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ABSTRACT: Highly flame-retardant bio-based composites were prepared in this study. Firstly, glucose-citric acid
(GC) resin was synthesized through the interaction of glucose and citric acid derived from agricultural and forestry
sources. Polyvinyl alcohol (PVA) served as a toughening agent, whereas walnut shell powder (WSP) functioned as a
filler in the formulation of a thermosetting bio-based GC-PVA-WSP (GCPW) composite with GC resin. The findings
demonstrated that boric acid increased the limited oxygen index (LOI) value of GCPW to 33%, while simultaneously
diminishing its total smoke production (TSP) by 99.9%, and achieving a flame retardant index (FRI) of 5.04. In addition,
the incorporation of WSP enhanced the compressive strength of the GCPW composite to 9.15 MPa. Concurrently, the
GCPW composite demonstrates excellent hydrophobic properties, with a thermal conductivity as low as 0.086 W/m-K.
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1 Introduction

The fabrication of composites derived from renewable and biodegradable resources is an effective
approach to mitigating environmental pollution and promoting sustainable industrial advancement [1,2].
These composites not only possess the excellent properties of traditional petroleum-derived composites, such
as high mechanical strength and light weight [3,4], but more importantly, they have characteristics such as
renewability, degradability, and low toxicity [5,6], which are crucial for reducing environmental pressure and
promoting sustainable development.

Citric acid serves as a promising chemical for wood modification and as an eco-friendly wood
binder [7]. Nonetheless, the sole application of citric acid may be insufficient. Consequently, citric acid is
frequently combined with other chemicals to augment its efficacy [7]. For instance, citric acid has been
reacted with sucrose, a disaccharide, to enhance the bonding efficacy of citric acid as a binding agent for wood
composites [8]. Li et al. [9] projected that the reaction between citric acid and glucose, a monosaccharide, is
anticipated to be simpler than the reaction between sucrose and citric acid, potentially yielding a good binder.
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Glucose, a significant biomass material prevalent in plants, is the main product of plant photosynthesis [10,11]
and has the advantages of wide sources and simple processing. At the same time, glucose molecules
contain multiple hydroxyl groups and have good reactivity [12]. They can be used to prepare non-toxic
and biodegradable materials in conjunction with other materials through chemical reactions or physical
blending [13-16]. Citric acid and glucose, via an esterification process, have been utilized as an efficient
plywood adhesive and demonstrated outstanding performance [9]. However, the resin has a low solid content
and high brittleness after curing, which severely restricts its application [17].

Aside from its application as a binding agent, research on the synthesis of glucose-citric acid composites
is quite limited. Furthermore, due to their biodegradability, it is expected that the strength of composites
derived from citric acid and glucose needs enhancement. Therefore, polyvinyl alcohol (PVA) is proposed.
PVA, being a non-toxic and biodegradable material, is widely used to prepare films with good toughness
[18-20]. PVA serves as a toughening agent when combined with glucose and citric acid to produce resilient
GCP composites.

In addition, the rapid growth of biomass waste generation has emerged as a major global challenge [21],
with the volume of discarded walnut shells increasing year by year [22]. Walnut shells contain a high amount
of lignin and exhibit good fluidity, keratin content, low price and density [23,24]. Walnut shell powder (WSP)
can be blended with GCP composite as a filler to reduce the amount of GCP resin required, lower preparation
costs, and improve the strength of the composite, thereby alleviating the problem of waste disposal of walnut
shells. WSP has often been used as a reinforcing agent for polymeric composite to enhance their mechanical
strength [25]. Their good toughness and dispersibility can enhance the strength of the polymer blends. WSP
has also been added into the polyurethane foam as a filler to improve its flame retardancy and thermal
stability [26]. However, its effects as a filler in the glucose-citric acid based composite aremains unexplored
and worth investigation. To further improve the flame retardancy of the composites, boric acid can be
employed [27]. Boric acid is a common flame retardant widely used in blending with polymer resins to
improve the flame retardancy of the blends [28-30].

Despite glucose and citric acid being recognized as sustainable precursors, their application in the devel-
opment of flame-retardant biocomposites remained infrequently explored. Based on the above viewpoints,
this study utilized glucose and citric acid to prepare GC resin through an esterification condensation reaction.
Then, a flame-retardant thermosetting composite material with high compressive strength was prepared by
blending it with PVA, WSP, and boric acid. It is hypothesized that the strength of the GC composite could
be enhanced by PVA and WSP while boric acid will synergistically enhance its flame-retardant properties.

2 Materials and Methods
2.1 Materials

The glucose (99%) and citric acid (99.5%) used in this study were produced and purchased from McLean
Biochemical Technology Co., Ltd. (Shanghai, China), polyvinyl alcohol (PVA) was purchased from Yousuo
Chemical Technology Co., Ltd. (Jinan, China), which was produced by Wanwei High tech Materials Co.,
Ltd. (Chaohu, China) and boric acid was purchased from Xilong Chemical Co., Ltd. (Chengdu, China),
which was produced by Xilong Chemical Co., Ltd. (Chengdu, China). Walnut shell powder (WSP, 200 mesh)
was produced and obtained from Fenyang Sunshine Industrial Co., Ltd. (Fenyang, China), which mainly
consists of peach quinone (40%), glucoside (30%) and tannin (20%). Potassium dichromate was produced
and purchased from Fengchuan Chemical Reagent Technology Co., Ltd. (Tianjin, China).
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2.2 Preparation of GCPW Composites

Fifteen grams of glucose and fifteen grams of citric acid were combined to produce GC resin. At the
same time, 40 g of water and 15 g of PVA were added into a 250 mL beaker, the DF-101S magnetic stirrer
was used to dissolve PVA at 80°C. Subsequently, a 20% PVA solution was added into the beaker containing
GC resin and stirred well to obtain GCP resin. Then, boric acid powder was mixed with GCP resin to obtain
the GCP1 and GCP2 resins. Both resins were then cooled at room temperature, respectively. Afterwards,
18 g of WSP was mixed with each cooled resin. Subsequently, each mixture was injected into a mold and
subjected to an oven temperature of 70°C for 36 h. The sample was heated to 120°C for 24 h and then allowed
to cool to room temperature, resulting in a GCPW composite. In addition, under the same conditions,
without adding PVA, GC -WSP (GCW) composite was prepared for comparison with GCPW composite. The
specific material dosage and formulation are shown in Table 1, while the preparation process is illustrated in
Scheme 1.

Table 1: Formulas of different GC resin-based composites

Sample Resin Glucose (g) Citric acid (g) Polyvinyl Boricacid (g)  Walnut shell
alcohol (g) powder (g)
GCW GC 15 15 / / 18
GCPW  GCP 15 15 15 / 18
GCPW1 GCP1 15 15 15 2 18
GCPW2 GCP2 15 15 15 4 18
=
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2.3 Characterizations

All composites produced in the study were stored in a conditioning room for 24 h to attain a
constant mass.

2.3.1 Chemical Analysis

The samples were tested using a a Varian-1000 infrared spectrometer. The composite material was
grounded into powder with a particle size of 35-38 ym using a JMSI6A crusher. 0.01 g of powder were
taken from each solid sample, 1 g of KBr was mixed with the test sample, and the wavelength from
500-4000 cm™! was used to scan the sample. A Bruker 400 MHz nuclear magnetic resonance spectrometer
with a collection time of 3.0 s was used. Meanwhile, an X-ray diffractometer (XRD-7000) was used to obtain
the X-ray signal characteristics of the measured sample after diffraction to obtain the crystal structure. The
X-ray photoelectron spectrometer was used as per literature [31].

2.3.2 Morphology

The internal structure of the composites was observed using a $4800 scanning electron microscopy.

2.3.3 Apparent Density, Pulverization Rate, and Compressive Strength

The apparent density measurement of the sample was carried out according to ASTM-D162208-2008.
The pulverization rate was calculated based on the quantity of leftovers of the composite. The compressive
strength test was conducted.

2.3.4 Wettability and Dimensional Stability

The Datphysical DCAT 21 instrument was employed to assess the contact angle. The composite were
tested for expansion and water absorption.

2.3.5 Thermogravimetric Analysis (TGA), Thermal Conductivity, Limit Oxygen Index (LOI) and
Thermogravimetric Analysis-Infrared Spectroscopy (TGA-IR) Testing

The 209 F3 thermogravimetric analyzer was used to test the mass loss of composite in response to
temperature changes under nitrogen environment, at 20°C/min, throughout a range from 30°C to 900°C.

The DRP-II thermal conductivity tester was used to measure the thermal conductivity of composite.
A sample was cut into a cylinder with a 50 mm radius (R) and 10 mm thickness (h), then a YBF-2 thermal
conductivity meter was used for measurement. The thermal conductivity is described according to Eq. (1).

2h, + R
NeomeletRe LB AT M

where, \ is the thermal conductivity of the sample, W-m™"-K™!; m is the mass of the lower copper plate, gm;

c is the specific heat capacity of the copper block, R;, and h;, are the radius and thickness of the lower copper

plate, mm; R is the radius, mm; h is the height, mm; T, — T, is the temperature difference between the upper
dr

and lower copper plates; 5| T = T, is the rate of cooling of the copper plate exposed to the air.

The FTT0077 oxygen index meter was used to measure the LOI of the composite at room temperature
in accordance with the Chinese National Standards GB/T 2406.2-2009, and the samples were customized at
80 mm x 10 mm x 10 mm.
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The TGA-IR spectra of GCW and GCPW1 composites were examined utilizing a thermogravimetric
infrared spectrometer (Nicolet Instrument Corp., Madison, WI, USA) at a temperature range of 30°C-600°C
and a heating rate of 10°C/min in a nitrogen environment.

2.3.6 Horizontal Combustion, UL-94 Vertical Combustion Tests

A butane torch was used as the flame source for the horizontal combustion test, fixed at a distance of
3 mm between the muzzle and the composite material. Vertical combustion tests were conducted using a
CFZ-2 instrument in accordance with the ANSI/UL 94-2010 standard. Sixparallel tests were performed for
each experimental group to obtain the average UL-94 grade.

2.3.7 Cone Calorimeter Test

Powdered and dried samples were tested using a cone calorimeter instrument, FTT0007, in accrodance
with the ASTM E1354 standard. The radiation intensity was 25 kW/m?.

2.3.8 Biodegradable Performance Testing

According to pertinent literature [32], GCPW1 was encased in polyethylene plastic mesh and thereafter
positioned in a polyethylene basin. The sample was situated 150-200 mm beneath the surface soil of the
basin. Soil samples were collected regularly every 3 to 5 days. All residual debris from the sample’s surface
was removed and subsequently dried for mass measurement. After a 15-day interval, the degradation residue
was subjected to Fourier Transform Infrared (FTIR) analysis.

3 Results and Discussion

Citric acid, GC, and GCP showed C=0 stretching vibrations at 1730 cm™! (Fig. 1a), which are attributed
to the -COOH group, whereas this peak was absent in glucose [33]. The peak detected in the GC curve at
1180 cm™! is attributed to the C-O-C group of carbonyl or ester groups [34]. On the contrary, the magnified
image of citric acid at 1180 cm™" shows no discernible characteristic peak (marked by a red square), suggesting
an esterification reaction between citric acid and glucose. The peak at 1200 ppm is attributed to the ester
group [35,36]; compared to the GC curve, the peak at 1200 cm™! in GCP shifted, and the addition of
PVA changed the chemical environment of the GC system, suggesting that GC and PVA underwent an
esterification reaction.

In contast to citric acid, GC and GCP resins showed a Cl1 peak at around 172 ppm, and a significant
decrease in the C2 peak near 174 ppm (Fig. 1b), due to the formation of carbonyl groups [37]. The peak of
GCP at 147 ppm is weaker than that of GC, indicating that the addition of PVA affects the esterification
reaction of GCP and CP.

In contrast to the crystallinity of glucose and citric acid (88.37% and 86.17%, respectively), the spectra
of GC and GCP exhibit low intensity (Fig. 1c), broad diffraction peaks, and high amorphous scattering halos,
which are typical characteristics of semi crystalline polymers with low crystallinity [38]. This suggests the
esterification and condensation reaction between citric acid and glucose reduces the crystallinity of glucose.
Meanwhile, the crystallinity of GCP (15.04%) was lower than that of GC (21.75%), indicating that a portion
of PVA intereacted with the GC system.
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Figure 1: FTIR spectra of Citric acid (C), Glucose (G), GC, and GCP (a), C'*—Nuclear Magnetic Resonance (NMR)
spectra of C, GC, and GCP (b), XRD spectra of C, G, GC, and GCP (c), GPC chromatograms of G, GC, and GCP (d),
main chemical reactions in GCP resin synthesis (e)

The Gel permeation chromatography (GPC) chromatograms of GC and GCP are shown in Fig. 1d. The
Mn of GCP (40,257 g/mol) is higher than that of GC (29,675 g/mol), while its retention time (1.95 min) is
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shorter than that of GC (2.21 min). This signifies an interaction between GC resin and PVA. In addition, the
Mw of GCP (78,314 g/mol) is greater than that of GC (65,554 g/mol), indicating that PVA and GC resin have
formed a large number of hydrogen bonds, with longer chain segments [39].

The specific reaction for the formation of GCP resin is as follows: glucose undergoes esterification
reaction with the hydroxyl groups of citric acid to remove water molecules at a temperature of 80°C, resulting
in the formation of GC resin as shown in Fig. le(1). Then, the hydroxyl groups of GC resin undergo an
esterification reaction or form hydrogen bonds with the hydroxyl groups of PVA to further produce GCP
resin, as shown in Fig. le(2).

Compared to the deconvolution spectrum of Cls peak of citric acid (Fig. 2¢), the deconvolution
spectrum of the Cls peaks for GC, GCP, and GCP1 (Fig. 2f,i, and ) showed a peak at 286.9 eV, which is
attributed to the C-O-C functional group [40-42], signifying an esterification reaction between glucose and
citric acid. Meanwhile, in comparison to the X-ray photoelectron spectroscopy (XPS) spectrum of GCP
(Fig. 2g), the XPS spectrum of GCPI showed a BIS peak at about 173.9 eV (Fig. 2j), and a peak at 533.0 eV
was observed in the deconvolution spectrum of the Ols peak of GCP1 (Fig. 2k), which is attributed to the
O-B bond [43], indicating the successful incorporation of boric acid into the GCP resin.
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Figure 2: (a) XPS spectrum of citric acid, (b) deconvolution spectrum of Ols peak of citric acid, (c) deconvolution
spectrum of Cl s peak of citric acid, (d) XPS spectrum of GC resin, (e) deconvolution spectrum of Ols peak of
GC resin, (f) deconvolution spectrum of Cls peak of GC resin, (g) XPS spectrum of GCP resin, (h) deconvolution
spectrum of Ols peak of GCP resin, (i) deconvolution spectrum of Cls peak of GCP resin, (j) XPS spectrum of GCP1
resin, (k) deconvolution spectrum of Ols peak of GCP1 resin, (1) deconvolution spectrum of Cls peak of GCPI resin
deconvolutional spectrum of peaks
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The appearance and Scanning Electron Microscope (SEM) of various glucose resin-based composites
are illustrated in Fig. 3a and b. From Fig. 3a, the surfaces of all samples are relatively flat, with the presence
of some pores. In addition, the surface pores of GCPW1 are fewer than those of GCPW2, and the surface of
GCPWI1 is smoother, suggesting that the blending effect of 2 g boric acid with GCP resin and WSP is better
than that of 4 g boric acid. Furthermore, Fig. 3b shows the microstructure of different glucose resin-based
composites. At a magnification of 250 ym, the surface roughness of GCPW (Fig. 3b-5) and GCW (Fig. 3b-1)
is similar. However, upon magnification to 10 and 5 ym, the smoothness of the surface of GCPW (Fig. 3b-8)
surpasses that of GCW (Fig. 3b-4), concurrently revealing significant WSP aggregation appeared in GCW
(Fig. 3b-2). It is worth noting that the appearance of GCPW1 (Fig. 3b-9) is flatter and denser than that of
GCW (Fig. 3b-1), GCPW (Fig. 3b-5), and GCPW2 (Fig. 3b-13). Moreover, as shown in Fig. 3b-15, there are
large pores and particle aggregation inside GCPW2. The results indicate that adding an appropriate amount
of boric acid can promote a denser internal structure of the composite, with almost no large pores inside the
GCPW1 composite. However, as the amount of boric acid increases, particle aggregation will occur, resulting
in the formation of larger pores during the curing process.

Figure 3: The appearance (a) and SEM image (b) of different glucose resin-based composites

Fig. 4a illustrates the compressive strength of glucose resin-based composites, demonstrating that the
compressive strength of GCPW composites surpasses that of GCW, recorded at 6.35 MPa. The hydrogen
bonding between PVA and GC resin, as evidenced by FTIR and 13C-NMR results, facilitates the formation
of a cross-linked network structure, culminating in a denser internal composite structure, as illustrated in
the SEM result (Fig. 3b). The compressive strength of GCPW1 (9.15 MPa) exceeds that of GCPW (8.17 MPa)
and GCPW?2 (7.66 MPa).
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The SEM analysis indicates that the incorporation of an appropriate quantity of boric acid enhances
the compatibility between WSP and GCP resin. Nevertheless, an increase in the quantity of added boric
acid leads to particle agglomeration, which diminishes the mechanical characteristics of the composite, as
evidenced by the SEM data.

Fig. 4c shows the apparent density of different glucose resin-based composites. The apparent density
of GCW is 0.87 g/cm’. Upon the addiiton of PVA, the apparent density of the GCPW increases to
1.04 g/cm’, further indicating that PVA forms a dense network structure with GC resin through esterification
crosslinking and hydrogen bonding. The apparent density of the GCPWI composite reached 1.3 g/cm’
after boric addition, indicating that an appropriate amount of boric acid was well dispersed in the GCP
resin in alongside WSP. However, as the amount of boric acid rose, the apparent density of the GCPW2
composite was lower than that of GCPW1 composite, indicating that an excess of boric acid promotes
particle aggregation in the GCP resin, hence compromising the density of the composite. Fig. 4d shows the
pulverization ratios of different glucose resin-based composites. All composites exhibit lower pulverization
ratios, all <1%, demonstrating good wear resistance [44]. Moreover, the pulverization ratio of GCPW1 (0.1%)
is lower than that of GCW (0.6%), indicating that the addition of PVA improves the toughness and strength
of the composites.

Fig. 4e and f illustrates the water absorption and expansion rates of different glucose resin-based
polymers. GCW fractures and expands after being submerged in water for 24 h. In comparison to GCW,
the incorporation of PVA in GCPW increased its hydroxyl content, primarily facilitating hydrogen bonding
with polar water molecules, hence augmenting the hydrophilicity of cellulose and hemicellulose in WSP [45].
Boric acid interacts with the GCP resin and enhances the stability of the internal network structure of
GCPWI due to its unique tetrahedral structure, further improving its water resistance. Fig. 5g shows the
water contact angles of different composites. The water contact angle of GCW (109.02°) is lower than that of
GCPW (124.80°), indicating that the interaction between PVA and GC resin enhances the hydrophobicity
of the GCPW surface. In addition, due to the good compatibility between an appropriate amount of boric
acid and the GCP matrix along with WSP particles, the composite structure of GCPW1 is denser (as shown
by SEM test results), resulting in a higher water contact angle (136.15°) for GCPW1 compared to GCPW.
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All samples exhibit a peak around 80°C, indicating that the mass loss occurs rapidly, depending on the
volatilization of volatile substances present in the composite sample. According to Fig. 5a and b, in conjuction
with Table 2, all laboratory prepared composites have two main weight reduction stages. The quality loss of
GCPWT1 in the first stage (15%) is higher than that of GCW (21.5%) and GCPW (17.38%), and lower than
that of GCPW2 (8.62%), indicating that the quality loss is attributed to the partial chemical bond damage
in the GCP resin matrix within the temperature range of 200°C-250°C [51]. Furthermore, the addition of
boric acid does improve the thermal stability of the GCPW composite. The mass loss of GCPW?2 in the
second stage (52.12%) is higher than that of GCPWI1 (39.17%), and at 800°C, the remaining mass of GCPW1
(34.08%) is higher than that of GCPW2 (22.51%), indicating that the thermal stability of GCPWT1 is higher
than that of GCPW2 when the temperature is higher than 300°C. Despite GCPW2 containing a higher boric
acid concentration than GCPW1, SEM analysis shows that the blended particles in GCPW2 agglomerate,
preventing uniform dispersion in GCP resin. This leads to poor compatibility between the two, adversely
affecting the thermal stability of the composite.
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Figure 5: Thermogravimetry (TG) curves (a) and Derivative Thermogravimetry (DTG) curves (b) of various glucose
resin-based composites, and thermal conductivity (c) and limit oxygen index (d) of various glucose resin-based
composites and various reported composites

Table 2: Thermogravimetric analysis data of various glucose resin-based composites

Sample Tpeak/°C Weight loss/% Residual mass at 800°C/%
StepI StepIl Stepl Stepll

GCW 252.7 3391 2150  52.20 20.82
GCPW  240.7  345.0 1738  51.67 23.74
GCPW1 2114 3281  15.00 39.17 34.08
GCPW2 2095 3455 8.62 5212 22.51

Fig. 5¢ illustrates that the thermal conductivity of GCPW (0.159 W/m-K) is inferior to that of GCW
(0.162 W/m-K), suggesting that the incorporation of PVA enhances the thermal insulation properties of the
composite. Indeed, the addition of PVA improves the crosslinking properties of GC resin, leading to an
increase in the density of the composite (shown in Fig. 4c), which further enhances the thermal insulation
performance of the composite.
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The thermal conductivity of GCPW1 (0.086 W/m-K) is inferior to that of GCPW, suggesting that the use
ofboric acid enhances the thermal insulation of the composite. Due to the higher compatibility between WSP
and GCP resin in GCPW1 compared to GCPW2, the thermal insulation ability of GCPW1 is better than that
of GCPW2. Meanwhile, the thermal conductivity of GCPW1 is lower than phenolic-boron nitride composite
(PB,0.63 W/m-K) [52], melamine- polyphosphate-boron nitride composite (MPPN, 0.21 W/m-K) [53] and
wool reinforced polypropylene composite (WPP, 0.63 W/m-K) [54].

Fig. 5d illustrates that the LOI value of GCW is 25.7%, which is below 27%, signifying that it is a
combustible material [55]. Relevant literature [56] indicates that a material is categorized as flame retardant
if itsLOI value exceeds 27%. The LOI value of GCPW1 (33%) is significantly exceeds 27%, affirming its clas-
sification as a flame retardant composite. This suggests that the incorporation of boric acid enhances flame
retardant efficacy; at elevated temperatures, borate liquefies to create a boron-containing glass coating, which
obstructs oxygen ingress and heat transfer [57]. Significantly, the LOI value of GCPW1 surpasses that of many
documented construction materials, including polylactic acid resin-based composite (PLAR, 30.0%) [58],
polypropylene resin-based composite (PPR, 25.6%) [59], and polyurethane/wood fiber composite (PUW,
31.2%) [60].

Fig. 6 depicts the analysis of gaseous emissions from GCW and GCPW1 composites using TGA-
FTIR at different temperatures. The primary volatile compounds found in GCW and GCPW1 are H,O
(713 cm™) [61], CO, (2360 cm™) [62], and CO (2182 cm™), with these absorption peaks arising from
the high-temperature decomposition of the complex. Furthermore, B-O (1756 cm™!) [63] represents the
absorption peak associated with the disintegration of boron-containing chain segments in the GCPW1
composite. The infrared spectra of CO, (2360 cm™!), CO (2182 cm™!), and B-O (1756 cm™), as decomposed
by GCW and GCPW]I, are presented in Fig. 6¢c. The peak intensity of gaseous products in GCPWI is
lower to that in GCW, suggesting that the incorporation of boron-containing fragments may enhance the
carbonization capacity of GCPW1 composites, suppress the cis elimination reaction of the matrix, and reduce
hydrocarbon production [64].

No flame dripping phenomenon was observed during the combustion process of GCW, GCPW,
GCPW]I, and GCPW2 (Fig. 7a). GCPW showed slight cracks (indicated by the red circle) after 120 s of
combustion, possibly due to the flammability of unreacted PVA [65,66]. Nonetheless, GCPW1 and GCPW?2
exhibited no fissures after 120 s of combustion, demonstrating that the use of boric acid enhanced the flame
retardancy of GCPW composites. It is evident from Fig. 7b that both GCW and GCPW1 exhibit secondary
combustion without dripping and possess of self-extinguishing capabilities, thus achieving the UL-94 V-0
flame retardant classification and demonstrating superior flame retardant properties. Conversely, the GCW
emitted a significant volume of smoke after being extinguished, whereas the GCPW1 sample produced smoke
following extinguishment. This results from the creation of a glassy coating on the polymer surface by boric
acid, which suppresses smoke production [67].

The peak of HRR (pHRR) of GCW is 388.57 kW/m?* (Fig. 8a), whereas the pHRR of GCPW1
(176.91 kW/m?) is 45.53% lower than that of GCW. Meanwhile, Fig. 8b shows that the THR of GCW
(40.71MJ/m?) is much higher than that of GCPW1 (31.91 MJ/m?). The FIGRA of GCW (6.77 kW/m?/s) is
higher than that of GCPW1 (2.62 kW/m?/s) (Table 3), indicating that GCPWI1 is more likely to reduce the
probability of fire occurrence compared to GCW. Moreover, the time to ignition (TTI) of GCPW1(27s) is
higher than that of GCW (15s). At the same time, the Average effective heat of combustion (AEHC) (27.02
M]J/kg) of GCW was higher than that of GCPW1 (22.30 MJ/kg). The TSP (Fig. 8c) and pSPR (Fig. 8d) of
GCPWT1 are 0.00015 m?/s and 0.00015 m, respectively, which is 95.5% and 98.5% lower than those of GCW
(0.32m?/s,0.01m?), respectively. This further indicates that the addition of boric acid effectively blocks smoke
during combustion. In the structure of GCPW1 composite, boric acid and WSP are uniformly dispersed



] Renew Mater. 2025;13(6) 1241

in GCP resin. During combustion, the borate melts and forms a glass covering layer on the surface of the
composite, which acts as an oxygen barrier. Boric acid can catalyze the dehydration of WSP at relatively low
temperatures (about 100°C-300°C) [68] and react with cellulose in WSP to form borate with excellent self
extinguishing properties [69]. The process is shown in Fig. 8e. Besides, the appearance of GCW and GCPW1
after cone calorimeter testing is shown in Fig. 8f. The flame retardant index (FRI) serves as an important
indicator for assessing the flame retardant efficacy of composites. The ranking of flame-retardant polymer
composites is categorized as poor (FRI < 1), good (1 < FRI < 10), or excellent (FRI > 10) [70]. Table 3 reveals
that the FRI of the GCPW1 is 5.04, which is higher than that of GCW (0.91) and GCPW, thereby affirming its
good ranking and indicating that the addition of boric acid enhances the flame retardancy of the composite.
Furthermore, as the boric acid content increases, the flame retardancy also increasesThe FRI of GCPW2
surpasses that of GCPW1 for this reason.
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Figure 6: Three-dimensional TGA-FTIR images of GCW (a) and GCPWI1 (b), as well as the infrared spectra of gas
decomposition products at different temperatures, the main gas volatiles of GCW and GCPW1 (c)
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Figure 7: Horizontal combustion test of various glucose resin-based composites (a), UL-94 vertical combustion level
test of GCW and GCPW1 composites (b)

The GCW composite exhibits minimal residue post-combustion, however the GCPW1 composite can
generate a block-shaped carbon layer after combustion, demonstrating reduced mass loss and effective
flame retardancy.

As shown in Figs. 9a, a small amount of mass loss has been detected after a 5-day burial test. The
weight loss of GCPW composite was 1.6% higher than GCPW1, indicating that boric acid affected the natural
degradation ability of GCPW composites, albeit to a little extent.. Boric acid, while demonstrating low acute
toxicity to people and animals, necessitates administration in regulated amounts and adherence to proper
disposal protocols. The mass loss GCPW1 was 3.4% during a period of 15 days. SEM test results show
that the compactness of the internal structure of GCPWT1 is higher than that of GCPW2, which exhibits
porosity and particle aggregation. Compared with Fig. la (FTIR before degradation), the most significant
change is the appearance of two new peaks, which correspond to hydroxyl groups at 3340 cm™" and carboxyl
groups at 2930 cm™! (Fig. 9b), signifying localized disintegration of the network structure established by
the resin and cellulose in WSP. The peak at 2930 cm™' corresponds to the breaking of C-H bonds in
saturated carbon, associated with the vibrations of fatty acids, signifying the synthesis of fatty acid molecules
following degradation [71]. The above results demonstrate that the GCPW1 composite has a low degradation
rate, suggesting it may retain functionality longer in applications requiring temporary durability, such as
construction and building materials.
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Table 3: Cone calorimeter test data for GCW and GCPW1

Sample TTI(s) pHRR THR pSPR TSP (m’) Residue FIGRA AEHC FRI

(kW/m’)  (MJ/m?) (m’/s) (%) (kW/m’/s)  (M]/kg)
GCW 15 388.57 40.71 0.01 0.32 3.4 6.77 27.02 0.91
GCPW 17 309.68 38.32 0.02 0.26 4.7 5.25 26.86 1.51
GCPW1 27 176.91 31.91 0.00015 0.00015 19.45 2.62 2230  5.04

GCPW2 36 152.34 26.77 0.00006 0.00006 26.25 3.96 29.07 9.31
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Figure 9: (a) Appearance and residual of composites after 5- and 15-days burial, (b) FTIR spectra of GCPW1 after
degradation

4 Conclusions

The hypothesis of the study has been confirmed and proved. A novel building material, termed GCPW,
has been developed. A GC resin matrix was specifically formulated using glucose and citric acid derived
from biomass as the primary raw materials, followed by the addition of PVA to enhance the toughness of the
GC resin. Indeed, the synergistic interaction between WSP and boric acid imparts improved flame retardant
properties to GCPW. The maximum LOI value reaches 33% and the FRI has reached a good ranking for flame
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retardant materials, satisfying the UL-94 V-0 flame retardant testing requirement. Furthermore, GCPW
exhibits elevated compressive strength and a minimal pulverization rate. Significantly, GCPW demonstrates
exceptional thermal stability and insulating characteristics. However, the glucose-citric acid composite
manufacturing process remains at the laboratory scale and may necessitate optimization for enhanced energy
and time efficiency in industrial applications.
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