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spinel: thermodynamic and kinetic analysis
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Ahmad K. Badawi c and Bushra Ismail *a

Magnesium aluminate spinel (MAS) has been widely investigated due to its exceptional properties, which

include a high melting point, thermal stability, chemical inertness, abundant vacant sites, substantial

porosity, and strong mechanical resilience. The hygroscopic nature of MAS continues to be a major

drawback that limits the range of possible uses. In this study, the hygroscopic nature of MAS is

investigated for its potential in atmospheric moisture capture. Preliminary thermodynamic and kinetic

modeling was performed on experimental data to gain a deeper understanding into the material's

surface properties and the fundamental adsorption mechanisms. MAS and Ni doped derivatives were

synthesized by a cost-effective coprecipitation method. X-ray diffraction studies confirmed a cubic

spinel phase without any impurity phases. Different samples with the general composition of

Mg1−xNixAl2O4; x = 0.2, 0.6, 0.8 were tested on an indigenously designed moisture harvester, and it was

found that the adsorption process depends critically on both available humidity and adsorption duration.

As the relative humidity varies from 45–85%, Mg1−xNixAl2O4 with x = 0.2 and x = 0.6 exhibited a water

adsorption capacity of 1.6 mg g−1 to 4.3 mg g−1 and 2.7 mg g−1 to 12 mg g−1, respectively, while at the

45–75% RH, Mg1−xNixAl2O4 with x = 0.8 exhibited a water adsorption capacity of 8 mg g−1 to 13 mg g−1.

The adsorption capacity was determined by gravimetric analysis using weight measurements of the

sample both before and after adsorption. Langmuir, Freundlich, and Temkin adsorption isotherm models

were employed to analyze adsorption data. Thermodynamic analysis revealed that adsorption is

exothermic and spontaneous, while kinetic studies showed it follows first-order behavior.
1. Introduction

Water scarcity is a pressing issue affecting people worldwide. As
a result, many individuals are forced to rely on contaminated
water sources. Unfortunately, this polluted water can lead to
waterborne diseases, which can be fatal.1,2 The increasing
droughts and oods caused by global warming are making the
situation even worse, disrupting our traditional freshwater
sources. This really emphasizes how crucial it is to develop
climate-resilient and alternative water delivery technologies.3,4

Seawater desalination and the treatment of polluted water
sources are two alternate water supply options that have been
investigated.5,6 However, these techniques can be quite costly,
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and the disposal of brine from desalination poses a signicant
challenge.7,8 The enormous reservoir of over 13 000 km3 of water
vapor in the atmosphere (six times the quantity of freshwater
available on Earth), has made atmospheric water harvesting
(AWH) more popular in recent years.9–11

There are a variety of technological methods, each utilizing
a unique way to capture and condense moisture from the
atmosphere, that can be employed for atmospheric water har-
vesting (AWH).9,11 Some of these include fog harvesting, dew
water harvesting, the vapor compression cycle, and sorbent-
based atmospheric water harvesting (SBAWH).8 Each of these
techniques has its own set of difficulties; for example, the vapor
compression cycle oen uses a lot of energy, while fog and dew
harvesting are signicantly impacted by geographic loca-
tion.11,12 Conversely, SBAWH has a high adsorption capacity and
is reasonably priced and environmentally benecial.8,11

However, a number of variables affect its efficacy, including the
adsorbent's surface affinity, the size per volume of its pores, and
the surrounding temperature and relative humidity (RH). A
thorough literature survey is conducted for the various adsor-
bents used in AWH such as zeolite, silica gel, metal–organic
frameworks (MOFs), covalent organic frameworks (COFs),
RSC Adv., 2026, 16, 9399–9411 | 9399
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Fig. 1 Common adsorbents used in atmospheric water harvesting.5,10,13,14
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hydrogels, and composite materials. We classied these mate-
rials into four broader categories as shown in Fig. 1. These
adsorbents present inherent limitations and challenges that
must be addressed. Although MOFs have a large surface area
and adjustable porosity, they can be expensive, have poor
hydrolytic stability, and require complicated preparation.1,11

On the other hand, polymers oen exhibit slow adsorption
rates, while hygroscopic salts can experience deliquescence and
poor long-term stability. These drawbacks underscore the
continuous need for inexpensive, structurally sound sorbents
that combine superior adsorption kinetics, long-term dura-
bility, and high water adsorption capacity.

We have compiled the water uptake capacities of several
materials in Table 1 below to better highlight the need for
ongoing research. Table 1 shows that the water uptake capac-
ities of different sorbent materials described in the literature
vary signicantly based on the sorbent type, structure, and
environmental circumstances. While MOFs and salt-based
composites are known for their impressive water absorption
capabilities, most of these technologies are still stuck in the lab
or pilot phases. Only a handful are ready for the market, mainly
Table 1 Water uptake performance of various adsorbent materials repo

Material Water uptak

CaCl2 + saw wood 500 ml m−2

MIL-101(Cr) 15.9 L kg−1 d
MOF-108 2.8 L kg−1 at
MIL-101(Cr) 15.9 L kg−1 d
MOF-108 2.8 L kg−1 at
Silica-gel-LiCl-PVP 0.43 g g−1 (0
Silica gel 1.5 to 3.3 L d
AC-silica (activated carbon-silica gel) 0.81 kg kg−1

9400 | RSC Adv., 2026, 16, 9399–9411
due to challenges like cost, stability, and scalability. On the
other hand, the application of silica-based sorbents and other
stable oxide materials in small-scale solar-powered water har-
vesting systems has been limited, highlighting the urgent need
for affordable, durable, and high-capacity alternatives.

As a result, recent research is increasingly focused on iden-
tifying sorbents that not only demonstrate strong adsorption
capabilities but are also economically viable and environmen-
tally friendly.1 In this sense, both industry and academia have
recently paid close attention to magnesium aluminate spinel.17

This is largely due to its impressive combination of properties,
including high mechanical strength at room temperature
(ranging from 135 to 216 MPa), remarkable hardness (16 GPa),
and a relatively low density of 3.58 g cm3.10,17 This material can
handle high temperatures quite well, showing impressive
strengths ranging from 120 to 205 MPa at 1300 °C, and it boasts
a melting point of 2135 °C. The most fascinating is its unique
crystal structure, which features a cubic close-packed (face-
centered cubic, FCC) arrangement of oxide anions (O2−),
making it a potential candidate for water harvesting. In this FCC
lattice, the cations Mg2+ and Al3+ ll specic interstitial
rted in the literature

e Reference

day−1, 2.8 kg (0.025 ml−1 0.1 g day−1) 15
ay−1 (1.59 ml−1 0.1 g day−1) 14
RH of 20% (0.28 ml 0.1 g−1) 5
ay−1 (1.59 ml−1 0.1 g day−1) 14
RH of 20% (0.28 ml 0.1 g−1) 5
.043 g 0.1 g−1) 10
ay−1 per square meter of solar eld
(0.081 g 0.1 g−1) 16

© 2026 The Author(s). Published by the Royal Society of Chemistry
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positions: Mg2+ typically occupies one-eighth of the tetrahedral
sites, while Al3+ takes up half of the octahedral sites. The
distinctive stoichiometry arises from the arrangement of 8
AB2O4 formula units per unit cell, providing a robust framework
for doping and enhancing functional characteristics.8,18 The
unique feature of the spinel structure is that each unit cell has
72 vacant sites that can hold a sizable number of divalent and
trivalent cations in a solid solution without reducing the crys-
tallographic geometry.6

The hygroscopic nature of this material is oen viewed as
a limitation in traditional uses, even though there's a wealth of
research on the topic. Instead, studies have focused on
enhancing synthesis methods, boosting mechanical strength,
and more. The unique lattice structure of spinel, with its
numerous unoccupied tetrahedral and octahedral sites, allows
for the accommodation of dopant cations, which can lead to
customizable characteristics. With its high structural stability,
the ability to adjust structural and morphological properties
through doping (like with Ni), and its natural hygroscopic
properties, MAS stands out as a promising choice for durable
and effective water adsorbents. This is especially important as
we look for scalable and cost-effective materials for AWH
systems. It's worth noting that, despite its many advantages,
MAS hasn't been explored for water collection applications until
now, which really underscores the originality and potential
impact of this study.8,10

This study's main goal was to synthesize nanoscale Ni-doped
magnesium aluminate spinel derivatives having the general
formula Mg1−xNixAl2O4 (x = 0.2, 0.6, 0.8) using a simple co-
precipitation technique in order to take advantage of its
designed defect structure and greatly increase water adsorption
capacity. A signicant innovation of this work that provides
insights beyond conventional adsorbents is the correlation
between enhanced water adsorption efficiency and the struc-
tural and morphological characteristics of Ni-doped MgAl2O4.
The synthesized material was carefully evaluated for its
adsorption behavior under controlled settings in order to
comprehend water-adsorbent interactions with spinels. Ther-
modynamic analysis supported the interpretation of the data
using Langmuir, Freundlich, and Temkin isotherms.

2. Experimental studies
2.1 Synthesis

For the synthesis of spinels, the co-precipitation approach has
long been used. In addition to being reasonably priced, it
produces excellent results and is quite practical, saving you
a great deal of time. This procedure entails adding an alkaline
NaOH solution in accordance with eqn (1) and combining
a stoichiometric amount of the necessary metal salt solution
with constant vigorous stirring. When creating different spinel
compositions, the pH level is critical, so it is critical to monitor
it closely to make sure you have pure spinel material.17

Following chemicals were used as recieved: Mg(NO3)2$6H2O
(98.97%, Daejung), Al(NO3)2$9H2O (98%, Daejung), Ni(NO3)2-
$6H2O (98.99%, Daejung), and NH3$H2O (Honeywell 33% NH3).
To start, 100 ml of a 0.1 M aqueous solution of Mg(NO3)2$6H2O
© 2026 The Author(s). Published by the Royal Society of Chemistry
with 0.2 M Al(NO3)2$9H2O were mixed together. The precipita-
tion process involved adding 2 M NH3$H2O while keeping the
pH at 9. Aer an hour of stirring to produce precipitates at room
temperature, they were cleaned and dried in an oven for an
additional hour before being annealed for eight hours at 800 °C
in a muffle furnace. With a heating rate of 5 °C min−1 to obtain
the crystalline spinel phase. For the Ni2+ doped derivatives,
which follow the general formula Mg1−xNixAl2O4 (where x= 0.2,
0.6, 0.8), stoichiometric amounts of Ni(NO3)2$6H2O salt solu-
tions were added, adhering to the same procedure.

MgðNO3Þ2$6H2OþAlðNO3Þ3$9H2OþNiðNO3Þ2$6H2O

þNH3$H2O �!pH9
MgðOHÞ2YþAlðOHÞ3YþAlMgðOHÞ5Y

þ YNiðOHÞ2 �����!800 �Cþ8hr
Mg1�xNixAl2O4

(1)

For doped derivatives, the obtained precipitates were stirred
at room temperature for one hour, washed, oven-dried for an
additional hour, and subsequently annealed in a muffle furnace
at 800 °C for 8 h with a heating rate of 5 °C min−1 to obtain the
crystalline spinel phase further details about the synthesized
compositions can be found in supplementary data as shown in
Fig. S1. Aer synthesis, the powders were evaluated for water
adsorption performance. All adsorption experiments were
conducted in triplicate (n = 3) to ensure reproducibility. The
obtained data were statistically analyzed and are presented as
mean ± standard deviation.
2.2 Characterization

A Shimadzu XRD-7000 diffractometer operating at 40 kV with
Cu Ka radiation (l = 1.5406 Å) was used to record X-ray
diffraction (XRD) patterns. To analyze the surface crystallinity
and phase composition of the synthesized material, scans were
conducted over a 2q range of 15–70° with a step size of 0.02.
Structural parameters such as the lattice constant ‘a’ (Å), unit
cell volume ‘Vcell’ (Å

3), Scherrer crystallite size ‘Ds’ (nm), and X-
ray density ‘rX-ray’ (g cm−3) were evaluated using the equations
below19 with “d” spacing values, and “h”, “k”, “l” are the miller
indices.

a = [d2 (h2 + k2 + l2)]1/2 (2)

Vcell = a3 (3)

Scherer's equation is given by formula

D ¼ kl

b cos q
(4)

where “l” is the wavelength of X-rays, “b” is FWHM (full width at
half maximum) of each peak, value of shape factor “k” is 0.94
“q” represents the Bragg's angle.

X-ray density (rX-ray) is given by formula.

rX-ray ¼
ZM

Vcell NA

(5)
RSC Adv., 2026, 16, 9399–9411 | 9401

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09380e


Fig. 2 Atmospheric water harvesting equipment.
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SEM images of the synthesized Mg1−xNixAl2O4 samples were
recorded using a JEOL JSM-5910 scanning electron microscope
(Japan). Scanning electron microscopy gives detailed informa-
tion about material's morphology and composition. In the
scanning electron microscope, a high-energy beam of electrons
interacts with the material surface, this type of interaction
shows refraction, reection, and scattering to produce the data
in the form of signals.20 The energy dispersive X-ray spectros-
copy (EDX) coupled with SEM is mainly used for elemental
analysis. It is basically interaction of source of X-rays with the
sample resulting in the excitation. The capabilities of excitation
is as a result of fundamental principle that it show unique
pattern of atomic structure by emission of characteristic X-
rays.21

2.3 Adsorption studies

A closed rectangular glass container that is 12 cm tall and 10 cm
wide is part of the experimental setup (Fig. 2). Because of its
airtight design, the internal environment is kept constant and
unaffected by outside changes. There is a colorful, USB-
connected humidier inside that lets us set the humidity
levels we want by just pressing a button. The relative humidity
that this humidier can provide ranges from 45% to 95%. A
relay system is also in place to immediately monitor the
chamber's temperature and humidity levels. We are able to
9402 | RSC Adv., 2026, 16, 9399–9411
perform the adsorption procedure efficiently because of this
controlled atmosphere. A fan at the rear of the chamber helps to
remove any excess moisture in order to control excessive
humidity. The procedure for the adsorption studies was as
follows.11 First, the sample was placed in an oven to eliminate
moisture content at a temperature of 200 °C for 2–3 hours. This
step was repeated before each experiment. Once dried, the
sample was weighed on an analytical balance to establish its
initial weight. For the adsorption calculations, we needed at
least 0.1 g of the sample, which was weighed on aluminum foil.
Aer recording the initial weight, the sample was placed inside
the chamber, where humidity was maintained at 45% using the
humidier and fan. Aer 20 minutes, we monitored the
sample's weight again with the analytical balance. This process
was repeated multiple times (from 20 to 120 minutes) to gain
a deeper understanding of the adsorption mechanism. The
moisture content was determined by calculating the difference
between the initial and nal weights of the sample. We followed
the same procedure for all samples at humidity levels ranging
from 55% to 95% relative humidity.

2.4 Isotherm modeling

When the temperature remains constant, the balance achieved
through the adsorption of substances on a material's surface is
primarily characterized by adsorption isotherms. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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substances that need to be removed during the adsorption
process are referred to as adsorbates, while the material that
facilitates this process is known as the adsorbent. Once equi-
librium is reached under constant temperature conditions, the
adsorption isotherms serve as mathematical expressions that
illustrate the relationship between the amount of adsorbate
being adsorbed on the adsorbent's surface and the concentra-
tion of the adsorbate in the solution.15 The concept of a mono-
layer, which indicates the maximum adsorption capacity, is
explained by the Langmuir adsorption isotherm. This isotherm
is based on several key assumptions: the adsorption of adsor-
bate occurs at xed reaction sites on the adsorbent, with each
site capable of holding only one adsorbate at a time. Addition-
ally, all reaction sites are assumed to have the same energy, and
there is no interaction between one adsorbate and another, nor
with the adsorption sites.

Langmuir adsorption isotherm is indicated by the following
eqn (6).

1

Qe

¼ 1

QmaxKL

1

Ce

þ 1

Qmax

(6)

where “Qe” is the amount of adsorbedmolecule of adsorbate per
gram of adsorbent (mg g−1), “Qmax” is the monolayer adsorbent
capacity (mg g−1), “Ce” is the equilibrium concentration of
adsorbate (mg g−1), and “KL” is constant of Langmuir
adsorption.

Freundlich adsorption isotherm assumes that surface is
heterogeneous in nature. It denes the physisorption that is
strong in nature and forms multilayers. Freundlich adsorption
isotherm is represented by the eqn (7).

ln Qe ¼ ln Kf þ 1

n
ln Ce (7)

where “Kf” is constant of Freundlich adsorption isotherm, “Ce”

is the equilibrium point concentration of adsorbate (mg g−1),
“Qe” is the concentration of adsorbate that is adsorb on
adsorbent (mg g−1), and n describes the linearity of adsorption
process between adsorbate and adsorbent.

Temkin adsorption isotherm is represented by the eqn (8).

Qe = BTLnAT + BT lnCe (8)

where BT is the heat constant of adsorption (if the BT <
8 kJ mol−1, it indicates the physical adsorption AT is the equi-
librium binding constant of adsorption, and T is the absolute
temperature.22
2.5 Kinetic studies

The inuence of time on the process of adsorption is mainly due
to the kinetic activity of adsorbate on the adsorbent surface.12

Pseudo rst order kinetics informs about the physical
adsorption. It demonstrates about the weak forces of attraction
between adsorbate and adsorbent. The Lagergren rst order
kinetics based upon the amount of adsorbate that are being
adsorbed, while the difference in the process of adsorption is
mainly due to the driving force of the adsorption process. The
rst-order kinetic model is described as under.12
© 2026 The Author(s). Published by the Royal Society of Chemistry
Mt = Me + (M0 – Me)e−k1t (9)

whereas the rate constant “k1” is the adsorption rate constant
for the rst-order kinetic model (h−1).

A second-order kinetic model is based on the fact that there
is an involvement of chemical bonding among adsorbate and
adsorbent. EMC “Me” can be calculated by this model as.12

t

Mt

¼ 1

k2e2
þ 1

Me

t (10)

whereas the rate constant “k2” is the rate constant for the
second order kinetic model (h−1).

2.6 Thermodynamic studies

The feasibility of the reaction was investigated by using ther-
modynamic parameters.12

Qst = qst + HL (11)

The net isosteric heat of sorption is needed to change the
state of liquid to vapors, with the water activity(aw). Experi-
mentally, the isosteric heat of adsorption can be obtained from
the Clausius–Clapeyron relationship by constructing a plot of
ln(water activity) versus 1/T.

lnðawÞ ¼ �
�qst
R

��1

T

�
þ C (12)

Here, T is the absolute temperature (K), R is the gas constant
(8.314 J mol−1 K) “qst” is the net isosteric heat of sorption (J
mol−1) and C is the constant.

The change in entropy plays a crucial role in the system's
energy analysis, being proportional to the number of sorption
sites available at a particular energy level. The differential
sorption entropy (DS) was obtained by tting eqn (13) to the
equilibrium moisture content derived from the tting.12

lnðawÞ ¼ �qst
RT

þ DS

R
(13)

DG = RT ln aw (14)
3 Results and discussion
3.1 Characterization

The observed diffraction pattern and corresponding Miller
indices (hkl values) align closely with the standard pattern for
Mg1−xNixAl2O4 (ICSD code no. 021-1152, Fig. 3), with prominent
peaks identied at (111), (220), (311), (400), (422), (511), and
(440), conrming a single-phase composition with Fd3m space
group symmetry. These peak values conrm that the Mg1−xNi-
xAl2O4 (x = 0.2, 0.6, 0.8) has a single-phase composition with
Fd3m space groups. In particular, earlier works on Mg1−xNix-
Al2O4 have also shown that increasing Ni2+ content does not
disrupt the spinel framework and that diffraction intensities
evolve systematically with doping level, conrming successful
Ni substitution into the MgAl2O4 lattice.23 Through X-ray
diffraction analysis, several parameters were determined,
RSC Adv., 2026, 16, 9399–9411 | 9403
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Fig. 3 X-ray diffraction pattern of Mg1−xNixAl2O4 (x = 0.0, 0.2, 0.6, 0.8).
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including cell volume (Vcell), X-ray density (DX), and crystallite
size (Ds). For Mg1−xNixAl2O4 (x = 0.2), the calculated values are
a cell volume of 531 Å3, bulk density of 3.94 g cm−3, and
a crystallite size of 36 nm. For Mg1−xNixAl2O4 (x = 0.6), the
values are 532 Å3 for cell volume, 4.03 g cm−3 for bulk density,
and 39 nm for crystallite size. Lastly, for Mg1−xNixAl2O4 (x =

0.8), the values are 533 Å3 for cell volume, 4.14 g cm−3 for bulk
density, and 40 nm for crystallite size. This trend of increasing
lattice parameters is attributed to the larger ionic size associ-
ated with higher nickel content in magnesium aluminate
spinel. It suggests that higher nickel content has a strong
preference for occupying the tetrahedral sites, which correlates
with the increase in crystalline size. The magnesium aluminate
(Mg1−xNixAl2O4) is doped with divalent nickel (x = 0.2, 0.6, and
0.8) at these tetrahedral sites. Notably, no additional peaks were
observed in any of the samples apart from those corresponding
to the spinel phase, conrming that the doped spinel
compounds indeed generate a single-phase spinel structure.

This study shows how the host lattice magnesium aluminate
(MgAl2O4) can take in impurity ions without altering its spinel
structure (Fig. 4). We see that the broadening of the peak
improves, indicating that the doped materials form tiny crys-
tallites. As we increase the amount of dopant, both the lattice
constant (a) and the cell volume gradually rise. Similarly, the
grain size of the doped samples also increases steadily with
more content. Additionally, the X-ray density of the doped
compounds goes up as the concentration of the dopant
increases. This is because the dopant cations have a larger
molar mass, leading to a consistent increase in the density of
the doped samples as the content rises.

The EDS spectrum forMg1−xNixAl2O4 (where x= 0.2, 0.6, 0.8) is
presented, showing that the theoretical composition aligns well
with the experimental ndings. Scanning electron micrographs
revealed relatively uniform particle distribution with typical spinel
morphology. Similar observations have been reported for Ni-
9404 | RSC Adv., 2026, 16, 9399–9411
doped magnesium aluminate spinels, where SEM revealed
homogeneous particles and surface textures that can inuence
adsorption behavior.24 The SEM image of Mg1−xNixAl2O4 (x = 0.2,
0.6, 0.8) was taken aer it was annealed for eight hours at 800
degrees Celsius. The morphological features indicate uneven
growth, with varying particle sizes, and some regions exhibit pores
while others do not. The micrographs also highlight a rough
surface texture with signicant porosity, suggesting that the
material's tendency to absorb moisture led to the aggregation of
particles. Interestingly, the SEM images do not show any notice-
able difference in particle size due to the tetrahedral doping of Ni2+

cations; however, the slightly rough appearance of the samples
indicates that larger particles have formed on the surface as
a result of smaller crystallites coming together.Within the limits of
experimental error, the EDS spectrum shows a strong correlation
between the theoretical and experimental compositions.
3.2 Adsorption studies

The capability of Mg1−xNixAl2O4 (x = 0.0, 0.2, 0.6, 0.8) to adsorb
moisture content was measured by plotting a graph between
moisture content versus time with the help of origin soware
and Microso EXCEL. Initially, there is a steep trend observed
in all the graphs because a large number of vacant sites are
available as shown in Fig. 5.

The equilibrium moisture content is the phenomenon at
which no adsorption–desorption takes place. It is the state
where the adsorbent has reached equilibrium between uptake
and release of molecules. At different relative humidity, the
trend of equilibrium moisture content changed depending
upon the increased number of adsorbed vapors at higher
humidity. At lower moisture, the pressure caused by the vapors
on the adsorbent surface is lower as compared to higher
humidity so that's why EMC and saturation point achieves
earlier. Aer saturation point, the moisture content starts
decreasing this may be due to the reason that the vapor pressure
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM micrographs and EDS spectra of (a) Mg1−xNixAl2O4 (x = 0.2), (b) Mg1−xNixAl2O4 (x = 0.6), (c) Mg1−xNixAl2O4 (x = 0.8).
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on the material surface is higher as compared to the
surrounding area. So may be some of vapors get desorbed from
the material surface.

The equilibrium moisture content of Mg1−x NixAl2O4 with
different compositions on various water activity values. It can be
seen from Fig. 5 that x = 0.8 shows high values of moisture
content this may be due to the increased number of defects. It
shows that at x = 0.8, equilibrium moisture content was ach-
ieved at low water activity values very easily compared with x =

0.0 that reached EMC at very high-water activity. This is due to
the reason that the diffusion rate of water molecules to undergo
physical adsorption is high, but on the other hand at high water
activity values, the equilibrium moisture content value
decreases due to decreased rate of diffusion.

In case when x = 0.6, with increase in water activity, the
equilibriummoisture content decreases, then gain stability and
© 2026 The Author(s). Published by the Royal Society of Chemistry
increases with the increase of water activity and become
maximum at the higher water activity value. Thus, composition
x = 0.6 provides a greater number of active sites for adsorption,
thus equilibrium moisture content obtains at the higher value
of water activity.

aw ¼ RH%

100
(15)

And in the case when x = 0.2 almost same behavior as
composition when x = 0.2, but the only difference is that it has
all its equilibriummoisture content values one step higher. The
comparison between equilibrium moisture content and water
activity of different doped nickel content is discussed in Table 2.
By plotting the moisture content trend with respect to time,
equilibrium moisture content Xeq points were obtained at
RSC Adv., 2026, 16, 9399–9411 | 9405
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Fig. 5 Moisture content versus time for synthesized Mg1−xNixAl2O4 (x = 0.2, 0.6, 0.8) at different relative humidity (RH%).
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different relative humidity. Whereas water activity “aw” is the
ratio between the vapor pressure on the adsorbent to the vapor
pressure of pure water. The graph between water activity (aw)
and equilibrium moisture content is shown in Fig. 6.
3.3 Adsorption isotherm models

Adsorption isotherm model has signicant importance on its
own. Such as Langmuir adsorption isotherm about linear
adsorption, while Freundlich and Temkin gives information
about physisorption or chemisorption (Fig. 7).

3.3.1 Langmuir isotherm model. A key parameter of the
Langmuir adsorption isotherm is the separation factor, or
9406 | RSC Adv., 2026, 16, 9399–9411
dimensionless constant RL, which is expressed by the following
equation.

RL ¼ 1

1þ KL Ce

(16)

This separation factor has following value assumption. If RL

> 1, it indicates unfavorable adsorption in which the desorption
rate is greater than the adsorption rate. If RL= 1. It indicates the
process of linear adsorption in which dependency of concen-
tration of adsorbate that adsorb. If RL = 0, it indicates strong
adsorption means the process is irreversible. Mostly 0 < RL < 1,
indicates the normal favorable adsorption.22
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Equilibrium moisture content against water activity (RH/100) for nickel-doped magnesium aluminate spinel having general formula
Mg1−xNixAl2O4 (x = 0.0, 0.2, 0.6, 0.8)

aw �
0.05 (RH/100) Xeq (mg g−1) � 0.1 x = 0.0 Xeq (mg g−1) � 0.1 x = 0.2 Xeq (mg g−1) � 0.1 x = 0.6 Xeq (mg g−1) � 0.1 x = 0.8

0.45 2.5 1.6 2.7 8.0
0.55 7.0 0.6 0.6 20.0
0.65 4.9 0.7 0.8 16.0
0.75 16.0 0.3 1.9 13.0
0.85 18.0 4.3 12.0 4.1
0.95 18.2 4.5 13.3 4.2
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3.3.2 Freundlich model. Freundlich adsorption isotherm is
represented by the following equation.

ln Qe ¼ ln Kf þ 1

n
ln Ce (17)

where “Kf” is constant of Freundlich adsorption isotherm, Ce is
the equilibrium point concentration of adsorbate (mg L−1), “Qe”

is the concentration of adsorbate that is adsorb on adsorbent
(mg g−1), and n describes the linearity of adsorption process
between adsorbate and adsorbent. If n = 0, it indicates the
linear adsorption process. If n > 1, it indicates the chemical
adsorption. If n < 1, it indicates the physical adsorption22

Temkin adsorption isotherm assumes that the heat of
adsorption decreases linearly with the surface coverage of
adsorbate on adsorbent. There are uniform binding energies on
the adsorbent bed during the adsorbate–adsorbent interactions
(Table 3).

3.3.3 Temkin model. Temkin adsorption isotherm
assumes that the heat of adsorption decreases linearly with the
surface coverage of adsorbate on adsorbent. There are uniform
binding energies on the adsorbent bed during the adsorbate–
adsorbent interactions.
Fig. 6 Equilibrium moisture content against water activity (RH/100) fo
Mg1−xNixAl2O4 (x = 0.0, 0.2, 0.6, 0.8).

© 2026 The Author(s). Published by the Royal Society of Chemistry
Temkin adsorption isotherm is represented by the following
equation.

Qe = BTLnAT + BT lnCe (18)

where “BT” is the heat constant of adsorption (if the BT <
8 kJ mol−1, it indicates the physical adsorption “AT” is the
equilibrium binding constant of adsorption, and T is the
absolute temperature.22
3.4 Kinetic studies

A plot between logMt (mg g−1) versus the time (min) gives
straight line with minimum error ±3 gives intercept values,M0,
Me, and rst order rate constants. The linear regression corre-
lation coefficient R2 obtained good value at rst order kinetics
in comparison with second order kinetics. They obtained good
comparison between the theoretical and experimental param-
eters especially in higher content doped nickel in magnesium
aluminate spinel x = 0.8. The rst order kinetics tells the
synthesized adsorbent showed physical adsorption, result that
the process can be reverse as desorption without high energy
r Nickel doped magnesium aluminate spinel having general formula

RSC Adv., 2026, 16, 9399–9411 | 9407
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Fig. 7 Adsorption behavior of Mg1−xNixAl2O4 (x = 0.2, 0.4, 0.6) fitted using various isotherm models.
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demands, thus solar-driven. The rst order followed more
linearly at x= 0.8 with relative humidity values of 45% and 55%,
and linearity decreases with higher humidity due to reason of
decrease diffusion rate of moisture towards the surface of the
material.

The value of k1 decreases by increasing humidity as in lower
humidity the equilibrium established smoothly with linear
Table 3 Isothermal modeling parameters for Mg1−x NixAl2O4 (x = 0.0, 0

Mg1−x NixAl2O4 Langmuir Fre

Parameters KL RL n

x = 0.0 2.3 � 0.2 0.8 � 0.2 1 �
x = 0.2 2.3 � 0.2 0.9 � 0.2 1 �
x = 0.6 2.3 � 0.3 0.8 � 0.3 1 �
x = 0.8 2.3 � 0.2 0.8 � 0.2 1 �

9408 | RSC Adv., 2026, 16, 9399–9411
trend and moisture occupied the adsorption sites by physical
adsorption. While at higher humidity, the equilibrium estab-
lished fast in short time duration, as all sites occupied earlier
and no further adsorption sites available at adsorbent surfaces.
The plotting of rst order kinetics of various nickel doped
content is following in Fig. 8.
.2, 0.6, 0.8)

undlich Temkin

1/n BT (kJ mol−1) AT

0.5 1 � 0.5 — —
0.6 1 � 0.6 −6.88 � 0.4 0.9 � 0.4
0.5 1 � 0.5 −7.18 � 0.3 12 � 0.3
0.7 1 � 0.7 0.08 � 0.4 1.0 � 0.4

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09380e


Fig. 8 First-order kinetic modeling of Mg1−xNixAl2O4 (x = 0.2, 0.4, 0.6) adsorption at different relative humidities.
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3.5 Thermodynamic study

3.5.1 Adsorption isosteric heat. The isosteric heat of
adsorption (Qst) refers to the energy liberated during sorption. It
is dened as the combined value of the net isosteric heat of
adsorption (qst) and the heat of vaporization of water, HL
(40.65 kJ mol−1).12

Qst = qst + HL (19)

Experimentally, the isosteric heat of adsorption can be ob-
tained from the Clausius–Clapeyron relationship by construct-
ing a plot of ln(water activity) versus 1/T.

InðawÞ ¼ �
�qst
R

��1

T

�
þ C (20)

Here, T is the absolute temperature (K), R is the gas constant
(8.314 J mol−1 K−1) “qst” is the net isosteric heat of sorption (J
mol−1) and C is the constant.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The isosteric heat value of Qst = −21.805 kJ mol−1 obtained
by the use of eqn (20) is calculated from the slope.

3.5.2 Thermodynamic entropy of sorption. The change in
entropy provides insights into the energy aspects of the system
and is directly related to the number of adsorption sites avail-
able. The differential entropy of sorption (DS) was obtained by
applying eqn (14) to the equilibrium moisture content data
derived from the tting equation.12

lnðawÞ ¼ �qst
RT

þ DS

R
(21)

c = −(27.20); R = (8.314) J mol−1 k−1

c ¼ DS

R
(22)
RSC Adv., 2026, 16, 9399–9411 | 9409
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Fig. 9 Plot between ln aw versus 1/T and change in Gibbs free energy
with respect to Xeq.
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DG = −0.2261 KJ mol−1

3.5.3 Thermodynamic Gibbs free energy. Gibbs free energy
quanties the energy change during adsorption at constant
pressure and temperature, indicating whether the process
occurs spontaneously or not. The Gibbs free energy “DG”,
calculated at temperature of 16.4 °C and 75% relative humidity
by following equation.

DG = RT ln aw (23)

DG = −0.2261 KJ mol−1

As the Gibbs free energy DG value is negative, indicated
adsorption process is spontaneous.

It is observed the DG value with the increase in the equilib-
rium moisture content increases. DG varied between −1.95 and
−0.12 kJ mol−1, and the negative values conrm that adsorption
occurs spontaneously under all tested relative humidity condi-
tions (Fig. 9).
4. Conclusion

SBAWH was carried out by Ni-doped MAS sorbent. MAS and
doped derivatives were successfully synthesized by the co-
precipitation method. Synthesized material shows a single-
phase spinel conrmed by XRD analysis while morphology
and elemental analysis was conrmed by SEM. The successful
incorporation of Ni into MAS was evaluated by both XRD and
EDX analysis. Surface charges in spinel play an important role
9410 | RSC Adv., 2026, 16, 9399–9411
in water harvesting capabilities of doped spinel. The increased
amount of dopant increases the defects in the structure which
leads to an increase in water adsorption characteristics of
synthesized materials. The adsorption behavior of the material
was carried out by using a small setup by varying humidity of
45–95%. The relative humidity shows a direct relation with
water adsorption capacity. When the relative humidity
increased from 45% to 85%, the water adsorption capacity of
Mg1−xNixAl2O4 changed noticeably. For the sample with x= 0.2,
the capacity rose from 1.6 mg g−1 to 2.7 mg g−1, whereas for x =
0.6, it increased from 4.3 mg g−1 to 12 mg g−1 respectively. And
x = 0.8 has shown EMC at lower humidity value as 20 mg g−1

while x = 0.0 has shown EMC very late at higher humidity value
as 18 mg g−1. The sample with x = 0.8 composition showed
water adsorption capacity of 8 mg g−1 to 13 mg g−1 at 45–75%
RH. Kinetic and thermodynamic studies indicate that the
adsorption process is exothermic and exhibits physisorption
behavior. While this study highlights the fascinating water
adsorption potential of Ni-doped magnesium aluminate spinel
at the lab level, it does face some limitations. Specically,
there's a need for more detailed textural characterization, long-
term cycling data, and performance assessments in varying
environmental conditions. Moving forward, the research will
not only focus on testing the material in real-world atmospheric
water harvesting systems but will also dive deeper into thorough
BET and pore characterization, optimizing the dopant levels,
and examining the adsorption–desorption behavior. These
efforts will provide crucial insights into the material's stability,
regeneration efficiency, and overall performance for large-scale
water harvesting applications.
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Supplementary information (SI): the synthesis methodology
and the designed compositions of Ni2+ doped samples of MAS.
See DOI: https://doi.org/10.1039/d5ra09380e.
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