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Abstract

Removal of Cr(VI) from aqueous solutions by Zea mays rachis (ZMR) was studied. The BET surface area of the Zea
mays material was 1.25 + 0.01 ng_l , with an average pore size of 4.71 nm. Experimental data show a 100% of Cr(VI)
is removed in a period of 4 hours at pH between 1 and 3. A pH value of 3 was chosen for the adsorption studies, with a
maximum adsorption capacity of 2 mg g_l and a Cr(VI) adsorption percentage onto ZMR of 98.6%. The Freundlich model
represented the equilibrium of the adsorption process better than Langmuir model. The adsorption kinetics of Cr(VI) onto
ZMR were well defined using the pseudo-second order model. The results showed that ZMR is a potential biomaterial for
Cr(VI) removal and pH has an important effect on metal adsorption capacity. The Cr(VI) reduction to Cr(III) was observed
during the adsorption process.

Keywords: adsoption, Cr(VI), Zea mays, adsorption, aqueous solutions.

Resumen

En este estudio se investigd la remocion de Cr(VI) en soluciones acuosas con raquis de Zea mays (RZM). El drea superficial
del material resulté de 1.25 + 0.01 m2 g_l, con un tamafio de poro promedio de 4.71 nm. Los datos experimentales
muestran que a valores de pH entre 1 y 3, se remueve el 100% de Cr(VI) en un tiempo de 4 h. Las pruebas de adsorcién
se realizaron a un pH de 3, obteniéndose una capacidad méxima de adsorcién de 2 mg g_1 y un porcentaje de adsorcién
de Cr(VI) por RZM de 98.6%. Para los datos de equilibrio se determiné que el proceso de adsorcién lo describe mejor la
isoterma de Freundlich que la de Langmuir. La cinética de adsorcién de Cr(VI) fue descrita adecuadamente por el modelo
de pseudo segundo orden. Los resultados obtenidos muestran que el RZM es un biomaterial ttil para la adsorcién de Cr(VI)
y que el pH tuvo un efecto importante sobre la capacidad de adsorcién del metal. También se observé que el Cr(VI) tiende
a reducirse a Cr(IIl) en presencia del adsorbente.

Palabras clave: adsorcion, Cr(VI), Zea mays, biosorcion, soluciones acuosas.

1 Introduction

Chromium exists in the aquatic environment
mainly in two states: Cr(IIl) and Cr(VI). In
general, Cr(VI) is more toxic than Cr(IIl). Cr(VI)
affects human physiology, accumulates in the food
chain and causes severe health problems ranging
from simple skin irritation to lung carcinoma; the
International Agency for Research on Cancer (IARC)
has classified Cr(VI) as Group 1 (carcinogenic to
humans). Hexavalent chromium is of particular
environmental concern due to its toxicity and mobility.
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It is challenging to remove it from industrial
wastewater and is responsible for environmental
pollution, toxicity and contamination. The presence of
metal ions in natural or industrial wastewater and their
potential impact has long been a subject of research in
environmental science. Metal ions such as cadmium,
chromium, copper, lead, zinc and iron are commonly
detected in both natural and industrial effluents and
therefore priority is given to regulate these pollutants
at discharge level. Adsorption can be a part of the
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solution to minimize this problem. Adsorption of
heavy metals by bacterial fungal or algal biomass
(live or dead cells) and agricultural waste biomass has
been recognized as a potential alternative to existing
technologies such as precipitation, ion exchange,
solvent extraction and liquid membrane for removal of
heavy metals from industrial wastewater, since these
processes have technical and/or economic constraints
(Hasan et al. 2007; Garcia-Rosales and Colin-
Cruz, 2010; Barrera-Diaz et al. 2012). Therefore
agricultural waste maize ZMR was chosen for the
removal of chromium (VI) from aqueous solutions,
because maize bran is easily available, economically
viable and biodegradable.

2 Materials and methods

2.1 Preparation and characterization of
adsorbent

The ZMR used as the adsorbent was obtained from
Santa Maria Rayon, State of Mexico. The biomaterial
was milled and sieved at 60 mesh (0.0098 in), then
it was washed several times with double distilled
water to remove impurities before drying at 40°C
for 72 h. Fourier Transform Infrared Spectroscopy
(FTIR) and Brunauer-Emmett-Teller (BET) were
used to determine the functional groups and the
specific surface area, respectively. Thermogravimetric
Analysis (TGA) was used to evaluate the thermal
stability. Besides, the material morphology was study
by Scanning Electron Microscopy (SEM).

2.2 Specific surface area

Specific surface area was determined by the N2
BET, BELSORP-MAX nitrogen adsorption method
at -196°C and a pressure of 76.8 KPa. The dry
and degassed samples were then analysed using
a multipoint N2 adsorption-desorption method at
100°C, for 17 h.

2.1.1 Thermogravimetric analysis (TGA)

TGA analysis was used to determine the thermal
decomposition of the raw material (organic matter).
The area under the DTA curve is proportional to the
amount of heat released in the process of exothermic
oxidation of organic matter. The sample was placed
into a ceramic crucible, and the analysis was carried
out under N2 flow at the heating rate of 10°C min~',

with the temperature ranging from room temperature

to 800 °C, by using a TGA instrument Model:
LINSEIS1600.

2.1.2 SEM studies

The morphology of the adsorbent was analysed by
using with a scanning electron microscope; model
JEOL JSM-6610LV at 10 kV. In all cases, the images
were obtained with a backscattered electron detector.
The elemental chemical compositions of the samples
were determined by EDS with an Oxford Pentafet
cooled, solid-state device.

2.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

The infrared analysis was performed in the solid
samples before and after the adsorption process by
using a spectrophotometer Varian Model 640. The
samples were scanned from 4000 to 400 cm™!.
Experiments were also performed alongside the
adsorption measurements to investigate the possible
complexation between functional groups of the
material and chromium ions during the adsorption
process.

2.1.4 Effect of pH on adsorption process

Experiments were performed in a batch system by
triplicate. 150 mg of adsorbent were left in contact
with 15 mL of 20 mg/L. of Cr(VI) solutions, pH
was previously adjusted to 1, 2, 3, 4, 5 and
6 using NaOH or HCI solutions. The pH was
measured with a pH-meter HANNA Instrument HI-
221. Continuous stirring for 1h was maintained at 50
rpm 25 °C. Then, the samples were filtered and metal
concentrations were measured by using UV-Visible
spectrophotometer.

2.3 Adsorption study

Adsorption experiments were performed at room
temperature (25°C). A 1 M solution of Cr(VI) ions was
prepared by dissolving K,Cr,O7 (Merck), previously
dried in an oven at 105°C for 1 h, in deionized water;
the solution was stored in amber glass bottles under
refrigeration until use. The adsorption experiments
were performed in batch using a solution of 20 mg
L~! and polypropylene containers. A weight of 150
mg of adsorbent and 15 mL of Cr(VI) solution were
used for the experiments. The solid was first hydrated
for 3 h at 50 rpm using a Scientific rotary shaker,
Model CVP-0228 and then the samples were filtered
using Whatman Grade 5 Filter Paper. The solid
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phase was dried at room temperature and stored for
disposal, while the liquid phase was analyzed using
the 1, 5-diphenylcarbazide method to determine the
remaining Cr(VI) concentration in sample at 540nm.
The samples were analyzed by using a UV-Visible
spectrophotometer; model Perkin Elmer Lamda XLS
at a wavelength of 540 nm. Total Cr was measured
by Atomic Absorption Spectroscopy and Cr(IIl) was
determined by the difference of total Cr minus Cr(VI),
formed during the contact time of Cr(VI) solution and
biomass (Dai et al. 2012).

2.4 Kinetic and equilibrium isotherm
models

The pseudo-first order and pseudo-second order
models were used for kinetic studies. Freundlich
and Langmuir models were used for the equilibrium
adsorption studies (Wang and Chen, 2009) between
the ZMR adsorbent, Cr(VI) and formed Cr(III) ions.
The pseudo-?rst order model is represented in Eq.
(1):
_ —kit
91 =qe(1=e1) )

where ge and gt are the capacities of adsorption at the
equilibrium and at any time 7 (mg g~!), k{ is the rate
constant of first order adsorption (min~"). The pseudo-
second-order model is represented in Eq. (2):

kagat

= e’ 2
1+ koget @

qi
where ky is the rate constant of the pseudo-second
order equation (g mg~! min~1).

The  Freundlich  isotherm  supposes a
heterogeneous surface with a heat of adsorption not-
uniform distributed over the surface. The Langmuir
model assumes that adsorption takes place at specific
homogeneous sites within the adsorbent, all active
sites are energetically equivalent and no interaction
occurred between sorbate molecules (Febrianto et al.
2009, Cimino et al. 2000). The last model is described
by the following equation:

_ GmaxbCe

9= T4bC, @

where ¢, is the removed sorbate concentration at
equilibrium (mg g~!), Ce the sorbate concentration in
the aqueous solution at equilibrium (mg L), g,ay is
the maximum adsorption capacity (mg g~!) and b is
the constant related to the affinity of the binding sites
(L mg™).
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Eq. (4) represents the empirical Freundlich
isotherm based on adsorption on heterogeneous
surface:

_ 1/n
ge =Kr-C, “)

where Kr and n are the Freundlich constants
indicating adsorption capacity (mg g~!) and intensity,
respectively.

3 Results and discussion

3.1 Scanning electron microscopy (SEM)
studies and BET surface area

Elemental analysis simultaneously with the
morphology of ZMR were determined. The elemental
analysis was performed by EDS. The results indicated
that the ZMR sample consists mainly of C (47.7%)
and O (38.7%), and a lesser percentage of Si (8.1%);
an elemental analysis of some white particles found
on the sample composed mainly by C and O and to a
lesser extent of Si, Al (2.9%), Ca (0.5%), K (0.2%), Fe
(0.08%) and Na (1.9%). According to the literature,
the presence of these elements is common in biomass
due to the mechanism of plant nutrition (Navarro and
Lavarro, 2013; Lugo-Lugo et al. 2012).

Fig. 1 shows the morphology of biomass after
conditioning at magnifications of 1000X and 700X,
respectively; they show a similar morphology, a
surface with irregular superficial pores of different
diameters, 20 to 30 um, 17 to 19 ym and smaller pores
of 2 um.

The RZM surface had no apparent change after the
adsorption process of Cr (Fig. 2), similar porosity and
structure were observed; moreover, bright particles
from the order of 10 microns were observed which
contain chromium. The elemental analysis shown
the composition after adsorption: C (51.34%), O
(39.03%), Si (4.86%), Cr (0.53%) and Fe (4.24%).
The percentages of carbon and oxygen increased,
silicon and iron decreased and aluminum disappeared,
suggesting a possible ion exchange with aluminum
and silicon or possible complexation.

The specific surface area (BET area) of ZMR was
1.4626 + 0.01 m? g~' and a mean pore diameter
of 471 nm, so this material can be classified
as mesoporous, these materials have shown some
properties that suit for application on adsorption
process and environmental remediation due to their
excellent periodicities in the mesoporous channels
(Showkat, et al. 2007, Ramos-Ramirez, et al. 2015).
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Table 1. Specific area of different adsorbents

Adsorbent BET Area (m” g~ 1) Reference
Maize stalk sponge 23 Garcia-Rosales and Colin Cruz; (2010)
Sorghum straw 1.2047 Garcia-Reyes and Rangel-Méndez; (2010)
Oat straw 0.9399 Garcia-Reyes and Rangel-Méndez; (2010)
Sawdust 0.86 Gupta and Babu; (2009)
Agave residues 0.5823 Garcia-Reyes and Rangel-Méndez; (2010)
Tea waste 0.39 Malkoc and Nuhoglu; (2007)
Rachis of Zea mays 1.4626 This work

Depending on the value of pore size and according to
the IUPAC (Gregg and Sing, 1982; Gunko ez al. 2013),
it can be established that the adsorbent under study is
within the classification of mesoporous materials. The
BET area was similar to another adsorbents studied
(Table 1).

The determination of this feature is very important
since porosity allows the diffusion of metal ions

through internal active sites (functional groups) for
cations removal (Garcia-Reyes and Rangel-Méndez,
2010).

3.2 Thermal stability

The TGA curve (Fig. 3) shows the experimental
thermogram of ZMR in the range from 18 to 800°C.
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Fig. 3. FTIR spectra of RZM Pristine and RZM-Cr
av).

The first weight loss step over the temperature range
from 21 to 115°C might be due to the loss of
residual water in the simple, equivalent to 7% of total
weight. In cellulosic materials, endothermic reactions
usually result from the generation of non-combustible
gases, primarily water vapour, trace amounts of carbon
dioxide, formic and acetic acids (Zvinowanda et al.
2008).

The second weight loss occurs from 221 to 310°C
and was characterized by an important decrease in
biomass with a 48% loss. In this stage of the
process the volatile low molecular weight compounds
are released, which mostly come from hemicellulose
(Li X et al. 2008). The third stage may be
due to the breakdown of high molecular weight
compounds such as cellulose and lignin; above 523°C
a carbonaceous residue containing fixed carbon and
ash is obtained, with a loss of 35% (Tan et al.
2010). Thermogravimetric analysis showed that ZMR
adsorbent is thermally stable up to around 221°C.

3.3 FTIR analysis of ZMR

The FTIR spectrum (Fig. 4) was used to analyze
the vibration characteristics of ZMR before and after
Cr adsorption. The most representative spectrum
bands show the presence of hydroxyl (3400-3200
cm™), esters (1750-1725 cm™'), amines (1680-
1639 cm™!) and alcohols groups (720-590 cm™!).
The main change observed was a wide band at
3340 cm™! and this was shifted to 3361 cm™! that
indicates the stretching vibration of OH- groups and
their interaction with Cr. Because of the possible
complexation between the above functional groups
and the metal ions, the stretching vibration of the C-
H group at 2922 cm™! characteristic of cellulose and

—— RZM pristine
— RZM after sorption

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)
Fig. 4. Adsorption test for Cr(VI) as a function of pH
with rachis of ZMR.

lignin was more intense the existence of -CH at 2916
cm~! and -CH, at 2848 cm™!. The band at 1428 cm™!
was representative of C=C group vibrations and was
shifted due to the interaction with OH- groups. At
1250 cm™! the stretching vibration of the groups (C-
0-C), which form part of the cellulose, hemicellulose
and lignin suffer a distortion was shifted to 1240
cm™! (Smith B, 1999; Zvinowanda et al., 2008; Pérez
et al., 2010; Garcia-Rosales and Colin-Cruz, 2010;
Krishnapriya and Kandaswamy, 2010).

3.4 Effect of pH on adsorption process

The pH of solutions is an important parameter on
adsorption process because the behaviour of the
adsorbent and the chemical species present in solution
depend on the pH. The effects of pH on metal uptake
capacities are presented in Fig. 5. It is observed that
the maximum adsorption capacity (g.) of Cr ions was
2 mg/g at initial pH of 3.
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Fig. 5. Adsorption of Cr (VI) in aqueous solution
versus contact time with ZMR.
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ZMR contains carboxyl, hydroxyl and amine
groups that are responsible for Cr removal, adsorption
of this metal depends on the protonation or
deprotonation of the carboxyl groups. The protonation
of the ZMR surface caused by acid medium and the
uptake of Cr(VI) is expected to be enhanced at low
pH values. The best pH condition for Cr removal
was reached at pH of 3, almost 100% of initial Cr(VI)
was removed. As the pH value increases over 3, the
percentage of Cr(VI) removed decreases up to pH 6
(50 %). This pH value was selected to performed the
adsorption experiments because at lower pH values the
stability of adsorbent may be affected.

3.5 Adsorption of Cr(VI) ions from aqueous
solutions

3.5.1 Adsorption kinetic

Fig. 6 shows the adsorption kinetic curves behaviour
of Cr(VI) onto ZMR at pH 3 and an initial
concentration of 20 mg/L. The maximum adsorption
capacity (2.00 mg g~!) was achieved at equilibrium
(ge) in 4 hours of contact time. Experimental data
were fitted to pseudo-first and pseudo-second order
models to describe the adsorption kinetic behaviour.
(e exp and the g, values are very close to each other for
both models, but the calculated correlation coefficients
(R2) is higher for pseudo-second order (0.98) than the
pseudo-first order kinetic model (0.96) (see Table 2).
Therefore, the adsorption data are a little better fitted
to pseudo-second order model than the first-order
kinetic model for the adsorption of Cr, using ZMR.
This last model represents chemical adsorption due to
the formation of chemical bonds between adsorbent
and sorbate.

2.5
2.01 s}
—~ 1.5
<
oo
£
1.0
0.5 m  Experimental data
Pseudo first order
Pseudo second order
0.0 T T T T

0 5 10 15 20 25
t (h)

Fig. 6. Adsorption of Cr (VI) in aqueous solution
versus contact time with ZMR.

Table 2. Kinetic parameters for Cr (VI) adsorption on

Q/PVA/EGDE
Model T (°C)
298.15
pseudo first order
ge (mg-g™h) 1.95+0.04
ki (h71) 4.07+0.54
R? 0.96
pseudo-second order
ge (mg-g™h) 2.05+0.03
k> (g'rmg~'min™!) 3.64 +0.46
R? 0.98
Gexp (mg'g_l) 2

The pseudo-second order kinetic model has been
reported as dominant in adsorption according to
studies on the removal of heavy metals in aqueous
samples (Flores-Alamo, et al., 2015, Garcia-Gonzélez,
et al., 2016), for example Pandey, et al., (2010)
reported a fitting to pseudo-second order kinetic
model for Cr(VI) removal using Zeolite NaX. Erhan,
et al., (2004) found that the removal of Cr(VI)
through agricultural wastes have a pseudo-second
order behaviour.

3.5.2 Equilibrium adsorption study

The two predominant oxidation states of chromium are
Cr(VI) and Cr(Ill) and the stability of these species
depends on the pH of the system (Cimino et al., 2000).
At pH values lower than 3, the dominant specie of Cr is
HCrOj, . Over this pH the HCrO, shift to form species
like CrOZ‘ and Cr,02~, due the presence of a reducing
substrates. Cr(VI) is best adsorbed between pH values

from 1 to 4.
35
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Fig. 7. Concentration profile for chromium species at

equilibrium.
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Table 3. Isotherm parameters for Cr(VI) adsorption.

Model

Constants R?

Langmuir

b(Lmg)1.16+049 093

Gmax (mg g71) 6.35 + 0.40

Freundlich

Kr (mgg 1)327+030 0.97
n4.50 + 0.6

q, (mg/g)

‘ ®  Exp.Data

Langmuir model
Freundlich model

0 _"s 1’0 1’5 2’0 2’5 3’0

C, (mgh)
Fig. 8. Langmuir isotherm to adsorption of Cr(VI) on
rachis of ZMR.

The equilibrium data, obtained after adsorption
process was used to generate a concentration profile
for Cr(total), Cr(VI) and Cr(III) (the last one was
determined by the difference of the first minus the
second).

The trend of the equilibrium concentrations (C,)
for Cr (total) and Cr(VI) results similar, since both
increase as the initial concentration (Cj,;) of Cr (VI)
increases. However, the concentration of Cr(III)
increases to a maximum of about 15 mg/L and then
a plateau was reached in the range from 40 to 70
mg/L, then it decreases. This behavior suggests that
the amount of adsorbent is crucial for the conversion
of Cr(VI) to Cr(III), the amount of adsorbent remains
constant over all range of Cj,;, and adsorbent quantity
was not enough to reduce all Cr(VI) at concentrations
higher than 20 mg L.

The experimental data obtained for equilibrium of
Cr(VI) adsorption onto ZMR adsorbent were fitted to
both models and the equilibrium constants are given in
Table 3.

The best fit was found to Freundlich isotherm
model with R? of 0.97 (Table 3 and Fig. 8), which
suggests a multilayer adsorption process and shows
the heterogeneity of the adsorbent characteristic of
agricultural raw material. The possible mechanism
of interaction between Cr(VI) and ZMR adsorbent
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might involve both physical and chemical processes as
suggested by the results obtained from isotherms and
FTIR spectra. Similar results were reported by Garcia-
Gonzadlez, et al., (2016).

This adsorption behaviour was similar to the one
reported by Dobrowolski and Otto, (2010), who
studied Cr(VI) ions adsorption using a modified
activated carbon, they found that Freundlich represents
the equilibrium behaviour. Pandey et al., (2010)
reported a best-fit data to Langmuir model for Cr(VI)
removal by using Zeolite NaX.

Conclusions

The adsorbent material has pores of different sizes, 20-
30pm, 17-19um and about 2um. The BET specific
area of ZMR adsorbent was 1.46 + 0.01 m?> g~! and
a pore diameter about 4.71 nm, a porous material
could be benefit to adsorption process. The adsorption
process was found to be dependent on initial pH,
the adsorption was best accomplished at pH of 3
for Cr(VI) removal. Thermogravimetric analysis
showed that ZMR is thermally stable up to 221°C.
Kinetic model studies showed that the pseudo-second
order model represent the kinetic adsorption behaviour
of Cr(VI). The possible mechanism of interaction
between Cr(VI) and ZMR adsorbent might involve
both physical and chemical processes, and possibly
ion exchange with aluminum and silicon, because
some bands in the FTIR spectrum shifted after Cr(VI)
adsorption experiments. Freundlich isotherm model
describes the equilibrium of Cr(VI) removal. A
reduction of of Cr(VI) to Cr(Ill) was observed during
the contact with the adsorbent. This biomaterial have
good potential as a adsorbent to removal Cr(VI) from
aqueous solutions.

Nomenclature

BET Brunauer-Emmett-Teller
b constant related to the affinity of the
binding sites
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Cini C. sorbate concentration in the initial
aqueous solution
sorbate concentration in the aqueous
solution at equilibrium

EDS Energy Dispersion Spectroscopy

FTIR Fourier Transform Infrared
Spectroscopy

IUPAC International Union of Pure and
Applied Chemistry

qe removed sorbate concentration at
equilibrium

Gmax amount of sorbate required to form

a monolayer on the adsorbent or
concentration to remove

SEM Scanning Electron Microscopy

TGA Thermogravimetric Analysis

ZMR Zea mays rachis
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