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Abstract The present study provides information about
the binding of Pb(Il) ions on an eco-friendly and easily
available biodegradable biomass Trifolium resupinatum.
The powdered biomass was characterized by FTIR,
potentiometric titration and surface area analyses. The
FTIR spectrum showed the presence of hydroxyl, carbonyl
and amino functional groups and Pb(II) ions bound with
the oxygen- and nitrogen-containing sites (hydroxyl and
amino groups). The acidic groups were also confirmed by
titrations. Effects of various environmental parameters
(time, pH and concentration) have been studied. The bio-
sorption process achieved equilibrium in a very short per-
iod of time (25 min). Non-linear approach for Langmuir
and Freundlich models was used to study equilibrium
process and root mean-square error was used as an indi-
cator to decide the fitness of the mathematical model. The
biosorption process was found to follow pseudo-second-
order kinetics and was very fast. Thus, the biomass can be
cost-effectively used for the binding of Pb(Il) ions from
aqueous solutions.

Keywords Trifolium resupinatum biomass - Langmuir
model - Pseudo-second-order lead(Il) ions

Introduction

A number of heavy metal ions are essential in diverse

physiological functions and thus are essential for life.
However, heavy metals become toxic to human beings
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when they exceed certain allowed levels (Reddy et al.
2010b). Contamination of aquatic systems due to toxic
heavy metal ions has become a problem of global concern
(Yan et al. 2010). These pollution-causing heavy metals
come from various industrial sources such as mining,
photographic industries, battery manufacture, paints man-
ufacture, electroplating, cosmetics, etc. Natural waters also
contain toxic metals depending on bedrocks (Obuseng et al.
2012).

Lead and lead compounds are generally toxic pollutants
(EPA safe limit is 0.015 mg/L (Obuseng et al. 2012). Due
to acute toxicity, lead along with mercury (Hg) and cad-
mium (Cd) forms “the big three” toxic metals with great
hazards (Akar et al. 2012). Lead ions cause a number of
disorders such as behavior and learning disabilities, vom-
iting, slow growth, neurotoxin (Riaz et al. 2009) and
problems of the gastrointestinal and reproductive tract
(Ibrahim et al. 2012). Lead compounds are known to be
metal poison and enzyme inhibitor (Munagapati et al.
2010).

Conventional treatment methods for lead-contaminated
waters are costly and produce sludge which requires further
treatments. The modern and developing technique for
metal removal is biosorption—a process of heavy metal
removal by ‘dead’ biological materials (Bingdl et al. 2012).
Biosorption by materials from higher plants is a relatively
low-cost process. Several workers have investigated and
reported the ability of materials from various plants. Peels
from Punica granatum (Ay et al. 2012), Moringa oleifera
seeds biomass (Obuseng et al. 2012), M. oleifera leaves
(Reddy et al. 2010a), M. oleifera bark (Reddy et al. 2010b),
Gossypium hirsutum (cotton) waste (Riaz et al. 2009),
Pinus sylvestris cone biomass (Ucun et al. 2003), Calo-
phyllum inophyllum seed husk (Lawal et al. 2010), Agave
sisalana (sisal fiber) (dos Santos et al. 2011) and straw
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from Triticum aestivum (Farooq et al. 2007) are among the
explored materials for the adsorption of different metals
from their aqueous solutions.

To the best of our knowledge, no study has been
reported for the potential use of material from Trifolium
resupinatum regarding biosorption. The aim of the present
study is to explore the binding of Pb(II) ions onto this
biomass and study the effect of various parameters on it.
The interaction of Pb(I) ions with various functional
groups has also been reported. There are different factors
which made it a good biosorbent. It is easily available. The
rate of growth is fast and a new crop can be obtained after
15-20 days. Since its crop can be harvested seven to nine
times and is available for 5-6 months, the biosorptive
removal of Pb(Il) ions using 7. resupinatum can be per-
formed on a large scale easily.

Materials and methods

All the chemicals used in the present study were directly
obtained from Merck (Germany). Distilled water was used
for all kinds of solution preparation and dilutions. The
stock solution of Pb(II) ions (1,000 mg/L) was prepared by
dissolving a known amount of lead(I) nitrate in water.

Collection and preparation of biomass

The plants of T. resupinatum were collected from farm-
lands of the University of Punjab, Lahore (31.492414°,
74.307382°). These plants were first washed with tap water
to remove any dust/dirt particles and then with distilled
water. The washed plants were dried first under shade in a
laboratory and then in an electric oven (Binder, Germany)
at 105 °C to constant mass. The dried plants were first
manually crushed and then ground to powder (blender/dry
mill, MJ 2001). The powdered biomass, designated as
TRB, was stored in airtight bottle for further use.

Characterization of the biomass

The presence of functional groups in TRB was identified by
FTIR analysis using standard KBr disc method. The surface
area of TRB was determined by using methylene blue as an
adsorbent. The method is discussed elsewhere (Abia and
Asuquo 2007). The concentration of strong and weak acidic
groups present on TRB was determined by potentiometric
and conductometric titrations (Murphy et al. 2007).

Batch biosorption experiments

The batch biosorption studies were carried out in a series of
conical flasks (250 mL). The effect of time of contact
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(545 min) was studied using a known amount of TRB in a
solution of Pb(II) ions (50 mL, 50 mg/L) at predefined pH
and at a specific temperature. The flasks were shaken on an
orbital shaker (Vortex OSM-747) at an agitation speed of
150 rpm. After a regular time interval, the suspensions
were filtered and the filtrate was analyzed using an atomic
absorption spectrophotometer (Perkin-Elmer AAnalyst
100) to determine the equilibrium concentration of Pb(II)
ions.

The amount of Pb(II) ions sorbed at equilibrium per unit
mass of the adsorbent material (qe, mg/g) was calculated as
follows:

e = M xV (1)

m

where Cj and C, are the initial and equilibrium concen-
trations of Pb(Il) ions, respectively. V is the volume of the
solution in mL and m is the mass of the dry biomass in mg.
All the experiments were performed in triplicate and the
results were reported as the mean values. OriginPro® was
used for plotting graphs. Regression analysis (R* value)
and the comparison of experimental and calculated values
from the mathematical models by root mean-square errors
(RMSE) were performed to discuss the fitting of the
models. Blank experiments were performed to study the
adsorption of metal ions by glassware. No detectable
adsorption by glassware was found.

Results and discussion
Characterization of TRB

Fourier transformed infrared (FTIR) spectra were obtained
for simple and Pb(II)-loaded TRB (Fig. 1). The spectrum
for simple TRB revealed various functional groups in TRB
which are responsible for biosorption. These groups
include hydroxyl (-OH) group and amino group (-NH,)
having peak at 3292.84 cm™', alkyl (-R, CH,) group
having peak at 2926.01 cm™', C=O bond of carboxyl
group and their esters having a peak at 1597.06 cm ™', and
other peaks at 1421.54, 1346.31 and 1299.87 cm™! for
asymmetric stretching of the carboxylate ion (C-O) or
phosphate double bond. Thus, biomass is rich in the oxy-
gen-containing functional groups.

When the FTIR spectrum of TRB was compared with
that of Pb(I)-loaded TRB, a marked difference was
recorded. A significant shift was observed in the broad
band of hydroxyl and/or amino groups from 3292.84 to
3414.00 cm™'. The strong shift indicated a strong inter-
action between oxygen of the hydroxyl (-OH) group of
carboxylic acid and/or nitrogen of the amino group (-NH,)
and Pb(Il) ions. Similarly, a change at 1597.06—1643.35 for
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Fig. 1 FTIR spectra of TRB 108 -
and metal-loaded TRB wr |

C=0 bond of carboxyl group was also observed indicating
a strong interaction between carbonyl oxygen and Pb(II)
ions. This led to conclude that O- and/or N-containing
groups are the main sites for biosorption of Pb(Il) ions on
TRB.

The comparison of FTIR spectra of simple and metal-
loaded TRB revealed a strong interaction between acidic
groups (carboxylic acid/carbonyl) and the Pb(II) ions. So
potentiometric titrations with standard sodium hydroxide
were performed to determine the concentration of acidic
groups in TRB (figure not shown). The acidic groups
present on the TRB surface and their corresponding pK,
values were determined by categorizing the inflection
points in the curve. Reading the location of each peak on
the x-axis (NaOH, mmol/g) gave the concentration of the
acidic groups of TRB. The first peak (corresponding to
0.8 mmol/g of NaOH) of the plot gave the number of
strong acidic groups, whereas the final peak gave the
number of total acidic groups (corresponding to 8.2 mmol/
g of NaOH). The number of weak acidic groups was cal-
culated from the difference of strong and weak acidic
groups. Once these values were established, the corre-
sponding pK, values were then identified from the original
titration curve (Murphy et al. 2007).

The pK, values and the number of acidic groups on the
TRB surface are given in Table 1. It is indicated that the
surface of TRB contains a great number of acidic func-
tionalities. FTIR analysis shows that carboxyl groups
(relatively weak acids), on the surface of TRB, are pri-
marily responsible for biosorption of Pb(II) ions in sus-
pension. It was expected that the TRB species would
exhibit superior biosorption performance to a number of
plant biomasses. Hydroxyl groups in polysaccharides of
cell wall of TRB are considerably weaker than carboxyl

 Pb(Il) loaded TRB

Table 1 Characterization of TRB

Potentiometric titration

pKa values 4.65, 5.54,5.71, 6.82, 8.38, 8.56, 8.92, 10.5,
10.7
Acid groups (mmol/g)
Total 8.2
Strong 4.65
Weak 3.55
Surface area (methylene blue)
TRB (m*/g) 18.33
Pb(Il)-loaded TRB 20.08
(m*/g)

groups and therefore may only interact with cations at a
higher pH. This usually occurs at pH > 10. Therefore,
surface hydroxyl groups play a significant role in binding at
very high pH values. Proteins have also been known to
interact with metal ions, particularly between pH 6-9 and
protonated amino groups have a pK, value of around 8.
TRB displayed at least one pK, value, i.e., 10.7 in this
region (Murphy et al. 2007).

The specific surface area of simple as well as metal-
loaded TRB was determined using the methylene blue
absorption (MBT) method described by (Abia and Asuquo
2007). The specific surface area of sorbed methylene blue
was calculated using the formula

mypAvAyup 1

_ 2
319.80 Mg 2)

Specific surface area =
where myp is the amount of methylene blue sorbed on the
surface of biomass after complete cation replacement, My
the mass of biomass, Ay the Avogadro’s number
(6.02 x 10*) and A, the area covered by one methylene
blue molecule (typically assumed to be 130 A?) (Hang and

il cllodlayan .
KACST a1151lq oglel) @ Springer



668

Appl Water Sci (2013) 3:665-672

Brindley 1970). The active surface area of TRB was cal-
culated to be 18.33 m2/g and the surface area of Pb(Il) ions
loaded was 20.08 m*/g. This increase in surface area may
be due to the chelating effect of Pb(Il) ions toward meth-
ylene blue molecules. As more molecules of methylene
blue were attracted by Pb(Il) ions, this resulted in increase
in the surface area of metal-loaded TRB.

Biosorption kinetics

The contact time studies provide information about the
minimum time required to bind the maximum amount of
Pb(II) ions at the liquid—solid interface and thus help in
scaling up the process. The optimum (equilibrium) time
helps in studying the rate of the binding process.

The effect of the time of contact on the binding of Pb(II)
by TRB is shown in Fig. 2. It can be observed that the
biosorption of Pb(Il) ions on TRB was rapid during the first
20 min. The curve became parallel to the time axis after
25 min. The binding of Pb(Il) ions on TRB reached equi-
librium at 25 min. So a time of 25 min was considered as
equilibrium time of contact for Pb(Il) ions.

For biosorption of Pb(II) ions, a number of studies have
been reported showing different equilibrium times of
contact. A time of 4 h (240 min) to 45 min has been
reported for the maximum binding/adsorption of Pb(Il) on
various biosorbents originating from various higher plants
(Gundogd et al. 2009; Munagapati et al. 2010; Ucun et al.
2003; Garcia-Rosales and Colin-Cruz 2010; Bingél et al.
2012; Ay et al. 2012; Xiangliang et al. 2005) The bio-
sorption of Pb(Il) ions by T. resupinatum (present study)
shows quite less equilibrium time (25 min). This indicates
the advantage of the biomass in the present study over a
number of already reported ones.
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Fig. 2 Effect of time of contact on biosorption of Pb(Il) ions by TRB
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Table 2 Biosorption kinetics of TRB

Pseudo-first-order
kinetic model

y = —0.1048x — 0.8109

k; (1/min) 0.104
g (mg/g) 0.4445
R 0.9792
Experimental qe qe exp (Mg/Q) 2.83
Pseudo-second-order y = 0.3466x + 0.2381
kinetic model q. (mg/g) 2.89
ky (mg/g min) 0.5030
R 0.999

The kinetic characteristics of the sorbent depend not
only on the presence of the active binding sites, but also on
the accessibility of the Pb(II) ions without steric hindrance.
This means that the mechanism of biosorption depends on
the physical and chemical characteristics of the sorbent as
well as on the mass transfer process. The kinetics of Pb(II)
ions sorption onto TRB was studied by famous kinetic
models, i.e., pseudo-first-order and pseudo-second-order
(PSO) models. The linear forms of both the models are,
respectively, shown as

In(g. — ¢;) =Ing, — kit (3)
t 1 t

— = + — 4
q: qug qe ( )

where ¢, and ¢, (mg/g) are the amounts of metal sorbed at
equilibrium and at the given the time ¢, respectively, and k;
(1/min) and k, (mg/g min) are the first- and second-order
rate constants, respectively.

Pseudo-first-order model is based on the fact that the
rate of biosorption is proportional to the number of free
sites present on the biomass. If the pseudo-first-order kinetics
is applicable to equilibrium data, a plot of In(q, — ¢g;) versus
t should provide a straight line. The value of k; can be
determined from slope and predicted g, can be determined
from the intercept of the plot. The variation in rate should
be proportional to the first power of concentration for strict
surface adsorption. However, the relationship between
initial solute concentration and rate of adsorption will not
be linear when pore diffusion limits the adsorption process.
The values of kinetic parameters are given in Table 2. The
value of k; was 0.104 min~". The R? value (0.979) shows
that pseudo-first-order can describe the Pb(II) ions
biosorption by TRB. However, when g, was calculated
using the model value and compared with the experimental
value, it was found that the experimental value of ¢,
(2.83 mg/g) was not in agreement with the calculated value
of g, (0.4445 mg/g). It can be inferred that the biosorption
of Pb(Il) ions onto TRB did not follow pseudo-first-order
kinetics. From literature survey, it was observed that most
of the divalent ions do not follow pseudo-first-order
kinetics (Table 3).
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Table 3 Comparison of
biosorption potential of TRB for
the binding of Pb(Il) ions with

various biosorbents

L, Langmuir; F, Freundlich; S,
Sips; D-R, Dubinin—
Radushkevich

669
Biomass gmax (Mmg/g) Equilibrium Kinetic References
model model
C. inophyllum seed husk 34.51 L PSO Lawal et al. (2010)
Solid waste of olive oil OMS 23.69 L - Blazquez et al. (2010)
Pigeon pea hulls powder 23.64 L PSO Ramana et al. (2012)
Pimenta dioica residue from oil 22.37 F, L, D-R PSO Cruz-Olivares et al.
distillation (308 K) (2011)
Symphricarpus albus 21.78 L PSO Akar et al. (2009)
Cereal chaff 12.5 L - Han et al. (2005)
T. resupinatum 10.38 L PSO Present Study
Nigella sativa seeds 8.08 - - Bingdl et al. (2012)
Solid waste of olive oil OS 6.57 L - Blazquez et al. (2010)
Acacia nilotica leaves 2.51 L PSO Waseem et al. (2012)
A. sisalana (sisal fiber) 1.34 296 K) F - dos Santos et al. (2011)
Dried water hyacinth (roots) 0.097 - PSO Ibrahim et al. (2012)
Dried water hyacinth (shoots) 0.096 - PSO Ibrahim et al. (2012)

SO, second order; PSO, pseudo

P. sylvestris cone biomass
second order

- F - Ucun et al. (2003)

The PSO model is based on the assumption that bio-
sorption follows a second-order mechanism, whereby the
rate of sorption is proportional to the square of the number
of unoccupied sites. The second-order plot of #/g, versus
t from the above equation resulted in a straight line for the
biosorption of Pb(II) ions onto TRB and led to the deter-
mination of the PSO rate constants &, and g, from the slope
and the intercept (Table 2). The calculated ¢, value
(2.89 mg/g) was very close to the experimentally deter-
mined one (2.83 mg/g). The R* value for the PSO kinetic
model was 0.999 for the biosorption Pb(II) ions onto TRB.
The value of k, was 0.5030 g/mg/min.

On the basis of theoretical consideration, the biosorption
of divalent metal ions (M) onto two free binding sites (B)
can be explained by the following expressions:

M +2B < B,M r=k[M|B)? (5)

It means that the biosorption rate would be proportional to
the concentration of metal ions and the square of the
number of free sites onto TRB, which corresponds to the
term (¢, — ¢,)* in the PSO model. The best fit of the PSO
model indicates that a 1:2 binding stoichiometry applies,
where one divalent metal binds to two monovalent binding
sites (Lasheen et al. 2012). This is in accordance to a
number of already reported results in literature, which
show that biosorption of divalent materials mostly fol-
lowed the PSO kinetic model (Table 3).

Equilibrium modeling: effect of Pb(II) concentration
and adsorption isotherms

Equilibrium modeling or adsorption isotherms are studied to
characterize the adsorption process. These represent the
relationship between the amounts of substance adsorbed on

the adsorbent and amount of adsorbate remained in the solu-
tion. Two of the most commonly used equilibrium models,
i.e., Langmuir and Freundlich models have been employed to
study the equilibrium process in the present study.

The Langmuir model represents maximum adsorption
capacity. It is based on the principle that the Pb(II) ions are
adsorbed on the outer heterogeneous surface of the adsor-
bent forming a monolayer coverage. The Freundlich model
estimates the adsorption intensity of adsorbate on adsor-
bent. It is based on multilayer adsorption on heterogeneous
surface. Both the models are shown as follows

CImKLCe
e — 6
4 1 + KLCe ( )
g = KeC}" (7)

where g, is the maximum uptake capacity (mg/g), K (L/
mg) the Langmuir adsorption constant, K the Freundlich
constant related to adsorption capacity (mg/g) and C, the
concentration of metal ions at equilibrium (mg/L).

The non-linear plot for both the models is shown in
Fig. 3. The Langmuir and Freundlich constants are given in
Table 4. The experimental data were quite in agreement
with the Langmuir model and thus indicated a monolayer
coverage of the surface of TRB with the metal ions. Similar
inference can be deduced from the R* value. The maximum
biosorption capacity of TRB for Pb(II) ions was found to
be 10.38 mg/g. The feasibility of the Langmuir model was
also monitored by using a dimensionless parameter Ry as
follows:

1

Rp=——
L7 1+k.C,

(3)

The value of Ry indicates the type of curve as
irreversible (Ry = 0), favorable (0 < Ry < 1), linear
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Fig. 3 Equilibrium of Pb(II) binding onto TRB. The points show the
experimental data and the lines represent the concerned model

Table 4 Equilibrium parameters for the binding of Pb(II) by TRB

Langmuir model

qm (mg/g) 10.38
K; (L/mg) 0.0521
R? 0.9954
RMSE (mg/g) 0.1908
Ry, 0.8916-0.2842
Sp. (m?/g) 1.6789
Freundlich model

K 0.7939
1/n 0.6058
R? 0.9652
RMSE (mg/g) 1.5462

(R., = 1) and unfavorable (Ry, > 1) (Farooq et al. 2010b).
The calculated Ry values for the binding of Pb(II) ions by
TRB were between 0.8916 and 0.2842. Hence, the binding
of Pb(Il) ions was feasible under the studied conditions.

Langmuir biosorption capacity was also used to calcu-
late the specific surface area (Sy, m?/g) of the monolayer
biosorption of Pb(Il) by TRB as follows

qmNA
=1 9
M ©)

where N is the Avogadro’s number (6.022 x 1023), A the
cross-sectional area of metal ion (Az) and M the atomic
mass of the metal ion. The cross-sectional area of Pb(II) is
5.56 A2 (Ho et al. 2002). The surface area thus calculated
was 1.6789 m*/g.

The Freundlich model was also used to study the equi-
librium of Pb(I) binding by TRB (Fig. 3). R* value was
0.9652 which is close to 0.98. It can be observed that the
curve for the ‘model’ was not in agreement with the

St
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Fig. 4 Effect of pH on biosorption of Pb(Il) ions by TRB

experimental data points. This indicated that the Freundlich
model was not suitable to discuss the equilibrium of the
process under study.

The agreement between the experimental and ‘model’
values was analyzed using RMSE. The greater the value of
RMSE, the greater is the experimental data in disagreement
with the model or predicted values. It can be seen that the
RMSE value was smaller for the Langmuir model as
compared to the Freundlich model. This is in agreement
with the above argument that the Langmuir model
describes the equilibrium of the binding of Pb(Il) ions by
TRB.

Effect of pH

The pH of an aqueous solution is probably the most
important parameter for effective biosorption of metal ions
on to the biomass. It is directly related to the competitive
ability of hydrogen ions and metal ions to bind to active
sites present on the biomass. Generally, metal biosorption
involves complex mechanisms of ion exchange, chelation,
adsorption by physical forces and ion entrapment in inter-
and intrafibrillar capillaries and spaces of the cell structural
network of a biosorbent (Munagapati et al. 2010). FTIR
spectroscopic analysis showed that TRB had a variety of
functional groups, such as carboxyl, hydroxyl and amine,
involved in almost all potential binding mechanisms (Fa-
rooq et al. 2010a). Moreover, depending on the pH values
of the aqueous solutions, these functional groups partici-
pate in metal ion bindings.

The effect of pH on the biosorption of Pb(Il) ions onto
TRB was studied at pH 1-9 and the results are given in
Fig. 4. The maximum biosorption was observed at pH 3.0
after which g, became parallel to the pH axis. At very low
pH, the concentration of H* ions was high. This led to the
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development of positive charge on the active sites of bio-
mass and also a competition between Pb(II) ions and H' in
the bulk of solution to attach with the active binding sites
of TRB. So, there was a minimum binding of Pb(II) ions at
low pH. As the pH of a solution increases, TRB becomes
less positive and the concentration of H' ions also
decreases. Thus, there is less competition of Pb(Il) ions
with H ions and this resulted in more biosorption. So, it
was concluded that optimum pH for biosorption of Pb(II)
ion on TRB was 3.0. The biosorption of Pb(Il) ions at low
pH follows various other mechanisms in addition to the
simple ion exchange.

Conclusion

The present study is aimed at exploring the biomass from
T. resupinatum for the removal of toxic metal Pb(II) ions
from aqueous solution. The effect of various environmental
parameters such as time, pH and concentration on the
binding of Pb(Il) ions by 7. resupinatum has been studied.
It was found that the optimum time of contact was 25 min
at an optimum pH of 3 (fast process). Increasing the dose of
biomass increased the binding capacity of the biomass. The
equilibrium of binding of Pb(II) ions on to biomass was
studied by Langmuir and Freundlich models. A non-linear
approach was used to study the fitting of the mathematical
model to the experimental data. RMSE was used to com-
pare the agreement between the mathematical model and
the experimental data. It was found that the biosorption
process followed the Langmuir model with ¢, of
10.38 mg/g, thus forming a monolayer of Pb(II) ions on the
surface of the biomass. The kinetics of the process was
studied by pseudo-first-order and PSO models. The process
was found to follow the PSO kinetics. The results indicated
that the non-toxic biodegradable biomass from T. resu-
pinatum can be used for the cost-effective removal of
Pb(I) ions from aqueous solution.
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Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
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