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Abstract

Chromium (VI) removal from water was studied using two varieties of pecan nut husks (PNHs): Barton and Native. Influent
Cr(VI) solutions at different pH values (2.5 and 6.18) and particle sizes (0.42 and 0.85 mm) were performed. Both PNH varieties
showed reduction to Cr(III) and adsorption of Cr(VI) and Cr(III). The Thomas model adequately (R2 of 0.79-0.94) describes the
Cr(VI) adsorption for Barton PNH. Microscopy studies of PNH morphology showed some morphological changes attributed to
chromium retention. The Barton PNH variety presented a higher Cr(VI) absorption with a longer exhaustion time (15-30 min)
for both particle sizes. Native PNH for both particle sizes with a pH of 6.18 had the highest concentrations at equilibrium but
short exhaustion time (10-15 min). PNH could be a sustainable alternative material for the Cr(VI) removal from contaminated
waters.

Keywords: pecan nut husk, biosorption, chromium, Thomas model, biomass.

Resumen

Se estudié la remocion de cromo (VI) en agua usando dos variedades diferentes de pericarpio de nuez pecanera (PNHs): Barton
y Criolla. El afluente fue una solucién de Cr(VI) con diferentes valores de pH (2.5 y 6.18) y dos diferentes tamaiios de particula
(0.42 y 0.85). Ambas variedades de PNHs mostraron reduccién a Cr(Ill) y adsorcién de Cr(VI) y Cr(Ill). El modelo de Thomas
describe adecuadamente (R2 de 0.79-0.94) la adsorcién de Cr(VI) para la variedad Barton de PNH. Estudios de microscopia
de la variedad Barton de PNH presenta una alta adsorcién de Cr(VI) en un tiempo de saturacién largo (15-30 min) para ambos
tamafios de particula. Ambos tamafios de particula del PNH de la variedad Criolla a pH de 6.18 tuvieron una alta concentracién
en el equilibrio y corto tiempo de saturacién (10-15 min). El pericarpio de nuez pecanera pueden ser un material alternativo
sostenible para la remocién de Cr(VI) en aguas contaminadas.

Palabras clave: céscara de nuez, biosorcién, cromo, modelo de Thomas, biomasa.

1 Introduction dyes, cement, and textiles (Bielicka et al., 2005;
Miretzky and Fernandez, 2010; Dhal et al., 2013;
Paredes-Carrera et al., 2015). Groundwater and
surface water can be contaminated with Cr by the
) . A discharge of untreated industrial wastewater (Owlad
been linked to industrialization and has been et al., 2009: Paredes-Carrera et al., 2015, Badillo-

assli)m.ated SW1th .encxlnron.mlental. .p'roblen;s ;uch és Camacho et al., 2016). Moreover, the dumping
pollution. Some industrial activities related to Cr of solid industrial waste pollutes the soil, which

contamination are electroplating, steel and automobile . . .
can also contaminate groundwater with chromium

m?ln.ufacturmg, leather taqnlng, metz}l processing, compounds through lixiviation (Bielicka et al., 2005).
mining, and the production of paint pigments,

Chromium (Cr), like other heavy metals, has
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Environmental problems with Cr occur because Cr
is not biodegradable, it bioacumulates in living
organisms, and it is toxic (Barrera-Diaz et al., 2012).

The toxicity, solubility, and mobility of Cr depend
on its oxidation state (Badillo-Camacho et al., 2016).
Chromium in the Eh-pH range of natural water
generally exists in two oxidation states: trivalent
Cr(IIT) and hexavalent Cr(VI). On one hand, Cr(VI) is
considered to be more toxic and is water soluble in the
complete range of pH (Dhal et al., 2013). Moreover,
Cr(VI) has a high mobility (Barrera-Diaz et al.,
2012), which can cross biological membranes easily
damaging DNA (McLean et al., 2012); therefore,
Cr(VI) is considered a mutagenic and carcinogenic
anion (Pechova and Pavlata, 2007; Paredes-Carrera et
al., 2015). On the other hand, Cr(III) is a micronutrient
essential for the metabolism of carbohydrates, lipids,
and proteins in living organisms (Pechova and Pavlata,
2007), and it is a thousand times less toxic than
Cr(VI) (Barrera-Diaz et al., 2012). The species
Cr(OH)**, Cr(OH)}, and Cr(OH); prevail at low
Eh, whereas, under oxidizing conditions, the species
HCrOZ, CrOi‘, and Cr20%‘ are observed, depending
on the pH of the Cr concentration (Owlad et al.,
2009). In water, Cr(VI) is generally present as a
soluble anion; therefore, the removal of Cr(VI) from
wastewater is necessary before discharge due its
toxicity to living organisms (McNeill et al., 2012).

Several methods have been used to remove Cr(VI)
from aqueous effluents. Chemical precipitation,
ionic exchange, oxidation-reduction, membrane
filtration, coagulation, and adsorption are the most
used technologies. The generation and disposal
of solid waste are drawbacks of the precipitation
and oxidation-reduction methods. Adsorption with
activated carbon is considered to be one of the most
effective methods for removing Cr(VI) from water (Li
et al., 2012; Paredes-Carrera et al., 2015); however,
the production of activated carbon is expensive (Owlad
et al., 2009), and the use of membranes involves high
operating costs. To overcome these disadvantages,
biosorption has been proposed as a solution (Gadd,
2009) because it is inexpensive, the materials are
readily available, and biosorption is more effective for
metal removal than other physicochemical methods
(Owlad et al., 2009).

The use of biosorbents, which are also known
as green adsorbents (Kyzas and Kostoglou, 2014),
has been extensively reported for removing Cr(VI)
from aqueous solutions (Khan et al., 2004; Gardea-
Torresdey et al., 2004; Demirbas, 2008;0wlad et al.,
2009). Specifically, agro-waste biosorbents have been

commonly employed in batch or column systems.
Agro-wastes are lignocellulosic materials that have
been reported in a raw or modified form, such as rice
husks (Bansal et al., 2009), palm flowers (Elangovan
et al., 2008a), maize cobs (Chen et al., 2012), olive
pomace (El-Sheikh er al., 2011), straw and wheat
bran (Farooq et al., 2010), saw dust (Bhattacharya
et al., 2008), and walnut hulls (Wang et al., 2009),
among others, and can be used to remove Cr (Aliabadi
et al., 2006; Suresh, 2010; Chowdhury et al., 2013;
Gautam et al., 2014). Another possible lignocellulosic
material is the pericarp or husk of the pecan nut (Carya
illinoinensis); this husk is a by-product of pecan nut
production, which is commonly burned without an
alternative use. Pecan nuts are widely cultivated in
the southern and southwestern regions of the United
States and in northern Mexico; these countries are the
first and second largest world producers, respectively
(Hadjigeorgalis et al., 2015). Though its use as a
biosorbent for Cr(VI) has not been reported, pecan nut
husks (PNHs) have been used in the removal of a dye
and lead in aqueous solutions (Herndndez-Montoya et
al., 2011).

The bioadsorption of metals has been predicted
through the use of mathematical models. Variables
such as the flow rate, influent solution concentration,
solid-liquid ratio, pH of the influent, particle size, and
support composition have been considered because
they are directly related with the behavior of metal
removal kinetics. Thus, the application of predictive
models using experimental data from breakthrough
curves predict the dynamic behavior of the column
in the removal of different metals, and these models
have been developed for a wide variety of materials
(Vijayaraghavan et al., 2005; Medvidovi¢ et al.,
2007). Among these mathematical models are the
Adams-Bohart, Yoon-Nelson, and Thomas models
(Chu, 2004; Chen et al., 2012; Chowdhury et al.,
2013), which have been reported for the removal of
Cr(VI). The Thomas model is widely used, and it
is the most general method for predicting column
performance. Its application for the determination of
some constants, which indicate the operation of the
organic material support column for the removal of
metals, is promising.

The aim of this research is to evaluate the use of the
husks of two pecan nut (Carya illinoinensis) varieties
at different particle sizes to remove Cr(VI) from
aqueous solutions with different pH levels through
a laboratory-scale fixed-bed column. Moreover, the
biosorption process was predicted through Thomas
model fitting to describe the performance of the
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column in the adsorption of Cr(VI).

2 Materials and methods

2.1 Materials

Husks from the Barton and Native pecan nut (Carya
illinoinensis) were obtained from Chihuahua, Mexico.
All reagents were analytical grade and obtained from
J.T. Baker (Mexico City, Mexico), except when noted.
Stock solution (1000 mg/L) of Cr(VI) was prepared
from K,Cr,O7. The calibration curve for Cr(VI) as
the influent (2.28 + 0.1 mg/L) solution was prepared
by appropriate dilution of the stock solution using
deionized water. The initial pH (2.5 + 0.02 and 6.18
+ 0.1) of the influent solutions was adjusted to the
desired pH using diluted HNO3s or NaOH, and a
Hanna instrument pH meter was used (Woonsocket,
RI, USA). The atomic absorption standard solution
(Sigma-Aldrich, St. Louis, MO, USA) of 998 mg/L
Cr(IIT) was used to prepare the calibration curve for
total chromium quantification

2.2  Methods

2.2.1 Chromium concentration analysis

Hexavalent chromium was analyzed using a
diphenylcarbazide method (APHA, 1975). The
absorbance of the pink-colored complex was measured
with a UV-Vis HACH DR/4000 spectrophotometer
(Loveland CO, USA) at 540 nm. The concentration of
total chromium was determined using a Perkin Elmer
Aanalyst 700 atomic absorption spectrophotometer
(Waltham, MA, USA) with an air-acetylene reducing
flame at a wavelength of 357.9 nm and 0.7-nm
slit width. A hollow cathode lamp was used. The
concentration of trivalent chromium was determined
as the difference between the total chromium and
hexavalent chromium concentration.

2.2.2 Preparation of the PNH

The PNHs for each variety were treated separately;
they were washed with distilled water to remove any
foreign material and dried at 100°C in an oven (Fisher
Scientific, 850G, Pittsburgh, PA, USA) for 24 h. The
material was triturated using a domestic blender and
sieved with a laboratory sieve shaker (Russell Finex
Ltd., Middlesex, UK). Particle sizes of 0.42 mm and
0.85 mm were selected. A second wash with distilled
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water was performed, primarily to remove tannins.
The material was oven-dried at 100°C until constant
weight

2.2.3 Characterization

As part of the PNH characterization, a proximal
analysis was performed for both PNH varieties.
Moisture, total protein, total fat, fiber, and ash
content were analyzed using the 1998 Association
of Analytical Communities (AOAC) methods 950.02,
960.52, 920.39, 962.09, and 923.03, respectively
(AOAC, 1998). Carbohydrates were calculated by
difference. The point zero charge (pHp,) was
determined according to a previously reported method
(Kolsmulski, 2004). Capped test tubes with different
PNH masses (0.05-0.55 g) and 10 mL of 0.1-M
NaCl were agitated and allowed to equilibrate for
48 h with intermittent stirring. The final pH values
were plotted against the PNH mass. The point where
the pH remains constant gave pHp,. The total
phenolic content was determined using the Folin-
Ciocalteu method (Singleton et al., 1999) with some
modifications. The PNHs (10 g) were extracted twice
with 100 mL of methanol (50%) over 24 h. The
extract (30 uL), deionized water (3 mL), and the
Folin-Ciocalteu reagent (Sigma-Aldrich, St. Louis,
MO, USA) were mixed and allowed to stand for
10 min. After neutralization with 600 uL. of 20%
sodium carbonate, the mixture was incubated for 20
min at 40°C in a water bath and cooled on ice.
The absorbance was measured at 760 nm using a
UV-Vis Lambda spectrophotometer (Perkin Elmer,
Waltham, MA, USA), and a calibration curve of
gallic acid (Sigma-Aldrich, St. Louis, MO, USA)
was used. The results were expressed as milligrams
of gallic acid equivalents per 100 g of sample
(mg GAE/100 g). The quantification was performed
in triplicate for each extract. Condensed tannins
were quantified according to the Stiasny number
method, which determines the reactivity of tannins
to formaldehyde in an acid medium (Yazaky et al.,
1993). Ten millilitres of the aqueous extraction with
10 mL of 38% aqueous formaldehyde and 5 mL 12-
M HCI were heated under reflux for 30 min. The
hot mixture was filtered using a sintered glass filter.
The precipitate was dried to a constant weight. The
Stiasny number is reported as a percentage of the
weight of the precipitate to the weight of the starting
sample. Thermogravimetric analysis (TGA) in air was
achieved using TA Instruments calorimetry (Q-200,
Crawley, England) with a program of 30 to 800°C and
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a temperature ramp of 10°C/min.

The presence of functional groups in PNH was
analyzed using a Perkin Elmer GX Fourier transform
infrared spectrophotometer (FTIR; Waltham, MA,
USA) in the range of 4000-600 cm™!, equipped with
an attenuated total reflectance (ATR) accessory. The
ATR-FTIR analysis was not only achieved for Barton
and Native PNH but also for the PNH used in the
column experiments after the removal of Cr(VI); the
samples were oven dried to remove moisture. To
examine the morphological characteristics of the PNH
before and after Cr(VI) sorption, scanning electron
microscopy (SEM) was performed. A scanning
electron microscope (JSM-5800LV, JEOL, Akishima,
Japan) was used at acceleration rate of 15 kV. The
SEM was equipped with dispersive X-ray (EDX)
detector.

2.2.4  Column adsorption experiments

Continuous adsorption experiments in fixed-bed
column were conducted in a glass column (1.1-cm
inner diameter and 37.5 cm length), provided with
Teflon stopper. All experiments were performed by
gravity elution. A coffee filter followed by a bed
of cotton was placed at the end of the column to
avoid blockage. The pecan packing material (0.05
+ 0.0005 g) was carefully added. In order to avoid
void volumes and air gaps, the column was shaken
during the packing, and after packing, another cotton
bed was placed to apply pressure. The breakthrough
experiments were performed for each of the two PNH
varieties (Barton and Native). The experiments were
performed at two different pH values (2.5 + 0.02
and 6.18 + 0.1) of the influent solution and at two
particle sizes (0.42 mm and 0.85 mm). The influent
solution of 2.28 + 0.1 mg/L Cr(VI) was passed to
a constant flow rate of 1.54 mL/min adjusting the
stopcock opening. Effluent samples were collected
every minute for the first 5 min after this time,
samples were collected each 5 min until the Cr
(VI) concentration of the effluent became equal the
feed concentration or until not changes on the Cr
(VI) concentration of the effluent were observed. The
Cr(VI) and total Cr concentration in the effluent was
determined using a UV/VIS and atomic absorption
spectrometry, respectively as previously described.
The experiments were conducted in triplicate at room
temperature (27 + 0.85°C).

Data of Cr concentrations versus time were used to
construct the breakthrough curves. The breakthrough
curve graphically describes the performance of the

fixed-bed column and allow us to obtain the operation
and dynamic responses of an adsorption column (Han
et al., 2009). These were obtained by plotting C;/Cy
with respect to time for a given bed depth, where C;
and Cy are the effluent and influent concentrations,
respectively (Chen et al., 2012). The time required
for the effluent concentration to reach a specific
breakthrough concentration is known as breakthrough
time (Mondal, 2009). The 50% breakthrough time
is established when the metal concentration in the
effluent reaches 50% of the inlet concentration. Also,
parameters like the concentration at equilibrium,
removal rate, and exhaust time were obtained from the
breakthrough curves. The concentration in equilibrium
(mg/L) was considered when the breakthrough curve
showed an asymptotic behavior, it was selected when
there was no statistical difference in the effluent
concentration of Cr(VI); and at this point was chosen
the exhaust time (min). The removal rate (mg/L min)
was calculated as the slope of the linear section in the
breakthrough curves.

2.2.5 Modeling of adsorption data

The modelling data of the breakthrough curves
were analysed using the Thomas model. This model
assumes that the rate driving force obeys second-order
reversible reaction kinetics, the Langmuir kinetics of
adsorption-desorption, and no axial dispersion. The
Thomas model is given as follows Eq (1) (Shahbazi
etal.,2011):

Cr 1
Co  1+exp(KThygThym/Q) - KTh)Cot)

ey

where C; is the effluent concentration (mg/L), C is the
influent concentration (mg/L), K7, is the Thomas rate
constant (mL/min mg), g7, is the Thomas maximum
adsorption capacity of the adsorbent (mg/g), m is the
mass of the adsorbent (g), Q is the flow rate (mL/min),
and ¢ is the time (min).

The experimental data of C;/C( against ¢ were
plotted to obtain the kinetics parameter constants (K7,
and ¢grj,). The data were fitted with the Thomas model
to obtain the kinetic coefficient K7j and the adsorption
capacity of the column grj, for each condition using
the non-linear regression method.

2.2.6 Statistical analysis

A 2 x2x2 completely randomized factorial design
was used. The adsorption experiments were performed
in triplicate, and the values reported are the mean
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plus or minus the standard deviation to determine the
influence of the PNH variety (Barton and Native), pH
solution (2.5 = 0.02 and 6.18 + 0.12), and particle
size (0.42 mm and 0.85 mm) on the removal of
Cr(V]) in the effluent solution. Analysis of variance
and means difference were performed using the Tukey
test with a significance level of 5% using Minitab
version 17.1 software (Minitab 17.1, 2013). Likewise,
the experimental data was adjusted from the Thomas
model using non-linear regression to obtain g7 and
Krn (Eq 1). The quality of the fit between the
experimental data and predicted theoretical values was
evaluated by determination coefficients (R?). The fitted
model was performed using SAS software version 9.2
(SAS 9.2,2007) (Cary, NC, USA) at a confidence level
of 95%.

3 Results and discussion

Table 1 shows the chemical characteristics of Barton
and Native PNHs. Native PNHs present higher fiber
content than Barton PNHs, and this is directly related
to different varieties of pecan as each has their own
special and unique characteristics. Barton PNHs had
a higher tannin content than Native PNHs, as well
as higher total polyphenols, which was attributed to
the variety of pecan nut husk (Pinheiro do Prado et
al., 2013). In a previous study with pericarp of Carya
illinoinensis (Hernandez-Montoya et al., 2011), the

content of ash reported (1.7%) was lower than that
obtained in our study (11.61 and 10.38% for Barton
and Native PNH, respectively). This difference can
be attributed to the removal of the dark brown layers
during the washing step. The pHpzc values of 4.98
and 5.64 were obtained for Barton and Native PNHs,
respectively; these values are close to the value of 5.2
reported for pecan pericarp (Herndndez-Montoya et
al., 2011). The difference between the pH,.. values
of Barton and Native husks can be attributed to the
difference in concentration of the surface functional
groups. From these results, the Native PNH can
be inferred to have slightly more positively charged
functional groups.

3.1 Thermal properties

The thermogravimetric analysis of PNHs shows the
thermal decomposition processes associated with
this lignocellulosic material. The thermogravimetric
analysis (TGA) and differential thermal analysis
(DTA) curves for both PNH varieties (Figure 1)
are similar, and the thermic events observed are
commonly assigned to water loss and to the
degradation of hemicellulose, cellulose, and lignin
(Yang et al., 2007). The pattern of TGA curves for
both PNHs is similar to the reported pattern for the
pericarp of pecan (Herndndez-Montoya et al., 2011).
Both TGA curves show that an initial mass loss due
to evaporation of moisture occurs below 100°C, and
some overlapping peaks are observed.

Table 1. Chemical properties of pecan nut husks.

PNH Variety
Parameter Barton” Native"
Moisture (%) 6.28 £ 0.05 6.94 +0.03
Ash (%) 11.61£0.12 10.38 £0.05
Lipids (%) 536+0.5 5.26+0.14
Protein (%) 6.34+0.1 6.18 0.1
Fiber (%) 18.77£0.7 30.58 0.3
Carbohydrates (%) 51.66 + 0.3 40.66 0.2
Tannins (%) 11.56 £0.2 3.17 £ 0.003
Total polyphenols (mg EAG/100g) 1563 +£7.2 270.6 + 1.5

* Mean + standard deviation
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Fig. 1. Thermogravimetric and differential thermal
analysis curves of Barton and Native pecan nut husks.

The mass loss observed from approximately 150 to
500°C is due to hemicellulose, cellulose, and lignin,
which are the main components of lignocellulosic
materials (Yang et al., 2007), and they usually appear
as two peaks (Garcia-Perez er al., 2001). These
components are thermochemically decomposed in the
range of 150 to 350, 275 to 350, and 250 to 500°C
for hemicellulose, cellulose, and lignin, respectively
(Hernandez-Montoya et al., 2011). The complex
composition of lignocellulosic materials, as well as
the number reactions during the pyrolysis process,
make difficult to accurately determine the composition
of this material (Elizalde-Gonzalez and Hernandéz-
Montoya, 2007).

3.2 FTIR analysis

The ATR-FTIR spectra indicate the presence of
functional groups in both PNHs (Figures 2 and 3).
Barton and Native PNHs have similar ATR-FTIR
spectral results. Both FTIR spectra are in good
agreement with a previous study on the pericarp of
Carya illinoinensis (Herndndez-Montoya et al., 2011).
Because PNHs are a complex lignocellulosic material,
the ATR-FTIR spectrum displays different bands. The
broad band around 3600-2900 cm™! indicates the O-H
bond (hydroxyl group), with a maximum at 3306 and
3303 cm~! for Barton and Native PNHs, respectively.
In this same range, the overlapping of the N-H bond
occurs; however, the peaks in the frequency 1019 and
1029 cm™! for Native and Barton PNHs, respectively,
indicate the presence of the aliphatic amine functional
group. The two peaks (2926 and 2853 cm™') for
Barton PNHs and (2919 and 2851 cm™") for Native
PHNSs correspond to the aliphatic bond C-H, and

this bond will also vibrate at 1436 and 1435 cm™!.
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Fig. 2. The FTIR spectra of Barton PNHs before and
after Cr(VI) adsorption.
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Fig. 3. The FTIR spectra of Native PNHs before and
after Cr(VI) adsorption.

Carbonyl bands are observed at 1716 and 1731 cm™!
for Barton and Native PNHs, respectively. Peaks at
1603 and 1606 cm™! are assigned to the C=C bond
of aromatic rings. The peaks at 1029 and 1030 cm-1
might represent the C-O bond of either an ether or ester
group (Aguayo-Villareal et al., 2013). All chemical
groups found in the ATR-FTIR spectra form parts of
the cellulose, hemicellulose, lignin, polyphenol, and
tannin structures. These structures all have the groups
OH, C=0, C-O-C, aromatic rings, and C-H bonds in
common; these same vibrations were also reported for
pure oak tannins, and they were associated with ellagic
acid, which is the main constituent of oak tannins
(Puica et al., 2006). Figures 2 and 3 show the possible
interaction of the functional groups present in both
PNH varieties with Cr(VI). The bands of the spectra
corresponding to the PNHs with adsorbed Cr(VI) are
slightly broader than the PNHs alone, suggesting the
formation of chromium complexes on the surface of
the material (Hon and Chang, 1985).
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Table 2. Semi quantitative EDX analysis (%wt.) of Barton PNH with a 0.42 mm particle size before and after
Cr(VI) adsorption.

Elements
Treatment C O K Cr
Before 64.06 34.44 1.49 Nd
After 64.79 34.53 0.54 0.14

Nd.- not detected

SEI. 15KV WD11mmsssb~
~CIMAV =2 A

Fig. 4. The SEM micrographs of Barton PNH with a 0.42-mm particle size (a) before and (b) after Cr(VI) adsorption.

The carboxyl (1716 and 1731 cm™") and hydroxyl
(3306 and 3303 cm™!) groups, which are apparently
involved in the adsorption process, show a decrease in
intensity after metal binding (Elangovan et al., 2008b;
Chen et al., 2011).

3.3 Barton PNH SEM analysis

Scanning electron micrographs of Barton PNHs before
and after Cr(VI) adsorption are shown in Figure 4.
Before Cr(VI) adsorption, some pores are observed.
However, after Cr(VI) adsorption, no pores are
observed, showing a smoother surface; this is due to
the adsorption of Cr(VI) on the surface (Malkoc et al.,
2006). Table 2 presents the EDX analysis, showing the
presence of C, O, and K. After the exposure to Cr(VI),
the adsorption of Cr(VI) onto the surface of Barton
PNH is evident.

3.4  Breakthrough curves

The breakthrough curves at pH of 2.5 + 0.02 for
Barton and Native PNHs with particle size of 0.85 and
0.42 mm are shown in Figure 5. In all breakthrough

curves, the reduction to Cr(IIl) and adsorption of
Cr(VI) are observed. The breakthrough curves further
show when Cr(IIl) appears in the eluent, which was
not present in the influent solution. The chemical
reduction of Cr(VI) is very fast due to its high redox
potential (Elangovan et al., 2008b). The reduction to
Cr(I1II) is produced and favored for both PNH varieties
at an acid pH (2.5) in the presence of phenols and
tannins (Elangovan et al., 2008b), which promote the
reduction in both PNH varieties. This reduction has
also been observed for different biomaterials such as
palm flowers (Elangovan et al., 2008a) and aquatic
weeds (Elangovan et al., 2008b). The concentration
of polyphenols and tannins is higher in Barton PNHs;
hence, its Cr(III) concentration in the effluent is higher
than that in the Native effluent. The advantage of
the chemical reduction is that Cr(IIl) is less toxic,
less soluble, and also less mobile in the environment
(Barrera-Diaz et al., 2012; McLean et al., 2012),
but the release of organic compounds in the effluent
increases the oxygen demand in water. From the
curves, the concentration of Cr(VI) decreases as the
concentration of Cr(IIl) increases; this same behavior
was also reported for banana skin (Park et al., 2008).
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Fig. 5. Breakthrough curves for chromium species at pH 2.5 + 0.02 for (a,c) Barton and (b,d) Native PNH varieties
with two particle sizes: Barton PNHs with particle sizes of (a) 0.85 mm and (c) 0.42 mm, and Native PNHs with
particle sizes of (b) 0.85 mm and (d) 0.42 mm at an influent chromium concentration of 2.28 + 0.1 mg/L, PNH mass

of 0.05 + 0.0005 g, and flow rate 1.54 mL/min.

The concentration of total Cr is also shown, and the
time required to reach equilibrium of the Cr species is
around 12 min for all conditions. Besides the chemical
reduction of Cr(VI), adsorption of Cr(VI) is observed.
The largest 50% breakthrough time (8.5 min) was
for Barton PNHs with a 0.42-mm particle size. The
50% breakthrough time increases as the particle size
decreases; for Barton PNH particle sizes of 0.85 and
0.45 mm, the 50% breakthrough times were 5 min
and 8.5 min, respectively. On the other hand, the
50% breakthrough time for Native PNH particle sizes
of 0.85 mm and 0.45 mm were 3 min and 4 min,
respectively. This could be attributed to the larger
surface area in smaller particle size (Zheng et al.,
2010).

The breakthrough curves at a pH of 6.18 + 0.1
for Barton and Native PNHs with particle sizes of
0.85 and 0.42 mm are shown in Figure 6. For all
breakthrough curves, only a fraction of the inlet Cr(VI)
solution was adsorbed by the Native and Barton husks,
and the remaining fraction was present in the effluent

946

solution as Cr(IIl) (Elangovan et al., 2008a) due
to chemical reduction to Cr(IIl) and adsorption of
Cr(VI). The reduction to Cr(II) is produced for both
PNH varieties at a pH of 6.18 due to the phenol and
tannin contents (Table 1) (Elangovan et al., 2008b).
Similar to that for pH 2.5, the concentration of Cr(VI)
decreases when the concentration of Cr(III) increases.
Moreover, the Cr total concentration is shown to reach
equilibrium of the Cr species in 30 min for Barton
PNHs and 15 min for Native PNHs. For the adsorption
of Cr(VI), Barton PNHs with particle size of 0.85 mm
showed the largest 50% breakthrough time (14 min).
The 50% breakthrough time increased as the particle
size increased. For Barton PNH particle sizes of 0.85
mm and 0.45 mm, the 50% breakthrough times were
14 min and 12 min, respectively. On the other hand, the
50% breakthrough time for Native PNH particle sizes
of 0.85 mm and 0.45mm were 4.5 min and 3.5 min,
respectively. This is could be attributed to the fact that
Cr(VI) anions are not able to penetrate into the pores
of large particle sizes (Gupta et al., 2010).
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Fig. 6. Breakthrough curves for chromium species at pH 6.18 + 0.1 for (a,c) Barton and (b,d) Native PNHs with
two particle sizes: Barton PNHs with particle sizes of (a) 0.85 mm and (c) 0.42 mm, and Native PNHs with particle
sizes of (b) 0.85 mm and (d) 0.42 mm at an inlet chromium concentration of 2.28 + 0.1 mg/L, PNH mass of 0.05 +

0.0005 g, and flow rate of 1.54 mL/min.

When absorption conditions are compared at
different pH values (Figures 5 and 6), a shift from the
right to left is observed in the breakthrough curves for
Barton PNH at pH 2.5, suggesting that less Cr(VI) was
removed. Barton PNH at an acidic pH would require
less time to reach equilibrium; therefore, it has better
Cr(VI) removal performance.

3.5 Concentration in equilibrium

The concentration at equilibrium (mg/L), removal rate
(mg/L min), and exhaust time (min) were obtained
from the breakthrough curves. These parameters
are important for indicating the packing material
performance in the column in the removal of metals.
The concentration of Cr(VI) in equilibrium was
selected as the time where the concentration in the
effluent presented asymptotic behavior; when there
were no significant differences in its concentration.
The concentration of Cr(VI) at equilibrium was
affected significantly (p <0.05) by the PNH variety,

WWW.Trmiq.org

PNH particle size, and pH of the influent solution, and
their interactions (Table 3).

Table 3 shows that a lower Cr(VI) concentration
was achieved in equilibrium with small PNH particle
sizes (0.42 mm) because small particles sizes lead
to an increased surface area (Zheng et al., 2010).
Hence, there are more sites available for solute-
surface interaction (Gupta et al., 2010; Maleki et al.,
2011). However, for both particle sizes, the maximum
concentration of Cr(VI) in the effluent was reached
with Native PNHs at a pH of 6.18; its saturation
almost equaled the influent Cr(VI) concentration.
For both PNH varieties, there is a tendency for the
concentration in equilibrium at a pH of 6.18 to
increase; this is possibly due to the abundance of
negatively charged hydroxyl ions that cause hindrance
between the Cr(VI) anions and the surface of the
material (Gupta et al., 2010). For both PNH varieties,
the lowest Cr(VI) concentrations occurred with the
smallest particle sizes (0.42 mm) and the lowest
pH (2.5), meaning that the adsorbent is capable of
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adsorbing more of the metal. However, the Cr(VI)
adsorption will be very slow because these conditions
require a long time to reach saturation.

The pH of the influent solution is an important
parameter to consider during the metal uptake process.
The metal chemical reduction and adsorption on the
surface of the biomaterial are attributed to the pH of
the solution (Gupta and Babu, 2009) due to changes in
the metal oxidation states (Yipmantin ef al., 2011) and
alteration of the reactive surface groups by protonation
or deprotonation of the biomaterial. At an acidic pH
(2.5), the oxo-anions HCrOy, CrOi‘, and CrQO%‘
are reduced to Cr(IIl) (Gupta et al., 2010); thus,
the concentration of Cr(VI) in the effluent was the
lowest. Moreover, the pH of the influent solution
affects the charge of the surface functional groups
of the adsorbent by acquiring negative or positive
charges. The pH at the point zero charge (pH,,:) of
the adsorbent gives information about the charge of
the surface functional groups, indicating the pH at
which the amount of positive and negative charges
on the adsorbent surface is equal (Chen et al., 2011).
The pH,, values of Barton (4.98) and Native (5.64)
PNHs, indicate that Barton PNHs have more positively
charged functional groups. This larger number of
positively charged functional groups could be due to
the polyphenol and tannin contents, which are higher
in Barton PNHs than in Native PNHs (Table 1).
Below the pH,,. of PNH, the surface charge of both
PNHs is positive. Therefore, at a pH value of 2.5,
an electrostatic attraction probably occurs between
anionic Cr(VI) and positive surface of both PNH

varieties, lowering the concentration of Cr(VI) in the
effluent. On the other hand, when the pH is above
pHyc, the PNH surface became more negative, and
the electrostatic repulsion between the anionic form of
Cr(VI) and the PNH surface sites increases, resulting
in a high concentration of Cr(VI) in the effluent (Ozdes
etal., 2014).

The removal rate was significant affected
(p <0.05) by the PNH variety. The fastest removal rate
corresponded to Native PNHs with a particle size of
0.42 mm for both considered pH values. On the other
hand, the slowest removal rate was for Barton PNHs,
regardless of the particle size and pH value. Native
pecans present a hard and thick pericarp, compared
to that of the Barton variety. This result can probably
be attributed to the chemical composition of Native
pecans, where the lignin content is likely higher. The
exhaustion time, which corresponds to the time where
the breakthrough curve reaches a plateau, was selected
when there was no statistical difference in the effluent
concentration of Cr(VI). The values for the exhaustion
time ranged from 10 to 30 min. Both sizes of Barton
PNHs at pH 6.18 presented the largest exhaustion
times in comparison with Native PNHs, for which the
influence of the low pH of the influent solution was
observed to decrease the exhaustion time. This result
suggests that the polyphenol and tannin content of
the Barton PNH, which were between 3 and 5 times
higher that of Native PNHs (Table 1), could favor
Cr(VI) adsorption, which was evident at the lowest pH
(2.5).

Table 3. Concentration in equilibriuml, removal rate!, and exhaustion time for Barton and Native PNHs for the
removal of Cr(VI) using different particle sizes and pH.
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Particle size

Concentration in

Removal rate

Exhaustion time

PNH
(mm) pH equilibrium mg/L mg/L-min (min)

0.42 2.5+0.02 1.235+0.057° 0.028 + 0.001° 10

Barton 0.85 1.546 + 0.043° 0.031 £ 0.001° 15
0.42 6.18+0.1 1.853+0.01° 0.030 + 0.001° 30
0.85 1.848 + 0.042" 0.029 + 0.000° 30
0.42 2.5+0.02 1.339 + 0.062° 0.052 + 0.001° 10

Native 0.85 1.706 + 0.0987° 0.039 + 0.004™ 10
0.42 6.18+0.1 2.021 +0.0134° 0.056 + 0.002° 15
0.85 1.903 + 0.026™ 0.044 + 0.004% 15

" Mean + standard deviation. Values with different letters by the column indicate significant differences (p <0.05),

Tukey’s test.
Table 4. Kinetic constants for Thomas Model.

Variety Particle size pH K, qm R?
(mm) mL/min.mg mg/g

0.42 2.5+0.02 0.0254 + 0.0083¢ 769.5 + 78.4° 0.79

Barton 0.85 0.0382 + 0.0006° 633.45 +2.47° 0.80
0.42 6.18+0.1 0.0981 + 0.0031° 709.2 + 2.83% 0.89
0.85 0.0862 +0.0015° 791.35+2.9% 0.94
0.42 2.54+0.02 0.0296 + 0.0001°¢ 750 £ 15° 0.55

Native 0.85 0.0389 + 0.0006° 44.15 +£2.74° 0.73
0.42 6.18+0.1 0.5488 + 0.007% 180.75 + 6.43¢ 0.87
0.85 0.1031 +£0.019° 317.85+6.72° 0.90

'Mean + standard deviation. Values with different letter by column indicates significant difference (p <0.05), Tukey's

test. K7, = Rate constant; g7, = the equilibrium maximum adsorption capacity; R’ = Determination coefficient.

3.6 Thomas model values range between 791.35 and 180.75 mg/g. The
qry, value for both PNHs at a pH of 2.5 show higher
values for the smallest particle size (0.42 mm), while
a contrary behavior is observed at pH 6.18. The best
fitting was obtained for Barton PNHs with a 0.85-mm
particle size at a pH of 6.18, and the lowest fitting
correspond to Native PNHs with a particle size of 0.42
mm at a pH of 2.5. In general, the Thomas model is
capable of describing the adsorption process for the
majority of the experimental conditions (Chen et al.,
2012). However, the model could satisfactorily predict
the adsorption process (high values of R?) for Barton
PNHs due to its kinetic behavior (Figures 5 and 6),
which has slower removal rates than Native PNHs

Data from the fixed-bed adsorption columns were
fitted to the Thomas model in order to determine the
rate constant (K7;,) and the equilibrium maximum
adsorption capacity (grp) of Cr(VI). The Thomas
model constants are shown in Table 4. The Thomas
model adequately represented the relationships with
satisfactory R? values, except for some experimental
conditions of Native PNHs, which presented the
lowest R? values. The K7y, values range from 0.5488
to 0.0254 mL/min mg. The highest value occurred for
Native PNH with a 0.42-mm particle size at a pH of
6.18, and the lowest value occurred for Barton PNH
with a 0.42-mm particle size at a pH of 2.5. The g7y,
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(Table 4); this is perhaps related to the adsorption
capacity for high polyphenol and tannin contents.

Conclusions

The chemical reduction of Cr(VI) to Cr(IIl) and
adsorption of Cr(VI) were performed satisfactorily in
a fixed-bed column using Barton and Native pecan
nut husks as the packing material. Native PNHs
had a higher concentration in equilibrium and a
shorter exhaustion time in the column. On the other
hand, the Barton PNHs showed better characteristics
for the adsorption of Cr(VI) and Cr(Ill), showing
longer exhaustion times at higher pH values and
concentrations in equilibrium similar to that of Native
PNH. The characteristics presented by Barton PNHs
were related to the high tannin and phenolic compound
contents. The FT-IR spectra reveled the functional
groups involved in the adsorption of Cr(VI). The
SEM with EDX detector shows the presence of
chromium in the PNH after chromium adsorption.
Moreover, the Thomas model was adequately fitted to
the experimental data from the breakthrough curves,
showing satisfactory fitting for Barton PNH (R2 of
0.79-0.94) with a higher capacity of adsorption (g74)
than that of Native PNHs. The results obtained suggest
that Barton PNHs could be used as an inexpensive
alternative packing material for removing Cr(VI) from
groundwater and waste water.
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Nomenclature

C; effluent concentration, mg/L

Co influent concentration, mg/L

K7,  Thomas rate constant, mL/min mg

grn, ~ Thomas maximum adsorption capacity of
the adsorbent, mg/g

m mass of the adsorbent, g

0 flow rate, mL/min

t time, min
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