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In this study, well-dispersed and diminutive Ag nanoparticles have been successfully syn-

thesized in binary solvent of Orthosiphon stamineus (OS) leaves extract and ionic liquids (ILs)

via  electrochemical method. ILs namely [BMIM Tf2N], [BMIM BF4] and [EMIM EtSO4] were

used as solvent in the synthesis process to produce AgTf2N, AgBF4, and AgEtSO4. The charac-

terization of Ag nanoparticles revealed that the particle size of the silver nanoparticles can

be  easily altered depending on the size of IL alkyl chain and anion, to produce ultrafine parti-

cles  ranging from 8 to 25 nm. Meanwhile, the photocatalytic activity of AgTf2N nanoparticles

effectively degraded the highest amount of 2,4-dichlorophenoxyacetic acid (2,4-D) herbicide

at  65.61%. The optimized model gave high removal percentage of 2,4-D at 97.80% (pH = 3.24;

catalyst dosage = 0.009 g/L; 2,4-D concentration = 8.15 mg L−1) with validation experiments of

1.28% error. Investigation of kinetic reaction showed the applicability of pseudo-first order

kinetic to the process of 2,4-D degradation (R2 > 0.98) which positively predicted the constant

elimination amount of 2,4-D throughout the photocatalytic process. Overall, the studies

construed the crucial role of binary solvent in synthesizing and controlling the size of Ag
nanoparticles for pollutant degradation.

© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
1.  Introduction

Nowadays, herbicides especially 2,4-dichlorophenoxyacetic
acid (2,4-D) have become one of the main pollutants in
wastewater due to the persistently and heavily used for agri-
culture and industrial production (Liu et al., 2017). These
herbicides were chemically stable and may penetrate deeply
into the groundwater leading to the negative effect on
human health and environment (Kadi et al., 2018). There-

fore, these pollutants should be adequately treated before
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discharged to the environment. There are several methods
that are frequently used to remove these pollutants including
chemical oxidation, adsorption on activated carbon, coagula-
tion, flocculation, activated sludge, and biodegradation (Jaafar
et al., 2017). However, these methods are fraught with many
problems, including time consumption and expensiveness.
Therefore, photocatalytic degradation is regarded as one of
the most competitive techniques for remedying environmen-
tal pollution (Xu et al., 2017). This method has been proved to
be effective method to degrade organic pollutants in wastew-
ater (Liu et al., 2016). Various photocatalysts have also been
synthesized and widely applied in the photocatalytic degrada-

tion of organic contaminants (Jaafar et al., 2015; Lv et al., 2016;
Zhang et al., 2015a,b). Among them, the noble metal such as
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ilver (Ag) has received immense research as a photocatalyst
n the photocatalytic degradation (Hamedi et al., 2017; Kumar
t al., 2013). This is due to the fact that Ag nanoparticles have

 low band gap of ∼2.2 eV which significantly important in a
hotocatalytic process (Ali et al., 2018).

There are various synthesis routes for Ag nanoparti-
les that can be used in attaining desired sizes, shape
nd functionalities, which include chemical reduction, photo
eduction, the electrochemical method, atom beam sputter-
ng, and radiation assisted method (Hareesh et al., 2016).
articularly, the electrochemical techniques have been widely
mployed due to the high purity of the particles and the
robability in obtaining precise particle size (Bezares et al.,
015). Diverse selection of toxic chemicals has been used
s solvents in the electrochemical cells which endangered
uman beings and environment. Green chemistry commands
he minimization on toxic chemical substances application,
ut environmental safer solvents instead (Tzani et al., 2017).
his present work demonstrated primarily green synthesis of
g nanoparticles using aqueous Orthosiphon stamineus leaves
xtract along with different ionic liquids (ILs) as solvent. This
ffective green media was designed to synthesis nanoparticles
ia electrochemical method.

O. stamineus (OS) or commonly known as “Misai Kuc-
ng” (Cat’s Whisker) belongs to Lamiaceae family and is
xtensively used as folklore Asian herbal medicine for
he treatment of variety of diseases including inflamma-
ion, bacterial infections, urinary tract infections, influenza,
heumatism, jaundice, and angiogenesis-related problems
ike cancer (Yehya et al., 2019). OS has been reported to
ontain antioxidant, which can act as a reducing and cap-
ing agent for the Ag synthesis process. The leaves extract

s a complex mixture which contains substantial amounts
f phenolic compounds that has antioxidant effect such as
osmarinic acid, caffeic acid, sinensetin, eupatorin, also an
ndetermined quantity of other unknown constituents (Ariff
t al., 2012). Past studies were also reported implementing this
reen synthesis method of Ag nanoparticles using different
lants such as Cassia auriculata and Sargassum Boveanum that
ich in phenolic compounds known for its antioxidant activity
Farrokhnia et al., 2017; Muthu and Priya, 2017). Both plants
xhibited excellent performance for the catalytic reduction
f methyl orange and 4-nitrophenol also in H2O2 detec-
ion.

On the other hand, the employment of ILs in synthesis pro-
ess of metal nanoparticles has immerged to be a very good
ubstitution for volatile organic compounds (VOCs) that are
nown to be toxic, volatile and flammable (González et al.,
018; Jafari et al., 2019). Besides, ILs are also considered as
reen solvents mainly due to their unique properties such
s chemical and thermal stability, non-flammability, negligi-
le vapour pressure, high synthetic flexibility, good dissolving
bility, high ionic conductivity and nontoxicity (Ambika and
undrarajan, 2016; Tshemese et al., 2018). In addition, ILs were
eportedly to be more  efficient to be used for higher extraction
ields of these bioactive compounds (Irfan et al., 2017; Passos
t al., 2014). In the recent years, ILs have been widely employed
n the preparation of nanoparticles due to the abundance of
ons that can be used as electrolytes in the electrochemical
ell as well as the stabilizing and capping agent (Ambika and
undrarajan, 2016; Khan et al., 2012; Passos et al., 2014). Past
tudy by Tzani et al. (2017) obtained average silver nanoparti-

les size of 63–108 nm using different type of ionic liquids. The
study claimed that the ILs provide protective electrostatic shell
that formed during the synthesis process to prevent oxidative
degradation and agglomeration of the particles. Different type
of ionic liquid generated different size of nanoparticles, hence
it can be carefully stated that the type of ILs may altered the
nanoparticles size. However, there are insufficient studies that
emphasized the synergistic effect of binary solvent from plant
extract and ILs as an aqueous media in the electrosynthesis for
nanoparticles size alteration. Although study on the synthe-
sis of silver nanoparticles using ILs as media has been widely
discovered (Corrêa et al., 2016; Husanu et al., 2018). However,
there are insufficient studies that emphasized the synergis-
tic effect of binary solvent from plant extract and ILs as an
aqueous media in the electrosynthesis for nanoparticles size
alteration.

Previously, the one factor at a time (OFAT) method was used
in the optimization of the operating parameter by varying one
factor at a time while fixing the other factors (Fattahian et al.,
2018). However, high numbers of experiments need to be done
in obtaining the maximum result of each factor, aside being
time consuming, expensive and less efficient. Response sur-
face methodology (RSM), a highly efficient statistical tool has
been extensively used to replace the traditional OFAT system
to determine the optimum condition of the system and under-
stand the factor–response relationship (Dehghani et al., 2017).
In approximated a response function to experimental data,
few experimental designs can be implements such as cen-
tral composite design (CCD), Box–Behnken Design, One Factor
Design, and 3-Level Factorial Design, which each of them pro-
motes different characteristic and efficiency. Among them,
CCD has been commonly applied in the study of photocatalytic
degradation (Mirzaei et al., 2018; Priya et al., 2018). Despite
extensive research on the implementation of RSM for photo-
catalytic degradation before, there are very limited studies on
optimization degradation using binary solvents.

Currently, there are many  researches that emphasized on
the development of simple and green routes on the synthe-
sis of nanoparticles (Hekmati et al., 2020; Patil et al., 2020;
Singh et al., 2019). However, most of these studies only focuses
on the use of either plant extract or ionic liquid as the syn-
thesis media (Jayarambabu et al., 2020; Jini and Sharmila,
2019; Ravichandran et al., 2019). Moreover, there are very lim-
ited studies on the implementation of green solvent as an
electrolyte for electrosynthesis process (Sapawe et al., 2019).
According to author’s knowledge, no work has been carried
out on the utilization of binary solvent of plant extract and
ILs in the electrosynthesis of nanoparticles, especially for size
alteration. Therefore, it signifies the main novelty of this study
in the preparation and stabilization of Ag nanoparticles using
binary solvent (plant extract and IL) for electrosynthesis pro-
cess. Hence, in this study, the role of different types of ILs
(1-butyl-3-methylimidazolium bis (trifluoromethylsulfonyl)
imide, [BMIM Tf2N], 1-butyl-3-methylimidazolium tetraflu-
oroborate, [BMIM BF4] and 1-ethyl-3-methylimidazolium
ethyl sulfate), [EMIM EtSO4] towards size alteration was
investigated. The catalysts were characterized using X-ray
diffraction, Fourier transform infrared spectroscopy, transmis-
sion electron microscopy and Brunauer–Emmett–Teller. Then,
the optimum condition of 2,4-D degradation was optimized
by response surface methodology (RSM). Finally, the kinetic
analysis was investigated to reflect the catalytic degradation
process of 2,4-D.
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2.  Experimental

2.1.  Materials

OS leaves were collected from Jabatan Pertanian Negeri
Pahang, Malaysia. Electrodes (silver and platinum plates)
were attained from Nilaco, Japan 2,4-dicholorophenoxyacetic
acid (2,4-D), while sodium hydroxide (NaOH) and hydrochlo-
ric acid (HCL) were purchased from Merck, Malaysia.
Three types of ionic liquids (ILs) which are 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl) imide [BMIM
Tf2N], 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM
BF4], 1-ethyl-3-methylimidazolium ethyl sulfate [BMIM EtSO4]
were purchased from Nano Life Quest Sdn Bhd.

2.2.  Preparation  of  OS  leaves  extraction  and  silver
(Ag) nanoparticles

A finely crushed powder form of OS leaves was used in this
experiment. 1.5 g of the powder was immersed into 100 mL
of 0.1 M ILs solution. After boiling for 2 h at 60 ◦C, the pow-
der was filtered leaving only the extract solution. The solution
then was cooled before it was used as a media in the elec-
trolysis process. The electrochemical cell which consists of a
two-electrode system which is Ag plate as an anode and plat-
inum plate as the cathode was used in this synthesis process
(Jusoh et al., 2015a). Electrolysis process was carried out at
a constant current of 480 × 10−3 A under the air atmosphere
with the extraction sample was used as a media. Then, the
solution product mixture was immersed in the water bath
at 80 ◦C before dry overnight in an oven at 110 ◦C. The pre-
pared Ag nanoparticles in [BMIM Tf2N], [BMIM BF4] and [BMIM
EtSO4] solution were denoted as AgTf2N, AgBF4 and AgEtSO4,
respectively. Meanwhile, the prepared Ag nanoparticle with
the absence of ILs was denoted as AgB.

2.3.  High  performance  liquid  chromatography  (HPLC)
analysis  of  phenolic  compounds

The measurements of separation and determination of phe-
nolic compound; as gallic acid from the OS leaves were
performed using an high performance liquid chromatogra-
phy (HPLC) system Agilent Series 1100 equipped with diode
array detection (DAD) and a column Phenomenex Prodigy 5 �

(250 mm × 4.60 mm).  The wavelength for detection of gallic
acid was set at 270 nm.  Separation was achieved by flow rate of
1 mL/min with 3.0% phosphoric acid (90%)/acetonitrile (10%),
in an isocratic programme. The injection volume was 10 �L.
Each sample and standard was filtered with nylon syringe fil-
ter (pore size of 0.22 �m).  In preparing for the standard curve,
GA standard was prepared at concentration 10–60 ppm. The
phenolic content was expressed as milligrams of gallic acid
equivalents per kilograms of sample (mg  GAE/kg sample).

2.4.  Characterization  of  Ag  nanoparticles

The crystallinity of the Ag nanoparticles was analyzed by X-ray
powder diffraction (XRD) (D8 ADVANCE Bruker X-ray diffrac-
tometer) using CuK� radiation at a range of 2� = 0–90◦. The
chemical components in the synthesized catalyst were identi-
fied by using Fourier transforms infrared (FTIR) spectra (Perkin

Elmer Spectrum GX FTIR Spectrometer). The samples were
characterized using the KBr pellet technique with a range of
400–4000 cm−1. The morphology of the Ag nanoparticles was
observed by Transmission electron microscopy (TEM) (JEOL
JEM-2100F) and the specific surface area of the Ag nanoparti-
cles values was calculated from the Brunauer–Emmett–Teller
(BET) analysis.

2.5.  Adsorption  and  photodegradation  of
2,4-dichlorophenoxyacetic  acid  (2,4-D)  herbicide

The photocatalytic activity of the Ag nanoparticles was then
tested on the photodegradation of the 2,4-D). The pho-
tocatalytic experiments were performed in a Pyrex batch
photoreactor, 140 mm length and 85 mm diameter with a total
volume of 0.25 m3. The photoreactor was also fixed with UV
lamp and cooling system. The photocatalytic reactor set-up
was displayed in Fig. S1. 5 mg  L−1 stock solutions of 2,4-D was
prepared by dissolving 0.25 mg  of Ag nanoparticles in 500 mL
of deionized water at pH 3. Then, the solution was added
to a beaker before it was put in a batch photoreactor fixed
with 39 W metal halide lamps (400 nm)  and a cooling sys-
tem. The suspension was stirred constantly for 30 min  in dark
condition to reach adsorption/desorption equilibrium. After
adsorption, the mixed suspension was exposed under light
irradiation for 180 min. At a regular interval of time, the sam-
ple was withdrawn and centrifuged at 5000 rpm for 15 min.
The absorbance of the supernatant was then measured using
a UV–visible spectrophotometer wavelength of 227 nm.  The
percentage removal could be calculated by using the following
Eq. (1):

Degradation(%) =
(

C0 − Ct

C0

)
× 100 (1)

where C0 is the initial concentration of the 2,4-D solution and
Ct is the concentration of solution after t hours of exposure
in light sources. The experiment was repeated at different pH
(2, 2.5, 3, 3.5, 4), catalyst dosage (0.005 g/L, 0.008 g/L, 0.01 g/L,
0.013 g/L and 0.015 g/L) and initial concentration (5 mg  L−1,
7.5 mg  L−1, 10 mg  L−1, 12.5 mg  L−1 and 15 mg  L−1).

2.6.  Experimental  design  and  optimization

The central composite design (CCD) under response sur-
face methodology (RSM) was used in determining the
optimum conditions of 2,4-D degradation by varying the
three independent factors including pH (2–4), catalyst
dosage (0.005–0.015 g/L) and initial concentration of 2,4-D
(5–15 mg  L−1). The independent variables and the real values
of the coded level, high (+) and low (−) were tabulated in Table
S1. In this study, the Design Expert software Version 7.1.6 was
used for data analysis. The significance and adequacy of the
developed regression model were justified by the analysis of
variance (ANOVA).

3.  Results  and  discussions

3.1.  Identification  of  phenolic  compound  in  the  sample

In order to identify the presence of phenolic compound in the
OS leaves extract, HPLC analysis was used to quantify the tar-
get compound present in the sample. Based on Fig. 1A, the
samples extract yielded 33,605.73 mg  GAE/kg of phenolic com-

pound after boiling for 2 h. The phenolic compound from plant
extract is capable to reduce silver ions (Ag+) to zero-valent sil-
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Fig. 1 – (A) Chromatograph of phenolic compound in

er nanoparticles (Ag0) during synthesis process (Denrah and
arkar, 2019). In addition, past reports claimed that the phe-
olic compounds have potential to bind metal ions to form
anoparticles (capping agent) and has the ability to encap-
ulate the Ag0 nanoparticles to prevent agglomeration and
hereby give positive stabilization effect on the nanoparticle
or further photocatalytic degradation process (Saeed et al.,
019a,b).

.2.  Characterization  of  Ag  nanoparticles

.2.1.  X-ray  diffraction  analysis
he crystalline structures of AgB and IL-stabilized AgTf2N,
gBF4 and AgEtSO4 nanoparticles were examined by XRD anal-
sis (Fig. 1B). The diffraction peaks of Ag nanoparticles at
� values of 38.01◦, 44.0◦, 64.33◦ and 77.29◦, correspond to
1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes, respectively. The dis-
layed Bragg reflection could be indexed to face-centred cubic
rystal structure of bulk metallic Ag (JCPDS file no. 89-3722)
Verma et al., 2016). The (1 0 0) peak intensity of the prepared
g without ILs (AgB) was seen reduced as compared with
ther (1 0 0) peak of the prepared Ag with the presence of ILs

AgTf2N, AgBF4, AgEtSO4), signifying a less-ordered structural
rrangement of the catalyst in AgB sample. This indicated
he plausible involvement of the ILs in the structural arrange-

ent of the catalyst (Jusoh et al., 2015a). In addition, no other
eak was found in the XRD pattern of the AgTf2N, AgBF4, and
gEtSO4, implying high purity of Ag nanoparticles which con-
rmed the contribution of phenolic compounds and ILs in the
eduction Ag+ to Ag0. Antioxidant in the phenolic compounds
nd abundance of ions in ILs contribute to the synergistic
ffect of the reduction process (Irfan et al., 2017; Moteriya and
handa, 2017). The size of the catalyst was estimated by the
ebye–Scherrer formula in Eq. (2) based on this primary peak

1 1 1).

 = k�

ˇ cos �
(2)
here D is the mean size of the ordered (crystalline) domains,
 is the wavelength of X-ray radiation, k refers to the Scherrer’s
leaves extract; (B) XRD patterns of Ag nanoparticles.

constant with the value of 0.9, � is the Bragg angle and  ̌ is the
full width at half maximum intensity in of the (1 1 1) plane in
radians. The average particle size obtained is approximately
8 nm,  20 nm,  25 nm and 32 nm for AgBF4, AgTF2N, AgEtSO4, and
AgB, respectively. As observed, the particle size of the Ag
nanoparticles was influenced by the type of ILs used for the
synthesis process, which may due to the effect of alkyl chain
length in imidazolium and anion type of the ionic liquids
(Trindade et al., 2014). Apparently, the uses of ILs during syn-
thesis of nanoparticles give a much smaller size of the particle
(10–23 nm)  as compared with nanoparticles prepared without
ILs (40 nm). This is expected due to the application of IL sol-
vent during the synthesis process that created a protective
layer around particle and restrict the growth of nanoparticles
which resulted to the small particle size (Tzani et al., 2017).
Study by Husanu et al. (2018) also claimed that IL-capped sil-
ver nanoparticles create diminutive particles with the average
size of 8 nm.  This proved that the synergistic effect between
the phenolic compound from plant extract and the implemen-
tation of IL may effectively synthesized nanoparticles while
alter the size accordingly depends on the particular ILs used.

3.2.2.  Transmission  electron  microscopy  (TEM)
The morphology of the synthesized Ag nanoparticles was
examined by using transmission electron microscopy (TEM)
as illustrated in Fig. 2. It can be perceived that all the images
presented in Fig. 2 show sphere-like structures of the nanopar-
ticles. The TEM image  of the AgTF2N, AgBF4, and AgEtSO4

demonstrated that the nanoparticles were dispersed with the
size of the particle was determined as 8 nm,  20 nm,  and 25 nm,
respectively. However, AgB nanoparticle shows the agglomer-
ated appearance of nanoparticles with the size of 30 nm.  It was
clearly observed that the size of nanoparticles was affected by
the length of alkyl chain in imidazolium. [BMIM+] has a long
alkyl chain that consists of 4 carbon atoms (C4) as compared
with [EMIM+] that consist of 2 carbon atoms (C2). Thus, the
long alkyl chain can provide an additional steric protection
for the formation of AgTF2N and AgBF4 nanoparticles which
reduced the possibility of the aggregation and led to the small

particle size (Mazierski et al., 2017). However, despite having
the same length of alkyl chain, the nanoparticle sizes differ
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Fig. 2 – TEM images of (A) AgTF2N; (B) AgBF4; (C) AgE

Table 1 – Size and surface area of catalysts.

Catalyst Surface area (m2/g) Size (nm)a

AgB 9.34 30
AgEtSO4 7.35 25
AgBF4 11.03 20
AgTF2N 11.92 8

a Size of particle was obtained from the TEM analysis.
significantly possibly due to the type of anion of the ILs (Tf2N
and BF4). Based on the results, AgTF2N has the smaller parti-
cle size as compared with AgBF4 which is believed due to the
large structure of Tf2N that increased the distance between
particles and reduce the possibility of agglomeration which
subsequently resulted to the small particle size (Goutam et al.,
2018). Therefore, it was significantly verified that the presence
of ILs can produce much smaller particle size, while the length
of alkyl chain, as well as the type of IL anion, gave a conse-
quence to the size and morphology of the Ag nanoparticles.

3.2.3.  Surface  area  analysis
The Brunauer–Emmett–Teller (BET) analysis was carried out in
order to determine the surface area of AgTF2N, AgBF4, AgEtSO4

and AgB nanoparticles. The results illustrated in Table 1 show
that the surface area of nanoparticles was obtained in the fol-
lowing order; AgTF2N > AgBF4 > AgEtSO4 > AgB, which suggested
that small particle size led to the large surface area. These

results were in agreement with the TEM analysis which shows
that AgTF2N has the smallest particle size, followed by AgBF4,
tSO4 and (D) AgB prepared in OS leaves extract.

AgEtSO4, and AgB nanoparticles. Large surface area of nanopar-
ticles was believed to contain a number of active site on the
surface (Boukhatem et al., 2017), which may enhance the
adsorption capacity towards organic pollutants.

3.2.4.  Fourier  transform  infrared  (FTIR)
The chemical components in the prepared Ag nanoparti-
cles were identified by Fourier transform infrared (FTIR)
spectroscopy. Fig. 3 demonstrates the FTIR spectra of the
synthesized Ag nanoparticles. The peak at 3348 cm−1 was cor-
responding to the O H stretching of the polyphenol present
in OS leaves extract (Tshemese et al., 2018). The peak located
at 1332 cm−1 and 1045 cm−1 were attributed to the C O
stretching of COOH and C O C group, which confirmed
the contribution of phenolic compounds in the reduction of
silver ions (Ag+) to metallic silver (Ag0) using (Hoskote Anand
and Mandal, 2015). Another peak was noticed at 1127 cm−1

which assigned to stretching vibration of C N from imida-
zolium ring of ILs (Patil and Murthy, 2016). The appearance
of the new peak at 502 cm−1 may attributed to the stretching
vibrations of Ag O which remarkably indicated the formation
of Ag nanoparticles that either bonded to phenolic compounds
of plant extract or the ILs anion (Hu et al., 2014; Niu et al., 2016).
This result of binary solvents verified the synergistic effect of
the plant extract that promotes the reduction process of Ag+ to
Ag0, while the presence of ILs provides more  excellent tenac-

ity against agglomeration which resulted to the discrete and
diminutive nanoparticles (Goutam et al., 2018).
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Fig. 3 – (A) FTIR spectra of Ag nanoparticle.

.3.  Adsorption  and  photocatalytic  performance

he performance of the prepared AgTF2N, AgBF4, AgEtSO4 and
gB nanoparticles was evaluated on 2,4-D degradation as illus-

rated in Fig. 4A and B. All catalysts were stirred constantly
or 30 min  in the dark to achieve adsorption–desorption equi-
ibrium before being exposed to UV-light radiation for 3 h. It
an be observed that all catalysts have better performance
nder UV-light irradiation as compared to being in darkness.
he results show that the percentage removal for 2,4-D by
gTF2N, AgBF4, AgEtSO4 and AgB after adsorption for 30 min

nder dark (adsorption–desorption equilibrium) are calcu-

ated to be 10.2%, 2.75% 2.94%, and 0.96%, respectively. The

ig. 4 – (A) Photocatalytic performance of AgTF2N, AgBF4, AgEtSO4 a
nder dark and UV-light irradiation.
low percentage removal of 2,4-D perceived that the adsorp-
tion does not play an important role in the removal of 2,4-D
from the aqueous solution. After adsorption–desorption equi-
librium, the overall removal of 2,4-D by AgTF2N, AgBF4, AgEtSO4

and AgB under light irradiation for 180 min  further increased
to 65.61%, 52.78%, 49.13% and 37.78%. 82.8%, respectively, indi-
cating the importance of UV-light to the reaction. In addition,
the obtained results indicated that the introduction of ILs dur-
ing synthesis of nanoparticles resulted in the small particle
size and subsequently enhance the photocatalytic activity. As
mentioned, this happened due to the combination of both
ILs and phenolic compounds play an indispensable role as
a capping agent and control the size formation of the parti-
cle. However, it was also perceived that the alkyl chain length
in the imidazolium cation and the type of IL anion used to
contribute to the photocatalytic activity of the Ag nanopar-
ticles. The results obviously show that AgTF2 nanoparticles
have the highest photocatalytic activity due to the long alkyl
chain of the [BMIM+] and large structure of [Tf2N−]; mean-
while, [EMIM+] which has the shortest alkyl chain has a low
photocatalytic activity of AgEtSO4 nanoparticles. ILs with the
longer alkyl chain and large structure of anion can provide
better separation between particles and reduced the possibil-
ity of aggregation as compared with ILs that has shorter alkyl
chain and small structure of anion which resulted to the less
protection towards nanoparticles due to the lack of stabiliza-
tion in aqueous medium (Trindade et al., 2014). Thus, there is
no sufficient repulsion between the Ag particles which lead
to the aggregates formation. Consequently, it is resulted in
the increase of particle size and reduces the photocatalytic
activity. These results also in agreement with the TEM analy-
sis which displays that long alkyl chain length of imidazolium
with the larger structure of anion has the smaller sizes of
the particle. A recent review of the literature on this topic
also reported the effect of the length of the cationic alkyl
chain on the degradation rates (Bedia et al., 2019). They stated

that the longer the alkyl chains the higher degradation rate
([Dcmim] > [Bmim] > [Emim]). Therefore, it was convinced that

nd AgB; (B) photocatalytic performance of the catalysts
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Table 2 – Input data for CCD.

Experiment pH Catalyst dosage (g/L) Concentration 2,4-D (mg L−1) 2,4-D degradation (%)

1 2.00 0.005 5.00 66.20
2 2.00 0.005 5.00 67.20
3 4.00 0.005 5.00 81.35
4 4.00 0.005 5.00 81.35
5 2.00 0.015 5.00 55.07
6 2.00 0.015 5.00 55.47
7 4.00 0.015 5.00 74.52
8 4.00 0.015 5.00 72.52
9 2.00 0.005 15.00 58.20
10 2.00 0.005 15.00 58.70
11 4.00 0.005 15.00 68.72
12 4.00 0.005 15.00 67.72
13 2.00 0.015 15.00 34.20
14 2.00 0.015 15.00 34.88
15 4.00 0.015 15.00 53.60
16 4.00 0.015 15.00 53.40
17 2.00 0.010 10.00 72.58
18 4.00 0.010 10.00 84.24
19 3.00 0.005 10.00 89.50
20 3.00 0.015 10.00 78.17
21 3.00 0.010 5.00 90.98
22 3.00 0.010 15.00 79.74
23 3.00 0.010 10.00 96.23
24 3.00 0.010 10.00 96.40
25 3.00 0.010 10.00 91.20
26 3.00 0.010 10.00 96.54
the synergistic effect of both ILs and phenolic compounds and
the effect of the IL structure can greatly enhance the degrada-
tion of 2,4-D. Since the AgTF2N nanoparticles have the highest
photocatalytic activity towards degradation of 2,4-D, this cat-
alyst was used in the subsequent studies of RSM.

3.4.  Optimization  of  the  reaction  condition  using  RSM

3.4.1.  Statistical  analysis  and  analysis  of  variance
(ANOVA)  via  CCD
The photodegradation of 2,4-D was optimized using the best
catalyst (AgTf2N) by response surface methodology (RSM). This
design was employed to analyze the influence of three inde-
pendent factors which are pH, catalyst dosage and initial
concentration on the photodegradation of 2,4-D. The specific
experimental design and results are shown in Table 2. The
regression equation for the photodegradation of 2,4-D is pre-
sented in Eq. (3):

% 2, 4-D = 94.31

+7.50A − 7.06B − 7.53C+
+1.60AB − 0.52AC − 2.42BC

−15.11A2 − 9.69B2 − 8.16C2

(3)

The ANOVA analysis was performed in order to assess
the statistical significance of the CCD model. The summary
of ANOVA results (Table S2) demonstrated that the model
F-values (F model = 241.30) obtained was larger than the tabu-
lated F-value (F table = 2.5102), implying that the model was
statistically significant and most of the variations in the
response can be explained by the regression equation (Gururaj
Bhadri, 2014; Karambeigi et al., 2015). Besides of the main
effect of pH (A), catalyst dosage (B) and concentration 2,4-D

(C), the interaction of pH and catalyst dosage (AB), interac-
tion of catalyst dosage and concentration 2,4-D (BC), second
order effect of pH (A2), second order effect of catalyst dosage
(B2) and second order effect of concentration 2,4-D (C2) was
also insignificant model terms. However, in the case of inter-
action between pH and 2,4-D concentration (AC), the model
term is considered not significant as the p-values are greater
than 0.05. Hence, the current model could be considered to
be a good model as most of the model terms are significant
(Shahmoradi et al., 2018).

The R2 value of the model was calculated as 0.9927, this
means that the model was explained 99% of the variability
in the data (Jusoh et al., 2015b). The values of predicted R2

(0.9818) were also relatively similar with the values of adjusted
R2 (0.9886) which signifying that this model was a good statis-
tical one (Burin et al., 2013; Fratoddi et al., 2018). Meanwhile,
the ratios obtained for adequate precision were 50.17 which
are greater than 4, indicating adequate model discrimination
and this model can be used to navigate the design space. The
results from the actual against predicted plot shown in Fig. 5A
also displayed an excellent correlation between actual values
with the predicted values due to the most of the points were
located on the straight line of the plot. Therefore, the models
are considered adequate for the predictions and optimization
of the process (Demirel and Kayan, 2012). Furthermore, the
plot of the normal probability of the residual for 2,4-D was
also illustrated in Fig. 5B in order to analyze the competence
fit for the proposed model. The trend shown in this figure
reveals the normal distribution of residuals with acceptable
equal variance.

3.4.2.  Effect  of  variables  as  response  surface  and  contour
plots
The perturbation plot presented in Fig. 5C was used to study
the effect of independent variables which are including pH

(A), catalyst dosage (B) and 2,4-D concentration (C) towards
photodegradation of 2,4-D. The most significant variables on
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Fig. 5 – (A) The actual and predicted values; (B) normal probability plots; (C) perturbation plot of 2,4-D photodegradation
using AgTf2N nanoparticles.
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he response can be observed through the perturbation plot
ith a steep slope or curvature indicating that this variable
as a remarkable effect on the response (Jawad  et al., 2014).
eanwhile, the relatively straight line variable showing that
o significant effect in that particular variable (Shahmoradi
t al., 2018). From the figure, it can be seen that all the vari-
bles (pH, catalyst dosage and concentration of 2,4-D) have
teep curvatures revealing the fact that these variables give
emarkably consequence on the removal of 2,4-D.

The contour and three-dimensional surface plots were
lotted in order to examine the interaction between all three
ariables. The results obtained for the entire 3D plot shown

 good interaction between each independent variable as the
esponse surface plot was found to be elliptical (Savasari et al.,
015). Fig. 6A and B reveals that maximum 2,4-D degradation
>95%) was achieved at pH and catalyst dosage around 3.33
nd 0.0075 g/L, respectively. In general, this result could be
xplained due to the availability of more  surface area and spe-
ific adsorption sites when catalyst dosage was increased (Lin
t al., 2018). However, degradation efficiency of 2,4-D started
o declined when catalyst dosage beyond 0.0075 g/L, this is
ue to the turbidity of the solution that can reduce light pen-
tration and inhibits degradation of 2,4-D (Mahmoodi, 2013,
014). The previous study also reported that the degradation
fficiency of 2,4-D escalated with increasing catalyst dosage
p to a certain level (Sharma and Basu, 2020). Meanwhile, the
,4-D degradation efficiency was found maximum at low pH
round 3.33 and further increase the value of pH will reduce
he degradation efficiency of 2,4-D. At low pH values, Ag cata-
yst surface was set to be a positive charge (cation) as the point
f zero charges (pHzpc) of Ag catalyst has previously deter-
ined to be at pH 6.3 (Jaafar et al., 2015). This condition favors

he adsorption of 2,4-D anion on to the surface of the Ag cat-
lyst and subsequently increases the degradation efficiency
f 2,4-D. This finding is in line with other studies by Ahmed
t al. (2020) which depicted that the maximum Alizarin yel-
ow R dye removal by Fe nanoparticles was obtained at low pH
ather than high pH.

−1
The effect of pH and 2,4-D concentration (mg  L ) on 2,4-D
egradation efficiency is depicted in Fig. 6C and D. From this
result, it was found that more  than 95% of 2,4-D degradation
were obtained at pH and 2,4-D concentration around 3.33 and
7.50 mg  L−1, respectively. The similar effect was noticed in the
case of pH which the 2,4-D degradation efficiency started to
decline at high pH value. In addition, the obtained results also
exhibited the degradation of 2,4-D was significantly influenced
by initial 2,4-D concentration. The 2,4-D degradation efficiency
elevated when the 2,4-D concentration increases up to around
7.50 mg  L−1 but further increase of 2,4-D concentration led to
decreasing in 2,4-D degradation efficiency. This might be due
to the saturation of the surface active site with the adsor-
bate molecule caused shielding of light radiation (Savasari
et al., 2015). Hence, slower production of hydroxyl radical (HO•)
that are required to oxidize 2,4-D molecules which resulting
in decreasing of 2,4-D degradation efficiency (Shirzad-Siboni
et al., 2017). Previously, Nasseh et al. (2020) has studied the
effect of tetracycline (TC) concentration in the photocatalytic
process. The trends of the results obtained were also similar
with the current study, which the efficiency of degradation
declined with the increases of TC concentration. The 3D plot
showing the effect of catalyst dosage and 2,4-D concentration
on the degradation of 2,4-D was demonstrated in Fig. 6E and
F. An increase in the catalyst dosage and initial concentration
resulted in the intensifying in 2,4-D degradation. However, the
2,4-D degradation started to decline after reached the maxi-
mum point of catalyst dosage and 2,4-D concentration around
0.008 g/L and 8.2 mg  L−1 respectively. This behavior might be
related to the ability of the Ag catalyst to absorb 2,4-D molecule
with the increasing of the surface active site.

The process optimization modelling suggested that opti-
mum percentage removal of 2,4-D is 97.80% at pH 3.24, catalyst
dosage of 0.009 g/L and 2,4-D concentration of 8.15 mg L−1

(Table S3). The validation of the developed model was verified
by performing additional experiments according to the opti-
mum conditions of the 2,4-D degradation (Table S4). Hence, the
corresponding experimental value of 2,4-D degradation under
the optimum condition was determined as 96.54% with the
percentage error of 1.28%. This study was compared with other

previous findings on the optimization of photodegradation
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he e
Fig. 6 – Contour and response surface plots for t

using central composite design (CCD) with various photocat-
alyst as listed in Table 3.

3.5.  Photocatalytic  kinetic  studies

3.5.1.  Zero  order
The kinetic of 2,4-D degradation using Ag nanoparticles was
first investigated using zero order kinetic reaction (Talebi et al.,
2017). The general rate law expressions are given in Eq. (4):
−d(2, 4-D)
dt

= kr(2, 4-D)n (4)
ffect of different variables on 2,4-D degradation.

The differential form of the rate law with n = 0 was written
as shown in Eq. (5):

−d(2, 4 − D)
dt

= k (5)

Then, Eq. (5) was integrated and rearranged to Eq. (6):

(2,  4-D)0 − (2,  4-D)t = k0t (6)
The graphs of different 2,4-D concentration at 5, 7.5, 10, 12.5
and 15 ppm were plotted according to zero order kinetic (Eq.
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Fig. 7 – The plot of (A) zero order; (B) pseudo

6)) as demonstrated in Fig. 7A. Meanwhile, the zero order (k0)
ate constants as well as the correlation coefficient (R2) were
tudied and tabulated in Table 4.

.5.2.  Eley-Rideal  (E–R)
n addition to the zero order kinetic models, the kinetics
f the photocatalytic degradation process was also investi-
ated by Eley–Rideal (E–R) kinetic model. Eley–Ridel is one of
he most common kinetic model that was used to explain
he kinetics of photocatalytic degradation process in aqueous
olution (Jorfi et al., 2016; Mosleh et al., 2018). According to the
ley–Rideal (E–R) mechanism, there are two steps involved in
he surface-catalyzed reaction which the first step involving
he absorption of the gaseous reactant (oxygen) at the surface
f catalyst (Saeed et al., 2018). Meanwhile, the second step was
elated to the reaction that takes place through the creation of
ositive hole (h+) in valence band and photo excited electron
e−) in the conduction band of catalyst by irradiation. After
hat, the photo excited electron was reacted with adsorbed
t order and (C) second order kinetic models.

oxygen and produces superoxide anions (O2
−). This superox-

ide anion was then transform to OH• radical through a series
of reaction (Saeed et al., 2019a,b). Similarly, the positive hole
was reacting with water or hydroxide which led to the for-
mation of OH• radical. These OH• radicals play a significant
performance in the degradation of 2,4-D. The rate expression
for the Eley–Rideal mechanism can be written as shown in Eq.
(7):

−d(2, 4-D)
dt

= krO2(ad)(2,  4-D)n (7)

By assuming O2 is constant, Eq. (7) was simplified to Eq. (8)

−d(2, 4-D)
dt

= k(2, 4-D)n (8)
After considering the reaction is the 1st order (n = 1) and 2nd
order (n = 2), Eq. (8) was integrated and simplified to a pseudo-
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Table 3 – Comparison of the central composite design (CCD) studies with other literature data using various photocatalyst.

Catalyst Synthesis method Catalyst size (nm) Target pollutant Optimized reaction condition Source

pH Catalyst
dosage (g/L)

Initial
concentration
(mg L−1)

Efficiency (%)

IL-AgOS Electrolysis 8–25 2,4-
Dichlorophenoxyacetic
acid

3.24  0.009 8.15 97.8 This study

GO/Fe3O4/TiO2-NiO Sol–gel 20–35 Imidacloprid 9 0.08 5  97.47 Soltani-nezhad et al. (2019)
TiO2–Fe2O3 Impregnation assisted

ultrasonic
15–30 Tetracycline N/A 0.61 13.86 79.75 Galedari et al. (2019)

N–TiO2 Hydrothermal 12–20 Norfloxacin 6.37 0.54 6.03 99.53 Jin et al. (2019)
BFO/Mr-cl-poly(AAm)-
IPN-poly(AA)

Template-induced
citrate-based sol–gel
process.

58 Coomassie brilliant blue
G-250 dye

7  40 10 88.6 Kaith et al. (2018)

IL-Fe2O3/TiO2 Sol–gel method N/A Bisphenol A 9 0.75 10 90.33 Asadi et al. (2020)
ZnO@g-C3N4 Solvothermal N/A Sulfamethoxazole 5.6 0.65 N/A 90.4 Mirzaei et al. (2018)
Sm-CdS Ultrasound-assisted

co-precipitation
45.7  Acid Red 1 4  1 15 83 Khosroshahi and Mehrizad (2019)

Table 4 – Values of the squared correlation coefficient and rate constant for photocatalytic degradation of 2,4-D.

Initial concentration of 2,4-D (ppm) Zero order kinetic (C0 − C = kt) Eley–Rideal (E–R)

Pseudo-first order kinetic (ln (C/C0) = kt) Second order kinetic (1/C − 1/C0 = kt)

k0 (mg min−1 L−1) R2
0 k1 (min−1) R2

1 k2 (L mg−1 min−1) R2
2

5 0.0330 0.7527 0.0157 0.9870 0.0167 0.7589
7.5 0.0318 0.7769 0.0156 0.9776 0.0115 0.7331
10 0.0307 0.9676 0.0148 0.8830 0.0106 0.6305
12.5 0.0272 0.9592 0.0143 0.8602 0.0073 0.6202
15 0.0154 0.8575 0.0138 0.9464 0.0043 0.7030
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rst order equation (Eq. (9)) and second order equation (Eq.
10)) as reported by other studies (Begum et al., 2018, 2016).

n
(2,  4-D)0
(2,  4-D)t

= k1t (9)

1
(2,  4-D)t

− 1
(2,  4-D)0

= k2t (10)

The graphs of pseudo-first order and second order kinetic
ere plotted as demonstrated in Fig. 7B and C. The pseudo-
rst order rate constant (k1) and second order rate constant (k2)
ere obtained from the slope of the plot. Table 4 indicates that

 high correlation coefficient, R2 was achieved when degra-
ation of 2,4-D was studied using pseudo-first order kinetic
odel (R2 > 0.98). Meanwhile, the lower R2 values for zero-

rder (R2 > 0.96) and second-order kinetic (R2 > 0.75) confirming
 poor applicability of the kinetic model to represent the kinet-
cs of the photocatalytic degradation of 2,4-D. The obtained
esults also show that the rate of degradation decreases with
ncrease in concentration of 2,4-D. The decrease in rate con-
tant is due to the amount of generated radical on the surface
f catalyst reduced as high concentration of 2,4-D molecules
aused shielding of light radiation (El Hassani et al., 2019).
n addition, the increases of 2,4-D concentration would pro-
uce high amount of intermediates, leading to the upsurge

n consumption of OH• radicals and consequently initiate a
etardation effect on degradation efficiency (Saeed et al., 2020).
herefore, based on the comparison of the correlation coeffi-
ient, R2 between these three kinetic reaction, the pseudo-first
rder kinetic illustrated the best fitting model to the process
f 2,4-D degradation (R2 > 0.98) which positively predicted the
onstant elimination amount of 2,4-D throughout the photo-
atalytic process.

.  Conclusion

he Ag nanoparticle namely AgTf2N, AgBF4 and AgEtSO4 syn-
hesized using binary solvents of OS leaves extract with
ifferent ILs of [BMIM Tf2N], [BMIM BF4] and [EMIM EtSO4],
espectively, were found to be smaller and effective for cat-
lytic reduction of 2,4-D. The characterization analysis of the
anoparticles was compared with AgB via XRD, TEM, BET, and
TIR. The XRD analysis confirmed high crystallinity of the
ynthesized Ag nanoparticles, suggesting the contribution of
henolic compounds and ILs in the reduction of silver ions

Ag+) to metallic silver (Ag0), aside having the ability to alter
he size of the nanoparticles. [BMIM Tf2N] positively produced
maller size of AgTf2N (8 nm), compared to the one synthesized
sing [BMIM BF4] and [EMIM EtSO4], obtaining larger sizes of
anoparticles at 20 nm (AgBF4) and 25 nm (AgEtSO4), respec-
ively. Significantly, the FTIR verified the formation of Ag O
onds at peak 502 cm−1. Meanwhile, the TEM images implying
hat long alkyl chain of imidazolium anion and large struc-
ure of anion can prevent the aggregation of nanoparticles
hich resulted in the distinct and diminutive of Ag particles.

n term of photocatalytic activity, AgTf2N nanoparticles gave
he highest photocatalytic activity (65.61%), followed by AgBF4

52.78%), AgEtSO4 (49.13%) and AgB (37.78%). Based on the obser-
ation, it was convinced that the photocatalytic activity of the
g nanoparticles was greatly affected by the presence of ILs
s well as the alkyl chain length and the type of IL anion.

ong alkyl chain with a large structure of anion produced
he small size of Ag particle which led to the enhancement
of the photocatalytic activity. Optimization by response sur-
face methodology shows that the highest degradation of 2,4-D
(97.80%) was obtained at pH 3.24, catalyst dosage of 0.009 g/L
and 2,4-D concentration of 8.15 mg  L−1 with validation experi-
ments of 1.28% error. The kinetic studies suggested that 2,4-D
degradation was fitted well with the pseudo-first order kinetic
reaction with the values of R2 > 0.98 which positively predicted
the constant elimination amount of 2,4-D throughout the pho-
tocatalytic process.

The current study indicated that the uses of binary solvent;
ILs and plant extract played an important role in synthesized
of well-dispersed and diminutive Ag nanoparticles which sub-
sequently enhancing the photocatalytic reaction. However,
the stability and recoverability of the catalyst need to fur-
ther studied as sometimes the diminutive of nanoparticles
may induce to the agglomeration and affect the photocat-
alytic activity. In addition, in this study the Ag nanoparticles
were not supported with semiconductor nanoparticles or any
supported-materials and it found that Ag can be unstable
under chemical reactions due the sintering of particles. There-
fore, highly ordered and uniform metallic nanoparticles on
support substrates are highly demanded as better control in
the uniformity and distribution of the nanoparticles leads to
better controlled properties. Further investigation in this area
may contribute to understanding the potential of ILs and plant
extract as an effective media to obtain an excellent Ag catalyst
for the abatement of organic pollutants through photocat-
alytic degradation.
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