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Abstract: In this research work, MFe2O4/CNS was prepared using the hydrothermal–microwave
method. The influence of cations (M) toward functional groups of composites and their performance
in pesticide degradation were studied. Rice husk was pyrolyzed hydrothermally (200 ◦C, 6 h) and
by microwave (800 W, 40 min). Each product was mixed with MCl2 (Zn, Ni, Mn), FeCl3, KOH, and
water, and calcined (600 ◦C, 15 min) to obtain a composite. Characterization by XRD confirmed
the MFe2O4/CNS structure. The FTIR spectra of the composites showed different band sharpness
related to C-O and M-O. A mixture of dried paddy farm soil, composite, BPMC (buthylphenylmethyl
carbamate) pesticide solution (0.25%), and H2O2 solution (0.15%) was kept under dark conditions
for 48 h. The solution above the soil was filtered and measured with a UV-Vis spectrophotometer at
217 nm. Applications without the composite and composite–H2O2 were also conducted. The results
reveal that dark BPMC degradation with the composite was 7.5 times larger than that without the
composite, and 2.9 times larger than that without the composite–H2O2. There were no significantly
different FTIR spectra of the soil, soil–BPMC, soil–BPMC-H2O2, and soil–BPMC-H2O2 composite and
no significantly different X-ray diffractograms between the soil after drying and soil after application
for pesticide degradation using the composite.

Keywords: MFe2O4/CNS composite; rice husk; hydrothermal–microwave method; pesticide

1. Introduction

Pesticides are chemicals used to fight pests and disease vectors in agricultural
or domestic settings. They are toxic substances, but their use in agriculture helps
improve crop yield. However, pesticides can become biocides, i.e., harming all other
life, such as pets, frogs, fish, and plant resistance [1]. Pesticides can also accumulate
in both raw and cooked agricultural products [2]. The negative effect of pesticides
on humans include cancer, defects, brain damage, genetic mutation, and decrease in
immunity. Organochlorine and organophosphate pesticides have high toxicity and long
persistence in the soil. While carbamate and pyrethroid are easily degraded, long-term
usage can result in accumulation [1].

Pesticide degradation is related to the chemical transformation from a molecule to
a simpler and less-toxic form. It can be categorized into two groups, i.e., chemical and
biological degradation. Chemical degradation generally occurs in water or atmosphere and
follows oxidation, reduction, hydrolysis, or photolysis reactions. Biological degradation
generally occurs in soil and living organisms by oxidation, reduction, hydrolysis, or

Processes 2021, 9, 1349. https://doi.org/10.3390/pr9081349 https://www.mdpi.com/journal/processes

https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr9081349
https://doi.org/10.3390/pr9081349
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/pr9081349
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr9081349?type=check_update&version=3


Processes 2021, 9, 1349 2 of 15

conjugation reactions. Oxidation is a reaction between the pesticide and dissolved oxygen
in the environment. It can also be achieved by singlet oxygen, ozone, hydrogen peroxide,
or other hydroxy radicals [3]. Hydrogen peroxide is a liquid fertilizer additive used to
handle fungi and bacteria in plant growth [4]. This substance is used safely in fish pan to
increase DO [5]. It means that usage of hydrogen peroxide as oxidator in degradation of
pesticide in the soil will not danger the water environment.

Removal of pesticides can be done with activated carbon, which can adsorb pesticide
and microbes in the soil and facilitate biological degradation [2]. However, activated carbon
has a less surface area than nanocarbons due to its particle size. For example, the activated
carbon of empty fruit bunch biomass has a lesser surface area than graphene or CNT from
the same biomass [5]. Surface area is an important characteristic for adsorbents due to
determining the contact of the surface of the adsorbent and the adsorbate. A small particle
size generates a larger surface area of the solid [6]. On the other hand, the nano size of
the carbon is needed for easy formation of colloids. This helps farmers to easily spray
pesticide together with a liquid fertilizer. Beside potency of nanocarbons as a remediator of
the polluted soil, they can also be used to improve soil quality through slow release of the
fertilizer by the carbon [7].

Carbon nanomaterials have been synthesized by thermal pyrolysis using a con-
ventional furnace [8], hydrothermal pyrolysis [9,10], microwave [11,12], and sequential
hydrothermal–microwave pyrolysis [13,14]. The hydrothermal pyrolysis method is charac-
terized by high pressure and low temperature. It is conducted under heating and pressure
in the closed vessel. This pressure is generated by vapor pressure. Water is needed in the
hydrothermal reaction as a reactant, solvent, or puffing accelerator [15]. This method is
good for synthesis of carbon nanomaterials, although it still needs long periods of pyrolysis.
For example, xylose and pine were pyrolyzed hydrothermally at a low temperature, i.e., at
180 ◦C for 12 h, to obtain CNS, which was of 80 nm and 50–100 nm, respectively [9]. The
other example is synthesis of carbon spheres from pyrolysis of lignin hydrothermally at
270 ◦C for 7 h, resulting in carbon particle size of 30–60 nm [16].

Conventional pyrolysis can perform shorter pyrolysis than hydrothermal pyrolysis
but at higher temperatures. For example, the pyrolysis of N. tabacum stems using crucible
in a conventional tube furnace under a stream of nitrogen gas at 400 ◦C for 2, 3, and 4 h
resulted in nanocarbons size of 54.88, 36.80, and 25.34 nm, respectively [8].

Microwave pyrolysis is faster and needs a shorter time than both conventional thermal
and hydrothermal methods. This is because its mechanism of heating effectively starts from
the center of the material. Electromagnetic waves penetrate it and interact with molecules
in the materials, resulting in a transfer to thermal energy [12]. For example, pyrolysis of
rice husk with catalyst of ferrocene, Fe(C5H5)2, using a microwave at 600 W for 38 min,
results in CNS that has tubular and sphere morphology [11].

When combined, the hydrothermal–microwave method sequentially can complete
a pyrolysis reaction. Based on FTIR spectra, the sequential hydrothermal–microwave
pyrolysis of gelam wood bark resulted in more oxy functional groups than with the
microwave [13]. On the other hand, the hydrothermal–microwave pyrolysis of patchouli
biomass produced less groups than with the hydrothermal method [14].

Biomass is a term addressing all plants, materials based on plants, and residual
materials [17]. Biomass mainly includes lignocellulose, including cellulose, hemicellulose,
and lignin of 40–60, 20–40, and 10–25 wt.%, respectively. All biomasses contain carbon
atoms and can be pyrolyzed to produce nanocarbons. Pyrolysis of biomass involves
dehydration of moisture and decomposition of lignocellulose [18]. Rice husk is a huge
source of biomass in Indonesia, primarily due to high consumption of the grain. Rice husk
has been used as a precursor of nanocarbons.

Nanocarbons have been modified using metal oxides for various applications, such
as in photocatalysts, electrochemical capacitors, gas sensors, and Li-ion batteries. A com-
posite of a nanocarbon-metal oxide can be prepared using the conventional method or
the microwave method [19]. ZnFe2O4 is a double-layered oxide substance. It is highly
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beneficial as a catalyst due to its double metal cation. This zinc ferrite has a lower bandgap
(1.9 eV) than ZnO (3.37 eV) and was obtained by calcination of Zn-Fe-LDH at 600 ◦C [20]
and 950 ◦C [21]. Zn-Fe-LDH was precipitated from a solution of Zn2+ and Fe3+ salts using
NaOH solution [20,21].

ZnFe2O4 is type of spinel, i.e., a metal oxide that has the chemical formula of AB2O4
with A2+ and B3+ metal cations and O2− anions. Various methods have been applied to syn-
thesize nanospinels, such as ball milling, sol-gel, thermal decomposition, co-precipitation,
solvothermal, solution combustion, hydrothermal, and ceramic route techniques. Among
these methods, dry thermal decomposition offers the simplest preparation. MFe2O4 is
called ferrospinel and has three kinds of structures, i.e., a normal structure, an inverse
structure, and a mixed structure. In the normal structure, M(II) occupy tetrahedral sites
and Fe(III) octahedral sites. In the inverse structure, M(II) occupy octahedral sites, and
Fe(III) occupy tetrahedral and octahedral sites. In the mixed structure, both sites are oc-
cupied by M(II) and Fe(III). ZnFe2O4, NiFe2O4, and MnFe2O4 are normal, inverse, and
mixed structures, respectively. Synthesis of ZnFe2O4 and NiFe2O4 with the same synthesis
method (coprecipitation) resulted in different surface areas and bandgaps [22]. ZnFe2O4
and NiFe2O4 have different crystallite sizes [22,23].

Taking into consideration the above-described aspects, including potency of rice husk
as a precursor of nanocarbons, hydrothermal-microwave pyrolysis in the formation of
nanocarbons, simplicity of MFe2O4/CNS formation by calcination, and performance of
nanocarbon as an adsorbent and MFe2O4 as a catalyst, the synthesis of MFe2O4/CNS
composites was conducted in this research work. Purpose of this research was to study
the influence of M(II) cations on functional groups of composites and their performance in
pesticide degradation by oxidation reaction without light (in dark) with the assumption
that the reaction was lasted in the depth of soil with no sunlight.

2. Materials and Methods
2.1. Material and Instrumentation

This research used biomass (rice husk) as a carbon precursor. Some chemicals were
used for chemical activation of pyrolysis and as precursor of the composite, i.e., ZnCl2
(Merck)], and precursors of ferrospinel (MFe2O4), including FeCl3 (Merck; Darmstadt,
Germany), KOH (Merck; Darmstadt, Germany), NiCl6.6H2O (Merck; Darmstad, Germany),
MnCl2.6H2O (Merck; Darmstadt, Germany), and distilled water.

Some thermal tools were used, i.e., an oven (Memmert, Büchenbach, Germany) for
hydrothermal pyrolysis, microwave (Panasonic, NN-GT35HM, Osaka, Japan), and furnace
(Carbolite, Derbyshire, UK). Instruments used for characteriza-tion were FTIR spectrometer
(Shimadzu, Kyoto Japan), X-ray diffractometer (PANa-lytical X’PERT PRO, Malvern, UK),
and UV-Vis spectrophotometer (FEI Inspect-S50, Hillsboro, OR, USA).

2.2. Synthesis of MFe2O4/CNS from Rice Husk

Rice husk (G) biomass (>60 mesh) of 10 g, ZnCl2 of 0.2 g, and water of 20 mL were
put in an autoclave and pyrolyzed in an oven (6 h; 200 ◦C), then pyrolyzed further using
a microwave (800 W; 40 min) in a porcelain crucible. The crucible cover was adjusted to
leave a little space for gas emission. The microwave pyrolysis was stopped every 10 min to
prevent the broken crucible. The product was unwashed to obtain ZnO/CNS.

For synthesis of the composite, the carbon product (1 g) was mixed with ZnCl2 (0.2 g),
FeCl3 (0.952 g), KOH (1.344 g), and water (1 mL), and calcined in a closed crucible at 600 ◦C
for 15 min to obtain the ZnFe2O4/CNS composite using a conventional furnace. The same
procedure was repeated using NiCl2 and MnCl2 as substitution for ZnCl2. G-Zn(Fe), G-
Ni(Fe), and G-Mn(Fe) were codes for ZnFe2O4/CNS, NiFe2O4/CNS, and MnFe2O4/CNS,
respectively. The thermal instruments used in the synthesis and placement of the crucible
in the microwave and furnace are shown in Figure 1.
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2.3. Characterization

In this research, characterizations were conducted for biomass, composites, and soil.
Biomass was characterized by FTIR spectrometry to identify its functional groups. All
synthesized composite products were characterized by FTIR spectrometry and XRD.

The dry soil before contamination by pesticide (TS200), after contamination (BT), after
contamination and remediation by H2O2 (BHT), and after contamination and remediation
by H2O2-ZnFe2O4/CNS [TG-Zn(Fe)] was characterized by FTIR spectrometry. Only the
dry soil before contamination (TS200) and after contamination and remediation by H2O2-
ZnFe2O4/CNS [TG-Zn(Fe)] were characterized by XRD.

2.4. Application of Composites for Catalytic Dark Degradation

Pesticide solution (BPMC; 0.25%) was prepared by dissolution of concentrated BPMC
(500 g/L). Paddy soil was dried in an oven at 200 ◦C for 1 h and repeated 5 times. The
dry soil (10 g) was mixed with 25 mL of BPMC solution (0.25%), 10 mL of H2O2 solution
(0.15%), and kept for 48 h in a dark place. The solution was then filtered and measured with
a UV-Vis spectrophotometer at maximum wavelength of BPMC (±217 nm). The treatment
was repeated three times.

The BPMC solution was marked as B. The sample filtrates and residues were labeled
to match with the treatment, including the contaminated soil (BT) and the contaminated
and remediated soil by H2O2 (BHT).

The filtrates of the contaminated and remediated soil by H2O2-MFe2O4 were marked
to match with the codes of the composites, i.e., G-Zn(Fe), G-Mn(Fe), and G-Ni(Fe)]. The
residues of the filtration for the contaminated and remediated soil by H2O2-MFe2O4 were
marked by TG-Zn(Fe), TG-Mn(Fe), and TG-Ni(Fe).

3. Results and Discussions
3.1. Material Transformation

Carbon nanostructures from the biomass of rice husk was prepared using the
hydrothermal-microwave pyrolysis method. There was no more conditioning of carbon
to reduce particle size before preparation of the composites; thus, the nanosizes were
conditioned by hydrothermal and microwave heating. The composites of MFe2O4/CNS
were prepared with conventional heating from a mixture of CNS, salts of metal chloride,
and KOH. The change of material from biomass to composites is presented in Figure 2.

Colour conversion from brown to black is a consequence of the pyrolysis reaction,
which alternated the chemical structures of lignocellulose to that of carbon material. Re-
action mechanisms of the hydrothermal conversion from components of lignocellulose,
including lignin, hemicellulose, and cellulose to carbon has been explained in another
research work [24]. It is principally related to the formation of aromatics rings as part of
graphene layers. The two-step reaction in this research with the proposed stoichiometric
reactions is as follows:
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1. Pyrolysis of biomass in the microwave using the ZnCl2 activator produced an inter-
mediate composite:
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3.2. Characterization of Functional Groups

The rice husk biomass was pyrolyzed using a ZnCl2 activator to produce activated
carbon. The hydrothermal method is a pressure-thermal process, while microwave py-
rolysis includes electromagnetic penetration, which creates rapid heating of the entire
material. Both optimize the nano size of the carbon. Functional groups of the biomass and
the composite products were identified based on FTIR spectra (Figure 3). The spectrum of
KCl as impurity of the product could not be identified with FTIR spectrophotometry due
to its spectrum emerging in the far infrared region (400–10 cm−1); thus, it was not detected
in the center infrared zone, i.e., 4000–400 cm−1 [25].
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In Figure 3, the spectrum of the biomass shows bands related to functional groups,
including -OH at about 3500 cm−1, -aliphatic C-H at about 2900 cm−1, C=O at 1700 cm−1,
C=C at 1600 cm−1, and C-H out of plane in the graphene aromatic layer at about 800 cm−1.
Based on their chemical structures [26], these groups are matched with the functional
groups in general lignocellulose of biomass, i.e., lignin, cellulose, and hemicellulose. All
these FTIR spectrum bands were interpreted using the FTIR data of biomass as follows:
3300–4000 (O-H stretching), 2800–3000 (C-H stretching), 1750–1730 (C=O stretching in
carbonyl) [27], and the aromatics –CH at 875–750 cm−1 [28]. The band at about 540 cm−1 is
related to M-O [29]. It is originally connected to the metal oxide contained in the biomass.
The FTIR spectrum of the biomass also indicates the existence of the Si-O band [30] at about
1050 cm−1 and indicates content of inorganic silica or silicate in the biomass.

All composite products show a decrease in the bands, such as -OH, aliphatic -CH,
C=O, compared to the biomass. This indicates that pyrolysis reaction has lasted. In the
hydrothermal method, the ZnCl2 activator was used as a chemical activator, improving
the pyrolysis reaction. In the modification process, addition of more ZnCl2, FeCl3, other
MCl2, and KOH into the carbon product resulted in more activation, besides the reaction to
form MFe2O4. Sharper bands of C-H out of plan for use of Ni2+ and Zn2+ verified that both
cations are stronger activators than Mn(II); thus, the formation of graphene layers was more
effective. These different effects from the chemical activators are related to effective nucleus
charge, which is determined by the charge and radius size of the cations. The size of Zn2+

< Ni2+ < Mn2+, indicates that the attraction force of the cation as a Lewis acid toward the
Lewis base of the oxygen atom on hydroxide groups increases in the following sequence:
Zn2+ > Ni2+ > Mn2+. Those chemical activators have a role as dehydrating agents, which
improves pyrolysis reactions and prevents the formation of tar. There was no significant
change in M-O band after the modification. This may be due to little amounts of metal
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oxide relative to the carbon. The M-O bands indicate the existence of metal oxides, as has
been predicted in chemical reactions related to both pyrolysis and calcination processes.

3.3. Characterization of a Composite Crystal Structure by XRD

The nanocarbon product resulting from the pyrolysis was modified with MFe2O4
by calcination using conventional heating. The crystal structure of the composite was
characterized using XRD at LSUM State University of Malang with a sample code—C1282
from LSUM for G-Zn(Fe). The composite diffractogram was remade by the origin program
(presented in Figure 4). The characterized composite is that which supported the highest
removal of pesticide by catalytic degradation. This is based on the consideration that
MFe2O4 composites with different M(II) and from the same biomass (patchouli biomass)
gave very similar X-ray diffractogram patterns, indicating the same structure [15].
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Figure 4. X-ray diffractogram of the ZnFe2O4/CNS [G-Zn(Fe)] composite created from rice husk.

The diffractogram in Figure 4 is compared to diffractograms of standard ZnFe2O4
and ZnO [20]. ZnFe2O4 has data of 2θ (hkl) as follows: 29.9, 35.2, 42.8, 53.2, 56.6, 62.1,
and 66.4◦ connected to (111), (220), (311), (400), (422), (511), (440), respectively, for the
reference code of 01-089-4926. The side product of ZnO wurtzite has peaks at 36.3, 56.6,
62.9, and 66.5◦ , which are related to hkl of (101), (110), (103), and (200), respectively, for
the reference code of 01-079-0206. The comparison shows that the composite product
contains ZnFe2O4 and ZnO.

3.4. Catalytic Dark Degradation Reaction of the Pesticide

A test for pesticide degradation was conducted by applying heat at 200 ◦C for 5 h
to dry soil. This was not only to remove water but also to kill all bacteria in the soil that
had the potency to support biodegradation. Generally, soil bacteria grows optimally at
15–35 ◦C, but some can live to 100 ◦C; for example, pyrolobus fumarii [31].

The tests were applied without a catalyst composite but with peroxide acid (BHT),
without both peroxide acid and composite (BT), and with composite and peroxide acid
[TG-Zn(Fe)]. Data of the degradation is listed in Table 1. The degradation reaction was
performed in the dark under the assumption that the selected soil depth is not one where
the reaction could be caused by sunlight. Thus, in this treatment, it is not about photodegra-
dation, but catalytic dark degradation. The residues and filtrates after degradation test are
shown in Figure 5.
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Table 1. Data of pesticide removal and degradation reaction.

Sample λ (nm) Abs % Removal % Degradation Average SD

B 216.0 2.970
BT 219.5 2.817 5.15 3.87

219.0 2.893 2.59
BHT 217.5 2.915 1.85 1.48

216.5 2.937 1.11
G-Mn(Fe) 216.0 2.542 14.41 10.54

216.0 2.524 15.02 11.15 10.74 0.35
217.5 2.542 14.41 10.54

G-Zn(Fe) 217.0 2.533 14.71 10.84
217.5 2.533 14.71 10.84 11.14 0.51
217.0 2.510 15.59 11.72

G-Ni(Fe) 215.0 2542 14,41 10.54
215.0 2.533 14.71 10.84 10.64 0.17
216.0 2.542 14.41 10.54

In the treatment without peroxide acid and composite (BT), the decrease in pesticide
is caused by adsorption. In this case, the soil plays the role of an adsorbent. There was
no degradation by microbia due to the drying process of the soil. Thus, all other data of
percent removal for usage of the catalyst was subtracted from the data of BT to remove the
role of adsorption by the soil. However, the data for BHT could not be subtracted due to
less percent removal than for BT.

Based on the data in Table 1, it is known that the composite ZnFe2O4 gave the highest
data of pesticide removal. This removal [TG-Zn(Fe)] is 2.9 times larger than that by the soil
(BT) and 7.5 times larger than that by soil–H2O2 (BHT). The removal of pesticides by soil
(BT) and soil–H2O2 (BHT) were probably caused by the adsorption process.

In the BT system, there is no H2O2 and catalyst; thus, the a radical formation reaction
does not take place. There is peroxide acid but no Fe(III) cation of the ZnFe2O4 catalyst,
resulting in no radical formation as a result of peroxide acid and the cation Fe(III) reaction.
On the other hand, the molecules of peroxide acid can be adsorbed by the soil, causing
a decrease in pesticide adsorption by the soil. This is responsible for the lower pesticide
removal of BHT than BT.

By considering mineral type in soil, including muscovite, illite, and maghemite (result
of XRD characterization), which are rich of hydroxides, H2O2 molecules can be adsorbed
by the soil through hydrogen bonding. BPMC molecules have C=O functional groups;
thus, these molecules can also be adsorbed by soil with the same chemical interaction. This
interaction explains the possibility of a competition of adsorption between BPMC and
H2O2 by the soil—lower adsorption of BPMC by soil in the presence of H2O2 than without,
as shown in Figure 6. Although H2O2 can be ionized in wet soil, the characteristic of H2O2
as a weak acid causes it to mostly exist as a molecule.

Based on an analogy toward Fenton reactions [32] and by considering the spontaneity
of a Fe(III) and H2O2 redox reaction due to positive E◦, i.e., 0.07 V [33], the reaction of
peroxide acid and Fe(III) on [TG-Zn(Fe)] was used as a starting reaction to form radicals.
In the redox reaction concept, E◦(Fe3+, Fe2+) = +0.77 V and E◦(O2,H2O2)= +0.70 V [33].
The products of Fe(III) and H2O2 are Fe(II) and [HO2]− radical. By considering both
products and elementary reactions in the Fenton reaction [32], three possible reaction lines
in degradation of pesticides can be designed (Figure 7).

As seen in chemical equations, Fe(III) in MFe2O4 is the cation that reacts with H2O2 to
form radicals. However, based on % degradation, M(II) has a different influence on catalytic
activity. In a ferrospinel structure, all Zn2+ cations stay in the tetrahedral site and all Ni2+

cations stay in octahedral sites. In the case of MnFe2O4, half each of the Mn2+ and Fe3+

cations occupy the tetrahedral sites and octahedral sites [22]. In tetrahedral and octahedral
sites, each metal cation is surrounded by 4 and 6 oxygen atoms, respectively. The attraction
force of Lewis base oxygen atoms toward Lewis acid metal cations in coordination bonding
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has an influence on the attraction force of metal cations toward BPMC. This explains why
ZnFe2O4 had the highest degradation percentage. Both MnFe2O4 had less degradation
percentages than ZnFe2O4 because only half of the Mn2+ cations occupy the tetrahedral
sites. Although half of the Fe3+ cations also stay in the same tetrahedral sites, the ion radius
of Fe3+ is smaller in size than that of Mn2+; thus, the attraction force toward oxygen atoms
is stronger, and physically, oxygen atoms provide more of a barrier to BPMC in creating
chemical interactions.
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In comparison, the oxidation of 4-chlorophenol by H2O2 was performed using the
catalyst of ZnFe2O4 and MnFe2O4 without radiation at 70 ◦C. The usage of ZnFe2O4
and MnFe2O4 achieved COD 100% removal for 120 and 105 min, respectively [34]. The
degradation percentage in this research is much lower because the reaction lasted in the
soil, as compared to the oxidation reaction of 4-chlorophenol in the solution. The presence
of the soil had a negative influence on the reaction of organic oxidation through adsorption
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of organic substance by the porous and polar surface of the soil. A solution provides easier
contact between the organic substance, oxidator, and catalyst.
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The other comparison is between the usage of NiFe2O4 and ZnFe2O4 for photocatalytic
degradation of methylene blue using the H2O2 oxidator in the solution; degradation was
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found to be 94% for both [35]. This higher degradation percentage is due to a radiation
treatment along the reaction process, which accelerates the formation of radicals. Again, a
solution allows easier contact of the catalyst and the oxidator.

3.5. Functional Groups of Dry Soil before and after Dark Acylation Degradation of Pesticides

After the dark degradation test, filtration of the pesticide solution was performed
to obtain the residues. Pictures of the dry soil and the residue of BT (dry soil-pesticide),
BHT (dry soil-pesticide-H2O2), and TG-Zn(Fe) [dry soil-pesticide-H2O2-composite] are
presented in Figure 8. The figures of BT, BHT, and TG-Zn(Fe) samples in Figure 8 were
taken from one of residues in Figure 7 for drying and taking their photograph. The dry
soil was dark brown in colour due to the content of hematite and maghemite. The most
common color of hematite and maghemite in soil is moderate reddish brown and dark
yellowish brown, respectively [36]. The existence of these minerals in soil is studied by
X-ray diffraction.
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Figure 8. Dry soil before (TS200) and after the dark degradation test: dry soil-BPMC (BT), dry soil-BPMC-H2O2 (BHT), and
dry soil-BPMC-H2O2-MFe2O4/CNS [TG-Zn(Fe)].

The dry soil and residues were characterized by FTIR spectrometry (Figure 9). The
FTIR spectra of both are shown in Figure 9. The spectra show that the dry soil contains a
polar group of -OH at 3500 cm−1 related to the hydrate, stretching Si-O at 1000–1100 cm−1,
-OH silanol at about 950 cm−1, and both M-O and bending Si-O at about 500 cm−1. Sharp
bands at 1000–1100 cm−1 indicate silicate and aluminosilicate mineral in the soil. The polar
groups of the soil interact with the BPMC molecules in the adsorption process.

There was no significant difference in the soil and the residue spectra. It may be caused
by too little amount of the composite, pesticide, and H2O2 relative to the soil, detectable by
FTIR spectrometry.

3.6. Crystal Structure of Dry Soil before and after Dark Degradation of Pesticides

Characterization of the soil before [TS200] and after treatment [TG-Zn(Fe)] for the
degradation test of pesticides by X-ray diffraction method is presented in Figure 10. The
characterization was conducted at LSUM State University Malang with sample codes of
C1286 and C1287 from LSUM for TS200 and TG-Zn(Fe), respectively. The diffractograms
of both soils show relatively the same points of diffraction angles (2θ) for all peaks, which
indicate no change in crystal structure due to the degradation test.

The choice of a standard diffractogram for interpretation of the sample diffractograms
was based on the mineralogy of paddy soil. There are four types of paddy soils; however,
alluvial soil is the most prominent in Indonesia, supported by irrigation and a rainy climate.
The types of minerals in alluvial soil include montmorillonite, illite, vermiculite, and
kaolinite. [37]. Muscovite [KAl2(AlSi3O10)(OH)2], hematite [α-Fe2O3], and quartz [α-SiO2]
are also considered, as they exist in vulcanic paddy soil [38], and Malang, east Java is near
Mount Semeru, which is an active volcano. Maghemite has also been considered for the
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comparison because hematite usually exists in association with maghemite in soil [39].
Maghemite also occurs mainly in tropical and subtropical soils [40].
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The diffractogram data of dry soil before and after the degradation test was interpreted
by a comparison with mineral data in the American Mineralogist Crystal Structure Database
(AMCSD). Quick identification of minerals is based on comparison of d-spacing data for
three highest peaks of standard minerals to diffractograms of the sample [41]. Intensity of
the diffractogram is connected to the amount of the diffracted X-ray. Positions of 2 theta is
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related to Bragg angles and the determined diffraction plans that diffract the X-ray. The
highest peak indicates the largest number of same diffraction plans, which build a crystal
and diffract the X-ray, so that the three highest peaks of a standard X-ray diffractogram
become the main identity of the crystal structure.

The results of the comparison show that three main peaks of illite match with the
diffractogram data of the soils. This means that the soils contain the illite mineral. On
the other hand, muscovite and maghemite (gamma-Fe2O3) gave two peak (including the
highest ones), which match with the data of the sample soil. This means that the soils
probably contain those minerals. However, montmorillonite showed one peak match,
without including the highest one. Kaolinite and quartz showed two peaks match, without
including the highest one. This means that montmorillonite, quartz, and kaolinite content
in the soil is questioned.

All soil diffractogram peaks in Figure 8 are named on the basis of the matched standard
mineral (AMCSD) in the form of 2θ(hkl), as follows (the highest peaks are marked with a
sign of *:

Illite: 19.77(020)*; 21.69(021); 23.32(111); 24.38(−112)*; 29.14(112)*; 30.58(−113); 35.22(200).

Muscovite: 19.89(−111*); 21.60(022); 23.01(71.16); 27.85(114); 28.56(−111); 29.84(025);
31.22(115); 35.02(131)*.

Maghemite: 23.89(210); 26.20(211); 30.35(220); 30.35(220*); 35.75(311)*.

The existence of maghemite is responsible for the presence of M-O in the FTIR spectra
bands in Figure 3. Illite[K0,65Al2(Al0,65Si3,35O10)(OH)2] and muscovite belong to a group
of clay mineral, i.e., the layered minerals consist of a silicate layer and an aluminate layer.
The silicate layers are built by tetrahedron SiO4, held together using oxygen atoms [42].
These silicate layers give Si-O vibrations, which provide a sharp, wide FTIR band at the
range of 1000–1050 cm−1.

With regard to intensity, the diffractograms of soil after the degradation test show
lower intensity than before. This means that the process of pesticide degradation decreased
the crystallinity of the mineral crystals in the soil. Between muscovite, illite, and maghemite,
the most influence in the degradation reaction is probably related to maghemite. The
maghemite structure contains Fe(III).

4. Conclusions

A composite of MFe2O4/CNS was synthesized, characterized, and applied for degra-
dation of the BPMC pesticide. The formation of the composite reduced -OH, aliphatic -CH,
and C=O content of, but improved aromatic -C-H, indicating an increase in graphene layer
formation. The crystal structure of the composite was a mixture of ZnFe2O4/CNS and
ZnO/CNS. A dark degradation test of the pesticide in wet soil showed that the composite
of ZnFe2O4/CNS had the best performance. There was no change in the crystal structure
after the test, except for a decrease in crystallinity.
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