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ABSTRACT

In this study, the adsorption of chromium(VI) ions using mussel shell samples modified with
organic substances, including sodium dodecyl sulfate and ethylenediaminetetraacetic acid,
was investigated. The optimal conditions for the Cr(VI) ion adsorption process using modified
mussel shell powder, such as pH, temperature, and time, were determined using response sur-
face methodology and the Box-Behnken model, combined with Design-Expert 11.1.0.1 software.
The results indicated that the adsorption capacity of Cr(VI) ions in the initial solution tended to
decrease sharply, from 67% to about 24%, as the initial content of Cr(VI) ions increased from 0.1
to 10 mg/L. A similar trend was also observed in the Cr(VI) ion adsorption process as the tem-
perature of the solution increased. Moreover, the ability to remove Cr(VI) ions in different pH
environments was also evaluated, and clear results showed that the removal ability was best at
a neutral pH. The adsorption isotherms of Cr(VI) ions by powdered modified mussel shells were
investigated using the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm mod-
els, and the equations were fitted statistically. Additionally, the kinetics of the Cr(VI) ion adsorp-
tion were assessed. Optimal adsorption conditions for the removal of Cr(VI) ions by modified
mussel shells were found at a solution pH of 6.61, the temperature of 46.2°C, and the contact
time of 2 h. The obtained results demonstrated the effective removal of Cr(VI) ions from mus-
sel shell material after modification. These findings suggest that modified mussel shell powder is
very promising and highly efficient for removing heavy metal ions from wastewater.

Keywords: Biosorbent; Modified mussel shells; Isotherms; Kinetics; Optimization; Thermodynamics

1. Introduction

Today’s rapid growth in industry, agriculture, and ser-
vices is causing water contamination from various sources,
directly impacting the environment and human health.
One of the most pressing issues is heavy metal pollution,

* Corresponding authors.

which adversely affects people’s quality of life, health, and
way of life. Water basins near industrial parks, major towns,
and mining areas often serve as sources of pollution. Heavy
metals can bio-accumulate in the food chain and enter
the human body, leading to adverse effects. Water pollu-
tion due to heavy metals has a detrimental impact on both
species and human living conditions [1,2].
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The main sources of industrial effluent introducing
chromium (Cr), a particularly prevalent and harmful heavy
metal contaminant, into natural streams are varied. Due to
its high solubility, hexavalent chromium is mostly found
in the form of chromate (CrO,*) and dichromate (Cr,0,*)
ions, which can accumulate in the liver, stomach, and kid-
neys. Additionally, it can result in aberrant hematological
functions, gastrointestinal and dermatological issues, and
skin disorders [2]. Chromium levels in drinking water must
be less than 0.02 mg/L to minimize or eliminate contami-
nants [2]. Therefore, it is crucial to treat water bodies con-
taminated with chromium. Recently, several studies have
focused on the adsorption of Cr(VI) ions in water using
adsorption materials based on metal-organic frameworks
(MOFs). For instance, Miao et al. [3] manufactured Fe-MOF
materials, while Liu et al. [4] created a zeolite/Fe,O,/chi-
tosan material complex. These materials have shown
remarkable efficiency in removing Cr(VI) ions from aquatic
environments. The results have been consistently positive,
indicating the potential for removing not only Cr(VI) ions
but also other heavy metal ions in a simple and feasible
manner. Additionally, some materials synthesized from
natural sources have also proven to be efficient adsorbents
[5,6]. Qin et al. [5] prepared a novel hierarchically porous
carbon using seaweeds as a carbon source and applied this
material to the removal of tetracycline from water. ElImolla
et al. [7] used rice straw as a biosorbent for chromium
removal from aqueous solutions.

However, the fabrication of such materials has been
exceedingly complex and costly. Therefore, there has been
a priority shift towards researching materials readily avail-
able in nature as safe biosorbents that exhibit excellent
adsorption properties and environmental friendliness. Hu
et al. [8] effectively utilized crayfish shell waste as an out-
standing biosorbent for removing Cu(Il) and Pb(II) ions
from synthetic wastewater. Similarly, Moideen et al. [9]
harnessed wasted cockle shells as natural absorbents for
treating polluted river water. Mussel shells have garnered
significant attention as they fulfill the aforementioned crite-
ria. The discarded shells occupied space and emitted odors
that disrupted the ecosystem. To counter this, mussel shells
are being repurposed globally, either to create new mussel
reefs or to reintroduce the shells into the water to promote
the growth of native mussels. While mussel shells primar-
ily consist of calcium carbonate, they also contain poly-
saccharides, minerals, and trace amounts of iron, copper,
nickel, magnesium, calcium, and sodium [10]. Numerous
scientists have employed mussel shell powders to effectively
remove various pollutants from water, such as pigments like
methylene blue (MB) [11] and antibiotics like tetracycline
[12], yielding highly favorable results. Additionally, sev-
eral studies have explored the use of mussel shell powders
for adsorbing heavy metal ions in water, including As(III),
Cd(1I), Cu(II), and Zn(II) ions, and have consistently reported
adsorption rates exceeding 85% within a few hours of testing
[13,14]. This underscores the exceptional pollutant-removal
capabilities of mussel shell materials. Furthermore, many
research groups have highlighted the reusability of mus-
sel shell materials, offering promising prospects for future
applications [15,16].

While numerous studies have explored the removal
of common heavy metal ions, such as Cr(VI) ions, the use

of modified mussel shell materials in this context has not
received significant attention. Moreover, some materials,
when subjected to various denaturation processes, have
demonstrated highly effective pollutant adsorption capa-
bilities. Therefore, this study focuses on the utilization of
modified mussel shell materials in these tests. Additionally, a
similar study was conducted that involved evaluating unde-
natured and denatured oyster shells. The results indicated
that the denatured sample exhibited superior Cr(VI) ions
removal capabilities compared with the undenatured sam-
ple [17]. Mussel shell materials possess several advantages,
including environmental friendliness, cost-effectiveness,
and widespread availability. As such, the primary objec-
tive of this experiment was to assess the capacity of modi-
fied mussel shell powder to adsorb Cr(VI) ions from water.
Furthermore, it was aimed at determining the optimal con-
ditions for the Cr(VI) ions adsorption process in aqueous
solutions and exploring adsorption isotherms, kinetics, and
thermo-kinetics. These aspects represent the novel contribu-
tions of this study.

2. Materials and methods
2.1. Materials

The mussel shells were collected from a marine area
located in Phu Yen Province, Vietnam, with coordinates at
12°09’N and 109°11’E. This sea area is part of the East Sea.
The chemicals used in the study included: sodium hypo-
chlorite solution (NaClO, 10%, a commercial product from
China), potassium dichromate (K,Cr,O,, purity > 99%,
Merck, Singapore), sodium dodecyl sulfate (SDS, provided
by Sigma-Aldrich, Singapore), ethylenediaminetetraacetic
acid (EDTA, purity 99.4%, Sigma-Aldrich, Singapore), and
1,5-diphenylcarbazide (DPC, purity 98%, provided by
Sigma-Aldrich, Singapore).

2.2. Treatment of mussel shell samples

Initially, the mussel shells (designated as MS) were
cleaned by washing them with water two or three times after
collection. To remove moss and organic residues from the
shells, the MS samples were soaked in a 10% NaClO solu-
tion (with a solid/liquid ratio of 100/2,000 g/mL) for 48 h.
Subsequently, these shells were dried at 100°C for 5-6 h
until they reached a consistent weight. Following this, the
shells were milled with distilled water for 48 h using a ball
milling machine. The powdered mussel shell was crushed,
rinsed with distilled water, filtered, and then dried at 105°C
until it reached a constant weight. These powders were later
treated with EDTA and SDS (with SDS used as a surfac-
tant) in 20 mL of distilled water, maintaining a ratio of MS/
EDTA/SDS at 10/1/0.2 (w/w/w), and the treatment was car-
ried out at 60°C for 2 h. This process resulted in the produc-
tion of modified mussel shell powders, denoted as m-MS.
The m-MS powder exhibits a cubic shape with sizes rang-
ing from 1 to 3 um (Fig. 1). It possesses a specific surface
area of 4.7038 m?/g (BET) and an average pore diameter of
49.29 nm. This pore diameter is well-suited for the adsorp-
tion of Cr(VI) ions, as Cr(VI) ions have a Pauling radius of
52 pm. The water contact angle of m-MS is measured at
21.37°, indicating its hydrophilic property, rendering it suit-
able for the adsorption of Cr(VI) in water.
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Fig. 1. Scanning electron microscopy image of m-MS.

In this study, the selection of substance ratios was
based on the initial investigation results. Furthermore, it
was observed that m-MS demonstrated significantly higher
efficacy in removing Cr(VI) ions from an aqueous solution
compared with the original MS sample without organic
treatment. Therefore, the investigation into the effects of
adsorption conditions and the optimization of the Cr(VI)
ions adsorption process were exclusively conducted using
the m-MS sample.

2.3. Experimental setup
2.3.1. Building calibration equation of Cr(VI) ions in water

To prepare the mother Cr(VI) solution (100 mg/L),
0.2829 g of K,Cr,0, was dissolved in 1 L of distilled water.
Then, the mother solution was diluted with distilled water
to obtain solutions with concentrations of 0.1, 0.5, 1, 5, and
10 mg/L, respectively. The optical adsorption value (Abs)
of each solution was measured using an ultraviolet-visible
(UV-Vis) spectrophotometer (CINTRA 40, GBC, USA). The
calibration equation for Cr(VI) ions in an aqueous solu-
tion was determined as y = 0.382x + 0.072 and is illustrated
in Fig. 2.

2.3.2. Chromium(VI) ion adsorption ability in aqueous
solution by mussel shell powders

To create a 0.5% DPC solution, 0.4 g of DPC was com-
pletely dissolved in 100 mL of acetone solvent. After stir-
ring, the solution was stored in a refrigerator at 4°C to
protect it from light.

The process of Cr(VI) ion adsorption by the m-MS sam-
ple proceeded as follows: 0.2 g of m-MS powder was added
to 50 mL of the Cr(VI) ion solution and shaken for 3 h using
a shaking machine (IKA, Germany). Afterward, 10 mL of
the filtered solution was extracted and transferred to a
50 mL beaker following filtration with filter papers. To this
filtered solution, 1 mL of 1 M H,SO, solution and 1 mL of
DPC solution were added. The mixed solution was allowed
to stand for 10 min to ensure a complete reaction between
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Fig. 2. Calibration equation of Cr(VI) ions in aqueous solution.

Cr(VI) ions and DPC, resulting in a reddish-purple solu-
tion. This solution was subsequently used to measure the
absorbance of Cr(VI) ion solution using a UV-Vis spectro-
photometer (CINTRA 40, GBC, USA) at a maximum wave-
length of 540 nm [4,17].

Eq. (1) was used to determine the quantity of Cr(VI)
ions adsorbed per 1 g of adsorbent:

(C-C)V

Q="

)

where C; and C, are the concentrations of Cr(VI) ion in solu-
tion at initial and equilibrium (mg/L), V is the volume of
solution (L), W is the mass of the m-MS sample, and Q is the
quantity of Cr(VI) ions adsorbed per gram of adsorbent at
an equilibrium condition (g). The removal of Cr(VI) ion (H)
was calculated using Eq. (2):

(Co_ce)

H= %100 ()

0

2.3.3. Optimization of adsorption process

The optimal conditions for the Cr(VI) ion adsorption
process using the m-MS sample in this study were deter-
mined through the response surface method (RSM) using the
Box-Behnken model and Design-Expert 11.1.0.1 software.
Various process variables were investigated, including the
pH of the medium, adsorption time, and adsorption tem-
perature [18,19]. Two objective functions, denoted as H (Y,)
and Q (Y,), were considered. For developing the experimen-
tal design based on the Box-Behnken model, a quadratic
model was selected. The factors under investigation, with
three levels each (base level (0), low level (-1), and high
level (+1)), are the input parameters (Table 1). Additionally,
there were five experiments conducted at the center.



192 T.H. Nghia et al. / Desalination and Water Treatment 310 (2023) 189-199

Table 1
Experimental levels of technological variables

Real variable Code Range of Research
variable variation (A) level
-1 0 +1
Z1: Adsorption A 10 30 40 50
temperature (°C)
Z2: Adsorption time (h) B 1 1 2 3
Z3: pH of the medium  C 3 4 7 10

3. Results and discussions

3.1. Effect of technological factors on Cr(VI) ion adsorption
process

3.1.1. Effect of the pH medium

The impact of pH on the adsorption of Cr(VI) ions by
the m-MS sample can be further elucidated by considering
the presence of various chromium ions in solution (HCrO,,
Cr,0f, and Cr,07) as well as the zero-point charge (pH )
value of the m-MS sample. Surface hydroxyl groups and
adsorbate anions in the aqueous phase can undergo pro-
tonation or deprotonation as the pH changes. In an acidic
medium (pH 4), the dominant forms of Cr(VI) ions are the
anions HCrO; and Cr,0Z, with HCrO; being the more prev-
alent. The pHpzc value of the m-MS sample is 6.3. Therefore,
when the solution pH is below 6.3, the surface of the m-MS
sample becomes positively charged, leading to strong elec-
trostatic attraction between the m-MS sample and Cr(VI)
ions [18]. However, the primary components of MS pow-
ders, such as CaO and CaCO,, can partially dissolve in an
acidic environment, resulting in a reduction in the weight
of the m-MS sample. This reduced the m-MS sample’s effec-
tiveness in adsorbing and removing Cr(VI) ions in the acidic
environment [18]. When the pH of the solution falls within
the range of 6 to 7, Cr(VI) ions exist primarily as anions
HCrO,, Cr,OF, and Cr,0Z, and the surface charge of the
m-MS sample approaches zero. Adsorption in this scenario
primarily occurs due to physical interactions between the
active groups on the m-MS sample’s surface and Cr(VI) ions,
leading to the adsorption of Cr(VI) ions into the micro-pores
within the m-MS sample structure. Furthermore, the pres-
ence of active groups (such as carbonyl and sulfate groups)
from EDTA and SDS on the m-MS sample’s surface can
facilitate the reduction of Cr(VI) to Cr(III). These factors con-
tribute to the increased removal percentage of Cr(VI) ions by
the m-MS sample in this pH range. In this case, the mech-
anism of Cr(VI) ions removal from the medium involves
both reduction and anionic adsorption, with anionic adsorp-
tion being the dominant process due to electrostatic attrac-
tion and complex formation. At pH 10, Cr(VI) ion species
predominantly exist as the anion CrO}-, which carries the
same negative charge as the m-MS sample. Consequently,
the adsorption capacity of the m-MS sample for
Cr(VI) ions is significantly reduced in a pH 10 solution [20].

The results in Fig. 3a demonstrates the percentage
removal of Cr(VI) ions by the m-MS sample in the follow-
ing order: pH 7 > pH 6 > pH 4 > pH 10. For instance, as

the pH value increased from 7 to 10 (from a neutral to a
basic condition), the percentage removal of Cr(VI) ions
in the solution sharply decreased from 67.35% to 50.10%.
Conversely, it increased significantly from 61.12% to
67.35% when the pH of the solution changed from acidic to
neutral (from pH 4 to pH 7) after 3 h of testing. This result
is consistent with findings from Yusuff [21], where mus-
sel shell powders exhibited an increased ability to remove
Cr(VI) ions as the pH of the medium increased from 2 to
7 (from 76% to 81%), but this ability tended to decrease as
the pH value was further changed from 7 to 10. Similar
pH-dependent trends were also observed in the results
reported by Gupta et al. [22].

3.1.2. Effect of contact time

The results regarding the effect of adsorption time on the
percentage removal of Cr(VI) ions by the m-MS sample are
presented in Fig. 3b. The m-MS powder’s ability to remove
Cr(VI) ions increased from 24.49% to 69.39% as the adsorp-
tion duration was extended from 1 to 3 h. These experiments
were conducted using a Cr(VI) ion solution with a concen-
tration of 0.1 mg/L. It is evident that Cr(VI) ions were rap-
idly removed during the initial 2.5 h of testing, after which
the rate of removal slowed down. This can be explained
by the fact that the m-MS adsorbent’s surface initially had
numerous vacant sites, allowing for a rapid interaction
between Cr(VI) ions and the m-MS sample. As adsorption
proceeded, it eventually reached equilibrium, with the active
sites of the m-MS adsorbent becoming fully saturated with
Cr(VI) ions. Furthermore, when the adsorption time was
extended from 1 to 3 h, an improvement in the removal of
Cr(VI) ions from solutions with higher initial concentrations
of 1 and 5 mg/L was observed. For instance, the removal
efficiency of Cr(VI) ions from a 10 mg/L solution after 1 h
was 8.94%, while after 2 and 3 h of testing, it increased to
31.56% and 34.94%, respectively. These findings align with
results reported in references [22,23].

3.1.3. Effect of temperatures

The influence of temperature on the Cr(VI) ions adsorp-
tion process by the m-MS sample was investigated within
a temperature range of 30°C to 50°C.

Fig. 3c illustrates that the removal efficiency of Cr(VI)
ions from the aqueous solution increased from 65.31% to
69.39% when the temperature was raised from 30°C to 50°C
after 3 h of testing. This increase in removal efficiency with
higher temperatures was also observed for different dura-
tions. The adsorption temperature had a favorable effect on
the m-MS powder’s ability to remove Cr(VI) ions from the
aqueous solution, indicating that the surface of the m-MS
powders had more active sites. Additionally, at higher
temperatures, Cr(VI) ions were more widely dispersed
in the solution, making it easier for the m-MS powders to
adsorb [24].

3.1.4. Effect of initial Cr(VI) concentration

The effect of the initial concentrations of the Cr(VI) ions
solution on the m-MS sample’s ability to adsorb Cr(VI) ions
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was evaluated at a pH of 7 and an adsorption temperature
of 40°C, as shown in Fig. 3d. It’s evident that the ability to
remove Cr(VI) ions decreased significantly after 3 h of test-
ing, dropping from 67.35% to 34.40%, with an increase in
the initial Cr(VI) concentration from 0.1 to 10 mg/L (Fig. 3d).
Conversely, the m-MS sample exhibited greater adsorp-
tion of Cr(VI) ions in the aqueous solution at lower initial
concentrations of Cr(VI) ions. This can be attributed to the
significant increase in the initial Cr(VI) ions concentration,
which led to the surface saturation of the adsorbent and
resulted in a significant decline in the removal of Cr(VI)
ions. These results align with previous reports [25,26].

3.2. Adsorption isotherms data analysis

Adsorption isotherm models have been employed to
study the adsorption mechanisms at equilibrium. Fig. 4
depicts the fitting of the Freundlich, Langmuir, Temkin,
and Dubinin—-Radushkevich isotherm models based on the
data from subsection 3.1. The regression coefficient (R?)
values are used to determine the most suitable isotherm
model for adsorption. Both the Langmuir and Freundlich
adsorption isotherm models exhibited excellent agreement
with the experimental data, with R? values higher than 0.99
[27]. The fitting curve based on the Langmuir adsorption
isotherm model had a slightly higher R* value than that of
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the Freundlich adsorption isotherm model. The Langmuir
adsorption isotherm model describes the monolayer adsorp-
tion of adsorbate atoms (molecules, ions) on a flat surface,
while the Freundlich isotherm model is used to depict
multi-faceted adsorption on an adsorbent with a heteroge-
neous surface. This suggests that m-MS samples possess reli-
able adsorption sites that enable the formation of a mono-
layer of anion species. Similar findings have been reported
for the removal of Cr(VI) ions from aqueous solutions using
peanut shells and bamboo waste, both of which followed
the Langmuir adsorption isotherm model [25,28-31].

3.3. Adsorption kinetics

In this study, four kinetic equations—first-order, sec-
ond-order, pseudo-first-order, and pseudo-second-or-
der—were fitted to the obtained data and compared with
determine which equation best described the Cr(VI) ions
adsorption process by m-MS powders. The kinetic analy-
sis was conducted at an initial Cr(VI) ions concentration
of 1 mg/L and a temperature of 40°C. The four models for
Cr(VI) ions adsorption onto m-MS powders were fitted
linearly, as shown in Fig. 5. The choice of the most suit-
able equation was based on the regression coefficient (R?).
The values of R* were higher than 0.970 for all kinetic models.
Among them, the pseudo-second-order kinetic equation was
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Fig. 3. Percentage of removed Cr(VI) ions by m-MS powders in different pH medium (a), different testing time (b), different tem-

perature (c), and different initial Cr(VI) ions concentration (d).
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Fig. 4. Different isotherm models with their equations and correlation coefficient values (a) Langmuir, (b) Freundlich, (c) Temkin, and

(d) Dubinin—-Radushkevich isotherms.

the best fit for the experimental data (R? = 0.99). Therefore,
it can be suggested that the pseudo-second-order kinetic
equation is appropriate for describing the Cr(VI) ion adsorp-
tion process by the m-MS sample, and the adsorption is of
the chemisorption type, which is consistent with previous
findings published by Alshammari et al. [32].

3.4. Thermodynamics of adsorption

The free energy change AG®° = -RTIn(K) [Eq. (3)] of
Cr(VI) ion adsorption process:

ln(K)z

where R is the universal gas constant (R = 8.314 J/mol-K),
K is the thermodynamic equilibrium constant and T is the
absolute temperature (K).

Since the adsorption of Cr(VI) ions by m-MS powders
was consistent with the Langmuir isotherm adsorption, the
K parameters were calculated based on this equation by
extrapolating to zero. The Langmuir equation is presented
as follows: y =5.178x +2.812.

AH1 AS
+7

RT R ©)

It can be calculated enthalpy: AH® =-5.178 x 8.314 = —43.04
(J/mol), and entropy AS° =2.812 x 8.314 = 23.37 (J/mol K).

The values of AG® for the Cr(VI) ion adsorption process
on the m-MS sample were calculated and found to be —7,038;
-7,273 and -7,508 J/mol at 303, 313, and 323 K, respectively.
A negative AG® value indicates that the Cr(VI) ion adsorp-
tion process on the m-MS sample can occur spontaneously
under natural conditions without the need for any cata-
lysts. The positive AS° value suggests that m-MS powders
have a strong affinity for adsorbing Cr(VI) ions onto their
surface, and that there may be a structural change during
the adsorption process [33,34].

3.5. Optimization of Cr(VI) adsorption process

In this study, various process parameters such as tem-
perature, time, pH, and concentration were investigated to
understand their influence on the adsorption of Cr(VI) ions
by m-MS powder. Through preliminary research, it was
identified that there are three crucial process parameters,
denoted as A, B, and C, that significantly affect the adsorp-
tion of Cr(VI) ions by m-MS powder. These parameters are
adsorption temperature (in °C), adsorption time (in hours),
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Fig. 5. Different linear kinetic models of Cr(VI) ions (a) first-order reaction, (b) pseudo-first-order reaction, (c) second-order reaction,
(d) pseudo-second-order reaction adsorption according to their equations and correlation coefficient values.

and solution pH. To analyze the impact of these parame-
ters on the adsorption performance and capacity, response
surface methodology was used in conjunction with the
Box-Behnken design. We defined two objective functions, H
(percentage of Cr(VI) ions removed, Y,) and Q (amount of
Cr(VI) ions adsorbed per unit of adsorbent at equilibrium,
Y,). The factors were set at three levels: base level (0), low
level (-1), and high level (+1), with k = 3 factors in total. Using
Design-Expert software version 11.1.0.1, an experimental
matrix plan and the optimal conditions were determined
from the results of 17 experiments, as detailed in Table 2.

The model’s compatibility was assessed through pre-
dicted vs. actual value plots and the residuals vs. runs mod-
els, as shown in Fig. 6. The model demonstrated a strong
correlation between experimental and theoretical values,
with the experimental points closely clustered along a
straight diagonal line in the first graph. In the second graph,
the distribution of experimental points appeared random
within the range of (-8, 8) and (-6, 6).

The response surfaces for the Y, and Y, objective func-
tions, in relation to pairs of technical factors, are depicted
in Fig. 7. The dark red zone represents the ideal range,
while the yellow, green, and blue areas indicate decreasing

target function values. Both Y, and Y, exhibit their highest
values within this zone [33-36].

The target functions are Y, (%): adsorption performance,
and Y, (mg/g): adsorption capacity, respectively:

H (Y,): the percentage of removed Cr(VI) ions (level 5)

Q (Y,): the amount of Cr(VI) ions adsorbed per amount
of adsorbent at equilibrium condition (level 3)

Y, =34.506 + 17.28A + 2.7175B — 6.058C* 4)

Y, =0.088 + 0.04375A + 0.00625B — 0.005C — 0.01525C* %)

The Design-Expert 11.1.0.1 program identified one
solution, corresponding to a set of ideal technological data,
as shown in Table 3. Under these optimal conditions, the
predicted values for the objective functions are H = 54.13%
and Q=0.14 mg/g.

To validate the optimization process, experiments were
conducted in three replicates under the optimal conditions:
an adsorption temperature of 46.2°C, an initial Cr(VI) ion
concentration of 1 mg/L, an adsorption time of 2 h, and
an adsorption pH of 6.61. The obtained values for H and
Q were 52.09% * 0.13% and 0.13 + 0.04 mg/g, respectively.
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Table 2
Data setup of optimization process

No Code variable Objective function
A B C Y, (mg GAE/g) Y, (%)
1 1 1 0 55.88 0.14
2 1 0 -1 47.77 0.12
3 -1 0 -1 15.55 0.04
4 -1 0 1 12.51 0.03
5 -1 1 0 21.37 0.05
6 0 -1 -1 26.13 0.07
7 0 0 0 33.33 0.08
8 0 1 -1 30.07 0.08
9 1 0 1 45.19 0.11
10 0 1 1 27.42 0.07
11 0 0 0 35.12 0.09
12 0 -1 1 24.52 0.06
13 0 0 0 34.82 0.09
14 0 0 0 35.01 0.09
15 -1 -1 0 11.76 0.03
16 1 -1 0 50.59 0.13
17 0 0 0 34.25 0.09
Predicted vs. Actual
(a) 60
|
50
= 40
20
L)
plop
T T T T T
10 20 30 40 50 60
Actual
Predicted vs. Actual
(b) 0.16
0.14
(]
01z
E a1
5 oo
0.06
004 _J <
0.0z
1 1 I I 1 I 1 1

Actual
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These values closely matched the predicted values of H
(54.13%) and Q (0.14 mg/g), indicating that the experimen-
tal results for m-MS powders in this study align with the
optimized computational model. It’s worth noting that this
material may not be as efficient as some previously pub-
lished materials, such as granular and powdered Peganum
harmala or porous carbon derived from corn straw, which
can achieve removal efficiencies of up to 80% or 90%
under conditions of relatively high contaminant concen-
tration [36,37]. It offers the advantages of being environ-
mentally friendly, readily available, easy to process, and
cost-effective.

The experiment was carried out at optimal conditions
(the adsorption time of 2 h, the adsorption pH of 6.61, the
temperature of 46.2°C, the concentration of initial Cr(VI)
ion solution varied from 1, 2, 5, 10, and 15 mg/L) to find
the maximum monolayer adsorption capacity (Q, . ) for
Cr(VI) ion removal process using modified mussel shells.
Fig. 8 presents the data were fitted by Langmuir isotherm
model with the equation in the form: y = 4.7454x + 0.0703
(R* = 0.9946). From this model, it can be calculated that the
Q... for Cr(VI) ion removal process using modified mussel
shells reached 14.22 mg/g. As can be compared with simi-
lar adsorbents in Table 4, the modified mussel shells in
this study have a great Cr(VI) ion adsorption ability.

Residuals vs. Run
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Fig. 6. Empirical and predictive charts, random distributions of Y, (a) and Y, (b).
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Empirical results of target functions at optimal condition
Technological parameters Objective function Results
Time (h) Temperatures pH Experiments Theoretical
9 462 661 Y, 52.09 +0.13 (%) 54.13 (%)
’ ’ Y, 0.13 +0.04 (mg/g) 0.14 (mg/g)
able
Table 4
7 y = 4.7454% + 0.0703 o Cr(VI) ion adsorption capacity of some absorbents from mussel
hell
6 R2 =0.9946 shells
du 5 No. Absorbent Q... (mg/g) References
4
= 3 ° 1 Different treatment rice straw  7.99-40.32  [7]
5 2 Acid treated snail shell powder 10.69 [29]
° 3 Groundnut shell 3.79 30
1
°
0 ® 4  Sugarcane bagasse 1.76 [31]
0 05 1 15 5  Modified mussel shell powder 14.22 Present work
1/C

Fig. 8. Langmuir isotherm model with its equations and cor-
relation coefficient value.

4. Conclusions

In conclusion, various environmental factors, such as
solution pH, temperature, reaction duration, and initial
Cr(VI) ion concentration, were evaluated for their impact

on the adsorption capacity of Cr(VI) ions by m-MS pow-
ders. With the exception of the initial concentration of Cr(VI)
ions solution, which showed a significant decrease in per-
centage removal as it increased from 0.1 to 10 mg/L, most
parameters had a favorable effect on the removal of Cr(VI)
ions, particularly temperature and reaction duration. The
Langmuir isotherm and pseudo-second-order kinetic model
provided the most accurate descriptions of the adsorption
isotherm and kinetics, with correlation coefficients (R?) of
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approximately 0.99 each. Optimal conditions for Cr(VI)
ion adsorption by the m-MS sample were determined
using Design-Expert 11.1.0.1 and the Box-Behnken model,
resulting in an ideal set of parameters: a temperature of
46.2°C, a solution pH of 6.61, and an adsorption time of
2 h. Under these conditions, the material exhibited excel-
lent performance, removing up to 54.13% of Cr(VI) ions
from the initial solution at a concentration of 1 mg/L after
2 h of contact. The maximum monolayer adsorption capac-
ity for Cr(VI) ion removal process using modified mussel
shells reaches 14.22 mg/g, suggesting that modified mussel
shells are promising for the removal of heavy metal ions
in water.
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