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Abstract 

 

Life cycle assessment (LCA) was used to investigate a mask pad made from muslin and salo fabric. First, the 

antimicrobial properties and antimicrobial performance of the mask pad were determined. Then, the mask pad 

was coated with lignin extracted from an empty fruit bunch (EFB). H2SO4-pretreated EFB had a higher lignin 

composition (42.78%) than unpretreated bunches (12.84%). Then, pretreated EFB was subjected to delignification 

using NaOH; 69.57% lignin purity was obtained. For some conditions, chitosan was used as a binder to produce 

a better coating. The minimum inhibitory and minimum bactericidal concentrations of EFB lignin against 

Staphylococcus aureus were 6,400 and 12,800 μg/mL, respectively. Various lignin concentrations and mixtures 

of lignin and chitosan were coated on muslin and salo fabrics. Adding lignin (0.125% w/v) and chitosan (0.25% 

w/v) to both fabrics produced the highest possible score of 5 in the colorfastness test and were studied further. 

The coated fabric could reduce the growth of S. aureus by 30-48% over 24 h, based on the AATCC100-2012 

standard. The LCA results showed that the lignin-coated textile masks had the highest environmental impact in 

the midpoint category on marine and freshwater ecotoxicity (0.955 and 1.2 kg 1,4- dichlorobenzeen (DCB), 

respectively) and in the endpoint category on human health and ecosystem. Most impacts were from electricity 

and water consumption in the coating solution process and in producing the lining for the textile masks. 

Furthermore, the production of the textile mask pads was cost-effective and less expensive compared to the other 

types of mask studied. 
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1. Introduction 

 

Antimicrobial textile products are of the utmost importance to medical devices because they can prevent 

human contact with certain types of bacteria, particles, and viruses through the respiratory system and in a 

healthcare environment and can be used in conjunction with physical distancing and hand hygiene. The textile 

known as Muslin is used in fabric because of its strong fibers, resulting in tiny pores suitable for mask production. 

For example, a face mask may include three layers consisting of two protective layers that sandwich a middle 

bacterial lining layer. Thus, an antimicrobial coating on the fabric surface is the most straightforward improvement 

of a medical device (such as a face mask or textile) [1].  

Empty fruit bunches (EFB) from the palm oil industry are one form of residue that amounts to about 1 million 

t per year. The main components of EFB are cellulose, hemicellulose, and lignin. Cellulose and hemicellulose can 

be used to produce bioethanol, while the lignin is removed and discarded. The current research investigated value-

added lignin as a natural and biodegradable raw material for human applications. 
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Lignin is a compound of carbon, hydrogen, and oxygen combined into several subunits, resulting in a complex 

with a high molecular weight. It has natural hydrophobicity and is dark brown when treated with acid or alkali. 

Lignin is a phenolic polymer formed from monolignils (monomers): p-coumaryl alcohol, coniferyl alcohol, and 

sinapyl alcohol. The phenolic compounds (hydroxyl and methoxyl groups) in lignin are biologically active, having 

antioxidant and antimicrobial activity [2,3]. Furthermore, the antimicrobial property of lignin depends on the type 

of plant from which the lignin has been sourced [4]. 

An antimicrobial textile mask can be developed by applying a lignin coating on the pad lining the mask. 

However, lignin cannot be coated on the textile because both the lignin and textile have the same electrostatic 

charge type (anion); thus, a binding agent is necessary. Chitosan is a good candidate as a binding agent because it 

has cations on its surface and is biodegradable. Many techniques are used in coating, including layer-by-layer 

deposition and mixed solution coating. However, a simple method is soaking, where the principle is the diffusion 

and absorption of the coating solution in the lining material [5]. 

Due to the current transmission of COVID-19, the disease caused by a new coronavirus called SARS-CoV-2, 

there is an ongoing worldwide demand for surgical masks, to control or slow down the spread of the infection and 

disease. However, surgical masks that have been used for a while still harbor surviving microorganisms on the 

mask surface, limiting the safe and effective use of the mask due to the accumulation of germs on any part of the 

wearer’s body that comes in contact with the mask. These issues have led to the development of face masks with 

inherent antimicrobial properties from a coating on the mask. Hygiene standards require a medical-surgical mask 

to be used only once a day. Thus, there is demand for a washable textile mask made from cotton, for example, 

that is reusable and can be produced locally, conveniently, and sustainably and that is environment-friendly. 

However, such textile masks are still under development to determine the efficacy of parameters such as 

breathability, water droplet resistance, air permeability, and additional developed property, namely, that the mask 

is antimicrobial. 

The efficacy of a textile mask could be increased by adding a lining layer to filter bacteria and small particles 

and enhance the mask's antimicrobial properties. The antimicrobial property of lignin makes it a candidate for 

coating on a mask. The present work investigated the antimicrobial activities of an EFB lignin coating on a textile 

mask using chitosan binding and evaluated other properties: the durability of lignin adhesion on the surface, water-

resistance properties, and chemical bonding properties. In addition, a thorough environmental impact assessment 

throughout the manufacturing process was undertaken of the use of textile masks with lignin and chitosan-coated 

linings. The process considered a “cradle-to-the-grave” assessment regarding climate change and cumulative 

energy demand. Finally, life cycle assessment (LCA) was evaluated based on the production steps in the lignin 

extraction process and the whole life cycle of the textile mask with a coated lining pad and comparisons were 

made with the use of other masks (a disposable surgical mask and an N95 respirator mask) as well as cost-

estimation analysis of the masks.   

 

2. Materials and methods 

 

2.1 Materials 

 

The EFB was kindly provided by the Suksomboon Group (Chonburi province, Thailand). The EFB was boiled 

and sun-dried at 65℃ for 2 days and then crushed. Then, the EFB was cut into pieces of 0.25-0.42 mm on average 

that were dried in an oven at 105℃ for 3 h or until the weight was constant (AOAC 1999) [6]. After that, the EFB 

composition was analyzed according to the method of Goering and Van [7]. Chitosan (viscosity of 200-800 cP) 

was purchased from Sigma Aldrich, Germany. Commercial alkaline lignin was purchased from Tokyo Chemical 

Industry Co., Japan. Sodium hydroxide was purchased from Kemaus, Australia. Glacial acetic acid and sulfuric 

acid were obtained from QRec, New Zealand. Samples of 100% cotton fabric (Muslin and Salo) were procured 

from a local textile mill. All chemicals used were analytical grade. The textile mask was obtained from Parada, 

Thailand. The surgical mask and N95 respiratory were obtained from 3M, Thailand. 

 

2.2 Pretreatment and delignification 

 

The EFB (EFB-to-H2SO4 ratio of 1:10 w/v) was pretreated with acid hydrolysis to remove hemicellulose and 

some cellulose by heating in an autoclave using 8% w/v H2SO4 solution at 121℃ for 60 min [8]. Then, the EFB 

was delignified in 2.5% w/v NaOH solution (EFB-to-NaOH ratio of 1:10 w/v) at 121℃ for 60 min. The mixture 

was filtered to remove fiber residue and the black liquor was collected for the precipitation step, with the lignin 

separated using two-step precipitation with 50% v/v H2SO4. In the first step, H2SO4 was gradually added to adjust 

the black liquor from alkaline (pH 13) to neutral (pH 7). Then, the black liquor was left at room temperature for 

4 h to remove silica sludge and other impurities by precipitation. Next, the solid was removed, H2SO4 was added 

to the solution until it reached pH 2 before being kept at room temperature for 8 h. Finally, the residue was washed 
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with distilled water and dried in the oven at 60℃. The EFB pretreatment and delignification followed the method 

detailed by Kingkaew [9]. The amounts were determined for acid-soluble lignin and acid-insoluble lignin [10]. 

 

2.3 Coating solution preparation 

Muslin and Salo cotton textiles were used in this experiment. Lignin powder was dissolved in NaOH at 

different lignin concentrations of 0.125 and 0.25% w/v. Chitosan (CS) was dissolved in CH3COOH at different 

concentrations of 0.25 and 0.5% w/v. Two different coating methods were applied : electrostatic layer-by-layer 

deposition and soaking in mixed solution. Electrostatic layer-by-layer deposition involved soaking chitosan for 

15 min in lignin solution, followed by quick soaking in water to remove the excess lignin, and then drying at room 

temperature. Subsequently, the respective textile lining was soaked in the chitosan solution for 15 min, quickly 

soaked in water, and then dried [11].  

On the other hand, soaking in mixed solution involved first mixing the lignin and chitosan solution at 50:50 

v/v [1]; then the textiles were soaked for 15 min in the mixed solution, quickly soaked in water, removed and 

allowed to dry. The textile linings were kept in zip-lock plastic bags.   

 

2.4 Colorfastness for durability test 

 

The durability test of the coating solution on the textile mask lining was based on the testing standard ISO 

105-E01: 1994 [12]. Figure 1 shows the grayscale color change levels of 1-5. The mask lining was first incubated 

in deionized water at room temperature under compression (12.5 kPa). Then, the samples were placed in a hot-air 

oven at 37℃ for 4 h and dried at room temperature. The test for a color change compared the grayscale colors of 

dry mask lining samples before and after compression. Level 5 was the most colorfast, implying no observable 

change after the durability test [12]. 

 

 
 

Figure 1 Grayscale of color change. Level 5-4, least color change (best/good); level 3, medium color change 

(medium); level 2-1; most color change (poor/worst). 

 

2.5 Morphology of textile coated with lignin and chitosan 

 

The physical morphology of the lignin and chitosan-coated textile was investigated using scanning electron 

microscopy (SEM; JEOL, JSM7001F, USA) with an acceleration voltage of 2 kV and resolution of 100 µm, under 

nitrogen atmosphere. The samples were dried and coated with gold before analysis. The image zoom was analyzed 

at 250× magnification to study the arrangement of textile fibers before and after coating. 

 

2.6 Antimicrobial activities  

 

The antimicrobial activities of the lignin extracted were evaluated using Broth dilution testing against a Gram-

positive bacterium (Staphylococcus aureus). The results were shown as the minimum inhibitory concentration 

(MIC) and minimum bactericidal concentration (MBC). 

The antimicrobial activities of the lignin and chitosan coating on the mask lining were studied using a standard, 

quantitative, textile antibacterial method of AATCC 100-2012 against S. aureus. The percentage reduction of 

bacterial growth in the test sample was compared with the control over 24 h (% reduction). The formula for the % 

reduction from the bacterial count was: 

 

% Reduction = 
A - B

A
×100% 

where A and B are the numbers of colonies determined from the textile mask lining without the coating 

solution (control) and with coating solution, respectively. 
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2.7 Air permeability 

 

The pressure drop of the coated mask lining was measured according to the Thai Industrial Standard TISI 

2424-2019, using a test area of 190 cm2 and a testing pressure of 100 Pa, comparable with breathing in/out 

resistance through a respirator such as a mask. The coated fabric was placed secured across a hollow tube attached 

with a pressure gauge. Airflow was supplied through one end of the tube and the gauge monitored the pressure 

change of the air that had passed though the coated fabric sample [13]. 

 

2.8 Water contact angle measurement 

 

Contact angles were analyzed by dropping 5 µL of water on the sample surface and measured using a 

Dataphysics OCA40 . This analysis was measured at room temperature to identify the hydrophobicity of the coated 

textile, which is one of the properties of a face mask to repel aerosol sprays [14]. 

 

2.9 Fourier transform infrared spectroscopy  

 

The chemical characteristic and chemical interaction between the coating solution (lignin and chitosan) on the 

textile were characterized using Fourier-transform infrared spectroscopy (FTIR; PerkinElmer Inc., USA), with 

the lignin and chitosan powder analyzed for functional groups using attenuated total reflection FTIR instrument 

(ATR-FTIR; BRUKER., Alpha-E) at room temperature in the range 350-4000 cm-1 with the absorbance 

measurement determined using a detector with a resolution of 4 cm-1 and 16 scans for each average sample [15]. 

 

2.10 Life cycle assessment  

 

The textile masks with different coated lining pads were assessed for their environmental impact throughout 

the product life cycle. The evaluation began by determining the raw material input and output and energy 

consumption per functional unit using the Simapro Software. Then, the Life Cycle Impact Assessment procedure 

based on the Ecoinvent database was applied to assess the environmental impact based on ReCiPe 2016 

Midpoint/Endpoint (H) V1.04 / World (2010). The life cycle of a textile mask with a lining-coated pad consisted 

of: lignin extraction (EFB for coating solution preparation), coating procedure, mask and mask lining production, 

transportation, mask usage, and the mask and mask lining disposal and waste treatment. 

 

2.11 Goal and scope definition 

 

The functional unit was use of a textile mask by a person for 1 year of the COVID-19 pandemic. Therefore, 

the assumed number of facemasks used annually was 4 masks/year of textile mask and 1 piece/day of lining pad 

[16]. 

The system boundaries of the textile masks with a coated lining pad considered from the cradle-to-the-grave 

in the LCA study were: raw material extraction (coating solution, textile, polymer, additive in the mask), mask 

production (mask manufacturing process), packaging, transportation (distribution and final use), use phase 

(maintenance of machine-washing the textile mask), and end-of-life (disposal-incineration). 

 

Table 1 Life cycle inventory (LCI) of the textile mask [16,17]. 
 Component Material Processing Weight (g) Energy 

Textile* 

Mask 

Inner/outer Woven cotton (Muslin) Bleaching textile 6.00 0.01512 kWh/ 

pieces Elastic band Polyurethane foam Section bar extrusion 0.25 

Lining* Lining Woven cotton (Muslin) Bleaching textile 1.25 0.002975 kWh/ 

pieces Coating solution - 0.10 

Packaging Packaging of 

textile mask 

LDPE wrap  

(1 piece/wrap) 

Blow moulding 3.35 - 

Packaging of 

lining 

- LDPE wrap  

(50 pieces/wrap) 

Blow moulding 3.35 - 

- Cardboard box  

(50 pieces/box) 

- 53.5 - 

Note: LDPE: Low-Density Polyethylene. * Weigh, cut out the mask pieces and weigh each separately. 
 

2.12 Life cycle inventory (LCI) 

 

The inventory data included all production phases (lignin coating solution and making parts of the masks) to 

the disposal phase. The mask was disassembled to obtain an accurate weight of each component (Table 1). Based 

on usage for 1 year of the textile masks with coated lining pad, in total there were 365 pieces of textile mask 
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lining. One piece of the textile mask could be reused for 3 months by washing every day at 60℃ [18]. Textile 

mask transportation (distribution and final use) with a coated lining pad was based on 500 km by diesel single-

use truck and disposal by incineration. 

 

2.13 Cost estimation of face mask 

 

Costing was investigated of the lignin extraction from EFB and of the coatings of lignin and chitosan on the 

textile mask lining. The cost estimation consisted of material, operational, and utility costs [19]. The costs for the 

three mask types were calculated, and their LCIs were analyzed (Table 2), with the textile mask being divided 

into two parts (the textile mask itself and the coated mask lining). The cost of the textile mask with coated lining 

pad was compared with a disposable one-time surgical mask and an N95 respiratory mask. 

 

Table 2 Life cycle inventory of use phase to disposal phase [18,20].  
Condition Disposable surgical 

mask 

Textile mask N95 respiratory 

Textile mask Coated mask lining 

Wearing 1 piece/day (365 pieces) 4 piece/year (365 days) 1 piece/day (365 pieces) 5 days/piece 

Usage One-time use Everyday washing (60ºC 

machine washing) 

One-time use 30 min UV-C 

Cost (USD) USD 0.08/piece  USD 0.725/piece  USD 1.47/m2  USD 1.9/piece  
Note: The cost of disposable surgical mask, textile mask, and N95 respiratory are from an online shopping store (Alibaba, Shopee, Amazon) 

 

3. Results and discussions  

 

3.1 Effect of initial lignin content 

 

The compositional analyses of raw EFB, pretreated EFB, extracted lignin, and commercial lignin are listed in 

Table 3. The pretreated EFB was obtained after acid hydrolysis, and the extracted lignin was obtained after 

delignification. As shown in Table 3, the amounts of cellulose and hemicellulose (60.08 and 21.20%, respectively) 

reduced substantially after pretreatment (48.46 and 1.097%, respectively). In contrast, lignin increased from 12.84 

to 42.79% due to the acid hydrolysis, because the acid breaks the ether bond between lignin and hemicellulose 

[21]. Consequently, the acid could digest the hemicellulose into smaller molecules but not the lignin, and thus, 

the % lignin increased. 

Table 3 shows the composition of extracted lignin from this study compared to commercial lignin. An alkali 

would disrupt the EFB structure. Therefore, the amount of dissolved material in alkaline solution increased [2,22]. 

Consequently, the acid-insoluble lignin (68.50%) in the extracted lignin was much higher than in the commercial 

lignin (47.08%). However, the lignin composition may vary depending on the natural features of different biomass 

sources [23].  

Nevertheless, the lignin from the extract was high (122.33 g/kg of Pretreated EFB). However, the actual lignin 

content that only 84.6 g/kg of Pretreated EFB (total ASL+AIL lignin content 69.16%) could be extracted from the 

42.79% lignin content in the pretreated EFB, with 122.33 g of lignin extracted from 1 kg of EFB. Therefore, 

increasing the extraction yields would improve the delignification process in the future. 

 

Table 3 Composition of raw EFB, pretreated EFB, extracted lignin, and commercial lignin. 
Composition EFB / lignin 

Raw EFB Pretreated EFB / 

EFB lignin 

Commercial lignin 

EFB composition (%) 

Cellulose  60.084 ± 0.98   48.46 ± 1.87 - 

Hemicellulose    21.20 ± 1.42   1.097 ± 0.41 - 

Lignin    12.84 ± 0.41   42.79 ± 1.28 - 

Ash     0.59 ± 0.15     0.65 ± 0.18 - 

Others      5.29 ± 0.46     6.99 ± 0.15 - 

Lignin content 

Acid soluble lignin (ASL) (wt%) -     0.66 ± 0.01     0.53 ± 0.03 

Acid insoluble lignin (AIL) (wt%) -   68.50 ± 1.78   47.09 ± 2.56 

Total ASL+AIL (wt%) -   69.16 ± 1.78   47.62 ± 2.50 

Lignin extracts (g/kg of pretreated EFB) - 122.33 ± 3.98 - 

Actual lignin content from extracts (g/kg of pretreated EFB) -   84.60 ± 2.75 - 

Note: EFB: Empty Fruit Bunches 
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3.2 Effect of durability and surface morphology of coated textile mask lining 

 

The results from testing colorfastness in water of the lignin-coated (EFBL) and the lignin and chitosan-coated 

(EFBL & CS) textile mask lining samples are shown in Table 4. Referring to Figure 1, the colorfastness effect of 

the lignin coating on muslin and Salo had an average level of 2-3 (poor to medium colorfastness). Lignin, as an 

anion, has the same electrostatic charge as the textile resulting in its low level of colorfastness. Having a binding 

agent between lignin and textiles would improve the colorfastness. Therefore, the colorfastness in water was high 

(good to excellent) for Muslin (level 4-5) and Salo (level 4/5 to 5). 

The methods of electrostatic layer-by-layer deposition coating and soaking in the mixed solution were 

compared. It was found that the electrostatic layer-by-layer deposition coating (coating lignin on the first layer 

and chitosan on the top layer) produced the highest average level 5 (excellent colorfastness) for most tested 

concentrations. Similar results were found in the mixed solution coating of EFBL 0.125:CS 0.25% w/v conditions, 

with the Muslin and Salo fabric samples having the highest value of colorfastness in water (level 5). 

 

Table 4 Colorfastness in water of various coated textile mask lining based on ISO 105-E01: 1994. 

Condition Muslin fabric Salo fabric 

Sample 

(before - after) 

Color 

change 

(Grayscale) 

Sample 

(before -after) 

Color 

change 

(Grayscale) 

EFBL 0.125% w/v 

 

2/3 

 

2/3 

EFBL 0.25% w/v 

 

3 

 

3/4 

EFBL 0.125%: CS 0.25% w/v (mixed) 

 

5 

 

5 

EFBL 0.25%: CS 0.25% w/v (mixed) 

 

4/5 

 

5 

EFBL 0.125%: CS 0.5% w/v (mixed) 

 

4 

 

4/5 

EFBL 0.25%: CS 0.5% w/v (mixed) 

 

4/5 

 

5 

EFBL 0.125%: CS 0.25% w/v (layer-

layer) 

 

5 

 

5 

EFBL 0.25%: CS 0.25% w/v (layer-layer) 

 

4/5 

 

5 

EFBL 0.125%: CS 0.5% w/v (layer-layer) 

 

4/5 

 

5 

EFBL 0.25%: CS 0.5 %w/v (layer-layer) 

 

5 

 

5 

Note: Textile images before (left) and after (right) durability testing; (mixed) = coated by soaking in a mixed solution of lignin and chitosan; 

and (layer-layer) = coated using electrostatic layer-by-layer deposition method. 
EFBL = Empty Fruit Bunches Lignin CS = Chitosan. 
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Figure 2 shows images of samples of the coated textile mask lining. The Muslin fabric (Figure 2A) was 

generally more tightly woven than the Salo (Figure 2D). As a result, there were color changes in both fabrics after 

coating. In addition, looser fibers due to fiber loss were apparent in the Salo fabric after coating (Figures 2E and 

2F); however, this was not evident in the Muslin fabric after coating. 

The surface morphology of the lignin and chitosan-coated mask lining was examined using FE-SEM analysis 

at a magnification of 100 μm (Figure 3). Figures 3a and 3d reveal the flattened and broader fibers of the Muslin 

fabric compared to the Salo fabric. After coating, a thin film over the fiber gap is visible in Figures 3B, 3C, 3E, 

and 3F. This thin film helped air permeability during respiration and the mask's small particle filtration efficiency 

[1,24]. Finally, only the Muslin fabric-coated mask lining was selected. 

 

       
 

Figure 2 Muslin fabric (A), Muslin fabric coated with EFBL 0.125% w/v (B), Muslin fabric coated with EFBL 

0.125:CS 0.25% w/v (C), Salo fabric (D), Salo fabric coated with EFBL 0.125% w/v (E), and Salo fabric coated 

with EFBL 0.125:CS 0.25% w/v (F). 

 

 
 

Figure 3 Surface morphology of coated textile mask lining; Muslin fabric (A), Muslin fabric coated with EFBL 

0.125% w/v (B), Muslin fabric coated with EFBL 0.125:CS 0.25% w/v (C), Salo fabric (D), Salo fabric coated 

with EFBL 0.125% w/v (E), and Salo fabric coated with EFBL 0.125:CS 0.25% w/v (F). 

 

3.3 Antimicrobial effect of extracted lignin  

 

The antimicrobial effectiveness of lignin was investigated against S. aureus, a Gram-positive pathogenic 

bacterium, according to NCCLS 1999. The MIC and MBC values for the EFB lignin against S. aureus were 6,400 

and 12,800 μg/mL, respectively, indicating greater antimicrobial efficiency than commercial lignin (MIC and 

MBC values of 10,000 and 20,000 μg/mL, respectively) [15]. It was reported that the antimicrobial characteristic 

of lignin comes from its methoxy groups [3]. While the lignin molecule and bacterial cell were in contact, lignin 

broke the cell walls. The bacteria then released internal fluid and died. However, the lignin concentrations or 

lignin levels on the textile surface were factors in the bacterial mortality rates [1].  

The antimicrobial capability of the lignin coating on the Muslin fabric was examined using chitosan as a binder 

based on the two coating methods. Table 5 shows the reduction of bacterial growth after 24 h cultivation, with the 

electrostatic layer-by-layer deposition coating having 17.25% higher bacterial growth reduction than from soaking 

in the mixed solution. The higher reduction of bacterial growth might have been due to the antimicrobial properties 

of both lignin (with a negative charge) and chitosan (with a positive charge). Therefore, coating with lignin and 

(A) (B) (C) (D) (F) (E) 



8 

 

chitosan in a series of layers, as in the layer-by-layer deposition coating method, might have promoted the 

antimicrobial activity of chitosan more than for the mixed solution.  

 

Table 5 Reduction percentage of bacterial growth of test sample compared with control sample after 24 h. 

Sample Viable bacterial count %Reduction 

0 h (CFU/mL) 24 h (CFU/mL) 

Control 3.93 × 105 2.29 × 109  

EFBL 0.125%: CS 0.25% w/v (mixed) 3.93 × 105 1.59 × 109 30.57 

EFBL 0.125%: CS 0.25% w/v (layer-layer)  3.93 × 105 1.20 × 109 47.82 

 

3.5 Fourier transform infrared spectroscopy analysis. 

 

The chemical interaction of the coating solution (lignin and chitosan) and textile was investigated using         

Fourier Transform Infrared Spectroscopy Analysis (FT-IR) spectroscopic analysis, as shown in Figure 4. The 

typical peaks of lignin powder were observed at 3390 cm-1 (3030-3690 cm-1), 2923 cm-1, 1707 cm-1, and 1220  

cm-1 corresponding to -OH, C-H, C=O, and C-O stretching, respectively. The band of the aromatic structure was 

present at 1451-1601 cm-1. The band of C-H vibrated at the 2nd and 6th positions of the syringyl structure at 838.7 

cm-1. The syringyl breathing band with a C-O stretching signal was observed at 1322 cm-1. A band at 1118 cm-1 

represented the aromatic C-H in plain deformation of the syringyl unit [1]. On the other hand, the typical peaks 

of chitosan powder were observed at 2882-2914 cm-1, 1595 cm-1, 1153 cm-1, and 1085 cm-1 corresponding to C-

H stretching, N-H bending of primary amine, C-O-C bridge stretching, and C-O stretching, respectively [25]. The 

N-acetyl group of chitosan was indicated by the C=O stretching of amide I at 1656 cm-1 and the C-N stretching 

of amide III at 1327.5 cm-1 [26].  

The lignin and the chitosan coat on the textile caused a change in the intensity of some bands; for example, 

the interaction between the -OH of the lignin and textile by the absorption of hydrogen bonding at 3331 cm-1 [15]. 

As a result, hydrogen bonds formed and bound the lignin and textile. The slight shift in the intensity of lignin and 

chitosan was also the same for C-H stretching of the methylene group at 2893-2914 cm-1. The band for C-H 

bending of the aromatic hydroxyl of lignin shifted from 1220 cm-1 to 1203 cm-1 of the lignin-coated textile. At 

C=O, lignin at 1707 cm-1 shifted toward higher wavenumber values at 1731-1734 cm-1 when lignin was 

incorporated in the textile [27]. For chitosan, the band range at 2800-3600 cm-1 was associated with N-H and        

O-H groups of chitosan on the textile through hydrogen bonding. The absorption peak at 1638 cm-1 of the chitosan 

showed the Schiff base C=N between the aldehydic carbonyl group of the textile and the amino group of the 

chitosan. The absorption at 1025-2890 cm-1 was stretching vibration of the C-H and C-O of the chitosan on the 

textile [28]. The absorption range 1370-1600 cm-1 was the peak of the free -NH2 group resulting from introducing 

the cationic site in the textile. The structures of lignin and chitosan have an antimicrobial function due to the 

phenolic hydroxyl and methoxy groups of lignin and the free amino group of chitosan [2,22]. In addition, chitosan 

has hydrophobic properties depending on N-acetyl groups [29]. 

 

 
 

Figure 4 FT-IR spectra of lignin and chitosan-coated on textile. 
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3.6 Water contact angle 

The water contact angle (CA) was measured to indicate the water barrier property (hydrophobicity) of the 

mask lining coated with lignin and chitosan. When a surface is hydrophobic, the water contact angle between a 

droplet of water and the textile surface is more than 90º [30]. The water barrier properties are an essential factor 

in an effective surgical mask. As shown in Figure 5, the CA of the Muslin fabric could not be detected. However, 

when the Muslin fabric was coated with lignin and chitosan, the water contact angle was 111.5º. Thus, the fabric’s 

water barrier ability was increased due to the properties of the chitosan [30]. Therefore, CA measurements 

reinforced the positive effect of a chitosan-based coating on the textile mask lining. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Water contact angle (CA) of Muslin fabric (A) and Muslin fabric coated with lignin and chitosan (B). 

 

3.7 Air permeability 

 

Permeability across the textile was determined from the pressure drop across a prototype similar to the method 

of Sunthornvarabhas et al. 2017 [1]. According to the industrial standards for a mask in Thailand, a maximum of 

0.5 cm H2O or 0.049 kPa is the maximum pressure drop acceptable for a general surgical mask (ASTM standard 

high barrier) [13]. The commercial textile mask had a pressure drop across the surface of 0.04 ± 0.01 kPa. When 

the developed masks with lining coated with lignin and chitosan were tested, the final products yielded similar 

pressure drops across the surface of 0.03 ± 0.01 kPa and 0.03 ± 0.01 kPa, respectively. However, using this coated 

textile mask resulted in a pressure drop higher than the standard value. Therefore, the period using the coated 

textile mask should be limited to avoid discomfort by the wearer. 

 

3.8 Life cycle impact assessment (LCIA)  

 

The evaluation considered the inputs and outputs of raw materials and energy consumption per functional unit 

using the Simapro software that provided information for the environmental impact assessment of the textile mask 

with a coated lining pad. ReCiPe Midpoint/Endpoint (H) was used in the environmental impact analysis focusing 

on global warming potential. 

 

3.8.1 Environmental impact of lignin extraction process 

 

The environmental impact assessment of the EFB lignin extraction process, as a component of the 

antimicrobial coating on a textile mask lining, was performed using the ReCiPe Midpoint/Endpoint (H) model 

from the Ecoinvent database. The process consisted of EFB preparation, pretreatment, and lignin extraction 

(Figures 6 and 7).   

 

(A) (B) 
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Figure 6 Normalization of lignin extraction process using ReCipe Midpoint (H) of 3.3024 g lignin production. 

 

Table 6 Characterization of lignin extraction process using ReCipe Midpoint (H) of 3.3024 g lignin production. 

Impact category Unit EFB preparation Pretreatment Delignification 

Global warming kg CO2 eq 4.67 10.1 16.4 

Ozone formation, Human health kg NOx eq 0.00712   0.0148   0.0236 

Fine particulate matter formation kg PM2.5 eq 0.00519   0.0102   0.0156 

Ozone formation, Terrestrial ecosystems kg NOx eq 0.00726   0.0151   0.024 

Terrestrial ecotoxicity kg 1,4-DCB 6.96 14.5 22.9 

Freshwater ecotoxicity kg 1,4-DCB 0.383   0.785   1.21 

Marine ecotoxicity kg 1,4-DCB 0.364   0.806   1.33 

Human carcinogenic toxicity kg 1,4-DCB 0.339   0.599   0.855 

Human non-carcinogenic toxicity kg 1,4-DCB 4.41   9.54 15.4 

Land use m2a crop eq 0.43   0.705   0.998 

Water consumption m3 0.0194   0.0412   0.0678 

Note: DCB= dichlorobenzene 

 

The normalization in the Midpoint category of marine ecotoxicity had the highest impact, followed by 

freshwater ecotoxicity, human carcinogenic toxicity, and human non-carcinogenic toxicity. The highest 

environmental impact was due to the delignification step from marine and freshwater ecotoxicity (1.33 and 1.21 

kg 1,4- dichlorobenzeen (DCB) , respectively), followed by pretreatment and EFB preparation step in all impact 

categories. The other effects that resulted in lesser impacts from the lignin extraction process were global warming 

potential, and human non-carcinogenic toxicity of delignification step (31.1 kg CO2 eq and 29.3 kg 1,4-DCB 

respectively). However, most of the impacts associated with lignin extraction and ecotoxicity were due to the 

electricity use in lignin production and the use of large quantities of water and agricultural wastewater that were 

slightly contaminated with the organic and inorganic chemicals used in the extraction. 

 

 
Figure 7 Endpoint categories of lignin extraction process from ReCipe Endpoint (H/A) of 3.3024 g lignin 

production. 
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The environmental impacts on Endpoint categories were long-term impacts in the human health that had the 

highest impact. The delignification had the substantially greatest impact, followed by pretreatment and EFB 

preparation. The highest impact of global warming on human health was due to the fine particulate matter 

formation, human non-carcinogenic toxicity, human carcinogenic toxicity, and water consumption. Most of the 

impact in all steps was due to the use of electricity and heat for the equipment and water used. 

 

3.8.2 Environmental impact of tTextile mask with lining pad 

 

The environmental impact assessment of textile masks coated with lignin and chitosan used the ReCiPe 

Midpoint/Endpoint (H) models to evaluate the impacts of global warming on climate change and energy 

consumption from raw material production to the disposal step after 1 year (cradle-to-grave approach).  

 

 
 

Figure 8 Midpoint impact categories of textile masks with lining coated with lignin and chitosan-based on ReCipe 

Midpoint (H) method on one-year life cycle of textile mask. 

 

Table 7 Characterization of textile masks with lining coated with lignin and chitosan using ReCipe Midpoint (H) 

on one-year life cycle of the textile mask. 

Impact category Unit Lining textile mask  Coating solution on lining 

Global warming kg CO2 eq 0.00075 0.00122 

Ozone formation, Human health kg NOx eq 0.000849 0.000692 

Fine particulate matter formation kg PM2.5 eq 0.000499 0.000377 

Ozone formation, Terrestrial ecosystems kg NOx eq 0.00101 0.000818 

Terrestrial ecotoxicity kg 1,4-DCB 0.0108 0.0133 

Freshwater ecotoxicity kg 1,4-DCB 0.305 0.579 

Marine ecotoxicity kg 1,4-DCB 0.345 0.755 

Human carcinogenic toxicity kg 1,4-DCB 0.0636 0.177 

Human non-carcinogenic toxicity kg 1,4-DCB 0.0477 0.0576 

Land use m2a crop eq 0.0429 0.000358 

Water consumption m3 0.00951 0.000692 

 

Normalization in the midpoint category of marine ecotoxicity had the highest impact, followed by freshwater 

ecotoxicity, human carcinogenic toxicity, and water consumption. The highest environmental impact was from 

coating solution (0.711 and 0.78 kg 1,4-DCB, respectively ), followed by lining textile masks (0.374 and 0.356 

kg 1,4-DCB, respectively ). Most of the impact on the coating solution was due to electrical energy and water use 

for lignin production in the coating solution. In addition, 0.0024 g of lignin was used in the coating solution for a 

single lining pad, with 365 pieces/year of lining pad, followed by washing the textile mask and its eventual 

disposal via incineration. Machine washing had less environmental impact than handwashing; however, it required 

detergent and high energy consumption (60ºC washing) to heat the washing water [20]. 
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Figure 9 Endpoint impact categories of textile masks with lining coated with lignin and chitosan-based on ReCipe 

Endpoint (H) method on one-year life cycle of textile mask. 

 

In the damage assessment based on Endpoint categories, long-term impacts from midpoint categories in the 

ecosystem and human health had the highest impact. The life cycle of most of the lining textile masks had the 

highest overall impact on ecosystem impact, as the land was required to produce the natural raw materials used in 

textile mask production (textile woven cotton). Human health effects were caused mainly by delicate particle 

matter formation, followed by global warming on human health, caused mainly by electrical energy, and water 

use in the lignin production of the coating solution on the textile mask. Most of the impacts were due to the large 

amounts of use natural resources required in production (365 pieces/year). 

 

3.9 Cost estimate analysis 

 

The estimated costs of raw materials throughout the production life cycle of EFB extracted lignin, including 

water, utilities and operational costs, involved electricity consumption of USD 0.16/kWh and utility water at USD 

0.0005/L. In lignin extraction, 100 g of EFB was used to extract 3.3024 g of lignin powder. Therefore, the price 

per gram of lignin extract was assumed to be USD 6.39. When used as a raw material mixed with chitosan for the 

coating solution, the cost was USD 7.106/L. Therefore, the cost of lining the textile mask with coating solution 

was USD 0.0871/piece. 
 

Table 8 Cost estimation of lining textile mask. 

Material cost Amount Cost (USD) Cost / unit (USD) 

Lignin extraction 

EFB 100 g     -  - 

H2SO4   22.397 mL   0.103 4.608/L 

NaOH     6.88 g   0.066 9.6/kg 

Distilled water     9.544 L   0.000477 0.0005/L , 9,000 W 

Water utilities 873.861 L   0.4369 0.0005/L 

Energy and utilities cost   20.6724 kWh   3.3075 0.16/kWh 

Equipment cost per operation time      - 17.198  - 

Total weight (EFB lignin)     3.3024 g 21.1118 6.39/g 

Coating solution 

EFB lignin     0.12 g   0.767 6.39/g 

NaOH     0.062 g   0.0006 9.6/kg 

Chitosan      0.25 g   0.57 2.27/g 

CH3COOH     0.24 mL   0.0014 5.76/L 

Ultrapure water 197.73 mL   0.048 0.0005/L , 9,000 W 

Energy and utilities cost     0.00813 kWh   0.0013 0.16/kWh 

Equipment cost per operation time      -   0.0329  - 

Total volume 200 mL   1.4212 7.106/L 

Lining textile mask 

Coating solution     4 mL   0.0284 7.106/L 

Lining textile mask 190 cm2   0.0279 1.47/m2 

Total cost     -   0.0562 0.0562/piece 
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Considering the cost of the four types of face mask over the life cycle, the lowest price (USD 2.50) was for the 

textile mask for machine washing the 4 pieces daily, followed by the disposable surgical mask (USD 29.2) and 

the textile mask with lining (USD 33.51). These latter two masks were priced in the same range at USD 

4.3/piece. However, when considering textile masks with lining, the lining was used once a day with a coating 

added. Therefore, the price was separated and consisted of USD 2.50 for the textile mask, USD 10.18 for the 

lining, USD 20.513 for the coating solution, and USD 0.31 for machine washing throughout the life cycle. 

 

 
Figure 10 Total cost over life cycle of four types of face mask. 

 

The results showed that the textile masks with lining pads coated with lignin and chitosan were the most 

suitable as they were environment-friendly and cost-effective. Furthermore, for efficacy in antimicrobial 

applications, the lignin and chitosan coating solution could prevent 47% of microbes; furthermore, the Department 

of Medical Sciences (Thailand) tested the 2-layer Muslin mask and found it was effective as a medical mask for 

applications requiring a waterproof fabric and fine particle filtration [31]. 

 

4. Conclusion 

 

The lignin extracted from the EFB provided greater antimicrobial efficacy than commercial lignin. Coating 

the lining pad of textile masks made of Muslin cotton fabric, using chitosan as a binder between the lignin and the 

surface, enhanced the protection efficiency of the fabric masks due to the added antimicrobial, water barrier, and 

air permeability properties. In addition, the mask was environmental-friendly, having a low energy impact on 

global warming over the 1 year life cycle, and was inexpensive and cost-effective compared to the environmental 

impacts and efficiencies of the other tested masks (disposable surgical mask and N95 mask). 
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