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ined LDHs materials decorated on
ZnO nanorods: enhancing adsorption capacity and
antibacterial activity†
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Cuongc and Nguyen Thi Mai Tho *c

In this study, ZnCo-layered double hydroxides (ZnCo-LDHs) were successfully synthesized via a co-

precipitation method using zinc nitrate and cobalt nitrate in a 3 : 1 molar ratio on ZnO rods (ZnO/ZnCo-

LDHs). Subsequent heat treatment of the ZnO/ZnCo-LDHs at 600 °C transformed them into ZnCo2O4

and ZnO, which were evenly distributed within the ZnO rods. The adsorption capacity of Reactive Blue

221 (RB221) using the ZnO/ZnCo-cLDHs composites reached 75.74 (mg g−1) in 100 min under the

following conditions: initial RB221 concentration of 80 ppm, pH 7, and a dose of 1.0 g L−1. The

mechanism of dye adsorption on the ZnO/ZnCo-cLDHs was determined by the “memory effect” of

oxide and available vacant sites between interlayers of adsorption mixtures. The Langmuir adsorption

isotherm was more efficient in explaining the adsorption of RB221 dye on ZnO/ZnCo-cLDHs than the

Freundlich isotherm. Experimental data indicated that the second-order kinetic equation is a more

suitable model for describing the adsorption process than the first-order kinetic equation. Furthermore,

the ZnO/ZnCo-cLDHs composites demonstrated antibacterial properties, inhibiting the growth of

Escherichia coli, Staphylococcus aureus, and Salmonella typhimurium.
Environmental signicance

Industrial production generates several items for consumption by humans yet simultaneously emits various harmful compounds that signicantly impact the
aquatic environment. This article enhances traditional adsorbent materials to augment their efficacy in treating textile wastewater, supplying clean water to people.
1. Introduction

Environmental contamination, specically water pollution, is
increasing in many countries. The volume of organic waste in
wastewater due to industrial operations, such as coatings, paper
production, tanning, food, and textiles, is considerable.1–3 The
introduction of these pollutants into water is currently eliciting
signicant concerns due to their harmful impact on human and
animal health. To swily eliminate organic pollutants and
supply clean water to people, new techniques must be devel-
oped and existing ones must be improved in addition to
increasing the awareness for environmental preservation.4,5

Multiple methods such as coagulation, ion exchange,
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membrane ltration and precipitation, and photocatalysis have
been employed to remove effluents from textiles.6–9 However,
these techniques may be too costly and unfeasible for wide-
spread implementation. Adsorption is an attractive option for
minimizing the abovementioned disadvantages by effectively
eliminating hazardous pollutants from water.2,6,10

Recently, there has been signicant interest in the use of
mixed-metal oxides derived from LDHs for adsorption.11–13

These materials are attracting attention because of their cost-
effectiveness, excellent chemical stability, relative safety, bio-
logical compatibility, and the ability to be easily synthesized
with different metal compositions for specic application
requirements.14,15 The general formula for LDHs is
[M1−a

2+Ma
3+(OH)2]

a+[An−]a/n$mH2O, where An− is an interlayer
anion, M2+ is a divalent metal cation, and M3+ is a trivalent
metal cation.13,14 LDHs are structural layers with interlayers of
H2O and exible anions; therefore, they exhibit high ion-
exchange capacity.16 The LDHs are destroyed by the structure
of layers, and mixed oxides (MMO) are formed when heated
between 400 °C and 600 °C.13,17 cLDHs possess greater surface
areas and exhibit enhanced thermal and chemical stability in
addition to a higher density of active sites compared to LDHs.18
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When MMO come into contact with anions in a water solution,
one of their most signicant properties is the “memory effect,”
which is a mechanism that rebuilds the LDHs structure.11,12 In
addition, cLDHs have been used as adsorbent materials
because of their large specic surface area, efficient dispersion
of active species, thermal stability, and porous
characteristics.19,20

To enhance the effectiveness of pollutant removal using
cLDHs, researchers have conducted studies on mixing cLDHs
with other materials.1,18,21 Numerous studies have shown that the
surface properties and adsorption effectiveness of cLDHs are
enhanced when combined with other materials, such as poly-
mers, clay, semiconductors, and surfactants.18 The surface
performance and adsorption capacity can be signicantly
enhanced by combining cLDHs with carbon, which increases the
surface area and enriches the oxidizing functional groups.22–24

Many types of composite materials have been studied, including
C@MgAl-cLDHs,25 ZnO/MgAl-cLDHs,17 cLDHs/MOF,26 and GCN/
cLDHs.21 Additionally, cLDHs and composites are excellent
choices for certain biological applications.27 Electrostatic inter-
actions between cationic cLDHs and negatively charged bacterial
surfaces may suppress bacterial growth.28,29 One-dimensional
(1D) nanomaterials, known as nanorods, have a variety of uses
and better chemical and physical characteristics than other
structures.6,30 ZnO nanorods is a non-toxic, extremely stable
metal oxide with good adsorption ability for removing contami-
nants fromwater.22,31However, composites formed by combining
cLDHs with ZnO nanorods have remained relatively unexplored.

This work effectively developed ZnO rods/ZnCo-cLDHs to
increase the adsorption performance and surface characteris-
tics of the composites. ZnO/ZnCo-LDHs were synthesized on
ZnO rods using the hydrothermal and co-precipitation
methods. The adsorption of RB221 on ZnO/ZnCo-cLDHs was
tested under various equilibrium conditions. The underlying
mechanism of RB221 adsorption on ZnO/ZnCo-cLDHs was
investigated by analyzing the adsorption kinetics and isotherm
patterns. The minimum inhibitory concentrations (MIC) of the
bacterial strains were calculated, and the antibacterial proper-
ties of the composites were assessed.
2. Experimental
2.1 Synthesized ZnO rods

ZnO rods were synthesized using a simple thermal method.32

2.1 g of Zn(NO3)2$6H2O (99%; Sigma-Aldrich) was dissolved in
50 mL of distilled water. The Zn(NO3)2 solution was stirred
while slowly adding 4 M NH4OH (25%; Xilong-China) solution
until the pH reached 11. The mixture of the white precipitate
was transferred to a Teon ask and heated hydrothermally for
2 h at 80 °C. A white precipitate was ltered, cleaned, dried, and
calcined for 2 h at 400 °C to produce ZnO rods.
2.2 Synthesized ZnO rods/ZnCo-cLDHs

ZnO/ZnCo-LDHs were synthesized using a co-precipitation
method. Solution A consisted of 50 mL of Zn(NO3)2 0.3 M and
50 mL Co(NO3)2 0.1 M (98%; Sigma-Aldrich) in a molar ratio of
664 | Environ. Sci.: Adv., 2025, 4, 663–675
Zn/Co= 3/1.8,13 Mixture B included 1 g of ZnO dispersed evenly in
a 100 mL solution of NaOH 0.5 M (96%; Xilong-China) and cetyl
trimethyl ammonium bromide. Solution A was slowly added to
mixture B at a steady rate of 2 mL min−1 and agitated using
a magnetic stirrer until the reaction was complete. Throughout
the process, the pH of combination B was maintained within the
range of 9–10 using a 0.5 M NaOH solution. The precipitate in
mixture B was stirred continuously until the pH stabilized,
allowing the reaction to complete. To enhance the structure of the
composite, a black precipitate was aged at 100 °C and agitated for
10 h. Aer ltering and rinsing the precipitate with deionized
water, it was dried at 105 °C for 2 h. To prepare ZnO/ZnCo-cLDHs,
ZnO/ZnCo-LDHs must be subjected to calcination at 600 °C for
4 h. Fig. S1† presents a ZnO/ZnCo-cLDHs synthesis chemical
diagram.
2.3 Adsorption experiments of the prepared samples

The adsorption capability of ZnO/ZnCo-cLDHs nanocomposites
was investigated using RB221. For the adsorption experiment,
0.1 g ZnO/ZnCo-cLDHs were dispersed in 100mL RB221 80 ppm
solution at pH 7.0 and shaken at 250 rpm for 100min. At 15 min
intervals, 3 mL suspensions of the samples were obtained from
the reaction. Aer centrifugation to remove the particles, the
concentration of RB221 was determined by UV-Vis absorption
spectroscopy, which was calibrated using the Beer–Lambert
equation at a maximum of 608 nm.

The adsorption capacity of RB221 dye (mg g−1) of the
nanocomposites was estimated using the following
equation:33,34

qe ¼ Co � Ce

m
� V :

Dye removal efficiency (H%) was calculated using the
following equation:

H ¼ Co � Ce

Co

� 100%;

where Co and Ce are the initial and equilibrium concentrations
of RB221 (mg L−1), respectively,m is the weight of the adsorbent
(g), and V is the volume of the solution.

To optimize the results, the adsorption capacities of
different materials, adsorbent dosage, solution pH, initial dye
concentration, and contact time were examined. Additionally,
a thorough investigation of the adsorption kinetics, adsorption
mechanism, reusability, and desorption capacity was conduct-
ed. The concentration of RB221 was determined using a Cary 60
UV-Vis spectrophotometer (Agilent, USA).

There are many adsorption kinetic models; however, in the
present study, we used rst-order and intraparticle diffusion
(IPD) adsorption kinetic models to study RB221 adsorption on
ZnO/ZnCo-cLDHs. The rst-order, second-order and IPD
apparent kinetic equations were determined using the
following formula:35–37

qt = qe(1 − e−k1t),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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qt ¼ k2qe
2t

1þ k2qet
;

qt = kidt
1/2 + c,

where k1 (min−1) is the rate constant of the rst-order apparent
adsorption model and qe and qt (mg g−1) are the adsorption
capacities at equilibrium time and time t, respectively. k2 (g
mg−1 min−1) is the rate constant of the second-order adsorption
kinetic model and the apparent adsorption rate constant, kid is
the intraparticle diffusion constant (mg g−1 min1/2), and c is the
boundary layer thickness (mg g−1).

2.4 Antibacterial activity

The antimicrobial activity of ZnO/ZnCo-cLDHs was further
conrmed by Gram-negative bacteria (Escherichia coli ATCC 8739,
Pseudomonas aeruginosa ATCC 27853, and Salmonella typhimurium
ATCC 14028) and Gram-positive bacteria (Staphylococcus aureus
ATCC 6538). A good diffusion method was used to assess the
antibacterial capacity of ZnO/ZnCo-cLDHs.38,39 Bacterial density
was approximately 106–107 CFU mL−1 aer activating the test
bacteria with Mueller–Hinton medium for 24 h, and the bacterial
density was determined via optical density at 660 nm wavelength.
The test bacteria (100 mL) were distributed uniformly over the
nutritionalmediumon an agar plate, followed by the utilization of
a 6 mm diameter agar punch to generate wells. The wells con-
tained 40 mL of ZnO/ZnCo-cLDHs solution with a concentration of
200–300 mg mL−1. Pure water was used as the negative control,
and chloramphenicol (20 mg mL−1) was used as the positive
control. Aer a 24 h incubation period at 37 °C on agar plates, the
bacterial inhibition zone was determined. Diameter and image of
the inhibition zone were used to record the results. The average
value of three experiments was determined.

The MIC of the ZnO/ZnCo-cLDHs samples was determined
using the dilution method in a 96-well microplate, and the MIC
of the ZnO/ZnCo-cLDHs samples was examined.38 Each well
contained 100 mL of bacterial medium and 100 mL of ZnO/ZnCo-
cLDHs samples dispersed in water at concentrations from 50 to
−1000 mg mL−1. Aer 24 h of incubation at 37 °C, 20 mL 0.01%
resazurin reagent was added to each well. The color shi and
MIC value were noted. The outcomes were observed and it was
found that the resazurin indicator was blue in the solution.
Bacterial growth was observed in wells where the resazurin
solution turned pink instead of blue. The lowest concentration
of ZnO/ZnCo-cLDHs samples in the investigated concentration
range that can stop bacterial growth (without discoloring resa-
zurin) is known as the MIC.

3. Results and discussion
3.1 Characterization

Fig. 1A and B display the X-ray diffraction (XRD; Bruker Ger-
many) data of three samples: ZnO, ZnCo-cLDHs, and ZnO/
ZnCo-cLDHs.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Peaks in the ZnCo-cLDHs correspond to the hexagonal ZnO
phase at 31.86°; 34.44°; 36.66°; 47.9°; 56.87°; 63.2°; 68.12°; and
69.11° (JCPDS no. 36-1451)40,41 and the spinel ZnCo2O4 phase at
31.44°; 36.82°; 38.26°; 44.71°; 55.52°; 59.11°; and 65.67° (JCPDS
no. 23-1390)42,43 (Fig. 1A). Moreover, the ZnCo-cLDHs sample
peak at 31.79° includes two peaks at 31.86° and 36.44° for the
ZnO and ZnCo2O4 phases, respectively, while the peak at 36.76°
includes two peaks at 36.66° and 36.82° for the ZnO and
ZnCo2O4 phases, respectively. This nding aligns with the
thermal degradation of LDHs to produce MMO.24,44,45 For
instance, Bayu Wiyantoko heated MgAl-LDHs at 400 °C to
produce amixture of MgO andMgAl2O4.46 The peaks of the ZnO/
ZnCo-cLDHs and ZnCo-cLDHs samples were comparable. There
was a minor shi in the peaks at 31.79°, 34.45°, and 36.76° for
ZnCo-cLDHs because of the higher amount of ZnO in the ZnO/
ZnCo-cLDHs samples, indicating an interaction between ZnO
and ZnCo-cLDHs (Fig. 1B).

The peaks at 3446 and 1625 cm−1 are indicative of the
vibration of the OH− group in water,47 whereas the peak at
1330 cm−1 corresponds to the vibration of the NO3

− group in
the interlayer, as shown in the FT-IR (Bruker Tensor 27) spectra
of the samples (Fig. 1C). This result indicates that ZnCo-cLDHs
and ZnO/ZnCo-cLDHs did not completely decompose into
mixed oxides. The stretching vibrations of the Zn–O and Co–O
bonds are represented by the peaks that appear at 663 cm−1 and
500 cm−1 in the oxide mixture, respectively.48,49

Scanning electron microscopy (SEM; S-4800 device HITA-
CHI) images (Fig. 2A–C) were used to analyze the morphologies
of ZnO, ZnCo-cLDHs, and ZnO/ZnCo-cLDHs. The SEM image of
pure ZnO shows rods-like morphology with an average diameter
of approximately 140 nm and length of 0.5–1 mm (Fig. 2A). The
ZnCo-cLDHs were composed of thin, multilayered nano-
particles with diameters ranging from approximately 70 to
100 nm (Fig. 2B). The precipitation of ZnCo-cLDHs onto the
ZnO surface yielded SEM images that unequivocally illustrated
the dispersion of ZnCo-cLDHs nanolayers across the rod-
shaped ZnO surface (Fig. 2C). At this juncture, ZnO rods can
function as stationary columns to separate ZnCo-cLDHs nano-
layers, thereby augmenting the contact area and porous struc-
ture of ZnO/ZnCo-cLDHs.

High-resolution transmission electron microscopy (HRTEM;
JEOL JEM 2100) images (Fig. 2D) revealed that the ZnCo-cLDHs
layered nanosheet uniformly covered the ZnO rods, causing
their formerly smooth surfaces to become rough. In addition to
depicting the heterojunction interface between the ZnO rods
and ZnCo-cLDHs, the HRTEM images of ZnO/ZnCo-cLDHs
reveal the lattice edge spacing (0.245 nm), which corresponds
to the (311) planes of ZnCo2O4.50,51

The elemental distributions of Co, O, and Zn in ZnCo-cLDHs
and ZnO/ZnCo-cLDHs were observed by energy-dispersive X-ray
spectroscopy (EDX; S-4800 Hitachi). Elemental O (24.18 wt%),
Co (17.44 wt%), and Zn (58.38 wt%) were present in ZnCo-
cLDHs samples (Fig. 3A), while O (23.83 wt%), Co (8.78 wt%),
and Zn (67.39 wt%) were found in ZnO/ZnCo-cLDHs samples
(Fig. 3B). Compared to that in ZnCo-cLDHs, the Zn signal in the
ZnO/ZnCo-cLDHs samples was noticeably stronger (Fig. 3C and
D).
Environ. Sci.: Adv., 2025, 4, 663–675 | 665
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Fig. 1 XRD patterns (A and B) and FTIR spectra (C) of ZnO, ZnCo-cLDHs, and ZnO/ZnCo-cLDHs.
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A comprehensive analysis of the chemical states of the as-
prepared ZnO/ZnCo-cLDHs was conducted using XPS
(ULVAC-PHI). The full XPS spectrum of the ZnO/ZnCo-cLDHs
sample comprises zinc (Zn), oxygen (O), and cobalt (Co), with
no other elements present, allowing for the precise determi-
nation of its composition based on the precursor (Fig. 4A). Two
energy levels, 1021.28 and 1044.54 eV, which correspond to
2p1/2 and 2p3/2 of Zn 2p, are shown in high-resolution in
Fig. 4B.31,50 Two peaks at 855.4 and 873.3 eV in the Co 2p
spectrum (Fig. 4C) corresponded to Co 2p1/2 and Co 2p3/2,
respectively. Deconvolution of the two peaks Co 2p1/2 and Co
2p3/2 yielded four peaks at 780.75; 795.54 and 779.37;
794.36 eV, all of which correspond to Co2+ and Co3+, respec-
tively.31,52 Additional satellite peaks suggest that Co exists in
a multivalent state. Three peaks at 529.4, 530.4, and 531.6 eV,
which correspond to oxygen vacancies, metal–oxygen bonds,
and chemisorbed oxygen species53 on the surface of ZnO/ZnCo-
cLDHs, respectively, were revealed by deconvolution of the O
1s peak (Fig. 4D).

The Brunauer–Emmett–Teller (BET) and BJH methods
calculated the specic surface areas and the mesoporous
distributions. Particle size, pore volume, and specic surface
area are factors that affect adsorption capacity.54 Fig. 5A illus-
trates the nitrogen adsorption–desorption isotherms of the
ZnO, ZnCo-cLDHs, and ZnO/ZnCo-cLDHs samples. Analytical
results indicate that the adsorption and desorption curves
666 | Environ. Sci.: Adv., 2025, 4, 663–675
correspond to type IV isotherms, which suggests that porous
materials predominate the adsorption process. Furthermore,
the adsorption branches of the isotherms were located beneath
the desorption branches. The distinct presence of a hysteresis
loop in each isotherm indicates that the narrowing of pores
hinders the release of nitrogen during desorption.55 The ZnCo-
cLDHs samples have the following values: BET 18.584 (m2 g−1),
pore volume 0.148 (cm3 g−1), and average pore size of 22.33 nm
(Fig. 5B and Table 1).

The ZnO/ZnCo-cLDHs samples showed an increase in BET
(from 18.584 to 20.678 cm2 g−1) and pore volume (from 0.148 to
0.195 cm3 g−1). The pore sizes of ZnCo-cLDHs and ZnO/ZnCo-
cLDHs were distributed mostly between 20 and 30 nm
(Table 1). Thus, the combination of ZnO and ZnCo-cLDHs
enhanced the porosity and surface area of ZnO/ZnCo-cLDHs.
3.2 Batch adsorption behavior

3.2.1 Adsorption capacities of different materials and
contact times. Fig. 6A illustrates the adsorption capability of
RB221 onto ZnO, ZnCo-cLDHs, and ZnO/ZnCo-cLDHs as
a function of contact times. According to the ndings, the
RB221 adsorption capability of the ZnO, ZnCo-cLDHs, and ZnO/
ZnCo-cLDHs samples were 53.2, 63.02, and 75.74 mg g−1 at 100
minutes, respectively. Aer 25 min, the adsorption of RB221 on
the ZnO/ZnCo-cLDHs samples increased signicantly,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of (A) ZnO, (B) ZnCo-cLDH, and (C) ZnO/ZnCo-cLDH samples. TEM and HRTEM images of (D) ZnO/ZnCo-cLDHs.
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approaching an adsorption capacity of 72.23 mg g−1. This is
because early in the process, cLDHs composed of MMO (ZnO
and ZnCo2O4) are exposed to external anions, which can intro-
duce guest anions and rebuild the structure of their layers.13,56

The ZnO/ZnCo-cLDHs can remove the RB221 solution through
two distinct mechanisms: adsorption and reconstruction of
calcined precursor intercalation.8,57,58 The XRD results show
that the ZnCo-cLDHs are ZnO and ZnCo2O4. The MMO
produced during the calcination of LDHs possess a unique
property: the capacity to reconstruct the LDHs structure with
anions in aqueous solution via the “memory effect”
© 2025 The Author(s). Published by the Royal Society of Chemistry
mechanism.13,18 As RB221 is an anionic dye, the ZnCo-cLDHs
rebuild the ZnCo-LDHs layer structure by incorporating the
targeted RB221 anions into the interlayers when present in
water. Furthermore, the RB221 anion could interact electro-
statically with the positively charged MMO adsorption sites.13,59

The SEM and BET results of the ZnO/ZnCo-cLDHs showed that
the ZnO rods could spread the ZnCo-cLDHs nanolayers, thereby
expanding the contact area of the ZnO/ZnCo-cLDHs and
enhancing the adsorption ability of the composites. A selection
of recent studies on composites from cLDHs for pollution
treatment is shown in Table 2.
Environ. Sci.: Adv., 2025, 4, 663–675 | 667
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Fig. 3 EDX spectra (A and B) and EDX mapping (C and D) of ZnCo-cLDHs and ZnO/ZnCo-cLDHs.
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Aer 100 min, the highest adsorption capacity of RB221 onto
ZnO/ZnCo-cLDHs was 75.74 mg g−1, indicating that the
adsorption process was not signicantly variable. The ZnO/
ZnCo-cLDHs were almost at adsorption/desorption equilib-
rium at this stage. Consequently, the number of active sites on
the adsorbent was reduced, leading to a negligible increase in
the adsorption capacity.

3.2.2 Inuence of the initial concentration. The effect of
initial dye concentration on the adsorption capacity of the ZnO/
ZnCo-cLDHs is shown in Fig. 6B. The adsorption capacity
increased from 39 to 76.33 mg g−1 when the RB221 concentra-
tion was increased from 40 to 90 ppm. The adsorption capacity
was also affected by the initial adsorbate concentration.
Adsorption reaches equilibrium quickly when the initial
concentration is low, whereas it takes longer to reach equilib-
rium when the initial concentration is high.44,62 As the initial
concentration increased, the capacity of the adsorbent also
increased, which enhanced mass transfer and diffusion from
the solution to the adsorbent's free surface.5,10

3.2.3 Effect of adsorbent dosage. The dosage of the ZnO/
ZnCo-cLDHs adsorbent was studied by changing it from 0.5 to
1.75 g L−1 for treating RB221 dye while keeping the other
parameters as follows: Co= 80mg L−1, pH= 7, and contact time
668 | Environ. Sci.: Adv., 2025, 4, 663–675
= 100 min. As the ZnO/ZnCo-cLDHs dose was increased from
0.5 to 1.75 g L−1, as shown in Fig. 6C, the RB221 removal effi-
ciency rose but RB221 adsorption capacity was reduced. For
example, the adsorption capacity increased to 88.08 mg g−1 at
a ZnO/ZnCo-cLDHs dose of 0.5 g L−1; however, the adsorption
efficiency was only 55.4%. At a dosage of 1.75 g L−1, the
adsorption capacity decreased to 44.74 mg g−1; however, the
adsorption efficiency reached 97.7%. The decrease in the
adsorption capacity with increasing ZnO/ZnCo-cLDHs dose is
attributed to the likelihood of collisions and aggregation among
solid particles, resulting in a reduction in the effective surface
area per unit weight (g) of the adsorbent.63,64 Based on removal
efficiency and adsorption capacity, a dosage of 1.0 g L−1 was
considered optimal for subsequent trials.

3.2.4 Effect of initial pH. Using various pH values between
5 and 9, effects of the solution pH on the adsorption capacity of
ZnO/ZnCo-cLDHs were investigated (Fig. 6D); when the pH of
the solution was increased from 5 to 7, the adsorption capacity
of ZnO/ZnCo-cLDHs increased signicantly; however, it
decreased from 8 to 9. The highest adsorption capacity was
achieved at pH 7 (75.74 mg g−1). The ZnO/ZnCo-cLDHs surface
displayed a positive charge when the pH of the dye solution
ranged from 5 to 7, which was below the point of zero charge
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Full XPS spectrum (A) of ZnO/ZnCo-cLDH composites. High-resolution XPS spectrumof (B) Zn 2p, (C) Co 2p, and (D) O 1s spectra of ZnO/
ZnCo-cLDH composites.

Fig. 5 (A) Nitrogen adsorption–desorption isotherms of ZnO, ZnCo-cLDH and ZnO/ZnCo-cLDH samples. (B) Average pore diameter, pore
volume, and pore diameter distribution of ZnO, ZnCo-cLDH and ZnO/ZnCo-cLDH samples.
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(pHzpc).64,65 The pHpzc of ZnO/ZnCo-cLDHs was found to be 7.7.
Furthermore, RB221 is classied as an anionic dye, resulting in
attractive interactions between ZnO/ZnCo-cLDHs and the
RB221 anion. Consequently, this interaction leads to an
increase in the adsorption capacity of ZnO/ZnCo-cLDHs. At
a pH of 8–9, above the pHzpc, the surface of ZnO/ZnCo-cLDHs
© 2025 The Author(s). Published by the Royal Society of Chemistry
acquires a negative charge;44,65 as a result, there is an electro-
static attraction between ZnO/ZnCo-cLDHs and the anion
RB221, leading to a decrease in the adsorption capacity of ZnO/
ZnCo-cLDHs.

3.2.5 Recyclability performance. Adsorbent selectivity and
stability are primarily determined by their efficiency and
Environ. Sci.: Adv., 2025, 4, 663–675 | 669
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Table 1 Specific surface area, pore volume, and average pore size of
ZnO, ZnCo-cLDHs, and ZnO/ZnCo-cLDHs

Samples
SBET
(m2 g−1)

Pore volume
(cm3 g−1)

Average pore
size (nm)

ZnO 5.1893 0.062 24.94
ZnCo-cLDHs 18.584 0.1480 30.59
ZnO/ZnCo-cLDHs 20.678 0.195 22.33
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reusability across several adsorption cycles.8,18 The ZnO/ZnCo-
cLDHs samples were subjected to dye adsorption under the
best conditions that could be explored, including an RB221
concentration of 80 ppm, adsorption time of 100 minutes,
loading amount of 1 g L−1, and pH 7. The ZnO/ZnCo-cLDHs that
were adsorbed were subjected to drying and desorption using
a desorption solution consisting of NaOH and ethanol in a 1 : 1
ratio, with a volume of 20 mL for 60 min. Following desorption,
ZnO/ZnCo-cLDHs were rinsed with distilled water, dried at
100 °C, and subsequently reused for RB221 adsorption under
the aforementioned conditions. The adsorption capability of
RB221 onto ZnO/ZnCo-cLDHs decreases progressively with
Fig. 6 (A) Adsorption capacities of different materials and contact time
and pH 7). (B) Influence of initial concentration (Co = 40–90 ppm, dosag
dosage (Co = 80 ppm, dosage of ZnO/ZnCo-cLDHs from 0.5–1.75 g L−1,
cLDHs of 1.0 g L−1, and pH 5–9).

670 | Environ. Sci.: Adv., 2025, 4, 663–675
each reuse, with success rates of 75.74; 71.64; 67.15, and
61.89 mg g−1 aer four reuses, respectively.

3.2.6 Application of kinetic models to the adsorption data.
Pseudo-rst-order, pseudo-second-order and IPD models were
used to simulate the adsorption experimental data to determine
the adsorption kinetics of RB221 on ZnO/ZnCo-cLDHs.

Fig. 7 and Table 3 display the kinetic parameters of RB221
adsorption on ZnO/ZnCo-cLDHs, including the correlation
coefficients R, qe, rate constant (k), and kid. According to these
ndings, the lines linked to the pseudo-rst-order model for
RB221 did not match the adsorption kinetics data as well as the
straight lines tted by the pseudo-second-order model (Fig. 7A
and B). The pseudo-second-order kinetic model of RB221
for ZnO/ZnCo-cLDHs demonstrated a correlation coefficient of
R2= 0.99599. Additionally, the qe= 79.05 mg g−1 value obtained
from this model closely matched the experimental value
(qe,exp = 75.74 mg g−1), indicating a good agreement.3

The linear tting of the IPD model in Fig. 7C indicates that
the line does not meet the origin, implying that intraparticle
diffusion is not the only rate-controlling step.36,37 The adsorp-
tion of RB221 dye onto ZnO/ZnCo-cLDHs involves many phases,
(RB221 initial concentration of 80 ppm, adsorbent dosage of 1.0 g L−1,
e of ZnO/ZnCo-cLDHs of 1.0 g L−1, and pH 7). (C) Effect of adsorbent
and pH 7). (D) Effect of initial pH (Co = 80 ppm, dosage of ZnO/ZnCo-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the pollutant treatment ability of ZnO/ZnCo-cLDHs with composites from cLDHs

Composites Pollutants Adsorption capacities (mg g−1) Reference

ZnO/MgAl-cLDHs Acid red G 91.1 17
CuAl-cLDH/CNT/PVDF Carminic acid 33.44 59
MnO2/MgFe-cLDHs As(III) 51.03 60
GCN/CaAl-cLDHs U(VI) 196.69 21
SWCNT/MgAl-cLDHs Phenol 219.0 61
SWCNT/MgAl-cLDHs 4-Chlorophenol 255.6 61
ZnO/ZnCo-cLDHs Reactive Blue 221 This work

Fig. 7 Experimental data obtained from the linear fitting (A) the pseudo-first-order kinetic, (B) pseudo-second-order kinetic and (C) IPD models
for RB221 adsorption on ZnO/ZnCo-cLDHs.
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including the diffusion adsorption stage, intra-particle diffu-
sion stage, and equilibrium adsorption stage.3,34,66

3.2.7 Equilibrium isotherms. An isotherm curve illustrates
the dynamic equilibrium relationship between adsorbate
concentration and adsorption capacity at a specic tempera-
ture.21,44 Freundlich and Langmuir equations were applied to
determine the dynamic equilibrium relationship between
RB221 concentration and ZnO/ZnCo-cLDHs adsorption
capacity. The non-linear form of the Langmuir adsorption
isotherm model can be expressed as16
© 2025 The Author(s). Published by the Royal Society of Chemistry
Ce

qe
¼ Ce

qm
þ 1

qmKL

;

where Ce is the RR221 equilibrium concentration in the solu-
tion (mg L−1), qm is the maximum adsorption capacity for solute
uptake (mg g−1), and KL is the equilibrium Langmuir constant.

The Freundlich isotherm model is represented by the
equation below:16,67

ln qe ¼ 1

n
ln Ce þ ln KF:
Environ. Sci.: Adv., 2025, 4, 663–675 | 671
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Table 3 Kinetic parameters for adsorption of RB221 on ZnO/ZnCo-cLDHs

qe(exp)

Pseudo-rst order Pseudo-second order

qe (mg g−1) k1 R2 qe (mg g−1) k2 R2

75.74 29.41 0.000547 0.877090 79.5 0.01265 0.99599

Intra-particle diffusion

kid (mg g−1 min1/2) C (mg g−1) R2

4.594 38.176 0.615

Fig. 8 Experimental data obtained from the linear fitting of (A) Langmuir and (B) Freundlich isotherms for RB221 adsorption on ZnO/ZnCo-
cLDHs.

Table 4 Isotherm model constants and correlation coefficients for RB221 adsorption

qm (mg g−1)

Langmuir Freundlich

KL (L mg−1) RL R2 KF (mg g−1) (L mg−1)1/n n R2

78.3699 1.90732 0.007366 0.99852 42.27198 3.72287 0.74604
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Here, KF and 1/n are the Freundlich constant and adsorption
intensities, respectively.

The parameters obtained from these isotherms are listed in
Fig. 8A, B and Table 4. Based on the determined parameters, it is
clear that the Langmuir model is a better t for the experimental
data in the adsorption process of RB221 onto ZnO/ZnCo-cLDHs.
This is supported by the higher correlation coefficient (R2 =

0.99852) of the Langmuir model than that of the Freundlich
isotherm (R2 = 0.74604). According to Langmuir isotherms, the
monolayer adsorption capacity (qL) of RB221 onto ZnO/ZnCo-
cLDHs was estimated to be 78.3699 mg g−1; this value was
found to be compatible with the experimental values (qe(exp) =
75.74 mg g−1). The same results were veried by other authors
when they examined dye adsorption isotherms in calcined LDHs
materials, which are the adsorption mechanisms of monolayer
absorption and chemisorption processes.12,22,68,69
672 | Environ. Sci.: Adv., 2025, 4, 663–675
3.3 Results of the antibacterial assay

The data shown in Fig. 9 and Table 5 indicate that ZnO/ZnCo-
cLDHs at doses of 200–300 mg mL−1 can eradicate bacteria.
ZnO/ZnCo-cLDHs have a moderate level of antibacterial activity,
as evidenced by inhibition zones measuring 8–9 mm, and
a weaker inhibition zone of less than 8mm at doses of 200–300 mg
mL−1. Smaller and more surface area nanoparticles are more
likely to stick to the bacterial cell wall, which releases a variety of
reactive oxygen species (ROS) and eventually destroys bacterial
cells.23,70,71 The antibacterial efficacy of nanomaterials is intricately
linked to their size, existence of charged moieties, presence of
sharp boundaries, and occurrence of the orthorhombic phase.70–72

The ZnO/ZnCo-cLDHs samples were diluted to different
concentrations, ranging from 50 to 1000 mg mL−1 (Table 6). The
minimum inhibitory concentration (MIC) values for the ZnO/
ZnCo-cLDHs samples against E. coli, S. aureus, P. aeruginosa,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Zone of inhibition produced of ZnO/ZnCo-cLDHs against E. Coli, S. aureus, P. aeruginosa, and S. typhimurium.

Table 5 Antibacterial activity of ZnO/ZnCo-cLDHs against some bacteria

Samples

Zone (mm)

E. coli S. aureus P. aeruginosa S. typhimurium

ZnO/ZnCo-cLDHs 200 (mg mL−1) 8.0 � 0.2 8.0 � 0.1 6.0 � 0.0 6.0 � 0.0
ZnO/ZnCo-cLDHs 300 (mg mL−1) 9.0 � 0.1 8.6 � 0.1 6.0 � 0.0 8.0 � 0.0
Chloramphenicol (20 mg) 24.0 � 0.2 24.0 � 0.1 15.0 � 0.1 21.0 � 0.2

Table 6 MIC values of ZnO/ZnCo-cLDHs samples against bacteria

Samples

MIC (mg mL−1)

E. coli S. aureus P. aeruginosa S. typhimurium

ZnO/ZnCo-cLDHs 175 175 450 275
Chloramphenicol
(ppm)

0.2 0.2 0.2 0.2
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and S. typhimurium were 175, 175, 450, and 275 mg mL−1,
respectively. When compared to the positive control, chloram-
phenicol at a concentration of 0.2 ppm, the sample's MIC
ndings were substantially lower.
4. Conclusions

ZnO rods, ZnCo-cLDHs, and ZnO/ZnCo-cLDHs were successfully
synthesized. A mixture of ZnO and ZnCo2O4 oxides, following the
calcination of ZnCo-LDHs, exhibits excellent dispersion on the
surface of ZnO rods. Under ideal conditions, an adsorption
duration of 100min, adsorbent loading of 1.0 g L−1, initial RB221
concentration of 80 ppm, and pH of 7 allowed ZnO/ZnCo-cLDHs
to reach an adsorption capacity of 75.74 mg g−1 for the RB221
dye. The adsorption capacity for RB221 adsorption onto ZnO/
ZnCo-cLDHs declined to 61.89 mg g−1 aer four reuse cycles.
Experimental results of tissue determination yielded rst-order
and second-order kinetic equations. RB221 adsorption on the
ZnO/ZnCo-cLDHs was in good agreement with the Langmuir
isotherm model. The ZnO/ZnCo-cLDHs composite exhibited
a larger zone of inhibition against Gram-positive S. aureus
bacteria than against Gram-negative E. coli when assessed using
a standard inhibitory microbiology test with a diameter of 6 mm.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Data availability

Data, including origin les, for the article titled “Synthesis of
calcined LDHs materials decorated on ZnO nanorods:
enhancing adsorption capacity and antibacterial activity” are
available at https://doi.org/10.6084/m9.gshare.28080734.
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