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ABSTRACT

Meeting agricultural requirements, without a significant impact on the soil-water ecosystem in
terms of delivering agrochemicals for seed germination and growth of plants necessitates the
development of a sustainable and multifunctional controlled-release agrochemicals carrier.
Thus, the current thesis investigates the development and performance evaluation of structurally
stable and mechanically robust biodegradable polymer-based electrospun micro/nanofibers and
their structural assemblies for sustainable agricultural practices, that not only promote nutrient
release kinetics but also improve soil health by increasing the water-holding capacity, and
microbial activity while reducing the ecological footprint of conventional agricultural
practices. The research consists of four interconnected studies, each focused on the fabrication
and performance evaluation of agro-augmenting mats for potential applications in
controlled/slow-release fertilizers, seed coating, and controlled herbicide carriers. In the first
phase, our research focused on the fabrication of uniform (~ 0.208 um), bead-free and urea-
loaded polyvinyl alcohol (PVA)/sodium alginate (SA)-based electrospun mats (EMs) with
minimum diametral variation (+ 0.017 um) using Taguchi design-based optimal level of control
parameters i.e., urea loading of ~ 45 phr (Parts per Hundred Parts of Resin), flow rate of ~ 1
ml/h, polymeric concentration of ~ 8 wt.%, and an applied voltage of ~ 25 kV. The contact
angle and thermogravimetric analysis indicated an increase in hydrophobicity (from ~ 30.64 °
to ~ 74.13 °) and thermal stability (from 164 °C to ~ 290 °C) for PVA/SA-based EM upon urea
incorporation and post-crosslinking, respectively. Further, the effect of urea loading and
crosslinking on swelling and degradation behavior indicated a sequential increase in water
absorption capacity up to ~ 296 % accompanied by a decrease in degradation rate up to ~ 13
%. Spectroscopic analysis revealed a non-Fickian diffusion-induced sustained release of urea
in water (> 21 days) and soil (> 30 days) media. Soil burial studies of crosslinked urea-loaded
EM exhibited excellent biodegradability (> 80% in 60 days) and structural stability (~30 days).
Subsequently, the next phase of the research work focuses on the development of highly porous
urea-biochar/ Polylactic Acid (PLA)-based agro-augmenting bead-free EM with improved
physicomechanical performance. The method involved the hydrothermal synthesis of walnut
shell-derived biochar, followed by ball milling and urea loading and subsequent incorporation
of urea-loaded ball-milled biochar into porous PLA-based electrospun fibers. The impacts of
ball milling and urea loading were evaluated by using morphological (FESEM and TEM),
microstructural (FTIR and XRD), and physiochemical (BET and BJH) attributes. To enhance
the surface hydrophilicity, PLA-based porous EM was fabricated by altering the concentration



of co-solvent (DCM: DMSO) and relative humidity (20-80%). Bead-free and uniform
urea/biochar-loaded PLA EM were fabricated by incorporating urea/biochar into PLA
precursor solution and the resultant EM showed improved surface hydrophilicity (with a contact
angle of 98.4°), water absorption (~ 69.4%), retention capacity (~17 days), and effective release
of urea in water (~11.6 %) and soil (~5.67 %). The thermal stability (degradation temperature
from 334 to 413°C) and mechanical properties (from ~9.6-13.56 MPa) are improved for PLA-
based EM upon incorporating urea-biochar. The efficacy of developed EM for promoting plant
growth was validated by conducting germination and growth assessments using green gram
(Vigna radiata) plants. The results demonstrated higher germination rate, plant height, root
length, dry weight, and fresh weight for plants treated with the EM as compared to the control
sample. After establishing these results, the next chapter involves the fabrication and
comparative performance analysis of urea-loaded core-shell, multilayered, and sandwiched
electrospun fibrous constructs designed for controlled-release fertilizer systems. Core-shell
fibrous constructs were fabricated using a co-axial electrospinning process, which enables a
prolonged urea release that begins with an initial burst, followed by a sustained, diffusion-
controlled release, which further accelerates as the shell gradually degrades. Multilayered
constructs involved the sequential deposition of hydrophilic (urea-loaded PVA/SA) and
hydrophobic (urea/biochar-loaded PLA) fibrous layers, which exhibited a staggered urea
release profile by creating a series of barriers to facilitate a tailored release profile depending
on the specific layer composition. In contrast, the sandwiched constructs comprising of both
urea-loaded hydrophilic and hydrophobic polymeric fibers demonstrated intermediate
properties with a moderate release rate.

The research work further demonstrates the development of sustainable seed coatings by
incorporating eco-friendly additives and designing polymers with tailored physicochemical
properties, ensuring the resilience and sustainability of agricultural systems. A biodegradable
and biocompatible polymeric framework based on polyvinyl pyrrolidone/carboxymethyl
cellulose (PVP/CMC) blend electrospun fibers loaded with Mg-Zn-Biochar was successfully
fabricated and characterized. Comparative studies between uncoated seeds and seeds (Brassica
oleracea, Oryza sativa, and Vigna radiata) coated with pristine and micronutrient-loaded
PVP/CMC fibers were conducted to assess germination parameters and subsequent seedling
growth through targeted micronutrient delivery. The results demonstrated enhanced seed
germination, improved early growth, and better seedling growth (plumule as well as radical),
thereby exhibiting the potential of such an innovative seed coating platform in promoting

sustainable agriculture.



Thereafter, atrazine/hydroxypropyl beta-cyclodextrin (ATZ-H-BCD) inclusion complex (IC)-
impregnated PVA-based nanofibrous mats were successfully evaluated as a potential
herbicide-controlled release formulation by facilitating the controlled release of Atrazine
(ATZ) while maintaining the herbicidal activity. The IC was synthesized via the co-
precipitation method in a 1:1 stoichiometric ratio, and successful encapsulation of ATZ into H-
BCD led to the formation of a stable complex, as revealed from the results of thermal,
morphological, and microstructural characterizations. The phase solubility profile revealed that
the formation of IC was able to improve the solubility and dissolution profile of ATZ in water.
Further, the synthesized IC was loaded into the PVVA-based EM, and the influence of IC loading
on the microstructural, thermal, mechanical, as morphological attributes was analyzed
followed by their simultaneous correlation with their respective release efficacy. Further, the
swelling properties, porosity, herbicidal activity, and release kinetics in both water and soil
media were analyzed to appraise the feasibility of the developed fibrous mat as a controlled
release formulation to augment sustainable agriculture. The herbicidal activity assay revealed
that the 1C-loaded PVA EM can improve the herbicidal effect of ATZ on L. sativa weeds. Thus,
the thesis systematically dealt with the optimization, fabrication, and performance evaluation
of new-age multi-functional biodegradable, mechanically stable micro-/nano-structured
controlled release carriers (CRC) that not only enhance crop yield but also ensure
environmental sustainability as undesirable nutrient-induced secondary complications such as

eutrophication and soil quality deterioration possibilities are largely mitigated.
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IS & 3P SR Ul & fapry & U Wi iieded UaH & & A | fiigl-o
UTRTRUfIT & TR Aedqul THTE STal foHT HiY saxgsmdial & OR1 o3 & fog Ueh R
3R Fgfoparia FAfRd-Reflsl Tisied ae® & e 1 HaaHdl | 39 UHR,
A R WReTEs €0 F RR SR giFe T § Holgd Safsdead UiiamR-3ena
SAICIRYA HIZh! / AIBIReR 3R feadns: H wersii & g St SRa s faumaursi
& 9P SR UG Hedid &1 offd Bl 6, oIl -1 dhad U ddl $I NGTg dbrciad Pl
d¢rdl <l § dfcd URURSG & RIS Uefag & HH Hd §U Ja-URUT &l 3R
Hrshifaad Tfafaft & sgreR g & e ¥ gQUR HRdt § $Y usfaat| sgy™ # IR
RER T3 31eqg- i &, o d 3 ude Fafd/ it vfa 3 ot Sde!, di difee ok
fFafd el ares! § Ui ruEn & oy Bi-gie Ae & i @ik ye
i IR dhisd ¢ | Tgd a1 H, §HR [N = Tl (~ 0.208 ARZDIH), FHT Gad 3R IRAT-
ST UreifarTsd sfebigd (YA / Qifsaw ufeme (@um) snemid 3aae Ry He & faio
R G Hiad o, s gaan o fFdT & 0.017 AISHH) & WY S fEgH-
31T SPAH Wk 0 Arad St &1 IUANT fasar a1, A, ~ 45 phr & AT AT, ~ 1
fireiieiie / Tl & UaTg &%, ~ 8 wt.% &1 9gad BRI, 3R ~ 25 %dl &1 Uh ARl dleedl |
Tud HIU SR YARIfaAeE fazawur 3 wa: g fme ok URe wrafdfdT ™
dte/agu-3nemid suH & o s ImIaic (- 30.64 f&3h J ~ 74.13 f&3h Afcama) sk
it FRURT (164 f&H Afcqaw ¥ ~ 200 &3 Ao o gfs &1 doba fean| g9 i@,
o 3R fRTae TagR W giRar ST iR HiAfifdT & gHd = ~ 296% dd ofd
SIARIYUT &l | S ig BT Hdbd 1T, ATY B ~ 13% AP FRIEC & & ST TS|
WD fagawor 3 umt (> 21 fam) iR gt (> 30 &) wifsar & gfvar &t we k-
fOrfram TRR-URT PR ReTs &1 gar fovan| sivfcide gRaT-dres SUH & Jal b
AT 7 IFY TSI (60 &A1 T 80% >) 3R WRaATHS fRRAT (- 30 fa) &1
e foa|

TP TG, AT HTY BT ST IR dgaR Hifdes U & a1 e fevggof gfvar-
IAAR/MTTAE-3MTRd HN-Fadd AHT-Had IaaeRyd He & fdeg R Hied 8139
faf o SReRie & Wid-god TR & gRgHd TV M o, S §I¢ did [HaT
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3R gfear |IfET, iR a1 & gRar-dies dia-fiee TR &1 SReRT Hiau-read
SAdEIRYA BrgeR H =i fosam ram ol &fa el Sik gfvar i & uymal &1 gedie
FUIHS (FESEM, 3R TEM), ATSHIRE TR (FTIR, 3R XRD), 3R fhforisiied (BET,
3R BJH) FaRAdTal BT IUGNT B fhaT AT UT| TE TIZSIBIRIRICT B §gM & frg,
HUTT-SUTRT IRERT STH &) Fe-fAae (SRiit: SuAugsn) sk el Srgdr (20-
80%) P UHTUAT Bl dGcb TG 7T 4TI YT 3ffgd a1 § gRAVE™AER 61 e
PP HIH] Jad 3R THM GRA/EHER-Ares NUat 3ud &1 AHf0r far i o7 iR
uRum $TH 3 S8R G ISP (98.4° P TUh BHIUT P YY), S TN (~
69.4%), UTAHTRUT & (~ 17 f&), iR Uit & gfean ot guTdt ReTs (- 11.6%) 3R g (-
5.67%) faTs | GRAT-IAGR ®I MHA B IR TUAT-TURT SUH & fore urfa R
(334  413°C I RTGE ATHM) 3R T OM (~ 9.6-13.56 THUE ¥) H JUR T Sirar
21 el Bt gieg 1 gerar &1 P o fIaRid Suh @t vl &1 & =9 (/397 372y
e} BT ITANT FHRap APRUT 3R B SHTH T FHRab A1 fopan T o | afomdt = gz
T B AT A STH & 1Y AT fbY T Nt & 1T I SigRul &, T o1 TS, of S
&I ST, Y[H Joi SR dTol aoT BT WeRiH BT | 37 TRumH! & RITUd B & §e, 3T
T H gRA-AIeS HR-Ud, Tgeavig, 3R Fafa-Raisr Sdve vonfert & forg fewmga
forg T Ssfaw gaaeg ¥eR Fufun & fafor 3k qarTds Uexi fazayor wfia g1
DHR-]A RIGR AT BT TE- 318 Sarae =11 UfehaT BT SUTNT HRob 76T 7T 4T, S el
T a% giar Felis &1 W& 9911 8 S RS He ¥ = 8T 8, 39 a1 Uh R,
TOR-FEfa Refs giar 8, st fR-R Od & =g & o1 8 31 g1 sg&rig At §
RSt iee (GRA-dISs didi / ToY) 3R gRgImINS (GRar / SRER-aISs diee)
RIGR TRl DT 3IehHD STHTT I AT, Forg= ARy IR WRaH1 & YR R T =Y
el MB1Ed B AT & fore a1ersti &l U Y SHR dhiud gRAT Reilsl Urbrsd ol
TR fordT| 3% faudid, gRar-dies gRSIhiid SR BIEeIhiad UleHRe® HIZeR
S O o Safad Fafor = meam Refie aR & a1y Teaad 1l &1 HeRH |

ST P T GAfaRUl & 3% d Ao DI AN TP 3R 3FY Hifdd IMEew
0N & Y UTTenR S8 axes eI, divt SHifdw & fawr &l uefid wrar §, e
Tﬁmﬁaﬁﬁmﬁ@ﬁﬁﬁ%ﬁ%l Mg-Zn-Biochar@lﬁqﬁﬁW
UrSRIfeH/aTaeR fHUTSd ddars (PVP/CMC) R8T Saae Ry HseRk WR TUTRT Th
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gfged THE § gUR o 9&hd ol 39 UHR, iRy s7afid U ¥ 7T g & 8-
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