E polymers

Article

Eco-Friendly Tannin-Based Non-Isocyanate
Polyurethane Resins for the Modification of Ramie
(Boehmeria nivea L.) Fibers

Manggar Arum Aristri 12, Rita Kartika Sari *, Muhammad Adly Rahandi Lubis 23*,
Raden Permana Budi Laksana 2, Petar Antov ¢, Apri Heri Iswanto 5, Efri Mardawati 3¢, Seng Hua Lee 7,
Viktor Savov 4, Lubos Kristak 8 and Antonios N. Papadopoulos %*

Citation: Aristri, M.A.; Sari, RK.;
Lubis, M.A.R.; Laksana, R.P.B.;
Antov, P.; Iswanto, A.H.; Mardawati,
E.; Lee, S.H.; Savov, V.; Kristak, L.; et
al. Eco-Friendly Tannin-Based
Non-Isocyanate Polyurethane Resins
for the Modification of Ramie
(Boehmeria nivea L.) Fibers. Polymers
2023, 15, 1492. https://doi.org/
10.3390/polym15061492

Academic Editor: Nathanael Guigo

Received: 28 February 2023
Revised: 10 March 2023
Accepted: 14 March 2023
Published: 16 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY)
(http://creativecommons.org/licenses

Joy/4.0)).

license

1 Department of Forest Products, Faculty of Forestry and Environment, IPB University,
Bogor 16680, Indonesia

2 Research Center for Biomass and Bioproducts, National Research and Innovation Agency,
Cibinong 16911, Indonesia

3 Research Collaboration Center for Biomass and Biorefinery between BRIN and Universitas Padjajaran,
National Research and Innovation Agency, Cibinong 16911, Indonesia

4 Faculty of Forest Industry, University of Forestry, 1797 Sofia, Bulgaria

Department of Forest Products Technology, Faculty of Forestry, Universitas Sumatera Utara, Kwala Bekala,

Medan 20145, Indonesia

¢ Department of Agro-Industrial Technology, Universitas Padjadjaran, Jatinangor 40600, Indonesia

Department of Wood Industry, Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM),

Cawangan Pahang Kampus Jengka, Bandar Tun Razak 26400, Malaysia

8 Faculty of Wood Sciences and Technology, Technical University in Zvolen, 96001 Zvolen, Slovakia

° Laboratory of Wood Chemistry and Technology, Department of Forestry and Natural Environment,
International Hellenic University, GR-661 00 Drama, Greece

* Correspondence: rita_kartikasari@apps.ipb.ac.id (R.K.S.); muhal42@brin.go.id (M.A.R.L.);
antpap@for.ihu.gr (A.N.P.)

o

~

Abstract: This study aimed to develop tannin-based non-isocyanate polyurethane (tannin-Bio-
NIPU) and tannin-based polyurethane (tannin-Bio-PU) resins for the impregnation of ramie fibers
(Boehmeria nivea L.) and investigate their mechanical and thermal properties. The reaction between
the tannin extract, dimethyl carbonate, and hexamethylene diamine produced the tannin-Bio-NIPU
resin, while the tannin-Bio-PU was made with polymeric diphenylmethane diisocyanate (pMDI).
Two types of ramie fiber were used: natural ramie without pre-treatment (RN) and with pre-
treatment (RH). They were impregnated in a vacuum chamber with tannin-based Bio-PU resins for
60 min at 25 °C under 50 kPa. The yield of the tannin extract produced was 26.43 + 1.36%. Fourier-
transform infrared (FTIR) spectroscopy showed that both resin types produced urethane (-NCO)
groups. The viscosity and cohesion strength of tannin-Bio-NIPU (20.35 mPa‘s and 5.08 Pa) were
lower than those of tannin-Bio-PU (42.70 mPa-s and 10.67 Pa). The RN fiber type (18.9% residue)
was more thermally stable than RH (7.3% residue). The impregnation process with both resins could
improve the ramie fibers’ thermal stability and mechanical strength. The highest thermal stability
was found in RN impregnated with the tannin-Bio-PU resin (30.5% residue). The highest tensile
strength was determined in the tannin-Bio-NIPU RN of 451.3 MPa. The tannin-Bio-PU resin gave
the highest MOE for both fiber types (RN of 13.5 GPa and RH of 11.7 GPa) compared to the tannin-
Bio-NIPU resin.

Keywords: Acacia mangium bark; cohesion strength; dimethyl carbonate; hexamethylenediamine;
non-isocyanate; ramie fiber; tannin-based polyurethane
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1. Introduction

PU is a commercially synthesized polymer through polycondensation and
exothermic reactions between molecules containing two or more isocyanate groups (-
NCO) and polyol molecules containing two or more hydroxyl groups (-OH) [1]. The
characteristics of PU (properties and structure) are determined by the structure of the
molecule formed, which is influenced by the molecular weight, intermolecular forces,
chain stiffness, cross-linking, and crystallinity [2]. The reaction between diisocyanates and
diols can produce linear polymers, while using polyols with three or more hydroxyl
groups will form cross-linked polymers. The polyols and isocyanates used in PU synthesis
generally come from non-renewable raw materials, namely fossil-derived constituents [1].
The high demand for PU production has resulted in fossil resource depletion and has
caused significant environmental problems, so more environmentally friendly renewable
resources are needed [1]. Several studies have developed bio-based polyols derived from
renewable and environmentally friendly raw materials. The sources of polyols currently
being developed are compounds derived from triglycerides and sugars such as glucose,
sucrose, sorbitol, and glycerol, which can be initiators in the synthesis of polyether
polyols. Complete or partial replacement of polymer precursors derived from fossil raw
materials (isocyanates, polyols, and other additives) with bio-based renewable raw
materials is a feasible approach to increase the sustainability of polyol and PU production.
Bio-polyol-based raw materials used in PU synthesis can be derived from natural phenolic
compounds, carbohydrates, and vegetable oils [3]. In addition, tannins also represent
alternative raw materials for bio-based polyols. The content of several functional groups
in tannins, such as hydroxyl, allows tannins to form bonds with other compounds [4]. The
potential application of tannins extracted from Acacia mangium bark for the production of
tannin-based non-isocyanate polyurethane resin (tannin-based Bio-NIPU) needs to be
investigated because mangium is an abundant, fast-growing, and multipurpose tree
species that contains high-quality sources of tannins, so it will not cause competition with
other food crops [5].

Tannins are natural polyphenolic components abundant in plants due to metabolic
growth processes. Tannins have been widely used in various industrial applications, have
higher reactivity than phenols, and can be used as an alternative raw material in bio-PU
synthesis [6,7]. Tannins can be extracted from various plants, such as Acacia mangium.
Tannins are extractive substances usually found in various plant parts, such as fruits,
wood, leaves, and bark. The highest concentration of tannins is found in tree bark [7]. The
extent of mangium plantation forests in Indonesia, which account for approximately 67%
of the total area of mangium plantation forests worldwide, is one of the backgrounds of
this research because the potential of the tree bark for the production of high value-added
products still has not been fully explored due to some drawbacks, such as black coloration.
Many industries need to make better use of tree bark, as it will only become waste.
Therefore, in this study, pulp and paper industry waste in the form of mangium bark was
utilized as a source of tannin extracts in the manufacture of tannin-based Bio-NIPU resins.

On the other hand, the toxicity of isocyanates is also a major challenge associated
with serious human health effects, such as skin, eye, and throat irritation, difficulties
breathing, and cancer. PU non-isocyanate resin synthesis can be performed by using
cyclo-carbonate as an alternative material to replace toxic isocyanate. Two main methods
are used to obtain cyclo-carbonate: the fixation of CO: from the epoxy group and the
reaction between the polyol and dimethyl carbonate. The epoxy ring can be produced by
reactions between polyol hydroxyl groups or double-bond epoxidation reactions so that
any compounds containing both functional groups can be utilized, such as tannins [8-10]
and lignin [11,12], vegetable oils [13], etc. Das et al. (2020) carried out the synthesis of non-
isocyanate PU based on carbonated soybean oil (CSO) and chitosan with the initial
method of epoxidizing soybean oil and then carbonatation via the CO: fixation method,
which then produced CSO, which was then reacted with chitosan as polyamines via a
cross-linking mechanism [13]. Isopropanolamine can also synthesize polyols with high
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hydroxyl values, which are dried and reacted with hexamethylene diisocyanate to
produce bio-PU [14]. However, several studies related to the synthesis of non-isocyanate
polyurethane still need improvement; for example, they do not use environmentally
friendly raw material or produce toxic by-products that need further purification so that
they are less economical. Thus, an alternative is needed in the synthesis of tannin-based
non-isocyanate polyurethane resins. Following the findings reported by Sunija et al. (2014)
and Thébault et al. (2017), the synthesis of bio-PU can be based on the reaction of the
hydroxyl groups of tannin flavonoid units with dimethyl carbonate (DMC), which can
then be reacted again with hexamethylenediamine (HMDA), resulting in a PU structure
[9,15]. Therefore, this study synthesized tannin-based Bio-NIPU resin by reacting tannins
using DMC and HMDA, which are more environmentally friendly, non-toxic, and do not
produce toxic by-products either.

On the other hand, Indonesia has high potential for producing ramie (Boehmeria nivea
(L.) Gaudich) fiber due to the high demand for fiber as an alternative to cotton, superior
varieties of seeds, and ample land for growing ramie. Ramie fiber has good strength and
stiffness properties, decay resistance, and has twice the strength of ordinary wood fiber
[16]. Although ramie fiber has several advantages and is more environmentally friendly
than synthetic fibers, there are also some disadvantages, such as the relatively high water
absorption, which can lead to weak interfacial bonds between the polymer matrix and
fibers, resulting in decreased mechanical properties. In addition, ramie fiber also has
relatively low fire retardancy, so additives such as halogen, nitrogen, and phosphorus-
based compounds are needed to increase its heat resistance in polymer composites [17].
Therefore, this research aimed to modify ramie fiber to increase its resistance to heat by
impregnation using tannin-based Bio-NIPU and compare it with a tannin-based Bio-PU
resin, which still contains isocyanate.

2. Materials and Methods

Mangium bark used in this study (A. mangium, 40-60 mesh) was obtained from
Tanjung Enim Lestari Pulp and Paper Company (Palembang, Indonesia). Aquades,
hydrogen peroxide (7%, Merck, Darmstadt, Germany), isopropyl alcohol 4%, urea 1%,
pMDI (+ 31 NCO content, 99.6% solids content, BASF), dimethyl carbonate (DMC 99%,
Sigma-Aldrich, Hamburg, Germany), and hexamethylenediamine (HMDA, Sigma-
Aldrich, Hamburg, Germany) were bought from a local supplier for the preparation of
tannin-based Bio-PU and Bio-NIPU resins. Degummed ramie fibers were purchased from
CV. Rabersa (Wonosobo, Indonesia).

2.1. Tannin Extraction

Mangium bark was obtained from factory waste. Mangium bark was first pollinated
using a dish mill and hammer mill with a sieve measuring 40 mesh and retaining 60 mesh.
Tannins were produced through an extraction process by the maceration method with a
sample:solvent (aquades) ratio of 1:10. Then, 100 g of mangium bark powder was placed
in a 2 L Erlenmeyer flask, and 1 L of distilled water was added and they were heated at 60
+ 2 °C for 6 h. Furthermore, the extract was squeezed, and the filtrate was collected; the
resulting residue was then redissolved using distilled water with the same ratio of 1:10,
stirred, and reheated at the same temperature and time. This step was repeated until the
extracted filtrate was clear or processed four times. The resulting filtrate was then stored
in a showcase with a temperature ranging from 2 to 8 °C and concentrated using a rotary
evaporator with a vacuum pressure of 74 mbar, a dynamic set of 58 mbar, a temperature
of 60 =2 °C, and a speed of 100 rpm to produce a viscous tannin extract.

2.2. Determination of Tannin Solid Content

The petri dish was placed in the oven at 105 + 2 °C for 4 h. After this, it was placed in
a desiccator for 30 min. The weight of the empty petri dish was determined and recorded.
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Then, 1 g of the viscous tannin extract sample was weighed in a petri dish and placed in
the oven for 3 h at 105 + 2 °C. The sample was placed into the desiccator for 30 min and
weighed again after the oven.

2.3. Preparation of Tannin-Based Bio-PU and Tannin-Based Bio-NIPU Resins

Tannin-based Bio-PU (tannin-based Bio-PU) was prepared by reacting tannin
powder and pMDI. The tannins extracted from hot water were dissolved in a 20% NaOH
solution with a ratio of 1:10 (w/v), and then 80% pMDI, which had been dissolved in
acetone with a NCO/OH mole ratio of 0.3, was added by dripping little by little, and then
polymerized for 5 min. The mixture was stirred mechanically with a stirring speed of 500
rpm. The final polymerization was carried out at room temperature for 30 min, and the
viscosity was measured at room temperature with a rotational rheometer.

Tannin-based Bio-NIPU (Tannin-based Bio-NIPU) was prepared by the reaction
between tannin and DMC with various ratios of tannin:DMC (1:1 and 1:2) at 50 + 2 °C and
stirring for 15 min. HDMA was added to the sample little by little with a sample ratio of
tannin:HMDA (4:1) with a correction factor for the results of the solid content of the
tannin-DMC. The mixture was stirred mechanically with a stirring speed of 500 rpm for
30 min, and its viscosity was measured at room temperature with a rotary rheometer.

2.4. Preparation of Ramie Fiber

Two types of ramie fiber were used, natural ramie fiber and pre-treated ramie fiber.
Natural ramie fiber (RN) was degummed ramie fiber, while pre-treated ramie fibers (RH)
were prepared by soaking in H20O2 and isopropyl alcohol. The first stage was soaking in a
mixture of 7% H20:2 and 1% urea at 85 °C for 60 min. The second stage was soaking at the
same temperature and duration in 4% isopropyl alcohol.

2.5. Impregnation of Ramie Fiber with Tannin-Based Bio-PU and Tannin-Based Bio-NIPU
Resins

Natural ramie fiber (RN) and H20: (RH202) treated ramie fiber were impregnated
with tannin-based Bio-PU and tannin-based Bio-NIPU resins, respectively. Impregnation
was conducted in a 1 L vacuum chamber with a 2-stage vacuum pump (VC0918SS,
VacuumChambers.ue., Biatystok, Poland). The initial weight of flax fiber was recorded
before vacuum impregnation. Each sample of 3 g of ramie fiber was soaked in 30 mL of
tannin-based Bio-PU and tannin-based Bio-NIPU resins impregnated at 27 + 2 °C under
50 kPa pressure for 1 h. The impregnated fiber was then dried at room temperature 25 + 2
°C for 24 h. Dry ramie fibers were weighed to determine the weight gain after
impregnation. Weight gain (%) was calculated by dividing the difference in ramie fiber
mass after and before impregnation by the initial ramie fiber mass. The impregnated ramie
fibers were then stored in zip-lock plastic bags for further testing [18].

2.6. Characterization of Viscous Tannin Extracts, Tannin-Based Bio-PU, and Tannin-Based Bio-
NIPU Resins

FTIR (Spectrum Two, Perkin Elmer, MA, USA) with the Universal Attenuated Total
Reflectance (UATR) method was used to analyze the functional groups of each sample.
The average accumulation was recorded in as many as 16 scans at a resolution of 4 cm-!
with wavenumbers ranging from 4000 to 400 cm-. Measurements were made at a
temperature of 25 + 2 °C. Thermogravimetric analysis was performed using a TGA
instrument (TGA 4000, Perkin Elmer, MA, USA) to determine the heat stability of the
samples. First, 20 mg of each sample was weighed into a standard ceramic crucible and
heated in a nitrogen atmosphere at a 20 mL/min flow rate. The temperature used in
heating ranged from 25 to 750 °C with a heating rate of 10/min. Percent weight loss, weight
loss rate, and residue were analyzed with the help of Pyris 11 software (Version
11.1.1.0492, Pyris, MA, USA). A rotational rheometer was used for viscosity analysis. Here,
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20 mL of each sample was placed into a special measuring cup (C-CC27, Anton Paar,
Buchs, Austria) and positioned on a rotational rheometer (RheolabQC, Anton Paar, Buchs,
Austria). Viscosity measurements were carried out with spindle CC no. 27 with a constant
shear rate of 250/s at 25 °C for 120 s to determine the average viscosity. Viscosity results
were displayed with the RheoCompass app (Version 1.33, Anton Paar, Buchs, Austria).

2.7. Examination of Ramie Fiber Properties

The diameter of each ramie fiber was measured using ten fibers. The measurement
was conducted with a light microscope (BX63, Olympus, Tokyo, Japan) and imaging
software (Labspec 6, Horiba, Kyoto, Japan). The weight gain of ramie fibers was calculated
by dividing the post-impregnation mass of ramie fibers by the initial mass of ramie fibers.
Using FTIR spectroscopy (SpectrumTwo, Perkin Elmer Inc., Hopkinton, MA, USA)
coupled with the UATR method, similar to viscous tannin extracts, tannin-based Bio-PU,
and tannin-based Bio-NIPU resins, was used to investigate the changes in the functional
groups of the original and impregnated ramie fibers. Thermogravimetric analysis of RN
and RH fibers before and after impregnation was performed using a TGA instrument
(TGA 4000, Perkin Elmer, MA, USA). Here, 20 mg of ramie fiber was weighed into a
standard ceramic crucible and heated in a nitrogen atmosphere at a 20 mL/min flow rate.
The temperature used in heating ranged from 25 to 750 °C with a heating rate of 10/min.
Percent weight loss, weight loss rate, and residue were analyzed with the help of Pyris 11
software (Version 11.1.1.0492, Pyris, MA, USA). Tests for the tensile strength of RN and
RH fibers before and after impregnation were carried out based on the ASTM D 3379-75
standards using UTM [19]. The specimens used were single fibers separated from strand
bonds. The specimen length was between 20 and 30 mm, and the overall fiber length was
approximately three times the length of the specimen. The specimens were tested with a
loading of 5000 N and a crosshead speed of 1 mm/min. The test was conducted in a room
with a temperature of 25 + 2 °C.

3. Results and Discussion
3.1. Characteristics of Mangium Powder and Tannin Viscous Extract

The characteristics of mangium powder and tannin extract include the water content
of mangium powder, solid content, and yield (Table 1). The moisture content of mangium
bark powder used for tannin extraction was determined by measuring the weight of free
water that was evaporated and was not tightly bound in the material network using heat.
The water content of the resulting mangium bark powder was 5.47 + 0.13% (Table 1); this
water content was lower than the water content reported in the study by Mutiar et al.
(2019) of 16.76 + 1.61% and the water content in Liu et al.’s research (2020) of 10.1% [20,21].
The water content can reveal the resistance and the best storage technique of the material
to minimize the influence of microorganism activity. The low water content in the material
makes the material more resistant to the activity of microorganisms or fungi during
storage, because water can be a medium for microbial growth and other chemical
reactions [22,23]. The mangium bark powder was used as a tannin extraction material
using the maceration method with hot water. The maceration method was chosen because
it is simpler and cheaper but requires many solvents. Maceration is more effective because
tannins are extractive substances limited to settling in the cell cavities without forming
chemical bonds with other wood cell wall constituent components, such as lignin,
cellulose, and hemicellulose. Therefore, extractive substances are more accessible than
other components and do not require more complicated extraction methods. In addition,
the solvent selection used in the extraction process here uses water compared to organic
solvents due to cost considerations and environmental impacts. Using organic solvents in
large quantities is not only uneconomical but can also be harmful to the environment if
the waste is not managed properly, so the use of water with a temperature of 60-70 °C
was selected as the optimal choice for extraction in this study. The hot water used will
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penetrate the cell wall and enter the cell cavity, which contains extractive substances
(tannins), so that the tannins will dissolve due to the difference in the concentration of the
active substance solution inside the cell with the solution outside the cell, and the solution
will be pushed out. There are two stages in the extraction process: the first stage is an
osmosis process performed in a short time, and the second stage is an osmosis and
diffusion process that coincides [24]. Cuong et al. (2020) stated that the use of high
temperatures in the extraction process could optimize the yield obtained, due to the
possibility of decomposition of proteins and cell structures during the heating process, so
it is hoped that the bonds of tannins with proteins can be optimally broken and increase
the yields of tannin extracts [24].

Table 1. Characteristics of extracted tannins.

Parameter Result Reference
Moisture content of Acacia mangium (%) 547 +0.13 16.7 [20]
Yield of viscous tannin extracts (%) 26.43 +1.36 18.0 [25]
Solid content (%) 93.46 +0.41 89.8 [21]

The yield percentage of tannin viscous extract in this study was 26.43 + 1.36%; the
results of the study on the tannin extract yield showed that the amount of hot water-
soluble extractive from mangium bark used was greater than that of Sosuke et al. (2003)
of 18% with the same ratio of powder:solvent used, namely 1:10 [25]. This difference could
be due to the age of the wood used, so the older the plant, the higher the extractive content
[26]. However, this study could not prove this directly due to the absence of plant age
data. In addition, the content of extractive substances can also be affected by the location
and environmental conditions in which the plants grow, so the yields obtained vary (Table
1). The extractive yield in this study was a brownish viscous filtrate, which was then
determined for its solid content, which was 93.46 + 0.41% (Table 1). The solid content
obtained was higher when compared to the results of the study by Liu et al. (2020), which
was 89.8% [21]. Solid content is an essential parameter in resin synthesis, which can affect
the drying time, the effect of moisture on the impregnation medium, and the weight gain
of the media used after being impregnated with resin. The high content of solids or tannins
(<50%) may indicate that tannins have potential as a modification material for
polyurethane resins, replacing commercial polyol structures to form urethane bonds. The
tannin solid content can affect the distribution of the resin and the formation of a resin
layer during the impregnation process, so it has a vital role in the application of the
impregnation process. The low solid content of tannins can result in the resin not being
successfully synthesized because the water content is too high, so too much moisture must
be removed during the resin synthesis. In addition, it can also affect the absorption and
adhesion of the resulting resin when it is used as an impregnant; the resin will quickly
detach or leach so that the bond formed is unstable between the impregnant and the
impregnation medium. The high solid content of tannin as a resin synthesis material can
cause an increase in the viscosity value of the resin so that when the resin is used as an
impregnant, it can increase the percentage of weight gain in the impregnation medium
used [27]. This is caused by the large chemical structure of polyphenol tannins, so the
viscosity and solid content of the resulting resin also increase [28].

Confirmation of the tannin in solid and viscous liquid using FTIR produced the
spectrum shown in Figure 1la. The characteristic spectrum of tannins from mangium
showed the presence of several absorption bands at specific wavenumbers. Indirectly, the
two spectra have almost the same absorption bands, but the absorption peaks in solid
tannins are sharper and more visible than in the viscous liquid form. The absorption peak
at wavenumber 3325-3300 cm™ indicated absorption from the vibrational strain of the -
OH group [29], and the broad peak indicated the presence of hydrogen bonds formed [15].
The presence of the -OH absorption peak was due to the water content contained in the
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viscous tannin extract because the solid content contained was 93.0%, so it can be
ascertained that there was a water content of 7.0%. Then, at wavenumber 2840 cm, it
showed a C-H stretching vibration from the -CHz and -CHs bonds in the ester group [18].
In addition, the absorption peak at 2135 cm™ indicated stretching of the C-H bonds of the
aromatic components originating from the tannin structure. It is also reinforced by an
absorption band at wavenumber 1600 cm™, which is the vibration of the tannin structure’s
aromatic ring strain [30]. This is in agreement with Thebault’s research (2017), which
stated that the stretching vibration of the C-H bond from the methyl, methyl, and aromatic
methylene groups, as well as the stretching of the C-O bond from the ester group at
wavenumbers 1630-1600 cm™, led to the formation of a strong resonance on the tannin
aromatic ring [9]. The spectrum of the tannin extract also showed absorption bands at
wavenumbers 1455 cm™ and 1034 cm™, respectively, indicating the presence of a methyl
bond (C-H strain from the methylene group) and C-O-C ester bonds in the heterocyclic
ring of the flavonoid group [18].
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Figure 1. Properties of tannin extract: (a) FTIR (b) TGA/DTG.

The thermal stability of tannins was determined based on the TGA/DTG thermogram
analysis shown in Figure 1b. The TGA/DTG thermogram analysis of tannins was
determined under a nitrogen atmosphere and can show the relationship between the mass
change or tannin degradation and a given temperature increase. The tannin
decomposition process occurred in two stages; the first stage was the process of water
evaporation and the second, more significant stage, was the tannin degradation stage.
Tannins lost weight by 10% at 109.9 °C, which can be attributed to the loss of absorbed
moisture or the occurrence of water evaporation processes but does not involve the
degradation of the tannin structure [31]. Based on these results, the tannins produced in
this study were more stable when compared to tannins from cashew seeds, which
experienced a weight loss of +10% at a lower temperature range, namely 29.5-60.0 °C [32].
Around 25% weight loss occurred at 311.6 °C, while, at 562.2 °C, a 50% weight loss
occurred due to the decomposition of the aromatic rings and it had a decomposition peak
at 744.4 °C with a residue level of 37.6%. The stability of the tannins produced in this study
was better when compared to tannins from pomegranate barks, which began to
decompose at 149.0 °C with a residue level of 36.4%. This could be due to the more
significant amount of carbohydrate content in pomegranate bark extract, mainly due to
the presence of sugar in the resulting tannin structure, so that the tannin from mangium
bark is more thermally stable with a residue level of 37.6% [30]. This shows that the
thermal stability properties of tannin extracts vary depending on the plant source and the
extraction process used. The existence of an aromatic structure in a complex tannin extract
causes high heat resistance, so tannins can be used as an alternative to polyols in
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synthesizing polyurethane resins with high-temperature applications due to the presence
of complex aromatic structures and cross-links formed during the synthesis process.

3.2. Characteristic of Tannin Bio-PU and Tannin Bio-NIPU Resins

Figure 2a shows that the tannin extracts, pMDI, and tannin-based Bio-PU samples
had peak intensity at wavenumbers 3800-300 cm-!, a hydroxyl group strain vibration [29].
The broad peak shown indicated the presence of hydrogen bonds that may occur due to
the existence of polyphenols and polysaccharides in the tannin extract, which can also
come from NaOH, which is used as a solvent in the synthesis of tannin-based Bio-PU
[15,18]. The results showed two absorption bands at wavenumbers 2920 cm™' and 2840
cm-!, which were C-H stretching vibrations of the -CH2 and -CHs bonds of the esterified
product in the three types of samples, although there was a shift in the tannin extract
samples [29]. Furthermore, in the tannin extract, there was also an absorption peak at
wavenumber 1600 cm™, indicating a vibrational strain from the aromatic ring of the tannin
structure [30]. The pMDI spectrum resulted in a strong absorption peak at 2240 cm-,
characteristic of the N=C=O stretching of the isocyanate groups. The absorption bands
1765 cm and 1710 cm™, respectively, showed strong C=O elongation of carboxylic acids
and C=0 stretching of aliphatic ketones. In addition, vibrational strains of the N-O and O-
H bending groups of the carboxylate groups occurred at wavenumbers 1515 and 1425 cm-
1, respectively. Tannin-based Bio-PU showed a shift in the absorption band at
wavenumber 1615 cm™' (urethane bond), which indicated that the resin was successfully
synthesized due to the C=O bond of the polyurethane amide, as confirmed by the presence
of an absorption band appearing in the fingerprint area of 810 cm-! according to C-H
bending [21].
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Figure 2. Spectra FTIR of tannin-based Bio-PU (a); tannin-based Bio-NIPU (b).

Figure 2b provides a typical spectrum of the tannin-based Bio-NIPU synthesis
process. The synthesis of tannin-based Bio-NIPU uses dimethyl carbonate and
hexamethylenediamine to form the characteristic polyurethane group, NCO-OH
(urethane). The mechanism for the formation of tannin-based Bio-NIPU consisted of two
stages; the first one was by reacting a viscous tannin extract with DMC so that carbonated
tannin could be obtained, where the spectrum can be seen in the tannin-DMC section.
Several new absorption peaks appear when tannins are carbonated, both on the viscous
tannin extract and tannin-DMC, which had absorption peaks at wavenumbers 3360-3325
cm-! (OH strain vibration). Nonetheless, there was a shift in tannin-DMC due to the
reaction between the viscous tannin extract and dimethyl carbonate. There was a
stretching vibration of the C-H bond from the methyl group, methylene aromatic, and
stretching of the C-O ester at wavenumbers 1637-1631 cm-!, resulting in a resonance
process in the aromatic ring [9]. Alkane functional groups in the structure of viscous
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tannin extract, tannin-DMC, and tannin-based Bio-NIPU can be confirmed by the
absorption peak at wavenumber 1455 cm (C-H bending vibration of the methylene
group). The characterizing group for the type of viscous tannin extract was found in the
absorption band 1338 cm-! (OH bending vibration of the phenolic group) and 1162 cm™!
(straining vibration C-O ester), which can prove that the tannin used is a derivative of
gallic acid (a monomer of hydrolyzed tannin). A new absorption band at wavenumber
1752 em™ (carbonyl group) in tannin-DMC indicated a tannin carbonation reaction. The
intensity of the hydroxyl groups in tannin-DMC also decreased due to the response of any
hydroxyl groups in tannin with DMC [33,34]. Absorption bands of 1637 cm™ (strain
vibration of the aromatic ring) and 1275 cm™ with high-intensity absorption peaks
(straining vibrations of the C-O ester group) were reinforced by absorption bands found
in the fingerprint region, indicating that the reaction between tannins and DMC causes
tannins to be carbonated and undergo fragmentation. The second stage of the tannin-
based Bio-NIPU synthesis was reacting with the electropositive carbonyl group to bind to
the amine group and form a urethane group. In tannin-based Bio-PU, the group comes
from isocyanate (pMDI) used in the synthesis process. There was a new absorption band
at wavenumber 2853 cm™' (methylene C-H stretching vibration of the ester product) [29].
The absorption peak is 1643 cm-! (CO group and vibration from the amide group),
indicating a polymerization reaction in forming urethane bonds [9]. The tertiary alcohol
group of the resin is confirmed from wavenumber 1156 cm'. The opening of the C-O-C
ether bond occurred in the group heterocyclic ring tannin flavonoids shown in the
absorption bands at 1018 and 1029 cm' due to the formation of new bonds due to the
reaction process between tannins and DMC and HMDA, resulting in the stretching of the
main hydroxyl groups in carbohydrates shown at wavenumber 1105 cm~'[9].

Based on the two types of FTIR functional group analysis, it can be shown that the
viscous tannin extract had a hydroxyl group, which can serve as an alternative to polyol
to bind to the isocyanate group of the pMDI used to produce a urethane identifying group
(tannin-based Bio-PU). However, it is still toxic and not environmentally friendly, so the
isocyanate material based on the FTIR results above can be confirmed to be substituted
using DMC material to produce carbonated tannins as a carbonyl source to bind with the
amine group of HMDA to obtain the desired identifying group at the end of the synthesis,
namely the urethane group (NCO). Figures 3 (tannin-based Bio-PU) and 4 (tannin-based
Bio-NIPU) show the possible reaction schemes for the two types of resin.
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Figure 3. Possible reactions of tannin-based Bio-PU.

Figure 4. Possible reactions of tannin-based Bio-NIPU.

Because the resulting tannin-based Bio-PU and tannin-based Bio-NIPU resins will be
applied as fiber modification materials through an impregnation process, viscosity data
and cohesive strength are required. The obtained viscosity and cohesion strength data can
be compared in Figure 5. Viscosity is an important characteristic because it relates to the
viscosity of a liquid, which can affect fluid flow when applied as an impregnation material
into fibers. The greater the viscosity value produced, the greater the thickness of a
material, so it will be more difficult for the material to flow due to the slow movement of
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the sample liquid particles. At the same time, the cohesive strength is vital to see the
internal strength of the resin due to interactions between materials that bond together [35].
The bond between the resin and the fiber used later will tend to be weaker if there is
cohesion damage or internal damage to the resin itself; therefore, this test is essential to
analyze. Figure 5 shows that each sample’s viscosity and cohesive strength have a positive
correlation, where the viscous tannin extract has the lowest viscosity and cohesive
strength values, followed by tannin-based Bio-NIPU and the highest tannin-based Bio-
PU. The tannin viscosity was 1.60 mPa-s, while tannin-based Bio-NIPU (20.35 mPa-s) and
tannin-based Bio-PU (42.70 mPa-s) (Figure 5a) differed. This was due to a more complex
bonding interaction in tannin-based Bio-NIPU and tannin-based Bio-PU compared to
tannins due to using other mixed materials when synthesizing the two resins. The higher
viscosity value of the tannin-based Bio-PU resin compared to tannin-based Bio-NIPU was
due to the use of pMDI in tannin-based Bio-PU, which had a reasonably high viscosity.

The high viscosity value of the resin will affect the impregnation process that is
carried out later; if the resin viscosity value is too high, it can result in the resin only
sticking to the surface of the fiber, not being absorbed and bonding with the fiber
components ideally, because the viscosity value is proportional to the cohesion strength
value. Cohesion strength is also determined from the chemical composition of the
resulting resin due to its interaction and molecular strength. The cohesive strength of the
two resins is higher when compared to the viscous tannin extract due to the formation of
cross-links in both short-chain and long-chain molecular bonds and the formation of
three-dimensional networks in the resin molecular chains that occur during the
polymerization process. The cohesion strength of the viscous tannin extract (0.40 Pa),
tannin-based Bio-NIPU (5.08 Pa), and tannin-based Bio-PU resin (10.67 Pa) is presented in
Figure 5b. The viscosity and cohesive strength values of tannin-based Bio-PU tend to
fluctuate due to using pMDI, which hardens quickly. Thus, the viscosity and cohesive
strength decreased at the end of the testing compared to at the start. The reaction
temperature can affect the value of cohesion strength; the higher the temperature used,
the higher the cohesive strength.
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Figure 5. Physicochemical properties: (a) viscosity; (b) cohesion strength properties.

The thermal stability of the two resins was evaluated based on the thermogram
results in Figure 6. The initial weight loss of tannin-based Bio-PU occurred at a
temperature of 96.5 °C, caused by the evaporation of water and chemicals in the tannins
[36]. At 100 °C, the weight loss of tannin-based Bio-PU resin is 0.40 %/ °C. The weight loss
at around 280.0 °C reached approximately 0.20 %/ °C, which indicated the decomposition
process of the urethane bond contained in the resin. Further oxidative degradation of
urethane occurs at around 450.0 °C with a minimal weight loss of only ~0.02%/ °C [37].
The degradation of the polymer’s three-dimensional structure, the decomposition of
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aromatic tannin rings, and the main oxidative processes of tannins occurred at
temperatures above 450.0 °C [37-39]. The residue of the tannin-based Bio-PU resin was
64.7%, and there was only a weight loss of around 35.3%; this was due to the use of pMD]I,
a type of thermosetting resin.
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Figure 6. TGA/DTG curves of tannin-based Bio-PU and Bio-NIPU.

On the other hand, for the tannin-based Bio-NIPU resin, the initial weight loss
occurred at a temperature of 201.1 °C; this temperature was higher than that of the tannin-
based Bio-PU resin, which was due to the process of evaporation of water and the
chemicals contained therein, which did not form bonds intensely during the
polymerization process [40]. The most significant degradation occurred at a temperature
range of 450.0 °C with a decrease in the weight of the resin reaching 1.20%/ °C. This was
due to the degradation process of the urethane bonds in the resin; temperatures above
450.0 °C only resulted in a relatively small weight loss, around 0.03%, indicating the
presence of decomposition of the aromatic ring of tannins.

3.3. Characteristics of Ramie Fiber

The different types of ramie fiber used are ramie fiber without treatment and ramie
fiber that has undergone a pre-treatment using H202, so that the fiber becomes softer and
has a lighter color. However, based on the FTIR spectrum (Figure 7), it can be confirmed
that there was no significant difference between the two types of fibers. The result
illustrates that the softening process did not significantly change the fiber content. Some
of the absorption bands that appeared are the vibrational strain of the hydroxyl group
(3333 cm?), and the absorption band at wavenumber 2898 cm-! showed the vibrational
strain of the methyl group from the chemical components of cellulose and hemicellulose
contained in ramie fiber [18]. Then, in natural ramie fiber (RN), there was a peak of C-H
vibration strain absorption from carbohydrates (1607 cm), while, in pre-treated ramie
(RH), it experienced a shift due to reactions with other chemicals when the fiber softening
process was carried out, which was at the wavenumber of 1635 cm~'. Then, both RN and
RH fibers showed absorption peaks, including vibrational strains from the carbonyl and
hydroxyl groups of polysaccharides or cellulose fibers (1028 cm-).
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Figure 7. Typical FTIR spectra of different types of ramie fiber.

The impregnation technique was carried out to incorporate resin material into ramie
fiber, aiming to improve the ramie’s thermal and mechanical properties and compare the
ramie before and after impregnation. FTIR analysis was performed to confirm the
functional groups of ramie before and after impregnation with each type of resin and
different ramies for 1 h. Figure 8 shows the functional group analysis of natural ramie
(RN) impregnated with two different resin types. Natural ramie (RN) impregnated with
tannin-based Bio-PU (RN tannin-based Bio-PU) and tannin-based Bio-NIPU (RN tannin-
based Bio-NIPU) had a new absorption peak at wavenumber 2940 cm-' that indicated the
presence of N-H groups, because the resin used for impregnation penetrated well into the
RN ramie. The carbonyl group was also confirmed at the absorption band of 1700 cm™" in
tannin-based Bio-PU RN, and a shift occurred at 1688 cm™, indicating a bond between the
RN ramie and the resin. Wavenumber 1515 cm™' indicated the presence of primary and
secondary C-N amide groups originating from the resin structure, while the vibration of
the C-O group occurs at wavenumber 1260 cm-'. The C-O-C ether bond structure strain
was confirmed from the peak absorption at wavenumber 1030 cm. The NCO group was
established in the range 820-780 cm, indicating that the resin had successfully permeated
and bonded with the hydroxyl groups in the ramie to form a urethane bond.
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Figure 8. FTIR spectra of impregnated natural ramie.

Figure 9 shows the FTIR spectrum of ramie pre-treated (RH) before finally being

impregnated with tannin-based Bio-PU and tannin-based Bio-NIPU resins. There were
absorption peaks that appeared as in RN tannin-based Bio-PU and RN tannin-based Bio-
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NIPU, such as at 2942 cm!, which indicated the stretching of the amine groups of the resin
impregnated into the ramie. Stretching the methyl groups of carbohydrates (1689 cm),
the activity of the C-N groups was derived from the amide in the resin used (1528-1313
cm™). The wavenumbers 1260-1104 cm' had absorption peaks from the C-O vibrations of
tannin-based Bio-PU and tannin-based Bio-NIPU. There was also stretching of the C-O-C
ether bond at wavenumber 1052 cm-'. Figures 8 and 9 show that pre-treatment of ramie
did not change its ability to absorb resin during the impregnation process; even the RH
tannin-based Bio-NIPU tended to give a higher intensity of absorption peaks when
compared to RN tannin-based Bio-NIPU. In addition, it can also be confirmed that based
on the functional group analysis carried out, the absorption peaks between the two types
of resin were almost the same. There was no significant difference because there was still
a typical absorption peak as a marker for the presence of urethane groups in the two types
of resin applied to the ramie. Therefore, it can be concluded that tannin-based Bio-NIPU
resin can be an alternative to isocyanate (pMDI) in commercially used synthetic
polyurethane resins. The reaction mechanism between the ramie that binds the resin
during the impregnation process can be seen in Figure 10.

1028
1313 §§10 )
1160 10°
1104
2942 {
3333 1528 1260
1082
——RH o 1339
RH TBio-PU 1689
RH TBio-NIPY

T — T T T T T T "
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Figure 9. FTIR spectra of impregnated H20: pre-treated ramie fibers.
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Figure 10. Possible mechanism reaction of ramie with resins.

The stability of the two types of ramie fiber before impregnation was determined
based on the analysis of the TGA-DTG results shown in Figure 11. The weight loss in
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ramie occurs due to the heat given as the temperature increases. The initial process of
water loss in the fiber and the decomposition of components with low molecular weights
started at 25.0-100.0 °C, so the reduction was relatively small. Weight loss of 10% occurred
at RN (289.3 °C) and RH (297.8 °C); then, at temperatures above 300.0 °C, there was a
significant decrease so that the decrease in the TGA thermogram appeared extreme
(Figure 11). Fiber decreased by 25-50% in RN, which occurred at a temperature of 345.0-
367.5 °C, and RH at a temperature of 343.7-359.2 °C, due to the degradation process of
chemical components in the ramie fiber, in the form of lignin, cellulose, and hemicellulose.
Lignin begins to degrade at 280.0-500.0 °C, cellulose glycosidic bonds decompose at
300.0-400.0 °C, and hemicellulose, the chemical component most easily degraded by heat,
degrades at 200.0-290.0 °C [4143]. At temperatures of 360.0-750.0 °C, it was confirmed
that there was a decomposition process of lignin structures with high molecular weights
[39,43]. At the end of the heating process, RN had a residue of 18.9%, while RH was 7.3%.
This shows that RH experienced a more significant reduction in weight up to 92.7%, so,
from the TGA and DTG results obtained from the two types of fiber, it can be concluded
that RN fiber is more resistant and stable to heating than pre-treated ramie fiber (RH).
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Figure 11. TGA/DTG curves of RN and RH.

The thermal stability of RN and RH fibers impregnated with the two types of resins
also decreased in weight (Figures 12 and 13). Two reaction processes occurred based on
the formed thermogram peaks. The initial stage at a temperature of 60-110 °C was
associated with evaporating the water contained in the fiber, with an average decrease of
2.0%/ °C. Extreme peaks marked the following process due to the degradation of large
molecules, namely the chemical content in the fiber, which is a lignocellulosic group at
temperatures above 300.0 °C. In RN fiber after impregnation, there was a weight loss of
50.0% starting from a temperature of 313.1-359.5 °C, while, in RH, it occurred after
impregnation at 329.8-359.7 °C. However, when viewed from the perspective of the
temperature, RH underwent a degradation process at a higher temperature than RN.
Meanwhile, when viewed from the result of total weight loss at the end of the heating
process, RN generally has a smaller weight loss when compared to RH. RN impregnated
with tannin-based Bio-PU resin experienced a total weight loss of 69.4% (30.5% residue),
while RN-Bio-NIPU had a total weight loss of 80.9% with a residue of 19.1% (Figure 12).
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Figure 12. TGA/DTG curves of RN before and after impregnation.

On the other hand, Figure 13 shows that RH impregnated with tannin-based Bio-PU
had a higher residue at the end of the heating process than RH-Bio-NIPU, which had
residues of 24.3% and 16.2%, respectively. Based on these results, it can be concluded that
the determination of thermal stability can be obtained from the amount of weight loss
experienced by each sample and the residue left behind at the end of the heating process.
The thermogram results in Figures 12 and 13 show that RN fiber exhibited better thermal
stability due to the use of H20O2 and isopropyl alcohol (in the pre-treatment of ramie fiber),
which caused a strong oxidation and degradation effect on the cellulose chain because the
two materials used can degrade large molecules into smaller ones, as well as
delignification and gum removal processes. Therefore, the degradation of the fiber
constituent components makes RH’s thermal stability smaller than that of RN without
pre-treatment [44]. In addition, when compared between the two types of resin, tannin-
based Bio-PU resin was characterized by better thermal stability than tannin-based Bio-
NIPU. This was attributed to the use of isocyanate (pMD]) in the synthesis process because
isocyanate offers good thermosetting. Hence, its thermal stability is still higher than that
of non-isocyanate resins. However, the results obtained are only 8.0-10.0% different, so,
taking into account the side effects of using isocyanates in sizeable industrial production,
the use of tannin-based NIPU is still relatively efficient and can be subjected to further
development so that the results of thermal stability are the same or better than for resins
that still contain isocyanates. Based on the analysis of its thermal properties, it can be seen
that the impregnation process can increase the thermal stability of the fiber due to the
excellent process of incorporating the thermosetting resin into the fiber, resulting in the
formation of a bond between the resin and the fiber, which increases the thermal stability
of the impregnated fiber compared to the non-impregnated fiber.
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Figure 13. TGA/DTG curves of RH before and after impregnation.

In addition to confirming the success of the impregnation process through FTIR
analysis, it can also be achieved by calculating the resulting weight gain after the ramie is
impregnated. If the resin has penetrated and bonded well with the chemical components
in the ramie, it is characterized by a high weight gain, and vice versa: a low weight gain
indicates that the impregnation process is not optimal. Table 2 shows the weight gain for
each type of ramie impregnated with the two different resin types. When compared to the
type of resin used, it can be seen that the tannin-based Bio-NIPU resin produced a higher
weight gain when compared to the tannin-based Bio-PU resin when impregnated with
RN (21.2%) and RH (26.5%). This follows the results of the viscosity and cohesive strength,
where the viscosity and cohesion strength values of tannin-based Bio-NIPU are lower than
those of tannin-based Bio-PU. This makes the resin fluid flow easier when impregnated
into ramie fibers, and causes the resin to be adsorbed optimally because of its lower
viscosity.

In contrast, the tannin-based Bio-PU resin, with a higher viscosity and cohesive
strength value, gives high viscosity to resin, which causes the resin flow to be difficult to
absorb into the ramie, and the bond between the resin and the chemical components in
the ramie is not optimal. This resulted in the resin only coating the ramie surface so that
the resin would easily leach. In addition, the weight gain results were also indirectly
confirmed from the FTIR spectra results, where the absorption peak intensity produced
by the tannin-based Bio-NIPU resin was higher than for tannin-based Bio-PU. Besides the
viscosity and cohesion strength, the weight gain results are influenced by the cavity or
ramie diameter and the impregnation time. Furthermore, when compared based on the
type of ramie used, pre-treated RH had a higher average weight gain than RN when
impregnated in tannin-based Bio-PU and tannin-based Bio-NIPU resins (Table 2). The use
of isopropyl alcohol and hydrogen peroxide can reduce the latex content of the ramie
fibers, as well as other non-cellulose degradation due to oxidation, and results in much
softer fibers [44]. Eventually, it is easier to bind and absorb resin materials when
impregnation is carried out for pre-treated ramie fibers (RH).

Table 2. Weight gain of untreated and pre-treated ramie fiber impregnated with different resin

types.
Type of Ramie Fiber Resin Type Weight Gain (%)
. Tannin-based Bio-PU 18.9 +1.49
Ramie without pre-treatment (RN) Tannin-based Bio-NIPU 212 + 358
. Tannin-based Bio-PU 21.1+4.73
Ramie with pre-treatment (RH) )+ 1 ased Bio-NIPU 26,5+ 4.44
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The application of impregnated ramie as a functional textile material causes the need
to test its mechanical properties by analyzing its tensile strength and modulus of elasticity.
Analysis of the mechanical properties of the ramie fiber can be seen in the graph provided
in Figure 14 and Table 3. Based on the graph, the tensile strength of the modified ramie
through the impregnation process had increased compared to the unmodified fiber. Table
3 shows that the highest ramie tensile strength results were obtained from ramie
impregnated using tannin-based Bio-NIPU at RN (451.3 MPa) and RH (426.1 MPa). The
data of the test results showed that the impregnation process and the type of resin and
fiber used had significantly affected the tensile strength of ramie fiber before
impregnation. However, no interaction was found between the two types of factors. The
tensile strength results indicate the ability of the ramie to withstand the longitudinal stress
imposed on the fiber [42].
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Figure 14. Tensile strength of different types of impregnated ramie with different resins.

The increase in the tensile strength value was caused by the abundance of tannin
molecules synthesizing the resin, causing many tannin phenolic OH groups to bond to
form urethane groups. This caused the chain linkages and cross-links in the resin and
ramie, increasing their mechanical strength. The tannin-based Bio-PU resin had lower
tensile strength due to the bulky structure of the pMDI used in making the resin. In
addition, the high reactivity of pMDI causes the resin to harden more efficiently, even at
room temperature, so the bond between tannin-based Bio-PU and the ramie is not
optimal; the resin only sticks to the surface of the ramie. It causes the ramie to become stiff
and easily broken, resulting in low tensile strength. This is in line with the research of Lee
et al. (2020), which stated that the mechanical strength of a material is influenced by its
flexibility, the strength of chain bonds, cross-links, and the number of rigid moieties [45].

Moreover, tensile strength is related not only to the chemical composition of the
ramie but also to its internal structure and morphological characteristics. Ramie has great
cellulose content and a relatively high microfibril angle, resulting in superior tensile
strength to other cellulose ramies [42]. The tensile strength results of the RN fiber type
were higher compared to RH. This makes it possible for the oxidation and degradation
reactions to be too strong due to the use of peroxide in the pre-treatment of RH ramies,
resulting in decreased strength between the bonds and the DP of cellulose contained in
the ramies, causing the ramies to break easily [44].
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Table 3. Summarized results of tensile strength and MOE of ramie fibers.

Ramie Type Resin Type Tensile Strength (MPa) MOE (GPa)
RN 221.63 +30.43 6.68 +0.31
Ramie without pre-treatment (RN) RN-Bio-PU 416.69 +144.71 13.54 +4.34
RN-Bio-NIPU 451.25+132.55 11.74 +10.07
RH 267.57 +119.17 9.14+0.63
Ramie with pre-treatment (RH) RH-Bio-PU 404.94 +154.2 1549 £9.75
RH-Bio-NIPU 426.13 +119.2 6.5+3.08

In addition to tensile strength, the evaluation of mechanical properties can also be
performed by determining the value of the elastic modulus (MOE). Figure 15 and Table 3
show the average MOE results for both types of ramie, RN and RH, impregnated using
tannin-based Bio-PU and tannin-based Bio-NIPU, respectively. It can be seen that RH had
a higher MOE (9.1 GPa) than RN (6.7 GPa); this occurred due to the pre-treatment
performed. After pre-treatment, the ramie became softer and had a higher MOE value due
to the sap removal process. Figure 15 also shows a graph illustrating that impregnation
using the tannin-based Bio-NIPU resin reduced the MOE values of both RN (11.7 GPa)
and RH (6.2 GPa), compared to the use of the tannin-based Bio-PU resin on RN (13.5 GPa)
and RH (11.7 GPa) (Table 3). These results are inversely proportional to the tensile strength
(Figure 14); the inverse effects arise because the resin application process is used for non-
elastic ramie materials, and thermosetting resins also cause the MOE of the ramies to
decrease. However, it is still higher than for the non-impregnated ramies.
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Types of Ramie Fiber

Figure 15. Modulus of elasticity (MOE) of different types impregnated ramie fibers.

4. Conclusions

This study extracted tannin from mangium bark, yielding 26.43%. Then, the extracted
tannins were used to prepare eco-friendly tannin-based Bio-PU and tannin-based Bio-
NIPU resins, both used as impregnants for the modification of ramie fiber. Thermal and
mechanical analysis showed that the tannin-Bio-NIPU and tannin-Bio-PU resins
improved the ramie fiber’s thermal stability from around a residue of 7.3-18.9% to a
residue of 19.1-30.5%, as well as the mechanical characteristics, including tensile strength
(from around 200 MPa to be 451.3 MPa) and MOE (from 6.7 and 9.1 GPa to 13.5 GPa). The
results demonstrated that tannin-based Bio-NIPU resin is a more effective impregnate
than tannin-based Bio-PU resin as the former led to a higher weight gain in ramie fiber,
owing to its lower viscosity and cohesion strength (respectively, 20.35 mPa-s and 5.08 Pa).
Ramie impregnated with tannin-based Bio-NIPU resin exhibited higher tensile strength
(approx. 426.1 to 451.3 MPa). Contrarily, ramie fiber impregnated with tannin-based Bio-
PU resin displayed a better elastic modulus (11.7 to 13.5 GPa). Apart from this, the pre-
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treatment of ramie fiber with H2O: also significantly influenced the properties of the
impregnated fiber. Compared to natural ramie fiber, the pre-treated ramie fiber displayed
lower tensile strength and elastic modulus after impregnation treatment. Both the tannin-
Bio-NIPU and Bio-PU resins can improve the properties of ramie fiber; due to their eco-
friendly characteristics, their industrial potential as a functional material with added value
is promising. For further research, it is necessary to develop Bio-NIPU tannin-based resin
formulations to provide the same or better thermal stability and mechanical strength
results than Bio-PU tannin-based resins. In addition, it is also necessary to develop
optimal pre-treatment formulations in order to obtain softer ramie fibers with good
mechanical properties.

Author Contributions: Conceptualization, M.A.A., M. A.RL. and RK.S.; methodology, M.A.A.,,
M.AR.L. and RK.S.; software, M.A.A.; validation, M.A.RL.,, RKS., AN.P. and P.A.; formal
analysis, M.A.A.; investigation, M.A.A. and R.P.B.L,; resources, M. A.R.L.; data curation, M.A.A.,
A.H.I and E.M.; writing — original draft preparation, M.A.A., M.A.R.L., RK.S. and S.H.L.; writing —
review and editing, P.A.,, AHI, EM,, VS, LK. and ANN.P.; visualization, M.A.A., and EM.;
supervision, M.A.R.L. and R.K.S.; project administration, M.A.R.L. and A.N.P.; funding acquisition,
M.A.R.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Indonesian LPDP-RIIM PRN Project, grant number B-
1726/11.7.5/FR/11/2022, titled “Teknologi Pengembangan Serat Rami Tahan Api Terimpregnasi Resin
Poliuretan Sebagai Bahan Baku Tesktil Fungsional” .

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This research was supported by the integrated Laboratory of Bioproducts
(iLaB), National Research and Innovation Agency, Indonesia. This research was also supported by
the project No. HIMC-B-1215/04.2022 “Properties and application of innovative biocomposite
materials in furniture manufacturing”, carried out at the University of Forestry, Sofia, Bulgaria, and
by the Slovak Research and Development Agency under contracts No. APVV-19-0269 and No. SK-
CZ-RD-21-0100.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Alinejad, M.; Nikafshar, S.; Gondaliya, A.; Bagheri, S.; Chen, N.; Singh, SK., Hodge, D.B.; Nejad, M. Lignin-Based
Polyurethanes : Opportunities for and Adhesives. Polymers (Basel). 2019, 11, 1202.

2. Rosita, G. Perubahan Karakteristik Pembentukan Poliuretan Berbasis HTPB dan TDI Berdasarkan Komposisi Reaksi. ]. Teknol.
Dirgant. 2016, 14, 159-170.

3. Neswati, N.; Novizar, N.; Arif, S.; Yusniwati, Y. Synthesis, Characterization and Modification Of Flexible Polyurethane Foams
Using Raw Materials From Biopolyols Based On Palm Oil And Other Vegetable Oils: A Review. J. Agroindustri 2019, 9, 66-82,
doi:10.31186/j.agroindustri.9.2.66-82.

4. Aristri, M.A,; Lubis, M.A.R.; Yadav, S.M.; Antov, P.; Papadopoulos, A.N.; Pizzi, A.; Fatriasari, W.; Ismayati, M.; Iswanto, A.H.
Recent Developments in Lignin- and Tannin-Based Non-Isocyanate Polyurethane Resins for Wood Adhesives — A Review. Appl.
Sci. 2021, 11, 4242, d0i:10.3390/app11094242.

5. Aristri, M.A,; Lubis, M.A.R; Iswanto, A.H.; Fatriasari, W.; Sari, RK.; Antov, P.; Gajtanska, M.; Papadopoulos, A.N.; Pizzi, A.
Bio-based polyurethane resins derived from tannin: Source, synthesis, characterisation, and application. Forests 2021, 12, 1-23,
doi:10.3390/f12111516.

6.  Finch, C.A. Wood adhesives: Chemistry and technology. Br. Polym. ]. 1984, 16, 324-324, doi:10.1002/pi.4980160434.

7.  Valenzuela, J.; Leyser, V.E.; Pizzi, A.; Westermeyer, C.; Gorrini, B. Industrial production of pine tannin-bonded particleboard
and MDF. Eur. J. Wood Wood Prod. 2012, 70, 735-740, doi:10.1007/s00107-012-0610-2.

8.  Thébault, M,; Pizzi, A.; Essawy, H.A.; Barhoum, A.; Van Assche, G. Isocyanate free condensed tannin-based polyurethanes. Eur.
Polym. |. 2015, 67, 513-526, d0i:10.1016/j.eurpolym;.2014.10.022.

9.  Thébault, M,; Pizzi, A.; Santiago-Medina, F.]J.; Al-Marzouki, F.M.; Abdalla, S. Isocyanate-Free Polyurethanes by Coreaction of

Condensed Tannins with Aminated Tannins. J. Renew. Mater. 2017, 5, 21-29, doi:10.7569/JRM.2016.634116.



Polymers 2023, 15, 1492 21 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Esmaeili, N.; Zohuriaan-Mehr, M.J.; Salimi, A.; Vafayan, M.; Meyer, W. Tannic acid derived non-isocyanate polyurethane
networks: Synthesis, curing kinetics, antioxidizing activity and cell viability. Thermochim. Acta 2018, 664, 64-72,
doi:10.1016/j.tca.2018.04.013.

Janvier, M.; Ducrot, P.H.; Allais, F. Isocyanate-Free Synthesis and Characterization of Renewable Poly(hydroxy)urethanes from
Syringaresinol. ACS Sustain. Chem. Eng. 2017, 5, 8648-8656, d0i:10.1021/acssuschemeng.7b01271.

Yamini, G.; Shakeri, A.; Zohuriaan-Mehr, M.].; Kabiri, K. Cyclocarbonated lignosulfonate as a bio-resourced reactive reinforcing
agent for epoxy biocomposite: From natural waste to value-added bio-additive. J. CO2 Util. 2018, 24, 50-58,
doi:10.1016/j.jcou.2017.12.007.

Das, A.K; Islam, M.N.; Faruk, M.O.; Ashaduzzaman, M.; Dungani, R. Review on tannins: Extraction processes, applications
and possibilities. South African ]. Bot. 2020, 135, 58-70, doi:10.1016/j.sajb.2020.08.008.

Miao, S.; Zhang, S.; Su, Z.; Wang, P. Synthesis of bio-based polyurethanes from epoxidized soybean oil and isopropanolamine.
J. Appl. Polym. Sci. 2013, 127, 1929-1936, d0i:10.1002/app.37564.

Sunija, A.J.; Ilango, S.S.; Kumar, K.P.V. Synthesis and characterization of bio-based polyurethane from benzoylated cashewnut
husk tannins. Bull. Mater. Sci. 2014, 37, 735-741, d0i:10.1007/s12034-014-0665-2.

Twite, E.K.; Mechraoui, A.; Rodrigue, D. Rheological properties of polypropylene/hemp fiber composites. Polym. Compos. 2009,
30, 1401-1407, d0i:10.1002/pc.20704.

Bachtiar, E.V.; Kurkowiak, K.; Yan, L.; Kasal, B.; Kolb, T. Thermal stability, fire performance, and mechanical properties of
natural fibre fabric-reinforced polymer composites with different fire retardants. Polymers (Basel). 2019, 11,
d0i:10.3390/polym11040699.

Aristri, M.A.; Lubis, M.A.R.; Laksana, R.P.B.; Sari, R.K,; Iswanto, A.H.; Kristak, L.; Antov, P.; Pizzi, A. Thermal and mechanical
performance of ramie fibers modified with polyurethane resins derived from acacia mangium bark tannin. J. Mater. Res. Technol.
2022, 18, 2413-2427, doi:10.1016/j.jmrt.2022.03.131.

ASTM D 3379-75 Standard Test Method for Tensile Strength and Young's Modulus for High-Modulus Single-Filament
Materials. ASTM Int:WestConshohocken.PA.USA. 2000, 75, 1-5.

Mutiar, S.; Kasim, A.; Emriadi; Asben, A. Quality of Leather Using Vegetable Tannins Extract of Acacia Mangium Bark from
Waste of Industrial Plantation. IOP Conf. Ser. Earth Environ. Sci. 2019, 327, doi:10.1088/1755-1315/327/1/012012.

Liu, J.; Wang, L.; Li, J; Li, C; Zhang, S.; Gao, Q.; Zhang, W.; Li, ]J. Degradation mechanism of Acacia mangium tannin in
NaOH/urea aqueous solution and application of degradation products in phenolic adhesives. Int. |. Adhes. Adhes. 2020, 98,
102556, doi:10.1016/j.ijjadhadh.2020.102556.

Labbé, N.; De Jéso, B.; Lartigue, ].C.; Daudé, G.; Pétraud, M.; Ratier, M. Moisture content and extractive materials in maritime
pine wood by low field 1H NMR. Holzforschung 2002, 56, 25-31, doi:10.1515/HF.2002.005.

Putra, B.R,; Aristri, M.A.; Rohaeti, E.; Wahyuni, W.T. Development of Differential Pulse Anodic Stripping Voltammetry
Technique for Cadmium(ll) Detection and Its Application in Water Spinach. Indo. |. Chem. Res 2021, 9, 111-117,
doi:10.30598//ijcr.2020.9-riz.

Cuong, D.X.; Hoan, N.X,; Dong, D.H.; Thuy, L.T.M.; Van, T.N.; Thai, H.H.; Dang, T.C.; Thanh, T.; Xuan, D. Tannins: Extraction
from Plants. In Tannins - Structural Properties, Biological Properties and Current Knowledge; IntechOpen, 2020; p. 21,
doi:10.5772/intechopen.86040.

Sosuke, O.; Susanti, C.M.E.; Yano, H. Mechanical Condensation of Tannin in Acacia mangium Bark. Wood Res. 2003, 1, 23-24,
http://hdl.handle.net/2433/53096.

Komarayati, S.; Setiawan, D.; Nurhayati, T. Analisis Kimia dan Destilasi Kering Kayu Karet. |. Penelit. Has. Hutan 1995, 13, 1-8,
doi:10.20886/jphh.1995.13.1.1-8.

Xiao, G; Liang, J.; Li, D.; Tu, Y.; Zhang, B.; Gong, F.; Gu, W.; Tang, M.; Ding, X.; Wu, Z,; et al. Fully Bio-Based Adhesive from
Tannin and Sucrose for Plywood Manufacturing with High Performances. Materials (Basel). 2022, 15, d0i:10.3390/ma15248725.
Cardona, F.; Sultan, M.T.H. Characterization of environmentally sustainable resole phenolic resins synthesized with plant-
based bioresources. BioResources 2016, 11, 965-983, doi:10.15376/biores.11.1.965-983.

Selladurai, A.; Kathiresapillai, V. Modification of Tannin extracted from the bark of Acacia auriculiformis for the antibacterial
activity and application of metal adsorption Modification of tannin extracted from the bark of Acacia auriculiformis for the
antibacterial activity and applicati. 2017, d0i:10.4038/rjs.v8i2.30.

Amari, M.; Khimeche, K.; Hima, A.; Chebout, R.; Mezroua, A. Synthesis of green adhesive with tannin extracted from eucalyptus
bark for potential use in wood composites. J. Renew. Mater. 2021, 9, 463—475, doi:10.32604/jrm.2021.013680.

Lisperguer, J.; Saravia, Y.; Vergara, E. Structure and thermal behavior of tannins from Acacia dealbata bark and their reactivity
toward formaldehyde. J. Chil. Chem. Soc. 2016, 61, 3188-3190, doi:10.4067/S0717-97072016000400007.

Viswanath, V.; Leo, V.V.; Sabna Prabha, S.; Prabhakumari, C.; Potty, V.P.; Jisha, M.S. Thermal properties of tannin extracted
from Anacardium occidentale L. using TGA and FT-IR spectroscopy. Nat. Prod. Res. 2016, 30, 223-227,
do0i:10.1080/14786419.2015.1040992.

Khundamri, N.; Aouf, C.; Fulcrand, H.; Dubreucq, E.; Tanrattanakul, V. Bio-based flexible epoxy foam synthesized from
epoxidized soybean o0il and epoxidized mangosteen tannin. Ind. Crops Prod. 2019, 128, 556-565,
doi:10.1016/j.indcrop.2018.11.062.

Liao, J.; Brosse, N.; Pizzi, A.; Hoppe, S.; Zhou, X.; Du, G. Characterization and 3D printability of poly (lactic acid)/acetylated
tannin composites. Ind. Crops Prod. 2020, 149, 112320, d0i:10.1016/j.indcrop.2020.112320.



Polymers 2023, 15, 1492 22 of 22

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

von Fraunhofer, J.A. Adhesion and Cohesion. Int. |. Dent. 2012, 2012, 1-8, d0i:10.1155/2012/951324.

Lubis, M.A.R.; Handika, S.O.; Sari, RK_; Iswanto, A.H.; Antov, P.; Kristak, L.; Lee, S.H.; Pizzi, A. Modification of Ramie Fiber
via Impregnation with Low Viscosity Bio-Polyurethane Resins Derived from Lignin. Polymers (Basel). 2022, 14, 2165,
d0i:10.3390/polym14112165.

Wang, Y.-Y.; Wyman, C.E.; Cai, C.M.; Ragauskas, A.J. Lignin-Based Polyurethanes from Unmodified Kraft Lignin Fractionated
by Sequential Precipitation. ACS Appl. Polym. Mater. 2019, 1, 1672-1679, d0i:10.1021/acsapm.9b00228.

Chattopadhyay, D.K.; Webster, D.C. Thermal stability and flame retardancy of polyurethanes. Prog. Polym. Sci. 2009, 34, 1068—
1133, doi:10.1016/j.progpolymsci.2009.06.002.

Handika, 5.0.; Lubis, M.A.R;; Sari, R.K,; Laksana, R.P.B.; Antov, P.; Savov, V.; Gajtanska, M.; Iswanto, A.H. Enhancing Thermal
and Mechanical Properties of Ramie Fiber via Impregnation by Lignin-Based Polyurethane Resin. Materials (Basel). 2021, 14,
6850, d0i:10.3390/ma14226850.

Gharib, J.; Pang, S.; Holland, D. Synthesis and characterisation of polyurethane made from pyrolysis bio-oil of pine wood. Eur.
Polym. ]. 2020, 109725, doi:10.1016/j.eurpolymj.2020.109725.

Tomczak, F.; Satyanarayana, K.G.; Sydenstricker, T.H.D. Studies on lignocellulosic fibers of Brazil: Part III - Morphology and
properties of Brazilian curaua fibers. Compos. Part A Appl. Sci. Manuf. 2007, 38, 2227-2236, doi:10.1016/j.compositesa.2007.06.005.
Kandimalla, R; Kalita, S.; Choudhury, B.; Devi, D.; Kalita, D.; Kalita, K.; Dash, S.; Kotoky, J. Fiber from Ramie Plant (Boehmeria
nivea): A Novel Suture Biomaterial. Mater. Sci. Eng. C 2016, doi:10.1016/j.msec.2016.02.040.

Aristri, M.A.; Adly, M.; Lubis, R.; Permana, R.; Laksana, B.; Fatriasari, W.; Ismayati, M.; Wulandari, A.P.; Ridho, M.R. Bio-
Polyurethane Resins Derived from Liquid Fractions of Lignin for the Modification of Ramie Fibers. J. Sylva LEstari 2021, 9, 223—
238.

Li, Z.; Yu, C. Effect of peroxide and softness modification on properties of ramie fiber. Fibers Polym. 2014, 15, 21052111,
do0i:10.1007/s12221-014-2105-8.

Lee, C.H.; Khalina, A.; Lee, S.H.; Liu, M. A Comprehensive Review on Bast Fibre Retting Process for Optimal Performance in
Fibre-Reinforced Polymer Composites. Adv. Mater. Sci. Eng. 2020, 2020, doi:10.1155/2020/6074063.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



