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Abstract: Background: The use of carbonaceous materials for
environmental remediation is attractive due to low expense and high
sorption capacity. However, their efficiency in contaminant removal is
affected by substrate composition and sorption mechanism.

Objective: This study investigated atrazine sorption and desorption in
three carbon-rich substrates. Data were evaluated considering isotherm
models and sorbent chemical composition.

Methods: Sorption was performed by the batch equilibrium method
with three substrates obtained from pig slurry composting with different
proportions (w/w) of charcoal fines (CF): CFO, CF9 (9% CF), and CF18
(18% CF). The substrates were characterized by elemental analysis, **C
NMR CP/MAS spectroscopy. The Freundlich and Dubinin-Radushkevich
(DRK) models better fitted the sorption data (0.96>R?>>0.81), followed

by Temkin (0.955R?>0.76). Charcoal addition to composting substrates
increased carbon content and the aromaticity in the order CFO<CF9<
CF18. However, the sorption affinity decreased in the opposite order as
indicated by the Kf values: 675, 335 and 290 L kg?, respectively. Values
of the E parameter (DRK) varied from 8.05 to 8.29 kJ mol?, suggesting
a predominant physical sorption mechanism, whereas the Bt coefficient
(Temkin) indicated an endothermic process. Desorption was only observed
at higher atrazine concentrations (>10 mg L?), and the desorption Kf
values were greater than the respective sorption values.

Conclusions: Atrazine sorption in the tested C-rich substrates is
not governed by the carbon content or aromaticity. The low sorption
reversibility implies a low atrazine mobility from the tested substrates and
suggests their potential for herbicide removal in the environment.
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1. Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropyl-amino-s-triazine) is one of the most
common and effective soil active herbicides used to control broadleaf and grassy
weeds in agriculture (Rosenfeld, Feng, 2011). In Brazil, atrazine is applied mainly
on sugarcane and maize crops, two of the largest Brazilian agricultural productions,
and was the fourth most used pesticide in 2020, with approximately 33.3 thousand
tons of active ingredient commercialized in the country (Instituto Brasileiro de Meio
Ambiente, 2021). As a consequence of this wide use, atrazine has been detected in
freshwater from different regions across the country, varying greatly in concentration
(from 7 to 0.004 mg L™) and often surpassing the threshold established for water
potability in Brazil (2 ugL ™) (Brovini et al., 2021).

One of the main processes governing pesticide dissipation after application
in the field is their sorption on soil components. For mineral soils, where carbon
content usually does not exceed 6% (w/w), soil organic matter (SOM) is the most
relevant sorbent (Dick et al., 2010; Martins et al., 2018; Novotny et al., 2020;
Piratoba et al., 2021). Therefore, sorption of pesticides is frequently related to
carbon content and the addition of organic substrates as soil amendments have
been used to increase the soil sorption capacity of many pesticides, thus preventing
their leaching (Siedt et al., 2021). However, the chemical composition of SOM may
also be influential on its interaction with pesticides. For atrazine sorption in soils,
occurrence of pyrogenic carbon and the hydrophobic character of the SOM favors
the herbicide retention (Dick et al., 2010; Martins et al., 2018; Alister et al., 2020;
Novotny et al., 2020). Depending on the substrate type (e.g. soil, biochar, humic
substances) different atrazine interaction mechanisms have been proposed, but in
general, hydrogen bonding and hydrophobic partition are the most widely reported
(Alister et al., 2020; Novotny et al., 2020).

The use of charred agrowaste substrates for environmental remediation has
been proven to be appropriate to simultaneously give a sustainable fate to the
residue as well as to provide a low-cost sorbent with a high sorption capacity
(Deng et al., 2017; Mandal et al., 2017; Zhao et al., 2018). Both physical and
chemical interactions for atrazine retention in biochar substrates have been
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reported, and often the process is associated with the
sorbent chemical and physical properties (Deng et al.,
2017; Mandal et al., 2017; Zhao et al., 2018).

Besides sorption capacity, sorption mechanisms and
reversibility are also important aspects to be considered
when investigating pesticide behavior in the environment
and the potentiality of a given sorbent to be used for
environmental remediation. In the specific case of
atrazine, both in soils and in carbon-rich substrates like
biochar, a low desorption capacity is usually observed,
thus suggesting an irreversible or strong retention by the
organic sorbent (Deng et al., 2017; Martins et al., 2018;
Piratoba et al., 2021).

In the present work, we investigated the potentiality
of carbon-rich substrates, produced from composting of
regional wastes, in removing atrazine in aqueous medium.
Sorption and desorption isotherms were performed
on sorbents produced from composting of pig slurry,
sawdust, wood shaves and charcoal fines. The substrates
were characterized by elemental analyses and *C NMR
CP/MAS spectroscopy and the role of their chemical
composition on the sorptive behavior was evaluated.
The experimental sorption/desorption data were fitted
to three sorption isotherm models (Freundlich, Temkin
and Dubinin-Radushkevich). Based on the resulting
parameters values, the thermodynamics and mechanism
were evaluated and tentatively related to the substrate’s
chemical composition.

2. Material and Methods

21 Substrates production and their characterization

Substrates were prepared from the composting of pig
slurry (PS) with sawdust (SD) and wood shavings (WS)
from eucalyptus and acacia, and with charcoal fines (CF)
from black acacia. The materials were obtained from a
regional timber producer (SD and WS), a pig breeding
farm (PS) and a charcoal plant (CF) in South Brazil. The
CF used in the composting consisted of charcoal particles
smaller than < 8 mm, which are not commercially viable.
These particles correspond to approximately 15% of the
charcoal produced in artisanal masonry ovens that provide
a pyrolytic-like temperature of around 350 °C, and low
oxygen concentrations.

The three composting substrates were produced in
500 L vessels into which the same amounts of PS (104
kg), WS (9kg) and SD (14kg) were added. This proportion
followed the composting conditions commonly used by
local farmers for fertility purposes. A mass of 11 kg or 22
kg of CF was incorporated to the reactor mass of two of the
vessels to produce the CE-containing substrates (CF9 and
CF18, respectively), whereas the substrate CFO received no
charcoal addition. The resulting proportions (w/w) of each
material in the three substrates were:

CF0=82%PS+7%SD+11% WS
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CF9 =75%PS + 6% SD + 10 % WS + 9% CF
CF18 =68 % PS + 6% SD + 8% WS + 18% CF

The samples used as sorbents were collected at 42
days of composting, air dried and macerated in an agate
mortar prior to sorption experiments and analyses. For
detailed information about the composting procedure and
substrates analyses consult Liidtke (2018).

The C and N contents of CFO, CF9 and CF18 were
determined with an Elemental Analyzer (Perkin Elmer
2400). The pH in distilled water (pHy,,) was measured
with a pH meter (Digimed, DM-20) in the solid:solution
proportion of 1:12. Specific area (SA) was determined
from sorption-desorption isotherms of N, at 77 K using
the Brunauer-Emmett-Teller (BET) method (Micrometrics
Tristar® II 3020, USA). The solid-state *C NMR CP/MAS
spectra of CFO, CF9 and CF18 were acquired with a Bruker
Advance III HD 400 MHz spectrometer, operating at a
resonance frequency of 100.63 MHz and using a 4 mm
OD zirconium rotor with Kel-F caps. Measurements were
made with a contact time of 1 ms, pulse width of *H of 90°
of 2.5 ps, interval between pulses from 300 to 500 ms and
accumulation of about 20,000 scans. The *3C chemical shifts
were calibrated relative to tetramethylsilane (0 ppm) with
glycine (COOH at 176.08 ppm). The contributions of the
different C groups to the total C were calculated using the
MestreNova 8.1 software. The calculation was carried out
considering the spinning sideband disturbance according
to Knicker et al. (2005). The CPMAS **C NMR spectra were
divided into four main chemical shift regions and their
assignments were made accordingly Knicker et al. (2005)
as follows: 0 - 45 ppm, alkyl C; 45 - 110 ppm, N/O-alkyl
C + O-alkyl C; 110 - 160 ppm, aryl C; and 160-220 ppm,
carboxyl/carbonyl C. Cation exchange capacity (CEC) was
determined according to IN/MAPA n° 28 (Brazil, 2007)
method for organic and organo-mineral fertilizers (Brasil,
2007). For comparison purposes, a pure CF sample was also
characterized by the same techniques.

2.2 Sorption batch experiments

Atrazine with 98.5% purity (Syngenta Co) was used
in the sorption experiments which were performed
according to Dick et al. (2010). An atrazine stock solution
of 100 mg L™ was prepared by adding the smallest volume
of HPLC-grade methanol to the pesticide mass to attain
solubilization. Thereafter, the volume was completed
with 0.01 mol L* CaCl, solution to simulate the soil ionic
strength, which was employed in all sorption solutions.
The stock solution was stored at 4 °C in the dark.

The isotherm curve was obtained employing six initial
atrazine concentrations: 0, 5, 10, 30, 50, 100 mg L7,
that were prepared from the stock solution. The batch
experiments were performed in duplicate at pH 7 to 7.5,
using Falcon® tubes containing 0.3 g of adsorbent (CFO,
CF9 or CF18) and 30 mL of atrazine solution. After 24
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hours of mechanical shaking at around 25 °C (+ 0.5 °C)
on a light-protected horizontal orbital shaker (180 r
min™?), the solutions were centrifuged (1529 g for 10
min) and filtered to remove particulate matter. Atrazine
in the aqueous medium was extracted with solid phase
extraction (SPE), using C18 cartridges (Bound ELUT
atrazine Varian and Chromabond) and then eluted with
methanol HPLC-grade. The supernatant was analyzed by
gas chromatography and all the experiments were carried
out in duplicate. The contact time of 24 h employed
presently was based on results reported in the literature
about atrazine sorption and desorption on biochar or
biochar amended soil, where equilibrium was reached
within this timeframe (Deng et al., 2017; Mandal et al.,
2017; Zhao et al., 2018).

The amount of sorbed atrazine for each isotherm point
(Qe, mg g) was calculated according to equation (1):
Q- G-C) )

w

Where C, and C, (mg L) represent the initial and
the equilibrium atrazine concentration in the solution,
respectively; V (L) is the volume of the solution; and W (g)
represents the mass of the substrate.

2.3 Desorption batch experiments

After removing the sorption supernatant, the same
volume (30 mL) of background solution (0.01 mol L*
CaCl,) was added to the falcon tube and the suspension was
shaken for 24 h under the same conditions as the sorption
experiment. The aqueous supernatant was removed by
centrifugation and a desorption with HPLC-grade methanol
was subsequently performed, following the procedure
described by Kleinschmitt et al. (2006). Both aqueous and
organic desorption supernatants were extracted with SPE
as described earlier. The amount of desorbed atrazine was
calculated by equation (2) as follows:

g, - VXC). @)
w

Where Q,, (mg g?) is the amount of desorbed atrazine
per mass unit of sorbent; C,, is the atrazine concentration
desorbed in solution (mg L*). The amount of residual
sorbed atrazine (Q; , mg g™) was calculated as follows:

QR = Qe - Qde (3)

2.4 Atrazine determination

The atrazine quantification in the supernatants was
performed with a gas chromatograph (Shimadzu GC 2010
Plus) with a flame ionization detector (FID) equipped
with Split/Splitless injector, and DB-5HT capillary column
[(5% -Phenyl)-methylpolysiloxane] 30 m x 0.25 mm x
0.10 pm (Dick et al., 2010). Conditions of analyses were:
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temperature of the injector at 295 °C, column at 200° C
for 3.5 minutes and detector at 295 °C. The carrier gas
was H, and the injection volume was 1pL of sample. The
calibration curve for the atrazine quantification in the
sorption/desorption experiments consisted of solutions
with the same atrazine initial concentrations employed
for the isotherms (from O to 100 mg L™). The resulting
linear equation gave an R? of 0.9955, ensuring a linear
relationship between the area of the chromatographic
peak and the atrazine concentration, and excluding a
possible precipitation within this concentration range.

2.5 Isotherm modeling and data treatment

The sorption equilibrium data were fitted by the
following two-parameter isotherms: Freundlich, Temkin
and Dubinin-Radushkevich (DRK) models. The Freundlich
model assumes a multilayer sorption on a heterogeneous
surface (Zhao et al., 2018) and is expressed as:

1
Qe = KFC: (4)
Or in the linearized form as
InQ,=1In KF+%ln C, )

The Freundlich constants 1/n and K; (L kg') are used
to compare the sorption intensity and sorption affinity of
different sorbents (Balarak et al., 2017; Dada et al., 2012;
Deng et al., 2017).

The Temkin isotherm is represented by

Q.=B,In(A.C) (6)
Or in the linearized form
Q,=B,InA, +B,InC, 7

This model provides information about the sorbate-
sorbent interaction and the sorption enthalpy, which
is inferred from the Temkin constant B, (kJ mol?)
(Dada et al., 2012). According to the model, the sorption
enthalpy of all molecules in the same layer would decrease
linearly rather than logarithmically with surface coverage,
and an average value can be obtained from the model
equation (Dada et al., 2012).

The DRK model, expressed by equation (8) or by its
linearized form (9) was originally developed to account for
the sorbent porosity and considers the heterogeneity of the
sorption sites (Balarak et al., 2017; Hu, Zhang, 2019).

Q, = Q, exp(-K,, €?) ®
InQ,=InQ,-K_, & )

Where K, (mol? kJ?) is the DRK isotherm constant and
€ is the sorption potential (10).

E=RT1n[1+é] (10)

e
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From DRK parameters the mean free energy for the
sorption process, “E” (kJ mol?), can be estimated:

(11

«

E” lower than 8 kJ mol? indicate a
predominant physisorption process (as with van der
Waals interactions); values between 9 and 16 kJ mol?
are indicative of chemical sorption or ion exchange
(covalent or ionic bonding) whereas values between 8 and
9 kJ mol! should represent both chemical and
physisorption (Dada et al., 2012).

In order to maintain the dimensional compatibility with
the calculated parameters from models, the sorption data
for Temkin and DRK fitting were previously converted to
mol atrazine kg™ (Qe) and mol L™ (Ce).

An approximated value for the standard Gibbs free
energy (AG% (kJ mol') of the process was estimated
according equation (12) (Alister et al., 2020; Li et al., 2021):

AG°= -RT In (K;) (12)

Values for

For this calculation the Freundlich constant K; (L kg™)
was used instead of the thermodynamic equilibrium
constant (which is dimensionless since it is calculated
from the reagents activities) and therefore the results
should not be taken as the true AG® but rather as an
“approximate AG"”.

For comparison purposes with data reported in the
literature, the distribution sorption coefficient, K; (L kg?)
was calculated from the single point approach considering the
linear portion of the isotherm, according to equation (13):

13)

For that, the experimental data obtained from the
C,= 30 mg L* in all substrates were employed. The index K
(L kg™, distribution coefficient normalized to the carbon
content (C;), was calculated according to equation (14).

(14

3. Results and Discussion

3.1 Characteristics of the substrates

The C; content of the substrate ranged from 316
g kg in CFO to 378 g kg™ in CF18 (Table 1) evidencing
the contribution of the charred material to the final C;
content of the substrate. The N content also increased
from CFO to CF18, however this result cannot be related
to the chemical composition of added CF, since its N
content is comparable to that of CFO (Table 1). The
enrichment in N verified in the CF-containing substrates
is assigned to the sorption of nitrogen compounds, such
as urea and uric acid, from the PS at CF surface (external
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and in inner pores) during the composting process
(Malinska et al., 2014). All substrates showed a basic pH
level as expected due to the alkaline nature of CF (pH=9.9)
and PS (pH=7.5) (Table 1). The SA and the CEC observed
for CF (Table 1) were in the range of the values reported
for biochar produced at low temperature and determined
by the same method (Gao et al., 2019). The addition of
CF to composting did not affect relevantly the SA of CE9
and CF18 but promoted a CEC decrease (Table 1). These
results can be attributed to the interaction of composting
material with CE resulting in the blockage of compost
surface charges without relevantly affecting their SA.

Chemical composition of CFO determined by *C CP/
MAS NMR spectroscopy (Figure 1) showed the dominance
of O-alkyl groups (77%) (Table 2), which indicates the
presence of carbohydrate, esters, and alcohol structures.
These carbon groups contribute to the hydrophilicity and
ultimately to the CEC of this substrate. The addition of CF
decreased the O-alkyl group proportion and increased those
of aromatic C and carboxylic C (Table 2). This change in C
groups distribution derives from the chemical composition
of CF that is dominated by aromatic C groups and contains
a relevant proportion of carboxylic C (Figure 1 and Table 2)
(For detailed discussion of chemical composition of the
substrates see Liidtke, 2018).

3.2 Atrazine sorption isotherms

The atrazine isotherm plots and the corresponding
linearized forms of Freundlich, Temkin and DRK models
are shown in Figure 2 and the respective calculated
parameters are depicted in Table 3. In general, the sorption
isotherm of atrazine in the three substrates was not linear,
but a saturation plateau was not achieved within the
experimental conditions set (Figure 1a). The three tested
models gave satisfactory fitting for the sorption data in all
three substrates (0.96 > R?> > 0.76) (Table 3).

3.21 Freundlich Isotherm

The calculated 1/n values ranged from 0.95 to 1.04
(Table 3), indicating that sorbate-sorbent affinity was
not site-specific and did not change relevantly within
the employed concentration range (Giles et al., 1960).
Our results differed from those observed for atrazine
sorption in pure biochar samples conducted within a
smaller concentration range (0 to 10 mg L™) than the
present study, where 1/n values varied between 0.41 and
0.74, indicating a strong interaction between sorbate and
sorbent affinity at lower concentrations (Mandal et al.,
2017). In the case of biochar amended soils, a decrease
of 1/n values from 0.93 to 0.56 (Li et al., 2021) and from
0.80 to 0.54 (Deng et al., 2017) with the increase of an
added amount of biochar to soil has been reported. In
the cited studies, the decline in linearity (and thus an
increase of sorbate-sorbent affinity) of atrazine sorption

https://doi.org/10.51694/AdvWeedSci/2022;40:00025
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Table 1 - pH determined in distilled water, C and N contents, C/N ratio, specific area (SA) and cation exchange capacity (CEC) of

pure CF and substrates CFO, CF9 and CF18

PHyo0 C;/(gkg) N/ (gkg?) C/N SA/(m2g7) CEC / (mmolc kg
CF 99 5050 14.0 36.0 390 133.0
CFO 74 3161 14.9 21.2 275 4590
CF9 77 380.0 171 222 264 369.0
CF18 80 3781 217 174 265 366.0
CF: charcoal fines; CFO: substrate without CF; CF9: substrate with 9% (w/w CF; CF18: substrate with 18% (w/w) CF
CF18
CFS
CF
CFO
- - - - - e T T T T T T T T T T T T T T T T
300 200 100 0 -100 50 260 220 180 140 100 60 20 -10 -50 -90

Figure 1 - Solid-state *C NMR CP/MAS spectra of substrates CFO, CF9 and CF18 and of pure CF. (CFO: substrate without CF; CF9:

substrate with 9% (w/w) CF; CF18: substrate with 18% (w/w) CF)

Table 2 - Distribution of carbon groups (%) determined

by solid-state *C NMR spectroscopy in pure CF and
substrates CFO, CFS and CF18

Chemical shift ~ Alkyl-C '1/ g_':i:i‘;i'g ArylC ;E:_Lt:)o:ﬁlé

IIJ:)OF:Jnt:I{tion /0-45 /45-110 /110-160 /160-220
(%) (%) (%) (%)

CF 148 81 680 64

CFO 152 766 77 05

CF9 19.0 427 310 73

CF18 148 506 321 25

CF: charcoal fines; CFO: substrate without CF; CF9: substrate with 9%
(w/w CF; CF18: substrate with 18% (w/w) CF

isotherm was assigned to the increase of aromatic
constituents and of heterogeneous glassy and condensed
sorption domains promoted by the addition of biochar
(Deng et al., 2017; Li et al., 2021). Furthermore, linear
adsorption isotherms imply a partitioning mechanism
whereas non-linear behavior indicates surface sorption
(Li et al., 2021). Considering that in the present study,
the sorption experiments were performed between pH

https://doi.org/10.51694/AdvWeedSci/2022;40:00025

7 and 8, a partitioning mechanism was not unexpected
since in this pH range, atrazine occurs in molecular form
(Zhao et al., 2013).

The K; values varied between 290 and 675 L kg* and
were ranked as CFO > CF9 > CF18 (Table 3), implying a
decrease in the sorption capacity with the addition of
CE. The K; values obtained in the present study were
around 107 to 10° orders of magnitude greater than those
reported for soils (Alister et al., 2020; Dick et al., 2010;
Martins et al., 2018; Novotny et al., 2020; Piratoba et al.,
2021), and in the same order of magnitude for those
reported for pyrolyzed carbon rich sorbents (Deng et al,,
2017; Mandal et al., 2017; Zhao et al., 2018, 2013). Our
results show that PS composted substrates (with or
without addition of charred materials) may be as effective
sorbents as biochar.

The “approximate AG® values were negative thus
indicating that atrazine sorption in the substrates was
favorable under the tested conditions. Our values are
more negative than those reported for soils (Alister et al.,
2020) and in the same range for values reported for
biochar amended soils and hydrochar (Deng et al., 2017;
Netto et al., 2022).

Adv Weed Sci. 2022;40:e020220061
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Figure 2 - Sorption isotherm of atrazine on substrates CFO, CFS and CF18 (a) and linearized isotherm plots for Freundlich (b), Temkin
(c) and Dubinin-Radushkevich (d) models. (CFO: substrate without CF; CF9: substrate with 9% (w/w) CF; CF18: substrate with 18%

(w/w) CF)

3.2.2 Temkin and DRK isotherms and thermodynamic parameters

The positive values for Temkin B, constant are indicative
of an endothermic sorption process which agrees with the
findings of Deng et al. (2017) and of Netto et al.(2022)
obtained with atrazine sorption in biochar and hydrochar,
respectively. The E values calculated from the DRK model
ranged between 8.05 to 8.29 8 kJ mol?, thus suggesting
a sorption process between atrazine and the substrates
mainly through physical interactions rather than via ion
exchange or chemical interactions (Balarak et al., 2017;
Piccin et al., 2011).

The values of saturation capacity (Q,) estimated from
the DRK model ranged from 2.87 10 to 6.90 10 (mol g*)
and correlated with the Kf values (R*=0.77), confirming
that sorption capacity decreased with the addition of CF to
the substrates.

3.3 Substrates characteristics and sorption parameters

The calculated K, decreased in the order CFO>CF9>CF18
which is in line with the pattern presented by the K values

Adv Weed Sci. 2022;40:e020220061

(Tables 3 and 4). The inverse relationship between sorption
capacity (inferred from K, and K, decrease) and C; is
confirmed by the obtained K _ values.

In fact, K values ranged from 622 to 3828 L kg*
(Table 4) and decreased in the order CFO>CF9>CF18
indicating that CFO displays sorption sites with greater
affinity for atrazine than the other evaluated substrates.
The decrease of K;/SA in the same order, an index that
informs about the density of sorption sites (Dick et al.,
2010) (Table 4), confirms that assumption.

Bearing in mind that atrazine adsorbs mainly
via hydrophobic interactions and hydrogen bonds
(Lima et al.,, 2010; Martins et al., 2018; Yue et al,
2017), it would be expected that the sorption affinity
would increase with the hydrophobic character of the
substrates, i.e., with the increase of the proportion of aryl
C + alkyl C (Table 2). However, the opposite behavior was
observed. Possibly, the interaction between CF surface
and composting material caused a blockage of atrazine
sorptive sites in both materials, and therefore decreased
the sorptive capacity of the substrate. Furthermore,

https://doi.org/10.51694/AdvWeedSci/2022;40:00025
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Table 3 - Isotherms parameters of Freundlich, Temkin and

Dubinin-Radushkevich models determined for atrazine
sorption on CFO, CF9 and CF18 substrates

Isotherm model CFO CF9 CF18
Freundlich

Ke/ (Lkg™) 674.76 33491 290.25
1/n 097 104 0.95
R? 0.81 0389 0.96
AG® (kJ mal) 1614 -14.40 -14.05
Temkin

A/Lg? 113 071 063
B, x 10/ (J mal) 12.34 .22 923
R® 095 076 082
Dubinin-Radushkevich

Q, / (mol g) 287x10°  194x10° 690x10+
Kag / (Mol? J?) 743x10° 772 x10° 7.82x10°
E / (kd mol) 820 805 829
R? 0.84 0.87 0.95

Kr and n: Freundlich constants, B,: Temkin constant related to sorption
energy, A;: Temkin equilibrium binding constant, Qg: Theoretical saturation
capacity, K,4: Dubinin-Radushkevich constant, e = Dubinin-Radushkevich
isotherm constant; E: Mean sorption energy. CFO: substrate without CF;
CFS: substrate with 9% (w/w) CF; CF18: substrate with 18% (w/w) CF

considering that CFO presented the lowest C; among the
substrates and that SA values did not vary relevantly
among the adsorbents (Table 1), these results show
that for these carbon-rich composting substrates, other
factors besides organic carbon content, are affecting
atrazine interaction.

3.4 Desorption of atrazine

Desorption of atrazine was only detected in the
aqueous extracts while the subsequent extraction with
organic solvent (HPLC-grade methanol) was ineffective in
extracting the pesticide under the employed conditions.
The use of organic solvent after aqueous extraction had
the purpose of removing atrazine from sorption sites with
greater affinity than those that were desorbed with water
(Leal et al., 2019). In addition, no aqueous desorption
occurred for isotherm points with initial concentrations <
10 mg L in the applied desorption conditions.

The fitting of the experimental desorption data to the
Freundlich isotherm model was adequate only for the
CF9 and CF18 substrates (Figure 3, Table 5). For the CFO
adsorbent, the R? coefficient for the Freundlich fitting was
< 0.1 and the parameters were not calculated.

All K, values were considerably greater than Ky,
(Tables 3 and 5), indicating a high retention of atrazine
within 24 hours. These results suggest a low mobility of
atrazine from the tested sorbents.
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Table 4 - Distribution coefficients for atrazine sorption on
CFO, CFS and CF18 substrates

Ky/(Lkg?) Ko /[Lkg?)  Ky/SA(Lm?)
CFO 1210 3828 044
CF9 368 969 014
CF18 235 622 009

Kd: distribution coefficient; Koc: distribution coefficient normalized by
CT; CFO: substrate without CF; CF9: substrate with 9% (w/w) CF; CF18:
substrate with 18% (w/w) CF
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Figure 3 - Linearized Freundlich desorption isotherm plot for
substrates CFO, CF9 and CF18. (CFO: substrate without CF; CFS:
substrate with 9% (w/w) CF; CF18: substrate with 18% (w/w) CF)

Table 5 - Freundlich desorption parameters for CFS and
CF18

KF[d] / [L kg‘1] 1/nd Rz
CF9 37x10% 118 0,98
CF18 46 x10° 082 065

Ke(g)and n/: desorption Freundlich constants. CF9: substrate with 9%
(w/w) CF; CF18: substrate with 18% (w/w) CF

4. Conclusions

The C content and hydrophobicity of the sample were not
the key factors in the sorption capacity and affinity of the
tested substrates. For carbon-rich substrates (i.e. C content >
310 g kg") other factors related to micromorphology take on
a more important role than the chemical composition. The
sorption thermodynamic parameters, calculated from the
applied isotherm models, indicated that atrazine sorption in
the composting substrates is an endothermic and favorable
process, governed mainly by physical interactions.

The present work revealed that carbon-rich sorbents
produced from PS composting with/without CF have a great
potential as efficient sorbents for atrazine in environment
remediation procedures. Among the tested substrates, the one
without CF presented the greatest atrazine sorption capacity.
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However, considering that the sorption energy (evaluated by
the Bt coefficient) and the atrazine low mobility (inferred
form the desorption data) were similar among the sorbents,
the three tested substrates should be equally considered
for waste water treatment (e.g. on-farmbio purification) or
aquatic contamination. Furthermore, bearing in mind the
low-cost of the precursor materials and the sustainable fate
given to the wastes used in their production, this potentiality
should be further investigated.
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