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In the present work, the feasibility of chitosan-graphene oxide (CS-GO) nanocomposites, namely CS-GO 1% (w/
w), CS-GO 2% (w/w) and CS-GO 3% (w/w) as water-solubilising agents for rotenone pesticide was evaluated for
the first time. The CS-GO nanocomposites were characterised by using FTIR, SEM, TEM and XRD analyses. The in-
teraction of nanocomposites with rotenone was investigated through adsorption study involving several exper-
imental parameters such as solution pH, initial concentration and contact time. Additionally, the desorption study
was carried out using HCl and NaOH as desorption agents. Based on correlation coefficient (R2), the adsorption
kinetic data were best described by the pseudo-first order equation while the adsorption equilibrium data
were correlated well with the Langmuir isotherm model. The GO nanoparticle aggregates have a spherical
shape with size ranged from 1.40 to 34.7 nm. The crystallinity of CS was increased following interaction with
GO, whereby the intensity of diffractive peak at 2θ = 20.42° was increased to more than 4000 counts. Based
on Langmuir isotherm model, CS-GO 3% (w/w) exhibited the highest adsorption capacity for rotenone with Q
value of 92.59 mg/g. The main mechanism for interaction of CS-GO nanocomposites with rotenone was through
formation of hydrogen bond. The presence of -OH, -COOH and -NH functional groups on CS-GO nanocomposites
significantly contributed to water-solubilising mechanism. The CS-GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3%
(w/w) nanocomposites were able to increase the solubility of rotenone in water by 34.40%, 38.80% and 46.30%,
respectively.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Biopesticides have received great attention from scientists as prom-
ising alternatives to chemical pesticidesmainly because they comprised
of plant-derived active ingredients to control pests and pathogens [1].
Unfortunately, most of the plant origin active ingredients are hydropho-
bic compounds thus limit the production of botanical pesticides [2]. The
usage of large amount of organic solvents to dissolve hydrophobic active
ingredients in pesticide formulations had significantly polluted the en-
vironment [3]. This scenario has created opportunities to scientists to
develop eco-friendly pesticides through application of materials that
are able to act as water-solubilising carrier agents [4].

Carrier agents are purposely designated for the protection of pesti-
cides by increasing their chemical stability when opposed the harsh en-
vironmental conditions such as high temperature and radiation [5]. In
mari).
the context of active ingredients, the carrier agents will protect them
before their target-specific release, improve their solubility and pene-
tration, and control the release functions of active ingredients into the
surrounding environment [6]. There are several binding mechanisms
for carrier agents, namely encapsulation, entrapment, adsorption and
through ligands [7].

Graphene oxide (GO) is composed of a single-atom-thick lattice of
honeycomb-like sp2-bonded carbon atoms, possesses plenty of oxygen-
containing polar functionalities such as carbonyl, epoxide, carboxyl and
hydroxyl groups [8]. The abundance of oxygen functionalities presence
in GO enables it to dispersemore easily in organic solvents, water and dif-
ferent matrices. The potential application of GO in delivery of hydropho-
bic pesticides, namely chlorpyrifos, endosulfan, and malathion has been
investigated by several researchers. GOwas reported to exhibit a sponta-
neous adsorption interaction with the three pesticides studied [9].

Designed with the composition of β-(1–4)-linked-2-2-deoxy-2-
amino-D-glucopyranose, chitosan (CS) is comprised with plenty of che-
lating groups including primary and secondary hydroxyl groups, along

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2020.114066&domain=pdf
https://doi.org/10.1016/j.molliq.2020.114066
mailto:azlan.kamari@fsmt.upsi.edu.my
https://doi.org/10.1016/j.molliq.2020.114066
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/molliq


2 M.S. Muda et al. / Journal of Molecular Liquids 318 (2020) 114066
with highly reactive amino groups [10]. CS has been used in drug deliv-
ery for medical application. Biological adhesiveness of CS can promote
drug permeability, for the benefit of drug delivery carrier from nasal
to brain [11]. Among the various biopolymers researched, CS has been
regarded to have excellent potential for delivery applications.

Rotenone or also known as (1,2,12,12a-tetrahydro-8,9-dimethoxy-2-
(1-methyl-ethenyl)-1-benzopyrano[3,5-b]furo[2,3-h]benzopyran-6(6h)-
one) [12], is a rotenoid ester and naturally occurring compound derived
from the constituents of the roots, leaves and stems of many botanical
species of the genera Derris, Amorpha, Tephrosia and Lonchocarpus
[13]. Rotenone has been legally used in organic crop production owing
to its natural origin and lack persistence in the environment. Hence, it is
readily degrades to form water and dihydrorotenone [14]. In addition, it
is extremely toxic to pest such as corn borers, apple and pea aphids, Mex-
ican bean beetles, and household pests, but moderately non-toxic to
mammals and plants [3]. Upon contact with water, rotenone undergoes
several chemical reactions including oxidation, hydrolysis and photo-
chemical conversion. Rotenone is nearly insoluble inwater approximately
0.002 mg/mL at 20 °C [3].

Kamari et al. [15] have reported the successful of N,N-
dimethylhexadecyl carboxymethyl chitosan (DCMC) as amphiphilic
water-solubilising agent for rotenone pesticide In their study, the desig-
nated nanocompositewas able to increase thewater solubility of rotenone
up to48.5 times than free rotenone inwater. The overall aimof thiswork is
to prepare, characterise and evaluate the potential of CS-GO nanocompos-
ites to bind hydrophobic rotenone pesticide in water. To the best of our
knowledge, this is thefirst attempt to study the interactionmechanismbe-
tween CS-GO nanocomposites and rotenone in water environment.

2. Materials and methods

2.1. Materials

CS derived from shrimp shells (99% deacetylated, MW 33 kDa) was
supplied by Sigma-Aldrich. GO (with 99% purity) was purchased from
HmBG Reagent Chemicals and glutaraldehyde was acquired from
Merck. All chemicalswere of analytical grade and used as receivedwith-
out further purification.

2.2. Preparation of CS-GO nanocomposites

CS-GO nanocomposites were prepared following to the procedure
outlined by Fan et al. [16] with somemodifications. Three CS-GO nano-
composites were synthesised by modifying the weight ratio of CS to GO
and coded as CS-GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w).
To prepare CS-GO 1% (w/w), 0.2 g of CS was dissolved in 1% (v/v) acetic
acid solution at room temperature (25 °C). GO (0.2 g) was then added
into the suspension and stirred vigorously for 30 min by using a mag-
netic stirrer to obtain a homogenous dispersion. The CS-GO mixture
was sonicatedwith anultrasonic sonicator for 90min at 60 °C to remove
gas bubble. After sonication process, the pH of CS-GO suspension was
adjusted to 9–10 by adding NaOH (1% v/v) to precipitate the CS-GO.
The precipitate was heated at 60 °C for 60 min in an oven. Then, 2 mL
of glutaraldehyde was added into the reaction mixture for cross-
linking of CS and continuously stirred for another 30 min. Following
centrifugation process, black product was collected and rinsed with di-
luted acetic acid and deionised water to remove the unreacted CS. The
black powder was dried at 60 °C overnight. The experiment was re-
peated by using 0.4 g and 0.6 g of GO in order to produce CS-GO 2%
(w/w) and CS-GO 3% (w/w), respectively.

2.3. Characterisation study

2.3.1. Fourier transform infrared (FTIR) spectroscopy analysis
The presence of functional groups and potential reactive sites of the

nanocomposites was investigated by using a Thermo Nicolet 6700 FTIR
Spectrometer with over 30 cumulative scans in the wavenumber ranged
between 400 and 4000 cm−1. A pallet of each nanocomposite was pre-
pared with a weight ratio of 1:10 (nanocomposite:KBr), separately.

2.3.2. CHNO elemental analysis
The percentage of C, H, N and O in each nanocomposite was analysed

by using a CHNS-O Flash EA 1112 Series Elemental Analyser. Approxi-
mately, 2.0 mg of nanocomposite was weighed in a tin capsule and then
transferred into a reactor for combustion process. Acetanilide, oxygen
and helium were used as standard, oxidant and carrier gas, respectively.

2.3.3. Scanning electron microscopy (SEM) analysis
SEM analysis was conducted in order to observe the surface mor-

phology of CS before and after interaction with GO. The CS-GO nano-
composites were first coated with platinum to avoid electron charging
by using Automatic Platinum Sputter Coater System (Quorum
Q150RS). The SEM analysis was performed on a Hitachi SU 8020 UHC
Field Emission Scanning Electron Microscope (FESEM) set at accelerat-
ing voltage of 2.0 to 5.0 kV. The surfacemorphology of the nanocompos-
ites was observed at several magnifications.

2.3.4. Transmission electron microscopy (TEM) analysis
The internal morphology of each nanocomposite was observed at

several magnifications. About 8.0 mg of nanocomposite was dissolved
in 2.0mL of deionisedwater followed by 2.0mL of acetone. The solution
was treated with ultrasound for 20 min, before two drops of sample so-
lution were dropped on the copper grid and left for drying process
under room temperature. TEM analysis was performed at 30.0 kV
using a tungsten filament.

2.3.5. X-ray diffraction (XRD) spectroscopy analysis
The change in crystalline structure of CS following introduction of

GO was examined by using a Shimadzu X-ray Diffractometer 6000
equipped with Lynx eye high speed detector. The instrument was
equipped with Cu-Kα radiation of 1.5406 nm. The XRD patterns were
recorded over 2θ region of 0 to 100° with a scanning speed set at 2°
per minutes.

2.4. Performance study

2.4.1. Solubility study
The correlation of the pH dependence towards water solubility of

each nanocomposite was studied from measurement of transmittance
of each solution. In this study, 10 mg of each CS-GO nanocomposite
was dissolved in 10 mL of 2% (v/v) HCl solution. The pH of solution
was varied from1 to 13by the addition of differentmolarity ofNaOH so-
lution. The transmittance of the solutions was analysed at 600 nm by
using an Agilent Cary 60 UV–Visible Spectrophotometer.

2.4.2. Adsorption study
The potential of CS-GO nanocomposites to adsorb rotenone was

evaluated in batch adsorption experiments, which involved several ex-
perimental parameters. Briefly, after adsorption process the solutions
were filtered through Filter Fioroni (125 mm) filter paper. The residual
rotenone concentrationwasmeasured by usingUV–Visible spectropho-
tometer. All experiments were conducted in triplicates and average
values (with respective standard error of average) are reported. The ac-
etone and ethanol (1:1 v/v) blanks were used as controls.

The adsorption capacity of rotenone towards CS-GO nanocomposite
was calculated by using Eq. (1) [4]:

qe ¼ Co−Ceð ÞV
W

ð1Þ

where qe (mg/g) is the adsorption capacity of the rotenone at equilib-
rium, Co and Ce (mg/L) are the initial and equilibrium concentration
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of rotenone respectively. V (L) refers to the volume of rotenone solution
and W (g) represents the weight of CS-GO nanocomposite.

The effect of solution pH on rotenone adsorption was studied be-
tween pH 1 to 9. In this experiment, the initial pH of solution was ad-
justed by using 0.1 mol/L of HCl and 0.1 mol/L of NaOH. The pH value
was measured by using a Thermo Scientific Orion 2-star pH meter.

The effect of contact timewas carried outwith 10mLof rotenone so-
lution at 50 mg/L concentration in 250 mL conical flasks. The samples
were equilibrated by shaking at predetermined times (15 to 90 min)
at 100 rpm for 60 min by using a protech Orbital Shaker (model 720).

The effect of initial concentration of rotenone solution was investi-
gated in the concentration range of 10 to 100 mg/L.

2.4.3. Adsorption kinetic study
Adsorption kinetic is fundamental in predicting the adsorption rate

for designing and modeling the adsorption process. In this study, the
kinetic data were fitted to pseudo-first order (Eq. (2)) [17], pseudo-
second order (Eq. (3)) [18] and intraparticle diffusion (Eq. (4)) [19] ki-
netic models in order to understand the adsorption mechanism.

log qe–qtð Þ ¼ logqe−
k1

2:303
t ð2Þ

t
qt

¼ 1
k2qe2

þ t
qe

ð3Þ

qt ¼ C þ kid
ffiffi
t

p
ð4Þ

where qe (mg/g) and qt (mg/g) are the amount of rotenone adsorbed
onto CS-GO nanocomposite at equilibrium tand contact time t, respec-
tively. Meanwhile, k1 (1/min), k2 (g/mg min) and kid (mg/g min0.5)
are the rate constants for pseudo-first order, pseudo-second order and
intraparticle diffusion, respectively. C is the constant and the selection
of the best fitting kineticmodelwas based on the highest correlation co-
efficient (R2).

2.4.4. Adsorption isotherm study
The interaction behaviour between rotenone and CS-GO surfaces

was further studied. The equilibrium adsorption data were correlated
with the Langmuir and Freundlich isotherm models. The linearised
Langmuir equation is expressed in the Eq. (5) [20], while the linearised
Freundlich equation is calculated by using Eq. (6) [21].

Ce
qe

¼ Ce
Q

þ 1
Qb

ð5Þ

where Q (mg/g) is themaximum adsorption capacity and b (L/mg) rep-
resents Langmuir constant associated with the affinity of binding sites.

logqe ¼ logK F þ 1
n

logCe ð6Þ

where kF (mg/g) and n are Freundlich constants related to adsorption
capacity and adsorption intensity, respectively.

2.4.5. Desorption study
The adsorption was done using 10 mL of 50 mg/L rotenone solution

with 10mg of each CS-GO nanocomposite at 25 °C for 60min. The solu-
tion was then filtered and the CS-GO nanocomposites were collected
and dried. The desorption study was carried out by immersing the
rotenone-loaded CS-GO nanocomposite in 10 mL of 0.25 mol/L HCl or
NaOH aqueous solution at 25 °C for 60 min. The CS-GO was then re-
moved from the solution. The amount of rotenone desorbed from CS-
GO was determined by using UV–Visible spectrophotometer. In this
study, both 0.25mol/L HCl and NaOH blanks were used as controls. Per-
centage of desorption was calculated by using Eq. (7) [22].
Desorption %ð Þ ¼ Desorbed rotenone½ �
Adsorbed rotenone½ �

� �
� 100 ð7Þ

3. Results and discussion

3.1. Characterisation study

3.1.1. FTIR spectroscopy analysis
Fig. 1 shows FTIR spectra of GO, CS andCS-GOnanocomposite. Fig. 1a

presents major absorption bands of GO in the FTIR spectrum appearing
at 3372, 3000 1737, 1645, 1317, 1155 and 1086 cm−1. The absorption
band observed at 3372 cm−1 represents OH groups, while the band at
3000 cm−1 corresponds to C\\H stretch of GO [16]. FTIR spectrum of
GO exhibits two typical peaks at 1737 and 1645 cm−1 which can be
assigned to vibration stretching of C_O of COOH groups and C_C
stretchingmode of the sp2 carbon skeletal network or epoxy groups, re-
spectively [23]. In addition, the absorption peaks appeared at 1317,
1155 and 1086 cm−1 can be related to C\\O vibration of various
oxygen-containing groups such as epoxy and carboxyl groups [24].
These groups favour the miscibility and dispersion of GO in polymer
matrix via hydrogen bonding or electrostatic interactions [25].

The FTIR spectrum of CS (Fig. 1b) exhibits several distinctive absorp-
tion bands. A broad absorption band observed at 3367 cm−1 can be at-
tributed to the stretching vibration of OH groups which is overlapped
with N\\H stretching vibration. The asymmetric stretching vibrations
of aliphatic C\\H of CS stretch were represented by absorption bands
at wavenumbers of 2927 and 2925 cm−1. An absorption band appeared
at 1647 cm−1 represents amide I, while the peak at 1559 cm−1 ascribed
amide II [26]. Meanwhile, another peaks observed at 1121 and
1072 cm−1 could be due to contribution of the three distinct vibration
modes of C\\O stretch of primary alcoholic group (CH2-OH), C-O-C
and C\\C ring vibrations [27].

As can be seen from Fig. 1c, the FTIR spectrum of CS-GO nanocom-
posite presents a combination of CS and GO characteristics (Fig. 1a
and b). From Fig. 1c, it is apparent that incorporation of GO and CS has
resulted in several changes to FTIR spectrum of CS-GO nanocomposite.
For example, the COOH peak of GO at 1737 cm−1 and NH2 peak of CS
at 1559 cm−1 have disappeared. Meanwhile, a new absorption band
was observed at 1665 cm−1, which corresponds to amides (C_O
stretching vibrations of –NHCO). This observation can be related to reac-
tion of carboxyl groups of GOwith amino groups of CS. This finding cor-
roborates the disappearance of both COOH and NH2 groups as
mentioned earlier. A new band appeared at 1552 cm−1 could be attrib-
uted to amide II groups formed due to reaction between amino groups
of CS and epoxy groups of GO. Meanwhile, a discernible peak at
1480 cm−1 can be ascribed as stretching vibration of carboxylate groups
(-O-C=O) [16]. The shift in wavenumber of hydroxyl groups from 3372
to 3399 cm−1 might be due to formation of hydrogen bonding during
interaction of GO and CS.

3.1.2. CHNO elemental analysis
As shown in the Table 1, theGO contains 72.73% of C and 25.78% of O.

Meanwhile, CS contains 44.08% of C and 41.06% of O. The C/O ratios for
GO and CS were determined as 2.82 and 1.07, which almost similar
value as reported by Ferreira et al. [28] and Sessarego et al. [29], was
up to ~2.0 and 1.094, respectively. Meanwhile, the C/O ratios for CS-
GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w) were 2.83, 2.73
and 2.79, respectively. Based on these values, the CS-GO nanocompos-
ites exhibited a similar C/O ratio value of GO (2.82), as discussed earlier.
The results indicate that the CS-GO nanocomposites mimic GO behav-
iour in terms of polarity and number of oxygen-containing groups.

The higher value of H composition led to the higher value of H/C
ratio, which indicated less aliphatic properties of the compound. Com-
monly, both aliphatic compounds and carbohydrate have an H/C ratio
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Fig. 1. FTIR spectra of (a) GO, (b) CS and (c) CS-GO 3% (w/w).
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between1.5 and 2.0, and phenolic compounds have less than 1.5 [30]. In
this experiment, H/C ratio for CS and GO was determined as 0.18 and
0.02, respectively. Meanwhile, the H/C ratios for CS-GO 1% (w/w), CS-
GO 2% (w/w) and CS-GO 3% (w/w) were 0.08, 0.03 and 0.02, respec-
tively. The introduction of GO into CS, has drastically reduced the H/C
ratio of CS and thus, increased the aliphatic properties of the
nanocomposites.

FromTable 1, it is clear that an increase in the loading level of GO from
1% (w/w) to 3% (w/w) has increased theweight percent of C and O in CS-
GO nanocomposite. For example, the weight percent of C increased from
66.75% to 71.03%, when the GO loading level was increased from 1% to 3%
(w/w). Meanwhile, the O content was increased from 23.56% to 25.37%
following addition of GO from 1% to 3% (w/w). The higher content of
oxygen-containing functional groups may provide more reactive sites
for further surface or chemical interactions. On the other hand, N content
showed an important loss in CS-GO nanocomposite (1.83 to 4.87%)when
comparing to CS (6.92%). This probably due to increment in number of
carboxyl group inGO reactswith aminogroupof CS to formamides. Over-
all, the experimental values of C, H, N andO determined in CS, GO and CS-
GO nanocomposites were close to their theoretical values, presented in
bracket. Hence, these findings suggest the CS-GO nanocomposites were
successfully synthesised.
Table 1
Elemental composition of GO, CS-GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w).

Sample Chemical formula Molecular weight (g/mol) Weight percent (%)

C

GO (C138H50O21)n 2043.86 72.73 ± 0.6 (72.14)
CS (C7H15NO4)n 177.20 44.08 ± 0.2 (45.65)
CS-GO 1% (w/w) (C154H81N3O47)n 2725.28 66.75 ± 0.2 (66.59)
CS-GO 2% (w/w) (C287H115N3O86)n 4980.95 67.94 ± 1.2 (68.23)
CS-GO 3% (w/w) (C418H143N3O122)n 7158.55 71.03 ± 0.8 (70.45)

Theoretical values are in brackets. Values represent mean of three replicates ± standard devia
3.1.3. SEM analysis
CS displays a smooth, dense, uniform and some grooves texture, as

shown in Fig. 2a. Meanwhile, pure GO exhibits a sheet-like structure
with a wrinkled and curled surface morphology (Fig. 2b). The wrinkles
and pleats are often observed for GO and graphene. These characteris-
tics are important to maintain a high surface area and prevent collapse
back into a graphitic structure [31]. Unlike pure CS, the surface of CS-
GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w) nanocomposites
(Fig. 2c, d and e) became coarse and exhibited a small cluster of particles
attributed to the presence of GO. The extent of roughness and clusters of
particles increasedwith the increase in GO loading from 1% (w/w) to 3%
(w/w). The presence of bright spherical structures indicates even distri-
bution of GO nanosheets in clouded structure of CS. A similar observa-
tion of formation of small aggregates was reported by Li et al. [32],
when cyclodextrin and chitosan were added to reduced GO (rGO).

Based on SEM analysis, it is clear that the increment in GO loading
level, will increase the appearance of GO sheets on the surface of CS. A
pronounce effect was obtained for CS-GO 3% (w/w), whereby the mor-
phology of CS-GO 3% (w/w) shows a dense accumulation of GO disper-
sion. The addition of GO into polymermatrixmight improve the surface
area, which potentially enhance the adsorption site. This scenario pro-
vides advantageous condition for attracting more target substances
H N O C/O ratio H/C ratio

1.49 ± 1.2 (1.65) – 25.78 ± 0.4 (26.21) 2.82 0.02
7.94 ± 0.8 (7.66) 6.92 ± 0.1 (7.60) 41.06 ± 0.5 (39.09) 1.07 0.18
5.84 ± 0.4 (5.99) 3.85 ± 0.6 (4.53) 23.56 ± 0.3 (22.89) 2.83 0.08
2.39 ± 0.7 (2.52) 4.87 ± 0.9 (4.66) 24.80 ± 1.1 (24.59) 2.73 0.03
1.77 ± 0.2 (1.69) 1.83 ± 0.5 (1.56) 25.37 ± 0.7 (26.30) 2.79 0.02

tion.
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Fig. 2. SEM images of (a) CS, (b) GO, (c) CS-GO 1% (w/w), (d) CS-GO 2% (w/w) and (e) CS-GO 3% (w/w) at 25,000× magnification.
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around the sites, which will greatly improve the adsorption rates of
substances.
3.1.4. TEM analysis
In this study, the size of GO nanoparticle aggregates was also deter-

mined and observed at 200,000× magnification (Fig. 3). As shown in
Fig. 3a, pure GO illustrates spherical-shape of nanoparticles with the
size between 25.8 and 57.5 nm. For CS-GO 1% (w/w), the size for GO ag-
gregates ranged from 23.8 to 28.8 nm (Fig. 3b). Meanwhile, CS-GO 2%
(w/w) exhibited GO aggregates in the range of 18.8 to 34.7 nm
(Fig. 3c). The most abundant content of GO nanoparticles can be seen
for CS-GO 3% (w/w) (Fig. 3d), with the size ranged from 1.4 to
21.8 nm. It is apparent that following interaction with CS, there was a
marginal decrease in size of GO nanoparticles. Previously, Khawaja
et al. [33] reported that the TEM image of GO exhibited spherical-
shape of nanoparticles with diameter ranging from 15 to 25 nm.

The nanoparticle size distribution plays an important role in
immobilising and affects the loading capacity and binding ability of
composite for active compounds [34]. Nanocarrier size is among the
most important parameters in a delivery system because it can influ-
ence in vivo distribution, toxicity, targeting, loading, release, and
in vitro and in vivo stability [35]. In this context, it can be speculated
that CS-GO nanocomposites could be effective as hydrophilic sites for
hydrophobic rotenone in adsorption system.

3.1.5. XRD analysis
Fig. 4 shows X-ray diffractograms of GO, CS and CS-GO nanocompos-

ites. The X-ray diffractogramof GO (Fig. 4a) exhibits a very intense peak
at 2θ= 10.5° (about 20,000 counts), which corresponds to a d-spacing



Fig. 3. TEM images of (a) GO, (b) CS-GO 1% (w/w), (c) CS-GO 2% (w/w) and (d) CS-GO 3% (w/w) at 200,000× magnification.
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of 7.91 nm as estimated by Bragg's law [36]. It can also be related to the
large amount of polar functional groups generated between graphene
layers during oxidation [37]. Meanwhile, X-ray diffractograms of CS
(Fig. 4b) were observed at 2θ = 10.8°, 16.5° and 20.42°. Of these three
structural peaks for CS, the peak at 2θ=20.42°was themost prominent
with a signal counts value of about 3000.

As depicted in Fig. 4c, d and e, there is no structural peak represents
GO in CS-GO nanocomposites. The main diffractive regions of CS-GO
nanocomposites were observed at 2θ = 16.5° and 20.42°. These peaks
represent diffractive characteristics for CS, which have been mentioned
earlier for X-ray diffractogram of CS (Fig. 4b). The disappearance of GO
peak suggests that most of the GO reacted with CS. Amines of the CS
reactedwith carbonyl and epoxyl group of GO, thusmight have an effect
to the layered structure and crystallinity property [37]. It is apparent
that the intensity of diffractive peak at 2θ = 20.42° of CS increased
from 3000 counts (Fig. 4b) to more than 4000 counts (Fig. 4c, d and
e). The peak intensity were correlated with the degree of crystalline re-
gion. Hence, it is interesting to note that the addition of GO into CS, in-
creased the crystallinity degree of CS.

Overall, results fromXRD analysis highlights themarginal increment
in diffractive peak of CS at 2θ=20.42° following addition of GO into CS.
This increment might have an effect on adsorption capacity of CS-GO
nanocomposites for rotenone.

3.2. Performance study

3.2.1. Solubility study
The solubility study of CS, CS-GO 1% (w/w), CS-GO 2% (w/w) and

CS-GO 3% was conducted to evaluate the pH dependence of the water
solubility of each nanocomposite. In this study, the ability of each nano-
composite was tested at solution pH ranged from 1 to 13. The solubility
was measured as percentage of transmittance of UV–Visible which
passed through the nanocomposites solutions. The water solubility of
nanocomposites are depicted in Fig. 5.

From Fig. 5, the transmittance of both CS and CS-GOnanocomposites
solutions were close to 100% at low pH (pH ≤ 6.0), indicating that the
compoundswere all soluble inwater in this pH range. The optical trans-
mittance of the CS solution dropped sharply from its initial level at
pH ≤ 6 (98.30% to 99.56%) down to almost insoluble levels (18.29% to
35.07%) at pH ≥ 7 and the solution became opaque. In contrast, the
transmittance of CS-GO nanocomposites declined by a small extent
with percentage of reduction between 18.65% and 32.71%.

CS is typically water-soluble in acidic medium due to protonation of
the amino groups (NH3

+) [38]. As discussed by Rui et al. [39] CS can be
partially hydrolysed to achieve water solubility by obtaining shorter
chain lengths with more free amino groups in D-glucosamine units as
a result of a decrease in molecular weight. However, CS has low solubil-
ity at neutral and alkaline conditions. Alternatively, the destruction of
intermolecular and intramolecular hydrogen bonds is favourable to
the reduction of CS crystallinity and improvement of its solubility [40].

The water solubility of CS-GO nanocomposites increased with in-
creasing of GO loading levels. The transmittance percentages of CS-GO
1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w) were increased
more than 60% at pH range of 7 to 13. In this pH range, CS-GO 3% (w/
w) exhibited the highest solubility inwaterwith transmittance percent-
age of 80.67% to 86.58%, followed by CS-GO 2% (w/w) (70.08% to
75.01%) and CS-GO 1% (w/w) (63.07% to 68.21%). This observation indi-
cates that the introduction of GO to CS backbone improved the solubility
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of CS over the entire pH values studied. Furthermore, the addition of GO
could have an effect in damaging the regularity of chitosan chain and
the structure of hydrogen bonds, leading to a significant increment in
hydrophilicity of the copolymers [23,41]. As discussed by Chen et al.
[42] the hydrophilic pendant hydroxyl groups on GO could form hydro-
gen bonds with amino and hydroxyl groups of CS, and broke the intra/
intermolecular hydrogen bonds of CS. This phenomenon significantly
improved the water solubility of CS-GO.

3.2.2. Adsorption study

3.2.2.1. Effect of solution pH. The effect of solution pH on adsorption of ro-
tenone by CS-GO nanocomposites are presented in Fig. 6a. All
nanocomposites show a similar trend in rotenone uptake, whereby the
capacity decreased when the solution pH was increased. Adsorption ca-
pacity of CS-GO nanocomposites towards rotenone displayed a marked
decrement in basicmedia (pH 8 and 9). A pronounce effect was observed
at pH 9, of which the adsorption capacities of CS-GO nanocomposites
drastically increased (0.73 to 10.8 mg/g) with the increment of GO load-
ing in nanocomposites from 1% to 3% (w/w). The influenced of GO loaded
on the adsorption capacity of nanocomposites can be clearly seen at pH 1,
whereby the highest adsorption capacity was exhibited by CS-GO 3%. The
increment of GO loading levels has increased the oxygen-containing
groups of the nanocomposites, thus enhances the hydrogen-bonding
sites for rotenone. The overall results suggest that the interaction of rote-
none and CS-GO nanocomposites was favourable in acidic media.
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According to Fig. 7, the main mechanism for rotenone adsorption is
believed to be through hydrogen bonding and π-π interaction. Since
CS-GO has both –OH and –COOH groups, these functional groups or re-
sidual oxygen-containing groups of GO can form hydrogen bond with
rotenone. The second mechanism could be attributed to the contribu-
tion of GO through the π-π interaction between aromatic ring of GO
and rotenone as hydrophobic compound.

The -NHCO- groups in CS-GO nanocomposite became protonated
(Fig. 7a). The protonation of this amide surface group has provided
more hydrogen bonding sites to increase the capacity of rotenone ad-
sorption. In addition, hydrophobic groups of rotenone are also attracted
by the benzene ring due to the hydrophobic effect and π-π bonds inter-
action. Fig. 7b shows the proposed mechanism for rotenone adsorption
in acidic medium. In the acidic background, the high concentration of
H+ ion has led the –OH and –COOH groups of CS-GO nanocomposites
remained in the form of –OH and –COOH. Therefore, the formation of
hydrogen bonding between –OH and –COOH in nanocomposites and
rotenone is favourable.

However, a different reaction occurred as the solution pH was
increased. Fig. 8c describes the proposed mechanism of rotenone
adsorption in basic medium. With the increasing of solution pH,
less protons were available to protonate the imine groups leading
to the decrease of hydrogen-bonding sites and thus reduce the ad-
sorption capacity of CS-GO nanocomposites. On the other hand, the
increment of pH value had encouraged the formation of COO−

(Fig. 8a), which against the formation of hydrogen bonds and also
leading to the decrease of adsorption capacity. In addition, the
dissociation of –OH group of phenol (Fig. 8b) had increased hydro-
philicity of the nanocomposites that may lead to the decrease in
hydrophobic interaction and hydrogen bond formation with
rotenone.

The proposed mechanism of CS-GO interaction with rotenone was
further supported by FTIR analysis. Fig. 9 shows FTIR spectra of CS-GO
before and after interaction with rotenone. FTIR spectrum of CS-GO
nanocomposite (Fig. 9a) apparently changed and showed several
distinctive characteristics following adsorption of rotenone (Fig. 9b).
The wavenumber of absorption band at 3399 cm−1 was shifted to
3238 cm−1 and its absorption intensity reduced significantly,
confirming the involvement of hydroxyl groups of CS-GO nanocompos-
ites in binding rotenonemolecules by formation of hydrogen bonding. A
similar trend of change can be observed for the band at 1576 cm−1

which resulted from the formation of hydrogen bond between second-
ary amine group of CS-GO with rotenone. A part from that, the peak at
1409 cm−1 has vanished and a new flatten peak appeared at
1419 cm−1, which indicates the interaction of CS-GO with rotenone
has occurred.
3.2.2.2. Effect of contact time. In addition to solution pH, the adsorption
capacity of CS-GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w)
for rotenone was also studied as a function of contact time as shown
in Fig. 6b. From Fig. 6b, the adsorption capacities of the nanocomposites
were relatively rapid at the first 30 min of the experiment before the
equilibrium was reached at 90 min. At the first 30 min, the adsorption
capacity of CS-GO 1% (w/w) reached to 7.77 mg/g followed by the CS-
GO 2% (w/w) and CS-GO 3% (w/w) which are 18.47 mg/g and
25.67 mg/g, respectively. The fast adsorption rate at the initial stage
can be related to the presence of large number of vacant sites in
which rotenone molecule can easily interact with these sites. As the
GO loading levels increase from 1% (w/w) to 3% (w/w), the number of
vacant sites have also increased.

Once equilibrium has been attained, the active sites of CS-GO nano-
composites are filledwith rotenone. At optimum contact time (90min),
the adsorption capacities of CS-GO nanocomposites were 33.67 mg/g
(CS-GO 3% (w/w)), 24.99 mg/g (CS-GO 2% (w/w)) and 11.01 mg/g
(CS-GO 1% (w/w)), respectively. From Fig. 6b, it is apparent that there
was no significant difference in terms of adsorption capacities deter-
mined at contact time of 75 and 90min. For example, the adsorption ca-
pacities of CS-GO 3% (w/w) at 75 and 90min were 33.45 and 33.67mg/
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Fig. 7. (a) Reaction scheme of imine groups in acidic medium and (b) mechanism of CS-GO interaction with rotenone in acidic medium.
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g, respectively. This phenomenon can be related to the repulsion forces
between rotenone molecules on CS-GO nanocomposites and bulk
phase, which it caused the adsorption capacity to reach equilibrium.

3.2.2.3. Effect of initial concentration. As shown in Fig. 6c, CS-GO 1% (w/
w), CS-GO 2% (w/w) and CS-GO 3% (w/w) nanocomposites have dem-
onstrated a significant rapid increment in adsorption capacity when ini-
tial concentration was increased from 10 to 30 mg/L. For example, the
adsorption capacity of CS-GO 3% (w/w) for rotenone was increased
from 8.23 mg/g to 48.33 mg/g, which represent an 82.97% increment.
This rapid increment at such concentration was probably due to the in-
crease in number of rotenone molecules available to be adsorbed at the
vacant sites of nanocomposites.

CS-GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w) showed
a similar trend in adsorption capacity, of which as the initial rote-
none concentration increased the adsorption capacity increased
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until it attained the equilibrium state. The number of active sites on
the CS-GO nanocomposites was constant, but the number of rote-
none molecules increased as the concentration of rotenone in-
creased. However, the saturation of CS-GO nanocomposites
surface at high concentration of rotenone molecules has been a
major cause of the equilibrium process. On the other hand, at
high concentrations, more amount of rotenone molecules
unadsorbed in a certain volume of solutions and thus adsorption
capacity remains unchanged. Based on results obtained, 50 mg/L
was chosen to be the optimum initial concentration.
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Fig. 9. FTIR spectra of (a) CS-GO before interaction with rotenone and (b) CS-GO after
interaction with rotenone.

Table 3
Parameters of Langmuir and Freundlich isothermmodels for adsorption of rotenone onto
CS-GO nanocomposites.

Adsorbent Langmuir Freundlich

Q (mg/g) b (L/mg) R2 KF (mg/g) n R2

CS-GO 1% (w/w) 69.93 0.0314 0.9989 2.1134 × 10−3 0.6400 0.8106
CS-GO 2% (w/w) 77.51 0.0852 0.9879 0.1523 0.8582 0.8287
CS-GO 3% (w/w) 92.59 0.0285 0.9956 2.9228 1.1252 0.8030
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3.3. Adsorption kinetic study

In this study, the adsorption kinetic data were fitted to pseudo-first
order, pseudo-secondorder and intraparticle diffusion kinetic equations
in order to determine the adsorption rate and controllingmechanism of
the adsorption process. Pseudo-first order suggests that the rate of ad-
sorption is dependant on the difference between the qe and the qt,
which relates to the driving force for mass transfer of adsorbate to
reach the surface of adsorbent [43]. Meanwhile, pseudo-second order
model is based on the assumption that the rate-limiting step may be
chemical sorption [44]. Intraparticle diffusion model explains that the
adsorption of adsorbates is controlled by the diffusion process, namely
pore diffusion or intraparticle diffusion [45].

Table 2 lists the parameters of pseudo-first order, pseudo-second
order and intraparticle diffusion kinetic models for adsorption of rote-
none onto CS-GO nanocomposites. Based on correlation coefficient
(R2), the kinetic data followed the pseudo-first order kinetic model
and surface physical adsorptionmight be the rate-limiting step for rote-
none adsorption by CS-GO nanocomposites. The R2 values for rotenone
adsorption by CS-GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w)
were determined as 0.9897, 0.9909 and 0.9947, respectively. As the
GO loading level was increased from 1% to 3% (w/w), the adsorption-
vacant site of CS-GO nanocomposites was also increased. Hence, the ad-
sorption of rotenone onto CS-GO 1% (w/w) was more rapid to reach
equilibrium (0.069 min−1) as compared to CS-GO 3% (w/w)
(0.183min−1). This could be the reason for k1 (min−1) values increased
with increasing of GO loading levels.

3.4. Adsorption isotherm study

In this study, the Langmuir and Freundlich isotherm models with
their constant values, which describe the surface properties and affinity
of the adsorbent, have been used to understand the mechanism of ad-
sorption. The Langmuir model was based on the assumption that
Table 2
Parameters of pseudo-first order, pseudo-second order and intraparticle diffusion kinetic mod

Adsorbent Pseudo-first order model Pseudo-sec

k1 (min−1) qe (mg/g) R2 k2 (g mg−

CS-GO 1% (w/w) 0.069 12.99 0.9897 2.69 × 10−

CS-GO 2% (w/w) 0.099 25.97 0.9909 1.48 × 10−

CS-GO 3% (w/w) 0.183 33.67 0.9947 1.90 × 10−

Temperature, 25 °C; initial rotenone concentration, 50 mg/L; mass of adsorbent, 10 mg; volum
there are energetically equivalent numbers of adsorption sites on the
adsorbent surface. The binding of adsorbates to the adsorption sites
can be classified either chemical or physical, but it must be sufficiently
effective to prevent displacement of the adsorbates on neighbouring
sites [46]. Meanwhile, Freundlich model predicts multilayer adsorption
on a heterogeneous adsorption surface with unequal available sites
with different adsorption energies [47].

The parameters of Langmuir and Freundlich isothermmodels for ad-
sorption of rotenone onto CS-GO nanocomposites are given in Table 3.
The results show that the equilibrium isothermal data of CS-GO 1%
(w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w) were perfectly fitted to
the Langmuir model with R2 values of 0.9989, 0.9879 and 0.9956, re-
spectively. Based on Table 3, the maximum adsorption capacity (Q) for
CS-GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w) were
69.93 mg/g, 77.51 mg/g and 92.59 mg/g, respectively. Interestingly,
the adsorption capacity of CS-GO for rotenone was correlated well
with the GO content. A similar trend was observed by the Qi et al.
[46]. In their study, the Q of methylene blue onto GO/CS sponge was re-
ported to increase when the GO content of GO/CS spongewas increased
from 45% to 97%. The Qwas reported as 275.5 mg/g for GO/CS (CS con-
tent 9%; GO content 91%).

It is thus reasonable to infer that adsorption of rotenone by CS-GO
nanocomposites was mainly attributed to GO. In this context, the max-
imumadsorption capacity greatly determines the ability of CS-GOnano-
composites to dissolve rotenone in certain volume of water. For
instance, the CS-GO 3% (w/w)was able to increase the solubility of rote-
none by 46.30% when it adsorb 92.59 mg of rotenone in 1 L of water.
Overall, the CS-GO 1% (w/w), CS-GO 2% (w/w) and CS-GO 3% (w/w) in-
creased the solubility of rotenone in water by 34.40%, 38.80% and
46.30%, respectively.

3.5. Desorption study

The adsorption and desorption capacities are the two key criteria in
evaluating the applicability of amaterial to be used as a carrier agent for
hydrophobic compounds. An ideal material for carrier system should
not only possess high adsorption capacity but should also be able to
withstand at such acidic and basic media. Materials with high desorp-
tion percentage at certain media are normally not favourable to be
used in carrier system. Desorption is an interfacial process affecting
the mobility and fate of adsorbates in water environments [29]. In this
context, studying desorption behaviourwill give insight into the revers-
ibility of CS-GO and rotenone interactions. In this study, adsorption–
desorption cycles of rotenone were repeated three times in order to
evaluate the reusability of the nanocomposites.
els for adsorption of rotenone onto CS-GO nanocomposites.

ond order model Intraparticle diffusion model

1/ min) qe (mg/g) R2 kid (mg/ g min−0.5) R2

5 86.20 0.0482 0.1237 0.8484
5 151.51 0.0286 0.2478 0.7052
7 166.67 0.0019 0.3114 0.6283

e of solution, 10 mL; pH of the solution, 1.0.



Table 4
Desorption percentage of rotenone from CS-GO nanocomposite in acidic and basic condition.

Adsorbent Desorption (%)

HCl NaOH

First cycle Second cycle Third cycle First cycle Second cycle Third cycle

CS-GO 1% (w/w) 60.14 53.92 38.37 94.57 89.21 85.78
CS-GO 2% (w/w) 51.53 45.86 36.39 83.42 79.60 74.46
CS-GO 3% (w/w) 32.86 26.45 16.64 78.86 73.83 69.41

12 M.S. Muda et al. / Journal of Molecular Liquids 318 (2020) 114066
The adsorption data (Section 3.2.2.1) indicated that the rotenone ad-
sorption onto CS-GO nanocompositeswas pH-responsive particularly at
low pHmedia. Irreversibly, rotenone desorption from CS-GO nanocom-
posites was expected to be successful at high pH values. From Table 4, it
was revealed that the desorption performance of rotenone with
0.25 mol/L of HCl was found to be rather low, as compared to when
0.25mol/L NaOHwas used as desorption agent. For instance, it is appar-
ent that for the first cycle of adsorption-desorption 94.57%, 83.42% and
78.86% of rotenone was desorbed from CS-GO 1% (w/w), CS-GO 2%
(w/w) and CS-GO 3% (w/w) in 0.25 mol/L NaOH solution, respectively.
It is interesting to note that although HCl and NaOH have different de-
sorption capacity, the trend in desorbing rotenone from CS-GO nano-
composites was similar, in the order of CS-GO 1% (w/w) > CS-GO 2%
(w/w) > CS-GO 3% (w/w). This suggests that rotenone was tightly
hold by CS-GO 3% (w/w).

As shown in Table 4, it is clear that the recovery and amount of rote-
none adsorbed onto CS-GO nanocomposites decreased following 3 cy-
cles of adsorption–desorption process. The reduction in recovery of
CS-GO nanocomposites was within 15.14 to 21.77% when 0.25 mol/L
HCL was used as desorption agent. Meanwhile, a smaller degree of re-
duction (8.79 to 9.45%) was obtained with 0.25 mol/L NaOH. The
decrease in adsorbent adsorption ability during the regeneration
process could be due to two main factors, namely a decrease in the
number of adsorption sites after each desorption step and adsorbent
degradation [48].

4. Conclusion

CS-GO nanocomposites at three GO loading levels, namely 1%, 2%
and 3% (w/w) were successfully prepared and characterised. CS-GO
nanocomposites possess ideal characteristics as nanocarriers for hydro-
phobic rotenone. CS-GO nanocomposites are soluble in water and ex-
hibit high adsorption capacities at acidic media. The solubility of
rotenone in water has been increased, up to 46.30% with application
of CS-GO nanocomposites. Hydrogen bonding and π-π interaction are
the two major mechanisms for rotenone adsorption onto CS-GO nano-
composites and surface physical adsorption might be the rate-limiting
step. CS-GO 3% (w/w) was superior in binding rotenone molecules,
with the lowest desorption percentage. The application of CS-GO nano-
composites as water-solubilising agents in pesticide formulations could
reduce the amount of organic solvent, producing eco-friendly pesticides
for a safer environment.
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