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INTRODUCTON 

Industrial wastewater is a significant en-
vironmental and public health challenge, par-
ticularly due to the widespread use of synthetic 
dyes across various industries. Sectors such as 
textiles, plastics, paper, and leather manufactur-
ing are the primary contributors to dye pollution 
(Hammud et al., 2023). These industries gener-
ate significant amounts of effluents containing 
hazardous chemical compounds, which are of-
ten discharged untreated or inadequately treated 
into natural water bodies (Emmanuel and Ad-
esibikan, 2024a). The presence of dyes in waste-
water is a major concern. They are highly stable, 
resistant to biodegradation, and toxic to aquatic 
ecosystems and human health. Congo red (CR), 

a widely utilized anionic diazo dye, is of special 
concern among the dyes commonly found in in-
dustrial effluents due to its persistence and toxic-
ity (Harja et al., 2022). It is used extensively in 
the textile and pigment industries because it pro-
vides vibrant color and stability under varying 
pH and temperature conditions (Li et al., 2016). 
However, its durability also contributes to envi-
ronmental pollution. It resists breakdown in con-
ventional wastewater treatment processes such 
as aerobic and anaerobic digestion. Congo red 
metabolizes into benzidine, a well-documented 
carcinogen that poses severe risks to human and 
ecological health. Furthermore, Congo red’s 
strong resistance to light, heat, and moderate 
oxidants makes it extremely difficult to remove 
from wastewater, leading to its accumulation in 
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aquatic environments (Hua et al., 2023). This 
highlights the critical need for innovative, effec-
tive, and sustainable methods for dye removal.

Over the past decades, numerous technologies 
have been developed to treat dye-contaminated 
wastewater. These range from physical methods 
such as coagulation and filtration to advanced 
chemical and biological treatments (Siregar et al., 
2021). However, these methods are often associ-
ated with significant drawbacks, including high 
operational costs, the generation of secondary 
pollutants, and the requirement for sophisticated 
technical expertise (Khan et al., 2023). Chemical 
oxidation is an effective method for dye degra-
dation, but it often produces harmful byproducts. 
Similarly, membrane filtration is effective but 
expensive and prone to fouling, which limits its 
large-scale applicability (Goyi et al., 2024). It is 
imperative that we explore alternative treatment 
methods that are both cost-effective and environ-
mentally sustainable.

Adsorption is the method of choice for re-
moving dyes from wastewater. It is simple to op-
erate, low-cost, and has minimal environmental 
impact (Zhou et al., 2024). Adsorption is a pro-
cess that involves the physical or chemical inter-
action between dye molecules (adsorbates) and 
a solid material (adsorbent), which captures and 
removes contaminants from wastewater (Gao et 
al., 2016). The performance of adsorption pro-
cesses is influenced by several factors, including 
the surface area, porosity, and functional groups 
of the adsorbent material (Jalilian et al., 2024a). 
Furthermore, adsorption is the optimal solution 
due to its high efficiency, adaptability for a wide 
range of contaminants, and minimal production 
of secondary waste.

In recent years, a variety of adsorbent ma-
terials have been developed, including activated 
carbon (Tabassum et al., 2020), carbon nanotubes 
(CNTs) (Ren et al., 2011), graphene (Wang et al., 
2015), biochar (Sharma et al., 2022), hydrochar 
(Li et al., 2016), and composite materials (Wijaya 
et al., 2021). Hydrochar is a carbonrich material 
produced through hydrothermal carbonization of 
biomass is the one to watch. Hydrochar is the op-
timal choice for wastewater treatment due to its 
unique properties, including a high carbon con-
tent, tunable surface characteristics, and ease of 
production (Hasanah et al., 2022). Recent stud-
ies have demonstrated the potential of hydrochar 
derived from various biomass sources for dye 
adsorption, with varying adsorption capacities 

(Qmax) depending on the feedstock and synthesis 
conditions. For instance, hydrochar from bamboo 
sawdust showed a Qmax of 33.7 mg/g for CR (Li 
et al., 2016), while rice straw-derived hydrochar 
exhibited a Qmax of 222.1 mg/g for CR (Li et 
al., 2019). However, there remains a gap in the 
development of hydrochar-based materials with 
significantly enhanced adsorption capacities, par-
ticularly through nanoscale modifications.

The novelty of this research lies in the synthe-
sis of nano-hydrochar from Areca catechu husk 
biomass using a simple yet highly effective high-
energy milling (HEM) method (Rojas-Chávez et 
al., 2020). This approach transforms conventional 
hydrochar into nano-hydrochar, significantly en-
hancing its adsorption capabilities while main-
taining a cost-effective and scalable production 
process. The HEM method not only reduces par-
ticle size to the nanoscale but also increases the 
material’s surface area, porosity, and availability 
of active sites, which are critical for efficient dye 
adsorption (Zhang et al., 2004).

The reduction of particle size to the nanoscale 
is undoubtedly one of the most significant ad-
vancements in adsorbent development (Chausali 
et al., 2021). This process dramatically enhances 
the material’s adsorption properties. High-energy 
milling is an effective method for transform-
ing hydrochar into nano-hydrochar, resulting in 
smaller particles with higher surface areas and 
more active adsorption sites (Kumar et al., 2020). 
Nano-hydrochar exhibits superior adsorption ki-
netics, due to improved dye-adsorbent interac-
tions, higher porosity, and better dispersibility 
in aqueous solutions (Zhang et al., 2004). Nano-
hydrochar is the ideal solution for removing com-
plex dyes like Congo red.

Areca catechu, commonly known as betel nut 
husk, is a highly sustainable and abundant bio-
mass source that can be used for adsorbent de-
velopment It is widely available as agricultural 
waste in tropical regions and is an ideal precur-
sor for producing hydrochar and nano-hydrochar 
due to its high carbon content (Chao et al., 2020). 
Using Areca catechu husk is the best way to cre-
ate a low-cost material for adsorbent synthesis 
while also promoting the valorization of agricul-
tural waste This aligns perfectly with the prin-
ciples of the circular economy and sustainable 
development.

This study synthesizes and characterizes hy-
drochar and nano-hydrochar derived from Areca 
catechu husk for the adsorption of Congo red dye 
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from wastewater. This research will compare the 
physicochemical properties of raw Areca husk, 
hydrochar, and nano-hydrochar. We will evalu-
ate the adsorption performance of these materials 
based on key parameters, including adsorption 
capacity, kinetics, and isotherm behavior. We will 
also investigate the role of high-energy milling in 
enhancing the adsorption efficiency of hydrochar. 
The findings of this study will contribute to the 
development of eco-friendly, efficient, and scal-
able adsorbents for industrial wastewater treat-
ment. This will address the global challenge of 
dye pollution while promoting the sustainable 
utilization of agricultural waste.

EXPERIMENTAL SECTION

Chemicals and instrumentation

Materials used in this research include dis-
tilled water (H₂O) from PT. Dira Sonita, HCl, 
NaOH, NaCl, Congo red dye (C₃₂H₂₂N₆Na₂O₆S₂), 
and Areca catechu L. sourced from Panganda-
ran, West Java, Indonesia. Equipment utilized 
includes measuring cups, beakers, vacum, hot-
plate, funnel, filter paper, analytical balance, 
oven, magnetic stirrer, pH meter, thermometer, 
pipettes, centrifuge, hydrothermal stainless-steel 
autoclave, XRD Rigaku Miniflex-6000, Quanta-
chrome Micrometic ASAP and UV-Vis Biobase 
BK-UV 1800 PC spectrophotometer.

Preparation of hydrochar from Areca catechu 
husk

The preparation of hydrochar began by weigh-
ing 2.5 grams of Areca husk, which was then 
mixed with 50 mL of distilled water in a 100 mL 
stainless-steel hydrothermal autoclave. The au-
toclave was sealed tightly and placed in an oven 
preheated to 250 °C, where it was maintained for 
4 hours to undergo the hydrothermal carboniza-
tion process. Once the reaction was complete, the 
autoclave was allowed to cool naturally to room 
temperature (Pauletto et al., 2021).

The solid product, referred to as hydrochar, 
was collected from the autoclave and washed 
thoroughly with distilled water multiple times to 
remove any residual impurities, such as soluble 
organic and inorganic compounds. After washing, 
the hydrochar was dried in a conventional oven 

set to 105 °C for 24 hours to ensure complete re-
moval of moisture.

Preparation of nano-hydrochar from Areca 
catechu husk

To convert the hydrochar into nano-hydro-
char, the hydrochar that have been prepared be-
fore was subjected to particle size reduction us-
ing high-energy milling (HEM). Approximately 
2.5 grams of the dried hydrochar was placed into 
the milling chamber of a HEM device, equipped 
with stainless steel balls as the grinding medium. 
The milling process was conducted at a rotational 
speed of 500 rpm for 3 hours, with periodic paus-
es every 30 minutes to prevent overheating and 
ensure uniform grinding. After milling, the result-
ing nano-hydrochar was sieved using a fine mesh 
(200 mesh) to separate uniform-sized nanoparti-
cles from any larger agglomerates (Rojas-Chávez 
et al., 2020). The obtained nano-hydrochar pow-
der was then stored in an airtight container to pre-
vent contamination and moisture absorption. Na-
no-hydrochar was characterized using techniques 
such as scanning electron microscopy (SEM) to 
analyze its morphology, fourier transform infra-
red spectroscopy (FTIR) to identify functional 
groups, Brunauer-Emmett-Teller (BET) analy-
sis to measure surface area and porosity, and x-
ray diffraction (XRD) to confirm its crystalline 
structure. These characterizations ensure that the 
nano-hydrochar meets the desired properties for 
adsorption applications.

Adsorption study

Each solution is adjusted to a pH range of 
2–11 using 0.1 M NaOH or 0.1 M HCl. After the 
pH adjustment, 0.02 g of hydrochar, nano-hydro-
char derived from Areca husk is added to the so-
lution. The mixture is then agitated on a shaker 
for 24 hours. Following this process, the filtrate is 
collected, and the final pH is measured using a pH 
meter. Each treatment is performed in triplicate to 
ensure accuracy and reproducibility. 

Several parameters, such as concentration, 
pH, and temperature, were tested to identify the 
ideal conditions for the dye adsorption process. 
In the pH variation experiment, a 20 mL dye so-
lution with a concentration of 50 mg/L was pre-
pared, and the pH was adjusted between 3 and 11 
using NaOH and HCl solutions. After pH adjust-
ment, the initial absorbance was measured using 
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a UV-Vis spectrophotometer to assess how pH 
affected the adsorption performance. For the ad-
sorption experiment, 0.02 g of Areca husk adsor-
bent hydrochar and nano-hydrochar were added to 
a 100 mL Erlenmeyer flask containing 20 mL of 
dye solution at a concentration of 50 mg/L, without 
altering the pH of the dye. The mixture was stirred 
using a magnetic stirrer at intervals of 10, 20, 30, 
40, 50, 60, 90, 120, 150, and 180 minutes. After 
each stirring period, the adsorbent and remaining 
dye were separated by filtration, and the filtrate 
was collected. The absorbance of the filtrate was 
then measured using a UV-Vis spectrophotometer. 
At each interval, the suspension was filtered to sep-
arate the solid adsorbent from the remaining dye 
solution. The resulting filtrate was analyzed using 
a UV-Vis spectrophotometer to measure its absor-
bance, providing data on the dye concentration left 
in the solution. This procedure was repeated under 
controlled conditions to assess adsorption efficien-
cy based on stirring time and the type of adsorbent 
used (Normah et al., 2021).

The effect of dye concentration was explored 
by preparing solutions with varying concentrations 
between 50, 100, 150 and 200 mg/L. For each con-
centration, 0.02 g of adsorbent was added, stirred 
for two hours, and filtered. The filtrate was then an-
alyzed with a UV-Vis spectrophotometer to quan-
tify the remaining dye concentration. The impact 
of temperature was examined by conducting the 
experiment at controlled temperatures of 30 °C, 
40 °C, 50 °C, and 60 °C while following the same 
stirring and separation protocols (Dai et al., 2019).

Additionally, the reusability of the adsor-
bents was evaluated by performing regeneration 
and desorption tests. Used adsorbents were intro-
duced into a 20 mL solution containing 50 mg/L 
of dye and stirred for two hours. Afterward, the 
remaining dye concentration in the solution was 
measured using a UV-Vis spectrophotometer. 
The adsorbents were then subjected to desorption 
through ultrasonic treatment in 25 mL of aqueous 
solvent for two hours, followed by filtration. The 
recovered adsorbents were dried and reused in 
subsequent experiments to assess their regenera-
tion capabilities (Palapa et al., 2021).

RESULT AND DISCUSSION

The XRD diffractogram in Figure 1 shows the 
structural characteristics of Areca husk, hydro-
char (HC), and nano-hydrochar (nano-HC). The 
Areca husk exhibits peaks at 16.58° and 22.25°, 
along with smaller peaks at 53.74° and 60.08°, 
indicating semi-crystalline properties with a sig-
nificant amorphous fraction due to the presence 
of cellulose and hemicellulose. For HC, peaks at 
15.88°, 22.92°, and 34.74° suggest an increase in 
structural organization after hydrothermal car-
bonization, with the prominent peak at 22.92° 
indicating partially ordered carbon, though the 
structure remains largely amorphous (Bardalai 
and Mahanta, 2018). In contrast, nano-HC dis-
plays a broad peak at 22.25° with reduced intensi-
ty, reflecting a highly disordered and amorphous 

Figure 1. X-ray diffraction of Areca husk, HC and nano HC
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structure caused by high-energy milling, which 
enhances surface area and adsorption capability. 
These results demonstrate a transition from semi-
crystalline to more amorphous structures, align-
ing with studies showing that thermal treatment 
and particle size reduction improve adsorbent 
performance by increasing active surface sites 
(Mahmoud et al., 2024).

The FTIR spectrum presented in Figure 2 il-
lustrates the functional group compositions of 
Areca husk, HC, and nano-HC. The Areca husk 
exhibits a broad absorption band at 3400–3200 
cm⁻¹, indicative of O–H stretching vibrations 
from hydroxyl groups, suggesting the presence 
of moisture or hydrogen-bonded alcohols and 
phenols. Peaks around 2920 cm⁻¹ and 2850 cm⁻¹ 
correspond to asymmetric and symmetric C–H 
stretching in aliphatic chains, indicating fatty 
acid or cellulose components (Singh and Garg, 
2024). In HC, peaks at 1650–1600 cm⁻¹ represent 
C=C stretching vibrations from aromatic rings, 
reflecting increased aromaticity during hydro-
thermal carbonization (Emmanuel and Adesibi-
kan, 2024b). Additionally, the band at 1400 cm⁻¹ 
corresponds to C–H bending vibrations, while the 
peak at 1110 cm⁻¹ suggests C–O–C stretching, 
characteristic of ether linkages in carbohydrate 
residues. Nano-HC demonstrates a notable reduc-
tion in peak intensity, particularly at 1110 cm⁻¹ 
and 1600 cm⁻¹, implying structural modifications 
from high-energy milling that disrupt aromatic 
and ether groups, enhancing surface functional-
ization (Bo and Shi, 2024). The peaks at 600–800 

cm⁻¹ indicate the presence of aromatic out-of-
plane bending, confirming the retention of aro-
matic structures in the adsorbent materials. These 
spectra reveal that the surface chemistry of HC 
and nano-HC is enriched with functional groups 
such as hydroxyl, carbonyl, and aromatic groups, 
improving their adsorption capabilities for dye re-
moval (Guo et al., 2015).

The SEM images of Areca catechu fruit husk, 
biochar, and nano-biochar reveal distinct surface 
morphologies. Figures 3a and 3b depict small 
spherical fragments with visible micropores on 
the Areca catechu husk surface. However, the po-
rosity is less pronounced compared to the biochar 
shown in Figures 3c and 3d, where the hydroter-
mal carbonization process widens the pores due 
to the decomposition of organic matter. In Figures 
3e and 3f, the nano-biochar exhibits smaller parti-
cle sizes but shows signs of agglomeration caused 
by strong interparticle forces at the nanoscale. 
Nano-hydrochar were milled using High-Energy 
Milling at 500 rpm for 3 hours, resulting in a ma-
terial with a tubular, elongated structure and fine 
particle size (Vinayagam et al., 2023).

The raw Areca husk displays a rough and un-
even surface with large aggregates and cracks, re-
flecting its natural fibrous texture. These charac-
teristics suggest limited adsorption performance 
due to irregular pore distribution and reduced 
surface area. In contrast, the hydrochar exhibits 
a more compact and uniform structure with vis-
ible micro-porous regions, though the pores are 
not yet fully developed (Jalilian et al., 2024b). 

Figure 2. FTIR spectra of Areca husk, HC and nano HC
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This indicates that the hydrothermal process 
partially enhances the material’s surface proper-
ties, improving its adsorption potential compared 
to the raw husk. The nano-hydrochar, however, 
shows a highly fragmented structure with finer 
particle distribution and significantly increased 
porosity (Haris et al., 2022). The well-defined 
and smaller pores contribute to a higher specific 
surface area, enhancing its adsorption capability. 
These morphological transformations align with 
the experimental results, where nano-hydrochar 
demonstrates superior adsorption performance, 
as indicated by its higher Langmuir adsorption 
capacity (Qmax).

The EDX results on Table 1. show a signifi-
cant increase in carbon content, from 51.13% in 
Areca husk to 59.18% in hydrochar and 75.36% 
in nano-hydrochar, with a corresponding de-
crease in oxygen content, indicating effective 
carbonization during processing. The decrease 
in oxygen (from 41.10% to 23.67% in % mass) 

reflects the removal of oxygen-containing 
groups through hydrothermal and milling pro-
cesses, enhancing the material’s hydrophobic-
ity and adsorption potential. Minimal changes 
in aluminum (Al) and silicon (Si) suggest these 
elements remain as trace impurities, unaffected 
by the treatment. These compositional improve-
ments highlight nano-HC as a highly carbon-
rich material with optimized properties for ad-
sorption applications (Lin et al., 2023).

The pH point of zero charge (pHpzc) values 
of Areca husk, hydrochar, and nano-hydrochar, 
as shown in the Figure 4, were determined to be 
approximately 6.05, 6.08, and 6.65, respectively. 
The pHpzc represents the pH at which the net sur-
face charge of the material becomes neutral. At 
pH values below the pHpzc, the surface is posi-
tively charged, favoring the adsorption of anionic 
dyes like Congo red due to electrostatic attrac-
tion. Conversely, at pH values above the pHpzc, 
the surface becomes negatively charged, repelling 

Figure 3. SEM image of Areca husk x500 (a), Areca husk x1000 (b), HC x500 (c), HC x1000 (d), 
nano HC x500 (e) and nano HC x1000 (f)
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anionic molecules and reducing adsorption ef-
ficiency. The nano-HC shows a slightly higher 
pHpzc compared to HC and Areca husk, indicat-
ing its improved surface modification through 
high-energy milling, which likely enhances its 
adsorption capacity at near-neutral pH conditions 
(Waly et al., 2024).

In this study, the adsorption process was con-
ducted at the natural pH of Congo red (6.16) with-
out adjusting the solution’s pH. This decision was 
made to better simulate real-world applications 
and to avoid altering the structural integrity of 
the adsorbents. At pH 6.16, the surface charges of 
HC and nano-HC are near their pHpzc, allowing 
for sufficient electrostatic attraction to Congo red 
molecules while maintaining material stability 
(Liu et al., 2024). Avoiding pH modification also 
ensures that the adsorption performance observed 
reflects the inherent properties of the materials, 
thus providing a more environmentally compat-
ible approach to wastewater treatment using these 
adsorbents (Supraja et al., 2023). 

Figure 5 describe that amount of Congo red 
absorbed by Areca husk, hydrochar and nano-
hydrochar depends heavily on the pH. Acidic pH 
levels ranging from 2 to 4 protonate all adsorbent 
surfaces, considerably improving adsorption via 
strong electrostatic attraction to the anionic dye. 

nano-hydrochar’s adsorption capacity, like that of 
other materials, peaks at pH 5–6; however, this 
is especially pronounced for nano-hydrochar due 
to its larger surface area and greater number of 
active sites. Outside this precise range, the adsor-
bent’s efficiency decreases considerably because 
its strongly negative surface charge causes large 
electrostatic repulsion and competes heavily with 
many hydroxide ions at alkaline pH.

Areca husk, HC and nano-HC have pH points 
of zero charge (pHpzc) values near 6.05, 6.08 and 
6.65. Below these pH values, they are positively 
charged, improving adsorption through electro-
static interactions. Near-neutral pH conditions of 
6.16 proved sufficient for all adsorption experi-
ments; electrostatic attraction alone was adequate, 
eliminating the need for pH adjustment. Adsorp-
tion is also influenced by hydrogen bonding, π-π 
interactions and other interactions. Nano-HC 
shows outstanding potential for wastewater treat-
ment, especially when operating near its pHpzc to 
improve electrostatic interactions.

The adsorption kinetics on Table 2 and Fig-
ure 6 shows Congo red adsorption onto Areca 
husk, HC, and nano HC were analyzed using 
pseudo-first-order (PFO) and pseudo-second-or-
der (PSO) models to understand the adsorption 
mechanism. The parameters for each model were 

Table 1. EDX result of Areca husk, HC and nano-HC

Adsorbent
Element % mass Element % atom

C O Al Si C O Al Si

Areca husk 51.13% 41.10% 0.90% 6.87% 59.92% 36.16% 0.47% 3.44%

HC 59.18% 39.82% 0.35% 0.65% 66.12% 33.40% 0.17% 0.31%

Nano HC 75.36% 23.67% 0.31% 0.66% 80.56% 18.99% 0.15% 0.30%

Figure 4. pHpzc point zero charge of Areca husk, 
HC and nano HC

Figure 5. Impact of pH adsorption to Areca husk, 
hydrochar and nano-hydrochar
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presented in Table 5. The equilibrium adsorp-
tion capacity (qe) for Areca husk, HC, and nano 
HC was 36.348 mg/g, 38.263 mg/g, and 40.644 
mg/g, respectively, indicating that nano HC ex-
hibited the highest adsorption capacity due to 
its enhanced surface area and functional group 
density (Wang et al., 2022). The data showed 
that the PSO model provided a better fit for all 
adsorbents, with R² values of 0.995 for Areca 
husk and HC, and 0.999 for nano HC, compared 
to the lower R² values obtained using the PFO 
model. This suggests that the adsorption process 
is chemisorption-driven, controlled by electron 
sharing or exchange between CR and the adsor-
bent surfaces (Pauletto et al., 2021).

Figure 7 Shows the adsorption isotherms of 
Congo red were analyzed using Langmuir, Freun-
dlich, and Temkin models to understand the na-
ture and mechanisms of the adsorption process. 
The Langmuir isotherm, which assumes mono-
layer adsorption on a homogeneous surface, pro-
vided an excellent fit for Areca husk with an R² 

value of 0.999 and a maximum adsorption capac-
ity (Qmax) of 123.748 mg/g at 30 °C. Hydro-
char exhibited a higher Qmax of 224.589 mg/g 
but with a slightly lower R² of 0.903, indicating 
less uniform adsorption compared to Areca husk. 
Nano-hydrochar displayed the highest Qmax of 
596.617 mg/g, reflecting its superior adsorption 
potential due to its enhanced surface area and na-
no-scale properties. The Langmuir model’s domi-
nance for nano-HC and Areca husk suggests that 
monolayer adsorption, facilitated by functional 
groups such as -OH and -COOH, is the primary 
mechanism. This is further supported by the high 
R² values, indicating the availability of abundant 
uniform active sites on these adsorbents.

The Freundlich isotherm, which assumes a 
heterogeneous adsorbent surface with multilayer 
adsorption, showed a better fit for HC with an R² 
of 0.985, compared to 0.917 for Areca husk and 
0.731 for nano-HC. The Freundlich constant (n), 
which indicates adsorption favorability, was high-
est for Areca husk (2.831), suggesting favorable 

Table 2. Kinetics adsorption result

Adsorbent
Initial concentration Qe exp PFO PSO

(mg/L) (mg/g) Qe calc (mg/g) R2 k1 Qe calc (mg/g) R2 k2

Areca husk 50.74 36.348 15.129 0.784 -5.711 36.731 0.995 0.002

HC 50.74 38.263 12.497 0.657 -5.156 38.239 0.995 0.003

Nano HC 51.82 40.644 9.523 0.661 -7.546 48.487 0.999 0.007

Figure 6. Adsorption kinetics pseudo-first order kinetic model and pseudo-second order kinetic model 
of Areca husk, HC and nano HC 
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adsorption, while HC and nano-HC had lower 
values of 1.592 and 1.161, respectively. The KF 
values further supported this trend, with Areca 
husk demonstrating the highest value (24.272), 
followed by HC (8.685) and nano-HC (2.479). 
These results indicate that while nano-HC has the 
highest adsorption capacity, its adsorption process 
is less influenced by the heterogeneity of the ad-
sorbent surface compared to HC and Areca husk. 
This suggests that HC may involve contributions 
from multilayer adsorption and surface heteroge-
neity, as indicated by the relatively higher fit of 
the Freundlich model.

The Temkin isotherm, which considers the 
effects of adsorbent-adsorbate interactions and 
the heat of adsorption, also provided insights 
into the adsorption process. For Areca husk, the 
Temkin model showed a good fit with an R² of 
0.966, indicating significant adsorbent-adsorbate 
interactions. HC and nano-HC also demonstrated 
reasonable fits with R² values of 0.946 and 0.764, 
respectively. The KT values, which represent 
the equilibrium binding constant, were highest 
for Areca husk (0.914), followed by HC (0.184) 
and nano-HC (0.085). The BT values, related to 
the heat of adsorption, were highest for nano-
HC (54.937), suggesting stronger interactions at 

higher temperatures. These findings highlight the 
complex nature of the adsorption process, with 
different isotherms providing complementary in-
sights. Overall, the results demonstrate the poten-
tial of nano-HC as a highly effective adsorbent for 
CR removal, particularly in scenarios requiring 
high adsorption capacity, while Areca husk and 
HC offer alternative pathways with moderate ca-
pacity and diverse adsorption mechanisms.

Table 3. The adsorption isotherms of Congo 
red were analyzed using Langmuir, Freundlich, 
and Temkin models to understand the nature 
and mechanisms of the adsorption process. The 
Langmuir isotherm, which assumes monolayer 
adsorption on a homogeneous surface, provided 
an excellent fit for Areca husk with an R² value 
of 0.999 and a maximum adsorption capacity 
(Qmax) of 123.748 mg/g at 30°C. Hydrochar ex-
hibited a higher Qmax of 224.589 mg/g but with 
a slightly lower R² of 0.903, indicating less uni-
form adsorption compared to Areca husk (Zahara 
et al., 2023). Nano-hydrochar displayed the high-
est Qmax of 596.617 mg/g, reflecting its superior 
adsorption potential due to its enhanced surface 
area and nano-scale properties. The Langmuir 
model’s dominance for nano-HC and Areca husk 
suggests that monolayer adsorption, facilitated by 

Figure 7. Consentration dan adsorption capasity plots of congo red adsorption (a) Langmuir isotherm, 
(b) Freundlich isotherm (c) and Temkin isotherm
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Table 3. Isotherm adsorption

Adsorbent Adsorption 
isotherm

Adsorption 
constant

T

30 ℃ 40 ℃ 50 ℃ 60 ℃

Areca husk

Langmuir

Qmax 123.748 112.361 87.746 68.493

kL 0.083 0.091 0.063 0.092

R2 0.999 0.853 0.791 0.933

Freundlich

kF 24.272 13.271 21.312 14.529

R2 0.917 0.913 0.917 0.936

n 2.831 1.281 1.465 1.821

Temkin

R2 0.966 0.876 0.925 0.859

KT 0.914 0.812 0.941 0.965

BT 25.616 30.254 27.093 23.986

HC

Langmuir
Qmax 224.589 286.413 138.847 112.370

kL 0.017 0.046 0.015 0.027

R2 0.903 0.956 0.996 0.911

Freundlich

kF 8.685 2.931 4.142 8.639

R2 0.985 0.983 0.881 0.671

n 1.592 1.252 1.606 1.855

Temkin

R2 0.946 0.876 0.918 0.953

KT 0.184 0.231 0.216 0.152

BT 47.066 50.218 45.195 48.982

Nano-HC

Langmuir
Qmax 596.617 595.750 497.151 388.239

kL 0.003 0.030 0.036 0.061

R2 0.056 0.875 0.871 0.944

Freundlich

kF 2.479 1.002 7.127 3.257

R2 0.731 0.742 0.744 0.668

n 1.161 1.266 1.875 1.918

Temkin

R2 0.764 0.873 0.812 0.752

KT 0.085 0.127 0.053 0.165

BT 54.937 50.982 55.874 51.873

functional groups such as -OH and -COOH, is the 
primary mechanism. This is further supported by 
the high R² values, indicating the availability of 
abundant uniform active sites on these adsorbents 
(Mahar et al., 2024).

The Freundlich isotherm, which assumes a 
heterogeneous adsorbent surface with multilayer 
adsorption, showed a better fit for HC with an R² 
of 0.985, compared to 0.917 for Areca husk and 
0.731 for nano-HC. The Freundlich constant (n), 
which indicates adsorption favorability, was high-
est for Areca husk (2.831), suggesting favorable 
adsorption, while HC and nano-HC had lower 
values of 1.592 and 1.161, respectively. The KF 
values further supported this trend, with Areca 
husk demonstrating the highest value (24.272), 
followed by HC (8.685) and nano-HC (2.479). 
These results indicate that while nano-HC has the 
highest adsorption capacity, its adsorption process 

is less influenced by the heterogeneity of the ad-
sorbent surface compared to HC and Areca husk. 
This suggests that HC may involve contributions 
from multilayer adsorption and surface heteroge-
neity, as indicated by the relatively higher fit of the 
Freundlich model (Abebe et al., 2018).

The Temkin isotherm, which considers the 
effects of adsorbent-adsorbate interactions and 
the heat of adsorption, also provided insights 
into the adsorption process. For Areca husk, the 
Temkin model showed a good fit with an R² of 
0.966, indicating significant adsorbent-adsorbate 
interactions. HC and nano-HC also demonstrated 
reasonable fits with R² values of 0.946 and 0.764, 
respectively. The KT values, which represent the 
equilibrium binding constant, were highest for 
Areca husk (0.914), followed by HC (0.184) and 
nano-HC (0.085) (Wang and Guo, 2020b). The 
BT values, related to the heat of adsorption, were 
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highest for nano-HC (54.937), suggesting stron-
ger interactions at higher temperatures. These 
findings highlight the complex nature of the ad-
sorption process, with different isotherms provid-
ing complementary insights. Overall, the results 
demonstrate the potential of nano-HC as a highly 
effective adsorbent for CR removal, particularly 
in scenarios requiring high adsorption capacity, 
while Areca husk and HC offer alternative path-
ways with moderate capacity and diverse adsorp-
tion mechanisms (Wang and Guo, 2020a).

Acccording to the Table 4. Thermodynamic 
analysis of adsorption at different temperatures 
revealed distinct characteristics for the Areca 
husk, HC, and nano-HC adsorbents. The Areca 
husk exhibited a positive enthalpy change (∆H) 
of 21.323 kJ/mol and a negative entropy change 
(∆S) of -0.178 kJ/mol, indicating an endothermic 
process with decreasing randomness at the ad-
sorbent-solution interface. The Gibbs free energy 
(∆G) values were positive at all tested tempera-
tures, including 51.902 kJ/mol at 303 K, 53.192 
kJ/mol at 313 K, 54.236 kJ/mol at 323 K, and 
55.121 kJ/mol at 333 K, suggesting that the ad-
sorption process for Areca husk is non-spontane-
ous under these conditions.

For HC, the enthalpy change (∆H) was 10.626 
kJ/mol, and the entropy change (∆S) was more 
negative at -0.615 kJ/mol. This indicates a less 
endothermic process with a significant decrease in 
system randomness. The Gibbs free energy (∆G) 
values were also positive, increasing from 60.414 
kJ/mol at 303 K to 65.282 kJ/mol at 333 K, con-
firming the non-spontaneity of the adsorption pro-
cess for HC across the tested temperatures.

In contrast, nano-HC demonstrated a ∆H 
value of 15.174 kJ/mol, which is indicative of 
a moderately endothermic process. The entropy 
change (∆S) was slightly negative at -0.155 kJ/
mol, suggesting minimal reduction in entropy 
during adsorption. Similar to the other adsorbents, 
the Gibbs free energy (∆G) values were positive, 
ranging from 62.856 kJ/mol at 303 K to 65.976 
kJ/mol at 333 K, confirming the non-spontaneity 
of the process (Gamboa et al., 2024).

These results highlight that the adsorption 
processes for all three adsorbents – Areca husk, 
HC, and nano-HC – are endothermic in nature but 
non-spontaneous across the tested temperature 
range. The positive ∆H values indicate the neces-
sity of energy input for the adsorption to occur, 
while the negative ∆S values reflect an overall 

Table 4. Thermodynamic adsorption

Adsorbent ∆H (kJ/mol) ∆S (kJ/mol)
∆G (kJ/mol)

303 K 313 K 323 K 333 K

Areca husk 21.323 -0.178 51.902 53.192 54.236 55.121

HC 10.626 -0.615 60.414 61.128 63.652 65.282

Nano HC 15.174 -0.155 62.856 62.914 64.473 65.976

Table 5. The adsorption capasity of another hydrochar source
Hydrochar source Adsorbat Qmax (Mg/G) Literature

Bamboo sawdust 2-Naphthol 12.2 (Li et al., 2016)

Golden shower pod Methylene Green 15.9 (Tran et al., 2017)

Coconut shell Methylene Green 59.6 (Tran et al., 2017)

Orange peel Methylene Green 32.7 (Tran et al., 2017)

Sunflower stalks Methylene Blue 24.24 (Saini et al., 2024)

Longan peel Malachite Green 117.647 (Wijaya et al., 2024)

Longan peel Rhodamine B 50.505 (Wijaya et al., 2024)

Bamboo sawdust Congo Red 33.7 (Li et al., 2018)

Garden waste Methylene Blue 52.39 (Wu et al., 2024)

Rice straw Congo Red 222.1 (Li et al., 2019)

Pomelo peel Congo Red 144.9 (Zheng et al., 2020)

Areca husk Congo Red 286.413 This study

Nano-hydrochar from areca husk Congo Red 596.613 This study



250

Journal of Ecological Engineering 2025, 26(5), 239–254

reduction in disorder within the system during the 
process. The increasing ∆G values with tempera-
ture further underline the non-spontaneous nature 
of the adsorption under the examined conditions 
(Cabral et al., 2025) (Table 5).

Figure 8 shows that the adsorption mecha-
nism can be further elucidated by analyzing the 
infrared (IR) spectroscopy data after adsorption. 
Post-adsorption IR spectra reveal significant 
changes indicating interactions between hydro-
char or nano-hydrochar and dye molecules. The 
broad absorption band at 3400–3200 cm⁻¹, associ-
ated with O–H stretching vibrations, shows shifts 
or intensity changes, suggesting hydrogen bond-
ing or electrostatic interactions between hydroxyl 
groups on the adsorbent and the dye. Peaks around 
1650–1600 cm⁻¹, representing C=C stretching in 
aromatic rings, also exhibit intensity or position 

changes, indicating π-π interactions between the 
adsorbent’s aromatic structures and the dye mol-
ecules (Adawiyah et al., 2024). The peak at 1110 
cm⁻¹, corresponding to C–O–C stretching in ether 
linkages, shows reduced intensity or shifts, im-
plying that ether groups in carbohydrate residues 
participate in adsorption, likely through hydrogen 
bonding. The band at 1400 cm⁻¹, associated with 
C–H bending vibrations, also undergoes modifi-
cations, suggesting interactions between aliphatic 
chains and the dye. Additionally, new peaks or 
shifts in the IR spectrum after adsorption, such 
as those in the 1500–1300 cm⁻¹ range, provide 
evidence of dye-adsorbent complex formation, 
indicating functional group interactions (Mahar 
et al., 2024).

These findings highlight that Congo red 
adsorption by HC and nano-HC involves a 

Figure 8. FTIR Spectrum of hydrochar and nano-hydrochar before and after adsorption

Figure 9. Regeneration cycle
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combination of hydrogen bonding, π-π interac-
tions, and electrostatic forces, enhancing adsorp-
tion efficiency. The IR data before and after ad-
sorption offer detailed insights into the adsorption 
mechanism, supporting the potential of nano-HC 
as an effective adsorbent for dye-contaminated 
wastewater treatment (Sartape et al., 2017).

The regeneration process over three cycles 
showed that hydrochar and biochar retained their 
structural integrity, highlighting their potential 
as reusable adsorbents for CR removal. Figure 9 
illustrates the regeneration of adsorbents: Areca 
fruit peel (a), hydrochar (b), and nano-hydrochar 
(c). Figure 5 shows that hydrochar and nano-
hydrochar exhibit more stable regeneration and 
higher adsorption capacities compared to raw 
Areca fruit peel. The re-adsorption rates for HC 
and nano-HC, ranged from 56% to 15% over 
multiple cycles. In comparison, the re-adsorption 
capacity of raw Areca fruit peel after three cycles 
reached values in the range of 28.98% to 13.27%. 
Although the raw Areca fruit peel had a lower 
initial adsorption capacity, it showed comparable 
re-adsorption capacities after several cycles, par-
ticularly after the third cycle.

However, both HC and nano-HC experienced 
a decline in adsorption capacity and structural sta-
bility across cycles, likely due to the degradation 
of organic components during repeated adsorp-
tion-desorption processes (Mumme et al., 2011). 
These findings suggest that converting Areca fruit 
peel into HC or nano-HC improves the structural 
stability and reusability of the adsorbent, making 
them more robust materials for Congo red remov-
al in practical applications. Specifically, nano-HC 
demonstrated the highest initial adsorption capac-
ity (48.04%) with a decline to 15.30% after four 
cycles, showing its potential for multiple reuses 
(Srivatsav et al., 2020).

CONCLUSIONS

This study demonstrates that the hydrother-
mal carbonization process combined with high-
energy milling significantly enhances the struc-
tural and adsorption properties of Areca husk. 
A comparative analysis revealed that nano-hydro-
char exhibits superior characteristics compared to 
HC and raw Areca husk, including higher surface 
area, porosity, and oxygen-containing functional 
groups. Adsorption capacities for Congo red were 
596.617 mg/g for nano-HC, 356.132 mg/g for 

HC, and 128.654 mg/g for raw Areca husk, show-
ing a significant enhancement with nanostructur-
ing. Adsorption kinetics for all materials followed 
the pseudo-second-order (PSO) model, indicating 
chemisorption, while the Langmuir isotherm sug-
gested monolayer adsorption. Regeneration stud-
ies highlighted the superior stability and reusabil-
ity of nano-HC, underscoring its potential as an 
advanced, sustainable adsorbent for dye removal 
in wastewater treatment.
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