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Abstract: Adsorbents presenting high adsorption capacity, fast adsorption rate, easy regeneration, and
a good possibility for reusability are ideal for removing 4-chloro-2-methyl-phenoxyacetic acid (MCPA)
or other pesticides from wastewater. Here, the effects of regeneration treatments on adsorption—
desorption cycles are examined using two commercial activated carbons (ACs) (Merck and Norit
1240 X). MCPA adsorption was fast on Merck and Norit ACs in powder form (6 h) but on Norit AC, in
granular form, adsorption was too slow, and the equilibrium time was reached only after 288 h. MCPA
adsorption kinetic data were analyzed by applying pseudo-first-order, pseudo-second-order, and
Weber-Morris models. The pseudo-second-order model fit better to all data, and the Weber-Morris
representation allows confirming that on Norit 1240 X, in granular form, the pore diffusion was the
limiting factor concerning the MCPA adsorption. Merck and Norit 1240 X (in powder and granular
form) ACs loaded with MCPA were submitted to different regeneration process by washing with
distilled water, ethanol, HNOj3, and NaOH solutions and washed with NaOH solutions or ethanol
followed by a thermal treatment. The ACs regenerated with ethanol performed well in the subsequent
adsorption—desorption cycles. All ACs had more than 99% desorbed MCPA after the first cycle of
washing with ethanol. The washing with NaOH solution was less efficient. The regeneration process,
consisting of washing the sample with a solution of NaOH and subsequent heating at 573 K, was very
effective. After this regeneration procedure, the amount of MCPA adsorbed on Norit 1240 X AC was
even higher than the amount adsorbed in the first adsorption cycle. At present, washing methods for
adsorbent regeneration are not used at an industrial level. However, research for environmentally
friendly regeneration methods is necessary to achieve the objectives of the circular economy.

Keywords: activated carbon regeneration; pesticide removal; reuse; circular economy

1. Introduction

Pesticides are increasingly being discovered in wastewater and natural water bodies
as a result of their excessive use in agro-industrial activities (agricultural and veterinary). It
is challenging to establish a global approach that will enable the removal of pesticides from
liquid effluents due to the large variety of pesticides (herbicides, fungicides, acaricides, etc.)
that may be found on the market [1].

In reviews by Kulaishin et al. 2022 [2] and Baskar et al. 2022 [3], adsorption on a variety
of adsorbents, particularly on activated carbon (ACs), was emphasized as one approach for
removing pesticides from the aqueous phase. There are certain drawbacks to other methods
now in use, including the time needed for the process and reliance on environmental
conditions for the biodegradation process, the need for energy for electrooxidation, and the
photocatalytic process [2].
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Adsorption is an efficient technique for eliminating inorganic and organic pollutants
from gaseous effluents [3,4], as well as from liquid effluents such as drinking water and
sewage [3]. Adsorption is currently used, although it presents some limitations, such
as adsorbent production cost, regeneration, and sustainable management of spent adsor-
bents [2-6].

Commercial ACs have traditionally been produced from expensive materials, includ-
ing wood, coal, coconut shells, lignite, petroleum residues, and coal. The use of alternative
precursors, such as agricultural and agro-industrial wastes, was studied in order to decrease
the use of nonrenewable precursors and the cost of ACs.

ACs produced from a variety of precursors have been successful in removing pol-
lutants from the liquid phase. Examples include the removal of pesticides (4-chloro-2-
methylphenoxyacetic acid and diuron) with ACs prepared from Tectona Grandis [7-9], dyes
with ACs prepared from different biomass, activated with KOH, NaOH, and H,SO4 [9,10],
Cu?*, Zn?*, and Pb%** with ACs prepared from Phaseolus aureus hulls, activated with
steam [11], As®* with granulated biochar [12], and pharmaceutical products with ACs
prepared from waste materials and wood [13,14].

Adsorption in ACs is widely applied because of its efficiency, high adsorption capacity,
and easy applicability on a large scale. Still, it presents some disadvantages. If treated
incorrectly, the saturated adsorbents could result in secondary pollution. The adsorbates
retained on the ACs’ surfaces can be leached into the environment where the saturated
adsorbents are dumped [3,4]. An effective management approach for saturated adsorbents
must include regeneration and reuse. For the regeneration of spent adsorbents, thermal,
chemical, and biological techniques are most frequently used [3,14-25]. In the industry,
thermal regeneration entails sending a flow of steam or carbon dioxide over the saturated
adsorbent at high temperatures (greater than 1000 K). This process promotes an increase in
the porous volume by allowing for the desorption of contaminants, as well as the unlocking,
enlargement, and formation of new pores. For heat regeneration to be effective in phenol
desorption, there must be a significant energy demand and the presence of an oxidizing
agent, which could result in an adsorbent burn-off of between 5 and 15% [22].

Chemical regeneration can be carried out by oxidizing chemical agents, washing
the spent adsorbents with specific solvents, using acidic or basic solutions, or desorbing
adsorbates [17]. How well these methods work depends on the interactions between the
adsorbate and the used regeneration solvents and solutions and the interactions between
the adsorbate and the adsorbent.

Bioregeneration is a simple and eco-friendly process that needs low investment to be
implemented. However, adsorbates must be biodegradable to succeed, but this does not
happen frequently, making the process time-consuming [3,20].

Recently, numerous studies have looked into the use of microwaves to shorten regen-
eration times and consume less energy [5]. A combination of microwave and ultraviolet
irradiation was used to regenerate ACs saturated with chloramphenicol. Even after five
absorption/regeneration cycles, the adsorption efficacy of granular ACs was said to have
been maintained at a high level, according to the authors [4]. Nevertheless, it was also
recognized that the byproducts generated during the microwave regeneration process can
be more harmful than the initial pollutants, particularly if the organic pollutants contain
chlorine [5].

Additionally, a vacuum system was employed to assess the regeneration of satu-
rated ACs by subjecting the saturated ACs to a vacuum source. A performance of 90%
was allegedly maintained in ACs that had been saturated with toluene after five adsorp-
tion/desorption cycles [23]. With the exception of the thermal regeneration technique,
these techniques are not currently being used in the industry [19,24,26].

When compared with the original one, regenerated ACs are less expensive. However,
some characteristics lead to inferior performance when compared with the original ACs.
The regenerated ACs may also retain some contaminants, which causes them to saturate
more quickly in the long run [5].
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In any case, there is a financial benefit to being able to use the same adsorbents
repeatedly in the same process. On the other hand, the adsorbate can be employed to carry
out its original role if it is successfully recovered.

The adsorption or desorption kinetics of MCPA will be investigated in this study, with
a focus on the regeneration and reuse of spent ACs. Regeneration techniques included
heat regeneration, washing regeneration, using different solutions and solvents, and a
combination of washing and thermal regeneration.

2. Materials and Methods

On removal of MCPA from the aqueous phase, two commercial activated carbons
were employed, both as received and after being submitted through various adsorption
and regeneration process.

2.1. ACs Structural and Chemical Characterization

Both the ACs used, one from Merck (powder form), purchased from Sigma Aldrich,
Madrid, Spain and the other from Norit (Norit 1240 X, in powder and granular form),
purchased from Fisher Scientific, Lisbon, Portugal, were texturally and chemically charac-
terized by nitrogen adsorption at 77 K, elemental analysis, and through the determination
of the pH at the point of zero charge. The procedures used for these purposes are described
elsewhere [8,26,27]. The surface of the ACs was also analyzed by ATR-FTIR spectroscopy
analysis measurements, in the range between 450 and 4000 cm ™!, performed on a Perkin
Elmer Spectrum Two IR spectrophotometer with an Attenuated Total Reflection (ATR)
accessory, purchased from L.L.C., Lisbon, Portugal. A Phenom ProX Desktop Scanning
Electron Microscope (SEM) instrument was used on the morphology characterization, with
an accelerating voltage set to 5 to 15 kV, from I.L.C., Lisbon, Portugal.

2.2. Pesticide Adsorption from Liquid-Phase

4-Chloro-2-methylphenoxyacetic acid (MCPA), which was acquired from Sigma-
Aldrich, Spain and had a stated purity of HPLC-Grade higher than 97.4%, was the adsorp-
tive employed in the adsorption assays. The kinetics investigations were performed at
298 K, adding 10 mg of ACs to 25 mL of an aqueous solution containing 150 mg L.=! of
MCPA at a pH of about 3. This was carried out in accordance with earlier research [28,29].
As the MCPA has a pKa = 3.73, at 298 K [30], at a pH < pKa, the MCPA is in neutral
form, which increases the electrostatic attraction with the ACs surface, which is positively
charged (pHpzc > 7.2). At different time intervals, aliquots were removed from the solution
and the amount of MCPA was determined. The MCPA adsorption isotherms were obtained
from solutions whose concentrations vary from zero to 500 mg L~!. The suspensions were
left under an agitation of 20 rpm in an shaking bath, a Linear model —GRANT, purchased
from VWR, Carnaxide, Portugal—at 298 K. After an adequate contact time, the residual
concentration of the pesticide on the solution was assessed by UV /visible spectropho-
tometry using a Nicolet Evolution 300 UV-Vis Spectrophotometer, from Thermo Electron
Corporation, purchased from Fisher Scientific, Portugal.

MCPA quantification was conducted through the absorbance values obtained at the
wavelengths of 228 and 280 nm. By using an external pattern, such as a standard curve
created for this purpose, the residual pesticide in the solution was quantified. The difference
between the pesticide’s initial concentration and its remaining concentration in solution,
divided by the mass of the AC utilized and considering the volume of solution used, was
used to calculate the amount of pesticide adsorbed (Q,4s/mg g~ !) on the ACs.

2.3. ACs Regeneration

To perform regeneration studies, the ACs were first saturated with MCPA. For that
purpose, a fixed quantity of ACs (100 mg) was added to 100 mL of an aqueous solution
containing 250 mg L~! of MCPA. The AC’s maximum adsorption capacity was assessed
once the adsorption equilibrium was established. These assays were performed multiple
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times, allowing the calculation of standard deviation and error. The supernatant was then
removed, and different desorption experiments were performed. For this purpose, five
different treatments were applied: (1) acid aqueous washing with HNOj; (1 mol dm~3);
(2) basic aqueous washing with NaOH (0.01, 0.1, and 1.0 mol dm™3); (3) washing with
distillate water; (4) washing with ethanol; and a (5) two-step treatment, washing with
aqueous solutions and ethanol and heating at 573 K for 30 min. The chemical characteristics
of the spent and the regenerated ACs were obtained, and their performance was connected
with those properties.

2.3.1. ACs Regeneration by Washing with Solvents

The saturated ACs were dried in an oven at 378 K until the mass remained constant.
Once dried, the spent ACs were placed in a volume of 100 mL of ethanol or 100 mL of
each of the tested washing solutions. The solutions used were the nitric acid solution,
(1 mol dm—3 (pH around 1), ethanol, distilled water (pH = 6), and sodium hydroxide
solutions, (0.001, 0.1 and 1 mol dm_3). The suspensions were then put in a thermostable
bath under the agitation of 70 rpm for 24 h. The supernatant was removed, and the
desorption washing was repeated three times. After each cycle, the concentration of the
pesticide in the supernatant was quantified, and the total amount of pesticide desorbed
was calculated. The regenerated ACs were reused in a new adsorption cycle, and their
performance in the removal of MCPA from the aqueous phase was evaluated.

2.3.2. AC Regeneration by Basic Aqueous Washing Followed by Thermal Treatment

The spent ACs, after three adsorption—desorption cycles, as described in Section 2.3.1,
were recovered after the supernatant removal. Then, about 100 mg of the ACs, washed
with different solvents, were placed in a steel container and put into a furnace, (High
Temp Technology, TR-334/2018, from Thermolab). ACs were then submitted to a rate of
10 K min~! until 573 K under a nitrogen flow rate of 85 cm>® min~! and kept for 30 min.
The carbonaceous material was cooled down, always under the same nitrogen flow. The
regenerated ACs were reused, and their performance was evaluated on MCPA removal
from the aqueous phase.

3. Results and Discussion
3.1. Characterization of the Adsorbent Materials

Both ACs, Merck and Norit, were chemically characterized using the determination
of the point of zero charge and elemental analysis, and their textural characteristics were
based on N adsorption at 77 K [28]. The findings are shown in Table 1 to help with the
discussion of the results.

Table 1. Chemical and textural characteristics of the Merck and Norit 1240 X ACs. In Table 1,
Aggt is the apparent surface area, obtained using the BET method, Vs is the total porous vol-
ume, Ag is the external surface area (Vs and As were obtained using the alfa-s method), Vj is
the volume of the micropores, and L is the mean pore size (Vy and Ly were obtained using the
Dubinin—-Radushkevich method).

Activated Carbon

ABET/mZ

gl Adm?g1l Viemig1l Vy/emd®g-1l Lonm C/% H/% S/%  pHpzc

Norit 1240 X
Merck

975
927

60 0.43 0.23 1.04 84.4 0.19 0.49 9.73
170 0.36 0.23 1.02 85.2 0.22 0.32 727

Norit 1240 X was characterized through nitrogen adsorption in granular form. As seen
in Table 1, it presents a slightly high apparent surface area and total porous volume, with a
similar micropore volume and means pore size when compared with the AC from Merck.
These results suggest that the efficacy of the ACs against MCPA adsorption will not be
considerably impacted by textural characteristics. Comparing Norit 1240 X with Merck AC,
which has a more basic nature (pHpzc = 9.73 vs. 7.27) (Table 1), suggests that this difference
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may have some bearing on how contaminants are removed from the aqueous phase. The
surface of the ACs was examined using ATR-FTIR spectroscopic analysis and SEM-EDX
after they were received, saturated with MCPA, and regenerated using various processes.

3.2. Chemical Characterization of the Adsorbent Materials

To verify the influence of the MCPA adsorption and regenerations treatments on the
ACs’ surface, they were characterized by SEM-EDX and FTIR. Figure 1a,b illustrates the
surface morphology of ACs before MCPA adsorption, Figure 1c illustrates the ACs’ surface
covered by an MCPA white film, and Figure 1d shows the ACs’ surface after being saturated
and regenerated by washing method followed by a thermal treatment.

Figure 1. SEM images were obtained at different stages of the MCPA adsorption-desorption cycle.
(Norit 1240 X, + MCPA —RT means saturated MCPA-AC after being regenerated by washing with
NaOH (0.01 mol dm~3) and thermal temperature at 573 K): (a) Merck original AC; (b) Norit 1240 X,
original AC; (c) Norit 1240 X;, + MCPA; (d) Norit 1240 X;, + MCPA-RT.

In Figure 1c, an MCPA film covers the ACs surfaces and hinders their adsorption
activity due to the blockage of the pores, even though it is possible to see that the cavities
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were not completely blocked. The thermal treatment allows the desorption of MCPA from
the ACs’ surfaces, as shown in Figure 1d.

FTIR spectroscopy was used to learn more about the surface functional groups at
various stages of the adsorption—-desorption cycle (as illustrated in Figure 2). The spectra
presented are from Norit AC. In Figure 2, the broader band from 3020 to 3300 cm ! was
related to the O-H group. The interferences of the O-H group were identified around
1420 cm~! and at 880 cm~!, which reflected the contribution of O-H in deformation mode.
These two bands were less expressed on the ACs regenerated with a NaOH solution
followed by thermal regeneration (Norit 1240 X-RT). The decrease in the intensity of the
bands can be attributed to the decomposition of the functional groups containing oxygen
at high temperatures, as reported by Liao et al. [26].

Norit 1240 X - R-NaOH-0.1 M

—— MCPA

—— Norit 1240 X - R-NaOH-0.01 M
Norit 1240 X - R-ethanol

Norit 1240 X

Norit 1240 X + MCPA

Norit 1240 X - R+T

Al(ua)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™

A/ (a.u.)

M———/“/\JJ\’\/

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™’

Figure 2. FTIR spectra were obtained on the Norit 1240 X AC at different steps in the MCPA
adsorption—desorption cycles.

The bands at 2945 and 2889 cm ! are characteristics of the alkyl groups, namely CHj
and CH,. The band at 790 cm ™! allows the identification of the C-H groups on the alkenes’
structures on a benzene structure. The bands at 1560 and 1680 cm ! could be due to the
C=C in a cyclic structure. The band at 1760 cm~! could be attributed to the C=O bond on
a carboxylic or ester group. Both bands were less present on the ACs regenerated with
NaOH solution followed by a thermal treatment. The bands present at 1089 and 1200 cm !
could be due to the C-O bond on primary and secondary alcohol, respectively.

With regard to the identification of possible changes in the profiles of the FTIR spectra
due to the presence of MCPA, it is possible to deduce its presence simply by compar-
ing the spectra of the various samples with the spectrum of MCPA (top right). It is of
note that its characteristic bands and peaks (specifically in the region 32502500 cm ™!,
1750-750 cm 1) intensify the bands and peaks already identified in the Norit X;, + MCPA
samples. In the spectra of Norit 1240 X + MCPA, a small band around 780 cm ™! is more
pronounced than in the other spectra. However, the bands regarding MCPA are present in
the spectra of Norit 1240 X + MCPA, but they are masked by the bands of the AC. In the
case of the samples regenerated with NaOH and ethanol, their influence seems to be less as
one moves from regeneration with the basis solution to with alcohol. On the other hand,
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the samples regenerated by the thermal process show a much lower MCPA contamination,
reflecting the efficiency of this process.

3.3. MCPA Kinetic Studies

The adsorption capacity of ACs for different pollutants, in the aqueous phase, depends
on numerous factors, and this complexity represents a challenge for researchers. Prior
optimizations were made to some of the factors affecting the removal of MCPA by ACs
from the aqueous phase [7]. Based on these conditions, the MCPA adsorption was carried
out from a solution in which the pH was adjusted to 3. The time needed to establish the
adsorption equilibrium was evaluated on Merck (powder form) and Norit 1240 in granular
(Norit 1240 X;) and powder form (Norit 1240 X,) from a solution containing 150 mg L~ of
MCPA, and the results are shown in Figure 3.

300 - /o) ® ®
o] EIS 0O | O
[ ]
L ]
Y
]
™)
°®
O Merck
O Norit 1240 Xp
e Norit 1240 Xg
50 100 150 200

Time / h

Figure 3. Kinetic study of MCPA adsorption in Norit 1240 X (in granular form—Norit 1240 Xg—and
powder form—Norit 1240 X;,) and Merck ACs in powder form. The kinetic studies were conducted
with a solution containing 150 mg L~! of MCPA.

On Merck and Norit 1240 X, (powder form) ACs, the equilibrium of the MCPA
adsorption process was achieved after a contact time of 6 h. But, with Norit 1240 Xg,
the maximum adsorption capacity was reached only after a long contact time (288 h). In
practical terms, a contact period of more than 24 h is unrealistically long, especially in
spill situations where the AC must have a high adsorption capacity. But most importantly,
the adsorption must be fast. To avoid the problems related to obtaining data, when
the equilibrium has not yet been completely achieved, the isotherms were subsequently
obtained at different time intervals of up to 288 h.

The experimental data obtained during the kinetic study were fitted by the pseudo-
first-order (PFO) and pseudo-second-order (PSO) kinetic models to assess the mechanisms
of the adsorption kinetics. Equation (1) represents how the pseudo-first-order model might
be expressed.

In (Qmax — Qads) = In (Qmax) — Ky X t 1)

The data from the pseudo-first-order model are obtained by plotting In (Qmax — Qags) Vs. t.
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The pseudo-second-order model can be expressed by Equation (2).

T/Qads = 1/(Ka X (Qmax)?) + 1/Qmax X t @)

The data from the pseudo-second-order are obtained by plotting (t/Q,gs) vs. t [31].
The slope of Equation (2) was related to the initial rate of the adsorption using the following
expression: 1/(Ky x (Qmax)?) = 1/Vy.

In Equations (1) and (2), Qmax and Q,q4s are the MCPA amounts adsorbed after a
contact time of 288 h and at a time (t) (mg g’l); K is the equilibrium rate constant of
pseudo-first-order reaction (h~'); K5 is the equilibrium rate constant of pseudo-second-
order reaction (h~!); and V) is the initial adsorption rate. The PFO model is less applicable
when the time needed to reach equilibrium is too long or simply not reached. To avoid this
limitation, mainly concerning the adsorption in Norit 1240 Xg, in the three systems, the
Qmax Was obtained after a contact time of 288 h. On Merck and Norit 1240 X, this value is
quite similar to that obtained after a contact time of 24 h.

The data obtained with both equations are included in Table 2. The R? values presented
in Table 2 show that the pseudo-second-order model fits well with the experimental data
when compared with the pseudo-first-order one, in agreement with Tochetto et al. 2023 [32]
and data presented by Revellame et al. 2020 [33]. The values of the maximum amount of
MCPA calculated by the pseudo-second-order model (Qmax, ca2) are quite similar to the
values obtained experimentally (Qmax, exp), except for the Norit 1240 X.

Table 2. Parameters of the application of pseudo-first-order and pseudo-second-order models. The
kinetic studies were conducted with a solution with 250 mg L~! of MCPA.

Pseudo-First-Order Model Pseudo-Second-Order Model
ACs Omax, exp K
/mg g*l Qmaxll call 1 R2 Qmax: cal2 VO/ KZ R2
/mg g1 /h-1 /mg g1 mgg1h-1 /h-1
Merck 288.1 10.2 0.0086 0.95 277.8 5000 0.13 0.98
Norit 1240 X, 290.7 3.1 0.019 0.75 285.7 833 0.020 0.99
Norit 1240 Xg 289.6 10.3 0.011 0.99 188.7 52.6 0.0015 0.96

Simonin, in 2016, stated that an R? higher than 0.8 indicates a good fit between the
data [31]. The adjustment of the PFO model to Norit 1240 Xp gives an R? of 0.75; hence, it is
clear that the PFO adjustment was not adequate. With Norit 1240 Xy and Merck, the PFO
adjustment presents an R? higher than 0.95. However, the maximum amounts adsorbed
obtained from the PFO adjustment are quite far from the experimental value.

The adjustment to the PSO model presented an R? higher than 0.96 for the three sys-
tems. The Norit 1240 X; presented a high R?, but the maximum amount of MCPA adsorbed
obtained from the PSO model was only 65% of the amount obtained experimentally. Yet,
our results are in the same direction as the conclusions arrived at by Revellame et al. 2020.
In a review conducted in 2020, these authors concluded that the PSO kinetics provided the
best correlation of experimental data on a diversity of analyzed published works [33].

The removal of pollutants from the aqueous phase can be controlled by the external
transport from the liquid phase to the solid external surface by the access of the pollutants
to the solid pores and by diffusion into the micropore. The data were plotted based on
the Weber—Morris equation to better understand the limiting step in the MCPA adsorption
processes, as presented in Figure 4 and Table 3. The Weber—Morris model is expressed
by Equation (3). Ky, is the intraparticle diffusion rate constant (mg g 1h1/2),and Cisa
constant related to the thickness of the adsorption boundary layer [26,30-33].

Qads = Kip x t7+C (3)



Processes 2023, 11, 2496

90f17

== Q-
1 iy JOOOON . o R TR T T Elivis ﬂ ...... a
250 - E"F R .
B /!
1 :: I [ ]
< 200 4 ©y ) K
(o)) ] , “‘.
g oI o®
§150 1
e} 117
100 {1/ .
y * O Merck
r ...-
50 - ,--' o0 Norit 1240 Xp
Iy e Norit 1240 Xg
0 d L } L t 2 t a } L { a t a }
0 2 4 6 8 10 12 14

Time 1/2 / h1/2

Figure 4. Weber—Morris or intraparticle diffusion plot for the experimental kinetic data.

Table 3. Parameters from the application of the Weber-Morris model. The kinetic studies were
conducted with a solution containing 250 mg L~! of MCPA. Kip1, Kip2, and Kjp3 are intraparticle
diffusion rate constants for the first, second, and third adsorption steps, respectively.

ACs Qads (rrje;X) Kip1 C Kip> C Kips / C
mg g mg gfl h1/2 mg 871 h1/2 mg g71 hl 2
Merck 288.1 114.0 178.8 0.8 271.3 0.2 75.2
Norit 1240 Xp 290.7 112.2 74.8 4.7 249.8 3.2 264.0
Norit 1240 Xg 289.6 44.0 - 27.8 324 15.6 98.6

For the Merck and Norit 1240 X, ACs, the representation of Q,qs versus t 1/2 presents
three linear steps, but the second and third steps have a very similar slope. With both
ACs, all linear regression intercepts the y-axis in a positive value. Based on the work by
Liao et. al (2013), this allows stating that intraparticle diffusion is not the only rate-
controlling step for MCPA adsorption [26]. The first step was attributed to the occupation
of the available surface sites on the external surface area through electrostatic attraction.
This adsorption step is responsible for the fast process of the pseudo-second-order model
and for the high Kj,; values presented in Table 3. The Merck and Norit 1240 X, ACs
presented very high initial constant rates, which agrees with the kinetic profile presented
in Figure 1.

The values of the intraparticle rate diffusion in the second and third steps are very
small when compared with those obtained in the first step [34]. At this point, the superficial
sites and porous volume available for the MCPA adsorption are now residual, and the
adsorption rate is very low.

When the Weber-Morris representation is applied to the Norit 1240 Xg MCPA adsorp-
tion system, three well-defined linear regions appeared. The interception of the first linear
regression with the Y-axis is close to zero (being even negative), which may indicate that
the limiting factors in the adsorption process are mainly related to intraparticle diffusion.
The values of Kj, decreased as the contact time increased in the three MCPA-ACs systems.
However, the Kj,; obtained in Norit 1240 X is lower than the values obtained in the
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other two ACs systems. Some essays were carried out increasing the speed of agitation to
promote the contact between Norit 240 Xy and the MCPA present in the solution. How-
ever, doubling the agitation speed between tests, no significant changes were observed
in the amounts of MCPA adsorbed for different contact times. These results allow con-
firming that on Norit 1240 X, during the first step, the vacant adsorption sites on the
external surface are occupied; after that, the intraparticle rate diffusion is the main factor,
or the limiting step, that controls the MCPA adsorption inside the narrow pores. These
findings demonstrated that the adsorption process comprised both film diffusion and
intraparticle diffusion.

3.4. Pesticide Removal from the Aqueous Phase

Adsorption isotherms were performed using MCPA solutions with concentrations
varying from 5 to 500 mg L}, at a pH = 3, after different contact times (from 24 to 288 h), as
presented in Figures 5 and 6. The maximum adsorption capacity attaints 401.3 mg g~ ! on
Norit 1240 Xp, 392.2 mg g~ ! on Merck, and 403.7 mg g~ ! on Norit 1240 X, after a contact
time of 288 h, as shown in Figures 5 and 6. Some assays were conducted in triplicate (or

even more) and were very reproducible, with a maximum standard deviation of 5mg g~!.

400 f Eh
- n n
350 + %
i o
300 + ﬁ&' a
5250 T
%0 i ®m Merck - 288 h
200 f
2 o @ Merck - 216 h
0'150 1 DMGI‘C_k -168 h
™| a Merck - 72 h
100 1 O Merck - 24 h
50
0 4 } 1 } 1 } 1 } 1 } 1
0 50 100 150 200 250 300

Ceq/mgL -t
Figure 5. MCPA adsorption isotherms obtained on the ACs from Merck after different contact times.

After a contact time of 288 h, the amount of MCPA adsorbed on Norit AC in powder
or granular form was similar. The longer contact times needed to achieve the adsorption
equilibrium could explain the scattering of data points (data not presented here), mainly
for shorter contact time. These results corroborate those obtained during the kinetic studies
and allow us to rule out the diffusion of MCPA in the solution as a limiting factor.

Previous studies have led to the conclusion that the effect of the entry of adsorbate
into the pores occurs only when the average pore diameter is less than 1.5 to 1.7 times the
second widest dimension of the adsorbate [27,28]. The Norit 1240 Xy AC presents a mean
pore size of 1.04 nm, and MCPA presents a molecular diameter between 7 and 9 A [27].
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This comparison allows confirming that the pore size exclusion effects seem not to be the
predominant factor in the MCPA-Norit 1240 Xg system.

400

350

300

--& - Norit Xp - 288 h
--& - Norit Xp-96 h
- -& - Norit Xp - 24 h
~~~~~ O~ Norit Xg - 288 h
..... «- Norit Xg - 168 h
--e--Norit Xg-72 h

50 100 150 200 250 300 350
Ceq/ mg L7

Figure 6. MCPA adsorption isotherms obtained on Norit 1240 X, and Norit 1240 X after different
contact times (between 24 and 288 h).

It is interesting to note that after a contact time of 288 h, the amount of MCPA adsorbed
for higher concentrations is almost similar to that obtained by Norit 1240 X;,, shown in
Figure 6. This finding allows us to confirm that on Norit 1240 Xg, the pore volume is
available to the pesticide, and the diffusion in the narrow pores or narrow pores’ entrance
could be a limiting factor for the slow adsorption rate of MCPA molecules.

The maximum amount of MCPA adsorbed by both ACs is in the range of values
obtained by Spaltro et al. (2018). These authors reported an amount of MCPA adsorbed
on commercial GAB AC and CPB obtained from the Langmuir equation as 599.8 and
399.9 mg g~ !, respectively. From the application of the Freundlich equation, the amounts
of MCPA obtained were 10.42 and 125.7 mg g~ ! on a commercial GAB AC and CPB,
respectively [29].

3.5. Regeneration of ACs

Because the adsorbent loses its efficiency after becoming saturated, the regeneration
process, or desorption of pollutants from the adsorbent, is crucial. Recent publications have
emphasized the value of recycling used adsorbents rather than disposing of them [26,31,33].
The goal of the regeneration steps is to eliminate contaminants from the pores and external
surface area without reducing the adsorption capacity. In this work, after being saturated
with MCPA, the ACs were regenerated with different washing solutions and through
thermal treatment. First, the same volume of six different solvents or solutions (ethanol,
distilled water, NaOH—T1, 0.1, and 0.01 mol dm 3, and HNO3—0.1 mol dm %) was added to
a similar amount of saturated MCPA-ACs. These suspensions were kept in a thermostated
bath under agitation at 298 K for 24 h.
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(%)

100

The MCPA, which was previously retained in the ACs, thus moved into the solu-
tion [33]. According to the findings in Figure 7, which show the amount of MCPA desorbed
from each AC, acidic solutions and distilled water are both inappropriate for the regener-
ation of MCPA-saturated ACs. These results are not surprising, since the adsorption of
MCPA on different ACs was favored when performed from acidic solutions. In a review
paper, Omorogie et. al (2016) reported that NaOH solutions were successfully used to
desorb tannin and phenol from organoclays adsorbents. The same authors reported that
HNOj; solutions were useful to desorb MB from a composite adsorbent, and methanol was
employed to regenerate carbonaceous adsorbents [14].

80

40 1

20 1

« HNO3 - 1M
# H20 - pH=6

# NaOH - 0.01M
= NaOH - 1M

# NaOH - 0.1M

» Ethanol

HNO:s

Figure 7. Percentage of MCPA desorbed from Merck AC using different washing solutions.

By using a single washing step, basic solutions and ethanol worked well on the
regeneration of ACs. The follow-up of the different assays allowed us to verify that
the desorption of the MCPA increases with the contact time between ACs and washing
solutions. To promote the MCPA desorption on each regeneration cycle, mainly with
ethanol or basic solutions, the saturated ACs were washed with 3 x 100 mL of ethanol
or NaOH solutions (0.1 and 0.01 mol dm~3). The amount of MCPA that passed into the
solution was quantified, and the regenerated ACs were used for a new adsorption cycle, as
the data included in Table 4 and Figure 8 show.

On the Merck AC, on the first regeneration cycle, after a contact time of 24 h and using
100 mL of washing solution, the desorption percentage of MCPA achieved 37.7 and 43.7%,
with NaOH 0f0.1 and 0.01 mol dm~3, respectively. Ethanol washing allowed to reach a
removal percentage of 69.2%, as shown in Figure 8. After 72 h, (3 x 100 mL washing steps),
the desorption percentage of MCPA with the basic solutions reached 63.8 and 69.0%, with
NaOH 0.1 and 0.01 mol dm 3, respectively. Yet, ethanol was allowed to reach a desorption
percentage higher than 99%.

However, the amount of MCPA that passed through the solution was greater than
the amount that was subsequently adsorbed. This statement allows inferring that spent
Merck AC is deactivated due to various types of physicochemical interactions with the
washing solutions. This might obstruct the highly developed porous structure, destroying
or reducing the ability to remove MCPA molecules in the long run.
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Table 4. Performance of ACs after different regeneration cycles in MCPA removal from the aqueous
phase. R1, R2, and R3 mean the first, second, and third regeneration cycles (*—the adsorption cycle

was extended up to 96 h).
Qads/ Qads/ Qads/
) mgg! mgg! mgg!
Activated Carbon Regeneration Cycles
NaOH— NaOH— Etanol
0.1 mol dm—3 0.01 mol dm—3

R1 229.7 230.7 231.6

. R2 169.9 176.4 197.3

Merc R3 763 55.7 96.5

R4 — (R3 + T =573K) 124.6 147.4 182.7

R1 226.9 232.2 231.9

Norit 1240 X, R2 207.4 178.0 212.1

(powder) R3 79.2 67.4 88.8

R4 — (R3+ T =573K) 230.4 221.9 239.4

R1 157.9 148.6 155.8

. R2 84.5 103.3 102.8

N?r;;ii‘fgs;(g R2+96h* 141.3 167.8 180.4

& R3 77.5 74.3 142.7

R4 (R3 + T =573 K) 126.1 154.3 181.8

1st regeneration test

- 1/‘ m desomtion after 24h
80 -
g 60
40 -
20 A
0 -

NaOH - 0.1M

NaOH -0.01 M Ethanol

Solvents

Figure 8. Percentage of MCPA desorption in the first regeneration process on Merck AC through
washing methods using 100 mL of the washing solution every 24 h.

The second and third regeneration cycles of Merck AC led to a significative degradation
of the adsorbent, which resulted in a successive decrease in the MCPA amount adsorbed
in the different cycles (R1 to R3, Table 4). However, when the contact time between the
adsorbent and MCPA was prolonged to 96 h, the amount of MCPA adsorbed increased.
This finding leads to the conclusion that the different stages of washing the AC promote a
reduction in pore intake, which makes it more difficult for MCPA to access pores, which
may indicate that the limiting factors are mainly related to intraparticle diffusion.
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Concerning Norit 1240 X}, in each adsorption cycle, the MCPA amount desorbed was
lower than the amount desorbed on Merck, (54.2, 64.5, and 98.9% on ACs regenerated
with NaOH 0.1 and 0.01 mol dm~2 and ethanol, respectively). Surprisingly, the amount of
MCPA adsorbed on the regenerated ACs was similar to or even higher than the amount
adsorbed on the Merck AC.

On Norit 1240 Xg, the amount of MCPA adsorbed showed greater deviations between
the various assays. The washing procedure used on Norit 1240 Xg was less effective.
And the amount of MCPA that passed through the solution on the first regeneration
cycle was lower (30.3, 45.2, and 84.8% on ACs regenerated with NaOH 0.1 and 0.01 mol
dm~2 and ethanol, respectively) when compared with that obtained from Merck or Norit
1240 Xp,. After being submitted to one regeneration cycle, Norit 1240 X; was reused on a
new adsorption cycle of MCPA from the aqueous phase. The MCPA amount adsorbed on
the second and third cycles was lower than the amount adsorbed in the previous adsorption
cycle. Here, again, when the contact time was increased to 96 h, the amount of MCPA
adsorbed increased, in agreement with data obtained during the obtention of the initial
isotherms, as shown in Table 3 (R3%).

In Norit 1240 Xg AC, the maximum amount of MCPA adsorbed varied between 59 and
69% of the amount adsorbed in the same AC in powder form. In granular form, all porous
volume is accessible to the nitrogen molecule, which is a small molecule. However, the
restrictions in pore entrance limit access to large molecules, such as MCPA. This restriction
in pore access explains the lower performance and slower kinetics presented by Norit Xg,
as presented in Figures 4 and 6. Although the adsorption—desorption cycles obtained after
prolonged contact times performed better, in practical settings, such as those involving
spills, the process of recovering pollutants must be fast, while also being efficient.

If the concentration of a NaOH solution is not high enough, desorption cannot be
achieved with this washing solution, as described by Alvarez et al. in 2004 [21]. However, a
very high concentration of NaOH can promote the retention of the OH groups on the active
sites and delay the subsequent adsorption step [19]. This phenomenon can explain the
reduction in the MCPA amount adsorbed on the Merck AC regenerated with a 1M NaOH
solution, as presented in Figure 7.

3.6. Regeneration by Basic Aqueous Washing Followed by Thermal Treatment

Since in the third regeneration cycle the amount of MCPA desorb decreased drastically
on all ACs, these were then submitted to a thermal regeneration process. After three
adsorption-regeneration cycles, the ACs were separated from the washing solutions and
regenerated by thermal treatment under nitrogen flux at 573 K for 30 min. The regenerated
ACs were then used for a fourth cycle of MCPA adsorption, from the aqueous phase. The
regenerated Merck AC was able to adsorb between 54.2% and 78.9% of the MCPA adsorbed
in the first cycle. Yet, the amounts adsorbed were 1.63 to 2.65 times higher than the amounts
adsorbed in the previous step (R3).

The regenerated Norit 1240 X}, and Norit 1240 Xg ACs were used on a fourth adsorp-
tion cycle. Surprisingly, in all trials, the amount of MCPA adsorbed was higher than the
amount adsorbed during the first cycle. In Norit 1240 X, and Norit 1240 Xg, stronger
adsorption seems to take place, and desorption through the washing methods was more
difficult to achieve. It should be emphasized that unlike thermal regeneration, regeneration
by washing procedures with various washing solutions enables the recovery and reuse of
the adsorptive. However, thermal treatment is quite effective for the regeneration of Norit
1240 X AC in powder or granular form. These results are consistent with the reduction in
the acidic functional groups identified in the FTIR spectra, demonstrating that the ACs
with high basic character present a better performance in the removal of pesticides from
the aqueous phase [27].
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4. Conclusions

The Merck and Norit ACs, mainly in powder form, present high adsorption capacities
concerning the removal of MCPA from water. A longer contact time is required to achieve
equilibrium with granular Norit AC. This work is focused on the results concerning
different MCPA-saturated AC regenerating methods, namely using ethanol washing, basic
aqueous washing, and a two-step combined treatment. The results obtained in different
steps in the MCPA adsorption—desorption cycles show that the use of ethanol has a high
potential for removing MCPA from microporous adsorbents. However, mainly on granular
AC, the combined treatment of the washing solutions followed by a thermal treatment
at 573 K was more efficient in recovering the surface properties of the spent AC than the
individual basic aqueous washing treatments. It was also clear that Merck-saturated AC
was easy to regenerate through basic washing solutions than the Norit 1204 X AC. In Norit
1240 X, and Norit 1240 Xg, a stronger adsorption interaction seems to take place, and
desorption through the washing methods was more difficult to achieve.

Thermal treatment, however, is quite successful in regenerating Norit 1240 X AC in
granular or powder form. The thermal treatment enables MCPA that has been trapped in the
microporous volume to desorb. When compared with virgin AC (Norit 1240 X), regenerate
ACs, particularly Norit 1240 Xo—RT, present a higher maximum MCPA adsorption capacity,
which can be attributed to a widening of the pore entrance. The adsorption—desorption
cycles were carried out in controlled experimental conditions, using desorption cycles of
72 h and adsorption cycles of 24 h. Increasing the contact time may increase the amount of
MCPA desorbed and adsorbed. However, in practice, a very long contact time is a major
limitation to the application of the process. The data from the kinetic studies of the MCPA
adsorption were well described by the pseudo-second-order model, and the Weber-Morris
model allows us to state that on Norit 1240 Xg, the limiting factor to MCPA adsorption and
kinetics was the pore diffusion.

At present, washing methods for adsorbent regeneration using different solvents are
not used at an industrial level. However, the investigation of environmentally friendly
regeneration methods is necessary to reduce energy consumption in thermal regeneration
and achieve the objective of the circular economy.
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