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This study presents experimental and theoretical investigations on water vapor mass transfer of a novel hydrogel
compound based on alginate and graphite. This hydrogel enables rapid, reproducible, and thermally driven
cycles for the adsorption and desorption of water vapor from ambient air for atmospheric water harvesting
applications. We study the impacts of hydrogel composition on sorption capacity and kinetics using sorption/
regeneration experiments under various environmental conditions. Theoretical models based on Fick’s law of
diffusion and Linear Driving Force are developed and validated with experiments to optimize thermal cycling
conditions within the temperature range of 20-100 °C. The bio-based hydrogel exhibited remarkable water
uptake, ranging from 0.5 to 0.9 g/g, with RH below 30 and 50 %, respectively. This low-humidity setting enables
a water production rate of 1.6-2.9 L/kg of sorbent per day with a low-grade thermal regeneration (60-100 °C).
Natural graphite microparticles improve water vapor release kinetics during regeneration, with an effective

diffusivity coefficient of around 10! m?/s.

1. Introduction
1.1. Problem statement

Atmospheric water harvesting (AWH) is a promising solution to
produce water when natural sources such as surface freshwater are
unavailable [1-5]. AWH involves the separation and condensation of
moisture from the atmosphere. This technique offers a promising option
for desalination in situations where the distance from the sea or brackish
aquifer makes other methods less competitive, providing an effective
solution to access freshwater in remote locations [4,6-9].

One approach for AWH involves lowering the air temperature below
the dew point through refrigerant cooling cycles [5,8,10] or thermo-
electric coolers [11,12]. These systems are typically suitable for humid
environments and consume more than 0.3-1 kWh/L of electricity, with
an expected loss of efficiency in dry climates [5,10,13].

In contrast, another method employs sorbents that cyclically capture
(adsorb/absorb) and release (desorb) moisture from the air [10,14-16].

While the wetting stage occurs naturally due to weak intermolecular
forces (e.g., van der Waals and dispersion forces [17,18]) between polar
water molecules and the sorbent, the drying stage necessitates an
external heat source to activate and drive material regeneration. The

energetic demand for sorbent regeneration is within 10-40 kJ mol ! 17>

18 Interestingly, despite the distinct physics involving desorption and
liquid/vapor phase change, the heat associated with moisture sorption
and water vaporization heat (2250-2500 kJ kg’l) are comparable [18].
On the other hand, freshwater produced through membrane desalina-
tion, despite the concerns related to environmental issues [19-21], has
three orders of magnitude less energy demand (1-3 kWh m~ 3 [22]
electricity consumption). The remarkable difference originates from the
inherent disparities between the two approaches: one process involves
the phase change of water, while the other maintains the water in its
liquid state.

Nevertheless, numerous studies explore integrating AWH and
renewable heat sources, such as solar thermal energy and waste heat, to
favor more sustainable water production [23-31]. We have demon-
strated in an earlier study that an isothermal regeneration driven
through co-located heat and mass transfer contributes to reducing en-
ergy consumption (1 kWh per liter of water) [27]. It was possible to
produce fresh water with low-grade heat from solar energy using a heat
and mass exchanger based on silica gel operated in dry climates. Given
the silica gel’s low water uptake potential, the system’s daily water
productivity is low (0.1 L/Kgsilica gel/day). The daily production of 25 kg
of silica gel was 1.5-3.3 L/day.
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New performing sorbents are then required to meet both energy ef-
ficiency requirements and daily production. The ideal sorbent for AWH
exhibits high moisture uptake (g§water/8dry-sorbent) and rapid material
charging/discharging cycles. Further, thermally activated cycles are
more convenient when the regeneration temperature is low to enable
solar thermal energy or waste heat exploitation. At the same time,
higher temperatures accelerate desorption kinetics, while to fulfill
equilibrium uptakes may require a long time. An optimal trade-off be-
tween the sorbent’s water uptake capacity and kinetics is required.

The literature presents multiple examples of sorbents [10,14-16,32]
exhibiting some of those characteristics. The sorbent manufacturing
practice that achieved the highest water uptakes is impregnating porous
sorbent or polymers with hygroscopic salts. For example, in many earlier
studies, porous nano-carbon structures were soaked in aqueous solutions
of LiCl, CaCly, and MagSO4 with concentrations mostly close to the
saturation level (~40-50 % in mass). Examples of such systems include
carbon nanofibers [31,2,33,24,34], carbon nanotubes [35,36], and
lithium-based nanospheres [37]. Other options based on a similar
approach involve sorbents such as hydrophilic graphene oxide [33],
SiOy 39, and Metal-Organic Frameworks (MOFs) [30,32,38]. Increasing
salt confinement in the structure increases equilibrium moisture uptake,
and hygroscopic supports like composites based on polymers [30,31,35,
36,39,25,40-42] or hydrogels [41,43-48] have shown superior results
using similar proportions of LiCl and CaCl,.

Although higher salt concentration improves the equilibrium uptake
at low humidity conditions, it may negatively affect the kinetics or
required regeneration temperature. Water uptakes are usually between
0.4-0.7 g/g when RH is below 50 %. When RH is higher, taking
advantage of salt deliquescence, values overcome the unity, while
equilibration times are typically higher than 400-600 min and regen-
eration temperature around 90-140 °C.

Another crucial aspect is the biocompatibility of materials when
producing drinkable water from the available moisture in the atmo-
sphere. Favoring salt deliquescent state, if not under control, results in
leakage from the porous substrate. The intrinsic corrosive nature of
CaCl; and the toxicity of LiCl pose questions about their use at high
concentrations for long-term applications in a real engineered system.
The leaching out of chemicals or impurities into the water from the
sorbent or other components, such as tanks, pipes, filters, and other
surfaces coming in contact with the harvested water, can compromise its
safety and make it unsuitable for drinking or other uses. Therefore,
sorbent design/selection must consider those aspects, especially because
continuous cycling of the sorbent can degrade its structure. If the sorbent
material is designed with harsh or not biocompatible chemicals, the risk
of contamination can be problematic for human use.

Considering this broad point of view, this paper focuses on natural
hydrogels as a sorbent solution for AWH applications.

Natural hydrogels encompass water-based polymers derived from
monomers that comprise natural proteins and polysaccharides such as
starch, agar, chitosan, and alginate [49,50]. Alginates [51], in partic-
ular, have found widespread applications in drug delivery [52,53], tis-
sue engineering [54], water remediation for oil and heavy metals
[55-58], and concrete self-healing [59-61] or moisture buffering [62].
Alginates are particularly interesting for atmospheric water harvesting
because of their inherent affinity with moisture [63,64] and very good
biocompatibility [35,43,65].

1.2. Objectives

This research investigates the exploitation of a biopolymer based on
alginate for AWH applications. The objective is to define an optimized
composition for thermal cycles with regeneration temperatures above
60 °C. The optimization focuses on maximizing the moisture uptake and
release kinetics of the sorbent to improve daily water production in low-
humidity environments. The final aim is to produce a bioderived poly-
mer capable of running multiple daily cycles of sorption/regeneration to
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harvest water from the atmosphere.
2. Methodology

The study consists of three sections. The first section investigates
how varying constituent concentrations impact the response of com-
posite biopolymers using calcium alginate to regeneration/sorption cy-
cles. The second section critically analyzes and compares two theories
on sorbent kinetics to understand how various parameters affect mois-
ture uptake and to determine the best-fitting modeling approach. The
final section describes the optimization strategy based on the developed
model to determine an optimal cycling time for low-humidity environ-
ments, maximizing moisture uptake capacity and daily water
productivity.

2.1. Materials

2.1.1. Synthesis of alginate biopolymer

Calcium alginate (CaAlg) is the basis for producing the different
samples of hygroscopic polymers. The polymerization, obtained by
crosslinking blocks of Sodium Alginate (NaAlg) hydrogel with Ca®* ions
dissolved in a CaCly/water solution, exploits the phenomenon called
ionotropic gelation [66], generating polymer chains propagated as in
the egg-box model [67-70]. NaAlg (repeating blocks of Mannuronate and
Guluronate with Na' radical) is a salt originated from the poly-
saccharide constituents of cell walls from brown algae [71].

Fig. 1 depicts the schematic of the sample synthesis process. Iono-
tropic gelation is achieved by dripping the NaAlg/water gel into the
CaCl,/water solution, initiating a substitution reaction between Na* and
Ca?* upon contact between the interfaces of the two substances. The
Na™, expelled by the NaAlg monomers, forms a solvated structure with
C1%~ residuals in the water solution [66,68,72,73].

Composite hydrogel samples include natural graphite with 99 %
carbon and 0.2 % residual ash. Graphite was initially sonicated in
demineralized water, obtaining particle sizes between 4-6 um, and later
mixed with the NaAlg hydrogel. The homogeneous viscous gel is dripped
into the crosslinking solution containing the Ca>* initiator, instanta-
neously forming 6-7 mm diameter spherical particles. Then, the
spherical beads are thoroughly rinsed with demineralized water and
dried in a ventilated oven at 70 °C. Table 1 reports the concentration of
each constituent to realize six different compositions labeled from S1 to
S6 and the average particle radius over a random selection of 15
spherical particles. The size measurement is the average between the dry
(80 °C, RH < 5 %) and wet (30 °C, RH = 55 %) conditions. The salt
concentration compared to other referenced [41,43-48] work is 10
times lower to avoid the leak risk and reduce the consumption of ma-
terials and waste production.

2.2. Experimental testing

2.2.1. Adsorption/regeneration tests

Initial experimental investigations, conducted on 6 different sam-
ples, assessed the influence of each component on the kinetics during
sorption and regeneration cycles. These samples (initial weight of
approximately 2 g) underwent a preconditioning process in a controlled
environment with a fixed temperature and relative humidity (Tags,
RH,gs) for a duration exceeding 24 h. The preconditioning allowed the
samples to establish equilibrium with the surrounding environment.
Subsequently, the samples underwent regeneration at a constant tem-
perature (Trg) and ambient vapor pressure using a thermal balance
(Kern DBS60-3) with an error of +3 mg. The balance monitored samples
mass change for the entire duration of the transient fixed at 180 min,
sampling one measurement every 5 s. After the regeneration, the sam-
ples experienced sorption with the same T,qs and RHyqs as for the pre-
conditioning. The samples were periodically weighed with an analytical
balance (Kern ABJ 320-4NM) with an error of £0.3 mg. The weightings
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Fig. 1. a) Schematization of the procedure for realizing spherical particles based on Calcium Alginate. b) A picture of the setup dripping the composite hydrogel in
the crosslinking bath with calcium chloride. ¢) Magnification of the 3D-printed nozzle to drip the hydrogel. d) Spherical particles of crosslinked calcium alginate with
graphite formed after the dripping of the hydrogel into the CaCly/water solution. The picture on the right highlights that upon drying at 70 °C in a ventilated oven,

the final shape of the particle considerably shrank compared to its original form.

Table 1

Sample list with concentrations of each component used for the biopolymer synthesis and sample average particle radius. Each column reports the water mass ratio of

NaAlg, CaCl,, and graphite used for the preparation.

S1 S2 S3 S4 S5 S6
NaAlg/H50 [%] 1 1 2 2 1 1
CaCly/H,0 [%)] 5 10 5 10 5 5
Graphite/H>0 [%] 0 0 0 0 0.1 0.025
Particle radius (mm) 0.65 0.68 0.59 0.68 0.91 0.68
Label Alg;Cas Alg;Cajo Alg,Cas Alg,Cajo Alg;CasGo 1 Alg;1CasGo.o25

were: 6 times every 10 min for the first hour, 8 times every 15 min, and 4
times every 30 min. This comprehensive measurement schedule covered
3 h of the regeneration process and 5 h of the sorption process. The
procedure was repeated for each sample, with a constant T,qs of 21 °C.
However, the RH,gs were adjusted to achieve equivalent environments
at 30% and 50% during preconditioning. Similarly, tested regeneration
temperature was 60 °C, 80 °C and 100 °C. The results of these tests are
presented and discussed in Figs. 2 and 3.

2.2.2. Scanning electron microscopy

After completely drying at 100 °C, samples S1 (with no graphite) and
S5 (with a graphite/water ratio of 0.1 %) are imaged using Scanning
Electron Microscopy (SEM) (FEI Quanta). Fig. 4 reports two magnifi-
cations outlining the main differences on the outer surface generated by
adding graphite to the biopolymer.

2.3. Theoretical models

The study exploits two distinct model families to describe moisture
mass transfer: Fick’s law of diffusion (FD) [18,74,75] and Linear Driving
Force (LDF) [18,74,76] potential. The FD models involve mathematical
expressions derived from the integration of Fick’s first and second laws
of diffusion. On the other hand, the LDF models encompass different
modifications of the Newtonian simplification of Linear Driving Force

potential.

Both the FD models and the LDF models establish a relationship
between the average concentration (C~ [kgHzo/mS]) across the volume
of the sorbent and time. On the other hand, experiments provide in-
formation in terms of water uptake wyy, i.e., the instantaneous mass of
water per unit of sorbent dry mass [gx20/8dry-sorbent]). Under the hy-
pothesis of sorbent constant volume during both adsorption/desorption
processes, the fractional approach to equilibrium &(t) in Eq. (1) provides
the link between C and wyy), for each time of the transformation [18,74,
77]. Subscripts “0”and “eq” represent the initial and equilibrium
quantities.

f(l) - C() _ W([) — Wo
Ceq - CO B Weq — Wy

e(t) = (€]

In addition, the engineering applications and experimental tests
focus on the average adsorbate (C™) at each time rather than its spatial
distribution (C). The link between the two terms for a spherical particle,
D, is given by:

c@t) = —-/C(r, 1)-dv 2

2.3.1. Fick’s law of diffusion
The mass rate of water vapor diffusion per unit area of the sorbent (J
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Fig. 2. Time-dependent water uptake variation between sorption and regeneration. On the x-axis, the time t in hours; on the left y-axis, the water uptake w,),; on the
right y-axis, the relative humidity RH within the conditioning chamber during sorption. a) Results of samples S1, S2, S3, S4 at low humidity. b) Results S1, S2, S3, and
S4 at medium humidity. ¢) Results of samples S5 and S6 at low humidity. d) Results of samples S5 and S6 at medium humidity.
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Fig. 3. Effect of regeneration temperature on desorption kinetics for each tested composition. In the y-axis, the water uptake normalized to the equilibrium value.

[kg/mzs]) is proportional to the normal (n) gradient of water concen-
tration (C [kg/m3]) as in Eq. (3)[74]. The diffusivity D [mz/s] is the
coefficient of proportionality linking the flux with the normal concen-
tration gradient. The mass balance around a non-deformable elementary
volume of interest by J describes the variation of C over time as in Eq.

4.

oC
JoCc
5 = V(ve) 4

Under the hypotheses listed below, Eq. (4) transforms into Eq. (5).

i) Independence of diffusivity by space coordinates and directions
(i.e., homogeneous and isotropic material).

ii) Physical and geometrical spherical symmetry (the sorbent is a
spherical particle with radius r).

iii) Differently from typical solid sorbent particles, i.e., obtained by
the aggregation of single sorbent crystals, thus generating intra-
crystalline macro-porosity, the crosslinking process producing
CaAlg biopolymers generated directly single spherical particle,
equivalent to a unique single sorbent crystal. Thus, the typical
corrective coefficient for macro-porosity (8p18,82) is negligible.
Diffusive resistance relates only to micro-porosity;

iv) The heat related to adsorption/desorption does not influence the
temperature of particles or the chamber. Hence, processes follow
an isothermal transformation.

v) Dependency of D from instantaneous water uptake is negligible.
Thus, D is a constant over the time domain.

ror ®)

ac #C 20C
E’D'(ﬁ **)

The spatial integration domain is between the center (r = 0) and the
particle radius (r = Ry). The physical conditions at these two boundaries
must be coherent with testing conditions to obtain proper results. Thus,
their correct choice leads to analytical solutions for Eq. (5).
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1 mm
]

Fig. 4. SEM imaging of two spherical beads of CaAlg biopolymer. a) Spherical
particle with the S1 composition. b) zoom of its outer surface. ¢) Spherical
particle with 0.025 % (sample S6) graphite concentration composition. d) zoom
of its outer surface.

The first boundary is C(r = R,) = C,, V t. Indeed, knowing that water
diffusivity in sorbents is many orders of magnitude lower than water
diffusivity in the air (i.e., at ambient temperature Dy2g.qir ~2.4 X 107>
m?/s 18 while for silica gel Dr20-(sio2)n ~1071! m?/s 1881:82) the water
vapor boundary layer around the particle can be neglected. Hence, the
particle’s outer surface (r = Rp) immediately reaches air bulk conditions,
i.e., the conditions of the undisturbed environment at any moment.
Given the isothermal hypothesis, this equilibrium equals the sorbent-
moisture adsorption isotherm (C,g). Then the equivalence C(r = R,)=
Co = Ceq is valid.

Table 2

International Journal of Heat and Mass Transfer 219 (2024) 124794

The second boundary results from the spherical symmetry: dC/dr,—o
= 0 (the mass flux at the center of the spherical particle is null).

Table 2 summarizes three different analytical solutions (FD, FDgy,
FDgw) obtained by integrating Eq. (5), in combination with Egs. (1) and
(2), according to each specific boundary (B.C.) and initial conditions (I.
C).

The FD represents the typical solution when relative humidity at the
boundary layer is constant over the moisture transfer transient [74].

The first proposed alternative, FDgy (analytical passages in section
A5 of supplementary information), results from the analytical integra-
tion considering linear time dependant concentration of water vapor in
the air, as the equation Cs(t) = p + gt such that Coo(t) = Ceoyeq RH(t)/
RH,q. This solution is suitable only for adsorption since the initial con-
centration must be null.

The second alternative model, FDgy, is a step-wise variant of the FD
model with constant air humidity. The solution comes from the subdi-
vision of the entire time interval, t, into subintervals of small and finite
duration ; < t < tj;1. The initial concentration of each subinterval is
assumed to be uniform and equal to the equilibrium concentration of the
previous subinterval. This approximation assumes a uniform concen-
tration all over the spherical particle. In reality, this condition is hard to
achieve, and the resulting implications are discussed in the following
sections.

2.3.2. Linear driving force potential

The LDF model follows a Newtonian analogy for defining the sorp-
tion driving force. In particular, the mass transfer crossing the sorbent
outer surface is proportional to the difference between the instantaneous
gas-side bulk concentration C,, and the average adsorbate concentration
c®.
dc(r)

dt

As shown in Eq. (11), the proportionality factor, K, includes the
sorbent effective diffusivity (D), the square of the particle radius, and a
shape factor (Fp). In the case of spherical particles and average con-
centration defined as in Eq. (2), Fy equals to 15 is a typical excess

= K-[Cu(r) — C(1)] (10)

Analytical solutions of Fick’s diffusion considering first a constant humidity condition at the boundary layer (FD), second a linear variation of humidity at the boundary
layer (FDgry); third, a stepwise instantaneous equilibrium within the sorbent particle, under the hypothesis of a linear variation of RH (FDgw).

Model Additional hypotheses I.C. and B.C. Analytical Solution
FD[74] - C, constant over time Cl,ro =Co L(Dt
Constant al —_c i R_g
humidity FD TRyt T e 1 65y e
umidity ac W =1-53 = | ©
E\po =
FDry - C, is a time-dependent function Clo=0 . Dt) | o Dt
Linearly - Co (1) is a function proportional to 6D T\ R2 "\ R2
Cl_p + = Cu(t _ o ~ =
variable ambient air RH(t) Ir—ryc ® e(t)gywo—0 = RZ 'Zn:1 ¢ P /(P +qt)-e P/ dt| =
P
0

humidity FD - RH(t) changes linearly between RH;
at time t;=0 and RHy at time tg

- initial sorbent concentration is null

ac
E\po =0

v j time interval
te f<t<ti:

FDgw
Stepwise FD

- Co (1) varies as in FDgry
- the particle reaches a uniform

concentration within each finite Cloe =G
A=
integrating time step j<t<tj,;
Clr—g,: = Coo(t})
oC
or l—o =0
r

6D w Jptaqt q q P | knit
== - + ———|-e 7
(Rg) anl{ T T Al i @)
where
1 RH; — RH;
p= JARE - (T
RHq tr—t
1 (RHf - RHi)
1= RE, \ - ®)
D
- _Rﬁ
v j™ time interval t e tj<t<tj,1:
D-(t—t
LI
C(t) - G w(t) —wo, 6 | P
e(t); = = —1-2 9
O =) =G wals) w2 | ©)
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The hypotheses listed before, from i) to iv), are still valid under the
LDF model. Table 3 summarizes three different analytical solutions
(LDF, LDFpyw, LDFy,) obtained by integrating Eq. (10) in combination
with Eq. (1) according to each specific boundary (B.C.) and initial
conditions (I.C.).

The base LDF solution follows the integration of Eq. (10) under the
additional hypothesis and the specific initial condition (I.C.), as reported
in Table 3.

The LDFpy model (analytical passages in section A6 of supplemen-
tary information) supposes a dependency of diffusivity by the adsorbate
concentration, keeping Coo and Rp constant. In particular, the depen-
dence is supposed to be linear, where the dependent variable is the
instantaneous water uptake: D(wp) = a + b wgy. The time integration
provides an analytical solution dependent on the two parameters, a and
b, keeping a physical interpretation of the others.

On the contrary, the LDFS model includes a corrective parameter m
as an exponent of the adimensional group (D t/Rﬁ) [78]. The coefficient
introduces additional freedom, improving the successive fitting pro-
cedure. On the other hand, the physical interpretation of the model is
less strict.

2.4. Fitting procedures for the evaluation of diffusivity

Validation of the analytical solutions reported in Tables 2 and 3
follows a fitting procedure against experimental tests performed for each
sample and for each testing condition, i.e., RHags (30 %, 50 %), Tags
(21 °C), and Teg (60 °C, 80 °C, 100 °C). The fitting procedure goal is
quantifying D with the different hypotheses and models.

The fitting procedure follows the criteria of the least square root
error minimization [79]. It consists of searching, for each of the
analytical solutions, the values of the parameters minimizing the error
function err(ps, p2,-.., pm) as defined in Eq. (15). It is the total sum of the
squared differences between each experimental value y; and the model
value f(t; p1,..., pw), evaluated at the same time t;.

N
err(pi,pa,-.,Pu) = Z [t p1,p2, - Pm) *Yi]z as)
i=1

The function f(t; p1, p2,..., pm) is the instantaneous water uptake w).
The algorithm used for the error function minimization is the Simplex
Nelder-Mead method [80,81]. The residual tolerance truncating the
optimization algorithm is 107** in all tested models.

Table 4 lists the error function parameters and their initialization
value for the adsorption and regeneration phases. For FDgy the number
of sub-intervals is 100, while the time tessellation is composed of a grid
of 200 nodes.

Table 3

International Journal of Heat and Mass Transfer 219 (2024) 124794

Table 4
Parameters used for the fitting procedure through the minimization method
based on the Nelder-Mead algorithm.

Analytical solution

FD  FDpy FDsw LDF  LDFp, LDF,,
Equation M M= M = M= M=2 M=2
parameters =1 1 1 1 pi=a pi=D
P1 pi= pP1= P1 pz=b pz=m
= D D =D
D
Initialization Dinie = 10" m%/s Qinit = Dinic Dinie =
value for =102 1072
adsorption m?%/s m?%/s
Mipie = 1
Initialization Dinie = 5 x 1071 m?/s Qinit = binit Dijpir =5
value for =5x x 1071
desorption 1071 m%s m?%/s
Mipe = 1

3. Results and discussion

3.1. Influence of CaCly, NaAlg, and graphite on sorption/regeneration
kinetics

Fig. 2 presents the water uptake variations of each sample during the
regeneration and sorption cycles at two different relative humidity (RH)
levels, 30 % and 50 %. Fig. 2a and b correspond to samples S1, S2, S3,
and S4 (without graphite), while Fig. 2c and d represent samples S5 and
S6 (with graphite). The solid lines in the graphs, depicted on the left
vertical axis, represent the changes in water uptake throughout the
regeneration phase (first 3 h) and the subsequent sorption phase (last 5
h). On the other hand, the dotted lines illustrate the RH values measured
within the chamber during the sorption phase. During the regeneration
phase, there is no humidity control, and samples experience ambient
vapor pressure conditions at the specified regeneration temperature.

Higher RH shifts the sorption uptake curves towards higher values,
increasing the equilibrium water uptake and the initial slope of w(. The
equilibrium value w,q is the intercept value at the time 0, hence the wo of
the regeneration phase. It results from the exposure of samples for more
than 24 h within the conditioning chambers.

The RH in the chamber with controlled humidity increases over time,
starting from an initial RHy close to 25 % and increasing towards the
equilibrium value of 30 %. RHj is close to 30 % in the second case, while
the final value is around 42 %, still far from the equilibrium value of 50
%. Right after the end of the regeneration, the sample is positioned in the
chamber with an RH equal to RH,,. The moisture sorption rate is high
when the material is completely dry, influencing the chamber RH. The
influence reduces over time as the wy of the sample increases and the
water mass rate decreases.

For this reason, during the experiment, samples experienced an
average humidity condition (RHgy,) lower than the RH,  designed for the
experiment itself. Table 5 reports actual values related to water uptakes

Analytical solutions of the linear driving force model considering first constant diffusivity against the water uptake (LDF); second, a linear dependence of diffusivity
from water uptake (LDFpy); third, a coefficient m affecting the adimensional exponent of the solution (LDFy,).

Model Additional hypotheses I.C. Analytical Solution
LDF[18] - hypothesis v) is valid C(t=0) = Fo ‘D~t
Baseline Co e =1—e R2 (12)
LDFpy - hypothesis v) is modified. D is linearly dependent on water uptake as Ct=0) = Fo(a+bwe) .
w dependent diffusivity follows: D(w) = a+ b w(t) Co . R2 _1
t 13
LDF = F@ i bwg) (13)
e RI% +b- (Weq — WD)
a+bwy
LDFS - hypothesis v) is valid Ct=0) =

Modified LDF - a corrective power coefficient m is introduced
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Table 5
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The table reports values of regeneration/sorption tests: the water uptake at the start of regeneration (wy, coincident with equilibrium water uptake at the specified RH
and T = 21 °C); the water uptake after 5 h of sorption (wsp); RH at the start (RHp) and end (RHsy,) of sorption, and the average RHayg.

Sample label RH = 20-34 % RH = 30-47 %

Wo Wsh RH, RHsp RHayg Wo Wsh RHy RHsp RHayg

[gH20/8dryl [8H20/8dryl [%] [%] [%] [8H20/8dryl [8H20/8dryl [%] [%] [%]
S1 0.515 0.436 26.46 33.44 27.17 0.683 0.562 28.00 48.10 35.35
S2 0.610 0.570 22.57 34.40 22.90 0.880 0.706 30.00 46.20 34.95
S3 0.300 0.149 27.23 33.95 29.63 0.412 0.309 38.10 48.40 40.82
sS4 0.573 0.464 26.43 33.82 24.04 0.695 0.542 30.50 47.52 36.47
S5 0.448 0.407 27.55 33.58 27.76 0.601 0.527 32.30 46.00 36.87
S6 0.518 0.468 27.71 34.62 27.06 0.647 0.522 35.60 45.87 38.11

and RH experienced by each sample and for each testing condition. The
increased CaCly concentration, i.e., evident by comparing sample S2
with S1 or S4 with S3, increases the material sorption capacity and the
slope of wg). On the other hand, increasing NaAlg content but keeping
constant the CaCly concentration lowers the sorption performances
(comparing S1 with S3 and S2 with S4).

Despite CaCly concentration being 5-10 %, this study achieved water
uptake levels between 0.6-0.9 g/g under vapor pressures of 0.6-1.2 kPa.
These results outperform most referenced compositions, although salt
concentrations are close to the saturation level (30-46% wt) [30,31,25,
41-43,47,48,34,32,2,35-37,33,38,39]. Three configurations with high
salt content reported better equilibrium results. The first configuration
involved PAM polymer [40] with an impregnation of LiCl exceeding
40% wt. The resulting equilibrium uptake is 1.5 g/g at 30% RH and
25 °C. In the second one, impregnation of CNF[24] occurs in two
consecutive stages: with MgSO4 (10% wt) and LiCl (46% wt). This
binary-salt configuration achieved a 1.7 g/g water uptake at 45 % RH
and 20 °C. The third configuration utilized a similar double-stage
impregnation process with an alginate-based hydrogel [44]. First, with
LiCl (46% wt) and then with CaCly (43% wt), obtaining a binary-salt
configuration with 1.3 g/g water uptake at 20% RH and 25 °C.

However, only one configuration achieved higher equilibrium up-
take with low salt content. This configuration involved a vertically
aligned porous matrix of GO-alginate hydrogel [45] impregnated with
10 % wt LiCl, resulting in a 1.5 g/g water uptake at 30 % RH and 30 °C.
Directional freezing of samples with liquid nitrogen created vertical ice
pillars that, once transformed into empty pores with vacuum drying,
generated the aligned porous matrix. This process induces a significant
level of microporosity, reducing material density and volumetric uptake.

The addition of graphite has a positive influence on sorption ca-
pacity. At lower RH, sample S5 reaches higher values and is faster than
sample S1 or S3 (with equivalent content of CaCly). On the other hand,
increasing the graphite concentration (S6 versus S5) leads to perfor-
mance deterioration. Most probably, given the coarse dimension of
graphite flakes within the composition, the increase in concentration
might lead to pore occlusion. This evidence suggests the presence of a
trade-off between graphite concentration with a specific particle
dimension requiring optimization. The influence of graphite content is
especially evident in the case of low RH. In contrast, at higher RH, the
increase in graphite concentration has a less negative influence on ca-
pacity and kinetics.

Fig. 3 shows the temperature effects on the desorption kinetics of the
samples. In all test cases, the increase of NaAlg from 1 % to 2 % does not
generate evident influences on the regeneration kinetics. On the other
hand, the increase of CaCl; has an evident influence on the regeneration
test at 80 °C. It increases the initial slope of the curves, reducing the
differences with the 100 °C regeneration temperature.

The addition of graphite has a more evident influence on regenera-
tion. Indeed, high graphite content speeds up regeneration kinetics for
all tested temperatures 60, 80, and 100 °C. Further on, the rapidity of
reduction of wy at 80 °C is higher.

3.2. Influence of graphite on material structure

As shown in Fig. 4, the SEM images reveal the structural effects of
graphite addition to the CaAlg biopolymer. The addition of graphite
results in higher surface roughness of the particles. The introduction of
graphite particles generates irregularities that can impact surface
adhesion and wettability. Furthermore, the figure evidences the layered
crystalline structure of graphite on the surface of the particles. SEM
images support the fact that graphite particles play a role in the struc-
tural organization of the hydrogel network, thus affecting properties
such as overall porosity, pores size distribution, permeability, diffu-
sivity, and the consequent transport of molecules within the composite
material. The modification of these properties may be influenced by the
concentration and size of the graphite particles, as indicated by the re-
sults in Section 3.1.

The presence of cracks on the surface of the particles suggests that
the incorporation of graphite alters the drying process of the hydrogel
composite. These modifications can impact mechanical strength and
fatigue. However, the quantification of these properties requires further
studies.

3.3. Models validation

3.3.1. FD and LDF validation against experimental results

Fig. 5 displays the results of the fitting procedure outlined in Section
2.4. Fig. 5a and b compare the experimental results of regeneration/
sorption tests with the fitting models based on Fick Diffusion (FD, FDgy,
FDgy) and their absolute error (difference between fitting and experi-
mental values). The bottom graphs provide the same comparison for the
Linear Driving Force (LDF, LDFp,,, LDF) models. This figure specifically
pertains to sample S1, tested at 47 %. Supplementary information in
sections Al and A2 includes the same results for the remaining sample
and testing conditions.

All the models demonstrate good agreement with the regeneration
and sorption results. The FD and FDry models exhibit the highest ab-
solute error, with an underestimation of approximately 0.1 g/g during
the first 2 h. Among the FD models, FDsy provides the best approxi-
mation of the sorption results (maximum absolute error around 0.02 g/
g). However, it generates larger errors in the approximation of
regeneration.

The FD and FDgy models show a steeper slope during the initial
sorption steps. In contrast, the FDgy model, due to the imposed equi-
librium within the simulation timestep, aligns better with experimental
data. However, such a result implies a less straightforward physical
interpretation of the data. The FDgy approximation generates discrep-
ancies in diffusivity coefficients resulting from the fitting process, as
reported in Table 6 for sorption and regeneration. The FD and FDgry
models yield similar D values in the order of 10! m?/s and 10712 m?%/s
for regeneration and sorption, respectively; on the other hand, the FDgy,
provides values in the order of 1072 m?/s and 10713 m?/s for regen-
eration and sorption, respectively.

The variation in RH does not significantly impact the D values. Thus,
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Fig. 5. a) Comparison between the experimental values of the regeneration/sorption test of sample S1 at 47 % and the values obtained from models FD, FDgy, and
FDsw, using the optimization method of paragraph 2.4. b) The absolute error with respect to experimental data generated with each model and at each time. ¢) and d)

report the same information for the models LDF, LDFp,,, and LDFy,.

Table 6

Diffusion coefficients resulting from the fitting procedure of FD-derived models on each regeneration and sorption.

Drgg [m?/s]

Daps [m?/s]

RHayg 20-30 % 30-40 % 20-30 % 30-40 %
Model FD FDgw FD FDgw FD FDru FDgw FD FDgry FDgw

s1 3.66E 1 8.75E 712 3.27E 1! 6.34E712 1.95E712 2.97E712 2.00E713 1.72E712 4,497 12 2.76E°13
$2 2.65E7 1 4.53E712 2.04E7 1! 2.43E712 2.62E712 6.55E712 3.43E718 1.71E712 3.64E712 2.17E713
s3 1.82E711 2.72E712 2,191 3.91E712 2.89E713 428718 1.53E714 1.01E712 1.59E712 7.30E 14
s4 2.61E11 3.89E12 2.32E° 11 2.84E712 1.62E712 2.74E712 1.21E713 1.71E712 3.73E712 1.98E°13
S5 8.14E 1! 2.38E 1! 7.45E" 11 1.78E71 5.35E712 7.81E712 6.27E° 13 4.24712 7.80E~12 6.09E13
S6 4.87E711 1.597 1 3.20E" 1! 5.60E"12 2.69E712 4.20E712 3.02E713 1.72E712 2.70E"12 1.62E71%

the increase in the slope of wy is explained by the rise in the equilibrium
potential rather than the change in diffusivity. In contrast, during all
regeneration processes, the D value is one order of magnitude higher
than in sorption, suggesting a significant influence of temperature.

The simple LDF model is in better agreement than the FD-based
models in regeneration and sorption, with a maximum absolute error
on water uptake below 0.05 g/g. The approximation further improves
when the number of freedom degrees increases to two, as with LDF, and
LDFpw models. While for LDF and all the FD models, the largest errors
were restricted to the first 40 min of regeneration.

The superior agreement of LDF-based models compared to FD vari-
ants is likely attributed to the assumption of constant particle volume
and the independence of D from concentration. This polymer-based

Table 7

sorbent exhibits larger uptake variations (between 0 and 0.8-0.9 g/g)
and demonstrates visible swelling behavior between the dry and wet
states.

Table 7 presents the D values for all the LDF-based models. Table 8
provides the values of parameters a and b for the linear function D(w) =
a + b*w for LDFpw and the exponent m for the LDFy,, model.

All the LDF models yield D values close to those of FD and FDgy,
indicating consistency among the different simulation approaches.
Although LDFy,, due to its nature, has a less strict physical interpretation
(especially when m is far from 1, as it happens with regeneration), it can
be concluded that temperature is the main factor contributing to error
generation. The subsequent paragraph delves into a detailed discussion
of the role of temperature on diffusivity and its relationship with water

Diffusion coefficients resulting from the fitting procedure of LDF-derived models on each regeneration and sorption.

D [m?/s]

Daps [m%/s]

RH,yg 20-30 % 30-40 % 20-30 % 30-40 %
Model LDF LDFpy LDFy, LDF LDFp,, LDFy, LDF LDFpy, LDFy, LDF LDFpy LDFy,

s1 438711 8.71E 11 6.27E712 3.68E 1! 4,931 12071 2.71E712 2.93E712 2.97E712 2.54E712 2.97E712 3.24E712
$2 3.21E ! 5.42E1! 4.80E 12 2.32E° 1! 2.59E 1! 7.36E°12 3.40E 12 4,08E12 4.22E712 2.53E 12 2.55E°12 2.56E 12
s3 2.16E" 11 7.78E" 11 2.66E"12 2.61E"1! 6.62E 1! 3.58E712 7.67E713 1.25E712 9.04E71% 1.71E712 3.02E712 2.61E712
s4 2.97E"11 4,788 11 8.34E712 2.52E° 11 3.02E" 1! 1.32E7 1! 2.45E712 2.70E712 2.61E712 2.61E712 2.62E712 2.58E712
S5 1.03E71° 2.53E710 6.93E712 8.78E 1! 1.49E°1° 1.42E°1 6.78E712 6.07E"12 5.86E 12 5.72E712 6.84E712 7.13E712
S6 6.297 1 1.35E710 3.40E712 3.58E ! 5.05E 1! 1.18E7!! 3.50E712 4.04E712 3.96E 12 2.54E712 2.59E712 2.58E712
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Table 8
Values of coefficients a and b of the equation D(w) = a + b*w, for the model LDFpy, and values of coefficients m for the model LDFy,.
Regeneration Sorption
RH,yq 20-30 % 30-40 % 20-30 % 30-40 %
Coefficients a [m?/s] b [m?%/s] m a [m?/s] b [m?/s] m a [m%/s] b [m?%/s] m a [m?/s] b [m?/s] m
s1 4.27E712 1.66E1° 0.5641 1.06E"11 7.75E" 11 0.708 2.59E712 6.62E713 1.0327 2.22E712 1.49712 1.090
$2 3.16E 12 1.02E71° 0.5701 6.61E7'2 3.86E ! 0.687 2.89E712 2.39712 1.0846 2.49E712 1.22E71% 1.004
s3 1.81E712 1.52E71° 0.5383 2.62E712 1.27E71° 0.555 7.10E713 1.08E712 1.0471 1.35E712 3.35E712 1.156
s4 7.45E712 8.08E7 1! 0.6639 1.28E7 11 3.48E7 1! 0.795 2.31E712 7.95E713 1.0225 2.60E712 4.51E7 14 0.996
S5 1.85E712 5.02E71° 0.48 1.01E™ 1 2.78E710 0.580 7.14E712 —2.13E712 0.9502 4.96E12 3.77E712 1.085
S6 3.77E713 2.70E71° 0.4599 1.05E~ 1 7.99 711 0.693 3.19712 1.69E 12 1.0466 25112 1.69E7 13 1.006
uptake. maintains a saturated level [40,45,86].

3.3.2. Model comparison and best fitting model selection

Fig. 6 summarizes the error set generated by all the analytical solu-
tions, averaging the different tests. It highlights the minimum and
maximum absolute error made over time, the median, and the interval of
the first and third quartiles.

Even though all solutions generate low errors, the LDF and FDgy
make the highest errors in simulating the regeneration phase. Instead,
the FD and FDgy are less accurate in estimating sorption. The LDFpy
variant is the one that makes, on average (over time and along different
experiments), the smallest absolute error. For this reason, it is consid-
ered the best-fitting model for this hydrogel family. Successive analyses
are thus based on this model.

Section A4 of supplementary information reports the dynamic error
analysis results graph over time for each model, test, and sample.

3.4. Influence of temperature and water uptake on effective diffusivity

The best-fitting model (LDFpy) has demonstrated that the diffusivity
in the studied compositions exhibits an effective value in the order of
10" m?/s and a sensible dependence on water uptake (Fig. 7a) and
temperature (Fig. 7b).

The effective diffusivity of water vapor exhibits comparable values in
silica gel and zeolites 10~ m?/s [18,76,77,82,83]) and in swelling
polymers such as PEBAX [84,85] with equivalent water contents.
Different findings emerge in highly hydrated PAM [40,45,75] studies,
where water diffusivity varies significantly, ranging from 108 to 107®
m?/s. The higher water mobility is presumably associated with the
liquid diffusion within the polymeric network. This diffusion is facili-
tated by the hydrogen-bonding networks available when the sorbent
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Fig. 6. Average of the instantaneous error generated by each model and
categorized by the model typology. Each error bar contains the error distribu-
tion evaluated for all the samples.

In this case, the water chemical potential within the polymer
network impacts water mobility and diffusive resistance rather than the
vapor pressure gradient across microporosity. This mechanism is pro-
portional to local water concentration [40,45,86].

In our study, the dependence of effective diffusivity from water
concentration, shown in Fig. 7a, presumes the presence of a transport
mechanism similar to liquid diffusion within the polymeric network,
then proportional to water content. However, being the water content
50 % less than in the study based on PAM, the influence of liquid
diffusion is reduced, and the resulting value is more comparable to a
conventional sorbent.

On the other hand, the temperature dependence shown in Fig. 7b
follows a typical Arrhenius behavior. As temperature increases, the ki-
netic energy of water molecules also increases, leading to faster diffusion
through the material’s structure [18].

To include the latter aspect in the model, the coefficients a and b are
written as functions of temperature using experimental data. This
approach allows to simulate sorption and desorption kinetics at different
temperatures. The inclusion of the temperature dependence on a(T) and
b(T) transforms Eq. (13) in Eq. (16):

Fo (a(T)+b(T) veg)
Wiy —Wo e % -1

T Fo(alT)+h(T) weq)
T —

—
e K +b(T)- <a(r)+/b<7')n wo)

The fitted coefficients a and b for the studied tests change with
temperature, respectively, linearly and exponentially. This approach
allowed us to approximate the functional dependence of D on temper-
ature T as follows: D(w) = a(T) + b(T)*w, with a(T) = v1 + v2(T +
273.15) and b(T) = v3 exp(-v4/(T + 273.15), being T expressed in de-
grees Celsius. The coefficients vj, v2, v3, and v4 are the results of a least
square method fitting methodology on the fitted coefficients a and b, the
same procedure explained in Section 2.4. The resulting values for sample
S1 are v; = —1.95 x 10~ m?%/s, v; = 7.48 x 10714 1/K, v5 = 2.03 x
1072 m?%/s, v4 = 7.30 x 10° K. Fitting results for all the remaining
samples are in section A3 of supplementary information.

In conclusion, the general expression of w(, including the influence
of the operative temperature of the sorbent, is:

(16)

Weq — Wo

FoDeg ,
oo
w(t,T) — wy e’

T TFoDeg
2 _____ [(Weqg — Wp
e’ +vyye s -
Dy

Dy = D(weg, T) = vi 4+ va-(T +273.15) + vy /T35,

W(.q — Wy

a7

Dy = D(wo, T) = vy +v,-(T + 273.15) + vz-e "/ TH2315) 0

3.5. Determination of the optimal cycle

The best-fitting model from eq.(17) is used to study the performance
of the sorbent when cycled between sorption and regeneration, deter-
mining the optimal time at a specific temperature and RH. In practical
applications involving atmospheric water vapor harvesting, the thermal



V. Gentile et al.

%1071
12 F|——21°C, 34%
——21°C, 47%
101 |——60°C
——80°C
@ g [——100°C
QL Ll
E
2
£ 6l
@
£
g 4f
2/
07\ 1 1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1

water uptake [g/g]

International Journal of Heat and Mass Transfer 219 (2024) 124794

%107
——51

-
N
T

-
o

[oc]

Diffusivity [m?/s]

50 60 70
Temperature [°C]

Fig. 7. a) Dependence of sample S1 diffusivity on water uptake at different temperatures. b) Dependence of D on the temperature at a fixed water uptake (0.5 g/g, as

a reference) for all samples.

cycle often consists of short fixed durations repeated throughout the
day. Consequently, the sorbent may not reach equilibrium conditions
over several cycles.

This study optimized the durations of the regeneration/sorption
cycle to ensure that an equivalent water mass is released and captured
during regeneration (Awgds = Awreg). This approach stabilizes final up-
takes after adsorption and regeneration at fixed values.

When the water uptake variation Aw is equal to the equilibrium
value, as in sorption isotherms, the material exploits its maximum po-
tential (we,). However, the regeneration or sorption phases require a
duration equivalent to equilibration time (several hundred minutes),
leading to low Aw rates or daily water yields. On the contrary, reducing
cycle times can increase the Aw rate, obtaining an optimal trade-off.

Many variables influence the problem of finding the optimal, and
identifying a single solution requires a parametrical approach. Imposing
a maximum acceptable percentage of the maximum water uptake po-
tential, i.e., AWmqx is 70 % of the equilibrium value weg, the problem

051

0.45

depends only on Tags, Treg, and RHags.

Fig. 8a reports as an example the cycle duration and the Aw variation
over time when 75 °C is the regeneration temperature, while 21 °C and
50 % are temperature and relative humidity during sorption.

Increasing the regeneration time (from 10 to 60 min), the Aw during
regeneration increases, but it requires a longer sorption time to re-
equilibrate the water uptake to its initial value (70 % of the weg),
obtaining the cycle symmetry of Awggs = Awyeg. Hence, the variation of
the regeneration time influences the value of the Aw rate.

Fig. 8b reports the behavior of Aw rate as a function of regeneration
time and for maximum water uptake potential between 20 % and 90 %
of Weg.

FOr Wiax/Weq less than 40 %, the Aw rate has a monotonic quasi-
linear decrescent behavior.

For Wmax/Weq higher than 40 %, the Aw rate curves show a local
maximum that shifts towards higher regeneration times as Wqx / Weq
increases from 40 % to 90 %. The figure illustrates that the Aw rate
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reaches its peak values (within 0.09-0.1 g/g/h) when regeneration time
is below 35 min, and the maximum water uptake potential is within
40-70 % of the equilibrium value.

Parametric repetition of the approach depicted in Fig. 8 for each
influencing variable generates the water productivity maps shown in
Fig. 9. In particular, regeneration temperatures spanned 60-100 °C, RH
equal to 30 % and 50 %, and the w,, ranged between 20 % and 90 % of
its maximum value.

The contour lines delineate specific functioning zones, each corre-
sponding to a distinct hourly water productivity as Fig. 8 defines the Aw
rate (g/g/hour).

The maps illustrate that the region with the highest water produc-
tivity is commonly situated within a weq range of 40-50 % range and a
regeneration time under 35 min. With an RH of 30 %, the water pro-
ductivity rises from 0.065 to 0.09 kgater/kgaig/hour as the regeneration
temperature increases from 60 to 100 °C. Over a 24-h operational
period, the daily productivity ranges between 1.56 and 2.16 kgwater/
kgalg/day. These values escalate to 2-2.9 kgwater/kgalg/day under an RH
of 50 %.

Most of the studies from the literature [24,31,32,2,37,40,45]
demonstrated lower performances than the findings of this study under
similar ambient and regeneration conditions.

Only two studies declare sorbent configurations with higher daily
productivity. The first, a PAM with MIL101(Cr) [42] and impregnated
with CaCly, (14 %), achieved a daily water yield of 4.2 L/kg/day.
However, results refer to a humid environment (RH ~ 90 %). When
humidity is 30-50 %, the daily water production does not exceed 1
1/kg/day. The second configuration exploits a polyzwitterionic polymer
PDMAPS impregnated with LiCl (15 %) [47], achieving remarkable
water productivity of 5.6 L/kg/day at low humidity.

4. Conclusions
This experimental and theoretical study showcases the efficacy of

utilizing a composite hydrogel based on Calcium Alginate combined
with natural graphite to facilitate fast and frequent sorption/
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regeneration cycles for atmospheric water harvesting applications. The
main findings can be summarized as follows:

e The composition of the hydrogel significantly influences its sorption
capacity and kinetics. Lower levels of sodium alginate and higher
amounts of calcium chloride enhance the equilibrium water uptake,
while the addition of graphite improves desorption kinetics. How-
ever, excessive graphite concentrations may lead to porosity occlu-
sion and generate adverse effects. Further optimization studies and
analysis are required.

e Models based on the Linear Driving Force (LDF) approach demon-
strate superior fitting with dynamic experimental results. Effective
diffusivity derived from LDF models strongly depends on sorbent
water concentration and temperature (an Arrhenius-like relation-
ship) in sorption and regeneration. However, ambient RH does not
affect diffusivity.

e The validated LDFpy model provides predictions of the material’s
behavior with the best accuracy under thermal cycling within the
operational temperature range of 20-100 °C. Model calibration re-
quires only a few kinetics tests of regeneration/sorption to provide a
good system and component design tool.

o In a low humidity environment (30-50 % RH), a regeneration time
below 35 min optimizes the water uptake rate. Future studies must
include the role of convection on mass transfer to improve the pre-
diction of material performance under various operative conditions.

o The optimized LDFpy cycle demonstrated a water daily productivity

of 1.6-2.2 L/Kghydrogel/day when RH is 30% (dry environment) and

2-2.9 liters/Kghydrogel/day when RH is 50% with regeneration tem-

peratures compatible with solar thermal applications or waste heat

(60-100 °C).

Despite the very low amount of CaCly used (5% wt) for sodium

alginate crosslinking, the biopolymer achieved better uptakes and

water daily productivity than most materials studied in the litera-

ture. Studying the material behavior at higher hydrated states, e.g.,

at higher salt concentrations, can further increase performance of the

sorbent material.

Tregeneration
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(=1 g g
o = z
0 10 20 30 40 50 60 0 10
: Regeneration time [min]

e
X
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w

Regeneration time [min]
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Regeneration time [min]
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Regeneration time [min]
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Fig. 9. The water productivity map for the CaAlg-graphite polymer is presented as a function of regeneration temperature (ranging from 60 °C to 100 °C) and
ambient relative humidity (varying from 30% to 50%). Contour lines within each graph delineate the hourly water productivity per unit mass of sorbent (kg/kg/
hour). The percentage of weq is depicted on the y-axis of each graph, while the x-axis represents the regeneration time of the cycle.
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