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A porous hygroscopic biopolymeric sorbent (PTPA) composed of
biocompatible polysaccharide pectate (PT) functionalised with
polyacrylic acid (PA) was developed, exhibiting enhanced water
uptake of 3.8 g g~ at 99% RH and efficient release. The synergistic
molecular structure and functional groups of the PTPA enable
humidity capture, high storage capacity, rapid vapor release and
efficient regeneration within 120 min upon exposure to 1 kW m—2
solar simulator irradiation.

Freshwater scarcity is an escalating global challenge, with India
projected to be among the most severely affected nations by
2050, hosting the world’s largest population under water
stress." Atmospheric water harvesting (AWH) offers great
potential to mitigate this crisis, as the earth’s atmosphere
contains approximately 1.42 x 10"° litres of freshwater, equiva-
lent to nearly 1.8 billion litres per person.”> Among various
approaches, sorption-based AWH (SAWH) is one of the viable,
cost- and energy-efficient methods for decentralised freshwater
production, being independent of geographical and hydrologi-
cal constraints. In SAWH, a hygroscopic, porous adsorbent
captures moisture from the air, and the adsorbed water is
released as vapors through mild heating, such as solar
energy.’ The released vapours can be trapped and converted
to liquid water by placing the sorbent in a closed chamber such
that the vapor condenses to liquid, enabling decentralised
water production.” Recent studies have shown the integration
of adsorbents with solar-driven AWH systems.® Conventional
hygroscopic sorbents often face limitations such as high cost,
agglomeration, and contamination of the produced water.® To
overcome these issues, polymeric hydrogels have emerged as
promising next-generation sorbents due to their cross-linked
porous networks enriched with abundant hydrophilic sites
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(-OH, -COOH, -SOz;H), which facilitate efficient water capture
through hydrogen bonding and electrostatic interactions.””® In
this context, studies from Guo et al. have highlighted the
importance of precisely manipulating polymeric chain interac-
tions to enhance water retention, mechanical properties and
mass transport in hydrogels.” Also, the thermal stability and
the robustness of the sorbent in water play a major role.'®"!
However, challenges related to the limited understanding of
polymer-water interactions governing sorption behaviour still
persist. To address these challenges and gain deeper insights
into understanding the role of active functionalities, this study
explored the role of sorbent design for enhanced moisture
sorption and release.

Herein, pectin (PC), a biocompatible and inexpensive poly-
mer with excellent gelling properties, was chosen as the poly-
meric support.'> To enhance its water sorption capacity and
thermal stability, PC was converted to PT and subsequently
functionalized with acrylic acid (AA) via free radical poly-
merisation, using N,N’-methylenebisacrylamide (MBA) as a
cross-linker. The resulting sorbent (PTPA) exhibited a high-
moisture uptake of 3.8 g ¢~ at 99% RH within 48 h without the
incorporation of hygroscopic salts and demonstrated remark-
able stability over repeated sorption-desorption cycles (Fig. 1a).
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Fig. 1 a) Schematic for the synthesis of PTPA for SAWH. (b) Photographs
of PTPA covered by the Petri dish, at various time intervals.
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Vibrational spectroscopic analyses (FTIR and Raman) were
conducted to elucidate the site-specific molecular interactions
governing moisture capture in PTPA. Owing to its hierarchical
and interconnected structure, PTPA absorbs water vapors that
diffuse into the polymeric network and is retained through
active functional groups. Upon heating the bottom of Petri dish
at 50 °C the released vapors condensed on the walls of the Petri
dish as macroscopic droplets, which could then be collected as
shown in Fig. 1b.

In this work, PC was first converted to PT (details in the SI).
FTIR analysis confirmed the de-esterification of PC to PT, as
evidenced by the disappearance of the ester carbonyl peak at
1734 cm ™" (-COOCH;) and the appearance of a strong band at
1589 cm™" (asymmetric stretch of COO™) (Fig. S1)."*'* AA was
polymerised to PA, where the disappearance of the peak at
1630 cm™ ' (C=C stretch) and the appearance of a new peak at
1552 cm™ ' (amide-II stretch) confirmed the incorporation of
MBA and formation of cross-linked PA (Fig. S2)."° Subse-
quently, PC and PT were functionalised with AA under identical
reaction conditions. For PCPA, characteristic peaks at
1716 cm ™' (=C=0O stretching), 1548 cm ™" (amide-II), 1403 cm ™"
(symmetric -COO™ stretching), and a broad overlapped region
from 1100-1000 cm™ " (-C-O and -O-H stretching) confirmed the
grafting of PC to PA (Fig. $3)."®"” In contrast, the FTIR spectrum of
PTPA (Fig. 2a) showed an additional intense band at 1634 cm ™",
attributed to the overlap of amide-I and asymmetric COO™ stretch,
indicating the grafting of PT to PA, forming PTPA and incorpora-
tion of additional active sites within the polymeric network
(Fig. 54)."®'° The microstructural features of the sorbents play a
crucial role in enhancing moisture capture, facilitating vapor
transport, and ensuring long-term stability.>°>* Microscopic ana-
lysis revealed that PTPA exhibit a hierarchical, petal-like porous
morphology, distinct from PC, PA and PCPA (Fig. 2b-d and
Fig. S5). In the case of PTPA, an interconnected porous network
was developed that promoted efficient vapor transport, while its
exposed active sites facilitated enhanced moisture capture and
storage, unlike PC and PA, where the surfaces were relatively
smooth and lacked well-developed pores. Although PA is inher-
ently hygroscopic, it did not exhibit sufficient capacity for
enhanced moisture capture due to the absence of a hierarchical
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Fig. 2 (a) FTIR spectra for the functionalisation of PT to PA using MBA as
the cross-linker, via free radical polymerisation. (b) FESEM image of PTPA
(20 um). (c) and (d) Magnified view of PTPA (10 pm, 3 pm).
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structure. While PCPA showed a rougher surface, the active sites
were not adequately exposed to achieve effective water sorption. It
is worth noting that in the case of PTPA, the abundant -COO™
sites of PT served as anchoring sites for growth of PA chains,
resulting in a cross-linked hierarchical network in which the
-COO™ groups from both PT and PA remained exposed on the
surface, enhancing water sorption and storage, while MBA
remained embedded within the polymeric network, contributing
to structural integrity without affecting the active sites.

The thermal stability profiles of PC, PA, PCPA and PTPA
(Fig. S6) reveal that all sorbents show a three-step thermal
degradation pattern. Among them, PC showed the poorest
stability with early decomposition due to its water loss, fol-
lowed by the breakdown of polysaccharide chains.?* PA demon-
strated moderately improved stability but experienced rapid
degradation around 400 °C due to decarboxylation and decom-
position associated with its ~-COOH groups.>* In comparison,
PTPA degraded more slowly than PCPA, owing to its stronger
cross-linked polymeric network. Furthermore, the abundant
-COO™ and -COOH groups in PT provided more interaction
sites, facilitating stronger hydrogen bonding, improved inter-
and intra-molecular interactions, and a denser gel structure,
which contributed to the superior thermal stability of PTPA.>®

To evaluate the sorbent’s moisture uptake performance, the
dried sorbents were exposed to humid air (99% RH, 25 °C), and
their uptake capacities were compared (Fig. 3a). The grafting of
PT to AA enhanced the moisture uptake to 3.8 g g~ ', compared
to PC, PA and PCPA, due to its abundant -COO™~ and -COOH
functional groups in PTPA together with its hierarchical petal-
like structure that facilitated vapour diffusion and sorption. PC
showed the lowest moisture uptake because of limited hydro-
philic functionalities, being dominated by ~-COOCH; groups.
The PTPA was further evaluated under different humid condi-
tions (10% RH-99% RH, 25 °C), and it demonstrated 0.3,
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Fig. 3 (a) Moisture uptake kinetics of PC, PA, PCPA and PTPA at 99% RH
and 25 °C. (b) Moisture uptake kinetics of PTPA at 25 °C and different
humidity levels. (c) Desorption kinetics of PTPA under 1 Sun illumination.
(d) Cyclic stability of PTPA for moisture sorption and desorption.
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0.49 and 1.69 g g~ water uptake at 35, 50, 99% RH, respectively
within 12 h, without the presence of hygroscopic salts (Fig. 3b).
The high-performance and salt-free sorbent’s hygroscopic prop-
erties highlight its reliability and practical potential in SAWH.
To understand the sorption behaviour of PTPA and the role of
active sites, the moisture uptake of PTPA was measured over a
range of relative humidity levels from 5% to 95% using a
dynamic vapor sorption analyzer. As shown in Fig. S7, PTPA
exhibited Type III sorption isotherm, and the surface area of
PTPA came out to be 190 m* g~

Efficient desorption of captured vapors plays a critical role in
achieving efficient SAWH performance. As shown in Fig. 3c,
Saturated PTPA released the captured moisture completely
within 120 min under simulated solar irradiation (1 kW m™2),
demonstrating its rapid and enhanced water release capacity.
This fast release is attributed to its interconnected porous
network.?® Thermal imaging under 1 Sun further confirmed
its photothermal conversion capability, with the surface tem-
perature of PTPA reaching 51 °C within 120 min (Fig. S8),
sufficient to weaken hydrogen bonds and accelerate the water
release.

The cyclic stability of PTPA was investigated through
repeated adsorption-desorption cycles (Fig. 3d). In the first
cycle, the sorbent was exposed to 99% RH for 60 min, followed
by 60 min of solar irradiation (1 kW m~?) for desorption. From
the second cycle onward, the adsorption time was reduced to
30 min, followed by a 45-min desorption period. PTPA main-
tained stable performance over seven consecutive cycles. In all
cycles except the first, the sorbent achieved 100% desorption of
the adsorbed moisture, attributed to the strong hygroscopic
nature of PTPA. In the first cycle, complete desorption was not
achieved within the allotted time due to the higher initial
moisture uptake; however, extended exposure to solar irradia-
tion enabled complete moisture release within 120 min. This
behaviour is consistent with recent studies where strong poly-
mer-water interactions in hygroscopic gels lead to locked water
within the network.?”*® To identify the stability of PTPA under
natural conditions, PTPA was exposed to normal laboratory
conditions for 1 month, and FTIR showed no noticeable
changes compared to the original material, indicating that
the composite remained structurally stable (Fig. S9) and did
not undergo microbial degradation under these environmental
conditions. Also, PTPA was exposed to 99% RH for 7 days, and
we observed leakage on the 7th day, indicating its long-term
stability and high swelling capacity (Fig. S10). The leakage was
due to the saturation of active sites. The future work will focus
on improving water retention through modifying the composite
design, including the incorporation of inorganic components
like FeOOH.*

To identify the active sites involved in moisture capture,
time-dependent ATR-IR measurements were performed by
exposing PTPA to 99% RH, starting from 30 min to 240 min.
The corresponding parent IR spectra are in Fig. S11, and the
deconvoluted region (2000-1000 cm™ "), focusing on the rele-
vant features, is shown in Fig. 4. Peak shift from 1716 to
1692 cm ™' (-C=O0 stretch) along with the red shift of COO™~
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Fig. 4 Deconvoluted time-dependent IR spectra of PTPA at regular time
intervals after exposure to 99% RH. The composite spectra are shown as
thick lines. The experimental spectra are shown as thin lines. Individual C—
O-/C—H/-OH peaks at 1310 cm~%, C-O-C at 1360 cm™, and COO~ at
1710 cm ™ were not fitted separately. Chamber was maintained at 99% RH.

groups (1620 to 1639 cm™ " and 1405 to 1414 cm™ ') indicated
hydration of -COO™ sites within 60 min, suggesting -COO™
sites as the primary active sites for moisture absorption.
Additionally, a peak shift in the glycosidic backbone of PTPA,
from 1178 cm ™" to 1190 cm™ ' after 60 min, suggested hydra-
tion of the polymeric chain, beyond which no further change
was observed. The fitted peaks centred at 1352 cm™ ' (-CH/-OH
vibrations)*®**° and 1274 c¢cm™' (C-O-C stretching) were
observed in the case of PTPA because of grouped vibrational
modes.'® Upon prolonged exposure at 99% RH, these peaks
merged into a broader peak at 1335 cm ™, arising from grouped
frequencies of C-O-/C-H/-OH functionalities, along with the
contribution from adsorbed water,*! suggesting backbone swel-
ling and hydration, where water vapor diffused and disrupted
intra-polymer hydrogen bonds. In contrast, no peak change at
1554 cm ™' (amide-11)** was observed in 240 min, indicating its
minimal involvement in moisture capture. A broad peak
centred at 1655 cm ' (coupled vibration of~-COO~ and H,O
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bending)** appeared after 60 min and intensified within
240 min, signifying the accumulation of bound and clustered
water within the polymeric network.

To investigate the state of adsorbed water in PTPA during
vapor sorption, Raman spectroscopy was performed after
240 min of exposure at 99% RH. A broad -OH stretching band
(3200-3800cm™") centred at 3497.5 cm ' was observed
(Fig. S12). Deconvolution of this region revealed five distinct
peaks. The peaks at 3373 and 3444.4 cm ™' are associated with
symmetric and asymmetric tetrahedral structures of free
water.>® The bands at 3510 cm™" and 3568 cm™ ' represent
intermediate water involved in partially disrupted hydrogen
bonding and non-tetrahedral structures within PTPA,*
whereas the peak at 3635 cm ™' is for weakly bound or free
water, enabling low-energy evaporation.®**°

To enable the development of practical SAWH systems for
decentralized access to clean water, it is essential to evaluate
the cost of the developed sorbent. The cost of PTPA was
compared with that of existing SAWH sorbents (Table S1).*
PTPA was found to be comparatively inexpensive, with a
material cost of $ 0.027 g~* for 1 kg of water production per
day, which is lower than that of most reported materials.
Furthermore, the synthesis does not involve the use of organic
solvents, making the process greener and reducing material
wastage, thereby enhancing the feasibility and practical
potential of PTPA for large-scale and decentralized SAWH
applications.

In this work, SAWH sorbent was developed without the use
of hygroscopic salts, demonstrating efficient moisture capture
and release along with repeated cyclic stability. The intercon-
nected petal-like hierarchical structure enables the moisture
capture, while the active sites of PTPA promote the hydration
and storage of water molecules within the network, as con-
firmed by the time-dependent FTIR studies. Overall, this work
presents a cost-effective sorbent for SAWH, improving the
feasibility and affordability.
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