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In this study, freshwater snail shells (FSSs) containing CaCO3 were used as a low-cost biosorbent for removing Cr(VI) from
aqueous solutions.-e characteristics of FSS andmechanism of Cr(VI) adsorption onto FSS were investigated.-e FSS biosorbent
was characterized using nitrogen adsorption/desorption isotherm, X-ray diffraction, scanning electron microscopy with energy
dispersive spectroscopy, and Fourier transform infrared spectroscopy.-e adsorption mechanism was determined by conducting
various batch adsorption experiments along with fitting experimental data with various adsorption models. Batch adsorption
experiments were conducted as a function of solution pH, contact time, biosorbent dose, and initial Cr(VI) concentration. Results
indicated that pH� 2, a contact time of 120min, and an initial Cr(VI) concentration of 30mg/L at 20°C were the best conditions
for adsorption of Cr(VI) onto FSS. -e Cr(VI) adsorption onto FSS decreased with an increase in temperature from 20 to 40°C.
-e obtained maximum adsorption capacity was 8.85mg/g for 2 g/L of FSS dose with 30mg/L of initial Cr(VI) at 20°C. -e
adsorption equilibrium data fit well with the Sips and Langmuir isotherm models at 20°C with a high R2 of 0.981 and 0.975,
respectively. Also, a good correlation between the experimental data and the pseudo-second-order model was achieved, with the
highest R2 of 0.995 at 20°C. -e adsorption mechanisms were electrostatic interaction and ion exchange. Simultaneously, this
mechanismwas also controlled by film diffusion.-e Cr(VI) adsorption process was irreversible, spontaneous (− ∆G°), exothermic
(∆H° is negative), and less random (∆S° is negative). In conclusion, freshwater snail shells have the potential as a renewable
adsorbent to remove toxic metals from wastewater.

1. Introduction

Chromium is a highly toxic agent to humans and other living
organisms, which is discharged into receiving sources from
many industrial activities, including leather tanning, elec-
troplating, metal processing, dyeing, chromate preparation,

and leathers [1]. In aqueous solutions, chromium exists in
both trivalent (Cr(III)) and hexavalent (Cr(VI)) forms [2–5].
Compared with Cr(III), Cr(VI) is more mobile, hard to treat,
and about 10–100 times more toxic [1, 6]. Cr(VI) may cause
lung cancer [3], epigastric pain, severe diarrhea, hemor-
rhage, dermatitis [4], tissue necrosis, and skin irritation [1].
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For many decades, several techniques, such as reverse
osmosis and direct precipitation [1], electrochemical re-
duction, ion exchange [7], biological treatment [8, 9], co-
agulation, solvent extraction, membrane separation,
biosorption [10–12], artificial radiation, and solar radiation
in a tubular reactor, are being followed to remove Cr(VI)
from polluted waters [13]. Among these methods, adsorp-
tion has been acknowledged to be the most economically
favorable method due to its low energy consumption and
high efficiency, even at a very low Cr(VI) concentration.

Biosorbents are adsorbents derived from various kinds of
biomass, mainly industrial and agricultural by-products, such
as clay, corncob, and fly ash [2, 14, 15], which are used for the
removal of various contaminants from the water environ-
ment. Among them, a large number of low-cost biosorbents
developed from different by-products, such as tamarind nut
carbon [12], green coconut shell [3], sugarcane bagasse [4],
coffee husk [5], rice husk [16], waste fruit cortexes [17], and
mango kernel [18], had been used for aqueous Cr(VI) ad-
sorption. Especially, the materials containing biogenic cal-
cium carbonate (CaCO3) have been attracting much attention
from scholars. Such composite biomaterials showed high
affinity to many harmful trace metals, such as Pb, Cd, Cr, Ni,
and Zn, in solution. -us, these biomaterials are used to
develop CaCO3-rich materials for preparing low-cost ad-
sorbents. For instance, Flores-Cano et al. [19] developed an
eggshell-derived biosorbent for Cd adsorption; El Haddad
[20] used a calcined mussel shell (62.24% CaCO3)-derived
biosorbent to remove Basic Fuchsin dye; Van et al. [21]
developed a green biosorbent derived from freshwater mussel
shells (contain >90% CaCO3) for the removal of Cd with an
adsorption capacity of 26.6mg/g.

Fresh snail is one of the popular foods in Vietnam and
Asia. -e freshwater snail shell (FSS) waste directly dis-
charged into environment causes foul odor, affecting human
health and aesthetics. However, fresh snail shell is a CaCO3-
rich material and is a potential feedstock for biosorbent
preparation with economic and environmental significances.
As a biosorbent, FSS offers promising advantages, including
large surface area, high porosity, small foam density, and
good chemical resistance. Hence, FSS can potentially serve as
a green biosorbent to remove trace metals such as Cr(VI)
from aqueous solutions.-e aim of this study, therefore, was
to develop an inexpensive biosorbent from FSS for the re-
moval of toxic Cr(VI) from aqueous solutions. Character-
istics of FSS, adsorption isotherm, kinetics, and mechanism
of Cr(VI) onto FSS were thoroughly investigated through
batch experiments under various operational conditions.

2. Materials and Methods

2.1. Preparation of Biosorbent. -e fresh snail shell (FSS)
wastes were collected from local restaurants in -ai Nguyen,
Vietnam. -e FSSs were cleaned three times with tap water
and air-dried under sunlight.-e dried FSSs were then soaked
in 0.1M sulfuric acid solution to remove soluble matter on
their surface and repeatedly washed with distilled water to
remove residual acid until the solution pHwas constant. After
drying at 80°C for 24 h, the FSSs were ground and sieved to

obtain particles ≤0.5mm in size. -e obtained FSS powder
was then stored in plastic containers for further usage.

2.2. Characteristics of Biosorbent. -e surface area (SBET) of
FSS was determined by nitrogen adsorption/desorption
isotherm at 77.350K (Coulter, USA). -e morphology of
FSS was analyzed using scanning electronmicroscopy (SEM,
Hitachi S-4800). -e FSS crystal structure was characterized
using an X-ray diffractometer (D8 ADVANCE) equipped
with a copper tube by scanning 2θ from 10° to 80° with a 2°/
min rate (λKα� 0.15418 nm). -e presence of surface func-
tional groups was detected using Fourier transform infrared
spectroscopy (FT/IR-6300) with wavenumbers from 4000 to
500 cm− 1.

pHPZCwas determined according to the pH shift method
[22]: first, 10mL of 0.01M NaCl solutions were adjusted to a
desirable pH value (pHinitial, from 3 to 10) with 0.1M NaOH
and 0.1M H2SO4. -en, 30mg of FSS was added to the NaCl
solution in a 100mL Erlenmeyer flask and shaken on a
shaker for 48 h at 120 rpm at room temperature (25± 1°C).
-e suspended solution was decanted and the final pH
(pHfinal) was measured. -e difference between pHinitial and
pHfinal was ∆pH, which was further plotted against pHinitial.
-e pHPZC value was calculated for ∆pH� 0 using a cubic
spline interpolation method.

2.3. Batch Experiment of Cr(VI) Adsorption onto FSS. -e
chemicals used were K2Cr2O7, H2SO4, and NaOH (pur-
chased from Merck, Germany). Cr(VI) stock solution
(1000mg/L) was prepared by accurately dissolving
2.8287 gK2Cr2O7 in 1000mL deionized water. Desirable
concentrations of Cr(VI) solution in range between 5mg/L,
10mg/L, 20mg/L, 30mg/L, 40mg/L, 50mg/L, 60mg/L,
70mg/L, and 80mg/L were prepared by diluting the above
stock solution with deionized water.

Each adsorption experiment was carried out by mixing a
definite amount of FSS with 25mL of Cr(VI) solution in an
Erlenmeyer flask. -e pH of the mixture was adjusted using
1M H2SO4 or 1M NaOH solution. -e mixture was shaken
at 120 rpm at a definite temperature in a proper time. -en,
the mixture was filtered by using a Whatman No. 1 filter
paper (pore size of 11 μm). -e concentration of Cr(VI) in
the filtrate was analyzed by Atomic Absorption Spectrom-
etry (AAS, Hitachi Z 2000). -e experiments were con-
ducted to investigate effects of various parameters on Cr(VI)
adsorption onto FSS, namely, solution pH (2.0–9.0), contact
time (20–180min), initial Cr(VI) concentration (30–
200mg/L), and biosorbent dosage (2–30 g/L) and temper-
ature (20–40°C).

-e amounts of Cr(VI) adsorbed onto the biosorbent at
equilibrium (qe; mg/g) and any time t (qt; mg/g) were cal-
culated according to the following equation:

qe �
C0 − Ce( V

W
,

qt �
C0 − Ct( V
W

,

(1)

2 Journal of Chemistry



where C0 (mg/L), Ct (mg/L), and Ce (mg/L) are Cr(VI)
concentrations at the initial time (t� 0), any time t, and
equilibrium, respectively; V (L) is the working volume of
Cr(VI) solution; and W (g) is the weight of used biosorbent.

3. Results and Discussion

3.1. Characteristics of Biosorbent. -e obtained results of
nitrogen adsorption/desorption isotherm indicated that FSS
is a nonporous material because of its poor textural prop-
erties with the total pore volume of <0.001 cm3/g and the
BET area (SBET) of <2m2/g. -is implied SBET was not the
main factor effecting the Cr(VI) adsorption onto FSS and
suggested that the contribution of pore filling in the
adsorption mechanism of Cr(VI) onto FSS is negligible.
-e surface morphology of FSS was observed using a
scanning electron microscopy and the results are pre-
sented in Figure 1. -e SEM image reveals that FSS has a
rough and lamellar surface, and a nonporous structure
with defined channels/cavities and many trenches. -e
rod-shaped FSS particles had many crystalline micro-
layers and their thickness and width, respectively, were
1.5 μm and 2.8 μm.-is result agreed with several previous
reports by Van et al. [21] with SBET of 1.45 m2/g for a
CaCO3-rich biosorbent—biogenic aragonite shells—and
2.09m2/g for golden apple snail shells [22].

Figure 2 describes the XRD spectrum of FSS. -e XRD
pattern of FSS has the diffraction lines at 2 theta angles of
26.4, 27.59, 31.42, 33.47, 36.43, 38.14, 38.71, 41.31, 43.05,
46.02, 48.53, 50.36, 52.63, and 53.1o corresponding to the
reflection of planes (111), (021), (104), (002), (012), (102),
(031), (022), (122), (221), (202), (132), (113), and (032),
respectively, in the orthorhombic structure of aragonite
(JCPDS 05-0453), CaCO3. In addition, the characteristic
peaks of calcium silicate (Ca2SiO4) were also observed with
low intensity on the XRD pattern, indicating the small
amount of this compound present in FSS. -e high intensity
and the intensive sharpness of the aragonite diffraction lines
imply the high crystallinity and the dominance of aragonite,
suggesting that FSS is a nearly pure biogenic aragonite (98%
CaCO3). -is result is similar to the findings reported in
[23, 24] about the presence of aragonites as constituents of
the Pinctada martensii pearls and the shells of the mollusc
Pinctada maxima.

Additionally, Figure 3 illustrates the FTIR results of FSS.
-e results reveal the presence of dominant functional
groups on the FSS surface. -e adsorption spectrum
wavenumbers varied from 450 to 4000 cm− 1. -e presence of
CO3

2− polymorph adsorption groups was detected by the
bands at wavenumbers of 699, 712, 862, 1082 and 1471 cm− 1.
-e occurrence of C�O groups of the carbonate ions on the
FSS surface corresponds to the band at the wavenumber of
1787 cm− 1. -e vibration of C-H bonds occurred at the
bands at 2852 and 2918 cm− 1. -e peaks found at 2498, 2523,
2547, and 3396 cm− 1 can be assigned for the OH group of
carboxylic acids. Lim and Aris [25] pointed out that the
carbonyl (C�O) group appearing in eggshells and coral
wastes functioned as an active group for complexation with
toxic metal ions (i.e., Pb2+, Cd2+, and Cu2+).XRD and FTIR

clearly confirmed the existence of CaCO3 as a major
component in the FSS structure.

3.2. Effect of pH. Figure 4(a) presents the effect of pH on the
adsorption capacity of Cr(VI) onto FSS. Obviously, the
adsorption process strongly depended on the solution pH.
Namely, the Cr(VI) adsorption capacity onto FSS decreased
from 44.12mg/g to 0.72mg/g with an increase in solution
pH from 2 to 9. -e maximum adsorption capacity,
therefore, was obtained at pH 2. Figure 4(b) indicated higher
pHPZC than the others that might result from the presence of
CaCO3. According to pHPZC, the surface of FSS was posi-
tively charged in the pH from 2.0 to 9.0 due to pHpzc >
pHsolution. At acid pH, the adsorption capacity of Cr(VI)
onto FSS can be explained as: Cr(VI) was first reduced to
Cr(III), then Cr(III) combined with OH− group on the FSS
surface according to the following reaction:

Cr2 CO3( 2 + Ca(OH)2 ⟶ Cr(OH)3↓ + H2O (2)

Besides, the dependence of the adsorption capacity of
Cr(VI) onto FSS on pH can be explained by the effect of
functional groups on the FSS surface. Two kinds of func-
tional groups, ≡CO3H and ≡CaOH on the FSS surface,
interact with species of Cr(VI) in aqueous solutions. Cr(VI)
exists in various stable forms, including CrO4

2− , HCrO4
− ,

and Cr2O7
2− [25] depending on pH. -e different species of

Cr(VI) in aqueous solutions are given by the following
equilibrium equations:

Cr2O7
2−
+H2O⟷ 2HCrO4

− , Ka � 10− 2.2 (3)

HCrO4
−⟷CrO4

2−
+H+, Ka � 10− 5.9 (4)

At solution pH 2, the dominant form of Cr(VI) is
HCrO4

− and at higher pH the dominant form of chromium
is CrO4

2− [18]. At a low pH value, the functional groups are
protonated and become the positive forms. In this case, the
adsorption of Cr(VI) onto FSS is strongly dependent on the
positive charge on the surface of the adsorbent as follows:

≡CO3H +H+⟷ ≡CO3H2
+

(5)

≡CaOH +H+⟷ ≡CaOH2
+

(6)

And, the adsorption reactions could be rewritten as:

≡CO3H2
+
+HCrO4

−⟷ ≡CO3H2
+ HCrO4

−(  (7)

≡CaOH2
+
+HCrO4

−⟷ ≡CaOH2
+ HCrO4

−(  (8)

Although CrO4
2− is dominant at a high pH value, the

positive charge decreases, leading to the decrease in
adsorption.

-erefore, at lower pH, the attraction between HCrO4
−

and the adsorbent was enhanced, leading to an increase in
the adsorption capacity due to an increase in the number of
protons on the surface of the adsorbate [26]. At a higher pH
value (alkaline environment), Cr(VI) mainly exists in the
form of CrO4

2− [26] and the concentration of the OH− ions
increase. Consequently, the competition between the OH−
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and Cr(VI) anions occurs causing an interaction between
OH− and the functional groups on the FSS surface leading to
a decrease in the Cr(VI) adsorption capacity onto FSS. -e
high adsorption capacity of Cr(VI) at the low pH value could
be assigned to electrostatic attraction and/or by the binding
of HCrO4

− to acidic functional groups on FFS’s surface [27,
28]. As a result, pH 2 is the optimum value for adsorption of
Cr(VI) onto FSS. -is finding is very consistent with the
results reported by Rai et al. [18] and Owalude et al. [29] who
showed similar trends for hexavalent chromium adsorption
as a function of pH.

3.3. Effect of Initial Cr(VI) Concentration and Adsorption
Isotherms. To study the effect of initial Cr(VI) concentration
on the adsorption capacity, the experiments were carried out
with varying initial Cr(VI) concentrations ranging from 30 to
200mg/L at various temperatures from 20 to 40°C. -e ob-
tained results are presented in Figure 5. It can be clearly seen

from Figure 5 that when increasing initial concentrations of
Cr(VI) and decreasing temperature, the amount of Cr(VI)
adsorbed onto FSS significantly increased as follows: 4.33–
8.87mg/g at 20°C; >3.17–8.14mg/g at 30°C; and >2.63–
7.65mg/g at 40°C. -e decrease in the adsorption capacity
shows that low temperature favors Cr(VI) adsorption onto FSS.
In this study, the highest adsorption capacity was 8.81 and
8.87mg/g at 20°Cwith initial Cr(VI) concentrations of 150 and
200mg/L, respectively. According to Sdiri et al. [30], the rising
temperature resulted in dissolving more calcite and releasing
more bicarbonate ions into solution. Consequently, compe-
tition between HCO3

− and HCrO4
− occurred under acidic

conditions, which led to a decrease in Cr(VI) adsorption ca-
pacity. Besides, higher temperature accelerates the mobility of
the ions and desorption of HCrO4

− [26]. -e weakening of
supportive forces between the active sites on the adsorbent and
the destruction of active binding sites at higher temperature
leads to the decrease in adsorption capacity [30, 31]. A similar
trend was reported by Akram et al. [27] about adsorption of
Cr(VI) onto biocomposite of mango (Mangifera indica).

In order to elucidate the adsorption mechanism of
Cr(VI) onto FSS, three isotherm models were fitted to the
obtained experimental data: Langmuir, Freundlich, and Sips.

-e applicability of the models was evaluated by the
correlation coefficient (R2). -e Langmuir model [32, 33] is
expressed as follows:

qe �
qm · b · Ce

1 + bCe

, (9)

where Ce is the equilibrium concentration in liquid phase
(mg/L), qm is the maximum adsorption capacity (mg/g), and
b is the Langmuir constant related to the free adsorption
energy (L/mg).

-e fundamental characteristics of the Langmuir iso-
therm are expressed by a dimensionless separation factor,
RL, described as follows:

RL �
1

1 + qmbC0(max)

, (10)

(a) (b)

Figure 1: SEM images of FSS.
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where C0 (max) is expressed as the highest initial adsorbate
concentration. -e RL parameter indicates the shape of
isotherm, namely, RL> 1, unfavorable; 0<RL< 1, favorable;
RL� 0, irreversible. -e Freundlich model [32, 34] is:

qe � KFC
1/n
e , (11)

where KF is a constant indicative of the adsorption capacity
of the adsorbent (mg(1− 1/n)L(1/n)/g) and constant 1/n refers
to the intensity of the adsorption.

-e Sips model is a combination of both the Langmuir
and Freundlich isotherm models. -e equation below de-
scribes the Sips isotherm model:

qe �
qm bCe( 1/n

1 + bCe( 1/n
. (12)

-e parameters of the three models were evaluated by
nonlinear regression analysis using Origin 9.0 software, and
the results are given in Table 1.

According to Table 1, the value of separation factor (KL)
of the Langmuir model fell between 0 and 1.-e value of
the exponent (nF) from the Freundlich isotherm was
between 1 and 10, which proved that the conducted ad-
sorption processes were favorable at temperatures from 20
to 40°C. -e Sips isotherm constant (n) changed from
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0.910 to 1.415 with an increase in temperature from 20 to
40°C, which implied that the surface of FSS was hetero-
geneous in nature. -e correlation coefficients (R2) of
Langmuir and Sips models were closer to unity in com-
parison to the Freundlich model, indicating that ad-
sorption data are fitted well to this model at temperatures
from 20 to 40°C. -e maximum adsorption capacity
calculated from Langmuir and Sips models was 10.69 and
10.82mg/g at 20°C, respectively, very close to the equi-
librium experimental value of 8.81mg/g, which also
confirmed the good agreement between the obtained
experimental data and the Sips model. Similar findings
have been reported for Cr(VI) adsorption onto different
biomasses such as maize corncob [35], sugarcane bagasse
[36], and Swietenia mahagoni [37].

3.4. Effect of ContactTimeandAdsorptionKinetics. -e effect
of contact time on the adsorption of Cr(VI) onto FSS was
conducted with varying contact time from 5 to 180min at pH
2, adsorbent dose of 4 g/L, and initial Cr(VI) concentration of
30mg/L. All experiments were performed in flasks shaken at
120 rpm agitation and temperature from 20 to 40°C. Figure 6
presented the obtained results. Clearly, at the beginning of the
process, the Cr(VI) adsorbed onto FSS significantly increased
until almost 60min. By further increasing the contact time,
the adsorbed amount increased slowly and remained un-
changed after 120min at all studied temperature ranges. It can
be explained that there was an interactive force between solute
molecules in the solid phase (FSS) and bulk phase leading to
an occupation of the vacant active sites on the biosorbent
surface. And, the adsorption and desorption process tend to
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be equal with longer residence time.-erefore, the adsorption
rate was lower when the contact time was further increased
[38]. Figure 6 indicated the adsorption of Cr(VI) onto FSS
reached equilibrium after 120min. -e adsorbed amount at
equilibrium reached 6.64, 6.23, and 5.51mg/g corresponding
to a temperature of 20, 30, and 40°C, respectively. Similar
trend of chromium adsorption has also been presented
previously for different adsorbents such as activated carbon
derived from wood apple shell [39], magnetic multiwall
carbon nanotubes [40], and magnetic nanocomposites [41].

In order to analyze the adsorption kinetics of Cr(VI)
onto FSS several models were fitted to the experimental data,
namely, pseudo-first-order, pseudo-second-order, and
Elovich models.

-e pseudo-first-order model is presented as follows:

q � qe 1 − ek1t , (13)

where k1 (1/min) is the adsorption rate constant of the
model.

-e pseudo-second-order model is given as follows:

q �
q2ek2t

1 + qek2t
, (14)

where k2 (g/mg.min) is the second-order adsorption rate
constant.

-e Elovich model is expressed as follows:

q �
1

β
ln(αβt), (15)

where α (mg/g.min) is the initial sorption rate and β (g/mg)
is the constant related to the extent of surface coverage and
activation energy of chemisorption in the Elovich model.

All the calculated parameters of the three models are
presented in Table 2.

Generally, the correlation coefficient (R2) of all selected
models was near unity, implying that the adsorption process
can be well described by these models. However, qe (6.78mg/g
at 20°C) calculated from the pseudo-second-order model was
the closest to experimental data (6.64mg/g) with a highest

correlation coefficient of R2
� 0.995. -is indicated that the

pseudo-second-order model is the most proper one to describe
the adsorption mechanism of Cr(VI) onto FSS [26, 42].

To further understand the controlling step of the ad-
sorption rate, the experimental data were fitted to the
intraparticle diffusion model, expressed as follows:

q � kit
0.5, (16)

where ki (mg/g.min) is the intraparticle diffusion rate
constant calculated from the slope of the plot q versus t0.5

(Figure 7).
It can be seen from Figure 7 that there were three linear

plots in each of the three different temperatures. -is in-
dicates that the Cr(VI) adsorption process was controlled by
multiple steps, including bulk diffusion, intraparticle dif-
fusion, and adsorption at active sites.-e results of deviation
of plot using Origin 9.0 software might result from the
difference in rate of mass transfer at the initial and final
stages of the adsorption process. -e calculated intercepts
indicated that the adsorption process was controlled by film
diffusion while the intraparticle diffusion had a negligible
effect.

3.5. Effect of Adsorbent Dosage. -e various dosages of FSS
(2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, and 30 g/L) in
30mg/L of initial Cr(VI) were studied for Cr(VI) adsorption
at optimum pH (pH 2) and a contact time of 120min. -e
results are presented in Figure 8. It can be seen from Figure 8
that the adsorption percentage of Cr(VI) onto FSS increased
significantly from 25.29% to 41.86%, which corresponded
with an increase in doses of FSS in range from 2 to 10 g/L.
-e explanation for this may be due to the increase in
biosorbent dosage resulting in the increase in number of
active sites on the FSS surface. Consequently, more Cr(VI)
ions were attached to the active sites on the FSS surface.
However, the Cr(VI) removal efficiency did not increase
when increasing the amount of FSS due to a limitation of
active sites for Cr(VI). -e result was due to a full saturation
of the adsorption process [43, 44]. -e adsorption capacity
declined from 8.85mg/g to 0.95mg/g in accordance with an
increase in the adsorbent dosage from 2 to 30 g/L. -e
maximum adsorption capacity (8.85mg/g) was achieved at
the dosage of 2 g/L with 30mg/L of initial Cr(VI).

3.6. Adsorption ,ermodynamics. -e mechanism of ad-
sorption can be investigated according to thermodynamic
parameters such as change in Gibbs free energy (ΔG°),
change in enthalpy of adsorption (ΔH°), and change in
entropy (ΔS°) [40]. -ese parameters were estimated by the
Van’t Hoff equation as follows:

ΔG° � − RT lnK,

ΔG° � ΔH° − TΔS°,

lnK � −
ΔH°

RT
+
ΔS°
R
,

(17)

Table 1: -e calculated isotherm parameters of Langmuir,
Freundlich, and Sips models for Cr(VI) adsorption on FSS at
various temperatures.

Unit
Temperature

20°C 30°C 40°C

Langmuir model
Q°

max mg/g 10.69 10.61 10.38
KL L/mg 0.275 0.164 0.131
R2 — 0.975 0.983 0.969

Freundlich model
KF (mg/g)(mg/L)n 0.762 1.012 1.948
nF — 2.286 2.548 3.435
R2 — 0.922 0.946 0.941

Sips model
Q°

max mg/g 10.82 9.29 8.91
b — 0.013 0.021 0.018
n — 0.910 1.350 1.415
R2 — 0.951 0.984 0.981
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Figure 6: Effect of the contact time on Cr(VI) adsorption onto FSS at various temperatures; pH 2; 10mg/L of initial Cr(VI); 4 g/L of
adsorbent dosage.

Table 2: -e calculated kinetic parameters of Cr(VI) adsorption onto FSS of models at various temperatures.

Unit
Temperature

20°C 30°C 40°C

Pseudo-first-order model
qe mg/g 6.65 6.22 5.24
k1 1/min 0.174 0.239 0.139
R2 — 0.920 0.987 0.798

Pseudo-second-order model
qe mg/g 6.78 6.34 5.56
k2 g/mg×min 0.063 0.068 0.034
R2 — 0.995 0.997 0.931

Elovich model
α mg/g×min 9.853 9.562 9.292
β mg/g 2.422 1.779 1.348
R2 — 0.895 0.977 0.963
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where T is the temperature (K), R is the gas constant (8.314 J/
mol K), and K is recalculated from Langmuir constant (KL)
according to the following equation:

K � 55.5KL, (18)

where 55.5 is the molar concentration of water. ΔH and ΔS
can be determined from the intercept and slope of the plot
between ln K versus 1/T, respectively. -e obtained results
are given in Table 3.

-e negative enthalpy change (ΔH°) value indicated that
the Cr(VI) adsorption onto FSS is an exothermic process.
-e standard entropy ΔS° was found to be − 74.572 J/mol,
implying that the randomness at the solid/solution interface
decreased during the adsorption process. In general, the
values of ΔG° between 0 and − 20 kJ/mol indicating the
physical adsorption and the chemical adsorption occur when
the ΔG° value ranged from − 80 to − 400 kJ/mol [40]. -e
Gibbs free energy change values (ΔG°) reached from − 6.639

to − 5.011 kJ/mol at 20, 30, and 40°C which shows the ad-
sorption process is feasible and spontaneous [26, 40].

4. Conclusion

-e shells of freshwater snails (FSSs) are an effective and
low-cost biosorbent for removing Cr(VI) from aqueous
solutions. -e Cr(VI) adsorption process onto FSS was
strongly dependent on the solution pH. -is study found
that adsorption of Cr(VI) onto FSS reached the maximum
adsorption capacity at pH 2 in the range of 2–9. -e results
also showed that the adsorption capacity of Cr(VI) by FSS
increased with decreasing the dosage of FSS, initial con-
centration of Cr(VI), and contact time along with a decrease
in temperature from 20 to 40°C. -e highest adsorption
capacity of Cr(VI) by FSS was 8.85 mg/g in 60 min of contact
time with a FSS dose of 2 g/L at 30mg/L of initial Cr(VI) in
this study. -e highest Cr(VI) adsorption capacity predicted
by Langmuir and Sips, respectively, was 10.69 and 8.91mg/g
at 20°C. -e adsorption process occurred spontaneously
(∆G°) and exothermically (∆H°). -e pseudo-second-order
model fit best to experimental data of Cr(VI) adsorption
onto FSS. -e adsorption mechanisms are suggested to be
electrostatic interaction and ion exchange. Additionally, the
adsorption rate was controlled by film diffusion. It can be
concluded that FSS—a food waste that frequently occurs in
Vietnam restaurants with solid waste—is a promising low-
cost biosorbent for removing Cr(VI) from aqueous
solutions.
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