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ABSTRACT

The water contamination by herbicides, such as atrazine, causes negative impacts, affecting animal’s
and human’s health. The Moringa oleifera Lam seed is proposed as a material for atrazine biosorption
from water. The initial atrazine concentration was 5 mg L7, the adsorption assays showed that the
relevant parameters to the process were the effect of pH and the adsorbent mass. Models of pseudo
first order and pseudo second order and intraparticle dissemination were applied in the experimental
results. The kinetic model of first-order Lagergren (pseudo) explained the experimental adsorption
results; the kinetic equilibrium was reached in 20 minutes, and atrazine removal was 76%. The maximum
sorption capacity was calculated to the Langmuir (0.653 mg g™') and Freundlich (0.125 mg g™ L' mg/")
isotherms models. The thermodynamic parameters AG® (k] mol™), AH (k] mol™), and AS (k] mol'K™)
(Gibbs free energy, enthalpy, and entropy), showed negatives values, such as-3.98 to —5.09, —21.76,
and -0.056, respectively. The interaction of functional atrazine groups with the adsorbent surface
was confirmed by Fourier-transform infrared spectroscopy analysis. As the seed is a complex and
heterogeneous biomass, it is suggested that the Freundlich model is more appropriate to explain how
the atrazine biosorption occurs.
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1. Introduction

The use of pesticides in the world has increased during
the last decades with the change of practice and increase of
intensive agriculture. This widespread use of pesticides for
agricultural and non-agricultural purposes resulted in the
presence of pesticide residues in environmental matrices.

* Corresponding author.

Pesticides are relatively stable, and bioaccumulation may
occur in different organisms [1-4].

Atrazine (ATZ) was selected as a pollutant target,
because it belongs to the large group of pesticides. The ATZ
carcinogenic and endocrine disruptor nature has led many
countries to prohibit or restrict its use [5]. Despite its restricted
use, ATZ was detected in aqueous environments above its
maximum permissible level in several countries [6,7].
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To keep humans and other animals safe from toxic and
harmful effects of ATZ and other pesticides, this pesticide
have to be removed or reduced from soil and water [8].
Several studies of water treatment, including advanced oxi-
dation processes, electrocoagulation, and membrane tech-
niques have been developed. One of the most widely used
methods for removing these dangerous substances from pol-
luted water is the adsorption. The adsorption studies have
been centered in the evaluation of alternative adsorbents,
that is, low-cost adsorbents, including the use of residues
(industrial and agricultural residues) capable of removing
significant quantities of various pollutants from aqueous
solutions [2].

Plant material can be considered as a heterogeneous
material containing a lot of binding sites, resembling a chro-
matographic system with partition (absorption) and adsorp-
tion chromatography in varied polarity supports. Thus, it
seems appropriate to use seeds or oil-containing agricultural
by-products as biosorbents for ATZ elimination from aque-
ous environments [9].

The Moringa oleifera (MO) seeds are distinguished by
their coagulant ability, playing an important role in the
search for alternative water treatments. Many studies have
been developed on the use of MO seeds (pulp) for water puri-
fication, because the seeds have cationic polyelectrolites with
proven efficacy in the water treatment replacing the alumi-
num sulfate.

Biosorption is a promising alternative to replace or com-
plement the processes for organic pollutants removal from
water and wastewater [10,11]. For inactive biomass, the
adsorption mechanism can depend on the chemical pollutant
nature (size, ionic charge), type of biomass, its preparation,
and properties of specific surface (particle size, functional
groups), process conditions (pH, temperature, agitation,
presence of organic, or inorganic groups in the solution), and
maximum adsorption capacity (adsorbent dose, contact time,
and initial concentration) [12,13].

This work has an objective to investigate the biosorption
potential of the MO seed for ATZ removal in aqueous solu-
tion. Therefore, the adsorption conditions were statistically
evaluated (particle size, pH, temperature, agitation speed,
biosorbent dosage, and initial ATZ concentration). In addi-
tion, kinetic study and thermodynamic equilibrium of the
biosorption process were performed. This study will lead to
a better understanding of the biosorption process and will
demonstrate its possible usefulness for organic contaminants
removal from aqueous solution.

2. Material and methods

The experimental studies of biosorption are represented
in Fig. 1.

2.1. Reagents and materials

The reagents used in this work were purchased from
Sigma-Aldrich Co., USA or ].T. Baker® Chemicals, USA.
Reference standard of ATZ with purity of 98.8% was pur-
chased from Fluka® Analytical by Sigma-Aldrich Co., USA
(Ref. 90935). This analytical standard was used for the cal-
ibration curve preparation in high-performance liquid

Fig. 1. Scheme of experimental biosorption studies of atrazine
and Moringa seeds.

chromatography (HPLC) analysis. Methanol (HPLC grade
99.9%), was purchased from J.T. Baker© and used for making
synthetic aqueous solutions and for HPLC method [14].

2.2. Preparation of synthetic ATZ solution

Synthetic water, with 0.1-20 mg L™ of ATZ, was prepared
from the commercial product of 500 g L™ of ATZ (500 SC
Nortox, Brazil) and of ultrapure water system (Milli-Q®,
Millipore, USA). The solution pH of synthetic ATZ solution
for the experiment was 6.5.

2.3. Determination of ATZ by HPLC

ATZ was analyzed through HPLC using an Agilent Varian
920 LC chromatograph (Mulgrave, Australia) equipped with
an auto sampler, a quaternary gradient pump, and a diode
array detector equipped with a GalaxieTM Chromatography
Software. The calibration curve was prepared from 0.05
to 20 mg L™ of standard ATZ (Fluka® Analytical, USA) in
methanol (J.T. Baker©). The HPLC conditions were as follows:
ODS C18 column (5 pm, 25 cm x 4.6 mm, Phenomenex),
mobile phase (65% methanol: 35% ultrapure water), flow
rate (0.8 mL min™), detection (222 nm) at 5.1 min. A detection
limit of 0.01 mg L™ was obtained by Coldebella et al. [14].

The samples were filtered in cellulose acetate filter
(Millipore), 0.45 um of porosity, before HPLC analysis.

2.4. Preparation and characterization of MO seeds

The parts of MO, barks and seeds (pulp), were separated.
The seeds were dried in an oven with air circulation (Digital
timer SX CR/42) at 40°C until constant weight [15]. Then, the
husks were dried at 60°C for 24 h, ground in a commercial
blender and particle size separated using a sieve shaker (Bertel,
Brasil) with different sizes of mash, 150-700 pum. The MO
seeds were characterized by determination of the zero point
of charge (pH,,), Fourier-transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM). pH,,., was
determined following the method described by Regalbuto
and Robles [16] and measured in pH meter (Orion™ Versa Star
Benchtop Meter, Thermo Scientific™, USA). The presence of
functional groups in the MO seeds was characterized before
and after the biosorption process, using FTIR 100 Spectrum
in the range from 4,000 to 400 cm™. In the morphological
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characteristic evaluation of the MO seeds, a scanning electron
microscope SS 550 Superscan was used.

2.5. Biosorption experiments with ATZ solutions

For the ATZ biosorption experiments, the following
parameters were used: particle size, agitation speed, pH,
temperature, and adsorbent mass. Batch adsorption exper-
iments were performed setting a volume of 25 mL solution
and initial ATZ concentration of 5 mg L. The temperature
and agitation were controlled in incubator (Tecnal TE-4200)
with orbital shaking. The samples were collected and filtered
in cellulose acetate filter of 0.45 um and analyzed by HPLC
for ATZ concentration in different times.

2.5.1. Effect of particle size

The ATZ adsorption was studied for different particle
sizes of MO seeds. The evaluated sizes were 100, 150, 300,
500, and 700 pm and total (approximately 8.000 pm). The
batch experiment was carried out fixing the mass of adsor-
bent of 0.1 g, temperature of 25°C = 2°C, pH 6.5, agitation
speed of 100 rpm, and contact time of 60 min.

2.5.2. Effect of shaking speed

The shaking speed varied in 100, 150, and 200 rpm. The
batch experiments were performed by fixing the size of
adsorbent particle at 500 pm, mass of adsorbent of 0.1 g, tem-
perature of 25°C + 2°C, pH 6.5, and contact time of 60 min.

2.5.3. Temperature effect

The temperature effect on the ATZ biosorption by MO
seed was monitored by varying the temperature at 25°C,
35°C, and 45°C. Therefore, the experiment was carried out
fixing the size of the adsorbent particle at 500 um, mass of
adsorbent of 0.1 g, pH 6.5, agitation speed of 100 rpm, and
contact time of 60 min.

2.5.4. pH effect

The initial pH of the ATZ solutions was adjusted into 2,
3,4,5,6,7, 8, 9, and 10 with solutions of HCl and NaOH
0.1 mol L. The batch experiments were performed by fixing
the size of adsorbent particle at 500 pm, mass of adsorbent of
0.1 g, temperature of 25°C + 2°C, agitation speed of 100 rpm,
and contact time of 60 min. The pH analysis at the end of the
experiment was also performed.

2.5.5. The mass of adsorbent effect

To evaluate the effect of adsorbent mass, the MO seed
mass ranged from 0.01 to 1.2 g. The MO seeds dosages in size
of 500 pm were placed in contact with aqueous ATZ solution
corrected at pH 4 and 6.5, at a temperature of 25°C + 2°C,
shaking speed of 100 rpm during 60 min.

2.5.6. Data analysis

To evaluate the effect of the parameters studied, the ATZ
removal efficiency was calculated [17]:

(¢-C)
Atrazine removal (%) = % %100 (1)

i

where C, is the initial ATZ concentration in solution
(mg L) and C_ is the ATZ concentration in equilibrium
(mg L.

The parameter effects significance was verified by
analysis of variance (ANOVA) and Tukey test, with 95%
of confidence, being significant p-value < 0.05, using the
statistical program Statistica version 8.0. The experiments
were performed with three repetitions.

2.6. Kinetic study

The best results obtained by the parameters variation
that can directly influence the ATZ biosorption by MO seed
were used in the kinetic study of the adsorption process.
For that an experiment was carried out using 25 mL of
ATZ solution, with concentration of 5 mg L7, particle
size of 500 um, adsorbent mass of 0.6 g, temperature at
25°C + 2°C, pH 4 + 0.2, and agitation speed at 100 rpm.
The samples were collected in pre-determined intervals of
time (2-240 min), 0.45 um membrane filtered and analyzed
by HPLC. The adsorption capacity (q.,) was determined by

Eq. (2).

(cl. —ceq)
m

Tog = xV 2

where q_is the adsorption capacity of ATZ in equilibrium
(mg g™), V is the solution volume (L), C, is the initial con-
centration of ATZ in the solution (mg L), C_ is the ATZ
concentration in equilibrium (mg L™), and m is the mass of
adsorbent (g).

In order to investigate the biosorption mechanism, the
constants of ATZ biosorption, and intraparticle diffusion, the
experimental data were adjusted in the pseudo-first-order
model proposed by Lagergren [18] and pseudo-second-order
model [19].

The pseudo-first-order model is presented in Eq. (3):

7, =0 %(1-¢") ©)

where g, is the ATZ concentration in the solid phase at time ¢
(mg g™), 4., is the adsorption capacity of ATZ in equilibrium
(mg g™), and k, is the constant rate of adsorption of the pseu-
do-first-order model (min™).

The pseudo-second-order model is shown in Eq. (4) [19]:

k, % q;, <t

q (4)

:1+k2><qeq><t

where k, is a constant rate of adsorption of the
pseudo-second-order model (g mg™ min™).
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2.7. Adsorption isotherms

To determine the equilibrium data, the ATZ concentra-
tion varied from 0.1 to 20 mg L™ solution and the tempera-
ture from 25°C to 45°C. The batch experiment was carried
out fixing the particle size of the adsorbent at 500 pm, mass
of adsorbent at 0.6 g, pH 4, agitation speed at 100 rpm, and
contact time at 60 min.

The collected samples were filtered and analyzed by
HPLC. Models described by Langmuir and Freundlich were
used which describe the non-linear equilibrium between the
organic pollutant adsorbed on the adsorbent surface (q,,) and
the organic pollutant in solution (C, ) ata constant temperature

The Langmuir [20] model is shown in Eq. (5):

q qmax L Tmax"L™eq 5

7 14p,C Q)
eq

where g is the maximum adsorption capacity (mg g™') and

b, is the constant of equilibrium of Langmuir (L mg™) related
to the adsorption energy.

The essential isotherm characteristic can be expressed by
the dimensionless constant named parameter of equilibrium

(R)), given by Eq. (6):

1
R =—— -
LT 14b, -C, ©

where C, is the highest initial concentration (mg L7).
If 0 <R, <1, the adsorption is favorable.

The mathematical model described by Freundlich [21] is
shown in Eq. (7):

g =k (Cy)" @)

where, k, and n, are the Freundlich constants on the adsorp-
tion capacity in multilayers and adsorption intensity. If the
value of 7, is lower than 1, the adsorption is considered
favorable.

2.8. Adsorption thermodynamics

According to the dependence on the structure and sur-
face, functional biosorbent groups, the temperature has an
impact on the adsorption capacity. The change of free energy
of Gibbs (AG®), enthalpy (AH), and variation of entropy (AS)
is very important thermodynamic parameters of adsorp-
tion which can confirm the viability, spontaneity, and heat
change for the biosorption process [2]. The free energy of
Gibbs (AG®°) was calculated by Eq. (8) for the temperature
monitored in the ATZ biosorption study.

AG®=-RT.Ink, ®)

where, R is the universal constant of gases (8.314 ] mol™ K™),
T is the temperature in Kelvin (K), and K, is the distribution
coefficient. The value of K, was calculated using Eq. (9) [22]:

9.
K=t ©)

where g, and C, are the sorbate equilibrium concentrations
in the biosorbent (mg L) and in the solution (mg L),
respectively.

It should be noted that this simplification is only valid for
dilute solutions and neutral or weak-charged species (e.g.,
organic compounds, such as dyes molecules) [23,24].

The enthalpy and the entropy were estimated through
the van’t Hoff equation:

AS AH

InK, =
R RT

(10)

where AH and AS were obtained through the angular and
linear coefficient of the graphic obtained between In K, vs. 1/T,
respectively.

3. Results and discussion
3.1. Characterization of the MO seed

The pH,, of materials indicates that the particles charge
behavior of the biomaterial surface, where the pH value is
determined where the surface loads nullify themselves.
Fig. 2 presents the pH,,, analysis of the MO seed.

When analyzing the pH,, ., of biomass as a function of pH
(Fig. 2), it was found that the region of neutral electrical zone
for the MO seed is between pH 4 and 9. The exact pH,, is
the pH value when the variation ApH (initial pH-final pH)
is zero (pH where the curve intersects the x-axis). Thus, the
value of pH,,., was 5.35 for seed.

Therefore, depending on the pH solution, the MO seeds
surfaces can be loaded positively or negatively. For pH val-
ues greater than pH,_, the surface biomass is negatively
charged, which favors the cationic species adsorption.
However, the adsorption of anion species will be favored at
pH < pH,,. The pH, ., of the MO seeds were also found by
Alves et al. [25] and Araujo et al. [26], indicating that the bio-
sorbent surface is acidic.

2.0

/

1.0
I
=% .
Jos
/e
00 oo /
-0.5 l//
0 2 4 6 8 10 12
pH initial
Fig. 2. pH,, analysis of Moringa oleifera Lam seed.
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This surface charge variation of the biosorbent caused by
protonation and deprotonation is reflected by the presence
of functional groups that are shown in Fig. 3. The MO seed is
composed of a complex matrix, rich in groups of amino acids
(proteins), fatty acids, and carbohydrates that may serve as
interaction sites for ATZ adsorption.

When comparing the FTIR spectra of the MO seed before
and after the ATZ adsorption, it can be observed that a change
has occurred between the regions of 500 and 1,400 cm™, region
which highlights bonds deformations 7, C=C= 775 cm™ and
C-H or=CH,, that is, unsaturated carbons terminals, between
830 and 930 cm™ [27,28]. In 1,163 cm™, there was an increase
in the signal to the MO seed after adsorption due to vibration
of the alcohols groups, phenols, and carboxylic elongation
[29]. In 840 cm™, the weak signal present in the MO seed
before the adsorption is due to the presence of sulfur group
[30]. There was the emergence of a weak signal of bond C-Cl
in 724 cm™ in the MO seed after the ATZ adsorption, due to
its constitution there is the presence of CI.

The functional groups COOH-, OH-, or C=O- found,
are nucleophilic radicals of organic molecules present in the
MO seed that can interact with ATZ. These groups are easily
ionizable that can interact by electrostatic interaction or Van
der Waals forces. ATZ in acids pH also tends to decouple
being protonated and may improve its adsorption.

To evaluate the differences in the MO samples
composition before and after the ATZ adsorption, the areas
relating to integrated absorbance are presented in Table 1

Transmitance (%)

— b
— (@)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3. Spectrum of pH, ., of Moringa oleifera Lam seed (a) before
atrazine adsorption and (b) after the atrazine adsorption.

Table 1

The number of wave band, functional group to which is related
to, and integrated area of relative absorption to the Moringa
oleifera Lam seed before and after atrazine adsorption

Number of wave Functional A A A JA

peak! * Motal peak!  otal
(cm™) group seed seed after
adsorption
3,380 -OH 0.287 0.178
2,925/2,850 —-CH aliphatic ~ 0.044 0.130
1,745 -RNHCO 0.021 0.051
1,650 -C=0 0.040 0.030
1,464 -COO- 0.019 0.030

(peak area/total area) of bonds O-H, C-H, C=0, and COOH.

In Table 1, the areas of the most relevant peaks of
functional groups in the spectrum were calculated by math-
ematical method of polygonal area [31]. It could be observed
that the sample after adsorption presented lower content
of OH groups due to the numerous compounds present
in the seed solubilized in water. There was an increase in
fat content bonds CH, CNH, C=0O, and COO-, by the ATZ
molecule adsorption. It is believed that there may be bonds of
hydrogen bridges between the grouping of secondary amine
molecule of ATZ and the groups OH or C=O of the adsorbent.
This type of interaction occurred in several studies of ATZ
sorption in organic matter present in the soil [32].

Another way of ATZ interacting with the MO surface is
by electrostatic forces, as shown by the pH,_, analysis, the
surface has acidic traits and some functional groups, such
as carboxylic acids, above pH 4, can be dissociated in their
combined base, that is, carboxylates ions (R-COO-) [33]. On
the other hand, according to Weber [34], the ATZ in acidic
conditions can receive H', protonating amine groups pres-
ent in the molecule, especially in nitrogens present in triazine
ring (N=NH+), which are more easily ionizable (at pH values
lower than 5). Therefore, in a broad range of pH conditions
for this system, there will be an interaction of loads between
the MO surface and the ATZ molecules. However, while the
pH values become more acidic, the carboxylic groups, as well
as other clusters on the adsorbent surface, turn out to hav-
ing cationic characteristic, thus leading to the electrostatic
repulsion between the adsorbent and triazine (see results of
adsorption as a function of pH—Fig. 5).

According to Ali et al. [1], the main physical forces acting
in the adsorption process are Van der Waals forces, hydro-
phobic interaction, hydrogen bonds, steric interaction and
through polarity, induced dipole interactions, interaction of
type -, etc. Considering the heterogeneous characteristics
of the MO structure due to the composition of the lignocellu-
losic complex, as observed in the results of FTIR (see Fig. 3),
it is very likely that several intermolecular interactions can
occur simultaneously. It should be emphasized that the
intensity and the existence of such forces are dependent on
the process operating conditions.

Figs. 4(a) and (b) are the SEM of the MO seed before and
after the ATZ adsorption.

In Fig. 4(a), it can be observed that the material presents
morphological characteristics distributed with heterogeneity
and relatively porous. The presence of deformations on the
plant tissue surface, containing available spaces that allow
the favorable adsorption conditions, is visible. After the
adsorption process, it is observed in Fig. 4(b), the presence
of a thin layer on the seed surface, closing the porous
protuberance shown in Fig. 4(a).

The biosorbent surface has an important role whatever the
involved biosorption mechanism that may be related to the
ion exchange capacity, chemical or physical adsorption [35].

3.2. ATZ biosorption assays

To evaluate the effects that influenced the adsorption
process, the following parameters were studied: particle size,
agitation speed, effect of pH, temperature effect, and mass of
adsorbent for an ATZ concentration of 5 mg L.
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Fig. 4. Scanning electron microscopy of Moringa oleifera Lam seed (a) before and (b) after the atrazine adsorption (magnitude 2000X.)

With the experimental data of the removal efficiency,
a statistical ANOVA was performed to check which effects
were significant in the ATZ biosorption process. The
effects were considered significant when p-value < 0.05
with a confidence level of 95%. In Table 2, the p-values of
ANOVA are shown for the parameters evaluated in the ATZ
biosorption process.

It is observed in Table 2 that the parameters that were
significant in the adsorption process were the effect of pH and
the mass of the adsorbent. The biosorption was not influenced
by the particle size, agitation speed, and temperature.

Thus, a particle size of 500 um was adopted, the same
adopted to characterize the adsorbent material; however,
crushed seeds could have been used without the need for
a separation process. As the increase of agitation speed did
not significantly influence on the adsorption, it was chosen
to evaluate the kinetics and the adsorption isotherms of the
agitation speed of 100 rpm due to lower energy cost. In order
to carry out, the kinetic study a temperature of 25°C was
adopted; however, this effect will also be assessed when the
adsorption isotherms are determined later.

For the studied parameters pH and mass of adsorbent,
the means comparison test, Tukey test at 95% confidence
intervals were performed, to check where the significant
differences of the adsorption tests are.

In Fig. 5, the behavior of ATZ biosorption is demonstrated
in different pH values.

Values from 39.3% to 38.46% of ATZ removal efficiency
were found between pH 2 and 4, which did not differ
statistically. The MO adsorption efficiency was slightly
increased with a decrease in pH. This can be attributed to
the presence of hydrogen ions at lower pH, resulting in
electrostatic interaction between ATZ and the seed surface.
While on the contrary, the presence of hydroxyl ions at more
elevated pH can result in the ATZ sorption suppression
[17,36]. As shown in the FTIR analyses, the MO seeds are
rich in proteins, lipids, and crude fiber; therefore in their
matrices there are groups of carboxylic acids, carbonyls, and
amine, where these functional groups can be decoupled in
different values of pH and, consequently, participate of the

Table 2
Values of p-value for the efficient atrazine removal using Moringa
oleifera Lam seed

Variation parameters P

Particle size 0.062"
Agitation speed 0.104"
Temperature effect (T) 0.175"
pH effect 0.0015
Adsorbent mass <0.0001"

‘Significant at a confidence level of 95%.
“Non significant.

50

45

Tt

Atrazine Removal (%)

30

25 +——1—

pH

Fig. 5. Influence of pH in the atrazine removal. pH values do not
differ among themselves, by the Tukey test at 5% significance
level.

biosorption process. Therefore, the adsorption mechanism
and, consequently, the ATZ adsorption capacity are signifi-
cantly influenced by pH.

Thus, based on the adsorption results as a function of
pH, as well as the modifications (displacement and variation
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in the intensity) of the bands observed by FTIR analysis
(especially, -C=0 and —-COQ) (see Table 1), it is possible to
say that at pH 4, the electrostatic forces act synergistically
with other interactions present as a bridge of hydrogen
and Van der Waals forces, in view of the present clusters
present in the biosorbent and ATZ. In this pH, therefore,
the carboxylic groups are dissociated presenting anionic
characteristic (pKa = 3-5), which is electrostatically attracted
by the protonated amides (C=NH") in the same pH value.

The organic species adsorption present in solution in
a positive way, will be favored in pH where negative spe-
cies predominate on the biosorbent surface; however, many
species can undergo hydrolysis, hence dissociating and
forming metabolites both in the solution medium and on the
adsorbent surface, as it is the case of ATZ which is a polar
compound and weakly basic [37]. The acidic or alkaline
hydrolysis of ATZ produces one of its most abundant
degradation products: hydroxy ATZ; its solubility in water is
almost independent of the pH solution; however, it increases
in solutions whose pH is lower than 2.0 [32]. Thus, in addi-
tion to the best removal capabilities, as well as to avoid the
occurrence of the by-products formation, it is suggested that
the adsorption process occurs at pH 4.

As the effect of pH was significant in the ATZ biosorp-
tion, the effect of MO seed mass was studied in two pHs: 4
and 6.5. Through the ANOVA, it was verified that both the
pH and the mass of adsorbent are significant. The results are
shown in Fig. 6.

ATZ removal ranged from 24% to 80% for pH 4 and
from 8% to 53% for pH 6.5 were obtained in this experi-
ment. Through Fig. 6, it was possible to observe that the ATZ
removal increases as the mass of adsorbent increases and the

100 -
0] = pHB5
E = pH4
%7 . . i
& 704
E |
5 60 -
. | = = []
& 501 i
2 40 [] =
£e1
S 304 & =
< 1 s B
20 u
10 A &
0 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 12

Adsorbent mass (g)

Fig. 6. Adsorbed atrazine removal in function of the MO seeds
dosage in 0.01-1.2 g, 5 mg L of atrazine, 100 rpm at 25°C in
pH 4 and 6.5.

Table 3

pH decreases. For adsorbents mass below 0.6 g, statistical dif-
ferences were found on the ATZ adsorption in different pHs;
however, from 0.6 g of adsorbent to the extent that the system
reached the adsorption equilibrium the mass did not influ-
ence significantly the amount of adsorbed ATZ. With these
results, it can be assumed that doses of 0.6 g of adsorbent are
sufficient for ATZ removal to 5 mg L.

Raghuvanshi et al. [38] observed in their study that
the increase in the contaminant removal on the adsorption
occurs, probably, due to a high driving interaction force and
higher superficial area, occupying the sites available in the
adsorbent. Therefore, when the sites are still unsaturated, the
removal efficiencies are highest.

Considering the results, it was found that for the ATZ bio-
sorption process, at a concentration of 5 mg L™ and a volume
of 25 mL, using MO seed through the parameters studied the
best conditions were particle size, 500 pm; agitation speed,
100 rpm; temperature, 25°C; pH, 4; and mass of adsorbent,
0.6¢g.

From these parameters kinetic studies were performed,
obtaining isotherms and energies of the adsorption process.

3.3. Kinetic study

The adjustment of the experimental data to kinetic mod-
els of pseudo first order and pseudo second order, as well as
the parameters obtained from this adjustment, are presented
in Fig. 7.

In Fig. 7, it is observed that the adsorption equilibrium
was reached after 20 min. The values of the amount of
adsorbed ATZ were 0.151 mg g, for the two models used,
agreeing with what was found experimentally, q
0.150 mg g, equivalent to 76% of ATZ removal.

Table 3 exhibits a summary of the kinetic models applied
in the ATZ biosorption by MO seed.
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Fig. 7. Adjustment of the experimental data to kinetic models of
pseudo first order and pseudo second order.

Constants of the pseudo-first order (Lagergren) and pseudo-second order models (McKay)

Pseudo first order

k, (min) q.,(mg g™) R?

Pseudo second order

k, (g mg™ min™) q.,(mgg") R?

1.025 0.151 0.982

31.174 0.151 0.975
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When the regression coefficients of kinetic models are
compared with ATZ, it is observed that they are higher
than 0.90.

When the diffusion is fast and occurs within the first
30 min of the adsorption, it can happen for macro and
mesoporous adsorbent materials [19], which may be a
characteristic of the MO seed

Both the kinetic model of pseudo first order and pseudo
second order fit to the experimental data, with a correlation
coefficient of 0.982 and 0.975, respectively. However, the model
of pseudo first order explained the experimental data better.

This observation clarifies that the biosorption process
follows kinetics of pseudo first order, because in the first step
of adsorption, diffusion in the film is an important step to
control speed and external mass transfer or diffusion bound-
ary layer can be characterized by the initial rate of the solute
biosorption [12].

According to Ayranci and Hoda [39], the adsorption of
several organic molecules, including some pesticides, on
the natural materials surface takes place in a way to follow
kinetics of pseudo first order. This same model was used by
Akhtar et al. [17] to explain the contaminants biosorption ben-
zene, toluene, ethylbenzene, and cumene using the MO pod.

3.4. Adsorption isotherms

The adsorption isotherms models tested were Langmuir
and Freundlich isotherm, in order to explain the experimen-
tal data obtained in the test of ATZ adsorption equilibrium
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by the MO seed, shown in Fig. 8. In the experiment, the ATZ
adsorption was evaluated at concentrations ranged from 0.01
to 20 mg L™ and a time of 60 min for the temperatures of
25°C, 35°C, and 45°C.

Through Fig. 8, it can be observed that there was an
increase in the concentration of ATZ solutions and there
was a stabilization of the amount adsorbed. These results
may be implicated in terms of limiting sites of the adsorbent
sorption, which can have enough capacity to accommodate
the increase of the number of molecules of ATZ available to
be adsorbed on the MO seed surface [40].

Table 4 presented the data obtained by Langmuir and
Freundlich isotherm models for the studied temperatures.

According to the results in Table 4, the experimental
data were well explained by the two suggested models. As
the seed is a complex and heterogeneous biomass, it is sug-
gested that the Freundlich model may be more appropriate
to explain how the ATZ biosorption occurs.

Freundlich isotherm model [41] assumes that the
adsorbent surface is heterogeneous, which leads to a
heterogeneous distribution of adsorption to the different
locations of the material surface with different energies.

However, it is also believed that primarily ATZ interacts
with the MO seed pores per monolayer, thus explaining the
proper adjustment of the Langmuir model. Through Table 4,
it can be observed that the value of equilibrium parameter of
Langmuir isotherm (R,) is between 0 and 1, indicating that
the adsorption is favorable. The results shows a significant
sorption in low concentration [17].
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Table 4

Constants of Langmuir and Freundlich isotherm for the adsorption of atrazine in Moringa oleifera seeds

Temperature (°C) Constant of Langmuir

Constant of Freundlich

qeq (mg gil) bL (L mgil) R2 RL nF kF (mg gil L]/n mgil/”) RZ
25 0.653 0.205 0.992 0.198 0.576 0.125 0.996
35 0.643 0.198 0.994 0.204 0.578 0.121 0.996
45 0.613 0.219 0.991 0.188 0.574 0.122 0.995
According to Gupta et al. [42], the n, value is known as  Table 5

Freundlich’s factor of heterogeneity of the adsorbent and var-
ies between 0 and 1; the closer to 0, the more heterogeneous
the adsorbent surface is. This value indicated that the adsorp-
tion is favorable.

In the study of Almeida et al. [43], that evaluate MO seeds
in the adsorption of Benzene, toluene, ethylbenzene and xylene
compounds, the isotherm model of Freundlich better describe
the adsorption of the substances in MO seeds. The authors
have attributed that the BTEX adsorption process was influ-
enced by the heterogeneity of the MO seed surface because
there are active sites with different adsorptive energies.

3.5. Adsorption thermodynamics

Through the data obtained in Section 3.4, it is possible to
calculate the energies involved in the ATZ biosorption pro-
cess that are presented in Table 5.

The increase of the values of AG® in relation to the tem-
perature increase point out that there is less motive power in
the interaction between adsorbate and adsorbent and, there-
fore, resulting in lower adsorption capacity [44]. According
to Zolgharnein et al. [2], for negative AG®, the process is con-
sidered thermodynamically spontaneous and favorable. For
negative AH, itis indicated that the nature of the ATZ adsorp-
tion process by MO seed is exothermic.

The physisorption mechanism energy of electrostatic
interaction among adsorption and adsorbate sites is gener-
ally in the order from 2.0 to 20 kJ mol™ [44,45]. According
to Hayward and Trapnell [46], the chemisorption energy is
generally in the order of 80-200 k] mol™. Thus, these results
show that the ATZ biosorption process is through physical
adsorption. The value found of AS points the probability of
favorable adsorption without any structural change on the
surface solid-liquid. The adsorption occurs in an orderly
manner [47].

According to the results obtained, it can be verified that
the MO seed has potential for ATZ biosorption. The litera-
ture presents some process for ATZ removal/degradation
from water: ATZ degradation present in a suspension of TiO,,
using simulated solar radiation [48]; simultaneous oxidation
of p-hydroxybenzoic acid and ATZ through the system of
Fe(Ill)/H,O [6]; the ATZ degradation by gamma rays irradia-
tion [8]; ATZ removal using electrochemical advanced oxida-
tion processes [49]; ATZ removal by combination of activated
carbon and dielectric barrier discharge [50]; and ATZ biodeg-
radation using moving bed biofilm reactor [51]. These meth-
ods are usually of high cost and high technological demand,
and the adsorption is an alternative process of low cost, sim-
ple, and of easy application.

Thermodynamic parameters of atrazine adsorption with Moringa
oleifera Lam seed

Temperature AG° AH AS R?
°C) (k] mol™")  (kJ mol™) (k] mol’K™)

25 -5.09 -21.76 -0.056 0.953
35 -4.26

45 -3.98

4. Conclusions

The MO seed presented as a potential adsorbent for the
ATZ removal from aqueous solutions. The adsorption assays
showed that the relevant parameters to the ATZ adsorption
process by MO seed were the pH and dose of adsorbent.

The Lagergren kinetic model explained the experimen-
tal adsorption data, the kinetic equilibrium was reached in
20 min, and the ATZ removal of 76%. The adsorption data
were adjusted to the isotherms Langmuir and Freundlich, and
maximum capacity of sorption were calculated by obtaining a
value of 0.653 mg g and 0.125 mg g™ LV* mg™", respectively,
indicating that the adsorption is favorable. The negative
thermodynamic values (AG®, AH, and AS) indicate that the
sorption is favorable, spontaneous, and of exothermic nature,
indicating that the physical adsorption process occurs.

Therefore, the MO seed would be used efficiently to
remove ATZ from contaminated water, with a removal
capacity varying from 50% to 90% depending on the initial
concentration of ATZ. Once when the MO seed has not been
previously subjected to a chemical or a physical treatment, it
can be considered as an efficient alternative for organic con-
taminants removal.
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