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Abstract
Calcium carbonate (CaCOs)-enriched biomaterial derived from freshwater mussel shells (FMS) was
used as a non-porous biosorbent to explore the characteristics and mechanisms of cadmium adsorption
in aqueous solution. The adsorption mechanism was proposed by comparing the FMS properties
before and after adsorption alongside various adsorption studies. The FMS biosorbent was
characterized using nitrogen adsorption/desorption isotherm, X-ray diffraction, scanning electron
microscopy with energy dispersive spectroscopy, Fourier-transform infrared spectroscopy, and point
of zero charge. The results of batch experiments indicated that FMS possessed an excellent affinity to
Cd(Il) ions within solutions pH higher than 4.0. An increase in ionic strength resulted in a significant
decrease in the amount of Cd(Il) adsorbed onto FMS. Kinetic study demonstrated that the adsorption
process quickly reached equilibrium at approximately 60 min. The FMS biosorbent exhibited the
Langmuir maximum adsorption capacity as follows: 18.2 mg/g at 10 °C < 26.0 mg/g at 30 °C < 28.6
mg/g at 50 °C. The Cd(II) adsorption process was irreversible, spontancous (—AG°®), endothermic
(+AH®), and more random (+AS°). Selective order (mmol/g) of metal cations followed as Pb?* > Cd?*
> Cu?* > Cr¥ > Zn?*. For column experiments, the highest Thomas adsorption capacity (7.86 mg/g)
was achieved at a flow rate (9 mL/min), initial Cd(ll) concentration (10 mg/L), and bed height (5 cm).
The Cd(Il) removal by FMS was regarded as non-activated chemisorption that occurred very rapidly
(evenata low temperature) witha low magnitude of activationenergy. Primary adsorption mechanism
was surface precipitation. Cadmium precipitated in the primary (Cd,Ca)COs form with a calcite-type
structure on the FMS surface. A crust of rhombohedral crystals on the substrate was observed by
SEM. Freshwater mussel shells have the potential as a renewable adsorbent to remove cadmium from
water.
Keywords: Freshwater mussel shells; adsorption mechanism; cadmium; surface precipitation;
(Cd,Ca)CO:s.
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1. Introduction

Potentially toxic metals present in either discharged water from industrial activities and sent
downstream or originating from environmental geochemistry, inevitably cause some potential health
risks for humans and pose a great threat to the environment (Pourret and Bollinger, 2018). Cadmium
(Cd) exerts manifestly damaging effect on people’s lungs, kidneys, and bones (Liu et al., 2018).
Human cadmium exposures through the food supply were identified as early as the end of World War
Il in Fuchu, Japan. A cadmium toxicology-related disease (Japanese for Ouch-Ouch disease) isa bone
disease characterized by fractures and severe pain (Nordberg, 2009). Subsequently, the World Health
Organization (WHO) and the United States Environmental Protection Agency (EPA) established a
maximum acceptable concentration for cadmium in drinking water to be 0.003 mg/L (Siegel, 2002).

Numerous conventional treatment techniques have been applied to remove cadmium from
water environments, such as coagulation/flocculation, flotation, ion exchange, membrane, adsorption,
electrochemical treatment, and chemical precipitation (Carolin et al., 2017). Among such existing
methods, adsorption has been acknowledged to be the most economically favorable method; it
requires low energy consumption for removing cadmium from water environments, even at a very
low cadmium concentration. In the literature, geological and biogenic calcium carbonate (CaCOs) has
attracted much attention from the scientific community and been applied as an abundant and cost-
effective source for developing CaCOs-rich materials. Such composite biomaterials demonstrated a
high affinity to many potentially harmful metals (i.e., Cd, Cu, Pb, Ni, and Zn) (Flores-Cano et al.,
2013; Ahmad et al., 2012; Du et al., 2011; Hsu 2009; Shaheen et al., 2013) and rare earth elements
(Zhou et al., 2018) in water media.

Similar to geological calcium carbonate, biogenic calcium carbonate commonly exists in two
certain polymorphs with similar crystal structure and thermodynamic stability: calcite (a trigonal
shape) and aragonite (an orthorhombic shape) (Feng et al., 2000). Generally, biogenic calcite is the
primary constituent of relevant shells of: (1) marine organisms, for example oyster shells (accounting
for approximately 61% CaCOs by weight) (Du et al., 2011; Hsu, 2009) and coral waste (>35%)
(Ahmad et al., 2012); and (2) eggshells (85-95%) (Flores-Cano et al., 2013; Ahmad et al., 2012;
Shaheen et al., 2013). Meanwhile, biogenic aragonite forms naturally in almost all mollusk shells
(>95% CaCOs)—razor clam shells and mussel shells (96%) (Du et al., 2011), golden apple snail shell
(~93%) (Zhao et al., 2016)—which is relatively close to commercial calcium carbonate (~99%)
(Hamester et al., 2012). Notably, some authors emphasized that aragonite exhibited excellent
adsorption capacity to potentially toxic metals than calcite in the same operational circumstances (Du
et al., 2011; Prieto et al., 2003). For this reason, biogenic aragonite can be considered a potential
adsorbent for water remediation.

In essential, surface precipitation is classified as a typically chemical adsorption phenomenon
(chemisorption). Although the surface precipitation (i.e., metal hydroxide and metal-carbonate
formations) has been early identified as the principal adsorption mechanism of potentially toxic metals
(i.e.,cadmium) onto CaCOs-enriched materials, several indispensable issues should be systematically
investigated and further discussed. Herein, we utilized the freshwater mussel shells (FMS) witha high
CaCOs content (approximate 95%) asa green biosorbent to adsorb toxic cadmium inaqueous solution.
The behaviours of cadmium adsorption onto FMS were thoroughly investigated through batch and
column experiments under various operational conditions. In addition, the adsorption mechanism was
discussed by comparing the changes in some appropriate properties of FMS after cadmium adsorption
along with the adsorption studies.

2. Materials and methods
2.1. Preparation of CaCO;-enriched biosorbent

The wastes of freshwater mussel shells were collected from the seafood restaurant located in
Thai Nguyen city, Vietnam. They were washed three times with ordinary tap water and air-dried under
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sunlight. The dried FMS wastes were then soaked with sulfuric acid (50%) to remove some soluble-
organic compounds present in their surface. Subsequently, it was repeatedly washed with distilled
water to remove any residual acid until the pH of filtrate reached pH constant. After being left to dry
for 24 hiinan oven (105 °C), itwas ground and sieved to obtain particles < 5 mm in size. The obtained
FMS particles (~5% moisture) were then stored in some brown bottles for further experiments.

2.2, Property of CaCO;-enriched biosorbent

The textural property of FMS was determined by nitrogen adsorption/desorption isotherm
(Coulter, USA). Its surface morphology and element composition of FMS was observed by a scanning
electron microscope coupled with energy dispersive X-ray spectroscopy (Hitachi S-4800). Its crystal
structure was obtained by X-ray diffraction pattern using XRD-D8 ADVANCE, with the Cu Ka
radiation (A = 1,5417A). The scan angle covered 15° < 20 < 70° at a scan speed of 3°/min. The
presence of surface functional groups was detected using Fourier transform infrared spectroscopy
(FT/IR-6300). A spectrum was scanned from 4000 to 500 cm™. The pH value at the point of zero
charge (pHezc) was commonly determined utilizing the drift method (Tran et al., 2016).

2.3. Study of cadmium adsorption

A stock cadmium solution (1000 mg/L) was prepared by accurately dissolving 2.744 g
Cd(NO3)224H,0 (purchased from Merch) in 1 L of double distilled water. All working solutions of
various cadmium concentrations were obtained by directly diluting from the stock solution with
distilled water.

2.3.1. Batch experiment

The pH values of working cadmium solutions were adjusted to target values by adding 1 M
HCI and 1M NaOH. Approximately 0.2 g of FMS was then transferred into a 250 mL Erlenmeyer
flask containing 50 mL of cadmium concentration (a target pH value). The flask was covered by
parafilm and shaken at 150 rpm. Following the desired time, the mixture of FMS and cadmium was
separated using Whatman No.1 filter paper (pore size of 0.22 um). The cadmium concentration in the
solution was determined by atomic absorption spectrometry (Hitachi Z 2000, Japan). Detailed
information on the experimental conditions (i.e., pH solution, contact time, cadmium concentration,
NaCl concentration, and temperature) was provided with each figure. The amounts of cadmium
adsorbed onto biosorbent at equilibrium (ge; mg/g) and any time t (g:; mg/g) were calculated according
to a mass balance equation as shown below:
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where C, (mg/L), C:(mg/L), and C. (mg/L) are the cadmium concentrations in solution at beginning,
time any time t, and equilibrium, respectively; V (L) is the working volume of cadmium solution; and
ms (g) is the dry weight of used biosorbent.

The metal selectivity study was conducted using an identical molar concentration of metals.
Approximately 0.2 g of FMS was added to the flask containing 50 mL of various metal ions. These
metals (Cd?*, Cr¥, Pb?", Zn**, and Cu?") were prepared from the standard solutions (1000 mg/L;
purchased from Merch), such as Cd(NOs)z, Cr(NOs)s, Pb(NOs)z, Zn(NOs),, and Cu(NOs)2,
respectively. The molar concentration of each metal was set at 2.0 mmol/L. The experimental
conditions for competitive adsorption were fixed at 30 °C, pH 6.0, 3 h, and 0 M NacCl.



The adsorption reversibility was determined by a desorption experiment. A given mass of Cd
ions-laden biosorbent (approximately 0.2 g) was desorbed using 50 mL of every desorbing agent. The
desorbing agents used in this study comprised distilled water (pH 2.0), HCI, NaCl, and CaCl,. The
percentage of cadmium desorbed from the laden biosorbent was calculated by a mass balance
equation.

2.3.2. Continuous column experiment

Dynamic adsorption was examined in an upflow fixed-bed column system. The inside
diameter of the PVC column was 4.2 cm, and the length was 50 cm. The column was loaded with
FMS between a sand layer (1 cm) covered on the stainless-steel sieve’s surface at the column bottom
to avoid an unexpected loss of biosorbent fragments during the adsorption study. The effluent residual
samples were collected at specified intervals to determine the cadmium concentrations. Information
on the experimental conditions (i.e., flow rate, initial cadmium concertation, and bed height) is listed
along with each figure.

Generally, breakthrough time (t,; min) and the FMS adsorption capacity (g»; mg/g) at
breakthrough time can be calculated when effluent cadmium concentration reaches 10% of influent
concentration (C/C, = 0.1). Meanwhile, exhaustion (or saturation) time (ts; min) and adsorption
capacity (gs; mg/g) at exhaustion time can be obtained when Ci/C, = 0.95.
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where C, (mg/L) and C: (mg/L) are the cadmium concentrations in solution at beginning and
equilibrium, respectively; Q (mL/min) is the volumetric flow rate; and m; is the mass of FMS used in
the column. All experiments were conducted in duplicate, and the mean of the quantitative results was
calculated. If the bias was greater than 15% then the data were not used.

2.3.3. Statistical analysis

Each adsorption experiment was conducted intriplicate, and the data were reported as average
+ standard deviation (SD). The model parameters of adsorption kinetic and isotherm were calculated
by the non-linear technique. Chi-square statistic () was used to estimate the differences between the
experimental data (geex) and data calculated using the models (Qemoder)- If the Qeexy Values are similar
to the gemodel Values, x? is close to zero. In contrast, a high y? value demonstrates high bias between
the Qe.exo @Nd Qe model Values.
3. Results and discussion
3.1. Biosorbent property

The analysis result of nitrogen adsorption/desorption isotherm (data not showed) demonstrated
that the FMS biosorbent is categorized as a non-porous material because of its poor textural properties,
such as a low Brunauer—Emmett—Teller specific surface area (Sger; 1.45 m?/g) and total pore volume
(0.0002 cm®/g). This outcome well agrees with the morphological observation of FMS in Figure 1a.
Likewise, many researchers found that the CaCOs-rich biosorbent possessed a low Sger value, for
instance 2.09 m%g for golden apple snail shells (Zhao et al., 2016), 1.81 m%qg for oyster shells
(Alidoust et al., 2015), 0.21 m?/g for dead calcareous skeletons (Lim and Aris, 2014), and 0.07 m?/g
for chicken eggshells (Flores-Cano et al., 2013). In this case, the surface area was not a determining
factor of the adsorption capacity FMS toward various contaminants in water media, including
cadmium.,
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Figure 1. Representative XRD spectra of (a) pristine FMS and (b) cadmium-loaded FMS

As stated previously in the introduction Section, freshwater mussel shells are classified as a
biogenic aragonite—the most soluble form of crystalline CaCOs. The XRD spectrum of pristine FMS
(Figure 2a) indicated that almost all characteristic peaks were well indexed to a calcium carbonate
polymorph with a highly aragonite crystal structure (the standard JCPDS file, No. 5-0453). In addition,
the XRD data confirmed the presence of small amounts of minerals (6.2% Ca,SiOa) and quartz (3.0%
Si0y), suggesting that FMS is a pure biogenic aragonite (98.8% CaCOs). According to Xiong et al.
(2011), the freshwater mussel shells contain the major constituent of CaO (52.6%; wt.) in the total
chemical composition (determined by Wavelength dispersive X-ray fluorescence spectrometer); the
other auxiliary contributions belong to SiO; (2.1%), Al.O3 (1.4%), MgO (0.2%), Fe»0s (0.15%), K,O
(0.05%), and Na,O (<0.01%). Similarly, the EDS analysis (Figure 3a) revealed that FMS is mainly
composed of carbon (30.05% + 2.69), oxygen (55.63% * 4.73), and calcium (9.33% £ 0.35). Cadmium
in solution can react with CaCO3; and replace calcium in the crystals of aragonite because of their
similar ionic radii (Zhao et al., 2016). This phenomenon has been known as an isomorphic
substitution.




The substrate becomes completely covered by the rhombohedral crystals to form

“a crust on the aragonite surface”
Figure 2. SEM images of (a) pristine FMS, and (b)—(c) cadmium-laden FMS
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Figure 3. EDS spectra of (a) prlstlne FMS and (b) cadmlum-laden FMS

Furthermore, quantitative information on the dominant functional groups on the FMS surface
is provided in Figure 4. A broad peak at approximately 3445 cm* is assigned to the hydroxy group in
physically adsorbed water (moisture content). Two small peaks at around 2920cm™ and 2520 cm™ are
attributed to the stretching of C—H bonds of proteins (possibly originated from the FMS metabolism)
and the —OH group of HCO5; (Zhao et al., 2016). The presence of CaCOs; polymorph can be
recognized at several pronounced peaks at: (1) 1630 cm?, 1465 cm’, 863 cm* (out-of-plane bending
model), and 705 cm® (in-plane bending model) corresponding to the carbonate group internal C-O
vibrations and (2) 1785 cm™ and 1080 cm* attributable to the C=0 groups of carbonate ions (Lim and
Aris, 2014; Nan et al., 2008). Furthermore, Lim and Aris (2014) pointed out that the carbonyl (C=0)
group present in eggshells and coral wastes is expected to function asan active group for complexation
with toxic metal ions (i.e., Pb?*, Cd?*, and Cu?*). Clearly, XRD and FTIR confirmed the existence of
CaCOs as the major constituent in the FMS powders.
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Figure 4. FTIR spectra of (a) pristine FMS and (b) cadmium-loaded FMS

3.2. Adsorption performance in batch experiments
3.2.1. Effectof pH and ionic strength

Figure 5a indicates that the adsorption process is strongly dependent on solution pH (pHsolution)
values. The amount of Cd(Il) adsorption onto FMS increased when pHsouwtion increased, with its
adsorption capacity reaching plateau values at pHsolutions higher than 4.0. This conclusion is well
consistent with observations documented in (Veneu et al., 2017; Sdiri et al., 2012). As presented in
Figure 5b, the pHpzc of FMS is 10.8, which is identical to the finding of other CaCOs-enriched
materials, such as 11.4 for eggshells (Flores-Cano et al., 2013), 10.6 for calcined eggshells (Slimani
et al., 2014), and 9.2 for mussel shells (El Haddad, 2016). According to pHpzc, the dominant surface
of FMS will be positively charged when pHsowtion €Xceeds pHpzc, and vice versa. This means that FMS
exhibited a dominantly positively charged surface for all working solutions pH in this study.
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Figure 5. Batch experiments: (a) effect of solution pH and ionic strength, (b) pHezc of FMS, (c)
adsorption kinetics, and (d) adsorption isotherm

As discussed in the literature, when CaCOs-enriched biogenic materials contact with aqueous
solution, the calcareous layer in the biogenic material can spontaneously dissolve to release calcium
(Ca?") and bicarbonate (HCO3") constituents into solution (Equations 5-6) (Alidoust et al., 2015;
Ismail and Aris, 2013; Kuh and Kim, 2000). For example, Ismail and Aris (2013) analysed the
mineralogy state of aqueous solution, finding that the increment of calcium and bicarbonate
concentrations in the solution resulted from the dissolution of biogenic CaCOs clamshells. They also
concluded that the concentration of Ca?" and HCOs~ ions in the solution increased after cadmium
adsorption, suggesting that the substitution process of Cd?" with Ca?* (also defined as ion exchange)
was mainly responsible for cadmium uptake in the solution.

=CaCO,(s) - Ca* +CO> ®)
COZ +H,0 - HCO; +OH" ©)
HCO; + H" = H,O + CO2(0) (7)
= CaCO,(s) +Cd* —»=CdCO, +Ca* (8)
=CaCO,(s)+Cd* +CO* —=(Ca,Cd)CO, | ©)
COZ +Cd* —=CdCO, ¥ (10




As illustrated in Figure 5a, the adsorption process still functioned adequately when pHsotution
was lower than the pHezc of FMS. Especially, the FMS biosorbent can adsorb Cd?* ion at a low
PHsottion @lthough the excess H* and HsO* ions present in pH 2.0 demonstrated a strong competition
with Cd?* ions for the limited adsorption sites on the biosorbent’s surface. The results suggested that:
(1) certain chemical interactions with sufficient energy could overcome the surface-electrostatic
repulsive force, such as ion exchange (Equation 8) or/and surface precipitation (Equations 9-10); and
(2) the electrostatic attraction played an insignificant role in adsorption mechanism. The same result
has been reported in other studies (Veneu et al., 2017; Sdiri et al., 2012). Notably, in strong acidic
media (pH = 2.0), the reaction between abundant hydrogen (H*) ions and HCO3™ ions spontaneously
occurs; as a result, carbon dioxide was formed and escaped from the solution (Equation 7). In other
word, at low pHsoution, there was a strong competition between H* and Cd?* ions in reaction with
carbonate species in the solution (Zhao et al., 2016). Furthermore, the enhanced adsorption capacity
of FMS within increasing solution pH was because a decrease in the amount of hydrogen ions in the
solution and an increase in the amounts of HCO5~ and COs?~ anions in the solution.

Moreover, the effect of adding NaCl salt at different concentration is depicted in Figure 5a.
Clearly, the adsorption capacity of FMS strongly depended on the presence of Na* ions in solution.
The g values significantly decreased when NaCl concentration increased from 0.005 M to 0.05 M.
This is presumably because strong competition occurred between Na* ions and Cd?* ions for limited
active exchangeable sites on the surface of FMS. Notably, as aforementioned in the literature, when a
CaCOs-enriched material (i.e., aragonite) contacts with solution, the calcareous layer in FMS can
dissolve to release Ca?* and CO3z% ions into solution (Zhou et al., 2017; Kohler et al., 2007). The
released Ca?* ions played a principal role in reacting with Cd?* ions and COs?" ions to form the solid-
solution nuclei. Therefore, a decrease in the biosorbent’s adsorption capacity within existing NaCl
was presumably because the presence of Na* or ClI~ ions in the solution inhibited the formation of
insoluble CdCOs3 or (Ca,Cd)COs.

3.2.3. Adsorption kinetics

The time-dependent nature of the cadmium adsorption process at different operation
temperatures is displayed in Figure 5c. The FMS adsorbent is a non-porous material with its limited
pore volume; therefore, the intraparticle diffusion played a negligible role in the removal process.
Clearly, the adsorption process occurred rapidly, and approximately 40% of cadmium in the solution
was removed (adsorbed onto FMS) within 5 min of contact. The instantaneous adsorption process
suggested that FMS has a strong affinity to Cd(ll) ions in solution. Additionally, the amount of Cd?*
ions adsorbed onto FMS reached a true equilibrium within approximately a 60-min duration.

Notably, some other authors have previously identified that the primary adsorption mechanism
of potentially toxic metals regarding the surface precipitation of metal-carbonate formation occurred
very quickly. For example, McBride (1980) concluded that the initial chemisorption of Cd?* ions on
calcium carbonate was very rapid. Saleh et al. (2016) confirmed that approximately 74-81% of copper
was removed by sunflower seed husk-derived biochar within the first 5 min, which well agrees with
Tran et al. (2016) for cadmium removal by orange peel-prepared biochar (81-97% of cadmium
removed within the first minute of contact). Similarly, Zhao et al. (2016) reported that more than 85%
cadmium in the solution was adsorbed onto golden apple snail shells within 5 min. Recently, Veneu
et al. (2017) found that CaCOs-based adsorbent (algae Lithothamnium calcareum) had a strong
binding ability to cadmium in solution, with approximately 58% of cadmium being removed within 5
min in the kinetic study.

In this study, we applied some helpful kinetic models to describe the cadmium adsorption
process onto FMS, such as the pseudo-first-order (PFO; Equation 11), pseudo-second-order (PSO
Equation 12), and Elovich (Equation 13) models. The derivation, meanings, and correct application
of such selective models have been discussed in detail by Tran et al. (2017). Moreover, activation

10



energy (Ea; kd/mol) is defined as the minimum energy that must be overcome by the adsorbate
molecules, and it can be estimated through the Arrhenius equation (Equation 14).

o =q.[L—e™) (11)
_ qezkzt
Y1y q.k,t (12)
1
g == In(L+af) (13)
B
Ink = —(%)%+ nA (14)

where g: and C; are the amount of cadmium adsorbed onto biosorbent (mg/g) and the cadmium
concentration (mg/L) at any t, respectively; ko (g/mg % min) is the pseudo-second-order rate constant;
ki (1/min) is the rate constant of the pseudo-first-order equation; a (mg/g x min) is the initial rate
constant; f (mg/g) is the desorption constant during any one experiment; k is the rate constant of
applied kinetic models (i.e., the PSO, PFO, or Elovich model); A is the pre-exponential factor
(frequently factor); and R and T are the gas constant (8.314 J/mol) and temperature, respectively.

As shown in Table 1, the PSO model provided an excellent correlation with the experimental
data of time-dependent cadmium adsorption compared to the PFO and Elovich models. Furthermore,
the amount of adsorbate adsorbed onto FMS appreciably diminished as temperature increased (Figure
5c and Table 1), suggesting that the adsorption process was endothermic in nature (Hsu, 2009; Kuh
and Kim, 2000). However, the adsorption rate (k2) decreased as a function of temperature, with the
following order: 0.016 (g/mg x min) at 10 °C > 0.012 (g/mg x min) at 30 °C > 0.009 (g/mg % min) at
50 °C. This is congruent with the finding of Hsu (2009) for the adsorption of Cu?* or Ni?* ions in
aqueous solution by the oyster shells derived-biosorbent.

Table 1. Relative cadmium adsorption parameters of selective kinetic modes at different temperature

. Temperature
unit 10°C 30 °C 50 °C
PSO model
Qe mg/g 4.114 5.091 5.931
ke g/mg x min 0.016 0.012 0.009
R? — 0.993 0.994 0.994
¥2 — 0.011 0.015 0.019
PFO model
Qe mg/g 3.683 4.528 5.240
ki 1/min 0.050 0.046 0.044
R? — 0.976 0.974 0.971
e — 0.041 0.065 0.099
Elovich model
a mg/g x min 0.858 0.873 0.861
B mg/g 1.387 1.082 0.899
R? — 0.979 0.983 0.988
v — 0.035 0.043 0.041
Activation energy
Ea (PSO) kd/mol -10.2
Ea (PFO) kd/mol 2.4
Ea (Elovich) kJ/mol 0.073
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Note: Activation energy was calculated from the Arrhenius equation using the rate constant of the
pseudo-second-order (PSO) model (y = 1223x -8.46; R? = 0.998), the pseudo-first-order (PFO) model
(y =291.3x — 4.036; Rz = 0.9983), and the Elovich model (y = -8.804x —0.117; R2 = 0.0451).

3.2.4 Adsorption isotherms

Figure 5d provides a typical adsorption isotherm plot of g. against C.. As expected, the
isotherm is classified as a L-type (concave downward) without astrict plateau, implying that cadmium
has a strong affinity for the FMS surface. In this study, we applied several commonly helpful
adsorption isotherm models to describe the cadmium adsorption characteristics onto mussel shells-
biosorbent. Specifically, these were the Langmuir (Equation 15), Freundlich (Equation 16), Redlich-
Peterson (Equation 17), and Dubinin-Radushkevich (Equations 18-20) models. Detailed information
on these models can be found in Tran et al. (2017).

Qr?mx KLCe
, =X Le 15
a 1+ K, C, (15)
d. = KeC; (16)
— KRPCe
* T 113, (17)
q. = qDRe_KDRg2 (18)
1
£=RTIn@+ (19)

Cie)
1

T (20)

where geand C. are obtained from Eq. 1; Q°max (Mg/g) is the Langmuir maximum saturated adsorption
capacity of biosorbent; K. (L/mg) isthe Langmuir constant related to the affinity between an adsorbent
and adsorbate; Kg [(mg/g)/(L/mg)"] is the Freundlich constant, which characterizes the strength of
adsorption; n (dimensionless) is a Freundlich intensity parameter; Kgp (L/g) and arp (mg/L)® are the
Redlich—Peterson constants; g (dimensionless) is an exponent whose value must lie between 0 and 1;
gro (Mg/g) is the adsorption capacity; Krp (mol?/kJ?) is the constant related to the adsorption energy;
e is the Polanyi potential; and E (kJ/mol) is the mean adsorption energy.

The corresponding parameters of those models are summarized in Table 2. According to
coefficient determination and chi-square statistic, the experimental data of adsorption equilibrium
were better described by the Redlich-Peterson (0.988-0.999 and 0.016-1.213) and Langmuir (0.983—
0.997 and 0.120-1.712) models than the Freundlich (0.948-0.968 and 1.150-5.177) and Dubinin-
Radushkevich models (0.896-0.913 and 1.094-18.43), respectively.

Table 2. Corresponding cadmium parameters of selective adsorption isotherm models

E =

. FMS CAC
unit 10°C 30°C 50 °C (30 °C)
Langmuir model
QCmax m/g 18.15 26.01 28.61 31.94
Ke L/mg 0.037 0.043 0.045 0.040
R? — 0.996 0.997 0.994 0.983
v — 0.120 0.200 0.512 1.712
Freundlich model
Kr (mg/g)(mg/L)" 2.469 3.323 3.598 3.424
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NF — 0.377 0.407 0.417 0.451

R? — 0.966 0.968 0.967 0.948
e — 1.150 2.221 2.728 5.177
Redlich-Peterson model
Krp L/g 0.527 0.990 1.204 0.960
arp (mg/L) 9 0.011 0.024 0.034 0.004
g — 1.009 1.003 0.992 1.021
R? — 0.999 0.997 0.992 0.988
v — 0.016 0.188 0.658 1.213
Dubinin-Radushkevich model
Qor mg/g 13.82 19.41 21.10 23.52
Kor mol?/kJ? 31.22 16.38 11.79 20.51
E kJ/mol 0.127 0.175 0.206 0.156
R? — 0.896 0.913 0.907 0.901
a — 1.094 0.783 1.927 18.43

Note: freshwater mussel shells (FMS) biosorbent and commercial activated carbon (CAC).

Clearly, the adsorption capacity of FMS toward toxic Cd(ll) cations increased when the
temperature increased. The Langmuir maximum adsorption capacity of FMS (Q°wx * standard error)
exhibited the increasing order as follows: 18.2 + 0.53 mg/g at 10 °C < 26.0 £ 0.73 mg/g at 30 °C <
28.6 +1.21 mg/g at 50 °C. This result proved that the removal of cadmium from the solution by FMS
was an endothermic process. According to Sdiri et al. (2012), the increase in adsorption capacity with
rising temperature resulted from dissolving more calcite and releasing more bicarbonate ions into
solution. Correspondingly, the reaction between HCO3;™ and Cd?" ions was significantly improved,
which led to the precipitation of otavite (CdCOs) on the surface of four naturally geological
limestones—containing 97.9-99.6% CaCOgs. Furthermore, in the same experimental condition, the
FMS biosorbent (26.0 mg/g) exhibited a relatively similar maximum adsorption capacity to
commercial activated carbon (31.9 mg/g), suggesting that FMS is a promising and low-costadsorbent
for removing toxic cadmium from water media. Notably, after Cd(ll) adsorption, the solution pH
values in the adsorption isotherm ranged between 6.54 and 6.95, which is higher than the initial pH
values (approximately 6.0). A weaker pH-buffering capacity was presumably attributed to a lower
generation of the hydroxyl group (Equation 6). An identical result was reported elsewhere (Alidoust
etal., 2015; Zhou etal., 2017).

Furthermore, the competitive adsorption result of multiple metal ions (C, = 0.2 mmol/L for
each metal) demonstrated that the selectivity sequence (de; mmol/g) of metal cations onto FMS
followed Pb?* (0.267 mmol/g) > Cd?* (0.106 mmol/g) > Cu?* (0.055 mmol/g) > Cr3* (0.022 mmol/) >
Zn?* (0.021 mmol/g). The adsorption capacity of FMS toward cadmium significantly declined from
0.206 mmol/L to 0.106 mmol/g in the presence of other metal cations. This was due to the strong
consumption of the dissolving carbonate ions from FMS to form carbonate precipitates (Kéhler et al.
2007; Du et al., 2012).

3.2.5. Adsorption thermodynamics

Essentially, the adsorption mechanism (i.e., physical or chemical) can be sensibly interpreted
through the study of adsorption thermodynamics. The thermodynamic parameters (AG°, AH°, and
AS°) can be estimated by the calorimetric measurement (Ferreira et al., 2017) or the van’t Hoff
approach (Tran et al., 2017). Herein, we applied the latter to calculate the thermodynamic parameters
of the Cd?* adsorption process onto FMS through the following equations:

AG® =—RT InKq )
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The close relationship between AG® and AH® and AS® is described as follows:

AG® = AH® —TAS® (22)
The well-known van’t Hoff equation is obtained by substituting Eq. 22 into Eq. 21.
ALO o 23
K, - ~AH", 1 4 (23)
R T R

where K¢ is the equilibrium constant (dimensionless); R is the universal gas constant
(8.3144 J/mol x K); and T is the absolute temperature in Kelvin.

The Gibbs energy change (AG°) is directly calculated from Equation 21. Meanwhile, the
change in enthalpy (AH®) and the change in entropy (AS°) are determined from the slope and intercept
of Equation 23, respectively. Table 3 lists the profiles of thermodynamic parameters. The negative
AG® values at all investigated temperatures indicate that the adsorption phenomenon occurred
spontaneously. As well, the positive (+AS°) value reflects that the organization of Cd?* ions at the
solid/solution interface during the adsorption process becomes more random when the temperature
increases.

Table 3. Thermodynamic parameters of the adsorption process of cadmium onto FMS

T (K) Kc van’t Hoff equation AG® AH° AS°
283 2042 Y= 447X+ 9.22 -17.93 3.72 0.077
303 2368 R? = 0.936 -19.57
323 2479 -20.99
Note: K¢ values derived from the Langmuir K. constant; AG° and AH® (kJ/mol); and AS®
(kJ/molxK).

The equilibrium constant K¢ remarkably increased when the temperature rose, which verified
that the adsorption process was more favourable at a higher temperature and endothermic in nature.
The conclusions matched well with the adsorption isotherm and the entropy change sign. As indicated
in Table 2, the Langmuir maximum adsorption capacity increased by approximately 58% when the
solution temperature increased from 10 °C to 50 °C. A positive value of AH® suggests that the
adsorption process occurred endothermically. An endothermic process is unequivocally attributed to
chemical adsorption (chemisorption) with the existence of strong force. In contrast, physical
adsorption arises from relatively weak interactions (i.e., van der Waals force); therefore, the amount
of adsorbent adsorbed often tends to easily desorb when temperature increases (exothermic).

Similarly, many investigators stated the endothermic nature of potentially toxic metals
adsorption onto geological calcium carbonate (Sdiri et al., 2012), biogenetic aragonite (Hsu 2009;
Zhao et al., 2016; Du et al., 2012), and biogenetic calcite (Flores-Cano et al., 2013). Notably, the low
magnitude of thermodynamic parameters—AG® (from 17.9 kJ/mol to 20.9 kJ/mol), AH® (3.72
kJ/mol), and AS° (0.077 kJ/mol)—remained consistent with other scholars’ findings (Zhao et al.
2016; Zhou et al., 2017; Du et al., 2012). For example, Du et al. (2012) applied the nano-sized
aragonite mollusk shells for Cd?* removal from aqueous solution, concluding the similar magnitude
of AG® (from 3.9 kJ/mol to 5.3 kJ/mol), AH°® (5.62 kJ/mol), and AS° (0.034 J/mol).

3.2.6. Adsorption reversibility

To some extent, the adsorption mechanism can be explained through a desorption study.
Generally, if cadmium adsorbed onto the FMS surface is easily desorbed by pure water at a low pH
value, the primary adsorption mechanism will involve electrostatic attraction because of the existing
weak force in the adsorption process. Similarly, the adsorption mechanism regarding cation exchange
and electrostatic attraction can be evaluated through the amount of cadmium desorbed by HCI
solution. Table 4 displays the percentage of Cd?" ions desorbed using various desorbing agents (i.e.,
pure water at pH 2.0, HCI, NaCl, and CaCl,). Clearly, the desorption efficiency decreased when the
initial cadmium concentrations increased in the adsorption study because of the effect of driving force
or the dissimilar ratio of contributors. Du et al. (2011) also demonstrated that the primary adsorption
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mechanism of divalent metals onto aragonite and calcite mollusk shells was: firstly, ionic exchange
and surface complexion ata low metal concentration; and secondly, dissolution-precipitation ata high
metal concentration.

Table 4. Percentage of Cd?" desorbed using various desorbing agents

Co Water (pH = 2.0) HCI (0.1 M) NaCl (0.1M) CaCl2(0.1 M)
29.3 1.56+0.07 26.29+1.21 16.82+0.72 15.3+0.55
49.8 0.89+0.01 14.76+0.10 7.11+0.05 12.0+1.55
101.6 0.51+0.01 1.90+0.04 6.93+1.27 5.91+0.22
154.2 0.34+0.11 0.60+0.02 3.29+0.13 4.11+2.27
192.9 0.33+0.02 0.36+0.02 3.03+0.15 4.15+0.09

Note: C, means the initial Cd?* concentration in the adsorption study.

Generally, the desorption efficiency was relatively lower than what was expected. Therefore,
it can be concluded that the cadmium adsorption onto FMS was a highly irreversible process when a
strong chemical interaction was evident (Cooney, 1998). Similarly, Flores-Cano et al. (2013) proposed
that the cadmium adsorption on chicken eggshells-originated biosorbent occurred through irreversible
(surface precipitation in the (Cd,Ca)COs; formation; approximately 68%) and reversible (cation
exchange between Ca?" and Cd?" ions; approximately 32%) mechanisms. Balaz et al. (2016) also
concluded that the percentage of cadmium desorbed from the surface of laden eggshells was only
6.28%, suggesting that it is an irreversible process.

In contrast, Zhou et al. (2017) concluded that approximately 97% of adsorbed cadmium onto
crab shells can be recovered with a 0.1 M HNO3 solution. This is because raw crab shells contain high
protein content (40%), calcium carbonate (30%), chitin (20—25%), lipid, and pigments. Therefore,
they asserted that the primary adsorption mechanism was cation exchange (with Ca and Mg),
chelation, and precipitation in the potential forms of (Cd,Ca)CO3; and CdCOs.

The adsorption process was highly irreversible because the adsorption mechanism was surface
precipitation. Therefore, the leaching of metal from metal-laden adsorbent into the environment seems
negligible. In the future study, the leaching test for exhausted FMS will be carried out to confirm this
hypothesis. In case of high concentration of toxic elements is found in the leaching test, the
encapsulation of sludge cake through solidification/stabilization techniques can be a solution for
sludge management. Here, the recovery and reuse of sludge cakes seems to be impractical due to the
high treatment cost. The market for the recovered materials is limited if low treatment cost is applied
due to the impurity of the recovered materials.

3.3. Adsorption performance in column experiments

Figure 6d illustrates an experimental setup for breakthrough curve determination. The
breakthrough curves and operation parameters for cadmium adsorptiononto FMS are shown in Figure
6 and Table 5, respectively. The breakthrough curves exhibited a typically relative smooth S-shaped
profile, which is often controlled by the shape and length of the mass transfer zone.
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Figure 6. Breakthrough curves for different (a) flow rates, (b) feed concentrations, and (c) bed
heights (pH =6.0 and room temperature =30 + 3.0 °C)

To examine the breakthrough profiles in the fixed-bed adsorption process, various
mathematical models were applied to describe the dynamic adsorption behaviour of cadmium in the
fixed-bed column, such as the Thomas, Adams-Bohart, and Yoon-Nelson models. In this study, we
applied only the Thomas model for predicting the adsorption curve of breakthrough in the fixed-bed
reactor to determine the highest adsorption capacity of FMS under various operational conditions. The
nonlinear and linear forms of the Thomas model are described in Equations 24 and 25, respectively.
The Thomas linear plot is In((Co/Ct) — 1) versus t.
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where kry (mL/min x mg) is the Thomas adsorption rate constant; g, (mg/g) is the column maximum
equilibrium cadmium uptake per gram of FMS; ms (g) is the mass of FMS used in the column; and Q
(mL/min) is the volumetric flow rate.

3.3.1. Effectof flow rate

The influence of volumetric flow rate (Q; mL/min) on the FMS adsorption capacity,
breakthrough time, and exhaustion time is illustrated in Figure 6a. The breakthrough and exhaustion
times (Table 5) proportionally decreased with increasing flow rate from 3 to 9 mL/min. This result is
consistent with the adsorption rates (kr+) of the Thomas model (Table 5), which means a higher flow
rate causing a faster saturation rate.
Table 5. Parameters of cadmium adsorption onto the FMS biosorbent in the fixed-bed column at
different operating conditions

Operation condition Thomas constant Adsorption column parameters

Q Co 4 Ky Qo RZ X° Th Ts WHO Oo Os

3 10 5 0.160 4.10 0.957 0.58 3060 5820 2820 270 511
6 10 5 0.220 5.89 0.981 0.87 2580 4860 2280 455 854
9 10 5 0.240 7.86 0.965 0.15 2115 4170 1680 560 109
3 20 5 0.135 593 0.970 0.16 2430 4350 2100 429 764
3 30 5 0.073 721 0.953 0.23 1680 3630 930 444  9.56
3 10 10 0.080 4.21 0.924 0.3 3480 6750 2940 3.07 593
3 10 15 0.073 457 0.913 0.76 3960 7230 3540 349 6.35

Note: the unit of Q (follow rate; mL/min), Co (initial Cd concentration; mg/L), Z (bed height; cm), and krw (the
Thomas rate constant; 10-3 mL/min x mg), qo (the Thomas adsorption capacity; mg/g), Tv (breakthrough time;
min), Ts(saturation time; min), WHO (the time when the effluent cadmium concentration will be higher than
0.003 mg/L; min), qgo (breakthrough capacity; mg/g), gs (saturation capacity; mg/g).

In general, the adsorption capacity of adsorbent often decreases when flow rate increases
because of the insufficient residence time between adsorbent and adsorbate (Vilvanathan and
Shanthakumar, 2017; Chao et al., 2014). For instance, Chao et al. (2014) explored the biosorption of
potentially toxic metals (Cu?*, Cd?*, Ni?*, and Pb?*) on citrus maxima peel, passion fruit shell, and
sugarcane bagasse in a continuous fixed-bed column. The authors found that the Thomas maximum
adsorption capacity (go; mg/g) of such lignocellulosic wastes-derived biosorbents to selective cation
metals significantly decreased when the flow rate increased from 2.0 to 3.0 mL/min and then 4.0
mL/min. This is because ion exchange and complexation were regarded as the primary mechanism.

Therefore, the highest amount of cadmium adsorbed onto FMS was expected to occur at the
lowest flow rate of 3 mL/min. However, as indicated in Table 5, the Thomas adsorption capacity of
FMS significantly increased from 4.10 mg/g to 7.21 mg/g when the flow rate rose from 3 mL/min to
9 mU/min. This is because the surface precipitation occurred faster than the others (i.e., cation
exchange), which is consistent with the result in the batch adsorption kinetics study. Furthermore, the
shape of the breakthrough curve at 3, 6, and 9 mL/min is relatively similar (Figure 6a), suggesting
that the adsorption process can still reach adsorption equilibrium at the highest flow rate of 9 mL/min.
Similarly, Lim and Aris (2014) used the dead calcareous skeletons-based biosorbent to remove
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cadmium ions from water solution under the continuous fixed-bed column study. They also reported
that the g, values increased with an elevation in flow rate as follows: 17.7 mg/g at 10 mL/min < 41.6
mg/g at 15 mL/min < 66.2 mg/g at 20 mL/min. However, this result differs from that of Zhang et al.
(2017) when referring to the removal of potentially toxic cation metals (Cd?*, Pb?" and Cu?*) from
acid mine drainage using biosorbent chicken eggshells.

3.3.2. Effectof initial cadmium concentration

Figure 6b displays the time dependence on the breakthrough curve at varying cadmium
concentrations in the influent (10, 20, and 30 mg/L). The cadmium breakthrough time dramatically
fell (from 3060 min to 2430 min and then to 1680 min) when the feed cadmium concentration
increased from 10 to 20 and then to 30 mg/L, respectively. This means that the bed became more
quickly saturated when more cadmium ions were introduced to the FMS column (Lim and Aris, 2014).
In contrast, the maximum cadmium adsorption capacity decreased within an appreciable increase in
inlet cadmium ion concentration. The Thomas adsorption capacity of FMS was ranked in the
following order: 4.10 mg/g at 10 mg/L < 5.63 mg/g at 20 mg/L < 7.21 mg/g at 30 mg/L. A higher
initial cadmium concentration led to a larger amount of cadmium being adsorbed onto FMS because
of a greater driving force on the FMS surface (Vilvanathan and Shanthakumar, 2017).

3.3.3. Effect of bed height

The effect of various bed heights (5, 10, and 15 cm) on the breakthrough curve at a solution
flow rate (3 mL/min) and feed concentration (10 mg/L) is presented in Figure 6¢. The breakthrough
and exhaustion times (Table 5) dramatically increased from 3060 min to 3960 min and from 5820 min
to 7230 min when the bed height increased from 5 cmto 15 cm, respectively. Compared with the other
operations (i.e., flow rate and initial Cd concentration), the bed height wielded less impact on the
maximum column adsorption capacity. The Thomas adsorption capacity of FMS only ranged from
4.10 mg/g to 4.57 mg/g within the change of bed heights (5, 10, and 15 cm). An analogous observation
was recognized by other scholars (Zhang et al., 2017; Li and Champagne, 2009). They found that the
Jo Vvalues of cadmium adsorption onto chicken eggshells were 1.13 mg/g at 10 cm, 1.85 mg/g at 20
cm, and 1.63 mg/g at 30 cm (Zhang et al., 2017).

3.4. Discussion of a plausible adsorption mechanism

The adsorption mechanism of potentially toxic metals (i.e., cadmium) onto carbonate-rich
materials has been reported inthe literature, including: (1) pore filling, (2) electrostatic attraction (out-
sphere complexes), (3) non-electrostatic attraction (inner-sphere complexation), (4) surface
precipitation in forms of Cd(OH),;, (Ca,Cd)COs; Cd3(COs)2(OH),, and CdCOs and (5) cation
exchange with alkali metals (K* and Na*) and alkaline earth metals (Ca?* and Mg?*) (Prieto et al.
2003; Alidoust et al., 2015; Lim and Aris, 2014; Kuh and Kim, 2000).

As previously discussed, the FMS adsorbent exhibited a low Sger value (1.449 nv/g),
suggesting that pore filling makes a nominal contribution to the adsorption mechanism. Moreover, the
analyses on the effects of pH (Section 3.2.1) and desorption (Section 3.2.6) demonstrated that
electrostatic and non-electrostatic attractions played an auxiliary role in binding Cd(ll) cations in the
solution. Furthermore, the analysis of FTIR (Figure 4) indicated that the peaks regarding the carbonyl
(C=0) group did not significantly decrease in intensity or shift toward higher/lower wavenumbers
after cadmium adsorption. It is suggested here that complexation played an unimportant role (Zhao et
al., 2016; Lim and Aris, 2014).

Furthermore, the bulk precipitation of hexagonal crystals of Cd(OH)- has been identified as a
predominant mechanism of cadmium adsorption onto calcined oyster shell fragments (Alidoust et al.,
2015). They reported that the Cd(OH)- crystalline on the surface of calcined oyster shells was mainly
identified at 2-Theta of approximately 19°, 35°, 48°, and 52°. However, the precipitation of
Cd(OH)2 was ruled out in this study, which is very consistent with the XRD result (absence of
diffraction peaks observed for cadmium hydroxide). Cadmium will be precipitated as Cd(OH); in an
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alkaline medium (pHsouttion > 8.5) (Veneu et al., 2017; Guo et al., 2015). The finial pHsolution iN this
study ranged from 6.13 to 7.33, confirming that the adsorption mechanism did not involve the
precipitation of cadmium with hydroxide. This finding is similar to that presented by Veneu et al.
(2017) for Cd(Il) adsorption onto algae Lithothamnium calcareum, but dissimilar to Alidoust et al.
(2015) for Cd(ll) adsorption onto calcined oyster shells.

In essential, cation exchange is known as a reversible process. If cation exchange between
Cd?* ions and exchangeable cations (i.e., Ca?") in solution dominates, then cadmium desorption
efficiency from the FMS surface using NaCl and CaCl; should be excellent (Flores-Cano et al., 2013).
This is because of the ionic radii similarity between cadmium (0.095 nm) and calcium (0.10 nm), and
Cd(Il) will substitute for Ca(ll) at the accessible surface sites of FMS. This process has been also
known as the isomorphic substitution mechanism (Alidoust etal., 2015; Veneu et al., 2017). However,
the desorption study (Section 3.2.6) demonstrated that the desorption efficiency was only
approximately 15%, suggesting that cation exchange was an integral part of the adsorption
mechanism, but not a predominant one. Such inference tallies with the EDS result before and after
adsorption (Figure 3). A slight decrease in the percentage of Ca element after adsorption confirmed
again that the cation exchange between guest cadmium (in the solution) and host calcium (in the
aragonite) was not the primary adsorption mechanism. In addition, the XRD data (Figure 1)
demonstrated that the content of CaCOs; slightly decreased by approximately 5% (from 90.8% to
86.2%) after cadmium adsorption. The result also confirmed that ion exchange played an integral role
in removing Cd(Il) from the solution, but not primary adsorption mechanism. Similarly, Alidoust et
al. (2015) compared the Cd(ll) adsorption capacity onto pristine and calcined oyster shells, finding
that the CaCQOgs in pristine oyster shells was completely converted to pure CaO at a calcination
temperature of 900 °C (the starting temperature of calcite conversion into calcium oxide was 650 °C).
They concluded that cadmium adsorption through an ion-exchange mechanism with Ca?" is more
efficacious ina CaO system (calcined oyster shells) than in a calcite system (pristine oyster shells).

Another adsorption mechanism of cadmium onto CaCOs-enriched adsorbent with much
potential was the surface precipitation in two distinct forms, specifically (Cd, Ca)CO; (Flores-Cano
et al., 2013; Du et al., 2011; Prieto et al., 2003; Tran et al., 2016) and CdCO; (Veneu et al., 2017;
Kohler et al., 2007; Li et al., 2014). For example, Prieto et al. (Prieto et al. 2003) wrote that cadmium
could be incorporated onto the biogenic and abiogenic aragonites by the surface precipitation of (Cd,
Ca)COs solid solution with a calcite-type structure. Meanwhile, Kohler et al. 2007 (2007) applied the
biogenic aragonite material (cockleshells) to remove Cd?* ions from aqueous solution, emphasizing
that the primary adsorption mechanism was the surface precipitation of white otavite crystallite
(CdCOs3). The SEM image of Cd-laden FMS (Figure 2b) demonstrated an overgrowth of
rhombohedral crystals on the FMS surface.

Meanwhile, the EDS of Cd-laden FMS (Figure 3b) indicates that the main elements in the
crystals were C, O, Ca, and Cd, which means that Ca still remains on the FMS surface after Cd
adsorption. The results suggested that cadmium can readily be incorporated in the CaCQOj3 structure to
form the (Cd, Ca)COs precipitates on the FMS surface. Notably, Prieto et al. (2003) concluded that
after a prolonged reaction time between cadmium and the abiogenic aragonite, the substrate became
completely covered by rhombohedral crystals that form a crust on the aragonite’s surface. This
phenomenon is similar to the morphology observed in our study (Figure 5c) and those of other
researchers (Kohler et al., 2007). That is, the cockleshells become completely covered by a crust of
(Cd,Ca)COs precipitate after cadmium adsorption. Furthermore, some new prominent peaks appeared
in the XRD spectrum (Figure 1b) after adsorption, indicating the appearance of a new mineral solid
phase after the carbonate recrystallization process in the otavite form (Veneu et al., 2017). According
to the XRD pattern (Figure 1b), the precipitate as CdCOj3 otavite crystals was identified at angles of
26.27°, 31.14°, 40.08°, 43.67°, 49.87°, 52.92°, and 61.81°, which is in accordance with the literature
(Veneu etal., 2017; Li etal., 2014). Namely, Veneu etal. (2017) found that the diffractogram obtained
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from Lithothamnium calcareum algae after cadmium adsorption demonstrated the typically
characteristic otavite phase peaks, at 26 = 27.23°, 35.28°, 42.30°, 51.13°, 58.47°, 68.46°, 72.84° and
77.54°,

Notably, chemisorption is often divided two categories (activated chemisorption and non-
activated chemisorption) that are strongly dependent on the magnitude of activation energy (Ea) and
adsorption rate. Activated chemisorption usually occurs slowly and requires a significant activation
energy (often higher than 40 kJ/mol). In contrast, non-activated chemisorption often occurs very
rapidly even at a very low temperature and has an insignificant activation energy, i.e. nearly zero
(Ghosh, 2009; Hill and Root, 2014). According to the kinetic study, the adsorption process occurred
very rapidlyeven at 10 °C (Figure 5), but the negligible magnitude of activation energy was calculated
as 10.2 kd/mol (using the Arrhenius equation), which is a signal of non-activated chemisorption. Non-
activated chemisorption was also reported by Guo et al. (2015) for the adsorption of cadmium onto
succinic anhydride-modified maize straw sample. They concluded that a low magnitude of Ea
(4.7 kJ/mol) confirmed that the energy barrier (or potential barrier) against the adsorption of cadmium
ions is easier to overcome; therefore, the adsorption process occurred very rapidly. Notably, Cubillas
et al. (2005) concluded that the Ea values of otavite (CdCOs) precipitation ranged from 5.55 kJ/mol
to 8.60 kiJ/mol for the cadmium adsorption onto aragonite, calcite, cockle shells, clam shells, and
mussel shells.

Tables 6-7 summarizes a comparison of adsorption efficiency of FMS and other adsorbents
in the literature under batch and column technique, respectively. According to the table, the FMS
adsorbent exhibited a relatively high affinity to cadmium in both batch and column experiments.
Therefore, the freshwater mussel shells are a promising adsorbent for a large-scale application in
removing cadmium from water environments.

Table 6. Comparison of Langmuir maximum adsorption capacity (Q°mx mg/g) of FMS toward
cadmium in this study and other adsorbents in the literature

(0]

Adsorbent Polymorph  Experimental condition (%g”/‘ax) Reference
Modified maize straw — 1g/L, 20°C,1.5h, pH5.8 196 Guo et al. 2015
Coral Strands Agjzft';e 1g/L, 25°C, 1 h, pH 5.0 189 Veneu etal. 2017
Orange peel biochar — 20/L, 30°C,24h,pH7.0 115 Tran et al. 2016
Apple snail shell Aragonite  2g/L, 30°C,1h, pH3.5 81.3 Zhao et al. 2016
Commercial AC — 4 g/L, 30 °C, 2 h, pH 6.0 31.9 This study
Cantaloupe peel — 50/L, 30°C, 24 h,pH5.0 30.4 Tran and Chao 2018
Oyster shell Calcite 4 g/L, 25 °C, 96 h, pH (NA) 29.5 Alidoust et al. 2015
Mussel shells (FMS) Aragonite  4g/L, 30 °C,2h, pH6.0 26.0 This study
Eggshells Calcite 1g/L,25°C,6h pH7.0 23.4 Balaz et al. 2016
Commercial AC — 12 g/L, 25°C,1h, pH5.0 18.0 Coelho etal. 2014
Pine cone — 59¢/L, 30 °C, 24 h, pH5.0 17.3 Tran and Chao 2018
Litchi fruit peel — 50/L, 30°C, 24 h, pH5.0 11.5 Tran and Chao 2018
Cashew nut shell — 12 g/L, 25°C, 1 h, pH 5.0 11.2 Coelho et al. 2014
Annona squamosa peel — 5¢9/L, 30 °C, 24 h, pH5.0 7.40 Tran and Chao 2018
Bamboo shoot — 50/L, 30°C, 24 h,pH5.0 7.03 Tran and Chao 2018
Sugarcane bagasse — 5¢/L, 30 °C, 24 h, pH5.0 6.13 Tran and Chao 2018
Corbicula fluminea shell ~ Aragonite  5¢/L, 25 °C, 24 h, pH 7.0 4.03 Ismail et al. 2014
Chicken eggshell Calcitt  5g/L, 25°C, 4 d, pH 6.0 3.75 g:)olges-Cano etal.
Crab shell caco; 0.4d/L, 25°C, 24 h, pH5.5 3.43 Zhou et al. 2017

(~30%) ' ' ’ ’ ' ' '
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Razor clam shell Aragonite 0.5 ¢/L, 25 °C, 24 h, pH 5.0 0.45 Du et al. 2011

Eqggshells Calcite 250/L, 25°C, 24 h,pH 5.5 0.51 Ahmad etal. 2012
Oyster shell Calcite 0.5¢g/L, 25°C, 24 h, pH5.0 0.17 Du et al. 2011
Coral waste Calcite 25¢9/L, 25°C, 24 h, pH5.5 0.12 Ahmad etal. 2012

NOTE: NA (not adjusted); AC (activated carbon)
Table 7. Comparison of Thomas maximum adsorption capacity (go; mg/g) of FMS toward cadmium
in this study and other adsorbents in the literature

Adsorbent Polymorph Experimental conditions (mqg(}g) Reference

Citrus maxima peel — 2 mL/min, 300 mg/L, 3 cm 132 Chao et al. 2014
Coral strands A(r:aegc():?tlée, 25 mL/min, 100 mg/L, 5cm 124 Veneu et al. 2017
Calcareous Aragonite, 20 mL/min, 100 mg/L, 1.10 : .
skeletons Calcite cm 66.2 Lim and Aris 2014
Passion fruit shell — 2 mL/min, 300 mg/L, 3 cm 48.6 Chao et al. 2014
Sugarcane bagasse — 2 mL/min, 300 mg/L, 3cm 26.3 Chao et al. 2014
Peat _ 1.5 mU/min, 209 myL, 10cm  8.15 ggggd Champagne
Mussel shells (FMS)  Aragonite 9 mL/min, 10 mg/L, 5cm 7.86  This study
Chicken eggshells Calcite 10 mL/min, 0.4 mg/L, 20 cm 1.85 Zhang etal. 2017
Mollusk shells Aragonite  1.5mL/min, 209mg/L, 15 cm 1.69 Li and Champagne

2009

4. Conclusions

Characteristics and mechanisms of cadmium adsorption onto biogenic aragonite-based biosorbent
(freshwater mussel shells) were investigated in batch and column techniques. The results
demonstrated that the optimal solution pH was higher than 4.0. The adsorption capacity of FMS
depended strongly on ionic strength. The kinetic study indicated a fast adsorption equilibrium at
approximately 60 min and a removal rate of approximately 40% can be achieved within 5 min of
contact. The Langmuir maximum cadmium adsorption capacity was 31.94 mg/g for commercial AC
and 26.01 mg/g for FMS. The Thomas cadmium adsorption capacity of FMS ranged from 4.10 mg/g
to 7.86 mg/g. The adsorption process occurred spontaneously (AG®) and endothermically (AH®). The
primary adsorption mechanism was surface precipitation. The toxic cadmium can react with CaCO3
(available in the FMS structure) to form the precipitant of (Cd, Ca)CO3z and CdCO;3 on the surface of
FMS, thus immobilizing cadmium in the solution. Not only was the precipitation process irreversible,
the adsorption process was characterized by non-activated chemisorption with a low magnitude of
activation energy (10.2 kJ/mol). Coexisting metals displayed the relative adsorption selectivity of Pb?*
> Cd? > Cu?* > Cr® > Zn?. It was experimentally concluded that the freshwater mussel shells can
serve as a promising low-cost material for removing cadmium in water treatment strategies.
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