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The presence of environmental contaminants is a major problem today. In this
context, it is necessary to develop new sustainable materials to be used to
remediate these contaminants. In this work, the serpentinite rock was
impregnated with cobalt, 5%, 10% and 20% and used as a support for the
synthesis of carbon nanostructures by CVD (chemical vapour deposition)
process, at 900°C. This temperature was chosen due to the high thermal
stability of the carbon source. The materials were characterized by X-ray
diffraction, Raman spectroscopy, thermal analysis, scanning and transmission
microscopy. As expect the main phases formed were forsterite, Mg2SiO4,
graphitic carbon and metallic cobalt. All the synthesis showed the formation
of carbon structures asmultiwalled carbon nanostructures over cobalt cores. The
carbon structures showed good thermal stability, between 470 and 600°C. The
higher the cobalt content, the higher the yield of the carbon structures synthesis,
i.e. 14%, 23% and 37% for Serp5, Serp10 and Serp20, respectively. The produced
materials were used to removal of the environmental contaminant sulfentrazone.
After CVD process, the removal of sulfentrazone increase to 17.3%, 18.4% and
25.2% for Serp5, Serp10 and Serp20, respectively, showing an increase in
sulfentrazone removal with the increase in carbon content. In addition, the
percentage of sulfentrazone removal by Serp20 was greater at acidic pH
values, decreasing from 41.7% to 12.7% with an increase from 2 to 10 in pH.
The removal capacity obtained experimentally at a sulfentrazone concentration
of 50 mg L−1 was equal to 14.9 mg g−1. According to literature and data obtained in
this work, it was observed that the removal of contaminants from the aqueous
medium occurred through two mechanisms: reduction of the organic
compound by Co nanoparticles and adsorption carried out by carbon
nanostructures.
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1 Introduction

Serpentinite is an ultrabasic rock that can be formed by silicate
minerals: chrysotile (Mg3(Si2O5) (OH)4), antigorite (Mg3(Si2O5)
(OH)4, lizardite (Mg3(Si2O5) (OH)4), and talc (Mg3Si4O10(OH)2)
(Hirth and Guillot, 2013). Althought the distribution and presence
of these minerals depend on the place where this rock is present,
serpentinite is basically a Si oxide tetrahedral sheet bounded to
Mg(OH)2 based octahedral layer (Cao et al., 2017). Natural minerals,
such as those based on serpentinite, are being increasingly used in
environmental applications, due to their low cost, great abundance
in nature, and easily obtainability (Lemos et al., 2016).

In this work, a novel approach was developed to use this natural
inorganic material in removal of environmental contaminants,
improving its properties by growing carbon nanofibers/nanotubes
in its surface, producing amphiphilic materials. The CVD (Chemical
Vapour Deposition) process is one of the most used for carbon
nanotube synthesis based on technical simplicity, relatively low cost,
and high yields (Purceno et al., 2011). Developed in the 1960s and
1970s, the CVD process consists of catalytic decomposition of
carbon precursors (hydrocarbons, CO, alcohol) through catalysts,
e.g., Fe/Mo, Ni, Co, that can be deposited on a thermally stable and
preferably large surface area of an inert substrate (Dresselhaus et al.,
2001; Dupuis, 2005; O’Connell and O’Connell, 2006; Öncel and
Yürüm, 2006).

Previous work in our group has shown how those amphiphilic
composites have special features. The simultaneous presence of
hydrophilic Si and Si–Al oxide surface and hydrophobic carbon
nanotubes (CNT) and nanofibers (CNF), allow the composites to
interact well with aqueous and different organic phases. Furthermore,
the presence of magnetic cores on the composite enables its removal
from different media by a simple magnetic separation process
(Teixeira et al., 2013; 2012; Purceno et al., 2012). These
characteristics make amphiphilic materials interesting adsorbents
for organic pollutants in aqueous media. One important class of
organic contamination in wastewater is the herbicides.

The use of agrochemicals has grown rapidly due to high demand
for food. However, the indiscriminate and disorderly use of these
compounds may cause environmental and human health problems,
such as gastrointestinal and respiratory system damages, cancer and
fetal development issues, becoming a global concern (Siqueira and
Kruse, 2008; Nascimento et al., 2016). Sulfentrazone is a pre-emergent
herbicide and has a high potential persistence and moderate mobility
in soil, and it may contaminate surface and ground water (Martinez
et al., 2008). Therefore, the development of technologies that
efficiently remove such substances becomes imperative.

Undabeytia et al. used clay-vesicle complexes composed of
montmorillonite and positively charged didodecyldimethylammonium
bromide (DDAB) mixed with clay (1:100 w:w) in a column filter to
remove a solution with several organic pollutants in 10 mg/L initial
concentration (Undabeytia et al., 2008). Their results were
compared with sand/activated carbon filter. The best results were
for anionic pollutants such Sulfentrazone and Imazaquin, achieving
100% adsorption capacity, but even the neutral ones (Alachlor and
Atrazine) the results were three-fold higher for the clay-vesicle than
the activated carbon filter. These results were achieved for 1 L
solution. Lelario et al. also addressed the adsorption of organic
pollutants (simazine, sulfentrazone and diclofenac) using a filter

filled with polymer-, micelle- and liposome-clay composite (Lelario
et al., 2017). The authors found that high solubilization capacity was
the major factor in sulfentrazone adsorption due to its hydrophobic
nature and the best results were for the micelle-clay composite.
These results show a potential for amphiphilic materials that could
interact with both the aqueous solution and the hydrophobic
pollutant decreasing the solubilization capacity factor.

In the literature, three publications were found on the use of
serpentinite in adsorption processes. Momcilovic et al. used
serpentinite for the adsorption of Cd2+ and anionic organic textile
dyes from synthetic water. Removals above 98% were achieved for
Cd2+ and up to 99% for anionic dyes (Momčilović et al., 2016). Drizo
et al. used serpentinite for the adsorption of phosphate from aqueous
effluent. The results showed that serpentinite was efficient for removing
1.0 mg P/g in column studies (Drizo et al., 2006). Petrounias et al.
activated serpentinite samples in a Los Angeles machine using different
revolutions. And they observed that the materials obtained can be used
as filters to remove Cu2+ from water (Petrounias et al., 2020). Although
some papers have been published demonstrating the use of serpentinite
in adsorption process, none have investigated its use in sulfentrazone
removal, moreover, the potential combination of serpentinite and
carbon nanostructures for that purpose.

Hereon, we described the synthesis of carbon nanofibers/
nanotubes supported on serpentinite to produce magnetic
amphiphilic composites to further investigate the removal of
sulfentrazone contaminant in aqueous media.

2 Experimental

Serpentinite materials were provided by Pedras Congonhas
Extração Arte Indústria (Nova Lima, Brazil). To study the changes
in this mineral structure after a thermal treatment, the samples (5 g)
were calcined at 800°C for 1 h in a tubular furnace using a quartz tube,
with a heating rate of 10°C min-1 and a flow rate of 50 mLmin-1 for
different atmospheres: air and 8%H2/N2mixture. These samples were
named Serp air and Serp H2, where Serp represents serpentinite.

2.1 Synthetic procedure

Serpentinite samples (5 g) were impregnated with an aqueous
solution of cobalt nitrate hexahydrated in proportions of 5, 10 and
20 wt% of metal/support. The impregnation was done using 100 mL
of cobalt nitrate hexahydrated at different concentrations in a beaker
over magnetic agitation.

The resulting mixture was kept at 80°C, in a heating plate, until
total evaporation of water. The obtained solids were further dried at
80°C during 24 h in a drying oven. The impregnated materials were
reduced in a horizontal oven at 800°C (heating rate of 10°C.min-1) for
1 h in a H2/N2 (8%) flow rate of 50 mL min-1. Then, the reduced
materials were further heated at the same heating rate until 900°C for
1 h in 50 mL min-1

flux of methane, using an alumina boat inside a
quartz tube (CVD process). This temperature was chosen due to the
high thermal stability of the carbon source. The materials were
denoted as Serp5, Serp10, and Serp20, according to the cobalt
content, wherein “Serp” denotes the name serpentinite, while 5,
10 and 20 refers the respective cobalt amount.
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2.2 Characterization

The obtained materials were characterized by X-ray diffraction
(XRD) using a Rigaku Geiger 2037 equipment, CuK α = 1,54051 Å
radiation, 2θ: 5°–70°, 4°.min-1 with a copper tube);
thermogravimetric analysis, using a DTG 60H model from
Shimadzu, in air flow of 50 mL min-1, heating rate of 10°C.min-1

until 1,000°C; elemental analysis (carbon, hydrogen and nitrogen)
were obtained using a Perkin Elmer 2,400 analyzer; Raman
spectroscopy, using a model Senterra from Bruker, laser 633 nm,
2 mW. 10 different measurements were taken, and the result was an
average. A ×50 magnification objective was used to carry out the
measurements, Scanning electronic microscopy (SEM), using a
Quanta FEG 3D and Quanta FEG 200 equipments. For
measurements, the samples were placed under a carbon tape;
Transmission electronic microscopy (TEM), using a Tecnai G2-
20 FEI. For measurements, the samples were dispersed in
isopropanol and placed on holey carbon grids; N2 adsorption-
desorption isotherm were obtained using a Quantachrome
autosorb equipment. The isotherms were obtained at 77 K.
Before the measurements, the samples were degassed at 100°C
for 24 h.

2.3 Environmental applications

The prepared materials were used to remove the environmental
contaminant, sulfetrazone. Initially, the adsorption equilibrium time
between Serp5 and sulfentrazone was determined. For this, 0.0100 g
of Serp5 were added to 20.00 mL of sulfentrazone solution at
10.0 mg .L-1, under constant agitation and temperature, with
aliquots removed at different time intervals. Subsequently, factors
that may affect the sulfentrazone removal, such as cobalt content (5,
10% and 20%), pH (2, 4, 6, 8, and 10) and initial sulfentrazone
concentration (5–50 mg. L-1) were investigated. HCl and NaOH
solutions, both at 0.1 mol .L-1, were used to pH adjustment.

To describe the adsorption process, Langmuir and Freundlich
isothermal models were used, Eqs (1), (2), respectively. The assays
were performed using initial sulfentrazone concentrations of
5–50 mg L-1.

qe � qmaxKLCe

1 +KLCe
(1)

qe � KFC
1/n
e (2)

Wherein Ce (mg.L-1) is the sulfentrazone concentration at
equilibrium, qe (mg.g-1) is the amount of sulfentrazone adsorbed
per Gram of adsorbent at equilibrium, qmax (mg.g-1) is the maximum
adsorption capacity, KL (g.mg-1) is the constant Langmuir, KF (mg.g-1)
(mg.L-1)n is adsorption capacity related constant and n is the constant
related to adsorption intensity. In all assays, aliquots were removed
from the system at pre-established times and filtered through
nitrocellulose membrane (13 mm of diameter and 0.45 µm of
porosity). The remaining sulfentrazone concentration was
determined by High Performance Liquid Chromatography (LC
20AT Shimadzu) coupled to UV-Vis detector (SPD 20A
Shimadzu) using C18 150 mm x 4.6 mm of internal diameter. The
chromatographic conditions were: The mobile phase consisted of

acetonitrile, ultrafiltrated water and phosphoric acid (50:49.9:1.1, v/v/
v), injection volume 20 μL, flow rate 1.0 mLmin-1 and monitored
wavelength was 207 nm.

The adsorption capacity qe (mg.g-1) and removal rate (%) of
sulfentrazone were calculated by Eqs (3), (4), respectively:

qe �
C0 - Ct( )V

m
(3)

%Removal � C0- Ct( ) × 100
C0

(4)

Wherein C0 is the initial sulfentrazone concentration and Ct is
sulfentrazone concentration at time t, V is the sulfentrazone solution
volume andm is the mass of the material. All assays were performed
in flasks coupled to a thermocriostatic bath (Microquímica, MQBTC
99–20) for temperature control.

3 Results and discussion

Before CVD process, the thermal stability of the serpentinite was
studied at 800 °C in both oxidant (air) and reducing (H2/N2)
atmosphere. Inert ceramic materials such as MgO and Al2O3 are
generally used as catalyst supports for the synthesis of carbon
nanomaterials via the CVD process. These matrices are stable
and do not decompose or undergo modifications during the
carbon deposition process at high temperatures. Serpentinite is a
natural material with hydroxyl groups that undergoes phase
modification during the heating process. Furthermore,
serpentinite contains Fe2+ and Fe3+ ions in its structure, which is
why in this work we decided to carry out a preliminary study of this
rock, both in an oxidizing and reducing atmosphere. This study
helped us understand which active phases are present in serpentinite
at high temperatures and to understand whether any oxidation or
reduction process occurs in this material during heating.

The changes in structure were observed by XRD (Figure 1). The
XRD patterns for serpentinite before thermal treatment showed

FIGURE 1
XRD patterns of serpentinite, before and after thermal treatment,
in air and H2/N2 atmosphere at 800°C for 1 hour.
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three minerals patterns, lizardite (JCDPS 18–779), antigorite
(Mg3Si2O5(OH)4, JCDPS 44–1,447) and talc (Mg3Si4O10(OH)2,
JCDPS 3-881), as constituents. Interestingly, no crysotile phase
was observed and usually this silicate mineral is very common in
serpentinite samples (Teixeira et al., 2013). After 800 °C treatment in
air atmosphere, it can be noticed several changes in the XRD
patterns after hydrate magnesium silicate phase modifications,
yielding new mineral peaks characterized as forsterite (Mg2SiO4,
JCDPS 34-189), olivine [(Fe,Mg)2SiO4, JCDPS 2-1,343] and enstatite
(MgSiO3, JCDPS 2-546) (Ballotin et al., 2016). There were no
differences in mineral constitution in the serpentinite samples
obtained after reducing atmosphere. But it was not possible more
to observe the original phases from serpentinite rock at these
temperatures. Consequently, we conclude that the phases
presented during CVD process were forsterite, enstatite and
olivine instead of the hydrated phases lizardite, antigorite and talc.

After understanding the actual mineral phases that will behave
as support in the CVD process for CNS synthesis, serpentinite was
impregnated with catalyst (Co) in three different metal/support
ratios, named Serp5, Serp10 and Serp15 for 5, 10% and 15 % wt of
cobalt, respectively. The resultant materials were placed at 800°C in
H2/N2 for catalyst reduction and then heated until 900°C in CH4 for
CNS growth. The temperature of 800°C was chosen for the reduction
of cobalt phases because, according to the literature, this value is
sufficient for the formation of cobalt nanoparticles (Lemos
et al., 2016).

In this work, it was decided to use a higher temperature in the
carbon deposition process due to the carbon source used.
According to previous work by the group and data from the
literature, more stable sources of carbon such as methane and
carbon monoxide require higher temperatures for their activation
and decomposition. On the other hand, for less stable sources such
as acetylene and ethylene, lower temperatures can be used (Shah
and Tali, 2016; Silva et al., 2020; Teixeira et al., 2013; Tessonnier
and Su, 2011). Figure 2 shows the XRD patterns for all materials
after CVD process.

As expected, the XRD patterns showed non-hydrate silicate
phases of forsterite, olivine and enstatite (as observed in
Figure 1), for all materials. In addition, it can be observed new
peaks related to the metallic cobalt (JCDPS 15-806) and graphitic
carbon (JCDPS 1–640). Co0 was formed after the reduction step at
800 °C for catalyst activation, while graphitic carbon peaks indicate
that carbon structures were formed in the CVD process. To elucidate
the carbon structures, several techniques were used such as SEM,
TEM, TG/DTG, elemental analysis, nitrogen isotherms at 77 K and
Raman spectroscopy.

First, the impact of thermal treatment over the serpentinite
structure was studied by SEM (Supplementary Figure S1, ESI†).
Serpentinite showed a disperse structure with micrometric
heterogeneous dimensions and morphology. The treatment at
800°C in H2/N2 atmosphere favoured the formation of some
agglomerated particles, but no other significant change is
observed. EDX analyses (Supplementary Figure S2, ESI†) for
serpentinite showed the main presence of the elements Mg, Si, Fe
and O. After heat treatments in oxidizing and reducing atmospheres,
no change in the elements were observed. However, an increase in
the relative intensity of the peaks referring toMg and Si in relation to
the peak of the oxygen element was noticed. This fact can be
explained by the dehydroxylation of the hydrated phases of the
serpentinite with loss of water molecules, which makes the phases
richer in Mg and Si. After CVD process (Supplementary Figure S3,
ESI†), the images show large agglomerates of carbon structures over
the serpentinite support.

TEM images, Figure 3, enables a closer look at the carbon
structures formed after CVD process. Most of the produced
carbon is multi walled nanostructures with cobalt cores. Also, all
catalytic systems were effective to grow these CNS, with no
perceptive differences between the materials.

We used 12 different images of each material to carry out a
statistical analysis of the diameter of the tubes and fibers formed.
The results obtained were (43 ± 12) nm (46 ± 23) nm and (82 ± 38)
nm to Serp5, Serp 10, and Serp20, respectively. It is possible to
observe that the standard deviation of the size of the structures was
high, which can be justified by the heterogeneity of the structures
formed and its relation to the natural support (serpentinite) used in
the CVD process. Additionally, the higher the metal content used in
the synthesis of the materials, the larger the diameter of the
nanostructures produced.

According to the literature, there are two most common types of
nanostructure growth mechanisms using the CVD process: “tip-
growth” for large catalytic particles (>>5 nm) and “base-growth” for
smaller catalytic nanoparticles. From the TEM images it is possible
to observe that the metallic nanoparticles inside the cavities of the
carbon nanostructures have dimensions greater than 10 nm and
smaller than 100 nm. Therefore, the possible mechanism for the
CVD process in this work is based on tip-growth, with the formation
of multiple carbon walls (Gohier et al., 2008).

The thermal stability measurements give us some information
about the CNS organization structure and also about the yield of
carbonaceous materials formed. The TG curves of the composites
(Figure 4) showed a weight loss between 470°C and 600 °C, related to
CNS oxidation. The maximum oxidation temperatures were: 548°C,
536°C and 514°C for the materials Serp5, Serp10 and Serp20,
respectively. Meaning that an increase in cobalt amount

FIGURE 2
XRD patterns of serpentinite with 5, 10, and 20 %wt of Co, after
CVD process.
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promotes a decrease in the maximum oxidation temperature. There
are two hypotheses that may justify this fact: i) higher Co content
could favor the formation of less organized structures, such as
amorphous carbon or carbon nanotubes with one or a few walls
that is less stable; ii) the presence of large amounts of metal particles
can also catalyse carbon oxidation, decreasing the maximum
oxidation temperature (McKee and Vecchio, 2006). In all curves
there were no loss weight events in low temperatures, which may
indicate the absence of amorphous carbon in the materials (Zhao
et al., 2011; Yang et al., 2012). Considering the weight loss, it was
possible to determine the approximate amount of carbon present in
each sample, being 12, 23% and 35% for Serp5, Sepr10, and Serp20,

respectively. So, the higher the cobalt content, the higher the yield of
the carbon structures synthesis.

To confirm the carbon content of the materials, elemental
analysis measurements were performed. As expected, the trend
remained unchanged (14, 23% and 37 % wt, for Serp5, Serp10,
and Serp20, respectively) and agreed with the obtained values by
TG curves.

An important characteristic of adsorbent materials is its
superficial area. Pure serpentinite, as other natural minerals, has
a low superficial area, i.e. 10 m2 g-1 (Cao et al., 2017). After nitrogen
adsorption, the materials Serp5, Serp10 and Serp20 showed no
significant difference in its superficial area, i.e. 7, 9 and 14 m2 g-1,

FIGURE 3
TEM images of serpentinite with 5 (A), 10 (B) and 20 (C) %wt of Co, after CVD process (methane 1 h).
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respectively. It would be expected some increase, comparing to pure
serpentinite, due to CNS formation, but in this case no significant
change was noticed, probably due to an excess of serpentinite
(matrix) in the material.

For last, for further CNS structure elucidation, Raman spectra
were obtained (Figure 5). Ten different measurements were
carried out for each sample and all spectra presented here
represents an average result. It is possible to observe the D
and G characteristics bands for carbon materials, at 1,320 and
1,580 cm-1 respectively (Figure 5). The D band refers to less
organized carbon materials, generally defective structures, and
the G-band is related to more organized carbon structures,
i.e., graphite structures (Pimenta et al., 2007). The ID/IG ratio
can be used as a parameter for the quality of carbon
nanomaterials. The higher the ratio, the lower the structural

organization of the material (Beyssac et al., 2003). The ratio
values obtained were, 1.2; 1.1 and 1.0 to Serp5, Serp10 and
Serp20. respectively. All values obtained were close to 1.0,
which was expected as they were materials made from a
natural support, with variable particle sizes, not favouring
more organized structures. Again, no significant differences
between the CNS of the three materials can be point out.
Consequently, all techniques suggest that the Co content did
not influenced the carbon structures, only the yield (increased
when catalyst content was increased–Serp20).

FIGURE 4
Thermogravimetric curves of serpentinite with 5, 10, and 20 %wt
of Co, after CVD process, obtained in air atmosphere. In detail, DTG
curves of the materials.

FIGURE 5
Raman spectra of serpentinite with 5, 10, and 20 %wt of Co, after
CVD process.

FIGURE 6
Equilibrium time of sulfentrazone adsorption by Serp5.
Experimental conditions: C0 Sulfentrazone = 10.0 mg L-1, volume =
20.00 mL, adsorbent mass = 0.0100 g, contact time = 60 min,
temperature= 25°C, pHinitial ~ 5

FIGURE 7
Sulfentrazone removal by serpentinite before thermal treatment,
Serp5, Serp10 and Serp20. Experimental conditions: C0 Sulfentrazone =
10.0 mg L-1, volume = 20.00 mL, adsorbent mass = 0.0100 g, contact
time = 25 min, temperature = 25°C, pHinitial ~ 5.

Frontiers in Carbon frontiersin.org06

Diogo et al. 10.3389/frcrb.2024.1402105

https://www.frontiersin.org/journals/carbon
https://www.frontiersin.org
https://doi.org/10.3389/frcrb.2024.1402105


Our research group has been working on the synthesis of carbon
nanostructures using natural minerals such as chrysotile (Lemos
et al., 2016), vermiculite (Purceno et al., 2012) and mining waste
(Silva et al., 2020) in the presence of iron or cobalt nanoparticles
through the CVD process with different carbon sources and
synthesis temperatures. Chrysotile, a silicate present in

serpentinite rock, was impregnated with cobalt for the synthesis
of carbon structures at temperatures between 600–900°C. It was
observed that the best temperatures for synthesis were 800 and
900°C and the materials were efficient for adsorption of methylene
blue dye (Lemos et al., 2016). Purceno and collaborators used the
mineral vermiculite, a magnesium silicate, as a support for the
deposition of iron and molybdenum nanoparticles. Then, it was
synthesized nanostructures using methane as a carbon source at
800°C. The materials (~21% of carbon content) presented
adsorption capacity between 2 and 4 mg m−2 for the hormone
ethinyl estradiol (Purceno et al., 2012). Iron mining tailings were
used for the synthesis of carbon nanomaterials using ethylene and
acetonitrile as carbon sources by the CVD process at temperatures
between 500–900°C. The results obtained showed that higher
temperatures led to the formation of carbon nanostructures with
greater yield. The materials had a capacity to remove ethinyl
estradioal hormone of up to 22.3 mg. g-1 (Silva et al., 2020).

3.1 Removal of the sulfentrazone herbicide

The materials (Serp5, Serp10, and Serp20) were used to removal
of the environmental contaminant sulfentrazone. As already
discussed, this molecule is a pre-emergent herbicide and has a
high potential persistence and moderate mobility in soil, which
facilitates its accumulation and consequent soil and water
contamination.

First, the equilibrium time required for sulfentrazone adsorption
by Serp5 was determined, as shown at Figure 6. The sulfentrazone
was rapidly removed by the material and 5 min were necessary for

FIGURE 8
Influence of initial pH (A) and initial concentration (B) on the sulfentrazone removal by Serp20. Experimental conditions: C0 Sulfentrazone = 10.0 mg L-1

(A) and 5–50 mg L-1 (B), volume = 20.00 mL, adsorbent mass = 0.0100 g, contact time = 25 min, temperature = 25°C, pHinitial = 2–10 (A), pHinitial = 2 (B).

FIGURE 9
Isotherm of Langmuir ( ) and Freundlich ( ) for
sulfentrazone adsorption by Serp 20. Experimental conditions: Initial
concentration 5.0–50.0 mg.L-1, solution volume 20.00 mL, adsorbent
mass 0.0100 g, contact time 25 min, temperature 25°C, pH 2.

TABLE 1 Parameters of Langmuir and Freundlich for the sulfentrazone adsorption by Serp 20.

Langmuir Freundlich

KL/(L mg-1) qm/(mg g-1) R2 KF/(mg g-1) (mg L-1)n 1/n R2

0.145 ± 0.046 16.0 ± 1.40 0.904 3.75 ± 0.424 0.364 ± 0.035 0.969
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the concentration to remain constant. Initially, within the first
5 min, a larger number of active sites were available for
adsorption. However, as time progressed, these active sites
became progressively occupied, resulting in a deceleration of the
adsorption process.

For the other experiments, it was chosen 25 min as reaction
time, to obtain greater reliability that the equilibrium was reached
despite any changed variable. All prepared materials and pure
serpentinite were applied in the sulfentrazone removal, and the
results are shown Figure 7.

The removal of sulfentrazone by serpentinite prior to thermal
treatment was 7.6%. This ability to remove sulfentrazone can be
attributed to the presence of minerals such as antigorite, lizardite,
and talc, as evidenced in the XRD results. These minerals have
amphoteric hydroxyl groups, giving them an acid-base character
that enables them to acquire an electrical charge contingent upon the
pH of the system. Given that the pKa of serpentinite is 4.3 and that of
sulfentrazone is 6.56, during the adsorption process (at pH~5),
serpentinite becomes negatively charged while sulfentrazone carries
a positive charge (Alvarez-Silva et al., 2010; Rodrigues and Almeida,
2018). Consequently, an electrostatic attraction can occur,
facilitating the adsorption of sulfentrazone. Similar findings were
reported by Momčilović et al., who employed serpentinite for the
adsorption of Cd(II) and anionic textile dyes (Momčilović
et al., 2016).

After thermal treatment in reducing atmosphere, the
sulfentrazone removal was only 2.8% in serpentinite. This
occurred due the difference of minerals presents in the materials.
Prior to thermal treatment, serpentinite presented phases of
hydrated magnesium silicate, including antigorite, lizardite, and
talc. However, following thermal treatment, the material exhibits
phases of non-hydrated forsterite, olivine, and enstatite. These
alterations in the mineral composition of serpentinite may result
in a diminished electrostatic interaction between sulfentrazone and
the materials, consequently leading to a reduction in
adsorption capacity.

After CVD process, the removal of sulfentrazone increased to
17.3, 18.4% and 25.2% for Serp5, Serp10, and Serp20, respectively.
The sulfentrazone removal increased with higher carbon content in
the material. Carbonaceous materials, with sp2 hybridization, can
promote the adsorption through π-π interaction with the adsorbate
aromatic ring (Chen et al., 2021). In addition, it could occur
hydrogen bonding interaction between the sulfentrazone
structure and the carboxyl group present in the materials. Thus,
π-π interaction, hydrogen bonding and electrostatic interaction may
be responsible for the adsorption of sulfentrazone, in which led to a
higher contaminant removal. Duman et al. also proposed that
adsorption of the herbicide diquat dibromide by oxidized multi-
walled carbon nanotube occurred due to π-π interaction and
electrostatic interaction (Duman et al., 2019).

Since Serp20 was more effective for sulfentrazone adsorption,
this material was selected to evaluate the influence of other
parameters in the process, such as initial pH and initial
concentration. The results are shown in Figure 8.

As can be seen in Figure 8A, the percentage of sulfentrazone
removal by Serp20 was greater at acidic pH values, decreasing from
41.7% to 12.7% with an increase in pH from 2 to 10. These results
can indicate the participation of cobalt, together with the carbon

structures, in the sulfentrazone removal by a degradation
mechanism. Similar behavior was observed in a work with Fe/Ni
nanoparticles (Nascimento et al., 2016). In an acid medium, these
particles were able to degrade the sulfentrazone from the aqueous
medium by the formation of atomic hydrogen and by direct electron
transfer to the herbicide molecule (Nascimento et al., 2016).

To confirm the degradation of sulfentrazone by Co0, alongside
the adsorption by carbon structures, experiments were conducted at
different pH, and the remaining solutions were analysed by High
Performance Liquid Chromatography (Supplementary Figure S3,
ESI†). At pH values 2 and 4, in addition to the sulfentrazone peak
with a retention time of 4.84 min, a peak with a retention time of
3.75 min corresponding to a sulfentrazone degradation product was
observed. This degradation product, as reported by Nascimento
et al., can be identified as the dechlorinated sulfentrazone molecule
(Nascimento et al., 2016).

Similar results were obtained in other works. Cruz et al. used
Co0/CoO nanoparticles for remazol golden yellow dye removal at
pH 2 (Cruz et al., 2019). According to the authors, the electrons from
the corrosion of Co0 can be transferred directly to the dye molecules
or for protons present in the system. In the last case, highly reactive
hydrogen can induce the cleavage of the azo bond of the dye
molecule (Cruz et al., 2019). Shao et al. used Co0 nanoparticles
embedded in nitrogen-doped mesoporous carbon nanofibers to
promote the hydrogenation of levulinic acid in an H2

atmosphere. According to the authors, the hydrogenation of
levulinic acid occurs due to a reaction with atomic hydrogen,
resulting from the dissociation of H2 adsorbed in Co0 sites (Shao
et al., 2021).

At pH values above 6, the percentage of removal of sulfentrazone
is lower due to the electrostatic repulsion that occurs between
Serp20 and sulfentrazone. Besides that, at these pH values, the
degradation of the sulfentrazone by Co0 will not be very
significant due to the passivation of the metallic cobalt surface by
cobalt oxide. Metallic cobalt is not very stable in an aqueous
medium, being oxidized in CoOx, which leads to its deactivation
during the reaction (Shao et al., 2021). Acidic conditions promote
the removal of a passive layer of oxides and/or hydroxides that form
on the metal’s surface (Cruz et al., 2019).

Consequently, we believe that the removal of sulfentrazone
occurred by two different mechanisms: adsorption by the carbon
species produced in the CVD process and degradation through Co0

species present in the composites.
The effect of the initial sulfentrazone concentration in the

removal process was also investigated. As shown in Figure 8B, with
the increase of initial concentration from 5 to 50 mg L-1, the
removal efficiency decreased from 53.9% to 14.9%, respectively,
due to the occupation of the Serp20 adsorption sites by
sulfentrazone.

Since adsorption is the principal removal process of
sulfentrazone by Serp20, isotherm assays were performed. The
Langmuir and Freundlich isotherm models were adjusted to the
experimental data and the results are shown in Figure 9. The
parameters of both models can be observed in Table 1.

As can be seen, the Freundlich model fit (R2 = 0.969) was better
compared to the Langmuir model fit (R2 = 0.904). The removal
capacity obtained experimentally at a sulfentrazone concentration of
50 mg L-1 was equal to 14.9 mg g-1.
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In other works involving the adsorption of pesticides by carbon-
based materials, the Freundlich model was also the one that best fits
the experimental data. Essandoh et al. obtained a maximum
adsorption capacities for 2,4- dichlorophenoxyacetic acid and 2-
methyl-4-chlorophenoxyacetic acid of 134 mg g-1 and 50 mg g-1,
respectively, using switchgrass biochar (Essandoh et al., 2017).
Liu et al. synthesized a magnetic graphene oxide for
neonicotinoid pesticide adsorption getting adsorption capacities
ranging from 1.77–3.11 mg g-1 (Liu et al., 2017). Suo et al. used P
doped biochar from corn straw for the adsorption of triazine
achieved a maximum adsorption capacity for atrazine of
79.6 mg g−1 (Suo et al., 2019).

4 Conclusion

In this work, the serpentinite rock (Mg3SiO5(OH)4) was used as
an inorganic matrix for the synthesis of magnetic amphiphilic
materials. The serpentinite was impregnated in proportions of 5,
10% and 20% by mass of cobalt/support, to obtain different amounts
of carbon nanotubes, since metallic cobalt acts as a catalyst in the
formation of multi-walled carbon nanotubes. ]The CVD process was
efficient, and it was obtained 14, 23% and 37% carbon wt, for Serp5,
Serp10, and Serp20, respectively. The composites were used for
sulfentrazone removal of water and variables such as inicial
concentration, pH and nature of the adsorbant were studied. The
results showed two main mechanisms: adorption and degradation
by Co particles. The removal capacity obtained experimentally at a
sulfentrazone concentration of 50 mg L-1 was equal to 14.9 mg g-1.
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