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The present research dealt with lead removal using modified Pimenta dioica L. Merrill as biosorbent in a batch and in continuous
flow column systems, respectively.The allspice husk residues were modified first with a treatment through the xanthation reaction.
For the adsorption tests, the atomic adsorption spectrophotometry method was used to determine the lead concentrations in the
liquid samples. In the kinetic batch study (10mg of sorbent in 10mL of 25mg L−1 lead solution), the removal efficiency was 99%
(adsorption capacity of 25.8mg g−1).The kinetic data followed the pseudo-second-ordermodel.The adsorption isothermwas fitted
to the Freundlichmodel, where constants were𝐾𝑓 and 1/𝑛 (8.06mg(1−1/𝑛) g−1 L1/𝑛 and 0.52), corresponding to adsorption capacities
of 8 and 62mg g−1, at liquid equilibrium concentration of 1 and 50mg L−1, respectively. In the continuous flow systems where lead
solution of 50mg L−1 was treated in 2 columns of 5 cm (4.45 g) and 10 cm (9.07 g) bed heights, the dynamic adsorption capacity
obtained by fitting theThomas model was 29.114mg g−1 and 45.322mg g−1, respectively.

1. Introduction

Needless to say, water is the main environmental constituent
comprised on earth, as well as being the essential electrolyte
for all living organisms in this planet [1]. The pollution of
this unique resource has increased in recent years because
of heavy metals discharges; therefore it is of great interest
to devise methods to detect, quantify, and remove these
metals [2]. The dangerousness of heavy metals is even
greater, considering that they are not biodegradable and are
persistent. Once emitted, they can remain in the atmosphere
for hundreds of years. Lead in particular is a highly toxic
metal that causes neurological damage to humans. The main
way of transporting lead from intestines to any other tissues
is through red blood cells, followed by absorption through
blood, liver, and kidney. Because of its toxicity, lead inhibits
the enzymatic action; that is, it can be fixed in blood,
bones, and so on [3] because it displaces calcium since

they have similar atomic radius and because it has more
affinity toward the functional groups present and produces
alterations of the cell membrane [4, 5]. Recently, biosorption
has been investigated as a very promising technology for the
disposal of heavy metals especially in aqueous solution; it
has the potential to do it efficiently, quickly, and at lower
cost [6]. Therefore biosorption represents an alternative for
conventional methods to dispose of metal ions. A broad
range of biological materials, especially bacteria, algae, yeast,
fungi, and agricultural industrial wastes, have received an
increasing attention for the disposal of heavy metals, due
to their good performance, low cost, and large quantities
available [7, 8]. Previous studies indicate that biosorbents,
in contrast to ion exchange functional resins, contain a
variety of functional sites including imidazole, carboxyl,
sulfhydryl, amino, phosphate, sulphate thioether, phenol,
carbonyl, amide, and hydroxyl residues which allow us to
obtain excellent results when using these materials [9, 10].
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The development of new technologies for metal removal
in aqueous solutions is convenient. This research work pro-
poses a method of lead removal by biosorption as a conven-
tional alternative to treat water polluted with this metal [11].
Chemical precipitation, oxidation, and ion exchange meth-
ods are expensive especially when the metal concentration
is low; besides generation of sludge is high and its disposal
becomes an environmental problem [12, 13].

In previous researches, the use of deoiled allspice husk
residues for the Pb(II) removal in aqueous solution led to
78% removal in a batch system [14]. We have also used
other biosorbents that were modified; for example, modified
chitosan was used through a xanthation reaction to remove
Pb(II) obtaining an 85% removal [15]. Another sort of
biomass that can be used is orange peel, which likewise can be
modified by a xanthation reaction, obtaining a Pb(II) removal
of 95% [16]. Finally, residues chemically modified Lyocell for
heavy metals treatment. The sorbent, which was prepared by
a simple and concise method, was able to bind heavy metals
such as Pb(II), Cu(II), and Cd(II), with very high efficiencies
[17].

When doing chemical modifications to the used biosor-
bents, these increase their adsorption capacity because func-
tional groups like amines, amides, thiols, imines, and phos-
phates become embedded. These create metal complexes or
coordination complexes making the heavy metal adsorption
process more efficient [18, 19]. The residues of Pimenta dioica
L. Merrill, which belong to the Myrtaceae family, were used.
Mexico exports about 4500 tons per year, and half of this
production is processed domestically. InMexico, 1500 tons of
residues is produced annually as a result of the extraction of
pepper essential oil. These residues contain 23.1% cellulose,
8.5% hemicellulose, and 26.8% lignin, among others. The
pepper residues were modified by a xanthation reaction
in a basic media, followed by a lead adsorption capacity
test. Xanthation has been used before in pulp, sawdust,
brown seaweed, and chitin; in every case an increase in the
adsorption capacity was obtained [20]. Xanthates are created
through the reaction of an organic substrate which contains
hydroxyls with carbon disulphide; because of this, an increase
of the biosorbent’s affinity for Pb(II) is expected [21, 22].

2. Materials and Methods

2.1. Biosorbent Previous Treatment. 100 grammes of dry
pepper residues with a particle size of 6mm was vacuum-
washed with 500mL of a H2O/CH3OH (40% : 60%) mix
using a Buchner flask and a Buchner funnel. The pepper
residueswere dried for 24 h in a heater at 70∘C.Then, a second
vacuum wash was performed in the same conditions; then
they were dried in a heater for 48 h, at 70∘C [14].

2.2. Modification of Pepper Residues by the Xanthation Reac-
tion. This amount of 100 gr of pepper residues already dried
was added with 800mL of NaOH 3N (ACS Fermont 98.9%)
and was left to react for 3 hours of stirring; after that, 50mL
of CS2 is added and left to react for 3 more hours [15]. Finally,
wemade a vacuumwashwith deionizedwater to these pepper

Flow 10mL ∗ min−1

Bed, 5 and 10 cm thick

Glass fiber filter

Figure 1: Column biosorbent with different thickness.

residues alreadymodified which were let to dry at 70∘C for 42
hours [21, 22].

2.3. Pb(II) Solution Preparation. A 1000mg L−1 lead stock
solution was prepared, from which the following solutions
were made: 0.05, 0.5, 1, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70,
and 80mg L−1, setting the dissolutions pH to 4 with a 0.001M
nitric acid solution.

2.4. Adsorption in Batch System. In order to study the adsorp-
tion kinetics of a 10mL lead solution of 25mg L−1 with a pH
4, 10mg of biosorbent was continuously shaken at 30 rpm.
The lead concentration in the system was established at 1, 5,
10, 15, 30, 45, 60, 75, 90, 105, and 120 minutes. To obtain the
isotherms, solutions with different lead concentration levels
were used that were 10, 20, 30, 40, and 50mg L−1 at pH 4 and
thenmixed with a 10mg biosorbent sample for 120minutes at
200 rpm. In both processes several tubes were prepared using
the same method as the ones stated, but assigning each of
them to a different contact time. Once the latter had elapsed,
the residual lead concentrations were determined in their
liquid phase using an atomic absorption spectrophotometer.

2.5. Adsorption System in a Continuous Flow Column. A
40 cm length glass column with 2 cm diameter was assem-
bled. A fiberglass filter was assembled at the bottom to
prevent any obstructions because of the biosorbent settling
thereat. Each column was packed with pepper. Three tests
with different biosorbent thicknesses were used (5 and 10 cm)
using a burette clamp and a universal support, as shown in
Figure 1.

A 50mg L−1 lead solution was passed through a packed
column, by means of a fish tank pump and infusion instru-
ments; the height was constantly regulated, just like the
incoming and outgoing lead solution flow. Aliquots at the
latter were gathered at different times; then, their lead
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Figure 2: Micrographs pepper residues (a) unchanged, (b) modified, (c) after contact tests.

concentration was analyzed. This data was used to obtain the
breakthrough curves.

2.6. Material Characterization

2.6.1. BET Analysis. The surface area and characteristics
of the modified and unmodified pepper porosity were
determined by means of N2 BET gas method (GEMINI
2360 equipment) adsorbing nitrogen at 77K. The respective
adsorption isotherms were then recorded until attaining a
0.9 relative pressure in order to estimate the overall porosity
volume: the porosity was determined using their volume and
density.

2.6.2. Scanning Electron Microscope. The biosorbent images
were obtained with a JEOL JSM 6510LV to 15 kV with 10mm
WD. The samples were covered with a 20 𝜇m gold layer by
means of sputtering with a Denton Vacuum DESK IV gold
objective.

2.6.3. Infrared Spectroscopy. In order to identify the main
functional groups involved in each process, the Fourier trans-
form infrared (FTIR) spectroscopy was used, thus recording
the infrared spectrum of the modified and unmodified
pepper before and after the adsorption test in the batch
system.

3. Results and Discussion

3.1. Biosorbent Characterization

3.1.1. MEB (SEM) Test. Figure 2 shows the MEB secondary
electron images of pepper residues beforemodifying through
the xanthation reaction, after the modification and after
the adsorption test. Figure 2(a) shows the morphology
of original material, comprising amorphous and irregular
structures, though showing above all a large number of pores,
with 50 𝜇m length approximate particle size. The energy
dispersion analysis gives the elemental composition of the
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Table 1: Results of surface area.

Specific surface area Mean pore diameter
Unmodified pepper 1.65m2⋅g−1 5.71 nm
Modified pepper 1.72m2⋅g−1 3.02 nm

pepper residues, comprising at large carbon and oxygen,
approximately representing 64.9% and 32.9%, respectively,
of the total weight; small Mg, Al, Si, P, Cl, K, and Ca
quantities are included. Figure 2(b) shows the pepper residues
image after the xanthation modification. An amorphous and
porous structure is visible, a particle size of 50𝜇m length
in the magnified micrograph of 500x. For the elemental
composition of the pepper residues after the modification
through xanthation the majority elements are carbon and
oxygen with the 60.509% and 36.817%, respectively, although
sulphur is now present, which was expected because this
group increases after modification. Figure 2(c) shows the
image of the pepper residues already modified; after doing
the adsorption tests, the resulting structure is amorphous and
porous similar to the previous images: also, the particle size
was 50 𝜇m.

The elemental composition of the pepper residues after
contact with the Pb(II) solution revealed that carbon and
oxygen seem to be the majority with 67.636% and 28.642%,
respectively, but now Pb(II) is present, which was expected
though not in a higher percentage, because the particle size
that was used was too large; thus there is a higher quantity of
pores but there is also a smaller quantity of Ca.

3.1.2. BET Analysis. In Table 1 it is disclosed that the surface
area of the biosorbent is 1.72m2 g−1 which is lower than that
of the activated carbon with 500–1500m2 g−1, but that does
not limit its adsorption capacity. Doing the modification did
not increase considerably the material attributes [23].

3.1.3. Infrared Spectroscopy. Figure 3 shows the IR spectra
that were obtained from the pepper residues before they
were modified and after the contact tests, where the most
important functional groups of each process are located
and detailed. A characteristic -OH band was located at the
3000 cm−1 that reflects bond stretching; another band that
was located at 1600 cm−1 comes from carbonyl vibration
associated with the essential oil traces and the band located
between 1300 cm−1 and 1500 cm−1 comes from the stretching
vibrations of a C-O interaction associated with primary and
secondary alcohols that are dissociated.

The band at 1100 cm−1 is due to the vibration between
the C=S interaction and the band that at 1050 cm−1 is due to
sulfoxides functional group C-S or O-C-S vibration, which
demonstrate that the peppermodificationwas done, since the
presence of S is observed.

3.2. Distribution Diagram of Lead Species. It has been stated
that all tests of this study were made at pH 4, because the
distribution diagram of the lead species shown in Figure 4
showed that any pH above 6 would involve lead precipitation;
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Figure 3: IR pepper residue unmodified and modified after contact
tests.
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Figure 4: Diagram of distribution of lead species [I. Puigdomenech,
Hydrochemical EquilibriumConstantsDatabase (MEDUSA), Royal
Institute of Technology, Stockholm, Sweden, 1997].

therefore the removal would not be through adsorption.
Working in the pH < 6 zone would warrant that lead
remained as Pb2+. However, working with a pH 3 or smaller, a
precipitation problemwould not occur, although the working
conditions would not be appropriate, considering that an
acidic media prevailed, where the Pb2+ species would have
to compete with H+ for the biosorbent active place, thereby
causing a protonation process of the biosorbent, affecting the
lead removal process again [24, 25].

3.3. Batch Adsorption Kinetics. These tests were made with
a 25mg L−1 lead solution at pH 4 with constant stirring at
200 rpm and 10mg of biosorbent. As shown in Figure 5,
during the first 10 contact minutes, the concentration of
Pb(II) in solution decreased almost to one-half, obtaining the
acutest Pb(II) decrease during the first 5 minutes. Then, the
Pb(II) concentration in solution decreased with increasing
stirring time until reaching a quasi-equilibrium.
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Table 2: Parameters from the pseudo-second-order kinetic model.

𝐶𝑜 (mg⋅L−1) 𝑞2 (mg⋅g−1) 𝑞exp (mg⋅g−1) 𝐾2 (g⋅mg−1min−1) 𝑅2
25 27.03 25.8 4.67 × 10−3 0.993

[Pb(II)]
% removal of Pb(II)

20 40 60 80 100 1200
t (min)

0
10
20
30
40
50
60
70
80
90
100

%
 R

em
ov

al
 o

f P
b(

II
)

0

5

10

15

20

25

[P
b(

II
)]

 (m
g/

L)

Figure 5: Concentration and lead removal percentage versus time
at a pH value of 4 for the system Pb(II) and pepper modified with a
particle size of 6mm.

Figure 5 shows the removal percentage achieved after
120 contact minutes, reaching the 99%, which was very
good, therefore confirming the efficiency of the modified
biosorbent. The kinetic model with the best fitting was the
pseudo-second-order model, with a correlation coefficient
𝑅2 = 0.99, shown in Figure 6. The adsorption process kinetic
was described by

1
𝑞𝑡 =
1
𝑘2𝑞22
+ 1𝑞2 𝑡, (1)

where 𝑞2 is the equilibrium adsorption capacity (mg g−1)
predicted by the pseudo-second-order (for a Co = 25mg L−1)
adsorption when the initial 𝑞𝑡 is the quantity of adsorbed
metal at the time 𝑡 (mg g−1) and 𝐾2 is the pseudo-second-
order speed constant (mg g−1min−1) [26, 27]. Table 2 indi-
cated that calculated 𝑞2 is 27.03mg g−1, while 𝐾2 was 4.67 ×
10−3 gmg−1min−1. The 𝑞2 value was estimated through mass
balance with the last data of concentration in the liquid at 120
minutes giving a 𝑞exp value of 25.8, which is comparable to
the 𝑞2 value obtained in the kinetic model [28, 29].

These results are similar to those obtained by [14] because
in the previous study it was made with xanthated pepper
with a particle size of 2.36mm where they obtained a
kinetic adsorption of pseudo-second order with a 𝐾2 of
7.46 gmg−1min−1 and a 𝑞2 of 38.74mg g−1, which are values
slightly higher than those obtained in this study but that agree
with the particle size used in both studies. Based on the results
shown, the studies to obtain the adsorption isotherm using
different Pb(II) concentrations were made.
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time, for the system of Pb(II) and pepper modified with a particle
size of 6mm.
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3.3.1. Adsorption Isotherm. Figure 7 shows that the Fre-
undlich isotherm model fitted well the data, giving a cor-
relation coefficient 𝑅2 = 0.997. The Freundlich isotherm
fits well into the experimental data; consequently multilayer
adsorption with heterogeneous distribution of active sites of
the biosorbent is proposed [30, 31].

The values for Freundlich isotherm constants were 𝐾𝑓 =
8.06 (mg g−1) (mg−1/𝑛 L1/𝑛) and 1/𝑛 = 0.52, respectively [32,
33].

3.4. Continuous Flow Column System. Figure 8 shows the
breakthrough curves that were obtained working with
biosorbent beds of 5 cm and 10 cm height, with a flow of
10mLmin−1 and with a lead solution of 50mg L−1. With the
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Table 3: Parameters of the Thomas model for the bed heights of 5 cm and 10 cm.

Bed height (cm) Biosorbent used (g) Flow of the Pb(II) solution (mL⋅min−1) 𝐾TH (L⋅min−1⋅mg−1) 𝑞𝑜 (mg⋅g−1) 𝑟2
10 9.07 10 0.0026 45.322 0.98
5 4.45 10 0.0035 29.114 0.98
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Figure 8: Breakthrough curves of the 5 and 10 cm columns packed
with modified pepper (6mm particle size).

10 cm height bed, 90% saturation occurs after 1000minutes of
operating time, although a complete saturation was not seen
during the follow-up time.

Working with a biosorbent bed, 5 cm thick, saturation
occurred after 300 minutes of operating time. The data
obtained were analyzed mathematically using the Thomas
model. The successful design of a sorption process in a
column requires the prediction of the breakthrough curve for
the effluent and the specification of the maximum sorption
capacity of the sorbent. The linearized form of the equations
is presented by the followingThomas equation:

ln(𝐶𝑜𝐶 − 1) =
𝐾TH𝑞𝑜𝑀
𝑄 − 𝐾TH𝐶𝑜𝑡, (2)

where 𝐶 is solute concentration in the affluent (mg⋅L−1),
𝐶𝑜 is solute concentration in the influent (mg L−1), 𝐾 is
Thomas speed constant (mgmin−1mg−1), 𝑞𝑜 is maximum
concentration of solute in the solid phase (mg g−1),𝑀 is mass
of sorbent (g), 𝑡 is time (min), and 𝑄 is volumetric flow rate
(mLmin−1).

Table 3 shows the results from the fitting of the Thomas
model [33, 34]. Byworkingwith a xanthated pepper bed, 5 cm
thick, a maximum adsorption capacity of 29.114mg g−1 was
obtained with a rate constant of 0.0035 Lmin−1mg−1, with a
coefficient of determination (𝑟2) of 0.98, which is shown in
Figure 9. With 10 cm bed, the maximum adsorption capacity
was 45.322mg g−1 while the Thomas kinetic constant was
0.0026 Lmin−1mg−1 (𝑟2 = 0.98, also shown in Figure 9).

4. Conclusions

The removal percentage of Pb(II) in aqueous solution
obtained was 99% at pH 4; the Pb(II) removal in aqueous
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Figure 9: Fitting of the linearizedThomasmodel with data from the
packed column of 5 and 10 cm (modified pepper adsorbent of 6mm
particle size).

solution was favoured by the modification done to the
pepper residues, which increased the biosorbent affinity for
Pb(II). The results from the batch kinetic studies showed a
maximum adsorption capacity of 25.8mg of Pb(II) per g of
biosorbent, while the data were well fitted by the pseudo-
second-order kinetic model. Pb(II) in aqueous solution was
adsorbed through a multilayer process with heterogeneous
distribution of the biosorbent’s active sites. The infrared
and scanning electron microscope studies verified that the
sulphur insertion created the thiol group in the pepper
structure, which was the aim of the biosorbent modification.
The breakthrough curves of the continuous flow systems
(colums) were adequately fitted with the Thomas model,
which provided an estimation of the dynamic adsorption
capacities of 29.114mg g−1 and 45.322mg g−1 (for the 5 and
10 cm bed height, resp.).
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