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Abstract 
To remove ammonium ions at a low cost, this study utilized Corchorus olitorius leaves biosorbents. Various removal parameters are conducted 

to find the best ammonium removal method. They are the initial ammonium concentration, the adsorbent dose, the contact time, and pH. The 

fitted equilibrium data were accurately described and analyzed using the Freundlich, Temkin, Langmuir, and Dubinin-Radushkevich models. 

Langmuir isotherm model R2 (0.9982), which has a maximum saturated monolayer sorption capacity of 5.62 mg g-1, was particularly amenable 

to the developed method. Good agreement was found between the experimental value of qe (4.05 mg g-1) and calculated values of qe (4.14 mg 

g-1), demonstrating that the adsorption process follows pseudo-second-order kinetics and resulting in a high value of R2 (0.9993). The adsorption 

procedure was conducted at various temperatures to assess how temperature impacts the thermodynamic parameters. Consistently negative 

values for ΔGo across a wide temperature range demonstrate the spontaneity of biosorption reactions. Exothermicity (ΔHo = -91.98 kJ mol-1) 

was measured during adsorption. A lower value for ΔS° at the solid solution interface between ammonium and adsorbent denotes less disorder 

and randomness in the system. The results of the experiments show that the leaves of the inexpensive and widely available plant Corchorus 

olitorius have a remarkable effect on ammonium ions removal from aqueous solutions. 
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1. Introduction 

Ground water contains many undesirable metals, including 

ammonia, that affect potable water quality. Ammonia can 

exist as either the ammonium ion (NH4
+) or as ammonia 

(NH3), depending solely on the pH. The prevailing pH levels 

in most soils and groundwater indicate that ammonium is the 

predominant form. Nevertheless, these two species are often 

used interchangeably, referred to generally as "ammonia". 

Ammonium ion NH4
+ was the direct reason for neglecting 

many wells because of the exceeding of their concentrations 

of the values set out in the Minister of Health's decision in 

2007 (0.5 mg L-1). The detection of ammonia in a drinking 

water source typically suggests that a nearby source 

containing ammonia is in close proximity to the water intake 

[1]. The anthropogenic sources responsible for ammonia 

contamination near water intakes are typically associated 

with waste products derived from animals or humans. 

Ammonia, even in low concentrations (0.2 mg L-1), poses a 

toxic threat to fish and various aquatic organisms [2]. 

Recently, significant research effort has been focused on 

investigating the elimination of unwanted materials from 

drinking water through the process of adsorption, utilizing 

agricultural materials [3-8]. Adsorption is one of the most 

effective treatment strategies as it does not require high 

temperatures and can simultaneously adsorb many 

chemicals [9-15].  

Water treatment technology plays a pivotal role in advancing 

and achieving sustainable development goals, particularly in 

ensuring the availability and sustainable management of 

water and sanitation. Water treatment technologies help 

ensure the provision of safe and clean drinking water to 

communities, thereby contributing to Goal 6 (Clean Water 

and Sanitation) by increasing access to potable water 

sources. Water treatment technology is a critical tool for 

addressing multiple aspects of sustainable development, 

with a direct impact on Goal 6 but also significant 

contributions to several other interconnected goals. It serves 

as a cornerstone for fostering environmental sustainability, 

economic growth, public health, and social well-being. 

Corchorus olitorius L. (C. olitorius L.), known as Jew 

mallow or jute mallow (English) and Molokheiya (Arabic), 

is a plant species that belongs to the Tiliaceae family. The 

cost of growing jute mallow is meager, and it can grow on 

roadsides [16, 17], in fields, and in-home gardens [18]. It is 

widely consumed as a vegetable in most parts of Africa [19]. 

In Egypt, the cultivation of C. olitorius L. encompassed 

approximately 12,583.8 acres of land. Each harvest yielded 

an average total production of 2.5-3 tons, and the crop was 
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typically harvested four times throughout the cultivation 

season. The plant was cultivated year-round in Egypt, with 

outdoor cultivation during summer and indoor cultivation in 

greenhouses [20]. Many adsorbents as banana peel, orange 

peel [21], pomegranate peel [22], and watermelon rind [23] 

are not good options for large-scale use due to collections of 

large quantities suitable to use in water treatment plants are 

not quickly processed, and may need high cost to collection 

and storage, also a large quantity of it not commercially 

available. However, otherwise dry C. olitorius L. leaves can 

be collected in large quantity to use in water treatment plants, 

as it commercially available by large quantity with low cost, 

easily available, environmentally friendly and does not 

create secondary pollution and can be stored for a long time 

[24]. It is possible to exploit the significant areas in the 

drinking water stations in Egypt to grow the mallow plant 

and use it to remove ammonia from the groundwater, 

especially since most of the stations have fertile agricultural 

soil. The present study demonstrates the adsorption 

efficiency of C. olitorius L. leaves. 

2. Materials and Methods 

2.1 Characterization techniques  

The X-ray diffractometer (XRD, PW1710, Philips, Cu-Kα 

radiation with λ= 1.542 Å) was utilized to study the materials 

crystal stracture. The measurement was conducted with a 

step of 0.023 from 4° to 70°. Fourier transform infrared 

(FTIR, range from 400 to 4000 cm-1) spectroscopy was 

performed using an ATR-FT-IR spectrometer from Bruker. 

High-resolution scanning electron microscopy (SEM) was 

carried out using the Quanta FEG 250 SEM with a field 

emission gun from FEI Company, Netherlands. In addition, 

Elemental analysis was performed using a Thermofisher 

pathfinder instrument under low vacuum conditions, 

operating at an accelerating voltage of 20–30 kV, and 

employing a large field detector with a working distance of 

15–17 mm. The N2 adsorption-desorption technique with 

BELSORP max п equipment from Japan was utilized to 

measure the samples' specific surface area, pore size and 

pore volume. Prior to analysis, the sample underwent 

overnight outgassing at 70 ºC under a vacuum of 0.00001 

Torr. The BET equation was applied to calculate the BET 

surface areas, while the Barrett-Joyner-Halenda (BJH) 

method was used to estimate the pore size distributions 

(PSD). To measure the residual ammonia concentration in 

the supernatant, a spectrophotometer model DR6000 from 

Germany was employed. The pH adjustments were made 

using a pH meter model Orion-4-star from Thermo 

Scientific, USA. Stirring of the adsorption mixture at 300 

rpm was achieved using a magnetic stirrer model F20500011 

from Velp Scientifica-Italy. Distilled water was produced 

using a fully Automatic Single Water Still model A4000 

from Stuart Aquatron. 

2.2 Treatment of Corchorus olitorius L. 

The leaves of C. olitorius L. used as an adsorbent in this 

study were obtained from agriculture, rinsed multiple times 

with tap water, and then distilled. Subsequently, it was dried 

naturally in the sun, broken into small fragments, and ground 

to achieve more petite dimensions. 

2.3 Stock ammonia solution 

Anhydrous NH4Cl (3.819 g) dried at 100 °C was dissolved 

in distilled water to make the stock ammonia solution. The 

solution was then diluted to a final volume of 1000 mL. In 

this solution, 1.00 mL is equivalent to 1.00 mg of nitrogen 

(N) or 1.22 mg of ammonia (NH3), following the method 

outlined in 4500 NH3-F [25]. 

2.4 Procedure 

The batch adsorption system was six 100 ml beakers in each 

25 mL ammonia solution and 0.1g of C. olitorius L. leaves 

(4 g L−1). Then the system was adequately shaken by a 

magnetic stirrer to appreciate contact time at 300 rpm. After 

that, filtration through the filter paper and the remaining 

ammonia concentration in wastewater was determined 

according to method 4500 NH3-F [25]. 

3. Results and Discussion 

3.1 Characterization of the biosorbent 

3.1.1 BET analysis 

Fig. 1 presents N2 adsorption-desorption isotherm of C. 

olitorius L. leaves. The corresponding pore diameter, pore 

volume, and surface area were measured to be 3.5222 nm, 

and 0.071225 cm3 g−1, and 12.672 m2 g−1, respectively. The 

results indicate that C. olitorius L. leaves have a significantly 

greater surface area, while the pore volumes are relatively 

similar. Compared to other low-cost biosorbents such as 

sorghum plant waste, wheat straw, corn straw, bagasse 

sugarcane (SCB), orange peels (OPS), Arundo donax L. 

treated with NaOH, Napier grass, and Olive stone. C. 

olitorius L. leaves have a large surface area (Table 1). Pore 

volume describes the saturation of the pore with N2 at the 

most significant relative pressure (P/Po), where P/Po = 0.99. 

It is expected that C. olitorius L should adsorb more cations, 

given its larger surface area. 

 

Table 1: Surface area comparison of C. olitorius L. leaves 

with other biosorbents. 

Biosorbent SBET (m2 g⁻1) [Ref.] 

Sorghum 0.9 [26] 

Modified sorghum 0.14 [26] 

Wheat straw 12.576 [27] 

Corn straw 10.235 [27] 

Bagasse Sugarcane 

(SCB) 

4.90 [28] 

Orange peels (OPS) 1.24 [28] 

Arundo donax L. 

treated with NaOH 

2.86 [29] 

Napier grass 4.05 [30] 

Olive stone 0.38 [31] 

C. olitorius L. leaves 12.672 This 

study 

 

 
Fig. 1. N2 adsorption-desorption isotherm of C. olitorius L. 

leaves; the inset is the pore size distribution. 
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3.1.2 X-ray diffraction  

Fig. 2 displays that after ammonium ion adsorption, the d-

spacing of all characteristic peaks in the used sample 

increases from 5.92, 4.02, 3.52, 2.36, 1.95, and 1.72 nm in 

the fresh sample to 6.10, 4.04, 3.53, 2.38, 1.96, and 1.73 nm 

in the used sample, respectively, indicating adsorption of at 

least a layer of ammonium ion on the surface of C. olitorius 

L. leaves biosorbent. 

 
Fig. 2. XRD patterns of C. olitorius L. leaves: fresh and used 

biosorbents. 

 

3.1.3 Infrared spectroscopy 

Fig. 3 shows the difference between the FT-IR spectra of C. 

olitorius L. leaves taken before and after the biosorption of 

ammonium ions. It shows how the vibration frequencies of 

functional groups change. Regarding FT-IR analysis after 

ammonium ion uptake, modifications to carbonyl C=O and 

phenolic -OH groups were evident. The absorption peaks of 

v (-C-O-), v (-C=O-), v (-C=C), and v (-OH) in C. olitorius 

L. changed from 1049.82 to 1032.44, 1648.15 to 1544.88 to 

3348.74 cm⁻1, before and after ammonium ion sorption, 

respectively. The presence of C=O, phenolic -OH groups on 

the biosorbent surface, and the chemical interaction between 

the adsorbate and these groups, all suggest that these groups 

play a role in the biosorption process.   

 
Fig. 3. FTIR analyses of C. olitorius L. leaves: fresh and used 

biosorbents. 

 

3.1.3 SEM photographs 

Before the adsorption of ammonium ions, SEM images (Fig. 

4) of the C. olitorius L. leaves revealed asymmetric pores 

that were rough and cylinder-shaped. Their rough surface 

enhances these asymmetric pores' interaction with 

ammonium ions. In addition, the SEM image shows that 

after ammonium ion adsorption, the surface of C. olitorius 

L. leaves is smooth and shiny with closed pore structures. 

This is likely due to a physicochemical interaction between 

functional groups on the C. olitorius L. leaves surface and 

the ammonium ions. 

Fig. 4. SEM images of C. olitorius L. biosorbents (A, B) 

fresh, (A at magnification power 1000- B at magnification 

power 400) and (C, D) used biosorbents (C at magnification 

power 1000- D at magnification power 400). 

 

3.1.4 Energy dispersive X-ray analysis 

The SEM-EDX technique was conducted on random 

samples to verify the presence of the various components in 

C. olitorius L. leaves. This scanning was performed over a 

large area. C. olitorius L. biosorbent elemental 

concentrations were analyzed. SEM-EDX analysis 

confirmed that only peaks for the targeted elements were 

present in the C. olitorius L. biosorbent. The concentration 

of different elements on the granular surfaces of the C. 

olitorius L. biosorbent was determined by taking readings 

from a series of cross-sectional marks. The percentage of 

atomic nitrogen in a fresh sample (before adsorption) 

increased to 17.03%, as shown in Fig. 5. This suggests that 

the leaves of C. olitorius L. are absorbing ammonium ions. 

 
Fig. 5. EDX of C. olitorius L. leaves: fresh (A) and used (B) 

biosorbents. 

3.2 The influence of different factors on ammonium ion 

adsorption by C. olitorius L. 

3.2.1 pH effect 
The effects of pH on adsorption are dramatic. The ionization 

of functional groups on the sorbent surface is affected by the 

pH of the surrounding solution, which is in part due to the 

competitive influence of H+ ions [32]. At room temperature, 

the influence of pH on ammonium adsorption was 

investigated by changing the pH value from 3 to 8. pH 6 with 

81.0% removal was optimal, as shown in Fig. 6a. As the pH 

of the solution dropped, so did the removal percentage. More 
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H+ in acidic solutions means more effective competition 

with NH4
+ cations, leading to a lower removal percentage. 

At pH levels above 6, ammonium ions are converted to NH3 

gas, resulting in a lower removal percentage [33, 34]. 

Emmerson et al. [33] found that NH4
+ ions convert to NH3 

gas at pH above 7, whereas at pH below 7, ammonium 

primarily exists as NH4
+. 

 
Fig. 6. Influence of pH (a), contact time (b), dosage (c), and 

initial concentration (d) on NH4
+ adsorption on C. olitorius 

L. leaves. 

 

3.2.2 Influence of contact time                    

As can be seen in Fig. 6b, the percentage of waste removed 

steadily increased over the course of 90 minutes. Adsorption 

was initially shown to remove the target substance quickly 

and effectively. This is because of the high concentration of 

active sites, primarily carboxylic (-COO) and hydroxyl (-

OH) groups, available due to the large surface area. These 

active sites were crucial in improving the adsorption 

efficiency and, consequently, the removal rates as a whole 

[35]. The rate at which NH4
+ is removed from a solution 

decrease with increasing contact time between the sorbent 

material and the solution. The removal rate drops 

dramatically after 90 minutes, indicating that no more NH4
+ 

are being removed from the solution. With the system in 

equilibrium, the removal rate drops because fewer active 

sites on the sorbent are available. 

3.3.3 Influence of adsorbent dose  

By changing the amount of C. olitorius L. used from 25.0 to 

300 mg while keeping all other variables the same, the effect 

of the adsorbent dose was examined as shown in Fig. 6c. The 

removal rate of NH4
+ increases dramatically with an increase 

in the C. olitorius L. dose [36, 37] due to an increase in 

adsorbent surface area and the availability of more 

adsorption sites. When the dose was more significant than 

0.1 g, the highest removal percentage (81.0%) occurred at 

0.1 g. Aggregation of adsorption sites reduced the total 

adsorbent surface area, reducing the removal percentage. 

3.3.4 Influence of initial ammonium concentration 

At room temperature, the influence of initial concentration 

on the adsorption rate was studied by using a range of NH4
+ 

concentrations (6.0, 12, 16, 20, 24, and 26 mg L⁻1), as shown 

in Fig. 6d. It was observed that the efficiency of ammonium 

removal decreased as the initial concentration of ammonium 

increased. This outcome happens because C. olitorius's 

active sites become full once the ammonium ion 

concentration gets high enough. Similar findings were made 

for ammonia removal by the pomegranate peel powder [22]. 

 

3.3 Adsorption isotherm 

The behavior of adsorbates in contact with adsorbents can be 

described using isotherms. There is a wide variety of 

adsorption isotherms. Temkin, Frendulich, Langmuir, and 

D-K isotherms were used in this investigation. 

3.3.1 Langmuir isotherm 

The Langmuir isotherm theory presumes that the adsorption 

energy is constant, and that no transmigration of adsorbate 

molecules is observed if adsorbate molecules are assumed to 

form a monolayer over a homogeneous adsorbent surface 

where all sorption sites are identical. To describe the 

Langmuir adsorption isotherm, the following equation is 

used [38]. 

eL

eLm
e

CK1

CKq
q


                          (1) 

where KL (L mg⁻1) is the Langmuir isotherm constant and qm 

(mg g⁻1) is the maximum adsorption capacity. The Langmuir 

relation can be linearized in the most common form as 

follows [38]: 

mmLe

e

q  

1

qK

1

q

C
 Ce                (2) 

Ammonium ion adsorption onto C. olitorius L. leaves at 25 

℃ is shown as a linear fit in Fig. 7a, using the Langmuir 

isotherm model. Measurements of qm, KL, and R2 are listed 

in Table 2: Since R2 was 0.9982, it was clear that the 

adsorption data would be well-fit by the Langmuir equation 

[39], a very high coefficient of determination. Ammonium 

ions were adsorbed onto the surface of C. olitorius L., 

creating a monolayer. The surface is homogeneous. Upon 

adsorption of ammonia onto pomegranate peel powder, it 

adhered in a monolayer, aligning with the predictions of the 

Langmuir model [22]. The Langmuir isotherm can be 

characterized by the separation factor RL, which is a 

dimensionless constant. The RL factor provides a measure of 

the adsorption process's favorability [40, 41] as shown by the 

following equation: 

0L
L

CK1

1
R


                (3) 

where C0 (mg L-1) is the highest [NH+
4)]0. In Table 2, the RL 

values, ranging from 0.04 to 0.18, 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 ammonium onto C. olitorius 

L. is a favorable process. Therefore, C. olitorius L. 

demonstrates itself as a promising adsorbent for ammonium 

ions. 

Table 2. Separation factor at an initial concentration of 

ammonium ion. 

C0 (mg L⁻1) RL 

6 0.1750 

12 0.0960 

16 0.0738 

20 0.0599 

24 0.0501 

26 0.0467 
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3.3.2 Freundlich isotherm 

Adsorption on a heterogeneous surface with molecule-

molecule interactions is assumed by the Freundlich 

exponential equation. Adsorbate concentration is assumed to 

increase (Fig. 7b) and so is the adsorbate concentration on 

the adsorbent surface, according to this model [42]. 

The Freundlich constant (KF), which characterizes the 

adsorption capacity, and 1/nF, which signifies the adsorption 

intensity, serve as indicators not only of the energy 

distribution but also of the heterogeneity of the adsorbent 

sites. These parameters offer valuable insights into both the 

relative distribution of energy and the variation in adsorption 

sites within the adsorbent material [43]. The linear forms of 

Freundlich are given as [38]: 

e

F

Fe lnC
n  

1
lnKlnq                 (4) 

Table 3 shows that Freundlich has a lower R2 value (0.9479) 

than Langmuir (0.9982). Therefore, unlike the Freundlich 

model, the Langmuir model is more applicable to the 

adsorption of ammonium ions on C. olitorius L. with a value 

of 0.427 for 1/n, the adsorption process is favorable but no 

heterogeneity has been observed (the adsorption is favorable 

when 0.1 < 1/n < 1). 

 

3.3.3 Temkin isotherms 

The Temkin model is applicable for assessing the adsorption 

capacity of an adsorbent towards a specific adsorbate. 

According to this model, the heat of adsorption for 

molecules within an adsorption layer increases as the 

thickness of the adsorbate layer on the adsorbent surface 

increases. This increase in heat of adsorption is linearly 

reduced with the increasing coverage of the adsorbate layer 

[44]. The linear form of Temkin model is represented by Eq. 

(5) as follows [11]: 

e
T

T
T

e logC
2.303B

RT
logK

2.303B

RT
Q                 (5) 

In the given context, BT is the Tempkin constant associated 

with the heat of sorption (in J mol−1), T denotes the absolute 

temperature of the solution (K), R represents the gas constant 

(8.314 J mol−1 K−1), and KT is the Tempkin isotherm 

constant (in L g−1). The relationship between Qe and log Ce, 

as plotted in Fig. 7c, demonstrates a linear correlation. The 

values determined for BT and KT are 0.387 KJ mol−1 and 

8.01 L g−1, respectively. 

 

3.3.4 Dubinin–Radushkevich Isotherm 

Typically, this model was used to separate the effects of 

chemical and physical adsorption on metal ions by 

calculating their respective mean free energies [45]. 

Physisorption is assumed to be occurring when the 

adsorption energy (ED) is less than 8.0 kJ mol−1 (Fig. 7d). 

However, chemisorption will occur if the ED is between 8 

and 16 kJ mol−1 [46]. Surfaces can be homogeneous or 

heterogeneous, and the Dubinin-Radushkevich model works 

for both [47]. The linear form of the Dubinin-Radushkevich 

model is: 

lnqe = lns – kDε2           (6) 

In the given context, the DR monolayer capacity constant is 

denoted as qs (mg g−1), the DR constant associated with 

adsorption energy is represented by KD (Mol2 K-1J-2), and 

the Polanyi's potential, which relates to the free energy of 

adsorption, is indicated by ε (KJ2 Mol-2). The Polanyi’s 

potential ε is given from the following formula: 













eC

1
1RTlnε

               (7) 

and the ED can be calculated from: 

D

D
2K

1
E                        (8) 

Table 3 displays the results of the calculation for ED; the 

value is 1.97 KJ mol−1. This means that adsorption of one 

mole of ammonium ion from an infinitely dilute solution 

onto the surface of C. olitorius L. requires a free energy 

change of 1.97 KJ mol−1. When ED is less than 8 KJ mol−1, 

physisorption occurs. In addition, Table 4 compares of 

ammonium adsorption capacities using some related 

adsorbents. 

 
Fig. 7. Sorption isotherm for ammonium ion adsorption on 

C. olitorius L. leaves, Langmuir (a), Freundlich (b), 

Tempkin (c), and Dubinin–Radushkevich (d). 

 

Table 3: Langmuir, Freundlich, Temkin, and Dubinin-

Radushkevich constants for the adsorption of ammonia onto 

C. olitorius L. leaves (T = 298 K, time= 90 min, Initial 

concentration of ammonia = 20 mg L-1, pH = 6, volume of 

solution = 0.025 L, DL dosage = 0.1 g). 

Langmuir 

Qm 

(mg g-1) 

KL 

(L mg-1) 
R2 

5.62 0.784 0.9982 

Freundlich 

1/nF 
KF 

(L mg-1) 
R2 

0.427 2.29 0.9479 

Temkin 

KT 

(KJ mol-1) 
BT R2 

8.01 0.387 0.992 

Dubinin-Radushkevich 

Qs 

(mg g-1) 

KD 

(mol2 K-1J-2) 

ED 

(KJ mol-1) 
R2 

4.3 0.1289 1.97 0.9452 
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Table 4: Comparison of ammonium adsorption capacities using some related adsorbents. 

Adsorbate Characteristics 
Removal of Ammoniom 

ions 
Ref. 

Volcanic tuff 50.02 m2 g−1 19.00 mg g⁻1 60-70% [32] 

Strawberry leaves 

Strawberry stems 
Boston ivy leaves 

Boston ivy stems 

Southern magnolia leaves 
Poplar leaves 

0.35 m2 g−1 

0.10 m2 g−1 
31.96 m2 g−1 

0.53 m2 g−1 

1.54 m2 g−1 

6.71 mg g⁻1 

4.62 mg g⁻1 
6.07 mg g⁻1 

5.01 mg g⁻1 

6.22 mg g⁻1 
6.25 mg g⁻1 

56.73% 

37.93% 
52.71% 

38.12% 

44.37% 
42.00% 

[48] 

Pomegranate peel powder Particle size 10-750 μm 6.18 mg g⁻1 88% [49] 

Biochar obtained from rice 

straw 

Attractive material 

contains silica 
with amorphous ash contant 

The total pores 1.3 cm3 g-1 

4.251 mg g⁻1 43% [50] 

Modification bentonite 90.894 m2 g−1 5.85 mg g⁻1 75% [51] 

Light expanded 
clay aggregate 

A special type of clay pelletized (with grains size 4–
10 mm) 

0.255 mg g⁻1 ---- [52] 

Coconut shell-activated carbon Specific surface area 198 m2 g−1 2.48 mg g⁻1 58-93% [53] 

Posidonia oceanic fibres Fiber with   0.1 mm diameter and 20–30 mm length 1.73 mg g⁻1 ---- [54] 

Bentonite Particle size of 
0.00-0.05 mm 

4.92 mg g⁻1 55.7% [55] 

H2O2-modified 

zeolitic waste 

138.89 m2 g−1 0.23 mg g⁻1 72% [56] 

Biochar from exhausted coffee husk 60.982 m2 g−1 1.13 mg g⁻1 ---- [57] 

C. olitorius L. leaves 12.672 m2 g−1 

Asymmetric pores, rough and cylinder-shaped 

5.62 mg g⁻1 81.0% This 
work 

 

3.4 Adsorption kinetic models 

Researchers have used various kinetic models to learn more 

about the adsorption process, model the adsorption 

procedure, and predict the physisorption and chemisorption 

processes [58]. Specifically, the pseudo-first-order [59], the 

pseudo-second-order [60], and the Elovich model [61] were 

used to conduct the analysis. 

3.4.1 Pseudo-first-order equation 

Lagergren's relation [62] provides the following pseudo-

first-order model: 

 tK
et

1e1qq


                (9) 

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 ammonium ion adsorbed (mg g-1) 

at equilibrium.  

The linearized form of the PFO model is as follows. 

ln(qe-qt) =lnqe – K1t                                (10) 

Based on the slope and intercept of the ln(qe-qt) vs. t plots, 

the values of k1 and qe were determined. The results in Fig. 

8a and Table 5 confirm the low R2 values and the poor 

agreement between the experimental and calculated qe 

values. This demonstrates that the kinetics of ammonium 

adsorption onto C. olitorius L. leaves do not follow the first 

order. 

 

3.4.2 Pseudo-second-order equation 

Ho et al. [63] provided the pseudo-second-order equation as 

follows: 

t
q

1

qK

1

q

t

e
2
e2t


               (11) 

where k2 (g mg-1 min-1) is the pseudo-second-order 

adsorption rate constant.  

 

Fig. 8b shows a plot of t/qt vs. t, from which we can 

determine the values of qe and k2. Excellent agreement was 

found between the experimental and calculated qe values, 

and Table 5 shows that R2 values are very high. Because of 

this, pseudo-second-order kinetics adequately describes the 

adsorption of ammonium onto C. olitorius. Adsorption data 

for ammonium onto C. olitorius L. can be described in terms 

of a second-order kinetics equation, suggesting that the 

adsorption process is likely chemisorption and that the rate-

determining step. Adsorption isotherms for ammonium ions 

onto pomegranate peels showed comparable patterns [22]. 

 

Table 5. PFO and PSO models for the adsorption of 

ammonium onto C. olitorius L. leaves. 

Pseudo 

First 

Order 

[NH4)]0 
-(mg L

)1 

qe, exp 

)1-(mg g 

qe, cal 

)1-(mg g 

k1 

)1−(min 

20 4.05 0.874 0.027 

Pseudo 

Second 

Order 

qe, cal 

)1-(mg g 

k2 

 1-(g mg

)1-min 

2R 

4.14 0.069 0.9993 

Elovich 

t0 

min 

a 

 1-(g mg

)1-min 

1/b 

)1-(mg g 
2R 

0.00115 311.87 0.3584 0.9648 

 

3.4.3 Elovich model 

Chemical adsorption kinetics can be modeled using the 

Elovich equation [61]. In many cases, the Elovich equation 

holds true for systems with a heterogeneous adsorbing 

surface [64]. Elovich's equation has been used to 

successfully describe the adsorption of pollutants from 

aqueous solutions in recent years [65, 66]. Here is Elovich's 

equation: 

)ln(t
b

1
)tln(t

b

1
q 00

t                 (12) 

where t0 =1/ab, If t >> t0, the equation can be simplified to 

the linearized form as follows: 

ln(ab)
b

1
ln(t)

b

1
q t                      (13) 
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In the context of this study, 'a' represents the initial 

adsorption rate (mg g-1 min-1), while the parameter 1/b (mg 

g-1) is related to the availability of adsorption sites. 

Plotting 𝑞𝑡 against ln(t) results in a linear relationship, as 

depicted in Fig. 8c. From the intercept and slope of the line, 

the values of a = 311.87 (mg g-1 min-1) and 1/b = 0.3584 (mg 

g-1) were obtained. These parameters, along with the rest of 

the parameters, are summarized in Table 5. Among all the 

models considered, the pseudo-second-order model proves 

to be the most appropriate for accurately representing the 

experimental data. 

 
Fig. 8. Kinetic curves: pseudo-first-order (a), pseudo-

second-order (b), simple Elovich (c), and intraparticle 

diffusion (d) models for ammonium ions adsorption on C. 

olitorius L. leaves.  

 

 

3.4.4 Intraparticle diffusion model 

The intraparticle diffusion of solute in adsorbents is 

interpreted using the Weber-Morris model [67].  This is an 

expression of the Weber-Morris model [68]: 

CtKq pt  2

1

               (15) 

Where kp is the intraparticle diffusion rate constant (mg g-1 

min-1/2)), calculated from the slope, and C (mg g⁻1) is the 

intercept of the plot of qt vs. t0.5, which represents the 

thickness of the boundary layer [69]. When a straight line 

passes through the origin of a plot (Fig. 8d), it indicates that 

sorption is primarily influenced by pore diffusion. This 

suggests that solute ions diffuse within the pores and 

capillaries of the adsorbent material [70]. However, as seen 

in Fig. 8d, if the plot loses its linearity, the film diffusion 

process is assumed to be the rate-limiting step. 

  3.5 Adsorption thermodynamics 

Thermodynamic parameters, such as the entropy change 

(ΔS°), enthalpy change (ΔH0), and free energy change 

(ΔG0), can shed light on the adsorption process. These values 

can be used to learn more about the adsorption process and 

its characteristics. The Van't Hoff equation, which describes 

the correlation between temperature and the equilibrium 

constant, is written as follows [71]: 

ΔG° = ΔH° – T ΔS°                    (16) 

R

ΔS

RT

ΔH
lnK

oo
o 

                 (17) 

Where T is the absolute temperature in Kelvin (K), R is J K−1 

mol−1, and Ke° is the thermodynamic equilibrium constant. 

To find the entropy change (ΔS°), plot ln(Ke°) against 1/T 

and take the intercept. The plot's slope can also determine 

the enthalpy change (ΔH°). To determine the 

thermodynamic equilibrium constant (Ke°), Lima et al. use 

the following equation [72]. 

 

          (18) 

In the given context, γ represents the coefficient of activity 

(dimensionless), and [Adsorbate]° denotes the standard 

concentration of the adsorbate (mol L−1). It is assumed that 

the adsorbate solution is sufficiently diluted, allowing us to 

consider the activity coefficient as unity. 

Table 6 displays all the thermodynamic parameters. Since 

ΔH° is negative, ammonia adsorption on C. olitorius L. must 

be exothermic. Reduced disorder and randomness at the 

ammonia-adsorbent solid solution interface are represented 

by a negative value of ΔS°. Adsorption is spontaneous and 

preferential when ΔG° is negative. Xu et al. [73] and Cheng 

et al. [51] reported identical outcomes. Adsorption is 

physisorption if the enthalpy change is less than 20 kJ mol⁻1 

[74]. For this system, the ΔH° values were less than 20 kJ 

mol⁻1, indicating physisorption adsorption. 

The cost-effective biosorption of ammonium ions using C. 

olitorius L. leaves has the potential to offer sustainable and 

practical solutions for addressing water pollution, 

agricultural nutrient management, and environmental 

remediation, with positive implications for water quality, 

ecosystem health, and sustainable resource management. 

 

Table 6. Calculated thermodynamic parameters for ammonia 

adsorption on C. olitorius. 

T 

(K) 

KL 

L mg⁻1 

KL
0 Ln 

KL
0 

ΔG° 

(kJ 

mol⁻1) 

ΔH° 

(kJ 

mol⁻1) 

ΔS° 

(J 

mol⁻1 

K⁻1) 

298 0.784 14137.17 9.5566 
-

23.47 

-91.7 
-

228.96 

308 0.1878 3388.26 8.13 
-

21.18 

313 0.1145 2065.88 7.633 
-

20.04 

318 0.0795 1433.74 7.268 
-

18.89 

 

4. Conclusion 

In this work, the potential of C. olitorius L. leaves for 

removing ammonium ions from aqueous solutions was 

explored as an efficient, safe, and cost-effective natural 

material that can be cultivated in roadside areas and home 

gardens. The adsorption of ammonium ions onto C. olitorius 

L. leaves was confirmed through XRD, SEM, and EDX 

analyses, while FT-IR analysis highlighted the significant 

roles played by hydroxyl and carboxyl groups in the 

adsorption process. The optimal adsorption conditions were 

identified as follows: pH 6.0, an absorbent dosage of 4 g L-

1, a contact time of 90 minutes at 298 K. Equilibrium 

isotherm data fitting revealed a good agreement with the 

Langmuir model, showing a maximum saturated monolayer 

sorption capacity of 5.62 mg per gram (5.62 mg g-1). Kinetic 

γ

][Adsorbate .adsorbate) ofight lecular we1000.kL.mo
K

o
o

L 
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studies in this research indicated that the data conformed 

well to the pseudo-second-order model (R2 = 0.9993). The 

sorption process was found to be exothermic, as evidenced 

by the negative entropy value (-∆S), signifying a decrease in 

the freedom of the adsorbed species. Furthermore, the Gibbs' 

free energy (∆G°) exhibited a negative value, suggesting that 

the adsorption occurs spontaneously. The findings 

underscore the highly effective nature of C. olitorius L. leaf 

biomass as a sorbent for the removal of ammonium ions 

from wastewater. 
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