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ABSTRACT: The active site is a highly anticipated property of adsorbent in the field of separation, as it enables a concurrent
enhancement of both adsorption efficiency and adsorption rate. Herein, employing morphology-oriented regulation, we successfully
fabricated heterogeneous MgO adsorbent from a magnesium-based metal−organic framework (MOF) precursor, octahedral MgO-
M and laminated sheets MgO-P, for the capture of Congo red (CR). Specifically, the octahedron MgO-M exhibits a greater
abundant of moderately and strongly alkaline sites, which facilitate the adsorption of CR. Furthermore, the synergistic effect between
alkaline site and lattice oxygen further enhances the adsorption process. The adsorption data align more closely with the Pseudo-
second-order kinetic model and Langmuir models. Notably, the exceptional adsorption capacity (exceeding 1900 mg·g−1 for MgO-
M) and the secondary regeneration efficiency (over 96% removal rate across six cycles) offer promising prospects for future
industrial applications, effectively addressing challenges related to poor water stability and difficult storability. Additionally,
characterizations reveal the positive roles of alkaline sites, lattice oxygen, and pore structure in capturing significant quantities of CR
through mechanisms such as electrostatic interactions, hydrogen bonding, and pore filling.

1. INTRODUCTION
Driven by population growth and economic development, the
increase of water pollution resulting from increased human
activities and industrialization has exacerbated water scarcity,
presenting an increasingly urgent concern in contemporary
society.1−4 Industries frequently utilize organic dyes in their
respective processes, which are often discharged improperly
into the aquatic environment.5 These dyes possess complex
aromatic structure, as well as physical, chemical, stability and
light stability, rendering them nonbiodegradable and causing
significant harm to both the environment and human health.6

Congo red (CR) is a water-soluble azo-anion dye
characterized by a molecular structure comprising six benzene
rings.7 Despite its high toxicity and potential carcinogenic and
mutagenic hazards to both aquatic organisms and humans, this
compound is extensively used in the textile industry.8 This
toxicity has spurred researchers to develop water purification
technologies aimed at promoting the recycling and reuse of

water.9 Among various available water treatment techniques,
adsorption treatment is recognized as an optimal method for
clarifying wastewater due to its cost-effectiveness, simplicity,
efficiency and eco-friendliness.10,11 While researchers are
focusing on innovative studies of adsorbents, each type has
inherent drawbacks, including poor stability, low regeneration
capacity, and the risk of secondary pollution.12 Thus, designing
high-performance adsorbents poses a significant challenge,
particularly for the sustainable remediation of dye-contami-
nated waters.
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MgO is a cost-effective, eco-friendly and readily available
adsorbent. Given that water typically contains ions such as
Ca2+, Mg2+, MgO is a suitable for treating organic pollutants in
water without introducing secondary metal contamina-
tion.13−16 The porosity, surface area, pore size, and
morphology of adsorbents, which denote the abundance of
active adsorption sites, are critical for effective removal of
various organic pollutants from water. In recent years, porous
MgO has been widely employed in water treatment.17,18 For
instance, Khan et al. investigated the adsorption mechanism of
methyl orange and CR using poly(vinylpyrrolidone)-modified
MgO.19 Li et al. synthesized oxygen-rich defect MgO via the
citric acid steam-assisted decomposition method, demonstrat-
ing efficient removal capabilities for CR and Ni(II).20 Xu et al.
developed flower-like magnesium oxide and a magnesium
oxide-graphene oxide complex through ethylene glycol,
achieving a maximum adsorption capacity of reached 237
mg·g−1 for CR.21 Additionally, Li et al. utilized the
solvothermal method to produce layered porous MgO
materials, attaining a CR adsorption capacity of 666.7 mg·
g−1.22

Metal−organic frameworks (MOFs) and their derivatives
have garnered significant attention due to their remarkable
properties, including high porosity, extensive specific surface
area, accessible active sites, and thermal stability.6,23−25 By
selectively choosing or modifying organic and inorganic
components, the structure and porosity of MOFs can be
precisely tailored.26 Compared to traditional metal oxide
precursors, MOFs offer a versatile foundation for synthesizing
metal oxides, enabling the creation of hierarchical porous
structures with enriched active sites and large surface areas.
Numerous MOF-derived metal oxides have been reported for
their adsorption capabilities regarding Congo red (CR) dyes.
For instance, Hu et al. modified a MOF-derived carbon
adsorbent, PEI@MDC, with polyethylenimine (PEI), resulting
in a significant adsorption capacity of 1700 mg·g−1 for CR
solutions.27 Similarly, Wang et al. synthesized MNC HS
through a straightforward one-step solvothermal method using
ZIF-67 as a precursor, achieving an adsorption capacity of
1194.7 mg·g−1 for CR dye.28 It is important to note that most
reported MOFs and their derivatives incorporate transition
metals, with modifications enhancing their performance across
various applications. However, the design and modification of
alkaline earth metal MOFs have received comparatively little
attention.

Inspired by the existing literature, this study presents a novel
method for synthesizing porous MgO, utilizing Mg-MOF as a
precursor through simple air calcination, specifically aimed at

capturing CR dyes from wastewater. The favorable adsorption
performance and excellent regeneration capabilities underscore
the potential of MgO as an effective water purification
adsorbent for CR. Additionally, MOF-derived MgO materials
exhibit enhanced stability, including water stability and
storability, laying a solid foundation for further advancements
in the field of alkaline earth metals.

2. RESULTS AND DISCUSSION
2.1. Characterizations of Adsorbent. 2.1.1. Identifica-

tion of the Prepared Adsorbents. The physical structural
properties of all adsorbents were initially examined through X-
ray diffraction (XRD), nitrogen (N2) adsorption−desorption
analysis, and scanning electron microscopy (SEM). XRD
patterns were utilized to assess the crystal structures of the
prepared samples. The XRD patterns of the two Mg-MOF
samples (Figure 1a) were found to be in complete agreement
with those reported in the literature,1,26,29 while both MgO
samples exhibited all characteristic peaks associated with MgO
(PDF#74−1225) as shown in Figure 1b. This finding confirms
that the Mg-MOF precursors were successfully converted into
MgO samples following calcination, irrespective of the ligands
used, thereby demonstrating that MgO materials were
effectively synthesized using MOFs as precursors. Additionally,
the sharp diffraction peaks observed for both Mg-MOF and
MgO indicate that the samples possess good crystallinity. As
illustrated in the inset of Figure 1b, all peaks of the MgO
materials postadsorption remained intact, further confirming
the stability of the synthesized MgO materials.

Figure 1c presents the N2 adsorption−desorption curves
along with the pore size distributions for the two MgO
samples. Both MgO adsorbents exhibited type IV adsorption
isotherms accompanied by H3 hysteresis loops,30 indicating a
porous structure characterized by typical slit-shaped pores,31

which arise from the closely packed thin sheets of MgO-P and
the surface defects of MgO-M. The pore size distribution curve
(Figure 1c, inset) distinctly reveals that the primary pore size
for MgO-M is concentrated within the 2−20 nm mesoporous
range, while MgO-P displays a distribution of 2−50 nm
mesopores and 50−100 nm macropores. This observation
further suggests that the rich pore structure of MgO is a result
of the Mg-MOF. The favorable aperture-to-particle size ratio of
MgO-M in relation to the CR molecule (0.9−2 nm) facilitates
the effective ingress of CR dye, significantly reducing the
transport path for dye molecules and thereby enhancing the
adsorption kinetics of the adsorbents.32,33 Subsequent
adsorption experiments corroborated these findings.

Figure 1. XRD patterns of (a) Mg-MOF, (b) MgO and (c) N2 adsorption−desorption isotherms of MgO (inset: the corresponding distribution of
pore diameter).
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The surface morphologies of the Mg-MOF and MgO
samples were further analyzed using scanning electron
microscopy (SEM). Figure 2a illustrates that the Mg-MOF-P
precursor exhibits an irregular nanosheet appearance. Follow-

ing calcination in an air atmosphere, the resulting product,
MgO-P (Figure 2b,2c), retains a similar shape but displays
laminated sheets. This outcome suggests that the nanosheet
structure of the Mg-MOF-P precursor was well preserved. The

Figure 2. SEM images of (a) Mg-MOF-P, (b, c, d) MgO-P, (e) Mg-MOF-M and (f, g, h) MgO-M, and EDX mapping of (a1−a3) Mg-MOF-P,
(b1, b2) MgO-P, (e1−e4) Mg-MOF-M and (f1, f2) MgO-M.

Figure 3. FTIR spectra of (a) Mg-MOF and (b) MgO. (c) TGA diagrams, (d) CO2-TPD tests and (e, f) XPS survey spectra of MgO.
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proposed structural evolution process aligns with our expected
strategy. Additionally, the Mg-MOF-M precursor exhibits a
layered structure morphology, with some nanoparticles
forming on the surface (Figure 2e). The MgO-M particles,
which are the products obtained after the calcination of Mg-
MOF-M in an air atmosphere, show a uniformly regular
octahedral shape (Figure 2f,2g). A notable morphological
characteristic of the MgO samples is the presence of abundant
defect structures on their surfaces (Figure 2d,h), these defects
are promising candidates for adsorption sites.34,35 Elemental
mapping images (Figure 2a1−a3,2e1−e4) indicate the
presence of Mg, O, and C in Mg-MOF-P, and Mg, O, C,
and N in Mg-MOF-M. However, the N signals in Mg-MOF-M
are sparse, suggesting a low mass fraction of nitrogen in the
materials based on the Methylimidazole ligand. No nitrogen or
carbon was detected in the MgO samples (Figure
2b1,b2,f1,f2), confirming that only magnesium and oxygen
were present as the characteristic elements in the two MgO
materials, thus validating that the MgO samples derived from
Mg-MOFs were successfully prepared.
2.1.2. Chemical Properties of MgO Adsorbents. The

chemical properties of all samples were investigated using
Fourier-transform infrared (FTIR) spectroscopy, thermogravi-
metric analysis (TGA), CO2-temperature-programmed desorp-
tion (CO2-TPD), and X-ray photoelectron spectroscopy
(XPS). In the FTIR spectra of the two Mg-MOFs (Figure
3a), significant peaks at 3420 and 1620 cm−1 are attributed to
−OH stretching.36 For Mg-MOF-P, the asymmetric vibration
of the C−H bond occurs at 2840 cm−1, while the vibration
peak of the C�C bond is observed at 1590 cm−137,38 The
characteristic peaks at 1410 and 619 cm−1 correspond to the
Mg−O−Mg and Mg−O bonds, respectively.39 In contrast, for
Mg-MOF-M, the characteristic absorption peak at 2926 cm−1

corresponds to the stretching vibration of the C−H bond in
the imidazole ring. The absorption peaks at 1610 and 1360
cm−1 are attributed to the bending vibrations of the C�N and
C−N bonds in 2-methylimidazole, respectively, while the
bending vibration of the −CH3 group in 2-methylimidazole is
noted at 1510 cm−1.7,40,41 The characteristic peak at 1110 cm−1

corresponds to the in-plane bending vibration of the imidazole
ring, and the peak at 577 cm−1 is attributed to the tensile
vibration of the Mg−N bond.

In the FTIR spectrum of the MgO-P and MgO-M materials
(Figure 3b), the characteristic peaks at 3410 and 1620 cm−1

correspond to the absorption of hydrate −OH on the surface
of the materials,42 while the characteristic deformation
vibration peak at 1420 cm−1 corresponds to Mg−O−Mg.
The absorption peak at 626 cm−1 is characteristic of the Mg−

O bond. A comparison of the FTIR spectra reveals a
prominent vibration peak at 3700 cm−1 for −OH after CR
adsorption, which was absent prior to CR adsorption. This
suggests that the MOFs-derived template MgO materials
exhibit good stability in air, addressing the instability of
traditional MgO materials under atmospheric conditions.39

Most precursors of Mg-MOF generate volatile gases during
calcination, leaving a small quantity of residual carbon in the
materials. Since the presence of carbon can negatively impact
the adsorption performance of the adsorbent, thermogravi-
metric analysis (TGA) was utilized to quantify the specific
carbon content in the two MgO samples (Figure 3c). The
TGA curves indicate a three-stage pyrolysis process. The initial
weight loss occurring below 250 °C is attributed to the
evaporation of water and some organic volatiles adsorbed on
the MgO surface, whereas the weight loss observed between
250−375 °C is due to the loss of residual carbon. A
comparison of the weight loss curves reveals that the carbon
content in MgO-P and MgO-M is 7.1 and 4%, respectively.
The lower residual carbon content in MgO-M is advantageous
for the adsorption of Congo Red (CR) compared to MgO-P.
Notably, the thermal stability of both MgO materials can reach
730 K in an air atmosphere, which is attributed to their high
electro positivity, leading to strong ionic-like bonds with
carboxylate-based or imidazole-based organic ligands.

MgO adsorbents typically contain various types of
adsorption active sites, each playing a distinct role in the dye
adsorption process. To identify the dye adsorption sites in
different MgO adsorbents, CO2 temperature-programmed
desorption (TPD) tests were conducted to analyze the surface
alkaline active sites. In the CO2-TPD spectrum (Figure 3d), a
higher peak temperature and peak area indicate a greater
number of alkaline centers, suggesting an increased presence of
alkaline active sites. The temperature ranges of 100−300,
300−550 °C, and above 550 °C correspond to weak, medium,
and strong basic active sites, respectively. The Fourier-
transform infrared (FT-IR) spectrum (Figure 3b) shows that
the MgO surface sequentially presents −OH, O2−, and Mg2+
groups, which correlate with enhanced basicity and correspond
to weak, medium, and strong basic sites, respectively. In
contrast, the CO2-TPD spectra indicate that the MgO-M
adsorbent contains weak, medium, and strong basic sites, while
MgO-P is characterized as a weakly basic adsorbent with only
weak basic sites. In conclusion, the presence of more basic
active sites significantly enhances the adsorption of CR. This
finding aligns with the observed adsorption performance of the
two materials concerning CR dye, where the adsorption
capacity was greater for MgO-M compared to MgO-P.

Figure 4. (a) The adsorption capacity and removal rate of Mg-MOF and MgO materials on Congo red dyes (298k), (b) the effect of initial solution
pH and (c) ζ-potential of MgO materials.
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X-ray photoelectron spectroscopy (XPS) was employed to
analyze the electronic structure of the surfaces of the MgO
materials. Figure 3e presents high-resolution XPS spectra for
the primary element, O 1s. The O 1s spectra (Figure 3e) of
both MgO samples exhibited three peaks, corresponding to
lattice oxygen (OI), oxygen vacancies (OII), and adsorbed
oxygen (OIII), with peak positions at 529.8, 531.4, and 532.3
eV, respectively.43−45 In Figure 3f, the content of lattice oxygen
(OI) in MgO-M was calculated to be 47.3%, significantly
exceeding that of MgO-P, which was 26.4%. Subsequent results
indicate that MgO-M outperforms MgO-P in terms of
adsorption capacity. Thus, it can be concluded that lattice
oxygen surrounding Mg serves as the primary active absorption
centers in MgO material.46

2.2. MgO Adsorption Performance. To evaluate the
adsorption performance of Mg-MOF material on CR, this
study utilized a specific concentration of CR solution as the
initial sample and examined the adsorption behavior of CR
with Mg-MOF at 25 °C. The results, illustrated Figure 4a,
show that the adsorption capacities of Mg-MOF-P and Mg-
MOF-M for Congo Red were only 57.85 and 116.71 mg·g−1,
respectively, with corresponding removal rates of merely 23.1
and 46.6%. However, following the calcination of the Mg-MOF
material, the adsorption capacities increased to 253.1 and
251.52 mg·g−1, with removal rates approaching 99.99%. This
enhancement is well-documented in the literature and can be
attributed to the calcination process, which introduces more
defects in the MgO material.47 Consequently, the calcined
MgO material exhibits an increased number of active sites,
thereby improving its adsorption performance for CR.48−50

Furthermore, this performance will be substantiated by
subsequent characterization and performance assessments.

The pH value of a solution is a significant factor influencing
the adsorption of dye molecules. The adsorption of Congo Red

(CR) dyes was examined across a pH range of 3−11, with
results depicted in Figure 4b. For the MgO-P and MgO-M
materials, the adsorption capacity of CR increased from 450.01
to 1987.66 mg·g−1 and from 579.43 to 2092.09 mg·g−1,
respectively, as the pH of the CR solution rose from 3 to 7.
This phenomenon can be attributed to the surface charges of
the adsorbent and dye molecules at varying pH levels. In the
lower pH range, the surface of the hydrated oxide (MOH) is
predominantly covered by H+ ions. Consequently, as the pH of
the CR solution increases from 3 to 7, the electrostatic
attraction between the positively charged MgO materials and
the negatively charged CR dye molecules enhances the
adsorption of the dye. However, as the pH of the CR solution
rises from 7 to 11, the adsorption capacity of CR gradually
decreases. In this higher pH range, MOH may react with
hydroxide ions to form a negatively charged deprotonated
oxide (MO−). Therefore, at pH values greater than 7, the
formation of MO− on the surface of the MgO material
competes with the negatively charged CR dye molecules for
active sites.6,39 This indicates that the optimal adsorption pH
for the CR solution is 7.

The potential change on the material surface was
investigated by characterizing the ζ-potential of the adsorbent
at different pH conditions, and the results are shown in Figure
4c. The isoelectric point (IEP) of MgO-P is 5.15, indicating
that the MgO material surface is negatively charged at pH less
than 5.15 and positively charged at pH more than 5.15.
Moreover, the ζ-potential of MgO-M material indicates a
positive within the pH range of 3−11, indicating that the
material surface is positively charged in this range. As an
anionic substance, CR can be adsorbed onto samples through
electrostatic interaction. The −SO3− group in the CR molecule
is attracted to the positively charged surface of the MgO
material, thereby achieving the removal effect. This conclusion

Figure 5. Evolution of CR adsorption capacity of MgO materials over (a) initial concentration and (b) time (298 K, V = 300 mL, c0 = 800 mg·L−1),
(c) PFO kinetic model, (d) PSO kinetic model, (e) qe, exp and qe,cal and (f) intraparticle diffusion model at 298 K for CR dye adsorption by MgO
materials.
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is consistent with the pH value and further validates the
reaction mechanism.

Figure 5a illustrates the effect of the initial concentration
(c0) of CR on the adsorption capacity. As c0 increases, the
adsorption capacity (qt) of both materials for CR also rises.
However, beyond a certain concentration, qt begins to decline,
likely due to the saturation of active sites on the material’s
surface by CR molecules. Additionally, the relationship
between qt and adsorption time (t) for CR adsorption on
MgO materials was examined at a concentration of CR c0 =
800 mg·L−1. The qt ∼ t curve (Figure 5b) shows an initial
upward trend within the first few minutes. As time progresses,
the adsorption rate of both MgO adsorbents for CR gradually
decreases, ultimately leading to a flattening of the curve.
Notably, the qt of MgO-M surpasses that of MgO-P, with
MgO-M exhibiting an adsorption capacity of 1975 mg·g−1 at
330 min, while MgO-P shows a capacity of 1542 mg·g−1 at 450
min, indicating adsorption equilibrium.

Furthermore, pseudo-first-order (PFO), pseudo-second-
order (PSO), and intraparticle diffusion models were
employed to analyze the adsorption data of MgO.51 The
fitted curves and kinetic model parameters are presented in
Figure 5c,d and Table 1, respectively. It is evident that the best
matching coefficient R2 of the PSO linear graph is closer to 1
(0.993 and 0.990) compared to that of the PFO linear graph
(0.843 and 0.798). Moreover, the theoretical calculated values
of equilibrium adsorption (qe,cal) from the PSO model closely
align with the actual experimental data (qe,exp) (Figure 5e and
Table 1). These findings indicate that the adsorption of CR
dyes by the two MgO materials is more consistent with the
PSO kinetic model, suggesting that chemisorption is the rate-
determining step in the adsorption of CR.52

Based on the fitting linear diagram and the associated data
from the intraparticle diffusion model (Figure 5f and Table 2),
the diffusion process of CR across the two MgO materials can
be categorized into three distinct stages. These stages
correspond to rapid CR diffusion from the solution to the
adsorbent, transportation within the internal pores, and the
final adsorption equilibrium.53,54 The three-stage linear plots
illustrate a segmented yet continuous adsorption process, with
the kinetic constant (slope k) serving as an indicator of the
adsorption rate.55

For MgO-P, the relationship kdif1 > kdif2 > kdif3 suggests that
CR diffusion from the solution to the adsorbent occurs rapidly,
while the transport within the internal pores is comparatively
slower. This indicates that the 2−50 nm mesopores and 50−
100 nm macropores of MgO-P, along with its weaker basic
adsorption sites, are less favorable for CR adsorption. In
contrast, for MgO-M, the relationship kdif2 > kdif1 > kdif3
indicates that CR diffusion from the solution to the adsorbent
is rapid, and the transportation within the internal pores is
even faster. This suggests that the 2−20 nm mesopores of
MgO-M and its stronger basic adsorption sites significantly
enhance CR adsorption. Furthermore, in the initial two stages
of diffusion, the values of kdif1 and kdif2 for the MgO-M
system are approximately 1.4 and 2.4 times greater than those
of the MgO-P system, highlighting a more vigorous and rapid
diffusion process. Considering the aperture data, the favorable
aperture-to-particle size ratio of MgO-M relative to the CR
molecule facilitates more effective and rapid diffusion of CR,
significantly reducing the transport path for dye molecules and
thereby enhancing the adsorption kinetics of the adsorbents.
Consequently, MgO-M demonstrates superior CR adsorption
capacity.

Table 1. PFO Model and PSO Model Parameters for CR Adsorption on MgO Materials

PFO model PSO model

samples qe, exp (mg·g−1) qe, cal1 (mg·g−1) k1 (min−1) R2 qe, cal2 (mg·g−1) k2 (g·mg−1·min−1) R2

MgO-P 1542.03 815.662 0.0111 0.843 1554.726 1.79 × 10−5 0.993
MgO-M 1975.19 1391.309 0.0144 0.798 2190.101 5.92 × 10−6 0.990

Table 2. Intra-particle Diffusion Model Parameters for CR Adsorption by MgO Materials

intraparticle diffusion

samples kdif1 (mg·min−1/2·g−1) C1 R2 kdif2 (mg·min−1/2·g−1) C2 R2 kdif3 (mg·min−1/2·g−1) C3 R2

MgO-P 59.8 663.8 0.890 38.7 819.3 0.977 29.5 1138.1 0.824
MgO-M 77.4 468.1 0.951 90.6 387.6 0.998 0.56 1965.0 0.981

Figure 6. (a) Langmuir isotherm and (b) Freundlich isotherm at 298 K for CR dye adsorption by MgO materials, (c) the regeneration experiments
at 298 K of MgO materials.
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To enhance our understanding of the adsorption mecha-
nism, we analyzed the adsorption isotherms of Congo Red
(CR) on two MgO materials. The analysis revealed a strong fit
to the Langmuir model, with an R2 value exceeding 0.98
(Figure 6a), indicating that the adsorption of CR on MgO
occurs as a monolayer. Notably, the theoretical maximum
adsorption capacities (qmax) derived from the Langmuir model
for the two MgO materials were calculated to be 1400 and
2015, respectively, which closely aligned with the experimental
values. Additionally, the equilibrium factor (RL) derived from
the Langmuir isothermal equation ranged from 0.00448 to
0.00694 (Table 3), suggesting that the adsorption of CR on
the MgO materials is favorable.56,57

2.3. Recyclability and Stability. To further assess the
superior recovery and stability of MgO, we measured the
recyclability of the adsorbent, with the cycle progression
illustrated in Figure 7. Both MgO samples maintained their
adsorption performance above a 96% removal rate after six
cycles, demonstrating excellent reusability. The slight decrease
in removal rate may be attributed to minor adsorbent loss.58

Furthermore, the XRD (Figure 1b, inset), FT-IR (Figure 3b
inset), XPS (Figure 8a) and energy dispersive X-ray spectros-
copy (EDS) elemental (Figure 8b) of the MgO materials post-

CR adsorption exhibited no significant changes, indicating that
the adsorption process did not alter the structure of MgO.
These findings confirm that MOF-derived MgO possesses
superior adsorption activity and structural stability.59

2.4. CR Adsorption Mechanism. The adsorption
mechanism of the MgO adsorbent is illustrated in Figure 7.
Currently, the primary mechanisms by which MgO interacts
with CR are believed to involve hydrogen bonding, electro-
static interactions, and hole-filling,60−63 as supported by XPS,
FT-IR, and Brunauer−Emmett−Teller (BET) analysis. Figure
8b, presents the EDS elemental mapping results, which
confirm the presence of nitrogen (N) and sulfur (S) in the
postadsorption MgO-M adsorbent, indicating successful
adsorption of CR, which contains both N and S atoms, onto
the MgO-M surface. Furthermore, a comparison of the
functional groups in MgO-M after adsorption with those in
raw MgO (Figure 3b) reveals a broad absorption band at 1440
cm−1, attributable to the C�C stretching vibration of the
benzene ring in the CR molecules. Additionally, an adsorption
peak at 576 cm−1 corresponds to the stretching vibration of the
S−O bond in the adsorbed CR molecules. The observed shift
of the peak from 626 to 576 cm−1 due to CR adsorption
further supports this conclusion, suggesting that CR was
effectively adsorbed onto the MgO materials.

The adsorption of CR dye onto MgO is primarily driven by
electrostatic attraction. As illustrated in Figure 8a, there are
notable changes in the peak intensities and elemental
composition of magnesium (Mg) upon the adsorption of CR
onto the surface of MgO-M. Specifically, the intensity of the
characteristic Mg peak decreases, and the binding energy of
this peak shifts from 1303.7 to 1302.8 eV, which indicates a
strong electrostatic interaction between MgO-M and CR.64

This reduction in binding energy is likely attributed to an
increase in electron density on the electron-deficient Mg,
facilitated by the electron-rich nature of CR. Furthermore, as
shown in Figure 4b,4c the isoelectric point (IEP) of MgO is

Table 3. Adsorption Isotherms Parameters for CR Adsorption by MgO Materials

Langmuir isotherm model Freundlich isotherm model

samples qmax (mg·g−1) KL R2 RL Kf (mg·g−1) 1/n R2

MgO-P 1400 1.556 0.989 0.000743 600 0.271 0.653
MgO-M 2015 1.8 0.998 0.000694 1138 0.205 0.671

Figure 7. Adsorption mechanism process and cyclic process of MgO materials.

Figure 8. (a) XPS and (b1−4) EDS diagram of MgO-M after CR
adsorption.
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approximately 5.15. When the pH of the CR solution exceeds
the IEP, CR molecules can be effectively removed through
strong electrostatic attraction.17,65,66

Additionally, the Mg-MOF derived MgO exhibits a low
content of functional groups, such as hydroxyl (−OH) groups.
The adsorption of CR dye from aqueous solutions occurs via
hydrogen bonding between these hydroxyl groups, which act as
hydrogen acceptors, and the sulfonic acid groups of CR, which
serve as hydrogen donors (Figure 7). Lastly, CR is also
adsorbed from aqueous solutions through hole filling,
facilitated by the suitable pore sizes and the porous structure
of MgO.

3. CONCLUSIONS
A regular octahedral MgO-M with rich mesoporous (2−20
nm) and an irregular laminated MgO-P with extensive
mesoporous (2−50 nm) and mesoporous (50−100 nm)
were synthesized for the first time using a simple solvothermal
method with a metal−organic framework (MOF) as precursor.
These materials were employed as adsorbents for the capture
of Congo Red (CR) dye from water. Comprehensive
characterization revealed that the octahedral MgO-M,
possessing an optimal aperture-to-particle size ratio, exhibited
superior dispersibility, leading to the presence of abundant
strong basic sites and surface lattice oxygen. Consequently,
MgO-M demonstrated a significantly enhanced ability to
activate CR (qe = 1975 mg·g−1). Both MgO materials retained
the skeletal structure of the Mg-MOF, which contributed to
their excellent water stability and storability, with a CR dye
removal rate consistently exceeding 96% over six cycles. This
study offers valuable insights for the design of MgO with varied
morphologies, pore diameters, and enhanced stability.

4. MATERIALS AND METHODS
4.1. Materials. CR dye (C32H22N6Na2O6S2), N,N-

dimethylformamide (DMF), 2-methylimidazole and p-phthalic
acid were obtained from macklin.cn. All chemicals and reagents
were used as received without further purification. Natural
bischofite (MgCl2·6H2O, ≥96 wt %) was sourced from Qarhan
Salt Lake in Qinghai Province and was also utilized without
additional purification, Deionized water was employed to
prepare all working solutions.
4.2. Synthesis of Mg-MOF Precursor. The Mg-MOF

precursor was synthesized using a standard solvothermal
method that involved organic ligands, specifically p-phthalic

acid and 2-methylimidazole, along with natural bischofite and
DMF as starting materials. Initially, 1 mmol of p-phthalic acid
was completely dissolved in 20 mL of DMF under magnetic
stirring at 25 °C. Stirring was continued until the mixture
formed a homogeneous solution, referred to as solution A. In a
separate procedure, 1 mmol of natural bischofite was added to
another 20 mL of DMF and stirred magnetically until it
completely dissolved, resulting in a homogeneous solution
designated as solution B. While maintaining stirring, solution A
was gradually added to solution B. The resultant mixture was
then transferred to an autoclave and maintained at 125 °C for
24 h. Following this, the autoclave was allowed to cool
naturally to room temperature (RT). The resulting suspension
was subjected to centrifugation, washed several times with
methanol and DMF, and the resulting white powder was dried
at 60 °C for 12 h to obtain Mg-MOF-P.

Likewise, the same procedure was replicated to synthesize
Mg-MOF-M using 2-methylimidazole as the organic ligand.
4.3. Synthesis of MgO. Mg-MOF-P was ground using an

agate mortar for 1 min and subsequently calcined at 550 °C in
a muffle furnace for 3 h, resulting in the formation of MgO-P
nanoparticles powder. Similarly, by repeating the aforemen-
tioned synthesis steps, MgO-M was prepared from Mg-MOF-
M. The preparation process for both Mg-MOF and MgO is
illustrated in Figure 9.
4.4. Characterization Techniques. The structural char-

acteristics of Mg-MOF and MgO materials, both prior to and
following adsorption, were analyzed using a variety of
techniques, including X-ray diffraction (XRD), scanning
electron microscopy (SEM), Fourier-transform infrared spec-
troscopy (FTIR), thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS), CO2 programmed thermal
desorption (CO2-TPD), Brunauer−Emmett−Teller (BET)
analysis, energy dispersive X-ray spectroscopy (EDS), and ζ-
potential measurements.
4.5. Adsorption Experiments. The batch experiments

were conducted to investigate the adsorption performance of
two MgO adsorbents on CR dye in wastewater. The study
examined the effects of contact time and initial concentration
of CR to analyze the adsorption kinetics and isotherms. A
predetermined optimal amount of adsorbent was added to a
fixed volume and concentration of the CR solution. The
mixture was then continuously shaken at room temperature
(25 °C) for 4 h in a constant temperature shaker to ensure the
establishment of adsorption equilibrium and the formation of
uniformly dispersed suspensions. Subsequently, approximately

Figure 9. Preparation process of Mg-MOF and MgO.
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4 mL of the suspension was collected at predetermined time
intervals, centrifuged, and the supernatant liquid was analyzed.
The amounts of CR adsorption (qe and qt, mg·g−1) and the
removal rate (Re %) were determined using eqs 1, 2 and 3

= ×q c c
V
m

( )e 0 e (1)

= ×q c c
V
m

( )t t0 (2)

= ×R
c c

c
%

( )
100e

0 e

0 (3)

where, c0 (mg·L−1) is the initial concentration of CR solution,
ce (mg·L−1) is equilibrium concentration at adsorption
equilibrium. Additionally, V (L) is the volume of CR solution,
and m (g) indicates the mass of MgO adsorbent.
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