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Abstract

Since divalent cobalt [C02+] in wastewater is highly toxic, it must be removed before dumping the water into the environment.
The aim of this study was to examine the biosorption of Co?* by Lemna gibba (LG) after pretreatment with various compounds
to improve its biosorption capacity. The pretreatment with KoHPOy4 (0.1 M) produced the best biosorption capacity of Co2+ by
LG (31.21 £ 0.29 mg g_1 vs 18.87 £ 0.19 mg g_l for the untreated control). Subsequently, the optimal concentration (0.3 M) of
K>HPO,4 was found (the pretreatment herein denominated PLG), showing a biosorption capacity of 40.13 + 0.18 mg g_l at pH
7.0. The pseudo-second order model most adequately fit the experimental kinetics. According to the proximate chemical analysis,
the pretreatment enhanced the biosorption capacity (PLG vs LG), probably by improving sorption site availability through the
elimination of salts, and by increasing the negative charge of the plant cell surface (from -26 to -35 mV), thus favoring the
approach of positively charged Co2*. The ATR-FTIR analysis of PLG demonstrated that its hydroxyl, carboxyl, amide and
amine groups importantly contributed to Co2* removal. Thus, PLG is a promising biosorbent material for Co2* removal from
aqueous solutions.
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Resumen

Debido a la toxicidad del cobalto divalente [C02+], éste debe eliminarse de las aguas residuales antes de verterlas al ambiente. El
objetivo de este estudio fue examinar la capacidad de biosorcién de Co2+ por Lemna gibba (LG) después de pretratarla buscando
mejorar dicha capacidad. El pretratamiento con KyHPOy4 (0.1 M) produjo la mayor biosorcién de Co?* (31.21 +0.29 mg g_1
vs 18.87 + 0.19 mg g_1 de LG sin tratar). Posteriormente, se encontr6 que la concentracién 6ptima de KoHPO4 fue de 0.3 M
(este biosorbente se denominé PLG), mostrando una capacidad de biosorcién de 40.13 + 0.18 mg g_1 a pH 7.0. El modelo de
pseudo-segundo orden se ajusté adecuadamente a la cinética experimental. Segtin el andlisis quimico proximal, el pretratamiento
mejord la biosorcién (PLG vs LG), probablemente al aumentar la disponibilidad de los sitios de sorcién mediante la eliminacién
de sales y al incrementar la carga negativa de la superficie de la planta (de -26 a -35 mV), favoreciendo asi el acercamiento del
Co2*. El andlisis ATR-FTIR de PLG demostr6 que sus grupos hidroxilo, carboxilo, amida y amina contribuyen a la remocién de
Co2*. Por tanto, PLG es un biosorbente prometedor para la eliminacién de Co?* de soluciones acuosas.

Palabras clave: Cobalto divalente, Lemna gibba, biosorcién, pretratamiento, potencial zeta, ATR-FTIR.

1 Introduction and Mohamed, 2016). In trace quantities, cobalt
is an essential nutrient for certain physiological
functions of human beings, principally as a constituent
of vitamin B12 (Shahat et al., 2015; Vilvanathan

Cobalt is a heavy metal found in natural form and Shanthakumar, 2015; Anirudhan et al., 2016).
in minerals of the Earth’s crust, most commonly However, at concentrations beyond such trace
associated with sulfur, iron, copper and nickel (Cheang amounts, this heavy metal is very toxic for humans.
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Cobalt is a raw material for the petrochemical,
mining, metallurgy and electroplating industries, and
for the manufacture of electronics, alloys, food
coloring, pigments and lithium batteries as well as
the tanning of hides (Abbas et al., 2014; Shahat et
al., 2015; Anirudhan er al., 2016; Leyssens et al.,
2017). Due to its many uses, cobalt is frequently
part of industrial wastewater. The accumulation of
cobalt in ecosystems (microorganisms, aquatic flora
and aquatic fauna) can persist in the food chain
and lead to environmental damage and human health
problems (Abbas et al., 2014). Exposure to cobalt can
cause minor problems (e.g., dermatitis, depression and
fatigue) as well as more serious illnesses (e.g., liver,
gastric, neurological, cardiovascular and endocrine
disorders; asthma, irritation of the respiratory tract and
pneumonia) (He et al., 2011; Cheang and Mohamed,
2016; Leyssens et al., 2017). Therefore, it is necessary
to treat affected wastewater before discharging it into
the sewer system or a body of water.

Heavy metals are removed from water with
many conventional methods, including chemical
precipitation, ion exchange, oxidation/reduction,
filtration, electrochemical treatment, reverse osmosis
and membrane technology (Ahluwalia and Goyal,
2007; Mamba et al., 2009). Whereas some of these
methods are not very efficient for the removal of
low concentrations of metals, others are efficient but
costly in terms of economic and energy requirements
(Vullo et al., 2008). Consequently, biotechnological
processes for the removal of heavy metals that are
both efficient and economical, such as biosorption,
have been given great stimulus (Mamba et al., 2009;
Moradi et al., 2020).

Biosorption is an innovative technique known for
its economical and efficient removal of pollutants
from water (Garcia-Gonzalez et al., 2016). Among
the active and inactive biological materials employed
for this purpose are plants, algae, bacteria, fungi, and
even industrial waste or by-products (Abd El Hameed
et al., 2015; Moreno-Rivas et al., 2016; Villabona-
Ortiz et al., 2019; Fawzy et al., 2020). Biosorbents
bear polysaccharides, lipids and proteins on their
surface, conferring them with diverse functional
groups (e.g., carbonyl, sulfhydryl, amine, sulfate,
phenol, carboxyl, amide and hydroxyl groups) capable
of the uptake of contaminants. These functional
groups are able to remove heavy metals, food
coloring, phosphates, pharmaceuticals and hormones
from aqueous solutions (Volesky, 2003; Huang et al.,
2008; Huang et al., 2014; Daughton, 2014; Ramirez-
Rodriguez et al., 2018; Reyes-Ledezma et al., 2020).

The properties of biomaterials can be modified by
some physical and chemical pretreatments to enhance
their biosorption capacity (Adeniyi and Ighalo, 2019;
Zafar et al., 2019).

In the present study, the aquatic plant Lemna gibba
(LG) (swollen duckweed) was used as a biosorbent.
This macrophyte is commonly disseminated in grand
extensions of canals, ponds and lakes, which not
only makes navigation difficult but also impedes the
passage of light beyond the surface of the water and
thus diminishes photosynthesis and the production of
oxygen necessary for a healthy aquatic environment.
Consequently, LG is considered a plague (Zetina et al.,
2010), but has characteristics that make it a promising
material for the removal of heavy metals and other
contaminants from bodies of water (Khataee et al.,
2012).

The aim of the current contribution was to
test the capacity of LG as a biosorbent of
divalent cobalt (C02+) from an aqueous solution.
The biosorbent capacity was increased by different
chemical pretreatments and the best one was chosen
for further analysis. The characteristics of the
untreated and pretreated biosorbent were compared to
elucidate the specific modifications in the biomaterial
that allowed for the improvement of its biosorption
capacity. The functional groups in Lemna gibba
(untreated and pretreated) responsible for the removal
of Co?* from the aqueous solution were identified with
Fourier-transform infrared spectroscopy by attenuated
total reflection (ATR-FTIR).

2 Materials and methods

2.1 Chemicals

The chemicals employed were of analytical grade,
purchased from JT Baker® (>90% purity). A standard
solution was prepared of 1 g of Co’* L~! from a
hexahydrate of cobalt chloride salt (CoCl,-6H,0, JT
Baker®, >98% purity) mixed with type II deionized
water. The initial and residual concentration of cobalt
in the assays was determined by the dimethylglyoxime
(DMG) method.

2.2 Biomaterials

Lemna gibba (LG) was collected from the “Canal
de Zacapa” (Zacapa Canal) in Mexico City, Mexico
(19°15°31.8"N 99°05°05.3"W). The plant was first
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washed with tap water until eliminating the dirt, slime
and residues of insects and mollusks characteristic of
canals. It was then washed again with type II water
and dried in trays in a Luzeren™ oven at 60 °C for
48 h. Once the plant was dry, it was ground in a Glen
Creston™ hammer mill. Later, it was passed through
standard ASTM sieves to obtain particles of a uniform
size (300-500 um). One part of the LG sample was
used to examine its biosorption capacity. The rest was
subdivided into groups to be submitted to different
pretreatments. LG was pretreated by putting 5 g L™}
of the plant material in contact with distinct solutions
under the following conditions of temperature and
time (Reyes-Ledezma, 2017):

e Water for 30 min at two temperatures: room
temperature (rt, being approximately 18 °C) and
60 °C.

e Neutral salts: NaCl and MgSO;4 (both at 0.1 M)
at rt for 30 min.

e Organic solvents: 1% v/v acetone and 1% v/v
hexane at rt for 30 min.

e Acids: HCI, H,SO4, CH3COOH, NH4Cl and
HNOj (all at 0.1 M) at rt for 4 h.

e Alkalis: NaOH and KOH (both at 0.1 M) at rt
for 15 min; NapCO3, NaHCO3, KH,PO,4 and
K>HPOy (all at 0.1 M) at rt for 30 min.

During the pretreatment, the material was
subjected to constant shaking at 140 rpm in an All
Sheng™ orbital shaker. Subsequently, the biosorbent
was washed with distilled water until the wash water
reached a near neutral pH, and then the plant material
was dried in a Luzeren™ oven at 60 °C for 48 hours.
Untreated LG and the 17 pretreated LG samples were
conserved in bottles (hermetically closed and clearly
labeled) at rt until further use.

2.3 Biosorption studies

2.3.1 Evaluation of the biosorption capacity of the
biosorbents

An aqueous solution of cobalt (120 mL with an
initial concentration of 100 mg L' and pH 7.0) was
poured into 500 mL Erlenmeyer flasks. A sample
was collected from each flask to determine the initial
concentration of cobalt, and then 0.12 g of LG
was placed in a flask and 0.12 g of the various
pretreated LGs were placed in other flasks to attain
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a total concentration of 1 g L™! of biosorbent. The
suspensions were left for two hours under constant
shaking at 140 rpm in an All Sheng™ orbital shaker
at rt. At different times during this period, samples
were taken and filtered through grade 42 Whatman™
paper to obtain a solution free of biosorbent. The
filtered samples from each flask were utilized in
the corresponding dilutions for the quantification of
the residual concentration of cobalt. During the time
of the assay, the pH of the suspensions in each
flask was maintained constant at 7.0 by using HCI
and NaOH (0.01 M and 0.1 M). DMG forms an
amber complex with Co?*, the intensity of which is
directly proportional to the concentration of the ion
in the solution. The absorbance of the samples was
read on a spectrophotometer (Genesys 10 UV/VIS,
Thermo Electron Scientific Instruments Corporation)
at 400 nm (Gramlich et al., 2011). Based on the
predetermined initial concentrations and residues of
cobalt, the biosorption capacity was calculated in the
following manner (Eq. 1):
Ci—Cy

qr = X (1)
where ¢; is the biosorption capacity (mg g~!) at the
time (¢) the sample was taken, C; and C; represent the
initial and residual concentration of Co?* (mg LY in
the solution at time #; = 0 h and ¢ = #, respectively,
and X is the concentration of the biosorbent employed
(g L™1). Once the system has reached equilibrium,
the biosorption capacity corresponds to geq (gr =
geq) and the residual concentration of Co*t is C, =
Ceqy. With this data, kinetic modeling was carried
out for the biosorption of Co** by LG and the 17
pretreated LG samples. Controls free of biosorbent
were included to analyze the possible abiotic changes
in the concentration of cobalt.

2.3.2 Selection of the pretreatment and its
subsequent optimization

For the comparison of the biosorption of Co?* by LG
vs the pretreated LG samples, one parameter used was
the behavior index (BI), which relates one condition
or problem (the pretreatment) to the control (LG), as
defined by Eq. 2 (Herndndez-Estévez and Cristiani-
Urbina, 2014):

" 1
BI = (jt‘if gtdt)problem B (‘f[if gtdt)mmml 100 2)

(ffztf gtdl)cantrul
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where the integral of g,dt is the area under the curve
given by the model that best defined the kinetics of
biosorption of Co?* by the pretreated LG (problem)
and the untreated biosorbent (LG, control) at ¢ (0 h)
and t7 (2 h, the total time of the assay). The integration
was computed on Wolfram Mathematica ver. 9.0
software (Wolfram Research, Inc.). According to the
equation, Bl > 0 shows an increase in the capacity
of LG for the biosorption of cobalt, Bl < 0 denotes
a decrease in the same, and B/ = 0O indicates a null
effect. Based on the results, the most appropriate
pretreatment for the biosorption of Co?* was chosen.

With the aim of examining the possibility of
improving the capacity of removal of Co** by the
pretreatment selected, the latter was evaluated at
different concentrations in solution. The kinetics of
biosorption was studied by following the previously
described procedures. The capacity of the biosorption
of cobalt and the BI were determined. Additionally,
the kinetics of biosorption were modeled for the
distinct concentrations of the chosen pretreatment.
With these parameters, the concentration of the
pretreatment showing the best capacity for the removal
of Co?* was defined. For practical purposes, this
pretreatment is hereafter denominated PLG.

2.4  Determination of the kinetic model of
biosorption

Several mathematical models (Egs. 3-6) were utilized
to model the experimental data obtained during the
evaluation of the biosorption capacity in relation to
time (Table 1).

2.5 Statistical analysis

All experiments involved at least two independent
assays and the evaluation of each sample was
performed in triplicate (n = 6). Differences between
groups were examined by two-way analysis of
variance (ANOVA) followed by Tukey’s test for
multiple comparisons on GraphPad Prism™ 8.4. Data
are expressed as the mean =+ standard deviation.
The time required to reach equilibrium (z,,) and
the experimental biosorption capacity at equilibrium
(ge—exp) were established with the same statistical
method. The parameters of the models were calculated
by linear regression on GraphPad Prism™ 8.4.
The kinetic model was selected by comparing R’
(the correlation coefficient squared) and the error
functions: sum of squares (SS), standard deviation
of the residuals (Syx), and the corrected Akaike
information criterion (AICc).

2.6 Characterization of the biosorbent

The untreated biosorbent (LG) and the plant material
subjected to the best pretreatment (PLG) were
characterized with the following methods for their
posterior comparison.

2.6.1 Chemical analysis of LG and PLG

With the aim of examining the possible effect of the
pretreatment on the composition of LG, a proximate
chemical analysis of LG and PLG was conducted
in accordance with the methods described by the
Association of Official Analytical Chemists (AOAC)
for the determination of ashes, total proteins, crude
fiber, ether extract and humidity (Horwitz and Latimer,
2005; Guerrero-Coronilla et al., 2015).

Table 1. Kinetic models of biosorption.

Model Equation Parameters Reference Eq.
Pseudo-first _ Basha and Murthy,
order qe = qeq[l —el klt)] Gea, ki 2007 3)
t
- qr =
Pseudo-second ‘ ( 1 ) ( t o, ko2 Guptaetal, 2019 (4
order — —
kz * Qeq qEq
. 1 1
Elovich q; = B In(AB) + B Int A, B Gupta et al., 2019 %)
Fractional Basha and Murthy
= k tv B
power at P kn, v 2007 )
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The quantity of the extract free of nitrogen (total
carbohydrates) was estimated by Eq. 7:

JExtract free of nitrogen = 100 — %Ashes 3)
— %Total proteins — %Crude fiber — %Ether

The level of humidity was established with a
thermobalance (Guerrero-Coronilla et al., 2015) in
order to make the necessary adjustments to express
the results of the proximate chemical analysis as the
concentration of the various components of Lemna
gibba in dry base.

2.6.2  Pore size and surface area

The surface area and porosity were assessed
on Quantachrome® ASiQwin™ Automated Gas
Sorption Data Acquisition and Reduction equipment.
The isotherms of adsorption/desorption of gasified
liquid nitrogen were recorded while using a vacuum
pump at 77 K (the samples were pretreated at 373 K
with nitrogen). The surface area was ascertained by
multipoint BET (Brunauer, Emett and Teller) and the
distribution of pore size by the BJH method (Barret,
Joyner and Halenda) (Jacques et al., 2007).

2.6.3  Zeta potential ({)

Flasks were prepared with type II deionized water
adjusted to different values of pH (from 1-7) with
solutions of HCl and NaOH (0.1 and 0.01 M).
Afterwards, a sufficient quantity of LG or PLG
was placed in each flask to achieve a 1 mg L~
concentration of biosorbent. The suspensions were
evaluated on a zeta Plus ZA apparatus (Bruce and
Weiner, 2011).

2.6.4 Infrared spectroscopy (ATR-FTIR)

ATR-FTIR images were recorded to verify the changes
in PLG with respect to LG, and to elucidate the
sites of sorption. With the aim of saturating the
binding sites of the biosorbent with the metal, a
concentration of 1 g L™' of PLG was put in contact
with a solution of 300 mg L~! of Co** at pH 7.0
and at rt for 2 h under constant shaking at 140 rpm.
The saturated biosorbent (PLG-Co) was washed with
distilled water and ionized to eliminate the excess
metal, and then dried at 60 °C for 48 h. Representative
samples of LG, PLG and PLG-Co were dried at
105 °C for 24 h and examined on a FTIR Model IR2
Horiba Jobin Yvon spectrophotometer equipped with
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an ATR crystal diamond objective. The spectra were
obtained at a magnification of 36X in the interval
of 4000-400 cm™!, with 32 scans and a spectral

resolution of 2 cm™!.

3 Results and discussion

The abiotic control did not produce a decrease in the
concentration of Co>*. Consequently, the results of the
other groups depict the interaction of Co?* with the
biosorbent under study.

3.1 Evaluation of the effect of the
pretreatments

For analysis of the data, the pretreatments of LG were
organized in three classifications: a) water at rt and at
60 °C, neutral salts (NaCl and MgSQ4), and organic
solvents (acetone and hexane), b) acids and c) alkalis.
The kinetics of the biosorption of Co?* is shown
in Figure 1 for LG and the plant material with the
pretreatments of the first classification.

Among the pretreatments tested in the first
classification (Fig. 1), hexane exhibited the greatest
biosorption capacity with respect to the control (LG),
probably a result of its efficient removal of lipids
and pigments (Martinez-Guerra et al., 2014; Salazar-
Rabago and Leyva-Ramos, 2016). The biosorption
capacity was 39% greater for the material pretreated
with hexane (26.70 mg g~! vs the control value of
19.17 mg g~!). The pretreatments with water at rt and
60 °C enhance biosorption by removing impurities on
the surface of the biosorbent, thus leading to better
availability of the active sites of sorption (Wang and
Chen, 2006; Guerrero-Coronilla et al., 2015). In the
present study, the change in the biosorption capacity
found experimentally was not significant in either
case, producing an increase of 14.8-18.9% (versus the
control).

Regarding the neutral salts, the pretreatment with
MgSO, improved the removal of Co”>* (compared
to the control), producing a biosorption capacity of
22.46 mg g~'. This is probably because the Mg>*
ions substitute the H* ions at the sorption site during
the preparation of the biosorbent. Subsequently,
biosorption is favored by the interaction of exchange
of Mg?* by Co>* promoted by the size of the ions, as
would happen with an ion exchange resin (Yazici et
al., 2008; Khosravihaftkhany et al., 2015; Dabbagh et
al., 2016).
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Fig. 1. The kinetics of biosorption of Co?* by untreated Lemna gibba (LG) (O)) and the same plant material
pretreated with: (m) water at rt, (A) water at 60 °C, (¥) NaCl (0.1 M), (¢) MgSO4 (0.1 M), (x) acetone (1% v/v) and
(+) hexane (1% v/v). The continuous line is the biosorption tendency predicted by the pseudo-second order model.

In some studies, NaCl has improved the removal of
divalent ions such as Cu*, Ni** and Cd?* (Yazici et
al., 2008, Khajavian et al., 2019), which is attributed
to the decreased acidity of the biomass stemming from
the substitution of H* by Na* (Teymouri ef al., 2013).
In the current investigation, however, the effect of
NaCl was null, since its ge—exp (18.95 mg g“) was
not significantly different from the value for LG.

The data are expressed as the biosorption capacity
at equilibrium (g.-.xp), the time necessary to
reach equilibrium (z,,), the biosorption capacity at
equilibrium predicted by the corresponding model
(geq), the correlation coeflicient squared (Rz), and the
parameters of the error function of the distinct kinetic
models employed (Table 2).

Among all the models herein examined, the
pseudo-second order model yielded the highest
correlation coefficient (R?) and the lowest values of
SS, Syx and AICc. Moreover, the pseudo-second
order model predicted values of ¢g., that are very
close to those found experimentally, making it the
most adequate model for describing the kinetics
of the effects of the pretreatments (with water at

different temperatures, with neutral salts and with
organic solvents assayed for the biosorption of the
sorbate). The continuous line that joins the values
in Figure 1 shows the tendency of the kinetics of
the pseudo-second order model. The kinetics of LG
(the control) and the plant material subjected to the
distinct pretreatments with weak acids (KH;POy,
NH4C1 and CH3COOH) and strong acids (HCI, HNOj3
and HSO4) are shown in Figure 2.

Acid treatments are reported to improve the
biosorption capacity of divalent cations since they
expose new sites of sorption by eliminating minerals
and particles of dust on the cell wall and by
protonating the plant cell. They are also capable of
increasing porosity, leading to a greater surface area
available for biosorption (Khokhar et al., 2019).

In the current contribution, pretreatments with
weak acids significantly reduced the biosorption
capacity (versus the control). Contrarily, the HNO3
and HCI pretreatments produced a ¢ge—exp Of
193 mg ¢! and 19.26 mg g~!, respectively, which
are very close to the control value (19.17 mg g~ 1).
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Table 2. Parameters of the kinetic model of biosorption of Co>* by untreated Lemna gibba (LG) and the same plant
material submitted to pretreatment with water at different temperatures, neutral salts and organic solvents.

LG H:0 H:0 NaCl MgSO0, C:HqsO CsHua
RT 60 °C 0.1 M 0.1 M 1% 1%
teg (h) 0.5 0.75 0.75 0.75 1.5 1.5 1.5
Ge-exp (g ) 19.17+0.09 22.01+0.16 2281+0.14 1895+009 2246+0.16 23.76 0.27 26.70 +0.14
Pseudo-first order
geq (mg g7) 18.76+£021 21.13+0.17 21.66+030 18.23+0.19 2097+0.21 21.95+0.23 25.06 +0.27
ki (h™") 10.56 £ 048 18.06+0.72 12.56+0.73 14.39+0.67 8.791+0.33 15.39+£0.75 10.88 + 0.47
R 0.9674 0.9784 0.9478 0.9680 0.9791 0.9664 0.9705
SS 59.28 46.89 122.6 52.86 53.75 80.74 95.94
Syx 1.048 0.9318 1.507 0.9894 0.9977 1.223 1.333
AlCc 9.648 -3.482 50.33 3229 4.164 26.95 36.61
Pseudo-second order
geq (mg g7) 2040+0.18 22.77+0.11 2357+£021 19.73+0.11 2333+0.17 2385+0.12 27.38+0.20
k(gmg'h?!)y  0.794+004 1242+004 0811+£0.04 1.135+0.04 0508+0.02 0968 +0.03 0.590 + 0.02
R 0.9873 0.9942 0.9848 0.9931 0.9927 0.9946 0.9910
A 23.00 12.55 35.60 11.46 18.68 12.86 29.18
Syx 0.6527 0.4822 0.8120 0.4606 0.5881 0.4880 0.7352
AlCc -43.37 -77.27 -18.90 -82.40 -55.03 -75.94 -30.03
Elovich
A(mgg'h?’)  1647+3202 7522+2691 2792+523.9  3322+847  8457+1009 4093 +932.8 2145+359.9
B (gmg™) 0323+0.02 0350+0.02 0.294+0.01 0.369+0.02 0.244+0.009 0.304+0.01 0.238 +0.009
R 0.9013 0.8352 0.9222 0.8830 0.9376 0.9048 0.9234
SS 93.53 1433 86.43 86.57 98.84 100.8 129.5
Syx 1.368 1.693 1.315 1316 1.406 1.420 1.610
AlCc 37.03 59.22 32.92 33.00 39.90 40.94 53.96
Fractional power

k,(mgg'h®) 19.15+£037 2222+041 2253+035 19.02+034 21.35+044  23.13+037 25.78 £ 0.45
v (h™) 0.187+0.01 0.140+£0.01 0.175+£0.01 0.160+0.01  0.229+0.01 0.161 £0.01 0.190 £ 0.01
R 0.8219 0.7582 0.8572 0.8055 0.8443 0.8331 0.8500
S 168.8 2103 158.7 143.9 246.8 176.9 253.6
Syx 1.837 2.051 1.781 1.697 2.221 1.881 2252
AlCc 67.72 79.16 64.51 59.43 87.47 70.15 88.90

teq, time required to reach equilibrium; g.—.yp, experimental biosorption capacity at equilibrium; ¢.,, the predicted
biosorption capacity at equilibrium; k;, constant of the velocity of sorption of the pseudo-first order model (min~!);
R2, the correlation coefficient squared; S'S, sum of the squares; Syx, standard deviation of the residuals; AICc,
corrected Akaike information criterion; k;, constant of the velocity of sorption of the pseudo-second order model
(g mg~! min~1); A, initial velocity of adsorption (mg g~! h™!); B, constant related to the coverage of the surface
and the activation energy for chemisorption (mg g~ !); kp, constant of the fractional power model (mg g h™); v,

constant of velocity (h~h.
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Fig. 2. The kinetics of biosorption of Co?* by untreated Lemna gibba (LG) (O) and the same plant material pretreated
with 0.1 M of the following acids: (m) KH,PO4, (A) NH4Cl, (¥) CH3COOH, (¢) HCI, (x) HNO3, and (+) H2SO;4.
The continuous line is the biosorption tendency predicted by the pseudo-second order model.

However, when comparing the 7., of LG to the
value for the biosorbent pretreated with HC1 or HNO3,
the latter pretreatments both exhibited a two- to three-
fold increase in the time required to reach equilibrium.
The negative effect of the acids probably stems from
their protonation of the functional groups of the cell
wall of Lemna gibba and the consequent decrease in
the electronegativity of the cell surface and removal
velocity of Co?* (Dabbagh et al., 2016). Unlike
HCI and HNOs, the H>SO4 pretreatment caused a
lower biosorption (ge—cxp) versus the control (LG).
The same phenomenon has been observed in other
studies (Javaid et al., 2011) and has been attributed
to the fact that this acid is a strong oxidizing and
dehydrating agent capable of damaging the structure
of the biosorbent (Abdolali et al., 2015).

The experimental results of the acid pretreatments
are depicted in Table 3, expressed as the experimental
biosorption capacity at equilibrium (ge—exp), the time
necessary to reach equilibrium (z,4), the biosorption
capacity predicted by the corresponding model (ge,),
the constants for each of the models (ge,k1,k2,A, B,kp
and v), the correlation coefficient (R?), and the

error functions (SS, Syx and AICc). As with the
previous pretreatments, the equation for the pseudo-
second order model was the one with the highest
correlation coefficient (R?) and the lowest error
functions. Additionally, the values of biosorption
capacity at the predicted equilibrium are very close
to those found experimentally. Hence, the pseudo-
second order model was adequate for describing the
kinetics of biosorption of Co?* by LG and by Lemna
gibba pretreated with the tested acids. The continuous
lines joining the values in Figure 2 illustrates the
predicted biosorption afforded by the pseudo-second
order kinetic model.

The results of the kinetics of untreated LG and the
same plant material pretreated with weak (KoHPOy,
NaHCOs3 and Na;COs3) and strong alkaline solutions
(NaOH and KOH) are shown in Figure 3.

All the pretreatments with alkaline solutions
increased the capacity of biosorption of Co?* by
Lemna gibba. The best capacity of removal of Co>*
was 30.67 mg g~ !, achieved with the KoHPOy (0.1 M)
pretreatment.
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Table 3. Parameters of the kinetic models of biosorption of Co>* by untreated Lemna gibba (LG) and the same
plant material submitted to pretreatment with acids.

LG KH,PO, NH.CI CH;COOH HC1 HNO; H:S0,
01M 01 M 0.1 M 0.1M 0.1M 01M
teq () 0.5 0.75 1.0 15 1.5 1.0 0.75
Ge-exp (Mg g7) 19.17 £ 0.09 16.48 +0.09 7.648 £ 0.11 11.90 +£0.32 19.26 +£0.16 19.30+0.29 17.23+£0.14
Pseudo-first order
geq(mg g™) 18.76 +0.21 15.93+0.18 7.063 +0.08 11.45+0.13 18.46+0.14 17.95+0.28 16.88 +0.17
ki (h™) 10.56 +0.48 11.53 £ 000.53 2549+ 1.76 4102+0.14 54+013 9.543 +0.57 7.3+0.25
R 0.9674 0.9700 0.9447 0.9847 0.9912 0.9457 0.9834
SS 59.28 42.03 13.04 12.85 18.69 98.89 29.70
Syx 1.048 0.8822 0.4913 0.4878 0.5882 1.353 0.7417
AICc 9.648 -9.611 -75.16 -75.98 -55.01 3831 -29.05
Pseudo-second order
Geq(mg g™h) 20.40+0.18 17.42+0.17 7.574+0.08 13.44 +0.14 21.14+0.16 19.89+0.21 18.91+0.22
k:(gmg'h?) 0.794 + 0.04 0.972 +0.05 5.188 +0.44 0.345 +0.01 0.309 +0.01 0.665 + 0.04 0.505 +0.03
R 0.9873 0.9839 0.9655 0.9933 0.9952 0.9846 0.9858
SS 23.00 22.52 8.136 5.614 10.20 28.12 25.50
Syx 0.6527 0.6458 0.3882 0.3224 0.4345 0.7216 0.6871
AICc -43.37 -44.54 -101.6 -122.3 -88.93 -32.12 -37.60
Elovich
A(mgg'h™) 1647 +320.2 1282 +283.7 7740 + 4104 153.0+£5.55 349.3+21.9 894.0 + 101.5 459.1 +50.55
B(gmg") 0.323 +0.01 0.367 +0.02 1.203+0.09  0374+0.006 0.245+0.006  0.297 +£0.009 0.282 +0.01
R 0.9013 0.8695 0.7735 0.9860 0.9692 0.9500 0.9304
SS 93.53 99.05 17.99 9.032 47.02 53.06 84.09
Syx 1.368 1.407 0.5999 0.4250 0.9698 1.030 1.297
AICc 37.03 40.01 -48.69 -84.52 1.267 7.548 31.50
Fractional power

k, (mgg'h™") 19.15+0.37 16.44 +0.37 7.535+0.13 10.59+0.19 17.76 £ 0.36 18.50+0.33 16.80 + 0.41
v (h) 0.187+0.01 0.187 £0.02 0.121£0.01 0.349 +0.02 0.298 £0.02 0.22 +0.01 0.253 £0.02
R 0.8219 0.7742 0.7198 0.9209 0.8880 0.8721 0.8180
SS 168.8 171.4 22.27 51.04 1712 135.9 219.8
Syx 1.837 1.851 0.6673 1.010 1.850 1.648 2.097
AlCe 67.72 68.51 -37.60 5.534 68.46 56.44 81.46

teq, time required to reach equilibrium; g.—.yp, experimental biosorption capacity at equilibrium; ¢.,, the predicted
biosorption capacity at equilibrium; k;, constant of the velocity of sorption of the pseudo-first order model (min~!);
R2, the correlation coefficient squared; S'S, sum of the squares; Syx, standard deviation of the residuals; AICc,
corrected Akaike information criterion; k;, constant of the velocity of sorption of the pseudo-second order model
(g mg~! min~1); A, initial velocity of adsorption (mg g~! h™!); B, constant related to the coverage of the surface
and the activation energy for chemisorption (mg g~ !); kp, constant of the fractional power model (mg g h™); v,

constant of velocity (h~h.
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Fig. 3. Kinetics of the biosorption of Co?* by untreated Lemna gibba (LG) (O) and the same plant material pretreated
with 0.1 M of the following alkalis: (m) K;HPOj4, (A) NaHCO3, (¥) Na;CO3, (¢) NaOH, and (x) KOH. The
continuous line is the biosorption tendency predicted by the pseudo-second order model.

This value was 60% greater than that found
with untreated LG. Alkaline pretreatments are usually
beneficial to biosorption since they are capable of
breaking the cell wall. They help to remove tannins,
chlorophyll, lipids, proteins and lignin, which enables
a better exposure of the active sites and generates
new sites. Additionally, they negatively charge the
biosorbent cell surface, thus attracting the positively
charged Co?* to the sorption sites. These factors all
lead to an enhanced uptake capacity of the biosorbent
for the sorbate (Yazici et al., 2008; Argun et al., 2009;
Suazo-Madrid et al., 2011; Ighalo and Adeniyi, 2020).

The pretreatments of plant leaves with NaOH
and NaHCOj3 for the removal of heavy metals are
popular and effective (Adeniyi and Ighalo, 2019).
NaOH has been reported as a pretreatment particularly
capable of improving the capacity of plant material
to remove Co** (Nadeem er al., 2014; Singh and
Shukla, 2015). In the current study, there was a clear
positive effect on the sorption capacity of Lemna
gibba produced by alkaline solutions, especially with
NaHCO; and K,HPO,4. The latter turned out to
be the best option. The experimental capacity of

biosorption at equilibrium (ge—exp), the biosorption
capacity predicted by the corresponding model (gey),
the time necessary to reach equilibrium (z.), the
parameters of kinetics, and the error functions for
the alkali pretreatments are included in Table 4. The
pseudo-second order equation predicted a capacity
of equilibrium near the experimental value, as well
as yielding the highest correlation coefficient (R?)
and the lowest error values compared to all the
other models assayed. The continuous line represents
the predicted kinetics of biosorption of LG and the
same plant material subjected to alkali pretreatments,
according to the pseudo-second order model (Fig. 3).

Among the 17 pretreatments carried out, the
greatest increase in biosorption capacity with respect
to the control (19.17 mg g~') was obtained
with sodium bicarbonate (26.03 mg g~!), hexane
(26.7 mg g~') and K,HPO, (30.67 mg g~!). Besides
the maximum sorption capacity, there was another
important factor involved in the selection of the most
appropriate pretreatment, being the time necessary to
reach equilibrium.
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Table 4. Parameters of the kinetic models of biosorption of Co>* by untreated Lemna gibba (LG) and the same
plant material submitted to pretreatment with alkalis.

LG K:HPO, NaHCO; Na;COs NaOH KOH
0.1M 0.1M 0.1M 0.1 M 0.1 M
te (h) 0.5 1.0 1.0 0.25 1.0 1.0
Ge-exp (G &) 19.17+0.09 30.67+0.08 26.03+0.11 22.51+0.08 20.76 £0.11 23.97+0.14
Pseudo-first order
Geq (mg g™7) 1876 £0.21  29.07+0.25 23.90+0.32 22.56 +0.05 20.34+0.12 22.54+0.17
ki (h™") 1056048  15.86+0.65 17.50+1.15 20.86 +0.26 15.86+0.45 28.54+1.34
R 0.9674 0.9766 0.9398 0.9980 0.9894 0.9751
SS 59.28 97.73 164.8 4.740 2291 57.20
Syx 1.048 1.345 1.747 0.2963 0.6513 1.029
AlCe 9.648 37.65 66.91 -131.8 -43.59 7.653
Pseudo-second order
Geq (mg g™7) 2040+0.18 31.49+0.12 2591+0.17 24.01+£0.22 21.96+0.24 24.04+£0.16
k:(gmg'h™) 0.794 £ 0.04 0.769+0.2 1.023 +£0.04 1.464 +0.09 1.115+0.08 1.875+0.10
R 0.9873 0.9969 0.9898 0.9783 0.9748 0.9859
SS 23.00 13.05 27.96 52.81 54.38 3242
Syx 0.6527 0.4917 0.7196 0.9889 1.004 0.7748
AlCe -43.37 -75.09 -32.44 3.173 4.820 -24.15
Elovich
A(mgg'h™) 1647 +£3202 6376+1749  6732+1331 23848 + 16545 4612+ 1950 51786 + 31247
B (gmg) 0323+£0.01 0.236+0.01 0.296 +0.01 0.384 £0.04 0.342+0.03 0.413+£0.03
R 0.9013 0.8760 0.9377 0.6651 0.7515 0.7673
SS 93.53 224.8 67.22 303.0 250.8 158.0
Syx 1.368 2.120 1.159 2.462 2.240 1.778
AICe 37.03 82.62 19.85 98.15 88.33 64.29
Fractional power

k, (mg g'h™) 19.15+0.37 30.51+0.54 25424032 23.39+0.55 21.12+0.52 23.93+0.39
v(h™) 0.187+0.01  0.154+0.01 0.152+0.008 0.115+0.01 0.148 £0.02 0.108 £0.01
R 0.8219 0.7981 0.8805 0.5884 0.6619 0.7098
SS 168.8 365.9 128.9 3725 3413 197.1
Syx 1.837 2.705 1.606 2.730 2.613 1.985
AICe 67.72 108.0 53.72 108.9 104.3 75.78

teq, time required to reach equilibrium; g.—.yp, experimental biosorption capacity at equilibrium; ¢.,, the predicted
biosorption capacity at equilibrium; k;, constant of the velocity of sorption of the pseudo-first order model (min~!);
R2, the correlation coefficient squared; S'S, sum of the squares; Syx, standard deviation of the residuals; AICc,
corrected Akaike information criterion; k;, constant of the velocity of sorption of the pseudo-second order model
(g mg~! min~1); A, initial velocity of adsorption (mg g~! h™!); B, constant related to the coverage of the surface
and the activation energy for chemisorption (mg g~ !); kp, constant of the fractional power model (mg g h™); v,
constant of velocity (h~h.
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Fig. 4. The behavior index (BI) of the pretreatments tested for their possible improvement of the biosorption of Co?*
by Lemna gibba, with the untreated plant material serving as the control (0%).

Hence, the BI of the pretreatments was calculated
because it portrays the overall behavior of biosorption
and thus allows for a more objective evaluation (Fig.
4). The BI revealed that NaCl (0.1 M) had a null
effect on the capacity of Lemna gibba to remove Co>*.
The sharpest decline in biosorption was produced by
ammonium chloride (0.1 M). On the other hand, the
most advantageous pretreatments were the following
(in decreasing order): K;HPO,4 >> hexane ~ NaHCO3
> KOH =~ Na;COs3. Based on the aforementioned
analysis, K;HPO4 (0.1 M) was selected as the best
pretreatment of LG for the removal of Co?*, as it
significantly improved the uptake capacity of the plant
material for the heavy metal. To our knowledge, this is
the first report on the pretreatment of a biosorbent with
K>HPOq4.

3.2 Determination of the best concentration
of KoHPOy4 for pretreating Lemna
gibba

Distinct concentrations of Ko;HPO4 were tested to
attempt to further enhance the capacity of Lemna
gibba for the removal of Co?*, evaluating the kinetics

592

of each one compared to the control (LG; Fig. 5).
Each increment in the concentration of Ky;HPOy4
produced a better capacity of removal of Co’* by
Lemna gibba (Fig. 5). The improvement in biosorption
resulting from K;HPO, pretreatment was possibly
due to intensifying the degree of dissociation of the
functional groups on the cell surface. This type of
pretreatment also negatively charges the surface of the
biosorbent, which favors the approach of metal ions
with a positive charge such as Co®*, thus enhancing
the biosorption capacity (Bulgariu and Bulgariu,
2016). In the current contribution, the biosorption
capacity of the biomaterial at equilibrium increased
109.3% and 112.8% (versus the control) by pretreating
LG with 0.3 M and 0.4 M of K,HPO,4 in solution,
respectively.

Although the greatest biosorption capacity was
obtained with K,;HPO4 at 0.4 M, the statistical
analyses with two-way ANOVA and the Tukey
test of multiple comparisons indicated a lack of a
significant difference between the pretreatments with
0.3 and 0.4 M of K;HPO4 (p>0.05) in relation to the
experimental sorption capacity at equilibrium (ge—exp),
the time necessary to reach equilibrium (z4), and the
BI (Fig. 6).
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Table 5. Parameters of the kinetic models of biosorption of Co>* by untreated Lemna gibba and the same plant
material pretreated with different concentrations of KoHPO4.

K;HPO,

LG 0.05M 0.1 M 02M 03 M 04M
ty () 0.5 1.0 1.0 0.5 0.5 0.5
Ge-exp (Mg g7) 19.17 £ 0.09 23.96 +0.25 30.67 +0.08 34.17 £0.25 40.13 +0.18 40.80 = 0.55

Pseudo-first order
ge, (mg g") 18.76 £ 0.21 23.20+0.22 29.07 +£0.25 33.05+0.27 38.80+0.26 39.35+0.34
ki (h™) 10.56 +0.48 11.36 +£0.44 15.86 +0.65 18.16 £0.77 34.96 + 1.59 29.40 = 1.63
R 0.9674 0.9773 0.9766 0.9754 0.9777 0.9641
A 59.28 64.34 97.73 127.7 139.4 238.5
Syx 1.048 1.092 1.345 1.538 1.607 2.101
AlCe 9.648 14.23 37.65 52.61 57.55 87.60
Pseudo-second order
g, (mg g1) 20.40+0.18 2531+£0.22 31.49+0.12 35.55+0.10 40.86 +0.09 41.70+0.19
k(gmg'h")  0.794+0.04 0.669 +0.03 0.769 +0.02 0.813+0.01 1.503 +£0.03 1.199 + 0.04
R 0.9873 0.9869 0.9969 0.9980 0.9980 0.9936
SS 23.00 37.15 13.05 10.12 12.31 42.65
Syx 0.6527 0.8294 0.4917 0.4329 0.4775 0.8887
AlCe 43.37 -16.52 -75.09 -89.35 -78.37 -8.790
Elovich
A(mgg'hl)  1647+320.2 2170+ 471.8 6376+ 1749 13245 +4518 754937 £ 572134 177025 £ 97378
B(gmg") 0.323 +0.01 0.262 +0.01 0.237 +0.01 0.228 +£0.01 0.300 + 0.02 0.256 +0.02
R 0.9013 0.8826 0.8760 0.8537 0.7797 0.8264
SS 93.53 172.7 224.8 203.2 279.1 285.5
Syx 1.368 1.859 2.120 2421 2.363 2.390
AlCe 37.03 68.93 82.62 96.43 93.87 95.06
Fractional power

k,(mgg'h®)  19.15+0.37 23.85+0.48 30.51+0.54 34.73 £0.59 40.85 +0.52 41.64 +0.54
v () 0.187 +0.01 0.184+0.01 0.155+0.01 0.139+0.01 0.086 +0.007 0.101 + 0.008
R 0.8219 0.8002 0.7981 0.7788 0.7293 0.7740
A 168.8 294.1 365.9 4433 3429 371.8
Syx 1.837 2425 2.705 2978 2.619 2.727
AICe 67.72 96.59 108.0 117.9 104.6 108.8

teq, time required to reach equilibrium; g.—.yp, experimental biosorption capacity at equilibrium; ¢.,, the predicted
biosorption capacity at equilibrium; k;, constant of the velocity of sorption of the pseudo-first order model (min~!);
R2, the correlation coefficient squared; S'S, sum of the squares; Syx, standard deviation of the residuals; AICc,
corrected Akaike information criterion; k;, constant of the velocity of sorption of the pseudo-second order model
(g mg~! min~1); A, initial velocity of adsorption (mg g~! h™!); B, constant related to the coverage of the surface
and the activation energy for chemisorption (mg g~ !); kp, constant of the fractional power model (mg g h™); v,
constant of velocity (h~h.
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Fig. 5. Kinetics of the biosorption of Co>* by untreated Lemna gibba (control) (O) and the pretreatment of the same
plant material with KoHPOy at various concentrations: (m) 0.05 M, (A) 0.1 M, (¥) 0.2 M, (¢) 0.3 M, and (x) 0.4 M.
The continuous line is the predicted biosorption tendency of the pseudo-second order model.

Consequently, there was no justification for the
use of the 0.4 M concentration and the Ky;HPO,4
pretreatment at 0.3 M (denominated PLG) was
selected as the best for the biosorption of Co?* by
Lemna gibba.

The experimental kinetics of sorption (ge—exp),
the time necessary to reach equilibrium (), the
biosorption capacity predicted by the corresponding
model (geq), the constants for each of the models, the
correlation coefficient (R2), and the error functions for
each of the models tested are shown in Table 5. Similar
to the previous results, the pseudo-second order model
afforded the highest correlation coefficient (R?) and
the lowest error functions.

3.3 Characterization of the biosorbent

3.3.1 Proximate chemical analysis of the biosorbent

In order to evaluate the possible changes in the
composition of the biosorbent due to the selected
pretreatment, a proximate chemical analysis of Lemna
gibba was carried out on the untreated plant material
(LG) and that treated with K,HPO, at 0.3 M

(PLG) (Table 6). The percentage of humidity of
the biosorbent was 5.90% without pretreatment and
5.06% with pretreatment.

According to the analysis, LG contains a small
amount of ether extract (4.92%) and a high quantity of
protein (20.97%). Azer (2013) observed that swollen
duckweed, being a rich source of amino acids, serves
as feed for poultry, pigs and cows in diverse regions.
The elevated ash content (24.47%) is related to the
quantity of minerals present in the plant, including
magnesium, silicon, sodium, potassium and sulfur
(Landolt and Kandeler, 1987). Crude fiber and the
nitrogen-free extract correspond to carbohydrates.
More specifically, crude fiber refers to the content
of cellulose, hemicellulose and lignin, characteristic
of the cell wall of plants. The nitrogen-free content
corresponds to digestible carbohydrates and non-
nitrogenated soluble organic solvents (Zhao et al.,
2014). Based on the proximate chemical analysis of
PLG and LG, the pretreatment did not significantly
change the concentration of proteins. The content of
lipids was diminished by the pretreatment, but the
original concentration was already very small.
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Table 6. Proximate chemical analysis of LG and PLG in dry base.

Biosorbent LG PLG
% Ether extract 492 391
% Crude fiber 11.17 19.05
% Protein 20.97 20.44
% Ash 24.47 17.88
% Nitrogen-free extract 38.47 38.72
120- o3m  04M
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Fig. 6. Behavior index (BI) of the biosorption of Co** by Lemna gibba after pretreatment with distinct
concentrations of K,HPOy4 (versus the untreated plant material).

The important differences in the composition of
LG an PLG are the 26.9% reduction in the percentage
of ash and the increase from 11.17% to 19.05%
in crude fiber. As can be appreciated, pretreatment
with 0.3 M of K,HPO4 had a definite effect on
the composition of the biosorbent, removing ash
and increasing the relative concentration of cellulose,
hemicellulose and lignin, according to the AOAC
methods used (Horwitz and Latimer, 2005). Such a
change enhanced the exposure of the active sites on the
surface of Lemna gibba and consequently its uptake
capacity for Co?*.

3.3.2  Pore size and surface area

The pore size and surface area of LG and PLG
are shown in Table 7. Due to the size of the pores
found, both materials are classified as mesoporous
(2 nm-20 nm) (El-Sayed and Nada, 2017).

WWW.rmiq.org

Surface area and porosity affect the biosorption
of sorbates. However, no relation exists between the
volume or diameter of a pore on a particular surface
and the capacity of removal of heavy metals by a
pretreated biosorbent (Martin-Lara et al., 2013; Patel
and Vashi, 2013; Abdelwahab et al., 2015). In the
current study, there was no significant difference in
the volume of the pores between LG and PLG. The
pretreatment increased the pore size of the biosorbent
and decreased the specific surface available for
biosorption, with a net effect of an improved capacity
of removal of Co?*. Similar qualitative results were
obtained by El-Sayed and Nada (2017) in regard to the
treatment of oil palm leaves with polyethylenimine for
the biosorption of Pb?* and Cr®*. This indicates that
the surface area of the material is not the only factor to
consider for predicting the capacity of a biosorbent to
remove a contaminant from an aqueous solution.
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Table 7. Surface area of LG an PLG as well as their
pore volume and diameter.

Surface Pore Pore

Material area volume diameter
(m?g") (em®g") (nm)
LG 1.826 0.006 2.125
PLG 1.332 0.006 3.277

3.3.3  Zeta potential ({)

The zeta potential ({) is one of the most useful
parameters for characterizing the surface charge of
materials. It is defined as the charge on the interface
between the solid surface and the liquid medium
(Bruce and Weiner, 2011). The difference in the zeta
potential between LG and PLG at distinct pH values
can be seen in Figure 7. The pH for each material
at zero charge (a zeta potential of 0, or an isoelectric
point ({p) of 0) is depicted for each material.

In the case of LG, the pH values of 1 and 2
resulted in a positive zeta potential (a positive surface
charge). At a point above the latter pH value, the
zeta potential reached zero ({y LG= 2.37). Hence, the

201

104

zeta potential of LG decreased in value as the pH
increased, providing a biosorbent with a progressively
more negative surface charge as the pH approached
7. At the latter pH, the surface of the biosorbent had
the largest quantity of negatively charged sites, and
therefore the greatest potential of interaction with the
Co** jons by means of electrostatic attraction.

Cellulose, one of the main components in the
structure of plants, has a negative zeta potential at
a pH above 3 (MySliwiec et al., 2016). Similarly,
diverse studies on plants have reported a {p between
pH 2 and 4 (Schneider et al., 2001; Gupta et al.,
2019). The negative charge of the biosorbent could be
due to the ionization of the -OH groups of cellulose
(Pei et al., 2019) and of the carboxyl groups present
in other components (Schneider et al., 2001). The
pretreatment caused a slight decline in the pH level
corresponding to a O charge of the biosorbent ({p
PLG =1.62) and reduced the zeta potential of the cell
surfaces of the plant material (PLG<LG), indicating
that the pretreatment increased the electronegativity
of the surface of the biosorbent, which improved the
uptake capacity for Co®* ions.
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Fig. 7. Zeta potential (£) of (O) LG and (¢) PLG at distinct pH values.
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3.3.4  Fourier-transform infrared (FTIR) spectroscopy

FTIR spectroscopy was employed to elucidate the
main pretreatment-induced changes in the functional
groups of the biosorbent and the probable sites
of sorption of Co** by PLG. Hence, images were
recorded for LG, PLG and PLG loaded with Co?*
(PLG-Co). The main frequencies detected in the
corresponding spectra and their possible assignment
can be appreciated in Figure 8 and Table 8.

The FTIR spectra of LG (Fig. 8) shows a
well-defined moderate band at around 3310.5 cm™',
resulting from the vibration of the amine (N-H)
and hydroxyl (O-H) groups. Bands also appeared at
1722.2 cm™!, characteristic of the carboxyl groups
that are common in the cell wall, and at 1610 cm™!
and 1513 cm™!, typical of the amide groups of
proteins. The bands below 800 cm™! belong to the
fingerprint of LG (Saygideger et al., 2005). After

the pretreatment, the FTIR spectrum of PLG (Fig. 8)
displayed a broader and more definite band (compared
to the spectrum of LG) at around 3200 cm L,
indicating more numerous -OH and -NH groups. The
likely explanation is that the treatment removes some
ions bound to these functional groups, which is in
agreement with the proximate chemical analysis. The
analysis showed a lower quantity of ash with the 0.3 M
KyHPO, treatment. Another change observed was in
the displacement of the amide group from 1610 cm™"
to 1629 cm™! and from 1513 em™! to 1532 cm™!.

Moreover, the FTIR spectrum verified a
modification in the frequency of the bending of the
carboxylic group at 1725.6 cm™!. The very notable
peak in LG was a small band in PLG. Under the basic
conditions of treatment (pH=9), the carboxyl group
may have become carboxylic (-COO™) (Rakhshaee
et al., 2009), causing the vibration of the group to
decrease.

Table 8. Vibration frequencies in the FTIR spectra of LG, PLG and PLG-Co and their corresponding assignments.

Frequency (cm™)
LG PLG PLG-Co Assignment Reference
3310 3269.6 32714 Vibration: -OH and -NH Tang et al., 2013
2916 2923.6 2919.9 Extension of CH» Dos Santos Lima et al., 2011
Bayramoglu et al., 2013
1722.2 1725.6 1729.3 Extension of C=0 in COOH Lietal., 2011
Tang et al., 2013
1610.6 1629.2 1605 Extension of N-H and C=0 of the Giri and Patel, 2012
amide group
1513 15325 ND N-H bend Bayramoglu et al., 2013
C-N peptide bond of the Dos Santos Lima et al., 2011
proteins
1450 1406 1413 Extension of O-H and C=0 in Dos Santos Lima et al., 2011
COOH
1411 1380 1363.2 Movement of -CH; Bayramoglu et al., 2013
1353 1314 1331.6 Vibration of the phosphate Dos Santos Lima et al., 2011
group Lietal, 2011
Vibration of -C-O- Saritha et al., 2014
C-N bend in aliphatic amines
1269 1240.5 1263.8 Vibration of COOH Dos Santos et al., 2011
1229 ND ND Vibration of COOH Saygideger et al. 2005
1168 1152.9 1151.4 Asymmetric tension of the -C- Jiménez et al., 2011
O-C- bridge of polysaccharides
1102.9 ND ND C-O-H and Bayramoglu et al., 2013
1015.6 1024.8 1013.6 -C-0- bend in polysaccharides Dos Santos Lima et al., 2011

Jiménez et al., 2011
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Fig. 8. FTIR of untreated Lemna gibba (LG) and the same plant material pretreated with K;HPO,4 at 0.3 M (PLG)

and saturated with Co?* (PLG-Co).

This idea was confirmed by the displacement of the
bands from 1450 cm™! to 1406 cm™! and from 1269
cm™! to 1240 cm™!, and the complete disappearance
of the frequency at 1229 cm™!. Furthermore, due
to the relative increase in fiber (e.g., cellulose)
stemming from the reduced amount of ash (according
to proximate chemical analysis), a more definite band
was found at 1024 cm™!, typical of the -C-O- groups
of polysaccharides. The data provided by the FTIR
spectra are consistent with the previous discussion of
the experimental findings as well as the proximate
chemical analysis.

The pretreatment eliminated salts (making the
active sites of cobalt biosorption more accessible) and
increased the net negative charge of the biosorbent
surface. Both changes favored interaction between the
Co?* ions and the functional groups responsible for
the biosorption of the metal by PLG, resulting in a
greater biosorption capacity. This phenomenon has
been described in other reports on cobalt biosorption
by materials pretreated with NaOH (Singh and Shukla,
2015).

With the aim of elucidating the possible functional

groups responsible for the biosorption of Co?*, the
FTIR spectra of LG and PLG-Co were compared
(Fig. 8). Based on the spectra, two groups play
a role in the biosorption of Co** by pretreated
Lemna gibba: the displacement of the frequency of
the amide group from 1629.2 cm™! to 1605 cm™!
and the disappearance of the vibration of the C-
N and N-H (1532.5 cm™!) bonds, characteristic of
a peptide bond. Additionally, displacements were
observed in the frequencies typical of carboxylic
groups (1725 cm™ to 1729 cm™!, 1406 cm™' to
1413 cm™! and 1240 cm™! to 1263.8 cm™!) and the-
C-O-H vibrations of the polysaccharides (1024 cm™!
to 1013 cm™!) such as cellulose (Hernandez-Botello
et al., 2019). Hence, the amide and amine groups of
the proteins and the carboxyl and hydroxyl groups of
the carbohydrates are apparently the main functional
groups involved in the biosorption of Co** by Lemna
gibba. Similar results have been published for the
removal of Co?* by different materials (Vilvanathan
and Shanthakumar, 2015; Anirudhan et al., 2016;
Vilvanathan and Shanthakumar, 2016; Pipiska et al.,
2017). Various authors have reported the importance
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of the hydroxyl, amide, carboxyl and amine groups
for the removal of diverse metals by the genus Lemna,
including Hg?*, Cr3*, Cr%*, Cu®* (Rakhshaee et al.,
2009), Pb>* (Tang et al., 2013), and Au>* (Saritha et
al., 2014).

Conclusions

Lemna gibba presently proved to be a plant with
great potential as a biosorbent for the detoxification
of waters contaminated with Co>*. The capacity of
this plant to remove Co>* from an aqueous solution
was enhanced by the use of alkaline pretreatments,
especially with KH>PO,4 at 0.3 M. Furthermore, the
pseudo-second order model was found to be the one
that best fit the experimental data on the kinetics
of biosorption of Co®* by Lemna gibba. According
to the comparison of the chemical characterization
of untreated and the pretreated Lemna gibba (LG
vs PLG), the pretreatment removed salts but not
proteins from the plant material, which boosted the
concentration of carbohydrates and thus led to a
better availability of active sites. In addition, the
KH;PO4-induced increase in electronegativity of the
surface of the biosorbent at the pH assayed (7.0)
favored the approach of Co?* to the sorption sites.
These changes probably explain the 109.3% greater
biosorption capacity of PLG vs LG at equilibrium. The
ATR-FTIR analysis shows that the hydroxyl, carboxyl,
amide and amine groups of the carbohydrates and
proteins present in the plant are responsible for the
uptake of Co?*.
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Nomenclature
A Initial velocity of adsorption (mg g~! h-1)
AICc Corrected Akaike information criterion
B Constant related to the coverage of the sur-

face and the activation energy for chemisor-

ption (mg g™')
BI Behavior index (%)

Cey Residual concentration of Co?* in the
solution (mg L") at equilibrium
C; Initial concentration of Co2* in the solu-

tion (mg L Y attimeto=0h
C; Residual concentration of Co* in the
solution (mg L) at time ¢
DMG Dimethylglyoxime

kq Constant of the velocity of biosorption of
the pseudo-first order model (min~1)

ko Constant of velocity of biosorption of the
pseudo-second order model (g mg~'min~")

kp Constant of the fractional power model
(mgg~' h™)

LG Biosorbent: untreated Lemna gibba

PLG Biosorbent: the best of the pretreatments

of Lemna gibba herein tested, selected for
further experimentation

PLG-Co Biosorbent: pretreated Lemna gibba
that was saturated with Co**

Ge—exp Experimental biosorption capacity
at equilibrium (mg g7!)

Geq Biosorption capacity at equilibrium, as
defined by the corresponding model
(mgg™h)

qr Biosorption capacity at time t (mg g~ 1)

R? Correlation coefficient squared

SS Sum of squares

Syx Standard deviation of the residuals

t Time (h)

feg Time required to reach equilibrium (h)

ty Total time of the assay (h)

ti Initial time (0 h)

X Concentration of the biosorbent employed
(eL™h

Greek symbols

v Constant of velocity (h~hH

{  Zeta potential (mV)

{o Point of zero charge, zeta potential of 0, or
isoelectric point of 0
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