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Abstract: This study used Corchorus olitorius stem biochar (COSB) as a biosorbent with a high specific surface area (88.2 
m²/g) to remove Fe(II) at a reasonable cost. To identify the most effective Fe(II) removal method, a variety of removal 
parameters were investigated, including the pH, adsorbent dose, contact period, and initial Fe(II) concentration. The fitted 
equilibrium data were precisely characterized and analyzed using the Freundlich, Temkin, Langmuir, and Dubinin-
Radushkevich models. Langmuir isotherm model R2 (0.9907), which has a maximum saturated monolayer sorption capacity 
of 83.33 mg/g, was found to well represent the developed method. The adsorption process followed pseudo-second-order 
kinetics, as demonstrated by the high value of R2 (0.9977) and the good agreement between the experimental value of qe 
(43.5 mg/g) and the calculated value of qe (47.17 mg/g). The adsorption process was conducted at different temperatures to 
evaluate the influence of temperature on the thermodynamic parameters. The spontaneity of the process is demonstrated by 
consistently negative values of ΔGo over a broad temperature range. The adsorption process was observed to be endothermic 
(ΔHo = +18.76 kJ/mol). The positive value of ΔSo suggests an increase in randomness at the solid/solution interface of Fe(II) 
with the adsorbent. The experimental results showed that COSB had a remarkable effect on Fe(II) removal from aqueous 
solutions. 
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1 Introduction  

In many nations with limited surface water, groundwater 
serves as the primary source of drinking and agricultural 
water [1, 2]. For instance, groundwater is the only source 
of water in some desert regions, such as Saudi Arabia and 
the Middle East. Additionally, almost 70% of the water 
used in many European nations (Austria, Belgium, 
Denmark, Hungary, Romania, and Switzerland) is derived 
from groundwater. Furthermore, practically all the water in 
places such as Rome and Budapest comes from 
groundwater [3]. Because the water supply is frequently 
near customers, groundwater is also preferable [4]. 
Groundwater is the primary source of drinking water in 
rural and nomadic regions of Egypt. Groundwater is 
usually considered the best source of drinkable water if 
adequately shielded from contamination. Egypt's demand 
for potable water is increasing as its population grows.  

The most common problem limiting groundwater use in 
Egypt is the high concentration of iron and manganese. Iron 
(Fe) is found in the earth's crust at an average of 6.22%, in 
soils at 0.5 to 4.3%, in streams at an average of roughly 0.7 
mg/L, and in groundwater at 0.1 to 10 mg/L. The minerals 

pyrite, taconite, magnetite, and hematite contain iron. It is 
extensively used in steel and other alloys. The 
concentration of carbonate regulates the solubility of 
ferrous ions (Fe⁺²). Any soluble iron in groundwater is 
typically in the ferrous state because it is frequently anoxic. 
Ferrous iron undergoes oxidation to the ferric state (Fe⁺³) 
upon exposure to air or in the presence of oxidants. It may 
then be hydrolyzed to produce red, insoluble hydrated 
ferric oxides. Unless the pH is extremely low, ferric iron is 
not substantially soluble in the absence of complex-
forming ions such as phosphate.  

In addition to giving meals unpalatable flavors and colours, 
high iron levels in water can also discolor pipes, clothes, 
and kitchenware. For irrigation water, the Food and 
Agriculture Organization of the United Nations 
recommends a level of 5 mg/L. According to Rice et al. [5], 
the MCL for the secondary drinking water standard set by 
the US EPA is 0.3 mg/L. The World Health Organization 
states that 0.3 mg/L is the highest permissible amount of 
iron [6]. The Ministry of Health and Population determined 
the maximum allowable value of 0.3 mg/L for iron, which 
is also the value that Egypt has adopted in its national 
drinking water regulations. Iron and manganese are 
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frequently found in groundwater sources used by different 
water systems. The presence of manganese and iron in 
drinking water does not harm human health. However, 
problems with coloring, staining, turbidity, and unpleasant 
taste are caused by higher concentrations. Additionally, 
manganese and iron dioxides build up in pipes [7]. The 
accumulation of Mn and Fe in distribution systems 
eventually leads to a reduction in pipe diameter and 
blockage [8]. The growth of ferruginous and manganese 
bacteria on pipe walls can be influenced by the iron and Mn 
content of groundwater.  

Many technologies have been developed to remove heavy 
metals from water, including coagulation [9], chemical 
precipitation [10], biological operations [11], membrane 
filtration [12], ion exchange [13], and adsorption [14, 15, 
16]. The adsorption process can remove multiple 
compounds without the need for high temperatures [17, 18, 
19, 20, 21]. Numerous adsorbents have been examined in 
previous studies, such as clays [22], biochar [23, 24], metal 
oxides [25], chitosan [26], activated carbon [27, 28], and 
agricultural wastes such as maize stalks [29]. A dark 
(black) porous solid made mostly of amorphous carbon, 
biochar is produced as a byproduct of pyrolyzing (i.e., 
partially burning or heating) biomass materials such as 
woody residues [30], agricultural byproducts [31], animal 
bones [32], or other biomass materials (such as sewage 
sludge and animal manure) with little air flow [33, 34]. 
Biochar has been thoroughly investigated in the past few 
decades for its possible use as an environmental remediator 
and long-lasting soil health enhancer [35]. According to 
Shan et al. [36], biochar is currently regarded as one of the 
most economical and successful treatment techniques for 
eliminating heavy metals from soil and water.  

It may also serve as a low-cost, environmentally friendly 
substitute for removing contaminants from water [37, 38, 
39]. Biochar's unique characteristics, such as its porous 
structure, enriched surface functional groups, large specific 
surface area, and mineral ingredients, enable it to have a 
high adsorption capacity [40]. Additionally, compared to 
active AC or other adsorbing materials, BC is less costly 
and simpler to produce [41]. Biochar shares a porous 
structure with activated carbon, the most popular and 
effective sorbent worldwide for eliminating a variety of 
contaminants from water. Because biochar requires less 
energy and does not require chemicals or physical 
activation, it is six times less expensive than activated 
carbon, making it a promising new low-cost and effective 
adsorbent [42]. The present study demonstrated the 
adsorption efficiency of the biochar prepared from COSB 
to remove Fe(II) from aqueous solutions. 

2. Materials and Methods 

2.1 Characterization techniques  

The nitrogen adsorption–desorption technique (BEL SORP-
MAX, Japan) was employed to measure the specific surface 
area, pore volume, and pore size distribution. An X-ray 
diffractometer (XRD, PW1710, Philips, Cu-Kα radiation 
with λ= 1.542 Å) was used to examine the diffraction pattern. 
From 4° to 70°, the measurement was performed in steps of 
0.023°. Fourier transform infrared (FTIR, 400–4000 cm–1) 
spectroscopy was used to examine the variations in the 
vibration frequencies of the functional groups of the 
biosorbent before and after biosorption. Scanning electron 
microscopy (Zeiss sigma 500 VP FESEM, Germany) was 
used to examine the changes in the morphological surface of 
the adsorbents before and after adsorption. The elemental 
composition of the biochar before and after adsorption was 
determined using EDX (Zeiss sigma 500 VP FESEM, 
Germany). A spectrophotometer model DR6000 from 
Germany was used to determine the amount of Fe(II) present 
in the supernatant. A pH meter model Orion-4-star from 
Thermo Scientific in the USA was used to alter the pH. A 
Velp Scientifica-Italy magnetic stirrer (model F20500011) 
was used to agitate the adsorption mixture at 300 rpm. A 
completely automatic single water still type A4000 (Stuart 
Aquatron) was used to manufacture distilled water.  

2.2. Preparation of biochar 

The stem of C. olitorius, the agricultural waste, used as an 
adsorbent in this study was obtained from local farmers, 
rinsed multiple times with tap water, and then with distilled 
water. Subsequently, it was dried naturally in the sun, broken 
into small fragments, and ground to achieve smaller 
dimensions, and then pyrolyzed for 1.25 h at 550 °C in a tube 
furnace (NEy 2-525 SII, U.S.A) in the absence of oxygen. 

2.3 Stock Fe(II) solution 

All chemicals and reagents used in this experiment were of 
certified analytical grade. Stock Fe(II) solution (1000 mg/L 
prepared by dissolving 4.978 g FeSO4.7H2O in distilled 
water and diluted to 1000 mL), following the method 
outlined in 3500-Fe B [5]. 

2.4 Procedure 

The batch adsorption system consisted of six 100 ml beakers, 
each containing 30 mL of Fe(II) solution and 0.03 g of 
adsorbent (1 g/L). Then, a magnetic stirrer was used to shake 
the system at 300 rpm to determine the contact time. Each 
beaker was centrifuged at 2000 rpm for 30 min, and the 
remaining ferrous ion concentration in the wastewater was 
determined according to method 3500- Fe-B [5]. 

 

3. Results and Discussion 

3.1 Characterization of the biosorbent 

3.1.1 BET analysis  

Fig. 1 shows the N2 adsorption-desorption isotherm of 
COSB. The mean pore diameter, total pore volume, and 
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surface area were measured to be 30.6 nm, 0.675 cm3/g, and 
88.2 m2/g, respectively. The results indicate that COSB has 
a significantly greater surface area than other biochars, such 
as BPB, PBPB, Rice husks, corn straw, and peanut shell 
biochar. Kim et al. [43] reported a specific surface area 11.32 
m2/g, 27.41 m2/g and total pore volume 0.027 cm3/g, 0.032 
cm3/g for pristine banana peel biochar (BPB) and phosphoric 
acid pre-treated biochar (PBPB) respectively. Kizito et al. 
[44] recorded specific surface area 10.995 m2/g, for biochar 
made from rice husks. Liu et al. [45] recorded specific 
surface area 4.93 m2/g and 7.40 m2/g for biochar made from 
Corn straw and Peanut shell, respectively. Amer et al. [46] 
reported surface area 16.7341 m2/g for activated carbon 
made from rice husk. Özçimen et al. [47] reported a specific 
surface area of 11.2474 m2/g, 14.6836 m2/g, 14.4770 m2/g, 
0.6717 m2/g and total pore volume 0.1847 ml/g, 0.1250 ml/g, 
0.1643 ml/g, 0.1842 ml/g for apricot stone biochar, hazelnut 
shell biochar, grapeseed biochar and chestnut shell biochar, 
respectively. The pore volume describes the saturation of the 
pores with N2 at the most significant relative pressure (P/Po), 
where P/Po = 0.95. It is expected that COSB will adsorb 
more cations because of its larger surface area. 

 
Fig. 1: N2 adsorption-desorption isotherm of COSB 
biosorbent. 

 

3.1.2 X-ray diffraction  

As seen in Fig. 2, the XRD pattern of COSB shows 
amorphous aromatic carbon without a crystalline order. A 
diffraction peak centered at 2θ ≈ 24–26°, corresponding to a 
d-spacing of approximately 3.50 Å, was clearly observed. 
This peak indicates the formation of an aromatic carbon 
structure during pyrolysis. Additional weak and relatively 
sharp peaks were observed at d-spacing values of 3.96, 1.97, 
and 1.73 Å. These peaks are attributed to residual inorganic 
mineral phases, such as alkaline earth metals, which 
originate from the natural mineral content of biomass and 

remain after pyrolysis [48].  

 
Fig. 2: XRD pattern of COSB biosorbent. 

3.1.3 Infrared spectroscopy 

The main chemical components of agricultural waste are 
cellulose, lignin, and hemicellulose. One of the primary 
components is cellulose, a polysaccharide composed of 
glucose units. According to Hesas et al. [49], the primary 
functional groups in these units are the anticipated hydroxyl 
groups, which typically appear around 3500 cm-1, the C-H 
aliphatic, which typically appears around 2900 cm-1, the C-
O band, which appears around 1100 cm-1, and the C=C 
aromatic, as shown in Table 1. To ascertain the difference in 
the vibration frequencies of their functional groups, the FTIR 
spectra of COSB were recorded at 4000-400 cm-1 both before 
and after the biosorption of Fe(II), as shown in Fig. 3. The 
carbonyl C=O and phenolic -OH groups were altered 
following the uptake process, as indicated by the changes in 
their adsorption peaks. It is clear that these groups were 
involved in the biosorption process, with the adsorbate 
chemically interacting with the C=O and -OH groups present 
on the biosorbent surface. According to several studies, the -
OH and C=O groups found in several biosorbents are crucial 
for the adsorption of Fe(II) [43, 50].  

 
Fig. 3: FTIR analyses of fresh and used COSB biosorbents. 
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Fig. 4: SEM images of fresh (a, b) and used (c, d) COSB biosorbents. 

 
Table 1: Fundamental FTIR bands of COSB before and after 
Fe(II) ion biosorption. 

FTIR bands Assignment 
3667.15 O–H stretch, H bonded, 

alcohol,  
2979.08 
2903.41 

C–H stretching vibrations 
of –CH2 and –CH3 
functional group 

1577.04 
1458.31  

C=C ring stretch aromatic 
 C–C stretching 

1399.79 C–H aliphatic –CH3 or –
CH2 

1252.61 C=O stretching of 
carbonyl group 

1110.52 C–OH stretching of phenol 
1058.19 C−O stretching vibration 

of OCH3 groups  
869.89 Aromatic C–H 

3.1.4 SEM Morphology 

Asymmetric, rough pores and a cylinder-shaped structure 
prior to the adsorption of Fe(II) ions were observed in the 
COSB microphotograph, as shown in Fig. 4. The interaction 
with Fe(II) ions is supported by the coarse surface of the 
COSB. Furthermore, the SEM images show that following 
the adsorption of Fe(II) ions, the surface of COSB was 
smooth, glossy, and had closed pore structures. This is the 
outcome of a physicochemical interaction between Fe(II) 
ions and the functional groups on the surface of COSB.  

3.1.5 Energy dispersive X-ray analysis 

SEM-EDX was performed before and after adsorption (Fig. 
5). The results of sample analysis before adsorption 
confirmed the presence of carbon (64.6), oxygen (17.6), 
potassium (10.9), calcium (2.9), chloride (1.8), magnesium 
(0.6), phosphorus (0.6), sulfur (0.6) wt. %, and traces of 
sodium, as shown in (Fig. 5a). The results indicated that the 
carbon percentage (64.6 %) was the highest. Sun et al. [51] 

(a) (b) 

(c) (d) 
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reported that the biochar made from corn straw, cotton straw, 
wheat straw and rice straw has a high carbon content with a 
moderate oxygen content and substantial amounts of 
potassium, calcium, magnesium, and sodium and the 

elemental compositions of the biochar are greatly dependent 
on the source materials. The presence of 11.2% of Fe(II) 
after adsorption confirmed that COSB is a good adsorbent 
material for Fe(II) ions (Fig. 5b). 

 
Fig. 5: EDX of COSB: fresh (a) and used (b) biosorbents. 

 
Fig. 6: Influence of pH (a), contact time (b), dosage (c), and initial concentration (d) on Fe(II) ions adsorption on COSB. 
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3.2 The influence of different factors on Fe(II) ions 
adsorption by COSB 

3.2.1 pH effect 

The pH of the solution is a crucial factor in determining the 
adsorption capacity. Owing to the competing influence of H+ 
ions, the ionization of functional groups on the sorbent 
surface is influenced by the pH of the surrounding solution 
[52]. The effect of pH on the adsorption of Fe(II) was 
investigated at room temperature by changing the pH from 3 
to 7. As shown in Fig. 6a, the highest removal of Fe(II) 
(approximately 87.0%) was accomplished at pH 5. The 
elimination percentage decreased as the pH of the solution 
decreased. Acidic solutions contain more protons, which 
effectively compete with Fe(II) to reduce the removal %. 
Fe(II) precipitated as iron hydroxide at pH values greater 
than 5, which reduced the removal % [53]. Zhang et al. [54] 
found that the ideal pH for removing Fe(II) using rice husk 
ash was 5. According to Alslaibi et al. [50], activated carbon 
made from olive stone waste was used to remove 99.39% of 
Fe(II), 99.32% of Pb2+, and 99.24% of Cu2+ at the optimum 
pH of 5. Elwakeel et al. [55] however, found that activated 
carbon made from sugarcane bagasse had the highest 
sorption capacity of ferrous and manganous at pH 6.5 ± 0.1. 

3.2.2 Influence of contact time   

Figure 6b shows that the removal rate increased as time 
increased, peaking at 30 min. Because there were originally 
greater surface areas available with free active sites, 
primarily carboxylic (-COO) and hydroxylic (-OH) groups, 
adsorption began very quickly and had high removal rates 
[56]. As contact time increased, the rate at which Fe(II) ions 
were removed decreased. After 30 min, the system reached 
equilibrium, and no more Fe(II) could be extracted from the 
solution because of the saturation of the free active sites, 
which caused the removal rate to decrease. Abel Uche et al. 
[57] measured the same optimal contact time for the 
adsorption of Fe(II) ions by watermelon peels. Wan et al. 
[58] investigated the adsorption behavior of aqueous 
solutions of Fe(II) and Fe(III) ions using chitosan and cross-
linked chitosan beads. However, Manel and Béchirm [59] 
reported that the ideal contact time for removing Fe(II) from 
artificial groundwater using charcoal as an adsorbent was 20 
min. Using chitosan, chitosan-GLA, and chitosan-ECH 
beads, the contact duration for Fe(II) was 40 min at pH 5, 
and 60 min for chitosan-EGDE beads at pH 5. However, for 
Fe(III), chitosan, chitosan-GLA, and chitosan-ECH beads 
were in contact for 40 min at pH 3, whereas chitosan-EGDE 
beads were in contact for 60 min at pH 3 [58].  

3.2.3 Influence of adsorbent dose  

The effect of the adsorbent dosage was examined by 
adjusting the amount of biochar used from 0.01 to 0.06 g 
while keeping all other variables constant (Fig. 6c). Because 
of the increased number of accessible adsorption sites and 
the increase in adsorbent surface area, increasing the biochar 

dosage significantly increases the removal rate of Fe(II) [60, 
61]. The maximum removal percentage (87.0%) was 
achieved at 0.03 g. When the dosage exceeded 0.03 g, the 
adsorption sites aggregated, decreasing the overall adsorbent 
surface area and, consequently, the removal %. According to 
Kim et al. [43], the pristine and phosphoric acid pre-treated 
biochar made from banana peels had an adsorbent dosage of 
0.1 g/L and 0.3 g/L for Fe(II) removal, respectively, but our 
work recorded 1 g/L.  

3.2.4 Influence of initial Fe(II) concentration 

Figure 6d illustrates how various initial Fe(II) concentrations 
(10, 20, 50,100, 125, and 150 mg/L) were used to study the 
consequences of initial Fe(II) concentrations on the 
adsorption rate at room temperature, An increase in the 
initial Fe(II) concentrations was found to lower the 
percentage of removal. Above a certain initial Fe(II) 
concentration, the COSB active sites become saturated, 
leading to this result. Prior research has documented 
comparable results [54, 62].  

3.3 Adsorption isotherms 

Adsorption isotherms describe the interactions between 
adsorbates and adsorbents, as well as the adsorption process. 
Four isotherm models, namely Langmuir, Freundlich, 
Temkin, and D-K isotherms, were used in this investigation. 

3.3.1 Langmuir isotherm 

According to the Langmuir isotherm theory, a homogenous 
adsorbent surface with comparable sorption sites is covered 
by an adsorbate monolayer. According to the Langmuir 
postulate, there is no transmigration of adsorbate molecules, 
and the adsorption energy remains constant. The following 
is the Langmuir adsorption isotherm [63].  

𝑞! =
"!#"$#
%&#"$#

	                                                                                         (1) 

where KL (L/mg) is the Langmuir isotherm constant and qm 
(mg/g) is the maximum adsorption capacity. The Langmuir 
equation can be linearized in the most frequent form as 
follows [63]:  
'#
"#
= %

#""!
+ %

"!
𝐶!                                                                           (2) 

As shown in Fig. 7a, adsorption of Fe(II) onto COSB at 25 
℃ is a linear fit using the Langmuir isotherm model. Since 
R2 was 0.9907, the Langmuir equation provided a good fit to 
the adsorption data [19] and it can be mentioned that the 
adsorption data would follow the Langmuir isotherm, the 
surface of COSB is homogeneous and the adsorption of 
Fe(II) formed a monolayer on its outer surface [64]. The 
Langmuir isotherm has been characterized by the separation 
factor RL, which is a dimensionless constant. The RL factor 
provides a measure of the adsorption process's favorability 
[65, 66]. as shown by the following equation: 
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where Co (mg/L) is the highest [Fe(II)]0. In Table 2, the RL 
values, ranging from 0.0166 to 0.2, were found to be less 
than unity. RL represents the shape of the isotherm and can 
be classified as linear (RL = 1), unfavorable (RL > 1), 
favorable (0 < RL < 1), or irreversible (RL = 0). The RL values 
observed indicate that the adsorption of Fe(II) onto COSB. 
is a favorable process. Therefore, COSB demonstrates itself 
as a promising adsorbent for Fe(II). 

Table 2: Separation factor at an initial concentration of 
Fe(II). 

Co (mg/L) RL 

10 0.2020 

20 0.1124 

50 0.0482 

100 0.025 

125 0.0199 

150 0.0166 

3.3.2 Freundlich isotherm 

According to Vijayakumar et al. [67] a Freundlich model 
(Fig. 7b) posits that adsorption takes place on heterogeneous 
surfaces and that the concentration of adsorbate on an 
adsorbent surface rise with its concentration. The multilayer 
adsorption capacity is represented by the Freundlich constant 
KF (L/mg), while the energy distribution and heterogeneity 
of the adsorbent sites are represented by the adsorption 
intensity (1/nF) [68]. The following is the Freundlich 
equation.  

𝑄! = 𝐾)(𝐶!)%/+                                                                                   (4) 

But the linear forms of Freundlich are given as:  

𝑙𝑛𝑄! = 𝑙𝑛𝐾) +
%
+%
𝑙𝑛𝐶!                                                        (5) 

According to Table 3, Freundlich's R2 value is lower than 
Langmuir's (0.9907). Thus, the Langmuir model is more 
relevant to the adsorption of Fe(II) on COSB than the 
Freundlich model, in contrast to the latter. The value of 
0.3924 for 1/nf confirms the adsorption process is favorable 
but no heterogeneity has been observed (the adsorption is 
favorable when 0.1 < 1/nf < 1). 

3.3.3 Temkin isotherms 

The Temkin model assesses an adsorbent's ability to adsorb 
a particular adsorbate. According to this model, the heat of 
adsorption decreases as the surface coverage increases [69]. 
The following is an explanation of the Temkin equation. 

 𝑄! =
,-
.&
ln	(𝐾-𝐶!)	                                                          (6) 

The Temkin model linearized in common form as follows 
[16].  

𝑄! =
,-
.&
ln𝐾- +

,-
.&
ln𝐶!                                                        (7) 

where T is the absolute temperature of the solution (K), R is 
the general gas constant (8.314 J/mol·K), KT is the Temkin 
isotherm constant related to adsorption capacity (in L/g), and 
BT is the Temkin constant related to the heat of sorption (in 
J/mol). Plotting of the relationship between Qe and log Ce in 
Fig. 7c shows a linear association. BT and KT have been 
shown to have values of 0.1716 kJ/mol and 5.75 L/g, 
respectively. This suggests that the physisorption model 
predominates in these isothermal investigations. A BT value 
below 8 signifies a poor interaction during physisorption, 
whereas a value above 8 implies a greater amount of 
chemisorption during the removal of metal ions [70].  

3.3.4 Dubinin-Radushkevich Isotherm 

According to their mean free energy, this model was 
frequently used to distinguish between the physical and 
chemical adsorption of metal ions [71]. When the adsorption 
energy (ED) is less than 8.0 kJ/mol, physisorption takes place 
(Fig. 7d). However, when the ED is between 8 and 16 kJ/mol, 
chemisorption takes place [72]. According to Chen et al. [1] 
the Dubinin-Radushkevich model can be used to both 
homogeneous and heterogeneous surfaces. The following is 
one way to express the Dubinin-Radushkevich equation: 

𝑄/ 	= 	 𝑞0e12'	4
( 	                                                               (8)  

 The linear form of the Dubinin-Radushkevich model is 
given as:  

𝑙𝑛𝑞/ 	= 	 𝑙𝑛𝑞0 − k5	ε6	                                                               (9)  

The DR monolayer capacity constant is represented by qs 

(mg/g), KD (Mol2/K.J2) is the DR constant associated with 
adsorption energy, and ε (KJ2 Mol-2) represents Polanyi’s 
potential, which is connected to the free energy of 
adsorption. The ED can be calculated from the following eq.: 

𝐸7 =
%

86#)
	                                                                                         (10) 

The results of the ED calculation are shown in Table 3; the 
value is 1.75 kJ/mol confirms physisorption. This means that 
adsorption of one mole of Fe(II) ions from an infinitely dilute 
solution onto the surface of COSB. requires a free energy 
change of 1.75 kJ/mol. Zhang et al. [54] reported ED equals 
2.53 kJ/mol for adsorption of Fe(II) on Rice Husk Ash. 

The adsorption capacity of COSB for Fe(II) was compared 
with various other adsorbents, as summarized in Table 4. 
The results demonstrate that COSB possesses a superior 
maximum monolayer adsorption capacity (83.33 mg/g) 
compared to other materials such as rice husk ash, maize 
stalks, and various chitosan-based beads, confirming its high 
efficiency as a cost-effective biosorbent.  
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Fig. 7: Linear form of sorption isotherm for Fe(II) adsorption onto adsorption on COSB, Langmuir (a), Freundlich (b), 
Temkin (c), and Dubinin–Radushkevich (d). 
 
Table 3: Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich constants for the adsorption of Fe(II) onto COSB. (T = 
298 K, time= 30 min, Initial concentration of Fe(II) = 50 mg/L, pH = 5, volume of solution = 0.03 L, dosage = 0.03 g. 

Langmuir Freundlich Temkin Dubinin-Radushkevich 

Qm 

(mg/g) 

KL 

(L/mg) 
R2 1/nF 

KF 

(L/mg) 
R2 

KT 

(L/g) 
BT 

(kJ/mol) R2 
Qs 

(mg/g) 

KD 

(mol2/K.J2) 

ED 

(kJ/mol) 
R2 

83.33 0.395 0.9907 0.3924 19.21 0.9509 5.75 0.1716 0.9454 65.923 0.1638 1.747 0.8880 

 
Table 4: Comparison of adsorption capacities of different adsorbents for ferrous ions. 

Adsorbent Adsorption 
capacity (mg/g) 

Contact time 
(min) 

Co 
(mg/L) 

pH Reference 

Coir fibres 2.84 120 73.50–444.8 5 [73]  
Maize stalks 5.14 75 10-40 6 [29] 
Rice husk ash 6.21 60 2–40 5 [54] 
Modified coir fibres 7.49 120 73.50–444.8 5 [73] 
Chitosan-EGDE 38.61 60 3-9 5 [58] 
Chitosan 64.1 40 3–9 5 [58] 
Olive stone activated carbon (OSAC) 57.47 120 20 5 [50] 
Chitosan-ECH beads 57.47 40 3-9 5 [58] 
COSB 83.33 30 10-150 5 This work 
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Table 5: Kinetic parameters for the adsorption of Fe(II) ions onto COSB.  
Pseudo First Order Pseudo Second Order Elovich Intraparticle diffusion 

qe, 
exp 
(mg/g) 

qe, cal 
(mg/g) 

k1 
(min−1) R2 qe, cal 

(mg/g) 
K2 
(g/mg.min) R2 to 

min 
a 
(g/mg.min) 

b 
(g/mg) 

R2 
 

kp 
(mg/g. 
min1/2) 

C 
(mg/g) 

R2 
 

43.5 18.73 0.0841 0.9726 47.17 0.007 0.9977 0.08 94.26 0.138 0.9824 3.9215 22.336 0.9490 

3.4 Adsorption kinetic models 

The interaction between the adsorbent and the adsorbate at a 
specific time can be explained by the adsorption kinetic 
model. It is helpful in figuring out the best order for the 
pseudo-kinetic models and learning more about the 
adsorption process (physisorption or chemisorption) [74]. 
Three models were used in this study: the Elovich model 
[75], the pseudo-second-order [76], and the pseudo-first-
order [77].  

3.4.1 Pseudo-first-order equation 

Lagergren's relation provides the following pseudo-first-
order model [78]: 

𝑞9 = 𝑞!(1 − 𝑒1#*𝑡 )                                                       (11) 

where k1 is the rate constant of adsorption (min-1), qt 
represents the amount adsorbed at time t (min), and qe 
represents the amount of Fe(II) adsorbed (mg/g) at 
equilibrium.  

The linearized form of the PFO model is as follows. 

ln(qe-qt) =lnqe – K1t                                                         (12) 

The slope and intercept of the ln(qe-qt) vs. t plots were used 
to calculate the k1 and qe values. 

 The results in Fig. 8a and Table 5 confirm the R2 value is 
not the highest value and the poor agreement between the 
experimental and calculated qe values. This reveals that the 
kinetics of Fe(II) ions adsorption onto COSB do not follow 
the first order. 

3.4.2 Pseudo-second-order equation  

The pseudo-second-order equation was given by Ho and 
McKay [79]. Eq. 14 is the nonlinear form of the PSO model. 

𝑞! =
"#(:(9
"#:(9&%

                                                              (13)  

The most widely used linearized form of PSO can be 
represented as in Eq. 14. 

9
"#
= %

"#(:(
+ %

"#
𝑡                                                              (14)  

where the pseudo-second-order adsorption rate constant is 
denoted by k2 (g/mg.min). We can calculate the values of qe 
and k2 from the plot of t/qt vs. t in Fig. 8b. Table 5 shows that 
there is good agreement between the calculated and 
experimental qe values, and the R2 values are very high. 

Consequently, the adsorption of Fe(II) onto COSB is well 
described by pseudo-second-order kinetics. Similar patterns 
were observed in the adsorption kinetics of Fe(II) ions onto 
BPB and PBPB [43].  

3.4.3 Elovich model 

Chemical adsorption has made extensive use of the Elovich 
equation [75]. When the adsorbing surface is heterogeneous, 
the Elovich equation is frequently true [80]. The adsorption 
of pollutants from aqueous solutions has been well 
characterized in recent years by Elovich's equation [81, 82]. 

Elovich's equation is as follows: 

𝑞9 =
%
;
𝑙𝑛(t + 𝑡<) − %

;
𝑙𝑛(𝑡<)                                                     (15) 

where t0 =1/ab, If t >> t0, the equation can be simplified to 
the linearized form as follows: 

𝑞9 =
%
;
𝑙𝑛(t) − %

;
𝑙𝑛(𝑎𝑏)                                                     (16) 

where the value 1/b (mg/g) is associated with the availability 
of adsorption sites, and 'a' indicates the initial adsorption rate 
(mg/g.min). A linear relationship is obtained by plotting 𝑞𝑡 
versus ln(t), as shown in Fig. 8c. The values of a = 94.26 
(mg/g.min) and 1/b = 7.24 (mg/g) were derived from the 
line's intercept and slope. These and the other factors are 
summarized in Table 5. The pseudo-second-order model fits 
the experimental data and the best out of all the models that 
were taken into consideration. 

3.4.4 Intraparticle diffusion model 

The solute intraparticle diffusion in adsorbents is explained 
using the Weber-Morris model [83], which is expressed as 
[84]: 

𝑞9 = 𝑘=𝑡%/6 + 𝐶                                                             (17) 

where C (mg/g) is the intercept of the plot of qt vs. t0.5, which 
indicates the thickness of the boundary layer. According to 
Kannan and Sundaram. [85], the larger the intercept, the 
greater is the boundary layer effect, and kp is the intraparticle 
diffusion rate constant (mg/g.min1/2), determined from the 
slope. A straight line that does not pass through the origin 
(Fig. 8d) signifies that pore diffusion is the main factor 
affecting sorption. According to Sujana and Mohanty [86], 
this implies that solute ions diffuse within the adsorbent 
material's pores and capillaries. The film diffusion process is 
thought to be the rate-limiting stage, if the plot ceases to be 
linear, as shown in Fig. 8d. 
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Fig. 8: Kinetic curves for pseudo-first-order (a), pseudo-second-order (b), simple Elovich (c), and intraparticle diffusion (d) 
models for Fe(II) adsorption onto COSB. 

3.5 Adsorption thermodynamics 

Entropy change (ΔS°), enthalpy change (ΔH°), and free 
energy change (ΔG°) are examples of thermodynamic data 
that can be used to better understand the adsorption process. 
The kind of adsorption (chemisorption or physisorption), 
process type (endothermic or exothermic), and adsorption 
mechanism can all be better understood by examining these 
factors. The relationship between temperature and 
equilibrium constant is described by the Van't Hoff equation, 
which is expressed as follows. 

ΔG° = -RT lnKe°                                                              (18) 

ΔG° = ΔH° – T ΔS°                                                         (19) 

𝑙𝑛𝐾!
< = ∆?$

,-
+ ∆@$

-
                                                             (20) 

where Ke° is the thermodynamic equilibrium constant, R is 
the general gas constant J/mol.K, and T is the absolute 
temperature in Kelvin (K). Plotting ln (Ke°) versus 1/T and 
taking the intercept will get the entropy change (ΔS°). The 
enthalpy change (ΔH°) can also be found by looking at the 
slope of the plot. The following formula is used by Lima et 
al. to calculate the thermodynamic equilibrium constant 
(Ke°) [87].  

𝐾!< =
%AAAB:CBDEB[GH0<I;J9!]$

L
                                                    (21) 

In the given context, γ stands for the dimensionless 
coefficient of activity, MW for the adsorbate's molecular 
weight (g/mol), kg (L/mg) for the adsorption constant for the 
Langmuir isotherm (the best-fitting isotherm in the study that 
is being presented), and [Adsorbate]° for the adsorbate's 
standard concentration (1 mol/L). It is assumed that if the 
adsorbate solution is sufficiently diluted, we can take the 
activity coefficient to be unity. Table 6 displays all of the 
thermodynamic parameters. The endothermic nature of 
Fe(II) adsorption on COSB is indicated by the positive ΔH° 
value. The positive value of ΔS° indicates that the entropy 
increased at the solid/solution interface. The negative ΔG° 
value indicates that the adsorption of Fe(II) ions onto COSB 
is favorable and spontaneous. Elwakeel et al. [55] reported 
the same outcome for the adsorption of Fe(II) onto activated 
carbon made from sugarcane bagasse. Adsorption processes 
with ΔG° values between -20 and 0 kJ/mol are associated 
with spontaneous physical processes, whereas 
chemisorption is associated with values between -80 and -
400 kJ/mol [88, 89, 90]. Regarding this system, there is a 
physisorption process shown by the ΔG° values, which range 
from -24.77 to -27.69 kJ/mol. Chemical or physical sorption 
is also determined by the enthalpy of a sorption process. 
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Enthalpy values range from 8 to 25 kJ/mol for physical 
sorption and from 83 to 830 kJ/mol for chemical sorption 
[88]. It can be concluded from the low values of ΔH° (18.76) 

that the interaction between Fe(II) and biochar is physical 
sorption.  

 
Table 6: Calculated thermodynamic parameters for Fe(II) adsorption on COSB. 

T (K) Ke 
(L/mg) 

Keo Ln Keo ΔG° 
(kJ/mol) 

ΔH° 
(kJ/mol) 

ΔS° 
(J/mol.K) 

298 0.395 22044.1 10.0008 -24.77 
18.76 146.1 308 0.5 27922.5 10.24 -26.23 

318 0.635 35473.87 10.476 -27.69 

4. Conclusion 

This work investigated the possibility of utilizing COSB as 
a practical, secure, and affordable material to extract Fe(II) 
from aqueous solutions. BET analysis shwoed high surface 
area of 88.2 m²/g, pore diameter of 30.6 nm, with a total pore 
volume of 0.675 cm³/g. XRD, SEM, and EDX studies 
confirmed the adsorption of ferrous ions on the COSB, 
whereas FTIR analysis illustrated the crucial roles that 
hydroxyl and carboxyl groups play in the adsorption process. 
The experimental data demonstrated high applicability to the 
Langmuir model with a maximum saturated monolayer 
sorption capacity of 83.33 mg/g, and equilibrium isotherms 
indicated that the ideal adsorption conditions were pH 5, 
adsorbent dosage 1 g/L, and contact time 30 minutes at 298 
K. The kinetic investigations conducted in this work showed 
that the data follow the pseudo-second-order model R2 
(0.9977). The sorption process is endothermic with a positive 
entropy value. The positive value of ∆S° suggests an increase 
in randomness at the solid/solution interface. The negative 
Gibbs' free energy values (ΔG°) validate the process's 
spontaneous character. This indicates that the Fe(II) can be 
effectively removed from wastewater by using COSB. 
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