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Abstract 

 

Chromium (Cr) is one of the 16th most determined toxic heavy metals globally, with hexavalent chromium 

(Cr(VI)) being 100 times more toxic than its trivalent form (Cr(III)) due to its better solubility and mobility 

in water. As a result of industrial activities, Cr is released into the environment, which poses a significant 

threat to human health. Therefore, this study examined the efficacy of laboratory-synthesized nano-

ferrihydrite for eliminating Cr(VI) from contaminated water in relation to initial Cr(VI) concentration, contact 

time, pH and sorbent dose. The absorption of Cr(VI) was analyzed using the 1,5-diphenylcarbazide (DPC) 

method using a spectrophotometer at 540 nm wavelength. Batch sorption experiments revealed that the 

highest sorption capacity occurred at pH 3, achieving a sorption rate of 92%. At 8 hours of contact time, 

maximum sorption with a 93% removal rate was observed. At a Cr(VI) concentration of 15 mg L-1, the 

highest sorption efficiency remained 92%. Additionally, an optimal sorbent dosage of 4 g L-1 resulted in a 

maximum sorption efficiency of 92.5%. Kinetic modeling supported the pseudo-second-order model (R² 

= 0.99), while the isothermal data fit well with the Langmuir and Dubinin models (R² > 0.97). Analysis by 

Fourier Transform Infrared Spectroscopy (FTIR) highlighted involvement of hydroxyl and iron oxide 

surface functional groups, with hydroxyl groups primarily contributing to chromate adsorption. Moreover, 

the eco-friendliness of the sorption process, which produces minimal solid waste and enables 
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regeneration, makes it a promising approach for Cr(VI) removal. This sorption study concluded that nano-

ferrihydrite had excellent removal efficiency for Cr(VI) from contaminated water. 

Keywords: Chromium(VI), Nano-ferrihydrite, Water contamination, Sorption kinetics, Isotherm modeling, 

Eco-friendly remediation 

1. Introduction 

Heavy metal pollution has persisted as a critical environmental problem over the past fifty years, 

which affects water quality and aquatic organisms (Liu et al., 2020). The ingestion of heavy metal-

contaminated water leads to millions of illnesses affecting people across the globe. The sustainable 

management of water represents a crucial necessity because it equally sustains living things and 

acts as an important natural resource (Di Baldassarre et al., 2019). The rapid growth of populations, 

urbanization, and industrialization has placed excessive pressure on the world's water resources. 

Pakistani people receive safe drinking water, only 20%, as per Perveen (2023). Industrial waste 

discharge, specifically untreated wastewater, has led to exceptional growth of both organic and 

inorganic pollutants throughout river systems and lakes, as well as coastal environments (Barletta 

et al., 2019). Among these pollutants, a wide range of non-biodegradable pollutants affects both 

ecological system stability and seafood safety after entering or accumulating in the food chain 

(Almeida et al., 2019). Heavy metals are derived from natural processes that include sea spray 

emissions, volcanic activities, rock weathering, biogenic emissions and wind-borne dust (Masindi 

and Muedi, 2018; Nieder et al., 2018). These metals within the earth's crust exist as chemical ores 

and maintain a persistent status, thus impossible to completely remove them (Lin et al., 2022). 

Among heavy metals, the essential elements include copper (Cu) and cobalt (Co) and zinc (Zn) 

that support biological functions in normal conditions. However, high metal concentration, 

specifically cadmium (Cd), chromium (Cr), and lead (Pb), proves toxic for human beings and 

aquatic organisms, although some metals, including Zn, Cu, and Co, have vital biological functions 

(Zoroddu et al., 2019; Jan et al., 2025). Globally, researchers show significant concern regarding 

Cr contamination because it exhibits toxic effects and causes cancer, according to Ahmed et al. 

(2019) and Zhao et al. (2019).  

The metallic form of Cr exists in two main forms: The Cr(III) and the Cr(VI). The human 

body uses Cr(III) as a trace element to support lipid and glucose metabolism (Liu et al., 2020), but 

Cr(VI) exists as an extremely toxic mutagenic substance with carcinogenic properties. The 

oxidizing conditions within aqueous environments support Cr(VI) to exist as highly soluble, 

mobile chromate (CrO₄²⁻) and dichromate (Cr₂O₇²⁻) species (Zhou et al., 2016). Because Cr (VI) 

can penetrate biological membranes and damage cells, it is 100 times more hazardous than Cr (III). 

However, Cr(VI) is reduced to the less toxic Cr(III) when environmental conditions become 



Global Research journal of Natural Science and Technology (Grjnst) Volume 3 Issue 3 (2025) 
 

 

reducing (Kapoor et al., 2015). Due to its hazardous nature, the enforcement bodies have 

established strict regulations regarding Cr content found in water systems. According to the United 

States Environmental Defense Agency (USEPA), the maximum total Cr is 0.1 mg/L in drinking 

water and 0.015 mg/L in surface water (Bagbi et al., 2017; Jan et al., 2025). As one of ten 

hazardous chemicals according to Georgaki et al. (2023), Cr(VI) faces regulatory requirements 

that establish a maximum drinking water threshold of 0.05 mg L-1 total Cr. On the other hand, 

Zhou et al (2016) noted that industrial effluent contains Cr(VI) between 30 and 200 mg L -1. The 

elevated concentration is due to industrial processes that utilize Cr extensively, such as 

electroplating, leather tanning, steel manufacturing, mining, paper production, dyeing, and wood 

preservation (Dzieniszewska et al., 2020). In particular, the production of stainless steel that 

contains 12-15% Cr depends on ferrochromium to achieve corrosion resistance, according to Xu 

et al. (2023). The worldwide production of Cr containing wastewater reaches approximately 40 

million tons each year from tannery industries (Jobby et al., 2018). Exposure to Cr, particularly Cr 

(VI), causes severe health complications that lead to liver and kidney failure, anemia, allergic 

reactions, asthma and develop into cancers of the lungs and digestive tract (Liu et al., 2020). 

The uncontrolled release of toxic substances occurs in developing nations due to a lack of 

sufficient infrastructure, while developed countries treat industrial waste before disposal (Hassan 

and Saleh, 2022). In particular, Pakistan deals with major issues regarding heavy metal 

contamination, mainly focused on Cr contamination (Afzaal et al., 2022; Jan et al., 2025). 

Researchers have applied various treatment methods (Figure 1), which remove Cr (VI) from 

polluted water through oxidation-reduction adsorption, membrane separation, chemical 

precipitation, reverse osmosis, ion conversion and ultrafiltration (Kong et al., 2016; Itankar and 

Patil, 2022). Among these, the method of adsorption stands out as an effective and cost-efficient 

treatment due to its simple operational principle and selective capacity, as well as high removal 

efficiency according to Zhou et al. (2016). Sorption functions as a physicochemical method that 
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incorporates a sorbent solid material to extract contaminants from both liquid and gaseous phases 

(Al-Sabagh et al., 2018; Yusuff, 2019). 

Figure 1: Remediation techniques for water treatment 

Research on adsorbents for Cr(VI) removal focuses on materials such as pyrite fines, 

synthetic polymers, activated carbon, graphene oxide and manganese-oxide-coated sand. The 

combination of large surface area and low solubility and high reactivity makes iron oxides a 

leading sorbent among adsorption materials (Shi et al., 2015; Dzieniszewska et al., 2020). 

Significant forms of iron oxides include magnetite (Fe₃O₄), hematite (α-Fe₂O₃) and maghemite 

(γ-Fe₂O₃) (Jerin et al., 2019). Metal adsorption processes utilize ferrihydrite as the amorphous 

iron oxyhydroxide because of its superior efficiency (Pakade et al., 2019). This material 

effectively takes up various Cr forms across natural water pH ranges. However, the 

transformation of ferrihydrite into hematite and goethite occurs gradually because this material 

displays thermodynamic instability (Zhang et al., 2022; Jan et al., 2025). Under acidic conditions, 

Cr(VI) attaches to ferrihydrite through electrostatic attraction, but this attraction weakens when 

the solution reaches pH of 11 (Cismasu et al., 2018). While the occurrence of ferrihydrite in 

natural soil, its complex mineral structure makes it difficult to isolate (Hiemstra et al., 2024). 

Therefore, for water treatment, synthetic ferrihydrite is used as an effective solution. This study 

aimed to: (1) synthesize and characterize the nano-ferrihydrite in the laboratory to evaluate its 

efficiency in removing Cr(VI) polluted water, (2). The influence of various factors initial Cr(VI) 

concentration, pH, sorbent dosage, and contact time, on the removal efficiency of the sorbent, 
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(3) conduct kinetic and thermodynamic modeling of the sorption data to understand the rate and 

mechanism of the adsorption processes, and perform FTIR analysis to confirm the sorption. 

2. Materials and methods 

This study was conducted in the laboratory of the Institute of Soil and Environmental Sciences 

(ISES), University of Agriculture, Faisalabad (UAF), Pakistan.  

2.1. Chemicals and reagents 

Reagents used in the batch sorption studies were analytically evaluated (Hu et al., 2015). Distilled 

water (ultrapure water) was used for all sorption trials and standard solutions. The standard stock 

solutions of Cr(VI) (1000 mg L-1) were prepared by dissolving 5.65 g of potassium dichromate 

(K2Cr2O7). For batch sorption experiments, sub-stock solutions with varying Cr(VI) 

concentrations were also prepared from a stock solution (Hosseini and Pasikhani, 2019). All 

experiments were conducted in duplicate. Throughout the experiment, the plastic and glassware 

were washed out with 2% nitric acid (HNO3) and then washed twice with distilled water 

(DeFilippi, 2018). 

2.2. Determination of Cr(VI) 

To make the 0.5% DPC solution, 0.25 g of DPC was dissolved in 50 mL of acetone. The 

spectrophotometer was standardized by preparing standards of Cr(VI) from a Cr stock solution in 

the following range: 0, 0.5, 1, 2, 3, 4 and 5 mg L-1. Five mL of Cr-containing samples were pipetted 

into 10 mL test tubes. The samples were diluted, in which the concentrations were high. The 0.1 

mg L-1 of 2.5 M sulphuric acid (H2SO4) was added to each standard and samples were followed 

by 0.1 mg L-1 of 0.5% DPC solution. The lids were put on the samples and standards, which were 

incubated for 5 minutes. Chromium(VI) absorbance was measured on a spectrophotometer at 540 

nm (Lace et al., 2019). 

2.3. Sorbent preparation and its characterization 

2.3.1. Synthesis of nano-ferrihydrite 

The nano-ferrihydrite mineral was synthesized by: i) dissolving 40 g of iron nitrate 

(Fe(NO3)3.9H2O) in 500 mL of purified water in a beaker, ii) adding 330 mL of 1M sodium 

hydroxide (NaOH) dropwise into the beaker, resulting in the formation of iron hydroxide 

precipitates. The precipitated solution was then centrifuged, allowed to settle overnight, and then 

oven-dried at 60°C for 6 hours. After attaining 60°C, the temperature was kept constant until the 

drying was completed (Abuzarova and Korchuganova, 2008). Figure 2 shows a schematic process 

of nano-ferrihydrite preparation. The synthesized mineral was packed in a plastic bag and placed 
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in a desiccator to prevent moisture absorption for further usage. For its use as a sorbent, the 

prepared product was ground to obtain the homogenized material. 

     

                                     Figure 2: Process of Nano-Ferrihydrite synthesis  

2.3.2. Characterization of nano-ferrihydrite 

Surface functional groups of sorbent, both with and without Cr(VI) contamination involved in 

sorption, were characterized by FTIR (Alpha II, Bruker, Germany) spectroscopy. In FTIR, major 

functional groups observed on an interferogram are inferred dependent on their vibrational 

peaks' location. IR ranges are interpreted based on the reference spectra from preceding studies 

(Ochie et al., 2025). 

2.4. Batch sorption experiments  

In each batch sorption experiment, a sorbent was added to a 50 mL centrifuge tube containing the 

chromium solution. The equilibrium time (2 hours) was calculated according to the experimental 

data of the kinetics and the temperature was maintained at 25±2°C (Molavi et al., 2020). The effect 

of solution pH in the range of 2 to 10 on the sorbent surface charge at 15 mg L-1 initial Cr(VI) 

concentration and 2 g L-1 sorbent dose was studied. Suspension pH was maintained with either 0.1 

M hydrochloric acid (HCL) or 0.1 M sodium hydroxide (NaOH) to remove Cr(VI) from 

contaminated water by nano-ferrihydrite. For kinetic investigations, the capacity for sorption of 

the sorbent was determined at various intervals of time (0, 1, 2, 3, 4, 8, 12 and 24 hours) to observe 

the impact of contact duration at 15 mg L-1 Cr(VI) concentration and 2 g L-1 sorbent dose. Sorption 
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isotherm tests were carried out using a fixed dose of sorbent (2 g L−1) and different initial 

concentrations of Cr(VI) (1, 5, 10, 15, and 20 mg L−1), these concentrations were selected based 

on monitoring of low and high concentrations of Cr(VI) in the aqueous environment contaminated 

with Cr(VI) (Borna et al., 2016). The sorbent dose efficiency was measured at different sorbent 

levels (0.5, 1, 2, 3, 4 g L−1) with the initial Cr(VI) concentration of 15 mg L−1 and at pH 7. Except 

for contact time, all studies involved shaking the suspensions in an end-to-end shaker for two 

hours. The suspensions were shaken and then centrifuged for three minutes at 3000 rpm. This 

caused the solid residue to separate from the solution of supernatant. A 0.45 μm filtration film was 

then used to filter the solution. Filtered samples were stored at 4°C for analysis after calculating 

the equilibrium pH of the solution. 

The amount of Cr(VI) removed from the solution was calculated using this equation. 

 

                                               % 𝐶𝑟 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = 𝐶𝑜 - 𝐶𝑒      × 100 

        𝐶𝑜 × 100 

In the formula above, Co stands for the initial concentration of Cr(VI) in solutions (mg L-1) and 

Ce for the ultimate concentration of Cr(VI) in solution (mg L-1). The following formula was used 

to determine the sorption capacity (qe) at equilibrium. 

 

𝑞𝑒 = (𝐶𝑜 - 𝐶𝑒 ) 𝑉 

                𝑚  

Where m is the oven-dried sorbent weight (g), and V is the volume of solution (l) (Masood ul 

Hassan et al., 2023). 

 

2.5. Modeling  

Kinetic modeling (pseudo first-order and pseudo second-order) and isotherm equilibrium 

modeling (Langmuir, Freundlich, Temkin and Dubinin-Radushkevich) were performed using the 

Sigmaplot 10® software and Microsoft Excel. 

3. Results and discussion 

3.1. Impact of pH on Cr(VI) sorption 

Nano-ferrihydrite efficiently removed Cr(VI) contaminants, with removal effectiveness strongly 

dependent on solution pH. The Cr(VI) adsorption rate displayed an inverse relationship with pH 

variation, resulting in lower removal efficiency as pH increased (Figure 3). The optimum sorption 

occurred at pH 3, where Cr(VI) removal reached 92%, but a lower sorption of 88% occurred at pH 

10. This study demonstrates that nano-ferrihydrite achieves superior Cr(VI) removal under acidic 
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conditions, as the elevated amounts of hydrogen ions (H⁺) at lower pH levels result in surface 

protonation of nano-ferrihydrite, which generates positively charged sites. These positive surface 

charges increase electrostatic interactions for the most dominant Cr(VI) species, HCrO₄⁻ , in acidic 

solution, therefore increasing adsorption efficiency. The excess H⁺ ions reduce the inhibitory effect 

of hydroxide ions (OH⁻) on adsorption because they attract the negative chromate ion charge more 

effectively in this environment (Liang et al., 2023). Variations in pH affect the ionization state of 

the sorbate and the sorbent surface charge properties, which are critical elements for metal 

adsorption, while also changing the speciation of Cr(VI) (Kucic et al., 2017). This study examined 

Cr(VI) removal across the pH values from 2 to 10 for a complete assessment of its removal effects. 

Increases in pH value generate OH⁻ that compete against chromate anions to occupy adsorption 

sites. Electrostatic repulsion occurs between Cr(VI) species and the sorbent surface because their 

deprotonation increases their surface negative charge. This interaction reduces the removal 

effectiveness by blocking the adsorption process (Fenti et al., 2020).  

 

Figure 3: Effect of pH (3–10) on the sorption of Cr(VI) using nano-ferrihydrite at a concentration 

of 15 mg L-1 and a sorbent dosage of 2 gL-1 

3.2. Effect of reaction duration on Cr(VI) sorption 

Water treatment requires a thorough investigation of equilibrium time and uptake rate because 

such factors directly influence operational economics (Wang et al., 2023). The contact duration 

for Cr(VI) sorption on nano-ferrihydrite was determined by analyzing various contact times (1, 2, 

3, 4, 8, 12, 24) until equilibrium was reached. Figure 4 illustrates the nano-ferrihydrite efficiency 
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for removing Cr(VI) as the contact time duration is varied. Early in the sorption process, there 

were many sorption sites available, which allowed for the rapid removal of Cr(VI) up to 4 hours 

of contact time. As the interaction time increased, surface site saturation caused CrVI) ions to 

compete with one another for sorption sites, which decreased sorption (Binabaj et al., 2018; Chen 

et al., 2018). Maximum sorption occurred at 8 hours, which was 93% and minimum sorption 

occurred at 1 hour, which was 84%. The data shows that sorption increases over time toward 

equilibrium, which is finally reached at 8 hours of contact duration. The equilibrium time is 

primarily dependent on the nature of the adsorbent, compactness, and other properties (Shin et al., 

2024). The study of Ali et al. (2019) established that 100 min and 120 min marked the complete 

attainment of the Cr(VI) sorption rate, while an increase in contact time showed no impact on 

metal removal.  

 

Figure 4: Impact of contact time (1-24 hours) on Cr(VI) sorption via nanoferrihydrite at a Cr(VI) 

concentration of 15 mgL-1 and a sorbent dosage of 2 gL-1 

3.2. Impact of initial Cr(VI) concentration changes on Cr sorption 

Two-hour contact reaction between nano-ferrihydrite and Cr(VI) ions at pH of 7 was used to 

measure sorption capacity across a range of initial Cr(VI) concentrations from 1-20 mg L-1. 

Figure 5 illustrates that the sorption of Cr(VI) by nano-ferrihydrite increased rapidly from 76.1 

to 91.22 % as the equilibrium Cr(VI) concentration rose from 0.2 to 1.8 mg L-1. An increase in 

initial adsorbate concentration strengthened the driving energy needed to overcome all metal ion 

transfer resistances between solid and aqueous phases, allowing Cr(VI) ions to interact with 
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available active sites; therefore, initial Cr(VI) concentration significantly affects sorption 

processes  (Shyaa et al., 2015). The number of available sorption sites was scarce, and the initial 

Cr(VI) ion concentration was low; however, increasing this concentration strengthened the bond 

between Cr(VI) ions and sorption sites until equilibrium was achieved (Khalil et al., 2020). The 

Cr(VI) uptake increased as initial concentrations of Cr(VI) rose, but only reached a limit because 

the sorbent dose and active sites remained constant. Nano-ferrihydrite exhibits a larger surface 

area available for the 1 mgL-1 of the initial Cr(VI) concentration, while the available surface area 

decreases with increasing concentration of Cr(VI), resulting decrease in removal efficiency as 

reported by Owalude and Tella (2016). The study also demonstrated that increased Cr(VI) 

concentration led to higher adsorption capacity; however, no direct correlation was found 

between Cr(VI) concentration and adsorption capacity (Islam et al., 2019). 

 

Figure 5: Effect of equilibrium Cr(VI) concentration (0.24 – 1.7 mg L−1 ) on sorption of Cr(VI) 

by nano ferrihydrite 

3.3. Sorbent dosage effect on sorption of Cr(VI)  

Investigated the effects of sorbent doses ranging from 0.5 to 4 g L-1 on the removal of Cr(VI) 

utilizing an initial concentration of 15 mg L-1 of Cr(VI) at pH 7 and a 2-hour contact duration. As 

the amount of sorbent increased, the sorption of Cr(VI) also enhanced; however, an overabundance 

of sorbent led to insufficient use of surface-active sites, which also increased expenses and 

resource waste (Baskar et al., 2022). Figure 6 shows that the maximum sorption of 92% occurred 

with the adsorbent dosage of 4 g L-1, while the minimum sorption of 86% happened with the 
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sorbent dosage of 0.5 g L-1. The high sorbent dose would also reduce Cr(VI) sorption due to sorbent 

particle overcrowding and sorption site overlapping (Kokab et al., 2021). On the other hand, as 

the sorbent dose increased, the quantity of transferrable and superficial sites designated for Cr(VI) 

sorption also increased (Fenti et al., 2020). However, with further increased nano-ferrihydrite dose, 

no substantial changes in Cr adsorption occurred. This can be because of the lower concentrations 

of the metal and the higher availability of the sorption sites and the reaction has already reached 

equilibrium. The adsorption reaches its maximum capacity point at a specified adsorbent dose 

since the ion binding to the adsorbent matches the amount of free ions, despite additional adsorbent 

usage (Chakraborty et al., 2022). The effectiveness of Cr(VI) adsorption declined as the amount 

of the sorbent rose because the effective surface area diminished, and the adsorbate/adsorbent ratio 

became smaller (Alsuhaibani et al., 2024). Although the reduction of adsorption density occurs 

because several absorption sites fail to get saturated during adsorption; however, additional 

adsorption sites become available as adsorbent concentrations rise, thus leading to enhanced 

removal efficiency (Zhang et al., 2022). 

Figure 6: Effect of sorbent dose (0.5 to 4 gL−1) on the Cr(VI) sorption by nanoferrihydrite. 

Experimental setup: initial Cr(VI) concentration 15 mg L-1, contact time 2 hours.  

3.4. Kinetic modeling 

The adsorption efficiency of chromate anions on the nano-ferrihydrite in terms of kinetic studies 

needs to be defined. These investigations aid in analyzing the system's adsorption capability as 

well as the kind of adsorption that takes place. A pseudo-first-order model explains the adsorption 
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potential of a solid sorbent. When this model fits well with data, which shows a physical adsorption 

process and the model equation is as follows (Tiadi et al., 2017). 

                             𝑙𝑜𝑔𝑞𝑒 - 𝑘1𝑡  

             Log(𝑞𝑒−𝑞𝑡) =               

                                                                           2.303 

Where qt is the sorbed Cr(VI) at any time t (mg g-1), qe is the sorbed Cr(VI) (mg g-1), and k1 is 

the rate constant of equation (min-1). By plotting log (qe−qt)/t, k1 can be calculated experimentally. 

The pseudo-second-order model shows that the degree of adsorption is proportional to the square 

of the remaining free sorption sites. If it fits well with the data, showing a chemical sorption 

process and the model equation is given below (Wang et al., 2019).  

    𝑡     =        1     +   t 

                                             𝑞𝑡            𝑘2 𝑞2𝑒   𝑞𝑒  

In the equation above, k2 represents the equilibrium sorption rate constant (g mg-1 min-1). An 

intercept of 1/(k2q
2e) and a slope of 1/qe indicate a linear relationship between t/qt and t. The linear 

relation further showed that sorption depended on both the quantity of Cr(VI) previously adsorbed 

and site availability (Chakraborty et al., 2021). Therefore, it can be said that the pseudo-second-

order model provides an extra precise explanation of Cr(VI) sorption and raises the possibility that 

the sorption process is rate-limiting  (Cao et al., 2021). 

Figure 7 and Table 1 display the variables of the kinetic model derived from the pseudo-

first and second-order models. As compared to the pseudo-first-order model (R2 = 0.18), the results 

showed that the pseudo-second-order model determination coefficient value (R2 = 0.99) is greater. 

Furthermore, qe value derived from the pseudo-first and second-order model was near to similar. 

Based on kinetic modeling data with a higher R² and qe, the pseudo-second-order fits well with 

data and describes the chemisorption of Cr(VI). During the process of chemisorption, the 

formation of chemical bonds between the nano-ferrihydrite surface and Cr(VI) ions takes place. 

In addition, pseudo-first-order model shows that rapid sorption takes place during the early stages. 

Thus, it indicates that a strong trigger of Cr(VI) ions was made to occupy available sorption sites. 

As a result, fast Cr(VI) sorption is observed and the adsorption rate decreases as sorption sites are 

occupied. This shows that initial rate of adsorption was regulated by availability of active sites 

(Liu et al., 2019). 

 

 



Global Research journal of Natural Science and Technology (Grjnst) Volume 3 Issue 3 (2025) 
 

 

Figure 7: Plots linearized for the kinetic pseudo-first and second order models of nano-

ferrihydrite-mediated Cr(VI) sorption. 

Table 1: Kinetics non-linear variables for a pseudo-first and second-order models: Cr(VI) sorption 

to nano-ferrihydrite at a temperature of 25 °C, initial Cr(VI) concentrations ranging from 0 to 20 

mg L-1, and a sorbent dosage of 2 g L-1. 

Sorbent Pseudo-first-order model Pseudo-second-order model 

qe (mg 

g−1) 

k1 

(min−1) 

R2 qe (mg 

g−1
) 

k2 (g mg−1 

min−1) 

R2 

Nano- 

ferrihydrite 

4.57 0.036 0.18 6.86 0.146 0.99 

 

3.5.Sorption isotherm 

Sorption capacity, surface characteristics, and affinity of an adsorbent can be determined by 

adsorption isotherms (Tafakori et al., 2017). The equilibrium of the Cr(VI) sorption process can 

be studied by utilizing two-parameter equilibrium sorption isotherm models such as the 

Langmuir, Freundlich, Temkin and Dubinin–Radushkevich (Ragadhita and Nandiyanto 2022). 

Residual plot of models confirms that the Langmuir model and Dubinin-Radushkevich model 

had the least deviations between the experimental and predicted values (Figure 8). The results 

given in Figure 9 and Table 2 showed that Langmuir and Dubinin models were found to fit better 

against experimental isotherm data than the Freundlich and Temkin models, as demonstrated by 

a greater R2 (0.97) value.  
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Figure 8: Comparison of residual plots of experimental and modeled adsorption data of Cr(VI) 

removal by Langmuir, Freundlich, Temkin and Dubinin-Radushkevich isotherm models. 

 

The Langmuir model is based on the notion of a monolayer chemisorption of Cr(VI) on a 

structurally homogeneous adsorbent and it fitted best among the models, showing a high 

determination constant (R² = 0.9752) value. A defined straight line was displayed by the Langmuir 

equation's linear form (1/qₑ vs 1/Cₑ), indicating that the sorbent's capacity to hold the sorbate is 

limited. 

𝑄𝑒 = 𝑄𝐿𝐾𝐿 𝐶𝑒 (1 + 𝐾𝐿𝐶𝑒) −1 

The above given Langmuir equation uses the following terms: KL for Langmuir adsorption 

constant (L g-1), QL stands for the maximum sorbed Cr(VI) (mg g-1), Qe for number of metal ions 

adsorbed on the sorbent (mg g-1) at equilibrium, and Ce for the equilibrium concentration of metal 

ions (mg L-1). According to the Langmuir model, the separation factor (RL) explains that the 

sorption of Cr(VI) by nano-ferrihydrite is favorable.  The value of RL was less than one, which 

shows Cr(VI) sorption was favorable. 

The Freundlich model explains the sorption occurring on one or more layers or heterogeneous 

sorption surface (R² = 0.9729).  This is illustrated in the equation below. 

𝑞𝑒 = 𝐾𝐹𝐶𝑒 1/𝑛 
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KF is the relative sorption capacity of Cr(VI) (mg1−n g−1 ln) and n shows linearity. The adsorption 

intensity is represented by the heterogeneity factor, 1/n. The n value was 0.5, indicating moderate 

surface heterogeneity (Lesaoana, 2018) and the Freundlich constant (KF) was 4.77, further 

validating the suitability of nano-ferrihydrite as an efficient sorbent for Cr(VI). The plot of logqe 

versus logCe yielded a linear relationship, signifying the applicability of the model.   

The Temkin isotherm model, which considers adsorbent–adsorbate interactions, provided a 

reasonable fit with an R² value of 0.9118. The linear plot of Qₑ versus lnCₑ suggests that the 

adsorption energy is reduced linearly with the coverage of the sorbent surface and is described 

as:  

                                                                       𝑄𝑒 = 𝑅𝑇/(𝐴𝐶e)  

Here, the universal gas constant is R, T is the absolute temperature, b is the sorption heat and is 

an important parameter that distinguishes the sorbent efficacy for sorption and A is the binding 

constant (Samir et al., 2019). 

The Dubinin–Radushkevich (D–R) isotherm model, known for its capacity to distinguish 

between physical and chemical adsorption. The plot of ln qₑ versus ε² indicated a high correlation 

(R² = 0.9734), suggesting a chemisorption-driven mechanism or potential pore-filling behavior. 

The model is represented below: 

                                                  𝑄𝑒 = 𝑄𝐷 (−[𝑅𝑇𝐼𝑛(1 + 1⁄𝐶𝑒 )] 2 )  

QD is the adsorption capacity (mg g-1) and BD is the mean free energy of sorption. For the Dubinin-

Radushkevich model, the (E) bonding energy was also determined to be < 8, indicating that the 

dominant process could be physical sorption (Mudhoo and Pittman, 2023). 

Overall, the Langmuir and D–R models demonstrated the highest correlation coefficients, 

indicating that Cr(VI) sorption onto nano-ferrihydrite is primarily governed by monolayer 

coverage on a relatively uniform surface and may involve chemisorption mechanisms. The results 

also confirm the complexity of the adsorption system, where multiple processes such as surface 

heterogeneity, energy distribution, and potential multilayer formation contribute to the overall 

removal efficiency. 
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Figure 9: Cr(VI) sorption isotherms by nano-ferrihydrite at pH 2-10, temperature 25 ° C  and a 

dose of sorbent 2 gL-1. The straight line (——) reflects the experimental observations, the model 

suits and block circle (°) show observational evidence. 
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Table 2: Non-linear model parameters for the sorption of Cr(VI) onto nano-ferrihydrite at a 

sorbent dosage of 2 gL-1, an initial concentration of 0–20 mgL-1, and a temperature of 25 °C. 

Sorbent Langmuir Freundlich Temkin Dubinin- 

Redushkevich 

Q

L 

(m

g 

g−

1) 

K

L 

(L 

g−

1) 

R2 QF 

(mg

1−n 

g−1 

Ln) 

1/

n 

R2 B A R2 QD 

(mg 

g−1) 

E 

(k

J 

g−

1) 

R2 

Nano- 

ferrihyd

rite 

1.8

8 

0.7

2 

0.9

75 

0.59 1.

67 

0.9

72 

554.

07 

3.

72 

0.9

12 

10.0

06 

1.

57 

0.9

73 

 



 

High-Efficiency Chromium (VI) Removal from Contaminated… 
 

 

3.6. Fourier transform infrared spectra of nano-ferrihydrite 

To investigate the chemical composition of the material, molecules are subjected to infrared 

radiation in FTIR spectroscopy. Metal chemical bonds stretch, shrink, and bend when exposed 

to infrared light. The spectrum's chemical functional group begins to absorb infrared light at 

a specific wavelength range, independent of the molecule's overall structure (Khan et al., 

2018). Spectra were captured between 1000 to 3500 cm-1. FTIR spectra obtained for this 

analysis indicated the presence of functional groups on the surface of the sorbent with and 

without Cr(VI) loading. FTIR spectra peaks shifted, disappeared and new peaks appeared. To 

determine which functional groups in nano-ferrihydrite are the cause of metal sorption, FTIR 

analysis was performed on the solid phase (Figure 10).  

 

Figure 10: FTIR peak shifts before and after adsorption show the variation in functional 

group wavenumber for Cr(VI) sorption 

The FTIR spectra of nano-ferrihydrite show some adsorption peaks for different functional 

groups, suggesting its complex nature with a metallic species affinity. In Figure 11, the nano-

ferrihydrite spectra before Cr (VI) interaction are depicted. The peak at 1346 cm-1 appearing 

in the spectra of nano-ferrihydrite is identified as the Fe-O group fingerprint, which helps in 

redox reactions to reduce Cr(VI) to Cr(III). The peaks at 1632 and 3272 cm-1 are due to the 

O-H functional, which strengthens metal binding through hydrogen bonding and surface 

complexation (Fotodimas et al., 2024). 
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Figure 11: FTIR spectrum of uncontaminated nano-ferrihydrite 

 

Figure 12 shows the spectra of nano-ferrihydrite after the interaction with Cr(VI). After 

interacting with Cr(VI), variations in peaks were observed. Peak at 1346 cm-1 in unloaded 

sorbent moved to 1336 cm-1 in metal-loaded spectra due to the interaction of Fe-O with metal. 

The peaks observed at 1632 and 3272 cm-1 shifted to 1627 and 3177 cm-1, showing the 

involvement of the O-H functional group in metal sorption from contaminated water. FTIR 

spectra revealed that the hydroxyl group plays a key role in chromate adsorption, as indicated 

by the variation in the peak after chromate adsorption (Zhan et al., 2020). Some spectra's 

absorption peaks were same, suggesting that surface functional groups were mostly 

unchanged during the composites' production and interaction with Cr (VI). However, the 

surface functional groups' peak intensities dropped following the reaction, indicating that they 

actively contributed to the elimination of Cr (VI). The shift in peaks after contamination of 

Cr(VI) showed the redox transformation of Cr(VI), which supports environmental 

remediation. 
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Figure 12: FTIR spectrum of Cr(VI) contaminated nano-ferrihydrite 

 

4. Conclusion 

This study investigated the potential of nano-ferrihydrite that was synthesized in the 

laboratory to remove Cr(VI) from contaminated water due to its cheap and eco-friendly 

nature. Batch studies were carried out to assess the effect of several factors on their 

efficiencies for Cr(VI) removal. The factors included pH, initial Cr(VI) concentration, sorbent 

dose and contact time. At pH 3, there was 92% Cr(VI) sorption efficiency at the initial 

concentration of 15 mg L-1, 2 h contact time and 2 gL-1 sorbents. The nano-ferrihydrite 

attained maximum sorption of 93 % at 8 hours of contact time, while maximum sorption 

(92%) was observed at 15 mgL-1 Cr(VI) concentration. The highest sorption rate (92.5%) 

was achieved using a 4 gL-1 sorbent dose. The data collected matched both Langmuir and D-

R isotherm and second-order models, indicating that chemo-sorption is the main method to 

remove Cr(VI) from contaminated water. FTIR analysis showed that nano-ferrihydrite was 

mainly responsible for chromate adsorption through surface functional groups, whereas 

chromate sorption was specifically influenced by hydroxyl groups. When sorbents can be 

reused, an extra economic advantage is attained, along with better environmental 

performance. The Cr(VI) sorption capacity of nano-ferrihydrite in a column system should be 

investigated for future large-scale applications. 
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