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Atmospheric Water Harvesting (AWH) has advanced as a sustainable, energy-efficient, and cost-effective
strategy to address global water scarcity. Among AWH techniques, sorption-based systems (SBAWH)
offer significant advantages; however, their practical deployment is limited by the lack of efficient and

scalable sorbent materials capable of high-water uptake under low to moderate relative humidity (RH)

conditions. This study investigates the synthesis and performance of pristine MOF-5 and its nickel-doped
derivatives (20% and 40% Ni-MOF-5), fabricated via a direct mixing approach, for application in SBAWH
systems. The novelty of this work lies in the systematic comparison of pristine and Ni-substituted MOF-5

sorbents for enhanced water adsorption under low RH environments,

an area that remains

underexplored. Comprehensive material characterization was conducted using X-ray diffraction (XRD),

Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and energy-

dispersive X-ray spectroscopy (EDX) to clarify the structural and compositional attributes. Water sorption

isotherms were obtained using a custom-built AWH prototype operating under controlled RH conditions
(35-75%). At RH levels of 65%, 35%, and 55%, the water uptake capacities of MOF-5, 20% Ni-MOF-5, and
40% Ni-MOF-5 were 151, 162, and 142 mg g7, respectively. Thermodynamic analyses indicated that the
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adsorption process is spontaneous and exothermic, while isotherm and kinetic modeling confirmed

a chemisorption dominated mechanism. The superior performance of 20% Ni-MOF-5, particularly under

DOI: 10.1039/d5ra05257b

rsc.li/rsc-advances SBAWH systems.

1. Introduction

Water is universally regarded as a vital prerequisite for life,
underpinning ecological balance, agricultural productivity, and
socioeconomic development."? Even though there is 1.3 billion
km?® of water on earth, just 3% is freshwater. Despite its abun-
dance on Earth, only a small proportion exists as accessible
freshwater, and increasing demand driven by population
growth, industrialization, and agriculture has intensified global
water scarcity.”> By the year 2050, global freshwater availability
is projected to decline dramatically, with per capita resources
expected to diminish to nearly two-thirds of present levels.
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low humidity conditions, highlights its promise as a scalable and effective sorbent for next generation

Estimates suggest that between 2 and 7 billion individuals
could face severe difficulties in securing adequate water for
their daily requirements.® The severity of this challenge is
particularly pronounced in arid and semi-arid regions, where
limited precipitation and the inherently uneven spatial distri-
bution of finite freshwater resources exacerbate water scarcity.”

Several approaches have been employed to address the
growing demand for freshwater, including desalination,
wastewater treatment, and atmospheric water harvesting
(AWH).** In arid and semi-arid regions, the implementation of
conventional large-scale technologies such as desalination and
reverse osmosis is often hindered by prohibitive economic costs
and substantial logistical challenges, thereby limiting their
viability as sustainable freshwater solutions."*?

Consequently, atmospheric water harvesting (AWH) is
a decentralized approach to obtain freshwater by capturing
atmospheric vapor, representing nearly 13 000 trillion liters of
untapped resource. This is particularly important in arid and
remote regions where conventional water supplies are limited
and transport infrastructure is impractical.'>'* Current AWH
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technologies include dew harvesting, fog harvesting, and
sorbent-assisted systems."®

Dew harvesting, which relies on cooling air below its dew
point to induce condensation, is a conventional method for
atmospheric water collection but is energy-intensive and highly
dependent on geographic and climatic conditions, thereby
increasing water costs.'*"” Fog harvesting employs mesh-based
collectors to capture airborne water droplets; however, its effi-
cacy is largely restricted to hilly and coastal regions, thereby
constraining its widespread applicability.®

In contrast, AWH utilizes sorbents to capture water from
atmosphere even at low humidity. The absorbed vapor can be
released using low-grade heat or solar energy and condensed
into liquid water. Owing to its adaptability and scalability,
SBAWH is regarded as one of the most promising routes for
sustainable freshwater generation.” Although widely used in
AWH, silica gel®® and zeolites® suffer from sluggish uptake,
limited capacity at low humidity, and require high regeneration
temperatures, while hygroscopic salts, despite their high water
affinity, face durability issues due to agglomeration, liquid
leakage, and structural degradation.”® Table 1 shows different
sorbents capacities for water harvesting with some limitations.

In the rapidly evolving landscape of materials science,
Metal-Organic Frameworks (MOFs) have established them-
selves as one of the most versatile and promising classes of
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advanced materials.”” Constructed by the coordination of metal
ions or clusters with multifunctional organic linkers. MOFs
exhibit highly ordered porous architectures with tunable phys-
icochemical properties. Their exceptional surface area, struc-
tural diversity, and chemical flexibility have attracted
widespread attention from chemists, physicists, and engineers
alike.”® As a result, MOFs are increasingly being explored for
diverse applications, including gas storage and separation,*
catalysis,* sensing,* photocatalysis*®* and energy storage,*
positioning them at the forefront of next-generation functional
materials. Table 2 shows adsorption capacities of different
MOFs for water harvesting.

Among all other MOFs, MOF-5 (IRMOF-1) represents one of
the most prototypical and extensively investigated members of
the metal organic framework (MOF) family shown in Fig. 1.
Structurally, it consists of a three-dimensional network formed
by terephthalate linkers coordinated to Zn,O secondary
building units, and was originally synthesized by Fang and co-
workers.* The framework is distinguished by its highly ordered
architecture, adjustable pore geometry, exceptional surface
area, and notable thermal stability.** These attributes have
positioned MOF-5 as a benchmark system, underpinning its
wide-ranging applications in gas adsorption and storage,*’
electrochemical energy systems,* heterogeneous catalysis,*
emerging biomedical platforms,* sensing*® and adsorption.”

Table 1 Water adsorption capacities of different sorbents for atmospheric water harvesting

Materials Water uptake in g g " Drawbacks References
Alg-CaCl, 1gg! Particles agglomerates during hydration, 23
sometimes salt leakages issue
Silica gel 0.15 kg kg ™" Low efficiency at low humidity, 24
poor structural tenability
LiX-zeolites 0.192gg™" Require high regeneration temperature 21
Polyacrylamide hydrogel with CaCl, 1.1-1.3 g water per g gel Salt leakage during cycling 25
Graphene oxide (GO laminate) Upto0.58g¢g " Performance highly RH-dependent; 26
low uptake at very low RH
Table 2 Adsorption capacities of different MOFs for AWH
MOF Adsorption capacity RH% range Drawbacks Research gap References
MOF-801 2.8 kg kg™* 10-90 Monolithic form shows unexpectedly Optimizing shaping (monoliths/ 34 and 35
lower uptake than powder (capillary composites) and binder selection
condensation effects); adsorption to preserve adsorption efficiency
strongly dependent on binder type
MIL-101 (Cr) 1gg " Greater Requires additional energy input for Limited understanding of its 36
than 30 cooling long-term stability
Increases system design complexity and
cost
MOF-303 ~0.39gg" 20 Slow desorption kinetics and requires Need for scalable processing into 37 and 38
several hours for completion device-compatible forms while
maintaining fast kinetics and
high low-RH capacity
Cr-UiO-66 0.59gg™" 10-90 Better uptake, but stability in long-term  Investigate scale-up, regeneration 39

cycling not fully proven
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efficiency, and integration into
AWH devices
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1,4-benzenedicarboxylic acid Zinc nitrate tetra hydrate

Fig. 1 Crystal structures of MOF-5 (C, black; Zn, blue; O, red; gust
molecule), yellow sphere and all H atoms omitted for clarity.**

MOF-5 however exhibits significant moisture sensitivity
under ambient conditions due to weak metal oxygen coordi-
nation, which facilitates hydrolytic attack leading to structural
collapse.*® Scientists are actively working to improve its hydro-
lytic stability. Recent investigations indicate that secondary
metal doping in MOFs can significantly improve structural
stability, generate defect sites, and facilitate synergistic
adsorption pathways.*>*°

Yang et al reported that Ni(u)-doped MOF-5 nano/
microcrystals with controlled morphology and size exhibit
enhanced hydrostability and high surface area, with gas sorp-
tion properties strongly dependent on particle morphology and
size.”* Botas et al. showed that substituting Zn** with Co>" in
MOF-5 slightly improved H,, CH4, and CO, uptake at high
pressures, though gains were limited by inaccessible metal
sites.”” Huanhuan et al. synthesized Ni-doped MOF-5, which
showed improved hydrolytic stability, higher hydrogen
uptake, and 4 day structural durability compared to undoped
MOF-5.>*

While the synthesis of MOF-5 and its metal-doped deriva-
tives (including Ni-MOF-5) has been reported previously, most
studies have primarily focused on structural characterization or
gas adsorption (e.g., CO,, H,). Reports on the systematic eval-
uation of water vapor adsorption under controlled humidity
conditions remain scarce. In particular, the impact of Ni-doping
level on moisture uptake capacity, has not been comprehen-
sively addressed. In this work, we highlight these aspects,
providing new insights into the role of Ni incorporation in
tailoring the water adsorption performance of MOF-5.
Despite the promising potential of MOF-5, comprehensive
understanding of the effects of metal substitution,
particularly Ni-doping, on SBAWH performance under low
relative humidity conditions remains limited. To address this
gap, the present study synthesizes and characterizes pristine
MOF-5 alongside 20% and 40% Ni-doped derivatives via direct
mixing approach, with a focus on elucidating their structural,
thermodynamic, and water adsorption behaviors under
controlled humidity conditions. This work unveils how Ni-
doping enhances MOF-5's structure and water adsorption
under low humidity, offering a promising route for efficient
atmospheric water harvesting.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental
2.1 Materials

All chemicals were highly pure, obtained from a commercial
supplier, and used without any sort of extra treatment. Mate-
rials that were employed in the manufacturing of both pristine
and its doped variants are zinc nitrate hexahydrate (Zn(NOs),-
-6H,0), terephthalic acid (H,BDC), N,N'-dimethylformamide
(DMF), triethanolamine (TEA), and nickel nitrate hexahydrate
(Ni(NO3), - 6H,0).

2.2 Synthesis of MOF-5 and Ni-doped MOF-5

Pristine MOF-5 was synthesized by adapting an earlier reported
protocol, utilizing a direct mixing route with slight modifica-
tions.>* The synthesis procedure involves 0.62 g (2.08 mmol) of
zinc nitrate hexahydrate, and 0.16 g (0.96 mmol) of H,BDC were
fully dissolved in 20 mL of DMF at ambient temperature.
Subsequently, 11 mL of TEA was adding dropwise with constant
stirring. Then the reaction mixture was sealed and agitated for
two hours at room temperature. After that, centrifugation was
carried out to obtain the solid precipitates.

These solid precipitates were submerged in DMF for three
days and the solvent was changed daily. Subsequently, the
precipitates were washed several times with distilled water and
DMF. Finally, the solid precipitates were vacuum-dried for 12
hours at 80 °C, resulting in the production of MOF-5 particles.
Ni-doped derivatives of pristine material were synthesized by
following the above-mentioned procedure for pure MOF-5. The
synthesis of 20 Ni-MOF-5 and 40 Ni-MOF-5 was carried out by
taking 0.416 mmol (0.12 g) and 0.832 mmol (0.24 g) of nickel
nitrate hexahydrate and 1.664 mmol (0.50 g) and 1.248 mmol
(0.38 g) of zinc nitrate hexahydrate.

2.3 Characterization

The successful synthesis of the target materials was validated
through XRD, SEM, EDX, FTIR, and PZC. The crystallographic
structure as well as the lattice parameters, crystal size and
shape, phase composition, and orientation of the crystal planes
inside the material was determined by XRD analysis, which is
the analysis of the diffraction pattern formed when X-rays
interact with crystalline materials. All the required parameters
were evaluated on the basis of the given equations;

a = [PI0R + 2 + k) (1)
Vcell = 613 [2)
kA
" Bcos b )
ZM
PXeray = VouNa (4)

The indices d, hkl, and N, correspond to specific values for
each line in the XRD pattern. K, Z, M and V. respectively, all
following standard definitions. The symbol u represents the

RSC Adv, 2025, 15, 34003-34015 | 34005
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Bragg's angle, A denotes the X-ray wavelength of 1.542 A, and
6 indicates full width at half maximum. FTIR analysis was used
to confirm the presence of functional groups. Surface
morphology was determined by using SEM, while the elemental
composition was evaluated by EDX analysis.

PZC is defined as a pH at which the net charge on the
material surface is zero. The PZC of each sample was assessed
through the salt addition technique by suspending 12.5 mg of
the material in 5 mL of 0.1 M KNOj;, ensuring homogeneous
dispersion. The pH was maintained at 2, 4, 6, 8, and 10 by
adding a dropwise 0.1 M solution of HCl and NH,OH. After
ensuring that the pH values were maintained, each of these
samples were placed on a circular orbital shaker for one day and
a change of pH was recorded at the end of the day. A graph that
displays the difference between the starting pH (pH;) and the
change in pH (ApH) was used to calculate the pHp,. value. The
surface exhibits a negative charge when pH exceeds pHp, (pH >
pH,,c) and a positive charge when pH falls below pHp,. (pH <
PHpyc). >

3. Adsorption studies

An adsorption setup was used to evaluate the adsorption
behavior of materials at different RH values, from 35% to 75%.
The goal was to examine how the material behaved and per-
formed when it came to moisture harvesting by changing
humidity levels. This is a straightforward, enclosed device
consisting of a glass barrier having 12 cm height and 10 cm
width, with an installed humidifier to regulate humidity.
Furthermore, a miniature fan was incorporated into the closed
chamber to ensure stable regulation of both temperature and
humidity throughout the experimental process.

Samples were weighed initially as they were prepared. The
materials were purified by sequential washing with DI water,
filtration, and drying at 80 °C in an oven until a constant weight
confirmed the absence of residual moisture. All samples were
subjected to testing within the atmospheric water harvesting
(AWH) setup under controlled humidity conditions. Weight
changes were noted after every 20 minutes until the saturation
point was reached. EMC of synthesized samples was calculated
at different RH ranges from 35% to 75%. Using the water vapor
adsorption profiles, the EMC was evaluated by correlating the
moisture content of each sample with the corresponding
adsorption time. The following formula was used to calculate
the moisture content (M.), which indicates the amount of water
present in a sample:

weight of wet sample — weight of dry sample
M. = - (5)
total weight of the sample

The units of measurement for moisture content are mg g~
or g g '. Furthermore, moisture content data was used to
explore the connection between EMC and a,. Adsorption-
isotherm models represent process efficiency, adsorption
mechanisms, surface interactions, and adsorbent capacity. The
effectiveness of the adsorption process was assessed using the
Langmuir, Freundlich, and Temkin models. The Langmuir

34006 | RSC Adv, 2025, 15, 34003-34015
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adsorption isotherm can be mathematically expressed as
follows:
1 1 11
Qe QmaxKL Ce Qmax

(6)

The variables Q., Ce, K1, and Qp,ax indicate the number of
adsorbate molecules absorbed per gram of adsorbent, adsor-
bate equilibrium concentration, adsorbent monolayer capacity,
and K;, is Langmuir constant respectively, in this equation. The
following equation represents the Freundlich model:

In Qe:lnkf—i—lln C. (7)
n

Within the Freundlich model, the constant k¢ represents the
adsorption capacity, whereas n characterizes the adsorption
intensity. Temkin models of isotherm, accounting for adsor-
bate-adsorbent interactions, is described by the following
equation

Q.= Br In(4r) + Br In(C) (8)
Here, By corresponds to the Temkin constant related to the heat
of adsorption, while Ay denotes the binding equilibrium
constant.”

4. Kinetic studies

The kinetic characteristics of adsorption were assessed by
fitting the experimental data to pseudo-first-order and pseudo-
second-order models. By using the following formula, we
calculated M, at time and EMC;

W, — W,

M,:fTooxloo (9)
We_WO

M, =~ "9« 100 10
e X (10)

where W, is the sample's weight at equilibrium and W, is the
sample's weight at time ¢. W, represents the sample’'s initial
weight in grams.

As-synthesized samples were subjected to both models but
the second-order kinetic functioned satisfactorily on as-
synthesized materials. Pseudo 2nd order kinetics model is
frequently used to explain the chemical events involved in the
adsorption process. The corresponding equation can be used to
calculate the equilibrium adsorption quantity, M..

1o
M, kM2 M,

(11)

where the parameter k, represents the adsorption rate constant,
measured in units of (min~").5

5. Thermodynamic studies

Gibbs free energy (AG), entropy (AS), and isosteric heat of
adsorption (Qg) are the three thermodynamic quantities that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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form the foundation of any study of thermodynamics. These
equations were used to determine these parameters.

Os = g5 t HL (12)
ge 1 | AS

Inag, = -2 —+== 13

na RT R (13)

AG=RT In a, (14)

AG determines whether a process is spontaneous or non-
spontaneous. When AG is negative, it indicates a spontaneous
adsorption process and vice versa.*®

6. Results and discussion

The pristine MOF-5 framework, along with its Ni-doped deriv-
atives, was successfully synthesized employing a direct mixing
strategy. The obtained materials were systematically character-
ized using a suite of physicochemical techniques to confirm
their structural integrity, crystallinity, and compositional
uniformity. Furthermore, their adsorption performance was
rigorously evaluated through comprehensive mathematical
modeling, supported by kinetic and thermodynamic analyses,
in order to elucidate the underlying adsorption mechanisms
and the influence of metal substitution on the overall sorption
behavior.

The XRD analysis was carried out to study the chemical
composition and crystallinity of the synthesized sample as
shown in Fig. 2. The observed patterns matched well with (CIF
file no. 1516287) and also exhibited a close resemblance to
those reported by Chinglenthoiba,” Rayyan Ali Shaukat,*
Hulya®* and Anand.®

MOF-5 displays intense peaks at 26 positions given in Table
3, which match well with the standard pattern. The sharp peaks
signify the elevated crystallinity of MOF-5. The absence of the
~9.8° peak can be attributed to pore filling by residual solvent
or adsorbed water molecules, which alters the electron density

500 —
_ I
=5 e
<
z - 400
400 _ L
e
——— 20Ni-MOF-5 - 300
= 300 4 ——— 40Ni-MOF-5 r =
s —— MOF-5 S
2 Simulated MOF-5 >
Z 200 - 208
£ £
100 L
100
0 - »
0

15 20 25 30 35 40 45 50 55 60 65 70 75 80

2 theta (°)

Fig. 2 XRD pattern of MOF-5 and its Ni doped derivatives.
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Table 3 Comparison of 2theta positions of standard CIF pattern with
the synthesized MOF-5 and its doped derivatives

hkl 2theta (°)
CIF: file no. 1516287 440 19.428
731 26.489
751 29.940
MOF-5 440 19.321
731 26.400
751 29.910
20 Ni-MOF-5 440 19.311
731 26.400
751 29.900
40 Ni-MOF-5 440 19.321
731 26.30
751 29.801

within the framework and suppresses the corresponding
diffraction reflection. This indicates that guest species occupy
the pores, thereby modifying the long-range periodicity detec-
ted by XRD without necessarily disrupting the overall MOF-5
framework. The X-ray diffraction patterns of Ni-doped MOF-5
exhibit a high degree of similarity to those of the pristine
MOF-5, suggesting that the fundamental crystalline framework
is preserved upon nickel incorporation, thereby confirming the
successful substitution of Ni into the MOF-5 structure.

For comparison, a table below shows the peak positions of
all the synthesized MOF samples and compares with the data of
CIF file no. 1516287. All the values match well with the reference
file, indicating the formation of MOF and Ni-doped derivatives.

FTIR spectroscopy shows the presence of functional groups,
molecular shape, intra and inter-interactions within the mole-
cules. The FTIR spectra of the pure MOF-5 and its doped vari-
ants are given in Fig. 3. The tensile vibration of Zn-O in the
tetrahedral coordinated ZnO, cluster is accountable for the
peak at 528 cm™'. Additionally, the out-of-plane bending
vibration of the C-H bond was found at 726 cm ™" and 880 cm™?,

80

70

% Transmittance

(1112 cny™)
528 cm|”

(1678 cm™)
(1422 cm™)
(880 cm")

(726 cm'™)

60

50 H
——MOF-5

———20Ni-MOF-5
40 4 —— 40Ni-MOF-5

30
4000

T T T T
2000 1500 1000 500
cm’!

T T T
3500 3000 2500

Fig. 3 FTIR graph for MOF-5 and its doped derivatives.
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Fig.4 SEM-EDS analysis of (a) MOF-5, (b) 20 Ni-MOF-5 and (c) 40 Ni-MOF-5 XRD and EDX analyses confirmed the successful synthesis of MOF-
5 and its nickel-doped derivatives, validating the incorporation of Ni into the MOF-5 framework without compromising its crystallinity or

structural integrity.

while the in-plane bending vibration of the C-H bond was
found at 1112 cm™ " and 1280 cm™ . The symmetric and asym-
metric stretching vibration of the -COO bond shows strong
distinctive peaks at 1422 cm ', 1510 cm ™', and 1678 cm ™'
respectively.

The morphological characteristics of samples were exam-
ined using a SEM analysis. The concentration of dopant
significantly influences the surface characteristics, as shown in
Fig. 4. It is observed that at lower concentrations of Ni, crystals
are agglomerated and they appear as an interpenetrated crystal,
while when the concentration of dopant is increased, they
appear as a single crystal with cubic shape.

EDX spectroscopy gives information about elemental
composition of samples. The spectra indicate the presence of
Zn, C, and O in MOF-5, whereas the doped derivatives also
exhibit the peak of Ni which confirms the successful synthesis
of Ni-doped MOF. A small amount of Al is observed which may
be due to the aluminum foil used in the preparation of the SEM
sample. Ni was successfully doped into the MOF-5 structure, as
evidenced by the absence of peak shifts and changes in intensity
in the XRD spectra of Ni-doped MOF-5 as compared to MOF-5
spectra (Fig. 2).

The EDX spectra of both the parent and doped derivatives,
shown in Fig. 4, confirm the successful doping of Ni in 20 Ni-
MOF-5 and 40 Ni-MOF-5. Additionally, the peak intensity of Ni
in 40 Ni-MOF-5 is higher than in 20 Ni-MOF-5, indicating
a greater amount of Ni incorporation in the former. The change
in pH was determined by taking the difference between the final
and initial pH. Change in pH value for MOF-5 (5), 20 Ni-MOF-5
(8.5), and 40 Ni-MOF-5 (9). So, the MOF-5 surface possesses
a negative charge while its doped derivatives possess a positive
charge. The negative part of MOF-5 attaches to the positive part
of water while the positive part of doped derivatives attaches to
the negative part of water.

34008 | RSC Adv, 2025, 15, 34003-34015

6.1 Moisture adsorption studies on synthesized materials

The obtained moisture adsorption data of all synthesized
materials was plotted by using Origin software and MS Excel.
Water adsorption experiments revealed that pristine MOF-5
exhibited an adsorption capacity of 151 mg g~ at a RH of
65%. Upon doping with 20% and 40% Ni, the materials di-
splayed adsorption capacities of 162 mg g™ (at 35% RH) and
142 mg g~ (at 55% RH), respectively.

Notably, the 20% Ni-MOF-5 variant showed superior perfor-
mance under low humidity conditions, highlighting the syner-
gistic effect of Ni incorporation in enhancing water uptake,
particularly in arid environments. These findings suggest that
controlled metal doping in MOF-5 can tune the sorption char-
acteristics, potentially through increased defect density and
modified hydrophilicity, which facilitate chemisorption domi-
nated water capture under challenging conditions. The
observed trend aligns with the hypothesis that moderate Ni
substitution improves adsorption capacity and kinetics, while
higher substitution levels may introduce structural distortion or
pore blockage, slightly reducing performance.

The material's surface contains some adsorption-accessible
sites as water molecules come towards these sites these sites
are filled and the material achieves its saturation point. The
saturation point is the moment at which the equilibrium state is
achieved (ref. to Table 4). Equilibrium moisture content (EMC)
is the state of a substance when it neither adsorbs nor desorbs
moisture. The adsorption behavior of different materials at
different RH (35 to 75%) is depicted in Fig. 5. Highest M, value
for MOF-5 is 151 (mg g~ ') at RH of 65 & 2%, for 20 Ni-MOF-5 is
162 (mg g ') at RH of 35 + 2% and for 40 Ni-MOF-5 is 128 (mg
g~ ') at RH of 55 & 2%. At initial concentration, as more spaces
are available for adsorption so highest adsorption was achieved.
After that, the curve shows a small decline which may be due to
the filling of all vacant sites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Saturation point (S,) with moisture content (M) of MOF-5 and its doped derivatives

Relative humidity (%)

35+ 2% 45 + 2% 55 + 2% 65 + 2% 75 £ 2%
Materials Sp (min)/M. (mg g™ Sp (min)/M. (mg g~") Sp (min)/M. (mg g~") Sp (min)/M, (mg g™ Sp (min)/M. (mg g~")
MOF-5 100/109 100/91 100/108 100/151 100/118
20 Ni-MOF-5 140/162 120/107 120/127 100/77 80/114
40 Ni-MOF-5 100/96 120/92 120/128 100/124 80/118

In the comparison of MOF-5 and 40 Ni-MOF-5, the highest
moisture content of 20 Ni-MOF-5 was found at 35% RH because
as we add a small amount of Ni content more spaces have
become available for adsorption because the ionic size of Ni is
smaller than Zn. In the case of 40 Ni-MOF-5, it might be
possible that as we increase Ni content more spaces were filled
with Ni due to the small atomic size of Ni, as a result smaller
number of spaces were left for adsorption. Notably, 20 Ni-MOF-
5 exhibited the highest adsorption capacity, suggesting that
a certain degree of Ni** doping can inhibit MOF-5 intercalation.
However, with the increased Ni content, intercalated structures
were formed which limits the adsorption capacity. After

reaching at maximum point, the value of moisture content
starts decreasing might be due to after attaining the maximum
point the material starts to degrade at this point and desorption
occurs.

The incorporation of metal introduces electron-rich sites,
vacant positions, and hierarchical pore diameter which may
enhance inherent characteristics of MOFs such as higher
porosity, stability, and more interaction sites for adsorption.
The adsorption capacity of Ni-doped MOFs increased, but
increasing the Ni content may lead to blockage of some pores
due to the small size of Ni resulting in low adsorption in the

160
MOF-5 160 20 Ni-MOF-5
—Q—RH=35%
1401 _9—RH=45% 1404 —O—RH=35%
—Q— RH=55% —Q— RH=45%
o | —9—RH=65% —Q— RH=55%
120 _o—RH=75% 1204 —Q—RH=65%
= ~ —Q—RH=75%
;; 100 - Ej 100
= =
s Z 804
“ 80
60 -
60 -
40
40 4
T T T T T T 20 - T T T T T T T
20 40 60 80 100 120 20 40 60 80 100 120 140 160
Time (min) Time (min)
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Q- RH=45%
120 4 —Q—Rii=55%
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<
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Fig. 5 Plot of M. versus time for MOF-5 and its doped derivatives at different RH.
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Water activity (a,)

Fig. 6 Xeq versus a,, for MOF-5 and its doped derivatives.

case of 40 Ni-MOF-5. The EMC versus water activity (ay,) is
depicted in Fig. 6. Where a,, is defined as:
RH%
ay =
100

(15)

The water sorption data for MOF-5 and its doped derivatives
at room temperature is presented in Fig. 5. The doping of nickel
(Ni**) into MOF-5 changes the adsorption properties, as seen in
the differences between the curves for MOF-5, 20 Ni-MOF-5, and
40 Ni-MOF-5.

The equilibrium moisture content for 20 Ni-MOF-5 shows
the most variation across the water activity range, suggesting
a more sensitive response to changes in water activity. The 40
Ni-MOF-5 generally exhibits higher equilibrium moisture
content at intermediate water activities compared to the
undoped MOF-5. MOF-5 exhibits a face-centered cubic crystal
structure as demonstrated by an ideal single crystal. The
fundamental component of the structure can be straightfor-
wardly conceptualized as a cube. Each corner is constructed
from a [Zn,0]°" metal cluster, with each edge connected by 1,4-
benzenedicarboxylate (BDC). A significant void is created within
each unit cell, allowing 55-61% of the space accessible for
adsorption. Ming and coworkers suggested that there are more
than 20 adsorption sites available on metal culture and 12 on
organic linker. There are three ways of interaction available on
MOF structure. First, by directly replacing the oxygen of the
M-O by oxygen of the water molecules. Second, forming
a hydrogen between the hydrogen of the water molecule and
oxygen of the cluster and third by forming several hydrogen
bonding with MO4 cluster of the MOFs.

6.2 Adsorption isotherm models

One of the most crucial aspects of adsorption is its isotherms,
which describe the interactions between the adsorbent and the
adsorbate. In our study, we evaluated the effectiveness of
adsorption using several isotherm models. The maximum

34010 | RSC Adv, 2025, 15, 34003-34015
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adsorption capacity is attained when a complete monolayer of
adsorbate molecules is uniformly formed on the surface of the

adsorbent. The following equation represents the Langmuir

model:
Qe QmaxKL Ce Qmax
001
o011 @ Langmuir Plot for MOF-5 ° ootz @ Langmui Plot for 20 Ni-MOF-5
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Fig. 7 Langmuir, Freundlich and Temkin isotherm models for MOF-5
and its doped derivatives.
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Here, Q. corresponds to the adsorption capacity at equilibrium
(mg g7"), Qmax defines the maximum monolayer capacity of the
adsorbent (mg g~ "), C. indicates the equilibrium concentration
of the adsorbate in solution (mg L"), and Ky, represents the
Langmuir constant reflecting adsorption affinity. Ry, is a factor
of separation. It gives details on the type of adsorption process
a material display: irreversible (R, = 0), linear (R, = 1), or
unfavorable (R, > 1).

Another type of physical adsorption known as multilayer
adsorption is described by Freundlich isotherms. In this type of
adsorption isotherm, there are numerous layers of adsorption
and weak molecular connections. Additionally, presuming
heterogeneous adsorption sites is the Freundlich isotherm. The
following equation represents the Freundlich isotherm:

In Q. =In k¢ + % In C, (17)

The Q., Ce, and n stand for the Freundlich constant, k;, the
quantity of absorbed adsorbate molecule per gram of absor-
bent, the equilibrium concentration of the adsorbate, and the
degree of linearity between the adsorbate and the adsorption
process. When n = 1, physisorption occurs when 7 > 1, chemi-
sorption occurs when n < 1, and linear adsorption occurs when

Table 5 Parameters for Langmuir, Freundlich and Temkin isotherms
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n = 1. Temkin model suggests that the adsorption heat
decreases linearly. It is assumed that the adsorbent surface
possesses homogeneous binding sites with equal energy, and
the adsorption process is governed by direct interactions
between the adsorbate and the adsorbent. The following equa-
tion represents the Temkin model;

Qe = BT In AT + BT In Ce (18)
Here, Ay represents the equilibrium binding constant, while By
corresponds to the heat of adsorption. The magnitude of By is
used to distinguish between physical and chemical adsorption:
values of By greater than 8 kJ mol ' indicate chemisorption,
whereas values below 8 k] mol ™" signify physisorption. The R,
value for MOF-5 is 0.99 and for doped derivatives is 1 which
evaluates that adsorption is favorable and linear. Another
aspect reflects that adsorbent has a good capacity for adsorbing
the adsorbate at the initial concentration.

Fig. 7 presents the Langmuir, Freundlich and Temkin
isotherm models for MOF-5 and its doped derivatives. The
isotherm parameters of the applied models for MOF-5 and its
doped derivatives are presented in Table 5. All materials show
a value n = 1 or near to 1 indicating linear adsorption and
chemisorption behavior. It was observed that the value of By is

Materials Langmuir, R*/Ry, Freundlich, Ky/n Temkin, Ar/By (k] mol ™)
MOF-5 0.96/0.99 4.75/0.99 14.50/121
20 Ni-MOF-5 0.97/1.00 5.54/1.00 17.00/104
40 Ni-MOF-5 0.99/1.00 9.44/0.97 16.02/111

] 20 Ni-MOF-5 (RH=35%)
. MOF-5 (RH=65%) 8
o} =
s s g6
4 ) 4
2 2
0 0

20 30 40 50 60 70 80
Time(min)
12
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8
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Time(min)
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Fig. 8 Pseudo second order kinetics study on MOF-5 and its doped derivatives.
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greater than 8 k] mol ' so all the synthesized materials show
chemisorption behavior.

6.3 Kinetics studies

6.3.1 Pseudo 2nd order model. When t/M, was plotted
against time (¢), with error bars representing standard deviation
across replicates, a straight line was produced, having the
values presented in Fig. 8 and Table 6. Applying the second-
order kinetics model yielded a developed value for the R>.
This visualization preserves the dynamic nature of the adsorp-
tion kinetic data and also conveys variability at each point.
Consequently, there is a good link between the parameters and
the experimental outcomes. Additionally indicating the mate-
rial's chemisorption behavior following the second-order
kinetics.

Table 6 Parameters of pseudo second order kinetics model for MOF-
5 and its doped derivatives
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6.4 Thermodynamics study

To explain the thermodynamic driving force behind the
adsorption process, a detailed analysis was conducted using
Clausius-Clapeyron equation given below.

o1
na,=-L_- 41 ¢

RT (19)

where gy is the net isosteric heat of sorption (J mol %), T'is the
absolute temperature, R is the general gas constant (8.314 ]
mol™* K™') and C is the constant. The net isosteric heat of
adsorption can be determined using the relation 19, by con-
structing a plot of In(a,,) against 1/t as shown in Fig. 9 for MOF-
5.

The entropy and Gibbs free energy can be calculated from
the slope and intercept values and are given in Table 7. The
calculated thermodynamic parameters strongly support the
Langmuir-type adsorption process. The moderate and relatively
constant value of —40.41 kJ mol ™" for isosteric heat is a char-
acteristic of physisorption and suggests a uniform adsorption

Materials RH (%) Slope (m) Intercept(c) k,(min™") R throughout the surface. Similarly, the negative entropy change
(—0.2914 kJ mol ') indicate reduced molecular randomness
MOF-5 65+2  0.05611  1.29755 0.072 0.98  ypon absorption indicating a localized binding at surface
20 Ni-MOF-5 35 + 2 0.04885 2.31099 0.112 0.97 . . .
. favoring Langmuir model. The negative free energy further
40 Ni-MOF-5 55 £ 2 0.06369 1.90156 0.121 0.97
0.2 02
sl @ wors - 03] @ 20Ni-MOFs °
oA = 0.4 °
654 0.5 1
-0.6 ° -0.6 °
5 E
; -0.7 4 5 -0.74
0.8 Qo -0.8 + o
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T T T T
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m.» 4
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1/t
Fig. 9 In ay versus 1/t for MOF-5 and its doped derivatives.
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Table 7 Thermodynamic parameters for MOF-5
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MOF-5 20 Ni-MOF-5 40 Ni-MOF-5
Isosteric heat of adsorption (k] mol™") —40.41 —38.00 —40.23
Entropy (k] mol ) —0.291 —0.287 —0.85
Gibbs free energy (k] mol ") —2.56 —2.57 —2.56

favors the spontaneous nature of adsorption and a small value
validates physisorption.

7. Conclusion

The effective synthesis of MOF-5 and its nickel-doped deriva-
tives was achieved with the aim of enhancing the hydrolytic
stability of the framework. This advancement holds particular
significance in addressing global water scarcity challenges.
Comprehensive characterization using XRD, FTIR, EDX, and
SEM confirmed the successful formation, crystallinity, and
structural integrity of the synthesized materials. Among the
tested samples, pristine MOF-5 exhibited a maximum adsorp-
tion capacity of 151 mg g~ ' at 65% RH, while 20% Ni-MOF-5
demonstrated an enhanced capacity of 162 mg g~ at 35%
RH. In comparison, 40% Ni-MOF-5 recorded an adsorption
capacity of 142 mg g~ * at 55% RH. The incorporation of nickel
into the MOF-5 framework not only improved water uptake
performance but also contributed to enhanced structural
stability. The thermodynamic parameters affirm that adsorp-
tion process is spontaneous and exothermic, governed
primarily by physisorption. Kinetic and thermodynamic anal-
yses further confirmed the predominance of chemisorption
mechanisms, supporting the materials' potential for efficient
water capture and retention. In general, these findings high-
light the promise of Ni-doped MOF-5 materials as sustainable
and effective adsorbents for water harvesting and humidity
control in resource-limited environments.
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