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Abstract 8 

The purpose of this research is to synthesize environmentally friendly nanosorbents capable of Diesel Range Organics (DRO) adsorption 9 

from contaminated water. Central Composite Design (CCD) analysis of response surface methodology (RSM) was employed in a model 10 

fitting of the variables predicting the adsorption efficiency of Moringa Oleifera-functionalized zerovalent iron particles (ZINPs) for the 11 

removal of DRO. The effects of the reaction parameters on the response were screened using 24 factorial design to determine the 12 

statistically significant independent variables. A quadratic model predicting the DRO adsorption efficiency of ZINPs with an F-value 13 

of 276.84 (p-value <0.0001) was developed. Diagnostic plots show that the predicted values were in excellent agreement with actual 14 

experimental values (R2 = 0.99). The maximum percentage removal of DRO of 92.6% was achieved after optimization, using the 15 

synthesized ZINPs after 8 hours of contact between DRO substrates and ZINPs at pH of 8, the temperature of 25 ºC, with an adsorbent 16 

dosage of 2 g/L and at composite desirability of 1. Characterization of ZINPs revealed the formation of quasi nanospheres and nanocubes 17 

with an average particle diameter of 50.9 ± 9.7, the crystallite size of 15.31 nm, a crystallinity index of 32.47%, and pore width of 75.69 18 

– 88.59 nm. The adsorption equilibrium data modelling of ZINPs for adsorption of DRO was best described by Langmuir isotherm with 19 

the maximum monolayer coverage capacity of 7.194 mg/g.  The separation factor 𝑅𝐿 = 0.472,  indicated favourable adsorption. The 20 

adsorption kinetic data were consistent with pseudo-second-order kinetics indicating probable chemisorption. 21 

 22 

Keywords: Zerovalent iron nanoparticles; antioxidants; capping agents; nanosorbents; Moringa Oleifera 23 

 24 

1. Introduction 25 

Petroleum products and their derivatives are one of the major sources of pollution in today's world of growing industrialisation 26 

(Bandura et al., 2017; Mohanakrishna et al., 2019). Oil spills impose serious damage to the environment. Spilt crude oil or its products 27 

affect aquatic flora and fauna (Paulauskienė et al., 2014). However, pollutants such as petroleum hydrocarbons (PHCs), which are widely 28 

applied in the areas of transportation, electricity, production of plastics, etc., are the major cause of the pollution of surface and 29 

groundwater through accidental and anthropogenic activities such as accidental spills, leakages, and industrial activities (Al-hawash et 30 
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al., 2018). PHCs consist of majorly four categories of compounds namely; aliphatics, aromatics, resins, and asphaltenes (Adeniji et al., 31 

2017; Ahmed et al., 2020). The short-chain hydrocarbons are usually degraded by microorganisms, but large branched aliphatic chains 32 

and aromatic hydrocarbons usually persist in the environment (Ahmed et al., 2020), which highlights the importance of PHCs 33 

remediation from water bodies. PHCs are toxic compounds classified as priority contaminants because of their nature and versatility in 34 

use (Varjani, 2017). The release of these compounds into the environment accidentally or by anthropogenic activities leads to 35 

environmental pollution and consequent destabilization of the ecosystem (Ahmed et al., 2020). For instance, PHCs in water forms a film 36 

that could prevent oxygen entry, leading to the death of aquatic organisms (Faustorilla et al., 2017). This has inevitably been of major 37 

concern over some decades and has raised the need for PHCs remediation of surface and groundwater in which physical and chemical 38 

methods such as the dissolved air flotation, use of skimmers, barriers, booms, dispersant, or surfactant spray have been employed, 39 

whereas the biological and thermal techniques were based on bioaugmentation, and burning of crude oil, respectively (Barthlott et al., 40 

2020; Liu et al., 2021; Navarathna et al., 2020; Tran et al., 2021). Although these methods have proven effective, major challenges 41 

including the formation of toxic polycyclic aromatic hydrocarbons (PAHs) through oxidation, the limitation of microorganisms to 42 

perform due to PAHs, and high cost have limited their wide application (Bhattacharya et al., 2018; Bianco et al., 2021; Fuentes et al., 43 

2020). 44 

Nanoparticles (NPs) remediation has presented a cheaper, broader, and more efficient way of removing major water contaminants 45 

from water bodies due to their large surface areas and wide applications (Khan et al., 2019; Xue et al., 2017). NPs can be effectively 46 

used to treat contaminated water in situ by sequestering contaminants (via adsorption or complexation) or by degrading harmful 47 

contaminants into less harmful compounds (Sulaiman, 2019). NPs are, however, mostly toxic due to the chemical nature of their 48 

precursors. NPs also require capping agents to prevent agglomeration of the particles. These capping agents are mostly toxic and 49 

expensive (Singh et al., 2018), hence, the need for eco-friendly, non-toxic, and cheaper nanoparticles such as those synthesized from 50 

plant materials (green synthesis).  The green synthesis of NPs has been considered as a rapid, clean, non-toxic, cost-effective, and 51 

environmentally friendly method compared to other conventional techniques (Gautam et al., 2019). The large surface area of these 52 

nanoparticles, coupled with the antioxidant contents of plant extracts used in the formulation of these biogenic NPs (BNPs), plays a very 53 

important role as biodegradation agents and nanosorbents. The antioxidants and phytochemicals from plant extracts act as nontoxic bio-54 

reductants and capping agents for the metal-based nanoparticles (Devatha et al., 2016; Murgueitio et al., 2018). This dual function of 55 

plant extracts to act as reducing and capping agents due to their antioxidant contents makes them even more beneficial for the synthesis 56 

of NPs.   57 

Iron nanoparticles (INPs) modified with various plant extracts have been extensively studied and employed in the biosynthesis of 58 

nanoparticles for water remediation (Ercan, 2019; Ghidan et al., 2016; Pan et al., 2019; Vitta et al., 2020). Iron is often preferred as a 59 
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precursor to produce nanoparticles due to its availability, nontoxic nature, and cheapness. Moringa Oleifera plant extract has been used 60 

for the biosynthesis of INPs which has been successfully applied in the remediation of surface and groundwater contaminants such as 61 

nitrate (Katata-Seru et al., 2018), nitroaromatic explosive compounds (Kgatitsoe et al., 2019), fluoride (Silveira et al., 2018) and in 62 

antibacterial applications (Aisida et al., 2020; Jegadeesan et al., 2019). Moringa Oleifera leaves are very rich in antioxidants and 63 

phytochemicals, making them very suitable for the reduction and stabilization or capping of iron in the nanoscale (Oladeji et al., 2020; 64 

Osamede Airouyuwa & Kaewmanee, 2019). This present study aims to synthesize and characterize zerovalent iron nanoparticles 65 

(ZINPs) as nanosorbent using Moringa Oleifera leaf extracts as the bio-reductant and capping agent for the iron precursor, for the novel 66 

biodegradation and adsorption of PHCs from contaminated water while varying the reaction parameters such as temperature, pH, 67 

adsorbent dosage, and contact time. The sorption properties and reaction mechanism of the ZINPs were elucidated by employing 68 

adsorption isotherms and adsorption kinetic models. A regular 24 factorial design was applied to screen, evaluate and determine the 69 

main and interaction factor effects on the adsorption efficiency (response) of ZINPs. The central composite design of the response 70 

surface methodology was applied for the surface analysis and optimization of the statistically significant independent variables affecting 71 

the response. 72 

2. Materials and Methods 73 

 74 

2.1. Chemicals and reagents 75 

The Total Petroleum Hydrocarbons (TPH) Standard Mix (Certified Reference Material) was obtained from Sigma Aldrich 76 

USA, Catalogue number: 861424-U Supelco. This stock standard solution which is Diesel Range Organics (DRO), contained 10 77 

components (n-C10−n-C28) each at 2000 µg/mL in dichloromethane:hexane (1:1) solvent. The internal standard was 5-alpha-androstane 78 

(Certified Reference Material), obtained from Sigma Aldrich USA, Catalogue number: A0887 Sigma-Aldrich. Reagent-grade n-hexane 79 

(PN: MER-107288, Merck, Germany) was used as blank, for standard solution preparations, and for dilutions. Dichloromethane for the 80 

injection syringe wash was obtained from BG Chemicals, Malaysia. Organic-free reagent water was used throughout. Ultra-high pure 81 

helium (99.999%) while ultra-high pure grade hydrogen (99.999%) and high pure (99.99) grade were used as the detector gases. Purified 82 

air of high purity grade was employed as the oxidant gas for the detector. Other chemicals included Folin Ciocalteu reagent, quercetin, 83 

iron sulphate heptahydrate, aluminium chloride, sodium hydroxide and hydrochloric acid, all obtained from BG Chemicals, Penang, 84 

Malaysia. The Moringa Oleifera plant leaves were collected from Universiti Sains Malaysia (USM) campus premises and confirmed by 85 

the authorized staff of School of Biological Sciences, USM. The DRO samples were obtained by spiking organic reagent-free water 86 

using the TPH standards. All chemicals were of analytical grade or reagent grade and were used without further purification.  87 

 88 

2.2. Extract Preparation 89 

 90 
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The Moringa Oleifera leaf extracts (MOL) were prepared according to the method used in literature (Ademiluyi et al., 2018; 91 

Airaodion et al., 2019), with slight modifications. The obtained fresh Moringa Oleifera leaves were washed with 30% ethanol to remove 92 

organic contaminants, washed under running tap water, and drained in a plastic sieve. Thereafter, the leaves were sun-dried and 93 

pulverized using mortar and pestle. The leaf broth solution was prepared by weighing 1 g of powdered leaves and extracted in 100 mL 94 

of 95% ethanol at 30 ºC for 4 hr using a Soxhlet extractor. The resulting extract mixtures were filtered using Whatman filter paper 42 95 

(pore size: 2.5 µm). The filtrates were centrifuged (Kubota 5920, Japan) at 3500 rpm for 20 minutes and the obtained supernatants were 96 

concentrated under reduced pressure and controlled temperature (40-45 ºC) using a rotary evaporator (Heidolph, Laborta 4011 digital, 97 

Germany) to obtain the ethanolic extract of MOL. The extracts were stored at 4 ⁰C prior to analysis. All analyses of the leaf extracts 98 

were performed within 10 days of extraction. 99 

 100 

2.3. Determination of total phenolic content (TPC) and total flavonoid content (TFC) of MOL  101 

The TPC of MOL was determined using the Folin– Ciocalteau method as described in the literature (Lamuela-Raventós, 2017; 102 

Mahmud et al., 2016; Series, 2019). Briefly, a mixture of 0.4 mL of MOL in methanol, 2 mL of Folin–Ciocalteau reagent and 1.6 mL 103 

of Na2CO3 was vortexed and kept for 2 hr and the absorbance was measured at 765 nm using a spectrophotometer (Shimadzu-UV-2600, 104 

00491, Malaysia). Using gallic acid monohydrate (1–100 ppm), a calibration curve was prepared. Using the curve, the TPC was 105 

calculated and expressed as gallic acid equivalent (GAE) (mg of GAE/g of dried extract).  106 

The TFC of MOL was determined by the well-known aluminium chloride method as described by Mathur & Vijayvergia (2017) 107 

with quercetin as standard, and the flavonoid content of the extracts, expressed in mg quercetin equivalent (QE)/g of dried extract. The 108 

absorption of the solutions was measured at 415 nm against blank using a spectrophotometer (Shimadzu-UV-2600). The amount of 109 

flavonoid was calculated from the linear regression equation obtained from the quercetin calibration curve. The flavonoid content was 110 

calculated as mean ± SD (n=3) and expressed as mg of QE/g of dried extract. 111 

 112 

2.4.  Fabrication of zerovalent iron nanoparticles (ZINPs) using Moringa Oleifera leaf extracts 113 

The ZINPs were prepared according to the method used in literature (Singh et al., 2019) with some modifications. Fig. 1 114 

describes the basic steps for the fabrication of ZINPs. MOL was added dropwise to different concentrations (0.05 – 0.5 M) of ferrous 115 

sulphate with moderate stirring using a magnetic stirrer (Wisestir SMHS-3, Korea) at room temperature and ambient air for 30 - 45 116 

minutes to achieve the reduction of iron (II) ions to zerovalent ions evident by the colour change of the solutions from dark yellow to 117 

intense black colour. The best percentage yield of ZINPs was obtained with a volume ratio of 1:2 (MOL: ferrous sulphate). Different 118 

concentrations of ZINPs were denoted by, ZINPs0.05, ZINPs0.1, ZINPs0.25, and ZINPs0.5.  119 

 120 

 121 
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Fig. 1 Diagram showing the basic steps for the fabrication of Moringa Oleifera-functionalized nanoparticles (ZINPs). 122 

 123 

 124 

 125 

2.5 Instrumental methods of analysis and characterization 126 

The formation of ZINPs was investigated by UV analysis (UV-2600 SHIMADZU S. No. A116650). in the range of 185 – 800 127 

nm. The morphology and elemental analysis of ZINPs were investigated on a scanning electron microscope (Quanta FEG 650 SEM) 128 

equipped with an energy-dispersive X-ray spectroscopy system (Oxford X-Max 50 mm2 EDX). Fourier transform infrared; FTIR-KBr 129 

(Perkin Elmer System 2000 FTIR-KBr spectrometer) and FTIR-ATR (Perkin Elmer FT-NIR spectrometer) spectrum analyses were 130 

performed to identify the presence of functional groups on the surface of the MOL and ZINPs which indicated the possible antioxidants 131 

as bio-reductant and capping agents for the ZINPs. The liquid samples of MOL were prepared and introduced into the diamond sample 132 

holder of the FTIR-ATR spectrometer for analysis, with spectra range of 600−4000 per cm while the powdered ZINPs samples were 133 

mixed with KBr in the ratio of 1:100, and introduced into the sample holder of the FTIR-KBr spectrometer with spectra range of 134 

400−4000 per cm. The baseline corrected FTIR spectra were obtained. The distribution, size, and morphology of the NPs were further 135 

investigated using the energy-filtered transmission electron microscopy (EFTEM) (Zeiss Libra 120, Germany). Before the EFTEM 136 

analysis, ZINPs samples were prepared by dispersion in ethanol under sonication (Brason 1510) for 5 mins and stained with uranyl 137 

acetate. The dispersed samples were dropped on copper grid surfaces before introduction into the EFTEM microscope for analysis. The 138 

XRD analysis was done for ZINPs on a fully automated Bruker’s D8 Advance X-ray diffractometer armed with Cu-Kα radiation source 139 

at 45 kV, a current-voltage of 40 mA,  = 1.54060 Å, 2θ scanning range of 10-70º, scanning speed of 0.04º/sec at 25 ºC for 25 min, 140 

available at Makmal Pencirian Bahan Bumi of the Centre of Global Archaeology Research, Universiti Sains Malaysia. The samples for 141 

XRD analysis were prepared by hydraulic pressing of the powdered samples in a sample holder (25-mm diameter circular disc). Mean 142 

crystalline sizes were determined via Scherrer approximation (Sani et al., 2021).  143 

 144 

2.6 Preparation of DRO working standards 145 

  A secondary standard solution of DRO was made from the 2000 μg/mL stock solution. Working standard solutions from for 146 

calibration was prepared from the primary and secondary standard solutions in the range of 0.1–100 μg/mL (for each component). These 147 

were made the determination of linearity, precision and percentage recovery. for linearity, precision, and recovery determinations. 148 

2.7 GC-FID analysis 149 

DRO analysis was performed on an Agilent 6890 gas chromatography system equipped with a flame ionization detector (FID). 150 

Separation was carried out using an Equity 5 capillary column (30 m × 0.25 mm i.d. × 0.25 µm film thickness) obtained from Supelco. 151 

Nitrogen (purity 99.99%) was employed as carrier gas at a flow rate of 1.5 mL/min. Hydrogen and purified air were used as a fuel and 152 

an oxidant to support the combustion in FID, respectively. The injector temperature was held at 290 °C and the detector temperature at 153 
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305 °C. The oven temperature was programmed from 40 °C (held 2 min) to 305 °C at 30 °C/min. 1 μL was injected in the split mode 154 

with a split injection ratio of 10:1. The total run time was 15 minutes. 155 

 156 

2.8 Method of DRO extraction and method validation 157 

Extraction of DRO from water samples was performed using US EPA 3510 method (Akpaden & Enin, 2016; Christensen, 158 

Clayton M., Bower, 1996). Sample analytes were transferred into a separatory funnel and n-hexane was used for liquid-liquid extraction 159 

of DRO. After 10 minutes of vigorously vortexing, the mixture was allowed to separate, and the organic phase was collected through 160 

anhydrous sulphate. The concentrated extract was stored at 4 ºC. Method validation was evaluated in terms of linearity, precision and 161 

accuracy. The linearity of the calibration curve of DRO was determined by injecting seven standard solutions with different 162 

concentrations ranging from 0.1 to 100 μg/mL. The linear regression was obtained by plotting the calibration curve of peak area against 163 

the concentration of the standard solutions. The response of the solvent blank was determined by purging the GC-FID using n-hexane 164 

which also ensured free contamination of the system. To ensure free of contamination, the GC– FID system was purged by injecting n-165 

hexane which also acted as the solvent blank. Organic-free reagent water was subjected to extraction and analysis to ensure that there 166 

were no interferences by the method and apparatuses. Accuracy was assessed by testing the recovery of spiked samples. System precision 167 

was evaluated by assessing the reproducibility of results using the method of Relative Percent Difference (RPD) as shown in Equation 168 

3. As part of quality control, the calibration relationship initially established by the DRO calibration curve was periodically confirmed 169 

by periodic injection and assessment of the 20 μg/mL standard which served as the continuing calibration verification (CCV) solution 170 

during sample analysis. Replicate injection of the CCV solution was performed and analysed at the start, middle, and end of each batch 171 

analysis, or after an analysis of a relatively concentrated DRO sample (> 50 μg/mL). A batch is a group of samples analysed as a unit. 172 

Percent relative standard deviation (RSD%) of the method was calculated. EPA method requires that the RSD must be 20% or less (U.S. 173 

EPA., 2003). 174 

  175 

2.9 Adsorption batch experiments 176 

In each adsorption experiment, 1 g of ZINPs was added to 1000 mL of each DRO sample and were agitated at 180 rpm using 177 

a rotary orbital shaker (Stuart SSL1) at room temperature and pH of 6.5 for 1 hr. The shaking step started after recording the initial pH 178 

of the solutions. The initial pH solutions were adjusted to the desired value by adding either 1 M of HCl or 1 M of NaOH solution. The 179 

effect of pH, temperature, adsorbent dosage and contact time were all investigated by varying the pH (4, 6, and 8), the temperature (25, 180 

35, and 45 ºC), the adsorbent dosage (0.1, 0.5, 1, and 2 g), and the contact time (2, 4, 6, and 8 hr) of the solutions. Other  reaction 181 

conditions were left constant during the investigation of each reaction parameter. Thereafter, the samples were filtered, centrifuged and 182 
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subjected to DRO extraction using the method described earlier (Section 2.8). The extracted analytes were concentrated to 2 mL and 183 

stored in 5 mL GC vials at 4 ºC pending analysis. GC-FID analysis of all analytes was done within 7 days after the extraction. 184 

 185 

2.10 Experimental design 186 

The regular two-level, 4 factors factorial design (24) was employed in the simultaneous screening of four independent variables 187 

(contact time, adsorbent dosage, pH and temperature) to determine the statistically significant effects of the variables on the adsorption 188 

efficiency of Moringa Oleifera functionalized zerovalent iron nanoparticles. A central composite design (CCD) of the response surface 189 

methodology (RSM) on Design-Expert software, version 11.0 (Stat-Ease, Minneapolis, MN) was used to explore and optimize the 190 

relationships between the statistically significant explanatory variables (initially screened with the 24 factorial design), and 191 

the response variable. The central composite design was preferred due to its ability to generate response surfaces with comparatively 192 

fewer experimental runs (Laid et al., 2021). A suggested reduced quadratic model was used to analyze and predict the variables for 193 

optimization purposes, and to define the main and interaction statistically significant effects of the variables. The experimental design 194 

matrix is shown in Table 10, where 14 experiments at different low-high factor levels and 6 experiments at the central point of the 195 

selected factor levels were proposed. To characterize the interactions and effects of different factors on the responses, the general form 196 

of the second-order polynomial quadratic model (Eq. 1) was employed (Fereidonian Dashti et al., 2021): 197 

 198 Y = β0 + ∑ βi𝑋𝑖 + ∑ βii𝑋2 + ∑ ∑ βij𝑋𝑖𝑋𝑗 + ⋯ + ekjkii<jki=1ki=1                                                     (1) 199 

 200 

where Y denotes predicted response, Xi and Xj represent the coded independent variables, k is the number of factors, e shows the random 201 

error, β0 defines the constant-coefficient and βi, βii, βij specify linear, quadratic, and interaction coefficient, respectively. Variance 202 

analysis (ANOVA) was also carried out to analyze interactive effects between independent variables and dependent responses. 203 

Confirmatory experimental runs using the predicted optimum values were used to validate the suggested model. 204 

3. Results and Discussions 205 

 206 

3.1 Determination of antioxidant capacity in Moringa Oleifera leaf extracts 207 

The total phenolic content (TPC) of MOL expressed as gallic acid equivalent (GAE) in mg/g of dry plant material and the total 208 

flavonoid content (TFC of MOL expressed as quercetin equivalent (QE) in mg/g of dry plant material are presented in Table 1. The TPC 209 

of MOL was determined from the gallic acid calibration curve (R2 = 0.991) while the TFC of MOL was determined using the linear 210 

regression method to calculate the quercetin equivalent concentration from the quercetin calibration curve. The TPC and TFC results of 211 

the three replicate experiments were pooled and expressed as mean ± standard deviation (SD). The TPC of MOL in this study was found 212 

to be 55.97 ± 3 .10 and the TFC of MOL was found to be 11.3 ± 0.06. This indicates that the MOL contained antioxidants and 213 
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phytochemicals responsible for the reduction of Fe2+ to Fe0 and the stabilization of ZINPs. Similar results have previously been obtained 214 

by previous researchers  (Mahmud et al., 2016; Zullaikah et al., 2019). 215 

 216 

Table 1: Total phenolic content (TPC) and total flavonoid content (TFC) of Moringa Oleifera leaf, extracted with ethanol. 217 

 218 

 219 

3.2 Characterizations 220 

 221 

3.2.1 UV analysis 222 

 223 

The UV-Visible spectrophotometer was used to assess the formation of the zerovalent iron nanoparticles (ZINPs). First, there 224 

was a visual confirmation of ZINPs formation by a colour change from translucent yellow of the Fe2+ solution to greenish-black on the 225 

addition of MOL to aqueous Fe2+ solution (Fig. 2 (b)). This colour change is due to the excitation of the surface plasmon resonance (λSPR) 226 

in the metal nanoparticles proving the reduction of Fe2+ to Fe0 by the flavonoids and polyphenols (Kumar et al., 2020). From the UV 227 

spectra, as shown in Fig. 2 (a), absorption peaks of ZINPs were observed at 195-210 and 272-275 nm which are characteristic λSPR 228 

values of ZINPs due to the formation of ZINPs and subsequent homogenous nucleation of iron nuclei (Devatha et al., 2016; Khajelakzay 229 

et al., 2015).  230 

 231 

Fig. 2 (a) UV spectra of zerovalent iron nanoparticles (ZINPs) of various precursor concentrations (0.05 – 0.5 M) (b) diagram illustrating 232 

the colour change on the formation of ZINPs due to surface plasmon resonance. 233 

 234 

 235 

3.2.2 Fourier transform infrared spectroscopy (FTIR) 236 

The FTIR analysis investigated the presence of phytochemicals in MOL and the functional groups of ZINPs as shown in Fig. 237 

3. More intense peaks are noticed with the FTIR spectrum of MOL as shown in Figure 3 (a) than with the ZINPs as shown in Fig. 3 (b-238 

e). The intense FTIR peaks of MOL is due to the antioxidant and phytochemical contents of MOL (Madubuonu et al., 2019; Zullaikah 239 

et al., 2019). These antioxidants and phytochemicals are responsible for the reduction of the iron (II) ions of ferrous sulfate to zerovalent 240 

ions leading to a more stable and lower energy state of the ZINPs which is translated to the lower vibrational frequency, leading to the 241 

lower peak intensities of ZINPs (Katata-Seru et al., 2018b). Therefore, the more intense FTIR peaks of MOL in Fig. 3 (a) than the FTIR 242 

peaks of ZINPs as shown in Figure 3 (b-e) and the shift in the wavenumbers of the absorption bands indicate the interaction of the 243 

antioxidants or bioactive species of the MOL with the iron precursor (Fe2+) (Laid et al., 2021). This depicts that functionalization by the 244 

MOL was successful. Furthermore, the peaks of MOL and ZINPs at 3200 – 3400 cm-1 is attributed to the -OH stretching due to the 245 

presence of polyphenols and water moisture (Aksu Demirezen et al., 2019). The bands at 1624– 1668 cm-1 are attributed to C=O 246 

stretching which indicates the presence of ketones, aldehydes and carboxylic acids (Mahdavi et al., 2013). The band at 2888 cm−1 247 
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characterizes the band of the C-H bond of the alkane group (Katata-Seru et al., 2018). Similar results on extraction of Moringa Oleifera 248 

leaves using ethanol and water as solvents have been previously reported by researchers (Welch & Tietje, 2017). 249 

 In Fig. 3 (a-e), it can be seen that generally, a few peaks corresponding to MOL disappear after the addition of FeSO4.7H2O 250 

solutions, which shows that the flavonoids and antioxidants from MOL were utilized for the reduction of Fe2+ and for the stabilization 251 

of ZINPs. This lowering of peak intensities and disappearance of peaks were observed only after the interaction of MOL. This indicates 252 

that the antioxidants in MOL might have been utilized in the capping of the synthesized ZINPs. Chemical shifts were also observed after 253 

the formation of BINPs from MOL, but the major chemical shifts were observed in stretching frequencies of 1643 to 1617 cm-1. These 254 

chemical shifts are due to the involvement of the antioxidants in the capping and stabilization effects of the MOL on the BINPs (Raut 255 

et al., 2014). 256 

 It is worthy to note that some of the functional groups in the MOL could be as a result of different substrates such as oil or 257 

sugar as will be explained in the XRD analysis result (Section 3.2.5). However, FTIR analysis only identifies the functional groups in a 258 

given sample. Since different substrates can have common functional groups, FTIR analysis alone cannot be used to determine the type 259 

of substrate in a given sample except for the functional groups. 260 

 The formation of ZINPs was further confirmed by a characteristic band at 610 cm−1 as shown in Fig. 3 (b-e) which represents 261 

the Fe-O bond. These bands belong to the haematite phase [α-FeO (OH)] (Murgueitio et al., 2018) 262 

 263 

Fig. 3 FTIR spectra of  (a) MOL and (b-e) zerovalent iron nanoparticles (ZINPs) of various precursor concentrations  (0.05 – 0.5 M). 264 

 265 

 266 

3.2.3 Scanning electron microscopy/Electron dispersive X-ray analysis (SEM/EDX) 267 

 268 

The SEM/EDX was an important tool for the assessment of the morphology and elemental analysis of ZINPs. The micrographs 269 

of ZINPs in Fig. 4 confirms the formation of nano-sized particles with quasi nanocube shapes. However, it can be observed that the 270 

morphology of ZINPs with the lowest iron precursor concentration of 0.05 and 0.1 M (ZINPs0.05 and ZINPs0.05 respectively) as shown 271 

in Fig. 4 (a - b) is partly spherical and partly quasi nanocube-shaped. The quasi nanocube morphology of the ZINPs kept improving 272 

with an increase in iron precursor concentration (ZINPs0.05 < ZINPs0.1 < ZINPs0.25 < ZINPs0.5) while the nanosphere morphology kept 273 

decreasing until it completely disappeared. It will later be observed that the ZINPs of higher iron precursor concentration, which in turn 274 

are dominantly quasi nanocubes in shape possess higher adsorption efficiency reflecting higher surface areas. Hence, a probable 275 

relationship between the morphology and the adsorption efficiency of the ZINPs exist. This can be explained by the fact that cubes 276 

possess higher surface areas than spheres of the same volume and consequently, higher surface energies than spheres. Particles with 277 

higher surface energies have a higher tendency to form agglomerates (Seipenbusch et al., 2010). This is consistent with a study where 278 
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it was found that nanoparticles with cubic morphology formed oriented aggregates, unlike their spherical counterparts (Sun et al., 2017). 279 

These oriented agglomerates may also possess more active sites on the surface of the particles for the adsorption of contaminant species 280 

but will also be more prone to destabilization. The dominant quasi nanocube-shaped particles and the porous morphology of ZINPS are 281 

conspicuously shown in Fig. 4 (a, b, d, e, g, h, j, k, m, and n). The EDX showed a progressive increase in iron content with precursor 282 

concentration as expected. However, the EDX elemental analysis of the ZINPs shows that the stoichiometric composition of Fe and O 283 

was 12.70 ± 4.26 and 37.30 ± 3.87 (by weight percent, respectively). This is lower than the theoretical value (Fe: ~36%, O: ~42%) partly 284 

because of the effect of plant antioxidants on the Fe2+ species, and partly because EDX is a semi-quantitative analysis (Sani et al., 2021). 285 

 286 

3.2.4 Energy-filtered transmission electron microscopy 287 

 288 

The energy-filtered transmission electron microscopy (EFTEM) analysis further elucidated the morphology, size, and 289 

distribution of the ZINPs. The morphology of the nanoparticles as shown by the EFTEM analysis results in Fig. 5 confirmed that that 290 

the nanoparticles dominantly assumed a quasi nanocube in shape. This shape became more obvious with increasing metal precursor 291 

concentration. Using the Java-based image processing program (ImageJ software program), data were obtained from the edge length 292 

and diameter measurements of 125-143 particles in the size range of 19.09 – 97.88 nm. The average size of the particles was determined 293 

as 42.3 ± 7.2. Similar findings have been reported elsewhere (Iqbal et al., 2020).  It can also be seen that the particles were distinctly 294 

departmentalized as against agglomeration (Fig. 5 (b, e, h, and k)) due to the capping effect of the antioxidants and phytochemicals of 295 

MOL on the ZINPs (Kumar et al., 2020). The particle size distributions of the nanoparticles were fitted with a Gaussian distribution 296 

function over histograms constructed on the micrograph of each sample as shown in Fig. 5 (c, f, i, and l). The white crystals and 297 

surroundings seen in Fig. 5 (d, g, and j) is a result of beam contrast known as "diffraction contrast" or "amplitude contrast". It is 298 

generated as long as the (parallel) electron beam is scattered at the Bragg angles by the atoms displaced in the lattice (Agati, 2018). This 299 

phenomenon can also occur when there are variations in mass or thickness of the NPs because of the interaction with the electron beam 300 

with more materials. Similar findings were also reported by Iqbal  and co-workers (2020).  301 

 302 

Fig. 4 SEM micrographs (with resolutions of 200×, 1500×) and EDX spectra/elemental composition of different precursor 303 

concentrations of zerovalent iron nanoparticles (ZINPs) synthesized from of Moringa Oleifera leaf extracts: (i) ZINPs0.05 [(a), (b), (c)], 304 

(ii) ZINPs0.1 [(d), (e), (f)], (iii) ZINPs0.25 [(g), (h), (i)], and (iv) ZINPs0.5 [(j), (k), (l)]. 305 

 306 

 307 

 308 

 309 

Fig. 5 EFTEM images (resolution: 50k) of different precursor concentrations of zerovalent iron nanoparticles (ZINPs) synthesized from 310 

of Moringa Oleifera leaf extracts: (a) ZINPs0.05 (b) ZINPs0.1 (c) M ZINPs0.25 (d) ZINPs0.5. 311 

 312 

 313 

3.2.5 X-ray diffraction analysis 314 

 315 
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The XRD diffractometry was used to assess the crystallinity of ZINPs, which indicates the degree of the structural order of 316 

ZINPs. The crystallinity index (C.I) is used as a quantitative indicator of crystallinity. The XRD pattern shown in Fig. 4.9 indicates the 317 

crystalline nature of MOL-mediated ZINPs. First, the XRD peaks patterns were analyzed, smoothened, and the baseline was subtracted 318 

using Origin 8 software programmes (OriginPro 2018 SR1 version 9.5.1.195) and indexed with hkl values using X'pert Highscore 319 

software (X'pert Highscore Plus). 320 

 321 

Fig. 6 XRD spectra of different precursor concentrations of zerovalent iron nanoparticles (ZINPs) synthesized from Moringa Oleifera 322 

leaf extracts. 323 

 324 

The diffraction peaks at 2θ value ≈31° reveal the existence of iron oxide (Fe2O3 or Fe3O4), while that at 2θ value ≈37° indicate 325 

the presence of Fe2O3 (El-Shafei et al., 2018; Gao et al., 2016). The peak observed at ≈46° confirms the presence of ZINPs (Ravikumar 326 

et al., 2018). Similarly, the oxidation of ZINPs in moist air due to instability and absence of surface protection resulted in the emergence 327 

of peaks at ≈23° attributed to ɣ-FeOOH (Lepidrocite) phase with JCPDS No. 17-0536 (Badmus et al., 2018). Diffraction peaks at 2θ 328 

values of ≈20° and ≈40° indicate the presence of FeOOH (Ebrahiminezhad et al., 2018). Worth mentioning, other minor peaks in the 329 

diffractograms are also attributed to iron oxide phases (Kozma et al., 2016).        330 

The average crystallite sizes of ZINPs is subsequently calculated using the peak of highest intensity, both indexed at 2θ value 331 

of ≈20º and obtained as 15.31 nm using Scherer's approximation (Sani et al., 2021).  332 

Dhkl = 
𝐾 𝜆𝛽 Cosθ         (2) 333 

Where K is the Scherrer constant, 𝜆 is the X-ray wavelength, 𝛽 is the full width at maximum height (FWHM), and θ is the 334 

Bragg angle. The crystallinity index (CI) of ZINPs of various concentrations were obtained from the average peak areas of the ZINPs 335 

and presented in Table 2.    336 

 337 

3.2.6 Brunauer-Emmett-Teller (BET) nitrogen adsorption-desorption analysis  338 

The specific surface area, pore size, and volume distribution were studied using Brunauer-Emmett-Teller (BET) nitrogen 339 

adsorption-desorption analysis as shown in Fig. 7. Adsorption-desorption isotherm of the FeSO4.7H2O sample followed the Type III 340 

adsorption isotherm while the ZINPs samples followed the Type IV adsorption isotherms in line with IUPAC Guidelines (Cychosz & 341 

Thommes, 2018). However, all ZINPs samples corresponded to H3 hysteresis loop (Sotomayor et al., 2019; Yurdakal et al., 2019) 342 

characteristic of macroporous materials (pore size > 50 nm). The areas under the hysteresis loops are seen to have increased with 343 

increasing iron precursor concentration. The BET surface areas, pore sizes and volume distributions of the ZINPs are listed in Table 3. 344 

The pore sizes decreased with increasing iron precursor concentration leading to a progressive increase in the surface areas of the ZINPs. 345 

The increase in surface areas of the ZINPs with increasing iron precursor concentration is beneficial for improving the permeation of 346 

DRO species into the pores of ZINPs. The average BET surface area of ZINPs in this study was found to be 8.62 m2/g. 347 
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 348 

Fig. 7 Nitrogen adsorption-desorption isotherm curves of (a) FeSO4.7H2O (b) ZINPs0.05 (c) ZINPs0.1 (d) ZINPs0.25  (e) ZINPs0.5. 349 

 350 

 351 

3.3 Method validation and quantitation 352 

Linearity for DRO determination was established by plotting the peak areas of the DRO against the nominal concentration of 353 

the standards using the least-squares method (R2 = 0.998). Quantification of peak area was performed with manual integration of the 354 

DRO as a single group area of the portion of the chromatogram with an established retention time of 15 minutes. The recovery results 355 

for the accuracy of the method are shown in Table 4. Excellent mean recovery for all DRO of four batches was obtained in the range of 356 

99.75 to 101.83 % with % RSD lower than 3.00 (RSD << 20%). The precision was assessed by the reproducibility of results and 357 

determined by calculating the relative per cent difference (RPD) of duplicate samples with an obtained value of 6% using Equation (3). 358 

The acceptable RPD limit is 20% (the lower the RPD, the more precise the method is) (U.S. EPA., 2003). The response factor (RF) is a 359 

measure of the slope of the calibration relationship for a given standard curve. Under ideal conditions, RF will not vary with different 360 

standard curves. However, response factors (RFs) vary with different standards in practice. When this variation, measured as the RSD 361 

of the RFs is ≤ 20%, then the slope of the standard curves are sufficiently close and linearity is established. The mean value of the 362 

response factor (RF) was found to be 1215.8 as shown in Table 5. The RF was used for quantitative determinations of sample analytes 363 

using Equation (4). Figure 8 shows the chromatograms of standard solutions of DRO (a, b, and c), and DRO after treatment with BINPs 364 

(d, and e). 365 

 366 𝑅𝑃𝐷 =  (𝐶1− 𝐶2)(𝐶1+ 𝐶2)2                         (3) 367 

 368 

where Cs is the calculated/predicted concentration of the DRO analyte in the sample aliquot introduced into the instrument after treatment 369 

with ZINPs, As is the peak area of sample analyte, Ais is the peak area of ISTD and Cis is the concentration of ISTD (µg/mL). 370 

 371 

 372 𝐶𝑠 = 
𝐴𝑠×𝐶𝑖𝑠𝑅𝐹×𝐴𝑖𝑠                                                                          (4) 373 

 374 

where Cs is the calculated/predicted concentration of the DRO analyte in the sample aliquot introduced into the instrument after treatment 375 

with ZINPs, As is the peak area of sample analyte, Ais is the peak area of ISTD and Cis is the concentration of ISTD (µg/mL). 376 

 377 

 378 

 379 

Fig. 8. Chromatogram of a 1 μL injection of (a) the DRO standard solution at 100 μg/mL obtained with the conventional split inlet, (b) 380 

the DRO standard solution at 50 μg/mL obtained with the conventional split inlet, (c) the DRO standard solution at 30 μg/mL obtained 381 

with the conventional split inlet, (d) DRO after treatment with ZINPs (Ci = 100 μg/mL, Cf = 14.3 μg/mL, T = 30 ºC, pH = 6.5) (e) DRO 382 

after treatment with ZINPs (Ci = 50 μg/mL, Cf = 5.8 μg/mL, T = 30 ºC, pH = 6.5). 383 

 384 

 385 
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 3.4 Results for batch analysis and effect of reaction parameters. 386 

3.4.1 Effect of contact time 387 

The adsorption efficiency of ZINPs was investigated under the effect of contact time between the DRO contaminant species 388 

and ZINPs nanosorbents at a constant pH and temperature of 6.5 and 30 ºC respectively using 1 g of ZINPs. Fig. 9 (a) shows the DRO 389 

adsorption pathway using ZINPs. It can be seen that the uptake of DRO increased with time from 1 – 8 hr and indistinctly remained 390 

constant or slightly decreased (depending on the metal precursor concentration of ZINPs) after 8 hr. With contact time variations of 1, 391 

2, 4, 8, and 12 hr, the adsorption efficiency increased from 82.74 to 86.72%, 83.22 to 87.77%, 85.36 to 88.70%, and 87.58 to 91.91% 392 

using ZINPs0.05, ZINPs0.1, ZINPs0.25, and ZINPs0.5, respectively. Consequently, the optimum contact time was for DRO adsorption by 393 

ZINPs was found to be 8 hr. This shows that the degradation of DRO and migration to the adsorbent surface was time-dependent. This 394 

time dependence might be due to the concentration gradient of DRO species between the aqueous medium and the adsorbent surface 395 

(Khan et al., 2019). The DRO species move from the contaminated water (area of higher concentration) to the active pores on the surface 396 

of the adsorbent (area of lower concentration) leading to increase in the adsorption efficiency of ZINPs. But as time increases, the 397 

number of active sites gets saturated and adsorption efficiency remains constant at equilibrium or slightly diminishes which is in 398 

agreement with previous studies by Alkhatib et al. (2015) and Dashti et al. (2020). 399 

 400 

3.4.2 Effect of dosage 401 

The effect of ZINPs dosage on the removal of DRO from contaminated water samples was investigated using ZINPs of different 402 

dosages (0.1, 0.5, 1, 2 and 3 g) and 20 µg/mL DRO solutions contained in 150 mL of contaminated water, at a constant pH and 403 

temperature of 6.5 and 30 ºC respectively. Fig. 9 (b) shows the effect of dosage on remediation efficiency. It can be seen that the 404 

percentage removal of DRO by ZINPs increased with an increase in dosage. With ZINPs dosages of 0.1, 0.5, 1 and 2 g/L, the adsorption 405 

efficiency increased from 26.29 to 83.54%, 32.64 to 86.44%, 50.20 to 90.71%, and 73.05 to 92.21% using ZINPs0.05 ZINPs0.1, ZINPs0.25, 406 

ZINPs0.5 respectively. The removal efficiency increased with dosages of 0.1 to 3 g/L. However, there was either a decrease or no 407 

significant increase in adsorption of DRO by ZINPs after the application of 2 g of ZINPs although adsorption slightly increased with 408 

ZINPs0.25 when 3 g of the ZINPs0.25 was used. This adsorption increase is insignificant because it is less than 7%. It can be drawn that 409 

the optimum dosage of ZINPs for the removal of DRO from contaminated water was 2 g with the dosage of 2 g of ZINPs0.5 showing the 410 

highest percentage removal of 92.21%. Increasing the dosage of ZINPs provides more active sites for the DRO to be adsorbed onto. 411 

This explains the increase of adsorption efficiency with the dosage of ZINPs. The higher adsorption capacity via using higher ZINPs 412 

dosage could be elucidated by the growth of accessible active sites for adsorption and the pattern was expected (Fundneider et al., 2021; 413 

Park et al., 2020). The situation where a further increase of the adsorbent dosage results in almost constant removal is related to the 414 

saturation of the binding sites. 415 
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3.4.3 Effect of Initial pH 416 

 The initial pH of solutions is an important factor in the removal of DRO from contaminated water using NPs because it affects 417 

the surface of the adsorbents and the diffusion of substrates in solutions. The effect of pH on the removal of DRO from contaminated 418 

water samples was investigated for 1 hr within an acceptable pH range (4 – 10). The dosage and temperature were fixed at 1 g/L and 30 419 

ºC, respectively. Fig. 9 (c) shows the effect of pH on the removal efficiency. The percentage removal of DRO by the ZINPs sharply 420 

increased from pH = 4 to pH = 6 and thereafter remained almost constant. It can be seen that the adsorption efficiency increased from 421 

43.75 to 58.39%, 82.55 to 88.29%, 83.12 to 89.76%, and 83.27 to 91.55% for ZINPs0.05, ZINPs0.1, ZINPs0.25, ZINPs0.5 respectively at 422 

pH 4-8. The adsorption efficiencies of ZINPs were seen to either remain constant or slightly change at pH values greater than 6. The 423 

change in adsorption efficiency of ZINPs at pH values greater than 6 was less than 7%. This shows that the dissolution of metal, as well 424 

as the activity of the functional groups such as amino, carboxyl, sulfate, and phosphate, present on the adsorbent, are affected by pH 425 

(Uzunoǧlu et al., 2014). The achieved results also conform to the findings in some literature: Santos et al. (2021) observed that the 426 

adsorption capacity of activated carbon modified with iron nanoparticles for adsorption of oil and grease was practically maintained 427 

with the pH increase, up to 7.0, but an additional increase in pH led to a lower adsorption capacity (Santos et al., 2021). Ercan (2019) 428 

studied the effect of pH on the adsorption of Cu2+ using iron oxide nanoparticles synthesized from Enteromorpha spp. extract. The result 429 

showed that the adsorption capacity of the iron oxide NPs increased from pH 3 to pH 5. Kgatitsoe et al. (2019) observed that the 430 

adsorption capacity of magnetite nanoparticles functionalized with Moringa Oleifera plant leaf extracts for extraction of nitroaromatic 431 

explosive compounds from aqueous solution increased with increasing pH. 432 

 433 

3.4.4 Effect of Temperature 434 

The pattern for the effect of temperature on adsorptive removal of DRO using ZINPs is shown in Fig. 9 (d). DRO remediation 435 

of contaminated water by ZINPs was investigated at constant pH of 6.5 for 1 hr while varying the solution temperature (25, 35, 45, and 436 

55 ºC). From the diagram, the removal efficiency of ZINPs decreased with the solution temperature up to 45 ºC, and thereafter, remained 437 

almost constant except for ZINPs0.5 which showed a further slight decrease in adsorption capacity from 45 to 55 ºC. The reason for this 438 

further slight decrease by ZINPs0.5 could be due to saturation of the surface of the adsorbent with DRO substrates after 6 hr, thereby 439 

causing an equilibrium shift to the area of lower concentration of DRO. The decrease in adsorption capacity of ZINPs in adsorption of 440 

DRO denotes that the process could be exothermic (Santos et al., 2021; Zou et al., 2017). A possible reason for the slight decrease in 441 

adsorption capacity of ZINPs for adsorption of DRO with increasing temperature is that, although temperature increase can lead to lower 442 

viscosity of the environmental media and accelerate the diffusion of substrates (DRO) to the surface of the adsorbent (ZINPs), the 443 

adsorption equilibrium possibly moved backwards as the temperature increased (Acosta et al., 2018; Hu et al., 2017). Santos et al. 444 

(2021), found a similar result by analyzing the adsorption of oil and grease (O & G) by activated carbon modified with iron nanoparticles 445 
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(AC-Fe) in which the adsorption capacity of AC-Fe decreased with increasing temperature. Consequently, the optimum temperature for 446 

DRO adsorption by ZINPs in this study was pegged at a temperature of 25 ºC, although ZINPs0.5 showed a single optimum temperature 447 

at 25 ºC. 448 

 449 

Fig. 9 Effect of reaction parameters on the removal of DRO using ZINPs  (a) at various contact times (C0 of DRO = 30 µg/mL, pH = 450 

6.5, T = 30ºC), (b) with various ZINPs dosages (C0 of DRO = 30 µg/mL, Time = 1 hr, pH = 6.5, T = 30ºC), (c) at various pH levels (C0 451 

of DRO = 30 µg/mL, Time = 1 hr, Dosage = 1 g/L, T = 30ºC), (d) at various temperatures (C0 of DRO = 30 µg/mL, Time = 1 hr, Dosage 452 

= 1 g/L, pH = 6.5.  453 

 454 

 455 

3.5 Equilibrium modelling  456 

 457 

The well-established adsorption isotherms were used to study the relationship between the adsorbate (DRO) and adsorbent 458 

(ZINPS) at adsorption equilibrium. The linearized form of Langmuir and Freundlich isotherms as given in Equations (5) and (6), 459 

respectively, was applied to the experimental data at equilibrium for the determination of adsorption constants. The monolayer 460 

adsorption on the homogenous surface of the adsorbent with weak interaction between the adsorbate and adsorbent is assumed for 461 

Langmuir adsorption isotherm with a maximum monolayer coverage capacity of 7.194 mg/g. Multilayer adsorption was assumed for 462 

the application of experimental data using Freundlich isotherm Fig. 10 (a). Fig. 10 (b) clearly shows that the adsorption of DRO 463 

equilibrium data was described by the Langmuir adsorption model (R2 = 0.999). Tables 6 and 7 show the Langmuir and Freundlich 464 

adsorption parameters. The separation factor 𝑅𝐿, was assessed using Equation (7) which indicated the adsorption possibility either as (i) 465 

favourable; (0 < 𝑅𝐿> 1), unfavourable; (𝑅𝐿> 1), linear; (𝑅𝐿= 1) or  irreversible; (𝑅𝐿 =0), (Ayawei et al., 2017; Ayub et al., 2020).  466 

 467 

1𝑞𝑒 =  1𝑞𝑚𝐾𝐿  ×  1𝐶𝑒 +  1𝑞𝑚                                                                                                                         (5) 468 

𝑙𝑜𝑔 𝑞𝑒 = 𝑙𝑜𝑔 𝐾𝑓 + 1𝑛 𝑙𝑜𝑔 𝐶𝑒                                                                                        (6) 469 

𝑅𝐿 = 
11+ 𝐶𝑖 × 𝐾𝐿                                                                                            (7) 470 

𝑞𝑒 = (𝐶𝑖− 𝐶𝑒𝑊 ) × V                                                                                                        (8) 471 

 472 

where 𝑞𝑒  is the equilibrium adsorption capacity (mg/g), 𝑞𝑚 is the maximum adsorption, 𝐶𝑒 is the equilibrium concentration (mg/L), 𝐶𝑖 473 

is the initial concentration (mg/L), V is the working volume (L), W is the adsorbent weight (g), 𝐾𝐿 is the Langmuir constant relating to 474 

energy of adsorption between the adsorbent and the adsorbate (L/mg ) and 𝐾𝑓 is the Freundlich constant (mg/g)/(L/mg)1/n.  475 

 476 
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Fig. 10 Adsorption isotherm of zerovalent iron nanoparticles (ZINPs) showing; (a) Freundlich isotherm of ZINPs  (b) Langmuir isotherm 477 

of ZINPs (C0  = 20 µg/mL, pH = 6.5, T = 30 °C, W = 1 g/L, V = 100 mL) 478 

 479 

 480 

3.6 Kinetic modelling 481 

To assess the adsorption rate and to facilitate process modelling, the pseudo-first-order kinetic and pseudo-second-order kinetic 482 

models were used to correlate the adsorption kinetic data using the linearized form of the equations as given in Equations (9) and (10) 483 

(Unuabonah et al., 2018): 484 𝐼𝑛 (𝑞𝑒 −  𝑞𝑡) = 𝐼𝑛 𝑞𝑒 − 𝑘1𝑡                                                                      (9) 485 

1𝑞𝑡 =  1𝑘2𝑞𝑒2 + 1𝑞𝑚 𝑡                                                                                                   (10) 486 

Dynamic equilibrium was achieved in 9 hrs. The adsorption kinetic parameters are presented in Table 7. From Fig. 11 (a) and 487 

11 (b), it can be seen that the kinetic model is well described by pseudo-second-order kinetics due to the high regression coefficient (R2 488 

= 0.999) and the consistency of the experimental data with the calculated data as shown in Table 8. The above-mentioned results show 489 

that the concentrations of both the nanosorbent and the DRO species were responsible for the rate-determining step during binding on 490 

the ZINPs. Although this may suggest that adsorption of DRO species on the ZINPs might be by chemisorption mechanism (Soltani et 491 

al., 2019), conclusions cannot be drawn since adsorption mechanism cannot be based on simple fitting of pseudo-second-order model, 492 

rather, diffusion models should be investigated before such conclusions are drawn. Furthermore, the SEM images of ZINPs before and 493 

after DRO adsorption as presented in Fig. 12 (a-b) were useful in further confirmation of DRO adsorption onto the surface of ZINPs. 494 

The surface of the ZINPs from SEM imaging before adsorption as shown in Fig. 12 (a) appear to be smooth. However, after DRO 495 

adsorption by the ZINPs as shown in Fig. 12 (b), the surface of ZINPs can be conspicuously seen to be rough and more agglomerated 496 

with closed pores due to the tiny particles (DRO species) adsorbed onto the surface, indicating successful adsorption of DRO onto the 497 

surface of ZINPs. 498 

 499 

Fig. 11 Adsorption kinetics of zerovalent iron nanoparticles (ZINPs) showing; (a) Pseudo first order kinetic model of ZINPs (b) Pseudo 500 

second order kinetic model of ZINPs (C0  = 20 µg/mL, pH = 6.5, T = 30 °C, W = 1 g/L, V = 100 mL) 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

Fig. 12 SEM images of ZINPs (a) before and (b) after adsorption of DRO. 509 

 510 

 511 

3.7 Factorial Design for the assessment of factor effects on the response 512 

Multifactorial analysis in a regular two-level factorial design was employed to investigate and characterize the most significant 513 

main effects and interaction effects of the independent variables on the response (adsorption efficiency of ZINPs). A 16-run experiment 514 
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at different low-high factor levels (Table 9), with a signal-to-noise ratio of 2 (power = 95.3%), was conducted to study the main, 515 

interaction, and higher-order interaction effects of four predictor factors; contact time, adsorbent dosage, pH, and temperature, 516 

represented as A, B, C, and D respectively, on the response. The half-normal probability plot, the normal plot and the Pareto chart as 517 

shown in Fig. 13 (a-c) show the factors with statistical significance on the response. From the half-normal plot shown in Fig. 13 (a), it 518 

can be seen that the adsorbent dosage; B, contact time; A, pH; C, and the main interaction between the three factors; ABC, are on the 519 

right side of the red line, depicting that these were the chosen factors with statistically significant effects on the response with a p-value 520 

of less than 0.05 (p < 0.0001) and at 95% confidence level. This is confirmed from the Pareto charts where the statistically significant 521 

explanatory factors are seen to be above the Bonferroni and t-value limits. Statistical significance of the factors followed the sequence; 522 

B > A > C > ABC > D > BC > AB > AC. The adsorbent dosage (A), contact time (B), and pH (C) were obtained as the three most 523 

statistically significant main factors affecting the response poised for optimization and modelling. 524 

 525 

Fig. 13 Half-normal plot (a), normal plots (b) and Pareto charts (c) of model (α = 0.05) for adsorption of DRO by ZINPs.  526 

 527 

 528 

3.8 Analysis of Variance (ANOVA) of the reduced quadratic model 529 

Table 10 reports the results of 20 experimental runs of the central composite design (CCD) analysis for DRO removal process. 530 

The significance of the fitted model and the variance of the predictor factors with experimental results were tested by employing a one-531 

way ANOVA). A suggested quadratic model with an effective p-value (p<0.0001 and correlation coefficient, R2 = 0.9951) expressed 532 

the best relationship between the factors and response as shown in a coded equation represented in Equation (11): 533 

Adsorption Efficiency = 64.06 + 4.18A +13.43B + 2.06C + 0.91AB – 3.47AC + 5.28BC + 3.30A2 + 2.83B2  (11) 534 

Table 11 shows the prediction adequacy of the model while Table 12 summarizes the analysis results of each model term of 535 

the adsorption process. According to the reported results by ANOVA (Table 11 and 12), the quadratic model and model terms are 536 

statistically significant with 95% confidence and p-values less than 0.05. The Coefficient of Variance (CV) ratio of less than 10% is also 537 

reported for the model. ANOVA’s results (R2) for DRO adsorption is 0.9951 for absorption using ZINPs. It is required to have an R2 538 

value of more than 0.75 to guarantee the competency of a model for anticipating the experimental results (Jaafari & Yaghmaeian, 2019). 539 

From Table 12, the model f-value of 276.84 was obtained which implies the quadratic model obtained in equation (11) is significant. 540 

The “lack of fit” f-value of 2.73 obtained implies the “lack of fit” is not significant relative to the pure error which is a desirable 541 

outcome. Linear regression was used to assess the linear relationship between the predicted and actual values. The predicted correlation 542 

coefficient (R2) and the adjusted correlation coefficient (Adj-R²) was used to measure the model adequacy of the response, while the 543 

adequate precision (Adeq Precision) was used to measure the signal to noise ratio. The predicted R² of 0.9697 obtained is in reasonable 544 
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agreement with the Adj-R² of 0.9915 (d <0.2). Adeq-Precision of 55.866 was obtained which indicates an adequate signal and implies 545 

that the model can be used to navigate the design space.  546 

 Therefore, we can conclude that the reduced quadratic model fit was good and can be used to predict the response at a 95% 547 

confidence interval. The reliability of the model under the optimal conditions, experiments were performed. The experimental values 548 

were in good agreement with the predicted values under the optimal working conditions which indicates that the response could be 549 

accurately predicted by the quadratic regression model obtained by RSM.  550 

 551 

                                                  Fig. 14 Predicted vs Actual plot for DRO removal using ZINPs. 552 

 553 

 554 

3.9 Optimization design experiment using RSM and modelling fitting 555 

Fig. 15 (a-b) show the plots for response surface of DRO removal by ZINPs from contaminated water. As it can be seen in Fig. 556 

15 (a), DRO removal is low at low pH, low ZINPs dosage and short contact time. Improving the pH, dosage and contact time 557 

consequently improved the DRO removal by ZINPs. Higher dosage creates more surface area and hence, more active sites for the 558 

adsorption of DRO while increase in contact time allows for the interactions of the substrate with the active site of the adsorbent (Rasheed 559 

et al., 2016). A relevant study has shown that adsorption process initially increases rapidly because of the availability of the adsorbent 560 

active sites. Howver, this slows down after some time because of saturation of the active sites on the adsorbent (Dehghani et al., 2020). 561 

The ramps in Fig. 15 (c-f) further depict the optimum conditions which were found at a pH of 8, contact time of 8 hr, and adsorbent 562 

dosage of 2 g, giving a maximum adsorption efficiency of 92.6%. The desirability of the model is equal to 1 (Table 13). The best 563 

experiment results and the most optimum condition of each solution could be customized for further validation when desirability is 1 or 564 

close to 1 (Bandara et al., 2019). Fig. 15 also shows that the prediction of model responses is in close agreement with the results from 565 

the experiment. Experiments were conducted at optimum conditions to validate the model and the response were in agreement with the 566 

proposed model. 567 

 568 

Fig. 15 3D surface plot (a) and ramps (b-e), of ZINPs for the adsorption of DRO. 569 

 570 

 571 

3.10 Adsorbent reusability study 572 

 573 

Recycling of the adsorbent for reusability is paramount as a cost-effective process in wastewater treatment. A reusability study 574 

was conducted in a five-cycle (Saman et al., 2014) adsorption/desorption experiments using 1 g of ZINPs0.5 at pH and temperature of 575 

6.5 and 30 ºC respectively, to demonstrate the reusability and stability of ZINPs for the removal of DRO. The eluent for the regeneration 576 

of the adsorbent was HCl. ZINPs0.5 was selected for the study because it has the best adsorption efficiency of the synthesized 577 
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nanosorbents, and HCl was used as the preferred eluent due to the smaller size of chloride ions  (Cl-) compared to other ions reported in 578 

literature such as NO3
- and SO4

2- (Naushad et al., 2019). Fig. 16 shows the cycles of adsorption/desorption of ZINPs0.5. The adsorption 579 

efficiency/percentage adsorption remained fairly at 74% after the fourth and fifth cycles. This shows that the synthesized nanoparticles 580 

(ZINPs) are a probable renewable adsorbent for the adsorptive removal of DRO.   581 

 582 

                                        Fig. 16 Regeneration study graph for the adsorption-desorption of DRO onto ZINPs. 583 

 584 

 585 

 586 

4. Conclusion 587 

 In this study, Moringa Oleifera functionalized nanoparticles (ZINPs) were synthesized and confirmed by various techniques 588 

for the adsorption of Diesel Range Organics (DRO). The characterization revealed the formation of nanospheres and quasi nanocubes 589 

which kept improving with increasing iron precursor concentration. It was confirmed that the leaf extracts acted as bio-reductant and 590 

capping agents for the stabilization of the nanoparticles. The adsorption of DRO by the ZINPs increased with the contact time, adsorbent 591 

dosage and pH. The synthesized ZINPs are environmentally friendly, cost-effective, showed more than 92.6% DRO optimal removal 592 

and are usable for up to five regeneration cycles, making them excellent alternative nanosorbents for the removal of DRO from 593 

contaminated water.   594 
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Table 1: Total phenolic content (TPC) and total flavonoid content (TFC) of Moringa Oleifera leaf, extracted with ethanol. 

No of 

experiments 

TPC 

(mg of GAE/g of dry sample) 

TFC 

(mg of GAE/g of dry sample) 

1 52.44 11.35 

2 58.23 11.35 

3 𝒙 ± 𝑺𝑫 

57.24 

           55.97 ± 3.10 

11.23 

            11.30 ± 0.06 

 
 

Table 2: XRD parameters of different of ZINPs with different iron precursor concentration 

Conc. 

(M) 

K 𝝀 (Å) CI (%) Crystallite sizes (nm) 

0.05  

0.94 

 

1.5406 

23.65 16.09 

0.1 32.04 17.31 

0.25 34.67 14.28 

0.5 39.51 13.56 𝒙   32.47 15.31 

K = Scherrer constant. 
 

Table 3: BET surface areas, pore sizes and pore volume distributions ZINPs of different iron precursor concentrations 

Samples BET surface area (m2/g) Pore size (nm) Pore volume (cm3/g) 

FeSO4.7H2O  3.56 209.80 0.015 

ZINPs0.05 5.73 88.59 0.019 

ZINPs0.1 9.07 88.59 0.020 

ZINPs0.25 9.82 79.41 0.020 

ZINPs0.5 9.86 75.69 0.019 

 

Table 4: Recovery and % RSD of spikes water samples of different batches 

Amount added 

(μg/mL) 

1st batch 

% 

2nd batch 

% 

3rd batch 

% 

4th batch 

% 

Mean SD RSD 

10 97.01 101.23 102.51 98.24 99.75 2.56 2.57 

20 102.33 99.29 101.67 100.01 101.85 1.41 1.38 

30 100.81 99.04 98.99 102.70 100.39 1.76 1.75 

                                                                SD = standard deviation, RSD = relative standard deviation 

 
Table 5: Mean response factor (RF̅̅̅̅ ), SD, and RSD of the working standards of DRO 

Standard solutions (μg/mL) 𝐑𝐅̅̅ ̅̅  

 % 

SD RSD 

 1 2 5 10 20 50 100   

RF 1215.3 1211.7 1215.9 1221.1 1210.4 1212.0 1224.1 1215.8 5.1 0.42 

                                                                                                                                                                          RF = response factor 

Table 6: The parameters for Langmuir isotherm of ZINPs 



Adsorbent      Intercept             Slope           𝑞𝑚                     𝐾𝐿 × 10−2
                   𝑅𝐿             𝑅2 

                                                                   (mg/g) 

ZINPs                     0.139                 6.200         7.194              2.24                 0.472        0.999 

(Initial pH = 6.5, T = 30 °C, W = 1 g/L, V = 100 mL) 
 

Table 7: The parameters for Freundlich isotherm of ZINPs 

Adsorbent               Intercept             Slope              𝐾𝐹                     𝑅2 

                                (𝐿𝑜𝑔 𝐾𝐿)            (1/𝑛)         

ZINPs                              -0.899                 0.997           0.126             0.965 

    (initial pH = 6.5, T = 30 °C, W = 1 g/L, V = 100 mL) 
 

Table 8: Adsorption kinetic parameters for the removal of diesel range organics using ZINPs 
 

  
Pseudo first order Pseudo second order 𝒌    ̶1282×10-6         0.014                𝒒𝒆 𝑪𝒂𝒍 (mg/g) 0.941                     27.533                     𝒒𝒕 𝑬𝒙𝒑 (mg/g) 27.78 27.78 𝑪𝟎 (mg/L)   20 20 𝑹𝟐 0.960 0.999 

k1 (1/min), k2 (g/mg.min) 
 

Table 9: Values and coded levels of each variable in 2k factorial design 

Name Units Type Low level (-1) High level (+1) 

Contact Time hour Numeric 1 8 

Adsorbent Dosage g/L Numeric 0.1 2 

pH - Numeric 4 8 

Temperature ºC Numeric 25 55 

 
Table 10: The experimental matrix for response surface assessment of Moringa Oleifera functionalized nanoparticles for the 
optimization of statistically significant factors 

 
  Factor 1 Factor 2  Factor 3     Response 1 

      
Run 

A:Contact Time         B:Adsorbent Dosage    C:pH  Adsorption Efficiency 

  hr g  % 
      1 4.5 0.5 6 59 
 2 8 0.1 8 54 
 3 4.5 1.05 6 64 
 4 1 2 4 67 
 5 4.5 1.05 6 63 
 6 4.5 1.05 4 61 
 7 4.5 1.05 6 64 
 8 1 2 8 90 
 9 8 2 8 92 
 10 4.5 1.05 6 63 
 11 8 0.1 4 66 
 12 4.5 2 6 80 



 13 1 1.05 6 64 
 14 8 1.05 6 71 

 15 1 0.1 4 53 

 16 4.5 1.05 6 64 

 17 4.5 1.05 6 65 

 18 8 2 4 85 

 19 1 0.1 6 53 

 20 4.5 1.05 8 65 

 

 
Table 11: Analysis of Variance (ANOVA) for examination of the reduced quadratic model adequacy for adsorption of DRO using 
Moringa Oleifera-functionalized iron nanoparticles 

Response P-value LOF R2 Adj. R2 AP CV (%) S.D. 

Y = 64.06 + 4.18A 
+13.43B + 2.06C + 
0.91AB – 3.47AC + 
5.28BC + 3.30A2 + 
2.83B2 

<0.0001 2.73 0.995 0.991 55.86 1.56 1.05 

 S NS      
 LOF: lack of fit; AP: adequate precision; S.D.: standard deviation; CV: coefficient of variance; NS: not significant; S: significant 
 
 

  
Table 12: ANOVA results for examination of the model terms  

Source 
Sum of 
Squares 

df Mean Square F-value p-value Significance 

Model 2439.09 8 304.89 276.84 < 0.0001 significant 

A-Contact Time 164.04 1 164.04 148.95 < 0.0001  

B-Adsorbent Dosage 1521.86 1 1521.86 1381.88 < 0.0001  

C-pH 45.13 1 45.13 40.98 < 0.0001  

AB 6.09 1 6.09 5.53 0.0384  

AC 71.22 1 71.22 64.67 < 0.0001  

BC 165.28 1 165.28 150.08 < 0.0001  

A² 28.52 1 28.52 25.89 0.0004  

B² 19.45 1 19.45 17.66 0.0015  

Residual 12.11 11 1.10    

Lack of Fit 9.28 6 1.55 2.73 0.1451 not significant 

Pure Error 2.83 5 0.5667    
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Fig. 1 Diagram showing the basic steps for the fabrication of Moringa Oleifera-functionalized nanoparticles (ZINPs). 
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Fig. 2 (a) UV spectra of zerovalent iron nanoparticles (ZINPs) of various precursor concentrations (0.05 – 0.5 M) (b) 
diagram illustrating the colour change on the formation of ZINPs due to surface plasmon resonance. 
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Fig. 3 FTIR spectra of  (a) MOL and (b-e) zerovalent iron nanoparticles (ZINPs) of various precursor concentrations  
(0.05 – 0.5 M). 
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Fig. 4 SEM micrographs (with resolutions of 200×, 1500×) and EDX spectra/elemental composition of different 
precursor concentrations of zerovalent iron nanoparticles (ZINPs) synthesized from of Moringa Oleifera leaf extracts: 
(i) ZINPs0.05 [(a), (b), (c)], (ii) ZINPs0.1 [(d), (e), (f)], (iii) ZINPs0.25 [(g), (h), (i)], and (iv) ZINPs0.5 [(j), (k), (l)]. 
 

(e) 
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Fig. 5 EFTEM images (resolution: 50k) of different precursor concentrations of zerovalent iron nanoparticles (ZINPs) 
synthesized from of Moringa Oleifera leaf extracts: (a) ZINPs0.05 (b) ZINPs0.1 (c) M ZINPs0.25 (d) ZINPs0.5. 
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Fig. 6 XRD spectra of different precursor concentrations of zerovalent iron nanoparticles (ZINPs) synthesized from 
Moringa Oleifera leaf extracts. 
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Fig. 7 Nitrogen adsorption-desorption isotherm curves of (a) FeSO4.7H2O (b) ZINPs0.05 (c) ZINPs0.1 (d) ZINPs0.25  (e) 
ZINPs0.5. 

 
 

 

 
 

 
 

(a) 

(e) 

(b) 



8 

 

 
 

 

 

 
 

 

Figure 8. Chromatogram of a 1 μL injection of (a) the DRO standard solution at 100 μg/mL obtained with the 
conventional split inlet, (b) the DRO standard solution at 50 μg/mL obtained with the conventional split inlet, (c) the 
DRO standard solution at 30 μg/mL obtained with the conventional split inlet, (d) DRO after treatment with ZINPs 
(Ci = 100 μg/mL, Cf = 14.3 μg/mL, T = 30 ºC, pH = 6.5) (e) DRO after treatment with ZINPs (Ci = 50 μg/mL, Cf = 5.8 
μg/mL, T = 30 ºC, pH = 6.5). 
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Fig. 9 Effect of reaction parameters on the removal of DRO using ZINPs  (a) at various contact times (C0 of DRO = 
30 µg/mL, pH = 6.5, T = 30ºC), (b) with various ZINPs dosages (C0 of DRO = 30 µg/mL, Time = 1 hr, pH = 6.5, T = 
30ºC), (c) at various pH levels (C0 of DRO = 30 µg/mL, Time = 1 hr, Dosage = 1 g/L, T = 30ºC), (d) at various 
temperatures (C0 of DRO = 30 µg/mL, Time = 1 hr, Dosage = 1 g/L, pH = 6.5.  
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Fig. 10 Adsorption isotherm of zerovalent iron nanoparticles (ZINPs) showing; (a) Freundlich isotherm of ZINPs  (b) 
Langmuir isotherm of ZINPs (C0  = 20 µg/mL, pH = 6.5, T = 30 °C, W = 1 g/L, V = 100 mL) 
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Fig. 11 Adsorption kinetics of zerovalent iron nanoparticles (ZINPs) showing; (a) Pseudo first order kinetic model of 
ZINPs (b) Pseudo second order kinetic model of ZINPs (C0  = 20 µg/mL, pH = 6.5, T = 30 °C, W = 1 g/L, V = 100 
mL) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                       Fig. 12 SEM images of ZINPs (a) before and (b) after adsorption of DRO. 
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Fig. 13 Half-normal plot (a), normal plots (b) and Pareto charts (c) of model (α = 0.05) for adsorption of DRO by 

ZINPs. 
 

 
                                                  Fig. 14 Predicted vs Actual plot for DRO removal using ZINPs. 
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Fig. 15 3D surface plot (a) and ramps (b-e), of ZINPs for the adsorption of DRO. 
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                                        Fig. 16  Regeneration study graph for the adsorption-desorption of DRO onto ZINPs. 
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