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ABSTRACT

The growing global freshwater scarcity demands the development of sustainable
and decentralized water production strategies. Sorption-assisted atmospheric
water harvesting (SAWH) has emerged as a promising approach for capturing
moisture from air and generating clean water, irrespective of geographic
constraints. To empower the sustainable approach, suitable sorbent materials
such as hydrogels, metal-organic frameworks (MOFs) and their composite
structures have gained significant attention at the advent of their unique surface
features like tunable porosity, high surface area, stimuli-responsiveness, and
absorption desorption channels through functional sites. In chapter 2, we have
presented a composite sorbent material consisting of alanine amino acid-based
hydrogel and Al MOF. Stressing upon the fine-tuning of two individual sorbents,
we designed several hydrogel-MOF composites and optimized the concentration
of AI-MOF with 7.5 wt % of 0.5AHN with the best water uptake, moisture
sorption, and desalination efficiency. The synergistic combination of inherently
zwitterionic amino acid-based hydrogels with MOF opened up extended water
uptake channels for the overall composite. As a result of such irreversible
interaction, 0.5AHN_AIM(7.5) exhibited the highest sorption capacity of 2.21g g
" at 90% RH, whereas 0.26 and 0.47 g g moisture uptake was measured at
humidity levels of 40% RH and 60% RH, respectively. Moreover, with an
evaporation rate of 0.79 kg m™ h”, 3.4 g of saline water was converted into
freshwater within 3.5 h of solar irradiation to demonstrate its desalination
efficiency. Building on this work, in chapter 3, a super-hygroscopic composite gel
was developed using valine, 2-hydroxyethyl methacrylate (HEMA), and N-
isopropyl acrylamide (NIPAM)-based thermoresponsive hydrogel, integrated
with NH,-MIL-53(Al) MOF and hygroscopic CaCl, salt. The composite leverages
the synergistic hygroscopic properties of its components, achieving a water
generation capacity of 4.48 g g7 at 25 °C at 90% humidity. The molecular level
integration of the MOF's photothermal activity along with thermo-responsive
PNIPAM polymer, which exhibits a reversible hydrophilic and hydrophobic

phase transition, enables efficient photo-thermal responsiveness, resulting in
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complete water release within 30 min. The porous architecture and hygroscopic
design facilitate efficient moisture capture, in situ water liquefaction, and
effective water storage and release under varying weather conditions.
Furthermore, the material exhibits promising desalination performance with an
evaporation rate of 2.98 kg m™h™. This study not only addresses water scarcity
but also highlights the potential for developing advanced porous composite
materials for AWH and broader environmental applications. To further expand
the application potential, in chapter 4, a bimetallic Cr/Al MOF (BMOF) was
incorporated into the thermoresponsive valine-HEMA-NIPAM hydrogel system,
along with CaCl, salt, resulting in a multifunctional composite
(VHN_(CrqAl)m/CaCl,). This material combined the high surface area and
hydrophilicity of BMOF, the swelling-deswelling behavior of the hydrogel, and
the hygroscopic nature of CaCl,. The composite exhibited outstanding
atmospheric water sorption under 9o% RH, with a capacity of 4.9 g g™*. Upon
solar exposure (1 kW m™), the material rapidly heated to ~46°C within 2
minutes, enabling fast water desorption at a rate of 0.8 g g* h™1. The composite
maintained stable performance across multiple sorption-desorption cycles,
indicating excellent reusability. Notably, even under low to moderate humidity
conditions (20-80% RH), effective uptake values of 0.85, 1.01, 1.53, and 3.04 g g*
were recorded, demonstrating adaptability to varying environments and
practical applicability in real-world AWH systems. In addition to freshwater
generation, in chapter 5, we also explores the application of amino acid-based gel
materials and membranes for oil-water separation. A thermoresponsive
organogel was synthesized using amino acid-derived monomers and tested for
organic solvent and oil extraction. The organogel showed significant swelling in
a range of solvents, with maximum absorption of ~1100% for nonpolar and ~850%
for polar solvents. Kinetic studies revealed pseudo-second-order absorption
behavior, with excellent reusability maintained over 40 absorption/desorption
cycles and ~95% retained efficiency. When applied as an organogel membrane
for oil-in-water emulsion separation, it achieved >96% separation efficiency and
a separation flux of 2.4 x 102 L m™2 h™1, with 87.5% flux recovery after 10 cycles.

Its favorable porous morphology, hydrophobicity, resilience, and durability



across different aqueous media make it a viable material for environmental
remediation. Overall, this thesis presents a strategic platform for developing
multifunctional and sustainable materials for atmospheric water harvesting,
desalination and oil-water separation. The integration of responsive hydrogels,
photothermal and porous MOFs, and hygroscopic salts delivers high
performance across a broad range of environmental conditions. These findings
advance the field of water resource management and demonstrate strong
potential for real-world deployment in sustainable water and environmental

technologies.
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AR
Sedl afYe dTol oTd 1 ! ad 3R fadbsigrd STa Iae- RurHifaal & fawrg o
AN HR! ¢ | MRMH-TGTRd agHS T STd Sad- (SAWH) Th JHTa=ITe i
& =0 H I 7 SN 1ffiferes aemail &t wRarg fov fomT ga1 ¥ 1t &l ushe ok
TS Od 3T HI P (O J&H g1 59 Jad I hl Iad g4 & oI,
gRSIocd, Aed-3iiie ThHdR] (MOFs) 3R 3 JIRIHUN St SUged dlec
gfafsrareiaan, sk wrafde dgey & Aegd I Enyul-fauies -l &t
U & BRI, HEAYU! & 3B DR 5! 6 | AT 2 H, §HA T+ ST
TRIE- ST gTegIoid 3R Al MOF ¥ gad Uah Y Tide Il IRgd &1 g1 &l
AfRTTT Ty B GeA ST R g d §U, T B3 BIZSISA-MOF FaIeiH
f&GiTe fhT 3R 0.5AHN & 7.5 wt % AI-MOF Tigdl & W1y JIIF S g1, TH
A= 3R faciaufiierur qardl & U ergpfeid foban @i U 9
fSaersmafe saftAt TRys-3nemikd gzgoied 3R MOF &1 ganTd® JaieH
Fd o & fore fowaiRd o1 T8l o=al &1 WiedT 81 59 a8 &I fuRad-1g
3fa:fopdT & URUMRERET, 0.5AHN_AIM(7.5) 5 90% RH WR 2.21 g g I IAdH
i e ueRid @, Siafeh 40% RH 3R 60% RH 3MTgdl WRI UR HHTT: 0.26 3R
0.47 g g~* THI UGV AIGT 77| S AR, 0.79 kg m™ h™! BT AHIHIV &R &b
1Y, 3.4 TTH TR UM BT 3.5 G B IR fafezor & Hiar art ot & ufvafda fean
1 difds 34! facTauliehrur Gl UaiRid &t ol Hob | 39 B b SMUR WR, e
3 H, 9¢iH, 2-gT3giaeid AuIfhale (HEMA), 3R N-3TSOTURd Ufhamss
(NIPAM)-3TUTRA  yHf-gfafbarid gRsod &1 SN e U JUR-
eURSIU® AT o fawfya frar mar, Y NH,-MIL-53(Al) MOF 3iR
BISIRDIUD CaCl, TGV & 1Y Ubidhd (b T1T| Ig 0T 3(u-t Face arafiai
& TEUNTTHD STURDTUeh T[0T BT ATH ISTAT 8, 3R 25°C TR 90% STl H 4.48
g g7 DI O IATG &N U HRl § | MOF &1 hieiyHd TfAfafy 3k PNIPAM
giferR &1 Rafied gRgifthiae iR ESImINd IRu JHHUI B Sgd aral
3T R BT UHIHRU HRIA Wlel-yHd Ufdfshariierd &1 J&d &l o, oy
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30 e & iR quf 51a fariem 81an 8 | Tfess g 3iR ST feemga
TUTAT TH Udhe-, RIA IR ofd Sdid, 3R fafie daw Rufoadt & dgd oid o
SR T4 faied & U™ a-1d ¢ | 39 fdRad, I8 AER 2.98 kg m™
h™! $1 IdieRUr GR & JTY YHIGRITE faarauiienor yexi of wefdid wrdt 81 78
YT 7 Had o Gbe B JaIed dadl 8, dfc AWH 3R 3Ue ygfarufig
VAT & fou 39 Afess Taiford Sl & e & dura @i 1 IR
HRAT ]| STANT THTGISH B 3R 31fie AR B & oy, s1emd 4 o, ¥Hi-
gfafsrarelid daH-HEMA-NIPAM gIgsroid Uumelt ¥ fgenfa®s Cr/Al MOF
(BMOF) &I CaCl, @0l & Uiy ¥Ha foar mar, e aRum ey &
SgfohaT=ie fS01 (VHN_(CraAl)m/CaCl,) UTd §3MT1 39 ARl § BMOF &1 3=
Tde & 3R TSGR, gESNd &1 goid-Rigpsd aeR, 3R CaCl, B
BTUR U Ui Aferd 81 59 Y0 T 90% RH TR 4.9 g g B &HAT & 1Y
IHT agHSHUT o AR U Rid fhar | IR fafaor o kw m2) & g, a8 It
> e & fiR ~46 °C TH AST T TH g8, SR 0.8 g g™ h™! P &R I Al oI faATaH
GHT g3MT| e s 8 i - fEarei= et o fRR yeeiH s [adr g, St g9t
IPHY :UAIdl ) ST |1 faRy U 9, g & gy srear Rufaat (20-80%
RH) & ot prRr: 0.85, 1.01, 1.53, 3R 3.04gg! & UYHTAT TG0 JH Gof 1T TG, SiY
faft TafaRon & sHaRiadr SR arafd® fay AwWH gonfedl & SmagiReG
IUART &) A &1 arl oI IdTe & HfAfad, 31 5 H, g0 ffga-arex
QYR & fore safi uRre-snutia Sra amelt oiR fRifeerdt & srguran o1 oft
39T fman| U yHf-ufafrareia sifaee & ot tRrs-sgad A @
UGN R YA foa T 3R HTedfes Wieded 3R det ey & forg uieror
fopar | i A fafid Siccy (SRsafde® RRIF 2.25-46.7) H Ag@yUl
o fears, fores R-ydta Wieded & fog Sifiddd ~100% 3R Ydia Wieded &
foTT ~850% SHARITUT 31| TS 31eq 7 fgcfia- e WA & agR &I &ifT,
ORI 40 SARNYUN/fESTRA Th! H ST TA:UATT 3R ~95% B &1 §% Q&
7% T8 | 9§ d0-37-d1e} SHRM YTl & g STl faree! & ¥4 § A6
3T TR, T S¥H >96% JUTFHRUN G&IAT 3R 2.4 x 102 L m™ h™! HT GYTHR0T T
T o3, TT 10 Toh1 O S1G 87.5% TRAeRT J:UTTGT BRI B | SHDT 3D Afedx
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W1, TRSIEIRE, axiiaH, iR faftm oefln difgar & Rerw @
TIfeRU SUER & fort te g Ieh §91d €1 999 ® 0 9, 98 WY UeY
qRgHE A ofd Soe, faaaufieu, SR dd- ST gYamul & fog sgiharia ik
Iad IRl & fae™ & T te XoMifae #9 Ugd aRdl g1 ufdfhariia
gESIocd, BieIyHd 3R Afasg MOFs, 3R BISURDIUS Aqull & Uab 1l fafie
Tt uRkfRufad & 3o UeR e vl ¢ | 3 Fan ot SemeH Teied & &
@ 3T T & 3R Yod STat U yafarufi dienfiifeat & ardfaes givar &t oA
&1 I THTGTE TafRid Hd ] |
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