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HIGHLIGHTS

» Adsorption tests with commercial products are more realistic than with pure
products

» Biochar obtained from pequi husks can be used for adsorption of glyphosate

* Low temperature pyrolysis produces biochar for removal of commercial
glyphosate

Abstract: This study evaluated the capacity of adsorbent biochar derived from pequi husks
to remove glyphosate (commercial formulation) in agqueous medium under three pH
conditions (5.5, 7.0 and 8.0). This biochar presented a mean yield of 33.1% * 2.66% and a
high amount of surface particles of small dimensions endowing it with high surface area.
The results showed that removal is proportional to pH increase in the range of 5.5 to 8.0.
Adsorption assays performed at pH 7 and 8 fitted better to the Langmuir pseudo-first order
kinetics model with fast adsorption in the first 15 to 30 minutes. The results for the acidic pH
range fit none of the adopted models satisfactorily. The results obtained suggest that
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adsorbent can be used as an efficient and inexpensive alternative for the adsorption of
glyphosate present in commercial formulations from aqueous matrices.

Keywords: Agroindustrial waste; Glyphosate commercial formulation; Biochar;
Adsorption.

INTRODUCTION

The extensive use of synthetic herbicides in agriculture for increasing productivity
through weed control has intensified on a global scale since 1940 [1]. In this scenario,
glyphosate [N-(phosphonomethyl) glycine] has stood out, representing 60% of the world
market [2], due mainly to its selectivity and action against all types of plants [3].

Although most commercial glyphosate formulations are applied to the soil, frequent and
widespread use has provided multiple routes for entry of these compounds into the aquatic
environment [4] either through leaching and runoff [5] or by accidental spills [6], so that their
presence has been detected in surface waters and sediments [7], as well as its toxic effects,
in the environment [8] and to human health [9].

According to European guidelines, treatment techniques for reducing the concentration
of glyphosate in water are generally expensive, yet necessary for minimizing the risks of
residues from its formulations in water for human consumption [6]. Among the techniques
employed to remove organic compounds from liquid media is adsorption [10], with
commercial activated carbon being one of the absorbent materials most used on an
industrial scale [11].

However, despites its versatility and accessibility, its cost is still high due to the use of
non-renewable precursor material, such as coal [12]. Thus, biochar has been seen as an
alternative adsorbent for the removal or immobilization of inorganic and organic compounds
found in soil and water systems [10].

Biochar can be prepared from carbon-rich materials by thermal decomposition under
conditions of limited oxygen and temperature (<700°C) [13]. In this scenario, biomass
derived from agroindustrial wastes stand out because it is an inexpensive, abundant,
renewable and biodegradable material and because it becomes and environmental problem
when inadequately disposed [14].

Pequi (Caryocarbrasiliense) is an oleaginous fruit found in the Central-West, Northeast
and North regions of Brazil, as well as in Paraguay and Bolivia [15]. The fruit has an average
mass of between 30 to 400 g with the husk being responsible for about 84% of the total
weight [16], and which is usually discarded [17].

Thus, the objective of this work was to study the use of pequi husks as adsorbent
biochar for the removal of glyphosate present in commercial formulation from aqueous
media.

MATERIAL AND METHODS

Materials

The reagents used were of analytical grade and without prior purification. Stock solution
of glyphosate (500 mg L™) was prepared from the commercial product Roundup®Original
DI, consisting of di-ammonium salt of [N-(phosphomethyl) glycine] (44.5% m v*), acid
equivalent of [N-(phosphomethyl) glycine] (37.0% m v*) and other ingredients (75.1% m v
not declared by the company. Distilled water was used for the preparation of all solutions.

Preparation of Adsorbent Biochar

Pequi husks were purchased in a free market in the municipal it of ltapuranga, state of
Goiés, Brazil, from September to December 2016. To remove contaminant particles,
present on the surface, the husks were immersed in distilled water until the wash water
appeared clear, and then exposed to the sun for about one hour for drying. The dried
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material was then subjected to manual cutting into smaller, but not standardized, pieces.
The material was then kept in an oven at 105°C until constant mass.

The method used to prepare the absorbent biochar consisted of carbonization of the
pequi husks in a muffle furnace under an atmosphere of limited oxygen following [18], but
with adaptations to temperature and carbonization time, which were 380 °C and 15 minutes,
respectively. The biochar produced was immersed in distilled water to remove the ash, and
then dried in an oven at 105°C for 24 hours. The dried material was crushed and sieved to
obtain particles between 44 - 74 uym.

Yield of Adsorbent Biochar

The vyield of the adsorbent biochar production process was calculated by means of
Equation 1.

%biochar = (Mp/Mp)x100 (1)

Where M, is the mass of biochar obtained after carbonization(g) and My, is the mass of
the dry husk (g).

Adsorption Capacity and Isotherms
Sorption experiments were performed in a batch using micro-controlled Jar-Test

equipment (Mod. J-203 MILAN®) with a rotational velocity of 100 rpm [19] and temperature
of 22°C.

The experiments for evaluating the influence of pH on adsorption were conducted
using commercial glyphosate-based solution with concentration of 11.0 mgL™. For
isothermal assays the concentrations were 4.0mg L*, 6.0mgL™*, 8.0mgL™, 10.0mg L™,
12.0 mg L™ and 16.0 mg L™, For both assays, the adsorbent concentration was 1.5 g L™
and the pH values tested were 5.5, 7.0 and 8.0, obtained and maintained until the end of
the assays by the addition of 0.1M H,SO,4 or 0.1M NaOH. The contact time of the assays
was 300 minutes, based on kinetic adsorption results.

The quantity of glyphosate adsorbed on the biochar (ge) was determined using
Equation 2 and the percentage removal (R) using Equation 3 [20].

_ V(Co-Co) 2)

€ m

R = ECedyg00 ©)

0
where g, is the quantity of glyphosate adsorbed per unit mass of adsorbent at equilibrium
(mg g™), C, and C. are the initial and final glyphosate concentrations in solution (mg L™), V
is the volume of the solution (L) and m is the mass of the adsorbent (g).
The results obtained with Equation 2 were fitted to Langmuir and Freundlich adsorption
models using the software Origin 8.0 (Version 8). The non-linear form of the Langmuir
model is presented in Equation 4

_ admKjCe
€ T 14K.Ce (4)

where ge is the quantity of glyphosate adsorbed per unit mass of adsorbent at equilibrium
(mg gh), gm is a Langmuir parameter relative to the maximum adsorption capacity in
monolayer (mg g*), K. is a Langmuir constant relative to the adsorption equilibrium (mg L™)
and C. is the equilibrium concentration in solution (mg L™).

The characteristics of the Langmuir isotherms can be expressed by a separation factor
R., by means of Equation 5
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RL = 1+K;,Co (5)

with values of R.=0, 0<R <1, R =1 and R, >1 suggesting that adsorption is
irreversible, favorable, linear and unfavorable, respectively [21].

For the Freundlich model, the nonlinear form in Eq. (6) was also used, as discussed by
[22]

qe = KpCe (6)

where K: ((mg g™?)/(mg L™Hn) being the Freundlich constant and n (dimensionless) a
parameter that indicates the magnitude of the adsorption motive force or surface
heterogeneity [22].

Adsorption Kinetics

Kinetic assays were carried out with the same equipment and experimental conditions
as in the studies of adsorption, including a glyphosate concentration (commercial
formulation) of 11.0 mg L. Aliquots of 15 mL were collected at predetermined time intervals
over a period of 180 minutes.

The data obtained were fitted to the pseudo-first order model of Langegren 1898,
according to Equation 7, and the pseudo-second order model according to Equation 8, as
proposed by Blanchard et al. in 1984 [22].

qc = qe(1 — expk;t)
(7)

2k
q; = _9ekat (8)

1+kaqyt
where @ is the quantity adsorbed per gramz(;lf2 biochar (mg g) at time t (min) and k; and k
are the adsorption constants of the pseudo-first order (min™) and pseudo-second order
(g mg™* min™).
The non-linearized forms of the equations were used because [23] suggest that they
produce smaller discrepancies when compared to fitting to linearized equations.

Statistical analyses

To evaluate the quality of the fits, the values of the correlation coefficients and the
chi-square test (x°) were used as criteria, considering the experimentally observed
responses and the values predicted by the model, according to Equation 9 used by [24].

( e Ye.m 2
¢ =gl ©

where q. is the equilibrium capacity from the experiment data (mg g™) and Qem is the
equilibrium capacity calculated by the model (mg g™).

Glyphosate Concentration Analysis

The analysis of glyphosate concentration was performed according to the method of
reaction with ninhydrin and sodium molybdate [25]. Prior to the glyphosate analysis the
samples were filtered through 0.45 um cellulose membranes and the pH adjusted to 7.0
with 0.1 mol L™ H,SO, solution or 0.1 mol L™ NaOH solution.

The calibration curve (R?=0.9919) of glyphosate was constructed using solutions
prepared from the commercial product used in the assays, to avoid interference of other
compounds present when compared to the pure product [26]. The working range used was
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0.1 mg L™ to 13.0 mg L™ and the glyphosate readings were made using an FEMTO Cirrus
80SA spectrophotometer. The analyses were don in triplicate.

Characterization of Adsorbent Biochar

The point of zero charge (PZC) was determined according to the methodologies
proposed by [27]. For the assay, 50.0 mg of absorbent biochar was mixed with 20.0 mL of
0.05 mol L™ NaCl solution under different conditions of initial pH (pHy), adjusted from 2.0 to
10.0 by the addition of 0.1 mol L™ of HCI or NaOH solution. The flasks were sealed with
plastic film and stirred for 24 hours on a TECNAL TE-141 orbital shaker at 90 rpm at room
temperature (22°C + 2°C). After stirring, the solutions were filtered using 45-um filter paper
and the final pH (pH;) of the solutions measured. The PZC was obtained by plotting
supernatant pHy — pHs verses the initial solution (pHg) [22].

The surface morphology of the pequi husk samples dried at 105°C and the absorbent
biochar samples were visualized using a JEOL, JSM — 6610 scanning electron microscope
(SEM) equipped with EDS, Thermo scientific NSS Spectral Imaging. The material was
covered in gold and the resolution of the images was from 100x to 5000x. Both samples
used were those retained in the 325-mesh sieve.

The functional groups on the surface of the biochar (before and after the adsorption
assay performed at pH = 8.0) were identified using a Perkin Elmer Spectrum 400 model
infrared spectrophotometer with Fourier transformation. The spectra were recorded from
400 to 4000 cm™ with 64 scans per spectrum [28]. The baseline data were adjusted and
normalized by Perkin Elmer Spectrum software version 6.3.4. Quantification of acidic and
basic functional groups was done by means of the Boehm technique, according to the
procedure described by [29].

RESULTS

The steps for raw material processing and adsorbent biochar production can be seen in
Figure 1.

Figure 1. Stages of adsorbent production. A) Pequi husk in natura; B) unstandarized fragments of
husks; C) husks after drying at 105°C, to constant mass; D) adsorbent char E) adsorbent char in the
form of particles sizes between 44 and 74 pm.

Adsorbent Biochar Yield

The method used to produce the adsorbent biochar had an average vyield of
33.1% £ 2.66%. [18] obtained a maximum yield of 7% for the same product, but these
authors used a higher temperature and longer time for pyrolysis (400°C and 20 minutes).
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The relationship between biochar yield and preparation temperature is inversely
proportional [30] with the proportionality depending on the type of raw material used [31].
This is because pyrolysis carried out at low temperatures results in less loss of CO, H,, and
CH, of volatile constituents [32], the condensates of which are incorporated by the biochar
during the cooling process [33].

Effect of pH on Glyphosate Adsorption

Solution pH is one of the most important parameters influencing the adsorption process
since it can affect both the adsorbent surface charge [34], and dissociation of the
glyphosate species [12]. The adsorption tests at pH 5.5, 7.0 and 8.0 showed an increase in
glyphosate removal with increasing pH of the solution, with values of g. (mg g™*) equal to
1.05+0.22, 2.59 + 0.42 and 4.04 + 0.34, respectively, corresponding to the removal of,
35.01% + 1.5%, 35.27% + 3.06 and 49.89% + 7.1%.

Although other authors have verified that the adsorption of glyphosate tends to
decrease with increasing pH of the medium [10, 12, 35] obtained behavior similar to the
present study in the interval of pH between 3.0 and 6.5 with maximum adsorption between
5.5 - 6.5, followed by a sharp decrease with pH = 8.0 when using biochar obtained from
wood waste of the species Gliricidia sepium.

This behavior can be explained by analyzing, together, the point of zero charge (Figure
2), the surface functional groups of the biochar (Table 1) and the ionized glyphosate
species as a function of pH (Table 2).

45 n

q/ o

o g
_E 14 .\.
=
2 4 \
1 N
3 n
T I T T L T T 1
12 3 4 5 6 7 8 9 10 11
pH‘mhial

Figure 2. Point Zero Charge (pHp_c) for adsorbent biochar

The point of zero charge (pHp.c) is defined as the pH and conditions of the medium in
which the surface charge density of the adsorbent is zero [22]. Therefore, when the pH of
the solution is lower than pH,,, the adsorbent surface has a predominantly positive charge,
whereas at pH values above pH,,, the net surface charge is negative [36, 10]. In the
present study, the pHy,cwas 6.6, so that at the pH of 7.0 and 8.0, which had the highest
values for adsorption capacity, there is negative surface charge density.

The results of the quantitative analysis of the acid functional groups of the adsorbent
surface are presented in Table 1.
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Table 1. Quantitative analysis for functional groups in biochar surface
Functional Surface Group mEq. g™ %
-COOH 0.94 25.61
-OH 2.65 72.21
-COOR 0.08 2.18

Since the carboxylic acids have pK, = 1.7 — 4.7 and the phenolic hydroxyls have
pKs = 9.5 — 13.0 [22], the negative surface charge on the absorbent may be related to the
dissociation of the acid oxygen of the carboxylic acid group [37], whereas the phenolic
hydroxyls, due to their pK, being higher than the study pH (7.0 and 8.0), are in the
non-dissociated form, which allows hydrogen bonding with glyphosate and its dissociated
species (Table 2) [36].

Table 2. Dissociation species for glyphosate

Range of pH Dissociated Glyphosate
(8]
o+ 9
5.6 <pH< 10.6 0-P N
|
-0
0
o, 9
2.6 <pH< 5.6 *O—P~r NH~H (-

| H
HO

Fonte. Adapted from [35]
The interaction between the functional groups of the biochar and the glyphosate can be
evaluated by means of the analysis of the infrared spectra before and after the adsorption of
glyphosate (Figure 3). Assignments of peaks were based on previous studies.

Biochar

Glyphosate adsorbed biochar

Transmittance (%o)

wt+—-r—r——v—¥——r—r——r—7r——"r—7
0 500 1000 15000 2000 2500 3000 3500 4000

Wavenumber (cm")

Figure 3. FTIR spectra of biochar and glyphosate adsorbed biochar.

As shown in figure 3, the peak at 3421 cm™ can be attributed to the elongation of the
phenolic-OH group on the surface of the biobiochar [38], which reinforces the hypothesis of
the participation of this group in hydrogen bonds with the glyphosate [10, 35] by means of
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the phosphate group, since it was not possible to identify adsorption at 1059 cm™ and
616 cm™ or 542 cm™®, which correspond, respectively, to the vibrational modes of
asymmetric stretching of the P-O bond and vibration of O-P-O both referring to the PO,
group [39].

Another suggested mechanism for adsorption of glyphosate is of the cation-r type [10]
due to the interaction between the amino group of glyphosate, which at pH 8.0 is in its
protonated form (see Table 2), and the m-bond electrons via donor-acceptor ' -Teiectrons
present on the surface of the biochar [35]. The new N-C bond formed corresponds to the
peak observed at 1386 cm™ [10]. Both mechanisms suggest adsorption of glyphosate in
biochar via physical adsorption. However, [23] suggests that the protonated amine group
can also attack the ortho- or para- positions of the aromatic ring, giving rise to chemical
adsorption mechanisms. The possible adsorption mechanisms proposed by [10] are shown
in figure 4.

OH “““-O-—P\/I:IH:\/\O.

OH ===z [e}
Il

o
&t
N/ -

n A

Figure 4. Possible adsorption paths of glyphosate on char surface. Adapted from [10].

The peaks at 2856 cm™ and 2925 cm™ were attributed in previous works to the
symmetrical or asymmetrical narrowing of the C-H bond in methyl (-CH3) and methylene
(-CH,) groups [28, 40]. The absence of peaks around 1730 cm™, which would correspond
to the stretching vibration of the C=0 bond of nonionic carboxylic groups (-COOH
and-COOCH;) along with the presence of the peak at 1604 cm™, characteristic of
asymmetric stretching vibration of their ionized forms [41], reinforces the hypothesis that
the surface charge density of the biochar is related to the ionization of carboxylic acids
(before adsorption) and the possibility that the C=0 is used in the adsorption via hydrogen
bonding. The peak was more intense after the adsorption process, probably due to the
same carboxyl groups belonging to glyphosate. Peaks at wavelengths shorter than
900 cm™ (479, 622 and 762 cm™) can be attributed to deformations of C-H type bonds
related to units of aromatic compounds [10].

Images of the surface of the biochar, as well as the husk of pequi in natura, are
presented in figure 5.
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Figure 5. SEM micrographs from the surface of biochar (A, B) and from pequi surface in natura (C
and D). Boxes correspond to 5000x magnification images.

Comparison of the surface of the biochar with that of the pequi husk in natura, verifies
that the carbonization process added a great quantity of fine particulate material to the
surface of the solids, rendering the surface less uniform. The smaller particle size of the

absorbent material endows a greater surface specific for adsorption, thereby favoring the
process.

Adsorption kinetics

The results of the adsorption kinetic assays obtained in pH=7.0 (A) and pH= 8.0 (B),
are shown in Figure 6.

Experimental data
A) 4o s, -orde:
----P

gt tmgg™

T T T T T T
1) 20 40 60 80 100 120 140 160 180

qt (mgg’)

T T T T T T T T
o 20 40 60 80 100 120 140 160 180

Time (min)

Figure 6. Results of kinetic tests performed in pH 7.0 (A) and pH 8.0 (B).

The results presented in Figure 5 demonstrate that glyphosate was rapidly adsorbed.
In the first 30 minutes of contact at pH= 7.0, 61.6% of the removal occurred, while at pH=
8.0, approximately 68.6% was achieved in the first 15 minutes of the assay. These removal
times were lower than those reported in the literature. [10] obtained removal on the order of
73% with 60 minutes of contact, while [35] had the largest part removed in 50 minutes and
[3] in about 75 minutes.

Table 3 shows the data for the kinetic parameters obtained from fitting to the
pseudo-first order and pseudo-second order models at both pH levels
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Table 3. Kinetic parameters from glyphosate adsorption on biochar.

Kinetic Parameters Pseudo-first Order Pseudo-second Order
pH7.0 pHB8.0 pH 7.0 pH 8.0
Jem (Mg g™) 2.882 3.714 3.057 3.753
de (Mg g™) 2.615 3.606 2.615 3.606
ki (min™)/ k(g mg™min™) 0.10632 0.22227 0.07145  0.36688
R? 0.98543 0.98866  0.98944  0.98910
X2 0.01481 0.02231  0.01074  0.02144

In order to analyze the quality of the fit of the experimental results to the kinetic models,
in addition to the values of R? and X?, a comparison was also made between the values of
experimental adsorption capacity (feexp) and those obtained from the model (ge) [28, 42].
When analyzing the obtained data, it was verified that for the assays performed at pH 7.0,
the values of R*and X?are consistent and very close for both models, however, the results
suggest that the pseudo-first order model is the more representative of the data obtained
since the difference between the values of Qe Obtained experimentally and those
calculated by the model is smaller.

A similar situation, however, was less pronounced in the assays carried out at pH=8.0.
In the literature, kinetics data are generally described as pseudo-second order [3, 28, 35].
However, [10] also obtained the pseudo-first order model as the best kinetic fit of its
experimental data with a K, value of 0.0318 min™, well below that obtained by the present
study of 0.10632 min™ (pH=7.0) and 0.22227 min™ (pH=8.0).

The pseudo-first order model indicates that the determining step of the adsorption
process is governed by physical mechanisms [43]. The assays conducted at acidic pH did
not fit satisfactorily any kinetic model.

Adsorption isotherms

Isotherms are used to describe the adsorption process by relating the amount of
adsorbed substance per unit mass of adsorbent and the remaining substance in solution
[12].

The results of the adsorption of glyphosate on pequi-based biochar at the pH of 7.0
and 8.0 were fitted to two isotherm models: Langmuir and Freundlich (Figure 7), whose
parameters are shown in Table 4.
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Figure 7. Freundlich and Langmuir isotherm fittings in pH 7.0 (A) and pH 8.0 (B)
To analyze the quality of the fit of the experimental results to the proposed models,
values of R?[23, 35], and X? (Equation 8) were used. For the latter, the smaller the value the
greater the similarity between the experimental data and the model [24].

Table 4. Isotherm parameters for glyphosate adsorption. All parameters were calculated by
non-linear regression.

Freundlich Langmuir
pH pH

Parameters 7.0 8.0 Parameters 7.0 8.0
Ki (mgg?) 0.85460 0.96446 K, (Lmg?') 0.14489 0.10596
n 0.52378 0.68096 (Mg g™) 4.8558 8.5904
R? 0.93387 0.77747 R 0.4401  0.9509
X2 0.04819 0.32892 R2 0.9791 0.8316
X? 0.0482  0.2489

The high correlation coefficients and the low values of X*(Table 4) suggest that the
data obtained can be adequately represented by both the Langmuir and Freundlich models
in both pH conditions tested, with Langmuir being best suited to the results.

Based on Langmuir isotherm principles, adsorption occurs in monolayers on the
surface, which contains a finite number of identical adsorption sites [44]. It also assumes
that the adsorption energies at the surface of the adsorbent are uniform, that there is no
adsorbent transmigration in the surface plane and that there is no interaction among
adsorbed molecules [12]. The high degree of similarity between the experimental results
obtained with those predicted by the Langmuir model indicates that the observed adsorption
is governed by both physical and chemical phenomena [43].

The Freundlich model adopts multilayer adsorption on a heterogeneous surface with
different adsorption energies having values of n < 1 indicating that the adsorption sites are
not evenly distributed on the surface of the adsorbent material [10].
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According to the Langmuir model, the maximum adsorption capacity increased with
increasing pH from 4.85 mg g™ (pH = 7.0) to 8.59 mg g™* (pH = 8.0), a behavior also verified
by [34], but with higher adsorption values. Although the adsorption capacity of the present
study was low compared to other studies, including 48.4 mg g™ for [12], 44.0 mg g* for [35],
and 123.03 mg g for [10], these authors used pure glyphosate while the present study used
a commercial formulation that has other compounds in its composition such as, for example,
surfactants that increase the efficiency of glyphosate but may also produce high adsorption
capacities [45]. Even though the values for adsorption capacity were lower than those with
the pure product, R, values of O - 1 indicate favorable adsorption [42]. For the acid pH value
there was no satisfactory fit.

CONCLUSION

A 15-min calcination at 380°C obtained 33.1% of adsorbent material. The removal
efficiencies for pH conditions of 5.5, 7.0 and 8.0 were, respectively, 35.01%, 35.27% and
49.89%.

Adsorption occurs primarily in monolayers, is homogeneous, and governed by the
Langmuir model.

At pH=7.0 and pH=8.0 biosorption is described by both pseudo-first order and
pseudo-second order models. The high correlation coefficients and similarity between gem
values obtained by the model and g, obtained experimentally, indicate better adaptation to
the pseudo-first order model for both pH levels.

The absorbent biochar appears to be a promising low-cost alternative, considering no
chemical activation needed.
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