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Abstract  Increased global demand for batteries and paints has resulted in higher levels of heavy-metal contamination in 

waterways, harming aquatic life and human health. Lead is of particular concern due to its non-biodegradable nature and 

persistence at trace levels. Various technologies have been developed for heavy metal removal from wastewater, with 

adsorption being the most effective and resource-efficient. Information in literature shows that diatomite has the ability to 

adsorb heavy metal ions from aqueous media but suffers from a low adsorption capacity and specific surface area. This study 

therefore focused on enhancing the adsorption capacity of low-cost diatomite by functionalizing it with carboxyl groups via 

oxalic acid. Characterization techniques, including XRF, FT-IR, XRD, and Raman spectroscopy, confirmed the successful 

functionalization. Batch adsorption experiments demonstrated that functionalized diatomite effectively removed over 80% of 

Pb (II) ions, with an adsorption capacity of 8.00 mg/g. These findings suggest that functionalized diatomite is a promising 

potential adsorbent for remediation of heavy metal ions from wastewater. 
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1. Introduction 

Water pollution is a serious environmental concern in 

Kenya, which has been exacerbated by industrialization, 

population increase, agriculture, and lack of proper waste 

management practices [1]. Heavy metals and other 

contaminants pose significant danger to the environment, 

water supplies, and human health, making water treatment 

and water purification systems an important and valuable 

tool. Water contamination by heavy metals like lead, copper, 

cadmium, and nickel is a serious environmental issue due to 

their persistence and non-biodegradability [2]. Heavy metal 

contamination poses serious environmental and health risks 

to both human and aquatic life. Various methods for 

wastewater treatment have been developed, with adsorption 

being the most effective for removing these metals. 

Diatomite is a naturally occurring, inexpensive siliceous 

material with high surface area and porous, making it a 

promising adsorbent. The hydroxyl groups on the surface of 

diatomite help improve its ability to stick heavy metal ions 

to its surface [3]. However, it suffers from low adsorption 

capacity and specific surface area. This study functionalized 

raw diatomite from Kariandusi, Kenya, with oxalic acid 

with the aim of improving its adsorption capacity and 

specific surface area. Functionalization of diatomite with  
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oxalic acid further increases its adsorption capacity by 

introducing carboxylate groups that form stable complexes 

with divalent heavy metal cations, thereby improving its 

efficacy in water purification applications. 

2. Materials and Methods 

2.1. Chemicals and Reagents  

The oxalic acid was used in the functionalization of the 

natural diatomite. Lead (II) nitrate and distilled water were 

used for the preparation of synthetic wastewater, and NaOH 

or HCl was used for the pH adjustment. All reagents were of 

analytical grade. 

2.2. Functionalization of Diatomite 

The wet functionalization method was used to 

functionalize raw diatomite in this study. Diatomite was 

pre-treated with 0.5 M oxalic acid solution. For effective 

functionalization, the mixture was shaken for 24 hours at 

room temperature using an orbital shaker. The slurry was 

then filtered using Whatman No. 41 filter paper and then 

washed several times with distilled water to rid of excess 

oxalic acid that may not be chemically bound with diatomite. 

Functionalized diatomite was later dried at 105°C for 12 

hours in an oven. The sample was then grinded and sieved 

and stored in a desiccator [4]. 

2.3. Characterization of the Adsorbents 

The characterization of adsorbents is a crucial initial step 
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in adsorption studies because it connects material properties 

with adsorption performance. This process explores retention 

mechanisms, particularly the interaction between adsorbent 

surfaces and target pollutants, by assessing key physical and 

chemical properties. The XRF, XRD, FT-IR, and Raman 

spectroscopic techniques were used to characterize natural and 

functionalized diatomite in this study. 

2.4. Preparation of Pb (II) Ions Sorbates for Adsorption 

Studies  

Stock solutions for adsorption studies were prepared 

using lead (II) nitrate, which was of analytical grade. A lead 

(II) ions solution was prepared by dissolving an accurate 

quantity of 1.559 g of lead (II) nitrate in 500 mL of distilled 

water and diluting to 1000 mL. The solution was coded as 

1000 ppm of Pb (II) ions. The stock solutions were serially 

diluted to yield working solutions. 

2.5. Optimization of Sorption Parameters 

2.5.1. Effect of pH on Adsorption of Pb (II) Ions 

Study experiments were carried out by varying pH from 2 

to 6 using 0.1 M NaOH and 0.1 M HCl to study Pb (II) ions, 

keeping other conditions constant. 50 mL solutions of 100 

mg/L Pb (II) ions were placed in 100 mL bottles containing 

0.10 g of functionalized diatomite composite. The bottles 

were then shaken at 120 rpm for one hour at room 

temperature, with experiments conducted in triplicate. After 

shaking, the mixture was filtered, and residual metal ions 

were analyzed using AAS [5]. 

2.5.2. Effect of Adsorbent Dose on Adsorption of Pb (II) 

Ions 

The study was conducted to investigate the adsorption   

of Pb (II) ions by varying the adsorbent dose from 0.02 to 

0.20 g while keeping other conditions constant. Solutions 

containing 100 mg/L of each ion in monocomponent systems 

were placed in stoppered plastic bottles with different masses 

of functionalized diatomite composite. The samples were 

shaken at 120 rpm for one hour in triplicate 5. 

2.5.3. Effect of Contact Time on Adsorption of Pb 2+ Ions 

50 mL solutions containing 100 mg/L of Pb (II) ions were 

mixed with 0.10 g of functionalized diatomite composite in 

plastic bottles and shaken at 120 rpm. The test was performed 

in triplicate, and samples were taken at specific intervals 

ranging from 10 to 120 minutes and then filtered to evaluate 

residual metal ions using AAS. 

2.5.4. Effect of Temperature on Adsorption of Pb (II) Ions 

Batch experiments were carried out while varying the 

temperature between 25 and 45 °C while keeping other 

variables constant. 50 mL solutions of 100 mg/L Pb (II) ions 

were placed in 100 mL stoppered plastic bottles, to which 

0.10 g of a functionalized diatomite composite was added. 

Bottles were shaken at 120 rpm for one hour in a temperature 

-controlled shaker. The experiment was conducted in triplicate, 

and the mean values were used for calculations. After 

shaking, the supernatant was filtered, and the residual metal 

ions were analyzed using AAS. 

2.5.5. Effect of initial Concentration on Adsorption of Pb(II) 

Ions 

The effect of initial metal ion concentration was 

conducted by varying the Pb (II) ion concentrations from 25 

to 200 mg/L while keeping other conditions constant. 

Solutions were placed in 100 mL bottles, to which 0.10 g of 

functionalized diatomite composite was added. The bottles 

were shaken at 120 rpm and 25°C for one hour. Triplicates 

were performed, and mean values were calculated. After 

shaking, supernatants were filtered, and residual metal ions 

were analyzed using AAS. 

2.6. Adsorption isotherms 

Adsorption data of the adsorption of Pb (II) ions was 

fitted in both Freundlich and Langmuir isotherm models to 

assess the adsorption capacity of functionalized diatomite. 

The residual metal ion concentrations were measured using 

AAS, with the equilibrium adsorption (qe) amount calculated 

by Equation 1 [6]. 

    [
     

 
]V  (1) 

Where Co and Ce (mg/L) represent the initial and 

equilibrium concentrations of the corresponding metal ions, 

respectively. W (g) is the mass of the dry adsorbent employed, 

and V is the volume of the solution used (L). Equation 2 

shows the linearized Freundlich isotherm used in this study. 
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Where: KF= Freundlich isotherm constant associated with 

adsorption capacity,    = adsorption at equilibrium, 1/n= 

Heterogeneity index associated with adsorption intensity 

and Ce = concentration of the adsorbate in solution at 

equilibrium. Equation 3 shows the linearized Langmuir 

adsorption isotherm. 
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Where, Ce is the concentration of metal ions at 

equilibrium (mg/dm3);    is the amount of Pb (II) ions 

adsorbed (mg/g);    is the adsorption capacities (mg/g); 

   is the isotherm constant (dm3 /mg) [7]. 

3. Results and Discussions 

3.1. XRF Analysis of the Adsorbents 

The X-ray fluorescence spectrometer (model S1 Titan) 

was used to determine the chemical composition of natural 

and functionalized diatomite. Table 1 shows the chemical 

composition of both natural and functionalized diatomite. 

The study reveals that silica (SiO₂) and (Al₂O₃) are the 

primary component of both natural and functionalized 
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diatomite, with contents of 92.583% and 88.611%, 2.8609% 

and 3.688%, respectively, indicating that both natural    

and functionalized diatomite are aluminosilicate and 

functionalization did not alter the structure. Other components 

include. Fe (2.254%, 3.369%), and Ca (1.090%, 2.284%), 

which enhance adsorption capacity through ion exchange. 

Table 1.  Mean percentage chemical composition of natural and functionalized diatomite 

Elements Oxides 
Natural diatomite 

Mean% ± SD 

Oxalic- acid Functionalized diatomite 

Mean% ± SD 

Al2O3 2.860±0.237 3.688 ±0.226 

SiO2 92.583±0.762 88. 611±0.617 

P 0.082±0.024 0.064±0.022 

S 0.021±0.019 0.105±0.019 

Cl 0.094±0.027 0.112±0.026 

K2O 0.779±0.021 0.892±0.018 

Ca 1.090±0.069 2.284±0.080 

Ti 0.103±0.015 0.082±0.012 

V 0.001±0.006 0.002±0.005 

Mn 0.038±0.005 0.065±0.005 

Fe 2.254±0.024 3.369±0.027 

SD- Standard deviation  

 

Figure 1.  XRD diffraction patterns of natural diatomite 

 

Figure 2.  XRD diffraction pattern of functionalized diatomite 
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Figure 3.  FT-IR spectrum for natural diatomite 

 

Figure 4.  FT-IR spectrum for oxalic acid functionalized diatomite 

3.2. X-ray Analysis of Natural and Functionalized 

Diatomite 

The XRD analysis of both natural and functionalized 

diatomite was performed using the XRD D6 Phaser model. 

The analysis was performed to determine if the sample was 

crystalline or amorphous in nature and mineralogical 

composition. The results are represented in Figures 1 and 2, 

respectively. 

The XRD of natural diatomite shows that raw diatomite 

contains mainly amorphous silica phase (Opal-A), which 

registers as a broad, diffused hump between 15° and 30°  

(2θ). The three crystalline peaks at (2θ) 23.952°, 32.529°, 

and 55.137° were observed. Traces of crystalline mineral 

impurities such as cristobalite, albite, and fluorite accompany 

diatomaceous materials with cristobalite being more abundant 

[8]. The dominant peak at 23.952° represents silica-rich 

phases, indicating the importance of the silica backbone, 

which plays a key role in its adsorption properties and 

porosity. It is found that both crystalline and amorphous 

silica co-exist, which allows the material to absorb pollutants 

like Pb (II) ions. Furthermore, the broad background hump 

seen in the diffractogram is consistent with the presence of 

amorphous silica that is important for adsorption applications. 

Figure 2 shows that functionalization reduced the 

crystallinity of the diatomaceous material. The crystalline 

peaks reduced from three to one. The peak at (2θ = 24.755°) 

is mainly attributed to cristobalite which is the main 

impurities in diatomaceous materials [8]. This indicates that 

the amorphous silica framework was maintained after 

functionalization. This diffractogram showed a high content 

of amorphous silica as an essential component to improve 

the high surface area and active adsorption sites [9]. The acid 

treatment enhanced the surface chemistry, making surface 

more amorphous and porous. This helps in improving the 

specific surface area that goes along in improving the 
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adsorption capacity of the composite by increasing adsorption 

sites. Overall, no structural changes were observed from the 

diffraction patterns in Figures 1 and 2. 

3.3. FT-IR Analysis of Natural and Functionalized 

Diatomite 

Fourier Transform Infrared (FT-IR) analysis was 

performed using a Shimadzu-119 instrument, calibrated 

after warming for 30 minutes with inactive potassium 

bromide. About 1mg of each powdered sample was mixed 

with potassium bromide in a 1:50 ratio, ground for 

homogeneity, and compressed into a translucent pellet. This 

pellet was then placed in the FT-IR machine for analysis, 

and the FT-IR spectrum was generated to interpret various 

peaks of interest. The spectrum for transmittance against 

wavelength for natural and functionalized diatomite is 

illustrated in Figures 3 and 4. 

Based on Fourier transform infrared (FT-IR) analysis, the 

natural diatomite shows strong absorption peaks, which are 

associated with it being silica-rich. The wide bands in the 

range of 3400-3600 cm⁻¹ are related to the hydroxyl group 

stretching modes, which are indicative of the hydrophilicity 

of surface silanol groups and adsorbed water. In addition, a 

peak at 3768.85 cm⁻¹ is related to an isolated silanol group, 

indicating the presence of a high extent of hydroxyl 

functionalization for potential surface modification 9. The 

strong band at 1098.00 cm⁻¹, which corresponds to the 

Si–O–Si vibration, indicates the prevalence of amorphous 

silica in the structure. Siloxane bridges are seen at a further 

peak at 799.97 cm⁻¹ and at a small peak at 705.86 cm⁻¹, 

signifying minor crystalline silica is present. The intensity of 

the bands indicates that the silica lattice is well distorted at 

433.50 and 423.51 cm⁻¹, corresponding to the low-frequency 

bands, which reveals the structural integrity of the material.  

From Figure 4, there are notable changes on the FT-IR 

spectrum of the functionalized diatomite. The Si–OH bond  

is also closely coupled with a prominent peak at 3768.85 

cm⁻¹, which undergoes a red shift to 3757.44 cm⁻¹ after 

functionalization, suggesting a chemical bonding interaction. 

The presence of new peaks at 3684.72 cm⁻¹, 2194.58 cm⁻¹, 

and 1648.43 cm⁻¹ is indicative of the properties of carboxylate 

groups (–COO⁻) introduced from oxalic acid. The carboxylate 

group present is involved in ion complexation, especially 

with Pb²⁺ 4. The peak at 1090.87 cm⁻¹ corresponds to 

Si–O–Si stretching that exhibits shifts and additional 

shoulders, indicating interaction among the main structure of 

diatomite and the grafted oxalate that does not affect the 

main structure of diatomite. The disappearance of the peak at 

433.50 cm⁻¹ and 423.51 cm⁻¹ related to Si–O and 705.86 cm⁻¹ 

corresponding to Si–OH-forming bonds also helps to verify 

the successful modification of diatomite using oxalic acid. 

3.4. Raman Spectroscopic Analysis 

Raman spectroscopic analysis was performed using the 

ATR 3000-785 instrument at a wavelength of 785 nm to 

determine the structural modifications occurring upon the 

functionalization of Kariandusi diatomite with oxalic acid 

and to authenticate the anchorage of the oxalate functional 

groups. The results obtained are as shown in Figure 5 and 

Figure 6, respectively. 

Figure 5 reveals that the primary composition of natural 

diatomite as amorphous silica, evidenced by a strong peak at 

252 cm⁻¹ linked to Si–O–Si lattice deformation. Additional 

bands at 2330 cm⁻¹ for molecular CO₂ and 2697-2982 cm⁻¹ 

for aliphatic C–H stretching indicating surface contaminants 

from organic matter present in natural diatomite.  

Following oxalic acid functionalization, significant 

spectral changes were noted. The retention of the 250 cm⁻¹ 

peak confirms the preservation of the silica framework, 

while the disappearance of the 2330 cm⁻¹ band suggests 

reduced CO₂ adsorption. New bands at 2029 cm⁻¹ and 2173 

cm⁻¹ signify the formation of oxalate-related surface species, 

enhancing the diatomite's capacity for heavy metal adsorption 

due to increased hydroxyl groups identified at 3276 cm⁻¹. 

Overall, the modifications led to improved adsorption 

performance while maintaining structural integrity. 

 

 

Figure 5.  Raman spectrum for natural diatomite 
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Figure 6.  Raman spectrum for oxalic acid functionalized diatomite 

 

Figure 7.  Effect of pH on adsorption of Pb (II) ions on functionalized diatomite 

 

Figure 8.  Effect of adsorbent dose on Pb (II)+ ions removal efficiency using functionalized diatomite 

 

3.5. Effect of pH on Adsorption of Pb (II) Ions  

Using Functionalized Diatomite 

The batch experiments varied the pH from 2 to 6, with 

results depicted in Figure 7, showing the adsorption of Pb 

(II) ions using functionalized diatomite adsorbent. 

Figure 7 shows that the removal efficiency increases with 

the increase in pH of wastewater until an equilibrium is 

attained at pH 5.0. When the pH is low, there are competing 

H⁺ ions for the adsorption sites, which means that fewer 

metal ions get removed. The increased pH value results in 

reduced competition and increased adsorption. However, 

beyond the pH level of 5.0, the removal efficiency decreases 

because hydroxide complexes are created, reducing the 

electrostatic interactions between the adsorbent surface and 

the molecules to be removed 10. 
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3.6. Effect of Adsorbent Dose on Adsorption of Pb
2+

 Ions 

The experimental study involved varying the adsorbent 

dose from 0.02 g to 0.2 g to investigate the effect of 

adsorbent dose on the percentage removal efficiency of Pb 

(II). Other parameters were kept constant. At a shaking 

speed of 120 rpm, the results obtained are as illustrated in 

Figure 8. 

The removal efficiency of the lead ions increased with an 

increase in adsorbent dose (49.67% at 0.02 g to 91% at 0.10 

g), because an increase in the adsorbent dose increases the 

number of active sites. However, beyond this optimal dose, 

where the rate of adsorption becomes the same as the rate of 

desorption, the removal efficiency plateaued due to particle 

aggregation and reduction in the surface area, affecting the 

binding capability of the metal ions [11]. Low doses are 

ineffective due to the limited numbers of active sites and 

functional groups. 

3.7. The Effect of Contact Time on the Removal 

Efficiency of Pb
2+

 on Adsorption Process 

The study involved varying contact times from 10 to 120 

minutes and a shaking speed of 120 rpm while other 

parameters were kept constant. The results obtained are as 

shown in Figure 9. 

 

 

 

Figure 9.  Effect of contact time on the removal efficiency of Pb2+ ions 

 

Figure 10.  Effect of temperature on the removal efficiency of Pb (II) ions using functionalized diatomite 

 

Figure 11.  Effect of initial concentration on the removal efficiency of Pb (II) ions using functionalized diatomite 
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Table 2.  Isotherm model constants and correlation coefficients for adsorption of Pb (II) ions onto functionalized diatomite adsorbent 

 Langmuir Isotherm Freundlich Isotherm 

Metal ion KL Qmax R2 1/n KF R2 

Pb (II) ion 0.0534 106.3830 0.9869 0.6107 8.0057 0.9942 

1/n = heterogeneity index, KF =Freundlich constant, R
2
= correlation coefficient,  

Qmax= adsorption capacity, KL = Langmuir constant. 

The results show that the removal efficiency of Pb (II) ions 

increased with an increase in contact time, attaining equilibrium 

at 60 minutes with an optimal removal efficiency of 92%. An 

increase in the removal efficiency could be attributed to 

strong electrostatic attractions and surface complexation that 

enhanced the mass transfer of Pb (II) ions to the adsorbent. 

The functionalization of the adsorbent with oxalic acid 

introduces reactive groups that facilitate this interaction. 

Initial rapid adsorption is followed by a slower equilibration 

as binding sites fill, demonstrating that the adsorption 

process is primarily surface-based. Beyond 60 minutes, the 

removal efficiency declines slightly, linking to desorption 

due to weak interactions and possible structural changes in 

the adsorbent [12]. The findings highlight the importance of 

operational efficiency in wastewater treatment by achieving 

equilibrium in a shorter time. 

3.8. The Effect of Temperature on Adsorption 

The study specifically examined the effect of temperature 

(25-60°C) on the percentage removal of Pb (II) ions at a 

starting concentration of 100 mg/L, using an adsorbent dose 

of 0.1 g/50 mL and a shaking speed of 120 rpm, with results 

illustrated in Figure 10. 

From Figure 10, an increase in temperature increases the 

adsorption efficiency of Pb (II) ions. Removal efficiency 

increased when temperature was varied from 25°C, attaining 

an optimal efficiency at a temperature of 35°C. An increase 

in temperature increases kinetic energy, which in turn 

increases ion mobility that facilitates stronger interactions 

with adsorbent functional groups. This optimal range allows 

for effective metal removal at near ambient temperatures, 

reducing operational costs. Beyond 35°C, the efficiency 

declines due to the exothermic nature of the process, 

promoting desorption rather than adsorption [13]. 

3.9. The Effect of Initial Concentration on Adsorption 

The effect of initial metal ion concentration on the percentage 

removal was investigated by varying the concentration of Pb 

(II) ions from 25 mg/L to 200 mg/L, using an adsorbent dose 

of 0.1 g/50 mL and a shaking speed of 120 rpm, with results 

illustrated in Figure 11. 

From Figure 11, the removal efficiency of Pb (II) ions 

decreases with an increase in initial ion concentration (92% 

at 25 mg/L to 77.5% at 200 mg/L) under the same conditions. 

This trend is attributed to the exhaustion of available adsorption 

sites as concentration increases, leading to competition 

among ions. Overall, oxalic acid functionalized diatomite 

proves to be an efficient adsorbent, particularly at low 

concentrations where more active sites are available. 

3.10. Adsorption Isotherms 

The adsorption data for Pb (II) ions were fitted onto both 

Langmuir and Freundlich isotherms. The isotherm constants 

and correlation coefficients obtained are tabulated in Table 2. 

Table 2 shows that the adsorption data for Pb (II) ions 

onto oxalic acid-functionalized diatomite fit well in 

Freundlich models with R² = 0.9942, which is higher than 

R² = 0.9869 for the Langmuir model. The R² values indicate 

strong linear relationships. This is indicative that adsorption 

occurred on a heterogeneous surface structure of the 

adsorbent. The heterogeneity index (1/n) values for Pb (II) 

ions (0.6107) confirm high favorable uptake. 

4. Conclusions 

The study successfully functionalized diatomite with 

oxalic acid to enhance its ability to adsorb Pb (II) ions from 

wastewater. Characterization techniques, including XRF, 

XRD, FT-IR, and Raman spectroscopy, confirmed that the 

functionalization altered the chemical composition and 

introduced oxygen-containing functional groups without 

changing the amorphous silica structure. The batch sorption 

experiments showed that the adsorption process was 

dependent on adsorption parameters. The findings suggest 

that oxalic acid-functionalized diatomite is a potentially 

effective, eco-friendly, and cost-efficient adsorbent for Pb(II) 

ion remediation from wastewater. 
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