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ABSTRACT: This work examined how to improve Bagasse Fly Ash 

(BFA) as an adsorbent by immobilizing it with Spirulina sp. biomass to 

remove Fe³⁺ ions from effluent from physical chemistry laboratories.  A 

common silica-rich agroindustrial by-product, BFA has a porous 

structure but little capacity for adsorption because there aren't many 

active functional groups.  On the other hand, although Spirulina sp. has 

a lot of amino, hydroxyl, carboxyl, phosphate, and sulfate groups that 

allow for strong interactions with metal ions, its low mechanical stability 

and challenging post-treatment separation limit its direct application.  

Spirulina was immobilized in a sodium silicate matrix made from BFA 

using the sol-gel technique in order to get around these problems. This 

produced a composite that combined the chemical activity of the biomass 

with the structural benefits of BFA. FT-IR characterization revealed 

structural changes upon immobilization and verified the existence of 

functional groups in charge of metal binding.  UV-Vis spectrophotometry 

at 510 nm was used to perform adsorption tests at contact periods of 15–

60 minutes.  In comparison to both Spirulina alone (44.920%) and 

unmodified BFA (37.038%), the immobilized BFA–Spirulina composite 

had the best Fe³⁺ removal effectiveness (51.571% at 60 minutes).  

Synergistic interactions within the composite are responsible for this 

enhanced performance: Spirulina offers chemically active sites for 

complexation and electrostatic interactions with Fe³⁺, while BFA 

enhances physical adsorption and diffusion through its porous matrix. 

The outcomes  show that the BFA–Spirulina composite is an efficient, 

affordable, and eco-friendly biosorbent that may be used to remediate 

laboratory waste that contains iron.  By converting biological and 

agricultural wastes into valuable resources for environmental repair, this 

method also promotes waste valorization. 

 

Keywords: adsorption; bagasse fly ash; biosorbent; Fe3+; 

immobilization; Spirulina sp. 

 

1. INTRODUCTION 

Chemistry laboratories frequently 

generate inorganic liquid waste, including 

waste that contains iron (III) ions or Fe³⁺.  

This waste comes from using compounds like 

FeCl₃, Fe(NO₃)₃, and Fe₂(SO₄)₃ in a variety of 

investigations, such as complex stability, 

redox reactions, and the assessment of the 

physicochemical properties of solutions.  Fe³⁺ 

ions are not considered a high-level 
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hazardous heavy metal, but they can 

nonetheless harm the environment if released 

untreated (Arita et al., 2022). 

Fe³⁺ waste management is now restricted 

to gathering trash in drums without any 

separation or pretreatment in many 

educational laboratories, including physical 

chemistry laboratories. Fe(OH)₃ 

precipitation, leakage, drum corrosion, and 

pH shifts owing to waste accumulation are 

some of the dangers linked with this 

temporary storage system.  Inadequate 

management of Fe³⁺ waste can lead to soil 

degradation, water turbidity, and the 

development of iron oxide deposits that are 

harmful to the surrounding environment and 

the laboratory environment (Ichsan et al., 

2025). 

However, the agroindustrial sector 

generates a lot of solid waste, including 

Bagasse Fly Ash (BFA) from burning 

sugarcane bagasse.  BFA can be used as an 

adsorbent for heavy metals since it is cheap, 

plentiful, and rich in silica and amorphous 

carbon (Ahmad et al., 2018).  However, 

BFA-only adsorption frequently has 

drawbacks, including a low adsorption 

capacity and challenges with post-adsorption 

separation.  The creation of composite 

materials with enhanced stability and 

adsorption capacity is encouraged by this 

circumstance (Srivastava et al., 2006). 

Previous studies reported by (Patel, 2020) in 

the review article Environmental 

Valorisation of Bagasse Fly Ash stated that 

raw bagasse fly ash often exhibits relatively 

low adsorption performance due to its limited 

number of active sites and comparatively low 

specific surface area. Therefore, chemical 

activation and material modification are 

commonly applied to improve its adsorption 

efficiency. 

In the meantime, functional groups 

including carboxyl, hydroxyl, phosphate, and 

amine found in the cell walls of the 

microalgae Spirulina sp. have a significant 

potential for biosorption of metal ions.  

Although spirulina has been demonstrated to 

interact with a variety of metal cations, 

including Fe3+, there are still obstacles to its 

direct use, including its easily scattered 

biomass and the difficulty of extracting it 

after the adsorption process (Apriyani, 2018). 

The immobilization approach is a 

desirable method for enhancing adsorption 

performance to get beyond these restrictions 

(Musnamar et al., 2025).  Microalgae 

biomass can be combined with inert or 

porous materials through immobilization, 

producing a composite with improved 

surface area, stability, and ease of separation.  

A hybrid adsorbent material that combines 

the advantages of BFA as a porous material 

and Spirulina as an active biosorbent might 

be produced by combining the BFA–

Spirulina immobilized composite (Mall et al., 

2006).  The idea of waste valorization—that 

is, using biological biomass and agro-

industrial waste to solve laboratory waste 

issuesis supported by the synergy between 

the two, which is anticipated to boost the Fe3+ 

adsorption capability. This study proposed a 

low-cost hybrid biosorbent combining BFA-

derived silica matrix and Spirulina biomass 

for Fe3+ adsorption from laboratory 

wastewater. This study proposes a low-cost 

hybrid biosorbent combining BFA-derived 

silica matrix and Spirulina biomass for Fe3+ 

adsorption from laboratory wastewater. 

 

2. MATERIALS AND METHODS 

2.1 Tools and Material  

 A UV-Vis Spectrophotometer was the 

instrument utilized in this investigation.  

Bagasse Fly Ash (BFA) from the Redjosarie 

Magetan sugar mill, Commercial  dried 

Spirulina algae was used as biosorbent 

biomass, Analytical grade NaOH, HCl, and 

Fe metal ion solution (FeCl3.6H2O) were the 

ingredients utilized. Using sodium thiosulfate 

to reduce Fe3+ to Fe2+ and then complexing it 

with 1,10-phenanthroline to generate an iron 

complex in the form of an orange solution, 

UV-Vis spectrophotometry was used to 

measure the iron content.  EDTA, which 

serves as a masking agent to prevent other 

heavy metal ions from interfering with 

sample measurements, helped optimize the 

process.  Furthermore, an acetate buffer 

solution with a pH of 4.5 was employed to 



Agroindustrial Technology Journal Vol.10 No.1 (2026) 70-81 

 

72 

 

control and preserve the pH of the 

surrounding environment. 

 

2.2 Maximum Wavelength Determination 

and Calibration Curve  

Na2S2O3 was used to decrease a standard Fe³⁺ 

solution, which was subsequently reacted 

with 1,10-phenanthroline, EDTA, and acetate 

buffer at pH 4.5.  After letting the mixture 

rest for 60 minutes, 5 mL of acetone were 

added and diluted to the appropriate level. 

Solutions with six concentration variations, 

ranging from 0 ppm to 5 ppm, were used to 

create a calibration curve.  The procedures 

used were identical to those for figuring out 

the maximum wavelength (Leechart et al., 

2016). 

 

2.3 BFA Preparation 

Bagasse fly ash is cleaned using distilled 

water and subsequently filtered heating for a 

full day at 100 0C in an oven.  After that, a 

100 mesh sieve is used to grind and filter the 

bagasse fly ash to a consistent size.  Next, 

combine 40 grams of BFA with 400 mL of 

0.1 M HCl. Heat while stirring for two hours.  

Whatman 41 filter paper was then used for 

filtering.  Use a pH meter to verify that the 

pH is neutral before washing with hot 

distilled water.  BFA is then dried for four 

hours at 105 0C (Kasman et al., 2022). 

 

2.4. Producing Na Silicate 

Mix 20 grams of BFA with 50 mL of 12M 

NaOH.  At 80 0C, stir the mixture for four 

hours.  Next, use Whatman No. 41 filter 

paper to filter the mixture.  A solution of 

Na2SiO2 was produced (Alnahhal et al., 

2024). 

 

2.5 Sample Preparation for Spirulina 

Algae 

Use distilled water to clear the algae.  Use a 

centrifuge and filter to separate the algae 

from the distilled water.  For thirty days, let 

the cleansed algae dry at room temperature.  

The algae should next be ground and sieved 

through a 100-mesh screen to prepare it for 

immobilization (Moubayed & Al-Houri, 

2022). 

2.6 Algae Immobilization in Silica Gel 

A 100 mL Na-silicate solution was taken, and 

concentrated HCl was added to it until it 

reached a neutral pH (pH=7). The mixture 

was then stirred to form an aqua-gel 

(hydrogel), and 3 grams of microalgae 

biomass was added. It was then dried in an 

oven at 80 °C(Zhang et al., 2025). 

 

2.7 Adsorbent Characterization  

The samples were dried at 80 0C for a full day 

before examination.  KBr plates with 200 mg 

of phosphate and 1.5 mg of material were 

prepared for analysis.  The IR wavenumber 

range (400-4000 cm-1) was then used to 

measure the spectra (Bhattacharjee et al., 

2020). 

 

2.8 Adsorption Experiments 

Adsorption experiments were conducted by 

adding 0.100 g of adsorbent to 50 mL of Fe³⁺   

solution with an initial concentration of 

125.235 mg/L. The solution pH was adjusted 

to 4.5 and agitated at 150 rpm at room 

temperature (27 ± 2 °C) for 15, 30, 45, and 60 

min. After filtration, residual Fe 

concentration was measured by UV–Vis 

spectrophotometry at 510 nm using the 1,10-

phenanthroline method. All experiments 

were performed in triplicate (n = 3). Data are 

presented as mean ± standard deviation and 

analyzed using one-way ANOVA followed 

by Tukey’s post hoc test at level of 

significance p < 0,05 (Mohamed, 2025). 

 

3. RESULTS AND DISCUSSION 

3.1 Bagasse Fly Ash (BFA) Treatment 

The Bagasse Fly Ash (BFA) waste utilized 

in this investigation was generated through 

the pyrolysis process of a combustion furnace 

operating at temperatures reaching 600 oC.  

The extreme heating process has resulted in 

the removal of the organic fraction of the 

bagasse, leaving predominantly the inorganic 

fraction, particularly SiO2. Bagasse fly ash 

(BFA) is industrial solid waste generated 

from burning of bagasse in steam boilers to 

generate electric energy in the sugar industry. 

In most developing countries, BFA is not 

commercialized and remains as a waste that 
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causes great problems for environmental 

disposal (Morentera et al., 2022). Studies 

have shown that it is a carbon- and silica-rich 

industrial waste which is cheap and available 

in large quantities in many sugar industries. 

It has been used as an adsorbent for removal 

of heavy metals, organic matter and dyes 

from water and wastewater under different 

treatment conditions. For instance, sugarcane 

bagasse powder is used as biosorbent for the 

removal of Reactive Red 120 (RR120) dye 

from aqueous solutions, achieving a 

maximum adsorption efficiency of 94.62% 

under optimum operating conditions. Lower 

pH levels, lower starting dye concentrations, 

and smaller particle sizes all improved the 

adsorption efficacy, suggesting that these 

factors have a major impact on the 

biosorption process (Ahmad et al., 2018). 

The preparation of bagasse fly ash (BFA) 

was carried out to remove adhering 

impurities, homogenize particle size, and 

activate the surface before its use as an 

adsorbent. Initially, the raw BFA was washed 

thoroughly with distilled water to eliminate 

water-soluble impurities such as residual 

sugars, dust, and inorganic salts. The washed 

material was then dried in an oven at 100 °C 

for 24 h to remove physically adsorbed 

moisture, which could interfere with 

subsequent acid activation (Warna & Tekstil, 

2016). 

The dried BFA was ground and sieved 

through a 100-mesh sieve to obtain a uniform 

particle size, thereby minimizing mass 

transfer limitations and ensuring consistent 

adsorption behavior. A total of 40 g of sieved 

BFA was then treated with 400 mL of 0.1 M 

HCl under continuous stirring and heating for 

2 h. This acid activation step serves several 

purposes: (i) dissolution of acid-soluble 

mineral impurities, (ii) removal of metal 

oxides that may block pores, and (iii) 

protonation of surface functional groups, 

which can increase the availability of 

adsorption sites (Subramanian et al., 2013). 

After acid treatment, the suspension was 

filtered using Whatman No. 41 filter paper 

and washed repeatedly with hot distilled 

water until the filtrate reached neutral pH. 

Achieving neutral pH is essential to ensure 

complete removal of residual hydrochloric 

acid, which could otherwise alter the solution 

pH during adsorption experiments and affect 

Fe³⁺   uptake. Finally, the activated BFA was 

dried at 105 °C for 4 h to remove residual 

moisture and obtain a stable adsorbent ready 

for further processing and characterization 

(Morentera et al., 2022). 

Overall, this preparation procedure is 

expected to improve the adsorption 

performance of BFA by increasing surface 

cleanliness, enhancing pore accessibility, and 

exposing a greater number of active silanol 

and carbon-based functional groups involved 

in metal ion adsorption. 

 

3.2  Spirulina as Biosorbent  

In this investigation, The preparation of 

the algae biomass was carried out to remove 

residual impurities, reduce moisture content, 

and obtain a homogeneous powder suitable 

for immobilization. Initially, the algae were 

washed thoroughly with distilled water to 

eliminate adhering salts, dust, and other 

soluble contaminants that could interfere 

with the adsorption process or affect the 

interaction between the biomass and the silica 

matrix. Following the washing step, the algae 

suspension was separated from the washing 

medium by centrifugation and subsequent 

filtration. Centrifugation facilitated the 

efficient sedimentation of the algal cells, 

while filtration ensured complete removal of 

excess water. This step was essential to 

obtain clean and concentrated biomass prior 

to drying (Mohamed, 2025). The purified 

algae were then dried at room temperature for 

30 days. Slow drying under ambient 

conditions helps preserve the structural 

integrity of the biomass and prevents thermal 

degradation of sensitive functional groups 

such as hydroxyl, amino, carboxyl, and 

sulfate groups, which play a significant role 

in metal ion adsorption. 

After drying, the biomass was ground and 

passed through a 100-mesh sieve to produce 

a uniform particle size. Particle size 

homogenization increases the reproducibility 

of the immobilization process and improves 
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the accessibility of active adsorption sites by 

increasing the surface area. The resulting fine 

algae powder was then ready for 

immobilization within the silica matrix 

derived from bagasse fly ash. 

The Spirulina biosorption features as well 

as that of other microalgal biomass been 

exploited for contaminants remediation in 

both soil and water environments The 

capability of the Spirulina to adsorb 

contaminants from soil and wastewaters has 

rendered the biomass highly significant in 

environmental remediation. It possessed 

significant advantages because of its relative 

abundance, higher yield, and lower costs of 

production (Metwally et al., 2025). It is 

potential for elimination of heavy metals and 

organic pollutants from soil and wastewater. 

The Spirulina possess wider surface area to 

volume ratio, which sufficiently provides 

active sites for the adsorption of the 

contaminants. Moreover, the various 

functional groups in the Spirulina including 

the amino acids, hydroxyl groups and 

carboxyl groups create abundant adsorption 

sites for uptake and interaction with the 

contaminants via chemical and physical 

processes. The Spirulina served as low-cost 

option for physical and biological 

remediation compared to chemical methods. 

Several findings have been reported on the 

heavy metals removal from soil using the 

Spirulina (Collard & Blin, 2014). Also, 

reports are available in the literature for the 

treatment of smelter and refinery effluents, 

dyes, pharmaceuticals, and wide spectrum of 

organic contaminants, focusing more on 

industrial wastewater treatment or, more 

broadly, bioremediation of aquatic systems. 

Reports on removal of heavy metals and 

inorganic contaminants, from the wastewater 

is also available (Leechart et al., 2016). Its 

use in the soil and wastewater remediation 

contributes to environmental sustainability 

and serve as a valuable tool for addressing the 

persistent problem of the soils and waters 

contamination.  

 

 

 

3.3 Synthesis of Sodium Silicate 

The process of immobilizing microalgae 

with sodium silicate solution is carried out 

using the sol-gel method, which involves the 

addition of HCl . The addition of 

concentrated HCl solution aims to form free 

silicic acid, which can bind to form dimers, 

trimers, and so on through a 

polycondensation reaction and the release of 

H2O molecules. Sodium silicate was 

synthesized using the sol-gel method using a 

SiO2 precursor extracted from BFA. 

Dissolving the ash in a 12 M NaOH solution 

produced a clear sodium silicate solution. 

Figure 1. The reaction mechanism for the formation 

of sodium silicate (Alnahhal et al., 2024) 

 

Figure 1. illustrates the chemical 

transformation of silica (SiO₂) into sodium 

silicate through alkaline dissolution, 

followed by protonation to form silanol 

groups during the sol–gel process (Fouad et 

al., 2024). 

Initially, hydroxide ions (OH⁻) attack the 

silicon atom in the Si–O–Si network of silica. 

This nucleophilic attack breaks one of the Si–

O–Si bonds, generating a silicate species 

containing hydroxyl (Si–OH) and silanolate 

(Si–O⁻) groups. Through proton transfer and 

structural rearrangement, the silicate species 

is converted into a tetrahedral silicate anion.  

 

 
Figure 2. Hydrolysis reaction mechanism 
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In the presence of sodium ions (Na⁺), the 

negatively charged silicate species forms 

soluble sodium silicate (Na₂SiO₃). This step 

explains the extraction of silica from bagasse 

fly ash using concentrated NaOH solution 

(Plana et al., 2025). When the sodium silicate 

solution is subsequently acidified, the sodium 

ions are displaced by protons (H⁺), producing 

silicic acid species containing silanol groups 

(Si–OH) .  

 
 

 

 

 

 

 

 

 

 

Figure 3. Condensation reaction mechanism 

 

In the presence of sodium ions (Na⁺), the 

negatively charged silicate species forms 

soluble sodium silicate (Na₂SiO₃). This step 

explains the extraction of silica from 

bagasse fly ash using concentrated NaOH 

solution. When the sodium silicate solution 

is subsequently acidified, the sodium ions 

are displaced by protons (H⁺), producing 

silicic acid species containing silanol 

groups (Si–OH). These silanol groups then 

undergo condensation reactions to form 

new Si–O–Si bonds, generating a three-

dimensional silica gel network while 

releasing water as a by-product (Fouad et 

al., 2024). 

Overall, the reaction sequence can be 

summarized as follows: 

 

a. Alkaline dissolution of silica (Fig. 1) 

   SiO₂ + 2NaOH → Na₂SiO₃ + H₂O 

b. Acidification and hydrolysis (Fig. 2) 

   Na₂SiO₃ + 2H⁺ + H₂O → Si(OH)₄ + 2Na⁺ 

c. Condensation (Fig.3) 

   Si(OH)₄ → SiO₂ (gel) + 2H₂O 

 

This mechanism demonstrates how 

insoluble silica present in bagasse fly ash is 

converted into soluble sodium silicate and 

subsequently transformed into a silica 

matrix suitable for immobilizing Spirulina 

biomass. In this investigation, a total of 100 

ml of sodium silicate solution was added to 

3 grams of algae powder while stirring with 

a stirrer until homogeneous. The mixture 

was slowly added with 1 M HCl drops until 

the pH reached 7. The gradual addition of 1 

M HCl caused the solution to thicken (form 

a gel). Hydrochloric acid (HCl) was chosen 

as the catalyst and reactant in the sol-gel 

process because the pores it produces are 

more uniform than those of sulfuric and 

phosphoric acids. Furthermore, HCl is more 

effective, producing a higher silica content 

than H2SO4. The addition of hydrochloric 

acid to the precursor causes the protonation 

of the siloxy (Si-O-) groups to form silanol 

(Si-OH). With the help of an acid catalyst, 

siloxy groups (Si-O-) then further attack the 

resultant silanol groups to create siloxane 

linkages (Si-O-Si).  This technique creates 

an amorphous silica network quickly and 

constantly.  Acid-catalyzed condensation of 

a sol solution is comparable to the assault of 

Si-O- on Si-OH to generate Si-O-Si.  A fully 

greenish-brown gel is formed by letting the 

mixture stand overnight.  Since silica gel 

will form after 18 hours, this standing step 

is crucial. The resultant aqua gel is then 

dried for 12 hours at 80 ºC in an oven to 

create water-free silica algae. After being 

mashed using a mortar and pestle and 

sieved to a consistent size, the resulting 

silica algae adsorbent produces firm, 

smooth, brownish-white silica algae 

(Fathurohman et al., 2021). The optimal 

adsorption capacity is provided by a NaOH 

activating agent at a concentration of 12 M. 

The goal of this dissolving and subsequent 

melting is to guarantee that bagasse fly ash 

is fully converted to sodium silicate . After 

that, the mixture is heated to 80ºC while 

being stirred with a stirrer for 4  hours to 

create a thick, black solution.  The residue 

is then separated from the filtrate by 

filtering it through Whatman paper.  The 

filtrate (Na2SiO3 solution) produced is used 

as a precursor to produce  silica-algae 

adsorbent. 
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3.4. Characterization of Spirulina and 

BFA-Silica Adsorbent    

The primary determinant of adsorption 

efficacy is the properties of the adsorbent.  

Finding the active groups in each adsorbent 

that contribute to the adsorption process was 

the goal of the FT-IR study of Spirullina 

algae, both before and after immobilization. 

 
Figure 4. FT-IR Spectra of Spirulina  

 

The spectrum in Figure 1 shows a broad 

absorption band at wavenumbers 3000–3600 

cm-1, indicating absorption due to the O-H 

stretching vibration bonded to the central 

hydrogen at 3300 cm-1. The -OH group is part 

of the carboxylate group, which is enhanced 

by an absorption band at 1431 cm-1, 

representing the C-O stretching vibration. 

The N-H bending vibration of the amine 

group is recorded at a wavelength of 1596.0 

cm-1. This group is part of the protein group, 

which is enhanced by an absorption band at 

1637.0 cm-1, representing the C=O 

absorption (peptide bond). The siloxane 

component (Si-O-Si) is indicated by a sharp 

absorption band at 432.0 cm-1, indicating the 

Si-O-Si bending vibration, which is further 

enhanced by an absorption band at 363.0 cm-

1, representing the C=O vibration. Si - O bend 

 

 
Figure 5. FT-IR Spectra of Immobilized Spirulina in 

Silicate 

 

The spectral results show a wavenumber shift 

from 3364 cm-1 to 3352 cm-1, indicating the 

presence of O-H stretching vibrations. The 

absorption at 759 cm-1 represents the 

symmetric O-Si-O stretching  (Tahir et al., 

2026). The sharp absorption at 453 cm-1 

represents a wavenumber shift from 432 cm-

1, indicating the Si-O-Si group. The 

absorption band at 800–1400 cm-1 indicates 

the presence of C-O stretching vibrations of 

the carboxylate group, while the amine group 

shifts at 1629 cm-1. This is reinforced by the 

absorption band at 1089 cm-1, which is the 

amine group. The spectra in Figure 2 show 

the formation of new absorption bands. 

Therefore, the carboxylate and amine groups 

in the adsorbent plus are expected to play a 

better role in adsorbing Fe metal ions 

compared to the amine and carboxylate 

groups in unimmobilized Spirulina sp. 

biomass. 

FTIR spectra of Spirulina showed 

characteristic bands at 3350–3364 cm⁻¹ (O–

H/N–H stretching), 1630–1640 cm⁻¹ (amide 

I, C=O stretching), and 1400–1450 cm⁻¹ 

(carboxylate groups). After immobilization, 

new bands appeared at approximately 1089 

cm⁻¹ and 453–759 cm⁻¹, corresponding to 

asymmetric stretching and bending 

vibrations of Si–O–Si. The shift in O–H and 

amide bands suggests interactions between 

Spirulina functional groups and the silica 

network. These functional groups are 

expected to participate in Fe³⁺   adsorption 

through coordination and electrostatic 

interactions.  
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This study used FTIR as preliminary 

characterization to verify the presence of 

functional groups and silica network 

formation. Additional characterization using 

SEM–EDS, XRD, and BET surface area 

analysis is recommended in future work to 

provide more comprehensive evidence 

regarding morphology, elemental 

composition, crystallinity, and porosity. 

 

3.6 Comparison of the Adsorption 

Capacity of BFA, Spirulina, and 

Immobilized Spirulina 

One indicator of the effectiveness of 

adsorption of immobilized algae by Na-

Silicate is to make a comparison of the 

adsorption capacity between every single 

adsorbent and compare it with the composite 

that has been prepared. The adsorption 

capacity of each adsorbent (BFA, Spirulina, 

and Na silicate-spirulina composite) was 

measured using UV-Vis Spectrophotometry 

at a maximum wavelength of 510 nm with 

time variations of 15 minutes, 30 minutes, 45 

minutes, and 60 minutes for each adsorbent. 

Overall, the composite combining Spirulina 

and BFA demonstrated better adsorption 

performance compared to the other 

adsorbents in this study. The % Fe adsorbed 

data are as follows: 

 
Table 1. Fe adsorption percentage for each adsorbent 

 

The adsorption performance of bagasse fly 

ash (BFA), Spirulina biomass, and the BFA–

Spirulina composite toward Fe³⁺   ions was 

evaluated at contact times of 15, 30, 45, and 

60 min. The results are summarized in Table 

1 and demonstrate that the percentage of Fe³⁺   

removal increased with increasing contact 

time for all adsorbents. At the initial contact 

time of 15 min, the adsorption efficiencies 

were relatively low, with BFA removing only 

5.26% of Fe³⁺ whereas Spirulina and the 

composite removed 11.49% and 15.64%, 

respectively. The higher adsorption observed 

for Spirulina and the composite at this stage 

can be attributed to the abundance of readily 

accessible functional groups, such as 

hydroxyl, carboxyl, and amino groups, which 

rapidly interact with Fe³⁺   ions through 

electrostatic attraction and complexation. At 

30 min, all adsorbents exhibited a substantial 

increase in adsorption efficiency, reaching 

approximately 20%. Specifically, BFA, 

Spirulina, and the composite achieved Fe³⁺ 

removal efficiencies of 19.95%, 20.33%, and 

20.26%, respectively. This similarity 

suggests that during the early stages of 

adsorption, Fe³⁺   uptake was primarily 

governed by external surface adsorption and 

rapid occupation of the most accessible active 

sites. More pronounced differences among 

the adsorbents became evident after 45 min 

of contact. At this time, BFA removed 

21.23% of Fe³+, while Spirulina and the 

composite achieved 29.05% and 35.41%, 

respectively. The superior performance of the 

composite indicates that immobilization of 

Spirulina within the silica matrix enhanced 

the accessibility and stability of the biomass 

functional groups, while the porous structure 

of BFA facilitated diffusion of Fe³⁺   ions to 

internal adsorption sites. 

The improved adsorption capacity of the 

composite can be explained by the synergistic 

effect between the two components. BFA 

contributes a porous silica-rich support that 

enhances surface area and structural stability, 

whereas Spirulina provides abundant 

oxygen- and nitrogen-containing functional 

groups capable of binding Fe³⁺. In addition, 

immobilization prevents agglomeration of 

the algal particles and preserves the 

accessibility of adsorption sites, resulting in 

more effective metal uptake. 

No Adsorben Ti

me 

Co mg/L Ce mg/L % 

adsorbed 

1 BFA 15 125.235 118.65 5.26 

2 Spirulina 15 125.235 110.85 11.49 

3 Composite  15 125.235 105.65 15.64 

4 BFA 30 125.235 100.25 19.95 

5 Spirulina 30 125.235 99.78 20.33 

6 Composite  30 125.235 99.86 20.26 

7 BFA 45 125.235 98.65 21.23 

8 Spirulina 45 125.235 88.85 29.05 

9 Composite  45 125.235 80.89 35.41 

10 BFA 60 125.235 78.85 37.04 

11 Spirulina 60 125.235 68.98 44.92 

12 Composite  60 125.235 60.65 51.57 
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These findings were consistent with 

previous reports indicating that raw BFA 

exhibits relatively low adsorption 

performance due to limited active sites and 

low specific surface area, while modification 

or combination with biological materials 

significantly improves adsorption efficiency. 

The present results confirm that 

immobilization of Spirulina in a BFA-

derived silica matrix is an effective strategy 

to enhance Fe³⁺   removal from laboratory 

wastewater. Overall, the adsorption trend 

observed in this study can be summarized as 

follows: 

 

3.7 BFA–Spirulina Composite > Spirulina 

> BFA 

This order was maintained at all contact 

times and clearly demonstrates the advantage 

of combining mineral and biological 

components to produce a hybrid biosorbent 

with superior adsorption properties. 

Graphically, the data can be read in the 

following image on Figure.6 

Figure 6. Performance Fe Percentage adsorbtion on 

each adsorbent 

 

According to the study's findings, 

immobilized Spirulina plus BFA produced 

the maximum adsorption percentage, 

followed by Spirulina alone and BFA alone.  

Spirulina's abundance of active groups that 

easily bind Fe³⁺ is the reason for this.  In 

essence, spirulina biomass is a "living 

organic material" that contains active 

chemical groups such as phosphate, sulfate, 

hydroxyl (–OH), amino (–NH₂), and 

carboxyl (–COOH) (Manfredi et al., 2025).  

These groups are all very good at binding 

metal ions.  Because of interactions such 

complex formation, coordination bonding, 

and electrostatic attraction, Fe³⁺ ions easily 

attach to spirulina, making it similar to a 

chemical "stickysurface". Spirulina's 

biological structure is susceptible to 

aggregate which means that its active surface 

isn't always completely open to bind Fe3+.  In 

contrast, BFA offers a number of benefits, 

including a large surface area, numerous 

pores, and a small number of active groups .  

The residue from burning sugarcane bagasse 

is used to make BFA, or bagasse fly ash.  

With a huge surface area of hard, solid silica-

alumina structure and numerous micro and 

mesopores, this material resembles a 

"mineral sponge" physically.  Although BFA 

has few active groups and a weak interaction 

with multivalent metal ions like Fe³⁺, it is 

good at physically retaining particles or ions 

in its pores.  As a result, it has a weaker 

adsorption capacity than spirulina (Yaseen et 

al., 2023). 

When Spirulina is immobilized into BFA: 

Synergy Emerges. This is the key to why the 

BFA–Spirulina composite is the finest.  Two 

potent characteristics come together when 

Spirulina is attached to the surface and pores 

of BFA: Spirulina's active groups stay and are 

now more "exposed." Because it no longer 

clumps, Spirulina can maximize its active 

groups to capture Fe³⁺.  In making this 

composite, the BFA structure makes 

Spirulina more stable. BFA acts like a 

scaffold that holds Spirulina in place, 

allowing Fe³⁺ diffusion, preventing Spirulina 

from closing its own pores, and making it 

easier for Fe³⁺ to find active sites. Fe³⁺ ions 

are retained in the pores of BFA (physical 

adsorption), then encounter the active sites of 

Spirulina (chemical adsorption). These two 

mechanisms work in tandem, not 

interchangeably. It means all active surfaces 

are fully utilized. 
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4. Conclusion  

The result of this study shows that 

immobilizing Spirulina sp. biomass in a 

sodium silicate matrix effectively increases 

the adsorption capacity of Bagasse Fly Ash 

(BFA) toward Fe³⁺ ions in chemical 

laboratory wastewater. At 60 minutes of 

contact time, the BFA–Spirulina composite 

shows the best adsorption performance, with 

Fe³⁺ removal reaching 51.571%, 

outperforming both Spirulina alone 

(44.920%) and BFA alone (37.038%).  A 

synergistic adsorption mechanism is 

responsible for the enhanced performance, 

wherein BFA's porosity structure facilitates 

physical adsorption, and Spirulina's active 

functional groups facilitate chemical 

adsorption. 
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