' Aalto University

Orzan, E.; Barrio, A.; Biegler, V.; Schaubeder, J. B.; Bismarck, A.; Spirk, S.; Nypelo, T.
Foaming and cross-linking of cellulose fibers using phytic acid

Published in:
Carbohydrate Polymers

DOI:
10.1016/j.carbpol.2024.122617

Published: 01/01/2025

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:

Orzan, E., Barrio, A., Biegler, V., Schaubeder, J. B., Bismarck, A., Spirk, S., & Nypeld, T. (2025). Foaming and
cross-linking of cellulose fibers using phytic acid. Carbohydrate Polymers, 347, Article 122617.
https://doi.org/10.1016/j.carbpol.2024.122617

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1016/j.carbpol.2024.122617
https://doi.org/10.1016/j.carbpol.2024.122617

Carbohydrate Polymers 347 (2025) 122617

Contents lists available at ScienceDirect

Carbohydrate Polymers

journal homepage: www.elsevier.com/locate/carbpol

ELSEVIER

Check for

Foaming and cross-linking of cellulose fibers using phytic acid | e

E. Orzan®, A. Barrio”, V. Biegler ¢, J.B. Schaubeder ¢, A. Bismarck ¢, S. Spirk ¢, T. Nypelo **

 Department of Chemistry and Chemical Engineering, Chalmers University of Technology, Kemivagen 10, Gothenburg 41296, Sweden
® TECNALIA, Basque Research and Technology Alliance (BRTA), Area Anardi 5, Azpeitia 20730, Spain

¢ Institute for Materials Chemistry and Research, University of Vienna, Wahringer Strafe 42, Vienna 1090, Austria

4 Institute of Bioproducts and Paper Technology, Graz University of Technology, Inffeldgasse 23, Graz 8010, Austria

¢ Department of Bioproducts and Biosystems, Aalto University, Vuorimiehentie 1, Aalto FI-00076, Finland

ARTICLE INFO ABSTRACT

Keywords:
Phosphate
Flame retardant
Cellular solid
Biopolymer
Frothing
Porous network

Bio-based compounds have become the focus in the development of next-generation materials. The poly-
phosphated structure and availability of phytic acid has sparked an interest to understand its properties and
apply it to making fire-retardant fabrics. However, its degradative effect on natural fibers sets limitations to its
potential uses. In this study, we unveiled a new dimension to explore with phytic acid: cellulose fiber foams.
Phytic acid enabled synergistic foaming with carboxymethyl cellulose albeit causing issues in long-term wet foam
stability. Adding cellulose fibers to this mixture and drying at 160 °C produced solid foams with increased
compressive strength and stiffness; comparable to foams cross-linked with the commonly used citric acid. The
reduced contact area in low-density fiber networks allowed the cross-linking between phytic acid and the fiber
network to mitigate structural weakening due to fiber degradation. Imaging also revealed the formation of a film
encompassing fiber bonds; attributed to the strong interaction between phytic acid and carboxymethyl cellulose.
Furthermore, phytic acid imparted self-extinguishing fire-retardant properties to the cellulose fiber foams
measured using thermogravimetric analysis and cone calorimetry. This work showcases a simple new application
for phytic acid without the use of catalysts or solvents. It serves to encourage further development of green
practices to continuously challenge the industrial landscape.

1. Introduction from flame-retardancy to remain relevant for commercial use. However,

CA has shown little to no relevant fire-retardant properties (Hassan,

Cellulose fiber foams are prominent industrial solutions for bio-
based packaging and insulation applications. However, these solid
foams have yet to breach into the construction and transportation sec-
tors, which demand competitive compressive strength and stiffness. For
such applications the dominance of petroleum-based foams has yet to be
challenged. One of the limitations of cellulose-based foams is their poor
compressive modulus and strength, leading to performance issues under
high compressive load and requiring the use of additives to be more
competitive (Ferreira, Rezende, & Cranston, 2021). Efforts to strengthen
cellulose fiber foams have turned to citric acid (CA) as a cross-linking
agent. Reacting CA at temperatures above 160 °C creates covalent
ester bonds to cellulose and acts as a bridge between fibers (Yang, Wang,
& Kang, 1997). These bonds strengthen fiber-fiber contacts and thus
enable the fiber network to act cohesively under load instead of as in-
dividual fibers (Ketoja, Paunonen, Jetsu, & Paakkonen, 2019; Pohler
et al., 2020). Besides improved strength, such foams would also benefit

Tucker, & Le Guen, 2020).

Phytic acid (PA), (1R,2S,3r,4R,5S,6s)-cyclohexane-1,2,3,4,5,6-
hexayl hexakis[dihydrogen (phosphate)] or inositol hexakisphosphate,
is a polyphosphate derived from the plant tissues of seeds, legumes and
bran. Its discovery in the 1970s led to a surge of research vying to un-
derstand its sources, derivatives and properties. As a food component, it
acts as an anti-nutrient by chelating metal ions to its acidic phosphate
groups. This led to the use of PA as an anti-bacterial agent and con-
ductivity promoter in, for example, wearable sensors on skin (Du et al.,
2022; Ghilan et al., 2022; Hou et al., 2022; Jiang, Qiao, & Hong, 2012;
Li, Sun, He, Liu, & Wang, 2023). The six-fold presence of phosphates is
of particular interest to this work, as phosphorus has defined the large-
scale transition toward non-toxic, bio-based options for flame-retardant
materials.

Phytic acid has become a prime candidate in the creation of high
performance fire-retardant cellulose-based fabrics made from cotton
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and wool (Barbalini, Bertolla, Tousek, & Malucelli, 2019; Cheng, Wang,
Jin, & Guan, 2022; Du et al., 2022; Feng et al., 2017; Hou et al., 2022;
Liu et al., 2018; Liu et al., 2022; Ma et al., 2021; Song et al., 2022; Sun
et al., 2021; Thota et al., 2020; Zheng, Dong, Liu, Xu, & Jian, 2022). We
recently showed a catalyst- and solvent-less methodology to form co-
valent ester bonds between cellulose and PA through NMR, FTIR, XPS
and elemental analysis by drying a cellulose substrate at 160 °C. (Orzan,
Barrio, Spirk, & Nypelo, 2024) However, studies have reported a
decrease in tensile properties on account of the cellulose fiber degra-
dation caused by phytic acid hydrolysis (Antoun et al., 2022; Feng et al.,
2017; Jiang et al., 2012; Liu et al., 2022; Ma et al., 2021; Song et al.,
2022; Sun et al., 2021; Thota et al., 2020). The use of cross-linking
agents such as urea and dicyandiamide has mitigated some damage
and discoloration, yet many still reported decreased tensile properties.
Here, we aim to verify whether these observations hold true for cellulose
fiber foams cross-linked with PA, subjected to compressive load. Two
separate studies performed compression testing of solid foams using
cellulose and PA, with both revealing an increase in modulus (stiffness)
and strength. (Ding, Qiu, Wang, Song, & Hu, 2021; Ren et al., 2022).
However, the 2-3 fold increase in density resulting from the addition of
large quantities of phytic acid was not accounted for, although the
densification of pore cell walls is known to improve gel/foam strength
by increasing fiber-fiber contacts (Ganesan, Barowski, Ratke, & Milow,
2019; Gibson, 2003; Ketoja et al., 2019). Thus, the effect of phytic acid
cross-linking on a cellulose fiber network has thus far remained
unelucidated.

Studies creating porous gels comprising PA have formed self-
standing stable gels by relying on attractive electrostatic interactions
using carboxymethyl cellulose (CMC) (Ghilan et al., 2022), guanazole
(Ding et al., 2021), melamine (Ren et al., 2022), or metal cations (Cai
et al., 2019; Gao et al., 2022; Xiao, Gong, & Zhang, 2021). These gels
were dried into solid foams using supercritical CO, or freeze-drying, two
common methods to generate porosity. However, using a frothing
technique (mechanical agitation) with ionic surfactants to foam cellu-
lose fibers and PA has not yet been explored. When creating a frothed
foam, foaming agents such as surfactants trap gasses within a liquid
media by decreasing surface tension and stabilizing the interfaces be-
tween bubbles. As attractive van der Waal forces bring bubbles closer
together, drainage of the liquid between the membranes threatens to
rupture the interfaces. The rupture causes bubble coalescence and
release of the trapped gasses, ultimately leading to the collapse of the
foam. To stabilize wet foams, the repulsive electrostatic forces generated
by sodium dodecyl sulfate (SDS), an ionic surfactant with negatively
charged sulfate groups, create an equilibrium and stabilize the interfaces
(Bikerman, 1973; Evans & Wennerstrom, 1999; Guerrini, Lochhead, &
Daly, 1999).

A wet foam may also be stabilized through the incorporation of
polymers, which physically encapsulate gas bubbles and increase vis-
cosity of the continuous phase (Evans & Wennerstrom, 1999). CMC was
thus incorporated to act as a secondary stabilizing agent, while also
improving the homogeneity of fibers during mixing and strengthening
fiber-fiber bonding (Pohler et al., 2020). The foaming/frothing process
heavily relies on the interactions between CMC, SDS, acids (PA or CA)
and cellulose fibers. To evaluate foaming behaviour, three parameters
were investigated: foamability, maximum foam height, and foam sta-
bility. Foamability represents the amount of mixing time (tmax) neces-
sary to reach a maximum foam height (Hpyax ). At maximum foam height,
a steady state between foam forming (bubble production) and collapsing
(drainage and coalescence) is established. The foam stability is then
determined as the rate at which the wet foam collapses.

We aim to showcase the potential of phytic acid in i) the creation of
and ii) strengthening and flame-retardancy of cellulose foams. In the
formation of wet foams, we hypothesize that phytic acid molecules
interact favourably with CMC and SDS to electrostatically stabilize air
bubbles in liquid media credit to the six negatively charged phosphate
groups that lead to repulsion and a foam stabilizing effect. Drying the
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wet foams at 160 °C then creates strong cross-links between PA and
cellulose fibers, akin to CA cross-linking. In the dry foams, tuning drying
temperature and using a low concentration of phytic acid prevents se-
vere cellulose degradation while binding the fiber network to improve
compressive strength. Cone calorimeter analysis demonstrates how
phytic acid induces fire-retardancy in cellulose-fiber foams, complying
to green chemistry principles.

2. Experimental
2.1. Materials

Dried, bleached kraft wood pulp (hardwood; 100 % birch and soft-
wood; 85 % spruce, 10 % pine, 5 % larch) were kindly provided by Stora
Enso (Sweden) and Heinzel Pulp Zellstoff Pols (Austria), respectively.
Monosaccharide analysis was performed following acid hydrolysis
(Theander & Westerlund, 1986) and revealed the pulps to consist of 73
% cellulose, 26 % hemicelluloses for hardwood and 83 % cellulose, 16 %
hemicelluloses for softwood. Klason and acid soluble lignins were
analyzed via gravimetric and UV spectroscopy methods respectively,
finding a lignin content of 1 % in both pulps.

Sodium CMC (molar mass ~ 250,000 g/mol, degree of substitution
0.7), phytic acid solution (50 % w/w in H,0), citric acid powder, and
SDS powder were purchased from Merck (Sweden). All reagents pur-
chased were used without further purification.

2.2. Wet foam analysis

Foaming was performed using an IKA EUROSTAR 60 overhead
stirrer equipped with the R-1342 4-bladed propeller stirrer. Solutions
with combinations of 0.1 wt% SDS, 0.6 wt% CMC, and 0.6 wt% phytic
acid (PA) or citric acid (CA) were filled to 100 mL with deionized (DI)
water in a narrow beaker. The chosen concentrations were the same as
those used in the creation of the cellulose-fiber foams. Wood pulp fibers
were not included in the wet foam composition, as the drastic increase in
viscosity caused large displacements within the measuring device,
making proper analysis difficult. After 5 min of stirring at 200 rpm,
stirring was stopped and started again at 1500 rpm for 20 min to achieve
maximum foam height. Height increase during foaming was recorded
using a GoPro Hero 8 Black video camera and measured with a fixed
ruler. A correlation between beaker volume and ruler height was
established beforehand to determine the approximate volume to the
nearest 3 mL.

Analysis on foamability, maximum foam height and foam stability
was used to understand interactions between phytic acid and other ad-
ditives in the production of wet foams (air trapped in liquid media).
Foamability is defined as the rate at which volume increases until
reaching the maximum foam height (Hpayx). The foaming is then stopped
to measure foam stability (volume collapse) over time.

2.3. Cellulose foam preparation

Softwood pulp sheets were dispersed in distilled water with a Noram
disintegrator to 4 wt% consistency and then drained to 14 wt%. Hard-
wood pulp sheets were soaked overnight in distilled water and refined
for 15 min (to 25°SR) in a valley beater according to ISO 5264-1. The
refined pulp suspension was reduced to a consistency of 14 wt%. Ad-
ditives were dissolved in distilled water to consistencies of: 5 wt% (CMC,
2 mmol/L), 5 wt% (SDS, 1.8 mm/L), 50 wt% (phytic acid, 7.5 mmol/L).
Softwood (70.7 g of 14 wt%) and hardwood (23.6 g of 14 wt%) pulps
were mixed together using a hand-held mixer (Bosch MFQ3030 Clev-
erMixx 350 W) at speed setting 1 with either PA, CA, or no acid (1.134
mL of 50 wt% acid) until homogeneous. A 3:1 ratio of non-fibrillated
softwood to 25° SR fibrillated hardwood pulp was chosen to create an
interconnected matrix. The CMC (14.5 g of 5 wt%) and SDS (2 mL of 5 wt
%) were added to the wet formulation and mixed at speed 3 for about 30
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s to create a wet foam. The wet foam was transferred intoa 10 x 10 x 2
cm Teflon mold and dried at 80 °C in a convection oven for 12 h to a
constant moisture content of 5 wt%. Dried foams were then reacted at
80, 120 and 160 °C for 180, 120, and 5 min respectively to replicate
conditions used for cellulosic materials.(Demitri et al., 2008; Ferreira,
Cranston, & Rezende, 2020; Frone et al., 2020; Meftahi, Khajavi,
Rashidi, Rahimi, & Bahador, 2018; Orzan et al., 2024; Stiglic et al.,
2022; Yang et al., 1997). Samples were labeled starting with the letter of
the acid used (e.g. P for phytic acid, C for citric acid) and then the re-
action temperature used after drying.

2.4. Density and porosity

Solid foams were all prepared in order to reach a density of
75 kg/m3. To account for discrepancies in density due to shrinkage,
relative density was determined. Relative density, pg, is given as the
ratio of the envelope density to skeletal density (Eq. (1)) (Gibson, 2003).
Solid foams were cut into 3 X 3 x 2 cm cubes using a bandsaw. The
envelope density (p;) was measured using calipers and a high-precision
balance. Skeletal density (pg) was measured using He gas in a Micro-
meritics AccuPyc II gas displacement pycnometer. Porosity was then
calculated using Eq. (2) (Gibson, 2003).

PE
_Pe @

Pr Ps
Porosity (%) = (1 — pg)-100 (2)

2.5. Moisture absorption

Moisture absorption of 10 x 10 x 2 cm foam panels was per-
formed in an empty desiccator containing a large beaker of a saturated
NaCl solution to create a 75 % relative humidity (RH) environment.
Prior to measurement, the foams were placed directly inside a separate
desiccator containing silica gel beads after drying to remove any resid-
ual moisture. The panels were measured gravimetrically at regular in-
tervals to evaluate the percent uptake of water by weight.

2.6. Scanning Electron Microscopy (SEM)

The cellulose fiber foams were cut using a thin blade through the
center and the top surface layer. The foams were put in a dessicator for 1
day before sputter-coated with 4 nm of gold and visualized on a JEOL
7800F Prime at an acceleration voltage of 5 kV.

2.7. Mechanical compression

Quasi-static mechanical compression testing was performed in an
Instron 5565 A Universal Testing Machine to evaluate the performance
of the solid foams. 3 x 3 x 2 cm cellulose fiber foam cubes were
evaluated using 4 cubes from triplicate foam batches (10-12 tests for
each foam type). The pre-cut cubes were conditioned at 20 °C in a
desiccator for a week before testing. A 5 kN load cell applied a
compression rate of 5 mm/min after reaching a pre-load force of 5 N to
account for any irregularities in the morphology of the foams. The test
was ended after densification was achieved around 70 % strain. Raw
data was recorded using the Instron BlueHill 2 software. A script was
devised in MathWorks MATLAB to calculate modulus, strength and
energy absorption. Compressive modulus was taken as the slope of the
stress-strain curve below 10 % strain, while the compressive strength
corresponded to the stress at 10 % strain. Energy absorption was
calculated as the area under the stress-strain curve up to 50 % strain. All
calculated values were divided by their respective relative densities.

Carbohydrate Polymers 347 (2025) 122617
2.8. Thermogravimetric analysis (TGA)

To understand the thermo-oxidative degradation behaviour of cross-
linked cellulose fiber foams when exposed to heat, TGA analysis was
used. A Mettler Toledo TGA/DSC 3+ was utilized under the following
heating sequence managed by STARe Software: 1. Ramp from 30 °C -
500 °C at a rate of 10 K/min under 60 mL/min air flow, 2. Temperature
hold at 500 °C for 5 min, 3. Ramp from 500 °C - 700 °C at a rate of 10 K/
min under 60 mL/min air flow, 4. Temperature hold at 800 °C for 10
min. The reported values are an average of 3 substrates taken from
separate batches. Carbonization onset was set as the point where the
slope of the graph deviated by more than 3 %. Weight loss and the rate of
carbonization were calculated from this point to where the slope begins
levelling out as indicated by a change in slope of 30 %. Degradation rate
was taken as the slope from the start of the plateau to the final drop in
weight. Finally, residual weight was taken as the weight percent of the
material at 700 °C.

2.9. Cone calorimetry

A medium thermal attack was applied with a flux of 35 kW/m? (ISO
5660-3). The separation of the sample from the resistance coil was 25
mm and the test time was 700 s. All the tests were done in triplicates.
Analysis was performed on the following key parameters: Time to
Ignition (TTL: s), Peak Heat Release Rate (PHRR: kW/mz), Time to PHRR
(TP: s), Fire Growth Rate (FGR: kJ/m?/s), Total Heat Release (THR: MJ/
mz), Total Smoke Production (TSP: mz) and Smoke Production Rate

(mz/s).
2.10. Statistical analysis

Statistical analysis was used to determine differences between
groups of samples using the Microsoft Excel Data Analysis toolpack. The
ANOVA tool (analysis of variance) with a = 0.05 was applied to deter-
mine whether different temperatures and additives were statistically
different. t-tests were then conducted to confirm differences between
individual groups. Quasi-static compression, TGA and cone calorimetry
samples were all performed with triplicate batches.

3. Results and discussion
3.1. Foaming of phytic acid solutions

Negligible differences in maximum foam height (Hp.x) and foam-
ability were observed when frothing a solution of SDS versus one with
added phytic acid (PA) (Fig. 1a and Table 1). The trend of foam volume
rise over time was similar yet shifted to the right, indicating that PA
delayed the rise to Hp,y (Supporting Information Fig. Sla). The post-
foaming destabilization of the wet foam was three times faster with
PA present (Fig. 1b). The addition of PA dropped the pH in solution from
6.4 to 1.6, where both SDS and PA became protonated (pKa ~ 3.3 for
SDS and 1.6 for PA) (Moosavi-Movahedi et al., 2005). This suggests that
bubble stabilization via electrostatic repulsion decreased, which
reduced the energy barrier toward coalescence. Thus, the bubbles in the
wet foam containing PA collapsed faster, causing the delay to Hp.x and
decreasing foam stability post-foaming. Liquid drainage from the
lamellae between bubbles was similar for both solutions (Supporting
Information Fig. S1b). The setup and maximum foam volume for the
solution of SDS and PA can be seen in Figs. 1i,ii. Foaming a solution
consisting of PA and CMC generated more air bubbles compared to CMC
by itself (Figures 1iii,iv). Here, the drop in pH to 2.0 left CMC protonated
while the PA phosphates were deprotonated, unlike the solution of SDS
and PA (pka ~ 4.5 for CMC (Zhivkov, 2013)). The deprotonated PA
molecules likely generated electrostatic repulsive forces between bub-
bles and hydrogen bonded to CMC, creating a stabilized foam (Ghilan
et al., 2022).
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Fig. 1. Wet foam analysis of additive combinations containing 0.1 wt% SDS, 0.6 wt% CMC, 0.6 wt% phytic acid (PA) and 0.6 wt% citric acid (CA) in water. The
volumetric change in the foams is shown during a) foaming on a time scale from 0 to 30 s (i = setup at 0 min, ii = SDS + PA at 18 min, iii = CMC at 18 min, iv = CMC
+ PA at 18 min) and b) foam collapse starting at 18 min (v - viii = CMC + SDS + PA at 18 min, 1 h, 2 h, 3 h, respectively). Lines are provided to guide the eye in

observing trends.

Table 1

Wet foam analysis when mixing additive combinations of 0.1 wt% SDS, 0.6 wt%
CMC, 0.6 wt% phytic acid (PA) and 0.6 wt% citric acid (CA) in water. tmax
represents the time to reach maximum foam height, Hp,x. Foamability describes
the volume of foam generation within the first 30 s as a rate. tyo describes the
time to reach 20 % of maximum foam height after foaming is stopped while the
foam stability is the linear rate at which the foam volume decreases.

Foam additives” tmax Hinax Foamability tao Stability pH
(s) (mL) (mL/min) (min) (mL/min)

SDS 360 308 310 523 —0.47 6.4

SDS + PA 420 298 290 150 -1.55 1.6

CMC + SDS 300" 152 350 419 -0.29 7.1

CMC + SDS + PA 180" 184 470 216 —0.68 2.0

CMC + SDS + CA 30" 187 500 443 —0.34 3.2

@ Phytic acid by itself showed no foaming behaviour and thus is not included.
b Foaming continues past noted time at slow rate (true tmax > 30 min), tmax is
calculated at 95 % of true Hpay to be representative.

The combination of PA, CMC and SDS formed wet foams with the
highest foamability and stability. The addition of acids to CMC and SDS,
whether PA or CA, improved both Hp,y and foamability by over 20 %
and 35 % respectively. Hydrogen bonding between CMC and PA created
physically encapsulated bubbles which were prevented from coalescing
via the reduction in surface tension brought by SDS. However, the acids
again caused a decrease in foam stability. When adding PA, the pH of the
solution dropped from 7.1 to 2.0, causing the protonation of SDS and

CMC. The repulsive electrostatic forces which kept bubbles from coa-
lescing during drainage are likely reduced, leading to faster foam
collapse (Figs. 1v-viii).

Wet foams comprising CA, CMC and SDS generated negligible im-
provements to foamability and foam height compared to PA wet foams
(6 % and 3 %, respectively). While the drainage rate was unaffected, the
stability of CA wet foams was higher, similar to that of the CMC and SDS
solution (Fig. 1b and Table 1). CA is a weak acid, and thus only lowered
the pH value to 3.2 when adding a similar (w/w) amount as PA to the
CMC and SDS solution. With the pKa of CA standing at 3.13, the system
contained protonated SDS and CMC molecules and deprotonated acid
molecules, similarly to the PA wet foam. However, the smaller molec-
ular weight of CA incorporates more acid molecules in solution, which
suggests that the 3—4 fold increase of negatively charged CA molecules
are critical toward the improved foam stability of bubbles over PA.

3.2. Compression and morphology of solid foams

Dividing the material properties by their relative densities accounted
for differences in the porosities of the solid foams (95 + 0.3 %). Upon
addition of PA, a balance is struck between cellulose fiber degradation
due to exposure to PA and cross-linking credit to the formation of co-
valent bonds. The degradation (hydrolysis) removes some of the amor-
phous bulk surrounding each fiber, decreasing potential fiber-fiber
contact area and therefore compromising the network strength. How-
ever, at temperatures above 160 °C, cellulose fibers form covalent bonds
to PA via condensation reactions, which can drastically increase contact
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strength via cross-linking.

The effect of reaction temperature on the compressive properties of
solid foams without added acids was determined to be statistically
insignificant (Fig. 2 and Supporting Information Table S1). The effect of
PA degradation on the fiber network is clear when comparing the
properties of the cellulose fiber foams reacted with PA at 80 °C (P80) to
the blank foam without acids (80). Stiffness, strength and toughness
simultaneously decreased due to the addition of PA (Fig. 2). Therefore,
degradation becomes the dominant regime toward compressive behav-
iour as the removed non-crystalline regions no longer play a supporting
structural role in the fiber network.

Increasing the reaction temperature to 120 °C brings the compressive
properties of cellulose fiber foams with PA (P120) to equivalence with
the blank foams (120) (Fig. 2). Foams cross-linked with PA at a tem-
perature of 160 °C (P160) produced an increase of 60 % in modulus and
15 % in strength compared to blank foams (Fig. 2 and Supporting In-
formation Table S1). The cross-linking achieved at 160 °C subjugated
any detriment to the structural strength of the fiber network caused by
PA degradation. Comparison with cellulose fiber foams reacted with CA
at a similar temperature shows that PA can produce higher stiffness at <
10 % strain (Fig. 2a). However, energy absorption of the fiber foams
reacted at 160 °C with CA improved by nearly 20 % over PA solid foams
(Fig. 2b).

A common practice to coat fabrics is to immerse cellulosic materials
in a concentrated bath of PA for a period of time before drying to ensure
high inclusion levels of PA (Barbalini et al., 2019; Cheng et al., 2022;
Feng et al., 2017; Ghanadpour, Carosio, Larsson, & Wagberg, 2015;
Jiang etal., 2012; Ma et al., 2021; Sun et al., 2021). In comparison to the
large amount of publications depicting a decrease in tensile properties
for fabrics reacted with PA, here we present how low-density fiber
networks can overcome the reduced mechanical properties from fiber
hydrolysis. The morphology observed in SEM substantiate the idea that
loose amorphous regions (Figs. 3a,b) are removed from the entourage of
fibers by the hydrolyzing action of PA in (Figs. 3c,d and Supporting
Information Fig. S2). These loose moieties then seem to be stabilized
within CMC/PA layers which create a thick coating/film on the fibers
and around pores. By reacting the foam at 160 °C, cross-linking between
all components can then seal the strong fiber-fiber bonds, leading to the
observed compressive properties. View of the foam top surfaces clearly
shows how the addition of PA induces the formation of a film which
closes the pore structure (from Figs. 3e,f to 3g,h). This is likely the
reason for the initial reduced moisture uptake in fiber foams reacted
with PA during the first 100 h (Supporting Information Fig. S3). Even-
tually however, all fiber foams maintained a similar moisture uptake
compared to the blank foams (7 (w/w)% water uptake at 75 % RH). This

40
Citric acid d

A35 [ -*Phytic acid
E -&Blank
= ]
830 + ‘
El
g - ; J

o

£
L25 1
=
5 1 I
3 +f * 1
(7]

20 +

LT o e L L L

70 80 90 100 110 120 130 140 150 160 170
Reaction temperature (°C)

Specific compressive properties

Carbohydrate Polymers 347 (2025) 122617

result was unexpected when considering the significant increase in po-
tential hydrogen bond terminals introduced with PA phosphates. This
suggests that the outcome of the cross-linking reactions between cellu-
lose and PA, at the concentrations proposed in this work, does not
significantly increase their water vapor intake capacity.

3.3. Fire-retardant behaviour of solid foams

The mechanisms which govern the ability of phytic acid (PA) to
create a fire-protective char layer are well described in literature
(Horrocks & Price, 2001). The first shoulder in TGA upon increasing
temperature represents the onset of carbonization (Topser in Fig. 4a).
Here, phosphoric acids lower the carbonization onset temperature by
catalyzing the dehydration of cellulose to form a protective char layer
against heat and oxygen. The formation of the char layer is marked by
significant weight loss between 250 and 350 °C as thermal decomposi-
tion creates char and volatiles.

Cellulose fiber foams reacted with phytic acid (PA) presented
carbonization onset temperatures reduced by 15 °C, leading to a 20 %
higher carbonization rate and reduced weight loss by 10 % compared to
foams reacted with CA or no acids (Fig. 4b, c and d, respectively). When
applying higher reaction temperatures, the onset, weight loss and
carbonization rate increased. An increased onset temperature may
signify the formation of ester bonds when phosphorylating cellulose,
blocking the depolymerization of cellulose into volatile monomers
during carbonization (Ghanadpour et al., 2015). It is also suggested that
the thermal decomposition of PA at 160 °C may form volatile phosphoric
acids, reducing the potential for catalytic dehydration (Daneluti &
Matos, 2013). As a result of this, the char layer barrier may be less
efficient at preventing material loss during its formation, and may be
thinner from the reduced phosphorus content. At higher PA concentra-
tions as used in other studies, the relative difference in carbonization
onset temperatures was higher than observed in this study (Barbalini
et al., 2019; Cheng et al., 2022; Feng et al., 2017; Ghanadpour et al.,
2015; Jiang et al., 2012;Ma et al., 2021; Sun et al., 2021). The presence
of a char barrier increased thermo-oxidative stability in the temperature
range of 350-500 °C, reducing the material degradation rates and
resulting in a 0.6 % increase in residual mass (Supporting Information
Table S2). Addition of PA also raised the combustion temperature
(Tmaxz) of cellulose fiber foams from 427 to 498 °C (Fig. 4a and Sup-
porting Information Table S2). This phenomena was not observed with
cellulose papers (Orzan et al., 2024). We ascribe the observed difference
to the strong interaction between PA and CMC which prevents early
thermal degradation of CMC (380 °C) (El-Sayed, Mahmoud, Fatah, &
Hassen, 2011; Mostafa, Ali, El-Wassefy, Saad, & Hussein, 2024). Some
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Fig. 2. Compressive properties of solid foams reacted at 80, 120 and 160 °C with either PA, CA, or no acid added. The a) specific modulus represents the stiffness of
the solid foams while b) strength and energy absorption represent how much load the solid foams can withstand at higher strains.
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Fig. 3. SEM imaging of cellulose fiber foams with particular magnifications of a) inside blank (160) x1000, b) inside blank (160) x5000, c) inside P160 x1000, d)
inside P160 x5000, e) top surface blank (160) x100, f) top surface blank (160) x1000, g) top surface P160 x100, h) top surface P160 x1000.
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Fig. 4. Thermogravimetric analysis (TGA) results in air for a) overall curves of
foam samples with analyzed parameters compared to filter paper results.
(Orzan et al., 2024) Effect of reaction temperature was determined via differ-
ences in b) carbonization onset temperature (Tonset (°C)) at 90 % weight, c)
carbonization rate (Cpate (%/°C)) at maximum slope, d) weight loss (%) between
Tonset and plateau. Tabulated values can be found in Supporting Informa-
tion Table S2.

studies observe differences in the onset temperature (Barbalini et al.,
2019; Ghanadpour et al., 2015; Sun et al., 2021), while others found no
difference (Ma et al., 2021; Sun et al., 2021).

Cellulose fiber foams reacted with CA performed similarly to blank
foams, yet developed a reduced carbonization onset for C80 and an in-
crease in residual weight. The difference in onset suggests that cross-
linking delays the initial degradation of cellulose on the surface by
forming a non-volatile aliphatic layer, which remains stable after com-
bustion. Furthermore, cone calorimetry results for foam with CA were
poor when evaluating time to ignition (TTI), total heat release (THR)
and total smoke production (TSP) (Table 2 and Supporting Information
Fig. S4). An increased TTI and time to peak heat release rate (TP) suggest
that CA delays the onset of material flammability. The increased time to
reach PHRR lead to a lower fire growth rate (FGR) with higher cross-
linking degree. However, given the high values of PHRR, THR and
TSP for CA foams compared to the blank ones, the fire-retardant per-
formance when burning was not improved even when cross-linked.

Cross-linking PA at reaction temperatures above 120 °C caused TTI
values to decrease by 43 % for P120 and 60 % for P160. PHRR also
decreased by 28 % compared to blank foams. Notably, this decrease
correlated with findings by Cheng et al. (2022), who employed a
dicyandiamide crosslinker and reported twice the phosphorus content
found in our work. The FGR for both P120 and P160 decreased by 53 %
from blank foams and smoke production (TSP) was reduced by 64 %.

Table 2

Cone calorimetry analysis of cellulose fiber foams reacted with phytic acid (P),
citric acid (C) or no acid at temperatures of 80, 120 and 160 °C. Parameters are
defined as follows: time to ignition (TTI), peak heat release rate (PHRR), time to
PHRR (TP), total heat release (THR), fire growth rate (FGR), total smoke pro-
duction (TSP), and smoke production rate (SPR).

Foam TTI PHRR TP FGR THR TSP

) (kW/m?) ) GJ/m?/s) (Mm% ()
80 9.3 118 13 9.1 20 0.11
120 9.3 117 13 9.0 20 0.23
160 4.7 119 13 9.2 18 0.14
P80 8.3 99 13 7.6 19 0.03
P120 4.7 85 21 4.0 18 0.06
P160 3.3 86 19 4.5 17 0.05
C80 9.7 133 16 8.3 22 0.13
C120 9.7 124 18 6.9 22 0.22

C160 8.3 116 21 5.5 21 0.19
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Sun et al. (2021) reported similar TTI and TP, yet the phosphorus con-
tent was five times higher and the TSP/SPR values were significantly
higher. Several other studies employed excessive ratios of phosphorus to
cellulose which expectedly resulted in significantly improved properties
(Antoun et al., 2022; Ma et al., 2021). In the context of material flame-
retardancy performance, the foams presented in this work can be clas-
sified as self-extinguishing yet not non-flammable (Antoun et al., 2022).

4. Conclusion

Phytic acid has found a new dimension of applicability: within
cellulose-based foams. In wet foam systems, phytic acid had little effect
on the foaming behaviour of SDS, yet reacted synergistically with CMC
to form homogeneous wet foams with high foamability. The acidic na-
ture of phytic acid caused CMC and SDS to protonate in solutions
without a buffer, reducing electrostatic repulsion between bubbles. The
resulting wet foams were susceptible to coalescence, causing them to
collapse rapidly after mixing. However, this collapse was avoided by
drying the wet foams into solid foams directly after foaming. The dried
cellulose fiber foams were reacted at temperatures of 80, 120 and 160 °C
to evaluate the effect of cross-linking with phytic acid on compressive
and fire-retardant performance. The degradation experienced by cellu-
lose fibers from exposure to phytic acid negatively affected the
compressive properties of solid foams reacted at 80 and 120 °C. At
160 °C, however, the compressive strength and stiffness of cellulose
fiber solid foams increased significantly as cross-links between phytic
acid and cellulose reinforced the fiber network. Imaging revealed the
formation of a film coating fibers with the addition of PA, which solid-
ified fiber-fiber bonding under cross-linking. Furthermore, the phytic
acid foams successfully formed a self-extinguishing char layer and pre-
sented significant decreases in heat release rate, fire growth rate, and
smoke production compared to fiber foams with and without citric acid.

The era of finding bio-based solutions to engineering problems has
come to a turning point; finding practical applications for exciting new
compounds is now paramount. In this study, we demonstrate how phytic
acid can be a solution toward the creation of strong, fire-retardant cel-
lulose fiber foams. The efficient cross-linking methodology and sparing
use of phytic acid presented here provides true scale-up viability for
these materials.
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