
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
4/

20
26

 5
:1

4:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enhancing the h
aCollege of Chemical Sciences and Engine

Science, Energy and Nano-engineering (MSN

(UM6P), Lot 660 – Hay Moulay Rachid,

fatimazahra.semlali@um6p.ma; rachid.b

um6p.ma
bInternational Water Research Institute (IWR

Lot 660 – Hay Moulay Rachid, 43150, Beng

Cite this: RSC Adv., 2026, 16, 27765

Received 3rd March 2026
Accepted 12th May 2026

DOI: 10.1039/d6ra01818a

rsc.li/rsc-advances

© 2026 The Author(s). Published by
ydrophobicity and mechanical
integrity of lignocellulosic paper through
synergistic integration of terpene-phenolic resin
and phosphate waste rock

Oumaima Bendalahcen,a Rachid Bouhfid,*b Abou El kacem Qaiss,a Jones Alami,a

Mounir EL Achaby *a and Fatima-Zahra Semlali *a

This study presents a sustainable approach for producing high-performance paper materials by utilizing

polysaccharide-rich agricultural residues and inorganic mining by-products. Date palm fibers were

chemically and mechanically treated to lower lignin content and enrich cellulose, thereby increasing

fiber crystallinity and enhancing interfacial reactivity. These cellulose-enriched fibers served as the

foundation for a reinforced paper structure incorporating phosphate waste rock (PWR), assessed here for

the first time as a functional additive in papermaking. PWR, rich in calcium and magnesium oxides,

interacts with polysaccharide hydroxyl groups, promoting hydrogen bonding and strengthening fiber

cohesion. To further modify the surface, a bio-based terpene phenolic resin (TPR) was applied as

a coating, introducing additional hydrogen bonds and potential ester linkages with exposed

polysaccharide chains. Thermocompression further densified the material and enhanced internal

bonding. The resulting paper demonstrated remarkable properties, including a water contact angle of

120° after 60 seconds, and significant gains in rigidity (125%), and tensile strength (74%), along with an

increase in ductility (50%). The combined use of phosphate mining by-products, terpene phenolic resin,

and thermocompression improves the morphological, thermal, mechanical, and barrier characteristics of

cellulose-based materials by leveraging the natural reactivity of polysaccharides and the binding

properties of residual lignin.
1. Introduction

The increasing demand for consumer goods and products has
led countries around the world to expand their restrictions on
plastic, moving beyond just bags to include single-use items
such as straws and plastic cups, as these disposable plastic
items are considered highly problematic and among the
primary contributors to environmental damage.1–4 The limited
use of plastic has intensied research into renewable, biode-
gradable alternatives.5,6

Among sustainable resources, lignocellulosic biomass has
emerged as a highly promising and abundantly available
resource for developing next-generation bio-based materials.7

This biomass, primarily composed of cellulose, hemicellulose,
and lignin, constitutes the structural backbone of plant cell
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the Royal Society of Chemistry
walls and exhibits considerable potential for conversion into
functional products suited for advanced applications, particu-
larly in sustainable paper and packaging industries.8,9 Each
component of lignocellulose contributes distinct structural and
functional properties. Cellulose, the most abundant organic
polymer on Earth,10–12 is composed of linear b-1,4-linked D-
glucose units.13 These chains assemble into crystalline micro-
brils stabilized by extensive hydrogen bonding, providing
exceptional mechanical strength, thermal stability, and chem-
ical resistance.14 In contrast, hemicellulose is an amorphous,
branched polysaccharide that enhances ber exibility and
water retention.15 Lignin, the third major component, is
a complex, crosslinked aromatic polymer derived from p-cou-
maryl, coniferyl, and sinapyl alcohols. It serves as a natural
adhesive, imparting hydrophobicity, UV stability, and thermal
resistance to plant structures.16 Although lignin comprises up to
30% of lignocellulosic biomass, less than 2% is currently valo-
rized in high-end applications, with most being incinerated as
waste.17 Its inherent properties make lignin a valuable candi-
date for bio-based coatings and structural reinforcements,
especially in paper and packaging.18
RSC Adv., 2026, 16, 27765–27785 | 27765
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Fig. 1 Synthesis mechanism of terpene phenolic resin from a-pinene
and phenol.
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Date palm residues, particularly the fronds and leaets,
represent abundant lignocellulosic waste in arid and semi-arid
regions. Their naturally high lignin content and brous
morphology make them suitable for material applications.
When subjected to alkali and mechanical treatments, these
bers undergo partial lignin removal and ber debrillation,
leading to enhanced interber bonding and water resistance.
Notably, Wang et al.,19 demonstrated that unbleached bamboo
pulp containing 13% residual lignin exhibited greater wet
strength and mechanical durability than bleached pulp. Simi-
larly, Semlali et al.18 showed that retaining lignin aer alkali
treatment preserved aromatic structures that contributed to
thermal stability, ame retardancy, and mechanical perfor-
mance in packaging papers. Mechanical treatments further
rene the bers, increasing their surface area, enhancing
accessibility of reactive sites, and maintaining a higher lignin
content in the nal pulp.20 Unlike chemical pulping, mechan-
ical pulping produces high-yield pulps, achieving yields as high
as 97–98%.21 This process results in a wide distribution of
particle sizes, which improves the optical and surface properties
of the paper.22

Building on the intrinsic potential of these bers, one
promising pathway lies in transforming them into functional
papers and packaging materials, offering a biodegradable
alternative to conventional plastics. At this stage, additional
treatment steps become essential to rene the physical and
surface properties of the resulting bio-based papers. Among
these, thermocompression has emerged as a key technique.23–25

Various studies have examined how factors such as tempera-
ture, pressure, and molding time inuence the mechanical
properties of paper. For instance, Tove Joelsson et al.26 found
that when the lignocellulosic pulp is pressed at temperatures
above lignin's glass transition temperature (Tg), the lignin
within thematerial acts as a natural wet-strengthening agent. As
a result, the wet strength of the pulp can remain stable in water
for over 24 hours. This makes the thermocompression tech-
nique a distinctive method for producing robust, eco-friendly
packaging from renewable and biodegradable lignin-rich raw
materials. In other words, the existing lignin in the lignocellu-
losic pulp exhibits thermoplastic behavior during thermocom-
pression, particularly when the temperature exceeds its glass
transition temperature (Tg). This allows lignin to ow and ll
voids between bers, leading to better ber-to-ber bonding
and creating a denser structure that is less permeable to water,
which improves the strength, dimensional stability, and
hydrophobicity of papers.24,27–29

However, bers alone are insufficient to achieve the desired
chemical and physical properties in paper. Therefore, various
mineral additives are used in papermaking to improve the
mechanical strength and functionality of the paper. Jung Soo
Han et al.30 investigated a exible calcium carbonate ller that
increases tensile strength and enhances paper smoothness due
to its deformable nature under pressure. More minerals are
being investigated to improve paper properties, such as clay,
Talc, and silica ..31–34 In addition to those conventional
mineral additives, mining by-products represent another source
of valuable materials that can be used in paper production.35
27766 | RSC Adv., 2026, 16, 27765–27785
These materials are rich in metal oxides and can serve as llers
while also interacting favorably with residual lignin to create
composite papers with improved thermal and mechanical
integrity.36,37 For example, phosphate waste rocks (PWR) from
Morocco, a country with over 70% of global phosphate
reserves,38,39 are rich in calcium and magnesium oxides.40 These
oxides are known to form hydrogen and electrostatic bonds with
phenolic and carboxylic groups in lignin.

However, even with the use of additives, paper still has other
limitations. As mentioned, the main component in paper is
typically lignocellulosic bers, constituting 40 to 90% of the
paper by weight,41 which makes it highly hydrophilic and
porous, leading to the absorption and transport of water, gases,
oils, and fats. A coating process inducing wettability and barrier
characteristics is required to produce more effective and per-
formant cellulosic paper packaging materials. Barrier coatings
for paper packaging mainly use inexpensive and widely avail-
able petroleum-derived or synthetic polymers like polyolens,
waxes, ethylene vinyl alcohol (EVOH), and polyvinylidene chlo-
ride (PVDC). These materials provide excellent barriers against
water and oxygen, making them well-suited for packaging
applications.42,43 However, they pose signicant environmental
and economic challenges due to the limited supply of fossil oils,
the poor recyclability of coated papers, and their lack of
biodegradability. As a result, there has been a shi towards
exploring sustainable alternatives, such as water-based coat-
ings, which are more environmentally friendly as they use water
instead of volatile organic compounds (VOCs).44,45 Terpene
phenolic resin is gaining traction as a sustainable option for
coatings. Derived from renewable resources, it boasts low
volatile organic compound (VOC) emissions, making it an
environmentally friendly choice compared to other resin types.
This thermosetting resin is produced through the copolymeri-
zation of a terpene unit and a phenol unit.46 The synthesis of
terpene phenolic resin (TPR) involves two main steps. First, the
terpene undergoes a Friedel–Cras reaction, leading to the
formation of a carbocation. This protonated terpene, oen
isoprene, then reacts with phenol to form the resin, see Fig. 1.47

TPR is known for its excellent compatibility and solubility in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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both polar and nonpolar solvents.47 Additionally, it exhibits
strong interfacial compatibility with lignocellulosic bers due
to its aromatic structure, and more importantly, it interacts
favorably with residual lignin. The phenolic moieties in both
lignin and TPR allow for hydrogen bonding and p–p stacking
interactions, facilitating uniform coating and enhancing barrier
performance.

Despite growing advancements in bio-based material devel-
opment, there remains a signicant gap in understanding the
role of residual lignin in composite performance, particularly in
its interactions with mineral llers and bio-based coatings
under thermocompressive conditions. The present study
investigates the fabrication of biodegradable paper sheets using
alkali- and mechanically treated date palm bers rich in
residual lignin. For the rst time, phosphate waste rocks (PWR)
are introduced as mining byproduct reinforcements, while
terpene phenolic resin (TPR) is applied as a sustainable coating.
Thermocompression serves as the integration platform, acti-
vating lignin's thermoplastic behavior and enabling effective
bonding among the paper matrix, llers, and coating. This
research aims to assess how these four factors (lignin, PWR,
TPR, and thermocompression) affect the cellulosic paper's
morphological structure, thermal properties, hydrophobicity,
and mechanical strength.

2. Materials and methods
2.1 Materials

The dried date palm leaves used in this study were obtained
from palm trees grown in Morocco. Phosphate waste rocks
(PWR), used as mineral particles, were provided in the form of
a dry particle from Morocco phosphate beneciation plant
(OCP, Youssoua). As coating polymer, Dermulsene TR 602, an
aqueous, solvent-free resin based on terpene phenolic resin
(55 wt%) with a density of 1.02 at 20 °C, a Brookeld viscosity of
800 mPa s at 20 °C, and a pH of 8 at 20 °C was provided by
Intercolle, Casablanca, Morocco. Sodium hydroxide (NaOH,
>97%) was purchased from Sigma-Aldrich. All the materials
were used without any further modication.

2.2 Waste rock preparation

The as-received phosphate waste rock (PWR) had a whiteness
index of 60.61 ± 1.96, according to American Standard (ASTM),
and a density of 2.8274 g cm−3. The rock was ground using
a RETSCH-TM 300 drum mill and then sieved on a (Fritsch
Analysette 3 PRO) sieve shaker equipped with a 63 mm sieve.

2.3 Fiber's preparation

The leaves obtained from date palm trees (DPF) were rinsed
with tap water and air-dried for 24 hours. The leaves were then
grinded using a Fritsch Pulverisette-19 equipped with a 1 mm
sieve opening. Subsequently, they were soaked overnight at
room temperature in an aqueous NaOH solution (6 wt%) to
partially remove lignin, hemicelluloses, and surface impurities
from the outer surface of the ber cell walls.48,49 Thereaer, the
bers were mechanically processed using a BIOBASE
© 2026 The Author(s). Published by the Royal Society of Chemistry
homogenizer model BK-Y50-PLUS at 20 000 rpm for 15 minutes.
This process is a uid mechanical process that uses pressure to
achieve high-yield ber extraction, presenting an energy-
efficient method to produce cellulose microbers.50,51 Finally,
the obtainedmechanically treated alkaline date palm bers (AT/
DPF-MT) were washed with tap water through a 63 mm sieve to
prevent ber loss.

2.4 Determination of chemical composition of bers

The chemical composition of raw date palm bers (DPF) and
mechanically treated alkaline date palm bers (AT/DPF-MT)
was characterized according to standardized TAPPI (Technical
Association of the Pulp and Paper Associations) protocols.
Samples were conditioned in accordance with TAPPI T257. Ash
content was determined by calcinating 2 g of oven-dried sample
in a muffle furnace, with the temperature ramped from 100 °C
to 525 °C at 2 °C min−1 until complete carbonization. Ash
percentage was calculated using the formula: ash (%) = (wf/wi)
× 100, where wf and wi are the nal and initial dry weights,
respectively.

Extractives were quantied using Soxhlet extraction with an
ethanol–toluene (1 : 2 v/v) solvent system according to TAPPI
T204. Five grams of sample were extracted over 5 h, and the
recovered solvent residue was dried at 105 °C to a constant
weight. A blank run was conducted for background correction,
and extractive content was calculated as: extractives (%) = [(we –

wb)/wi] × 100, where we is the extract weight and wb is the blank
residue.

Lignin content was measured following TAPPI T222.
Extractive-free samples (2 g) were hydrolyzed with 72%H2SO4 at
20 °C for 2 h, diluted to 3%, and boiled for 4 h to isolate acid-
insoluble lignin, which was then ltered, dried, and weighed.
The lignin content was expressed as: lignin (%) = (wl/wi) × 100,
with wl being the lignin mass.

Holocellulose was extracted from extractive-free lignocellu-
losic bers through oxidative delignication using sodium
chlorite (NaClO2) in the presence of glacial acetic acid at 96 °C,
according to the method described by Álvarez et al.52 This
procedure allows for the selective removal of lignin while
preserving the carbohydrate fraction, comprising both cellulose
and hemicellulose, resulting in a holocellulose-rich material
suitable for precise structural and compositional analyses.

2.5 Production of cellulosic papers

Paper preparation remains the crucial step for having the
desired outcomes. In this study, mixtures of AT/DPF-MT and
PWR were prepared at different concentrations (AT/DPF-MT :
PWR) (100 : 0; 97.5 : 2.5; 95 : 5; 92.5 : 7.5; 90 : 10; 85 : 15; 80 : 20),
respectively. These mixtures were dispersed in water using an
Ultra Turrax mixer (IKA, D125 Basic) for 5 min, then spread in
a semi-automatic sheet former (Rapid Köthen Sheet Former)
from PTE GmbH, Eberstalzell. Typically, each mixture was
degassed with a vacuum pump before being ltered, resulting
in a uniformly wet cellulosic layer with a diameter of 20 cm, as
illustrated in Fig. 2. The wet paper was partially dried in the
sheet dryer for 5 min at 95 °C under a pressure of 10 MPa,
RSC Adv., 2026, 16, 27765–27785 | 27767
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Fig. 2 Schematic illustration of the production process for the developed cellulosic paper and coated paper samples.
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followed by thermocompression in a semi-automatic heat press
(Carver, USA) at 130 °C for 5 min under a pressure of 1 MPa. The
resulting papers were labeled UcX, where X represents the
weight percentage of PWR included (0, 2.5, 5, 7.5, 10, 15, and
20 wt%).

For the preparation of coated papers, aer being partially
dried in the sheet dryer under the same conditions, each paper
type was coated with a pre-prepared aqueous terpene phenolic
resin (TPR) solution (2.5 wt%) using a spray coating method
before undergoing thermocompression. This compression step
Fig. 3 Schematic representation of the fabrication process and interact

27768 | RSC Adv., 2026, 16, 27765–27785
at 130 °C for 5 minutes is essential as it ensures both lignin
soening and crosslinking of TPR. Conrmed by a study done
by Jiang et al.,53 which suggests that the optimal temperature
range for hot-pressing lignin without compromising the integ-
rity of the cellulose is between 100 and 130 °C. Thus, terpene
phenolic resins experience cross-linking during the curing
process, which is a chemical reaction that forms a closely
interconnected network of resin molecules and usually takes
place at temperatures between 120 °C and 150 °C.54 Fig. 3 shows
that TPRs can also interact with lignin by a variety of other
ion mechanism in the developed cellulosic paper samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mechanisms, such as p–p interactions between their aromatic
rings55,56

The resulting coated papers were denoted as CX, where X
indicates the content of PWR. For each formulation, three
independent samples were prepared and tested. The reported
values represent the mean ± standard deviation.
3. Characterization techniques
3.1 X-ray uorescence (XRF)

XRF was used to evaluate the chemical composition of PWR
particles. The Epsilon 4 X-ray Fluorescence Spectrometer from
Malvern Panalytical was used to evaluate about 1 g of the
sample.
3.2 X-ray diffraction (XRD)

The identication of mineralogical composition of PWR
particle and the crystallinity of elaborated products were per-
formed using a BRUKER D8-Discover powder X-ray diffractom-
eter operating at 40 kV and 100 mA with Ni lter out Kb

radiation (l = 1.5418 Å). The diffractograms were recorded in
reection geometry using xed slits, with samples analyzed in
powder form on a plastic sample holder. Data were collected
over a 2q range of 5–80°, with a step size of 0.01° and a scan rate
of 2° min−1, corresponding to a total acquisition time of
approximately 38 min per scan. Background subtraction was
performed by baseline correction using Origin soware for all
XRD patterns prior to crystallinity analysis. Smoothing was
applied only to the XRD patterns of raw and alkali-treated date
palm bers to improve signal clarity, while no smoothing was
applied to the diffraction patterns of the elaborated cellulosic
papers. The crystallinity index (CrI) value was calculated using
the Segal peak height method:57,58 CrI = (I200 − IAM/I200)×100,
where the IAM corresponds to the minimum intensity between
the 1�10/110 and 200 reections (around 18.6°), and I200 is the
maximum intensity of the 200 reection Background subtrac-
tion was performed by baseline correction using Origin soware
prior to crystallinity analysis.
3.3 Fourier transform infrared spectroscopy (FTIR)

The FT-IR spectra of terpene phenolic resin, as well as the
coated and uncoated samples, were obtained using a Perki-
nElmer Frontier spectrophotometer (FTIR, PerkinElmer Spec-
trum 2000, Waltham, Massachusetts, United States) operating
in the transmittance mode. The experiments were carried out in
the range from 4000 to 600 cm−1 with a resolution of 4 cm−1

and an accumulation of 16 scans.
3.4 Porosity measurements

The porosity of the produced coated and uncoated cellulosic
papers was measured using the real and bulk densities of the
materials. Thus, the real densities (rr) were determined using
the Micro-metrics AccuPyc II 1340 Gas Pycnometer and the bulk
densities (rb) were derived from the mass and volume of the
samples. An average value was reported based on ve samples to
© 2026 The Author(s). Published by the Royal Society of Chemistry
provide a representative gure. The rates of porosity (P) were
calculated according to prior literature59,60 using the equation:

Pð%Þ ¼ rr � rb

rr
� 100

3.5 Scanning electron microscopy (SEM)

The microstructures of PWR and DPF, along with the surface
views of the developed cellulosic papers, were examined using
a scanning electron microscope (SEM, ZEISS EVO 10, GmbH,
Jena, Germany) at an operating voltage of 10 kV. To avoid
electrical charging during imaging, the samples were coated
with a layer of gold palladium in an ionization chamber in
advance.
3.6 Laser granulometry analysis

To determine the PWR particle size distribution, a Malvern
Mastersizer 2000 laser diffraction granulometer equipped with
a Hydro 2000 G wet unit was utilized. Distilled water, having
a refractive index of 1.33, was used as the dispersant, while
PWR's absorption and refractive index were set at 1.53 and 0.1,
respectively.
3.7 Thermogravimetric analysis (TGA)

The thermogravimetric analyzer apparatus (Discovery TGA, TA
instruments New Castle, United State) was used to assess the
thermal stability and degradation (TGA and DTG) of the inves-
tigated DPFs, PWR, TPR, and the prepared cellulosic papers. All
the analyses were performed under a nitrogen atmosphere (25
mL min−1) at a heating rate of 10 °C min−1 from 25 °C to 1000 °
C for PWR and from 25 °C to 700 °C for the other products.
3.8 Contact angle measurement

The water contact angle (CA) at an ambient temperature of
approximately 22 ± 2 °C and relative humidity of 40 ± 5% was
measured using an optical video contact angle system (OCA 40,
Dataphysics, Germany) equipped with a CCD camera and SCAT
commercial soware for image capture. The temporal inuence
on the CA readings was assessed at intervals of 0, 5, 10, 15, 30,
and 60 seconds following the application of a water droplet (e.g.,
10 mL) onto the cellulosic papers surface using a micro syringe.
The average of ve readings was taken as the representative
value for each sample.
3.9 Tensile test

According to ISO 527-5, tensile tests were performed using
a Universal Machine Texture Analyzer (SHIMADZU, Kyoto,
Japan) at a temperature of 22 ± 2 °C and relative humidity of 40
± 5%. The developed cellulosic papers were cut into rectangular
shapes with dimensions of 50 mm in length and 10 mm in
width. Thus, the gauge length was xed at 30 mm, and the
speed of the moving clamp was 2 mm min−1 using a 1 kN load
cell. For each sample, three specimens were tested, and the
results are reported as mean ± standard deviation. Statistical
RSC Adv., 2026, 16, 27765–27785 | 27769
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Table 2 Chemical composition of waste rock particles

Major oxides (wt.%)

MgO Al2O3 SiO2 P2O5 CaO Fe2O3

5.603 0.161 1.852 2.833 89.013 0.171
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comparisons between samples were performed using Student's
t-test, with differences considered signicant at p < 0.05.

3.10 Statistical analysis

All experiments were carried out in triplicate unless otherwise
specied. The results are expressed as mean ± standard devi-
ation (SD). Statistical comparisons between samples were per-
formed using Student's t-test, and differences were considered
statistically signicant at p # 0.05.

4. Results and discussion
4.1 Chemical composition of bers

The chemical composition of date palm bers (DPF) before and
aer alkaline and mechanical treatment (AT/DPF-MT), and the
measurements were performed twice and reported in Table 1.
The result showed that the raw DPF had extractive (12.86%),
holocellulose (52.65%), lignin (29.02%), and ash (4.49%).
Following treatment, the AT/DPF-MT showed increased hol-
ocellulose content (64.18%) and slightly elevated ash (5.17%),
while extractive and lignin were reduced to 5.27% and 24.49%,
respectively. These results indicate that alkaline treatment
selectively removed non-cellulosic components, particularly
hemicellulose and lignin, which are more amorphous and
alkali-soluble compared to cellulose. The enrichment in cellu-
lose content and reduction of lignin are highly desirable.
Cellulose, with its high crystallinity and mechanical strength,
constitutes the principal structural component of natural
bers.61 Increasing its proportion enhances the stiffness,
strength, and thermal stability of the bers,62 while the partial
removal of lignin exposes more hydroxyl groups on the ber
surface, favoring chemical modication and improving ber-
matrix adhesion in composites.63

4.2 Characteristics of PWR particles

In investigating the rst-time use of PWR particles in the
production of cellulosic materials, a detailed examination of
their chemical, crystalline, structural, thermal, and morpho-
logical characteristics provides valuable insights into their
prospective use in paper and packaging applications. The X-ray
uorescence (XRF) analysis of the phosphate waste rock sample
(Table 2) reveals a composition dominated by calcium oxide
(CaO) at 89.013%, indicating a substantial presence of calcium
phosphate minerals, primarily apatite, which aligns with the
material's phosphatic nature.40,64 The presence of magnesium
oxide (MgO) at 5.603% suggests the inclusion of magnesium-
rich minerals, possibly magnesite or dolomite. The relatively
low concentrations of silicon dioxide (SiO2) at 1.852%,
aluminum oxide (Al2O3) at 0.161%, and iron(III) oxide (Fe2O3) at
Table 1 Chemical properties of Raw DPF and AT/DPF-MT

Extractive (%) Holocell

Raw DP 12.86 � 0.1 52.65 �
AT/DPF-MT 5.27 � <0.1 64.18 �

27770 | RSC Adv., 2026, 16, 27765–27785
0.171% point to a minor presence of silicate and iron minerals,
highlighting the purity of the phosphate material in terms of its
primary phosphatic composition. Phosphorus pentoxide (P2O5)
at 2.833% directly reects the phosphorus content, essential for
understanding the economic value and potential applications
of the waste rock.40,64 X-ray diffraction (XRD) analysis (Fig. 4a)
further elucidated the mineral composition of PWR, predomi-
nantly featuring Dolomite (CaMg(CO3)2), Calcite (CaCO3),
Quartz (SiO2), and Fluorapatite (Ca5(PO4)3F).65 The FT-IR anal-
ysis of PWR (Fig. 4b) provides detailed insights into its molec-
ular structure by identifying specic absorption bands related
to different functional groups or chemical bonds within the
material. The absorption band around 1413 cm−1 is typically
associated with the C–O stretching vibrations of carbonate ions
(CO3

2−). This indicates the presence of carbonate minerals such
as calcite (CaCO3) or dolomite (CaMg(CO3)2), which are
common in sedimentary phosphate deposits.66,67 The band
around 1053 cm−1 is indicative of P–O stretching vibrations in
phosphate (PO4

3−) groups, characteristic of apatite minerals
(e.g., uorapatite, hydroxyapatite) that are the primary
phosphate-bearing minerals in phosphate rocks. The band at
875 cm−1 is attributed to O–P–O bending vibrations, which are
also related to the presence of phosphate minerals in the
rock.66,67 The absorption near 730 cm−1 could be associated with
out-of-plane bending vibrations of carbonate ions (CO3

2−),
further supporting the presence of carbonate minerals in the
phosphate waste rock. It could also be related to specic
symmetrical stretching or bending modes of silicate minerals
(Si–O–Si) if silicates are present in minor amounts.66,67

This correlation between XRF, XRD, and FT-IR analysis
aligns with prior studies, affirming the non-hazardous nature of
PWR and their similarity to natural aggregates.68,69 Considering
their organic and geotechnical attributes, PWR can be classied
alongside conventional natural aggregates.68,69 Using these
materials could impact natural resource conservation by
reducing the reliance on extracted materials and promoting the
recycling of PWR, thereby facilitating their application as
mineral additives in paper and packaging solutions.

The thermal analysis of the PWR in Fig. 4c reveals critical
insights into its thermal stability and composition. The TGA
curve indicates an initial weight loss up to 100 °C due to the
evaporation of physically adsorbed water. The major weight loss
ulose (%) Lignin (%) Ashes (%)

0.6 29.02 � 0.4 4.49 � <0.1
0.3 24.49 � 0.5 5.17 � <0.1

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Crystalline, structural, and thermal characterization of phosphate waste rock (PWR) particles. (a) XRD pattern showing the main crystalline
phases. (b) FTIR spectrum indicating characteristic functional groups of carbonate, phosphate, and silicate species. (c) TGA-DTG curves illus-
trating thermal stability and decomposition behavior.
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between 700 °C and 800 °C, indicated by a pronounced peak in
the DTG curve around 785 °C, corresponds to the decomposi-
tion of carbonate minerals, such as dolomite (CaMg(CO3)2) and
calcite (CaCO3), releasing CO2.70 This weight reduction aligns
with the carbonate mineral content identied in XRD and FT-IR
analyses. Beyond 800 °C, the weight stabilizes, suggesting the
presence of thermally stable phosphate minerals like
uorapatite.70

SEM analysis and laser granulometry were conducted to
examine the morphology and size distribution of PWR particles,
as depicted in Fig. 5. The SEM images showed that the particles
were mainly composed of large, irregular particles alongside
smaller, at ones. The size distribution showcases a median
size (D50) of 11.554 mm, with 90% of particles (D90) smaller than
34.582 mm, conrming the sieving through a 63 mmmesh. Finer
particles are known to enhance the smoothness and uniformity
of the paper's surface, essential for high-quality printing and
writing. Furthermore, the increased surface area promotes ber
bonding, which improves paper strength and durability. This
comprehensive particle size analysis emphasizes the potential
of PWR as a benecial ller in the papermaking process, where
its ner particles can be used to improve the mechanical and
visual quality of paper products.
© 2026 The Author(s). Published by the Royal Society of Chemistry
4.3 Properties of the produced cellulosic papers

4.3.1 Crystalline and chemical structural analysis. Crystal-
linity plays a crucial role in determining the intrinsic properties
of bers, which in turn can have an impact on the properties of
the nal material. Therefore, it is important to understand the
changes in the crystalline structure and crystallinity index of
bers aer different treatments in order to optimize the prop-
erties of cellulose-based paper products.71,72 To this end, X-ray
diffraction (XRD) analyses were initially performed on both
raw and alkali-treated bers aer the mechanical treatment.
Fig. 6a reveals that both types of samples maintain the char-
acteristic cellulose Ib crystalline structure. The broad diffrac-
tion peak observed in the 14–17° region corresponds to the
overlapping contributions of the (1�10) and (110) planes, while
the main peak at approximately 22.5° is assigned to the (200)
plane, and the peak at around 34.5° corresponds to the (004)
reection.73,74 The crystallinity index (CrI) was calculated using
the Segal method for these ber samples, as no mineral inter-
ference is present. The alkali treatment was found to increase
the cellulose crystallinity from 62.32% to 67.82%, affirming the
partial removal of non-cellulosic substances like lignin and
hemicellulose, thereby facilitating a more organized arrange-
ment of cellulose chains.72 This observation is consistent with
RSC Adv., 2026, 16, 27765–27785 | 27771
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Fig. 5 SEM images at different magnifications showing irregular particle shape, rough surface texture, and agglomeration; inset presents particle
size distribution with median diameter (D50).
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the chemical composition results obtained according to TAPPI
standards (Table 1).

For uncoated and coated cellulosic papers (Fig. 6b), the
addition of Phosphate waste rock to cellulosic papers results in
the emergence of two crystalline peaks at diffraction angles of
29° and 31°, which correspond to calcite and dolomite,
respectively.65 In addition, PWR exhibits diffraction contribu-
tions in the 20–23° region, which overlap with the cellulose
(200) peak. As a result, the Segal method cannot be reliably
applied to these composite systems. Therefore, a qualitative
analysis of the XRD patterns was performed instead. As shown
in Fig. 6b, a progressive decrease in the relative intensity of the
cellulose (200) peak is observed with increasing PWR content,
indicating a disruption of the hydrogen bonding network that is
essential for the formation of crystalline regions within the
cellulose structure.75 Furthermore, the incorporation of mineral
llers introduces a non-cellulosic phase, which dilutes the
relative fraction of cellulose in the composite, leading to
a reduction in the crystal content relative to the total paper
mass.76

A similar trend is observed following the application of the
terpene phenolic resin (TPR) coating. The introduction of the
polymeric phase leads to a decrease in the intensity of the
cellulose peaks, which can be attributed to both physical and
chemical effects. Interactions between TPR and the
Fig. 6 (a) XRD patterns of raw DPF and alkali-treated DPF (AT-DPF), high
changes in crystallinity after treatment. (b) XRD patterns of the produced

27772 | RSC Adv., 2026, 16, 27765–27785
lignocellulosic matrix, including hydrogen bonding and p–p

interactions with lignin,77,78 may partially disrupt the hydrogen
bonding network within cellulose that is essential for crystalline
ordering. In addition, the formation of a crosslinked TPR
network during curing restricts the mobility and rearrangement
of cellulose chains during thermocompression, thereby
hindering the development of ordered crystalline regions.

To assess the impact of these reactions on the functional
groups and to detail the chemical structure of the resultant
lignocellulosic papers, FT-IR analysis was rst carried out on
the lignocellulosic bers and the terpene phenolic resin
applied. From Fig. 7, initial examinations of raw DPF reveal the
existence of the cellulose, hemicellulose, and lignin character-
istics peaks. Indeed, the broad peaks located at 3350–3282 cm−1

and 2930–2855 cm−1 were attributed to O–H stretching and C–H
bonds present in the –CH and –CH2 groups of cellulose and
hemicellulose, respectively.79 The band at 1728 cm−1 corre-
sponds to the presence of carbonyl groups (C]O), specically
associated with the acetyl groups present in hemicelluloses,
while the peak observed at 1604 cm−1 was attributed to the
bending mode of the absorbed water.80,81 The peak depicted at
1516 cm−1 resulted from lignin's aromatic hydrocarbons' C–C
stretching.82 Additionally, the three peaks at 1425, 1361 and
1317 cm−1 are assigned to the symmetric bending of the CH2

groups in cellulose, the symmetric stretching of the C–O bonds
lighting the amorphous (Iam) and crystalline (I200) peaks used to assess
paper samples illustrating their structural characteristics.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FTIR spectra of fibers, resin, and paper samples. (a) Spectra of raw and treated fibers. (b) Spectrum of terpene phenolic resin (TPR)
highlighting aromatic and hydroxyl-related bands. (c) Spectra of uncoated papers and (c0) coated papers, illustrating the evolution of functional
groups and interactions after PWR and TPR incorporation; highlighted regions indicate major absorption bands and their variations among
samples.
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in the aromatic ring of polysaccharides, and the symmetric
deformation of C–H bonds, respectively.80,83 The (–COO) groups
of hemicellulose and the C–O–C asymmetric stretching of
cellulose were linked to the peaks at 1226 cm−1 and 1159 cm−1,
respectively. The nal two bands, which were found at
1033 cm−1 and 803 cm−1, were associated with the b-(1–4)
© 2026 The Author(s). Published by the Royal Society of Chemistry
glucosidic ether linkages (C–O–C), which were connected to the
anhydro-glucopyranose ring skeleton's vibration modes, and
the b-glycosidic connections between the cellulose's anhydro-
glucose rings.82,84 Furthermore, an analysis of the FTIR spectra
of AT/DPF-MT and raw DPF showed a notable drop in the
intensity of the hydroxyl (OH) group aer the alkali and
RSC Adv., 2026, 16, 27765–27785 | 27773
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mechanical treatments, which was mainly ascribed to the
hydroxyl and carboxyl groups forming hydrogen bonds on the
ber's surface.85,86 This comparison also revealed decreases in
peak intensities at wavelengths of 1728, 1604, 1516, and
1226 cm−1. This diminishment supports the expected effects of
alkali and mechanical treatments, which notably involve the
partial elimination of non-cellulosic substances such as hemi-
cellulose and lignin, ultimately leading to enhanced crystal-
linity.60 Finally, aer alkaline and mechanical treatment, a new
peak at 895 cm−1 appeared, which was associated with out-of-
plane deformation of the C–H b-glycosidic bond in cellulose.87

This suggests an increase in the proportion of crystalline
cellulose, or structural changes associated with the partial
removal of lignin and hemicellulose and the appearance of
more cellulose exposed at the surface, as conrmed by XRD.87

Noticeable changes in the FT-IR spectra of the resulting
materials were observed upon the addition of PWR to the
cellulosic papers at varying concentrations (2.5 wt% to 20 wt%),
indicating specic interactions and structural modications
(Fig. 7b). Increased hydrogen bonding between the hydroxyl
groups of cellulose and hemicellulose and the mineral
components of PWR is suggested by the peak intensity rise
about 3330 cm−1.88,89 Because of increased molecular packing
brought on by the thermocompression process, peak shiing to
lower wavenumbers is probably further encouraged by
hydrogen bonding.90 The decrease in intensity in the 3000–
2800 cm−1 region may be due to the partial removal of hemi-
cellulose and lignin during the alkali treatment, and the
subsequent embedding of these groups within the more rigid
structure formed by the interaction with PWR components.
This indicates a reduction in the presence or accessibility of
methyl and methylene groups.88,89

The carbonyl groups in hemicelluloses may be reacting with
PWR components to produce new carbonyl-containing
compounds throughout the thermocompression process, as
suggested by a shi and rise in the peak intensity of
1736 cm−1.90,91. The structural integration of PWR inside the
lignocellulose matrix is probably improved by this interaction,
which may inuence the mechanical qualities of the paper. A
shi and drop in the peak intensity of 1596 cm−1 suggests
a decrease in the amount of lignin or a modication of its
structure. This could be attributed to the breakdown of lignin
during alkali treatment and its interaction with PWR.90,91 The
presence of carbonate minerals such as dolomite or calcite from
PWR is indicated by the increase in the peak intensity of
1424 cm−1, which suggests a higher concentration of carbonate
ions in the papers.92 Increases in the 1365 cm−1 and 1319 cm−1

intensities point to structural alterations in the cellulose and
lignin as a result of the interaction with PWR; these alterations
could be the result of enhanced crystallinity or altered cellulose
chain packing brought on by the presence of mineral
particles.91,92

A rise in the intensity of 1228 cm−1 indicates improved
chemical interactions between the PWR components and the
cellulose and hemicellulose ether and ester groups.90 The
observed rise in the 1032 cm−1 intensity or shis indicates
a possible interaction between the phosphate groups from PWR
27774 | RSC Adv., 2026, 16, 27765–27785
and greater exposure of the crystalline sections of cellulose.90

Because more prominent crystalline areas of cellulose are
exposed and react with phosphate minerals, the 895 cm−1 peak
is sharper and more intense.92 Interactions with silicate or
carbonate minerals from PWR are responsible for the formation
of a new peak at 716 cm−1, as this band can reect out-of-plane
bending vibrations of carbonate or silicate structures.92

All things considered, the addition of PWR demonstrates the
chemical and physical interactions that occur between the PWR
components and the AT/DPF-MT, as illustrated in Fig. 5. The
breakage of native cellulose bonds and the integration of PWR
minerals are shown by changes in the intensity and appearance
of particular absorption bands, which are indicative of these
interactions. The cellulose chains' chemical bonding and
alignment inside the paper matrix are further inuenced by the
thermocompression process, which can improve or change
these interactions.

Understanding the impact of terpene phenolic resins as
a coating polymer on our cellulosic papers, and analyzing its
molecular structure via FT-IR spectroscopy, is essential for
comprehending their interaction with lignocellulosic bers in
the context of enhancing paper products (Fig. 7c). Specically,
the stretching vibration of the hydroxyl group (C–OH) in the
aromatic ring is represented by the peak seen at 3437 cm−1.93

The stretching vibration of the methyl and methylene groups is
responsible for the peaks noticed at 2957 cm−1, 2923 cm−1, and
2869 cm−1.94,95 Furthermore, the C–H bond's bending vibrations
are represented by the absorption peaks at 1458 cm−1 and 1387
cm−1 95. At 1218 and 1147 cm−1, stretching vibrations of the
ether carbon–oxygen bond were detected.96 The range of
absorption peaks between 1000–650 cm−1, especially at
819 cm−1, corresponds to planar arrangements of the C–H
vibrations, which provide more information about the molec-
ular structure of the resin.97–99

As a result, TPR increases hydrogen bonding by introducing
more hydroxyl groups from the resin (Fig. 7c0). This could lead
to the current O–H stretching peak, which is located at
3330 cm−1, being wider.100 The intensity of peaks in the regions
2957 cm−1, 2923 cm−1, 2860 cm−1, and 3000–2800 cm−1

increases due to the C–H stretching vibrations of TPR's methyl
and methylene groups, suggesting the integration of TPR's
aliphatic chains with the cellulose matrix.100 When hemi-
cellulose carbonyl groups interact with hydroxyl groups from
TPR, the peak at 1736 cm−1 may move or intensify. This
represents the emergence of novel chemicals having carbonyl or
ester groups.101 The C–O–C stretching area and variations in
peak intensity around 1220 cm−1 and 1155 cm−1 are attributed
to the ether bonds in TPR. This implies that the cellulose bers
and resin have formed ether bonds.101 A stronger bonding
environment for the cellulose chains may be indicated by an
increase in the peak intensity at 1032 cm−1 due to the interac-
tion of TPR with the glycosidic linkages of cellulose.101 The
intensity of peaks around 895 cm−1 and the appearance of
a peak at 819 cm−1, indicating the contribution of the resin's
aromatic structure to the total matrix, will rise in the presence of
aromatic C–H bending vibrations from TPR.100
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Overall, TPR enhances chemical bonding within the ligno-
cellulose matrix, potentially altering crystalline structures and
improving specic properties of the paper, as previously antic-
ipated (Fig. 3). The thermocompression process further
enhances these interactions, strengthening the resin's interac-
tions with cellulosic paper and enhancing its overall perfor-
mance characteristics.

4.3.2 Morphological observations. For examining ber
surface morphology, scanning electron microscopy (SEM) is
a crucial method that provides in-depth understanding of
microstructural alterations brought about by different treat-
ments. Raw, alkali-treated, and mechanically treated date palm
bers are all shown in Fig. 8's SEM pictures, highlighting the
effects of each process on the bers' morphology. Fig. 8a clearly
shows the compact surface of untreated date palm bers with
a diameter of 165 753 ± 0.861 mm, where brils are densely
packed. It also prominently highlights waxes, oils, and other
Fig. 8 SEM images of raw fibers (a), alkali-treated fibers (b), the alkali-tr
coated cellulosic papers surface at 0, 7.5 and 20 wt% of PWR content (d
density (rr) and porosity (P) values are indicated.

© 2026 The Author(s). Published by the Royal Society of Chemistry
impurities, typical of the plant's Saharan origin, which act as
natural protective coatings on the ber.102 Upon alkali treat-
ment (Fig. 8b), the cylindrical shape of the DPF remains largely
unchanged, but the treatment effectively removes many surface
substances because of their solubility in the NaOH aqueous
solution, yielding a cleaner and smoother ber surface.103–106

This process notably lowers the ber diameter to D = 90 269 ±

12 835 mm and initiates brillation, which exposes more of the
ber's internal structure and enhances its potential for further
processing. The mechanical treatment (Fig. 8c) appears to
successfully debrillate bers. The application of high shear
during debrillation effectively breaks down bers, reducing
their average diameter to 8499 ± 2013 mm. In addition to
splitting the bers longitudinally, this mechanical action also
produces a rougher surface. This is helpful in applications
where more surface area is needed for better bonding or
adhesion in composite materials. These successive treatments
eated fibers after the mechanical treatment (c), and the uncoated and
), illustrating changes in fiber network structure and porosity, with reel

RSC Adv., 2026, 16, 27765–27785 | 27775
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modify the bers' structural characteristics in a fundamental
way, which is important for improving their performance in
later uses, including thermocompression procedures.

The top-view SEM observations of the elaborated papers
(Fig. 8d), when correlated with the XRD and FTIR analyses,
provide a detailed understanding of the surface morphology
and structural properties of the papers. The uncoated and
unlled papers (Uc0) show a surface morphology that is dened
by a combination of areas where bers are exposed and areas
where they stick together to form a surface that is relatively
continuous. This surface morphology is mainly attributed to the
residual lignin on the ber surface following the alkali and
mechanical treatments. Moreover, ber adhesion is further
improved by the thermocompression process at 130 °C. Indeed,
the heat supplied during this procedure soens the residual
lignin, enabling it to function as a plasticizer, encouraging
tighter stacking of cellulose chains and generating a robust
physical cross-linked network through intermolecular hydrogen
bonding interactions, as conrmed by FT-IR study.18,107,108 The
enhanced crystallinity and the organized structure are also
responsible for the smooth surface observed in the SEM images,
where some bers are embedded forming a dense and cohesive
layer.60 The high porosity of approximately 65%, which indi-
cates substantial void spaces between bers despite adhesion,
is indicative of this structural arrangement.

The surface seems more continuous and smoother with less
exposed bers in the SEM pictures of papers containing 7.5 wt%
PWR (Uc7.5), suggesting improved ber adhesion. This
enhanced surface morphology, as conrmed by FTIR
measurement, is the result of chemical interactions between the
PWR's mineral components and cellulose bers.90 The
successful incorporation of mineral particles into the cellulose
matrix lled the gaps between bers, resulting in a more
homogeneous and continuous surface and a reduction in
porosity from 65% to 51%, reecting the reduction in voids.65

The porosity is slightly increased when PWR is increased to
20 wt% (Uc20) because the dense packing of cellulose bers is
disrupted by the excessive amount of mineral llers. The
mineral particles can produce microvoids and defects in the
matrix at high concentration, which serve as pathways for air
and moisture and raise the porosity overall.90 This is seen in the
SEM image, when gaps and minor imperfections start to appear
on the surface even though it is still mostly smooth.

TPR-coated papers appear to have good ber adhesion
because their surface is smoother, more continuous, and has
fewer exposed bers than uncoated ones. As shown by the FT-IR
study, this is rst related to the applied resin, which coats the
paper's surface in a consistent and cohesive layer. It is also
related to their chemical interactions and the successful inte-
gration of the resin with the cellulose bers.109–111 During the
thermocompression curing process, TPR undergoes cross-
linking which forms a highly connected network that
enhances ber binding and lowers the porosity of the
material.54

Nonetheless, the best results in terms of ber adherence and
surface smoothness are obtained when coated cellulosic papers
are lled with PWR (C7.5). By combining the benecial aspects
27776 | RSC Adv., 2026, 16, 27765–27785
of both materials, PWR and TPR improve the physical charac-
teristics of the paper. PWR's mineral ller functions maintain
structural integrity, thus promoting a continuous surface.
Concurrently, the TPR coating strengthens the lignocellulose
matrix's chemical bonds, resulting in a very cohesive layer. This
synergistic combination yields the lowest porosity of 41%,
indicating a dense and compact structure ideal for a range of
high-performance and sustainable applications. Nevertheless,
TPR-coated sheets exhibit an increase of 55% porosity when the
PWR concentration is raised to 20 wt%. More bers are exposed
at the surface, further conrming that the excessive amount of
mineral llers is causing micro-voids and irregularities within
the matrix. When compared to uncoated and unlled papers,
the coating still improves ber adherence and overall surface
smoothness despite the higher porosity.

4.3.3 Thermal stability. Cellulosic papers' applicability for
a variety of uses, including packaging, is greatly inuenced by
their thermal stability.60 The effects of alkali and mechanical
treatment on ber thermal stability were examined using TGA,
which was then used to examine the effects of PWR addition
and TPR coating. These ndings were combined with the
advantages that the thermocompression process provides for
the thermal and degradation properties of the paper samples
that are produced. Fig. 9a shows the degradation behavior and
thermal stability of both DPF and AT/DPF-MT. At close to 100 °
C, both types of lignocellulosic bers show an initial weight loss
of roughly 5%, which is related to the physical moisture on the
surface evaporating. The raw DPFs degrade in two stages, with
an onset degradation temperature (Tonset) of 218 °C and
maximum temperatures (Tmax1) and (Tmax2) of 271 °C and 342 °
C, respectively. Hemicellulose and lignin are responsible for the
rst degrading stage, whereas cellulose is responsible for the
second.112 Aer subjecting the bers to alkali and mechanical
treatments, the Tonset rises to 268 °C, the Tmax1 is hardly
detectable at 287 °C, while the Tmax2 rises noticeably to 352 °C.
Since hemicellulose and lignin breakdown normally occurs at
lower temperatures, this shi suggests that the majority of
these components have been efficiently eliminated by the alkali
treatment, because their degradation at relatively low temper-
ature was roughly detected in AT/DPF-MT sample. The presence
of ash and lignin in the untreated bers is the reason for the
increased residue proportion in raw DPF at elevated tempera-
tures when compared to AT/DPF-MT.112

Lignocellulosic papers' structural qualities and thermal
stability are further improved by the addition of PWR in
conjunction with the thermocompression process (Fig. 9c and
c0). The major degradation peak temperature (Tmax) climbs from
352 °C to 355 °C, and the Tonset grows from 298 °C to 309 °C as
the PWR content increases from 0 to 20 wt%. The high
concentration of thermally stable minerals in PWR, such as
calcium oxide (CaO) and magnesium oxide (MgO), is the main
cause of this augmentation, as supported by the particles
XRF.40,64 This increased thermal stability is mostly due to the
major presence of magnesium-rich minerals like dolomite and
magnesite, as well as calcium phosphate minerals like apatite,
which are noted for their high thermal stability.40,64 Another
important element is the rise in char content that occurs with
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Thermal curves of raw and alkali-treated fibers. (b) Terpene phenolic resin (TPR). (c) Uncoated papers and (c0) their derivative curves. (d)
Coated papers and (d0) their derivative curves at different PWR contents. Key thermal parameters, including onset temperature, maximum
degradation temperature, and char residue, are summarized in the inset tables.
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the addition of PWR. Carbonaceous residues are stabilized by
the high CaO content, while stable char production is encour-
aged by the MgO. Furthermore, the breakdown of carbonate
minerals like calcite and dolomite produces stable oxides that
promote the production of char, which is in good correlation
with the XRD and TGA results of PWR.70 The combined effect of
these elements improves the overall performance and thermal
stability of the lignocellulosic sheets.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In order to fully understand the impact that TPR coating can
have on the overall characteristics of the paper, an investigation
into its thermal stability was required. Thus, three-step
decomposition stages were shown by the TGA curves (Fig. 9b):
an initial rapid weight loss around 113 °C brought on by the
release of extraneous water, free aldehyde, and phenol.113 A
more gradual mass reduction at 301 °C was explained by the
condensation reaction that produced the crosslinked network
RSC Adv., 2026, 16, 27765–27785 | 27777
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structure. The last stage above 420 °C involves the precipitation
of organic compounds from the reaction of residual functional
groups.113 The aforementioned phases demonstrate the elimi-
nation of volatile substances, the establishment of a robust
crosslinked structure, and the breakdown of high molecular
weight polymers. The TGA data also show a small amount of
residual char at the end of the thermal degradation process,
indicating that some organic molecules in TPR disintegrate but
leave behind some residue. This residual char suggests that TPR
has an impact on char formation to some extent, which may
offer the underlying materials enhanced thermal
protection.113,114

Hence, coating the produced lignocellulosic papers with TPR
somehow enhances the overall product heat stability (Fig. 9d
and d0). On the paper's surface, the TPR coating creates
a uniform and cohesive layer that is cross-linked to form
a highly connected network during the thermocompression
curing process, as supported by SEM results. By improving ber
binding and decreasing porosity, this network strengthens the
material's resilience to heat deterioration.109–111 The char layer
created by the TPR coating serves as a barrier, preventing heat
and more thermal degradation from reaching the cellulose
bers underneath.113,114

To sum up, the integration of PWR addition, thermocom-
pression, and TPR coating yields better thermal properties in
lignocellulosic papers, making themmore appropriate for high-
performance and environmentally friendly uses. These
improvements highlight the possibility of enhancing the
performance and longevity of cellulosic composites by using
mining by-products and advanced coating methods.

4.3.4 Contact angle analysis. One well-known drawback of
cellulosic materials is their susceptibility to water andmoisture.
Surface roughness, surface heterogeneity, or the absorption of
the droplet liquid into thematerial's bulk can all have an impact
on contact angle hysteresis.115 One important measure of
a material's hydrophilicity or hydrophobicity is its water contact
angle (CA), with smaller angles denoting greater hydrophilicity
and higher angles denoting greater hydrophobicity.115
Fig. 10 (a) Static water contact angle measurements for the produced ce
produced cellulosic papers. (- - - uncoated; ____ coated).

27778 | RSC Adv., 2026, 16, 27765–27785
In order to completely understand the wetting behavior of
the produced cellulosic papers, it is imperative to take into
account both static and dynamic contact angle data. While
static tests give an instantaneous picture of a material's
hydrophilicity or hydrophobicity, analyzing the dynamic
behavior over time reveals more about the material's real–world
interactions with water.116 This is especially important for
applications where performance can be greatly impacted by
time-dependent wetting behavior, such as packaging.116 For
a more thorough understanding of the material's performance
and durability in moisture-sensitive situations, both static and
dynamic contact angle analysis is necessary. Hence, Fig. 10a
shows the initial contact angle determined within 0–1 second of
applying water droplets, while Fig. 10b presents the contact
angle values at specic time intervals (0, 5, 10, 15, 30, and 60
seconds).

The results show that all uncoated papers have an initial
contact angle exceeding 109°, peaking at 119° for the Uc0. This
high initial contact angle can primarily be attributed to alkali
andmechanical treatments of the bers surface, which enhance
surface roughness and remove amorphous components. This
exposure of more crystalline cellulose contributes to the paper's
ability to initially repel water, thanks to its structured surface.18

Additionally, the residual lignin acts as a hydrophobic barrier.
Since lignin is inherently hydrophobic, its presence on ber
surfaces contributes to the high initial contact angles observed.
Lastly, the process of thermocompression, which soens the
lignin, allows it to ow and coat the bers more uniformly. This
results in a smoother, denser, and more compact structure,
enhancing the paper's resistance to water absorption.18

Higher contact angles are maintained when PWR is added in
amounts ranging from 0 to 20 wt%. This is because the chem-
ical interactions between the lignin, cellulose, and PWR's
mineral components lower the whole material's surface energy,
creating a strong and stable hydrophobic surface.90 The mineral
particles in PWR, on the other hand, may introduce surface
heterogeneity, disrupting the uniform hydrophobic layer
formed by lignin and cellulose, and increasing the surface
energy at localized spots. This is the main reason for the slight
llulosic papers. (b) Dynamic water contact angle measurements for the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Mechanical properties of the uncoated and coated papers with
different PWR loadings.
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decrease in the initial contact angle from 119° to 109°.53 As
opposed to organic materials like lignin, mineral llers usually
have higher surface energy. The surface is somewhat more
hydrophilic than the unlled samples because of the improved
interactions with water molecules induced by the higher surface
energy.117 Furthermore, PWR addition may cause surface micro-
roughness. Through the Cassie–Baxter effect, a certain amount
of roughness can promote hydrophobicity; however, too much
roughness can cause the Wenzel state, in which water perme-
ates the roughness grooves and increases wettability.118 The fact
that the surface treatments only produce temporary hydropho-
bicity is indicated by the shi from a high initial contact angle
to total absorption over time. High contact angles are the initial
outcome of the hydrophobic surface that lignocellulose and
PWR combine to generate, which efficiently repels water.118 Yet
with time, water penetrates the material due to capillary action
and the inherent porosity of the cellulose bers, decreasing the
water resistance and lowering the contact angle. PWR increases
the material's inherent porosity, which exacerbates this
impact.118

The overall water resistance of the cellulosic papers is
increased aer the coating with TPR. Indeed, the paper's
surface is coated with a homogeneous, cohesive layer of TPR
upon application, which cross-links during the thermocom-
pression curing process. As a result of this cross-linking,
a strongly linked network is created that effectively blocks the
access of water and greatly increases the hydrophobicity of the
paper.109–111

Specically, the TPR coating's chemical structure contrib-
utes to its efficacy, as it smoothly interacts with the cellulose
and lignin. Through this integration, the surface's porosity is
decreased while simultaneously being strengthened structur-
ally, as supported by FT-IR and SEM analysis. The decreased
porosity is important since it restricts the water molecules'
ability to penetrate the paper, which greatly increases the water-
repellent material's lifespan.60 In contrast to the fast absorption
usually observed in uncoated sheets, this prolonged water
resistance is visible in the persistent high contact angle recor-
ded aer 60 seconds.

In this regard, lignocellulosic papers with a combination of
PWR and TPR along with the thermocompression process is
a reliable way to increase their water resistance. This method is
promising for crucial applications in moist environments since
it not only meets the short-term hydrophobic needs but also
guarantees long-term durability and stability.

4.3.5 Tensile analysis. To enhance the mechanical proper-
ties of cellulosic papers for applications requiring greater
durability and strength, researchers have explored innovative
material integrations.119,120 Among these, coating with Terpene
phenolic resin (TPR) and incorporating phosphate waste rock
(PWR) have demonstrated a synergistic effect on the structural
integrity of the paper. These modications are particularly
crucial for adapting conventional paper materials to more
demanding applications where enhanced mechanical perfor-
mance is required.119,120 In order to shed light on how PWR and
TPR along with the thermocompression process improve the
lignocellulosic material's performance under stress, this
© 2026 The Author(s). Published by the Royal Society of Chemistry
analysis investigates their impacts on the Young's modulus,
tensile strength, and strain at breaks of produced lignocellu-
losic sheets (see Fig. 11).
RSC Adv., 2026, 16, 27765–27785 | 27779
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The Young's modulus, a measure of material stiffness,
experiences a 74.51% increase with the addition of PWR up to
a concentration of 7.5 wt% compared to Uc0, with the difference
being statistically signicant (Student's t-test with Welch's
correction, p < 0.001). The main factor responsible for this
increase in stiffness is residual lignin, which acts as a natural
binder in the paper matrix.18 By enhancing the load transfer
between the lignocellulose bers and PWR particles, lignin
efficiently raises the modulus and promotes a more even
distribution of stress throughout the material. Furthermore, the
use of pressure and heat during the thermocompression
process enhances the lignin-PWR interaction even further.18,53

The heat selectively soens the lignin, making it more able to
encapsulate the PWR particles and form a solid bind with the
cellulose bers.75 This results in a structure that is more inte-
grated and denser, able to withstand deformation when sub-
jected to mechanical loads. Additionally, the addition of PWR
adds mineral elements that may react chemically with cellulose
and lignin during thermocompression to increase the stiffness
of the composite to a maximum level.60,90 The Young's modulus,
however, tends to drop above 7.5 wt% PWR. This is probably
because of particle agglomeration, which causes an uneven
distribution of stress and the development of structural weak
areas, hence decreasing the stiffness of the material.113

Similarly, adding PWR up to 7.5 wt% boosts the paper's
tensile strength by 37.78% relative to Uc0 (p = 0.0163). The
increase in stress distribution and material strength is a result
of thermocompression induced chemical and physical interac-
tions between PWR particles, lignin, and cellulose bers. The
preservation of structural integrity under tensile loads is further
enhanced by the heat-induced bonding between lignocellulose
and the mineral constituents of PWR.18 Tensile strength,
however, noticeably decreases as PWR concentration rises
above 7.5 wt%. Higher PWR concentrations cause the cellulose
ber network to become less continuous, reducing the effective
load-bearing area and introducing defects that make mechan-
ical failure easier.113

However, the addition of PWR up to 5 wt% results in
a 17.51% improvement in the strain at break, a measure of the
material's ductility. PWR particles increase the toughness of the
material at these lower concentrations by stiffening the paper
while also allowing for a little amount of plastic deformation.121

The lubricating action of soened lignin during thermocom-
pression, which enables the bers and llers to move relative to
one another under stress and accommodates larger
Table 3 Comparative analysis of PWR and TPR with conventional fillers

Additives

PWR (this study) P-PS124

Source Mining byproduct Mining byproduct
Average particle size (mm) 11.55 10.97
Density (g cm−3) 2.86 2.73
Whiteness index ASTM (%) 60.61 � 1.96 Light beige
Weight loss at 900 °C (wt%) 54.7 1
Tensile strength (%) +37.78 −4.16
Contact angle (°) — —

27780 | RSC Adv., 2026, 16, 27765–27785
deformation before failure, supports this increased ductility.113

Nevertheless, due to increased rigidity and brittleness, there is
a decrease in strain at break beyond 5 wt% PWR. Elevated levels
of inexible PWR particles intensify the material's rigidity,
limiting its capacity to deform elastically and ultimately causing
an early breakdown when subjected to tensile strain.113

In particular, when combined with PWR, coating lignocel-
lulosic sheets with TPR greatly improves their mechanical
qualities.122 Compared to Uc0, a signicant improvement is
shown in key measures when TPR and PWR are combined. The
rigid, cross-linked network created by TPR, which effectively
interacts with PWR particles and cellulose bers, results in
a maximum increase of 125% in Young's modulus at 10 wt%
PWR relative to UC0 (p = 0.0019). Because TPR's chemical
bonding creates a resilient matrix that supports larger tensile
loads and mitigates possible weak areas,121,122 tensile strength
increases by 73.34% at 15 wt% PWR (p = 0.0026). Increased
ductility and exibility are also shown by the strain at break,
which improves by 49.76% at the same concentration. This is
probably because TPR, even with increasing ller content, has
a microplasticizing action that lessens brittleness.121,122 Overall,
with the help of thermocompression and the combined actions
of lignocellulose, TPR, and PWR, the paper is transformed into
a composite material with a balanced prole of stiffness,
strength, and exibility. Maintaining this equilibrium is
essential for customizing the characteristics of cellulosic papers
for applications where conventional papers might not perform
as intended, including outdoor settings or items subjected to
varying levels of physical strain over time.

To further evaluate the performance of the proposed mate-
rials, a comparative analysis between the developed system and
conventional additives and coatings reported in the literature is
presented in Table 3. The selection of reference llers was made
deliberately, as puried phosphate sludge (P-PS) represents
a mining by-product similar to phosphate waste rock (PWR),
while limestone was chosen because it is one of the most widely
used mineral llers in the papermaking industry and shares
similar major components, mainly calcium-based compounds,
with PWR.123 Regarding llers, PWR exhibits a particle size
(11.55 mm) and density (2.86 g cm−3) comparable to those of
conventional mineral llers such as limestone, while main-
taining a higher mechanical reinforcement effect (+37.78%).
Notably, PWR was used directly without further chemical
treatment, whereas P-PS required prior purication to remove
heavy metals before application.124 Despite this additional
and coating materials

Coating

Limestone123 TPR (this study) MCO126 PVA/CNF127

Natural minerals Bio-based Plant oils Petroleumbased
0.8 to 2 — — —
2.7–2.9 1.02 — —
87.78–90.2 (ref. 125) — — —
46 (ref. 134) 100 100 100
−21.0 (ref. 135) +73.34 −28.07 +12.14
— 122 95.5 94

© 2026 The Author(s). Published by the Royal Society of Chemistry
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processing step, P-PS still showed a decrease in tensile strength
(−4.16%), similar to limestone (−21.0%), highlighting the
effectiveness of untreated PWR as a functional ller at opti-
mized loading.

In addition, according to American Standard (ASTM), PWR
exhibits a whiteness index of (60.61 ± 1.96%), comparable to
that of commercial llers such as limestone,125 further sup-
porting its suitability for papermaking applications. In terms of
coating materials, terpene phenolic resin (TPR) shows superior
performance compared to bio-based and modied oil coatings.
TPR achieves the highest improvement in tensile strength
(+73.34%) along with enhanced hydrophobicity (contact angle
of 122°), outperforming maleic anhydride-graed camelina oil
(MCO)126 and polyvinyl alcohol/cellulose nanober (PVA/CNF)
coating.127 While all coatings exhibit signicant thermal
degradation at high temperatures due to their organic
nature,127–129 TPR provides a better balance between mechanical
reinforcement and barrier properties. Overall, this comparison
demonstrates that the combined use of PWR and TPR offers
competitive or improved performance relative to conventional
materials, while also providing a sustainable and simplied
approach through the direct use of industrial by-products and
bio-based resources.

Although the present study does not include extended or
accelerated aging tests, previous work on mineral-lled and
polymer-coated paper systems indicates that long-term expo-
sure to environmental conditions can signicantly affect
performance. In mineral-lled papers, moisture-induced
swelling and capillary penetration weaken ber–ller interac-
tions and progressively reduce mechanical strength. For
instance, accelerated aging experiments on paper sheets from
pine pulp revealed that increased relative humidity causes 40–
68% reductions in strength properties due to hydrolysis-driven
degradation, whereas the same aging conditions without water
lead to only 5–22% strength loss, highlighting the critical role of
moisture in durability.130 In that study, lignin content in
neutral-pH paper did not signicantly inuence the level of
strength decline, underscoring that environmental parameters
such as temperature, relative humidity, and pH must be jointly
considered to objectively assess paper durability.130,131 In the
present phosphate waste rock (PWR)-lled, terpene phenolic
resin (TPR)-coated lignocellulosic system, it may be particularly
sensitive to moisture diffusion and thermal stresses over
extended periods. Such effects can inuence interfacial adhe-
sion, coating integrity, and overall barrier performance.
Previous studies on a-pinene-based terpene phenolic resins
have shown that aging stability is strongly governed by the
resin's soening point, with lower soening temperatures
leading to reduced resistance to thermal aging and structural
degradation.132,133 These considerations highlight the impor-
tance of evaluating the long-term stability of the proposed
system under realistic environmental conditions.

4.3.6 Techno-economic considerations and scalability of
PWR–TPR–lignocellulosic paper. In recent years, the demand
for phosphate ores has increased signicantly due to their
essential role in agricultural fertilizers and various industrial
applications, with global production reaching approximately
© 2026 The Author(s). Published by the Royal Society of Chemistry
223 million metric tons (Mt) in 2020.136 Morocco is the second-
largest producer, with an annual output of around 37 Mt,
following China (90 Mt), and possesses nearly 70% of the
world's sedimentary phosphate reserves distributed across its
fourmain basins (Oulad Abdoun Basin, Gantour Basin, Meskala
Basin, and Oued Eddahab Basin).136,137 During open-pit mining
operations, large quantities of phosphate waste rock (PWR) are
generated from non-exploitable intercalations (e.g., int, lime-
stone, and marl) and overburden layers (topsoil, clays, and
marls). Recent estimates indicate that Moroccan phosphate
mining sites generate between 780 and 3120 Mt of PWR annu-
ally, the majority of which is stockpiled on-site, representing
both an environmental burden and an underutilized
resource.138 From a techno-economic perspective, the direct use
of PWR as a ller in paper production offers a signicant
advantage, as it eliminates the need for costly purication or
processing steps typically required for conventional mineral
llers. This not only reduces material and energy costs but also
contributes to waste valorization and circular economy strate-
gies. In parallel, the terpene phenolic resin (TPR) used as
a coatingmaterial is a commercially available, produced from a-
pinene.139 Its industrial relevance is supported by a steadily
growing global market, projected to reach approximately USD
2.0 billion by 2033, corresponding to a compound annual
growth rate (CAGR) of about 6.2% over the period 2026–2033.140

This growth reects increasing demand for sustainable and
environmentally friendly materials in applications such as
coatings, adhesives, and rubber compounding. Overall, the
combination of abundantly available PWR and commercially
accessible bio-based TPR supports the scalability and potential
industrial implementation of the proposed process.
5. Conclusion

This study conrmed that the combined use of phosphate waste
rock (PWR) and terpene phenolic resin (TPR), together with
thermocompression, strengthens the structural integrity,
thermal stability, and barrier properties of carbohydrate-based
papers derived from alkali- and mechanically treated date
palm bers. The residual lignin in the bers played a key role in
facilitating chemical interactions with both PWR and TPR,
helping to reinforce the lignocellulosic network.

Alkali and mechanical treatments effectively modied the
ber structure, partially removing lignin and promoting de-
brillation, reducing the average ber diameter from 165.75 ±

0.86 mm to 8.49 ± 2.01 mm. Thermocompression at 130 °C,
above lignin's glass transition temperature, enabled lignin
redistribution within the matrix, producing a denser structure
with stronger ber-to-ber bonding. This densication reduced
water permeability and improved hydrophobicity, as reected
by a contact angle of 118° (Uc0).

The incorporation of 7.5% PWR introduced carbonate
minerals (dolomite and calcite), which contributed carbonyl
functionalities that interacted with the hydroxyl-rich poly-
saccharide matrix. These interactions increased thermal
stability (Tonset = 306 °C, Tmax = 335 °C), and enhanced
RSC Adv., 2026, 16, 27765–27785 | 27781
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mechanical strength (74% gain in Young's modulus; 37% in
tensile strength).

Application of TPR coating further improved these proper-
ties. The aromatic structure of TPR promoted p–p interactions
with lignin and provided additional hydroxyl groups that
strengthened hydrogen bonding with cellulose. This resulted in
superior hydrophobicity (contact angle = 121° for C7.5) and
statistically signicant gains in rigidity and tensile strength,
along with an increase in ductility (125%, 74%, and 50%,
respectively) at 10% PWR and TPR coating.

In summary, the results validate the hypothesis that the
combined incorporation of PWR and TPR, together with ther-
mocompression, enhances the structural integrity and func-
tional performance of lignin-containing, polysaccharide-based
papers. While the present ndings demonstrate clear
improvements in mechanical and barrier properties, several
aspects warrant further investigation. The reported perfor-
mance was evaluated under controlled laboratory conditions,
and long-term aging behavior, cyclic humidity resistance, and
extended durability testing were beyond the scope of this study.
Furthermore, the thermocompression and spray-coating
processes were conducted at laboratory scale, and additional
optimization will be necessary to adapt these methods to
continuous industrial manufacturing. Future research should
therefore focus on comprehensive durability validation, mois-
ture cycling performance, scale-up feasibility, and quantitative
assessment of repulpability to further substantiate the indus-
trial and environmental applicability of the proposed materials.
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