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Basic red 9 is a cationic triphenylmethane dye of considerable environmental concern because of its 
toxicity, persistence, and harmful impact on aquatic systems. In this study, two multiphase ceramic 
metal oxide/carbon nanohybrids, namely Sr6Co5O14.3/SrCO3/MgO/C (MSC600) and SrCoO2.5/SrCO3/
MgO/Sr(OH)2.H2O/C (MSC800), were synthesized via the Pechini sol-gel method at 600 and 800 °C, 
respectively. The synthesized nanohybrids were evaluated for the adsorption of basic red 9 from 
wastewater. XRD confirmed the multiphase crystalline structures of both nanohybrids, with average 
crystallite sizes of 58.12 nm for MSC600 and 68.62 nm for MSC800. EDX verified the presence of Mg, O, 
C, Co, and Sr in both samples, while FE-SEM and HR-TEM revealed marked morphology evolution from 
a more open rod-like network in MSC600 to more compact spherical/polyhedral aggregates in MSC800. 
Adsorption experiments demonstrated superior maximum capacities of 436.68 mg/g for MSC600 and 
313.48 mg/g for MSC800. The adsorption process was found to be physical, spontaneous, exothermic, 
and followed the Langmuir isotherm and pseudo-first-order kinetic model. Both nanohybrids also 
exhibited good regeneration/reuse behavior and maintained high removal efficiency in real laboratory 
wastewater. These findings highlight the strong potential of the developed multiphase nanohybrids for 
the efficient treatment of basic red 9-contaminated wastewater.
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Rapid industrialization and urban expansion have substantially increased the discharge of colored effluents 
into natural water bodies, mainly due to the extensive use of synthetic organic dyes in textiles, leather, paper, 
plastics, cosmetics, food products, and routine laboratory activities1–3. In many industrial applications, only 
a small proportion of the applied dye is retained on the product, whereas the remainder is lost with process 
water, leading to the continuous generation of highly colored effluents that may be discharged with insufficient 
treatment4–6. Because synthetic dyes typically possess stable aromatic frameworks and resistant functional 
groups, they persist in aquatic systems and, even at low concentrations, can hinder light penetration, inhibit 
photosynthesis, reduce oxygen levels, and disturb the equilibrium of aquatic ecosystems7,8. Many dyes, together 
with their degradation products, may possess toxic, mutagenic, or carcinogenic properties, and long-term 
exposure through contaminated water, irrigation pathways, or fish consumption may therefore result in serious 
adverse health effects9,10. Moreover, their tendency to associate with sediments and soil matrices favors persistent 
environmental accumulation and progressive groundwater contamination, which renders remediation both 
complex and expensive, particularly in arid areas reliant on aquifers as major water resources11,12. Basic red 9 is 
a cationic triphenylmethane dye widely employed in textile, paper, and laboratory applications, and its presence 
in wastewater is especially concerning because of its toxicological relevance, strong interaction with biological 
macromolecules, and detrimental impact on aquatic life13. Several techniques have been investigated for the 
treatment of dye-contaminated water, most notably membrane filtration14–16, coagulation/flocculation17,18, 
electrodialysis19, photocatalytic degradation20,21, bioremediation22,23, and adsorption24,25. Nevertheless, 
membrane processes are often limited by fouling and concentrate management, coagulation/flocculation leads 
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to considerable sludge production, electrodialysis is constrained by technical complexity and energy demand, 
photocatalytic degradation may be less effective in real systems, and bioremediation generally requires carefully 
controlled conditions and remains vulnerable to inhibitory wastewater components. By comparison, adsorption 
has gained particular importance because it combines high dye removal efficiency with operational simplicity, 
flexibility, ease of regeneration, no requirement for sophisticated equipment, and strong potential for practical 
scale-up. Metal oxide nanoparticles are promising adsorbents for dye-laden water owing to their structural 
stability, surface reactivity, and the ease with which their composition and morphology can be tailored to favor 
interactions with ionic dye molecules26–30. When combined with carbonaceous phases31–36 or multiple oxide 
constituents37–41, they can form hybrid materials with a broader range of active sites and improved adsorption 
efficiency, particularly in complex real wastewater systems containing competing species. The Pechini sol-gel 
method is widely regarded as a versatile route for the preparation of multicomponent metal oxide nanoparticles, 
chiefly because it ensures molecular-level mixing of metal ions and allows precise control over composition 
and stoichiometry42–47. Moreover, the decomposition of the polymeric precursor can facilitate the formation 
of nanostructured oxide or oxide/carbon materials at relatively low calcination temperatures, with favorable 
control over microstructure and porosity48–56. Only a few adsorbents have been examined for basic red 9 removal, 
including activated carbon (69.82  mg/g)57, lignocellulosic materials (48.98  mg/g)58, biochar (52.30  mg/g)59, 
and rice husk (7.20 mg/g)60. Previously reported adsorbents for basic red 9 generally show limited adsorption 
capacities and insufficient validation in terms of regeneration, tolerance to competing ions, and performance 
in real wastewater. Meanwhile, multiphase ceramic metal oxide/carbon nanohybrids derived from the Pechini 
sol-gel route remain largely unexplored for this application. Accordingly, the novelty of the present work lies in 
the development of two new Sr-Co-Mg-based multiphase ceramic metal oxide/carbon nanohybrids, MSC600 
(Sr6Co5O14.3/SrCO3/MgO/C) and MSC800 (SrCoO2.5/SrCO3/MgO/Sr(OH)2.H2O/C), synthesized by the Pechini 
sol-gel method at 600 and 800 °C, respectively, for the efficient removal of basic red 9 dye from wastewater. The 
consideration of multiple phases is particularly important in the present work because a single-phase adsorbent 
often provides only a limited type and density of active sites, whereas a multiphase ceramic oxide/carbon system 
can offer chemically diverse surface domains and complementary adsorption functions. This synthesis strategy 
enabled the coexistence of multiple ceramic oxide phases and a carbonaceous component within a single material, 
which can enhance electrostatic interactions, hydrogen bonding, π-π interaction, and surface complexation with 
the cationic dye. In addition, the work advances current research by linking phase composition and morphology 
to adsorption performance and by demonstrating high capacity, favorable kinetics, spontaneous and exothermic 
behavior, regeneration/reuse capability, and effective treatment of both synthetic and real laboratory wastewater. 
The environmental relevance of the present work also aligns with Sustainable Development Goal 6 (SDG 6), 
which aims to ensure the availability and sustainable management of water and sanitation for all. In particular, 
SDG 6 emphasizes improving water quality by reducing pollution and enhancing wastewater treatment61–64. 
From this perspective, the development of efficient adsorbent nanohybrids for the removal of hazardous dyes 
from contaminated water is not only scientifically important, but also directly related to global sustainability 
efforts directed toward cleaner and safer water resources.

Materials and methods
Materials
The chemicals used in this study were tartaric acid (C4H6O6), cobalt nitrate hexahydrate (Co(NO3)2.6H2O), 
sodium hydroxide (NaOH), polyethylene glycol 400 (H(OCH2CH2)nOH), hydrochloric acid (HCl), magnesium 
nitrate hexahydrate (Mg(NO3)2.6H2O), potassium chloride (KCl), strontium nitrate (Sr(NO3)2), and basic red 9 
dye (C19H18N3Cl). All chemicals were of high purity and were obtained from Sigma Aldrich and used without 
further purification. Distilled water was used throughout all synthesis procedures and for the preparation of dye 
and reagent solutions.

Synthesis of Sr6Co5O14.3/SrCO3/MgO/C and SrCoO2.5/SrCO3/MgO/Sr(OH)2.H2O/C nanohybrids
Sr6Co5O14.3/SrCO3/MgO/C and SrCoO2.5/SrCO3/MgO/Sr(OH)2.H2O/C nanocomposites were synthesized by 
the Pechini sol-gel technique as illustrated in Fig. 1. In this method, 35 g of tartaric acid was solubilized in about 
100 mL of distilled water. Also, a mixed metal ion solution containing 20 g of Mg(NO3)2.6H2O, 20 g of Sr(NO3)2, 
as well as 20 g of Co(NO3)2.6H2O was prepared using 200 mL of distilled water. The tartaric acid chelating 
solution was slowly added to the mixed nitrate solution under continuous agitation, then 15 mL of polyethylene 
glycol 400 were added, and the blend was heated at 200  °C till the solvent completely evaporated and a dry 
precursor gel was obtained. The dried precursor was gently ground and calcined in air at 600 °C for 3 h to yield 
the Sr6Co5O14.3/SrCO3/MgO/C nanohybrid denoted MSC600 and at 800 °C for 3 h to yield the SrCoO2.5/SrCO3/
MgO/Sr(OH)2.H2O/C nanohybrid denoted MSC800.

The selection of 600 and 800  °C in the present work was scientifically based on the thermal evolution 
behavior of the investigated Sr-Co-Mg-based precursor system. At temperatures below 600  °C, the obtained 
product remained predominantly amorphous, whereas calcination at 600 °C led to the formation of a crystalline 
nanohybrid with a defined phase composition (MSC600), indicating that this temperature is critical for the 
development of the desired crystalline structure. A higher calcination temperature of 800 °C was then employed 
to further examine the thermal evolution of the material, resulting in the formation of another crystalline 
nanohybrid with different components (MSC800) and structural characteristics. Accordingly, MSC600 and 
MSC800 nanohybrids were comparatively investigated in terms of crystallite size, surface area, morphology, 
and adsorption performance toward basic red 9 dye, thereby establishing the temperature-dependent structure–
property relationship of this newly developed system.
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Instrumentation
The crystal structure of all constructed nanohybrids was examined employing an X-ray diffraction diffractometer 
(D8 Discover, Bruker, USA). The morphology as well as surface elemental composition were investigated by a 
field emission scanning electron microscope outfitted with energy dispersive X-ray spectroscopy (FE-SEM/EDX 
Quanta 250 FEG, Thermo Fisher Scientific, USA). Fourier transform infrared (FT-IR) spectra were recorded 
using a Nicolet spectrometer in the range of 400–4000 cm−1 employing the KBr pellet technique to identify 
surface functional groups and monitor changes after dye adsorption. N2 adsorption/desorption measurements 
were performed at 77 K employing a NOVAtouch surface area and pore size analyzer (Quantachrome, USA) 
after degassing the samples at 150  °C for 4  h to determine the total pore volume, BET surface area, and 
mean pore diameter of the samples. The detailed nanoscale characteristics were studied by a high-resolution 
transmission electron microscope (HR-TEM JEM 2100Plus, JEOL Ltd., Japan). The concentration of basic red 9 
dye in solution during adsorption experiments was estimated employing a UV-Vis spectrophotometer (Cintra 
3030, GBC, Australia).

Adsorption of basic red 9 dye pollutant from aqueous solutions
Batch adsorption experiments were performed to remove basic red 9 dye from aqueous solutions using the 
synthesized nanocomposites under the conditions listed in Table 1, and all dye suspensions were continuously 
stirred on a magnetic stirrer during the tests. After each experiment, the solid nanocomposite was separated 
from the liquid phase using a centrifuge, and the concentration of basic red 9 dye in the filtrate was determined 
with a UV-Vis spectrophotometer at 545 nm. The removal percentage of basic red 9 dye (% R) was calculated 
using Eq. (1). The adsorption capacity of the nanocomposite (Q, mg/g) was obtained from Eq. (2)65–68.

	
%R = Co − Ce

Co
× 100� (1)

	
Q = (Co − Ce) × V

W
� (2)

Fig. 1.  Schematic diagram of the Pechini sol gel process employed for the production of Sr6Co5O14.3/SrCO3/
MgO/C and SrCoO2.5/SrCO3/MgO/Sr(OH)2.H2O/C nanohybrids.

 

Scientific Reports |        (2026) 16:12235 3| https://doi.org/10.1038/s41598-026-47555-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


In these equations, Co and Ce are the initial and equilibrium dye concentrations in mg/L, V is the solution 
volume in L, and W is the mass of adsorbent in g.

To ensure reproducibility, all adsorption experiments were conducted in triplicate under identical experimental 
conditions using independently prepared samples for each run. The data presented in the corresponding figures 
were plotted as the mean values of the three measurements, while the error bars represent the standard deviation 
of these measurements.

Regeneration of the basic red 9 laden adsorbent was performed by contacting exhausted nanocomposite 
with 100 mL of hydrochloric acid solutions at concentrations of 1  M, 1.5  M, and 2  M for 60  min, followed 
by separation of the solid phase and spectrophotometric determination of the dye content in the eluate. The 
desorption percentage of basic red 9 dye, denoted as % D, was calculated using Eq. (3)69–72.

	
%D = 100CdVd

(Co − Ce)V � (3)

In this equation, Cd represents the basic red 9 dye concentration in the desorption solution in mg/L, and Vd is 
the volume of the desorption solution in L.

Reusability of the products was assessed over five successive cycles by contacting 0.1 g of adsorbent with 150 
mL of basic red 9 solution at an initial concentration of 300 mg/L at 298 K and pH 10 for 60 min for MSC600 
and 80 min for MSC800 under continuous stirring. After each cycle the dye-loaded adsorbent was separated, 
regenerated with 100 mL of 2 M hydrochloric acid, washed with distilled water, and subsequently applied again 
under identical conditions, and the residual basic red 9 concentration was measured after each run to evaluate 
the robustness of the adsorption performance.

Binary adsorption tests were performed to investigate how coexisting ions influence the elimination of basic 
red 9 onto MSC600 and MSC800 nanocomposites. All tests were implemented at pH 10 as well as 298 K with 
a preliminary basic red 9 concentration of 300 mg/L, keeping the molar ratio of basic red 9 to each competing 
ion equal to 1:1. The competing species comprised K+, Na+, Ca2+, Mg2+, NO3

−, Cl−, crystal violet, and methylene 
blue, which are typical cationic and anionic components present in aqueous systems. Batch adsorption tests 
were carried out by introducing 0.1 g of each nanohybrid into 150 mL of dye solution comprising the respective 
coexisting ion. The suspensions were agitated for 60 min concerning MSC600 as well as 80 min concerning 
MSC800 to ensure equilibrium conditions. After contact, the residual basic red 9 concentration was estimated 
employing a UV–Vis spectrophotometer, then the uptake capabilities were calculated from mass balance 
considerations.

pHPZC of nanohybrids
The point of zero charge (pHPZC) of MSC600 and MSC800 nanohybrids was identified by a batch approach in 
which 0.1 g of nanocomposite was added to 50 mL of 0.01 M KCl solution adjusted to different initial pH values 
(pHI) using dilute HCl or NaOH, and the dispersions were agitated at room temperature until equilibrium, and 
the final pH (pHF) was then recorded. For each suspension the pH shift, ΔpH, was evaluated based on Eq. (4). 
pHPZC for each nanocomposite was obtained from the plot of ΔpH versus pHI as the pH value at which ΔpH 
becomes zero73–76.

	 ∆pH = pHF − pHI� (4)

Results and discussion
Characterization results
XRD
According to the diffraction patterns shown in Fig. 2A, the MSC600 nanocomposite consists of rhombohedral 
Sr6Co5O14.3 identified by card JCPDS 01 079 6139, orthorhombic SrCO3 identified by card JCPDS 00 005 0418, 
and cubic MgO identified by card JCPDS 01 087 0653. The reflections of the rhombohedral Sr6Co5O14.3 phase 
appear at 2θ values of 18.89, 28.28, 32.69, 38.62, 46.64, 47.74, 55.59, 57.27, 59.61, 63.88, 65.27, 66.65, 68.57, 
75.06, 75.89, and 77.55, which correspond to the (110), (1 1 − 3), (300), (220), (2 1 − 5), (1 1 − 6), (036), (2 3 − 4), 
(1 2 − 7), (511), (5 1 − 2), (3 1 − 7), (505), (155), (3 3 − 6), and (3 4 − 4) planes, respectively. The orthorhombic 
SrCO3 phase in MSC600 shows characteristic peaks at 2θ values of 20.28, 21.09, 25.24, 25.79, 29.66, 31.32, 34.48, 
35.17, 36.56, 39.72, 41.39, 44.15, 45.66, 49.94, 51.59, 52.98, 55.04, 58.92, 72.02, and 73.69, which are indexed 
to the (110), (020), (111), (021), (002), (121), (102), (200), (130), (211), (220), (221), (041), (113), (222), (042), 

Influence

Studied conditions

V (mL) Co (mg/L) T (K) W (g) t (min) pH

pH 150 300 298 0.1 300 2–10

Contact time 150 300 298 0.1 10–100 10

Solution temperature 150 300 298–328 0.1 60 (MSC600)
80 (MSC800) 10

Concentration of basic red 9
dye 150 100–400 298 0.1 60 (MSC600)

80 (MSC800) 10

Table 1.  Experimental parameters affecting the removal of basic red 9 using synthesized nanohybrids.
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(310), (241), (332), and (313) planes, respectively. The cubic MgO in MSC600 exhibits diffraction maxima at 2θ 
values of 42.91, 62.23, 74.51, and 78.51 assigned to the (200), (220), (311), and (222) planes, respectively. For 
the MSC800 nanocomposite, Fig. 2B confirms the formation of hexagonal SrCoO2.5 identified by card JCPDS 
00 048 0875, orthorhombic SrCO3 identified by card JCPDS 01 071 2393, cubic MgO identified by card JCPDS 
01 087 0653, and orthorhombic Sr(OH)2.H2O identified by card JCPDS 00 028 1222. The hexagonal SrCoO2.5 
phase displays reflections at 2θ values of 18.75, 28.56, 32.69, and 58.23, which can be attributed to the (100), 
(101), (110), and (300) planes, respectively. The orthorhombic SrCO3 in MSC800 yields peaks at 2θ values of 

Fig. 2.  XRD diffractograms of (A) MSC600 and (B) MSC800 nanohybrids.
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25.24, 25.93, 29.52, 35.17, 36.42, 44.29, 46.09, 47.88, 50.09, 64.02, 65.53, 66.51, 71.89, 73.81, 76.04, and 77.26 that 
match the (111), (021), (002), (200), (112), (221), (041), (132), (113), (312), (242), (152), (034), (204), (153), and 
(224) planes, respectively. The cubic MgO phase in MSC800 produces diffraction peaks at 2θ values of 42.91, 
62.23, 74.37, and 78.38, which correspond to the (200), (220), (311), and (222) planes, respectively. The Sr(OH)2.
H2O is characterized by reflections at 2θ values of 14.34, 19.59, 24.42, 26.63, 30.34, 31.87, 38.21, 39.32, 40.56, 
52.02, 52.69, 54.23, 56.72, 59.61, 60.57, 61.12, 68.30, and 70.22 indexed to the (100), (110), (001), (020), (120), 
(210), (201), (121), (211), (320), (311), (112), (231), (400), (212), (330), (302), and (312) planes, respectively. The 
average crystallite size is 58.12 nm for MSC600 and 68.62 nm for MSC800, and the larger crystallites in MSC800 
are ascribed to the elevated calcination temperature, which enhances crystallinity, promotes grain growth, and 
leads to coarsening of the crystalline domains.

A clearer comparison between MSC600 and MSC800 reveals that MgO and SrCO3 remain present in 
both nanohybrids, whereas the Sr–Co oxide phase changes from rhombohedral Sr6Co5O14.3 in MSC600 to 
hexagonal SrCoO2.5 in MSC800, indicating that increasing the calcination temperature promotes a clear phase 
rearrangement within the strontium–cobalt oxide framework. In addition, the increase in average crystallite size 
from 58.12 nm for MSC600 to 68.62 nm for MSC800 confirms improved crystal growth at the higher calcination 
temperature. The appearance of Sr(OH)2.H2O in MSC800 may be related to the distinct phase evolution pathway 
promoted at 800 °C in the Pechini-derived precursor system. In the present synthesis route, tartaric acid and 
polyethylene glycol 400-assisted polymeric complexation likely ensured intimate cation distribution at the 
molecular level; therefore, increasing the calcination temperature to 800 °C induced a deeper rearrangement 
of the Sr-containing species and led to the formation of an additional strontium-based crystalline phase not 
detected in MSC600. Thus, the emergence of Sr(OH)2.H2O is more reasonably associated with the temperature-
dependent phase evolution of Sr-rich domains in this multicomponent Pechini system than with a simple direct 
thermal formation of a hydroxide phase. Therefore, the XRD results verify not only the phase content of the 
prepared products, but also the temperature-driven alteration in their crystalline characteristics.

Semiquantitative XRD analysis further clarified the phase ratios in the synthesized nanohybrids. MSC600 
was found to consist of approximately 5% Sr6Co5O14.3, 81% SrCO3, and 14% MgO, whereas MSC800 consisted 
of about 53% SrCoO2.5, 7% SrCO3, 14% MgO, and 26% Sr(OH)2.H2O. These results confirm that the two 
nanohybrids are not only different in phase identity, but also markedly different in phase proportion, which 
further supports the strong influence of calcination temperature on phase evolution in the present Pechini-
derived system.

EDX
Figure 3 together with Table 2, shows that both MSC600 (Fig. 3A) and MSC800 (Fig. 3B) exhibit characteristic 
EDS peaks of C, Mg, O, Co, and Sr, which confirms the successful formation of multicomponent. The carbon 
signal in both spectra originates mainly from incomplete decomposition of the organic precursors used in 
the Pechini sol-gel process, where tartaric acid acts as a chelating agent and polyethylene glycol 400 forms a 
polymeric network that can leave residual carbonaceous species and surface carbonate groups. The more intense 
carbon contribution in MSC800 compared with MSC600 reflects the accumulation of carbon-containing species 
at the surface of the strontium-rich phases and the surface sensitivity of EDS, which preferentially detects these 
species even when the overall bulk composition is largely inorganic oxide. The difference in atomic percentages 
between MSC600 and MSC800 arises from thermally driven phase transformations, cation diffusion, and grain 
growth at the higher calcination temperature, which promote segregation of strontium-rich phases toward the 
particle surface while magnesium and cobalt become more homogeneously distributed within the bulk so that 
the surface sampled by EDS appears enriched in strontium and relatively depleted in magnesium and cobalt. 
Overall, Fig.  3; Table  2 demonstrate that the Pechini sol-gel route with polyethylene glycol 400 and tartaric 
acid produces chemically integrated oxide nanocomposites whose apparent elemental composition is strongly 
influenced by the calcination temperature and the associated changes in surface phases and microstructure.

FE-SEM
Figure 4A shows the FE-SEM image of the MSC600 sample and reveals that the surface is built from numerous 
rod-like and needle-like crystallites, which intersect and interlock to form an open porous network. These 
elongated particles can be described as rods and short nanorods and some irregular plate-like grains that 
grow preferentially along specific crystallographic directions during the Pechini sol-gel synthesis at the lower 
calcination temperature. In contrast, Fig. 4B presents the FE-SEM image of the MSC800 sample and displays 
a compact layer of closely packed, nearly spherical and irregular polyhedral nanoparticles that are strongly 
agglomerated and fill most of the available voids. This granular morphology in MSC800 arises from enhanced 
atomic diffusion and sintering at the higher calcination temperature, which promote coalescence of the initial 
rods into larger aggregates and drive recrystallization toward more isotropic particle shapes. Thus, Fig. 4A and 
B together demonstrate that increasing the calcination temperature in the Pechini sol-gel route transforms 
the nanocomposite morphology from rod-like and needle-like structures to dense clusters of spherical and 
polyhedral nanoparticles as grain growth and phase evolution progressively erase the original anisotropic 
features.

HR-TEM
Figure 5 presents HR-TEM images of the MSC600 (Fig. 5A) and MSC800 (Fig. 5B) products and reveals clear 
differences in their morphology. In Fig. 5A, the MSC600 sample appears as a rod-like or wire-like aggregate 
that is densely built from tightly packed, nearly spherical and short polyhedral nanocrystals, which form a 
continuous chain of fine grains along the longitudinal direction of the rod. In Fig. 5B, the MSC800 product is 
composed of larger, nearly spherical, and well-faceted polyhedral particles together with a few onion-like or 
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core-shell particles that exhibit concentric contrast, and these particles are more discrete and less densely packed 
than those observed for MSC600. The evolution from a rod-like assembly of small nanocrystals in MSC600 to 
larger isolated spherical and polyhedral grains in MSC800 is attributed to the higher calcination temperature 
that enhances atomic diffusion, promotes coalescence and recrystallization of the primary nuclei, and allows 
thermodynamically favored low-energy facets to develop, which results in grain growth and partial loss of the 
original anisotropic framework produced by the Pechini sol-gel synthesis.

Fig. 3.  EDS patterns of (A) MSC600 and (B) MSC800 nanohybrids.
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Beyond the morphological differences, the HR-TEM images also suggest the multiphase character of both 
nanohybrids. The presence of nanodomains with different contrast levels and distinct local particle geometries, 
together with the visible junctions between adjacent crystalline regions, indicates that the products are not 
composed of a single uniform phase. Instead, these features are consistent with the coexistence of multiple phases 
and the formation of interfacial boundaries between neighboring domains within the nanohybrid structure. 
Such interphase contact regions are expected in the present materials because the XRD analysis confirmed the 
presence of several crystalline components in each sample.

Optimization
Impact of pH variation on removal performance
Figure 6 shows that basic red 9 removal is very low under strongly acidic conditions since at pH 2 the MSC600 
nanohybrid eliminates only 2.41% of the basic red 9 dye while MSC800 eliminates 1.68%, and this indicates 
that both surfaces are unfavorable for uptake at low pH. When the pH is raised to 10, Fig. 6 records a marked 
increase in dye removal since MSC600 reaches 94.53% and MSC800 reaches 67.23%, which means that both 
nanocomposites become highly effective adsorbents in alkaline media, with MSC600 clearly outperforming 
MSC800.

Mechanism of adsorption  Figure 7 reveals that the pHPZC of MSC600 is 7.32 and that of MSC800 is 8.52, so 
at pH equals 2, the dye solution pH is well below pHPZC for each material, and the surfaces carry a net positive 
charge, which corresponds to the situation illustrated in Fig. 8 under conditions where pH < pHPZC, where pro-
tonated surface sites experience electrostatic repulsion toward the cationic basic red 9 species, and adsorption is 
therefore strongly hindered. At pH 10, the dye solution pH is higher than the pHPZC of both nanohybrids, and 
Fig. 8 represents this case of pH > pHPZC, where deprotonation of surface hydroxyl groups generates negatively 
charged sites that attract the positively charged basic red 9 ions through strong electrostatic forces, and this 
attraction explains the high removal efficiencies observed. The difference between the two samples can be inter-
preted by noting that pH 10 lies further above the pHPZC of MSC600 than above that of MSC800, so the surface 
of MSC600 becomes more negatively charged, which enhances electrostatic attraction toward the dye and yields 
a higher removal percentage compared with MSC800 under the same conditions.

To clarify the adsorption mechanism, FT-IR analysis was performed on the MSC600 sample before (Fig. 9A) 
and after the adsorption of basic red 9 dye (Fig.  9B) as an illustrative example. The results shown in Fig.  9 
clearly confirm the involvement of several functional groups and active sites in the removal process. Before 
adsorption, the bands at 399, 557, and 661 cm−1 are assigned to metal–oxygen vibrations (Sr–O, Co–O, and 
Mg–O), confirming the presence of metal-based active centers that can participate in surface complexation, 
while the band at 861 cm−1 is attributed to carbonate species and the bands at 1075 and 1447 cm−1 are related to 
C–O and carbonate-associated vibrations, indicating the presence of oxygen-containing groups that can act as 
negatively charged or polar adsorption sites. The band at 1772 cm−1 is assigned to C = O stretching of carbonyl 
groups, which can serve as hydrogen-bonding sites. After adsorption, the retention of the main structural bands 
indicates that the framework of MSC600 remained stable, whereas the shift of the band from 1075 to 1068 cm−1 
and the appearance of new bands at 943, 1040, 1143, 1253, 1357, and 1592  cm−1 confirm the successful 
attachment of basic red 9 molecules onto the adsorbent surface. These newly appeared bands are associated 
with the organic structure of the dye, particularly C–N, C–C, and aromatic C = C/N–H vibrations, verifying 
that the dye molecules were immobilized on MSC600. The appearance of the band at 1592 cm−1 particularly 
supports the occurrence of π-π interaction between the aromatic rings of the dye and the carbonaceous domains 
of the adsorbent, while the shift in the oxygen-containing band demonstrates the involvement of C–O/carbonate 
groups in the adsorption process73,74,77. Therefore, the FT-IR results in Fig. 9 demonstrate that the adsorption 
of basic red 9 onto MSC600 proceeded through a synergistic mechanism involving electrostatic interactions 
between the cationic dye and negatively charged oxygenated sites, hydrogen bonding through carbonyl and 
other oxygen-containing groups, π-π interaction with the carbon phase, and surface complexation through the 
metal–oxygen active centers as shown in Fig. 8.

The N2 adsorption-desorption isotherms presented in Fig.  10A confirm that both MSC600 and MSC800 
possess accessible porous structures, while the pore size distribution curves in Fig. 10B demonstrate that the 
porosity is mainly associated with wide textural pores and interparticle voids. As listed in Table 3, MSC600 
exhibits a higher BET surface area (1.78 m2/g), larger total pore volume (4.65 × 10− 2 cm3/g), and greater mean 
pore diameter (105.34 nm) than MSC800, which shows corresponding values of 1.46 m2/g, 3.57 × 10− 2 cm3/g, 
and 96.83 nm. These findings indicate that calcination at 600 °C preserves a more open and less compact texture, 
whereas calcination at 800  °C promotes particle growth, aggregation, and partial densification, leading to a 
reduction in the accessible surface area and pore volume. The relatively large pore diameters of both nanohybrids 
suggest that the porous system is dominated by intergranular/macroporous channels rather than fine micropores, 
which is beneficial for facilitating the diffusion of bulky basic red 9 molecules toward the active adsorption sites. 

Nanohybrid

Atomic percentages

% C % O % Mg % Co % Sr

MSC600 6.1 48.1 18.0 19.9 7.9

MSC800 9.8 50.0 11.3 10.5 18.4

Table 2.  Elemental composition of MSC600 and MSC800 nanohybrids.
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Therefore, the better textural properties of MSC600 provide a more favorable pathway for mass transfer and 
greater exposure of adsorption centers, which contributes to its superior adsorption performance compared 
with MSC800.

Impact of contact time on adsorption efficiency
Figure 11 illustrates that the uptake of basic red 9 dye utilizing MSC600 and MSC800 rises speedily at the 
beginning of contact, then slowly levels off as the systems approach equilibrium. For MSC600, the removal 

Fig. 4.  FE-SEM images of (A) MSC600 and (B) MSC800 nanohybrids.
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efficacy is 45.49% after 10 min and reaches 94.41% at 60 min, which is the equilibrium time, showing that most 
adsorption sites are already occupied and that extending the contact time beyond this point does not yield 
additional removal because the surface is essentially saturated. For MSC800, the removal is 27.96% at 10 min 
and rises to 67.06% at 80 min, which represents its equilibrium time, indicating a slower approach to saturation 
and a lower ultimate uptake for this nanocomposite relative to MSC600. Overall, Fig. 10 demonstrates that both 
materials display rapid initial adsorption followed by a plateau associated with saturation of active sites, while 

Fig. 5.  HR-TEM images of (A) MSC600 and (B) MSC800 nanohybrids.
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MSC600 attains higher dye removal within a shorter contact time than MSC800, confirming its stronger affinity 
toward basic red 9 under the investigated conditions.

Figure 12A-B presents kinetic plots for basic red 9 elimination on MSC600 and MSC800 that were examined 
employing the pseudo-first-order kinetic model described by Eq.  (5) and the pseudo-second-order kinetic 
model described by Eq. (6)78–80, and the corresponding kinetic parameters are reported in Table 4.

	
log (Qe − Qt) = log Qe − K1

2.303 t� (5)

	
t

Qt
= 1

K2Q2
e

+ 1
Qe

t� (6)

In these equations, Qe denotes the adsorption capacity at equilibrium, Qt denotes the adsorption capacity at time 
t, K1 represents the pseudo first-order rate constant, and K2 represents the pseudo second-order rate constant.

Analysis of Fig. 12 in conjunction with the kinetic parameters in Table 4 shows that the adsorption of basic 
red 9 on MSC600 and MSC800 follows the pseudo-first-order model because the Qe values obtained from this 
model agree closely with the experimental capacity QExp, and the corresponding R2 values reach 0.9999, which 
is higher than those ascribed to the pseudo-second-order model.

Impact of temperature on adsorption efficiency
Figure 13 indicates that basic red 9 removal decreases as the temperature increases from 298 K to 328 K for both 
MSC600 and MSC800, which means that adsorption becomes less favorable at higher temperatures. At 298 K, 
MSC600 exhibits a removal efficiency of 94.41%, whereas MSC800 exhibits 67.06%, showing that MSC600 has 
a higher adsorption efficiency at room temperature. Increasing the temperature to 328 K reduced the removal 
to 88.42% for MSC600 and 59.50% for MSC800, so both materials lose part of their uptake capacity, although 

Fig. 6.  Impact of pH on the removal efficiency of basic red 9 using MSC600 and MSC800 nanohybrids.
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MSC600 still outperforms MSC800 at the higher temperature. Overall, Fig.  13 demonstrates that the two 
nanocomposites follow the same trend of reduced dye removal with increasing temperature, while MSC600 
consistently exhibits superior performance compared with MSC800 at both 298 K and 328 K.

Figure 14, together with the thermodynamic parameters in Table 5, shows that basic red 9 adsorption on 
MSC600 and MSC800 was evaluated using the Van’t Hoff relationship and related thermodynamic expressions. 
T﻿he calculations were carried out using Eqs. (7), (8), and (9)81,82.

	
ln Kd = ∆So

R
− ∆Ho

RT
� (7)

	
Kd = Qe

Ce
� (8)

	 ∆G0 = ∆H0 − T ∆S0� (9)

In these equations, ∆H0 is the standard enthalpy change, ∆S0 is the standard entropy change, ∆G0 is the standard 
Gibbs free energy change, R is the universal gas constant, T is the absolute temperature in kelvin, and Kd is the 
distribution coefficient.

Table 5 indicates that ∆H0 values are lower than 40 kJ/mol and negative, and ∆Go values are also negative, 
while ∆S0 values are positive, so elimination of basic red 9 utilizing both MSC600 and MSC800 nanohybrids is 
physical, exothermic, spontaneous, and thermodynamically feasible.

Influence of concentration variation on adsorption performance
Figure 15 reveals that increasing the initial basic red 9 concentration progressively lowers the removal efficiency 
for both MSC600 and MSC800 nanocomposites. At 100 mg/L, MSC600 removes 98.44% of the basic red 9 dye, 

Fig. 7.  pHPZC of MSC600 and MSC800 nanohybrids.
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whereas MSC800 exhibits 94.52%, which reveals almost complete decolorization at low concentration. When the 
initial concentration rises to 400 mg/L, the removal decreases to 71.12% for MSC600 and 50.73% for MSC800, 
showing that many active sites become saturated, and a larger fraction of dye remains in solution. Comparison 
of these two concentrations therefore demonstrates that MSC600 consistently exhibits higher removal than 
MSC800 and that the adsorption efficiency of both materials is more effectively exploited at lower basic red 9 
loadings.

Equilibrium adsorption results for basic red 9 on MSC600 and MSC800 were fitted to the equilibrium 
Langmuir isotherm described via Eq. (10)83,84. The same data were also analyzed with the Freundlich model 
using Eqs. (11) and (12)85–87.

	
Ce

Qe
= 1

K3Qmax
+ Ce

Qmax
� (10)

	
ln Qe = ln K4 + 1

n
ln Ce� (11)

	 Qmax = K4
(
C1/n

o

)
� (12)

In these equations, Qmax refers to the maximum monolayer capacity, Qe refers to the equilibrium adsorption 
capacity, K3 denotes the Langmuir affinity constant, K4 refers to the Freundlich constant, and n is the Freundlich 
heterogeneity factor.

The linear plots in Fig.  16A,B, together with the isotherm constants in Table  6, show that the Langmuir 
representation gives higher R2 values, so adsorption of basic red 9 follows the Langmuir isotherm for both 
nanocomposites.

Table 7 summarizes the maximum adsorption capacities (Qmax) for basic red 9 obtained with several reference 
adsorbents and with the MSC600 and MSC800 nanocomposites. Literature materials such as activated carbon, 
lignocellulose, biochar, and rice husk show relatively low Qmax values in the range of 7.20 to 69.82 mg/g. In 
contrast, MSC600 and MSC800 reach Qmax values of 436.68 and 313.48 mg/g, which clearly demonstrates their 
much higher affinity toward basic red 9 dye. This superior performance arises from a synergistic effect generated 

Fig. 8.  Removal mechanism of basic red 9 using MSC600 and MSC800 nanohybrids.
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by the presence of multiple crystalline phases within each nanocomposite that creates more heterogeneous active 
sites and promotes stronger interactions between the adsorbent surface and dye molecules.

Regeneration/reuse studies
Figure 17 shows that the percentage desorption of basic red 9 increases steadily with increasing hydrochloric 
acid concentration for both MSC600 and MSC800 nanocomposites. At 1 M HCl, the desorption of basic red 9 
reaches 86.79% for MSC600 and 82.63% for MSC800, indicating efficient dye release under moderately acidic 

Fig. 9.  FT-IR spectra of MSC600 (A) before and (B) after adsorption of basic red 9 dye.
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conditions. When the HCl concentration is raised to 1.5 M and 2 M, the desorption efficiencies increase to 
94.47% and 99.79% for MSC600 and to 92.05% and 99.41% for MSC800, which means that almost complete 
dye removal from the surface is achieved at the highest acid concentration. Hydrochloric acid provides excellent 
desorption because abundant H+ ions protonate the surface sites and weaken the electrostatic attraction between 
the positively charged basic red 9 molecules and the nanocomposite surface, while competitive binding of 

Fig. 10.  (A) N2 adsorption/desorption isotherms and (B) Pore size distribution curves of MSC600 and 
MSC800 nanohybrids.

 

Scientific Reports |        (2026) 16:12235 15| https://doi.org/10.1038/s41598-026-47555-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


protons to these sites displaces the dye back into solution and restores the adsorption capacity of the regenerated 
materials.

Figure 18 shows that repeated adsorption-desorption cycles lead to a gradual decrease in the removal 
efficiency of basic red 9 dye for both MSC600 and MSC800 nanocomposites. For MSC600, the removal efficiency 
is 94.41% in cycle 0 and decreases only slightly with each regeneration step until it reaches 89.39% in cycle 5, 
which indicates good retention of adsorption performance. For MSC800, the basic red 9 removal starts at 67.06% 
in cycle 0 and then progressively declines to 58.76% in cycle 5, showing a greater loss in performance than that 
observed for MSC600. Overall, Fig. 18 demonstrates that both nanocomposites remain reusable over several 
cycles, although MSC600 maintains a higher and more stable removal efficiency than MSC800 throughout the 
regeneration sequence.

To further confirm the structural stability of the synthesized nanohybrid after repeated use, the filtrate 
obtained after the adsorption/desorption experiments was analyzed by inductively coupled plasma, and the 
results revealed that no Sr, Co, or Mg ions were detected, confirming the absence of measurable metal leaching 
from the adsorbent. In addition, to provide direct evidence for the preservation of the crystal structure, XRD 
analysis was performed on the regenerated MSC600 sample as an illustrative example after the fifth regeneration 

Fig. 11.  Time-dependent elimination of basic red 9 by MSC600 and MSC800 nanohybrids.

 

Sample MSC600 MSC800

BET surface area (m2/g) 1.78 1.46

Total pore volume (cm3/g) 4.65 × 10− 2 3.57 × 10− 2

Mean pore diameter (nm) 105.34 96.83

Table 3.  Surface textures of MSC600 and MSC800 nanohybrids.
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cycle. As shown in Fig. 19, the diffraction pattern of the regenerated MSC600 remains highly consistent with 
that of the fresh MSC600 presented in Fig.  2A, with the characteristic diffraction peaks of the main phases 
still clearly retained and without the appearance of obvious new peaks related to structural decomposition 
or undesirable phase transformation. This strong similarity between Figs.  2A and 19 demonstrates that the 
crystalline framework of MSC600 was well preserved during the repeated adsorption–desorption cycles, thereby 
confirming the excellent structural stability and reusability of the prepared nanohybrid.

Fig. 12.  (A) Pseudo-first-order and (B) pseudo-second-order models.
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Effect of interference
The impact of coexisting ions and competing dyes on basic red 9 uptake by MSC600 and MSC800 was assessed 
under identical conditions, and the results are presented in Table 8. Monovalent cations and anions such as Na+, 
K+, Cl−, and NO3

− cause only slight decreases in adsorption capacity, which indicates that both nanocomposites 
tolerate the presence of simple electrolytes. Divalent cations, Mg2+ and Ca2+, produce a clearly stronger reduction 
in uptake because their higher charge density allows them to occupy and shield negatively charged surface sites 
that would otherwise bind basic red 9. The largest losses in capacity occur in the presence of methylene blue 
and crystal violet, which strongly compete for the same adsorption sites, yet MSC600 still maintains higher 
adsorption capacities than MSC800 and therefore shows better performance in complex solutions.

Fig. 13.  Impact of solution temperature on the elimination percentage of basic red 9 by MSC600 and MSC800 
nanohybrids.

 

Nanohybrid
QExp
(mg/g)

Pseudo-1st -order Pseudo-2nd -order

K1
(1/min) R2

Qe
(mg/g)

K2
(g/mg.min) R2

Qe
(mg/g)

MSC600 424.86 0.06527 0.9999 422.73 0.000118 0.9959 543.48

MSC800 301.77 0.05318 0.9999 299.45 0.000576 0.9957 377.36

Table 4.  Kinetic constants for basic red 9 elimination using MSC600 and MSC800 nanohybrids.
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Assessment of basic red 9 removal from wastewater
To better examine the real-world applicability of the prepared nanohybrids, separation tests were performed using 
an actual wastewater effluent collected from the undergraduate chemistry teaching laboratories at the College of 
Science, Imam Mohammad Ibn Saud Islamic University (Riyadh, Saudi Arabia). Prior to the adsorption runs, 
the sample was fortified with basic red 9 to set the initial dye level at 300 mg/L, thereby aligning it with the 
concentration applied in the single-component synthetic trials while maintaining the native ionic background 
of the real matrix. Analysis of the spiked effluent confirmed the presence of typical inorganic constituents arising 
from routine student laboratory activities, including K+ (12.7 mg/L), Na+ (58.4 mg/L), Ca2+ (24.3 mg/L), Mg2+ 
(7.9 mg/L), NO3

− (21.6 mg/L), Cl− (71.5 mg/L), SO4
2− (46.2 mg/L), HCO3

− (118.0 mg/L), and PO4
3− (4.6 mg/L). 

In addition, only trace concentrations of metals were detected, namely Cu (0.06 mg/L), Fe (0.23 mg/L), and Zn 
(0.11 mg/L). No other organic dyes, apart from the deliberately introduced Basic Red 9, were observed within the 
detection limits of the applied analytical methods. When the experiments were conducted under the previously 
optimized conditions, MSC600 achieved an adsorption capacity of 380.27 mg/g in the real wastewater, whereas 
MSC800 reached 272.54 mg/g. These values are modestly lower than those obtained in distilled water at the 

Nanohybrid
∆So

(kJ/mol.K)
∆Ho

(kJ/mol)

∆Go

(kJ/mol)

298 K 308 K 318 K 328 K

MSC600 0.04576 -21.84 -35.47 -35.93 -36.39 -36.84

MSC800 0.01961 -8.68 -14.53 -14.73 -14.92 -15.12

Table 5.  Thermodynamic constants for basic red 9 elimination utilizing MSC600 and MSC800 nanohybrids.

 

Fig. 14.  Van’t Hoff plots of ln Kd against 1/T for basic red 9 elimination utilizing MSC600 and MSC800 
nanohybrids.
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same initial dye concentration (436.68 mg/g for MSC600 and 313.48 mg/g for MSC800). The slight reduction 
in uptake is reasonably explained by competition between basic red 9 and the coexisting inorganic ions, along 
with potential site obstruction caused by dissolved constituents in the effluent. Despite this matrix effect, both 
adsorbents preserved strong removal performance, with MSC600 consistently outperforming MSC800. This 
trend supports the conclusion that the material possessing the larger specific surface area and more developed 
porosity maintains superior adsorption behavior even in complex wastewater systems, highlighting the promise 
of these nanocomposites for treating student laboratory effluents contaminated with basic red 9.

Conclusions
This work showed that Sr6Co5O14.3/SrCO3/MgO/C and SrCoO2.5/SrCO3/MgO/Sr(OH)2.H2O/C nanohybrids 
can be synthesized successfully by the Pechini sol-gel route at 600 and 800  °C. Structural and microscopic 
characterization confirmed multiphase ceramic metal oxides coupled with a carbon fraction and revealed clear 
differences in crystallite size and morphology between MSC600 and MSC800. Adsorption studies demonstrated 
very high capacities for basic red 9 with MSC600 and MSC800 reaching Langmuir maximum values of 436.68 
and 313.48 mg, respectively. Kinetic and thermodynamic analyses indicated that dye uptake is fast, physical, 
exothermic, and spontaneous and follows the pseudo-first-order model and the Langmuir isotherm. Regeneration 
experiments and tests in real wastewater verified good reusability and robustness against coexisting ions, which 
highlights these nanohybrids as promising adsorbents for application in treating dye-containing effluents with 
basic red 9.

Fig. 15.  Effect of initial basic red 9 concentration on removal of dye by MSC600 and MSC800 nanohybrids.
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Fig. 16.  (A) Langmuir and (B) Freundlich isotherms.
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Fig. 17.  Desorption efficiency of basic red 9 using HCl eluent for MSC600 and MSC800.

 

Adsorbent
Qmax
(mg/g) Refs.

Activated carbon 69.82 57

Lignocellulose 48.98 58

Biochar 52.30 59

Rice husk 7.20 60

MSC600 436.68 This study

MSC800 313.48 This study

Table 7.  Literature survey and comparison of Qmax for basic red 9 elimination.

 

Nanohybrid

Langmuir Freundlich

Qmax
(mg/g) R2

K3
(L/mg)

K4
(mg/g)(L/mg)1/n

Qmax
(mg/g) 1/n R2

MSC600 436.68 0.9995 0.4598 178.49 661.19 0.2235 0.7050

MSC800 313.48 0.9994 0.1961 120.24 381.87 0.1973 0.7794

Table 6.  Langmuir and Freundlich constants for basic red 9 elimination employing MSC600 and MSC800 
nanohybrids.
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Fig. 18.  Cyclic adsorption/desorption behavior of MSC600 and MSC800 over five consecutive runs.
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Data availability
All data generated or analyzed in this study are included in the article.
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Interfering ion Q (mg/g) MSC600 Q (mg/g) MSC800 Reduction in Q (mg/g) MSC600 Reduction in Q (mg/g) MSC800

None (Control) 436.68 313.48 – –

Na+ 431.25 309.76 5.43 3.72

K+ 427.43 306.92 9.25 6.56

Mg2+ 382.57 271.38 54.11 42.10

Ca2+ 369.84 259.64 66.84 53.84

Cl− 433.19 310.57 3.49 2.91

NO3
− 431.72 309.02 4.96 4.46

Methylene blue dye 305.36 213.57 131.32 99.91

Crystal violet dye 287.91 197.83 148.77 115.65

Table 8.  Influence of interfering ions on elimination of basic red 9 dye employing MSC600 and MSC800 
nanohybrids.

 

Fig. 19.  XRD pattern of the regenerated MSC600 adsorbent after the fifth regeneration cycle.
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