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INTRODUCTION

Industrial activities face serious waste prob-
lems related to chromium, due to its carcinogenic 
nature to humans based on Group I classification 
by the International Agency for Research on Can-
cer (IARC), and Group A inhalation carcinogen by 
the US Environmental Protection Agency (EPA). 
Hydrogen potential (pH) and oxidation num-
bers strongly influence the toxicity of Cr(VI) to 
aquatic organisms. Almost all Cr(VI) substances 

are anions, readily adsorb in water, and are quite 
resilient, despite their strong oxidized proper-
ties in acidic conditions. The EPA establishes a 
maximum safe limit for Cr(VI) levels in water at 
0.05 mg/L, while in wastewater is 0.1 mg/L for 
the electronics and galvanized electroplating in-
dustries. Increasing the number of contaminants 
in wastewater, such as Cr(VI), in high levels and 
accumulating them over time becomes cancerous, 
producing environmental concerns and sickness 
(Zeng and Duan, 20222; Farhan et al., 2023).
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ABSTRACT
The industry has suffered major chromium wastewater issues. Chromium is a heavy metal that can threaten both 
nature and people’s health. Adsorption is a simple, environmentally friendly, and effective process for removing chro-
mium from wastewater. Iron sand is an alternate adsorbent that can adsorb chromium. The iron sand in this research 
originated from Sukabumi, Indonesia, with a hematite content of 63.335%. The goal of this study is to evaluate the 
adsorption mechanism of hematite based on adsorbent weight, Cr(VI) initial concentration, pH of the solution, and 
contact time. This study was conducted experimentally throughout multiple phases. First, hematite was characterized 
using XRD, BET, FTIR and XRF to assess crystal structure, mineral composition, surface area, functional groups 
and the percentage of hematite in iron sand. Subsequently, the pH and contact time were optimized. The highest ad-
sorption capacity is then determined using the Langmuir and Freundlich isotherms. The study found that hematite has 
a surface area before and after adsorption of 619.486 m2/g and 334.783 m2/g, with XRD peaks at 2θ = 33.037° and 
35.357°, Fe-O bonds with a wavelength of 647.17 cm-1 and hematite content of 63.335%. Optimal Cr(VI) adsorption 
occurs at pH 1, with a contact time of 120 minutes, Cr(VI) concentration of 50 mg/L, 5.0 g mass of hematite, with an 
adsorption capacity (Qe), and adsorption efficiency (%) of 3.83 mg/g and 75.95%. The Freundlich isotherm model ac-
curately represents adsorption, revealing a heterogeneous surface. The linear equation of the Freundlich curve is Log 
Qe = 0.1152 Log Ce + 0.6376, R² = 0.9999, with the value of adsorption capacity (kf) = 4.3411 mg/g and adsorption 
intensity (n) = 8.681. The enthalpy of adsorption (ΔHads) at a concentration of 20 mg/L, 2.5 g, pH 3, and 30 minutes 
is -95.852 kJ/mol, indicating chemisorption.
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The act of adsorption entails the formation 
of adsorbate substances within the sorbent. Since 
most adsorbents rely on active functional groups, 
the chemistry of the adsorbent affects the heavy 
metal adsorption method (Chakraborty et al., 
2020; Ugwu et al., 2020). Indonesia possesses 
high-quality mineral iron resources, containing 
17% primary iron ore, 8% iron sand, and 75% lat-
erite iron ore (Sukirman et al., 2018). Iron sand is 
found in the lowest sedimentary rocks and con-
sists of a complex mixed with iron, cement, ink, 
and magnetic components (Fahlepy et al., 2018; 
Togibasa, 2019). Iron sand generates complex 
compounds using a coordination covalent bond 
mechanism and is commonly employed as a com-
plexing agent. 

Chromium contamination in wastewater re-
mains a critical environmental challenge, particu-
larly due to its carcinogenic properties. Treatment 
technologies such as chemical precipitation, ad-
sorption, solvent extraction, coagulation, floccu-
lation, flotation, ion exchange, membrane filtra-
tion, and electrochemical reduction have been 
widely used to mitigate heavy metals contamina-
tion, including chromium (Peng and Guo, 2020; 
Gahrouei et al., 2024). Iron oxide and manganese 
dioxide are among the most common adsorbents 
for heavy metal removal, but there has been lim-
ited exploration of naturally sourced iron sand as 
a high-potential adsorbent for Cr(VI) removal. 
Naturally occurring iron sand, contains hematite 
(Fe2O3), magnetite (Fe3O4), and other valuable 
elements like iron, zinc, nickel, and titanium (Ri-
anna et al., 2018), offers a sustainable and cost-
effective alternative for Cr(VI) adsorption. The 
hematite-rich composition of iron sand makes it 
particularly effective in reducing Cr(VI) levels, 
adding novelty to this study approach. The study 
methodically investigates the effects of changing 
pH, adsorbent weight, initial Cr(VI) concentra-
tion, and contact time to maximize adsorption 
performance. Although it has been demonstrated 
that iron oxide’s high surface-to-volume ratio im-
proves its ability to adsorb metals such as chro-
mium (Rettob, 2019; Sousa, 2021), this study is 
the first to characterize and assess natural iron 
sand for the removal of Cr(VI). The adsorption of 
Cr(VI) on iron oxide follows an isotherm model, 
where the temperature significantly affects the 
adsorption rates constant (k1) and maximum ca-
pacity for adsorption (Qe). To establish the most 
effective adsorption mechanism, the adsorption 
process using iron sand should be evaluated by 

considering the adsorbent weight, initial Cr(VI) 
concentration, pH, and contact time.

MATERIALS AND METHODS

Characterization of iron sand

The samples that were prepared correctly 
were evaluated utilizing a Brunauer-Emmet-Tell-
er (BET) Surface Area Analyzer (Quantachrome 
NovaWin2) and a gas sorption analyzer to deter-
mine specific surface area and porosity. Fourier 
transform infrared spectroscopy (FTIR) is used to 
identify groups of functional found on the surface 
of iron sand. Analysis of X-ray diffraction (XRD) 
to evaluate the crystalline configuration and min-
eral content using a diffractometer with X-rays 
and Cu-Ka irradiation at a 2q-angle range from 
5–80° with a scan speed of 0.02°/second. X-ray 
fluorescence (XRF) analysis to quantify the per-
centage of Fe concentration in iron sand. 

Batch adsorption experiments

Diphenyl carbazide solution is prepared by 
diluting 0.125 mg of diphenyl carbazide crystal-
line in 25 mL of acetone. A concentration of 500 
mg/L Cr(VI) solutions was set up by digesting 
1.414 g of K2Cr2O7 crystals in water from distil-
lations in a 1 L volumetric flask. A curve of the 
standard was obtained at a concentration Cr(VI) 
of 20, 35, 50, and 65 mg/L, and the intensity of 
absorbance was detected by applying a UV-Vis 
spectrophotometer 1800 Shimadzu at 540 nm.

The adsorption of Cr(VI) upon iron sand was 
studied utilizing the batch experimental approach. 
The impact of pH (1, 3, 5), adsorbent weight (2.5 
and 5.0 grams), Cr(VI) concentrations (20, 35, 
50, and 65 mg/L), and temperature (30°, 40°, 50°, 
and 60 °C) were studied. 

The research stages are as follows:
 • To examine the impact of adsorbent weight, 

2.5 and 5.0 grams of iron sands were tested 
with 50 mg/L Cr(VI) solutions at 30 °C in Er-
lenmeyer. The Erlenmeyer was agitated red 
at 120 rotations per minute (rpm) during 24 
hours of contact time. The procedure stated 
that the compositions were passed through fil-
ters and the Cr(VI) level in the filtrates was 
determined.

 • To investigate the impact of pH, 2.5 grams 
of iron sand were immersed in 50 mg/L of 
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chromium solutions at varying pH levels 1, 3, 
and 5, then agitated on an orbital shaker at 120 
rpm for 24 hours. The pH level of the solu-
tion was modified with 1 N HCl solution. The 
mixes were passed through filters and tested 
for remaining chromium levels. The effect of 
contact time was examined for the identical 
combinations at durations ranging from 0 to 
24 hours.

 • To investigate the impact of initial concentra-
tion, 2.5 grams of iron sand were mixed with 
20.0 - 65.0 mg/L of Cr(VI) medium at pH 3.0 
derived from K2Cr2O7 in Erlenmeyer. The Er-
lenmeyer was rotated at 120 rpm for a 2-hour 
contact time. The reacted solution underwent 
filtering, and the Cr(VI) levels in the filtrate 
were determined. The quantity of adsorbed 
Cr(VI) was estimated by subtracting the initial 
concentration (Ci) and final levels (Ce).

 • To investigate enthalpy adsorption, 2.5 grams 
of iron sand were mixed with 50 mg/L of 
Cr(VI) solution. Each Erlenmeyer was condi-
tioned at temperatures of 30°, 40°, 50°, and 60 
°C and stirred for 120 minutes.

Data analysis

Adsorption capacity (Q) and adsorption iso-
therm constant (k) were calculated utilizing the 
Langmuir and Freundlich isotherm model. Deter-
mination of adsorption capacity by applying this 
formula:

 𝑄𝑄𝑒𝑒 = 𝑉𝑉 (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 

 
%𝑅𝑅 = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒

𝐶𝐶𝑖𝑖
 ×  100% (2) 

 
𝑄𝑄𝑒𝑒 = 𝑘𝑘𝑓𝑓 𝐶𝐶𝑒𝑒

1/𝑛𝑛(3) 
 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (3) 
 
𝑄𝑄 = 𝑘𝑘1𝑘𝑘2𝐶𝐶

1+𝑘𝑘2𝐶𝐶 (4) 
 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

= 1
𝑘𝑘1𝑘𝑘2

+ 1
𝑘𝑘1

𝐶𝐶 (5) 
 
𝑙𝑙𝑙𝑙 𝐶𝐶𝑒𝑒 = −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅 × 1
𝑇𝑇  +  𝐶𝐶𝐿𝐿𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝐶𝐶 (6) 

 
b = ∆Hads

R (7) 
 
 

 (1)

The percentage of sorption (%R) can be mea-
sured using this formula:

 

𝑄𝑄𝑒𝑒 = 𝑉𝑉 (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 

 
%𝑅𝑅 = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒

𝐶𝐶𝑖𝑖
 ×  100% (2) 

 
𝑄𝑄𝑒𝑒 = 𝑘𝑘𝑓𝑓 𝐶𝐶𝑒𝑒

1/𝑛𝑛(3) 
 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (3) 
 
𝑄𝑄 = 𝑘𝑘1𝑘𝑘2𝐶𝐶

1+𝑘𝑘2𝐶𝐶 (4) 
 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

= 1
𝑘𝑘1𝑘𝑘2

+ 1
𝑘𝑘1

𝐶𝐶 (5) 
 
𝑙𝑙𝑙𝑙 𝐶𝐶𝑒𝑒 = −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅 × 1
𝑇𝑇  +  𝐶𝐶𝐿𝐿𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝐶𝐶 (6) 

 
b = ∆Hads

R (7) 
 
 

 (2)

where: Qe – adsorption capacity per adsorbent 
weight (mg/g); V – medium volume (L); 
Ci – ion concentration initially in the solu-
tion (mg/L); Ce – the equilibrium level of 
ions (mg/L); and m – quantity of the uti-
lized mass in the sorption procedure (g)

The adsorption of solutes by the surface of a 
solid is applied by the Freundlich isotherm which 
is obtained experimentally in the following way 
of the equation (Cooney, 1999):

 

𝑄𝑄𝑒𝑒 = 𝑉𝑉 (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 

 
%𝑅𝑅 = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒

𝐶𝐶𝑖𝑖
 ×  100% (2) 

 
𝑄𝑄𝑒𝑒 = 𝑘𝑘𝑓𝑓 𝐶𝐶𝑒𝑒

1/𝑛𝑛(3) 
 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (3) 
 
𝑄𝑄 = 𝑘𝑘1𝑘𝑘2𝐶𝐶

1+𝑘𝑘2𝐶𝐶 (4) 
 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

= 1
𝑘𝑘1𝑘𝑘2

+ 1
𝑘𝑘1

𝐶𝐶 (5) 
 
𝑙𝑙𝑙𝑙 𝐶𝐶𝑒𝑒 = −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅 × 1
𝑇𝑇  +  𝐶𝐶𝐿𝐿𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝐶𝐶 (6) 

 
b = ∆Hads

R (7) 
 
 

 (3)

Logarithmic, the formula would be:

 

𝑄𝑄𝑒𝑒 = 𝑉𝑉 (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 

 
%𝑅𝑅 = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒

𝐶𝐶𝑖𝑖
 ×  100% (2) 

 
𝑄𝑄𝑒𝑒 = 𝑘𝑘𝑓𝑓 𝐶𝐶𝑒𝑒

1/𝑛𝑛(3) 
 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (3) 
 
𝑄𝑄 = 𝑘𝑘1𝑘𝑘2𝐶𝐶

1+𝑘𝑘2𝐶𝐶 (4) 
 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

= 1
𝑘𝑘1𝑘𝑘2

+ 1
𝑘𝑘1

𝐶𝐶 (5) 
 
𝑙𝑙𝑙𝑙 𝐶𝐶𝑒𝑒 = −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅 × 1
𝑇𝑇  +  𝐶𝐶𝐿𝐿𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝐶𝐶 (6) 

 
b = ∆Hads

R (7) 
 
 

 (4)

The Langmuir isotherm is derived according 
to the equation (Langmuir, 1917):

 

𝑄𝑄𝑒𝑒 = 𝑉𝑉 (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 

 
%𝑅𝑅 = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒

𝐶𝐶𝑖𝑖
 ×  100% (2) 

 
𝑄𝑄𝑒𝑒 = 𝑘𝑘𝑓𝑓 𝐶𝐶𝑒𝑒

1/𝑛𝑛(3) 
 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (3) 
 
𝑄𝑄 = 𝑘𝑘1𝑘𝑘2𝐶𝐶

1+𝑘𝑘2𝐶𝐶 (4) 
 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

= 1
𝑘𝑘1𝑘𝑘2

+ 1
𝑘𝑘1

𝐶𝐶 (5) 
 
𝑙𝑙𝑙𝑙 𝐶𝐶𝑒𝑒 = −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅 × 1
𝑇𝑇  +  𝐶𝐶𝐿𝐿𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝐶𝐶 (6) 

 
b = ∆Hads

R (7) 
 
 

 (5)

The Langmuir equation can be reduced to the 
equation:

 

𝑄𝑄𝑒𝑒 = 𝑉𝑉 (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 

 
%𝑅𝑅 = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒

𝐶𝐶𝑖𝑖
 ×  100% (2) 

 
𝑄𝑄𝑒𝑒 = 𝑘𝑘𝑓𝑓 𝐶𝐶𝑒𝑒

1/𝑛𝑛(3) 
 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (3) 
 
𝑄𝑄 = 𝑘𝑘1𝑘𝑘2𝐶𝐶

1+𝑘𝑘2𝐶𝐶 (4) 
 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

= 1
𝑘𝑘1𝑘𝑘2

+ 1
𝑘𝑘1

𝐶𝐶 (5) 
 
𝑙𝑙𝑙𝑙 𝐶𝐶𝑒𝑒 = −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅 × 1
𝑇𝑇  +  𝐶𝐶𝐿𝐿𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝐶𝐶 (6) 

 
b = ∆Hads

R (7) 
 
 

 (6)

where: Qe – amount of adsorbate adsorbed every 
milligram of adsorbent (mg/g); Ce – equi-
librium levels of adsorbate in medium 
following sorption (mg/L); k, n, k1, k2 
– constant.

The adsorption enthalpy is determined by the 
linear equation between the plot of ln Ce against 
1/T.

 

𝑄𝑄𝑒𝑒 = 𝑉𝑉 (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 

 
%𝑅𝑅 = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒

𝐶𝐶𝑖𝑖
 ×  100% (2) 

 
𝑄𝑄𝑒𝑒 = 𝑘𝑘𝑓𝑓 𝐶𝐶𝑒𝑒

1/𝑛𝑛(3) 
 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (3) 
 
𝑄𝑄 = 𝑘𝑘1𝑘𝑘2𝐶𝐶

1+𝑘𝑘2𝐶𝐶 (4) 
 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

= 1
𝑘𝑘1𝑘𝑘2

+ 1
𝑘𝑘1

𝐶𝐶 (5) 
 
𝑙𝑙𝑙𝑙 𝐶𝐶𝑒𝑒 = −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅 × 1
𝑇𝑇  +  𝐶𝐶𝐿𝐿𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝐶𝐶 (6) 

 
b = ∆Hads

R (7) 
 
 

 (7)

 

𝑄𝑄𝑒𝑒 = 𝑉𝑉 (𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚  (1) 

 
%𝑅𝑅 = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒

𝐶𝐶𝑖𝑖
 ×  100% (2) 

 
𝑄𝑄𝑒𝑒 = 𝑘𝑘𝑓𝑓 𝐶𝐶𝑒𝑒

1/𝑛𝑛(3) 
 
𝐿𝐿𝐿𝐿𝐿𝐿 𝑄𝑄𝑒𝑒 = 𝐿𝐿𝐿𝐿𝐿𝐿 𝑘𝑘𝑓𝑓 + 1

𝑛𝑛  𝐿𝐿𝐿𝐿𝐿𝐿 𝐶𝐶𝑒𝑒 (3) 
 
𝑄𝑄 = 𝑘𝑘1𝑘𝑘2𝐶𝐶

1+𝑘𝑘2𝐶𝐶 (4) 
 
𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒

= 1
𝑘𝑘1𝑘𝑘2

+ 1
𝑘𝑘1

𝐶𝐶 (5) 
 
𝑙𝑙𝑙𝑙 𝐶𝐶𝑒𝑒 = −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

𝑅𝑅 × 1
𝑇𝑇  +  𝐶𝐶𝐿𝐿𝑙𝑙𝐶𝐶𝐶𝐶𝐶𝐶𝑙𝑙𝐶𝐶 (6) 

 
b = ∆Hads

R (7) 
 
 

 (8)
where: slope, a = intercept, and ∆Hads = slope × R. 

RESULTS AND DISCUSSION

Characterization of hematite

Brunauer-Emmet-Teller (BET)

Hematite particles possessed an approximate 
size of 60 mm and a surface area of 619.486 m2/g 
and 334.783 m2/g before and after adsorption 
(Table 1). The adsorbent’s surface area is propor-
tional to its sorption ability (Weber, 1972). The 
surface area of hematite after adsorption is lower 
than before adsorption because the adsorbent sur-
face has bonded with the adsorbate, thereby re-
ducing the surface area of   the adsorbent.

This is influenced by mesopores, which per-
form an essential part in adsorption because they 
create a vast surface area for interacting with 
adsorbate molecules. When the mesopores are 
filled with adsorbate, the effectiveness of   the ad-
sorbent’s surface area decreases, corresponding 
to the decrease in the surface area of   iron sand 

Table 1. Result of physical characterization of hematite 
by BET surface area

Parameter Unit Before 
adsorption

After 
adsorption

Surface area m2/g 619.486 334.783

Pore volume cm3/g 6.591 3.404
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after adsorption. This occurs because the adsor-
bate molecules occupy the pores, reducing the 
area for further adsorption. According to research 
by Thommes et al. (2007), mesoporous charac-
teristics such as pore size, distribution, and vol-
ume greatly influence mesoporous materials’ 

Figure 1. Isotherm plots pattern of hematite before 
and after adsorption

Figure 2. FTIR spectrum of hematite before and after adsorption

adsorption efficiency and capacity. The BET test 
results show that iron sand is a type III isotherm, 
meaning the adsorbent quantity increases as the 
pressure increases (Figure 1).

Fourier transform infrared spectroscopy (FTIR)

Figure 2 compares hematite before and af-
ter the adsorption process with a wavelength of 
2519.04 cm-1 and 2518.03 cm-1, which is the O-H 
stretching vibration of Fe-O. These results show 
that the hematite before adsorption is smaller 
than after adsorption (Karbeka et al., 2020). A 
significant peak at 1693.65 cm-1 appears after 
adsorption, corresponding to the C=O stretching 
vibration, suggesting the involvement of carbonyl 
groups during the adsorption process. Addition-
ally, the Fe-O bond, which is a key characteristic 
of hematite, shows stretching vibration at 652.32 
cm-1 and sifts to 647.17 cm-1 after adsorption. 
Similar shifts are observed in the wavelengths 
599.49 cm-1 and 596.97 cm-1. The sifts indicated 
that Cr(VI) interacts with the Fe-O bonds, modi-
fying the bonding environment on the hematite 
surface. The FTIR results clearly indicate that the 
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adsorption process was successful, as shown by 
the reduced transmittance after adsorption, which 
correlates with a greater presence of functional 
groups. This reduction in transmittance further 
confirms the involvement of O-H, Fe-O, and C=O 
functional groups in the adsorption process, rein-
forcing the effectiveness of hematite as an adsor-
bent for Cr(VI) removal.

X-ray diffraction (XRD)

The spectra show that the iron sand is crys-
talline, with a diffraction maximum, and has a 
sharp diffractogram peak (Figure 3). The peak 
of 2q = 18.290°, 19.310°, 27.893°, 28.000° 
30.053°, 30.957°, 32.718°, 33.037°, 35.357°, 
37.407°, 42.543°, 43.110°, 53.331°, 56.867°, 
62.670°, and 73.820°, with peaks intensity 2q = 
27.893o and 35.357o. The peaks of XRD charac-
teristics at 2θ = 30.08°, 35.42°, 43.11°, 53.43°, 
56.75°, and 62.45°, indicate hematite (Fe2O3) 
referring to the peak characteristics of the Joint 
Committee on Powder Diffraction Standards 
(JCPDS) No 01-075-0449. Fe2O3 compound has 
a rhombohedral crystal structure with a crystal-
linity of 25.76% (Adegoke and Adekola, 2012; 
Selvasembian and Singh, 2022).

X-ray fluorescence (XRF)

The analysis of the XRF data corroborated 
the characterization of the sampel as a hematite. 
Concerning XRF measurements, the sample con-
tained 63.335% Fe2O3, Ti 7.019%, Co 1.200%, 
Mn 0.476%, V 0.443%, Ca 0.472%, Zn 0.060%, 
and several other minerals in small percentages.

Adsorption of Cr(VI) on hematite

Effect of weight, pH, and contact time

The experiment on the impact of adsorbent 
weight was carried out at pH 5, with a weight 
of 2.5 g, the capacity of adsorption (Qe) attained 
5.25 mg/g, and at a weight of 5.0 g, the capacity 
of adsorption (Qe) was 2.26 mg/g (Figure 4). It is 
known that increasing the weight of the adsorbent 
utilized can increase the adsorption capacity and 
percentage of efficiency of Cr(VI). The adsorp-
tion percentage continued to rise at contact times 
of 5, 10, 15, 30, 45, 60 to 120 minutes. Extension 
up to 1440 minutes did not significantly increase 
adsorption efficiency.

The optimal contact time is reached as the ad-
sorption mechanism approaches equilibrium and 
the adsorbate molecules penetrate the adsorbent 
pores. Increasing the contact time elevates the 
adsorption rate, however, the active adsorption 
decreases after passing equilibrium (Nafisyah 
et al., 2023). This causes fewer metal ions to be 
absorbed and decreases response. The adsorp-
tion process reached equilibrium at 120 minutes, 
which indicated that the hematite had bound with 
the adsorbate and the increase in adsorption was 
no longer significant.

Determining the optimum weight is one of the 
important factors for defining the optimum weight 
is a crucial consideration when assessing the best 
circumstance in the mechanism for Cr (VI) ad-
sorption utilizing iron sand as an adsorbent. Based 
on the data in Figure 8, it is known that increasing 
the weight of the adsorbent used can increase the 

Figure 3. The diffractogram of hematite
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Figure 4. Effect of weight of 2.5 grams of hematite on the Cr(VI) adsorption in pH variation

Figure 5. Effect of weight of 5.0 grams of hematite on the Cr(VI) adsorption in pH variation
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capacity of adsorption, the addition of the weight 
of the adsorbent will also increase the adsorption 
capacity of the metals trapped.

The influence of pH variations on Cr(VI) ad-
sorption is described in Figures 4 and Figure 5. 
The Cr(VI) adsorption capacity increases under 
acidic conditions (pH 1 and 3) compared to pH 
5. At pH above 3, the amount of large ions OH- 
rises, inhibiting the diffusion of chromate ions, 
resulting in a decrease in adsorption capacity. At 
pH 5, the availability of Cr (VI) ions is deficient 
so it is difficult to be absorbed by the adsorbent 
(Sulastri et al., 2014).

The lowest adsorption of Cr(VI) ions occurs 
at pH 5 (Figure 6). At pH > 5, the availability of 
Cr (VI) ions will decrease. At this pH condition, 
there is competition between chromium species 
(HCrO4

- and CrO4
2-) with OH- ions, and the posi-

tive properties on the adsorbent surface decrease 
as protons decrease. At pH < 5, the dominating 
species is H2Cr2O7. At alkaline pH, complexes of 
metal hydroxide may develop, reducing adsorp-
tion efficiency. The ideal pH during testing was 

at pH 3 and pH 1. In acidic pH conditions, com-
petitiveness among the analyte and hydrogen ions 
(H+) may interact with functional groups on the 
adsorbent’s surface (Nafisyah et al., 2023).

At pH 1 with a sample weight of 2.5 g, the 
adsorption capacity (Qe) amounted to 6.23 mg/g, 
and at a weight of 5 g, the adsorption capacity 
(Qe) was 3.83 mg/g. Meanwhile, at pH 3, weight 
of 2.5 g, the adsorption capacity (Qe) is 5.62 
mg/g, and at a weight of 5.0 g, the adsorption ca-
pacity (Qe) is 3.33 mg/g. Optimal conditions are 
those at which an adsorbent can absorb the solu-
tion to the greatest extent possible. The capacity 
to adsorb a pollutant is influenced by pH, contact 
time, and weight adsorbent used. The higher the 
pH, the lower the absorption capacity at alkaline 
pH allowing the formation of metal hydroxide 
complexes which will degrade adsorption effec-
tiveness. The best results are obtained when the 
study is performed at pH 3. In an acidic pH set-
ting, ion competition allows the analyte and ion 
H+ to compete with functional groups on the outer 
layer of the adsorbent.

This research concluded that increasing the 
weight of the adsorbent used and the pH < 3 will 
increase the adsorption ability of the adsorbent. 
Optimum conditions were achieved with a weight 
of 5.0 g, pH 1, 120 minutes, at a level of 50 mg/L, 
with a capacity of adsorption (Qe) and efficiency 
(%) of 3.83 mg/g and 75.95% (Table 2).

Adsorption isotherm

The isotherm assay was conducted utilizing 
hematite with a weight of 2.5 g, pH 3, and for 120 
minutes, to determine how the initial concentra-
tions influence the adsorption capacity (Qe) and ef-
ficiency adsorption (%). The mechanism of hema-
tite adsorption on Cr(IV) ions can be known from 
the adsorption isotherm type. Determination of 
the Cr(IV) adsorption isotherm was carried out by 
testing at several concentration levels to produce a 

Figure 6. Effect of pH on the adsorption capacity of 
hematite

Table 2. The adsorption capacity and efficiency in each treatment

Time, minutes pH
Qe (mg/g) Efficiency (%)

5.0 (g) 2.5 (g) 5.0 (g) 2.5 (g)

120 minutes

1 3.83 6.57 75.95 64.73

3 3.33 5.62 66.67 56.18

5 2.95 4.95 57.78 51.61

1444 minutes

1 4.01 6.98 79.57 68.95

3 3.53 6.22 70.60 62.16

5 3.17 5.55 62.31 57.64
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linear curve of the Langmuir isotherm and Freun-
dlich isotherm. Table 3 and Figure 7a show the 
Langmuir isotherm, and Table 4 and Figure 7b 
show the Freundlich isotherm curves obtained.

The linear equation obtained from the Lang-
muir isotherm curve by hematite, namely Ce/Qe = 
1.6943 Qe – 6.9079, R2 = 0.8531. Based on this 
equation, the value obtained is qm = 0.5902 mg/g, 
and kL = 0.2453 L/g. The linear equation of the 
Freundlich curve is Log Qe = 0.1152 Log Ce + 
0.6376, R² = 0.9999, with the number of adsorp-
tion capacity (kf) = 4.3411 mg/g and adsorption in-
tensity (n) = 8.681. A greater value of kf suggests 
a higher adsorption capacity (Selvasembian and 
Singh, 2022). The n value denotes the energetic 
heterogeneity of sites for adsorption and specifies 
the level of nonlinearity among levels of medium 
and adsorption. As n is greater than 1, then adsorp-
tion is a chemisorption (Brazesh et al., 2021). The 
R2 = 0.9999, shows that Cr(VI) adsorption using 

hematite follows the Freundlich isotherm model, 
which describes adsorption on surfaces with het-
erogeneous properties and can work at various 
adsorbate concentrations. This model does not 
assume monolayer saturation, which is more real-
istic for many real systems, including adsorption 
on iron sand (Foo and Hameed, 2010).

The enthalpy of adsorption

The thermodynamic parameters are deter-
mined is the adsorption enthalpy (ΔHads). Adsorp-
tion enthalpy (ΔHads) and the ln Ce versus 1/T 
curve are illustrated within Table 4 and Figure 8. 
Adsorption enthalpy is determined by the degree 
of intensity of the molecular interactions among 
the adsorbent surface with the adsorbate. From the 
experimental results, it was obtained that DHads = 
8.314 kJ/mol × 11529 = -95.852 kJ/mol, which 
demonstrates the adsorption of hematite on Cr(VI) 

Table 3. The isotherm of Langmuir and Freundlich

Conc. Cr(VI)
mg/L

Initial Conc. 
(C0) mg/L

Final Conc. 
(Ce) mg/L ΔC % ER Qe

Langmuir Freundlich

Ce/Qe log Qe log Ce

20 19.764 0.375 19.389 98.10 3.878 0.0967 0.589 -0.426

35 34.631 7.315 27.316 78.88 5.463 1.3390 0.737 0.864

50 49.402 19.039 30.363 61.46 6.073 3.1352 0.783 1.280

65 64.203 31.778 32.425 50.50 6.485 4.9002 0.812 1.502

Figure 7. The linear graphic of Langmuir (a) and Freundlich isotherms (b)

Table 4. The enthalpy of adsorption (ΔHads) at a concentration of 20 mg/L, 2.5 g, pH 3, and 30 minutes
Temperature

(K)
Initial Conc., C0

(mg/L)
Final Conc.,

Ce (mg/L)
x/m

(mg/g) ln Ce 1/T

303 19.311 6.043 1.1166 1.7989 0.0033

313 18.976 3.195 1.3444 1.1616 0.0032

323 19.332 0.749 1.5401 -0.2890 0.0031

333 19.545 0.214 1.5829 -1.5418 0.0030
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is a type of chemisorption. Kralik (2014) classi-
fies chemisorption in the range of 40–400 kJ/mol 
depending on the type of chemical bond formed, 
while physisorption with adsorption energy in the 
range of 10–40 kJ/mol due to Vander Walls force. 
Chemical adsorption is very possible due to Fe 
and Cr is both transition metals. Transition met-
als can form complex compounds by providing 
empty orbitals to accept electron pair donors, thus 
forming covalent bond coordination.

The 24Cr atom has an electron configuration 
of [Ar] 3d54s1. In its Cr6+form, the electron con-
figuration becomes [Ar] 3d04s0, allowing it to ac-
cept six lone pairs of electrons to form a coor-
dinating covalent bond. Similarly, the 26Fe atom 
has an electronic configuration [Ar] 3d64s2. In its 
Fe3+ form, the electronic configuration changes 
to [Ar] 3d64s0, providing an empty d2sp3 orbital, 
which enables it to accept six electron pairs for 
coordinating covalent bonding. The oxygen at-
oms in each of these structures have lone pairs of 
electrons that can be donated to metal atoms to 
organize coordinating covalent bonds.

Future research recommendations

Iron sand is abundant in countries rich in min-
eral resources and volcanic landscapes, offering 
promising potential as an adsorbent for treating 
wastewater containing Cr(VI). The widespread 
availability of iron sand provides an efficient and 
sustainable alternative to wastewater treatment, 
supporting green technology that aligns with In-
donesia’s local resources. Future research should 
focus on scaling up from batch to large-scale ap-
plication, emphasizing efficiency, scalability, and 
operational ease. Developing a continuous flow 

system with a stable flow rate can be explored us-
ing various reactor types, including packed bed 
reactors (PBR) (Obanijesu et al., 2003), moving 
bed biofilm reactors (MBBR) (Tchobanoglous et 
al., 2014), fluidized bed reactors (FBR) (Papirio, 
2012) and hybrid reactors, combining adsorption 
with other treatments, such as photocatalysts or 
electrochemistry processes (Chen et al., 2017), 
allow simultaneous oxidation and adsorption, 
enhancing the Cr(VI) reduction rate and overall 
efficiency. 

For industrial, iron sand may offer a more 
affordable adsorbent than specialized materials. 
Reduced costs make this method attractive to in-
dustrial managing large-scale effluent volumes. 
This method scalability with continuous flow po-
tential by adapting the process to continuous flow 
reactors, industries can treat Cr(VI) contaminated 
wastewater more efficiently on a large scale. The 
dual action of hematite in the iron sand facilitates 
Cr(VI) reduction and adsorption, which could 
enhance removal efficiency and decrease overall 
processing time, particularly beneficial for in-
dustries needing consistent Cr(VI) levels. These 
aspects highlight how the method’s design aligns 
with industrial needs for economical, scalable, 
and sustainable Cr(VI) remediation solutions.

CONCLUSIONS

The characteristics of iron sand as an adsor-
bent were obtained from the BET test results. The 
difference in surface area of   iron sand before ad-
sorption was found to be 619.486 m2/g to 334.783 
m2/g. In XRD testing, peaks were obtained at in-
tensity 2θ = 33.037° and 35.357°. FTIR obtained 

Figure 8. The enthalpy of adsorption and relationship curve between ln Ce and 1/T, at a concentration 
of 20 mg/L in 30°, 40°, 50°, and 60 °C
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Fe-O bond stretching at wavelengths 647.17 cm-1 
and 596.97 cm-1 which shows typical Fe2O3, with 
a Fe content of 63.335%. The ability of hematite 
to adsorb Cr(VI) under optimal weight conditions 
adsorbent 5.0 g, pH 1 which occurs within 120 
minutes with initial concentration of Cr(VI) 50 
mg/L. The Qm value was obtained at 3.83 mg/g 
and adsorption efficiency of 75.95%. Hematite 
shows effective adsorption ability for Cr(VI), 
with the Freundlich isotherm model as the best 
representation of the data adsorption, indicating 
surface heterogeneity. In determining enthalpy, 
at a level of 20 mg/L, 2.5 g, pH 3, and 30 min-
utes, the adsorption obtained was DHads = -95.852 
kJ/mol. These findings prove the adsorption of 
hematite on Cr(VI) is included in the type of 
chemisorption.
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