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INTRODUCTION

The growing industrialization, such as dye-
ing, textile, pulp, and paper production generate 
dye waste, which is discharged into waterways, 
causes severe in human and ecological health 
(Periyasamy, 2024). Dyes can cause various 
harmful effects, including generative chemical 
cystitis, digestive tract and skin irritation, respi-
ratory and renal failure, ingestion may also lead 
to nausea, vomiting, diarrhea, as well as more 
severe conditions, such as methemoglobinemia, 
seizures, tachycardia, and dyspnea. These dyes 
contain various organic compounds and toxic 

substances that harm fish and other aquatic or-
ganisms (Al-Tohamy et al., 2022; Lellis et al., 
2019). Their presence in water sources is highly 
undesirable, not only due to environmental tox-
icity but also because of their strong visual pol-
lution. Various methods have been used to treat 
the waste containing synthetic dyes, including 
biological, physical and chemical methods, such 
as adsorption, coagulation/flocculation, advanced 
oxidation (ozonation), and membrane filtration 
(Algarni and Al-Mohaimeed, 2022). Adsorption 
using an adsorbent is a method commonly used in 
the treatment of wastewater, because simple and 
high adsorption capacity (Fathana et al., 2023a). 
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ABSTRACT
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composite is more efficient in adsorbing cationic dyes (MB – 83.02%) compared to anionic dyes (RBY – 67.08%) 
after 15 repetitions. The RA(Ni)0.5 composite was proven to have the potential as an adsorbent for the adsorption 
of MB and RBY dyes from water.
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Adsorbents from biomass have been widely 
used for wastewater treatment due to their large 
availability in the environment, such as cellulose 
(Fathana et al., 2023c), chitosan (Fathana et al., 
2023b; Rahmi et al., 2017, 2023), polylactic acid 
from lactic acid (Kacaribu and Darwin, 2024), 
clay (Julinawati et al., 2023), activated carbon 
(Rahmi, 2018; Rahmi et al., 2018), algae (Buhani 
et al., 2021; Khan et al., 2023).

Algae constitute a group of marine plants 
often referred to as seaweed. Seaweed is a spe-
cies of macroalgae consisting of green algae, 
brown algae, and red algae. Because of their 
widespread availability, affordability, and envi-
ronmental friendliness (Hemavathy et al., 2025; 
Menaa et al., 2021; Prisa et al., 2024), algae have 
become a viable natural adsorbent for eliminat-
ing colors from textile wastewater (Abdel-Aziz 
et al., 2024). Their special makeup, especially 
the polysaccharide, protein, and lipid content—
all essential for adsorption processes—makes 
them so powerful. The main constituents of red 
algal cell walls are polysaccharides, including 
agar, carrageenan, and alginate. These biopoly-
mers are known for forming compounds with 
dyes via ion exchange, hydrogen bonding, and 
electrostatic interactions. Red algae’s polysac-
charides, for example, have been demonstrated 
in experiments to efficiently extract cationic and 
anionic dyes from aqueous solutions (Oualid et 
al., 2020; Fakhri et al., 2023). The high adsorp-
tion capacity of these polysaccharides is due to 
the presence of hydroxyl and carboxyl function-
al groups, which serve as active binding sites for 
dye molecules (Show et al., 2024; Yadav et al., 
2022). This biomass can be utilized as biochar or 
biocarbon-based adsorbent to remove dyes from 
water and wastewater.

Several studies have highlighted the poten-
tial of marine macroalgae as natural adsorbents 
for removing hazardous dyes from aquatic en-
vironments. Boukarma et al. (2024) reported 
that three species of macroalgae – Fucus spira-
lis, Ulva intestinalis, and Corallina officinalis, 
demonstrated the ability to adsorb the toxic or-
ganic dye crystal violet (CV). Their findings re-
vealed variations in the adsorptive properties of 
these algae, with F. spiralis adsorbing CV onto 
a homogeneous monolayer. At the same time, U. 
intestinalis and C. officinalis exhibited both ho-
mogeneous monolayer and heterogeneous mul-
tilayer adsorption. The predicted monolayer ad-
sorption capacities at 25 °C were approximately 

53, 55, and 97 mg/g for F. spiralis, C. officinalis, 
and U. intestinalis, respectively (Boukarma et 
al., 2024). Fazal et al. (2021) investigated the 
effectiveness of macroalgae-based biochar com-
pared to coal-based biochar for removing MB 
from both simulated and real textile wastewa-
ter. Their findings demonstrated that both types 
of biochar could adsorb more than 90% of MB 
from simulated wastewater within 10 minutes, 
utilizing their active surface sites. Notably, mac-
roalgae-based biochar exhibited a high % dye 
removal efficiency of 75% even in real textile 
wastewater and maintained 67% efficiency dur-
ing the second regeneration cycle. Their finding 
noted that the maximum biosorption capacity of 
macroalgae-based biochar reached 353.9 mg/g 
(Fazal et al., 2021). 

Composite-based adsorbents for water and 
wastewater treatment have been widely devel-
oped (Rahmi et al., 2021), with MAB compos-
ites gaining attention due to their high porosity, 
larger surface area, faster reactivity, and specific 
affinity for various pollutants, especially to dyes. 
Recent advancements in biocarbon from algae 
modification have further improved adsorption 
capabilities for organic pollutants. For instance, a 
magnetic biochar derived from Ulva fasciata ma-
rine algae (Ulva fasciata biochar, UFBC) modi-
fied with Fe3O4 (UFBC-MIO) has been developed 
to enhance adsorption performance. Studies have 
shown that UFBC-MIO effectively removes MB, 
achieving an adsorption capacity of 50.12 mg/g at 
pH 9 with a biochar dosage of 2 g/L (Kadimpati 
et al., 2024). The incorporation of magnetic ma-
terials such as Fe3O4 into algae-derived biocarbon 
composites is not only aimed at increasing ad-
sorption efficiency, but also providing magnetic 
properties that simplify the separation and recov-
ery of the adsorbent from aqueous systems. These 
magnetic properties allow for easy removal of the 
spent adsorbent using an external magnetic field, 
reducing secondary waste and enhancing the re-
cyclability of the material. Moreover, the synergy 
between the porous structure of algae biochar and 
the surface activity of magnetic particles offers 
more accessible active sites, improving adsorp-
tion kinetics and capacity.

The synthesis of composites is expected to 
yield new materials with two primary proper-
ties: adsorption capability biocarbon from algae 
and magnetic properties from incorporated mag-
netic materials within the red algae structural 
network. Hence, this combination is rationalized 
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by the need for both high adsorption efficiency 
and operational practicality in dye-contaminated 
wastewater treatment. In this study, the magnetic 
property of the composite material is introduced 
using NiCl2·6H2O. Nickel-based compounds are 
known for their paramagnetic behavior, which 
enables the synthesized biochar composite to 
respond to an external magnetic field. The pres-
ence of Ni2+ ions contributes to the development 
of magnetic domains within the structure, facili-
tating the magnetic separation of the adsorbent 
after wastewater treatment processes. Adding 
magnetic properties is anticipated to facilitate the 
active site, enabling a more efficient and rapid 
adsorption process using an external magnetic 
field. No literature has explored the development 
of MAB composites from Iboih Beach, Sabang 
City, Indonesia, red algae as recyclable dye ad-
sorbents. Therefore, this study aimed to investi-
gate the potential of Sabang marine red algae as 
a MAB-based adsorbent.

MATERIALS AND METHODS 

Chemicals and reagents

The reagents and chemicals used in this study 
were nickel (II) chloride hexahydrate (NiCl2.6H2O), 
potassium hydroxide (KOH), hydrochloric acid 

(HCl), sodium hydroxide (NaOH), Methylene 
blue, and Remazol brilliant yellow FG (RBY) dyes 
purchased from Sigma-Aldrich (Singapore) (ana-
lytical grade), as well as distilled water. 

Preparation of red algae

The red algae used in the present study were 
obtained from a local algae farmer in Iboih 
Beach, Sabang City, Indonesia (coordinates 
5°53’20.6” N 95°16’38.3” E). The Oceanogra-
phy Laboratory of the Badan Riset dan Inovasi 
Nasional (BRIN) Research Centre, Ancol, North 
Jakarta, was used to determine the taxonomy of 
red algae samples. The taxonomy or herbarium 
analysis of the red algae used in this study is clas-
sified as follows:
	• kingdom: plants,
	• division: Rhodophyta,
	• class: Florideophyceae,
	• order: Ceramiales,
	• family: Delesseriaceae,
	• genus: Acrosorium,
	• species: Acrosorium flabellatum.

The red algae species used in present studies 
is Acrosorium flabellatum, this raw material was 
used to development of composited based adsor-
bent to removal dyes pollutants from water. The 
sample used were depicted in Figure 1.

Figure 1. Photograph of: wet (A), after cleaning (B), dried (C), and dried powder (D) of red algae biomass
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Preparation of red algae MAB composites

Red algae were washed with distilled wa-
ter until clean, dried at 80 ℃ for 48 hours, 
and crushed into powder. Then, 40 g of red al-
gae powder was soaked with 400 ml of 0.5 M 
NiCl2.6H2O solution for 24 hours. It was soni-
cated for 4 hours, filtered, and then the filtrate ob-
tained was dried using an oven at a temperature 
of 80 ℃ for 24 hours. The red algae NiCl2.6H2O 
powder was then ground and mixed with differ-
ent proportions of 1 M KOH, with the ratio of red 
algae and 1 M KOH as follows: 1:0, 1:0.5, and 
1:1. Each is marked with RA(Ni)0; RA(Ni)0.5 
and RA(Ni)1, then transferred into a furnace 
tube. Samples were pyrolyzed at a temperature 
of 800 ℃ for 2 hours, so that a MAB compos-
ite was formed. During the mixing and pyroly-
sis stages, there is a possibility that NiCl2·6H₂O 
reacts with KOH to form Ni(OH)2, which upon 
pyrolysis can transform into NiO. This NiO may 
be embedded within the carbon matrix and ex-
ist in nanoparticulate form. The presence of NiO 
nanoparticles is known to contribute to magnetic 
properties, especially exhibiting superparamag-
netic behavior, which can enhance the function-
ality of the resulting composite. The MAB com-
posite was cooled and rinsed with distilled water 
until the pH was neutral, followed by drying at 
80 ℃ for 24 hours (Yao et al., 2020). KOH was 
used as a chemical activating agent to enhance 
the porous structure and surface area of the re-
sulting biocarbon. During the high-temperature 
pyrolysis process, KOH chemically reacts with 
the carbon matrix, generating metallic potassium 
and potassium compounds such as K2CO3. These 
products intercalate into the carbon lattice, creat-
ing micro- and mesopores through etching and 
expansion. This activation mechanism was ex-
pected to increase the availability of active sites 
and improve the overall adsorption capacity of 
the MAB composite.

The MAB composite samples of red algae 
that have been labelled RA(Ni)0; RA(Ni)0.5, 
RA(Ni)1, and RA(Ni)1.5, each were also tested 
for their maximum adsorption percentage (%E). 
Then, the four samples were compared with the 
%E relationship curve with each sample. %E 
was calculated using Equations 1 as follows. The 
formed MAB composites were characterized 
by scanning electron microscope (SEM), XRD, 
FTIR, PSA, and dye absorbance measurements 
using a UV-Vis spectrophotometer.

	 %𝐸𝐸 = 𝐶𝐶0−𝐶𝐶e
𝐶𝐶0  ×  100%      (1) 
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𝑚𝑚        (2) 
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𝑛𝑛 𝐼𝐼𝐼𝐼 𝐶𝐶      (4) 
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1+𝑏𝑏·𝐶𝐶𝐶𝐶        (5) 
 

	 (1)

where:	%E – adsorption efficiency (%), Co – ini-
tial concentration of dyes (mg/L), Ce – fi-
nal concentration of dyes (mg/L) [10].

Adsorption studies 

Effect of pH

A total of 0.2 g of MAB composite mixed 
with 50 mL of MB (Cationic dye) solution (15 
mg/L) in a 100 mL Erlenmeyer flask in various 
pH (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12). The 
pH was adjusted by adding 0.1 M HCl or NaOH 
solution to conditioning pH towards acidic or ba-
sic solutions. The mixture was then stirred using 
a magnetic stirrer at 200 rpm for 60 minutes and 
filtered. The absorbance of the filtrate was mea-
sured using a UV-Vis spectrophotometer at maxi-
mum wavelength. The same procedure was con-
ducted for the RBY dye (anionic dye).

Effect of contact time

A total of 0.2 g of MAB composite mixed 
with 50 mL of MB solution or RBY dye (15 
mg/L) at optimum pH into a 100 mL Erlen-
meyer flask. It was followed by stirring using 
a magnetic stirrer at 200 rpm for varying times 
and filtered. The absorbance of the filtrate was 
measured using a UV-Vis spectrophotometer at 
maximum wavelength. The following were done 
for various contact times of 20, 40, 60, 80, 100, 
and 120 minutes.

Effect of mass adsorbent 

The MAB composites with various dosag-
es (0.05 g, 0.1 g, 0.15 g, 0.2 g, 0.25 g, and 0.3 
g.) and 50 mL of MB or RBY dye solution (15 
mg/L) and optimum pH were mixed into a 100 
mL Erlenmeyer flask. They were stirred using a 
magnetic stirrer for optimum contact time and 
then filtered. The absorbance of the filtrate was 
measured using a UV-Vis spectrophotometer at 
maximum wavelength. The following were done 
for activated carbon masses of 0.05 g, 0.1 g, 0.15 
g, 0.2 g, 0.25 g, and 0.3 g. 

Effect of dyes initial concentrations

A total of 50 mL of MB or RBY dyes solu-
tions was added with varying concentrations (15, 
20, 25, 30, and 35 mg/L) at optimum pH and 
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optimum dosages of MAB composite into a 100 
mL Erlenmeyer flask. They were stirred with a 
magnetic stirrer at 200 rpm for optimum contact 
time, then filtered. The absorbance of the filtrate 
was measured using a UV-Vis spectrophotometer 
at maximum wavelength.

Regeneration 

Firstly, 50 mL of MB or RBY dyes solution 
with optimum condition (concentration, pH, and 
MAB composite dosages) obtained from previous 
procedures was added into a 100 mL Erlenmeyer 
flask. The mixture was stirred with a magnetic 
stirrer at 200 rpm for optimum contact time, then 
filtered. The absorbance value was determined 
using a UV-Vis spectrophotometer at maximum 
wavelength. The MAB composite was rinsed 
with ethanol and repeated until the adsorbent was 
unable to absorb the dye.

Adsorption isotherm

The equilibrium amount of dye adsorption is 
calculated according to the absorbance value ob-
tained and the concentration used, using Equation 
2. The Freundlich isotherm can be determined by 
the Equations 3-4, while Langmuir isotherm can 
be determined by Equation 5.
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where:	Qe – equilibrium of the amount of dye ad-
sorption, Co – initial concentration of dye 
(mg/L), C – equilibrium concentration of 
dye (mg/L), V – volume dye solution (L), 
m – weight of MAB composite (g).
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where:	x/m – amount of adsorbed substance per 
unit mass of adsorbent (mg/g), C – equilib-
rium concentration of adsorbed substance 
in the liquid phase, K – Freundlich’s con-
stant relating to capacity, 1/n – Freundlich 
constant related to adsorption affinity.
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where:	x/m – amount of adsorbed substance 
per unit mass of adsorbent (mg/g), Qo – 
constant related to adsorption capacity 
(mg/g), qm – adsorption capacity (mg/g), 
b – constant related to the adsorption rate 
(1/mg), C – equilibrium concentration of 
adsorbed substance in the liquid phase.

Characterization

The Shimadzu FTIR 8400, a Fourier trans-
form infrared (FTIR) instrument with a range of 
4000–400 cm-1, was used to identify the functional 

Figure 2. Visual photograph of: above – RA(Ni)0 (A), RA(Ni)0.5(B), and RA(Ni)1 (C) before pyrolysis; and 
below – RA(Ni)0 (D), RA(Ni)0.5 (E), and RA(Ni)1 (F) after pyrolysis
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groups in the samples. Additionally, the XRD was 
used to identify the crystallinity of each sample, 
which was determined at 2θ = 25 – 70° using a 
Kα (Cu) 1.54 as the source of the ray. A particle 
size analyzer (PSA) was used to measure the par-
ticle sizes of the samples. Lastly, scanning elec-
tron microscopy (SEM) was used to examine the 
surface morphology of the samples. 

RESULTS AND DISCUSSION 

Adsorption efficiency

The activation of magnetic red algae with 
varying concentrations of KOH enhances its ad-
sorption capacity by increasing porosity and elim-
inating impurities. As a chemical activator, KOH 
facilitates the formation of a porous structure in 
the biocarbon derived from red algae, thereby im-
proving its efficiency in adsorption and filtration 
applications. This activation process significantly 
enhances surface area and porosity, which are 
critical for optimizing adsorption performance 
(Harimisa et al., 2022; Tsarpali et al., 2024). Fig-
ure 2 presented the visual photograph of red al-
gae magnetically using NiCl2.6H2O and different 
concentration of KOH before and after pyrolysis.

The optimal RA(Ni) composite was deter-
mined by evaluating its adsorption efficiency for 
MB and RBY removal. Adsorption experiments 
were conducted using a dye concentration of 15 
mg/L at pH 7 for 60 minutes. The results indi-
cated that the adsorption efficiencies of RA(Ni)0, 
RA(Ni)0.5, and RA(Ni)1 for MB removal were 

89.18%, 91.6%, and 90.07%, respectively (Fig-
ure 3, blue lines). Meanwhile, the adsorption effi-
ciencies for RBY removal were 61.36%, 71.30%, 
and 67.37%, respectively (Figure 3, yellow lines).

Figure 3 shows the addition of KOH improve 
the adsorption efficiency of the composite until 
0.5 M. However, the increase in KOH concentra-
tion to 1 M reduces the adsorption efficiency. It 
was due to the high KOH concentration at high 
temperatures which damages the pore structure 
of red algae, thereby reducing adsorption perfor-
mance. Studies have shown that excessive KOH 
used to activation of biocarbon, damaging its pore 
structure (Khamkeaw et al., 2023; Kierzek and 
Gryglewicz, 2020). The RA(Ni)0.5 composite 
shows the optimal adsorption performance, where 
its adsorption efficiency values for MB and RBY 
were 91.60% and 71.30%, respectively. There-
fore, RA(Ni)0.5 was used for further studies.

Characterization

Fourier transform infrared (FTIR)

FTIR spectra of RA(Ni)0.5 before and after 
pyrolysis, and after adsorption MB and RBY are 
shown in Figure 4. The FTIR spectra of RA(Ni)0.5 
before and after pyrolysis show the absorption 
bands of several functional groups, such as OH, 
NH, CO, CC, C=N, and Ni-O which are typical 
peaks of red algae and nickel. 

The broad absorption band around 3400 cm-1 
in spectrum A (RA(Ni)0.5) indicates the presence 
of hydroxyl (-OH) groups, which are character-
istic of water molecules and oxygen-containing 

Figure 3. The adsorption efficiency of: RA(Ni)0 (A), RA(Ni)0.5 (B), and RA(Ni)1 (C) for MB (blue line) 
and RBY (yellow line) removal
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functional groups in raw biomass (Jafarian et al., 
2023; Tayibi et al., 2019). Similarly, the absorp-
tion band at 2922 cm-1 is attributed to the C-H 
stretching vibrations of aliphatic hydrocarbons. 
These findings align with previous studies that 
demonstrate how raw biomass typically contains 
hydroxyl-rich compounds from polysaccharide 
such as cellulose, hemicellulose, lignin, and pro-
tein (Călin et al., 2024; Matin & Aydin, 2022). 
The presence of these functional groups is critical 
in the initial structure of the red algae-based ma-
terial, as they contribute to its hydrophilicity and 
potential interactions in adsorption applications. 
However, as pyrolysis progresses, these function-
al groups undergo significant transformations, 
leading to structural modifications in the material.

The FTIR spectrum of RA(Ni)0.5 after pyrol-
ysis (spectrum B) shows a noticeable reduction 
in the intensity of the 3400 cm-1 band, suggesting 
the removal of hydroxyl groups due to thermal 
degradation. This observation is consistent with 
previous studies indicating that hydroxyl groups 
progressively disappear at higher pyrolysis tem-
peratures (Călin et al., 2024; Zou et al., 2024). 
At temperatures above 500 °C, hydroxyl groups 
are largely eliminated, leading to the formation of 
a more carbonaceous and thermally stable mate-
rial (Liu et al., 2015). Additionally, the significant 
reduction in the 2922 cm-1 peak implies the deg-
radation of aliphatic compounds, aligning with 
the research showing that pyrolysis effectively 
removes volatile organic compounds, leaving 

behind a more condensed carbon structure (Matin 
and Aydin, 2022).

The emergence of characteristic peaks at 
1600 cm-1, 1400 cm-1, and 1100 cm-1 suggests 
the formation of aromatic C=C stretching vibra-
tions (1600 cm-1) and C-O stretching vibrations 
(1100 cm-1). These spectral changes indicate the 
conversion of organic biomass into biochar, a 
process driven by the decomposition of polysac-
charide at intermediate pyrolysis temperatures 
(400–600 °C) (Chen et al., 2019; He et al., 2021). 
The increase in aromaticity further supports the 
enhanced stability and adsorption capabilities 
of the material. The disappearance of hydroxyl 
(-OH) groups and aliphatic C-H vibrations is 
accompanied by the formation of new carbona-
ceous structures, including fused aromatic rings 
and oxygen-containing functional groups such as 
carboxyl and carbonyl species. This transforma-
tion is in agreement with the studies that describe 
how biomass undergoes carbonization, leading to 
the formation of a highly condensed structure at 
temperatures above 600 °C (Suman and Gautam, 
2017; Zou et al., 2024). The structural changes 
observed in the FTIR spectrum confirm the bio-
char transition from a hydroxyl-rich precursor to 
a stable, porous material with enhanced adsorp-
tion potential. This transformation is crucial for 
applications in environmental remediation, par-
ticularly in adsorption-based technologies where 
surface chemistry plays a critical role (Hu et al., 
2019; Menaa et al., 2021).

Figure 4. FTIR spectra of RA(Ni)0.5: before pyrolysis (A), after pyrolysis (B), after adsorption of MB and RBY, 
(C) and (D), respectively
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The FTIR spectra after adsorption of MB and 
RBY exhibit significant changes, particularly with 
the reappearance of the 3400 cm-1 band. This reap-
pearance indicates the interaction of adsorbed dye 
molecules with hydroxyl (-OH) groups or water 
molecules. This observation aligns with the find-
ings from Mokhtar et al. (2018) (Mokhtar et al., 
2018) and Jiang et al. (2023) (Jiang et al., 2023), 
who reported that hydroxyl (-OH) and carbonyl 
(C=O) functional groups play a crucial role in dye 
adsorption by providing active binding sites. The 
hydroxyl groups, which were partially degraded 
during pyrolysis, seem to be involved in hydro-
gen bonding with the dye molecules, facilitating 
the adsorption process. The increased intensity 
of peaks at 1600 cm-1 and 1400 cm-1 suggests en-
hanced interactions between dye molecules and 
the functional groups on the RA(Ni)0.5 surface. 
These peaks correspond to aromatic C=C stretch-
ing and possible electrostatic interactions or hy-
drogen bonding between the dyes and the material.

The FTIR spectra before and after dye adsorp-
tion (Figure 4) show significant changes, particu-
larly in the region around 1100 cm-1. Prior to ad-
sorption, a distinct peak was observed at ~1100 
cm-1, which corresponds to the C–O stretching 
vibrations in alcohols, ethers, or possibly C–N 
stretching in amines. However, this peak disappears 
after the adsorption of MB and RBY, particularly 
in spectra C and D. This disappearance suggests 
a strong involvement of C–O or C–N functional 
groups in the adsorption process. The binding of 
MB and RBY dye molecules likely occurs through 
electrostatic interactions and hydrogen bonding 
with these functional groups, leading to either the 
consumption or structural transformation of the 
groups responsible for the 1100 cm-1 band.

Jiang et al. (2023) reported that methylene 
blue adsorption on biochar is driven by π–π inter-
actions and electrostatic attractions between the 
cationic dye and oxygen-containing groups, such 
as hydroxyl and carbonyl (Jiang et al., 2023). The 
same applies to RBY, which interacts through 
hydrogen bonding and electrostatic attraction, 
particularly involving carbonyl and ether groups. 
Tang et al. (2024) also observed that the disappear-
ance or broadening of specific FTIR peaks after 
adsorption indicates the active participation of the 
corresponding functional groups in dye binding 
(Tang et al., 2024). Therefore, the absence of the 
1100 cm-1 peak supports the conclusion that these 
functional groups are actively involved in the dye 
adsorption process on the RA(Ni)0.5 surface.

The presence of an adsorption band at 600 
cm-1, attributed to Ni-O vibrations, indicates that 
metal-oxygen bonds contribute to the adsorption 
mechanism. The involvement of nickel sites in 
the composite structure may enhance adsorption 
by providing additional coordination sites for 
dye molecules. This finding aligns with previous 
studies demonstrating that nickel-based materi-
als exhibit higher adsorption capacities due to 
strong Ni-O interactions and enhanced surface 
functionalization (Bach et al., 2018; Yu and To-
bilko, 2024). For example, the research by Za-
hara et al. (2023) reported that a Ni-Al/magnetite 
biochar composite achieved an adsorption capac-
ity of 68.493 mg/g, with Ni-O bonds playing a 
crucial role in the adsorption process (Zahara et 
al., 2023). While the activation process enhances 
dye adsorption, it also results in the loss of some 
functional groups during pyrolysis. This trade-off 
between surface area enhancement and functional 
group preservation.

X-ray diffraction (XRD)

XRD characterization aims to determine the 
crystallinity of red algae. The results of XRD 
characterization of red algae before activation, 
after magnetic activation presented in Figure 5.

The intensity of the XRD diffraction peak of 
red algae (Figure 5) after activation (RA(Ni)0.5) 
is higher than that of red algae before activation, 
this is due to the use of carbon in the KOH activa-
tion process and the increase in Ni metal content. 
The main Ni diffraction peak is centered between 
the 2θ angles of 40° and 80°. On the basis of the 
XRD results of RA(Ni)0.5, the diffraction peaks 
are seen at the angles of 2θ = 44.14°, 53.28°, and 
62.16°, these results are in accordance with the 
nickel element (NiO) for (1,1,1), (2,0,0), (2,2,0), 
which indicates that nickel metal has been suc-
cessfully filled on the surface of BW(Ni)0.5. Due 
to its strong magnetic properties, RA(Ni)0.5 ad-
sorbent can be easily separated from the adsor-
bate after the adsorption process. In addition, this 
RA(Ni)0.5 adsorbent can be easily recycled for 
reuse as an adsorbent. The intensity of the XDR 
diffraction peak of BW(Ni)0.5 after activation is 
seen to increase, which causes an increase in the 
crystallinity of the adsorbent. The formation of 
crystallinity in the MAB composite adsorbent, 
BW(Ni)0.5 proves that the activation process us-
ing KOH causes Ni to be filled on the surface of 
the red algae biocarbon composite adsorbent.
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Scanning electron microscope (SEM)

Characterization using SEM aims to deter-
mine the surface morphology of red algae. Sur-
face morphology greatly affects the adsorption 
capacity of a sample. SEM characterization was 
carried out at 2.000x and 6.000x magnifications, 
as presented in Figure 6.

According to the SEM image in Figure 6, 
shown that the surface of RA(Ni) biocarbon com-
posite without KOH treatment is irregular and 
lumpy, and no pore structure is visible (Figure 6A 

and B). However, after being activated with KOH, 
the surface is more even, there are abundant pore 
structures on the surface of the RA(Ni)0.5 biocar-
bon composite (Figure 6C and D). This indicates 
that KOH plays an active role in the formation of 
biocarbon pores and the pore sizes are mainly mes-
opores and macropores (Musa et al., 2015). Also, 
as shown as the red arrow points in the SEM image 
of KOH-treated biocarbon, some point features on 
the surface of the MAB composite appear as nickel 
particles, and during high-temperature pyrolysis, 

Figure 5. XRD diffractogram of red algae, before (A) and after (B), activation

Figure 6. Red algae before activation (A and B) with 2000x and 6000x magnification, respectively; and after 
magnetic activation (C and D) with 2000x and 6000x magnification, respectively
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nickel ions are reduced to nickel metal, which is 
embedded in the pores of biocarbon indicating the 
successful synthesis of biocarbon composite.

Particle size analyzer (PSA)

Particle size analyzer (PSA) aims to determine 
the particle size of MAB composites. Particle size 
greatly affects the adsorption capacity of a sample, 
due to large surface area of composites. The PSA 
profile of the present study is shown in Figure 7.

On the basis of the PSA result in Figure 7, 
it is known that the average particle size of the 
MAB composite obtained is 37.3 nm. The results 
of this study indicate that the MAB composite 
meets the nanoparticle size (< 100 nm) (nano-
composite). Smaller particle size increases the 
surface area and provides more active sites, thus 
enhancing dye adsorption. This nanostructure ex-
pected supports adsorption capacity of RA(Ni)0.5 
for MB and RBY dyes. Furthermore, the nano-
sized structure facilitates better contact between 
the dye molecules and the adsorbent surface, ac-
celerating the adsorption kinetics and promoting 
more efficient pollutant removal.

Adsorption studies 

Determination of optimum pH 

Determination of optimum pH of adsorption 
aims to determine the optimum pH of dye that can 
be absorbed by the absorbent. The pH value can 
affect the adsorption process of the ionic form of 

the adsorbed dye, the nature of the adsorbate and 
the surface charge of the adsorbent used. Chemi-
cally, MB is cationic, where this dye will easily 
bind to the adsorbent at alkaline pH, while RBY 
is anionic, which makes it easier for the dye to 
bind to the adsorbent at acidic pH. The absorp-
tion efficiency (%E) of the RA(Ni)0.5 biocarbon 
composite for dyes both for the MB dye and the 
RBY dye tended to increase with increasing pH 
and the optimum pH for the MB and RBY dyes 
was obtained at pH 10 and 4, respectively. The re-
lationship between pH variations and absorption 
efficiency (%E) is depicted in Figure 8.

Figure 8 shows the relationship between pH 
variation and adsorption efficiency (%E). Low pH 
values ​​cause an increase in the concentration of 
H+ ions in the system and the surface of activated 
carbon will be positively charged by absorbing H+ 
ions. At a certain pH, cationic dyes can undergo 
protonation (accept H+ ions) and turn into positive 
ions (cations), which can be more easily adsorbed 
by the negatively charged adsorbent surface. 
Conversely, at different pH, the ionization of cat-
ionic dyes can decrease, and this can reduce their 
affinity for the negatively charged surface of the 
adsorbent. This is due to the hydrophobic nature 
of biocarbon which causes it to absorb hydrogen 
ions (H+) to the biocarbon surface. In general, the 
adsorption of cationic dyes tends to increase with 
decreasing pH (to acidic), because more cation 
ions are formed under these conditions, and in-
crease the interaction with the negatively charged 

Figure 7. RA(Ni)0.5 particle size analysis
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surface of the adsorbent. However, at low pH, the 
surface of the adsorbent becomes too positively 
charged and can repel cationic ions from the dye, 
resulting in decreased adsorption capacity. The 
%E of this cationic dye (MB) tends to increase 
from pH 1–10 and tends to decrease at pH 11–12 
so that the optimum pH is obtained at pH 10. This 
finding is slight different from previous reported 
study, where optimum pH for MB adsorption us-
ing magnetic biochar derived from Ulva fasciata 
marine algae (Kadimpati et al., 2024). 

Anionic dyes can undergo deprotonation 
(loss of H+ ions) and turn into negative ions 
(anions), which can be more easily adsorbed by 
the positively charged adsorbent surface. Con-
versely, at different pH, the ionization of anionic 
dyes can decrease, and this can reduce their af-
finity for the positively charged surface of the 
adsorbent. In general, the adsorption of anionic 
dyes tends to increase along with increasing pH, 
until it reaches the optimum pH. However, af-
ter the optimum pH, adsorption seems to start 
to decrease due to competition between H+ ions 
(in the form of acid) and anions from the dye to 
interact with the adsorption sites on the adsor-
bent surface. The %E of this anionic dye (RBY) 
tends to increase from pH 1–4 and tends to de-
crease at pH 5–12 so that the optimum pH is ob-
tained at pH 4. The decrease in pH in both dyes 
is because the adsorbent begins to saturate and 
causes many dyes that have not yet bound to the 
active sites of the adsorbent so that its adsorp-
tion power decreases. This finding is quite dif-
ferent from the previous study reported, where 
magnetite nanoparticles modified Azolla reach 

optimum adsorption for RBY at pH 2 (Shariati 
et al., 2021). However, other finding reported 
that the optimum pH for RBY adsorption was 4 
(Sukarta et al., 2025). Although the point of zero 
charge (pHpzc) of RA(Ni)0.5 was not measured 
directly in this study, the observed adsorption 
behavior suggests that the adsorbent surface car-
ries a net positive charge below pH 4 and a net 
negative charge above pH 10. This highlights the 
role of surface charge in the adsorption mecha-
nism. Future studies should include a pHpzc 
analysis to provide a clearer understanding of 
the surface charge behavior of the composite

Determination of optimum contact time 

Determination of optimum adsorption contact 
time aims to determine the optimum time for dyes 
that can be absorbed by the absorbent. However, 
when the adsorbent cannot absorb the dye, the ad-
sorbent has reached saturation point. Determina-
tion of optimum contact time is determined at a 
dye concentration of 15 mg/L, pH 10 and 4 for 
MB and RBY, respectively. The results show that 
the optimum contact time for dye adsorption us-
ing MAB composites is obtained at 80 minutes 
for MB with %E of 93.46% and 60 minutes for 
RBY with %E of 86.46%. The relationship be-
tween adsorption time variation and absorption 
efficiency (%E) is presented in Figure 9.

On the basis of Figure 9, it was shown the 
relationship between contact time variation with 
absorption efficiency (%E), in MB adsorption. 
The absorption efficiency (%E) tends to in-
crease at contact time at first of 20–80 minutes, 

Figure 8. Effect of pH for MB (blue line) and RBY (yellow line) adsorption
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Figure 9. Effect of contact time for MB (blue line) and RBY (yellow line) adsorption

and tends to decrease at contact time of 100–120 
minutes. The contact time in this study aligning 
with previous studies on MB adsorption, contact 
time increase in first one hour, and continued de-
crease after contact time increased (Kadimpati et 
al., 2024; Shi et al., 2022). While in RBY adsorp-
tion, absorption efficiency (%E) tends to increase 
at time of 20–60 minutes and tends to decrease 
at 80–120 minutes. This finding is quite different 
from the other study, with optimum contact time 
for MB removal using biochar from coffee fruit 
shell waste at 80 minute (Sukarta et al., 2025). 
The presented study reported the fastest contact 
time for removal RBY using biocarbon based ad-
sorbent, compared to the previous study.

Determination of optimum adsorbent dosages

The determination of the optimum adsorbent 
mass for adsorption aims to determine the opti-
mum absorbent mass that can absorb dyes. The 
determination of the optimum adsorption mass 
is then determined at a dye concentration of 15 
mg/L, pH 10, 80 minutes for MB and at a dye 
concentration of 15 mg/L, pH 4, 60 minutes for 
RBY. The optimum mass of the MAB composite 
adsorbent is 0.1 and 0.2 g for MB (%E of 93.46%) 
and RBY (%E of 88.02%), respectively. The re-
lationship between mass variation and absorption 
efficiency (%E) is presented in Figure 10. The ef-
fect of dosage on adsorption capacity of MB and 

Figure 10. Optimum adsorbent dosage for MB (blue line) and RBY (yellow line) adsorption
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RBY dyes as presented in Figure 10 shows the 
relationship between the variation of adsorbent 
mass and %E. The results generally show that the 
increasing the dosage of adsorbent used (0.05 to 
0.1 g for MB and 0.05 to 0.2 g), the more effec-
tive the adsorption process occurs. However, the 
adsorption efficiency was decrease after increas-
ing the dosage of adsorbent from 0.1 to 0.3 g in 
MB dye removal. In other hand, the adsorption 
efficiency of the adsorbent to RBY dye tends to 
decrease at dosage more than 0.25 g. In general, 
dye absorption increases with increasing adsor-
bent mass, this is due to the increasing surface 
area and there are more active adsorption sites 
that can absorb dyes completely (Hashem et al., 
2024). While when reaching the optimum adsor-
bent mass, the adsorption power decreases. This 
is due to the adsorbent begins to saturate, causes 
many dyes that have not bonded to the active sites 
of the adsorbent so that its efficiency is getting 
smaller (Alotaibi et al., 2024; Bayat et al., 2023; 
Foroutan et al., 2021). Other study also reported 
that, this possibly due to adsorbent particle was 
collide and the adsorption efficiency significantly 
decreased (Hashem et al., 2024).

Effect of dyes initial concentration

Determination initial concentration aims to 
determine the optimum concentration of dye that 
can be absorbed by the absorbent. Determination 
of optimum of initial concentration was carried 
out at pH 10, adsorbent dosage 0.1 g for 80 min-
utes, and pH 4, adsorbent dosage 0.2 g, for 60 

minutes, for MB and RBY dye, with various of 
dye concentration of 15, 20, 25, 30, and 35 mg/L. 
The results presented in Figure 11, the finding 
showed that the optimum initial concentration of 
both dyes occurred at 35 mg/L with %E 95.99 and 
89.94% for MB and RBY, respectively. 

On the basis of Figure 11, the linear relation-
ship between the variation of dye concentration 
with %E was shown. The absorption efficiency 
increases along with the initial concentration of 
the dye. This finding is quite different from oth-
er reported, increasing the initial concentration 
cause decreased the adsorption efficiency, due to 
saturated of adsorbent active site at excess dyes 
concentration and increased the repulsive electro-
static force between dye and surface of adsorbent 
in aqueous solutions (Foroutan et al., 2021). This 
is possible because the adsorbent has not reached 
a saturated condition, so that it can still absorb 
dye molecules.

Adsorption isotherms studies

The adsorption process of RA(Ni)0.5 in re-
moving dyes from water is influenced by many 
factors and has a specific isotherm pattern. The 
factors influencing the adsorption process include 
the type of adsorbent, pH, surface area, contact 
time and dosage of the adsorbent, and the type and 
initial concentration of adsorbate. Due to these 
factors, the adsorbents that absorb from one sub-
stance to another do not show the same adsorp-
tion isotherm pattern. However, the Langmuir 

Figure 11. Determination of optimum initial concentration for MB (blue line) and RBY (yellow line) adsorption



80

Journal of Ecological Engineering 2025, 26(8), 67–85

and Freundlich adsorption equations, two types 
of adsorption isotherm equations, play a crucial 
role in understanding and predicting these pat-
terns. These equations, which are commonly used 
in the solution absorption process, provide a solid 
foundation for studying the adsorption mecha-
nism. Solid-liquid adsorption generally follows 
the Freundlich and Langmuir isotherm types. The 
adsorbate molecules and the adsorbate surface 
can bind by chemisorption-physisorption.

Freundlich Isotherm

The Freundlich isotherm equation on the ad-
sorption of MB and RBY dyes was y = 2.3646x 
+ 0.8687 (R2 of 0.9914) (Figure 12A), and y = 
1.5986x + 0.003 (R2 of 0.9871), respectively 
(Figure 12B). The values of Kf are the Freun-
dlich constant and n is a surface heterogeneity 
measure in this study, are calculated using these 
equations. There is a clear correlation between Kf 
and adsorption capacity. Stronger adsorption at 
low concentrations is indicated by a value of n 
> 1, which suggests that adsorption dramatically 
rises as the substance’s concentration in the fluid 
phase decreases. Stronger adsorption at high con-
centrations is indicated by a value of n < 1, which 
means that adsorption diminishes as the fluid 
phase substance concentration falls. A value of n 
= 1 indicates linear adsorption to the fluid phase 
concentration of the chemical. These findings 
have practical applications in understanding and 
predicting adsorption behavior, particularly in 
environmental science and chemistry. The Freun-
dlich isotherm model, included in the physical 
isotherm, describes adsorption on the surface of 
a solid, assuming that adsorption occurs on a het-
erogeneous solid surface, where adsorption does 
not occur at only one type of adsorption site.

Langmuir isotherm

The Langmuir isotherm of the present study 
obtained equation y = 0.2628x + 0.1286 (R2 of 
0.9892) and y = 0.8685x + 0.115 (R2 of 0.995) for 
MB (Figure 13B) and RBY (Figure 13A) adsorp-
tion, respectively. These equations are used to de-
termine the values of Qm and Kl, where Qm rep-
resents the maximum adsorption capacity under 
ideal conditions, assuming that each adsorption 
site can only accommodate a single molecule. 
Meanwhile, Kl is the Langmuir constant, which 
describes the bond strength or affinity between 
the adsorbate and the solid surface. The b value 
indicates the degree of adsorption as the adsor-
bate concentration in the fluid phase increases. 
The Langmuir isotherm model is based on chemi-
cal assumptions and describes the interaction be-
tween adsorbed molecules and the solid surface. 
This model assumes that adsorption occurs on a 
homogeneous surface, with each adsorption site 
capable of binding only one molecule. It relies 
on the concept of chemical equilibrium between 
molecules in the fluid phase and those adsorbed 
on the solid surface.

To determine the most suitable isotherm mod-
el for this study, refer to Table 1. The selection 
of the isotherm model is based on the correlation 
coefficient (R2) value. According to the data pre-
sented in the table, for MB dye adsorption, the R2 
value for the Freundlich isotherm is 0.9914, while 
for the Langmuir isotherm, it is 0.9892. In con-
trast, for RBY dye adsorption, the R2 value for the 
Freundlich isotherm is 0.9871, whereas for the 
Langmuir isotherm, it is 0.995. On the basis of 
these findings, the adsorption of MB follows the 
Freundlich isotherm model, while the adsorption 
of RBY is best described by the Langmuir iso-
therm model. This conclusion is supported by the 

Figure 12. Freundlich isotherm equation for MB (A) and RBY (B) dyes
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Figure 13. Langmuir isotherm equation RBY (A) and MB (B) dyes

correlation coefficient (R2) values, which indicate 
the best-fitting model for each adsorption process.

Regenaration

The surface of the algal biocarbon loaded with 
nickel is easily separated from the water phase by 
external magnetic force. It has a higher recovery 
rate, which is good and convenient for reuse. As 
the research has been done, the adsorbent changes 
the blue color (MB) and yellow color (RBY) into 
a turbid black solution. For 15 times of adsorp-
tion and desorption recycling, the percentage of 

adsorption of MAB composite adsorbent to MB 
dye was 95.83, 95.61, 95.18, 94.90, 94.58, 94.30, 
92.94, 92.18, 90.32, 89.40, 87.54, 86.70, 85.53, 
84.22, and 83.02%, respectively, while the RBY 
dye was 89.82, 89.26, 88.93, 88.48, 87.70, 87.33, 
85.23, 82.54, 81.64, 79.63, 77.72, 75.37, 73.02, 
70.22, and 67.08%.

The recycling results in Figure 14 showed 
that the MAB composite-based adsorbent has 
superior capacity remove dyes (MB and RBY), 
even though it has been used up to 15 times. 
The adsorption efficiency of MB and RBY using 
MAB composites-based adsorbent decreased in 

Table 1. Determination of adsorption isotherm

Dyes
Freundlich isotherm Langmuir Isotherm

Kf (mg/g) n R2 Qm (mg/g) Kl R2

MB 7.3909 0.4229 0.9914 0.7882 4.8285 0.9892

RBY 1.0069 0.6255 0.9871 8,6956 0.1324 0.9950

Figure 14. Regenerations of composite on MB (blue) and RBY (yellow) adsorption
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low percentage by 13.37% and 24.87%, respec-
tively, after 15 regeneration cycles. The recycling 
results also show that the adsorption capacity 
of the MAB composite adsorbent for both dyes 
decreases with an increasing number of cycles, 
which may be caused by the unavailability of 
some active sites after the reaction of functional 
groups with the composite. Another reason may 
be that some mesopores or micropores are filled 
and not completely washed during decomposi-
tion. On the basis of the overall recycling results, 
which are 15 repetitions, it shows that the MAB 
composite adsorbent is still good for use as a dye 
adsorbent for both MB and RBY dyes. 

CONCLUSIONS

The MAB composite was successfully ob-
tained under optimum removal conditions 91.60 
and 71.30% for MB and RBY, respectively. FTIR 
analysis confirmed the presence of functional 
groups such as OH, NH, CO, C=C, C=N, and Ni–
O, which are associated with red algae, the dyes, 
and nickel components. XRD results showed that 
the intensity of RA(Ni)0.5 increased compared to 
before activation, indicating successful incorpo-
ration of nickel and improved crystallinity. SEM 
images revealed that RA(Ni)0.5 had a more uni-
form surface and abundant pore structure com-
pared to RA(Ni). PSA analysis confirmed that the 
average particle size of the RA(Ni)0.5 composite 
was 37.3 nm, indicating nanoscale dimensions. 
The optimum adsorption condition for MB was at 
pH 10, 80 minutes contact time, 0.1 g adsorbent 
mass, and 35 mg/L dye concentration, resulting in 
an adsorption capacity of 16.799 mg/g. For RBY, 
the optimum condition was at pH 4, 60 minutes, 
0.2 g adsorbent, and 35 mg/L dye concentration, 
with an adsorption capacity of 7.869 mg/g. The 
MAB composite also showed excellent regenera-
tion ability over 15 adsorption–desorption cycles 
for both dyes. These results highlight the great 
potential of red algae-based MAB composites as 
efficient and sustainable adsorbents for removing 
dyes from textile industry wastewater. 
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