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HIGHLIGHTS

» The moss plant Barbula lambarenensis (RBL) will be useful for metal adsorption from aqueous solution.
» The maximum adsorption capacity (Q,) for Pb adsorption is 62.50 mg/g at 298 K and 90.91 mg/g at 323 K.
» The pH for optimum adsorption is 5.0 while maximum adsorption was attained in 30 min.

» The adsorption data obeyed the pseudo-second-order model.

» The free energy changes (AG®) are positive and the reaction is exothermic.
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Biosorption of lead (II) ions onto raw biomass of the moss plant Barbula lambarenensis has been studied
using the batch equilibrium adsorption method. Equilibrium isotherms, kinetics and thermodynamic
parameters have been evaluated. The FT-IR analysis showed that likely functional groups responsible
for the adsorption are carboxyl, carbonyl, amides and hydroxyl groups. The pH for optimum adsorption
is 5.0. Equilibrium data fit well to the Langmuir isotherm. The estimated maximum adsorption capacity
was found to be 62.50 mg/g at 298 K and 90.91 mg/g at 323 K. The kinetic data obeyed the
pseudo-second-order model. The free energy changes (AG°) are positive and the reaction is exothermic
with decreased randomness at the sorbent/solution interface. Taking into account its good adsorption
capacity, ease of sample treatment, as well as availability, the biomass of B. lambarenensis is a promising
cost-effective biosorbent for Pb?* removal from aqueous environment.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Several techniques have been employed for metal ions
removal from water: filtration, chemical precipitation, ion
exchange, reverse osmosis, electrochemical treatment, membrane
technology, evaporation recovery, solvent extraction, adsorption
on activated carbon, etc. [1]. But these techniques are limited
by techno-economic considerations as well as environmental
friendliness. The ability of biomaterials to remove heavy metals
through biosorption has proved to be highly efficient, easy to
handle, environment-friendly, and economically feasible. This
has attracted plenty of attentions in recent years [2-4] because
biomaterials are: (i) available in abundance and cheap, (ii) easy
to obtain and process, and (iii) available as waste type or
nuisance [5].
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Several workers have investigated and reported various plant
materials’ ability to adsorb different metals from solution. These
include mungbean husk [5], hazelnut shell [6], almond shell [6],
pine [7], lignin [8], tea leaves [9], tree ferm [10], groundnut husks
[11], sphagnum moss peat [12], sawdust [13], rice hulls [14],
chitosan [14], sugarcane bagasse [15], cocoa shell [16], and rice
husk [17]. However, some major limitations of these biosorptions
are that some of them have not yielded satisfactory results (high
metal adsorption capacity) and others that yielded good results
may not locally be available.

Biosorption involves one or more of several processes including
metal ion coordination complex, ion exchange, and covalent link-
age to biomass components. However, biomass of different origins
have different sorption capacities because of their different affini-
ties for different metals; and since there is no way to predict metal
sorption capacity of a certain biomass, the search for an ideal
techno-economically feasible biosorbent, that meets the above
listed criteria is continuing [5].

There has been no reported work on Pb%* removal from aqueous
solution using the moss Barbula Lambarenensis (BL). Ogunfowokan
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et al. [18] have shown the living biomass of BL is a bio-indicator of
heavy metals in the environment. This may be an indication of the
ability of the dead biomass to adsorb these metals. Since BL is
abundantly available at no cost, and Pb?* pollution of surface
waters is a major international challenge, the BL was investigated
for the development of a BL-based procedure for the removal of
Pb?* from aqueous solution.

In this study, the sorption behavior of Pb®* from aqueous solu-
tion using BL was studied under various conditions; contact time,
solution pH, temperature and sorbent dose, and sorbate concentra-
tion, with the aim of determining the mechanism for the removal
of Pb?* from aqueous solution by biomass of B. Lambarenensis.

2. Methodology

2.1. Sampling, pre-treatment and characterization of biosorbent
material

The B. Lambarenensis was obtained in August 2011 in Agbor
(6°11'6”E; 6°15’9"N), Delta State, Nigeria; washed severally with
tap water and deionized water to remove impurities, then air-dried,
ground, sieved through a 0.5 mm mesh size sieve, and the sieved
particles were used for the study. This was called the raw BL (RBL).

The Specific Surface Area (SSA) of the sample was determined
using the methods of Sears [19] and Iler [20]. The bulk density
and specific gravity of the RBL sample was determined as described
by Radojevic and Bashkin [21]. The pH at the point zero charge (pH
PZC) was determined as described by Unuabonah et al. [22]. The
determination of RBL surface properties is necessary because the
particle sizes are most likely heterogeneous and these properties
aid in estimating the degree of metal sorption. The SSA of RBL
has been determined as 11.352 m?/g, while the bulk density and
specific gravity are 0.424 g/cm® and 0.172 g/cm?, respectively.
The pH PZC value is 7.01. This is important because it marks the
pH where the surface functional groups do not contribute to the
pH of the solution, and in an applied electric field, the electropho-
retic mobility of the particles would be zero [23].

The Fourier Transform Infrared (FTIR) spectra of the RBL biosor-
bent were obtained using Perkin Elmer Spectrum 1 FTIR spectro-
photometer. About 0.1 g of the processed dry RBL biosorbent in
powder form along with KBr were ground into fine particles and
pressed to make pellets with was used to obtain the FT-IR spec-
trum in the scanning frequency from 4500 to 500 cm™ .

2.2. Biosorption procedures

1000 mg/L of standardized Pb?" stock solution was prepared
from the analytical grade chloride salt. Working solutions of re-
quired concentrations were prepared from this stock as required.
Replicate batch experiments were used to determine metal sorp-
tion capacity of the biomass in 60 mL polyethylene bottles by con-
tacting approximately 0.1 g of the RBL biomass with 20 mL of
metal solution, except where otherwise stated, for determining
effect of pH, time, temperature and sorbate concentration. The sor-
bent-sorbate mixtures were shaken on a mechanical shaker during
the course of the adsorption experiment and concentrations of me-
tal in the filtrate solutions were determined using the Buck Scien-
tific 205 Atomic Absorption Spectrometer (AAS) with air-acetylene
flame on absorbance mode.

The quantity of metal adsorbed by RBL after each specified incu-
bation period was calculated using the following equation:

(Co—C)V
Q= M

where Q, C, and C, are the cation adsorbed (mg/g), the initial
and equilibrium metal concentrations in the solution (mg/L),

(2.1)

respectively; and V (mL) and M (g) are respectively the volume of
solution and mass of adsorbent.

To obtain insights into the surface properties and degree of
affinity of RBL, sorption data were tested against the Langmuir, Fre-
undlich and Dubinin-Radushkevich equilibrium isotherms using
the linear forms of these models in Egs. (2.2) and (2.3).

Langmuir : Ce = ! ¢

. Qb Q

(Linear form) (2.2)

Freundlich : logq, = log K + % logC, (Linear form) (2.3)

where Q, (mg/g) and g, is the maximum adsorption and amount of
solute adsorbed per unit weight of adsorbent (mg/g), respectively.
C., is same as above; b, K, and n are isotherm constants obtained
from the slopes and intercepts.

The Dubinin-Radushkevich isotherm which describes adsorp-
tion on both homogenous and heterogeneous surfaces [24] is
shown in the following equation:

Ing, = InX, — p&? (2.4)

where X;;, and B are the Dubinin-Radushkevich monolayer adsorp-
tion capacity (mg/g) and the constant related to sorption energy
respectively, and ¢ is the Polanyi potential which is related to the
equilibrium concentration (Eq. (2.5)).

1
e= RTInC—e (2.5)
In describing the kinetics of the biosorption, the pseudo-first-order,
pseudo-second-order, Elovich, and Intra-particle diffusion models
have been applied to the biosorption data. The Lagergren pseudo-
first-order and pseudo second-order rate equations [25] were tested
using their simplified equations in (2.6) and (2.7) respectively:

k
log(q. - q,) = l0gq, — 5355t (26)

where g, and g, are the amounts of metals sorbed (mg/g) at equilib-
rium and at time t, respectively; and k; is the rate constant of pseu-
do-first-order sorption (min~'). The g. and rate constants k; were
calculated from the slope and intercept of the plot of log (q. — q;)
VS. t.

t 1 t
R ] 5 + —
q.  K2q;  ge
where k; is the rate constant of pseudo-second-order sorption. The
pseudo-second-order rate constants k, and g. values were calcu-

lated from the slope and intercept of the plots t/q vs. t.
The Elovich model equation [26] in Eq. (2.8) was used.

(2.7)

q; :lln(:x[f) +1In(t) (2.8)
B B
where o is the initial adsorption rate (mg/g/min) and B is the
desorption constant (g/mg) during any one experiment.
The linearized form of the intra-particle diffusion model equa-
tion [26] was used as shown in Eq. (2.9).

logR = Kig + otlog(t) (2.9)

where R is percentage metal ion adsorbed, t is contact time, o is
gradient of linear plots and depicts the adsorption mechanism, K4
is intra-particle diffusion rate constant (h~!)

The biosorption thermodynamic parameters; enthalpy (AH®),
entropy (AS°), Gibbs free energy (AG°) and equilibrium constant
(Kc), were determined for the experimental systems using
Egs. (2.10)-(2.12), plotting graph of In K. verses 1/T and using
the slope and intercept to evaluate the values of AH® and AS°.
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K. :%Z (2.10)

AG® = —RTInK, (2.11)
0 0

InKc = —ARI; +% (2.12)

3. Results and discussion
3.1. Fourier Transform Infrared (FT-IR) spectroscopy

FT-IR test spectra of unloaded RBL biomass showed several
absorption peaks between the scanning frequency range of
4500-500cm~! (Fig. 1). The broad band positioned around
3400 cm ! is indicative of the stretching band of the carbonyl dou-
ble bond from some carboxylic acids and their salts, a stretching
vibration of free hydroxyl functional groups of aromatic and ali-
phatic origins, and possibly N—H stretch of amides. The water con-
tent in the RBL biomass and the numerous free hydroxyl groups in
the polysaccharide structure of this moss plant wall may explain
the presence of the band. The sharp absorption just below
3000 cm! is indicative of C—H stretch likely from alkanes while
the band at around 2350 cm™' is suggestive of cumulative double
bonds stretch of 0O=C=0. The band around 1700 is characteristic
of the C=0 stretch of carbonyl double bond either from free or
esterified carboxyl groups. However, closer band frequencies at
1655 cm™! have been attributed to amide-I of protein secondary
structures. The absorption peak at about 1424 cm™! suggests aro-
matic methyl group/methyl ketone and carboxylate vibrations or
likely C—H deformations of alkanes. The strong band around
1090 cm ! is due likely to the C—OH bond and —C—C— stretchings,
which are characteristic for polysaccharides. Peaks below
1000 cm ™! have been attributed to such groups as aromatic C—H
bending vibrations (874 cm™!), thioesters (672 cm™!), but majorly
plane deformations. Similar observations have been reported by
Yan et al. [4], Pehlivan et al. [6], Chakravarty et al. [27] and Yao
et al. [28].

The pristine RBL spectra and that of the Pb?*-loaded were com-
pared. Although the spectra were similar, the peaks frequency and
intensity of most functional groups in the Pb-loaded RBL were
shifted slightly than those in the pristine; for instance, some char-
acteristic peak locations of RBL shifted from 3421, 1638, 1513,
1426, 1078, 1035, 795, and 692 cm™' to 3413, 1639, 1516, 1428,
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Fig. 1. FTIR spectra of raw Barbula Lambarenensis (RBL).

1076, 1036, 769, and 694 cm™!, respectively, after Pb%* ions
adsorption (peak values not shown in Fig. 1). These shifts may be
attributed to the counter ions changes associated with the respec-
tive functional groups anions when they act as proton donors, sug-
gesting their participation in Pb?* jon adsorption [4,6,27]. No
marked change in frequency was observed between both spectra
in the region just below 3000 cm~! (hydroxyl functional groups).
However, the broadening of the peak in the pristine decreases indi-
cating that the hydrogen bonding of the hydroxyl groups decreases
after Pb adsorption. These observations suggest the involvement of
carboxyl, carbonyl, thioesters, amides and hydroxyl functional
groups in Pb?* ions biosorption.

3.2. Effect of pH on adsorption

Establishing the capacity of RBL as new biosorbent material for
Pb?* requires knowing the optimum pH for adsorption. This was
determined by equilibrating the sorbent-sorbate mixture contain-
ing 500 mg/L of Pb?* at pH values between 3 and 7. pH is an impor-
tant biosorption parameter because it affects the activities of
functional groups present on the surface of the biosorbent which
are responsible for adsorption, and affects competitive adsorption
of ions to sorption sites [7,24,26]. Thus, various biosorbents have
various optimum sorption pH for different metals.

As shown in Fig. 2, the uptake of Pb?* ions is pH dependent. At
the low pH value of 3.0, RBL adsorbed lower amount (56.4 mg/g or
57.8%) of Pb?* onto its surface active adsorption sites. With in-
crease in solution pH, the quantity adsorbed increased steadily un-
til pH 5.0 (70.6 mg/g or 71.6%) and 6.0 (72.4 mg/g or 73.3%) where
the quantities of Pb?* adsorbed made a plateau on the graph before
precipitation of Pb?* ions set in. In summary, steady increment in
adsorption was observed from pH 3.0 to 5.0, indicating that more
Pb?* jons were adsorbed on RBL surfaces as pH increased. Then
adsorption reached a plateau between pH 5.0 and 6.0. The opti-
mum pH for adsorption of Pb?* was recorded at pH 5.0. Above this
pH, there was an apparent increase in adsorption of Pb*. This has
been attributed mainly to solvation and hydrolysis of Pb?" ion
products leading to precipitation of Pb?* from solution. In aqueous
solutions of pH less than 5, Pb%* ions exist as either Pb?* or Pb(OH)*
or both. However, the formation of Pb®* hydrolysis products begins
to occur at pH values between 5 and 6, and this brings about pre-
cipitation. Due to this reason all the experiments were carried out
at pH 5.

3.3. Adsorption kinetics

The efficiency of RBL to remove Pb?* metal from solution can be
assessed by the rate of Pb?* adsorption, and may be linked to its

90.0

80.0

70.0

60.0

Pb(1l) adsorbed mg/g of RBL

50.0

3.0 40 50 60 7.0 8.0
pH

Fig. 2. Effect of pH on Pb?* adsorption.
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efficiency to cleanup waste water. The effect of time (5, 15, 30, 60,
180, 360, and 720 min) on Pb?* sorption was determined by equil-
ibrating the RBL-sorbate aliquot at pH 5.0 using 500 mg/L Pb?*
solution. From the adsorption rate curve (Fig. 3), it was observed
that Pb?" adsorption was rapid and nearly completed in 30 min
with 71.7% (70.8 mg/g) of the total Pb?* in solution adsorbed. As
time elapsed, there was little or no adsorption until after
720 min when the percentage of Pb?* adsorbed increased to
76.2% (75.3 mg/g). This trend of adsorption may be explained thus:
the initial rapid increase in Pb?" uptake is due to the fact that a
large number of vacant RBL surface sites are available for adsorp-
tion during the initial stage and since these have very high affinity
for Pb?*, they are filled rapidly; after this initial rapid adsorption,
the remaining vacant surface sites become very difficult to occupy
due to the repulsive forces between the solute molecules on the so-
lid and bulk phases. This result has shown that the breaking of
these repulsive forces barrier and further adsorption are time
dependent as seen after 720 min. Hence, the time required to at-
tain a rapid equilibrium is 30 min. However, a contact time of
720 min has been employed for every other study because of this
possibility of further adsorption.

Four kinetics models have been used to test the mechanism that
controlled the sorption process: the pseudo-first order, pseudo-
second order, Elovich and intra-particle diffusion models. Table 1
showing the comparative fits of the various models indicates that
the kinetics data fit the pseudo-second-order kinetics better than
for pseudo-first-order kinetics because the r? value as well as the
experimental g, value of the pseudo-second-order is better corre-
lated implying that Pb?* adsorption is controlled by chemisorption
involving sharing or exchange of electrons between sorbent and
sorbate [29]. Intra-particle diffusion and Elovich models gave fur-
ther insight into the kinetics models. Elovich curve, which did
not pass through the origin (figure not shown), indicates there is
some degree of boundary layer control. The linear intra-particle
model also suggests that intra-particle diffusion is not the rate-
controlling step [30].

3.4. Effect of adsorbent dose

The effect of adsorbent dose on adsorption was evaluated by
equilibrating the sorbent-sorbate mixture with 500 mg/L of Pb?*
at pH 5.0 using varying masses in the range of 0.05-0.5 g. It was
observed (Fig. 4) that increasing the biomass dosage from a range
0.05 g through 0.50 g increased the percentage of Pb** removal
from aqueous solution from 49.69% to over 99%, while on the other
hand, the equilibrium adsorption capacity, g, per mass of RBL was

80.0

70.0 - 5

qe(mg/g)
(=3
o
o
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40.0

0 100 200 300 400 500 600 700 800
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Fig. 3. Effect of time on Pb?* adsorption.

Table 1
Sorption kinetics parameters.
Model Calculated Experimental 2
parameters value
Pseudo-first-order qe=21.68 mg/g ge=75.28 mg/g 0.828
Ky =0.009 g/mg/min
Pseudo-second-order g, =76.92 mg/g qe=75.28 mg/g 0.998
K5 =0.002 g/mg/min
Elovich qe=57.34 mglg qc=75.28 mg/g 0.715
p=0.19
Intra-particle R =80.36% R=76.15% 0.702
diffusion o =0.091
Kiq = 1.645

found to decrease (98.26-19.94 mg/g) with increase biomass dose.
Similar reports are found in literature [7,22]. It is apparent that by
increasing the amount of RBL, available sorption sites for sorbent-
solute interaction is increased due to increased available surface
negative charges and decrease in the electrostatic potential near
the RBL surface which favors sorbent-solute interaction; hence,
leading to the noticed increased percentage Pb?* removal from
the aliquot solution. Unuabonah et al. [22] have attributed the g,
decrease with increasing mass to the decreasing total surface area
of the adsorbent and an increase in diffusion path length due to
aggregation of RBL particles, and as the weight of the RBL in-
creased, the aggregation becomes increasingly significant.
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Fig. 4. Effect of varying biosorbent dose on Pb?* adsorption.
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Fig. 5. Effect of initial adsorbate concentration on Pb?* adsorption.
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Table 2
Adsorption isotherms parameters.
Isotherm Calculated parameter Experiment value 2
25°C 50 °C 25°C 50 °C 25°C 50 °C
Langmuir Q,=62.50 mg/g 90.91 mg/g ge=70.21 mg/g 89.81 mg/g 0.993 0.999
b=0.19 0.00
Freundlich n=16.13 7.58 0.588 0.719
Ky=49.66 47.86
D-R. Xm=53.46 mg/g 55.48 mg/g qr=70.21 mg/g 89.81 mg/g 0.237 0.554

D-R. = Dubinin-Radushkevich.

3.5. Adsorption isotherms and thermodynamics

The effects of sorbate concentrations and temperature on
adsorption were done using varying Pb?" concentrations between
200 and 700 mg/L at 25 + 2 °C and 50 + 2 °C. Results (Fig. 5) show
that increase in reaction temperature from 298 to 323 K, did not
seem to affect amount of Pb?* adsorption onto the surface of RBL
at lower concentrations until maximum sorption which occurred
at 400 mg/L of Pb?>* concentration in solution. Then increase in
temperature led to an increase in the amount of Pb?* metal ad-
sorbed (from ~77 mg/g to ~90 mg/g) as concentration of the metal
increased from 400 mg/L to 500 mg/L, while there was no notice-
able change in amount of Pb?* metal adsorbed at 298 K. Thus, tem-
perature enhanced the reactions between of Pb2* ions and the RBL
surface functional groups. However, further increase in Pb* con-
centration at the higher temperature did not cause any increase
in adsorption. Thus, to increase rate and efficiency of adsorption
of Pb?* on RBL as well as reduce the effect of the repulsive forces
discussed in Section 3.3, high reaction temperature is
recommended.

Langmuir, Freundlich and Dubinin-Radushkevich sorption iso-
therms (Table 2) were used to assess the RBL adsorption capacity
and surface sorption properties. Langmuir isotherm, which is based
on the assumption that all sites possess equal affinity for the sor-
bate while forming a sorbate monolayer on the biosorbent surface
at saturation, gave better fit to the sorption data than the
Freundlich model which assumes sorption on heterogeneous sur-
faces [4]. The Dubinin-Radushkevich sorption isotherm which
combines both assumptions did not fit the sorption data. The esti-
mated monolayer adsorption capacity (Q,) is 62.50 and 90.91 mg/g
at 298 K and 323 K respectively.

Table 3 shows the thermodynamic parameters obtained. The
free energy changes (AG°) were positive with values of 76.8 kJ/
mol and 83.3 kJ/mol at 298 K and 323 K respectively. The calcu-
lated values of enthalpy AH° were positive and imply that the reac-
tion is an exothermic process and releases energy. As the diffusion
process was exothermic in nature, it is expected that increased
solution temperature would result in decreased uptake of Pb?" ions
from aqueous solution. However, energy is needed to break the
repulsive forces hindering further Pb?* adsorption and thus higher
temperature led to higher adsorption. The entropy AS° of the reac-
tion was negative due to the fact that the displaced molecules from
RBL surfaces lost more translational entropy than was gained by
the Pb?* ions, thus, there will be decreased randomness at the
RBL/solution interface.

Table 3
Thermodynamic parameters for Pb?* adsorption process.
T=298K T=323K
AG® (K]/mol) 76.8 83.3
AH? (KJ/mol) —30315.6 —32858.8
AS° (KJ/mol) —-0.258 —0.258

Table 4
Review of maximum sorption capacity (Qmax) for Pb?* sorption by different
biosorbents reported in the literature.

Biomass Pb%* Qmax (Mg/g) Ref.
Modified orange peel 476.1 [29]
Ulva sp. 302.5 [31]
Padina sp. 259.0 [31]
Sargassum sp. 240.4 [31]
Waste maize bran 142.86 [32]
Orange peel 113.5 [29]
Lignin 102.40 [8]
Gracilliiaria sp. 93.2 [31]
RBL 89.8 at 323 K Present study
Tea leaves 78.87 [9]
RBL 70.21 at 298 K Present study
Sago 46.60 [33]
Tree fern 40.00 [10]
Groundnut husks 39.40 [11]
Sphagnum moss peat 30.70 [12]
Hazelnut shell 28.18 [6]
Sawdust 21.05 [13]
Rice hulls 11.40 [34]
Chitosan 8.31 [14]
Almond shell 8.08 [6]

The Pb?* adsorption capacities of some alternative biosorbents
reported in literature have been tabulated in Table 4 and compared
with that of RBL. It shows that RBL adsorption capacity is much
higher than most biosorbents reported in literature. Thus, its good
adsorption capacity, ease of sample treatment, as well as availabil-
ity makes RBL a promising cost-effective biosorbent for Pb?* re-
moval from aqueous environment.

4. Conclusion

The ability of B. lambarenensis biosorbent to remove Pb?* from
aqueous solution was investigated in equilibrium, kinetics and
thermodynamics studies. The results obtained show that the bio-
mass of B. lambarenensis has an optimum pH for Pb?* adsorption
at 5.0, nearly attains maximum adsorption within 1h at 298 K,
and obeys the pseudo-second order kinetics with an exothermic
reaction. Pb%* adsorption increased with increase in temperature.
The Langmuir isotherm described the equilibrium data better than
other isotherms indicating adsorption is monolayer with mono-
layer adsorption capacity of 62.50 mg/g at 298 K and 90.91 mg/g
at 323 K. The FT-IR analysis showed that possible functional groups
responsible for metal adsorption are carboxyl, carbonyl, amides,
hydroxyl and possibly other smaller groups that cannot be identi-
fied using only FT-IR spectra. Taking into account its good adsorp-
tion capacity, ease of sample treatment, as well as availability, the
biomass of B. lambarenensis is a promising cost-effective biosorbent
for Pb?* removal from aqueous environment.
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