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 Composites are synthesized by combining different materials, resulting in 
properties suitable for use as adsorbents due to the combination of pores and 
functional groups within the constituent materials. This study developed a silica-
biochar composite to serve as an adsorbent for rhodamine B dye, utilizing silica 
derived from red mud and biochar obtained from oil palm empty fruit bunches 
(OPEFB). This research focused on analyzing the characteristics and effectiveness 
of the composite as an adsorbent by varying its composition. Silica from red mud 
exhibited a purity of 80.05% and possessed silanol (Si-OH) and siloxane (Si-O-
Si) functional groups on its surface, whereas biochar from OPEFB had a carbon 
content of 95.91% and included functional groups such as -OH, C=O, C=C, C-H, 
and C-O. The combination of silica and biochar yielded a composite surface 
consisting of -OH, C=O, C=C, C-O, C-H, and Si-O-Si functional groups. The 
silica-biochar composite demonstrated a greater surface area than its individual 
components, with silica at 69.824 m²/g and biochar at 95.452 m²/g. The 
composite with a 1:2 (% w/w) ratio exhibited the largest surface area at 102.371 
m²/g, achieving a maximum adsorption capacity of 1.550 mg/g and an efficiency 
of 88.463%. The adsorption process encompasses physical interactions via pore 
diffusion and chemical interactions through functional groups. 

 

1. Introduction 

Silica is a porous solid formed through the 
polymerization of silicic acid, and it can be synthesized 
via the precipitation method using NaOH as a solvent and 
HCl as a precipitator. Red mud, which contains 3-50% 
silica, serves as a viable raw material for this synthesis [1]. 
However, silica’s adsorption capacity is limited and does 
not correlate directly with the number of silanol (Si-OH) 
and siloxane (Si-O-Si) groups on its surface. Biochar can 
be incorporated to enhance the adsorption capacity of 
silica. Biochar is produced from empty palm oil bunches 
through dehydration and carbonization processes at high 
temperatures [2]. 

Both biochar and silica have their respective 
weaknesses, but combining them into a composite offers 
distinct advantages. Biochar’s heterogeneous structures 
and properties result in suboptimal adsorption and anti-
interference capabilities [3]. To address these limitations, 
researchers are exploring the formation of composite 

materials using silica and biochar. Nano-sized silica, 
known for its high specific surface area and hydrothermal 
stability, enhances the physicochemical properties of 
biochar when combined. This combination significantly 
improves the adsorption capacity of the resulting 
composite materials [4]. 

Silica and biochar composites have demonstrated 
substantial adsorption capacities, which are attributed to 
their enhanced specific surface area, porosity, and 
abundance of active groups. Research by Wang et al. [5] 
indicates that composites derived from silica (fly ash) and 
biochar (rice straw) possessed a larger surface area 
compared to the individual materials. Specifically, the 
incorporation of silica increased the specific surface area 
of rice straw-based biochar from 305 m²/g to 330.8 m²/g 
and changed the porosity from 2.8 nm to 3.1 nm. These 
composites exhibit silanol and siloxane groups on their 
surfaces and other functional groups such as C=O, C=C, 
C- O, and C-H. The proliferation of active groups on the 
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adsorbent surface can significantly enhance adsorption 
capacity [6]. Further research by Zhao et al. [7] found that 
adding silica to biochar facilitates the opening of 
micropores and the expansion of mesopores, thereby 
increasing the total pore volume and average pore 
diameter of the composite. This modification is 
advantageous for adsorption, particularly for binding 
larger molecules such as dyes. 

One notable application of the silica-biochar 
composite is as an adsorbent. Research by Ahmad et al. [3] 
confirmed that adding silica to biochar significantly 
enhances its removal efficiency for chlortetracycline, 
achieving a 68% removal rate compared to 36% with pure 
biochar. Additionally, Wang et al. [5] demonstrated the 
composite's efficacy in adsorbing methylene blue dye, 
attributing this to the composite's large surface area and 
porosity. The adsorption process for methylene blue 
follows the Langmuir adsorption isotherm, with a 
maximum adsorption capacity of 131.58 mg/g. 

Building on this research, a silica-biochar composite 
derived from red mud and empty oil palm fruit bunches 
was developed as an adsorbent for rhodamine B dye. The 
structural similarities between rhodamine B and 
methylene blue suggest the composite can adsorb 
rhodamine B through physical and chemical mechanisms. 
Moreover, since rhodamine B is classified as a 
carcinogenic waste, it must be processed through 
adsorption tests to ensure effective removal. 

The silica-biochar composite is anticipated to be an 
effective adsorbent for rhodamine B dye due to its 
combination of pores, surface area, and functional groups 
capable of adsorbing the dye. The adsorption process is 
believed to involve several functional groups, including 
silanol, siloxane, hydroxyl, and carbonyl groups. The 
composite and rhodamine B interaction is expected to 
occur through both physical and chemical adsorption 
mechanisms. Physical adsorption leverages the pores of 
the silica and biochar, while chemical adsorption involves 
the functional groups through electrostatic interactions, 
hydrogen bonds, and covalent bonds [8]. 

The composition ratio of silica to biochar 
significantly influences the characteristics and 
adsorption capacity of the composite. Research by Zhao et 
al. [7] indicated that increasing the amount of silica can 
occlude the pore cavities of the biochar, thereby reducing 
the overall surface area and adsorption capacity of the 
composite. This study examined the effectiveness of the 
composite as an adsorbent by analyzing the effect of the 
silica-biochar composition ratio on the adsorption of 
rhodamine B. 

2. Experimental 

2.1. Tools and Materials 

The tools used were a 100-mesh sieve, hot plate, 
filter paper, porcelain crucible, analytical balance, oven, 
pH meter (Hanna-HI110), Scanning Electron Microscopy 
-Energy Dispersive X-Ray (SEM-EDX) JEOL JSM-
6510LA, set of reflux tools, shaker, Fourier Transform 
Infra-Red spectrophotometer (FTIR) Shimadzu IR 
Prestige 21, UV-Vis spectrophotometer Shimadzu UV-

2600, furnace, X-ray Diffraction (XRD) X’pert PRO 
PANalytical and X-ray Fluorescence (XRF) PANalytical 
Epsilon 3. The materials used were distilled water, 37% 
hydrochloric acid (Merck), methylene blue (Merck), 
sodium hydroxide (Merck), and red mud obtained from 
PT. Indonesia Chemical Alumina (ICA) West Kalimantan, 
rhodamine B, and oil palm empty fruit bunch (OPEFB). 

2.2. Synthesis of Silica from Red Mud 

A total of 100 g of neutral red mud was reacted with 
250 mL of 4 M NaOH solution. The mixture was refluxed 
until boiling while being stirred at 650 rpm, and the 
reaction was maintained for 120 minutes. The resulting 
mixture was then filtered, and the filtrate was gradually 
added to a 1 M HCl solution until a gel formed at a pH of 
6.5 to 7. The silicic acid gel was aged 24 hours, filtered, 
and washed with distilled water. Subsequently, the silica 
gel was dried at 110°C for 6 hours, crushed, and sieved 
through a 100-mesh sieve [9]. 

2.3. Biochar Production from Oil Palm Empty Fruit 
Bunches 

Oil palm empty fruit bunches were washed with clean 
water and dried until they reached a constant weight. The 
dried OPEFB was then ground into a powder and burned 
in a furnace at 400°C for 1 hour. The resulting biochar was 
crushed to a fine consistency and sieved through a 100-
mesh sieve. The yield of biochar was calculated using 
Equation (1). 

 % 𝑦𝑖𝑒𝑙𝑑 =
𝑏𝑖𝑜𝑐ℎ𝑎𝑟 𝑚𝑎𝑠𝑠

𝑂𝑃𝐸𝐹𝐵 𝑚𝑎𝑠𝑠
× 100% (1) 

A proximate analysis of the biochar, including the 
determination of water content and ash content, was 
conducted according to the procedure outlined in SNI 06-
3730-1995. 

2.4. Determination of Water Content 

A total of 1 g of biochar was placed into a tared 
porcelain crucible. The biochar was then placed in an oven 
at 110°C for 3 hours, followed by cooling in a desiccator for 
15 minutes and subsequent weighing. This process was 
repeated, with the biochar being reheated in the oven 
every hour at 110°C until a constant weight was obtained. 
The water content of the biochar was calculated using 
Equation (2). 

 𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
(𝑚1−𝑚2)

𝑚1
× 100% (2) 

where, m1 is the mass of the initial sample (biochar) (g), 
and m2 is the mass of the final sample (g). 

2.5. Determination of Ash Content 

A total of 2 g of biochar was placed into a tared 
porcelain crucible. The biochar was heated in a furnace at 
800°C for 2 hours, allowed to cool in a desiccator for 15 
minutes, and then weighed. This process was repeated 
several times until a constant weight was achieved. The 
ash content in the biochar was determined using Equation 
(3). 

 𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =
𝑚1

𝑚2
× 100% (3) 

where, m1 is the initial sample mass (g) and m2 is the ash 
mass after kiln (g). 
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2.6. Synthesis and Characterization of Silica-Biochar 
Composite 

Composites were prepared with varying silica ratios 
to biochar: 1:2, 1:1, and 2:1 (% w/w). The two components 
were mixed together, and 100 mL of distilled water was 
added to facilitate homogenization. The mixture was 
stirred using a magnetic stirrer for 2 hours and then 
filtered. The resulting solid was subsequently dried at 
110°C for 6 hours [5]. The composite materials were 
characterized using an FTIR spectrophotometer. 
Additionally, the composite with a ratio of 1:2 (% w/w) 
was further analyzed using SEM-EDX analysis. For 
comparison, characterization was also performed on the 
silica and biochar individual materials. 

2.7. Surface Area Determination Based on Methylene 
Blue Adsorption 

This procedure was based on the study conducted by 
Mulyati [10] with some modifications. Specifically, 0.01 g 
of the adsorbent was mixed with 20 mL of a 20 ppm 
methylene blue solution. The mixture was stirred at 
150 rpm for 120 minutes using a shaker. Subsequently, the 
mixture was filtered, and the absorbance of the resulting 
filtrate was measured at a wavelength of 664 nm. The 
surface area of the adsorbent was assessed using Equation 
(4), while the amount of methylene blue adsorbed (Xm) 
was determined using Equation (5). 

 Surface area (m2/g) =Xm × N × A

Mr
 (4) 

where N is Avogadro’s number (6.02×1023 
molecules/mol), A is the cross-sectional area of 
methylene blue (197×10-20 m2/molecule), and Mr is the 
relative molecular mass of methylene blue (320.5 g/mol). 

2.8. Adsorption of Rhodamine B on Silica-Biochar 
Composite 

This experimental procedure was based on the 
methodology described by Haryono et al. [11], with 
modifications. Each sample containing 0.25 g of the 
control and silica-biochar composites, with mass ratios 
of 1:2, 1:1, and 2:1 (% w/w), was introduced into a 20 ppm 
rhodamine B solution. The mixture was agitated using a 
shaker at 150 rpm for 120 minutes to facilitate adsorption. 
Subsequently, the mixture was filtered, and the 

absorbance of the filtrate was measured at a wavelength 
of 554 nm. The amount of rhodamine B adsorbed and the 
percentage adsorption efficiency were calculated using 
Equations (5) and (6), respectively. 

 𝑋𝑚 =
C0− C1

W
× 𝑉 (5) 

 %𝐸𝑝 =
C0 − C1

C0
× 100% (6) 

where Xm is the amount of adsorbate adsorbed (mg/g), C0 
is the initial concentration (mg/L), C1 is the final 
concentration (mg/L), V is the solution volume (mL), W is 
the mass of the adsorbent (g), and Ep is the adsorption 
efficiency (%). 

3. Results and Discussion 

3.1. Silica from Red Mud 

The synthesis of silica from red mud involves 
dissolving SiO2 using a 4 M NaOH solution. This process 
yields a sodium silicate solution, serving as a silica gel 
formation precursor. The sodium silicate is then reacted 
with a 1 M HCl solution as a precipitant to produce a solid 
silicic acid gel (H2SiO3). Subsequently, the gel undergoes a 
maturation process (aging), forming a stiffer polymer 
network and experiencing volume shrinkage. The 
addition of HCl generates salt compounds, which are 
removed by washing with distilled water. Heating the 
precipitate reduces the size of the silica gel due to the 
dehydration of silicic acid, resulting in the formation of 
silica (SiO2) and the release of water molecules [12]. The 
final product of synthesis is white silica powder. The 
mechanism of silica formation could be described by 
Equation (7) to (9). 

 SiO2(s) + 2NaOH(aq) → Na2SiO3(aq) + H2O(aq) (7) 

 Na2SiO3(aq) + 2HCl(aq) → H2SiO3(s) + 2NaCl(aq) (8) 

 H2SiO3(s) → SiO2(s) + H2O(g) (9) 

The purity of the synthesized silica is determined 
through XRF analysis. As shown in Table 1, the silica 
composition of red mud increased from 9.05% to 85.05% 
after the synthesis stage. The resulting silica exhibits a 
purity of 85.05%, though it still contains minor 
impurities at lower percentages. 

Table 1. Composition of elements and oxide compounds in red mud and silica 

% Relative weight 

Element Red mud Silica Oxide compound Red mud Silica 

Fe 81.34 1.50 Fe2O3 75.14 0.65 

Si 5.55 83.05 SiO2 9.05 85.05 

Al 5.95 9.60 Al2O3 8.05 11.00 

Ti 3.14 0.13 TiO2 3.72 0.07 

Ca 2.62 1.80 CaO 2.61 0.80 

P 0.30 2.20 P2O5 0.45 1.75 

K 0.22 0.45 K2O 0.20 0.17 

Other 0.88 1.27 Other 0.78 0.51 
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Figure 1. Silica diffractogram 

Characterization using XRD aims to determine the 
phases formed in silica. The diffractogram in Figure 1 
shows the appearance of the quartz phase at the corners 
2θ = 26.76° (ICDD No. 01-083-2466) and the cristobalite 
phase at corner 2θ = 13.95° and 48.99° (ICDD No. 01-082-
1576 and ICDD No. 00-047-1301). Apart from silica, the 
presence of alumina minerals (Al2O3) with a corundum 
phase was detected at an angle of 2θ = 37.79° (ICDD No. 
01-077-2135). Alumina minerals are not completely lost 
during the synthesis process. 

Figure 2 depicts that the FTIR spectrum of red mud 
exhibits several peaks corresponding to the vibrations of 
-OH, Si-O-R (R: Si or Al), and Fe-O groups. This is due to 
the composition of red mud, which includes various 
inorganic compounds such as silica, alumina, and iron 
oxide. In contrast, the FTIR spectrum of silica is 
dominated by the presence of silanol (Si-OH) and 
siloxane (Si-O-Si) functional groups, which are 
characteristic of the silica framework. The broadened 
peaks at 3421.72 cm⁻¹ and 3452.58 cm⁻¹ indicate the 
presence of -OH stretching vibrations from the gibbsite 
[13], as well as silanol groups (Si-OH) [14]. The presence 
of the -OH group is further confirmed in each spectrum 
by the absorption peak at 1647.21 cm⁻¹. This absorption 
indicates the bending vibration of the -OH group from 
water molecules [15] and the Si-OH group [14]. 

 

Figure 2. FTIR spectra of (a) red mud and (b) silica 

 

Figure 3. FTIR spectra of (a) OPEFB and (b) biochar 

The symmetric and asymmetric stretching 
vibrations of Si-O-R (R: Si or Al) in the tetrahedral 
framework [SiO4] or [AlO4]⁻ are identified by absorptions 
at 806.25 cm⁻¹, 694.37 cm⁻¹ [16], and 995.27 cm⁻¹ [17]. 
Additionally, the absorption at 455.20 cm⁻¹ corresponds 
to the bending vibration of Si-O-R [15] and the Fe-O bond 
in hematite and magnetite compounds [18]. The FTIR 
spectrum of silica reveals the presence of symmetric and 
asymmetric stretching vibrations of siloxane (Si-O-Si) at 
absorptions of 734.88 cm⁻¹, 632.65 cm⁻¹, and 1068.56 
cm⁻¹. The bending vibrations of Si-O-Si occur at the 
absorption of 486.06 cm⁻¹ [19]. 

3.2. Biochar from Oil Palm Empty Fruit Bunches 

Biochar from OPEFB raw materials is produced 
through pyrolysis, an incomplete combustion reaction. 
During pyrolysis, the water in OPEFB evaporates at 
temperatures between 100 and 200°C, followed by the 
decomposition of organic materials such as hemicellulose 
(200–350°C), cellulose (305–375°C), and lignin (250–
500°C) [20]. The resulting product is black biochar, with 
a yield of 36%. 

 

Figure 4. FTIR spectra of (a) silica, (b) biochar, (c) silica-
biochar composite variations 1: 2 (% w/w), (d) 1: 1 

(%w/w), and (e) 2: 1 (% w/w) 
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Table 2. Results of proximate analysis of biochar from oil 
palm empty fruit bunches 

Analysis parameter Biochar SNI 06-3730-1995 

Water content (%) 6.13 Max. 15 

Ash content (%) 7.50 Max. 10 

Table 2 presents the water content (6.13%) and ash 
content (7.50%) of biochar, which comply with SNI 06-
3730-1995 standards. Biochar with low water and ash 
content exhibits superior adsorption capabilities, as the 
absence of water molecules and mineral residues ensures 
that more pores remain available to adsorbate [21]. 

The FTIR spectra in Figure 3 show broadening peaks 
at 3417.86 cm⁻¹ and 3520.09 cm⁻¹, corresponding to the 
- OH stretching vibrations of phenol and alcohol groups. 
The absorption intensity of the -OH group decreases after 
conversion to biochar due to the dehydration of alcohol 
[2]. The absorptions at 2918.30 cm⁻¹ (OPEFB) and 2922.16 
cm⁻¹ (biochar) are associated with aliphatic C-H 
stretching vibrations in the lignocellulosic framework 
[22]. The stretching vibrations of the conjugated C=O of 
carboxyl and ketone groups appear at absorptions of 
1653.00 cm⁻¹ (OPEFB) and 1689.64 cm⁻¹ (biochar). The 
absorption intensity of the C=O group decreases after the 
conversion to biochar. The absorption peak in the range 
of 1591.27–1462.04 cm⁻¹ is associated with aromatic C=C 
stretching vibrations [2]. Absorptions at 1375.25 cm⁻¹ 
(OPEFB) and 1377.17 cm⁻¹ (biochar) indicate the presence 
of aliphatic C-H bending vibrations from cellulose and 
hemicellulose [23], while the absorption range of 
1166.93–1020.34 cm⁻¹ corresponds to the C-O stretching 
vibrations from ether and alcohol functional groups [24]. 

Figure 3 demonstrates that pyrolysis effectively 
removes most cellulose and hemicellulose from OPEFB, 
leaving lignin compounds behind. This is evidenced by 
the decrease in absorption intensity of functional groups 
containing oxygen and C-H groups, alongside an increase 
in the absorption intensity of C=C functional groups on 
the biochar surface [2]. The presence of the C=C 
functional group is characteristic of the lignin structure 
[25]. According to Chen et al. [26], lignin is a large 
polymer with a three-dimensional structure and is 
composed of phenylpropane structural units. The 
chemical structure of lignin is notably stable compared to 
cellulose and hemicellulose, requiring high temperatures 
and extended pyrolysis times for complete 
decomposition. 

Table 3. Results of determining methylene blue 
adsorption and adsorbent surface area 

Adsorbent 
C1 

(mg/L) 
C absorbed 

(mg/L) 
Xm 

(mg/g) 
S 

(m2/g) 

Control 

Silica 5.082 9.435 18.870 69.824 

Biochar 1.619 12.898 25.796 95.452 

Silica-Biochar composite 

1: 2 0.684 13.833 27.666 102.371 

1: 1 0.729 13.788 27.576 102.038 

2: 1 0.799 13.718 27.436 101.520 

 

Figure 5. SEM analysis results with 1000× magnification 
of (a) silica, (b) biochar, and (c) silica-biochar composite 

1: 2 (% w/w) 

3.3. Silica-Biochar Composite 

The determination of surface area is essential for 
assessing the physical characteristics of each adsorbent, 
as the adsorption capacity is influenced by the available 
surface area. Table 3 shows the quantity of methylene 
blue molecules absorbed correlates directly with the 
greater surface area of the adsorbent. This is attributed to 
the larger surface area providing more contact sites that 
can be occupied by methylene blue [27]. In comparison, 
biochar exhibits a larger surface area than silica, 
specifically 95.452 m²/g and 69.824 m²/g, respectively. 
Increasing the proportion of silica in composite synthesis 
results in a reduction of surface area. The silica: biochar 
composite with the highest surface area is observed in the 
1:2 (%w/w) variation, amounting to 102.371 m²/g. 

Figure 4 displays spectra of silica, biochar, and 
composites characterized by peaks with varying 
absorption intensities influenced by the composition of 
silica and biochar during composite production. Each 
spectrum in the composite exhibits a broad absorption 
peak in the range of 3452.58–3444.87 cm⁻¹, attributed to 
the stretching vibration of the -OH group [5]. The 
absorption peaks in the ranges of 2922.16–2798.71 cm⁻¹ 
and 1622.13–1606.70 cm⁻¹ correspond to C-H stretching 
and C=O stretching vibrations of ketones and carboxyls, 
respectively [28]. 

 
Figure 6. Graph of the composition of silica: biochar in 

the adsorbent vs. % adsorption efficiency 
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Table 4. EDX analysis results of biochar and silica-
biochar composite 

% Relative weight of elemental composition 

Element Biochar Silica-Biochar Composite 

C 95.91 94.19 

O 1.84 1.90 

Si 1.31 0.36 

Al 0.14 0.64 

Na 0.20 - 

Other 0.60 2.91 

In biochar, the absorption peak at 1591.27 cm⁻¹, 
representing the C=C stretching vibration of the aromatic 
ring, shifts to a lower wavenumber (1431.18–1429.25 
cm⁻¹) after the addition of silica [2]. According to Ahmad 
et al. [28], this shift in wavenumber in the FTIR spectrum 
indicates an interaction between SiO₂ and biochar during 
composite formation. Each spectrum also exhibits an 
absorption at 1382.96–1381.03 cm⁻¹, associated with C-H 
bending vibrations [23]. The absorption in the range of 
1070.49–1024.20 cm⁻¹ corresponds to the C-O stretching 
vibration of the ether functional group [28] and the Si-O-
Si stretching vibration [29]. The presence of the Si-O-Si 
functional group is confirmed by absorptions in the range 
of 758.02–472.56 cm⁻¹ [28]. 

Adding silica to biochar enhances the availability of 
oxygen-containing functional groups and reduces the 
absorption intensity of C=C functional groups on the 
composite surface. The absorption intensity of the -OH 
and Si-O-Si groups increases with higher silica 
composition in each spectrum. This indicates that silica 
has been successfully incorporated into the biochar 
surface [8]. 

Figure 5a illustrates that the silica surface contains 
particles that tend to form non-uniform clusters, likely 
due to the aggregation of silica particles with other 
components not separated during synthesis [30]. Figure 
5b shows that biochar has a rough surface. The addition 
of silica to biochar results in a smoother surface 
morphology, as depicted in Figure 5c. Some composite 
pores appear to be covered by particles presumed to be 
silica. Similar findings were reported by Wang et al. [5], 
where silica-biochar composites exhibited surfaces 
covered with coarse particles. EDX analysis results in 
Table 4 indicate that the biochar surface is predominantly 
composed of carbon. Adding silica to the biochar 
decreases the carbon content from 95.91% to 94.19%. 

3.4. Adsorption of Rhodamine B on Silica-Biochar 
Composite 

A calibration curve yielded a linear equation y = 
0.091x -0.0041 with an R2 value of 0.9998. The adsorption 
of rhodamine B was conducted using the batch method, 
involving mixing a fixed amount of the composite with 
rhodamine B. Figure 6 shows that as the silica content on 
the adsorbent’s surface decreases, the concentration of 
absorbed rhodamine B increases. The adsorption capacity 
is linked to the surface area, with the composite 
adsorbing more rhodamine B than silica or biochar alone. 

 

Figure 7. Graph of pH changes before and after 
adsorption 

The amount of rhodamine B adsorbed decreased with 
increasing silica composition. This occurs because larger 
amounts of silica can cover the pore cavities of biochar, 
thereby reducing the contact surface available for 
rhodamine B and its adsorption efficiency [7]. The 
composite variation 1:2 (%w/w) adsorbed the greatest 
amount of rhodamine B, with an adsorption capacity of 
1.550 mg/g and an adsorption efficiency of 88.463%. 

The adsorption of rhodamine B involves both 
physical and chemical interactions. Physical interactions 
are characterized by the adsorption of rhodamine B 
molecules into the pores, while chemical interactions 
involve the functional groups on the surface of the 
composite and control adsorbents. The process is 
predominantly driven by chemical interactions, primarily 
due to the presence of H⁺ ions released into the adsorption 
system. This release of H⁺ ions was confirmed by 
analyzing the pH levels before and after adsorption. As 
shown in Figure 7, the pH after adsorption tends to be 
lower than before adsorption. 

 

Figure 8. FTIR spectra after adsorption of (a) silica, 
(b) biochar, (c) silica-biochar composite variations 1: 2 

(%w/w), 1: 1 (%w/w) (d), and (e) 2: 1 (%w/w) 
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Figure 9. Estimated interaction mechanisms involved in 
the adsorption of rhodamine B on silica-biochar 

composites ( --- electrostatic interactions), ( --- 
hydrogen bonds), ( --- n interactions –π) and ( --- 

interaction π–π) 

Rhodamine B has a pKa value of 3.1; when the pH 
exceeds 3.1, the rhodamine B molecule forms a zwitterion, 
characterized by an ionized carboxyl group (COO⁻) and a 
cationic amino group (NH⁺) [31]. The adsorption of 
rhodamine B occurs under alkaline conditions (pH > 7), 
causing some functional groups on the surface of the 
composite, such as -OH and COOH, to ionize to O⁻ and 
COO⁻. These ionized groups repel the COO⁻ and attract the 
N⁺ in the rhodamine B molecule through electrostatic 
interactions [2]. 

The spectra after adsorption (Figure 8) reveal shifts 
in wavenumbers corresponding to the -OH, C-H, C=O, 
C=C, C-O, and Si-O-Si functional groups. These shifts 
indicate that each functional group acts as an active site 
for the adsorption of rhodamine B. The shift in wave 
numbers for the -OH and C-O functional groups supports 
the hypothesis of electrostatic interactions between 
rhodamine B and the silica-biochar composite and the 
control (biochar). Also, hydrogen bonds may form 
through interactions between the amine groups in 
rhodamine B and oxygen-containing functional groups 
on the surfaces of both the composite and control 
materials. The C=C functional group of the aromatic ring 
in the composite is associated with the formation of π-π 
interactions [8], whereas the Si-O-Si group resulting 
from the addition of silica to biochar enables n-π 
interactions with rhodamine B [32]. Figure 9 provides an 
estimation of the interactions occurring between the 
composite and rhodamine B. 

4. Conclusion 

The silica-biochar composite derived from red mud 
and empty oil palm fruit bunches proves effective as an 
adsorbent for rhodamine B dye. The composite surface 
consists of functional groups such as -OH, C=O, C=C, 
C- O, C-H, and Si-O-Si and exhibits a larger surface area 
compared to silica (69.824 m²/g) and biochar (95.452 
m²/g). The maximum amount of rhodamine B adsorbed 
was observed in the 1:2 (%w/w) variation of the 

composite, achieving 1.550 mg/g with an adsorption 
efficiency of 88.463%. 
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