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       ABSTRACT
Chromium contamination in water bodies poses severe risks to both the environment and 
human health. This research introduces an innovative solution to this challenge by creating 
a vapor-activated carbosorbent from biodegradable household waste. The efficacy of this 
adsorbent in removing total chromium through batch methods from aqueous solutions was 
investigated. Surface analysis using scanning electron microscopy (SEM) exhibited a porous 
structure, while Fourier-transform infrared spectroscopy (FTIR) identified distinct functional 
groups on the surface. The point of zero charge (PZC), determined at 6.95, revealed the 
adsorbent’s surface chemistry. Impressively, the synthesized carbosorbent exhibited 
significant adsorption capacities of 23.08 mg.g-1 for Cr(III) and 24.84 mg.g-1 for Cr(VI) 
under optimal conditions. The Langmuir isotherm model illustrated a monolayer adsorption 
mechanism aligned with the pseudo-second-order kinetic model, confirming chemisorption. 
Thermodynamic analysis disclosed favorable and spontaneous chromium adsorption. 
Negative ΔG° values affirmed the spontaneity, while the exothermic nature of the process 
was signified by the positive ΔH° value, indicating heat release. Increased randomness at the 
solid-liquid interface, indicated by the positive ΔS° value, underscored the enhanced affinity 
between the adsorbent and adsorbate. This study exemplifies the potential of the vapor-
activated carbosorbent as an efficient and sustainable remedy for chromium-contaminated 
water bodies.

INTRODUCTION

Chromium is a potentially toxic element resulting from 
contemporary anthropogenic activity, which causes direct 
environmental problems with severe hazards to human 
beings (Mohanty et al. 2023). Meanwhile, the uncontrolled 
discharge of chromium into water bodies results in the heavy 
contamination of aquifers, which are one of the major sources 
of drinking water (Perraki et al. 2021). The presence of Cr(VI) 
in groundwater resources must be understood to assess the 
risks to human health (Vasileiou et al. 2019). In water bodies, 
chromium exists in two oxidation states, namely trivalent 
chromium (Cr(III)) and hexavalent chromium (Cr(VI), 
and their predominance is majorly dependent upon the pH 
of the aqueous system). At acidic pH, trivalent chromium 
occurs as a cation that is dominated by insoluble hydroxide 
complexes, and hexavalent chromium exists in oxyanions 
forms of  dichromate (Cr2O

2
7
–) and monovalent chromate 

(HCrO4).However, the alkaline pH supports the existence 
of divalent chromate (Cr2O

2
4
–)  in water bodies (Anthony et 

al. 2021). Generally, Cr(VI) is more water soluble and thus 
more mobile in groundwater. Cr(III) is relatively unstable 
but still dangerous, while Cr(VI) is very stable and easily 
oxidized and potentially hazardous to the environment as it 
is toxic, teratogenic, and carcinogenic by accumulating into 
cells through easy penetration by cell membranes (Qiu et al. 
2020). According to the World Health Organization (WHO), 
the permissible limit for chromium in drinking water is 50 
ppb. At the same time, various parts of the world reported 
chromium toxicity due to the consumption of contaminated 
drinking water (Vaiopoulou & Gikas 2020). A variety of 
technologies can be employed for chromium removal from 
water bodies, such as reverse osmosis, photodegradation, 
adsorption, coagulation, electrochemical, biochemical 
degradation, and ion exchange (Nur-E-Alam et al. 2020, 
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Karimi-Maleh et al. 2021, GracePavithra et al. 2019). 
Traditionally, the conversion of hexavalent chromium into 
trivalent chromium has become the most common method 
for water treatment (Hackbarth et al. 2016). However, this 
method is accompanied by the problem of high concentrations 
of Cr(III) after treatment (Staszak et al. 2023). Adsorption 
is considered a very simple, economical, and effective 
technique for the complete removal of total chromium from 
an aqueous environment (Mallik et al. 2022). Due to their 
structural heterogeneity, activated carbon and biochar make 
excellent adsorbents for water remediation. These adsorbents 
bear different sizes of pores, such as macropores, mesopores, 
and micropores, which makes them a suitable candidates 
for the adsorptive removal of pollutants (Islam et al. 2019). 
Adsorption on activated carbons (AC) is an efficient and 
most applied technique to treat contaminated water. There 
are numerous studies reported the application of activated 
carbons for water treatment (Ugwu & Agunwamba 2020, 
Yahya et al. 2020, Zhao et al. 2020). Dong et al. (2023) 
developed a porous biochar using waste collected from 
the liquor industry in order to decontaminate hexavalent 
chromium from an aqueous solution. They found that the 
adsorptive behavior of the alkali activated biochar has 
144.5mg.g-1 of adsorption capacity at optimum experimental 
conditions. The study further explained the mechanism of 
adsorption that suggested multilayer sorption with physical 
as well as chemical interaction occurring at the surface of the 
adsorbent (Dong et al. 2023). Another study was conducted 
by Chakraborty and Das (2023), where they developed a nano 
silica-coated biochar for the removal of hexavalent chromium 
from an aqueous solution that showed a maximum adsorption 
capacity of approximately 80mg.g-1. The nanocomposite they 
prepared was examined at various experimental conditions 
to understand the mechanism of adsorption. The isothermal 
modeling and statistical analysis were well utilized in the 
research work that suggested validation of experimental 
data obtained during the study (Chakraborty & Das 2023). 
Similarly, Azaiez et al. studied the adsorptive removal 
of hexavalent chromium by using biochar, which was 
modified with zinc chloride. The result revealed an enhanced 
adsorption capacity of 177.64 mg.g-1 after modification. The 
high adsorption efficiency was obtained at extremely acidic 
conditions, which suggested its applicability to tannery 
water (Khalifa et al. 2023). However, traditional types of 
AC can be expensive to synthesize and may not always be 
energy efficient. Biomaterial-based adsorbents, on the other 
hand, can be effective and cost-efficient for decontaminating 
water. Moreover, converting waste biomass into value-
added products has gained significant attention due to its 
renewability, environmental friendliness, and availability. To 
optimize the preparation of biochar, various methods can be 

used, such as physical activation, which involves temperature 
variation, and vapor activation, which can enhance its pore 
size distribution and surface area. Additionally, chemical 
activation using acids, alkalis, and metal oxides can be 
an effective way to modify the properties of biochar and 
improve its suitability for water decontamination. Overall, 
this study aimed to investigate the efficiency of using the 
prepared carbosorbent for adsorbing Cr(III) and Cr(VI) ions 
under different conditions, which can be useful for designing 
effective water treatment strategies

MATERIALS AND METHODS

Characterization of Carbosorbent

The surface morphology of the prepared biochar was 
examined using a scanning electron microscope (SEM) 
provided by Philips, Netherlands. Furthermore, to investigate 
the involvement of functional groups in the adsorption 
process, an attenuated total reflectance Fourier-transform 
infrared (ATR-FTIR) spectrometer with a resolution of  
4 cm-1, specifically the Nicolet 6700 model from Thermo 
Scientific in MA, USA, was utilized. This characterization 
technique allowed for a comprehensive analysis of the 
functional groups present in the carbosorbent. Further, the 
point of zero charge (PZC) of the adsorbent was determined 
by the mass titration method reported by method from the 
literature. In brief, 25 mL of 0.1 M NaCl solutions were 
prepared in separate flasks, and their initial pH values were 
adjusted to a range of pH 3.00 to 11.00 by the addition 
of suitable quantities of 0.1 M HCl or NaOH solutions. 
Subsequently, 0.1 g of the carbosorbent was introduced into 
each flask, followed by continuous stirring for approximately 
24 h at room temperature using a shaker. After the 24-hour 
stirring period, the final pH of each flask was measured, and 
the difference between the final and initial pH values was 
recorded. By plotting the ΔpH (difference in pH) against the 
initial pH, the PZC values were determined.

Adsorption Experiment by Batch Method

The adsorption process of trivalent and hexavalent chromium 
ions using the prepared carbosorbent was examined using 
a systematic procedure. To experiment, a 25 mL solution 
was placed in a 100 mL conical flask containing  10mgL-

1 of  Cr(III) and Cr(VI) with different pH ranges from 
3 to 12 and placed at a magnetic stirrer with a rotation 
speed of 100 rpm. Additionally, the adsorption tests were 
performed at room temperature with a contact time of 60 
min and an adsorbent dosage of 2 g.L-1. After each test, 
the carbosorbent was separated from the solution, and the 
concentration of the hexavalent and trivalent chromium was 
estimated. Similarly, the batch adsorption experiments for 
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under different environments, such as initial concentration  
(10–50 mgL-1), adsorbent dosage (0.25–2.2 g.L-1),  contact 
time (10–120 min), and temperature  (28–50°C), were 
performed to evaluate the optimum condition for maximum 
adsorption capacity of the prepared carbosorbent. The 
equations (1) and (2) were used to calculate the adsorption 
efficiency and adsorption capacity for Cr(III) and Cr(VI) 

 % 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒
𝐶𝐶𝑖𝑖

× 100                                       …(1)

    𝑞𝑞𝑒𝑒 (𝑚𝑚𝑚𝑚
𝑚𝑚 ) = 𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒

𝑀𝑀 × 𝑉𝑉                                               …(2)

Where Ci and Ce are the initial and final concentrations 
of the adsorbate, m is the mass of the adsorbent used, v is the 
volume in liter, and qe is the maximum adsorption capacity 
of the developed adsorbent.

A UV-visible spectrophotometer determined the residual 
concentration of hexavalent chromium. (Systronic 2206) 
through the diphenyl carbazide method adopted by Kassimu 
et al. (2022). Briefly, 1 mL of treated solution mixed with 
2N sulphuric acid followed by 100 µL of DPC stock solution 
prepared by dissolving 50 mg of 1,5 diphenyl carbazide in  
25 mL acetone. An addition of DPC develops a reddish-violet 
color by forming a complex with Cr(VI). The intensity of 
color was examined at 540 nm to calculate the concentration 
of hexavalent chromium. The calibration curve was obtained 
with a standard solution of hexavalent chromium having 

a concentration of 10 to 50 mgL-1. Meanwhile, trivalent 
chromium was estimated by determining total chromium 
with a Flame atomic absorption spectrophotometer (NOAA 
350 F-AAS) equipped with acetylene and N2O gas.

RESULTS AND DISCUSSION

Characterization by SEM, FT-IR, and PZC

The surface morphology of the vapor-activated carbosorbent 
was analyzed by scanning electron microscope (SEM) and 
presented in Fig. 1. The surface topography of the material 
displayed a significant level of heterogeneity with uneven 
distribution of pores, resulting in a high surface area. An 
ATR-FTIR study was employed to analyze the stretching 
and vibration of functional groups present on the surface 
of vapor-activated carbosorbent and presented in Fig. 2(a). 
The result revealed variations in the stretching, bending, 
and ionic vibrations of different functional groups at distinct 
wavenumbers. The adsorption process is notably affected 
by the presence of various functional groups, including 
carboxyl, hydroxyl, sulfate, and amino groups, etc. on 
the surface of the adsorbent (Bagheri et al. 2020). These 
functional groups play a crucial role in determining the 
adsorption capacity and efficiency of the material. The peak 
detected at approximately 3500 cm-1 signifies the presence 
of OH groups within the sample, while the peak observed 
in the range of 2900-2970 cm-1 signifies the interaction 
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Fig. 1: SEM image of the vapour-activated carbosorbent developed from biodegradable domestic 

waste. 

 

 

 

 

 

 

 

Fig. 2: (a) FTIR spectra of the developed carbosorbent (b) A graph between pHi versus ∆pH to 

obtained point of zero charge (PZC). 
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Fig. 1: SEM image of the vapour-activated carbosorbent developed from biodegradable domestic waste.
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between C-H bonds and the biochar surface (Zolfi Bavariani 
et al. 2019). Similarly, the presence of peaks near 1600 cm-1 
indicates the presence of amides, which can be discerned on 
the surface of the carbosorbent.

Additionally, the well-defined peak at approximately 
1700 cm-1 provides evidence for the presence of a carbonyl 
group (Srivastava et al. 2022a). This peak can be attributed 
to various functional groups, such as carboxyl groups 
(-COOH) from organic acids or ester groups (-COOR) from 
polysaccharides (Adeniyi et al. 2020). Furthermore, the peaks 
observed around 1200 and 1000 cm-1 likely originate from 
the stretching and vibration involving N-H bonds (Srivastava 
et al. 2020).

Moreover, peaks in the region of 1000-1300 cm-1 are 
often observed, which are associated with the stretching 
vibrations of C-O and C-O-C bonds, indicating the presence 
of polysaccharides or other organic compounds (Hu et al. 
2022). The surface chemistry of the adsorbent was also 
investigated by measuring the pH at the point of zero charge 
(pHzpc).A graph plotted between ΔpH versus pHi where 
6.95 of PZC was obtained at section point and presented 
in Fig. 2(b). The observed neutral pH at the point of zero 
charges (pHzpc) on the carbosorbent implies the presence 
of substantial surface groups capable of either consuming 
or releasing H+ (Yadav et al. 2023). These groups are likely 
to be -OH groups, which can exert a notable influence on 
the adsorptive behavior of the carbosorbent (Andrade et al. 
2020).

Effect of pH and Initial Concentration

The pH of a solution exerts a substantial influence on the 
adsorption of an adsorbate, as it governs critical parameters 
such as surface charge, ionization degree, and ion speciation. 
The graph in Fig. 3(a) presents the adsorption data for total 
chromium removal, specifically examining the impact of pH 
values ranging from 3 to 9. The experimental setup included 
using 0.05 g of the adsorbent in a 25 mL test solution with 
a contact time of 60 to 120 min and a shaking speed of 150 
rpm at room temperature. The outcomes of the analysis 
indicate that the adsorption efficiency of both Cr(III) and 
Cr(VI) increases concurrently with increasing pH, attaining 
its peak at pH 7. However, beyond this optimal pH point, a 
gradual decrease in efficiency is observed. Remarkably, at 
pH 7, an exceptionally high adsorption percentage of 99.02% 
was achieved for   Cr(III), while Cr(VI) exhibited an even 
more impressive adsorption rate of 99.18%.

Conversely, an analysis of the adsorption process at the 
initial pH of 3 revealed significantly inferior efficiency figures 
of 35.21% (Cr(III)) and 40.75% (Cr(VI)). These findings 
emphasize that extremely acidic pH conditions negatively 
impact the adsorption of chromium ions due to electrostatic 
repulsion between the adsorbate and adsorbent. In a neutral 
environment, chromium species exist as oxyanions, which 
release hydrogen atoms as the pH increases(Sarkar et al. 
2019). These oxyanions then interact with hydroxyl sites on 
the adsorbent, resulting in improved adsorption efficiency 
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Fig. 2: (a) FTIR spectra of the developed carbosorbent (b) A graph between pHi versus ΔpH to obtained point of zero charge (PZC).
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the decline in the percentage removal of chromium can 
be ascribed to either the limited binding capacity of the 
adsorbent or the occupation of active sites by chromium ions 
(Jamaluddin et al. 2022).

Effect of Adsorbent Dosage and Contact Time

The dosage of adsorbent used for ion uptake played a 
significant role in adsorption, as illustrated in Fig. 4(a). 
Under neutral pH conditions and an initial chromium 
concentration of 10 mg.L-1, a biochar dosage of 2 g.L-1 
achieved a remarkable removal efficiency of approximately 
99% for total chromium. However, as the mass of biochar 
increased, both the adsorption amounts and the adsorption 
per unit mass of adsorbent decreased despite the constant 
initial concentration of the solution. The initial increase in 
removal rate with higher adsorbent mass can be attributed 
to the availability of more binding sites for adsorption. 
Nevertheless, further increases in adsorbent mass did not 
impact the removal rate, indicating the saturation of adsorbate 
sites by chromium ions and their subsequent unavailability 
(Birhanu et al. 2020). The study also investigated the 
influence of contact time on the adsorption process and, 
presented in Fig. 4(b). The result indicated that the adsorption 
of total chromium increased as the contact time between the 
carbosorbent and the solution was prolonged. A saturation 
point was reached after 60 minutes, indicating that further 
contact time did not lead to significant additional adsorption.

Interestingly, a substantial amount of chromium ions 
was adsorbed within the initial 30 minutes of contact 
time, suggesting that a shorter duration may be sufficient 
for efficient chromium removal using the carbosorbent. 
Furthermore, the research observed no notable changes in 
the equilibrium condition beyond the 60-minute mark, up to 

(Chen et al. 2011). However, under alkaline conditions, the 
presence of competing hydroxide ions reduces adsorption by 
occupying available sites on the adsorbent surface, thereby 
hindering the attachment of chromium ions. The observed 
successive decrease in the percentage removal of Cr ions at 
lower and higher pH suggests the potential saturation of the 
binding capacity of the adsorbent (Wan et al. 2023). The 
findings of this study support previous reports indicating 
a favorable neutral pH range for chromium removal (Pap 
et al. 2018, Zhao et al. 2018). However, it is noteworthy 
that certain researchers have also highlighted the potential 
of acidic pH levels in effectively removing hexavalent 
chromium (Gupta et al. 2018, Shakya et al. 2019). The effect 
of initial concentration on the removal efficiency of total 
chromium was also examined using a prepared carbosorbent 
at various predetermined chromium concentrations ranging 
from 10 to 50 mg.L-1 and presented in Fig. 3(b). Initially, 
the adsorption and removal rate of chromium solution 
by the carbosorbent achieved a remarkable 99.3% and 
99.5% efficiency for Cr(III) and Cr(VI) ions, respectively. 
However, as the initial concentration increased, the removal 
rate declined due to a decrease in available active sites 
necessary to accommodate higher ion concentrations. In 
contrast, the adsorption capacity exhibited a rapid increase 
owing to the intensified adsorption driving force resulting 
from the higher solution concentration. This facilitated 
improved contact between the adsorbent and adsorbate. 
At an initial concentration of 50 mg/L of chromium ions 
solution, the removal rate of 83.5% and 84.49% for Cr3+ 
and Cr6+ suggests that the adsorption of chromium ions by 
the carbosorbent approached equilibrium when the initial 
concentration reached 50 mg.L-1. Alternatively, this trend 
could be attributed to the saturation of active sites on the 
adsorbent at higher chromium concentrations. Consequently, 

24 

 

Fig. 3: (a) Effect of pH on the adsorptive removal of trivalent and hexavalent chromium (b) 

Effect of initial concentration for the removal of total chromium from aqueous solution. 
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Fig. 3: (a) Effect of pH on the adsorptive removal of trivalent and hexavalent chromium (b) Effect of initial concentration for the removal of total 
chromium from aqueous solution.
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a maximum of 120 minutes. This suggests that the adsorption 
process achieved equilibrium within the initial 60 minutes of 
contact time. The reaction rate analysis revealed a rapid initial 
adsorption process, which can be attributed to the substantial 
concentration gradient between the adsorbate and the available 
vacant sites on the surface of the carbosorbent. However, as the 
experiment continued, the reaction rate gradually decreased. 
This decline can be attributed to a reduction in the number 
of vacant sites on the surface of the adsorbent, limiting the 
adsorption capacity over time (Bai et al. 2020).

Isothermal Modelling

Adsorption isotherms are mathematical models that describe 
how adsorbate molecules are distributed between liquid 
phases at various equilibrium concentrations (Dim et al. 
2021). The two widely used models are the Langmuir and 
Freundlich models. In this study, both models were employed 
to establish the relationship between the number of adsorbed 
chromium ions and their equilibrium concentration in the 
solution. The Langmuir model proposes that adsorption takes 
place on a homogeneous surface with uniformly permeable 
and efficient regions. Consequently, a monolayer of 
adsorbate molecules is formed on the surface of the material, 
effectively saturating the available pores and hindering the 
mobility of additional molecules (Bedada et al. 2020).

The following formula can be used to define a non-linear 
expression of the Langmuir isotherm.

 𝑞𝑞𝑒𝑒 = 𝑞𝑞𝑚𝑚𝐾𝐾𝐿𝐿
𝐶𝐶𝑒𝑒

1+𝐾𝐾𝐿𝐿𝐶𝐶𝑒𝑒
                                                                                        …(3)

Where,

qe = the adsorption capacity 

Ce = concentration of the adsorbate at equilibrium 

KL = Langmuir Constant (Lmg-1), and qm is the monolayer 
adsorption capacity in mg.g-1

The maximum adsorption capacity of trivalent and 
hexavalent chromium by the vapor-activated carbosorbent 
was determined by a nonlinear curve plotted between 
qe and Ce and represented in Fig.5(a). The monolayer 
adsorption capacity was found to be 23.08 mg.g-1 and 
24.84 mg.g-1 for Cr(III) and Cr(VI), respectively. The plot 
also provided a strong correlation coefficient in both cases, 
denoting the monolayer sorption capacity in units of mg.g-1 
of the adsorbent. The adsorption energy, indicated by KL  
with units of L.mg-1, was also analyzed and provided in 
Table 1. 

To assess the shape of the isotherm, a dimensionless 
constant called the separation factor (RL) was utilized. The 
RL value can be calculated using the following equation:

 𝑅𝑅𝐿𝐿 =
1

1+𝐾𝐾𝐿𝐿𝐶𝐶𝑖𝑖
                                                      …(4)

The value of the RL parameter categorizes the isotherm 
into the following four types:

Irreversible isotherm (RL = 0): This indicates a complete 
lack of adsorption, where the solute does not interact with 
the adsorbent.

Linear isotherm (RL = 1): This suggests a uniform 
and proportional adsorption process, where the adsorbate 
concentration is directly related to the amount adsorbed.
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Fig. 4: Effect of adsorbent dosage (a) and effect of contact time (b) on adsorption of trivalent and hexavalent chromium onto vapor-activated carbon 
sorbent (total chromium-, 10mg/L, sorbate concentration: 2g/L at 30°C).

Table 1: Comparative values of the parameters calculated for the removal 
of Cr(III) and Cr(VI) by equilibrium models.

Langmuir Isotherm Freundlich 
Isotherm

Cr (III) Cr (VI) Cr (III) Cr (VI)

Qm [mg.g-1] 23.08 24.84 Kf [L.mg-1] 1.22 1.80

R2value 0.957 0.952 R2 Value 0.93 0.936

KL [L.mg-1] 0.63 0.57 1/n Value 0.293 0.281
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Favorable isotherm (0 < RL < 1): This signifies a 
favorable adsorption process, where the adsorbent exhibits 
a preference for the adsorbate. The RL value between zero 
and one suggests efficient adsorption with a gradual decrease 
in the adsorption capacity as the concentration increases.

Unfavorable isotherm (RL > 1): This indicates an 
unfavorable adsorption process, where the adsorbate faces 
resistance in interacting with the adsorbent. The RL value 
greater than one implies a reduced affinity between the 
adsorbent and adsorbate as the concentration rises.

 The estimated RL values for Cr(III) and Cr(VI) ions are 
0.136 and 0.149, respectively, which are less than one and 
larger than zero, indicating favorable adsorption (Tangestani 
et al. 2022). The application of the Freundlich isotherm 
model was employed to investigate the adsorption of total 
chromium ions in our research study. This model provides 
valuable insights into the adsorption process, indicating that 
it is non-ideal and reversible. It suggests that adsorption 
occurs through the formation of multilayers of the analyte 
on a heterogeneous surface with uneven characteristics 
(Srivastava et al. 2019). The non-linear expression of the 
isotherm is given as follows.

 𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝐶𝐶𝑒𝑒1/𝑛𝑛                  …(5)

The Freundlich equation is a widely used empirical model 
for describing the adsorption process of solute molecules 
onto a solid adsorbent surface. It incorporates two key 
parameters: the Freundlich constant (Kf) and the Freundlich 
exponent (n). The Kf value represents the relative adsorption 
capacity of the adsorbent, while the exponent (n) provides 
insight into the intensity of adsorption. Generally, an increase 
in the Kf value signifies a higher adsorption capacity of the 
adsorbent. Moreover, when the value of n falls within the 
range of 1 to 10, it indicates an effective adsorption process. 
(Dan & Chattree 2018)  (Fig. 5b). The n value achieved in 

this study is better or equivalent to that of previously reported 
adsorbents for chromium removal(Jeyaseelan et al. 2021) 
(Ahamad et al. 2018). By comparing correlation coefficients 
(R2), the suitability of isotherm models for the removal study 
was determined. Table 1 shows that both isotherm models 
correlate well with experimental data, although Langmuir’s 
isotherm fits best with a higher correlation coefficient than 
the Freundlich isotherm. The maximum adsorption capacity 
(qm) obtained in the present study is better than apple wood 
biochar where qm was reported at 7.71mg.g-1(Liu et al. 2020) 
Another study performed by Amin and Chetpattananondh 
for the removal of hexavalent chromium by using algal 
biochar showed 15.94mg.g-1 of monolayer adsorption 
capacity (Amin & Chetpattananondh 2019). Similarly, 
Rajapaksha et al. examined biochar developed with soybean 
for the removal of total chromium at acidic pH, where the 
maximum adsorption capacity was found to be 17.02 mg.g-1 
(Rajapaksha et al. 2018)

Kinetic Modelling

Pseudo-first-order kinetics is commonly used to describe 
the adsorption process, assuming that the rate of adsorption 
is proportional to the difference between the saturation 
concentration and the amount of adsorbate adsorbed on the 
surface at a given time (Chakraborty et al. 2021).

The mathematical expression for the nonlinear pseudo-
first-order kinetic model is:

 𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑒𝑒(1 − 𝑒𝑒−𝑘𝑘𝑡𝑡)        …(6) 

Where :

qt is the amount of adsorbate adsorbed at time t

qe is the amount of adsorbate adsorbed at equilibrium

k1 is the rate constant of pseudo-first-order kinetics

The pseudo-first-order kinetic model assumes that the 
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Fig. 5: Langmuir (a) and Freundlich (b) isotherm for adsorption of trivalent and hexavalent chromium onto vapor-activated carbosorbent.
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adsorption process is primarily controlled by the external 
mass transfer and the adsorbate concentration difference 
between the solution and the adsorbent surface (Revellame 
et al. 2020). A graph plotted between qt and time for the 
adsorption study and presented in Fig. 6a. This model is often 
used for preliminary analysis or to estimate the rate constant 
of the adsorption process. However, it is important to note 
that the pseudo-first-order kinetic model may not always 
accurately describe the adsorption process. In some cases, 
the adsorption mechanism may be more complex, involving 
multiple steps or other factors that are not considered in this 
simplified model (Benjelloun et al. 2021). To gain a more 
comprehensive understanding of the adsorption process, it is 
common to examine the kinetics using the pseudo-second-
order model as well. The mathematical expression for the 
nonlinear pseudo-second-order kinetic model is:

 𝑞𝑞𝑡𝑡 =
𝑘𝑘2𝑞𝑞𝑒𝑒2𝑡𝑡

1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡
                         …(7)

Where k2 is the rate constant of pseudo-second-order 
kinetics, the pseudo-second-order kinetic model was also 
plotted with qt versus t, which provides a more accurate 
representation of the adsorption process, especially when the 
pseudo-first-order model fails to describe the experimental 
data adequately (Srivastava et al. 2021b) (Fig. 6b). The 
comparative data presented in Table 2 shows that the pseudo-
second-order kinetic model exhibits a higher correlation 
coefficient compared to the pseudo-first-order model for 
both trivalent and hexavalent chromium. This indicates that 

the pseudo-second-order model provides a better fit to the 
experimental data and offers a more accurate explanation 
of the sorption kinetic behavior for chromium removal by 
carbosorbent. The higher correlation coefficient associated 
with the pseudo-second-order model suggests a stronger 
linear relationship between the observed and calculated 
values, indicating a closer agreement between the model and 
the actual data points(Srivastava et al. 2022b). Furthermore, 
the pseudo-second-order kinetic model, which represents 
a single-step rate-limiting process, confirms the chemical 
nature of the sorption of chromium ions on the carbosorbent. 

Thermodynamic Study

To investigate the nature of the sorption process, an adsorption 
experiment was conducted at different temperatures (25, 
34, 42, and 60℃). The objective was to determine the 
thermodynamic parameters that characterize the reaction 
occurring during the sorption process. These parameters 
were determined by evaluating the coefficient of distribution 
(KD) at each temperature (Yusuff 2019). The coefficient 
of distribution (KD) is a measure of the distribution of an 
adsorbate between two phases that provides insights into the 
equilibrium concentration of the adsorbate in each phase at a 
given temperature (Srivastava et al. 2021a). By performing 
the adsorption experiment at various temperatures and 
evaluating the KD values, it becomes possible to analyze the 
effect of temperature on the sorption process and determine 
the corresponding thermodynamic parameters. These 
parameters can include the standard free energy change 
(ΔG°), the standard enthalpy change (ΔH°), and the standard 
entropy change (ΔS°) associated with the sorption reaction. 

 ln KD = (ΔSo
T ) − (ΔHo

RT )                                                                      …(8)

A graph was constructed to analyze the correlation 
between the coefficient of distribution (KD) and inverse of 
temperature (Fig. 7) . This graphical representation allowed 
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Fig. 6: Adsorption kinetic models for chromium ion uptake (a) pseudo-first-order model-, (b) pseudo-second-order model for trivalent and hexavalent 
chromium onto vapor-activated carbosorbent.

Table 2: Kinetic parameter obtained for adsorption of Cr(III) and Cr(VI) 
onto vapor-activated carbosorbent.

Pseudo First Order Pseudo Second Order

Cr (III) Cr (VI) Cr (III) Cr (VI)

K1(min-1) 0.072 0.073 0.010 0.025

R2 value 0.922 0.925 0.974 0.976

qe mg/g) 4.79 4.81 5.61 5.55
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us to determine the change in Gibbs free energy (ΔG°) 
at different temperatures, a parameter that indicates the 
feasibility and spontaneity of the sorption process (Mpelane 
et al. 2022). The enthalpy change (ΔH°) and entropy change 
(ΔS°) were also computed using specific equations. These 
thermodynamic parameters presented in Table 3 shed light 
on the heat exchange and level of disorderliness occurring 
at the sorption interface (Jahangiri et al. 2019). The results 
demonstrated that the sorption process is feasible and 
spontaneous, as evidenced by the negative ΔG° values. 
Moreover, as the temperature increased, the sorption process 
became more favorable. For the adsorption of chromium 
ions, the process was confirmed to be thermodynamically 
spontaneous. The positive ΔH° value indicated that the 
sorption process is endothermic, implying the absorption 
of heat during the reaction (Abdel-Mohsen et al. 2020). 
Notably, the calculated enthalpy change (ΔH°) was found 
to be 39.82 kJ.mol-1 and 37.57 kJ.mol-1 for trivalent 
and hexavalent chromium, respectively, suggesting a 
chemical sorption mechanism due to its value exceeding 
21 kJ.mol-1. Additionally, the positive ΔS° value indicated 
an increase in the level of randomness at the solid-liquid 

interface during the sorption process (Srivastava et al.  
2022c).

CONCLUSION

The vapour-activated carbosorbent developed using 
biodegradable domestic waste has proven to be effective 
in removing total chromium from aqueous solutions. The 
surface characterization of the prepared adsorbent BY SEM 
revealed its porous structure, while FTIR spectra showed 
possible functional groups that might play a crucial role in 
the adsorption process. Additionally, the surface chemistry 
of the adsorbent is explained by the point of zero charge, 
which was found to be 6.95. The synthesized carbosorbent 
exhibited an adsorption capacity of 23.08mg.g-1 and  
24.84mg.g-1 for Cr(III) and Cr(VI), respectively, under 
optimal experimental conditions. The adsorption process 
followed the Langmuir isotherm model, indicating a 
monolayer adsorption mechanism, while the pseudo-second-
order kinetic model confirmed that the adsorption reaction 
was of a chemisorption nature. The negative values of ΔG° 
(standard Gibbs free energy change) indicated that the 
adsorption process is spontaneous, suggesting favorable 
adsorption of total chromium onto the adsorbent. In addition, 
the positive value of ΔH° (standard enthalpy change) 
suggests an exothermic nature of the adsorption reaction, 
implying that heat is released during the process. The 
positive value of ΔS° (standard entropy change) indicates an 
increase in randomness at the solid-liquid interface during 
the adsorption of chromium ions, indicating an improved 
affinity between the adsorbent and the adsorbate. Overall, 
the combination of a high adsorption capacity, ease of 
preparation, and the use of low-cost biodegradable domestic 
waste material makes this material an ideal adsorbent for the 
removal of total chromium from aqueous solutions. It offers 
a sustainable and efficient solution for addressing chromium 
contamination, and its potential as a practical alternative for 
water treatment is promising.
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