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Abstract: Three activated carbons from lignocellulosic residues and a commercial carbon have been
tested for the removal of the herbicide metolachlor and its two degradation transformation
products, named ESA and OXA, in aqueous solutions. The kinetics and equilibrium adsorption
were studied for the four materials, showing higher adsorption capacities for the three molecules
on the carbon materials chemically activated by potassium carbonate, mainly associated with its
greater porous development, especially in the range of microporosity. Additionally, the chemical
composition of the adsorbents also highlighted their important influence on the ESA and OXA
adsorption process. The efficient adsorption of both compounds—even at low initial
concentrations—allows a removal efficiency of up to 80% to be reached, revealing promising
perspectives for the use of biomass-derived carbon materials for the elimination of not only the
herbicide metolachlor, but also its degradation compounds from contaminated wastewater.

Keywords: adsorption; activated carbons; pesticide; metolachlor; metolachlor OXA; metolachlor
ESA

1. Introduction

Pesticides have become indispensable for intensive agricultural areas around the
world, since they increase the production and improve the quality of agricultural
production. However, when they are sprayed on crop plants, a fraction of pesticides is
transferred through the soil and can reach aquifers, affecting the groundwater quality,
making it unsuitable for human and agricultural uses [1-3]. Additionally, pesticides’
transformation products (TPs) have also emerged as an area of concern due to their high
mobility and their less degradation compared to the parent molecule [4]. For this reason,
the protection of water resources is an essential issue to be treated at worldwide scale.
There are different methods to remove the presence of contaminants in surface water and
groundwater, including electrochemical processes, photocatalysis and adsorption [5-8],
as most representatives.

Metolachlor —belonging to the acetamide class of herbicides —is applied as a mixture
enriched in S isomer (S-metolachlor), widely used for selective weed control, and it
represents one of the most common organic compounds found in groundwater [1,9,10].
Its degradation in water is promoted by microbial decomposition, provoking the
formation of metolachlor oxanilic acid (OXA) and metolachlor ethane sulfonic acid (ESA)
which are commonly quantified in groundwater at concentrations over that of
metolachlor, which can reach up to 5 pg/L [11-15]. Concerning the water intended for
human consumption, the EU (Drinking Water Directive 98/83/EC [16]) established a
maximum legal concentration of 0.1 pug/L for individual pesticides and their relevant TPs,
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and 0.5 pg/L for total pesticides and total relevant TPs. Hence, it seems clear that there is
a need for an efficient methodology to remove the excess of pesticides and their TPs from
water.

Several works have reported on water remediation by the adsorption of metolachlor
on different porous materials. Otero and co-workers reported the adsorption of
S-metolachlor on two mesoporous materials, a phenolic resin and a mesoporous carbon,
revealing a high adsorption capacity due to their porous structure [17]. Similarly,
Etcheverry et al. employed porous alginate-montmorillonite beads for the adsorption of
metolachlor for water purification, showing the adsorption of the herbicide on the
montmorillonite component [18]. More recently, activated carbons and biochar have been
employed as efficient adsorbents for this herbicide [19,20]. However, the differences in
physicochemical properties between the metabolites ESA and OXA and their parent
molecule may cause different adsorption mechanisms, since the parent pesticide is
electrically neutral, whereas its two metabolites are anionic in aqueous environment.

To the best of the authors” knowledge, the OXA and ESA metolachlor metabolites’
adsorption, applied to environmental remediation, has not been studied. Accordingly, the
purpose of this work is to analyze the TPs adsorption on four different highly porous
activated carbons (commercially available and synthetized from biomass). For
comparison, the parent compound (metolachlor) was also tested. The adsorbents were
exhaustively characterized, and the relationship between the adsorbent’s
physicochemical properties and the yield of adsorption of the different organic
compounds was studied.

2. Materials and Methods
2.1. Materials

Metolachlor (MET) (racemic mixture), ESA and OXA were purchased from LGC
Standards. Potassium carbonate (purity > 98%) and HsPOs (85%) were obtained from
Across Organics and Alfa Aesar, respectively. The chemicals were used without further
purification. For clarity, the physico-chemical properties of the adsorbates including the
molecular structures are shown in Table S1. All solutions were prepared with ultra-pure
water obtained from Milli-Q water purification systems.

A commercial activated carbon (AQ630) was supplied by JACOBI Carbons (Vierzon,
France). The rest of the activated carbons were obtained by chemical activation of two
lignocellulosic precursors, rape straw and sunflower seed shell, supplied by Region
Centre-Val de Loire. Two different activation protocols were employed. Firstly, the
precursors were activated with K2COs following the activation process described in [19],
briefly, a mass of 1 g of precursor was impregnated with a mass of 1 g of K2COs (1:1), then
the activation was performed at 800 °C for 1 h under N2 flow of 160 mL/min (heating rate
10 °C/min) in a horizontal furnace. Two impregnation procedures were followed as a
function of the used precursor. For the impregnation of the rape straw, which was
received as fine powder (10-100 pm), a physical impregnation in a mortar was made at
room temperature. On the other hand, the sunflower seed shells were used as flakes (due
to the nature of the shells) and the activating agent impregnation was made by means of
a wet process. The impregnation consisted in stirring the precursor and activating agent
(1:1) with ca. 10 mL of water overnight, then the mixture was dried in an oven at 80 °C up
to constant weight to ensure the well contact between the precursor flakes and K2COs.
Secondly, the rape straw was also activated by HsPOs; in this case, a mass of 1 g of residue
was impregnated with phosphoric acid 85% (ratio 1:1 w/w) and heated to 80 °C under
manual shaking for 30 min. It was then dried in an oven at 110 °C for 15 h, then the
activation was performed at 500 °C for 1 h, applying a heating rate of 20 °C/min under N:
flow of 160 mL/min. The activated carbon obtained was immersed in a hydrochloric acid
solution (37%) for 20 min to eliminate the inorganic residues. All the materials were
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washed with distilled water until constant pH to remove any water-soluble species and
the excess of activating agent, dried at 60 °C overnight and stored in a desiccator.

The nomenclature of samples was as follows: X-YY, with X being related to the
precursor (R for rape and S for sunflower) and YY being the activating agent (KC and PO
for K2COs and HsPOs, respectively). For example, R-PO is rape straw activated by
phosphoric acid.

2.2. Physico-Chemical Characterization

The lignocellulosic composition (cellulose, hemicelluloses and lignin) of the
employed precursors was analyzed following a procedure described in detail elsewhere
[21]. In brief, the precursors were soxhlet extracted with ethanol for 1 h followed by water
for 1 h. For these extracted samples, Klason and acid-soluble lignins were determined by
using 72% sulfuric acid solution. Holocellulose was quantified with sodium chlorite
treatment and a-cellulose content was determined by extraction with 17.5% aqueous
sodium hydroxide of the holocellulose powder. Cellulose content was evaluated by the
sum of a-cellulose content and ashes, and hemicellulose amount was obtained by the
difference between holocellulose and cellulose. The ashes were obtained by weight after
the incineration of samples at 600 °C for 4 h. All of the analyses were made in duplicate.

The porosity of the materials was characterized by measuring the N:
adsorption/desorption isotherms at -196 °C (ASAP 2020, Micromeritics). The materials
were previously outgassed under vacuum (ca. 10 Pa) at 120 °C for 17 h. The isotherms
were used to determine several textural parameters such as specific surface area (Sszr),
total pore volume (Vita), micro- and mesopore volumes (Wo, Vineso).

Elemental analysis was carried out using the THERMO SCIENTIFIC FLASH2000
automatic analyzer. Thermogravimetric experiments were conducted using a
thermobalance (STA 449 F5 Jupiter, NETZSCH). The superficial pH was determined
measuring the pH of an equilibrated aqueous suspension (ca. 1 g/L) of the adsorbent.
Surface chemical functionalities were measured by potentiometric titration according to
the pKa distribution method based on titration with NaOH (0.1 M). Briefly, a mass of 50
mg of material was dispersed in a volume of 75 mL of NaNO:s (0.01 M) and degassed by
nitrogen bubbling overnight; then, the pH was adjusted to ca. 3 using an HCI solution (0.1
M) and titrated by NaOH using a Titrino Plus system, Methrom. The functionalities were
determined using the SAIEUS software applied on the proton affinity versus pH curves
[22].

2.3. Adsorption Experiments

In order to determine the equilibrium time, 100 mL of a solution of the compound —
with an initial concentration of 25 mg/L for MET and 8 mg/L for OXA and ESA —was
mixed with a certain amount of adsorbent (5 mg for MET and 4 mg for OXA and ESA,
corresponding to 0.5 and 0.2 g compound/g adsorbent, respectively) in glass flasks and
continuously stirred (400 rpm) on a multi stirring plate (IKA brand) at 25 °C in a
thermostatic water bath. Aliquots were measured at specific time intervals until
equilibrium was reached. The solution volume was great enough to consider the volume
changes negligible after aliquot withdrawal. The samples were filtered through a Nylon
syringe filter (0.45 um) and the concentration was measured on a Cary 60 UV-Vis
spectrophotometer (Agilent Technologies) at the corresponding wavelength (230 nm). The
composition of solutions with a low concentration was also determined by reverse phase
HPLC in an apparatus equipped with a photodiode array detector (Shimadzu Nexera XR).
The separation was conducting using a C18 column (Restek) with a particle size of 2.7 ym
(3 mm x 100 mm). For the quantification of OXA and ESA, a binary mixture was
employed, consisting of a 25 mM dipotassium hydrogen phosphate solution at pH 7 and
acetonitrile (80:20 v/v) as the mobile phase. The column was thermostated at 60 °C and
OXA and ESA were detected at a wavelength of 210 nm after ca. 1.7 and 2.2 min,
respectively. For detection of MET, the mobile phase employed was water:acetonitrile
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(40:60 v/v) and the column was thermostated at 30 °C. The compound was detected at 230
nm after 5.5 min. In both cases, the mobile phase flow was set at 0.8 mL/min and the
sample injection volume was 50 pL. LabSolutions software from Shimadzu was used for
the identification and quantification of the molecules. The concentration of the
compounds was calculated based on the relative peak areas using standards of known
concentrations. Equilibrium adsorption isotherms were also carried out in 25 mL of
solutions —with an initial concentration ranging from ca. 5 to 150 mg/L —containing 2.5
mg of adsorbent to obtain a range of 0.05-1.5 g compound/g adsorbent. The isotherms
were carried out over the course of 3 h (equilibrium time based on the kinetic study).

Regarding the determination of the adsorption capacity at lower concentrations
(imposed by the EU legislation [16]), 500 mL of ESA and OXA aqueous solutions (0.001
and 0.01 mg/L) were stirred at 400 rpm in glass flasks with a mass of 1 mg of adsorbent.
After 3 h, an aliquot was taken and filtered with a Nylon syringe filter (0.45 pm). The
concentration of OXA and ESA was analyzed with an SPE on-line ultra-high-performance
liquid chromatograph with a tandem mass spectrometer (UPLC-MS-MS, Waters Quattro-
Premier XE/Q). More details on the analytical method developed for off-line extraction
were described in detail in [11].

All adsorption assays were performed in duplicate and a blank solution (without
adsorbent) was used to check the adsorption of the sorbate on the walls.

The amount of compound adsorbed was determined by the equation:

Co—Ct

=—t 1
e w XV M

where g: is the amount adsorbed in mg/g at time ¢, Co and C: are the concentrations of the
compound in mg/mL in the initial solution and at ¢ time, respectively, W is the weight of
adsorbent in g, and V is the volume of the solution in mL.

2.4. Isotherms and Kinetics Models

Ho’s pseudo-second order [23,24] model was applied to describe the kinetics
adsorption:

ky,xq2xt

=0 )
1+ky,Xqe, Xt

qc
where k: is the rate constant of pseudo-second order adsorption in g/mg h and ge is the
amount adsorbed at the equilibrium in mg/g. The values of the rate constants and the
amounts of adsorption at equilibrium were determined by the non-linear method using
Origin software.

The equilibrium experimental adsorption data were fitted to Langmuir and
Freundlich models. The Langmuir equation describes the monolayer adsorption and
allows the calculation of the maximum amount adsorbed to complete the monolayer (gmax)
in mg/g [25]:

% _ 1 4 Ce

de DX dmax  dmax
where C. is the liquid phase solute equilibrium concentration in mg/L and b is the
Langmuir adsorption constant in L/mg.

The Freundlich model is an empirical model which assumes that the adsorption
occurs on a heterogeneous surface. The expression is [26]:

®)

Qe = ke x C2/™ @)

where kr in (mg/g)(L/mg)"~f and ny are Freundlich constants that depend on the solute—
adsorbent interaction.
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3. Results
3.1. Characterization of Precursors and Activated Carbons
3.1.1. Composition of the Lignocellulosic Precursors

It has been demonstrated that the microporous properties of the activated carbons
depend not only on the experimental conditions of the carbonization and activation steps,
but also preponderantly on the original nature and structure of the involved precursors.
The lignocellulosic wastes used in this work had a high carbon content (ca. 45% and 50%
for rape straw and sunflower seed, respectively) being appropriated to be used as precur-
sors for obtaining activated carbons. The content of ashes was higher for the rape straw,
which is related to the higher amount of P, K, S and Ca (Table 1); these differences are
expected to show variations in the properties of the final activated carbons obtained from
the precursors. Additionally, different percentages of cellulose, hemicellulose and lignin
were obtained, with the lignin amount being the main difference between both composi-
tions, with a four times higher value obtained for the rape straw.

Table 1. Chemical composition of both lignocellulosic precursors.

Rape Straw Sunflower Seed Shell

Ashes (%) 8.2+0.1 29+0.3
Cellulose (%) 52.1+0.4 43.0+3
Hemicellulose (%) 152+1.1 29.2+3.8
Lignin (%) 46+0.6 20.1+0.8

Total C (%) 45.2 50.2

P (ppm) 2,366.0 236.9

K (ppm) 15,370.0 7,110.0

S (ppm) 5,813.0 1,008.0

Ca (ppm) 22,690.0 3,312.0

3.1.2. Physico-Chemical Characterization of Activated Carbons

The activation protocols applied for both lignocellulosic materials yielded highly po-
rous activated carbons with specific surface areas ranging between 1500 and 2200 m?/g
(Table 2, [19]). The N2 adsorption/desorption isotherms at =196 °C of the four activated
carbons are presented in Figure 1. All of them correspond to a Type I isotherm according
to the IUPAC classification [27], which is characteristic of mainly microporous materials.

800
600 -
™
=
(%]
e 400§
Ch
u;
©
<
S 200-f
> —=—SKC
—v—R-KC
—A—R-PO
—e— AQ630
0 . . . T : T : T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (p/p,)

Figure 1. Nitrogen adsorption/desorption isotherms at -196 °C of the four activated carbons (close
symbols represent adsorption and empty symbols represent desorption branch).
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Comparing the materials as a function of used precursor (R-KC and S-KC samples
obtained from rape and sunflower, respectively), higher activation yield was obtained for
the S-KC material (Table 2); this fact is linked with the higher lignin content on the sun-
flower residues (Table 1) [28]. With respect to the porosity, similar isotherm shape was
obtained for both materials, with a steep knee at low relative pressures and a flat plateau
at the higher range; however, the sample prepared from rape residue revealed the pres-
ence of a smooth hysteresis loop expanded from 0.8 to 1 of p/po. Although similar surface
areas were obtained for both materials, the rape residue allowed the preparation of acti-
vated carbon with higher total pore volume and greater development of mesoporosity
(Table 2), probably associated with the higher presence of inorganic species, such as po-
tassium and calcium (Table 1), which can act as intrinsic activating agents during the ther-
mal process.

It is important to note that due to the different nature of both precursors (powder
and flakes for rape and sunflower, respectively), the K2COs/raw residue impregnation was
physical (for rape) and wet (for sunflower) to facilitate the operation. The sample R-KC
was activated following both impregnation processes rendering similar porous features
(Figure S1 and Table S2, ESI), assuring that the experimental impregnation protocol did
not affect the final porosity of the activated materials.

The activation process with K2CO:s as the activating agent was studied by thermogra-
vimetry. Figure 2 shows the comparison of the DTG profiles of the raw materials and
impregnated samples with K2COs, where the profile of the K2COs powder is also included
for comparison. The first mass loss for both precursors was observed below 150 °C, asso-
ciated with the desorption of the moisture, hydrocarbons and the residual volatile matter.
The degradation of the lignocellulosic materials was observed between 200 and 400 °C,
and a small shoulder followed by a main peak were observed for both residues. The shoul-
ders at 280 and 290 °C for rape and sunflower, respectively, correspond to the hemicellu-
lose degradation, while the main peak is associated with the cellulose decomposition at
320 and 340 °C, respectively. The lignin degradation peak (expected at ca. 375 °C) is prob-
ably masked by the other peaks [29-32]. Similar total mass loss was observed for both
precursors (67% for rape and 64% for sunflower). However, the thermal decomposition of
the raw material impregnated with the activating agent revealed a shift in the mass loss
to lower temperatures, being more remarkable for rape residue. This behavior was re-
ported for other lignocelullosic materials [33,34], suggesting that the presence of K2COs
modifies the carbonization process of the precursor. Additionally, in the case of sun-
flower, the mean peak was followed by a shoulder, indicating that the degradation is split-
ting.

10 10
a) Rape +K,CO, b) Sunflower + K,CO,
Rape Sunflower
&1 ——K,co, 81 ——K,Co,

64

=

£

~

b3

@ 41

=

Q
24
o .Mmﬂ

T T T T T T T T T T T T T T
25 100 200 300 400 500 600 700 800 25 100 200 300 400 500 600 700 800

Temperature (°C) Temperature (°C)

Figure 2. DTG curves obtained from 25 to 800 °C (10 °C/min) under Ar atmosphere of (a) raw rape
and rape impregnated with K2COs, and (b) raw sunflower and sunflower impregnated with K2COs.
The profile of K2COs is included for comparison.
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The material activated with phosphoric acid rendered a less porous material (R-PO)
compared with those activated with K2COs, despite of the HsPOs is considered as strong-
est activating agent [35]. One of the reasons for this is that this activation process was
carried out at a lower activation temperature (500 °C); additionally, the phosphoric acid
could alter the structure of the lignocellulosic material, forming larger structural units,
resulting in a rigid crosslinked solid affecting the final porous structure of the obtained
material [36]. With respect to the activation yield, this material showed the highest
value—almost three times that of R-KC’s yield (Table 2)—due to the above-described
crosslinking and the ability of the acid to lead the hydrolysis of hemicellulose and cellu-
lose, leaving a high amount of carbon coming from lignin [32].

According to the superficial pH values (Table 2), sample R-PO shows a hydrophilic
character, as expected considering the synthetic route. However, the samples obtained by
activation with K2COs presented a neutral-basic character.

Table 2. Textural parameters obtained from the N2 adsorption/desorption isotherms at -196 °C, synthesis yield and chem-
ical composition of studied activated carbons.

Sample Seer Vil Wo Vmeso L  Yield * Elemental analysis (wt. %) Superficial  Acidity
(m?/g) (cm3/g)* (cm?¥g)® (cm3/g)c (nm)d (%) C N S (0] pH (mmol H+/g)
S-KC 2024 0.86 0.76 0.04 1.0 22 883 <0.02 <01 56 6.0 1.07
R-KC 2220 1.05 0.83 0.13 1.2 15 864 <002 05 6.6 6.6 1.85
R-PO 1466 0.72 0.49 0.14 14 41 67.6 0.8 <01 244 3.5 2.19
AQ630 1016  0.60 0.38 0.20 1.2 - 847 01 na 23 74 0.94

aEvaluated at p/po ~0.99; ? evaluated by DR method; ¢ evaluated by the 2D-NLDFT-HS method; 9 pore size evaluated by
Stoeckli-Ballerini equation; * after washing; n.a.: No analysed.

3.2. Adsorption
3.2.1. Metolachlor Adsorption

Figure 3a shows the adsorption kinetics of MET for the four adsorbents. As we ob-
served in our previous studies [19], in all cases, an increase in the adsorption time implies
a fast increase in the removal of MET before equilibrium was reached (ca. 3-4 h). How-
ever, the amount adsorbed in equilibrium conditions was very different for each adsor-
bent, with the highest adsorption for the S-KC material, followed by R-KC, AQ630 (the
commercial activated carbon) and R-PO. The greater adsorption of carbonate activated
carbons, R-KC and S-KC, (as it was already reported [19]) is mainly associated with their
larger surface area, higher than 2000 m?/g (Table 2). The experimental data were well-
fitted to the pseudo-second order model (correlation coefficients between 0.979-0.999)
showing a calculated g. values closed to those experimentally obtained (Table 3). The high-
est value of the rate constant, k2, was obtained for the adsorption on R-PO, while AQ630
showed the slowest adsorption.
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Figure 3. Evolution of MET adsorption as a function of contact time employing 0.5 g MET/g adsorbent (a), and MET
isotherms, 0.05-1.5 g MET/g adsorbent (b), obtained at 25 °C for the four studied adsorbents. The error bars represent the

standard deviation.

The MET adsorption isotherms were realized for a contact duration of 3 h. Figure 3b
reveals the following trend of adsorption capacity values: R-KC > S-KC > AQ630 > R-PO.
The experimental isotherms were fitted to the Langmuir and Freundlich models (Table 3),
showing the best adequateness to the Freundlich equation. Despite the different chemical
composition of the adsorbents (Table 2), the variation of the adsorption capacity is mainly
associated with the textural parameters, since the electrostatic interactions are discarded
due to the non-polar character of MET [17,19]. Accordingly, the highest value (above
1000 mg/g) was observed for the material with the greater Sser and higher mesoporous
development (R-KC); in contrast, the lowest adsorption capacities (ca. 280 and 435 mg/g
for R-PO and AQ630, respectively) were obtained for the samples with lower surface area.
The acidic character of the R-PO sample also showed an important effect, it being the ad-
sorbent with the lowest adsorption capacity, probably associated with the adsorption
competition with water molecules.

Additionally, after the adsorption of MET on R-KC and S-KC, the samples were
tested using thermogravimetry (Figure S2a,b), revealing a total mass loss of 27% and 26%
for R-KC and S-KC, respectively, from ca. 230 °C (while the pristine samples presented 8
and 13%). This increase in the mass loss is associated with the thermal decomposition of
MET adsorbed on the porosity of the material.

Table 3. Experimental adsorption capacity, pseudo-second order kinetics parameters, and isotherms non-linear fitting to
the Langmuir and Freundlich models parameters, obtained by a non-linear fitting of MET adsorption. The coefficients of
determination (R?) are also included.

Kinetics Isotherms
Langmuir Freundlich
Adsorbent | qe, exp ey exp . qe ke R2 = b K
(mg/g) (removal %) (mg/g) (g/mgh) (mg/g) (L/mg) (mg/g)(L/mg)'nf n R
S-KC 486 +3 98 +2 493 0.051 0.999 991 040  0.969 599 8.7 0.958
R-KC 465 +2 9=+1 467 0.047 0.995 1023 4040 0.710 760 8.3 0.983
R-PO 208 +6 40+2 204 0.240 0.970 580 0.02  0.901 19 1.4 0.940
AQ630 | 340+5 77 £2 330 0.034 0.983 390 350 0.824 281 10.3 0.961
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3.2.2. Transformation Products ESA and OXA Adsorption

The kinetic study was performed on ESA and OXA compounds separately for the
four activated carbons. A fast and high adsorption was observed for both TPs on R-KC,
S-KC and AQ630 in short timeframes, reaching a plateau at ca. 3 h (Figure S3). Table 4
shows the results of the adsorption capacity at equilibrium time for both compounds. A
similar trend was observed for both metabolites, and the highest removal efficiency was
obtained for the carbons activated with potassium carbonate (samples R-KC and S-KC).
This fact was more remarkable in the case of OXA, for which the adsorption was found to
higher than 80% on the S-KC and R-KC samples at equilibrium time. For both OXA and
ESA, adsorption efficiencies were less or equal to 5% on R-PO and between 32% and 38%
for the commercial activated carbon, AQ630. These differences could be associated with
the microporous development of the adsorbent, pointing out a higher adsorption of the
metabolites on those materials which present greater microporous volume (Table 2).

The S-KC and R-KC samples with adsorbed OXA were thermally decomposed under
inert atmosphere. The materials displayed a mass loss of 4.4 and 2.8%, respectively, above
ca. 100 °C (Figure S2b,c), confirming the metabolite confinement on the adsorption sites
of the materials.

Comparing the adsorption of both TPs on the same adsorbents and in identical ad-
sorption conditions, only the intrinsic properties of the molecules should be evaluated to
explain the differences in the adsorption capacities. In this sense, since the water solubility
is quite similar for OXA and ESA (Table S1), both compounds differ in molecular weight
and the nature of the substituent groups influencing their adsorptivity. The greater ad-
sorption of OXA compared to ESA on the adsorbents S-KC and R-KC could be explained
by its lower molecular weight (279.33 vs 329.70 g/mol, respectively, Table S1). Addition-
ally, it seems that the shape of OXA fits better in the pores of those adsorbents. As a con-
sequence, a largest part of microporosity could be accessible to OXA than to ESA for sorp-
tion sites.

Regarding the activated carbon R-PO, the adsorption of ESA and OXA was found to
be very low, revealing values of metabolite adsorbed of below 5%; this fact could be asso-
ciated with several factors: (i) the lower porous development compared to the other ad-
sorbents (Table 2), as was previously assessed to the low adsorption of MET; (ii) the com-
petitive adsorption of water molecules could have occurred due to the hydrophilic char-
acter of this adsorbent (Table 2), with the oxygen groups being favorable for the creation
of water clusters, hindering the accessibility of the metabolite to the inner porous structure
[37], and (iii) the oxidized groups located on the structure of the carbon material can cause
a withdrawing effect of the electrons, reducing the m-electron density on the aromatic
rings and decreasing the dispersive interaction between the metabolite and carbon mate-
rial [37]. Similar effects have been previously reported for the adsorption of other aromatic
herbicides [38-40].

Table 4. Experimental adsorption parameters obtained by the kinetics of ESA and OXA adsorption
for the studied adsorbents.

ESA OXA
Adsorbent qe, exp qe, exp qe, exp qe, exp
(mg/g) (removal %) (mg/g) (removal %)
S-KC 120+ 6 57 +3 160 + 10 82+5
R-KC 137 +1 68 +4 166+ 6 82+2
R-PO 10+7 4+£2 10+6 5+2
AQ630 76+3 38+2 60+8 32+3

The influence of solution pH on the adsorption capacity was analyzed for the adsorp-
tion of OXA on the four adsorbents. Figure 4 shows the comparison of the adsorption
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evolution for a solution of the compound at natural pH (4.7-5.2, being the pH measured
for OXA solution) and at pH 2 (adjusted with some drops of HCI). In all cases, inde-
pendently of the nature of the adsorbent, the adsorption is increased for lower pH, reach-
ing a removal efficiency of close to 100% for the S-KC and R-KC materials at equilibrium
time. In aqueous solutions, the surface of the adsorbent and the molecules coexist in a
complex system with different superficial charges than can generate repulsive or attrac-
tive electrostatic interactions. In the case of the OXA metabolite, the anionic form is pre-
dominant in a solution at pH above its pKa of 4.8 (Table S1). In a solution at pH 2, OXA’s
anionic form becomes minor in the solution but is still present. All of the employed ad-
sorbents are positively charged at pH 2 (solution pH < superficial pH); therefore, the ad-
sorption capacity is increased due to the decrease in repulsive force between the OXA and
the surface charges along the graphitic layers of the adsorbents. This effect is more re-
markable in the case of AQ630 (adsorption at pH 2 increases to two times the adsorption
at natural pH), as a consequence of its higher negatively charged character at pH 2 (ad-
sorbent with the higher superficial pH, Table 2).
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Figure 4. Influence of the solution pH (closed symbols for natural pH and opened symbols for pH
2) on the adsorption of OXA on (a) S-KC, (b) R-KC, (c) R-PO and (d) AQ630 (0.2 g OXA/g adsorbent).
The dashed line corresponds to the saturation. The error bars represent the standard deviation.

Figure 5 shows the adsorption isotherms obtained for ESA and OXA on S-KC, R-KC
and AQ630 (the adsorbent R-PO was excluded due to its low adsorption observed above).
The higher adsorption of both TPs was obtained for S-KC and R-KC with an experimental
adsorption capacity, gmax, exp, 0f 218 and 273 mg/g for ESA and 439 and 554 mg/g for OXA,
respectively (Table 5). As already observed in the kinetic study, adsorption is greater for
OXA in all studied adsorbents.
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Figure 5. Adsorption isotherms on the S-KC, R-KC and AQ630 adsorbents of (a) ESA and (b) OXA
in the range of 0.05-1.5 g compound/g adsorbent. The error bars represent the standard deviation.

The ESA and OXA isotherms were fitted to the classical Langmuir and Freundlich
theoretical models, being better fitted for the Langmuir model for all adsorbents (with
higher R? values), which indicates this model’s adequateness to evaluate the adsorption
capacity. The maximum adsorption calculated by Langmuir’s model, gmx—which corre-
sponds to the coverage of the monolayer [25] —suggests that the adsorption mainly occurs
in a molecular monolayer, in agreement with the shape of the experimental isotherms
(Figure 5). The value obtained for the Langmuir adsorption constant, b, was higher for the
carbon material R-KC, for both metabolites, indicating greater adsorption energy for this
material, which is in accordance with their upper adsorption capacity. This fact is proba-
bly associated with the higher presence of mesopores—compared with S-KC material
(0.13 vs. 0.04 cm?/g, respectively) (Table 2) —which provide transport pores to reach sorp-
tion sites located in the micropores. Despite the higher mesoporous development of
AQ630 compared to R-KC (0.20 vs. 0.13 cm?/g, respectively), the ESA and OXA adsorption
is lower in AQ630 because of its minor microporosity (more than two times lower than in
R-KCQ).

Table 5. Fitting parameters of the equilibrium adsorption isotherms to the Langmuir and Freundlich
models.

Langmuir Freundlich
Adsorbent Metabolite 1" Qmax b ks
(mg/g) 2 R?
(mg/g) (L/mg) (mg/g)(L/mg)Vn
S-KC 218 258 0291 0.957 65 25 0.807
R-KC ESA 273 278  0.668 0.888 118 40 0.824
AQ630 93 104 0383 0.571 38 34 0502
S-KC 434 479 0297 0.993 182 39 0.851
R-KC OXA 554 644 0311 0.989 182 26 0931
AQ630 126 380 0.280 0.789 52 32 0922

According to the literature, the ESA and OXA metabolites are commonly quantified
at concentrations between 0.0001 and 0.005 mg/L in groundwater, depending on the
sample collection area [11-15]. The adsorption of ESA and OXA was studied employing
low concentrations, close to those quantified in groundwater (0.001 and 0.01 mg/L), since
the initial concentration may impact the value of adsorption coefficients. At equilibrium,
the adsorption of ESA and OXA on the adsorbent R-KC followed the same trend, showing
a decrease in the adsorption capacity, g, when the initial concentration went from 8 to
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0.01 mg/L, whereas no remarkable effect was observed when the concentration decreased
from 0.01 to 0.001 mg/L (Table 6). On the contrary, for commercial activated carbon,
AQ630, no significant changes in the adsorption were noticed when the initial
concentration was reduced, indicating that the adsorption process on this material is not
influenced by the initial concentration.

Table 6. Experimental adsorption capacities obtained for different initial concentration of ESA and
OXA solutions for the R-KC and AQ630.

Initial Conditions qe (%)
Adsorbent mg Metabolite/mg

Cinitial (mg/L) Adsorbent ESA OXA
8 0.2 68 +4 82+2
R-KC 0.01 0.005 48 +15 48+7
0.001 0.0005 48+ 11 47+ 6
8 0.2 38+2 32+3
AQ630 0.01 0.005 32+5 43 +4
0.001 0.0005 35+2 41+5

The observed decrease in the R-KC at lower initial concentration could be mainly
associated with the smaller concentration gradient between the amount adsorbed inside
the micropores (already adsorbed) and the molecules remaining in the solution, making
the driving force to overcome the mass transfer resistance between the aqueous and the
solid phase weaker; however, further investigation of this phenomenon should be
performed. Nevertheless, the removal of the metabolites from water remains quite
efficient for both studied adsorbents, being close to 50% for R-KC activated carbon. These
results demonstrate the ability of the synthesized porous material to be employed for
environmental remediation, it being able to adsorb in its pores both metolachlor
metabolites, even when the amount of them is low.

4. Conclusions

Four activated carbons have been tested for the adsorption of metolachlor and its
metabolites OXA and ESA, one commercially available and three synthesized from ligno-
cellulosic residues. The synthesis of these three adsorbents was carried out by chemical
activation employing K2COs and HsPOs as activating agents, revealing an important effect
on its adsorption capacities as a function of the activation process as well as the starting
material nature. The samples activated with potassium carbonate (R-KC and S-KC)
demonstrated the higher adsorption capacities for the metolachlor and its metabolites
ESA and OXA, this being the first time that an efficiency higher than 80% was reported
for these compounds. As a general trend, higher adsorption was observed for the acti-
vated carbons with greater porous development. Microporosity seems to be the main fac-
tor governing the adsorption capacity containing reactive sorption sites and the presence
of mesopores facilitates the transport of the adsorbates to reach the microporosity. Addi-
tionally, the surface chemistry resulted in an important factor to consider for the TPs ad-
sorption favoring the electrostatic interactions between the carbon surface and these ani-
onic molecules. OXA was easily adsorbed compared to ESA, on samples R-KC and S-KC,
due to its lowest molecular weight, fitting better in the pores of these two adsorbents.
Finally, the study of the initial concentration revealed a lower adsorption capacity for both
metabolites on R-KC sample when the concentration employed is close to that found in
groundwater, this being an important factor to be considered.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/app11167342/s1, Table S1: Physicochemical properties of MET, ESA and OXA, Figure
S1: Nitrogen adsorption/desorption isotherms at —196 °C for R-KC samples obtained by physical



Appl. Sci. 2021, 11, 7342 13 of 14

and wet impregnation, Table S2: Textural parameters obtained from the N2 adsorption/desorption
isotherms at =196 °C for R-KC samples obtained by physical and wet impregnation, Figure S2: Ther-
mogravimetric profiles of R-KC and S-KC with (a,b) MET and (c,d) OXA adsorbed. The pristine
materials are included for comparison. Experimental conditions: Ar flow 50 mL/min up to 900 °C
(ramp 10 °C/min). Figure S3: Evolution of adsorption as a function of contact time obtained at 25 °C
on the four studied adsorbents for a) ESA and b) OXA metabolites (0.2 g compound/g adsorbent).
The error bars represent the standard deviation.
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