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ABSTRACT: The ability of the shell dust of freshwater mussel Lamellidens marginalis (MSD)
to remove cadmium from the aquatic system was evaluated. The results indicate that MSD, a
waste biomaterial, bears the potential to remove cadmium from contaminated water with a
biosorption capacity of 18.18 mg g−1 at pH 6. At equilibrium, the adsorption data fitted to
Langmuir (r2 = 0.992) significantly more than the Freundlich equation (r2 = 0.66). Regression
analysis suggests that the biosorption kinetics followed the pseudo-second-order model (r2 =
0.999) better than the Lagergren model (r2 = 0.879). The possible mechanism of biosorption
appeared to be ion exchanges with Fe, Al, Si, In, Co, and Ca ions together with binding of
different functional groups such as −OH, −CO, −CC, and −C−C, as revealed through
FTIR and EDX analyses. Although low in comparison to cadmium, the MSD-adsorbed zinc
(qmax = 10.64 mg g−1) and lead (qmax = 8.06 mg g−1) varied in amounts, depending upon the
initial metal ion concentration and biomass of the adsorbent. These observations substantiate
MSD as a low cost and environment friendly biosorbent for heavy metal ion bioremediation.
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■ INTRODUCTION

Heavy metal-induced pollution is a major concern for the
sustainability of aquatic ecosystem functions. Accumulation of
heavy metals at different trophic levels results in reduction of
diversity and stability of the food webs that in turn contribute
to the degradation of aquatic ecosystems. Because many of the
aquatic resources are used by humans, potential health risks
owing to dispersal and accumulation of heavy metals are highly
possibile. Empirical evidence supports that heavy metals can
reach humans through food webs at a magnified level, affecting
the physiological, behavioral, and biochemical processes.1,2

Thus, removal of heavy metals from the aquatic ecosystem is
essential to reduce the ill-effects at population and ecosystem
levels.3 Although metal removal methods based on ion
exchange, chemical precipitation, coagulation, activated char-
coal, electrochemical basis, and membrane technology alone or
in combination have evolved in the recent past,4 the risks of
generating secondary pollutants are associated with many of
these methods. Alternatively, use of biological materials for
metal removal has been promoted to minimize the cost with
increased effectiveness.5 Application of biological materials
available from natural sources reduces the possibilities of
yielding unwanted chemicals without interfering with the
ecosystem functions. This is substantiated through observations
on the metal adsorption ability of different microorganisms,6

mushrooms,7 algae,8,9 and hydrophytes,10 many of which are
hyper accumulators of metals.10,11 Application of aquatic
animals in metal adsorption is also empirically tested as evident
from studies on crab and acra shell biomass,12−14 calcined
shells,15 and marine4,16−18 and freshwater bivalves.19

Successful metal removal strategies require selection of the
appropriate form and variety of biological materials based on
ecosystem specific requirements. Uncontrolled application of
living specimens for metal removal can result in biological
invasion and hinder ecosystem functions. In many instances,
the use of the biological species in metal removal is constrained
because of their value as food and other economic products.5,16

Although the ability of metal removal might be high in these
biological resources, their potential as aquaculture resources
limits their application in metal bioremediation.5,16,19 Animal
body parts that are treated as wastes provide an alternative way
of using biological materials for metal removal. This is evident
from the use of egg shells and crab shells for metal adsorption
and subsequent removal from ecosystems.12−14 Earlier studies
have demonstrated cadmium uptake by living snails and
mussels, including Lamellidens marginalis (Lamarck, 1819,
Bivalvia: Unionidae), when exposed to cadmium for long-
term period.5,19 However, the economic value of L. marginalis
as a cheap source of protein limits the application of living
individuals for metal filtration or bioadsorption. Instead, use of
dead shell dust for this purpose appears to be a better
substitute. In view of this proposition, an assessment of the
metal removal capacity was made using the shell dusts of the
fresh water mussels L. marginalis (MSD) using cadmium as a
model metal. The biosorption capacity of MSD was also tested
against lead and zinc to justify the generalized nature of the
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metal removal capacity. In West Bengal, India, L. marginalis is
common in wetlands and is harvested for human consumption
of soft tissue, which is a cheap source of minerals and protein.
Earlier studies on living L. marginalis have demonstrated metal
removal capacity in situ, justifying their use in metal
bioremediation. The results of the study are expected to
highlight the potential use of the mussel shell in metal removal
from freshwater and enable comparisons with similar products
of biological origin.

■ MATERIALS AND METHODS
Preparation of Material. Freshwater mussels (Lamellidens

marginalis) are common aquaculture products sold in local fish

markets of Burdwan, India. Following extraction of the muscular
portion of the body mass, the shells of the mussels are discarded as

waste. The intact discarded shells of the mussels were collected from
the fish markets. Remaining tissues (remains of anterior and posterior
adductor muscles) attached to the shells were cleared by boiling water
and subsequent washing in distilled water. The shells were then
sundried for 2 days and kept in an oven at 50 °C for the next 2 days
for complete drying.

The shells were pulverized in mortars and pestles to fine granules.
The granules were then sieved through 500 μm and consequently
through 200 μm net. Granules of two different sizes were now
produced: 500−200 μm and ≥200 μm. Initially, the larger-sized
granules adsorbed a lesser amount of cadmium and thus were not
studied further. The ash content of the dust was 72.30%, and the water
content capacity was 1785.6 mg g−1. Elemental composition of the
MSD obtained from the energy-dispersive X-ray spectroscopy (EDX)
study is given in Table 1.

Preparation of Metal Solution. In order to prepare metal
solutions, chloride salts of cadmium, zinc, and lead were considered.
For each metal, a separate stock solution of 1000 mg L−1 was prepared
in double distilled water, and the subsequent working solutions were
prepared by appropriate dilution. The pH of the solutions was
adjusted to the required levels using 0.1(N) HNO3 and NaOH. The
inorganic chemicals used in the present experiments were purchased
from Merck India, Ltd.

Experimental Procedure. The outline of the experimental
procedure followed in the present study is shown in Figure 1. The
batch sorption experiments were done in a 250 mL Erlenmeyer flask
that contained 100 mL of solution of the particular cadmium ion
concentration at the required pH and relevant amount of mussel shell
dust (MSD). The flasks were sealed with wax paper and shaken in a
shaking incubator (Lab Companion, SI-300R, India) at a required
temperature at 150 rpm for the required time. After shaking for a
particular time, the solution of the flasks were centrifuged at 2000 rpm
and then filtered through Whatman no. 41 filter paper (GE Healthcare
U.K., Ltd.). Estimation of the metal concentration of the filtrates was
done by atomic absorption spectroscopy (GBC Avanta 1.3, India).
The influence of the pH of the solution for biosorption equilibrium
was studied, following adjustment of the working solution to a pH
range of 2 to 7. The effect of contact times between the solution and
the MSD were monitored for an 80 min time period, with observations
at every 10 min time interval. For equilibrium studies, seven levels of
the metal ion concentrations were considered ranging between 25 and
1000 mg L−1, while for the optimum biosorption study, the MSD
biomass was varied at five levels between 200 and 1000 mg.

The following equation was used to estimate the amount of
cadmium ion adsorbed on the MSD.20

= −q v m c c/ ( )e o e

where, qe = amount of metal adsorbed, v = volume of solution, m =
mass of adsorbent, co = initial concentration of the solution, and ce =
equilibrium concentration of the solution.

Analyses of FT-IR Absorbance Spectra of MSD. The IR spectra
of protonated or Cd2+-loaded MSD were recorded by FT-IR
spectroscopy (PerkinElmer FTIR, Model RX1, U.S.A.). Samples of
100 mg of KBr discs containing 1% of the final ground powder of each
test were prepared prior to 24 h of experimental data recording.

SEM and EDX Analyses. Raw and metal-adsorbed MSD were
dried and prepared for scanning electron microscopic studies. The
samples were attached by the stubs with cello tape and gold plated in a
sputter coater before use in the SEM. An electron acceleration
potential of 20 kV was applied for the microscopic observations. SEM
photographs were taken in a HITACHI S530 scanning electron
microscope at the required magnification.

For EDX analyses, the samples were studied by a field emission gun-
based scanning electron microscope with energy-dispersive X-ray
analysis (SEM/EDX) (Quanta model by FEI Co., The Netherlands)
for morphological data as well as for the presence of elemental
information on the samples. EDX spectra were taken from the area
corresponding to the SEM image shown in the inset. The SEM studies
were done at 30 kV in the low vacuum mode. EDX spectra were taken

Table 1. Elemental Profile of MSD before and after
Treatment with Cadmium Metal as Obtained from EDX
Study

before treatment after treatment

elements weight % atom % elements weight % atom %

carbon 22.62 35.98 carbon 19.91 32.24
oxygen 36.75 43.88 oxygen 39.26 47.73
aluminum 2.59 1.83 aluminum 1.21 0.87
silicon 6.31 4.29 silicon 3.63 2.52
calcium 23.11 11.02 calcium 32.1 15.58
iron 4.36 1.49 iron 2.21 0.77
phosphorus 1.73 1.07 cadmium 1.68 0.29
cobalt 0.16 0.05
indium 2.37 0.39
total 100 100 100 100

Figure 1. Outline of the study (steps 1−5) to assess the adsorption
potential of shell dust of the freshwater mussel Lamellidens marginalis
(MSD).
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in the “region mode” with bombardment of energetic electrons for a
duration of 100 s.
Comparative Study with Lead and Zinc. In order to assess the

biosorption capacity of MSD for other metals, equilibrium studies
using lead and zinc were carried out separately, following the similar
protocol of cadmium. In this study, seven levels of metal ion
concentrations were considered ranging between 25 and 1000 mg/L,
and for the optimum biosorption study, the MSD biomass was varied
at five levels between 200 and 1000 mg. The metal removal ability was
observed at pH 6 and 60 min of exposure time. Three replicates were
considered for each metal concentration and MSD biomass.
Equilibrium Modeling. In order to comment on the maximum

cadmium ion biosoprtion potential by the MSD, adsorption
equilibriums were estimated. For the equilibrium study, the experi-
ments were performed at different initial cadmium ion concentration
(25−1000 mg/g). Langmuir and Freundlich adsorption models were
used in describing the equilibrium between adsorbed cadmium ions on
the MSD (qe) and in solution (ce) at a particular temperature. The
parameters of the Langmuir equation21 were determined from a linear
form of the following equation

= +c q c a ab/ ( / ) 1/e e e

where a = maximum amount of metal ions/unit mass of adsorbent to
form a monolayer, and b = equilibrium constant. The linear plot of ce/
qe against ce indicates the applicability of the Langmuir modeling in the
experiment.
The Freundlich equation22 stated below was also used to estimate

the kinetic modeling

=q k c n
e f e

1/

where, kf and 1/n are the Freundlich constants indicating the
adsorption capacity and intensity, respectively. The linear plot of log qe
against log ce indicates the applicability of the Freundlich modeling in
the experiment.
Kinetic Modeling. The pseudo-first-order model in adsorption

was proposed by Lagergren. It describes that the rate of adsorption is
proportional to the number of unoccupied binding sites of the
biosorbent. This model works well in the region where the biosorption
process occurs quickly.23 The Lagergren equation24 or pseudo-first-
order reaction is mathematically expressed as

= −q t k q qd /d ( )l e t

where qe = amount of adsorbed metal ion on biosorbent at
equilibrium, qt = amount of adsorbed metal ion on biosorbent at
time “t”, and kl = Lagergren constant.
Integrating the above equation and transforming to log scale-

− = −q q q k tlog( ) log ( /2.303)e t e l

The linear plot of log (qe − qt) against time indicates whether this
kinetic model is applicable for biosorption process. Because the
pseudo-first-order model for prediction of biosorption may not be
suitable for a long period of the adsorption process,25 as an alternative,
compatibility with the pseudo-second-order equation was judged using
the following equation25

= +q q q k t q k t(( )/(1 )t e e 2 e 2

where qe = amount of adsorbed metal ion on biosorbent at
equilibrium, qt = amount of adsorbed metal ion on biosorbent at
time “t”, and k2 = second order rate constant (g mg−1 min−1). A linear
plot of t/q against t will allow justifying the compatibility of the
biosorption of MSD with the above equation.

■ RESULTS AND DISCUSSION
Effect of pH of Solution. The biosorption procedure was

maintained over the experimental range of pH 2−7. The
sorption procedure was influenced by the pH of the medium in
two ways: metal solubility and total charge of the functional

groups of the biosorbent. The optimum pH, at which the
procedure shows the highest adsorption for the biosorbent, was
estimated. At high pH, that is, at an alkaline condition,
precipitation of the metal takes place, while at low pH, metal
sorption capacity decreases owing to high protonation. The
experiment was carried out using 100 mL of solution having
100 mg L−1 Cd2+ and 100 mg of the MSD at 30 °C in reference
to varying pHs of the solution. The pH-dependent adsorption
of the metal ion by MSD is shown in Figure 2a, which reflects
that the metal sorption was negligible at pH 2 and increased
with an increase in pH of the solution until the highest
adsorption at pH 6. The metal sorption declined with a further
increase in the pH of the solution (Figure 2a).

Effect of Initial Metal Ion Concentration. An increase in
cadmium metal adsorption was observed with a corresponding
increase in initial cadmium ion concentration. Seven different
Cd2+ ion concentrations were used in the study, ranging
between 25 and 1000 mg L−1. At an initial concentration of 25
mg L−1, the lowest adsorption was observed, while the highest
adsorption was observed at 800 mg L−1 concentration. Metal
adsorption did not increase with a further increase in Cd2+ ion
concentration in the solution (Figure 2b).

Influence of Biosorbent dose. The cadmium biosorption
potential of the MSD increased with an increase in the available
amount of MSD used in treating the metal solution. The
increase in amount of biosorbent augmented the availability of
free binding sites or exchanging group to adsorb the metal ion

Figure 2. (a) Effect of pH of the solution on biosorption of cadmium
on MSD at 30 °C, initial cadmium ion concentration of 100 mg L−1,
contact time of 60 min, and biosorbent dose of 1 g of 100 mL−1

solution. (b) Effect of initial cadmium ion concentration of solution on
biosorption on MSD at 30 °C, pH 6, contact time of 60 min, and
biosorbent dose of 1 g of 100 mL−1 solution. (c) Effect of time on
biosorption of cadmium on MSD at 30 °C, pH 6, initial cadmium ion
concentration of 100 mg/L, and biosorbent dose of 1 g of 100 mL−1

solution. (d) Effect of biosorbent dose on biosorption of cadmium on
MSD at 30 °C, pH 6, initial cadmium ion concentration of 100 mg
L−1, and contact time of 60 min.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500635e | ACS Sustainable Chem. Eng. 2015, 3, 1−83



from the solution. Thus, at 100 mg L−1 metal ion
concentration, the increase in the MSD amount resulted in
increased metal ion adsorption up to the limit of 1000 mg L−1

(of MSD), as used in the experiment (Figure 2c).

Effect of Contact Time. The sorption potentials of the
MSD over time were monitored from 10 to 20, 40, 60, and 80
min by using 100 mL of 100 mg L−1 Cd2+ at pH 6 (Figure 2d).
In the initial time period, metal adsorption was less with more
free binding sites being available. With an increase in the time
period of interaction, the free sites became gradually saturated
with metal resulting in increased adsorption. At the 10 min time
interval, the lowest adsorption was noted that increased with
time to saturate at 60 min, beyond which the metal uptake
remained almost the same (Figure 2d). The variation in uptake
of the cadmium ions with time were used in fitting the kinetic
models.

FT-IR Study. In order to study the mechanism of cadmium
removal and the main functional groups responsible for Cd2+

binding, FTIR spectroscopy of the MSD was performed. The
IR spectra of protonated and cadmium-loaded MSD are shown
in Figure 3a and b, respectively. The peak at 3424 cm−1

indicates the presence of hydroxyl (−OH) groups. The strong

Figure 3. FTIR absorbance spectra of mussel shell dust (MSD) (a) before and (b) after biosorption of cadmium.

Figure 4. Scanning electron micrograph (SEM) of mussel shell dust
(a) before and (b) after the biosorption of cadmium (magnification at
4000×).
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band at 2921 cm−1 is due to the C−H stretching frequency, and
the peak at 1634 cm−1 is due to the CO stretching mode of
the primary and secondary amides.26 The weak band at 1462
cm−1 is attributed to the aromatic CC, and the strong band
at 1041 cm−1 is due to the C−O stretching of the alcoholic
groups,27 which is possibly linked to the degradation of the
glycosylated proteins of the shell matrix.28 The FTIR of metal-
loaded MSD shows that a distinct shift of some bands and a
change in intensity indicate the ion exchange behavior of MSD.
Scanning Electron Micrograph (SEM) and EDX

Analyses. The surface structure of the free and cadmium-
loaded MSD was analyzed under scanning electron microscope.
The scanning electron micrographs of the dried MSD before
and after the Cd2+ treatment at 4000× magnification are shown
in Figure 4a and b, respectively, reflecting irregular morpho-
logical structure of the particles and lamellar stratified surface of
the MSD before adsorption. The SEM image of the MSD post-
exposure to Cd2+ is characterized by a spongy layer indicating
that surface precipitation occurred during the sorption.17

Cadmium sorption by a CaCO3 compound generally follows
surface precipitation because of similar ionic radii29,30 of the
divalent calcium and cadmium.
The structure of the dust provides a large surface area for

interaction with the cadmium ion of the solution. The
elemental profile of the shell dust before and after the
treatment of the cadmium solution was estimated using EDX
analysis. The prominent peaks in the EDX spectra correspond
to C Kα, O Kα, Al Kα, Si Kα, P Kα, Ca Kα, Ca Kβ, Fe Kα, etc.
in the untreated MSD and in addition a Cd Lα peak in treated
MSD (Figure 5a,b). Both the treated and untreated MSD
showed strong peaks corresponding to calcium. The elemental

profile of the treated MSD on EDX shows 1.68% of cadmium
on weight basis that strongly suggests the adsorption of the
heavy metal to the MSD (Table 1).

Comparative Study with Zinc and Lead. The adsorption
of zinc and lead by MSD increased as a function of metal ion
concentration. Similar to cadmium, the lowest adsorption was
observed at 25 mg L−1 of metal ion concentration, while highest
adsorption was observed at 800 mg L−1 concentration for zinc
(Figure 6a) and at 1000 mg L−1 concentration for lead (Figure
6c). The biosorption potential of the MSD for both zinc and
lead increased with an increase in the available amount of MSD
(Figure 6b,d). Thus, at 100 mg L−1 metal ion concentration, an
increase in metal adsorption was observed with a corresponding
increase in the MSD amount up to the limit of 1000 mg L−1 for
zinc and 800 mg L−1 for lead. Although the adsorption pattern
seems to be lower than cadmium, nonetheless the result
substantiates MSD as a potent biosorbent of a wide range of
metals.

Adsorption Isotherm. The biosorption isotherm is
important in wastewater treatment as it implies an estimation
of the biosorption capacity of the adsorbent. The linear
representations of the Langmuir and Freundlich isotherms of
cadmium, zinc, and lead adsorption at 30 °C are shown in
Table 2. For all the metals, the values of the coefficient of
determination are higher in the Langmuir equation compared
to the Freundlich equation (Table 2), indicating that the
Langmuir model is more suitable for describing the biosorption
equilibrium of metals on the mussel shell dust. The qmax value
for cadmium (18.18 mg g−1) was higher than both zinc (qmax =

Figure 5. EDX spectra of the mussel shell dust (MSD) (a) before and
(b) after cadmium biosorption.

Figure 6. Biosorption of the metals zinc and lead. Effect of (a) initial
zinc ion and (c) lead ion concentration of solution on biosorption on
MSD at 30 °C, pH 6, contact time of 60 min, and biosorbent dose of 1
g of 100 mL−1 solution. Effect of biosorbent dose on biosorption of
(b) zinc and (d) lead on MSD at 30 °C, pH 6, initial metal ion
concentration of 100 mg L−1, and contact time of 60 min.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500635e | ACS Sustainable Chem. Eng. 2015, 3, 1−85



10.64 mg g−1) and lead (qmax = 8.06 mg g−1) (Table 2). The
equilibrium models of cadmium biosorption support that under
optimum conditions (pH 6, biosorbent dose of 1 g, Cd2+

concentration of 100 mg L−1, and 60 min time period) 18.18
mg g−1 is the maximum biosorption capacity of MSD.
Maximum cadmium biosorption capacities of similar low cost

biosorbents are shown in Table 3. Although the materials of
plant origin (Table 3) like rice husk, rice straw, and alike41

show the ability to adsorb metals, the potential risk of leaching
of lignin, tannin, and other metabolites may cause unwanted
interference with the food chain. In contrast, MSD is mainly
composed of calcium carbonate, degradation of which, if any,
will not yield unwanted compounds to the ecosystem.
Artificially prepared composite materials12,42 are also useful
for metal removal but are relatively less cost effective than
MSD.

Biosorption Kinetics. The kinetic model is necessary for
determination of the optimal condition of the biosorption
process. For the evaluation of differences in the sorption
process, the kinetics of metal uptake were described by the
pseudo-first-order and pseudo-second-order models.25 The
linear plots obtained from the pseudo-first-order and pseudo-
second-order models at 100 mg L−1 initial Cd2+ concentrations,
pH 6, and at 30 °C temperature are shown in Figure 7a and b,
respectively. For the pseudo-first-order model, although the
correlation coefficient (r = −0.937) was satisfactory (Figure 7a,
Table 4), the calculated metal uptake (9.6 mg g−1) and
coefficient of determination (r2 = 0.879) remained lower than
the values obtained from the pseudo-second-order model
(Figure 7b, Table 4). The higher correlation coefficient (r =
+0.999) and coefficient of determination (r2 = 0.999) and the
calculated metal adsorption (9.8 mg g−1) supported the
compatibility of the biosorption process with the pseudo-
second-order model.

■ CONCLUSION

The present work indicates that at pH 6, the maximum
biosorption capacity (qmax) of MSD is 18.18 mg g−1 for
cadmium, followed by 10.64 mg g−1 for zinc and 8.64 mg g−1

for lead. The elemental profile obtained through SEM-EDX
analyses for cadmium revealed a clear peak of cadmium
biosorption on MSD with exchange of Fe, Al, In, Si, and Ca
ions. The main functional groups responsible for chelation were
OH, CO, CC, and C−C, as supported by FTIR analysis.
The cadmium biosorption process followed both pseudo-first-
order (r2 = 0.879) and pseudo-second-order (r2 = 0.999)
kinetics. The results indicate that MSD can be considered a
low-cost and environment friendly biosorbent for metal
bioremediation, especially for cadmium (Figure 8), opening a

Table 2. Coefficients of Langmuir and Freundlich Isotherm Models for Cadmium, Zinc, and Lead Biosorption by MSD

linear equations and Langmuir constants cadmium zinc lead

equation y = 0.055x + 0.933 y = 0.094x + 3.929 y = 0.124x + 18.80
R2 0.992 0.934 0.887
qmax (mg g−1) 18.18 10.64 8.06
b (L mg−1) 0.06 0.02 0.01
equation y = 0.317x + 0.410 y = 0.248x + 0.722 y = 0.576x − 1.651
R2 0.660 0.647 0.667
n 3.16 4.03 1.74
kF 1.51 2.06 0.19

Table 3. Comparative Data of Biosorption Capacities for
Cadmium by Different Biosorbents

adsorbent qmax
a (mg g−1) ref

olive waste 6.55 27
raw corn stalk 3.39 31
brewer’s yeast 10.17 32
corncob 4.73 33
rice straw 13.9 34
wheat bran 15.71 35
castor seed hull 6.98 36
walnut tree sawdust 5.76 37
bamboo charcoal 12.08 38
chitosan/bentonite 12.05 39
coconut copra meal 4.99 40
mussel shell dust (MSD) 18.18 Present study

aqmax: maximum metal uptake capacity.

Figure 7. (a) Pseudo-first-order plot for biosorption of cadmium on
MSD (pH 6, temperature 30 °C, biosorbent = 1 g, and cadmium ion
concentration = 100 mg g−1). (b) Pseudo-second-order plot for
biosorption of cadmium on MSD (pH 6, temperature 30 °C,
biosorbent = 1 g, and cadmium ion concentration = 100 mg/g).

Table 4. Comparison of Rate Constants and Equilibrium Metal Uptake for Cadmium Binding by MSD at pH 6 and Initial Metal
Ion Concentration of 100 mg L−1

first-order model fecond-order model

metal qe exp (mg g−1) k1 (min
−1) qe cal (mg g−1) R2 k2 (g mg−1 min−1) qe cal (mg g−1) R2

cadmium 18.18 0.001 9.61 0.879 0.58 9.8 0.999

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc500635e | ACS Sustainable Chem. Eng. 2015, 3, 1−86



new dimension of the economic value of the freshwater mussel
Lamellidens marginalis, apart from being a cheap protein source.
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