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Abstract: The ability of commercial low-cost activated carbon (LC-AC) to adsorb and remove Cr Cr(VI) from the watery system
was examined. The batch adsorption procedure investigated various limits for example pH, initial concentration, sorbent dosage, and
interaction period. LC-AC was characterized using scanning electron microscopy (SEM). At pH 3.5 and 40 minutes, 6.22 mg/g was the
highest adsorption capacity ever recorded. According to kinetic and equilibrium investigations, this process fits a second-order pseudo-
model and a Langmuir isotherm. The Van’t Hoff equation was utilized to evaluate the temperature-related variables, and the outcomes
revealed that the procedure was exothermic. The enthalpy and average adsorption energy (E) values demonstrated that the adhesion
action was physical in origin.
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1. Introduction

Chromium has negative environmental and health
implications when used in excess. Before being released
into the environment, effluent containing chromium
must be treated to reduce contamination and related risks
(Thirugnanasambandham and Shine, 2018). Numerous
health issues, such as lung cancer, respiratory conditions,
and skin irritation, may result from contact with high
doses of Cr(VI) through drinking water besides inhalation
(Mahmad et al., 2016; Abutaleb et al., 2023). Aquatic
animals and ecosystems can be harmed by chromium
pollution in water bodies, and sediment can become
contaminated. Additionally, it may have an impact on
crops and lower agricultural output (Genawi et al., 2020;
Yan et al., 2023). Chromium can be eliminated from
wastewater using a variety of techniques, including:

*  Chemical precipitation (Nwabanne et al., 2018;
Min et al., 2023): Chromium precipitates out
of solution as an insoluble compound when
chemicals like lime or ferrous sulphate are added
to the wastewater. This insoluble product can
then be removed by settling or filtration (Aoudj
et al., 2017).

* Jon exchange (Elabbas et al., 2016): Chromium
ions in wastewater can be selectively adsorbed
and eliminated using ion exchange resins. The
resin can be recycled after becoming fully
saturated with chromium.

* Adsorption (Sadeghi et al., 2017; Abutaleb et
al., 2021; Patil et al., 2023; Ayman et al., 2022):
Through surface interactions, adsorbents like
activated carbon or other unique adsorbents can
remove chromium ions from wastewater.

* Membrane filtration (Singh et al., 2018):
techniques like reverse osmosis and ultrafiltration
enable water to flow

* Biological treatment (Ziati et al., 2018; Mubarak
et al., 2024): Some microbes, including bacteria
and fungi, have the ability to fix or decrease
Cr(V]) to the less hazardous Cr(III). Wastewater
treatment can make use of this bioreduction.

*  Electrocoagulation (Elabbas et al., 2020): In this
technique, wastewater is exposed to an electric
current, creating a coagulant that makes it
easier to remove chromium by flocculation and
sedimentation. In this study, activated carbon
which is widely available and reasonably priced
was used to eradicate Cr(VI) ions from the watery
system. This study looked into the abolition
of Cr(VI) from liquid feed using common,
inexpensive activated carbon. Cr(VI) uptake
was investigated using contact time, starting
metal ion concentration, pH, sorbent dosage,
and temperature during experiments carried out
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in a batch system. Investigations were made on
the adsorption process’s kinetics, isotherms, and
thermodynamics.

2. Resources and approaches

2.1 Preparation of adsorbent material

Low-cost activated carbon (LC-AC) obtained as an
agricultural byproduct (corn cob) was converted into
low-cost adsorbent. At 450°C, the carbonization process
took place, whereas the activation process was carried out
in the presence of KOH.

2.2 Preparation of Cr (VI) stock solution

Dissolve the specified amount of K2Cr207 in a
watery system and dilute to the necessary attentiveness
to produce a base solution containing 1000 mg/l Cr(VI).
The chemicals were all AR grade and came from Sigma-
Aldrich in Germany. 0.1N of NaOH and HC1 were utilized
to change the pH.

2.3 Batch experiment

The objective of the batch study is to examine the
different conditions under which Cr(VI) adsorbs onto
LC-AC. adding Cr(VI) preparations to Erlenmeyer flasks
holding LC-AC is the process. Initial concentrations of
10-60 mg/L, pH ranges of 3-8, and variable durations
of time at 30-60°C in a thermostatic shaking water bath
are the parameters of the experiment. The water bath was
shaken at 120 revolutions per minute using a thermostat.
A five-minute centrifugation at 5000 rpm came after
sample separation and agitation. The remaining Cr(VI)
content was determined by a UV spectrophotometer
(Perkin Elmer, A 800) at 370 nm. Adsorption capability
(q) was defined as:

q= Cpf CxV
- (1)
Wherever

C,= primary attentiveness of Cr(VI) (mg/L)

C, = attentiveness of Cr(VI) at steadiness (mg/L)
V =bulk of Cr(VI) (L)

W =sorbent dosage of (LC-AC) (g)

According to the following equation, the removal
percent (Re) is determined:

R (%)=C—Cx 100
e p e
C ©)

0

Fig. 1 The series of experimentation sequence
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3. Outcomes and discussion

3.1 LC-AC’s characterization

SEM image of LC-AC prior to adsorption is shown
in Fig.2 (a). The surface appears to be irregularly shaped,
rough, and porous. These features imply that the surface
has a wide surface area and numerous fissures, which
may enable effective adsorption between Cr(VI) ions and
(LC-AC). Roughness and porosity give the Cr(VI) ions
plenty of opportunities to interact with (LC-AC), possibly
resulting in successful adsorption. The adsorption process
may have caused certain alterations in the LC-AC based
on the loss of porosity and roughness on the LC-AC
surface (Fig. 2(b)). The Cr(VI) ions may have formed
a connection with the surface, clogging the pores and
smoothing out the imperfections. This change can be a
sign that the target molecules were successfully adsorbed
onto the LC-AC.

The N2-adsorption/desorption isotherms of LC-
AC produced at 450 °C are shown in Fig. 2(c). Based
on IUPAC categorization, it indicates that the isotherm
curves are most likely type I, indicating that the LC-AC
is a microporous material with a surface area of 32.54
(m2/g) and a pore volume of 0.028 (cm3/g). There is a
large range of pore diameters in materials, as indicated by
the lack eyhof a distinct plateau.

Fig. 2 SEM image of Raw LC-AC (a) and Cr(VI) loaded LC-
AC (b) N2 adsorption isotherm for activated carbon (c)

3.2 Adsorption Investigations.
3.2.1 Result of pH:
The role of pH was examined by varying pH values
from 3 to 8 at 30°C, 50 mg/l, 0.20 g/50 ml of adsorbent,
120 rpm of agitation, and 60 min (Fig. 3).

The elimination efficiency of ions augmented at pH
levels between 3 and 3.5. This indicates that as the pH rose

22

within this range, more Cr(VI) ions were adsorbed onto
the (LC-AC) material. At pH 3.5, the maximal capacity
for Cr(VI) ions was attained. This shows that the (LC-AC)
material had the greatest affinity for Cr(VI) ions at this
particular pH. Lower pH levels (below 3.5) occasioned a
reduction in the effectiveness of Cr(VI) ion removal. This
might be because Cr(VI) ions and H+ ions are vying for
the same adsorption sites on the (LC-AC) material. The
amount of Cr(VI) ions that might be removed from the
solution decreased as a result of this competition (Peng
& Guo, 2020). The effectiveness of removing metal was
reduced above a pH of 3.5. Hydrolysis, and chemical
reaction in which molecules in water are broken down as
a result of an increase in hydroxide ions (-OH) when the
pH rises, is responsible for this decline in efficiency (Ali
Maitlo et al., 2019).

Fig. 3 Efficacy of pH on Cr (VI) ion binding to LC-AC

3.2.2  Effect of contact time:

The interaction period theatres a significant part in
deciding how long it takes for the adsorbent (LC-AC)
to absorb the greatest amount of the Cr(VI) adsorptive.
The uptake procedure has more periods to take place the
longer the contact time is. In your case, equilibrium is
attained after 40 minutes under the indicated parameters
of temperature (30°C), pH (3.5), and adsorbent dose
(0.20g). As the contact period lengthens, Cr(VI) ion
uptake also grows (Fig. 4). To be sure that the system
genuinely reaches equilibrium, additional time may
be allowed in some investigations, such as those that
determine equilibrium adsorption isotherms. To better
understand the uptake procedure, many kinetic replicas
are being employed, e.g. pseudo-first-order, pseudo-
second-order, Elovich, and intraparticle distribution.

Fig. 4 Efficacy of interaction duration on the Cr (VI)
elimination.
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kinetic model

2018):

The pseudo-first-order
(Prasetyaningrum et al.,

G)

The Pseudo-second-order model (Heffron et al.,
2016):

“4)

The Elovich model (Al-Qodah and Al-Shannag
(2017):

)

The intraparticle diffusion model (Tejada-Tovar et
al., 2020):

(6)

Wherever qe & qt are the adhesion capabilities
(mg/g) at stability and at time t, accordingly,, K1 and K2
are the factors of kinetic replicas. § & a are the Elovich
coefficients. Kid is the Intraparticle constant. The rate-
dependent compatibility of the experiment’s results

was examined by evaluating the correlation value (R2)
(Prasetyaningrum et al., 2018).

()

The larger R2 clearly demonstrated that the Cr(V1)
adsorption kinetics closely resemble the pseudo-first-
order model, as shown by Table 1 and Fig. 5. As a result,
it became clear that physic-adsorption is crucial to the
uptake of Cr(V1) by LC-AC (Mahmad et al., 2016).

Table 1. Adsorption kinetic model constants.

Models Constant Value
Pseudo-first-order K1 0.090
qe 1.666

r2 0.996

Pseudo-second-order qe 8.3961
K2 0.0084

r2 0.9566

Elovich B 1.8231

a 0.7898

2 0.9352

Intraparticle distribution Kid 2.1592
a 0.4246

2 0.8587

Fig. 5 Pseudo-first order (a) Pseudo-second order (b) Elovich (¢) and Intraparticle diffusion (d) models.

21



Mohamed Ahmed Mahmoud: Adsorption of Cr(VI) onto low-cost activated carbon: isotherm, kinetic and thermodynamic studies

3.2.3 Result of preliminary Cr(VI)
concentrations:

The outcomes demonstrated that the adhesion
capabilities rose from 3.32 to 6.22 mg/g as the starting
Cr(VI) attentiveness augmented from 10 to 60 mg/L
at 30°C, 0.20 g adsorbent dosage, 40 min, and pH 3.5.
This indicates that while the starting concentration was
higher, the adsorbent was able to trap more Cr(VI) ions.
Additionally, the removal effectiveness decreased as the
starting Cr(VI) content increased, indicating that the
adsorbent was less efficient at eradicating Cr(VI) from
the solution at higher preliminary concentrations and the
open adsorption sites on the adsorbent became saturated
(Khan et al., 2019). This shows that the accessible sites
on the adsorbent are filled up as additional Cr(VI) ions
are added to the solution, and eventually, no further
adsorption can take place due to the adsorbent’s limited
capacity (He et al., 2020). To make the outcomes of
experiments more accurate, the Freundlich isotherm and
Langmuir replicas are used. Designing and improving
adsorption methods for use in water treatment, pollution
management, and other environmental applications
requires the use of such data.

The Langmuir isotherm (Pavithra et al., 2020):

C/q,=1/Qb+C/Q, ®)

Where b (L/ mg) and Q0 (mg /g) are Langmuir

coefficients.

The rudimentary qualities of the Langmuir faultless
can be outlined using the distinction of dynamic RL (Liu
et al., 2018).

1+bC, 9)

If 0 <RL < 1 implies that the binding mechanism is
positive.

The Freundlich isotherm (Das and Nandi, 2020):

Loggq, = log (K, )+ 1/nlog (C,) (10)

In which KF and n are Freundlich parameters.

A better fit between the model and the experimental data is shown by higher R2 values (Table 2). There is a significant
connection between the model and the data when the R? value is close to 1. The fact that the R2 value for the Langmuir
isotherm is greater (0.983 > 0.921) shows that the Freundlich model does not adequately account for the investigational
outcomes and that the Langmuir model does. From this, one can infer that the interaction of Cr(VI) onto LC-AC exists most
likely the result of a monolayer adsorption process, as shown by the Langmuir isotherm (Fig. 6) (Chouhan et al., 2018).

Fig. 6 (a) Langmuir (b) Freundlich isotherms of adsorption of process

Table 2. The adsorption system’s Langmuir (a) and Freundlich (b) constants.

Langmuir
b Qo0 RL 2
0.0640 1.358 0.6095 0.9311

Freundlich
Kf n 2
6.6839 6.6608 0.890
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3.2.4  Effect of adsorbent dose:

LC-AC was used in the experiment at different doses
(0.01- 0.26g) for 40 minutes, pH 3.5 and 30°C. The
elimination efficiency of Cr(VI) rose when the adsorbent
dose augmented beginning 0.01g to 0.18g, as shown in
Fig. 7. The attendance of extra energetic locations on
the LC-AC may be due to the improvement in removal
effectiveness with increasing adsorbent dosages. More
adsorbent means more active sites for the Cr(VI) ions to
bind to and be drawn out of the solution.

This is probably because bigger doses of the adsorbent
have an increased surface area (Martin-Dominguez et al.,
2018). However, subsequent increases in adsorbent dosage
did not lead to a corresponding improvement in removal
efficiency after a certain point (particularly when the
adsorbent dose climbed beyond 0.18g). This shows that
there is a limit to the benefits. At this point, the number of
adsorbent particles may cause the adsorption sites to become
congested, which could cause certain adsorption sites to
overlap or become inaccessible (Emamjomeh et al., 2017).

Fig. 7 The significance of LC-AC dosage on Cr(VI)
removal.

3.3 Thermodynamic Studies

The temperature’s effect on the Cr(VI) uptake was
examined amid 30 and 60°C.As the temperature rose, It
became apparent that eliminating Cr(VI) ions was less
effective. The following equations (Babakhouya et al.,
2019) were used to estimate the factors enthalpy (AH®),
entropy (AS°), and Gibbs free energy (AG®), using the
diffusion coefficient (KD).

LHKD = A_SD_A_H
R RT

(16)
KD: q-
Ce (17)

Table 3 shows that the -ve of AH°® demonstrates
that the adsorption procedure is exothermic. Also, the
assessment of AH® can reveal information on the kind of
adsorption (Fig.8) (Kim et al., 2020). The two primary
categories are physical (physisorption) and chemical
(chemisorption). In contrast to chemisorption, which
typically involves greater heats of adsorption (80-200
kJ/mol), physical adsorption typically involves relatively
lower heats of adsorption (2.1-20.9 kJ/mol) (Peng et al.,
2019). Given that AH® has an absolute value of -5.278 kJ/
mol (Table 4), The binding of Cr(VI) by LC-AC is most
likely a physical sorption mechanism involving both
types of elements. The minus sign of AG® demonstrates
the potential and spontaneity of the act of adsorption,
which means that the adsorption will take place naturally
without the need for outside energy. During the solid/
solution interface, a negative AS® denotes a reduction in
unpredictability (Aboulhassan et al., 2018).

Table 3: Temperature-dependent thermodynamic variables.

AH® (kJ/mol) AS° AG°(kJ/mol)
(KJ/mol.K) 30°C 40°C 50°C 60°C
-5.278 -0.0145 -0.8845 -0.7395 -0.5945 -0.4495

Fig. 8 In KD vs 1/T(K) Van’t Hoff conspiracy.
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The energy change brought about by the
transmission of a single mole of a sorbate species
starting an infinitely diluted solution to the surface of
a material is referred to as the mean free energy (E) of
sorption. It offers an understanding of how the adsorbate
and adsorbent surfaces interact using the following
equations (Mamelkina et al., 2019).

(16)

wherein R is the ideal gas standard (8.314 J/(mol.
K)). The amount of mean free energy is able to reveal
information about how strongly the adsorbate interacts
with the adsorbent surface. Because temperature can
affect the interactions between adsorbate and adsorbent,
the mean free energy values varied with temperature.
The binding mechanism is physical if E is less than 8 kJ/
mol; otherwise, it is chemical. Where E exceeds 8 klJ/
mol (Petrie et al., 2015). According to Table 4, as the
temperature fluctuated between 30°C and 60°C, the mean
free energy (E) changed from 2.799 to 5.559KJ/mol,
respectively. The mean free energy values suggest that
the physical-binding mechanism supported the results
obtained by AH® value.

E = RTLnK,

Table 4: Free Energy (E) at various temperatures.

Temperature °C q (mg/g) KD E(KJ/mol)
30 6.22 0.329101 2.799
40 6.00 0.293399 3.19
50 5.45 0.243957 3.788
60 422 0.134181 5.559

4. Conclusions

This study’s investigation of LC-AC revealed that
it has good potential for purging water-based solutions
of Cr(VI). At pH 3.5 and 40 minutes of contact time,
the highest ability to adsorb (qe) ever recorded was
6.22 mg/g. The results of the kinetic and equilibrium
analyses indicate that the procedure of binding matches
the pseudo-second-order and the Langmuir isotherm. The
uptake method is instantaneous and exothermic in nature.
The LC-AC’s binding of Cr(VI) is physical in nature,
according to the estimated values of AH® and sorption
energy (E).
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