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Abstract: Pesticide is a pollution problem in agriculture. The usage of ZnCr2O4/CNS and H2O2

as additive in liquid fertilizer has potency for catalytic pesticide degradation. Colloid condition
is needed for easy spraying. Rice husk and sawdust were used as carbon precursor and ZnCl2 as
activator. The biomass–ZnCl2 mixtures were pyrolyzed using microwave (400–800 W, 50 min). The
products were dispersed in water by blending then evaporated to obtain ZnO/CNS. The composites
were reacted with KOH, CrCl3·6H2O, more ZnCl2, and little water by microwave (600 W, 5 min).
The ZnCr2O4/CNS and H2O2 were used for degradation of buthylphenylmethyl carbamate (BPMC)
in wet deactivated paddy soil. TOC was measured using TOC meter. The FTIR spectra of the
ZnO/CNS composites indicated the completed carbonization except at 800 W without ZnCl2. The
X-ray diffractograms of the composites confirmed ZnO/CNS structure. SEM images showed irregular
particle shapes for using both biomass. ZnCr2O4/CNS structure was confirmed by XRD as the final
product with crystallite size of 74.99 nm. The sawdust produced more stable colloids of CNS and
ZnO/CNS composite than the rice husk. The pyrolysis without ZnCl2 formed more stable colloid
than with ZnCl2. The ZnCr2O4/CNS from sawdust gave better dark catalytic degradation of BPMC
than from rice husk, i.e., 2.5 and 1.6 times larger for 400 and 800 W pyrolysis, respectively.

Keywords: ZnCr2O4/CNS composite; biomass; pesticide; microwave; pyrolisis; degradation

1. Introduction

The brown grasshopper is a main pest of paddy plants. This pest can damage plants
quickly by adsorption of cell liquid, which causes plants to dry and finally look burned.
Although the grasshopper problem can be overcome physically, biologically, and mechani-
cally, the usage of pesticide is still considered as quick and practices inhibition [1]. However,
pesticide can be pollutant in both water and soil environments. Over long periods, pesti-
cide will accumulate and become toxic, leading to the death of animals. Pesticide can also
cause resistance of pests, cancer disease, disability at birth, brain damage, genetic mutation,
and disturbance of the immune system. Pesticide residue can be accumulated in various
agricultural products such as paddy, soyabean, or vegetables [2]. For example, among
315 agriculture products, 47% (fresh products) and 7% (cooked products) of them contain
pesticide. Among 180 vegetables, 89% (fresh) and 11% (cooked) also contain pesticide [3].

Organochlorine and organophosphate are very toxic and have long persistence. Car-
bamate and pyrethroid are safer due to their easy degradation, but in the long term they
remain accumulated [2]. One of ways to overcome pesticide pollutant is by the use of
the activated carbon. This porous material can adsorb pesticide and microbes so that
degradation can occur biologically [3]. However, the colloid system of activated carbon is
needed to make easy the spraying on paddy fields by farmers.
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Colloid is a combination of particles and medium which form dispersion [4]. A dis-
persion system consists of particulate matter as dispersed phase and dispersion medium
as continuous phase [5]. Sonication is an alternative technique to make dispersion of
nanomaterials. Dispersion by ultrasound is caused by microturbulences which are affected
by fluctuation of pressure and cavitation [6]. It has been applied for conditioning the nano
size of the carbon [7] but a blending technique is better to form a dispersion system [8].

The colloid system contains a particle size of 1–100 nm, between suspension (particle
size > 100 nm) and solution (particle size < 1 nm). It means that the colloid formation can
be used as a qualitative indication for CNS formation. Nanocarbon or carbon nanomaterial
is carbon which has a particle size of 1–100 nm [9]. In another classification, colloidal
dispersion consists of the particle size in the range of 1–500 nm. This range is between
molecular dispersion (<1 nm) and coarse dispersion (>500 nm) [5]. Based on this second
classification, the carbon colloid systems which contain more than 100 nm particle size
potentially can be settled down. That way, the test of colloid stability becomes important
in this research, not only as indicator of availability as fertilizer additive, but also as an
indicator of nanomaterial formation. Particle size of the activated carbon also affects its
surface area and adsorption [10]. For example, adsorption of toluene and xylene increased
by increasing of the commercial activated carbon surface area [11].

Nano carbon can be produced from biomass. This material is rich of lignocellulose,
including lignin, hemicellulose, and cellulose. Those three substances are polymers with
different structures. Lignin is rich with aromatics and oxy functional groups. This substance
is built by three monomers of coniferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol.
Its portion of monomer depends on the natural source. The main linkages in the lignin
are β-O-4, β-5, and β-1 and the most frequent one is β-O-4-aryl ether bond. The phenolic,
hydroxyl and methoxy groups provide great influence on its reaction activity due to their
strong electronegativity [12]. Cellulose is a polysaccharide which consists of D-glucose
units with glycosidic bonds that are formed between monomeric units at positions 1 and 4.
Cellulose material includes high ordered (crystallione) and low ordered (amorphous) in
ration depending on its natural source. Degree of crystallinity affects its physicochemical
properties and pyrolysis pathway [13].

Each biomass contains different distribution of lignocellulose components which influ-
ence properties of the carbon. For example, the various biomass gave different properties
such as particle size, moisture of the nanocarbon after pyrolysis by microwave or electric
heating under same pyrolysis conditions [14]. Three different biomass, including patchouli,
rice husk, and sugarcane leaf have been used to synthesize ZnFe2O4/CNM by the sequent
hydrothermal-microwave method. In application of the composites for BPMC pesticide
degradation reaction in the soil, the composite gave different degradation percentages. The
rice husk showed the best performance of degradation [8]. Rice husk is an abundant waste
in Indonesia because Indonesia is an agrarian country which produces rice as the main
food. Besides that, Indonesia also has a wide forest area which produces various woods for
furniture and homes, which result in abundant sawdust waste.

Some pyrolysis methods have been recognized, such as hydrothermal [8,9,15] ther-
mal by microwave [16,17] and thermal by conventional furnace [16,18,19]. Among those
methods, microwave has short duration of pyrolysis than both thermal conventional and
hydrothermal [15,16,18–20]. Not only carbon, but oxide metal nanoparticle was also syn-
thesized using microwave calcination, such as ZnO [21] and alpha-Fe2O3 [22]. Microwave
is an electromagnetic wave which has wavelengths from 1 m to 0.1 cm or frequencies of
300 MHz–300 GHz. The mechanism of microwave heating includes polar molecules or
ions agitation which oscillate due to oscillating electric or magnetic field. These particle
motions are restricted by resisting forces (inter-particle interaction and electric resistance),
which restrict particle motions and produce random motion, generating heat [23]. Not
only carbon, but oxide metal nanoparticle was also synthesized using microwave, such as
ZnO [24] and alpha-Fe2O3 [22] and spinels [24,25].
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Based on comparation of five different synthesis methods (sol gel, co-precipitation,
conventional heating (thermal decomposition), hydrothermal, and microwave) for syn-
thesis of three different spinels (ZnFe2O4, MnFe2O4, and NiZnFe2O4), the sequence of
their average nanoparticle sizes from the highest to the least related to synthesis method of
those ferrospinels is by sol-gel > thermal decomposition > microwave > hydrothermal >
co-precipitation [25]. Among them all, the dry synthesis can be applied through thermal
decomposition and microwave. Between both methods, microwave needs shorter calci-
nation time than thermal furnace. For example, synthesis of ZnCr2O4 by calcination at
700 ◦C for 2 h [26] or ZnCr2O4/CNS at 600 ◦C for 15 min [8], but by using microwave it
just needed 5 min [24].

ZnCr2O4 (zinc chromite) has a normal spinel structure, the Zn2+ cations occupy
at tetrahedral sites and Cr(III) cations occupy at octahedral sites. This substance was
used as catalyst for high temperature methanol synthesis [27]. ZnCr2O4 is an important
material because of its wide applications as humidity sensor, photocatalyst, catalysts for
hydrogenation, oxidation, steam reforming reactions, and magnetic material [28]. As the
photocatalysts, the chromite-type materials get a high interest due to their small band-
gap energy and chemical stability. The bad gap energies of ZnCr2O4 are 2.9–3.25 eV
at temperature range of 450–800 ◦C [29]. The other research reported in the range of
2.47–3.09 eV at 200–700 ◦C [26]. These bandgaps are lower than of ZnO (3.37 eV) [30].
ZnCr2O4 has been also successfully used for synthesis of nanobiocomposites for curing the
wounds of mice [31].

Both chromium metal and Cr(III) compounds are not carcinogenic to humans. Cr(III)
is not mutagenic in most cellular systems to humans or animals [32]. Cr(III) compounds
cannot enter the cells by any mechanism of transport which has the potency to initiate
tumor like Cr(VI). In nature, Cr(III) is mainly found in the soil and small in the rock
as the mixed oxide, phosphate, and sulphate. The Cr(III) mixed oxide presents as the
ferro chromite, FeCr2O4 [33]. Iron (II) chromite (FeCr2O4) has normal spinel structure,
consisting of Fe(II) occupying the tetrahedral sites and Cr(III) in octahedral sites [34].
That has the same structure as the ZnCr2O4 structure [27] which was synthesized in this
research. Chromium (III) oxide is low oral toxic because it is insoluble in water and poorly
absorbed [32]. Cr(III) can be oxidized to form the toxic and carcinogenic Cr(VI) which
induces DNA damage, chromosome aberrations, epigenome alterations, and micro satellite
instability [33], but Cr(VI) in the soil can be rapidly reduced to chromium(III) by organic
matter [35] or microorganisms such as bacteria [36].

Excess Cr(III) in the plant can inhibit plant growth, limit the seed germination rate of
cucumis melo, reduce the shoot growth of allium cepa, reduce root length of sour orange,
and decrease leaf size, wilting, and chlorosis of brassica oleracea [37]. Cr(III) can reduce
chloropyll content [38]. However, uptake and accumulation of Cr(III) in plants such as rice,
tomato, sunflower, maize, lunece, nelumbo nucifer, medicago sativa, tend to happen in the
root rather than the shoot. For example, accumulation of Cr (III) by lucerne is 10–200 times
in the roots and in allium cepa is 70–90% in the root. In smart weed, it achieves 44 mg/Kg
in the shoot and 2980 mg/Kg in the root [39]. It means that applying zinc chromite in
paddy field is safe from too much accumulation of the seed because it tends to accumulate
in the root.

Cr(III) is also recognized as a trace element that is essential to both humans and ani-
mals [40]. Cr(III) is a component of many multivitamins and nutritional supplements [41].
Cr(III) presents in some foods, such as butter, cheese, bread; in some fruits such as banana,
apple, orange, and blue berry; in some vegetables such as cabbage and carrot; in egg and
in green bean. The estimated and safe daily dose for chromium is 50 to 200 micrograms.
Good health requires Cr(III) not more than 200 µg daily [35]. Cr(III) has an important role
in the maintenance of normal carbohydrate, lipid, and protein metabolism [32]. It is needed
for decreasing cholesterol, enzymes reactions, and increasing muscle mass [35].

Chemically, degradation of pesticide in the soil can be conducted using friendly
oxidators such as peroxide acid. This oxidator is usually added into the liquid fertilizer
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to handle problems of fungi or bacteria which inhibit the growth of plants [42]. Peroxide
acid is safe for fish and improving of DO [43]. Although biologically pesticide can be
handled by microbia, its performance is determined by its life condition. In previous
research [8], the composites of MFe2O4/CNM and MCr2O4/CNM (M = Zn, Ni, Mn) were
used for catalytic degradation of BPMC pesticide. CNM were prepared from sugarcane
leaf, patchouli, rice husk, and wood char using hydrothermal-microwave. Based on the
research, ZnCr2O4/CNS and ZnFe2O4/CNS showed good performance as catalyst in the
dark degradation of pesticide.

Based on previous researches about the need of carbon colloid for fertilizer additive,
the performance of microwave for pyrolysis in short time for synthesis of CNS, performance
of ZnCr2O4 in catalytic oxidation of pesticide, and safety of Cr(III) in the soil, in this
research, CNS was prepared from pyrolysis of rice husk and sawdust using dry microwave
pyrolysis and activator of ZnCl2. The final composite was focused on ZnCr2O4/CNS for
remediation of wet soil in paddy field. The wet medium is needed in application due to
presence of pesticide as the solution is essential for lasting chemical degradation reactions.

2. Materials and Methods
2.1. Material of Research

This research used 2 kinds of biomass, including sawdust (Serbuk Gergaji) with
code of SG and rice husk (Gabah) with code of G; ZnCl2 (Merck, Darmstadt, Germany);
CrCl3.·6H2O (Merck, Darmstadt, Germany); KOH (Merck, Darmstadt, Germany); H2O2
3% solution (technis); BPMC (buthylphenylmethyl carbamate) technis; and distilled water.

2.2. Procedures of Research
2.2.1. Synthesis of ZnO/CNS and ZnCr2O4/CNS

Each dry biomass, including sawdust (SG) and rice husk (G) was conditioned by
tea sieve then was mixed with ZnCl2 at ratio of 5:1 (10 g of biomass and 2 of ZnCl2).
The mixture was homogenized manually using a spoon. The mixture was placed in the
center of earthenware and the earthenware was placed in the center of the microwave.
The point of place must be same because the position in the microwave affected the
carbonization (pyrolysis) reaction. Both earthenware and the ceramics ware were closed to
limit the oxygen gas in the room to prevent the burning reaction which could substitute
carbonization reaction. However, there was a little hole on each earthenware and ceramics
ware to remove the emitted gas which resulted from the pyrolysis reactions. The powers of
microwave were adjusted at 400, 600, and 800 W. The pyrolysis was conducted for 50 min
(10 times, each time is 5 min) using microwave (LG-MS2336GIB, RRC). The pyrolysis was
also conducted at the same procedure but without activator. The products of pyrolysis
by this procedure were the activated carbons with and without ZnO impurity from the
activator. To get the colloid, each activated carbon product was mixed with water in
composition of 250 mL water and 2.5 g of the carbon, and then blended using blender
(Matsunichi, MSI-T2GN, RRC) for 2 h.

The powers of microwave were marked as codes of 4, 6, and 8 for 400, 600, and 800 W,
respectively, for both pyrolysis products and their colloids. The codes for the activated
carbons and their each colloid based on each precursor are given as follows:

• Rice husk without ZnCl2 activator—GM4, GM6, GM8;
• Rice husk with ZnCl2 activator (Z)—GMZ4, GMZ6, GMZ8;
• Sawdust without ZnCl2 activator—SGM4, SGM6, SGM8;
• Sawdust with ZnCl2 activator (Z)—SGMZ4, SGMZ6, SGMZ8.

A part of colloids were used to check their stability, and the other part was evaporated
by stove to get the CNS and the nanocomposite of ZnO/CNS. The codes of the CNS and
the intermediate composites (ZnO/CNS) are as follows:

• Rice husk without ZnCl2 activator—TGM4, TGM6, TGM8;
• Rice husk with ZnCl2 activator (Z)—TGMZ4, TGMZ6, TGMZ8;
• Sawdust without ZnCl2 activator—TSGM4, TSGM6, TSGM8;
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• Sawdust with ZnCl2 activator (Z)—TSGMZ4, TSGMZ6, TSGMZ8.

Each intermediate composite (1.0 g) was mixed with KOH (1.34 g), more ZnCl2
(0.20 g), CrCl3·6H2O (0.79 g), the distilled water (1 mL), then was calcined by microwave
for 5 min at 600 W in the ceramic with a little hole on top to get product of ZnCr2O4/CNS.
Before calcination, the mixture was homogenized manually using a spoon. The mixture
was placed in the center of the ceramic and the ceramic was placed in the center of the
microwave. The codes of the intermediate composites as follows:

• Rice husk with ZnCl2 activator (Z)—CTGMZ4, CTGMZ8;
• Sawdust with ZnCl2 activator (Z)—CTSGMZ4, CTSGMZ8.

The steps in synthesis of ZnO/CNS and MCr2O4/CNS are presented in Figure 1. The
earthenware and ceramics for pyrolysis and calcination, respectively, are shown in Figure 2.
All those procedures of synthesis were conducted at home due to the COVID-19 pandemic.

Figure 1. Steps in the synthesis of intermediate (ZnO/CNS) and final products using microwave
(MCr2O4/CNS).

Figure 2. Earthenware for pyrolysis and ceramics ware for calcination by microwave.

2.2.2. Characterization

The ZnO/CNS products were characterized with FTIR spectrophotometry with FTIR
spectrometer (SHIMADZU type Prestige 21; Duisburg, Germany), X-ray diffraction by
using X-ray diffractometer (PANalitical type XPert PRO; Malvern, Germany), and dis-
persion test stability by observation using optic photography using the digital camera
(CANON PowerShot SX430 IS; Wuxi, China) for 1 h each. The ZnCr2O4/CNS composite
was characterized with X-ray diffraction and SEM-EDX (FEI type Inspect-S50; Hillboro,
OR, USA).

2.2.3. Application of Composite for Dark Degradation Reaction of Pesticide

Application test of composite was conducted in paddy soil media that had been dried
at 200 ◦C for 5 h to deactivate bacteria in the soil which caused degradation reaction
biologically. Particle size of the soil was conditioned at a range of >200 mesh. BPMC
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solution was prepared by dissolving 0.5 mL of the concentrated BPMC (500 g/L) to 500
mL using water. H2O2 solution (0.15%) was prepared by dissolving 25 mL of H2O2 (3%)
to 500 mL using water. Dark degradation test of pesticide in the soil was conducted by
procedures presented in Table 1 and Figure 3.

Table 1. Procedure of ZnCr2O4/CNS application in dark degradation of pesticide.

No. Purpose Code Experiment Indicator

1. Adsorption test of pesticide by the
thermal deactivated soil BT A 5 g of dry soil + 25 mL of BPMC solution

(0.5 g/L) + 10 mL water, kept in the dark for 5 days. TOC

2. Degradation test of pesticide by catalytic
oxidation reaction with H2O2–ZnCr2O4

CTGMZX
A 5 g of dry soil + 25 mL of BPMC solution

(0.5 g/L) + 10 mL of H2O2 solution (0.15%) + 0.1 g
of composite, kept in the dark for 5 days.

TOC

Figure 3. Process of pesticide (BPMC) dark degradation test.

Activity of catalytic oxidation reaction can be calculated from difference of TOC in
filtrate after treatment with composite–H2O2 and with soil only, as follows:

% degradation = [TOCBT − TOCCTX] × 100%/TOCBT (1)

3. Results and Discussion
3.1. Synthesis of ZnO/CNS from Different Biomass

Nano composites of ZnO/CNS were synthesized from two kinds of biomass, including
sawdust (SG) and rice husk(G). Both biomass pictures before pyrolysis are shown in
Figure 4.

Figure 4. Biomass of rice husk (G) and sawdust (SG).

Based on chemical analysis by the analysis laboratory, Department of Chemistry,
Brawijaya University, the components of biomass are shown in Figure 5. We can see from
the Figure 5 that both biomass have the different distribution of lignocellulose components.
Cellulose and lignin are the highest component in rice husk and sawdust, respectively.
Lignin and cellulose have different chemical structures, especially connected to the number
of hydroxide and aromatics structures.
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Figure 5. Component of lignocellulose in sawdust and rice husk.

Based on TGA analysis in other research toward each component individually, lignin
has a wider range of degradation temperature (220–900 ◦C) than cellulose (315–400 ◦C)
and hemicellulose (220–315 ◦C). The weight loss in thermal degradation for cellulose
> hemicellulose > lignin [12]. Hemicellulose consists of various saccharides in random
arrangement, many branches, and forms an amorphous structure. This condition makes its
structure weak and very easy to degrade at relatively low temperatures. Cellulose has a
long glucose polymer without branches and forms the good order structure. This structure
is very strong so that it has the high thermal stability. Lignin totally has aromatic rings and
various branches. This structure is strong and makes the lignin degradation occur in a wide
temperature range [44]. This different thermal characteristics affects the characteristics of
the carbons.

The pyrolysis reaction by microwave made the biomass material change to the acti-
vated carbon. This material transformation was proved by changing of both solid material
color and morphology as shown from Figure 5 (biomass) to Figure 6 (the activated carbon).
Those photographs of the carbons present the main products of pyrolysis, not the other
microwave reaction such as burning reaction or oxidation reaction which should result the
white inorganic ash and the gases of CO2 and H2O. In the completed microwave burning
reaction with presence of ZnCl2, the white ZnO should be resulted as the ash. It is against
the real products in this research which produced the black solids.

Figure 6. Activated carbon from pyrolysis of sawdust (SG) and rice husk (G) without and with ZnCl2
(Z) at various microwave energy of 400, 600, 800 ◦C.

Stoichiometrically, the completed burning reactions of lignocellulose components to
form gasses and ash which contained ZnO from activator can be predicted as follows:

Lignin: ZnCl2 + [C9H10O3(OCH3)]n → ZnO +10nCO2(g) +(13n − 2)H2O(g) + 2HCl(g) (R1)

Cellulose: ZnCl2 + [C6H10O5]n → ZnO + 6nCO2 (g) + (10n − 2)H2O(g) + 2HCl (g) (R2)

Hemicellulose: ZnCl2 + (C5H8O4)n → ZnO + 5nCO2 (g) + (8n − 2)H2O(g) + 2HCl (g) (R3)

Pyrolysis reaction of the biomass is defined as thermal decomposition of the biomass
with uncompleted combustion in absence of air or very limited oxidizing agents [45]. In
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this research, no adjusting the inert condition for the pyrolysis process, for example by
streaming of N2 gas. However, there is a little hole on the earthenware to prevent much
contact with air. It means that the carbonization reaction lasts in limited oxygen. It is the
reason why the product is the carbon, not the ash.

Mechanism of lignocellulosic pyrolysis includes dehydration, cracking, isomerization,
dehydrogenation, aromatization, condensation reactions, and rearrangement [13]. ZnCl2
has the role as the template of pore and chemical activator [18]. As the chemical activator,
ZnCl2 works as a dehydrating agent which accelerates the carbonization reaction and
inhibits the formation of tar. The role as the dehydrating agent can work well when the
activator as the melt. Precursor transfers H2O to the ZnCl2 to form hydrate and the ZnCl2
hydrate releases hydrate again by increasing the temperature [46]. The carbon product
maintains the ZnO because no washing was conducted after pyrolysis. The complete
stoichiometric pyrolysis reactions for each main component of lignocellulose to produce
the carbon are predicted as follows:

Lignin: ZnCl2 + [C9H10O3(OCH3)]n → ZnO + xC + zH2O(g) + 2HCl (g) (R4)

Cellulose: ZnCl2 + [C6H10O5]n → ZnO + 6nC + (5n − 2)H2O(g) + 2HCl (g) (R5)

Hemicellulose: ZnCl2 + (C5H8O4)n → ZnO + 5nC + (5n − 2)H2O(g) + 2HCl (g) (R6)

Presence of ZnO and the carbon can be identified with XRD method because ZnO is
crystal and the carbon is mixture of crystal and amorph.

The composite products are still mixture of nano particle and bulk particles, so that
blending was applied to obtain the nano size of the composite. Mechanical force during
blending process made solid particles collide each other and break to small sizes which
were available to form dispersion system. The smaller size makes the attraction force
among solid particle decrease and the attraction force between solid particles and H2O
molecules increase to form solvation of solid particles by water molecules. The colloids
which resulted from the blending process of the carbon and water are presented in Figure 7.

Figure 7. Concentrated colloid of CNS (code without Z) and ZnS/CNS (code with Z) which were
prepared from pyrolysis of sawdust (SG) and rice husk (G).

The colloid which is formed by solid particles and water is named as a sol [4]. The
solid particles can be dispersed among water molecules due to attraction force between
the solid particles and water molecules. There are two kinds of colloids based on the
interaction of the dispersed phase and the dispersing phase, including lyophobic and
lyophilic colloids. For the lyophilic colloids, colloidal particles have greater affinity toward
the dispersion medium, and otherwise less affinity for the lyophobic one [5]. For the
surface of the solid particles which are rich of oxy functional groups, hydrogen bonding is
available between the solid particles and water molecules, but for almost no oxy functional
groups, the induction force is the most possible between aromatics of graphene layers and
H2O. The latter is weaker than the former.
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Evaporation of the colloids produced nanocomposites which are presented in Figure 8.
These products show appearance as the finer powders than before blending treatment
(Figure 6). During evaporation, only H2O left the little pan but ZnO and the carbon CNS
remained because ZnO has a high boiling temperature, much more than boiling point of
water, and the carbon is reactive toward the water molecules to form the volatile substances
in high temperature only. For example, activation of the carbon by steam is at 800 ◦C [47].

Figure 8. Products of CNS (code without Z) and ZnO/CNS nanocomposites (code with Z) which
were resulted from evaporation of the colloids of the carbon prepared from sawdust (SG) and rice
husk (G).

Calcination treatment toward the mixture of the intermediate product (ZnO/CNS)
and some chemicals including KOH, ZnCl2, CrCl3.6H2O, and 1 drop of H2O resulted in
the final products, MCr2O4/CNS, as presented in Figure 9.

Figure 9. The final composites (ZnCr2O4/CNS) which resulted from pyrolysis at 400 W (code 4) and
800 W (code 8) with activator of ZnCl2 (Z) and calcination at 600 W using microwave.

The thermal reaction in calcination is predicted stoichiometrically as follows:

ZnO + xC + 2KOH + ZnCl2 + 2CrCl3.6H2O→ ZnCr2O4 + (x − 2)C + 2KCl + ZnO + 6HCl(g) + CO2 (g) + 6H2O (g) (R7)

Based on the reaction equation, the side products in the final product in this research
are KCl and ZnO. The KCl, ZnO, and ZnCr2O4 are crystals, so that their presence in the
products can be identified using XRD method in Section 3.6.1.

3.2. Influence of Biomass Type and Microwave Pyrolysis Parameters toward Functional Groups of
the ZnO/CNS Composites

Nanocarbons (CNS) and composites (ZnO/CNS) have been synthesized from two
different biomass at different microwave energy. Characterization of material by FTIR
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spectrometry is important to determine their functional groups. The only material which
contain polar bond and generate dipole changing in their vibration which can be detected
by FTIR spectrometer. The polar bond in the carbon is related to polar functional groups on
surface of the carbon [48]. The FTIR spectra of the carbon usually related to C=C aromatic
structures of the graphene layers, C-H aliphatic hydrocarbon as indicator of carbonization
reaction achievement, and oxy functional groups (C=O, C-O, -OH) as a result of oxidation
reaction in the process of pyrolysis or activation [49].

The FTIR spectra of the CNS, including TGM4, TGM8, TSGM4, and TSGM8 are
shown in Figures 10 and 11, respectively. All codes of samples in the brackets were from
Central Laboratory Malang State of University, where the FTIR spectra of the samples
were analyzed. The carbons without Z code are such because they are without ZnCl2 in
pyrolysis. All those spectra show that the carbons which were obtained from both rice
husk (G) and sawdust (SG) without ZnCl2 by pyrolysis at 800 W (TGM8 and TSGM8) have
more peaks than at 400 W (TGM4 and TSGM4). It means that pyrolysis at 400 W gave more
completed carbonization reaction than at 800 W. The microwave energy of 800 W gave
higher temperature than 400 W. In fact, higher temperature of pyrolysis did not always
increase carbonization reaction, depend on the used activator [50].

Figure 10. FTIR spectra of CNS (without Z) and ZnO/CNS (with Z) which were prepared at 400 W
(code 4) and 800 W (code 8) from biomass of rice husk (G).

Figure 11. FTIR spectra of CNS (without Z) and ZnO/CNS (with Z) which were prepared at 400 W
(code 4) and 800 W (code 8) from biomass of sawdust (SG).



ChemEngineering 2021, 5, 58 11 of 21

Biomass not only contains the organic substances which can be carbonized to produce
the carbon, but also contain inorganic minerals [51,52]. Based on comparison of metal
content in both biomass from different references [53,54], it is known that the rice husk
contains higher Si and Mg than the sawdust at ratio of weight percentage of Si (14:3) and
Mg (8:7). On the other hand, contents of Al, Fe, Ca, Zn are larger in the sawdust than in the
rice husk, including in the weight percentage ratio of Al (14:11), Fe (8:3), Zn (38:1), and Ca
(13:5). Silica was used as pore template of mesoporous carbon [55]. FeCl3, ZnCl2, MgCl2
were used as activator in pyrolysis of coffee ground [56]. The FeCl3 has a low boiling point
of 316 ◦C. It means that effectivity of activation by FeCl3 lasts at lower temperature.

This difference of metal content was probably responsible for the different sharpness
of CNS FTIR spectra which resulted from pyrolysis without ZnCl2 (TGM8 and TSGM8).
By assumption that the Fe in the sawdust and the rice husk present as FeCl3, the sharper
bands for the carbon of TSGM8 than TGM8, which both resulted from the same 800 W,
probably are due to the FeCl3 evaporation at 800 W.

All composites (ZnO/CNS) which resulted from pyrolysis with ZnCl2 activator, in-
cluding TGMZ4, TGMZ8, TSGMZ4, and TGMZ8, show relatively no peaks or very weak
bands of FTIR spectra. It is a sign that the good carbonization reaction lasted. The ZnCl2 is
a type of chemical activator which more effectively works at low temperature, especially at
lower temperature than its boiling point to prevent evaporation. The boiling point of ZnCl2
is 732 ◦C [57]. This is why, at study of pyrolysis temperature, the lignin carbonization using
ZnCl2 activator increased porosity of the carbon from 500 to 600 ◦C but decreased again
at more than 600 ◦C [50]. The good microwave carbonization at 400 and 800 W by using
ZnCl2 activator indicated that temperature at microwave energy of 800 W is lower than
732 ◦C so that it is still effective for activation by ZnCl2.

3.3. Influence of Biomass and Microwave Pyrolysis Parameters toward Structure of the ZnO/CNS

Crystal structure is one of important characteristics of a material. X-ray diffraction is
good method to identify both carbon and oxide metal crystal structure. It is because each
crystal structure consists of the lattice plans which contain ions or atoms. Both particles
contain electrons which diffract X-ray [58]. Characterizations of the biomass and composites
have been conducted by powder XRD method and their diffractograms are presented in
Figures 12 and 13, respectively. The codes in the bracket on diffractograms are codes of
samples which were given by LSUM State University of Malang, the instrumental analysis
laboratory where the biomass, the carbons, and the composites have been characterized
using X-ray diffractometer. The diffractograms were re-made by origin program based on
the raw data of X-ray diffractograms from LSUM.

Figure 12. Diffractograms of sawdust (SG) and rice husk (G) biomass.
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Figure 13. X-ray diffractograms of CNS (without code of Z) and ZnO/CNS composites (with code
of Z).

Figure 12 shows the similar diffractogram patterns of sawdust (SG) and rice husk
(G). Those patterns are similar patterns to cellulose nanofiber, which is isolated from
biomass [59] and pure cellulose [60].

Although the biomass also contains lignin and hemicellulose (Figure 5), both com-
ponents are amorphous so that they create broad peak of diffractograms. The peaks of
the X-ray diffractograms are related to cellulose crystal component. Calculation of the
crystallinity index of cellulose in each the biomass gives slightly different values as listed
in Table 2. This calculation is based on Equation (1) in other research [59].

CI[%] =

[
1− Iam

I200

]
× 100% (2)

Table 2. Crystallinity index of cellulose.

Biomass I200 Iam CI (%)

Sawdust (SG) 4.3 1.6 62.8
Rice husk (G) 2.7 1.0 63.0

I200 is the maximum intensity of diffractogram which is related to the diffraction plane
in which hkl = 200. The Iam is the diffractogram intensity at 18◦ 2θ degrees, related to
amorphous structure.

Based on the calculation of the crystallinity index, both values are comparable with
the crystallinity index of cellulose nanofiber which was isolated from bambusa rigida
biomass [59]. However, the rice husk has a higher crystallinity index than the sawdust. It is
due to higher content of cellulose in the rice husk than the sawdust, as shown in Figure 5.

After pyrolysis by microwave, the diffractograms of the CNS from rice husk [TGM8]
and sawdust [TSGM8] in Figure 13 show the different patterns from the diffractogram
of the biomass in Figure 12. Both are similar to the diffractogram of CNT from acetylene
gas [61] and the diffractogram of the activated carbon from biomass. Wider peaks at about
25◦ and 43◦ can be indexed as (002) and (100/101), respectively [62].

Usage of ZnCl2 activator in pyrolysis process causes emergence of ZnO diffrac-
togram pattern in both TGMZ8 and TSGMZ8. This matches the predicted chemical
Equations (R4)–(R6) about the formation of the carbon and ZnO from pyrolysis reaction
of each lignocellulose component. Higher power of microwave (800 W) causes higher
intensities of diffractogram peaks, indicating higher crystallinity of ZnO. This emergence
of ZnO peaks is caused by lower peaks of the carbon diffractograms. This is related to the
carbon structure damage due to thermal activation of the carbon by ZnCl2.

Decreasing of X-ray diffractogram peaks indicate erosion of the carbon. It is presented
by the X-ray diffractograms of CNS with or without ZnCl2 in Figure 13. The erosion is
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suffered more by the carbon from sawdust than from the rice husk. This difference of the
structure damage is probably caused by the difference of lignocellulose component. The
lignin and cellulose are the highest content in sawdust and rice husk, respectively. Both
have different structure, especially aromatics and cyclic alkane, respectively. Formation of
the carbon structure is more completed by the rice husk than by the sawdust because its
structure makes it easier for thermal reaction and rearrangements to occur. The complete-
ness of the structure is related to formation of the graphene layers and chemical interaction
between the graphene.

3.4. Influence of Biomass and Microwave Pyrolysis Parameters toward Morphology of the ZnO/CNS

Morphologies of ZnO/CNS composites from pyrolysis of both rice husk and sawdust
have been characterized using SEM. The SEM is a useful instrument to identify both
morphology and topography of a material. Interaction of material and primary electron
beam produces secondary electrons and backscattered electrons in which signals are
strengthened and recorded as the image on the monitor screen [63].

Their SEM images are presented in Figure 14. It generally shows that composite of
ZnO/CNS from the rice husk (TGMZ8) has comparable particle size with the compos-
ite from sawdust (TSGMZ8). This comparable size shows that different distribution of
lignocellulose component (Figure 5) gives no significant effect on the morphology and
topography of the composites.

Figure 14. Morphologies of ZnO/CNS (TGMZ8 and TSGMZ8) from sawdust (SG) and rice husk (G)
by pyrolysis using microwave at 800 W (code = 8) and ZnCl2 activator (Z).

3.5. Influence of Biomass and Microwave Pyrolysis Parameters toward Stability of the
ZnO/CNS Colloid

Nanofluid is fluids which contain nanoparticles with size of less than 100 nm which
are dispersed in base fluids such as water [64]. The stability of the colloids after dispersing
process using blending technique was studied. Observation was conducted every 30 min.
Result of observation was presented in Figures 15 and 16. Based on the remaining concen-
tration of colloid during observation, the colloids of composites from pyrolysis without
activator tend to be more stable than with the activator. The use of ZnCl2 activator causes
content of ZnO in the product. This oxide improves attraction force of surface of particles
so that aggregation lasts more quickly than without ZnO.

For the same without activator, the composite from rice husk at pyrolysis of 800 W
is the most stable, whereas from sawdust, it is the opposite, i.e., pyrolysis at 400 W gave
the most stabile colloid. Based on FTIR spectra, composites resulting from pyrolysis
at 800 W are richer functional groups than those at 400 W. This functional groups can
improve attraction force of particles and make easier the aggregation of particles, and
finally decreases the stability of composites. This explanation is available for sawdust. On
the other hand, for rice husk, the fact is the opposite: the colloid of the composite resulting
from pyrolysis at 800 W is more stable. It is probably because the effect of minerals in rice
husk (which did not evaporate in 400 W) toward attraction force of particles is bigger than
the effect of functional groups of carbon resulting from pyrolysis at 800 W.
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Figure 15. Colloid stability of CNS from pyrolysis of the rice husk (G) without ZnCl2 (without Z)
and ZnO/CNS from pyrolysis of rice husk (G) with ZnCl2 (with Z).

Figure 16. Colloid stability of CNS from pyrolysis of sawdust (SG) without ZnCl2 (SMG) and
ZnO/CNS from pyrolysis of sawdust (SG) with ZnCl2 (SGMZ).

3.6. Characterization of the Final Product ZnCr2O4/CNS Composite by XRD and SEM-EDX
3.6.1. Characterization by XRD

The ZnO/CNS composite has been used for further synthesis of ZnCr2O4/CNS. Only
one of two composites was characterized by X-ray diffractometer in this research. This is
based on consideration from the previous research [5], which showed very similar patterns
of X-ray diffractograms for spinel which were synthesized using different M2+ (Ni2+, Mn2+,
Zn2+, Cu2+) and M3+(Fe3+, Cr3+). The X-ray diffractogram of the composite pyrolysis was
measured in LSUM State University of Malang with code of sample in the bracket which
was given by LSUM. The diffractogram was re-made by origin program based on the raw
data of X-ray diffractogram from LSUM, as presented in Figure 17.

Figure 17. X-ray diffractogram of ZnCr2O4/CNS composite.

This research is about the synthesis of zinc chromite, ZnCr2O4. The ZnCr2O4 (zinc
chromite) has a normal spinel structure; the Zn2+ cations occupy at tetrahedral sites
and Cr(III) cations occupy at octahedral sites. [27]. The ZnFe2O4 also builds the normal
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spinel [65]. It means that Cr(III) and Fe(III) occupy the same octahedral sites where the
cations make the coordination bonds with the oxygen.

Theoretically, the Fe(III) cation has the d5 orbital. When the Fe(III) makes coordination
bond with O2−, this ligand has the potency to donate a lone pair to make a pi bond with
the d5 orbital of Fe(III). This potency makes d5 of the Fe(III) become the high spin. If Fe(III)
cation bonds with O2− in high spin, the cation radii of Cr(III) and Fe(III) are comparable,
so that, consequently, the unit cell size of ZnCr2O4, d-spacing, and 2thetha are comparable
to of the ZnFe2O4. It means that the positions of 2thetha for every peak of ZnCr2O4 is
relatively the same with the position of 2thetha with ZnFe2O4.

In reality, based on result of synthesis in previous research using Cr(III) and Fe(III),
with various M(II) including Mn2+, Zn2+, Ni2+, and Cu2+, all gave the very similar patterns
of X-ray diffractograms [8]. It indicates that Fe(III) and O2− makes a coordination bond
with high spin of the d5 orbital.

The crystal structure can be identified quickly by only using the three highest peaks of
the standard [58]. To identify the final composites, some data of X-ray diffractograms were
used, including ZnCr2O4 (AMCSD), Cr2O3 (AMCSD,) ZnO (AMCSD), and KCl (AMCSD).
Based on data of standard from AMCSD, the highest peaks of the X-ray diffractograms are
listed in Table 3.

Table 3. Three highest peak data of standard diffractograms from AMCSD.

Substance 2θ(IR) 2θ(IR) 2θ(IR)

ZnO 31.00(53) 34.47(40) 36.29(100)
ZnCr2O4 30.35(43) 35.75(100) 63.15(38)

Cr2O3 33.65(100) 36.27(93) 54.94(85)
KCl 28.39(100) 40.58(63) 50.26(20)

The positions list of peaks in diffractogram of the composite product (Figure 16) as
2thetha(IR) are as follows: 28.35(100); 40.52(0.035); 50.20(10); 58.62(0.5); 66.39(62). Based
on the comparation to data of the composite’s diffractogram and the highest peaks of the
standard from AMCSD database, it is obtained that all main peaks of KCl confidently
match with peaks of the composite.

There are some considerations and assumptions to make interpretation more than KC,
as follows: (1) consideration that the highest peak in diffractogram of spinel sample can be
not the highest in diffractogram of spinel standard (AMCSD) for the same substance, even
regarding synthesis from the chemicals [66]; (2) assumption that the highest diffractogram
peak may be not detected due to poor crystallinity of ZnCr2O4 compared to the high
crystallinity of KCl, as consequence of the short time calcination (5 min) using microwave;
(3) consideration that the analysis by EDX reported the presence of Cr, Zn, and O in the
composite (Figures 18 and 19); (4) consideration that the EDX analysis also reported that
the final composite contained K and Na (Figures 18 and 19). Both Na+ and K+ like to make
coordination bonds with oxygen in octahedral structure. The Na+ also makes coordination
in tetrahedral structure where the ionic radii of Na+ and K+ are 1.02 and 1.38 Å, respectively,
in six coordination numbers. The Na+ also forms four coordination numbers with the ionic
radii of 0.99 Å [67]. It means that K+ can substitute Cr(III) in octahedral sites and Na+ can
substitute both Cr(III) and Zn2+ in octahedral and tetrahedral sites, respectively.

Based on those considerations and assumptions, it can create the interpretation that
two highest peaks of standard ZnCr2O4 (AMCSD) is close to two peaks of the final com-
posites, including 30.35 (standard), which is close to 28.35◦ (sample), and 63.15 (standard),
which is close to 58.62◦ (sample). It means that the final product probably contains ZnCr2O4.
Interpretation about presence of Cr2O3 become possible too in the final product when two
peaks of Cr2O3 are close to two peaks of the final composite, including 33.65◦ (standard),
which is close to 28.35◦ (sample), and 54.94◦ (standard), which is close to 50.20◦ (sample).
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Figure 18. SEM image of ZnCr2O4/CNS composite from pyrolysis of rice husk.

Figure 19. Chemical component of CTGMZ8 composite by SEM-EDX.

The shift of peak to lower 2thetha (higher d-spacing, larger unit cell) is probably due
to other larger cations which come from the inorganic biomass or chemicals in calcination
which substitute Zn(II) or Cr(III) in the ZnCr2O4 structure.

By using data of the highest peak of the final composite (FWHM = 0.1181◦ and
2θ = 28.3552◦), the crystallite size of the final composite can be calculated using Scherer
formula 2 [28,58]. The crystallite size of the final composite is 74.99 nm.

D =
0.9λ

βCosθ
(3)

D is crystal size, λ is wavelength of X-ray, β is full width at half maximum of peak in
radians (FWHM), θ is Bragg angle in radians.

3.6.2. Characterization by SEM-EDX

Changing the final composite (ZnCr2O4/CNS) morphology compared to the interme-
diate composite (ZnO/CNS) morphology, characterization by SEM was conducted. The
SEM image of the final composite is shown in Figure 18. It shows that the final composite
has shape of irregular ball particles. It looks different from the SEM images of the interme-
diate composite (Figure 13), which looks more like stick particles. This changing of shape is
caused by chemical reaction of the intermediate composite with some substances thermally.
The chemical component of the composite was analyzed by EDX as presented in Figure 19.
The chemical content of composite then was described as the bar chart in Figure 20.
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Figure 20. Chemical content analysis of ZnCr2O4 composite by EDX.

The chart shows that besides Zn, Cr, and O, the composite also contains K, Cl, Si, and
Na. The K and Cl are from the chemicals of KOH and ZnCl2. The Na and Si are related to
inorganic components which have existed in the biomass naturally before the pyrolysis
process. This matches the reaction Equation (R4) in calcination of the intermediate to
produce the final product. This analysis also supports interpretation of X-ray diffractogram.

3.7. Application of ZnCr2O4 Composite for Dark Degradation of Pesticide in Soil

The composite of ZnCr2O4 has been used to catalyze dark degradation of pesticide in
the soil. Some of the residues and the filtrates which were obtained from filtration after test
of degradation are shown in Figure 21.

Figure 21. Residues and filtrates after test of pesticide degradation.

Principle of this degradation is oxidation reaction of pesticide by H2O2 by catalysis of
ZnCr2O4. The reaction of catalyst and H2O2 resulted in radicals. These radicals are very
reactive to oxidize BPMC pesticide. BPMC is chosen as the model because this pesticide
type is used for paddy fields. The chemical degradation reaction of pesticide is predicted,
by assumption, same with the catalytic reaction of DNA damage byH2O2 with the catalyst
of Cr(III). In this case, Cr(III) reduces H2O2 to form radicals and Cr(III) is oxidized to form
reactive Cr(IV) [68] as written in the reaction Equations (R8) and (R9):

Cr(III) + H2O2 → Cr(IV) + OH + OH- (R8)

.OH + C12H17NO2 + O2 → degradation product (R9)

If Cr(IV) can be oxidized to Cr(VI), the Cr(VI) can be reduced to Cr(III again by H2O2
because reduction reaction of Cr(VI) to Cr(III) by H2O2 can last spontaneously [69].

0.5 Cr2O7
2− + 7H+ + 2e
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In the dark, reaction is slower than with presence of sunrise, because the sunrise
causes electron transfer from catalyst to H2O2 easier through transition of electron by
absorption of electromagnetic radiation from the sunrise. It means that fact of reaction
which is described in the real field will be better than application data of this research.

The percentage of catalytic degradation reaction of pesticide was obtained from
difference of TOC of filtrate after treatment of BPMC solution with the presence of soil
only and with presence of soil–H2O2–ZnCr2O4. The amount of H2O2 solution is the same
for each sample, so that the data of catalytic degradation percentage describe the role of
catalyst. Figure 22 shows that composite from sawdust has better performance than of
rice husk. Based on the chemical content of biomass in Figure 5, both biomasses have
different distribution of lignocellulose. This difference may give different characteristics
of nanocarbon, especially connected to porosity and surface area. This characteristics of
nanocarbon influence adsorption of pesticide and oxidation reaction on the surface of
nanocarbon by catalyst of ZnCr2O4.

Figure 22. Dark degradation reaction of BPMC pesticide through oxidation reaction by H2O2 with
catalyst of ZnCr2O4.

4. Conclusions

This research gives some information related to characteristics of composites and
performance of catalyst in dark degradation reaction of pesticide. Based on functional
groups, pyrolysis of both rice husk and sawdust using microwave resulted in a completed
carbonization reaction, except at 800 W without ZnCl2. The intermediate composite
(ZnO/CNS) from rice husk was more stable toward thermal than that from sawdust.
The colloid of ZnO/CNS from sawdust tended to be more stable than from rice husk.
Pyrolysis without ZnCl2 activator gave more stable colloid of ZnO/CNS than with ZnCl2.
Based on morphology, sawdust and rice husk produced the comparable particle size of
ZnO/CNS. XRD and EDX characterizations indicated the existence of ZnCr2O4/CNS for
final composite with KCl and Cr2O3 as impurities. The final composite, ZnCr2O4/CNS,
from sawdust gave catalytic performance better than from rice husk, including 2.5 times
larger related to pyrolysis at 400 W and 1.6 times larger related to pyrolysis at 800 W.
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