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A B S T R A C T  A R T I C L E   I N F O  

This study investigated the synthesis of activated carbon (AC) 

from teak wood (Tectona grandis) sawdust using three 

chemical activating agents: phosphoric acid (H3PO4), 

hydrochloric acid (HCl), and sodium hydroxide (NaOH). The 

effects of these agents on the physicochemical properties 

and adsorption performance of the resulting AC were 

systematically evaluated. H3PO4 produced AC with the most 

favorable characteristics, exhibiting a high adsorption 

capacity, as indicated by an iodine number of approximately 

943 mg/g. This reflects a well-developed microporous 

structure with high surface area, suitable for adsorbing small 

molecules, such as malodorous compounds in wound 

exudates. The results highlight the potential of H3PO4-

activated AC for medical textile applications. Further in situ 

studies are recommended to validate its performance in real 

wound environments. 
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1. Introduction 

The pressing global issues of sustainability 

demand innovations in environmentally 

friendly materials, not only for general 

industries but also for the healthcare industry. 

This encompasses the non-implant medical 

textile sector, including compression 

garments for burn therapy [1], wound 

dressings [2], textile-based plasters [3], and 

sterile gauze [4]. At present, the healthcare 

industry has a tendency to utilise fossil-based 

synthetic materials. It is widely accepted that, 

in the long term, these materials may lead to 

a range of environmental and health 

problems. Therefore, it is imperative that they 

be replaced with alternatives that are 

renewable, environmentally friendly, and 

safe. One promising material for such 

applications is activated carbon (AC). 

AC has been shown to function 

effectively as an absorber of odours, smoke, 

and chemical gases, thereby enhancing 

wearer comfort [5]. In practice, the utilisation 

of AC for non-implant medical textile 

applications can be achieved through several 

approaches, including coating the fabric 

surface, impregnating it into textile fibres, or 

inserting it as a middle layer in a sandwich 

structure [6]. The use of AC is underpinned by 

its numerous advantages, such as a high 

surface area, substantial adsorption capacity, 

and the possibility of being produced from 

local natural resources or biomass [7]. 

One abundant biomass with great 

potential to be utilised as a source of AC is 

agricultural waste. This aligns with 

Indonesia’s position as an agrarian country 

that generates large quantities of agricultural 

residues every year [8]. Among these, teak 

wood sawdust (TWS) is one of the most 

abundant by-products, generated in 

significant volumes from the wood 

processing and furniture industries [9]. The 

accumulation of this waste poses 

environmental challenges, including disposal 

problems and the risk of air and soil 

pollution, which highlights the urgency of 

proper management and valorisation [10]. 

With its high lignocellulosic content and 

favourable physicochemical properties, TWS 

represents a promising precursor for AC 

production. 

Several studies have reported the 

synthesis of AC from TWS using different 

chemical activating agents. Mekibes et al. 

(2024) demonstrated that activation with 

H3PO4 effectively developed a porous 

network, resulting in a high surface area and 

enhanced adsorption capacity, particularly 

for organic pollutants decontamination [11]. 

Alam et al. (2020) showed that activation 

with HCl improved the removal of inorganic 

impurities and facilitated the formation of 

mesopores, thereby improving performance 

in various applications [12]. Meanwhile, 

Arman et al. (2024) highlighted that 
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activation with NaOH increased carbon yield 

and created well-developed micropores, 

which enhanced its suitability for pyrolysis 

[13]. 

These findings consistently suggest that 

the choice of chemical activating agent 

between H3PO4, HCl, or NaOH plays a 

crucial role in determining the 

physicochemical properties of TWS-derived 

AC, particularly with respect to pore 

development, surface chemistry, and 

adsorption performance. However, to date, 

no comprehensive study has directly 

compared these three chemical agents under 

identical synthesis conditions to 

systematically evaluate their effects on AC 

based TWS production. This represents a 

critical gap in the literature that must be 

addressed in order to identify the optimal 

activation pathway for high-performance AC 

production. 

Therefore, the present study aims to 

compare the performance of TWS-derived 

AC synthesized using H3PO4, HCl, and 

NaOH under the same conditions, with the 

objective of identifying the most effective 

activating agent and synthesis parameters. 

The expected outcome of this research is to 

establish an efficient and sustainable route for 

producing high-quality AC. In the future, 

such AC materials could be further developed 

for advanced applications in the healthcare 

sector, particularly in non-implant medical 

textiles such as wound dressings with odour-

adsorbing functionality. This innovation is 

anticipated to improve patient comfort, 

reduce wound-related complications, and 

contribute to the development of eco-friendly 

medical products. 

 

2. Materials and Methods 

2.1. Preparation of TWS-AC 

TWS were employed as natural 

resources for the synthesis of AC due to its 

abundance of carbon elements, as reported by 

Cansado et al. in 2022 [14], Negara et al. in 

2023 [15], and Sutapa et al. in 2024 [16]. The 

percentage of carbon and other elements in 

the TWS is shown in Table 1. The TWS was 

collected from local furniture industry around 

Karawang, Indonesia. 

 

Table 1. Elements contained in the TWS [17]. 

Elements Percentage (%) 

Carbon (C) 57.0 

Oxygen (O) 10.5 

Manganese (Mn) 6.0 

Calcium (Ca) 3.0 

Iron (Fe) 3.0 

Potassium (K) 6.0 

Silica (Si) 14.5 

 

TWS was then subjected to a synthesis 

process to produced AC through chemical 

activation. The chemical activation of 

carbonaceous materials was carried out using 

phosphoric acid (H3PO4) (AC-1), 

hydrochloric acid (HCl) (AC-2), and sodium 
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hydroxide (NaOH) (AC-3). The expected 

outcome of this process was the formation of 

AC with favorable properties suitable for 

medical textile applications, one of which is 

its ability to absorb wound exudate, thereby 

accelerating the reduction of wound area [18]. 

The synthesis process is illustrated in 

Figure 1, which was adapted from Lobato-

Peralta’s work published in 2025 [19]. Firstly, 

TWS was washed and sun-dried for 

approximately 3 days to reduced its water 

content. This was followed by a pre-

carbonization process at 400 °C for 2 hours. 

The sample produce was subjected to a 

crushing and sieving process using a 200-

sieve, with the objective of obtaining a 

uniform particle size. Subsequently, the 

sample was chemically activated using the 

three different activating agents under 

identical conditions to yield AC with optimal 

properties for medical textile application. 

Each sample was mixed with the activating 

agent at a 1:2 ratio. It is then stirred with a 

magnetic stirrer at 600 rpm for 2 hours and 

then left to stand for 36 hours to obtain the 

residue. The residue was washed with 

demineralized water until the pH reached 7. 

The samples were then dried at 100 °C for 5 

hours in a muffle furnace to remove residual 

moisture. Finally, the dried samples were 

subjected to activation at 650 °C for 1 hour, 

followed by crushing and sieving to obtain 

AC with a uniform particle size. 

 

2.2. Characterization of TWS-AC 

The AC was then characterized to 

ascertain its suitability as a wound exudate-

absorbing material or as a supporting material 

in medical textiles. To evaluated the AC 

properties, X-ray diffraction (XRD) and 

Scanning electron microscopy coupled with 

energy dispersive x-ray (SEM-EDX) were 

employed to identify specific characteristics, 

including crystallinity or amorphicity [20], as 

well as the elemental composition of AC [21]. 

Then, as reported by Forss et al. (2022), the 

AC used for wound exudate odour control 

must possess a high absorption capacity to 

effectively reduce odour release from the 

wound [22]. In addition, the physical 

properties of AC are fundamental indicators 

for evaluating its quality, including of carbon 

yield, bulk density, ash content, moisture 

content, volatile matter, and FCC. Also, the 

absorption capacity of AC is evaluated 

through the iodine number determination. 

This analysis was conducted simultaneously 

to determine the optimal chemical activation 

for producing AC with superior properties, 

particularly for wound exudate odour 

absorption. 

 

2.2.1. Carbon Yield and Bulk Density 

The quantification of carbon yield is 

achieved through the application of Equation 
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Figure 1. Illustration of activated carbon synthesis. 

 

(1). The carbon yield is defined as the ratio of 

the weight of AC to the weight of raw 

material [23]. The weighing is conducted prior 

to the raw material undergoing pre-

carbonization and subsequent to the 

production of AC. This process are 

conducted using electronic analytical 

balances. 

 

Carbon yield (%) =
WAC

WRM
 x 100%        (1) 

 

where WAC is the mass of AC recorded at the 

end of the process (g) and WRM is the mass of 

raw material (g), the raw material used in this 

work is TWS. 

Then, the bulk density of AC is identified 

through the Equation (2) [23]. The process is 

conducted following the standart of ASTM 

D2854 [24] with slight modification. This 

measurement was performed with the AC 

added to the tube with the volume and mass 

as previously known. 

 

Bulk density =
weight of AC (g)

volume of AC (ml)
        (2) 

2.2.2. Ash Content 

The ash content of AC is evaluated 

according to the standart ASTM method, 

which is ASTM D2866 [25]. It was then 

determined using Equation (3) [26]. The 

procedure was started by weighing the 

crucible with the lid. Then, 1.0 g of AC is 

weighed into a crucible and subjected to 

heating using a furnace at 650 °C for 1 hour. 

The crucible is then cooled to room 

temperatur and reweighed. 

 

Ash Content (%) =
mfinal

minitial
 x 100%        (3) 

where minitial and mfinal are respectively 

initial and final mass that recorded in this 

characterization process. 
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2.2.3. Moisture Content 

The moisture content is determined 

according to the Equation (4). 1.0 g of AC is 

placed in the crucible and dried at 150 °C for 

3 hours. This process is following the 

standard of ASTM series number D2867 [27]. 

The sample is then weighed after the whole 

process [28]. 

 

Moisture content (%) =
W1−W2

W1
 x 100%           (4) 

 

where W1 is the mass of AC before drying (g) 

and W2 is the mass of AC after drying (g). 

2.2.4. Volatile Matter 

Volatile matter is determined by ASTM 

standard D5832 according to the procedure 

performed by Ngernyen in 2020 [29]. 1.0 g of 

AC is heated at 950 °C for 30 minutes. It was 

then cooled to room temperature. The weight 

loss in before and after heating treatment is 

volatile matter. The volatile matter was then 

calculated using Equation (5) below [30]: 

 

Volatile matter (%) =
[100(B−F)−M(B−G)]

(B−G)(100−M) x 100
        (5) 

 

Where B is the mass of the crucible with AC 

before heating (g), F is the mass of the 

crucible with AC after heating (g), G is the 

mass of the crucible (g), and M is the 

moisture content of the AC.  

2.2.5. Fixed Carbon Content  

The FCC of AC derived from TWS that 

has been done in this work was calculated 

using Equation (6) as follows [31]: 

 

FCC = 100% − (%M + %A + %VM)        (6) 

 

Where %M is the moisture content of the AC, 

%A is the ash content of the AC, and %VM 

is the volatile matter of the AC. 

2.2.6. Iodine Number 

The iodine number test is a significant 

parameter in AC, as it is utilised to evaluate 

its capacity to absorb small molecules [32]. It 

has been demonstrated that the iodine number 

value is directly proportional to the AC’s 

capacity for the absorption of small 

compounds. In the domain of medical 

textiles, its application in wound dressings is 

advantageous due to its capacity to absorb 

malodorous volatile organic compounds 

emanating from wounds. Consequently, an 

elevated iodine number is indicative of the 

remarkable capacity of AC to mitigate odours 

in wounds. 

Then, the iodine number test was 

conducted with reference to ASTM D4607-

94 [33]. 1.0 g of AC was meticulously 

prepared and subsequently introduced into an 

Erlenmeyer flask containing 10 ml of 5% 

HCl. The contents of the flask were then 

boiled for 30 sec and cooled to room 

temperature. Then, 100 ml of iodine solution 

with a concentration of 0.1 M was introduced 

and agitated for a period of approximately 30 

min before being filtered. In the next step, 25 

ml of the filtrate was taken and titrated with 

sodium thiosulfate (Na2S2O3) at a 
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concentration of 0.1 M and using starch as an 

indicator. 

 

3. Results and Discussions 

The XRD pattern represents AC derived 

from TWS that was chemically activated 

using different agents: H3PO4 (black), HCl 

(red), and NaOH (blue), as shown in Figure 

2. The broad peaks observed in the range of 

2θ = 20°–30° correspond to the characteristic 

region of amorphous carbon. The lack of 

sharp diffraction peaks indicates that the 

TWS-derived activated carbon possesses 

predominantly amorphous structures rather 

than crystalline phases [34]. 

The peak positions slightly vary 

depending on the activating agent: H3PO4 at 

around 23.0°, HCl at approximately 23.5°, 

and NaOH at about 24.0°. These small shifts 

suggest differences in the structural 

arrangement of carbon layers, where NaOH 

activation tends to produce a slightly more 

compact arrangement compared to HCl and 

H3PO4. 

Overall, the results confirm that TWS-

derived AC exhibits amorphous 

characteristics, which are advantageous for 

adsorption processes. The disordered carbon 

structure enhances porosity and surface area, 

making the material highly suitable for 

applications such as medical textiles, where 

efficient absorption of wound exudates and 

toxic compounds is required [35]. 

The SEM micrographs of TWS-derived 

AC in Figure 3(a), 3(b), and 3(c) show 

irregular and porous morphologies 

characterized by fractured surfaces, rough 

textures, and scattered voids. These structural 

features are consistent with the amorphous 

nature confirmed by the XRD results. When 

compared to the reference micrograph in 

Figure 3(d), notable similarities and 

differences can be observed. Both sets of 

images display irregular particle shapes and 

the absence of long-range order, confirming 

the amorphous character of the carbon 

materials. However, Figure 3(a)-(c) exhibit 

more pronounced pore openings and 

fragmented structures, suggesting the 

development of higher surface irregularities 

and potentially greater surface area compared 

to the reference. In contrast, the reference 

sample in Figure 3(d) shows relatively larger, 

compact, and aggregated particles, with less 

visible porosity at the same scale. This 

comparison highlights that TWS-derived AC 

develops a porous morphology comparable to 

the general characteristics of amorphous 

carbons but with more fragmented and 

irregular   features, which    may     provide 
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Figure 2. XRD pattern of TWS-derived AC with different chemical activation: (a) H₃PO₄, (b) 

HCl, (c) NaOH. 

 

 

Figure 3. SEM image of TWS-derived AC with different chemical activation: (a) H3PO4, (b) 

HCl, (c) NaOH, and (d) reference [36]. 
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superior adsorption potential for applications 

such as medical textiles requiring efficient 

fluid absorption and retention. 

Then, the EDX evaluation shown that 

H3PO4 (AC-1), HCl (AC-2), and NaOH (AC-

3) have a percentage of carbon element more 

than 60% as shown in Table 2, it indicates the 

successful of synthesis process. Carbon and 

oxygen dominate all samples, confirming the 

typical composition of AC. 

 

Table 2. Element contain in AC derived 

from TWS (this work) 

Elements Percentage (%) 

AC-1 AC-2 AC-3 

Carbon (C) 75.8 74.2 72.4 

Oxygen (O) 20.2 21.5 23.1 

Manganese (Mn) 0.3 0.2 0.4 

Calcium (Ca) 0.8 0.9 0.6 

Iron (Fe) 0.6 0.5 0.5 

Potassium (K) 1.5 2.2 1.8 

Silica (Si) 0.8 0.5 1.2 

 

AC-1 (H3PO4 activation) shows the 

highest carbon content (75.8%), indicating 

good carbon retention after activation, while 

its oxygen content (20.2%) suggests the 

presence of oxygenated functional groups 

that can enhance adsorption properties. AC-2 

(HCl activation) has slightly lower carbon 

(74.2%) but a marginally higher oxygen 

content (21.5%) compared to AC-1, with the 

highest potassium content (2.2%), likely 

originating from residual inorganic minerals. 

AC-3 (NaOH activation) exhibits the lowest 

carbon content (72.4%) but the highest 

oxygen percentage (23.1%), indicating more 

surface functionalization that may contribute 

to increased hydrophilicity, although 

excessive oxygen groups may also reduce 

structural stability [37]. 

Minor elements such as Mn, Ca, Fe, 

K, and Si are present in small amounts, 

reflecting the natural inorganic composition 

of TWS and the influence of activating 

agents. These mineral traces may also 

contribute to surface heterogeneity and 

adsorption activity. Among the samples, AC-

1 demonstrates a balanced composition with 

high carbon content and sufficient oxygen, 

making it the most favorable for adsorption 

applications. The combined presence of 

carbon stability and functional groups 

enhances its potential use in medical textiles, 

where both porosity and hydrophilicity are 

crucial for wound exudate absorption and 

antibacterial performance. 

To validating this performance of 

AC, the several physicochemical properties 

test are conducted. The physicochemical 

properties of the AC synthesized using 

different chemical activating agents are 

summarized in Table 3. The yield values 

ranged from 28.7% to 35.2%, with AC-3 

(NaOH) exhibiting the highest yield, 

followed by AC-1 (H3PO4) and AC-2 (HCl). 

A higher yield is favourable for large-scale 

production as it ensures greater material 
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efficiency, which is highly beneficial for 

sustainable applications in medical textiles 

[38]. The bulk density of the samples varied 

between 0.47 and 0.52 g/ml, indicating a 

moderate density suitable for integration into 

textile substrates without causing excessive 

weight or compromising wearer comfort. 

Ash content was lowest in AC-2 (4.2%), 

implying fewer inorganic residues and more 

effective adsorption performance, which is 

crucial for the removal of odor-causing 

compounds in wound dressings [39]. Moisture 

content for all ACs was relatively low (5.9–

6.8%), remaining below the recommended 

10% threshold, thereby ensuring material 

stability and minimizing microbial growth 

when applied in moist wound environments. 

The volatile matter content showed a 

noticeable difference, with AC-1 having the 

lowest value (17.6%), suggesting a greater 

development of porosity and stability 

compared to AC-2 (20.1%). Finally, the fixed 

carbon content (FCC) of all samples was 

consistently high, ranging from 69.5% to 

69.8%, reflecting a stable carbon framework 

capable of supporting high adsorption 

capacity. 

These results highlight that AC-1 

(H3PO4) demonstrates the most balanced 

properties, with high yield, moderate bulk 

density, low volatile matter, and high fixed 

carbon content, making it a strong candidate 

for medical textile applications such as odor-

adsorbing wound dressings. Meanwhile, AC-

2 (HCl), with its low ash content, also 

presents significant potential for maximizing 

adsorption performance. Overall, the 

findings indicate that TWS-derived AC 

possess suitable physicochemical 

characteristics for non-implant medical 

textile applications, particularly in enhancing 

patient comfort and accelerating the wound-

healing process through effective odor and 

moisture management. 

 

Table 3. Physicochemical properties of AC 

Indicators AC-1 AC-2 AC-3 

Yield (%) 35.2 28.7 32.5 

Bulk density (g/ml) 0.50 0.47 0.52 

Ash Content (%) 6.1 4.2 5.8 

Moisture Content (%) 6.8 5.9 6.3 

Volatile Matter (%) 17.6 20.1 18.4 

FCC (%) 69.5 69.8 69.5 

 

The iodine number analysis, as 

presented in Figure 4, reveals significant 

differences in the adsorption capacity of the 

three types of activated carbon (AC). AC-1, 

synthesized using H3PO4, exhibited the 

highest iodine number of 943 mg/g, 

indicating a highly developed porous 

structure and large surface area, which 

directly enhances its ability to adsorb small 

molecules. AC-2, prepared with HCl, showed 

a moderate iodine number of 782 mg/g, 

suggesting an intermediate level of porosity 

and adsorption capability. Meanwhile, AC-3, 

derived using NaOH, had the lowest iodine 
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number of 661 mg/g, reflecting a less 

developed porous network compared to the 

other two samples. These results confirm that 

the choice of activating agent plays a crucial 

role in determining the surface chemistry and 

porosity of AC. The superior performance of 

AC-1 suggests that H3PO4 activation is more 

effective in producing microporous 

structures suitable for adsorption of low-

molecular-weight compounds [40]. In the 

context of medical textile applications, 

particularly for odor-absorbing wound 

dressings, a higher iodine number is 

advantageous as it ensures more effective 

adsorption of volatile compounds and 

exudates, thereby improving patient comfort 

and potentially accelerating the healing 

process. 

 

Figure 4. Iodine number of each AC 

samples. 

 

4. Conclusions 

This work investigated the preparation of 

AC using three different chemical activating 

agents: H3PO4, HCl, and NaOH. The effects 

of these agents on the physicochemical 

properties of the resulting AC were 

systematically evaluated. The results indicate 

that H3PO4 produced the most superior AC, 

particularly in terms of adsorption capacity, 

as evidenced by an iodine number of 

approximately 943 mg/g. A high iodine 

number reflects excellent micropore 

development and adsorption potential, 

suggesting that this AC is highly suitable for 

applications requiring the removal of small 

molecules, such as the adsorption of 

malodorous compounds in wound exudates. 

Further studies are recommended to directly 

assess the performance of this AC in real 

wound environments, which would provide 

more robust validation of its effectiveness for 

medical textile applications. 
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