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ABSTRACT

A low-cost and high-efficiency adsorbent was synthesized to remove Orange II dye from wastewater
by modifying waste mussel shells with formic acid. The modified mussel shell powder was char-
acterized by X-ray powder diffraction, Fourier-transform infrared spectroscopy, scanning electron
microscopy, Brunauer-Emmett-Teller surface area determination, and X-ray photoelectron spectros-
copy. The effects of solution pH, contact time and temperature on the adsorption of Orange II dye
by modified mussel shell powder were investigated. The adsorption capacity of modified mussel
powder to Orange II decreased with the pH value increased from 3 to 11. The adsorption capacity
gradually increased with contact time, and reached the maximum in about 18 min. The pseudo-
first-order kinetic model can fit the adsorption behavior well. Thermodynamic results show that
the adsorption process is spontaneous and endothermic. The maximum adsorption capacity of
modified mussel shell for Orange II dye was determined to be 65.43 mg/g, which is much higher
than the previously reported results. The results showed that modified mussel shell powder had a
potential application prospect as an adsorbent for the removal of Orange II from waste water.
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1. Introduction

Industrialization and urbanization are the inevitable
trends of societal development, which tends to aggravate
environmental pollution with dyes. Dye wastewater is pro-
duced in papermaking, printing, plastic processing, leather,
coating, pharmaceutical industries, etc. [1-3]. Many dyes
used in the textile industry show stability under light and
oxidation conditions and are resistant to aerobic degra-
dation, so they are difficult to remove [4]. Therefore, dye
removal is an important and challenging area in wastewa-
ter treatment. Many studies have been carried out using
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physical and chemical methods to remove dyes, including
flocculation, chemical oxidation, electrochemical method,
biological treatment method, etc. [5,6]. Among various meth-
ods, adsorption method occupies a very important position.
Adsorption method is better than other methods in terms of
low cost, simple design and operation method and insen-
sitivity to toxic substances [7], so it is favored in practical
application. Activated carbon is the most widely used adsor-
bent. Due to its large specific surface area, high porosity
and various functional groups on the surface, it is the most
effective and popular adsorbent for the removal of organic
and inorganic pollutants [8]. However, the wide application
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of activated carbon is limited due to its limited adsorption
capacity, selective adsorption, complex regeneration process
and high-cost [9]. Therefore, the research and development
of adsorbents with wide application range, high adsorp-
tion efficiency, easy regeneration, stable performance and
low treatment cost has become the popular research direc-
tion of many researchers. It is reported that many natu-
ral, renewable, eco-friendly adsorbents can adsorb dyes in
water, including agricultural waste (soybean shell, rice husk,
peanut shell, banana, eucalyptus leaves, coconut coir, etc.)
[10-14], biological adsorbent (chitosan, biomass), and other
materials such as starch, cotton, etc. [15,16]. However, the
search for more efficient, environmentally friendly, cheap
and readily available adsorbents continues.

With the development of aquaculture, mussels became a
popular food. However, the disposal of the waste of mussel
shells has become a major issue. If discarded shells are not
properly disposed of, large quantities of shells will result
in environmental pollution [17]. In order to prevent envi-
ronmental pollution and reduce environmental impact, it
is urgent to recycle waste shells. In recent years, shells, as
a renewable and low-cost biomass material, has attracted
much attention for its potential application in many fields
[18,19]. It can be used as an environment-friendly adsor-
bent to adsorb heavy metals, dyes, fluorine, phosphate and
sulfur compounds in wastewater [20-27]. Orange II [28,29]
is a kind of anionic dye, which is widely used in textile,
paper, food, wig and leather dyeing industries whose water
solubility is up to 116 g/L. This dye is not biodegradable
in nature and has been found to be harmful by inducing
changes in animal cells. It also has a high mobility and
permeability as it can penetrate into the soil and has the
potential to pollute groundwater [30]. Many studies have
found that structural modification of some adsorbents
can improve the original adsorption capacity. For exam-
ple, coating eggshell powder with manganese oxide can
improve the adsorption of arsenic ions in aqueous solution
[31]. Modified mussel shell with Fe(OH), can be used as
a low-cost adsorbent to remove phosphorus from waste-
water [32]. Our research group has also carried out some
research work on adsorbing dyes with phosphoric acid
modified clam shell powder [33].

Therefore, this paper aims to develop a cheap and eas-
ily available modified shell powder adsorbent to adsorb
Orange II dye in wastewater, so as to treat waste with the
waste. First, shells were made into a soft sponge [34], and
then manganese oxides were coated on its surface to study
the feasibility of this new modification method to improve
the adsorption performance of dyes by the modified shells.
The optimum adsorption conditions of Orange II in solu-
tion were studied by the adsorption parameters such as pH,
contact time and temperature.

2. Materials and methods
2.1. Materials

Orange II dye (C H, N ,NaO,5-5H,0, molecular weight
of 350.32) and ethanol (EtOH) were purchased from the
Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China).
Formic acid (CH,O,) was purchased from the Chinasun

Specialty Products Co., Ltd., (Jiangsu, China) and used
without further purification.

2.2. Pretreatment of mussel shells

The mussel shells were obtained from Lianyungang
City, Jiangsu Province. First the surface sediment was
washed off and the inside contents were washed off with
tap water, leaving only the shell, which was then boiled in
hot water for 10 min. After boiling, the shell was taken out
and washed with ultrapure water for 3 times, and dried at
120°C for 3 h. After drying, the shell was broken into small
pieces with a hammer, and then the small pieces were
crushed with a pulverizer into a powder of less than 20 mesh.

2.3. Preparation of modified adsorbent

The modification process of shell powder includes the
following steps: (1) A known amount of mussel shell pow-
der was put into formic acid solution (3%) with a solid to
liquid ratio of 1:20, (2) the mixture was soaked and reacted
while stirring with a magnetic stirrer for 6 h, (3) after
soaking, the suspension was filtered with suction filter to
separate solid from solution, rinsed with ethanol (95%)
for three times, and then rinsed with deionized water for
several times to ensure the removal of formic acid, (4) an
appropriate amount of shell powder was weighed and
it was soaked in 50 g/L manganese chloride solution for
48 h. The treated shell powder was centrifuged and fil-
tered and then calcined in a tube furnace at 400°C for 2 h.
The modified mussel shell powder was stored in glass
bottles before characterization and adsorption studies.

2.4. Adsorption experiments

The modified mussel shell powder was used as an adsor-
bent for the removal of dye from wastewater. Adsorption
experiment was carried out in a 200 mL beaker contain-
ing 100 mL Orange II (50 mg/L) while stirring with a mag-
netic stirrer (500 rpm). The adsorption reactions were
initiated by adding 300 mg of modified mussel shell pow-
der. 1.5~2 mL solution was taken out every 2 min with a
syringe, and the liquid was separated through a 0.22 pm fil-
ter. The absorbance values of the Orange II dye at its max-
imum wavelength of 484 nm were recorded by UV-visible
spectrophotometer (UV-2450, Shimadzu, Japan). When
the adsorption equilibrium was reached, the following
formula was used to calculate the adsorption amount:

V(C,-C)
= -/ 1
g=— )
where g is the adsorption amount (mg/g), C, and C in (mg/L)
are the liquid-phase concentrations of dye at initial and at
equilibrium, respectively, V is the volume of solution (L),
and W is the mass of adsorbent in (g).

2.5. Characterization of materials

The structure and phase compositions of modified
mussel shell powder were monitored by powder X-ray
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diffraction (XRD) analysis using an X-ray diffractometer
(Rigaku D/Max-2500 PC) with Cu Ka (A = 1.54056 A) radia-
tion (40 kV, 300 mA) of 0.154 nm wavelength. The functional
groups of modified mussel shell powder were analyzed by
Fourijer-transform infrared spectroscopy (FTIR). The sur-
face morphology of modified mussel shell powder was
observed and analyzed by the JSM-6360LA scanning elec-
tron microscope (SEM, JEOL, Japan). X-ray photoelectron
spectroscopy (XPS) was used to analyze chemical compo-
nents by a Thermo Scientific K-Alpha electron spectrom-
eter. The specific surface area of the modified mussel shell
powder samples was determined by Brunauer-Emmett—
Teller (BET) method using nitrogen adsorption-desorp-
tion isotherms on a surface area analyzer (Micromeritics,
ASAP 2010C, USA).

3. Results and discussion
3.1. Characterization analysis of materials
3.1.1. XRD analysis

The XRD patterns of the raw shell powder and the mod-
ified shell powder are shown in Fig. 1a, revealing that there
are significant differences between the two samples. The
modified shell powder has fewer peaks than the raw shell
powder, because the chemicals in the shell reacted with for-
mic acid and led to this result. The modified shell powder
has a main peak at 20 = 29.396°, and the peak intensity is
obviously higher than that of the same peak of unmodified
shell powder. The peaks at 20 of 35.967°, 39.444°, 43.210°,
47.533°, 48.526°, 57.403°, 60.677° and 64.677° are consistent
with the X-ray diffraction pattern of calcite (Fig. 1a), which
is consistent with the literature report [34]. The XRD pat-
tern also confirmed the absence of aragonite. However, no
Mn crystallites were detected in the XRD patterns of mod-
ified powder, which may be due to the low amount and
poor crystallinity of Mn adsorbed on the surface of mus-
sel shell powder. Mn phase was not detected because the
high crystallinity of calcium carbonate crystals could have
masked the diffraction peaks of other crystals [35]. In addi-
tion, no other peaks were found, indicating that no other
phases could be detected in the modified shell powder.
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3.1.2. Infrared analysis

The surface functional groups of modified mussel
shells were characterized by FTIR. The dried modified shell
powder (2 mg) was compacted with 100~150 mg potas-
sium bromide under pressure, and the infrared (IR) spectra
were collected in the spectral range of 400~4,000 cm™ [36].
The infrared spectrum was obtained after the modified
mussel powder sample was evenly mixed with potassium
bromide and then pressed into pellets (Fig. 1b). As can
be seen from Fig. 1b, a wide peak at 3,448.74 cm™ is -OH
stretching vibration peak, which refers to the hydroxyl
groups (moisture content) from water. The two small
peaks near 2,900 and 2,500 cm™ are attributed to the C-H
bond stretching of the protein and the -OH of HCO* [37].
The existence of CaCO, polyphase can be recognized by
an obvious peak at 1,428.94 cm™ while calcium carbonate
deformation peak occurred at 1,637.03 cm™ and out-of-
plane bending vibration of CO?" ion occurred at 873.91 cm™
[33]. In addition, the peak at 1,794.47 cm™ can be attributed
to C=O in carbonate ion while the peak at 712.84 cm™ is
attributed to the in-plane bending vibration of COZ ion.
Thus, the FTIR results show that the main component of the
modified shell powder is calcite calcium carbonate [38].

3.1.3. SEM analysis

The raw mussel shell powders and modified mussel
shell powders were characterized by SEM and the results
are shown in Fig. 2. It can be seen from Fig. 2b that the
modified mussel shell powders are mainly in the nest-like
morphology formed by prismatic columns or needles of
crystals [34], which may be caused by erosion after formic
acid treatment. The BET specific surface area of modified
mussel shell powder was determined to be 7.68 m?/g.

3.1.4. XPS analysis

In order to further understand the chemical compo-
sition and adsorption mechanism of modified mussel
shell powder, the valence states of elements in the mate-
rials were determined by XPS [39]. Fig. 3a shows the XPS
spectrum of modified mussel shell powder. It can be seen
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Fig. 1. (a) XRD patterns of raw shell and modified shell powders and (b) IR spectrum of modified mussel shells.
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Fig. 2. SEM images of (a) raw mussel shell powder and (b) modified mussel shell powder.
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Fig. 3. (a) XPS survey, (b) Ca 2p, (c) Mn 2p, (d) O 1s and (e) Cls XPS spectra of modified mussel shell powder. (f) Influence of
pH on adsorption performance of modified mussel shells. (g) Zeta potential of modified mussel shells with different pH.
Adsorption conditions: Orange II 50 mg/L, adsorbent 1 g/L and adsorption temperature was 298 K, adsorption time was 18 min.
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from Fig. 3a that the appearance of Mn 2p peak indicates
that Mn element has been successfully introduced into
this material. The peaks of O 1s and C 1s are at 532.3 and
284.6 eV [40-42] respectively. The Mn 2p spectrum in
Fig. 3b shows two peaks at 653.5 and 641.5 eV. Due to spin
orbital splitting, Ca 2p,, and Ca 2p,, are clearly visible
around ~345.5 and ~349 eV, respectively.

3.2. Effect of pH on adsorption properties

In the adsorption process, the initial pH of the solution
is an important parameter because pH has a great influ-
ence on chemisorption, which can affect not only the sur-
face charge of the adsorbent, but also the surface charge
of the adsorbate in the adsorption process [43]. The influ-
ence of pH on the adsorption process of modified shell
powder was investigated by changing the initial pH of
Orange II dye solution. The initial pH of the orange dye
solution was set as 3, 5, 7, 9, 11, and the time required for
adsorption to reach equilibrium at each pH value was
measured. When pH increased from 3 to 11, the adsorp-
tion capacity of modified mussel shell powder on Orange
II dye decreased from 65.43 to 25.03 mg/g (Fig. 3b). When
pH was equal to 3, the adsorption effect on orange dye was
the best. Adsorption decreased with increasing pH of the
solution because of the existence of more OH" species at
higher pH, which would compete with anionic Orange II
dye for adsorption sites on the modified mussel shell pow-
der. In addition, the reduction in the adsorption quantity
may also be associated with the reversal of the adsorbent
surface charge due to treatment of mussel shell powder
with manganese chloride, which led to a layer of manga-
nese oxide coating after calcination. After manganese oxide
coating, the surface may have become positively charged
and therefore adsorbed negatively charged Orange II dye
in large quantities under acidic conditions. However, with
the increase of pH, charge repulsion occurred between the
adsorbent and dye, resulting in the decrease of adsorption
capacity of modified mussel shell powder [36,44]. In addi-
tion, zero point of charge (PZC) value represents the zero
charge of the catalyst, which is a necessary research object
in the study of dye adsorption. When (pH,,,.) catalyst < pH
(solution), cationic dye molecules will be adsorbed, while
when (pH,,.) catalyst > pH (solution), anionic dye mole-
cules will be adsorbed [45,46]. As the pH,,. value of the
modified mussel shell powder is 2.9 (Fig. 3g). When the
pH of the solution is lower than 2.9, the number of posi-
tive charges on the catalyst surface will increase, so more
anionic Orange II dyes can be adsorbed in this case.

3.3. Influence of contact time on adsorption properties

Fig. 4 shows the effect of contact time on the amount
of dye adsorption. It can be seen from Fig. 4 that with the
increase of contact time between modified mussel shell
powder and Orange II dye, the adsorption capacity grad-
ually increased, and reached the maximum value of
30.56 mg/g at about 18 min. Compared with other adsor-
bents, the adsorption rate of modified mussel shell pow-
der on orange dye was faster [33]. This is because the
adsorption sites of mussel shell powder increased after

modification by formic acid erosion and manganese chlo-
ride addition followed by calcination. The diffusion rate to
the surface and interior of the modified mussel shell pow-
der was faster, and the removal rate and adsorption capac-
ity increased significantly for the negatively charged orange
dye. With the increase of adsorption time, the adsorption
amount decreased after 18 min, which may be because
the adsorption sites of the adsorbent reached saturation,
that is, total adsorption occurred. Therefore, any further
extension of contact time had no significant effect on the
adsorption amount of Orange II. Therefore, in subsequent
experiments, the adsorption time of 18 min was used.

3.4. Adsorption isotherms

Adsorption isotherms are important for understanding
adsorption systems. Langmuir and Freundlich adsorption
isotherm models were used to analyze the adsorption data
of Orange II dye on modified mussel shell powder under
different temperatures (273, 298, and 323 K). Langmuir
adsorption isotherm is characterized by adsorption occur-
ring as a monolayer at specific sites, which are distributed
on the uniform surface of adsorbent, and its formula can be
expressed as [47,48]:

i1 1 @)
7. 49.bC. 4,

where C, is the concentration of dye in the solution when
the adsorption reaches equilibrium (mg/L), g, is the equi-
librium adsorption capacity of the adsorbent (mg/g), g, is
the adsorption capacity of the adsorbent (mg/g), and b is
the Langmuir model constant (L/mg).

Freundlich isotherm model is a commonly used model
to describe adsorption on non-uniform surfaces. The formula

is expressed as [44]:
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Fig. 4. Influence of contact time on adsorption performance
of modified mussel shells. Adsorption conditions: Orange II
50 mg/L, adsorbent 1 g/L and adsorption temperature was 298 K,
initial solution pH = 5.86 + 0.20.
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Ing, =InK, +lInCE 3)
n

where n and K, are Freundlich constants, representing
adsorption strength and adsorption capacity respectively,
and 1/n is the factor of non-uniformity. When n > 1, it
indicates that the adsorption process is favorable.

As can be seen from Fig. 5, the adsorption effect of
modified mussel shell powder on Orange II dye was sig-
nificantly improved compared with the original powder,
indicating that the physical and chemical properties of
manganese modified mussel shell powder were enhanced
and the adsorption performance was improved.

Fig. 6 shows the adsorption isotherms of two different
models based on experimental data. Table 1 is the value of
adsorption isotherm parameters. For modified mussel shell
powder, there was a linear relationship between InC, and

Ing, and between 1/C, and 1/g, at all temperatures, so both
Langmuir and Freundlich models could well fit the exper-
imental data of adsorption of Orange II dye by modified
mussel shell powder at different temperatures. The detailed
analysis of the regression coefficients showed that Langmuir
R? (0.96206~0.97687) was higher, so the Langmuir isothermal
model was more suitable, indicating that the adsorption of
Orange II dyes by modified mussel shells was uniform, and
the adsorption mainly occurred as a monolayer. In addi-
tion, the linear form of Langmuir adsorption isotherm fits
the data better than the nonlinear form.

It can be seen from Table 1 that the adsorption order
of modified mussel shells at different temperatures is as
follows: 323 > 298 > 273 K, indicating that within a certain
range, the higher the temperature is more conducive for the
adsorption of dye. The increased adsorption capacity with
the increase of temperature indicates that the adsorption
process is endothermic. It was previously reported that the
increase in volumetric adsorption capacity might be due

25 to an increase in the diffusion rate within the adsorbate
—n—Raw mussel shell power particles, since diffusion is an endothermic process [49].
20 —e—Modified mussel shell power
. °
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The quasi-first-order kinetic model is based on the
assumption that the occupancy rate of adsorbed sites is
proportional to the number of unoccupied sites, and the
equation form is [50]:

In(q, —q,)=Ing, -kt @)

where k, is a quasi-first-order rate constant (min™), and
g, (mg/g) is the adsorption capacity of dye at time ¢ (min).

The quasi-second-order kinetic model assumes that
the occupancy rate of adsorption sites is proportional
to the square of the number of unoccupied sites and the
equation is written as follows:

t 1 t

= +—
9 ka4,

®)

where k, is a quasi-second-order rate constant (g/min-mg).
The intraparticle diffusion equation is [39]:

qg=k " +b (6)

where k_ is the internal diffusion rate constant (mg/g-min'?),
t is the adsorption contact time (min), and b is a con-
stant (mg/g).

Fig. 7 shows the experimental results of adsorption
kinetics of Orange II dye on modified mussel shell pow-
der at 273, 298 and 323 K. As can be seen from Fig. 7, when
the temperature is 273, 298 and 323 K, the adsorption pro-
cess of modified mussel shell on Orange II dye progresses
rapidly in about 2 min, and then gradually decreases into
a slow adsorption stage until the maximum adsorption
amount is reached. In the early stage of adsorption, the
reason why the mussel shell powder modified by the cal-
cination of manganese chloride adsorbed faster was that
there were many adsorption sites and the dye concentration

1 " 1 " 1 " 1 " 1

0 5 10 15 20

Time (min)

Fig. 7. Adsorption kinetics of Orange II dye on modified mussel
shells at different temperatures.

was high, resulting in surface adsorption. As the adsorp-
tion site of the adsorbent is gradually filled, the Orange II
dye would further diffuse into the adsorbent. During the
process of adsorption, the concentration of Orange II dye
decreased gradually, the mass transfer force weakened, the
adsorption amount increased slowly, and the adsorption
entered the equilibrium stage.

In order to better understand the adsorption of Orange
II dye by modified mussel shell powder, different kinetic
models were used to fit the adsorption kinetic data of
orange dye on modified mussel shell powder at different
temperatures, and the fitting data are shown in Table 2.
As can be seen from Table 2, the correlation coefficient R?
(69.365-85.262) of the quasi-second-order adsorption kinetic
equation is lower than that of the quasi-first-order adsorp-
tion kinetic equation (78.567-97.755), indicating that the
entire adsorption process was more in line with the qua-
si-first-order adsorption kinetic model. The occupation
rate of adsorption sites in the adsorption process between
modified caustic shell powder and Orange II dye was pro-
portional to the number of unused sites. It can be inferred
that the adsorption of Orange II dye by modified mus-
sel shell is not only physical adsorption, but also chemical
adsorption.

Table 3 represents the fitting results of the particle dif-
fusion model for the adsorption of Orange II dye by mod-
ified mussel shell powder at different temperatures. As
can be seen from Table 3, in the rapid adsorption stage, the
regression coefficient R is high and can be well fitted, while
in the slow adsorption stage, the regression coefficient is
low. The fitting degree was good for the whole process of
adsorption, which indicated that the adsorption of Orange
IT dye by modified mussel shell powder had an internal dif-
fusion mechanism, and the internal diffusion process could
be divided into two stages. In the rapid adsorption stage,
the internal diffusion rate constant K, , is larger, while in
the slow adsorption stage, the internal diffusion rate K,
is smaller. This may be because the Orange II dye diffuses
from the outer surface of the modified mussel shell powder
to the internal process, the resistance increases, resulting
in a lower adsorption rate and a slower adsorption. In the
whole process, K. < K_ <K_  and the internal diffusion
rate in the slow stage is the minimum, so the speed of the
adsorption rate in the slow stage determines the speed of
the whole adsorption process. Moreover, with the increase
of temperature, the internal diffusion rate of each stage grad-
ually increases with the increase of temperature, indicating
that the internal diffusion rate of Orange II dye on modi-
fied mussel shell powder can be increased by increasing

Table 2
Fitting parameters of adsorption kinetics model at different
temperatures

T (K) 273 298 323
Quasi-first-order k, (x102) 23218 4.891 11.456
kinetic parameters R? 97.755  81.718  78.567
Quasi-second-order  k, (x10?)  0.2473  0.6047  1.3045
kinetic parameters R? 69.365 80.778  85.262
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the temperature in a certain range. The intercept b indicates
whether the boundary effect exists, that is, when b = 0, intra-
particle diffusion is the only rate control step, but b # 0 as
shown in Table 3. Therefore, the existence of the boundary
layer effect can be inferred, indicating that there are sur-
face phenomena such as mass transfer or liquid film diffu-
sion in the process of adsorption of Orange II dye by mod-
ified mussel shell powder [38]. This may be caused by the
erosion of mussel shell powder by formic acid.

3.6. Adsorption thermodynamics

Thermodynamic analysis is of great significance for
the study of adsorption mechanism, which guides prac-
tical production and application [35]. In any adsorption
process, energy and entropy are needed to determine
whether the adsorption process is spontaneous or not.
Thermodynamic parameters are calculated as follows [51]:

q,
K, =1 7
¢ )
and:Ais,ﬁ 8)
R RT
AG = AH - TAS ©)

where K, is the solid-liquid partition coefficient (L/g), R is
the standard gas constant (8.314 J/(molK)), T is the abso-
lute temperature (K), AG is the Gibbs free energy changes
(kJ/mol), AH is the standard enthalpy changes (kJ/mol),
AS is the standard entropy changes (kJ/(mol-K)).

In order to better understand the influence of
temperature on the adsorption of Orange II dye by mod-
ified mussel shell powder, the thermodynamic parame-
ter equation was used to fit the obtained data. The results
are shown in Fig. 8 and Table 4.

As can be seen from Table 4, AG gradually decreases
with the increase of temperature, and a negative value
appears at 323 K, indicating that the increase of temperature
is more conducive to the spontaneous adsorption reaction.
AH = 14.128, which is >0, indicating that the adsorption pro-
cess of modified mussel shell powder for Orange II dye is
an endothermic adsorption process, which is the same as
that obtained by isothermal adsorption model. The heat
generated during physical adsorption is in the range of
2.1~20.9 kJ/mol [50,52]. From Table 4, the obtained value of
AH suggests that the adsorption of Orange II by modified

Table 3

mussel shell powder mainly takes place by physical adsorp-
tion, which is consistent with the results of pseudo-first-
order kinetic model fitting, AS = 0.0459 > 0. It shows that
the randomness of solid-liquid interface increases during
the adsorption of Orange II dye by modified mussel shell
powder, which is a process of entropy increase. In general,
the adsorption process of Orange II on modified mus-
sel shell powder is a high temperature process, which
is spontaneous, endothermic and of increased entropy.

3.7. Safe disposal of waste adsorbent

Put it in a tube furnace and calcine it at 400°C for 2 h
using spent adsorbents for the next reuse. Finally, the
obtained particles can be used in roads or landfills.

3.8. Comparison of modified shell powder with other materials

Table 5 summarizes the comparison of the maximum
adsorption capacities of several different adsorbents for

0.4

0.2

-0.6 -

_0.8 1 1 1 1 1 1 1

0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0037
1T (1/K)

Fig. 8. Adsorption thermodynamics.

Table 4
Thermodynamic parameters of adsorption of Orange II

AG (kJ/mol) AH (kKJ/mol) AS (kJ/(mol-K))
273K 298 K 323K
1.588 0.440 -0.708 14.128 0.0459

Fitting parameters of intraparticle diffusion model of modified mussel shell powder at different temperatures

Whole process Rapid adsorption Slow adsorption
T (K)
intl b] R12 KintZ bZ R; KintS b3 R§
273 4.236 2.466 0.937 6.099 0.070 0.982 2.623 8.226 0.896
298 6.347 4.686 0.925 9.640 0.551 0.992 3.938 13.21 0.862
323 8.334 5.079 0.947 11.849 0.492 0.995 5.023 16.99 0.973
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Table 5
Comparison on Orange II adsorption capacity by modified
mussel shell and other reported adsorbents

Adsorbent . References
(mg/g)
Biological solid adsorbents 0.6 [53]
Commercial activated carbon 0.73 [53]
Zeolite modified by HDTMA 3.38 [54]
Zeolite 0.63 [54]
CTAB coated zeolite 38.96  [55]
Natural zeolite 8.13 [55]
Modification of palygorskite with STAB 92 [30]
Modification of palygorskite with DOAB 88 [30]
Inorganic—organic bentonite 76 [56]
Deoiled soybean drugs 7.39 [57]
Waste residue 5.93 [57]
Modified mussel shell 65.43  This study

Orange II dye, including the mussel shell powder modified
in this paper. As can be seen from Table 5, the adsorption
capacity of modified mussels on Orange II dye is better,
but it is also lower than that of modified palygorskite and
inorganic—organic bentonite, so the modification process
still needs to be optimized. However, it has the additional
advantages of simple production process, easy to obtain
materials and low cost, indicating that the modified mus-
sel shell has a good development prospect for adsorbing
Orange II dye.

3.9. Dye adsorption mechanism

Combined with FTIR and XPS, we found that it might
be due to several active functional groups, such as -OH
form a coordination bond with Mn(Il) ions. Adsorption
processes might include electrostatic interaction, hydro-
gen bonding, physical adsorption and chemical adsorp-
tion. Therefore, the detailed mechanism was difficult to
describe. There might be electrostatic interaction between
positively charged functional groups on the surface of mod-
ified shell powder and negatively charged sites (Orange 1II)
strongly adsorbed from the solution. As the pH,,. value
of the modified mussel shell powder is 2.9, when pH
increased from 3 to 11, the adsorption capacity of modified
mussel shell powder on Orange II dye decreased.

4. Conclusion

The adsorption capacity of Orange II was improved
by modifying the discarded mussel shell powder, and the
adsorption capacity changed with the change of pH, contact
time and temperature. The maximum adsorption capacity
was 65.43 mg/g. The results show that both Langmuir and
Freundlich models can be used to describe the adsorp-
tion process of modified mussel shell powder, and the
Langmuir linear model has a better fit for the data in gen-
eral. Secondly, the quasi-first-order kinetic model is more
consistent with the adsorption behavior of modified mussel

shell powder for Orange II dye. In addition, thermodynamic
studies show that the adsorption of Orange II by modified
mussel shell powder is spontaneous, endothermic and fea-
sible. Therefore, it can be concluded that modified mussel
shell powder is an effective adsorbent to remove Orange II
dye from wastewater. Mussel shells are a waste product, but
can be converted into an adsorbent to serve as a resource.
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