-based (nano)materials and (nano)composites and/or blends
(Ardanuy et al. 2015; Khalil et al. 2012; Khalil et al. 2016; Trache et al. 2016). In particular,
cellulose contains two types of hydroxyl groups: primary hydroxyl group at C-6 and secondary
hydroxyl groups at C-3 and C-4 (Hokkanen et al. 2016). According to the literature, many complex
chemical reactions are used to properly modify the structure of cellulose to induce particular
properties. The main ones used are based on “click” chemistry processes which guarantee high and
rapid yields at mild conditions (Krouit et al. 2008; Zou et al. 2018). Some of the simplest “click”
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chemistry-mediated functionalizations are the following: cycloaddition (such as the copper
catalyzed alkyne-azide cycloaddition CuAAC, metal-free [3+2]-cycloaddition, and Diels—Alder
reaction, which is a [4+2]-cycloaddition), thiol-Michael and thiol-ene reactions, oxime-click
reaction, and olefin cross-metathesis (Meng and Edgar 2016). Beside these, conventional
approaches are also simple pathways of interest (e.g., esterification and etherification reactions)
(Hokkanen et al. 2016).

During the last decades, the ongoing research for novel low-cost and sustainable absorbing
materials for water purification has shown that cellulose-based adsorbents are indeed promising
candidates due to the different functionalities that can be introduced (see Hokkanen et al. 2016;
Hubbe et al. 2013 and references therein). Focusing on the removal of hydrophobic contaminants
from water, the introduction of fatty substituent (with chain length greater than C6) in the cellulose
to form hydrophobic esters is a significant and promising route to enhance the affinity of cellulose-
based materials toward hydrophobic adsorbates (Willberg-Keyrildinen et al. 2016). An alternative
solution could be the direct use of wood powder rich in several hydrophobic components derived
from the lignin fraction and/or others fatty acids residues (Mahvi 2008). Despite this, the use of
pure standard materials (namely, cellulose) guarantees several advantages, such as lowering any
possible undesired side phenomena as well as facilitating the reaction selectivity (Rinne et al. 2005).
In their recent study, Banerjee et al. (2006) reported the functionalization of sawdust by means of
fatty acids for the removal of crude oil from contaminated seawater, evidencing different responses
depending on the fatty acids chemical structure.

Thus, the aim of this study was the functionalization of natural cellulose by introducing C16
pending groups via a simple and versatile esterification of cellulose with palmitoyl chloride
performed at mild conditions. In particular, the choice of palmitic acids (C16) as pending group is
based on the chemical composition of the most common oils and fats (see Oil Palm Knowledge
Base). With this functionalization, it is possible to modulate the wettability of the starting
biopolymer to obtain a hydrophobic bio-based material that can successfully be used for the
removal of hydrophobic fatty oil-derived contaminants from aqueous medium.

2. Materials and methods

2.1 Reagents and chemicals
For the production of hydrophobic cellulose ester, cellulose powder (CAS 9004-34-6, Carlo Erba
reagents) and palmitoyl chloride (CAS 112-67-4, purity 98%, Merck) were used. The pristine
cellulose powder showed a particle size distribution comprised in the 25-100 um range (estimated
by dispersing the pristine cellulose in acetone and by analyzing the suspension by means of an
optical microscope) and a crystallinity degree of ca. 84% (estimated through XRD analysis). Two
hydrophobic fatty contaminants were selected as model fatty oils mixtures for this study: i) cod
liver oil mixture (abbreviated as CL in this paper) from animal source (by A.F.O.M. Medical
S.p.A., cod caught in Westfjord Bergen, Norway) purchased from an herbalist shop located in
Torino (ltaly), and ii) commercial sunflower oil mixture (abbreviated as SF in this paper) from
vegetable source (by Pam Panorama S.p.A., Venice, Italy) purchased from a supermarket of the
Pam group located in Torino (ltaly). All aqueous solutions were prepared using ultrapure water
Millipore Milli-Q™. All chemicals were used without further purification. For the physicochemical
and adsorption tests (vide infra), both bare cellulose and hydrophobic cellulose ester were kept in
the dark in closed plastic vials maintained at room temperature.

2.2 Preparation of the hydrophobic cellulose ester
The hydrophobic functionalization of cellulose was performed by soaking ca. 5 g of biopolymer in a
neat palmitoyl chloride solution (50 mL) for 10 minutes under magnetic stirring. This way,
palmitoyl chloride reacted with the hydroxyl functional groups of cellulose to generate cellulose
palmitate ester and hydrochloric acid as by-products. To terminate the esterification reaction,
deionized water was added to the reacting medium. Additionally, water molecules also reacted with
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the excess of palmitoyl chloride, thus creating a very low amount of palmitic acid. Last, the desired
product was recovered by centrifugation and washed several times. The final material was dried in a
furnace at 40 °C for 1 day.

2.3 Characterization methods

FTIR spectra were recorded in transmission mode in a Bruker Tensor 27 Fourier Transform Infrared
spectrometer equipped with Globar source, DTGS detector and working with 128 scans at 4 cm™ of
resolution in the 4000-500 cm™ range. FTIR analysis was carried out on KBr pellets. X-ray
diffraction patterns were obtained using the X-ray diffractometer PW3040/60 X’Pert PRO MPD
from PANalytical in a Bragg-Brentano geometry, with Cu Ko anode source at 40 kV and 40 mA.
Thermogravimetric analysis was conducted by means of a TGA instrument Mettler Toledo 1600.
The analysis was performed in air atmosphere in order to quantify the amount of new groups
introduced by the functionalization treatment of cellulose. Samples were heated from 25 °C to 800
°C with ? constant heating ramp of 10 °C min™. The air was supplied with a constant flow rate of 50
mL min™.

2.4 Adsorption kinetic experiments

Qualitative adsorption experiments to assess oil absorption were performed following a procedure
already reported in the literature (Chu and Pan 2012), by using as fatty oils both a cod liver oil
mixture (CL) and a commercial sunflower oil mixture (SF) from animal and vegetable origin,
respectively. These two fatty oil mixtures were individually poured drop-by-drop (2 mL) on the
surface of water. Then, the hydrophobic cellulose ester was placed on the surface of the oil-water
mixtures. Fatty oils were adsorbed by the hydrophobic cellulose within a few seconds.

The quantitative sorption capacity of the hydrophobic cellulose ester was evaluated via gravimetric
analysis by weighting the cellulose sample before and after the direct contact with either SF or CL
oils at different contact times (from O up to 60 minutes), expressing the sorption amount as mg of
fatty oil adsorbed over the amount of hydrophobic cellulose before adsorption (mg g™). Three
adsorption experiments were performed for each oil, and average values were reported.
Additionally, in order to evaluate the selectivity toward the hydrophobic oils, quantitative sorption
tests were also performed on water (W), giving almost negligible sorption.

3. Results and discussion

3.1 Physico-chemical characterization of hydrophobic cellulose ester
Figure 1 reports the FT-IR spectra of cellulose before and after the chemical functionalization with
palmitate groups. According to the literature, the main IR signals of cellulose are the following: I) a
broad band at ca. 3300 cm™ due to the stretching mode of O-H and C-OH functionalities; 11) a
signal at ca. 2600 cm™ due to aliphatic C-H stretching mode; II1) a peak at ca. 1640 cm™
attributable to the OH bending mode of absorbed water; 1V) a signal comprised in the 1450-1300
cm™ range due to CH, stretching mode (i.e., 1430 cm™); V) the C-H symmetric bending vibrations
from methoxy group at 1371 cm™; V1) the in-plane O-H bending mode at 1318 cm™; VII) a signal
at ca. 1160 cm™ due to the C-O stretching mode; VI1I1) a broad absorption at ca. 1170 and 1082 cm™
attributed to C-O-C stretching of the pyranose ring skeletal mode typical of polysaccharide
structures (Chen et al. 2014; Nelson and O’Connor 1964; Moran et al. 2008; Nistico et al. 2015;
Tang et al. 2014). For the sake of clearness, it is important to notice that the signals at ca. 3300 cm™
and at ca. 1640 cm™ can also be associated with the presence of water molecules adsorbed to KBr.
The effectiveness of palmitate functionalization was demonstrated by the formation of two strong
peaks at 2854 and 2923 cm™ due to the C-H stretching mode of CH3; and CH, groups of the
palmitate alkyl chains, and the sharp peak at ca. 1740 cm™ attributable to the C=0 stretching mode
of palmitate esters group with cellulose (see the highlighted peaks in Figure 1).
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Figure 1: Absorbance FTIR spectra of both pristine cellulose (black solid curve) and after esterification with

palmitate group (dotted curve). The signals indicating the effectiveness of the esterification are highlighted
(black diamonds).

In order to evaluate whether the functionalization had some effects on the crystalline organization,
XRD patterns of cellulose before and after functionalization were collected (Figure 2). According
to the literature (Djahedi et al. 2015), crystalline cellulose exists in several polymorphs, and the
structure of native cellulose (type 1) is a combination two crystal structures (i.e., both o and B
forms, where the latter is the main constituent in higher plants). In detail, pristine cellulose (before
functionalization) showed three main reflection planes: a broad peak at around ca. 26 = 14.9°,
which is an overlap of two reflection planes (110) and (110), a signal located at ca. 22.6° (200),
corresponding to the distance between hydrogen-bonded sheets, and a weak reflection at ca. 34.5°
(004), due to the ordering along the fiber direction (Boissou et al. 2014; Du et al. 2018; Zugenmaier
2008). All these signals are attributable to the crystalline pattern of type Ig cellulose. As well-
demonstrated by the curves in Figure 2, the esterification process did not alter the crystalline
structure of cellulose.
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Figure 2: XRD pattern of both pristine cellulose (top, black solid curve) and after esterification with
palmitate group (bottom, dotted curve).

The degree of functionalization was quantified by performing thermo-gravimetric analyses (TGA)
of cellulose before and after esterification (Figure 3). As reported in the literature, the thermal
degradation of pristine cellulose consists of two weight losses: the first one (ca. 5 wt.%), at around
100 °C, which is due to the elimination of physically adsorbed water molecules on the polymeric
fibers surface, whereas the main one in the range 250-350 °C is due to the crystalline phase
degradation of cellulose (Sonia and Priya Dasan 2013). Above 380 °C, the residual decomposition
products showed a slow degradation profile, leaving at 800 °C a residue of ca. 17 wt.%. The
introduction of palmitate groups caused the formation of a specific weight loss in the ca. 140-200
°C range due to decomposition of the alkyl chains grafted at the surface of the cellulose fibers. On
the basis of this analysis, it is possible to estimate the quantity of palmitate being ca. 10 wt.%.
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Figure 3: TGA profiles of both pristine cellulose (black solid curve) and after esterification with palmitate
group (dotted curve).

3.2 Adsorption experiments on oil-contaminated water.

In order to evaluate the selective sorption capacity of hydrophobic cellulose esters, qualitative
contact experiments were performed dropping on an aqueous medium a small amount of two
mixtures of fatty oils: namely, cod liver oil (CL) and commercial sunflower oil (SF). Figure 4
reports the ability of functionalized hydrophobic cellulose to adsorb CL from contaminated water.
For the sake of clearness, it is better to ascertain that the functionalized hydrophobic cellulose was
not wet by water (vide infra), whereas the powdery sample was able to attract and sorb the fatty oils
when put in direct contact with the drops of hydrophobic contaminants. Once the hydrophobic
cellulose was removed from the aqueous environment, no oil residues remained in the aqueous
medium, which was clean and colorless. In Figure 4, only the qualitative visual performance of the
modified cellulose with CL is reported because it is colored (yellow) whereas SF is colorless.
However, analogous behavior was also obtained in the case of SF contamination.



Figure 4: Qualitative removal of CL fatty oil from water surface by hydrophobic cellulose ester. CL was
selected since it is yellow colored, thus it guarantees a clear observation. Panel A) Drop of CL in aqueous
environment; Panel B) Addition of hydrophobic cellulose ester; Panel C) Sorption of CL by hydrophobic
cellulose ester; Panel D) Removal of the hydrophaobic cellulose ester at the end of the sorption experiment:
CL is completely removed and the water is clean and colorless.

In order to quantitatively measure the sorption capacity of hydrophobic cellulose ester, specific
Kinetic contact experiments were performed on both CL and SF mixtures by measuring the sorption
capacity via gravimetric analysis. Figure 5 reports the kinetic of sorption of hydrophobic cellulose
toward both target oil mixtures (i.e., CL and SF). Additionally, in order to highlight the selectivity
of the hydrophobic cellulose ester, quantitative sorption experiments were also carried out on water
(i.e., W). As expected, the functionalized cellulose showed almost no water (W) adsorption,
whereas excellent selective adsorption was found for both oils derived from animal (CL) and
vegetable (SF) sources. Experimental data reveal that the oil-absorption capacity of functionalized
cellulose after 60 minutes of contact was higher for SF (ca. 2100 mg g™*) than for CL (ca. 1440 mg
g™h). The selective response between the two different oil mixtures is probably related to the
composition of the two fatty oils mixtures, following the ancient principle “like dissolves like”. In
fact, the content in C16-C18 fatty acids in SF is of ca. 99% (i.e., C16: 6%, and C18: 98%), whereas
the C16-C18 content in CL is of ca. 66% (i.e., C16: 23%, and C18: 43%), thus significantly lower.
Additionally, a further content of shorter (C14: 4%) and longer (namely, C20: 14%, C22: 14%, and
C24: 1%) chains compounds that makes it hardly compatible with palmitate-cellulose. Results
obtained are in line with the specific state-of-art literature. Interestingly, Ibrahim et al. (2009) tested
chemically modified barley straw (an agricultural biowaste) for the remediation of wastewater from
emulsified oils obtaining the maximum adsorption capacity of ca. 615 mg g™ for canola oil and ca.
585 mg g* for standard mineral oil. The expansion and hydrophobization of clays (mostly
vermiculite), instead, at basic pH favored the removal of ca. 10-50 mg g™ of different oil-based
substrates (Mysore et al. 2005; Rajakovic et al. 2007), chitosan flakes and powders gave sorption
capacity toward palm oil mills effluent of ca. 2000-3000 mg g™ (Ahmad et al. 2005), whereas
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chemically modified rice husk favored the removal of machine oils from water reaching the
significant value of ca. 20-25 g g (Sun et al. 2003). Quite recently, Ngaini et al. (2018)
demonstrated that by incorporating fatty acid derivatives on cellulosic systems, it is possible to
obtain hydrophobic sorbent with very high oil sorption capacity (ca. 5.0-6.0 g g™).

In order to rationalize the sorption mechanism of the hydrophobic cellulose ester here investigated,
experimental sorption kinetic results were modeled using the pseudo-second-order (1) and the intra-
particle diffusion (2) models:

t 1 t
= > + — 1)
dt kqe de

qe =kt +C )

where g; and ge represent the sorbed amount of fatty acids at the time t and at the equilibrium (both
expressed in mg g™), whereas k and k, are the kinetic rate constants (Xu et al. 2018; Zhang et al.
2015). As reported in Figure 6A, the sorption mechanism for both fatty oils is well described by the
pseudo-second-order modeling due to the high-linear trend and value of correlation coefficient
(R%>0.9998). Additionally, Figure 6B reported the intra-particle diffusion model. According to the
literature (Xu et al. 2018), the non-linear curve confirmed a first initial sharp increase (also known
as the instantaneous adsorption stage), more evident in the case of SF, attributable to the easily
accessible sites at the surface of the hydrophobic cellulose ester. Once the cellulose was saturated
(for SF after 1 minute, for CL after 5 min), fatty oils started to diffuse within the internal sites of the
modified substrate with a progressive reduction in the diffusion rate (rate controlled stage) until
reaching the equilibrium after ca. 10 minutes (Xu et al. 2018).
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Figure 5: Experimental sorption kinetics of hydrophobic cellulose ester toward: SF (black squares), CL
(circles), and W (white triangles).
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Figure 6: Modeling of the sorption kinetics of hydrophobic cellulose ester toward either SF (black squares)
or CL (circles). Panel a) Pseudo-second-order sorption model; Panel b) Intra-particle diffusion kinetic model.

To testify the effectiveness of the hydrophobization treatment, sorption experiments were also
performed on pristine cellulose. Figure 7 clearly shows that the oil absorption capacity of pristine
cellulose after 60 minutes of contact time is remarkably lower (being ca. 50 mg g™ for SF and ca.
122 mg g™ for CL) compared to the hydrophobic cellulose ester data. On the contrary, pristine
cellulose tends to preferentially interact with hydrophilic substrates since the water sorption is
significantly higher (ca. 1500 mg g*) compared to the hydrophobic cellulose ester. This
experimental test unequivocally demonstrates the selectivity of the hydrophobization process,
driving the sorption process toward hydrophobic substrates rather than the hydrophilic ones.
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Figure 7: Experimental sorption of both pristine cellulose (black) and hydrophobic cellulose ester (striped)
after 60 minutes of contact time toward SF, CL and W.



4. Conclusion

Cellulose, one of the most abundant (and low-cost) biopolymers on earth, was used as starting
material for the production of hydrophobic cellulose by the esterification reaction with palmitate
groups carried out under mild condition. The hydrophobic cellulose ester was physico-chemically
characterized in order to evaluate the effectiveness and the degree of functionalization as well as the
possible structural modifications induced by this process. The material obtained showed highly
hydrophobic properties and was tested for the removal of fatty oils contaminants from aqueous
environment. In this study, two different fatty oils mixtures were investigated as target pollutants:
namely, cod liver oil (from animal source) and sunflower oil (from vegetable source). Interestingly
the functionalized cellulose showed a greater selectivity and absorption kinetics for SF oil rather
than for CL one, and chemisorption seems to be the main mechanism during exposure. Further
studies are necessary in order to understand the performances of this cellulose-based material,
however quantitative preliminary analyses revealed a significant removal capacity, encouraging the
use of these materials as sustainable alternatives with respect to the more traditional (in)organic
sorbing substrates.
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