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• Laterite based iron nanoparticles were synthesized using eucalyptus leaf extracts.
• Synthesized iron nanoparticles were applied as a heterogeneous Fenton’s catalyst.
• Response surface methodology was proposed for the design of experiments.
• Reaction kinetics indicate that the oxidative degradation of ametryn is very fast.
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a b s t r a c t

The Fe nanoparticles were synthesized using eucalyptus leaf extracts. The low cost and
locally available laterite was used as a source of iron rather than using iron salts (Ferrous
sulfate, Ferric chloride etc.). The raw laterite particles (RLPs) and synthesized green iron
nanoparticles (LGFeNPs) were characterized using FESEM-EDX, XRD, FTIR and BET tech-
niques. The obtained results confirm that 20–70 nmof spherical iron particles were formed
with surface area of 36.62 m2/g. Later, the LGFeNPs were applied as a Fenton-like catalyst
for the degradation ametryn in aqueous medium. The effect of variables (H2O2/COD (1–
3.25), H2O2/Fe (2–10), pH (2–5) and reaction time (30–240)) involved in the treatment
process was studied on two responses (COD and ametryn removal efficiency) using the
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Fenton-like process
Response surface methodology
Eucalyptus leaf extract

response surface methodology. The optimum values were found to be 2.125, 6, 3.5 and
135 min for H2O2/COD, H2O2/Fe, pH and reaction time respectively with H2O2 dosage
of 17 mg/L and 2.83 mg/L of LGFeNPs. The analysis of variance (ANOVA) results proved
that, the obtained resultswere satisfactorywith predicted values. Comparedwith chemical
(NaBH4 reduction) and green synthesis using iron salts as a precursor, the laterite based
green synthesis proved to be more effective in degradation of ametryn with faster reaction
kinetics.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nowa day’swater contamination due to the agriculture runoff water containing herbicides is amajor concern in drinking
water. Ametryn (2-ethylamino-4-(isopropylamino)-6-(methylthio)-s-triazine) is a selective type of herbicide used to kill
unwanted plants (broad leaf and grass weeds) from the farmland, waste land, industrial sites, railway embankments and
gardens. This is mainly applied to maize and sugar cane field (Sandoval-Carrasco et al., 2013) and only 0.1% is utilized by
the targeted plants, major portion retained in the soil itself (Jiang et al., 2008). Due to its high leaching potential and less
adsorption by the soil colloids (Kasozi et al., 2012), it is most commonly observed in both surface water and ground water
(Laabs et al., 2002; Kolpin et al., 1998). It is also said that the herbicides are the most common pesticides that are detected in
water body (Catalkaya and Kargi, 2009) and traces of these herbicides are detected in sugarcane juice in Brazil (Zuin et al.,
2006). The ametryn is phototoxic in nature and it moderately affects to fish, highly toxic crustaceans and mollusks, even at
lower concentration (Briggs, 1992). Due to its carcinogenicity, creates a lot of potential risks to human beings. Hence, various
treatment methods like chlorine dioxide (Lopez et al., 1997), aqueous chlorine (Xu et al., 2009), nanofiltration and reverse
osmosis (Shurvel et al., 2014) are adopted to degrade the ametryn fromwater. However, reverse osmosis and nanofiltration
processes require high initial and maintenance costs (Davis, 2007). To overcome all these limitations the Fenton’s type of
AOPs (advanced oxidation processes) are successfully applied to remove various herbicides in water. It is themixture of Fe2+
and H2O2, capable to degrade all types of herbicides by generating highly reactive •OH radical (Arnold et al., 1995; Wang
and Lemley, 2001) given in Eq. (1).

H2O2 + Fe2+ →
•OH + OH−

+ Fe3+. (1)

However, it is seen that the homogeneous Fenton’s process generates high iron sludge and adds extra sulfates from FeSO4.
Therefore, the heterogeneous Fenton-like processes e.g. nano zero valent iron (nZVI) (Xu and Wang, 2011), iron supported
clays (Hassan and Hameed, 2011), goethite (α-FeOOH) (Ortiz de la Plata et al., 2010) and Fe3O4 (Zhang et al., 2009) have been
successfully applied. It is known fact that, the nano size particles have more surface area and reactivity, which helps in easy
removal of more toxic chemicals from water (Shahwan et al., 2011). Now a days the iron nanoparticles are synthesized by
using sodiumborohydrate as reducing agent (Xu andWang, 2011) and co-precipitation of Fe2+ and Fe3+ (Xu andWang, 2012)
are more popular. However, these methods involve many disadvantages like stability, toxic nature of sodium borohydrate,
corrosive, an agglomeration of particles, the use of many organic solvents like methanol and are more expensive towards
large scale field applications (Chen et al., 2013; Huang et al., 2014). Therefore, recently green syntheses of iron nanoparticles
(GFeNPs) using plant extracts have been developed. Many researchers are successfully synthesized GFeNPs and applied as
a Fenton’s like catalyst to degrade various pollutants, with higher removal efficiency (Shahwan et al., 2011; Kuang et al.,
2013). The leaf extract contains polyphenols/caffeine, which acts as a both reducing and capping agent, provides the better
platform for the synthesis. All thesemethods are based on the reduction of Fe2+ (ferrous sulfate) or Fe3+ (ferric chloride) salts
as precursors, lead to the addition of large amounts sulfates and chlorides in the treatment process. To solve this problem,
the efforts are made to synthesize iron nanoparticles from locally available laterite from sustainable leaf extracts.

Lateritemain composition is iron, aluminum, silicon oxides and Ti, Mg,Mn, Ca, K, Na in small traces (Gualtieri et al., 2015).
Moreover, main privileges of laterite are: abundance, low cost, thermally stable, no toxicity in the environment and a proper
alternative to the traditional iron. With all these advantages, few researchers were studied the natural laterite as Fenton’s
catalyst for the removal of sodium azide (Khataee and Pakdehi, 2014), azo dye (Khataee et al., 2015) and paracetamol (Manu
and Mahamood, 2011). Since the removal efficiency of pharmaceuticals with iron extracted from a laterite is less compared
to ferrous sulfate and hence this can be improved by producing the GFeNPs from natural laterite. In our present study the
eucalyptus leaf extracts are preferred, which are non-toxic, biodegradable and contains high amount of polyphenols. The
leaves are byproducts of timber and paper mill industry and are considered as a waste except in some cases, the leaves are
used for the extraction of oils (medicinal value) (Chen et al., 2014). Recently few researchers were successfully produced the
FeNPs from eucalyptus leaves and are applied for the removal of many of the contaminants like nitrate (Wang et al., 2014a),
Cr (VI) (Madhavi et al., 2013) and eutrophic wastewater (Wang et al., 2014b). In the present study, the RSM (response surface
methodology) was preferred for the design of experiments and it has been successfully applied in the literature related to
the removal of Cr6+ from the green synthesized nano zero valent iron (Yirsaw et al., 2016). Therefore, the main objective is
to synthesize the GFeNPs using laterite and apply as a Fenton-like catalyst to degrade the ametryn from aqueous solution
using response surface methodology.
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Table 1
Physical and chemical properties of Ametryn.

Properties Ametryn

Structure

Synonym 2-ethylamino-4-(isopropylamino)-6-(methylthio)-s-triazine
Appearance White powder
M.W 227.33 g/mol
Chemical formula C9H17N5S
Water solubility (mg/L) 209 at 25 ◦C
M.P and B.P 84–85 ◦C and 337 ◦C
Density (g/cc) 1.18
Adsorption coefficient (Koc) 3.45
Leaching potential in soil 6.9
Half life in aerobic soil 53.2 days

2. Materials and methods

2.1. Materials

The Ametryn was purchased from Sigma Aldrich (99% pure) and the physico-chemical properties are listed in Table 1.
The reagents, FAS (ferrous ammonium sulfate), HCl (35%), H2O2 (30% w/w), NaOH, potassium iodide, ammonium chloride,
mercuric sulfate, potassium dichromate, methyl red indicator, silver sulfate, starch, sodium thiosulfate, ultra pure water and
methanol (HPLC grade) were obtained from Merck manufactured in India.

2.2. Extraction of iron from laterite

Raw laterite was collected from NITK campus, Surathkal (Karnataka, India) and powdered with hammer, washed with
tapwater so that light particles were removed. Then, the remaining particles were air-dried, screened through 105µmsieve
and stored in gray bottles. After that 3 g of soil was taken in 500 ml beaker and 15 ml concentrated HCl was added, heated
and evaporated to dryness till all HCl disappears. Again the process is repeated and finally 20 ml of hot distilled water is
added and filtered it usingWhatman 42 filter paper. The residue on the filter paper was ignited in amuffle furnace at 650 ◦C.
The weight of silicon dioxide (SiO2) was calculated by subtracting the empty weight of crucible. Then the filtrate was diluted
to 250ml and is considered as a mixture of aluminum, iron oxide (Al2O3 + Fe2O3) and other traces. After that 50% (125ml) of
the liquid part was used to find out the aluminum and iron oxide and the remaining 125 ml was used to separate iron from
the mixture according to the IS-2720 (Part-XXV, 1982). The weight of the Al2O3 was calculated by subtracting the mixture
of aluminum and iron oxide.

2.3. Green synthesis of iron nanoparticles (GFeNPs) using eucalyptus leaves

50 g of eucalyptus leaveswas collected fromNITK campus and dust particleswere removedwith distilledwater and dried
at 40 ◦C in oven. Then, 15 g of dry leaves were boiled (80 ◦C) in 250 ml of de-ionized water for about 60 min and vacuum
filtered with whatman filter paper no 42 and there after the extracts were stored below 4 ◦C according the Please check
the following cross-citation, and correct if necessary. procedure (Wang et al., 2014a, b). Laterite green iron nanoparticles
(LGFeNPs) were prepared by mixing 5.5 g/L of laterite extracted iron with eucalyptus leaves extract with different volume
ratios of 1:1, 2:1, 3:1 and 4:1 at room temperature with magnetic stirrer for about 60 min and thereafter vacuum filtered.
The appearance of a black color indicated that production of LGFeNPs. The produced LGFeNPs were dried in vacuum at 50 ◦C
for 12 h and stored in gray bottles.

2.4. Characterization of LGFeNPs

Raw laterite particles (RLPs) (105 µm passed) and LGFeNPs were characterized for particle size and shape (FESEM-
Field emission scanning electron microscopy), elemental and mineralogical composition (EDX—X-ray energy-dispersive
spectrophotometer and XRD—X-ray diffraction), surface area (BET-Brunauer–Emmett–Teller) and for Functional groups
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Table 2
Levels of the parameters studied in the CCD.

Factor Name Low(−1) Middle(0) High(+1)

A(X1) H2O2 /COD 1 2.125 3.25
B(X2) H2O2 /Fe 2 6 10
C(X3) PH 2 3.5 5
D(X4) Time (min) 30 135 240

(FTIR-Fourier transform infrared spectroscopy). Smart sorb 92 instrument was used to find out the surface area and pore
volume of the particles by BET and Barrett–Joyner–Halenda (BJH) methods respectively. FESEM consists of Carl Zeiss Gemini
column, Oxford instruments EDXwith Gold sputtering unit. The images are recordedwith differentmagnifications at 5.00 kV
voltage. Rigaku Miniflex 600 XRD was used to study the diffraction pattern with mineralogical composition Cu Kα radiation
(λ = 1.54 Å), 40 kV voltage, 15 mA current, with a scanning rate of 1◦ per min and 2θ range from 10 to 90◦. Bruker (Alpha)
FTIR having ZnSe optics was used and the KBr (potassium bromide) powder was mixed with particles in the ratio of 5:1
(KBr: sample) and pellets are formed using hydraulic jack, after that the sample was scanned with a wave number range of
375–4000 cm−1.

2.5. Experimental methodology

The working standard solutions of 0.05–0.25 mM were prepared from 0.5 mM ametryn stock solution using ultra pure
water. All the standards were analyzed by high performance liquid chromatography (HPLC) and calibration curve was
prepared. The degradation studies were initiated by selecting the 0.02 mM (4.54 ppm) as initial concentration, which is
near to the actual agriculture runoff water characteristics collected from the study area (0.5 acres of sugarcane field) at
Veerapur, Belgaum district in Karnataka state (Latitude: 15◦41′27.64′′N; Longitude: 74◦39′9.11′′E) and it was found to be
3.4 ppm.

The batch experimentswere conducted in 500ml Erlenmeyer flaskwith sample size of 250ml at room temperatures (29–
31 ◦C) and atmospheric pressure with continuous mixing speed of 210 RPM. Total 26 experiments (runs) were conducted
according to the RSM design matrix (Table 2 and 3) and each run was performed in triplicate, the average of the values
was considered. The pH (from 2 to 5) of the solution was adjusted with 0.1 N H2SO4. After that, the designed dose of iron
(0.8–13 mg/L) and H2O2 (8–26 mg/L) were added and the Fenton’s -like process was initiated. After designed reaction time
(30–240min), the treated sample was dispensed into a glass cylinder and filtered through 0.2µ filter paper. The degradation
of ametryn was measured with HPLC calibration curve. The final COD, residual H2O2 and final pH were measured. The H2O2
interference in COD is corrected according to the literature (Wu and Englehardt, 2012) and the removal efficiency was
calculated with Eq. (2). Initially the blank experiment was carryout for 24 h with continuous mixing without adding any
reagents and no significant removal was observed.

COD removal efficiency =
(
COD − CODf

)
/CODi (2)

where CODi is the initial COD (mg/L) and CODf (mg/L) is its final COD after designed reaction time.

2.6. Analytical procedure

The degradation of ametryn was measured with the HPLC (Agilent 1260) by applying proper conditions like RP—C18
column with size 100 ∗ 4.6 mm, 3.5µ pore size, diode array detector (DAD), column temperature 25 ◦C, binary pump with
flow rate 1 ml/min, mobile phase: methanol: water (58:42), sample volume of 20 µL, and retention time was found to be
at 8.8 min. The COD was measured using closed reflux titration method (APHA, 2005) and the pH was measured using a
pH meter (Systronics). The λmax (223 nm) value of ametryn was measured using ultra-violet, visible (UV–Vis) double beam
spectrophotometer (Systronics, AU-2701). The residual H2O2 was measured by iodometric titration.

2.7. Experimental design

The CCD (central composite design) type of RSMwas applied to the batch experiments. The CCD contains a full quadratic
model equation and it efficiently estimates the first and second-order terms. The CCD consists of three types, central
composite circumscribed (CCC), inscribed (CCI) and face centered (CCF) with three types of design points; they are factorial,
axial (star points) and center points. In the present study the CCF was selected, with 3 levels (−1, 0, +1) for each factor. The
influence of independent factors such as H2O2/COD (X1), H2O2/Fe (X2), pH (X3) and reaction time (X4) was studied on two
dependent variables (%COD (Y1) and ametryn removal efficiency (Y2)). The independent variables were calculated according
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Table 3
CCD design matrix.

Run Independent variables (uncoded and coded) Fenton’s reagent Actual responses Predicted responses

A ( H2O2/COD) B ( H2O2/Fe) C (PH) D (Time min) H2O2 (mg/L) Fe (mg/L) % AR % CODR % AR % CODR

1 2.125(0) 6(0) 3.5(0) 30(−1) 17 2.83 82.35 80 79.639 77.82
2 2.125(0) 10(1) 3.5(0) 135(0) 17 1.7 65 56 64.22 68.33
3 3.25(1) 2(−1) 5(1) 30(−1) 26 13 25.6 24 20.37 20.12
4 2.125(0) 6(0) 3.5(0) 135(0) 17 2.83 100 100 97.21 96.21
5 3.25(1) 10(1) 2(−1) 30(−1) 26 2.6 42.23 36 40.21 26.9
6 2.125(0) 6(0) 2(−1) 135(0) 17 2.83 35.62 28 36.86 28.24
7 3.25(1) 10(1) 5(1) 240(1) 26 2.6 46.23 32 40.5 28.68
8 3.25(1) 2(−1) 5(1) 240(1) 26 13 12.31 16 15.34 17.29
9 2.125(0) 6(0) 3.5(0) 135(0) 17 2.83 100 100 97.21 96.21

10 1(−1) 10(1) 2(−1) 240(1) 8 0.8 35.21 28 34.8 29.12
11 1(−1) 6(0) 3.5(0) 135(0) 8 1.33 28.32 24 33.15 30.55
12 1(−1) 2(−1) 5(1) 30(−1) 8 4 8.31 8 11.09 11.73
13 2.125(0) 6(0) 3.5(0) 240(1) 17 2.83 100 100 100 100
14 1(−1) 10(1) 5(1) 30(−1) 8 0.8 43.62 40 35.8 38.21
15 2.125(0) 6(0) 5(1) 135(0) 17 2.83 45.62 36 48.12 40.12
16 3.25(1) 2(−1) 2(−1) 240(1) 26 13 10.21 8 8.39 8.9
17 3.25(1) 2(−1) 2(−1) 30(−1) 26 13 9.61 8 11.52 9.51
18 3.25(1) 10(1) 2(−1) 240(1) 26 2.6 28.52 24 30.98 23.29
19 1(−1) 2(−1) 2(−1) 240(1) 8 4 12.21 12 10.61 9.73
20 1(−1) 2(−1) 5(1) 240(1) 8 4 12.56 16 13.09 17.12
21 1(−1) 10(1) 5(1) 240(1) 8 0.8 36.52 32 39.86 33.51
22 1(−1) 2(−1) 2(−1) 30(−1) 8 4 14.62 12 10.71 7.34
23 2.125(0) 2(−1) 3.5(0) 135(0) 17 8.5 42.31 44 50.58 46.12
24 1(−1) 10(1) 2(−1) 30(−1) 8 0.8 30.62 28 32.84 29.73
25 3.25(1) 10(1) 5(1) 30(−1) 26 2.6 32.62 24 39.47 29.29
26 3.25(1) 6(0) 3.5(0) 135(0) 26 4.33 21.21 16 25.12 20.12

to Eq. (3) (Zhang et al., 2010), where xi is the coded notation of the ith factor, X0 is the value of Xi at the center point and XD
is the step change (difference/2). The interactive effects between dependent and independent variables were expressed as
second order polynomial (Eq. (4)).

xi = ((Xi − X0) /XD) . . . i = 1, 2, 3 . . . k (3)

Y = b0 +

k∑
i=1

biXi +

k∑
i=1

biiX2
i +

k∑
i=1

k∑
j=1

bijXiXj (4)

where Y is the response and Xi, Xj are considered as control factors (X1, X2, X3, X4) and for convenience, all these variables
are assigned as A, B, C and D respectively. The b0 (constant or intercept), bi (linear term), bii (quadratic term) and bij (second
order terms) are the coefficients and k is the number of control variables. Total 26 experiments (N)were conducted according
to Eq. (5) and the center point is repeated two times for the consistency of the results. The response surface analysis was
performed using Minitab software

N = factorial Points(2k) + axial points(2 ∗ k) + center points
= 24

+ (2 ∗ 4) + 2 = 26 (5)

where n is the number of center points.
In Fenton-like process, the H2O2 dosage was decided based on theoretical oxidant required to degrade the ametryn in

aqueous solution. Therefore, the COD value of the compound was taken as a reference and the center value of H2O2/COD
ratio was selected as 2.125, in which the maximum number of •OH radicals are produced (Kim et al., 1997) and the value
is near to 2.15 in the previous literature (Kavitha and Palanivelu, 2004). Hence, H2O2/COD ratios were selected as 1, 2.125
and 3.25. In many of the literatures, iron dosage was reported as 11.2–28 mg/L (Wang et al., 2016), 10–1000 mg/L (Zhang et
al., 2017) and 10 mg/L (Ambika et al., 2016). It was also evident that, this ratio was depending on the type and nature of the
compound (Mater et al., 2007). Here, the experiment was started with lower doses of iron (0.8–13 mg/L).

It was proved that, the Fenton’s process works in acidic pH from 2 to 5 (Wang et al., 2016; Kuang et al., 2013), 3 to 6
(Ambika et al., 2016; Zhang et al., 2017) and hence, the pH values were considered as 2, 3.5 and 5. The range of reaction
time was selected as 30–240 by considering the evidences from other researchers as 0–200 min (Kuang et al., 2013), 0–240
min (Ambika et al., 2016) and 0–45 min (Zhang et al., 2017). All these values are listed in Tables 2 and 3. ANOVA (analysis of
variance) was applied to interpret the complex relationship between independent and dependent variables. The coefficient
of determination (R2), Fisher’s test (F-test) and the probability (P) value at its 95% confidence level were used to investigate
the performance of the second order polynomial equation.
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Fig. 1. FESEM images of (a) RLPs (b) LGFeNPs.

Fig. 2. EDS spectra of (a) RLPs (b) LGFeNPs.

3. Results and discussion

3.1. Characterization

According to the BET analysis, it is seen that surface area and pore volume RLPs are 23.18 m2/g, 0.0091 cm3/g and for
LGFeNPs 36.62 m2/g, 0.0394 cm3/g respectively. With these results it can be concluded that LGFeNPs shows higher surface
area and pore volume than RLPs. This may due to the polyphenols present in the eucalyptus leaves, which acts as both
reducing agent and capping agent. Fig. 1(a) and (b) shows the FESEM images RLPs and LGFeNPs respectively and it is observed
that there is a formation of spherical iron nanoparticles of size 20–70 nm (Fig. 1(b)). The EDX analysis of RLPs (Fig. 2(a)) shows
the peaks of C (19.38%), O (45.33%), Si (11.16%), Al (6.54%), Fe (16.47%) and alongwith a small traces of Ti (1.12%). This proves
that there is existence of major portions of Fe2O3, Al2O3 and SiO2. The Fig. 2(b) shows the EDX spectrum of LGFeNPs with
peaks of C (32.31%), O (12.07%), K (7.23%) and Fe (48.39%). The C element is mainly from the polyphenol content in the leaves
and it was also observed that there is no Si, Al and Ti were present in LGFeNPs and it is clear that the 100% ironwas extracted
from laterite.

Fig. 3(a) shows the XRD pattern of RLPs, where the peaks at 2θ = 19.23, 62.34 corresponds to the SiO2, and peaks at
2θ = 25.29, 67.82 represents Fe2O3. The other peaks at 36.35, 64.21, 72.85 are due to the Al2O3 and the peak at 34.66 is
FeO (ICDD database). Whereas Fig. 3(b) shows the XRD pattern of LGFeNPs in which, the peaks at 17.88, 27.21, 34 and 45.25
corresponds to the polyphenols (Njagi et al., 2011), meghemite (γ -Fe2O3), magnetite (Fe3O4) and zero valent iron (Fe0)
respectively. The peaks at 24.21, 38.53 represents the iron hydroxides and the peaks at 62.81, 63.59 represents the hematite
(Fe2O3) respectively (Shahwan et al., 2011; Hoag et al., 2009; Khataee and Pakdehi, 2014).

In FTIR analysis (Fig. 4(a)) the existence of Al–O–H is near to 3670 cm−1 and transmittance band between 3680 and
3400 cm−1 were the OH group of Si, Al and Fe. The presence of H–O–H on the surface of laterite is near to 1637 cm−1 and
strong stretching vibration at 1026 cm−1 represents the Si–O. The 915, 766, 546 and 446 cm−1 indicate the presence of
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Fig. 3. XRD patterns of (a) RLPs (b) LGFeNPs.

Fig. 4. FTIR spectra of (a) RLPs (b) LGFeNPs.

Al–OH, cristobalite, Fe2O3 and Fe–O respectively (Maiti et al., 2010). Fig. 4(b) represents the FTIR spectra of LGFeNPs, in
which the wave numbers 3373, 1642, 1356, 1044, 538 and 426 cm−1 represents the presence of OH, C==C (polyphenols), C–N
(aromatic amines), C–N (aliphatic amines), Fe–O(Fe3O4) and Fe–O(Fe2O3) (Kumar et al., 2013) respectively. The bands at 538
and 426 cm−1 confirms the formation of LGFeNPs and later these particles were oxidized to form iron oxides.

3.2. Degradation studies and statistical analysis

The degradation studies were performed according to the design matrix (Table 3) and second order quadratic equations
for both the responses % COD removal efficiency (% CODR) and % ametryn removal efficiency (% AR) were obtained (Eqs. (6)
and (7)). Both equations involve one constant term, four first order terms (linear) (A, B, C and D), four second order terms
(quadratic) (A ∗ A, B ∗ B, C ∗ C and D ∗ D) and six interaction effects (A ∗ B, A ∗ C , A ∗ D, B ∗ C , B ∗ D and C ∗ D).

% CODR(Y1) = 70.34 − 0.67 A + 8.44 B + 2.44 C + 0.44 D − 40.5 A ∗ A − 10.5 B ∗ B − 28.5 C ∗ C
+ 29.5 D ∗ D − 1.25 A ∗ B + 0.25 A ∗ C − 0.75 A ∗ D − 0.75 B ∗ C − 0.75 B ∗ D + 0.75 C ∗ D (6)

% AR(Y2) = 73.75 + 0.36 A + 11.82 B + 2.47 C + 0.23 D − 40.23 A ∗ A − 11.34 B ∗ B − 24.36 C ∗ C
+ 26.18 D ∗ D − 0.4 A ∗ B + 1.12 A ∗ C − 0.76 A ∗ D + 0.64 B ∗ C + 0.51 B ∗ D + 0.53 C ∗ D. (7)

In both equations the intercept values, and coefficients of B, C , D, D ∗ D, A ∗ C , C ∗ D are showing a positive effect. Also in
Eq. (7) B ∗ C and B ∗ D are having a positive effect on the response and the coefficient of D2 has the highest positive values
of 29.5 and 26.18, implies that the reaction time is the more influencing parameter on the both responses. According to the
ANOVA results (Tables 4 and 5), the most significant factors are B, A2, C2, D2 and A2, C2, D2 for Y2 and Y1 respectively with the
P value< 0.05. The F values (relation between themean square and the residual error of themodel) were determined to find
out the best fit of the model to the observed data and values were observed to be 5.34 and 4.34 for Y2 and Y1 respectively.
These values are greater than tabular F0.05(14,11) value of 2.74 and hence, it is confirmed as the most significant model. The
coefficient of determination (R2) is also calculated to know the variation between the actual responses and fits.
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Table 4
Analysis of variance for % AR.

Source DF Adj SS Adj MS F-value P-value > F

Model 14 17499.5 1249.96 5.34 0.004
Linear 4 2630.0 657.51 2.81 0.079

A 1 2.4 2.38 0.01 0.921
B 1 2516.5 2516.48 10.74 0.007
C 1 110.2 110.21 0.47 0.507
D 1 1.0 0.98 0.00 0.950

Square 4 14822.6 3705.64 15.82 0.000
A ∗ A 1 4145.6 4145.61 17.70 0.001
B ∗ B 1 329.6 329.55 1.41 0.261
C ∗ C 1 1522.1 1522.06 6.50 0.027
D ∗ D 1 1754.8 1754.76 7.49 0.019

2-way interaction 6 46.9 7.82 0.03 1.000
A ∗ B 1 2.6 2.56 0.01 0.919
A ∗ C 1 19.9 19.89 0.08 0.776
A ∗ D 1 9.2 9.18 0.04 0.847
B ∗ C 1 6.6 6.60 0.03 0.870
B ∗ D 1 4.2 4.24 0.02 0.895
C ∗ D 1 4.4 4.41 0.02 0.893

Residual 11 2576.3 234.21
Lack-of-fit 10 2576.3 257.63 1.6
Pure error 1 0.0 0.00

Total 25 20075.8

Note: R2
= 92.34%; R2

adj = 91.36%; Standard deviation (S.D) = 2.21; Coefficient of variation (C.V) = 9.66%; Adequate precision (A.P) = 18.03.

Table 5
Analysis of variance for % CODR.

Source DF Adj SS Adj MS F-value P-value > F

Model 14 17107.7 1221.98 4.34 0.010
Linear 4 1402.7 350.67 1.24 0.348

A 1 8.0 8.00 0.03 0.869
B 1 1283.6 1283.56 4.56 0.056
C 1 107.6 107.56 0.38 0.549
D 1 3.6 3.56 0.01 0.913

Square 4 15643.0 3910.76 13.88 0.000
A ∗ A 1 4191.8 4191.75 14.88 0.003
B ∗ B 1 280.0 280.05 0.99 0.340
C ∗ C 1 2073.9 2073.90 7.36 0.020
D ∗ D 1 2235.2 2235.17 7.93 0.017

2-way interaction 6 62.0 10.33 0.04 1.000
A ∗ B 1 25.0 25.00 0.09 0.771
A ∗ C 1 1.0 1.00 0.00 0.954
A ∗ D 1 9.0 9.00 0.03 0.861
B ∗ C 1 9.0 9.00 0.03 0.861
B ∗ D 1 9.0 9.00 0.03 0.861
C ∗ D 1 9.0 9.00 0.03 0.861

Residual 11 3099.7 281.79
Lack-of-fit 10 3099.7 309.97 0.8
Pure error 1 0.0 0.00

Total 25 20207.4

Note: R2
= 95.4%; R2

adj = 92.30%; Standard deviation (S.D) = 2.26; Coefficient of variation (CV) = 8.62%; Adequate precision (AP) = 17.17.

The R2 and R2
adj values are found to be 92.34%, 95.46% and 91.36%, 92.3% for Y2 and Y1 respectively. With these results, it is

proved that R2 and R2
adj are close to each other, R2 > 80% and R2

adj < R2. From Tables 4 and 5 it is observed, the lack of fit and
the residual error are showing the similar values 2576.3 and 3099.7 with pure error zero for both ametryn and COD removal
respectively. The lack of fit F values are 1.6% and 0.8% for Y2 and Y1 respectively and these values are due to the noise in the
responses (Im et al., 2012). All these results confirm the good agreement between the predicted and experimental values.

The standard deviation (S.D = howmany values in responses are differing from amean value), coefficient of variation (C.V
= It is a percentage ratio of standard error to the mean value of the response) and adequate precision (A.P = It is the ratio of
the predicted response to its error) of both responses were determined. The S.D values are very less and are 2.21 and 2.26
for Y2 and Y1 respectively. The C.V values are 9.66 (Y2), 8.62 (Y1), which are less than 10% (Beg et al., 2003) and A.P values are
18.03 (Y2), 17.17 (Y1) and the desired value is 4 or >4 (Zinatizadeh et al., 2006). Hence, the results obtained are reliable. The
normal probability distribution of data points is plotted against the residuals in Fig. 5(a) (b) and the points are distributed
near the straight line, which confirms that the results are best fit with the predicted values.
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Fig. 5. Plot of predicted versus actual values for both responses (a) % CODR (b) % AR.

Fig. 6. Removal efficiency vs. (a) dosage of H2O2 (b) dosage of iron.

3.3. Effect of H2O2 and Fe on the responses

The effect of H2O2 on the removal efficiencywas studied based on the H2O2/COD ratio (1, 2.125 and 3.25). It was observed
that, as the ratio is decreased to 1 or increased to 3.25 from a center value of 2.125, less removal was observed. It indicates
that, the more number of hydroxyl radicals are produced in the ratio of 2.125 (Kim et al., 1997) and thereby increasing the
removal efficiency. Based on this, the dosage of H2O2 was varied from 8 to 26mg/L (Table 3). Usually, it is seen that, increase
in the H2O2, increases the degradation of pollutants by generating the more hydroxyl radicals (Pignatello, 1992). However,
when the concentration of H2O2 was 26 mg/L, the removal efficiency (both Y2 and Y1) was <45% and may be this is due
to the, addition the excess amount of H2O2, decreases the further production of •OH radicals (Eq. (8)) (scavenging effect)
(Masomboon et al., 2009). Also, when the dosage of H2O2 was 8mg/L, the removal efficiency was<43%, because insufficient
H2O2 for •OH radical production. Hence, 17 mg/L of H2O2 with H2O2/COD ratio of 2.125 was finally considered, in which
100% removal was observed (Fig. 6(a)).

H2O2 +
•OH → H2O + OOH•. (8)

The dosage of iron (LGFeNPs) is another important factor in Fenton-like process which exploits the rate of reaction and
is as important as H2O2. The selection of iron dosage depends on the suitable values of H2O2/Fe ratio (2, 6 and 10). Based
on this, the effect of iron (0.8–13 mg/L) was studied in the degradation process. At high iron doses of 13, 8.5 4.33 and 4
mg/L the less ametryn removal (<45%) was achieved and this may due to the agglomeration of LGFeNPs (Garrido-Ramírez
et al., 2010) and more number of Fe2+ ions scavenged the already produced •OH radicals shown in Eq. (9) (Pignatello, 1992).
Furthermore, when iron dose was <2.83 mg/L, there is a less production of Fe2+ ions (a reaction between Fe0 and oxidant)
and after that the H2O2 was going to react with already produced •OH radicals to form a •OOH radical (Eqs. (10) and (11))
and the formed •OOH radicals were having less oxidation capacity than •OH radicals (Masomboon et al., 2009). Hence, the
optimum iron dose of 2.83 mg/L (H2O2/Fe = 6) was finally considered (Fig. 6(b)).

Fe2+ +
•OH → Fe3+ + OH− (9)

H2O2 + Fe0 → 2OH−
+ Fe2+ (10)

H2O2 +
•OH → H2O + OOH•. (11)

3.4. Effect of pH on the responses

The heterogeneous (laterite) and homogeneous (FeSO4·7H2O, FeCl3) Fenton processes were influenced by the pH and in
the present study the pH varied from 2 to 5. In case of run 6 (pH 2, % AR and % CODR < 36) and run 15 (pH 5, % AR and
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% CODR < 46), the less ametryn removal was achieved even though of optimum iron (2.83 mg/L) and H2O2 (17 mg/L). It
signifies that, relative increase (10%) in the ametryn removal was achieved at pH 5 than pH 2. Similar kind of results were
observed in the literatures related to the heterogeneous Fenton process for removal of many of the contaminants such as
17β-estradiol (α-FeOOHcoated resin vs. H2O2)with removal efficiencies of 98.2% at pH3.07 and 86.4% at pH7.47 (Yaping and
Jiangyong, 2008), salicylic acid (H2O2 vs. goethite)with removal efficiency from95% to 45% (pH6–11). Also fewhomogeneous
Fenton degradation studies were reported that, the removal efficiency was maximum at pH 3 and negligible (<5%) at pH 7
(Zhou et al., 2004; Neppolian et al., 2004). This clearly indicates that, the heterogeneous Fenton process has relatively more
advantage towards alkaline pH than acidic pH and this ismainly depends on the surface characteristics and leaching potential
of LGFeNPs. The heterogeneous Fenton process proceeds with adsorption of ametryn on to the surface of the iron oxides,
iron hydroxides and Fe0 (XRD analysis of LGFeNPs) followed by production of the •OH radicals and these radicals reacts
with ametryn to form mineralization products. As discussed earlier, at pH 2 less ametryn removal was observed and this
may be due to the leaching of iron from iron oxide and hydroxide surfaces. This dissolved iron forms oxyhydroxides, which
are more stable with lesser catalytic activity. Similar kind of reaction mechanism was observed, when the heterogeneous
process (dissolved iron, 86.4% removal E2 at pH 7.47) and homogeneous Fenton processes (Fe3+, 46.3% removal E2 at pH
7.47) were compared (Yaping and Jiangyong, 2008). Chou et al. (2001) also reported that, at pH <4 more leaching of iron
was observed from the FeOOH. On the other hand, at pH 5, may be it favors the adsorption of ametryn on to the surface of
iron particles and after that, deactivation of a Fe2+ ions by forming ferric hydroxide complexes, which reduces the generation
of •OH radicals (Lucas and Peres, 2006) and stops further reactions. Finally from Table 3, it was observed that at pH 3.5 (4, 9
and 13), 100% removal (both responses) was achieved and may be at this stage (pH = 3.5), no leaching of iron was observed
and fully recycling of iron occurred directly on to the catalyst surface. Hence, the optimum pH of 3.5 was maintained in the
treatment process.

3.5. Effect of reaction time on the responses

The reaction time (D) is also having a significant influence in generating the •OH radicals and was varied from 30 to
240min. In case of run 1 at 30min (pH = 3.5, Fe = 2.83mg/L, H2O2 = 17mg/L), the reactionwas faster and 83% of removalwas
achieved. With similar experimental conditions the reaction process was continued (runs 4, 9 and 13) and it was observed
that 100% removal was achieved in 135 min. The possible degradation pathway consists of adsorption, generation of OH
radicals and mineralization processes. The XRD analysis report shows that, there is existence of Fe2O3, Fe3O4 and Fe0 and at
the initial stages (30 min), the ametryn adsorbs on the surface of the LGFeNPs and later the oxidant ( H2O2) reacts with Fe0
and converts to Fe2+ and also in parallel, the conversion of Fe2+/Fe3+ from Fe2O3/Fe3O4 was observed by reactingwith H+ ions
(optimum pH of the solution is 3.5). After that, the hydroxyl radicals were produced (a reaction between oxidant and Fe2+)
(Eqs. (12)–(15)) (Xue et al., 2009; Garrido-Ramírez et al., 2010; Kuang et al., 2013). These OH radicals attack the ametryn
on the LGFeNPs surface and mineralize the process (CO2, H2O and mineral acids) (Eqs. (16)–(17)). After 30 min, the reaction
was slowly reduced and this may be due to the production of hydroperoxyl radicals (HO•

2) (Eqs. (18)–(19)) (Rusevova et al.,
2012). However, in case of the runs (3, 5, 12, 14, 17, 22, 24, and 25) at 30 min, less removal (8%–46%) was achieved, which
indicates that the efficiency is also depends on the dosage of iron, oxidant and pH.

Ametryn + GLFeNPs → Ametryn/GL FeNPs (12)

H2O2 + Fe0 → 2OH−
+ Fe2+ (13)

Fe2O3/Fe3O4 + H+
→ Fe2+/Fe3+ + H2O (14)

H2O2 + Fe2+ →
•OH + OH−

+ Fe3+ (15)
Ametryn/GL FeNPs + OH•

→ Intermediates/GL FeNPs (16)
Intermediates/GLFeNPs + OH•

→ CO2 + H2O + mineral acids (17)

H2O2 + Fe3+ → H+
+ FeOOH2+ (18)

FeOOH2+
→ HO2

•
+ Fe2+. (19)

To understand the reaction kinetics involved in thewhole treatment process, the experiments were conducted in optimal
conditions (Fe = 2.83 mg/L, H2O2 = 17 mg/L and pH = 3.5) and obtained results were plotted in Fig. 7(a) (ln Ct/C0 and
ln CODt/COD0 vs. time). It was clear that, the linear relationship was established with R2 (correlation coefficient) value of
>0.9 and hence, the experimental data was best fit with the pseudo-first order kinetic model (Eqs. (20)–(21)).

ln Ct/C0 = −K1t (20)

ln CODt/COD0 = −K2t (21)

where Ct and CODt are concentration and COD at the time t min and C0 and COD0 concentration and COD at time 0 min. The
K1 and K2 are the slopes of the decay curves and are considered to be 1st order rate constants in min−1. From Fig. 7(a), it was
clear that the rate of reaction of % COD removal efficiency (K2 = 0.024min−1) was less than the % ametryn removal efficiency
(K1 = 0.033 min−1). This may due to the fact that, the conversion from the ametryn to the intermediates is faster than the
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Fig. 7. (a) Residual CODt/COD0 , Ct/C0 with time (b) H2O2 depletion vs. time.

Fig. 8. Main affects plots for both responses (a) % CODR (b) % AR.

intermediates to the mineralization ( CO2, H2O and mineral acids). A similar kind of pseudo-first order kinetic models were
obtained in other studies also ( Swaminathan et al., 2003 (R2

= 0.89–0.99, K = 0.01–0.07 min−1); Kong and Lemley, 2006
(R2

= 0.71–0.97, K = 0.04–0.32 min−1); Zhang et al., 2016 (R2
= 0.99 − 1, K = 0.0022 − 0.0046 min−1); Ma et al., 2000

(R2
= 0.91–0.99, K = 0.004–0.06 min−1)). Further, the oxidant decomposition was also monitored (Fig. 7(b)) and it is seen

that 100% depletion of H2O2 was observed within 90 min. This implies that, the more number of hydroxyl radicals were
produced at the initial stages. Finally, from the Fig. 8(a)(b) the optimum values are confirmed as 2.125, 6, 3.5 and 135 for A,
B, C and D respectively.

3.6. Optimization and validation

To determine the optimum region or working feasible region the contours are graphically overlaid for both responses
(Ahmad et al., 2005) and in this process the desired goal was to maximize the responses Y1 (% CODR) and Y2 (% AR). Hence,
the boundary values were defined as Y1 (8, 100) and Y2 (8.31, 100) with a reaction time of 135 min. The overlay plot consists
of 3 regions, which are separated by circular dotted lines shown in Fig. 9. The shaded portion consists of 2 regions, the
middle area is not feasible region for both % AR and % CODR (NFRAC) and other region is feasible for only % CODR (FRC).
The remaining unshaded area (optimum region) is feasible for both responses. To validate the obtained results, four sets of
additional experiments were carried out by selecting the random values from the unshaded area and are tagged in Fig. 9.
The results of those experiments (Run 27, 28, 29 and 30) were listed in Table 6. The standard deviation (<5) coefficient of
variation (<9%) and adequate precision (A.P) is greater than 12 and these values are within the prescribed limits (S.D < 4,
C.V < 10% and A.P >4). It clearly says that, predicted and experimental values are well fitted.

4. Conclusions

In this study the iron nanoparticles were synthesized from a raw laterite using eucalyptus leaf extract. After that, these
nanoparticles were used as a catalyst in Fenton-like process for the oxidation of ametryn in aqueousmedium using response
surface methodology. Based on the results the following conclusions were drawn.

(1) With FESEM and BET analysis, it was found that 20–70 nm of spherical particles (GLFeNPs) were formed with surface
area of 36.62 m2/g.

(2) The XRD analysis shows that GLFeNPs consists of mainly Fe0, Fe2O3, Fe3O4 and polyphenols and are confirmed by FTIR
analysis.
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Fig. 9. Contour overlay plot.

Table 6
Optimization of additional experiments.

Run Independent factors % CODRa % ARb Error S.Dc C.Vd A.Pe

A B C D Acf Prg Ac Pr % CODR % AR % CODR % AR % CODR % AR % CODR % AR

27 1.87 6 4.2 135 92 94.98 92.31 97.62 2.98 5.31 2.11 3.75 3.19 5.59 31.87 18.38
28 2.44 6 4.21 135 88 92.63 93.3 96.97 4.63 3.67 3.27 2.6 5.13 3.86 20.01 26.42
29 1.56 6 2.22 135 64 69.69 71.58 73.82 5.69 2.24 4.02 1.58 8.51 3.08 12.25 32.96
30 2.71 6 2.67 135 76 79.23 78.62 82.6 3.23 3.98 2.28 2.81 4.16 4.94 24.53 20.75

a % CODR = % COD removal.
b % AR = % ametryn removal.
c S.D = Standard deviation.
d C.V = Coefficient of variation.
e A.P = Adequate precision.
f Ac = Actual values.
g Pr = Predicted values.

(3) The 100% removal of ametryn was achieved with an optimum value of 2.125 (A), 6 (B), 3.5 (C) and 135 (D) min with
iron and H2O2 values of 2.83 and 17 mg/L respectively.

(4) The pseudo-first order kinetic model was successfully established with experimental data having R2 (correlation
coefficient) value >0.9 for both the responses.

(5) The S.D, C.V andA.P valueswere 2.21, 9.66% and18.03 for %AR respectively and for % CODR, these values are 2.26, 8.62%
and 17.17. All these values are within the prescribed limits (S.D < 4, C.V < 10% and A.P > 4). The treatment process
was validated by conducting the additional experiments suggested by contour overlay plot, inwhich the experimental
findings were well fitted with the predicted values. Conclusively, synthesis and degradation process was carried out
by using locally available laterite, which is cost effective and promising technique for the complete degradation of
ametryn in water.
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