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ABSTRACT 

Recently, nanomaterial synthesis and application have entered a new realm of green synthesis 

and agricultural―environmental applications. The widespread problem of soil health, 

micronutrient deficiency and “low use efficiency” of conventional (bulk-regime) 

agrochemicals appears daunting in the face of increasing demand for food production in a 

climate-resilient and sustainable manner.  Additionally, the global micronutrient deficiency in 

soil plant-continuum is translating into human population as “hidden hunger”, which has drawn 

the public attention for its immediate solution. 

This thesis, titled “Green synthesis of nano metal oxides for agricultural and environmental 

application”, is centered around the utilization of sugar press mud (agro-industrial solid waste) 

for the green synthesis of nano metal oxides and extending its application toward the efficient 

and sustainable plant nutrition, as well as soil remediation.   

The study starts by exploring the use of sugar press mud water extract in synthesizing wurtzite 

ZnO (P63mc), α-Fe2O3 and monoclinic CuO nanoparticles using base hydrolysis and in 

aqueous sol-gel process. The study evolves further into the screening of suitable metal 

precursor salts and comparison of PM water extract-based ligands with commercially available 

analytical grade surfactants. The study also attempted to identify the probable active chemical 

agent (capping agent) in PM extract.  

Furthermore, the study about extending its application to agriculture and the environment 

includes experiments designed to study the interface of nano metal oxide with the biotic and 

abiotic components of the environment. First, the role of nano metal (Zn, Fe and Cu) oxides 

(MxOy) for sustainable and efficient crop nutrition was studied with randomised control block 

design (RCBD) pot trials using a soil matrix amended with 1.4% w/w dry sugar press mud and 

reinforced further with metal oxide NPs in the dose range of 10-100 mg/kg.  Second, the nano 
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metal oxides were evaluated for their heterogenous photocatalytic potential in degrading the 

soil organic pollutant, i.e., RhB dye in aqueous medium using direct sunlight. Thirdly, these 

(MxOy) nanoparticles were also evaluated for their compatibility with agriculturally important 

fungi in a PDA-based food poison assay. 

In summary, the green nano synthesis experiments confirmed the capping ability of the PM-

based ligands and their anisotropic control by offering the nanoparticle of the smallest size of 

~14 nm (ZnO) with the consistent morphology. The application of metal oxides (MxOy) as 

nano fertiliser has shown statistically significant (p<0.05) correlations with soil organic carbon 

(SOC) and various other agronomic parameters, as evidenced by the (~30-60%) increase in 

grain and biomass yield vis-a-vis significant mineral fortification. Also, the photocatalytic 

degradation of soil organic pollutant (RhB) by these nanoparticles has shown a rate constant 

(pseudo-first-order kinetics) of 0.03 to 0.7 min-1. The interface studies of nanometal oxides 

(MxOy) with environmental biotic components targeted at the compatibility of nanomaterials 

with the fungi indicated no toxicity at the agriculturally operational dose (~0.2 mg/ml). 

However, findings suggested the possible exploration of ZnO and CuO NPs for their pesticidal 

value at (2.0 mg/ml) dose.  Thus, this study offers a new pathway for the green synthesis of 

nanometal oxides (MxOy) by expanding the green nano synthesis to agri-waste utilization. In 

addition, this also provides crucial insights into the nano-regime agrochemicals with their 

environmental interface for sustainable crop nutrition and climate-resilient crop production. 
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साराांश 
 

हाल ही में, नैनोमटेरियल संशे्लषण औि अनुप्रयोग ने ग्रीन संशे्लषण औि कृषष-पयााविणीय अनुप्रयोग के 

एक नए के्षत्र में प्रवेश षकया है। मृदा स्वास्थ्य, सूक्ष्म पोषक तत्ो ंकी कमी औि पािंपरिक (बृहद- प्रणाली) 

कृषष िसायनो ंकी "कम उपयोग दक्षता" की व्यापक समस्या जलवायु-लचीले औि धारणीय तिीके से खाद्य 

उत्पादन की बढ़ती मांग के सामने चुनौतीपूणा प्रतीत होती है। इसके अषतरिक्त, षमट्टी के पौधे-सातत्य में 

वैषिक सूक्ष्म पोषक तत्ो ंकी कमी मानव आबादी में "षिपी हुई भूख" के रूप में तब्दील हो जाती है, 

षजसने इसके तत्काल समाधान के षलए लोगो का ध्यान आकषषात षकया है। 

"कृषष औि पयााविण अनुप्रयोग के षलए “नैनो” धातु आक्साइड का हरित संशे्लषण" शीषाक वाली यह 

थीषसस (शोध प्रबंध), नैनो धातु आक्साइड के हरित संशे्लषण के षलए  सूगि पे्रस मड  (कृषष-औद्योषगक 

ठोस अपषशष्ट) के उपयोग औि पौधो ंके दक्षतापूवाक तथा धारणीय पोषण, के साथ-साथ ही षमट्टी के 

उपचाि की षदशा में इसके अनुप्रयोग षवस्ताि किने पि कें षित है। । 

अध्ययन क्षाि हाइडर ोषलषसस का उपयोग किके औि जलीय सोल-जेल प्रषिया में वटाजाइट ZnO (P63mc), 

α-(Fe2O3) औि मोनोक्लिषनक (CuO) नैनोकणो ंको संशे्लषषत किने में सूगि पे्रस मड  के पानी के अका  

के उपयोग की खोज से शुरू होता है। अध्ययन उपयुक्त धातु अग्रदूत लवणो ंकी स्क्रीषनंग औि 

व्यावसाषयक रूप से उपलब्ध षवशे्लषणात्मक गे्रड सरे्फक्टेंट के साथ पीएम जल अका -आधारित षलगैंड की 

तुलना किने में षवकषसत होता है। अध्ययन में पीएम अका  में संभाषवत िासायषनक एजेंट (सषिय कैषपंग 

एजेंट) की पहचान किने का भी प्रयास षकया गया। 

इसके अलावा, कृषष औि पयााविण में इसके अनुप्रयोग को षवस्तारित किने के अध्ययन में पयााविण के 

जैषवक औि अजैषवक घटको ंके साथ नैनो मेटल ऑक्साइड के इंटिरे्फस का अध्ययन किने के षलए 

षडजाइन षकए गए प्रयोग शाषमल हैं। सबसे पहले, दक्षतापूवाक तथा धारणीय र्फसल पोषण के षलए नैनो 

धातु (Zn, Fe औि Cu) ऑक्साइड (MxOy) की भूषमका का अध्ययन 1.2% w/w सूखी सूगि पे्रस मड  के 

साथ संशोषधत षमट्टी मैषटरक्स का उपयोग किके यादृक्लिक षनयंत्रण ब्लॉक षडजाइन (RCBD) पॉट 

पिीक्षणो ंके साथ षकया गया था। 10-100 षमलीग्राम/षकग्रा की खुिाक सीमा में षमट्टी औि धातु ऑक्साइड 

नैनोकणो ंके साथ प्रबषलत। दूसिा, नैनो धातु ऑक्साइड का मूल्ांकन षमट्टी के काबाषनक प्रदूषक, यानी, 

सीधे सूया के प्रकाश का उपयोग किके जलीय माध्यम में आिएचबी डाई को कम किने में उनकी षवषम 

र्फोटोकैटषलषटक क्षमता के षलए षकया गया था। तीसिा, इन (एमएक्सओवाई) नैनोकणो ंका पीडीए-
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आधारित खाद्य जहि पिख में कृषष की दृषष्ट से महत्पूणा कवक के साथ उनकी अनुकूलता के षलए भी 

मूल्ांकन षकया गया था। 

संके्षप में, हरित नैनो संशे्लषण ने सुसंगत आकारिकी के साथ ~14 एनएम (जेडएनओ) के सबसे िोटे 

आकाि के नैनोकण की पेशकश किके पीएम-आधारित षलगैंड की कैषपंग क्षमता औि उनके 

अषनसोटर ोषपक षनयंत्रण की पुषष्ट की। नैनो उवािक के रूप में धातु ऑक्साइड (एमएक्सओवाई) के 

अनुप्रयोग ने षमट्टी के काबाषनक काबान (एसओसी) औि षवषभन्न अन्य कृषष संबंधी मापदंडो ं के साथ 

सांक्लिकीय रूप से महत्पूणा (पी <0.05) सहसंबंध षदखाया है, जैसा षक अनाज औि बायोमास में (~ 30-

60%) वृक्लि से प्रमाषणत है। महत्पूणा खषनज सुदृढ़ीकिण की तुलना में उपज। इसके अलावा, मृदा 

काबाषनक प्रदूषक (आिएचबी) के र्फोटोकैटषलषटक क्षिण ने 0.0345 से 0.7624 षमनट-1 की दि क्लथथिांक 

(िद्म-प्रथम-िम बलगषत षवज्ञान) षदखाया है। कवक के साथ नैनोमटेरियल की अनुकूलता पि लषक्षत 

पयााविणीय जैषवक घटक के साथ नैनोमेटल ऑक्साइड (एमएक्सओवाई) के इंटिफेस अध्ययन ने कृषष 

परिचालन खुिाक (0.2 षमलीग्राम / षमलीलीटि) पि कोई षवषाक्तता नही ंहोने का संकेत षदया। हालााँषक, 

षनष्कषों ने (2.0 ग्राम/षमलीलीटि) खुिाक पि उनके कीटनाशक मूल् के षलए ZnO औि CuO NPs की 

संभाषवत खोज का सुझाव षदया। इस प्रकाि, यह अध्ययन कृषष-अपषशष्ट उपयोग के षलए नैनो संशे्लषण 

का षवस्ताि किके नैनोमेटल ऑक्साइड (एमएक्सओवाई) के हरित संशे्लषण के षलए एक नया मागा प्रदान 

किता है। इसके अलावा, यह धारणीय र्फसल पोषण औि जलवायु-लचीला र्फसल उत्पादन के षलए उनके 

पयााविणीय इंटिरे्फस के साथ नैनो-शासन कृषष िसायनो ंमें महत्पूणा अंतदृाषष्ट भी प्रदान किता है। 
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results. Similarly, (e-h) real and mean distribution with statistical detail 

for surface area concentration (nm2/ml) and (i-l) volume concentration 

(nm3/ml illustrating the role of synthesis conditions on seeding, 

Ostwald ripening, and overall crystal growth. 
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Fig.4.52  (a-c) Distribution curve: Nanoparticle Tracking Analysis (NTA) for 

CuO nanoparticle sample (Cu-MC). (a): particle concentration 

(particle/ml) vs diameter (nm) (b): surface area concentration 

(nm2/ml) vs diameter; (c) volume concentration (nm3/ml) vs diameter; 

of nanoparticles; (d): intensity distribution solid curve of diameter, and 

concentration.   
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Fig.4.53 NTA analysis; the modal distribution and intensity curves for CuO 

nanoparticle sample (Cu-MC). (a): real-time distribution of particle 

concentration (particle/ml) (b): mean distribution curve; (c): intensity 

pattern in relation to size in diameter (nm); (d): statistical detail of the 

results. Similarly, (e-h) real and mean distribution with statistical detail 

for surface area concentration (nm2/ml) and (i-l) volume concentration 

(nm3/ml illustrating the role of synthesis conditions on seeding, 

Ostwald ripening, and overall crystal growth. 
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Fig.4.54  (a-c) Distribution curve: Nanoparticle Tracking Analysis (NTA) for 

CuO nanoparticle sample (Cu-PM). (a): particle concentration 

(particle/ml) vs diameter (nm) (b): surface area concentration 

(nm2/ml) vs diameter; (c) volume concentration (nm3/ml) vs diameter; 

of nanoparticles; (d): intensity distribution solid curve of diameter, and 

concentration.   
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Fig.4.55 NTA analysis; the modal distribution and intensity curves for CuO 

nanoparticle sample (Cu-PM). (a): real-time distribution of particle 

concentration (particle/ml) (b): mean distribution curve; (c): intensity 

pattern in relation to size in diameter (nm); (d): statistical detail of the 

results. Similarly, (e-h) real and mean distribution with statistical detail 

for surface area concentration (nm2/ml) and (i-l) volume concentration 

(nm3/ml illustrating the role of synthesis conditions on seeding, 

Ostwald ripening, and overall crystal growth. 

 

Fig.4.56 Comparative mean particle diameter (nm) distribution using NTA 

analysis for various CuO nanoparticle samples (Cu-BH, Cu-CT, Cu-

MC, and Cu-PM), synthesized using the same precursor 

151 
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(Fe2SO4.7H2O) but different ligand conditions in a sol-gel scheme, 

illustrates the variation in diameter distribution of the nanoparticle’s 

dues to different synthetic conditions. D90: distribution pattern of 90% 

of the nanoparticles in each sample; Mean: mean distribution of NPs; 

Mode: modal distribution of NPs; D10: distribution pattern of 10% of 

nanoparticle in each sample.  

Fig.4.57 Zeta potential (ζ) analysis for various CuO nanoparticle samples (Cu-

BH, Cu-CT, Cu-MC, and Cu-PM), synthesized using the same 

precursor (CuSO4.5H2O) but different ligand conditions in a sol-gel 

scheme, illustrates the variation in the charge distribution of the 

nanoparticle’s dues to different synthetic conditions  

153 

Fig.4.58 Comparative X-ray diffractograms (a) (indexed with reference JCPDS 

card); and Raman spectrum (b) of various ZnO nanoparticle samples 

(Zn-AH, Zn-BH, Zn-CT, Zn-MC, and Zn-PM), synthesized using 

same precursor (ZnSO4.7H2O) but different ligand conditions in a sol-

gel scheme.  

155 

Fig.4.59  (a-b) Fourier transform Infrared spectroscopy (FTIR) spectrum for 

various ZnO nanoparticle samples (Zn-BH, Zn-CT, Zn-MC, Zn-PM, 

Ln-PM) synthesized using the same precursor (ZnSO4SO4.5H2O) but 

different ligand conditions in a sol-gel scheme. (b) magnified range 

(wavenumber; 1600-600 cm-1) for clarity in shape and relative 

intensity of the peaks in this region.    

157 

Fig.4.60  (a-f) Field effect scanning electron microscopy (FESEM, 

magnification x50,000, 10.0 Kv LED) images (with its aspect ratio 

(a/b≥ 1), for various ZnO nanoparticle samples (a: Fe-AH, b: Fe-BH, 

d: Fe-CT, f: Fe-MC, and c: Fe-PM) synthesized using same precursor 

(ZnSO4.7H2O) but different ligand conditions in a sol-gel scheme.  

158 

Fig.4.61 Transmission electron microscopy (TEM, direct magnification 

10,000x,-80,000x 120.0 Kv) images and corresponding SAED-pattern 

(with its aspect ratio (a/b≥ 1), for various ZnO nanoparticle samples 

(a-d: Zn-AH, e-h: Zn-BH, i-l: Zn-CT, m-p: Zn-MC, and q-t: Zn-PM) 

synthesized using same precursor (CuSO4.5H2O) but different ligand 

conditions in a sol-gel scheme.  

160 

Fig.4.62  (a-j) Energy Dispersive X-ray (EDAX) analysis, colour intensity map 

of the various ZnO nanoparticle samples (a-b: Zn-AH, c-d: Zn-BH, e-

f: Zn-CT, g-h: Zn-MC, and i-j: Zn-PM) synthesized using same 

precursor (ZnSO4.7H2O) but different ligand conditions in a sol-gel 

scheme. The arrow in circle points to the area exposing the sample 

holding carbon film (i-v) EDX spectrum of the same samples (i: Zn-

PM, ii: Zn-AH, iii: Zn-CT, iii: Zn-MC, iv: Zn-BH). Arrows indicate 

the impurities present in samples.  
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Fig.4.63    (a-c) Distribution curve: Nanoparticle Tracking Analysis (NTA) for 

Zn-AH nanoparticle sample (Zn-AH). (a): particle concentration 
165 
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(particle/ml) vs diameter (nm) (b): surface area concentration 

(nm2/ml) vs diameter; (c) volume concentration (nm3/ml) vs diameter; 

of nanoparticles; (d): intensity distribution solid curve of diameter, and 

concentration.   

Fig.4.64 NTA analysis; the modal distribution and intensity curves for ZnO 

nanoparticle sample (Zn-AH). (a): real time distribution of particle 

concentration (particle/ml) (b): mean distribution curve; (c): intensity 

pattern in relation to size in diameter (nm); (d): statistical detail of the 

results. Similarly, (e-h) real and mean distribution with statistical detail 

for surface area concentration (nm2/ml) and (i-l) volume concentration 

(nm3/ml illustrating the role of synthesis conditions on seeding, 

Ostwald ripening, and overall crystal growth. 

166 

Fig.4.65  (a-c) Distribution curve: Nanoparticle Tracking Analysis (NTA) for 

Zn-BH nanoparticle sample (Zn-AH). (a): particle concentration 

(particle/ml) vs diameter (nm) (b): surface area concentration 

(nm2/ml) vs diameter; (c) volume concentration (nm3/ml) vs diameter; 

of nanoparticles; (d): intensity distribution solid curve of diameter, and 

concentration.   

167 

Fig.4.66 NTA analysis; the modal distribution and intensity curves for ZnO 

nanoparticle sample (Zn-BH). (a): real time distribution of particle 

concentration (particle/ml) (b): mean distribution curve; (c): intensity 

pattern in relation to size in diameter (nm); (d): statistical detail of the 

results. Similarly, (e-h) real and mean distribution with statistical detail 

for surface area concentration (nm2/ml) and (i-l) volume concentration 

(nm3/ml illustrating the role of synthesis conditions on seeding, 

Ostwald ripening, and overall crystal growth. 
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Fig.4.67  (a-c) Distribution curve: Nanoparticle Tracking Analysis (NTA) for 

Zn-BH nanoparticle sample (Zn-AH). (a): particle concentration 

(particle/ml) vs diameter (nm) (b): surface area concentration 

(nm2/ml) vs diameter; (c) volume concentration (nm3/ml) vs diameter; 

of nanoparticles; (d): intensity distribution solid curve of diameter, and 

concentration.   
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Fig.4.68 NTA analysis; the modal distribution and intensity curves for ZnO 

nanoparticle sample (Zn-AH). (a): real time distribution of particle 

concentration (particle/ml) (b): mean distribution curve; (c): intensity 

pattern in relation to size in diameter (nm); (d): statistical detail of the 

results. Similarly, (e-h) real and mean distribution with statistical detail 

for surface area concentration (nm2/ml) and (i-l) volume concentration 

(nm3/ml illustrating the role of synthesis conditions on seeding, 

Ostwald ripening, and overall crystal growth. 

172 

Fig.4.69  (a-c) Distribution curve: Nanoparticle Tracking Analysis (NTA) for 

Zn-BH nanoparticle sample (Zn-AH). (a): particle concentration 

(particle/ml) vs diameter (nm) (b): surface area concentration 
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(nm2/ml) vs diameter; (c) volume concentration (nm3/ml) vs diameter; 

of nanoparticles; (d): intensity distribution solid curve of diameter, and 

concentration.   

Fig.4.70  (a-c) Distribution curve: Nanoparticle Tracking Analysis (NTA) for 

Zn-BH nanoparticle sample (Zn-AH). (a): particle concentration 

(particle/ml) vs diameter (nm) (b): surface area concentration 

(nm2/ml) vs diameter; (c) volume concentration (nm3/ml) vs diameter; 

of nanoparticles; (d): intensity distribution solid curve of diameter, and 

concentration.   

176 

Fig.4.71 NTA analysis; the modal distribution and intensity curves for ZnO 

nanoparticle sample (Zn-MC). (a): real time distribution of particle 

concentration (particle/ml) (b): mean distribution curve; (c): intensity 

pattern in relation to size in diameter (nm); (d): statistical detail of the 

results. Similarly, (e-h) real and mean distribution with statistical detail 

for surface area concentration (nm2/ml) and (i-l) volume concentration 

(nm3/ml illustrating the role of synthesis conditions on seeding, 

Ostwald ripening, and overall crystal growth. 

177 

Fig.4.72 NTA analysis; the modal distribution and intensity curves for ZnO 

nanoparticle sample (Zn-AH). (a): real time distribution of particle 

concentration (particle/ml) (b): mean distribution curve; (c): intensity 

pattern in relation to size in diameter (nm); (d): statistical detail of the 

results. Similarly, (e-h) real and mean distribution with statistical detail 

for surface area concentration (nm2/ml) and (i-l) volume concentration 

(nm3/ml illustrating the role of synthesis conditions on seeding, 

Ostwald ripening, and overall crystal growth. 

179 

Fig.4.73 Comparative mean particle diameter (nm) distribution using NTA 

analysis for various ZnO nanoparticle samples (Zn-AH, Zn-BH, Zn-

CT, Zn-MC, and Zn-PM), synthesized using same precursor 

(Fe2SO4.7H2O) but different ligand conditions in a sol-gel scheme, 

illustrates the variation in diameter distribution of the nanoparticle’s 

dues to different synthetic conditions. D90: distribution pattern of 90% 

of the nanoparticles in each sample; Mean: mean distribution of NPs; 

Mode: modal distribution of NPs; D10: distribution pattern of 10% of 

nanoparticle in each sample.  

183 

Fig.4.74 Zeta potential (ζ) analysis for various Fe2O3 nanoparticle samples (Fe-

AH, Fe-BH, Fe-CT, Fe-MC, and Fe-PM), synthesized using same 

precursor (Fe2SO4.7H2O) but different ligand conditions in a sol-gel 

scheme, illustrates the variation in the charge distribution of the 

nanoparticle’s dues to different synthetic conditions.  

185 

Fig.4.75  (a-b) Diffuse reflectance spectroscopy (reflectance curve, a) and 

Tauc analysis (plot, b) for various ZnO nanoparticle samples (Zn-

AH, Zn-BH, Zn-CT, Zn-MC, and Zn-PM), synthesized using same 

precursor (CuSO4.7H2O) but different ligand conditions in a sol-gel 
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scheme, illustrates the variation in the band gap edge of the 

nanoparticle’s dues to different synthetic conditions. 

Fig. 4.76  (a-f) SEM/EDX mapping analysis of dry sugar press mud sample for 

mineral composition.  a: SEM micrograph for the area of analysis; b: 

composite micrograph, (c-f): colour map of various mineral elements 

present in samples. 

191 

Fig. 4.77  (a) FTIR spectrum of dry sugar press mud (PM), illustrating the 

associated chemical functional groups with dry press mud material; (b) 

Dynamic light scattering (DLS) analysis illustrating the size and 

charge on the colloidal particles of sugar press mud in water. 

192 

Fig. 4.78  (a) FTIR spectrum of sugar press mud (PM) water extract, illustrating 

the associated chemical functional groups with the water extract part 

of the sugar press mud. 
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Fig. 4.79  (a) Chromatogram of sugar press mud water extract based on retention 

time (t) with the list of significant fragments (m/z) after electron spray 

ionization (ESI) mode-based mass fragmentation (positive scan) of 

sugar press mud (PM) water extract, indicating the presence of the 

multiple analytes in different proportion throughout the sample. The 

encircled compound in the picture presents the most probable 

compound based on (m/z). 

195 

Fig.4.80 LC-MS separated mass spectrum of sugar press mud water extract; the 

significant peaks at (retention time 10.15 and 12.40 min in 

chromatogram (c) correspond the most probable compound 

(polyphenolic) in SPM water extract with [M+H]+ peak having  m/z 

338.10/ 339.10 and m/z 679.11/665.17 respectively. The compound in 

the figure has been screened out based on m/z values from the mass 

library (Metlin.) 

195 

Fig. 4.81  (a) H1NMR spectrum (9a-b) with proton signal with chemical shifts 

in the range of (δ 0.0 -6.0 ppm) indicate Sp3 (C-H) and Sp2 (C-H). 

Due to the low concentration of the compound in the water phase, a 

water suppression technique has been used. (b) magnification of the 

low field region (δ 0.0 -2.0 ppm). The NMR spectra presented are the 

result of 10,000 scan (Room temperature (RT) probe) and linear 

integration of the signals. 

196 

Fig. 4.82 A schematic diagram showing the whole process from the synthesis of 

the ZnO NPs to its application; The interaction between negatively 

charged soil colloidal carbon surface with positively charged ZnO NPs 

(sheet-like structure) nano surfaces along with other mineral nutrients 

interactions in soil solution for nutrient uptake efficiency has also been 

shown. 

198 

Fig.4.83  (a-d) Agronomic parameters of wheat samples grown in treated soil 

in a randomized block designed (RBD) pot experiments. Values are 

expressed as mean ± SD of triplicate experiments. Comparison of 
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values as per least significant difference at p< 0.05 (one-way ANOVA 

and DMRT post hoc comparison). (a) Changes in chlorophyll ‘a &b’ 

content, (b) the height of the plant and length of the spikelet, (c) total 

biomass yield and weight of grains, (d) the zinc content in plant body 

and grain.  

Fig. 4.84 The image shows the overall health along with the length of the 

spikelet for the various treatments of the wheat. (The spikelet has been 

chosen as an average of the group representing the mean of the 

corresponding data. 

201 

Fig.4.85  (a-f): Nutritional analysis using ICPMS technique; Values are 

expressed as mean ± SD of triplicate experiments. Comparison of 

values as per least significant difference at p< 0.05 (one-way ANOVA 

and DMRT post hoc comparison).  Changes (plant & grain, mg/kg) in 

total Magnesium (Mg) content (a), Total Iron (Fe) content (b), total 

Potassium (K) content (c), total copper (Cu) content (d) total 

Phosphorous (P) content (e) and mineral concentration (Mg, Fe, Cu, 

K, and P) of soil at their natural level (without external input) in treated 

soil-grown wheat (f).   

203 

Fig. 4.86 ICPMS analysis of soil used in experiments; concentrations of Zn after 

90 days of experiments. Values are expressed as mean ± SD of 

triplicate experiments. Comparison of values   as per least significant 

difference at p< 0.05 (one -way ANOVA and DMRT post hoc 

comparison).  

209 

Fig.4. 87 Principal component analysis (PCA) biplot. Zn content in: plant (ZnP), 

grains (ZnG), soil (ZnS); Mg content in: plant (MgP),  grains (MgG); 

copper content in: plant (CuP), grains (CuG); potassium content in: 

plant (KP), grains (KG), iron content in: plant (FeP), grains (FeG); 

phosphorus content in: plant (PhP), grains (PhG); chlorophyll content 

A & B (Chl A & Chl B); total plant weight (TBM), the total weight of 

plant grains (BMG), plant height (PHT), spikelet height (SHT). 

211 

Fig.4.88  (a-d) Agronomic parameters and micronutrient concentrations (ug/g) 

in wheat samples grown in treated soil in a randomized block designed 

(RBD) pot experiments. Values are expressed as mean ± SD of 

triplicate experiments. Comparison of values   as per least significant 

difference at p<0.05 (one -way ANOVA and DMRT post hoc 

comparison). (a) plant height (PH), shoot height (SH) and spikelet 

length (SL); (b) biomass weight: shoot weight (SW), spikelet weight 

(SLW), grain weight (GW). (c) the Iron (Fe) content in plant body and 

grain. (d) Copper (Cu) content in plant body and grain.  

213 

Fig.4.89  (a-d) Micronutrient concentration (ug/g) in wheat samples grown in 

treated soil in a randomized block designed (RBD) pot experiments. 

Values are expressed as mean ± SD of triplicate experiments. 

Comparison of values   as per least significant difference at p< 0.05 
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(one -way ANOVA and DMRT post hoc comparison (a) the Zinc (Zn) 

content in plant body and grain. (b) Magnesium (Mg) content in plant 

body and grain. (c) Potassium (K) content in plant body and grain. (d) 

Phosphorous (P) content in plant body and grain.  

Fig.4.90  (a-d) Micronutrient and heavy metal concentration (ug/g) in wheat 

samples grown in treated soil in a randomized block designed (RBD) 

pot experiments. Values are expressed as mean ± SD of triplicate 

experiments. Comparison of values as per least significant difference 

at p< 0.05 (one -way ANOVA and DMRT post hoc comparison (a) 

Mineral (Fe, Cu, Zn, P) content in plant body. (b) the Lead (Pb) content 

in plant body and grain, (c) the Cadmium (Cd) content in plant body 

and grain.  

216 

Fig. 4.91 The image shows the overall health along with the length of the 

spikelet for the various treatment of the wheat. (The spikelet has been 

chosen as an average of the group representing the mean of the 

corresponding data. 

216 

Fig.4.92  (a-d) Soil mineral profiling. Values are expressed as mean ± SD of 

triplicate experiments. Comparison of values   as per least significant 

difference at p< 0.05 (one -way ANOVA and DMRT post hoc 

comparison). (a) the mineral (Mg, K) content in soil. (b) the 

micronutrient (Cu, Zn, P) content in soil. (c) the mineral (Fe) content 

in soil (d) the heavy metal (Cd, Pb) concentration in soil.  

217 

Fig.4.93  (a-d) Agronomic parameters and micronutrient concentrations (ug/g) 

in wheat samples grown in treated soil in a randomized block designed 

(RBD) pot experiments. Values are expressed as mean ± SD of 

triplicate experiments. Comparison of values   as per least significant 

difference at p<0.05 (one -way ANOVA and DMRT post hoc 

comparison). (a) plant height (PH), shoot height (SH) and spikelet 

length (SL); (b) biomass weight: shoot weight (SW), spikelet weight 

(SLW), grain weight (GW). (c) the Iron (Fe) content in plant body and 

grain. (d) the Copper (Cu) content in plant body and grain.   

219 

Fig.4.94  (a-d) Micronutrient concentrations (ug/g) wheat samples grown in 

treated soil in a randomized block designed (RBD) pot experiments. 

Values are expressed as mean ± SD of triplicate experiments. 

Comparison of values as per least significant difference at p< 0.05 (one 

-way ANOVA and DMRT post hoc comparison), (a) Zinc (Zn) content 

in plant body and grain. (a) Magnesium (Mg) content in plant body 

and grain. (c) Potassium (K) content in plant body and grain. (d) 

Phosphorous (P) content in plant body and grain.   
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Fig.4.95  (a-d) Micronutrient and heavy metal concentration in wheat samples 

grown in treated soil in a randomized block designed (RBD) pot 

experiments. Values are expressed as mean ± SD of triplicate 

experiments. Comparison of values as per least significant difference 
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at p< 0.05 (one-way ANOVA and DMRT post hoc comparison). (a) 

the micronutrient (Fe, Cu, Zn, P) content in plant samples. (b) the 

heavy metal (Cd) concentration in plant body and grain. (c) the heavy 

metal (Pb) concentration in plant body and grain.  

 Fig. 4.96 The image shows the overall health along with the length of 

the spikelet for the various treatments of the wheat. (The spikelet has 

been chosen as an average of the group representing the mean of the 

corresponding data. 

222 

Fig.4.97 Schematic diagram for synthesis and photocatalysis application 224 

 Fig.4.98  Uv- visible absorption spectrum of rhodamine dye 

(conc.0.596x 10-3) and photocatalysts (conc. 100mg/ L) suspension 

system under direct sunlight exposure recorded at the time interval of 

0.5 hr. fig. Fig.4.95 (a) corresponds to control experiment (dye- 

catalyst system in dark); fig.11 (b) corresponds to Zn-SL catalyst 

system; fig. like-wise 11(c) to Zn-AC; and fig.11 (d) to Zn-NR system. 

225 

Fig.4.99 Concentration (C/C0) vs. time plot (fig.12(a) showing differential 

decreases in dye concentration with time for different catalyst systems. 

Fig.12 (b) plot (ln C/C0) vs time shows pseudo-first order kinetics with 

slope in the of (m= -0.04161 to -0.7473). With the R2 values in the 

range of 0.95 to 0.99. 

227 

Fig. 4.100 Percentage (%) dye degradation from different catalysts under direct 

sunlight after 4.0 hrs. and in dark conditions. 
228 

Fig.4.101 Uv-visible absorption spectrum of rhodamine dye (conc.0.596x 10-3) 

and photocatalysts (conc. 100mg/ L) suspension system under direct 

sunlight exposure recorded at the time interval of 0.5 hr. (a) control 

experiment (dye- catalyst system in dark); (b) Zn-AH catalyst system; 

(c) to Zn-BH; (d) to Zn-CT system. (e) Zn-MC catalyst system; (f) Zn-

PM catalyst system;  

229 

Fig.4.102 Concentration (C/C0) vs. time plot (fig.4.102(a) shows differential 

decreasing in dye concentration with time for different catalyst 

systems. Fig.4.102 (b) plot (ln C/C0) vs time shows pseudo-first order 

kinetics with slope in the of (m= -0.04161 to -0.7473). With the R2 

values in the range of 0.95 to 0.99. (a) control experiment (dye-catalyst 

system in the dark); (b) Zn-AH catalyst system; (c) to Zn-BH; (d) to 

Zn-CT system. (e) Zn-PM catalyst system; (f) Zn-PM catalyst system;  

230 

Fig.4.103 Uv-visible absorption spectrum of rhodamine dye (conc.0.596x 10-3) 

and photocatalysts (conc. 100mg/ L) suspension system under direct 

sunlight exposure recorded at the time interval of 0.5 hr. (a) control 

experiment (dye- catalyst system in dark); (b) Fe-BH catalyst system; 

(c) to Fe-AH; (d) to Fe-PM system. (e) Fe-MC catalyst system; (f) Zn-

CT catalyst system;  
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Fig.4.104 Concentration (C/C0) vs. time plot (fig.4.104(a) shows differential 

decreasing in dye concentration with time for different catalyst 
234 
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systems. (b) plot (ln C/C0) vs time shows pseudo-first order kinetics 

with slope in the of (m= -0.04161 to -0.7473). With the R2 values in 

the range of 0.95 to 0.99. (a) control experiment (dye-catalyst system 

in the dark); (b) Zn-AH catalyst system; (c) to Zn-BH; (d) to Zn-CT 

system. (e) Zn-PM catalyst system; (f) Zn-PM catalyst system.  

Fig.4.105 Uv-visible absorption spectrum of rhodamine dye (conc.0.596x 10-3) 

and photocatalysts (conc. 100mg/ L) suspension system under direct 

sunlight exposure recorded at the time interval of 0.5 hr. (a) control 

experiment (dye- catalyst system in dark); (b) Cu-CT catalyst system; 

(c) to Cu-MC; (d) Cu-PM catalyst system. (e) Cu-BH catalyst system.  

239 

Fig.4.106 Concentration (C/C0) vs. time plot (fig.12(a) showing differential 

decreases in dye concentration with time for different catalyst systems. 

Fig.12 (b) plot (ln C/C0) vs time shows pseudo-first order kinetics with 

slope in the of (m= -0.04161 to -0.7473). With the R2 values in the 

range of 0.95 to 0.99. (a) control experiment (dye-catalyst system in 

the dark); (b) Zn-AH catalyst system; (c) to Zn-BH; (d) to Zn-CT 

system. (e) Zn-PM catalyst system; (f) Zn-PM catalyst system.  

241 

Fig.4.107 Comparison of catalytic performances of different catalytic systems 

and their ranking based on the highest degradation (%) achieved in 4.0 

hr. Bar diagram representing percentage (%) dye degradation from 

other family catalyst systems (ZnX, CuX and FeX) under direct 

sunlight after 4.0 hrs. and in dark conditions. X: AH, BH, CT, MC, and 

PM. 
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Fig.4.108 Agar plate assay amended with sterilized ZnO nanoparticles (Zn-BH, 

Zn-CT, Zn-MC, Zn-PM), illustrating the interactions of the same 

nanoparticles prepared using different capping agents with four fungi 

at two doses (low dose 0.2mg/ml, and high dose 2.0 mg/ml). Values 

are expressed as mean ± SD of triplicate experiments. Comparison of 

values as per least significant difference at p< 0.05 (one-way ANOVA 

and DMRT post hoc comparison. (CT-NL: potato dextrose agar only 

(control),  
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Fig. 4.109 Agar plate assay (mycelial inhibition) amended with sterilized ZnO 

nanoparticles (Zn-BH, Zn-CT, Zn-MC, Zn-PM), illustrating the 

interactions of the same nanoparticles prepared using different capping 

agents with two fungi (Paecilomyces variotii (c-d); Fusarium 

oxysporum (a-b) at two doses (low dose 0.2mg/ml, and high dose 2.0 

mg/ml). Values are expressed as mean ± SD of triplicate experiments. 

Comparison of values as per least significant difference at p< 0.05 

(one-way ANOVA and DMRT post hoc comparison.  
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Fig.4.110 Agar plate assay (mycelial inhibition) amended with sterilized ZnO 

nanoparticles (Zn-BH, Zn-CT, Zn-MC, Zn-PM), illustrating the 

interactions of the same nanoparticles prepared using different capping 

agents with four fungi (Colletotrichum capsici (a-b), Trichoderma 
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virens (c-d) at two doses (low dose 0.2mg/ml, and high dose 2.0 

mg/ml). Values are expressed as mean ± SD of triplicate experiments. 

Comparison of values as per least significant difference at p< 0.05 

(one-way ANOVA and DMRT post hoc comparison.  

Fig.4.111 Agar plate assay amended with sterilized Fe2O3 nanoparticles (Fe-

BH, Fe-CT, Fe-MC, Fe-PM), illustrating the interactions of the same 

nanoparticles prepared using different capping agents with four fungi 

at two doses (low dose 0.2mg/ml, and high dose 2.0 mg/ml). Values 

are expressed as mean ± SD of triplicate experiments. Comparison of 

values as per least significant difference at p< 0.05 (one-way ANOVA 

and DMRT post hoc comparison.  

248 

Fig.4.112 Agar plate assay (mycelial inhibition) amended with sterilized Fe2O3 

nanoparticles (Fe-BH, Fe-CT, Fe-MC, Fe-PM), illustrating the 

interactions of the same nanoparticles prepared using different capping 

agents with two fungi (Paecilomyces variotii (c-d); Fusarium 

oxysporum (a-b) at two doses (low dose 0.2mg/ml, and high dose 2.0 

mg/ml). Values are expressed as mean ± SD of triplicate experiments. 

Comparison of values as per least significant difference at p< 0.05 

(one-way ANOVA and DMRT post hoc comparison.  

249 

Fig.4.113 Agar plate assay (mycelial inhibition) amended with sterilized Fe2O3 

nanoparticles (Fe-BH, Fe-CT, Fe-MC, Fe-PM), illustrating the 

interactions of the same nanoparticles prepared using different capping 

agents with two fungi (Colletotrichum capsici (a-b), Trichoderma 

virens (c-d) at two doses (low dose 0.2mg/ml, and high dose 2.0 

mg/ml). Values are expressed as mean ± SD of triplicate experiments. 

Comparison of values as per least significant difference at p< 0.05 

(one-way ANOVA and DMRT post hoc comparison.  
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Fig.4.114 Agar plate assay amended with sterilized ZnO nanoparticles (Cu-BH, 

Cu-CT, Cu-MC, Cu-PM), illustrating the interactions of the same 

nanoparticles prepared using different capping agents with four fungi 

at two doses (low dose 0.2mg/ml, and high dose 2.0 mg/ml). Values 

are expressed as mean ± SD of triplicate experiments. Comparison of 

values as per least significant difference at p< 0.05 (one-way ANOVA 

and DMRT post hoc comparison.  
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Fig.4.115 Agar plate assay (mycelial inhibition) amended with sterilized CuO 

nanoparticles (Cu-BH, Cu-CT, Cu-MC, Cu-PM), illustrating the 

interactions of the same nanoparticles prepared using different capping 

agents with four fungi (Colletotrichum capsici (a-b), Trichoderma 

virens (c-d) at two doses (low dose 0.2mg/ml, and high dose 2.0 

mg/ml). Values are expressed as mean ± SD of triplicate experiments. 

Comparison of values as per least significant difference at p< 0.05 

(one-way ANOVA and DMRT post hoc comparison.  
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Fig.4.116 Agar plate assay (mycelial inhibition) amended with sterilized CuO 

nanoparticles (Cu-BH, Cu-CT, Cu-MC, Cu-PM), illustrating the 

interactions of the same nanoparticles prepared using different capping 

agents with four fungi at two doses (low dose 0.2mg/ml, and high dose 

2.0 mg/ml). Values are expressed as mean ± SD of triplicate 

experiments. Comparison of values as per least significant difference 

at p< 0.05 (one-way ANOVA and DMRT post hoc comparison.  
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