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Abstract: Olive tree pruning (OTP) is one of the most abundant sources of biomass waste in the
Mediterranean basin. This is especially relevant in southern Spain where olive oil production represents
a large part of the economy. Olive tree prunings are mostly either burned or are spread in olive orchards
as an organic amendment, or used for heat generation on a domestic scale. However, the lignocellulosic
composition of OTP makes it a potential source of biopolymers, thus providing an excellent economic
alternative for the olive oil sector. In this work, pretreated OTP fibers were subjected to an optimized
alkaline treatment followed by a single-step bleaching reaction with H,O,. Afterwards, the cellulose

pulp was transformed chemically to obtain cellulose acetate. Noncellulosic components were removed
effectively from OTP, thus obtaining a pulp highly purified in cellulose with 71% crystallinity and 355°C
maximum degradation temperature. Nevertheless, a very large amount of cellulose (ca. 50%) was
eliminated throughout the process, especially during acid pretreatment, which was responsible for 38%
solubilization. A similar level of acetylation and degree of substitution was obtained by using acetylation
times in the range of 1 to 6h. No large differences were observed in the infrared spectra and X-ray
diffractograms of the synthesized acetates. However, their thermal stability varied significantly with
reaction time, evolving from a multistep degradation pattern to a single and sharp peak between 300
and 400°C with increasing time. Thermogravimetric curves revealed that at least 5h (preferably 6h) were
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needed to obtain cellulose acetate from OTP with adequate thermal stability for further processing. ©
2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and

John Wiley & Sons Ltd.
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Introduction

n recent years, the use of agricultural residues for high

added-value applications has been strengthened as they are

generated in large quantities and their accumulation often
poses a problem. These residues have negative impacts in
agriculture as they are generated at a rapid rate and generally
affect many agricultural activities, people, and spaces.
Accumulated residues can temporarily immobilize nutrients,
affecting soil health and requiring additional fertilizers."
Excessive residue accumulation disrupts farming operations,
reducing the efficiency of machinery and increasing labor.
Dry residues in hot climates create fire hazards, risking crop
loss and property damage. Runoff water carrying residues
contributes to water pollution, affecting aquatic ecosystems.
Residues in farming communities impact aesthetics and
social well-being. Land-use conflicts arise as residue
management competes with other purposes in limited spaces.
Improper residue management releases greenhouse gases,
contributing to climate change.’

The utilization oflignocellulosic residues as raw materials for
bio-based applications hasbeen on therise, presenting itself
asapromising and essential alternative for the functioning
of modern industrial societies.” Their appeal as a sustainable
source of biomaterialsislargely attributed to different
factors such as theirlow cost, widespread availability, and
chemical composition. Agro-industrial residues primarily
consist of cellulose (30-60%), hemicellulose (14-40%), and
lignin (7-20%).* Nevertheless, it is difficult to achieve 100%
revalorization oflignocellulose because the revalorization
strategy is dependent on the targeted products. Cellulose serves
asafundamental structural component in plants, representing
the mostabundant renewable resourcein nature. A diverse range
of processes have been explored to extract and purify cellulose
from agro-industrial residues, depending on the chemical
nature of the raw material. The incorporation of pretreatment
techniques aims primarily atbreakingand fractionating the
components oflignocellulosic biomass, thereby opening the
material’s structure and enhancing the accessibility of the
cellulose microfibrillar structure for its subsequent isolation.

A typical approach involves conditioning steps, pretreatments
for fiber swelling, acid or alkaline hydrolysis, and subsequent
purification steps by bleaching reactions. Once extracted,

cellulose may be transformed into a wide variety of derivatives
including ethers, esters or nanocellulose with application in
different sectors, such as food packaging’ or water purification.
Hemicellulose is less resistant than cellulose to chemical attack.
After partial or total depolymerization, it can be potentially
deemed to be a source of multiple products such as bioethanol

6

and biofuel, xylo-oligosaccharides, xylitol, sorbitol, packaging
films, adsorbents, functional ingredients for foods and
pharmaceuticals, production of bioplastics and biocomposites,
and so forth.”® Lignin can be used asa source of value-added
chemicals such as hydroxycinnamicacids or phenolic
antioxidants, and as a starting material for a series of products
including dispersant, emulsificant and chelant agents, activated
charcoal, adhesives and fertilizers.’ Lignin is also being currently
conceived as a building block for the manufacturing of bio-
based polymers,'®!! or in bio-based biocide delivery system.'
Robinson et al. (2022)"? performed a process multistructure to
evaluate the techno-economical viability of lignin valorization

2

foraplantscale of 150 kt/year, focusing on the production
ofaromatic monomers, phenols-formaldehyde resins and
aromatic aldehyde/acids."?

Among the chemical treatments for lignocellulose
fractionation, alkaline hydrolysis is commonly employed
for cellulose extraction both as pretreatment or as the main
treatment step, due to its applicability under mild conditions
and low risk. However, it possesses some drawbacks including
extended processing times. These challenges can be mitigated
by combining the alkaline treatment with other methods.**
The bleaching process is usually an integral part of cellulose
purification and aims to achieve precise removal of lignin in
unpurified cellulose pulp, resulting in a more uniform final
product. In most instances, bleaching is accomplished by
treating the fiber with chlorine in an acidic medium."

Due to its structural arrangement, cellulose possesses
certain properties that restrict its direct application, such as
high hydrophilicity, low solubility in common solvents, low
dimensional stability, and a high melting temperature. To
address these limitations, cellulose is typically transformed
into derivatives like cellulose acetate, nitrocellulose,
methylcellulose, and carboxymethyl cellulose. Among them,
cellulose acetate is distinguished by its compostable and
biodegradable characteristics, making it an excellent choice
for producing food packaging materials, textile fibers, paints,
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photographic films, medical and pharmaceutical products,'®
filtration membranes,'” bioremediation,'®!* and membranes
for drug delivery systems.*® The versatility of cellulose acetate
in these applications helps to reduce the dependence on fossil
fuels in various industrial sectors.”!

Various lignocellulosic materials from agricultural activity
have been identified as potential sources for the production
of cellulose acetate, encompassing flamboyant fruit pods,*
rice husk,? cotton by-products,®* coconut shell,”® sugarcane
bagasse,”**” and oil palm empty fruit bunch.?® In Spain, the
intensive production of olive oil generates an annual volume
of approximately 3t ha™! of olive tree pruning (OTP) biomass
waste. Traditionally, this residue is used in situ as a soil
amendment, or in most cases it is incinerated, significantly
increasing the carbon footprint of the olive oil industry.

This has promoted the use of this agricultural waste in the
industrial sector.

The province of Jaén (in south Spain) is characterized by
having over 6000000 ha of olive plantations (25% of the
total in Spain), representing more than 40% of the olive
oil production in the Spanish territory. Consequently, a
large amount of OTP waste is generated annually. The
revalorization of OTP, not only in the south of Spain but also
in all the Mediterranean Basin, is particularly relevant. Given
its lignocellulosic composition in which cellulose represents
approximately 30-40%,”” OTP is a potential candidate for
the extraction and subsequent chemical transformation
of its cellulosic fraction, and further utilization across
diverse industrial sectors. In this study, the extraction and
purification of cellulose from OTP by a three-step process
was firstly addressed. The experimental conditions of the
alkaline hydrolysis were optimized through response surface
methodology (RSM) to ensure maximum delignification
of OTP fibers. The purified cellulose pulp obtained was
subsequently used for the synthesis of cellulose acetate by
conventional heterogeneous reaction with acetic anhydride,
paying especial attention to the effect of acetylation time.
The properties of both the solids produced during cellulose
isolation and cellulose acetate samples synthesized at different
reaction times were characterized by infrared spectroscopy,
X-ray diffraction and thermogravimetric analysis.

Materials and methods

Extraction and purification of cellulose
from OTP biomass

Selected branches of OTP biomass were collected from an
orchard near the town of Martos (Jaén, south Spain) and
subjected to a series of mechanical operations, both in
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Table 1. Matrix of the experimental design
performed considering NaOH concentration (c),

reaction time (t) and reaction temperature (7)
for the alkaline hydrolysis (coded and uncoded
values).

Run Coded Uncoded

t T @ t(min) T(°C) c (%)
1 -1 -1 -1 90 65 4
2 1 -1 -1 120 65 4
3 -1 1 -1 90 85 4
4 1 1 -1 120 85 4
5 -1 -1 1 90 65 8
6 1 -1 1 120 65 8
7 -1 1 1 90 85 8
8 1 1 1 120 85 8
9 -1.41 0 0 83.85 75 6
10 1.41 0 0 126.15 75 6
11 0 -1.41 0 105 50.9 6
12 0 1.41 0 105 89.1 6
13 0 0 -1.41 105 75 3.82
14 0 0 1.41 105 75 6.82
15 0 0 0 105 75 6
16 0 0 0 105 75 6

cropland and in the laboratory, to obtain deleafed OTP fibers
with particle size in the range 0.425-0.600 mm. The fibers
were pretreated as obtained by stirring in an aqueous solution
of 8% w/v nitric acid (HNO3, 65-67% Puriss. p.a. ISO,
(Reag. Ph. Eur.), Honeywell Chemicals, Madrid, Spain) at a
temperature of 90 °C for 240 min. Under these conditions, the
removal of hemicellulose and lignin was maximized, as well
as the crystallinity of the remaining pulp.*®

The dried fibers were labeled as OTP-AH and stored in
sealed bags until further treatment with aqueous solutions
of sodium hydroxide (NaOH >98% (Reag. USP) p.a., ACS,
ISO, ITW Reagents, Monza, Italy). Alkaline hydrolysis was
performed at a solid/liquid ratio of 1:10 under different
experimental conditions (Table 1). NaOH concentration
(¢), reaction time (f) and reaction temperature (1) were
varied in order to achieve maximum delignification and
minimum removal of cellulose. After finishing the reaction,
the corresponding OTP-BH pulps were filtered, washed
with abundant water until their pH was neutral, and dried at
105°C for 16 h. Response surface methodology (RSM) was
used to determine the best experimental conditions. The
design of experiments approach consisted of a face-centered
central composite design (FCCD) with 16 runs including two
replicates in the central point in which ¢, t and T were the
independent variables, and the concentrations of cellulose,
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hemicellulose and lignin remaining in the solids were the
response variables (Table 1). A numerical and graphical
analysis of the data was carried out with Statistica v8.0
(Statsoft; Tulsa, OK, USA) and Design-Expert v6.0 (Stat-Ease
Inc.; Minneapolis, MN, USA) software. The relationship
between the response functions and the coded variables

is described by the following second-degree polynomial
equation:

Y=Po+B; )%+ By Qi+ By D xn (D

where Y is the specific response function, x; and x; are
independent variables, /3 is a constant, and f3;, §;; and f3;; are
linear, quadratic and interactive coefficients, respectively.

The pulp obtained under optimized conditions of alkaline
hydrolysis was further subjected to a bleaching reaction with
2% v/v H,0, at a solid-to-liquid ratio of 1:20, at 70 °C for
60 min. The pH of the solution was adjusted between 11 and
12 by addition of NaOH 0.1 mol L. Purified fibers (OTP-BL;
hereafter also called cellulose) were filtered, washed with
distilled water to remove the excess of reagents, dried, and
milled to a particle size below 0.5 mm (Ultra Centrifugal Mill
ZM 200; Retsch GmbH, Haan, Germany) before acetylation.

All the treatments were carried out in a 1L glass reactor
with mechanical stirring and temperature control. The yield
of acid pretreatment (Y, alkaline hydrolysis (Y3), and
bleaching reaction (Yp;) was calculated with the equations:

m _
Yan(%) = =220 % 100 )
Morp
m _
Ypu(%) = —22=BH 100 3)
Morp
m
Y (%) = —22=BL % 100 4)
Morp

where morp, Morp.ap Morppy a0d Morp.p; are the weights
(g) of raw OTP fibers, and after acid pretreatment, alkaline
hydrolysis, and bleaching respectively.

The global yield was calculated with the Eqn (5):

Y(%) = Yau X Ypu X Y, (5)

Acetylation of the extracted cellulose

The synthesis of cellulose acetate was carried out by the
conventional heterogeneous process in which cellulose is
reacted with acetic anhydride ((CH;CO),0299% AGR ACS;
Labkem, Murcia, Spain) in a medium composed of acetic acid
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(CH3;COOH 299% AGR ACS; Labkem) and sulfuric acid
(H,S0,4 95-97% AGR ISO; Labkem) as the catalyzer. First,
2g of the cellulose extracted previously (OTP-BL) was mixed
with 70 mL CH;COOH to swell the cellulose fibers. After
15min, the fibers were activated for 30 min by adding 0.2mL
concentrated H,SO, in 10 mL CH;COOH. Subsequently, a
volume of 30 mL of (CH;CO),0 was added slowly and the
mixture was left to react for a specific time, which varied
between 1 and 6h, to assess the effect of reaction time on the
extent of acetylation and on the properties of the cellulose
acetate that was formed. The reaction proceeded at constant
temperature (40 °C) under magnetic stirring. The viscous
solution of cellulose acetate was filtered, and 500 mL of cold
distilled water (5°C) was added to the filtrate to stop the
reaction. This mixture was left to agitate for 1h, and the
precipitate formed was vacuum-filtered and washed with
abundant water and ethanol to remove excess of CH;COOH
and (CH;CO),0. Finally, the solid, labeled as OTP-CAx
(x=1-6), was dried at 60 °C overnight.

Characterization of OTP-cellulose and
cellulose acetate samples

Compositional analysis

The moisture content of OTP biomass was calculated by
subjecting the sample (5 replicates of approximately 2 g each)
to oven drying at 105 °C until constant weight:
) mo = Myos
moisture (%) = ————= X 100 (6)
mo

where mo and m; 5 (g) are the weights of the sample before
and after drying.

The chemical composition of the lignocellulosic materials
was determined using the procedure developed by the
National Renewable Energies Laboratory (NREL) for biomass
analysis.”® Around 2 g of the sample was transferred into
a 50mL glass flask containing 10 mL of a 72% w/w H,SO,
solution (ITW Reagents). The suspension was maintained
at 60°C in a water bath under gentle stirring for 7 min.
Afterwards, the mixture was poured into a 1 L Erlenmeyer
flask and diluted with 275mL of distilled water. The flask was
sealed and autoclaved for 45 min, and the resulting mixture
was cooled at room temperature and filtered.

The solid residue remaining after acid hydrolysis was
washed with distilled water and incinerated at 600 °C for
4h to calculate acid insoluble lignin (AIL) following this
equation:

AIL (%) = 260 o 100 @)
m
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in which m (g) is the weight of the unhydrolyzed solid
before incineration and, m, (g) is the weight of the
unhydrolyzed solid after incineration.

On the other hand, the polysaccharide content was
determined after quantification of sugars in the hydrolyzate
by high-performance liquid chromatography (HPLC).
After filtration (0.22 pm syringe filters), a 20 pL aliquot of
the hydrolyzate was injected into a Shimadzu Prominence
Serie 20 chromatograph provided with an automatic
injector (SIL-20ACHT) and a refraction index detector
(RID-10A). Analyte separation was achieved in a Aminex
HPX-87H chromatographic column (7.8 x 300 mm; Bio-
Rad Laboratories Ltd., Hercules, CA, USA) with column
temperature of 45°C and an aqueous solution of H,SO, 5mM
as mobile phase (0.6 mLmin™" flow rate).

Fourier transform infrared spectroscopy

To identify the functional groups of the fibers and to monitor
the process of cellulose extraction, raw OTP and the different
OTP pulps were analyzed in a Fourier transform infrared
(FTIR) spectrometer equipped with a deuterated triglycine
sulfate detector (DTGS) (Tensor 27; Bruker, MA, USA),
which is a detection system that works by transmittance.
Fourier transform infrared spectroscopy was also used to
assess the acetylation extent (Rpr.z) and to calculate the
degree of substitution (DSpr.z) of OTP-CA samples as in
previous reports.>!* DSy is a parameter that indicates the
quantity of hydroxyl groups in the cellulose chains that have
been replaced by acetyl groups during the acetylation process.
The acetylation extent refers to the degree or level to which
acetylation has occurred, it specifically denotes the extent to
which acetyl groups have replaced hydroxyl groups in the
cellulose molecule. This method is based on the ratio between
the area or the intensity of a peak attributed exclusively to
acetylation (mostly the stretching of the C=0 bond of acetyl
group at 1730-1750cm ™), and that corresponding to the
vibration of the C—O—C bond in the cellulose backbone
(1020-1050 cm™) that remains unmodified after acetylation.
Rpp.qp and DSpp.pp were calculated with the following

equations’"*:
Ie—o
Rpr_jp = T (8)
c-0
WGgr_1r = Rpr_jg X 7.74 )

(WGpr_jg +10) X 3
17.74

(10)

DSpr_jg =

in which I and I_g represent the intensity of the peaks
at 1730-1750cm ™" and at 1020-1050 cm ™" respectively. The
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spectra were recorded in the region 4000-400cm™ with a
wavenumber resolution of 4cm ™ by using the attenuated
total reflectance (ATR) method. For better comparison
among samples, OPUS v6.5 software (Bruker, MA, USA) was
used to maximize and stack the spectra.

X-ray diffraction

The crystalline structure of the different OTP fibers at each
stage of treatment, as well as the changes produced after
acetylation, was studied by X-ray diftraction (XRD). Before the
analyses, the fibers were milled and passed through a 0.5mm
sieve (Ultra Centrifugal Mill ZM 200; Retsch GbmH, Haan,
Germany). Powdered samples were placed on the holder

and leveled to achieve total and even exposure to radiation.
Measurements were performed in an X-Ray diffractometer
(Empyrean; Malvern PANalytical) at room temperature with a
monochromatic Cu-Ka radiation source at a rate of 2°min™" in
the 26 range of 5-40°. The classical Segal method*® was applied

to calculate the crystallinity index (Crl):

CrI(%):MXIOO (11)
Lo
In this equation I,y is the maximum intensity of the (200)
lattice diffraction peak corresponding to both amorphous and
crystalline phases, and I,,,, represents the intensity scattered
by the amorphous part. Both I,y and I, are located at 26
values of approximately 22° and 18° respectively.**~*

Thermogravimetric analysis

The thermal stability of the different fibers obtained during
the experimental part (raw OTP, OTP-AH, optimized
OTP-BH, OTP-BL and OTP-CA) was determined

by thermogravimetric analysis (TGA) in TGA Q500
equipment (TA Instruments, New Castle, DE, USA) by
weighing 10-20 mg of powdered sample in alumina pans.
The derivative thermogravimetry (DTG) curves were

also represented to assess the maximum degradation
temperatures. All the measurements were carried out under
a N, flow of 50mL min " by heating the sample from room

temperature to 1000°C at a rate of 10°C min ™.

Results and discussion
Extraction and characterization of
cellulose from OTP

Compositional analysis of OTP fibers.
Optimization of alkaline hydrolysis

As reported in a previous work by the authors, raw OTP
may be considered as a suitable lignocellulosic material
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for cellulose isolation as it contains 31.53 wt.% of cellulose,
21.61wt.% of hemicellulose and 24.76 wt.% of lignin.” After
the acid pretreatment, a yellowish pulp with 63.32wt.% of
cellulose, 8.92wt.% of hemicellulose and 7.78 wt.% of lignin
was obtained (Fig. 1). This indicated an extensive removal
of noncellulosic components (around 90%), which was the
main objective of acid pretreatment. However, and taking
into account the low mass of solid yielded at the end of the
process (30.90g per 100 g raw OTP), approximately 38%
of the cellulose initially present in the OTP fibers was also
hydrolyzed under the selected experimental conditions.'®

After the acid pretreatment, OTP-AH fibers were
subjected to alkaline hydrolysis, the conditions of which
were optimized to maximize the removal of non-cellulosic
components. Hemicellulose was not detected in most cases
after the alkaline experiments (Table 2), thus impeding the
application of the quadratic model. The only regression
equations retrieved by the model here were therefore those
for the concentrations of cellulose and lignin. Depending
on the experimental conditions (Table 1), different grades
of delignification were obtained after the treatments with
NaOH. The resulting color changes arise from alterations in
the chemical composition and the structure of the residue
compounds. Removing lignins from agricultural residue,
through chemical treatments, causes a shift in color by
modifying or eliminating chromophores.*! The color of
OTP residues is also affected by various substances such as
pigments, polyphenols, carotenoids, and chlorophyll.*~**

As shown in Table 2, the concentration of cellulose
remaining in OTP-BH solids varied from 63.71% (run 3, in
which the concentration of acid is the lowest) to 97.78% (run
14, in which the concentration of acid is the highest), whereas
that of lignin oscillated from 5.26% (run 7) to 14.68% (run
4) respectively. Yields between 57.81% and 82.26% were
obtained (Table 2).

The predicted quadratic regression equation for the
concentrations of cellulose and lignin remaining in the solid

Original Article: Production and characterization of cellulose acetate

(Eqns 12 and 13) are presented below. Figure 2 depicts the
graphical representation of the experimental data against
those predicted by the Eqns 12 and 13.

cellulose (wt. %) =93.25+3.95t —2.52T + 3.60c (12)
—6.53t2—10.30T% 4+ 4.25T¢c
lignin (wt. %) =7.91+0.44t +0.52T —0.72c +0.91>
—1.35tT—0.40tc—2.09Tc

(13)

As shown in Fig. 2, the coeflicients of determination were
above 0.96 thus indicating that the quadratic regression
model equations had good statistical validation for the
prediction of the concentrations of cellulose and lignin
remaining in OTP-BH fibers.*” The effect of either ¢, T, or ¢
on the response variables is reflected in the linear, quadratic,
and interactive coefficients of the equations. The equations
show that the three independent variables (linear terms)
were significant for both response variables. Moreover,
the values of the coeflicients for lignin concentration were
lower than those for the concentration of cellulose, likely
due to the fact that the concentration of lignin in the fibers
was already extensively reduced after acid pretreatment
(OTP-AH had around 8% lignin).” As expected, an increase
in ¢ induced an increase in the concentration of cellulose.
The terms t and especially Tc also had a positive influence
in cellulose enrichment. However, the negative coefficient
for T suggested that exposure of OTP-AH fibers to high
temperatures during alkaline hydrolysis could lead to
cellulose damage. This is supported by the negative value
of the quadratic term T2 which had the greatest effect on
cellulose concentration. This is in line with the study by
Melikoglu et al.*® who performed a similar optimization
for the alkaline hydrolysis of apple pomace, and suggested
that increased concentrations of NaOH, reaction time, and
reaction temperature could damage the cellulose structure

Figure 1. Visual appearance of OTP fibers. From left to right: raw OTP, OTP-AH, OTP-BH, and OTP-BL.
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Table 2. Chemical composition of the solids obtained after alkaline hydrolysis and yield of reaction.

Run Moisture (%) Cellulose (%) Hemicellulose (%) Lignin (%) Yield (%)
1 5.853 74.38+6.35 1.98+0.44 7.70+£7.00 80.27
2 7.238 83.98+6.70 2.49+0.30 6.25+0.56 82.26
3 6.297 63.71+4.83 2.22+0.74 9.74+1.21 69.36
4 6.753 69.35+10.90 1.74+0.96 14.68+3.43 66.41
5) 7.972 75.85+3.66 - 10.58+1.89 80.29
6 8.729 81.43+11.79 - 8.52+0.32 76.68
7 8.260 79.08+2.85 — 5.26+0.68 62.56
8 7.299 86.89+7.54 - 7.62+2.67 58.90
9 8.588 72.82+21.77 - 9.25+0.43 71.38
10 7.680 86.09+12.76 - 10.30+1.55 61.91
11 6.996 76.80+8.41 - 8.68+0.92 57.81
12 7.648 67.11+2.58 - 11.19+0.013 60.10
13 7174 89.78+8.92 0.47 +0.05 8.77+0.12 74.72
14 7.054 97.78+3.22 = 7.14+3.01 70.05
15 6.410 91.91+2.75 0.09+0.02 8.17+2.85 72.08
16 6.103 93.81+0.06 0.14+0.20 7.55+2.30 68.97
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Figure 2. Experimental results versus those predicted by the models for the concentrations of cellulose (left) and lignin (right).

leading to lower cellulose yield. In our case, this would be
especially relevant if we take into account that OTP-AH
fibers had been previously subjected to an acid pretreatment.
Regarding lignin concentration, the negative value of the
coeflicient ¢ is in agreement with enrichment of cellulose at
higher NaOH concentrations. Furthermore, the interactive
coefficients among the three variables contributed to higher
biomass delignification in the range Tc > tT> tc. In contrast,
an unexpected slight positive influence of £, T and £ in lignin
concentration was observed (Eqn 13).

Figure 3 illustrates the RSM curves, which were plotted
at fixed ¢ values while varying t and T. From the analysis of
this figure, it can be deduced that both response variables are
sensitive to the variation in NaOH concentration because
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for c=1 the observed effects were different to those for c=—1
and ¢=0. In the case of cellulose, the shape of the RSM plot is
similar at the three ¢ levels, but the effect appears to be more
pronounced with increasing NaOH concentration (Fig. 3 top).
It can be observed that intermediate temperature and time
seem to lead to higher cellulose concentration. Nevertheless,
the effects were more variable for lignin concentration (Fig. 3
bottom). At the lowest NaOH concentration (4%) an increase
of the reaction temperature led to an unexpected slight
increase in lignin concentration, while the effect of reaction
time was practically negligible. However, higher T implied a
clear decrease in lignin concentration at 8% NaOH.

By using this approach, the optimal conditions for
maximum delignification and cellulose enrichment were
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Figure 3. Response surfaces obtained from the experimental design showing the interactive effect of ¢, T and ¢ on the
concentrations of cellulose (top) and lignin (bottom) for different values of NaOH concentration (c): c=-1 (4%), c=0 (6%) and
c=1(8%).

Table 3. Validation of the model for the optimization of alkaline hydrolysis.

Experimental conditions Experimental values Predicted values
t (min) T (°C) NaOH (%) Cellulose (%) Lignin (%) Cellulose (%) Lignin (%)
104 82.7 8 89.08 5.61 91.8 6.0

Table 4. Chemical composition of olive tree pruning samples, moisture and yield of each reaction.

Biomass fibers Moisture (%) Cellulose (%) Hemicellulose (%) Lignin (%) Yield (%)
OTP 5.67 31.53 21.61 24.76 =
OTP-AH 7.39 63.327 8.92f 7.78F 30.90°
OTP-BH 5.53 89.08 n.d. 5.61 60.85
OTP-BL 5.62 95.10 n.d. 5.70 89.70

n.d., not detected.
"Rodriguez-Liébana et al.?®

identified as t=-0.065 (104 min), T=0.772 (82.7°C), and c=1 respectively. The values predicted by the quadratic equations

(8% NaOH). This was confirmed by performing the alkaline were slightly higher than those from the experimental
hydrolysis under these conditions. As shown in Table 3, confirmation. More particularly, deviations of 3% and
cellulose and lignin concentrations were 89.1% and 5.6% 7% with respect to the experimental result were found
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for cellulose and lignin concentrations, respectively, thus
verifying the validity of the model.

The OTP fibers under the optimized alkaline treatment
(OTP-BH) were eventually subjected to the H,0O, bleaching
reaction described above to obtain purified cellulose pulp
(OTP-BL) with a strong whiteness (Fig. 1). The yellow-
brown color of the biomass turned white after the bleaching
treatment and the elimination of non-cellulosic components
such as pectin, hemicellulose, and lignin.**

The single-step yields can be found in Table 4. Considering
all the single-steps yields of the treatments (acid hydrolysis,
alkaline hydrolysis, and bleaching), a global yield of 16.87% is
obtained using Eqn (5). Kian et al. (2020)* reported a global
yield after purification of cellulose content of 24.9% from
olive pruning fibers. This process consisted of a bleaching step
followed by alkaline hydrolysis, obtaining a cellulose content
of 79.8 wt.%.

As shown in Table 4, the concentration of cellulose after
bleaching was as high as 95.1%, whereas the concentration
of lignin remained practically unaltered. However, the yield
of cellulose with respect to the initial raw OTP was too low
(16.9g OTP-BL per 100g raw OTP).

The cellulose mass balance was calculated by taking
into account the yield of each stage of the process and the
concentration of cellulose in the corresponding fibers. At the
end of the whole process, only 51% of the cellulose originally
present in OTP was retained in OTP-BL fibers (Table 5).
This high cellulose loss was mainly produced during the
acid pretreatment (around 38% loss) and, secondarily, after
alkaline and bleaching reactions that contributed with 9%
and 2% losses respectively. This is in line with the report by
Candido and Gongalves,*” who obtained a total cellulose
loss from sugarcane straw of 28% and stated that acid
pretreatment (10% H,SO,4, 100°C, 1h, 1:10 solid/liquid ratio)
proportioned a relatively high solubilization rate of cellulose.

Fourier transform infrared spectroscopy of
OTP fibers

The FTIR spectra of raw OTP and the different OTP pulps
(Fig. 4) were used to examine the process of cellulose
purification. Two spectral zones, in the ranges 800-1800cm ™

Table 5. Mass balance during cellulose isolation.

Biomass fibers Cellulose (g/100g  Cellulose loss

raw OTP) (9)
OTP 31.53 -
OTP-AH 19.57 11.96
OTP-BH 16.75 2.82
OTP-BL 16.04 0.71

JA Rodriguez-Liébana et al.

and 2800-3600cm ', can be clearly distinguished. From
higher to lower wavenumber, the broad band in the range
3600-3000 cm ™" represented the stretching vibration of the
different —OH groups present in cellulose, hemicellulose,
lignin, and the retained water,3>37:384048 The peaks observed
in the 3000-2800 cm ™ region are associated with the
stretching vibration of C-H bonds in —CH;, —CH, and
—O—CHj; groups of cellulose, hemicellulose and lignin.
As observed in Fig. 4, two well-defined peaks appeared
after acid pretreatment and, after the alkaline hydrolysis,
the pattern changed to obtain a smooth band. The peaks at
wavenumber 1600-1750cm™" are ascribed to the stretching
of C=0 bonds in esters and, in general, carbonyl-type
groups present in lignin (ferulic and p-coumeric acids) and

37,38,49

hemicellulose (acetyl and uronic esters).****>*>! Absorption
in this region was therefore reduced progressively with the
chemical treatments, especially after alkaline hydrolysis.
Similarly, the NaOH treatment led to the disappearance of the
peak at approximately 1600 cm™', which has been attributed
to the aromatic C—C stretching and to the fluctuation of

the —C=0 stretch of conjugated p-substituted aryl ketones
in lignin.*** Since the absorption at 1500-1400cm™" and
1240-1160cm™" are associated with the stretching of C=C
linkages of the aromatic rings in lignin,*** and to the C-O
bonds in cellulose, hemicellulose, and acetyl groups of lignin
respectively;,”! lower intensity in these regions was also
observed. In contrast, the peaks observed at wavelengths
between 1100 and 1020cm™! (skeletal vibration of the
C—O—C pyranose ring) and approximately 890cm™,
corresponding to the vibration of the glycosidic bonds
between cellulose monomers,” were better defined with the
progress of the treatment. All these findings corroborated the
ability of the process to remove noncellulosic compounds,
thus leading to cellulose isolation, and confirm that FTIR
spectroscopy is a facile and rapid technique to monitor the
main changes produced in lignocellulosic biomass after
fractionation.

X-ray diffraction of OTP fibers

Unlike lignin and hemicellulose, which are purely amorphous
in nature, cellulose structure contains both crystalline and
amorphous phases. Hence, the evaluation of the crystalline
structure of OTP samples by XRD is also a rapid method

to monitor the elimination of lignin and hemicellulose.

The diffractograms of raw OTP, OTP-AH, OTP-BH, and
OTP-BL are shown in Fig. 5. The shape of the XRD curve of
the original OTP presented a broad band with a maximum at
around 22.1°, thus indicating the presence of a large quantity
of amorphous components (hemicelluloses, lignin, and other
nondetermined amorphous compounds). Moreover, the
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Figure 4. Fourier transform infrared spectra of raw OTP, OTP-AH, OTP-BH, and OTP-BL.

discrete peak at approximately 34.5° suggested some order 85000

along the molecular axis. With the chemical treatments, —_OTP
three main changes were clearly visible: an overlapped peak 75000 1

at 20=16.5° resulting from crystal planes with Miller indices 65000 -

of (1-10) and (110); the sharpening of the main crystalline ; 55000 -

peak (20=22.5°) corresponding to the (200) planes; and g

the intensification of the (004) peak at 20 ~34.5°, which can Z Ha000 7

be also partly due to preferred orientation of crystals in the £ 35000 -

samples.’ This is consistent with the structure of cellulose B oy

type 1,**9°2-* thus confirming extensive elimination of

hemicellulose and lignin already after the acid pretreatment. 150004

The occurrence of these peaks related with cellulose type I in 5000 ; ‘ ‘

0 10 20 30 40

all the samples suggested that the crystalline structure was 20)
conserved during each step of the treatment.
Table 6 includes the results of the calculated Crl. Raw OTP Figure 5. X-ray diffraction patterns of raw OTP, OTP-AH,
waste had a minimum value of CrI of 40.9%. The CrI values OTP-BH, and OTP-BL.
increased with the gradual enrichment in cellulose. After acid
pretreatment, CrI increased substantially to 63.9% because
most of the amorphous material was removed at this stage. Table 6. X-ray diffraction analysis of olive tree
A further increase was achieved after alkaline hydrolysis (CrI pruning samples.
OTP-BH =71.1%), whereas the crystallinity was practically Biomass fibers Crystalline Amorphous  Crl (%)
not modified during bleaching. fraction fraction
20() oo 20()  lam
Thermogravimetric analysis of OTP fibers oTP 221 53577 180 31651  40.9
The heat stability of raw OTP and after each stage of the OTP-AH 225 68570 184 24787 63.9
treatment was analyzed by thermogravimetric analysis- OTP-BH 224 74052 185 21430 [An
derivative thermogravimetry (TGA-DTG) under pyrolysis oTP-BL 225 62277 183 18317 706
conditions (Fig. 6). An initial weight loss from room
temperature up to 150 °C was observed in all the samples, have exclusively related this initial weight loss to the
with values of 8.9% for raw OTP, 6.9% for OTP-AH, desorption and evaporation of water’>**~>* and with the
5.5% for OTP-BH, and 4.4% for OTP-BL. Some authors hydrophilic character of lignocellulose.*® However, it is
/‘ O © 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd. | Biofuels, Bioprod.
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Figure 6. Thermogravimetric analysis (left) and derivative thermogravimetry (DTG) (right) curves of raw OTP, OTP-AH, OTP-BH

and OTP-BL.

important to consider the contribution of other volatiles,
such as extractives and low molecular-weight compounds,
particularly in untreated biomass.””> Besides this initial
event, the degradation of all the OTP samples started at
approximately 200°C. The thermogram of raw OTP showed
a broad band extending to almost 450 °C with a discrete
peak at 359 °C. This pattern is typical of lignocellulosic
materials®®>*°
of their major components, namely hemicellulose, cellulose
and lignin in this region of the thermogram. The shape and
height of the pattern in DTG curves is therefore dependent

on the specific composition of the fibers. With the removal of
hemicellulose and lignin, the degradation in this temperature

interval was ascribed mostly to cellulose, so the peak became
sharper as the treatment progressed - that is, with increased
concentration of cellulose. Lignin is more thermally stable at

higher temperatures. Yang et al.* stated that lignin has a slow
thermal degradation kinetic and may decompose from 160°C

up to 900°C. Lignin was therefore mainly responsible for the
weight loss observed at temperatures higher than 450°C.

The DTG plots revealed that the progress in the chemical
treatment implied a slight enhancement in the thermal
stability of OTP fibers, because the maximum degradation
temperature was 347 °C for OTP-AH, 353°C for OTP-BH,
and 355°C for the bleached cellulose pulp (OTP-BL).

Effect of reaction time on the acetylation
of the extracted cellulose

Fourier transform infrared spectroscopy

Following extraction, the cellulose pulp (OTP-BL) was

used as feedstock for the synthesis of cellulose acetate
(OTP-CA). As shown in the FTIR spectra (Fig. 7), successful
acetylation was already observed after 1 h of reaction. The
most evident confirmation is that three peaks characteristic

and is due to the simultaneous decomposition

of the acetyl group appeared in the spectra of acetylated
samples. From lower to higher wavelength: (i) stretching of
C—O bond (~1220cm™); (ii) stretching of C—H bond in
acetyl CH; (~1370cm™"); and (iii) stretching of C=0 bond
(~1740 cm™") 2733555758 Iy addition, in comparison with
the spectrum of OTP-BL the absorption at 3600-3000 cm ™
corresponding to the stretching vibration of —OH bonds
disappeared or was practically negligible in all the spectra of
the acetate samples, thus suggesting a high level of acetylation
even for the shortest reaction time,*475%3>57-58

The extent of acetylation of OTP-CA1-6 samples was
assessed by examination of Rpyjp as described above. Figure 8
displays the graphical representation of Rpy.jp versus reaction
time. As shown, Rpy g increased from 0.62 (t=1h) to 0.71
(t=4h), and then leveled to remain practically unchanged
up to t=6h. The values of DSpr.jp calculated from Rpp.pp
(Eqn 10) oscillated in the range 2.50-2.62, so cellulose
diacetate was synthesized in all the cases. This relatively
high acetylation extent has been attributed previously to the
swelling of the fibers and increased accessibility of cellulose
—OH groups after alkaline hydrolysis.” As lignin competes
with cellulose for the acylation reagent,*””
also consistent with the extensive removal of lignin discussed
above.

Our data are similar to those previously

our results are

reported.?**"*3%8-6% In our previous work, we reported
that the extent of acetylation of cellulose extracted from
brewer’s spent grain peaked at 2h and then remained
constant up to 5h.>® The extent of acetylation of bacterial
cellulose has been reported to increase until 4h, and then
kept practically constant up to 16 h.”® In another study,
Adebajo and Frost’' reported that the extent of acetylation
of raw cotton and cotton fabrics increased from 1 to 3h
and then, after a slight reduction, increased again in the
range 4-10h. The acetylation of cornhusk cellulose by
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Figure 7. Fourier transform infrared spectra of the cellulose acetates synthesized at different reaction times (1-6h).

Comparison with the isolated cellulose pulp (OTP-BL).

a homogeneous mechanism with ionic liquid reached a
maximum at 3 h, and then leveled to obtain a DS of 2.63 at
8h.” By using I, as catalyst instead of H,SO,, acetylation
of cellulose from different rice by-products either gradually
increased from 1 to 5h* or reached a maximum after 2 h.®°
In contrast, other authors have reported that higher reaction
times were required to optimize cellulose acetylation. For
instance, maximum acetylation extent of cotton linters at
80°C has been found to be reached at 24h.> In a different
work, El Boustani et al.”’ studied the acetylation of different
lignocellulosic fibers from 30 min to 24 h in a solvent-

free system at room temperature and static conditions.
They concluded that the extent of acetylation of the fibers
increased with reaction time without reaching a maximum,
and that acetylation was more significant for kraft pulp
followed by thermomechanical pulp and flax fibers. More
recently, Andrade-Alves et al.> reported that maximum
acetylation of sorghum straw cellulose at 25 °C occurred
after 16 h.

This variability is likely a consequence of the different
experimental conditions used (acetylation time,
temperature, catalyst, mechanism, etc.) but also of the
different lignocellulosic sources used and on the processes
followed for the isolation of cellulose. It has been postulated
that hydrolysis of the synthesized cellulose acetate and
degradation of the cellulose structure may occur during
the acetylation of cellulose, especially at reaction times
exceeding the maximum acetylation extent.”! We obtained a
maximum acetylation extent of OTP-BL at 4h and, as Rey.pp
remained constant, these side reactions likely occurred at
longer times.

0.80 -
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Figure 8. Effect of reaction time on the acetylation extent
(RFT-IR)-

X-ray diffraction

In the typical heterogeneous mechanism, acetylation of
cellulose starts with a suspension of the fibers in the acetic
acid medium. During the reaction, the amorphous regions
of the cellulose fibers are acetylated first, and then the
crystallites are attacked from the exterior surface to their
centers. As the fibers are acetylated, the synthesized product
is dissolved in the reaction medium, thus impairing the
integrity of the crystalline structure.®’ As the final product is
dissolved in the medium, some authors have referred to this
mechanism as quasi-homogeneous.**

Acetylation of cellulose leads to a rearrangement of
the cellulose chains due to the fact that —OH groups are
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substituted by acetyl moieties, the latter occupying greater
volume in the structure. This produces a disruption in
the H—bonding network of the cellulose skeleton, which
causes the cleavage of the microfibrillar structure and
the broadening of the interlayer space of the crystalline
surface.”>*>% As the crystallinity of cellulose acetate has been
associated with higher acetylation extent,”>* no significant
differences were observed in the XRD plots of the different
OTP-CA samples (Fig. 9), as the acetylation extent was
similar (Fig. 8). The OTP-CA samples presented the typical
morphology of semi-crystalline materials in which crystalline
and noncrystallinity portions are mixed.®®

The sharp peak displayed in Fig. 5 by OTP-BL fibers was
transformed into a broad band that maintained the peak
at approximately 20=22-22.5° after acetylation, which is
an indication of the dominance of amorphous structures
in the polymer. In line with Andrade-Alves et al.”®, both
the crystalline peak at 20=9° and the shoulder (or discrete
peak) at 20=18° confirmed that the synthesized products
corresponded to cellulose diacetate.

Thermogravimetric analysis

Figure 10 shows that the thermal stability of the OTP-CA
samples was enhanced with increasing acetylation time. An
initial weight loss between room temperature and 150 °C was
displayed in all the cases. This weight loss peaked at 62 °C for
OTP-CA2, 54°C for OTP-CA, 50°C for OTP-CAS5, and 51°C
for OTP-CAG6, and represented 6.4%, 6.1%, 3.6% and 3.2%
losses respectively. Traditionally, it has been assigned to the
evaporation and desorption of water.”>?”*6 It is therefore
suggested that, although all OTP-CA samples had similar
DS values, higher acetylation time induced lower ability

to retain moisture. However, this initial weight loss could
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Figure 9. X-ray diffraction (XRD) patterns of the cellulose
acetates synthesized at different reaction times (1-6h).
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be also due to the inefficient removal of acetic acid and/or
acetic anhydride during the washing and drying steps after
acetylation.”

The thermal stability from 150 °C evolved from a multistep
decomposition pattern at shorter reaction times to a single
sharp peak at longer times. The DTG curve of OTP-CA2
showed a band up to approximately 300 °C with a peak at
285°C, which represented 46.3% loss. In OTP-CA4 this
band amounted for 32.4% weight loss and was divided into
a main peak at 199 °C followed by additional small peaks at
234, 253 and 264 °C. This behavior has been also observed
for the acetylation of cellulose from brewer’s spent grains,*®
and, according to Barud et al.,>” is related to the degradation
of preacetylated and partly hydrolyzed polymer chains as
a consequence of nonhomogeneous distribution of acetyl
groups in the polymer backbone. Degradation of OTP-CA5
and OTP-CAG6 in this temperature interval was significantly
lower as their weight loss between 150 and 300°C was 10.6%
and 5.0% respectively, thus suggesting more homogeneous
distribution of acetyls.

All of the samples exhibited a degradation event that was
broader, less intense, and shifted to lower temperatures for
short reaction times. This is associated with deacetylation,
depolymerization, and pyrolysis of the cellulose backbone
that occurred up to approximately 400 °C. This event peaked
at 347°C for OTP-CA2, 345°C for OTP-CA4, 362°C for
OTP-CAS5, and 365°C for OTP-CAG6, and represented 24.3%,
41.0%, 66.6%, and 73.2% weight loss respectively. As the
maximum degradation temperature of the OTP-BL pulp was
355°C, it could indicate that 6 h would preferably be required
to obtain cellulose acetate with higher thermal stability. The
thermograms were quite similar from 400 °C to the end
of the pyrolysis, with an amount of carbonized mass that
progressively decreased from 16.0% for OTP-CA2 to 12.3%
for OTP-CAS6.

Conclusions

Noncellulosic components were removed from OTP fibers
effectively. During alkaline hydrolysis, higher temperatures
seemed to damage cellulose, whereas the interactions among
the three independent variables contributed to greater
removal of lignin from OTP fibers. Optimized delignification
conditions were fixed at =104 min, T=82.7°C, and c=8%
NaOH. After bleaching, a pulp with 95% cellulose, 71%

CrI and 355°C maximum degradation temperature was
produced. However, around 50% of the cellulose was removed
during the whole chemical treatment, with acid pretreatment,
alkaline hydrolysis and bleaching being responsible for 77.2%,
18.2%, and 4.6% of the elimination respectively.
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Figure 10. Thermogravimetric analysis (TGA) (left) and derivative thermogravimetry (DTG) (right) curves of OTP-CA2,

OTP-CA4, OTP-CA5, and OTP-CAG.

Regarding acetylation, the analysis of the infrared spectra
indicated that the relatively high extent of the acetylation
of the cellulose was already achieved at reaction times as
short as 1h, and then it was practically unchanged for the
time interval assayed. As a result, the synthesized cellulose
acetates had degrees of substitution that varied in a narrow
range (2.50-2.62). The large extent of acetylation is also
associated with the high crystallinity of cellulose acetate,
which influences the thermal behavior of the samples. The
thermal analysis revealed that higher acetylation time led
to products with improved thermal stability. Short reaction
times (up to 4h) yielded cellulose diacetates with multistep
degradation patterns, the thermograms of OTP-CA5 and
OTP-CAG6 displayed a single peak between 300 and 400°C
with a maximum above 360 °C related to deacetylation,
depolymerization, and pyrolitic decomposition of the
polymer. We may therefore conclude that preferably 6h
was needed to obtain a cellulose diacetate with uniform
distribution of acetyl groups and adequate thermal stability
for further processing.

The possible industrial applications of the CA obtained
through this procedure could be those of a commercial CA
with similar characteristics obtained from conventional
nonwaste sources - that is, its processing using different
conventional polymer transformation technologies (such as
injection and extrusion) to obtain plastic products. Of all of
them, the CA obtained in this work was developed with the

aim of using it in future works for the manufacture of biofilms

devoted to food packaging and separation membrane
applications.

The production of CA using this approach presents
some advantages from different perspectives. It provides
environmental advantages by establishing a new route for
obtaining CA from agricultural waste and an alternative to
burning (avoiding associated emissions) or the dispersion
of chopped OTP in the soil (without added value). The

economic advantage is that it constitutes a new way of
revaluating OTP that allows polymers to be obtained that

have high added value and are in great demand in the market.

There are social advantages, given that it has strong potential
to generate new business models, based on the principles of
the circular economy, in agricultural areas of southern Spain
where olive grove cultivation is concentrated and which are,
in many cases, at high risk of depopulation.

Abbreviations

AIL acid insoluble lignin (%)

ATR attenuated total reflectance

c NaOH concentration

Crl crystallinity index (%)

DSprr degree of substitution (DSgr.z) of OTP-CA
DTG derivative thermogravimetry

FCCD face-centered central composite design
HPLC high-performance liquid chromatography

Lo maximum intensity of the (200) lattice diffrac-
tion peak corresponding to both amorphous
and crystalline phases

Lim intensity scattered by the amorphous part

m weight of the unhydrolyzed solid before incin-
eration

mo weights of the sample before drying (g)

Myps weights of the sample after drying (g)

Mego weight of the unhydrolyzed solid after incin-
eration.

Morp weight (g) of raw olive tree pruning

MoTp-AH weight (g) of olive tree pruning after acid
treatment

MOTP-BH weight (g) of olive tree pruning after acid
treatment and alkaline hydrolysis

MOTP-BL weight (g) of olive tree pruning after acid

treatment, alkaline hydrolysis and bleaching
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OTP olive tree pruning

OTP-AH olive tree pruning fibers after the acid
treatment

OTP-BH olive tree pruning fibers after the acid
treatment and alkaline hydrolysis

OTP-BL olive tree pruning fibers bleached after
acid and basic treatments

OTP-CA cellulose acetate obtained from olive tree
pruning

OTP-CAx cellulose acetate obtained from olive tree

pruning after x hours of acetylation reac-
tion (x=1to 6)

Rerqr acetylation extent index

RSM response surface methodology

t reaction time

T temperature

TGA thermogravimetric analysis

WGpr_ir weight per percent gain

X; independent variable i

X; independent variable j

XRD X-ray diffraction

Y Y is the specific response function,

Y yield of acid pretreatment

Yau yield of alkaline hydrolysis

Ygr yield of bleaching reaction

Po constant

Bi linear, quadratic and interactive coeflicient i
Pii linear, quadratic and interactive coefficient ii
Bij linear, quadratic and interactive coefficient ij
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