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Removal of Pb (1) from aqueous solution by using
micro-spheres of Zea mays rachis-sodium alginate

by batch and column systems

D. Gutiérrez-Lopez, N. Flores-Alamo, M. C. Carrefio-de-Leon

and M. J. Solache-Rios

ABSTRACT

The behavior of composite beads of Zea mays rachis and sodium alginate (AL) for Pb (Il) adsorption
was studied. The Zea mays rachis—sodium alginate was prepared and characterized. The IR spectra
showed interactions of the functional groups and the metal ions after adsorption. The kinetic data
were fitted to the pseudo-first- and pseudo-second-order models, the maximum adsorption capacity
was 60 mg/g for Pb (Il), and the isotherm data were best adjusted to the Freundlich model, indicating
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that the adsorbent is heterogeneous. The thermodynamic study shows that the process is México
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physisorption. The service time of columns increases as the height of columns increases, and this

behavior was attributed to the active sites available in the columns. The initial concentration of Pb (l)
had a significant effect on the breakthrough curves. As the concentration increases, the saturation
time decreases. The material was regenerated four times (adsorption—-desorption cycles), without a

significant change in the removal efficiencies.
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INTRODUCTION

Heavy metals are used in human activities such as in the
industrial, agricultural and mining sectors. The increase of
these activities and their by-products affect the entire trophic
chain of the ecosystem and causes one of the main environ-
mental problems, due to their accumulation in biotic and
abiotic systems (Febrianto et al. 2009).

Lead is an important industrial metal which is used in
the paint industry, metallurgy, mining, electrical manufac-
turing and munitions storage. Lead is a toxic element and
may be generated by the corrosion of galvanized pipes,
runoff water in urban centers and mineral stacks.

Conventional methods such as chemical precipitation,
electrodeposition, and reverse osmosis for the removal of
metal ions are expensive and ineffective when the concen-
tration of heavy metals in solution is low. For this reason
new inorganic adsorbents of natural origin have been
studied for the removal of metals at low concentrations
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(Hasan ef al. 2008). Some of these materials may be regener-
ated and some residues, abundant in nature, can be used
(Al-Anber & Al-Anber 2008). The Zea mays rachis (ZMR),
commonly known as corn cob, is a lignocellulosic material
and has hydroxyl and carboxyl functional groups, which
may interact with metal ions in aqueous solution.

Some adsorbent materials can be treated to improve
their mechanical and chemical properties in order to use
them in fixed bed columns for the removal of metal ions.
Adsorbents based on agricultural waste have been rarely
studied. Guyo et al. (2015) conducted studies on Pb (II)
adsorption in aqueous solutions using unmodified and
NaOH-modified maize stubble as adsorbent. The studies
were carried out in a batch system and the maximum
adsorption capacity was 19.65 mg/g for maize stubble with-
out chemical treatment and 27.10 mg/g for the modified
maize stubble. Chatterjee & Schiewer (2014) studied the
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adsorption of Cd in aqueous solutions using orange peel
immobilized on calcium alginate beads as adsorbent, and
the maximum adsorption capacity was 35 mg/g. Cardona
Gutiérrez et al. (2013) studied the adsorption of Pb (II) in
aqueous solutions using orange peel as adsorbent and the
maximum adsorption capacity was 9.39 mg/g. Mahajan &
Sud (2013) studied the biosorption of Ni (II) and Cu (II) in
aqueous solutions using peanut husk immobilized on cal-
cium alginate beads as adsorbent and it was found that the
metals compete for the sorption sites. The low adsorption
of Cu (II) was attributed to this behavior and the maximum
sorption capacities were 30.76 and 18.16 mg/g for Ni (II)
and Cu (II) respectively. Park et al. (2008) used banana
peel immobilized on calcium alginate beads as adsorbent
for the removal of total Cr from aqueous solutions and the
results showed that immobilization reached adsorption
percentages of 96-97%.

The main objective of this research was to evaluate the
adsorption capacity of Pb (II) in aqueous solution in both
batch and continuous systems using rachis Zea mays, sup-
ported on sodium alginate. This polymer does not require
extreme reaction conditions and it is low in cost and tox-
icity, and easy to prepare.

METHODS

The ZMR was triturated, washed with distilled water and
dried at 40 °C for 72 h. Then the material was milled and
sieved (100 mesh, 0.149 mm). Sodium alginate and calcium
chloride (CaCl,) were used as the crosslinking agent to sup-
port the ZMR. Lead solutions were prepared from lead
nitrate and distilled water.

Preparation and characterization of the composite

The adsorbent material was synthesized in a 1:4 sodium algi-
nate and Zea mays rachis (AL-ZMR) ratio. Four grams of
ZMR were added to 100 mL of a 1% w/w of alginate (AL)
solution and the mixture was shaken until homogenized.
Then the mixture was dripped with a peristaltic pump in a
0.01 M CaCl, solution with constant stirring (400 rpm),
and then the mixture was left for 24 h. The beads were
washed with distilled water to remove excess CaCl,, until
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the pH of the washing solutions was equal to the distilled
water.

The AL-ZMR 1:4 beads were characterized by scanning
electron microscopy (SEM) to determine the morphology of
the material before and after the adsorption of Pb (II) by
using a JEOL JSM-590-LD microscope at 10kV. In all
cases the images were taken with a backscattered electron
detector. Elementary chemical compositions of the samples
were determined by energy dispersive spectroscopy (EDS,
Oxford Penta FET). The functional groups present in the
adsorbent were identified by Fourier transform infrared
spectrophotometry (FTIR), equipped with a diamond-tipped
ATR accessory (FTIR-ATR, Varian 640) at wave-number
range from 4,000 to 400 cm™.

The zero-point charge (pH-zpc) was determined as fol-
lows: 0.05g of dried pearls were placed in contact with
10 mL aliquots of 0.1 M NaNOs solution of different pH
values (2-11) in continuous stirring for 24 h and at 25 °C.
Then, the final pH (pHenq) values of the solutions were
measured and a graph of ApH (pH;j,—pHeng) vs pHin was
plotted (Herndndez-Hernandez et al. 2013).

The swelling kinetics of the AL-ZMR pearls was deter-
mined as follows: 0.05g of dried pearls were placed in
contact with distilled water in continuous stirring, the
pearls were removed from the water at different times,
dried with absorbent paper to remove the excess of water,
weighed, and then they were returned to the container and
the same procedure was repeated until the weight of the
pearls was constant.

Adsorption tests in batch

Ten mL of Pb (II) solution of pH 5 and 0.05 g of dry AL-
ZMR beads were left in continuous stirring by using a Hei-
dolph thermal mixer (Unimax 2020 model) at 200 rpm.
After the contact time, the solution was separated from the
beads and the concentration of the Pb (II) was measured
by using absorption spectrophotometry (Perkin Elmer spec-
trophotometer, model 31104) at 216.8 nm, and then the
adsorption capacity (g;) was determined by Equation (1)
(Athar et al. 2013):

qt = 7(6‘0 — GV (1)

w
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where Cy and C; are the initial and at time ¢ concentrations
(mg/L) respectively, V is the volume of the solution (L) and
w is the weight of the AL-ZMR beads in dry base (g).

Effect of pH on the adsorption capacity of Pb ()

Aliquots of 10 mg/L of Pb (II) at different pH (3-8) and
0.05g of dry AL-ZMR beads were left in contact for
120 min, then the solutions were decanted and the lead
was measured in each solution.

Adsorption kinetic experiments

The adsorption kinetics experiments were carried out with
continuous shaking contact times of 2, 3, 5, 10, 20, 30, 60,
90 and 120 min, using a 10 mg/L solution of lead at pH
5. Experimental data were treated with the pseudo-first-
(Equation (2)) and the pseudo-second-order (Equation (3))
kinetic models (Ho & McKay 1998; Pinzén-Bedoya &
Vera Villamizar 2009; Vilchis 2013):

@ = gl —e @
_ kog?t
U T hagid ©

where g, and g, are the adsorption capacities at time ¢ and at
equilibrium (mg/g) respectively, and k; (1/h) and k, (mg/
(g-h)) are the rate constants of adsorption of the pseudo-
first and the pseudo-second order.

Adsorption isotherm experiments

Solution aliquots at the optimum pH value of 5 with initial
concentrations of Pb (II) between 2 and 300 mg/L and
0.05 g of dry AL-ZMR beads were left in continuous stirring
(200 rpm) for 60 min and the experiments were performed
at 25, 40 and 50 °C. The experimental data were adjusted
to the Langmuir and Freundlich models. In the Langmuir
model (Equation (4)) the absorption is limited to a single
adsorbed monolayer on the adsorbent surface, which can
be interpreted as a complete coating of the adsorbent sur-
face by a maximum amount of adsorbate (monolayer
limit). This type of isotherm is related to homogeneous
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surfaces. The Freundlich isotherm indicates that the surface
is heterogeneous and the adsorption isotherms do not pre-
sent a clear limit of adsorption (Equation (5)) (Wang &
Chen 2009; Liu et al. 2010):

_ qmaxbce
Qe =77 bC. “)
ge = keC/" %)

where gn.x and g, are the maximum adsorption and equili-
brium capacity respectively (mg/g), C. is the concentration
of Pb (II) at equilibrium in the aqueous solution (mg/L)
and b, Kg and #n are the model constants.

Thermodynamic parameters

The thermodynamic parameters were determined from the
equilibrium data (isotherms). These parameters allowed
the estimation of the feasibility of the process, as well as
the effect of the temperature on the adsorption process
(Almeida et al. 2009).

The Van ’t Hoff equation was used to calculate the
enthalpy (AH) and the entropy AS, (Equation (6)) (Roulia &
Vassiliadis 2008):

o(£)-5-20)

where g is the adsorption capacity of the adsorbent material
(mg/g), C. is the concentration of Pb (II) in solution at equili-
brium (mg/L), R is the universal gas constant (8.314 J/mol-K)
and T is the temperature (K). Equation (7) was used to calcu-
late Gibbs free energy (Chang 2007):

AG = AH — T *AS @)

Continuous adsorption tests

Continuous adsorption tests were performed using a 1 cm
diameter glass column packed with 0.423, 0.847 and
1.27 g of AL-ZMR beads on a dry basis (bed heights were
2, 4 and 6 cm respectively). Aqueous solutions of Pb (II)
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with concentrations of 10 and 30 mg/L were fed by upflow
at a rate of 3 mL/min using a peristaltic pump. The exper-
iments were carried out at 25°C and pH of 5. Samples
were taken at different times (volumes) and the concen-
tration of Pb (II) in the solution was measured by atomic
absorption spectroscopy.

Experimental parameters for dynamic response depend
on column operating parameters such as feed ion concen-
(mL/min). A
breakthrough curve is usually expressed in terms of

tration (Cp, mg/L) and flow rate Q
adsorbed pollutant concentration (C,q) or normalized con-
centration defined as the ratio of effluent pollutant
concentration to inlet pollutant concentration (C/Cy) as a
function of time (¢, min) for a given bed height (equivalent
weight). The area under the breakthrough curve (A) can
be obtained by integrating the adsorbed concentration
(Caq) versus ¢ plot. Total adsorbed pollutant quantity (Giotal,
mg) in the column for a given feed concentration and flow
rate is calculated from Equation (8) (Sankararamakrishnan

et al. 2008):
Q A Q t:ttotal
Gtotal = 1000 ~ 1000 J Caa (8)
=0

The total amount of pollutant passing through the
column (#y4,, mg) is calculated from Equation (9):

CO : Q : ttotal

1000 ©®)

Miotal =

The removal percentage of pollutant (column perform-
ance) with respect to flow volume can be also found from
the ratio between qiota1 and Mo (Equation (10)):

Removal = Ftotal 100 (10)
Mliotal

Equilibrium dye uptake (g., mg/g) (or column capacity)
in the column is defined by Equation (11) as the total
amount of dye sorbed (giota1) per gram of sorbent (m):

ge = Tt a
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Adsorbent material regeneration

The regeneration was carried out during five adsorption-
desorption cycles in the column system to determine the
adsorption capacity in each cycle. A solution of 30 mg/L
of Pb (II) was pumped through a fixed bed column (1 cm
height) for 5h at a flow rate of 3 mL/min. Then, a nitric
acid solution at pH of 3 was passed through the bed for
2 h (3 mL/min), and the samples were taken every 10 min.
After each cycle the beads were washed with distilled
water to avoid changes in the operating conditions for the
next regeneration cycle.

RESULTS AND DISCUSSION
Characterization of the ZMR-sodium alginate beads

The average diameter of the beads was 1.85 = 0.2 mm. The
micrographs of the Al-ZMR (Figure 1) show a rough and
porous surface morphology, and these irregularities can be
favorable for the process of adsorption of metal ions (Vijaya-
lakshmi et al. 2017).

The EDS analysis of the beads before and after the
adsorption process (Figure 2) shows the presence of C, O
and Ca before the adsorption process. CaCl, was used in
the synthesis of the microspheres (Ren et al. 2016) and the
presence of minority elements like silicon (Si) is common
in the ZMR, due to the transport mechanisms of nutrients
in the plants (Judrez 2014). After the adsorption process,
Pb (II) was found on the material surface (Vijayalakshmi
et al. 2017) and calcium was not observed, most probably
due to the ion exchange with Pb (II). This behavior suggests
that the adsorbent has the potential for Pb (IT) removal from
aqueous solution.

The FTIR spectra (Figure 3) for ZMR without sodium
alginate support (ZMR), before (Al-ZMR) and after the
adsorption of Pb (II) (ZMR-AL-Pb(II)) were analyzed to
identify the functional groups that interact with the Pb (II)
ions. A wide band at 3,324 cm™! was observed for the AL-
ZMR, corresponding to OH- groups. The peak observed at
2,924 cm™! describes the stretching and bending vibrations
of -CH bonds, representative of the CH, groups. The band
at 1,605 cm™ corresponds to the elongation of the carbonyl
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Figure 1 | SEM micrographs of AL-ZMR.
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Figure 2 | EDS analysis of AL-ZMR: (a) before and (b) after the adsorption of Pb (Il) ions.

(C=0) group belonging to the carboxyl group and the peak
at 1,420 cm™ corresponds to C-C stretching vibrations in the
cyclic structure of the alginate. The band at 1,244 cm™
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corresponds to vibration of the ether groups which are
part of glycosidic (C-O-C) bonds, and the peak at
1,026 cm™ corresponds to hydroxyl groups that are
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Figure 3 | FTIR spectrum of ZMR and beads of AL-ZMR before and after the adsorption process.

characteristic in cellulose structure, hemicellulose and
lignin which are present in the ZMR (Tan et al. 2010;
Guyo et al. 2015; Petrovic et al. 2016).

Two bands were observed at 2,356 and 2,341 cm™ in the
ZMR, produced by PH (phosphine) vibrations. These bands
were not observed in the pearls, perhaps as a consequence
of the synthesis process. Other different displacements
were observed between the ZMR-AL and the ZMR beads,
which denotes a different structure once the ZMR is sup-
ported on alginate.

The band of the OH- groups shifted to 3,329 cm™,
responsible for the removal of Pb (II) from solution. More
evidence of interaction between the functional groups of
the ZMR-AL and Pb (II) ions was the asymmetric vibrations
of the C = O group which shifted from 1,605 to 1,598 cm™.

Some absorption bands coincide with other studies per-
formed with corn ear and these bands are located at 3,287,
2,918, 1,732 and 1,420 cm™, which correspond to the
groups OH™, -CH, C=0 and C=C respectively (Petrovi¢
et al. 2016), and in rachis of Zea mays with absorption
bands at 1,022 cm ™! that are attributed to phenolic groups
and symmetrical vibrations at 1,238 cm™' belonging to the
ether group (C-O-C) (Carrefio de Ledn ef al. 2016).

Downloaded from http://iwa.silverchair.com/ws/article-pdf/20/6/2133/766632/ws020062133.pdf

bv auest

The zero-point charge of the beads was found at pH of
4.6 (Figure 4). At this pH value the total net charge on the
surface is zero and the number of sites with positive and
negative charges is the same. Below this pH value the sur-
face charge of the beads is positive and can adsorb
negatively charged species. Above this value the surface
charge of the material is negative, due to the deprotonation
of some functional groups such as carboxyls and to the
increase of hydroxyl ions, therefore pearls can adsorb posi-
tively charged species (Worch 2012; Amaringo Villa &
Hormaza Anaguano 2013). The values corresponding to

SO VLI

A pH (pHin-pHend)

pH initial

Figure 4 | Zero-point charge of AL-ZMR beads.
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Figure 5 | Swelling of AL-ZMR pearls vs time.

the initial pH of 1,9, 10 and 11 do not follow the trend of the
other experimental values and this effect can be attributed to
the change of the bed structure (Carrefio de Leén et al. 2017).

The swelling kinetics of the AL-ZMR beads in water
(Figure 5) showed that with respect to their initial weight
(0.05 g) the pearls swelled 74% in 5 min (0.087 g) and in
10 min they doubled their initial weight (0.108 g). The maxi-
mum swelling of the beads was 150%, which was reached in
55 min (0.125 g).

Adsorption in batch
Effect of pH on the adsorption capacity of Pb (II)

The adsorption of metal ions is affected by the pH of the metal
solution, since the pH affects both the adsorbent and the
chemical species of the metal in the solution (Makeswari
et al. 2016). The effect of pH on the adsorption of Pb (II) is
shown in Figure 6; at pH between 3 and 6 the removal percen-
tage is around 96.8%. The percentage decreases at pH 7 and
8, probably due to the formation of hydrolyzed species of lead
(Garcia-Rosales & Colin-Cruz 2010).

100.0 i i i

80.0

60.0

40.0

% of Pb(IT) removal

pH

Figure 6 | Influence of pH on the removal of Pb (II).
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Adsorption kinetics

The adsorption kinetics curves (Figure 7) obtained at differ-
ent temperatures show that the amount of Pb (II) adsorbed
by the AL-ZMR beds increases as the contact time increases,
and the adsorption capacity at the equilibrium (60 min) is
2.04mg/g at 25°C. The equilibrium time decreased
(30 min) for the experiments performed at 40 and 50 °C.

The adjustments of the experimental data to the models are
shown in Figure 7. The points represent the experimental data;
the solid line is the adjustment to the pseudo-first-order model
(Lagergren) and the dotted line is the adjustment to the
pseudo-second-order model (Ho and McKay). Table 1 shows
the kinetic parameters obtained from the adjustments of the
experimental data to the models. The R? value for the Ho and
McKay equation was in all cases higher than 0.99, showing a
good fitting of the experimental data to this model. In addition,
the value of g, calculated from the pseudo-second-order model,
is similar to the experimental one (g. exp).

Adsorption isotherms

Figure 8 shows the adsorption isotherms at 25, 40 and 50 °C.
The adsorption capacity increases as both the initial concen-
tration of the metal in solution and the temperature
increase.

The trend of the experimental data in the concentration
range studied shows similarity with the characteristic curve
of Freundlich’s isotherm (a plateau was not observed), there-
fore, the data were adjusted only to this model and the
results are shown in Figure 8 and Table 2. The points rep-
resent the experimental data and the solid lines the fittings
to the Freundlich model.

The Freundlich model proposes an adsorption process
that occurs in multiple layers on a heterogeneous surface,
and it also assumes that the adsorption capacity depends
on the concentration of the sorbate in solution. The sorption
capacity increases as the concentration increases (Febrianto
et al. 2009; Moyo et al. 2013).

The value of the constant K is related to the sorption
capacity, while 1/n is related to the sorption intensity. A
value close to the unit indicates a favorable sorption inten-
sity (Foo & Hameed 2010; Guyo et al. 2015). The values of
1/n from the experimental data and the fitting to the
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Figure 7 | Adsorption kinetics for Pb (Il) by AL-ZMR at different temperatures.

Table 1 | Kinetic parameters of the adsorption of Pb (ll) by AL-ZMR

Pseudo-first-order model

Pseudo-second-order model

K, qe €Xp
T(C) Ki(1/h) q.(mg/g) R? (mg/gh) qe(mg/g) R? (mg/g)
25 2483 195 0.964 20.22 2.06 0.995 2.05
40 42.00 1.97 0.966 44.31 2.04 0.991 2.04
50 3724 197 0.966 36.34 2.04 0.992 2.04
60+
L]
50
401
30
E
7 20
Exp. Data Freundlich model
10 e 25°C
= 40°C ——
* 50°C ——
0 T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 &0
C, (mg/L)

Figure 8 | Isotherms for the adsorption of Pb (Il) by AL-ZMR at 25, 40 and 50 °C.
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Table 2 | Parameters of the adsorption isotherms of Pb (ll) by ZMR-AL

Freundlich
T(°C) K¢ (mg/g)(L/mg)"" n 1/n R?
25 1.79 1.5 0.66 0.95
40 5.16 1.27 0.78 0.97
50 7.11 1.39 0.71 0.97

Freundlich model were from 0.66 to 0.78, and when 1/n
values are in the range of 0 and 1 the interactions between
sorbate and adsorbent are strong. Figure 8 shows that the
maximum adsorption capacity of ZMR-AL for Pb (II) is
>40 mg/L, which is higher than the adsorption capacities
reported for other materials such as unmodified and
NaOH-modified maize stubble (Guyo et al. 2015) and
orange peel (Cardona Gutiérrez et al. 2013).

Thermodynamic parameters

The values of the thermodynamic parameters calculated
from the isotherms associated with the Pb (II) adsorption
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processes at different temperatures are shown in Table 3,
and they reflect the feasibility and the spontaneous nature
of the process.

A value of AH =10.62 kJ/mol suggests an endothermic
adsorption process, and AG shows a negative tendency indi-
cating spontaneous adsorption. The magnitude of AH is
related to the reaction mechanism. If AH has values lower
than 84 kJ/mol, this corresponds to a physisorption process,
and values between 84 and 420 kJ/mol correspond to a

Table 3 | Thermodynamic parameters of the adsorption of Pb (Il) by AL-ZMR

Temperature (°C) AG (kJ/mol) AH (kJ/mol) AS (kJ/mol)
25 -1.6

40 -2.347 10.625 0.041

50 -2.602

chemisorption process (Errais ef al. 2011). The value obtained
of 10.6kJ/mol indicates that the predominant adsorption
process is physical, and the value of AS=0.0411Kk]J/mol
indicates that the material could be regenerated.

Column adsorption

The breakthrough curves obtained for the removal of Pb (II)
by AL-ZMR at different initial concentrations of Pb (II) (10
and 30 mg/L) are shown in Figure 9. The most important
parameters of the breakthrough curve (adsorption capacity
(ge) and the removal percentage) were determined at the
time of saturation (fs.), and they are shown in Table 4.
Table 4 shows the longest service time was observed in
the columns where the initial concentration was 30 mg/L,
and the saturation time was from 1,308 to 2,491 min when

3000

Time (min)

0 1000 2000
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sl 4 CN
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Figure 9 | Breakthrough curves for the adsorption of Pb (Il) at C; =10 mg/L (a) and 30 mg/L (b).
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Table 4 | Experimental parameters of the breakthrough curves for the adsorption of Pb (1)

Pb (II) v (mL/min)=3

Parameter

Co (mg/L) 10 30

m (g) dry base  0.423 0.846 1.27 0.423 0846 1.27
H (cm) 2 4 6 2 4 6
Grotal (ME) 2228 4487 57.14 2295 2467 38.34
ge (mg/g) 52.67 53.03 4499 5425 29.16 30.18
Miotal (ME) 81.75 111 162 94.5 130.5 199.8
% removal 2725 4042 3527 2428 1890 19.18
tsat (Min) 3,706 4,290 6,115 1,308 1,564 2,491
Zy (cm) 1.99 3.52 3.53 1.99 3.98 5.81

m = adsorbent mass on dry base, H=bed height, ts, = saturation time, Z, = height of
mass transfer zone.

the height increased from 2 to 6 cm and, on the other hand,
the capacity of the columns increased; this could be attribu-
ted to the increase in the number of active sites in the bed
due to the amount of packed material (Vijayaraghavan
et al. 2006; Mishra et al. 2013).

The initial concentration of Pb (II) has a significant effect
on the breakthrough curves, and the saturation time increases
as the saturation decreases. This behavior can be explained by
the fact that at a high concentration, the metal ions cover the
sites of active sorption faster (Morosanu ef al. 2017).

The values of the experimental parameters (Table 4)
indicate that for saturation for Co=10 mg/L and H=2cm
the t,,; is 3,706 min, and this last value decreases to 1,308
when the concentration increases to 30 mg/L; for the

lowest concentration of Pb (II) (10 mg/L) and H =4 cm, the
saturation is in 4,290 min, and for 30 mg/L the . is
1,564 min. The same behavior was observed for the height
of 6 cm.

With an increase of the feed concentration solution, the
amount of metal ions increases, and a smaller volume of
water can be treated before the sorption bed is saturated.

Regeneration of the adsorbent

Four successive adsorption-regeneration cycles were car-
ried out and the AL-ZMR adsorbent maintained a similar
adsorption percentage in each of the four cycles. There
was only a slight decrease of 4% in the fourth cycle, com-
pared with the first one. Figure 10 shows a comparison of
the percentages of adsorption and desorption in the succes-
sive cycles.

On the other hand, the percentage of Pb (II) desorption
decreased approximately 30% for the fourth cycle. This
decrease may be due to a modification of the functional
groups of the adsorbent that have more affinity for the
metal, thus decreasing desorption of Pb (II) (Athar et al.
2013).

CONCLUSIONS

The micrographs of the AL-ZMR beads show the porosity
and the rough surface of the material. The pH-zpc was 4.6
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Figure 10 | Percentages of adsorption and desorption in four consecutive cycles.
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and at this pH value the charge of the surface of beads is neu-
tral. Below this pH the predominant surface charge is
positive and above this value it is negative. The analysis of
FTIR allowed the identification of the main functional
groups of the AL-ZMR beads such as the hydroxyl and car-
boxyl groups, which are responsible for the removal of the
Pb (II) ions from solution. A removal capacity of 2 mg/g
was obtained for AL-ZMR at 25, 40 and 50 °C and equili-
brium was reached in 60 min at 25 °C and in 30 min at 40
and 50 °C. The optimum pH for biosorption of Pb (II) was
5. The adsorption kinetics data were adjusted to the
pseudo-second-order model. The Freundlich isotherm
model better approximates the Pb (II) equilibrium data,
suggesting that the surface of the adsorbent is heterogeneous.
The enthalpy value (AH) of 10.6 kJ/mol shows that physical
interaction of the process predominates. The thermodynamic
parameters indicate that the process is spontaneous and
endothermic. The initial concentration of Pb (II) has a signifi-
cant effect on the breakthrough curves; as the concentration
decreases, the saturation times increase.
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