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Abstract: The present study addressed the removal of Trypan blue (TB) from water using a novel
Ni-Zn-Bi-layered triple hydroxide (NZB LTH or NZB) synthesized through the co-precipitation
technique. The physiochemical properties of NZB were analyzed before and after TB adsorption
using XRD, BET, FESEM, FTIR-ATR, Raman, and XPS. Studies on adsorption indicate that 80 mg of
NZB has a maximum TB removal effectiveness of around 96.7% at natural pH (~4.5–5.0). This study
found that NZB has a maximum adsorption capacity (qmax) of 5.3 mg·g−1 at dye concentrations
ranging from 5 to 30 mg·L−1. When combined with various anionic dye mixtures, NZB’s selectivity
studies showed that it is highly selective for the removal of TB and is also effective at removing
cationic dyes. When compared to Na2SO4 and NaCl salts, NZB had a lower dye removal percentage
for TB removal in the presence of Na2SO3. In an adsorption process, the interaction between the
TB and NZB in an aqueous solution is caused by hydrogen bonding and electrostatic interactions,
which are investigated in the adsorption mechanism. In comparison with ethanol and methanol,
the recyclability investigation of NZB revealed the notable removal of TB using 0.1 M NaOH for the
desorption. Therefore, the present investigation suggests that NZB is an appropriate adsorbent for
the removal of TB from an aqueous solution.

Keywords: synthesis; co-precipitation; dye removal; anionic dye; LTH; adsorption capacity; selectivity;
salt-effect; reusability

1. Introduction

Dye contamination of water necessitates treatment by removing the dyes with diverse
adsorbents or methods before they discharge into local drainage systems or natural water
bodies [1–3]. Various industries, such as textiles, cosmetics, ink, plastics, paper, food,
pharmaceuticals, pulp, leather, printing, paints, and rubber, use dyes because they are easily
soluble in water and give concentrated color to the water [4,5]. Trypan blue (TB) is a water-
soluble azo dye that is used for biological staining, vitreoretinal surgery, and measuring cell
viability, and it is also used in the food coloring dyeing process [6–8]. However, TB is toxic to
cells for a short period of exposure time and carcinogenic to humans and animals; if exhaled
or ingested, it causes eye agitation, skin irritation, and digestive problems. Excessive levels
of TB may harm aquatic life. Due to the toxic effects of TB, the European Chemicals Agency
has determined that TB is carcinogenic to human beings and requested that its usage
in testing facilities be restricted [9]. Discharging untreated water polluted with this dye
may have detrimental effects on natural water resources, disrupt the aquatic lifecycle, and
pose substantial risks to human health, including toxicological and carcinogenic effects.
To prevent contamination of the environment, the TB discharges from various sectors
should be removed from the water. This concern of dye contaminations in water has led
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to the development of many water treatments, such as advanced oxidation processes, ion
exchange, deep eutectic solvent, coagulation-flocculation, adsorption, electrocoagulation,
wet-oxidation, sedimentation, arc discharge, membrane bioreactors, phytoremediation,
reverse osmosis, sequencing batch reactors, membrane filtration, etc. [8,10–17]. Among
these, adsorption is considered to be one of the easiest, low-cost, most rapid, and effective
approaches to removing dyes from water using adsorbents [18–20].

The process of adsorption is capable of efficiently removing many kinds of
pollutants [21–25]. In addition, the application of this technique in the removal of dyes
from water-based solutions may be seen visibly in an instant. Adsorbents with a substantial
surface area, extensive porous architectures, and abundant surface hydroxyl groups have
the potential to expeditiously remove dyes. Consequently, an extensive study has been
conducted to develop adsorbents for the goal of removing harmful dyes and other pollu-
tants. These adsorbents include porous carbon derived from biomass, activated carbon
from bamboo fibers, carbon xerogel, silica xerogel, agricultural wastes, hydrogels, metal-
organic frameworks (MOFs), biochar, calcium silicate, aerogel, zeolite, polymers, natural
adsorbents, layered double hydroxides (LDHs), montmorillonite, layered triple hydroxides
(LTHs), red mud waste, nanoparticles, and various other adsorbents [12,18,26–41]. Among
these adsorbents, LTHs possess a high positive charge, nanosheet configuration, high
porosity, abundant surface functional groups, and a moderate surface area. Additionally,
they are synthesized using low-cost chemicals and inexpensive methods, making them
a promising and cost-effective option for effectively removing anionic-based dyes. The
advantages of LTHs means they can be used to effectively treat water contaminated with
anionic-based dyes.

Recently, nanomaterials have been explored for environmental applications because
of their distinctive features, primarily their high surface-to-volume ratio. Accordingly,
because of their layered structure and three cationic constituents, LTHs are one of the
nanomaterials that are becoming more popular among researchers working with water
research [42–44]. Conversely, LDHs, which are a mixture of two cationic precursors, would
be less efficient than LTHs due to the possibility of reduced surface area and low functional
groups [45–48]. As a result, three cationic structures with LTHs could be able to remove
dye more effectively than LDHs. Due to their unique characteristics, the applications for
LTHs include water purification, supercapacitors, batteries, electrolysis, photocatalysts,
electrocatalysts, and water splitting [49–61]. The LTH structure has notable qualities, such
as a large number of active sites and high interlayer space, as well as a remarkable ability
for efficient ion exchange. Thus, water research communities are focusing on these LTHs to
use them as active adsorbents for water purification.

It has been reported in several studies that LTHs are used for the removal of dyes.
Accordingly, Kazemi et al. synthesized a MgZnAl LTH using the hydrothermal method
to remove acid yellow 76 (AY76) at pH 4 [38]. Because of the electrostatic interaction
and hydrogen bonding between the LTHs and AY76, the maximum adsorption capac-
ity (qmax) of the LTHs was found to be 277.8 mg·g−1, and they had a high reusability
of 90.3% after four cycles. Recently, Abdel-Hady et al. produced ZnMgAl LTHs via
co-precipitation to remove crystal violet (CV) at a pH of 9 [62]. However, the qmax of
the prepared LTHs adsorbent was only 64.8 mg g−1, which was a result of its ineffec-
tiveness at removing the positively charged CV dye. In contrast, after five cycles, the
reusability of ZnMgAl LTHs was determined to be moderate at 64.0%. However, the
potential mechanisms that facilitated adsorption between ZnMgAl LTHs and CV exhibited
substantial efficacy, such as mesoporous filling, surface diffusion, hydrogen bonding, elec-
trostatic interaction, and π–π interaction. Using the co-precipitation method, Bahadi et al.
synthesized a polyethyleneimine-functionalized graphene oxide composite with MgFeAl
LTHs (PEI@GO/MgFeAl) to remove acid red 1 (AR1) dye at pH 6 [43]. AR1 adsorbed on
PEI@GO/MgFeAl exhibited a qmax of 225.7 mg·g−1, and an effective reusability of 80.7%
was observed after five cycles. The adsorption of AR1 was achieved by the mechanism of
electrostatic interactions, pore-filling, hydrogen bonding, and π–π interactions. Similarly, co-
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precipitation was employed to synthesize MgNiAl-CO3, which was then calcined at 500 ◦C
to yield MgNiAl-C to remove methyl orange (MO) at pH 8 [63]. Because of the calcination
effect, MgNiAl-C (375.4 mg·g−1) had a higher qmax than MgNiAl-CO3 (118.5 mg·g−1) for
MO removal. Similarly, co-precipitation was used to produce NiMgAl LTHs with variable
percentages (20% and 30%) of Ni(NO3)2·6H2O, which were then calcined at 400 ◦C to obtain
NiMgAl-layered triple oxides (LTOs) to remove MO at pH 9 [64]. This work demonstrated
increased Ni(NO3)2·6H2O loading into MgAl, as well as improved adsorption performance
following calcination. After calcination, 30%NiMgAl LTO (322.5 mg·g−1) had a higher
qmax compared to 20%NiMgAl LTO (270.2 mg·g−1), 20%NiMgAl LTHs (250.0 mg·g−1),
and 30%NiMgAl LTHs (232.5 mg·g−1). In contrast to the 30%NiMgAl LTHs, which only
removed 58% of the MO after three cycles, the 30%NiMgAl LTO was able to remove 72%
of the MO. On the other hand, samples of LTHs still showed a good qmax, and they offer
the following advantages over LTO: a low-temperature process, no calcination or anneal-
ing is necessary, a time-saving procedure, high hydroxyl groups on their surface that are
crucial for the removal of dyes through hydrogen bonding and electrostatic interaction,
mild-temperature drying following synthesis does not impact structure or morphology, the
ability to synthesize LTHs using a single method, and a high crystalline structure. For this
reason, the use of LTH-based adsorbents for dye removal via the adsorption process has the
potential to achieve a high adsorption capacity for dye removal. According to the above
studies, LTHs are often synthesized via co-precipitation, which is a low-cost approach,
and this type of method is advantageous for the adsorption process since it produces
inexpensive and efficient sorbents. The pH of the solution is crucial for the adsorption
process and should not harm the environment. Using a pH of the dye solution between
4 and 8 for the adsorption process would be environmentally friendly. However, some
studies performed at pH 9 could be harmful. Further, it is necessary to test the reusability
of the adsorbent in the adsorption process, which helps to reduce the material waste or cost
of the process. Therefore, it is necessary to desorb the dye molecules from the adsorbent
surface by either chemical or thermal methods. It would be preferable if the adsorbent
could be reused for at least five cycles, ensuring a high removal efficiency of over 90%.
Additionally, the qmax is dependent on the volume and dosage of the adsorbents, as well as
on the concentration of the dye molecules. For the higher qmax, experiments could use a
high volume of dye solution, a low adsorbent dosage, and a higher dye concentration.

This is the first time NZB has been synthesized using co-precipitation to remove TB
from an aqueous solution. Several characterization approaches were employed to compare
before and after dye adsorption. To investigate the dye removal effectiveness and potential
mechanisms of the synthesized adsorbent, a systematic batch adsorption procedure was
carried out, accounting for the effects of pH, dosage, dye concentrations, time, isotherms,
and kinetic studies. Additionally, the study involves the process of selectively removing TB
by combining various dye mixtures, the salt effect, and exploring the potential for reusing
the materials. The potential of NZB as an effective adsorbent in the treatment of aqueous
solutions contaminated with both anionic and cationic dyes is demonstrated by this study.
Figure 1 presents a diagram of the synthesis of NZB and its ensuing removal of TB.
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2. Results and Discussion

The adsorbent’s surface area could potentially assist in achieving a faster and higher
level of dye removal. Thus, an analysis was conducted on the surface area of the NZB using
the N2 adsorption–desorption technique and the Barrett–Joyner–Halenda (BJH) method to
assess the porosity of the adsorbent before TB adsorption. As shown in Figure 2a, according
to the IUPAC classification, the NZB shows a Type IV isotherm curve with a characteristic
H3 hysteresis loop opening at 0.45 (P/P0) and closing at 1.0 (P/P0), demonstrating the
presence of a mesoporous structure on the surfaces. This loop represents the capillary con-
densation properties occurring in the mesopores. The NZB’s surface area was determined
to be low, at 17.08 m2·g−1, whereas the pore volume and pore diameter were found to
be 0.0436 cm3·g−1 and 5.9 nm, respectively. The lower surface area might be owing to
the presence of moisture, which can block the pores and reduce surface area. However,
the layered triple hydroxide (LTH) type of materials may have high positive charges on
their external surfaces, and this could play a crucial role in the removal of a large number
of anionic dye molecules rather than their surface area. A similar result was obtained in
the report of the N2 adsorption–desorption isotherm study on the HKUST-1 and HHK-10
before and after water vapor adsorption. The surface area of these MOF materials was 1510
and 1284 m2·g−1, respectively. After water vapor adsorption, the surface area decreased
to 607 and 687 m2·g−1. As a result, the presence of moisture could reduce the material’s
surface area [65]. In light of this, NZB has the potential to function as an effective adsorbent
in the process of water treatment for the removal of TB.
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Figure 2. Characterization of NZB LTH before dye adsorption: (a) the nitrogen (N2) adsorption–
desorption isotherm curve and porosity measurement by Barrett–Joyner–Halenda (BJH) plot (inset);
(b) XRD pattern; (c) Raman spectrum; and (d) FTIR-ATR spectrum.
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X-ray diffraction (XRD) is a non-destructive method for material structural investi-
gation. Figure 2b presents the XRD analysis of the structural matter of NZB before TB
adsorption. The XRD pattern of NZB revealed a crystalline structure. Accordingly, Ni(OH)2
was confirmed by the presence of characteristic peaks at 2θ, including 11.7◦, 19.2◦, and
38.2◦ and 46.4◦, 52.4◦, 59.2◦, 62.5◦, 69.8◦, and 74.3◦, denoted as (003), (001), and (011) and
(400), (102), (110), (111), (103), and (201), respectively [3,66–68]. The appearance of peaks
like (011), (111), (211), (020), (310), (102), (221), (320), (312), (131), (203), and (223) confirms
Zn(OH)2, which corresponds to 25.8◦, 27.3◦, 33.3◦, 35.2◦, 36.0◦, 37.6◦, 45.1◦, 48.7◦, 53.0◦,
57.9◦, 60.3◦, and 71.4◦, respectively [69–71]. Furthermore, the earlier reports confirmed that
all remaining characteristic peaks were indeed Bi(OH)3 [72–74]. However, some noise in the
diffraction pattern can be seen due to the presence of moisture on the NZB. The presence of
characteristic peaks of respective hydroxides such as Ni(OH)2, Zn(OH)2, and Bi(OH)3 in the
diffraction pattern confirms the LTH structure in NZB. Furthermore, Raman spectroscopy
was utilized to examine and govern the NZB’s functional composition. Figure 2c shows
the Raman spectrum of the adsorbent, NZB, which covers from 200 to 1800 cm−1. The
Raman shift at 220.4 cm−1 for Bi-OH, 289.9 and 322.6 cm−1 for Zn-OH, and 417.5, 457.7,
and 525.3 cm−1 for Ni-OH showed the existence of M-OH (Metal-hydroxide) stretching
vibration in the adsorbent [70,75,76]. The peaks at 976, 823, 1040, 1337–1385, and 1649 cm−1

are ascribed to NO3
− in-plane bending, symmetric stretching, antisymmetric stretching,

and out-of-plane bending vibration, respectively [77,78]. Additional peaks at 1055.6 cm−1

and 1182 cm−1 to 1242 cm−1 were due to the symmetric and antisymmetric vibration of
carbonate ions (CO3

2−) [78]. The observation of these peaks verifies the LTHs’ composition
of Ni(OH)2, Zi(OH)2, and Bi(OH)3 in their structure.

The functional groups in NZB were found using FTIR-ATR. Figure 2d thus reveals
the IR peaks of NZB in the wavenumber range of 650 to 4000 cm−1. The wider peak at
3200–3500 cm−1 was produced by stretching vibrations of interlayer hydroxyl (-OH) groups
from the NZB. The peaks at 2974, 2750, 2496, 1923, 1088, and 1438 cm−1 indicate strong
and mild C-H stretching vibrations, while the peak from 2822 to 2882 cm−1 represents
CH2 stretching [3,79]. The characteristic peaks at 1378 and 1275 cm−1 correspond to the
symmetric stretching vibrations of NO3

− ion and 1044 cm−1 to the symmetric stretching
vibration of CO3

2− ion, respectively [3,79–81]. The symmetric stretching vibration of the
carboxylate molecule results in an IR peak regarding 1720–1767 cm−1 [82]. The peak
between 1601 and 1668 cm−1 is caused by the bending vibration of water molecules [83].
The peaks at 941 and 881 cm−1 correspond to the metal-oxygen and metal-hydroxyl groups
in LTHs [84]. The absorption peaks in the 806–660 cm−1 range may be related to the
vibrational modes of O-M-O and M-O-M, where M denotes Ni, Zn, and Bi [80]. The
presence of the peaks mentioned above served as evidence that several functional groups
are present in NZB LTHs.

Furthermore, this study analyzed the NZB’s morphology and elemental composition
using FESEM and EDX. Accordingly, Figure 3a–c shows the morphology of the NZB at
various scale ranges, such as 5 µm, 1 µm, and 500 nm. The observed layered structure and
predicted flat sheet-type morphologies were noted. The rough surface was produced and
the stacked sheet layer of NZB was identified at 500 nm scale. However, particles or grains
were seen on the NZB’s surface. This could be because the particles were crushed into a
fine powder after the material was made. The sizes of these particles or grains could be
between 100 and 500 nm. These sheet structures could have more active sites and surface
areas, which might be beneficial for removing a considerable amount of dye molecules
from water. The elemental mapping result shows that the NZB’s distribution of Ni, Zn,
Bi, and O is uniform (Figure 3d–g). These mapping pictures show that NZB has a higher
concentration of Ni than Zn, Bi, and O elements, which is confirmed by the quantity of
each chemical used in the preparation. Figure 3h depicts the NZB’s elemental composition.
The EDX spectrum revealed that the weight percentage of Ni K (53.78%) was larger than
Zn K (29.46%), Bi M (6.35%), and O K (10.4%), and no further elements were identified,
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suggesting that NZB is produced only from the nickel-zinc-bismuth composition. Similarly,
the proportion of NZB’s atomic weight % was identified as Ni K > Zn K > O K > Bi M.
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Figure 3. Characterization of NZB before dye adsorption: (a–c) FESEM images at different scales of
5 µm, 1 µm, and 500 nm; (d–g) elemental mapping; and (h) EDX spectrum with the table of element
weights and atomic percentages.

XPS was used to determine the existence of the elemental composition on the produced
adsorbent. The Ni-Zn-Bi LTH (NZB) of the full XPS survey spectrum is depicted in Figure 4a.
The spectrum was analyzed within the binding energy range of 0 to 1200 eV, and the
presence of NZB elements, including Bi 4f, C 1s, O 1s, Ni 2p, and Zn 2p, was confirmed
at specific binding energies. Moreover, Figure 4b–f demonstrated the high resolution of
each NZB component present at corresponding binding energies; the discussion of these
peaks follows. The high-resolution spectrum of Bi 4f confirms two distinctive peaks at
157.7 eV and 163.1 eV, which are caused by Bi 4f7/2 and Bi 4f5/2, respectively. In the C1s
peaks of the high-resolution spectrum, two peaks were observed at 284.2 eV and 288.3 eV.
This was a result of the carbon bonding of the HCO3

− and CO3
2− within the interlayer of

NZB LTHs [85]. In contrast, O 1s exhibits a single characteristic peak at 530.5 eV, which is
attributed to the M-OH (M=Ni-Zn-Bi) bonding. Consequently, the presence of this peak
demonstrates that the hydroxyl group of water is bonded to the surface of the NZB LTHs.
The Ni 2p spectrum exhibits the two peaks of Ni 2p3/2 and Ni 2p1/2 at binding energies
of 855.0 eV and 872.7 eV, respectively. Furthermore, the Ni 2p is accompanied by the
formation of satellite peaks at 860.6 eV and 878.9 eV. Lastly, the binding energies of Zn
2p3/2 and Zn 2p1/2, respectively, assigned two peaks to the Zn 2p spectrum at 1020.9 eV
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and 1044.0 eV, indicating the presence of Zn2+ in NZB LTHs. Therefore, the presence of the
aforementioned elements confirmed the synthesized Ni-Zn-Bi-layered triple hydroxide.
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3. Batch Adsorption
3.1. pH

The adsorption process for the removal of dye from water may be influenced by the
pH of the solution. Thus, it is crucial to investigate TB adsorption at various pH levels.
Figure 5a shows the percentage of dye removed at various pH levels using 80 mg of NZB
and 15 mg·L−1 of TB concentration. The dye removal percentage dropped steadily from
97.6% to 12.3% as the pH increased from 2 to 10. The higher removal (97.6%) at pH 2 was
due to the higher protonation (-OH2+) of NZB surfaces that may be highly attracted with
TB molecules through hydrogen bonding with chemical structures such as -OH, -NH2,
and -N=N- and also capable of high interaction with negatively charged sulfonate (-SO3

−)
groups (Figure S1). The decrease in removal efficiency from 96.2% to 12.3% from pH 4 to
10 may be attributed to the increasing deprotonation (-OH2−) on NZB surfaces, which are
unable to attract negatively charged groups in dye structures. Figure S2 represents the
UV-Vis absorbance spectra of TB at various pHs, as well as spectra before and after TB
adsorption by NZB, showing that the absorbance peak was substantially reduced in acidic
conditions (2, 4, and natural pH (~4.5–5.0)), indicating strong adsorption. In contrast, the
spectra obtained in the base media exhibit increased absorption peaks, indicating restricted
adsorption. NZB surfaces may contain vast positive charges (-OH+) in acidic environments,
electrostatically attracting or hydrogen bonding with the TB dye. However, when the pH
increases (natural (~4.5–5.0) and 6–10), they acquire negative charges (-OH−), repelling
the TB. Furthermore, at natural pH, the dye removal percentage was found to be 87.9%,
which is significant. As a result, accomplishing an adsorption procedure in either an acidic
or basic medium may affect the environment; hence, subsequent adsorption experiments
were undertaken using natural pH (~4.5–5.0).
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Figure 5. Batch adsorption parameters for dye (TB) removal using NZB LTH at room temperature:
(a) effect of pH (Dosage: 80 mg, dye concentration: 15 mg·L−1, volume: 25 mL, time: 1 h); (b) effect of
adsorbent dosage (Dye concentration: 10 mg·L−1, pH: natural (~4.5–5.0), volume: 25 mL, time: 1 h);
(c) effect of dye concentration (Dosage: 80 mg, pH: natural (~4.5–5.0), volume: 25 mL, time: 1 h); and
(d) effect of contact time (Dosage: 80 mg, pH: natural (~4.5–5.0), volume: 25 mL, dye concentration:
10, 20 and 30 mg·L−1) at different dye concentrations.

3.2. Adsorbent Dosage

The adsorbent dosage may be important in the adsorption process for dye removal.
Therefore, an experiment was performed to test the influence of NZB dosage on dye
removal. The dosage ranged from 10 to 80 mg, with a dye concentration of 10 mg·L−1 at
natural solution pH (~4.5–5.0). Figure 5b shows the dye removal percentage plotted against
the adsorbent dosage. As the NZB’s dosage increased from 10 to 80 mg, the dye removal
percentage increased steadily from 26.6% to 96.7%. The results show that increasing
the adsorbent dosage resulted in a considerable increase in adsorbent sites, which was
attributed to a higher dye removal percentage. Figure S3 depicts absorbance spectra both
before and after TB adsorption by NZB at various dosages; the UV-Vis absorbance peak
significantly decreased when the NZB dosage increased from 10 to 80 mg. The ideal dosage
of 80 mg was determined via these studies and utilized in subsequent investigations.

3.3. Dye Concentration

The increasing concentration of dye molecules may affect the adsorbent-based dye
removal process. Thus, it is vital to examine the highly concentrated dye molecule in the



Inorganics 2024, 12, 296 9 of 25

adsorption process for dye removal effectiveness by the NZB; determining the qmax of
the generated adsorbents is also critical. A batch experiment was carried out to assess
the efficiency of an optimum dosage of NZB at various TB concentrations to compute the
maximal dye removal from each concentration. Figure 5c illustrates the percentage of dye
molecules removed at concentrations ranging from 5 to 30 mg·L−1. As the TB concentration
increased from 5 to 30 mg·L−1, the dye removal percentage of NZB gradually decreased
from 96.5% to 55.1%. The decrease in dye removal percentage was attributed to the NZB
surface not having enough active sites or an inadequate adsorbent to adsorb large numbers
of TB molecules at increasing concentrations. However, according to Figure 5c, a substantial
removal percentage was observed owing to positive charges on the NZB surface caused by
intensified driving forces and the diffusion rate of the TB dyes. Figure S4 shows absorbance
spectra for various before and after dye concentrations, revealing that increasing the dye
concentration increases the absorbance peak after dye adsorption by NZB, which suggests
restricting the adsorption at higher concentrations.

3.4. Contact Time

To measure the adsorption rate at various dye concentrations, contact times extending
from 0 to 180 min were utilized, since dye molecules may adsorb quickly or slowly on
adsorbent surfaces. The optimal dosage of 80 mg of NZB was treated with 25 mL of TB
concentrations ranging from 10 to 30 mg·L−1 to determine the dye removal percentage
based on contact time along with natural pH (~4.5–5.0). Figure 5d depicts dye removal
percentages vs. contact time at various dye concentrations. Accordingly, NZB removes
10 mg·L−1 of dye, with 68.8% and 72.0% efficiency during 1 and 30 min. After steadily
increasing the dye removal percentage, it reached 93.7% after 60 min of contact, almost
reaching saturation. A fast removal of a low-concentration dye from an aqueous solution
may be ascribed to the presence of more active sites that may quickly adsorb dye molecules.
For 10 mg·L−1, the minimal contact time is 30 min. At a concentration of 20 mg·L−1,
the influence of time on the adsorbent was evaluated, with contact times up to 180 min.
In this batch of contact time, the dye removal percentage for the NZB was 42.4% and
47.0% for 1 and 30 min, respectively. After 60 min, it increased to 73.0% and attained
equilibrium. At a TB concentration of 30 mg·L−1, NZB effectively removed 26.3%, 47.3%,
and 55.9% of TB after 1, 30, and 60 min, respectively. After 120 min, it reached 60.2%, and
no more improvements were seen. As a result, the removal of TB at low, moderate, and
high concentrations takes at least 30, 60, and 120 min, respectively. The optimal amount of
adsorbent may absorb dye molecules with a lower concentration than those with higher
concentrations; raising the dye concentration to be absorbed by NZB necessitates a longer
time need. It should be noted that NZB was able to remove TB efficiently, even at higher
concentrations; however, it takes a longer time, as seen with the naked eye through UV-Vis
absorbance spectra and supernatant TB solutions after adsorption at different contact times
for various dye concentrations. Accordingly, Figure 6 depicts UV-Vis absorbance spectra
for the influence of contact time, as well as related photographs of before and after dye
adsorption for various dye concentrations. With an increase in the dye concentration, there
is an increase in the contact time of the absorbance spectra, indicating that dye adsorption
is fast at low concentrations but slow at higher concentrations. The adsorption process for
dye concentrations of 10, 20, and 30 mg·L−1 needs a minimum contact time of 30, 60, and
120 min, as seen in the supernatant solution image.
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of 10, 20, and 30 mg·L−1 adsorption by NZB LTH with their corresponding photograph of dye
supernatants (Dye: TB, dosage: 80 mg, dye concentration: 10–30 mg·L−1, pH: Natural (~4.5–5.0),
volume: 25 mL, temperature: RT).

4. Characterization of the Adsorbent After TB Adsorption

To further understand TB adsorption on NZB surfaces, the adsorbent must be analyzed
following dye adsorption by utilizing different characterization approaches. Figure S5a il-
lustrates the N2 adsorption–desorption BET Type IV isotherm curve, with an inset showing
the BJH pore size distribution curve of NZB for porosity measurements (refer to the Sup-
plementary Materials). The typical H3 loop Type IV isotherm curve remained unchanged
after dye adsorption; however, the surface area of the NZB was reduced to 9.8 m2·g−1. The
reduced surface area could be caused by the adsorbed dye particles blocking the pores on
the adsorbents’ surface. Following dye adsorption, pore volumes decreased while pore
diameters increased by 0.0243 cm3·g−1 and 6.56 nm, respectively. The decreasing pore
volume and increasing pore diameter are due to the dye particles taking up a high place in
the pore’s depth and the chances of increasing the pore edges through the pore breathing
effect [86]. As seen by the diffraction pattern in Figure S5b, dye adsorption weakened and
decreased all of the NZB’s crystalline peaks, indicating a high likelihood of TB adsorption
on the NZB’s surface. However, the diffraction pattern showed no other structural changes,
suggesting that the adsorbent remained structurally strong after dye adsorption. Moreover,
the Raman spectra reveal that the dye adsorption boosted the intensity of the peaks, caused
shifts, led to the disappearance of most peaks, and resulted in the formation of new peaks,
indicating the potential for dye adsorption on NZB surfaces (Figure S5c). Importantly, the
distinctive peaks range from 812 to 836 cm−1 and 990 cm−1, respectively, because of the
benzene ring vibration and the bending vibration of the aromatic C=C structure in the dye.
Furthermore, the peak at 1222 cm−1 was related to the stretching vibration of C-N in the
dye structure. The peaks at 1346 and 1424 cm−1 were caused by the stretching vibration of
S=O from sulfonic acid in the dye and the bending vibration of the -OH group from the TB
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dye, respectively. The peak ranging from 1519 to 1577 cm−1 was because of the stretching
vibration of -N=N- in the dye structure [87]. The signal at 1691 cm−1 was found to be the
bending vibration of the aromatic C-H from the dye structure.

Figure S5d shows the NZB of the IR spectrum following dye absorption, revealing the
shifting of peaks and the appearance of new ones. As a result, 3422 and 3256 cm−1 appeared
due to the dye molecules’ -OH and N-H stretching vibrations, respectively. The stretching
vibration of the azo group (-N=N-) was responsible for the peaks at 1642 and 1550 cm−1.
Additionally, the aromatic stretching vibration of C=C and the stretching vibration of
-SO3

− in the dye structure caused characteristic peaks, such as at 1527 and 1349 cm−1.
Furthermore, 1326 and 1188 cm−1 were claimed to be the stretching vibration of the dye
molecule’s C-N group. Figure S5e shows FESEM images of NZB following dye treatment
at various scales. It was found that the NZB’s morphology exhibited irregularities and
its surface had become uneven, resulting in the dye molecules settling over the layered
structure. Moreover, there were no noticeable changes in the structure or form of the
adsorbent surface, suggesting that it remained unchanged, even after the dye was absorbed.
Then, XPS was utilized for confirming dye adsorption on NZB surfaces by detecting an extra
N 1s peak of dye molecule binding energies at 399.1 and 401.5 eV, which were attributable to
-N= and -NH2, respectively (Figure S6). Also, the XPS peaks of Bi 4f shifted from 157.7 and
163.1 eV to 158.3 and 163.6 eV, Ni 2p shifted from 855.0 and 872.7 eV to 855.5 and 873.2 eV,
and Zn 2p shifted from 1020.9 and 1044.0 eV to 1021.3 and 1044.5 eV, respectively. This is
because dye molecules adsorbed on metals in the LTHs made the binding energies higher.

4.1. Adsorption Isotherm and Kinetics

It is important to determine the qmax of an adsorbent by using the Langmuir and
Freundlich adsorption isotherms. Additionally, it is vital to determine the kind of ad-
sorption process to understand the dye molecules that are adsorbed on the NZB surfaces.
The Langmuir and Freundlich isotherms are linearly fitted in Figure 7a,b, while Table 1
contains the values of the isotherms. The values of the Langmuir and Freundlich isotherms
were tabulated using Equations (S1)–(S3) (refer to the Supplementary Materials). Con-
sequently, the qmax of NZB is 5.3 mg·g−1 for the dye concentrations used in this study,
ranging from 5 to 30 mg·L−1. The linear fitting (R2 > 0.998) of the Langmuir isotherm
calculated R2 value was greater than that of the Freundlich isotherm, signifying that the
adsorption process could be conducted on a monolayer. The NZB surface exhibited a
higher adsorption energy (KL) for dye molecules, which was determined to be 2.06 L·mg−1.
Equation S2 was employed to calculate the separation factor (RL), and the value was found
to be between 0 and 1, demonstrating that the removal of TB was quite promising for the
adsorbent. The adsorbent’s 1/n value (0.256) was lower than 1, demonstrating that the
NZB’s surface may exhibit heterogeneity and so can adsorb a substantial quantity of TB dye.
Additionally, the Freundlich constant of adsorption capacity (KF) value was used to deter-
mine the quantity of adsorbate adsorbed on adsorbent surfaces, which was 3.02 mg·g−1.
Additionally, the experimental results were validated by the adsorption isotherm models
(Figure 7c). The experimental (qe) consequences for NZB are consistent with the Lang-
muir model when contrasted with the Freundlich model. This finding suggests that the
mechanism of TB adsorption may be a monolayer.

Table 1. Adsorption isotherm findings of NZB LTH after TB adsorption.

Adsorbent
Langmuir Freundlich

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

NZB LTH 5.3 2.06 0.088 to 0.015 0.998 0.256 3.022 0.792
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Kinetic studies are essential for the identification of adsorption models and the com-
prehension of the adsorption process’s rate. This study used Equations (S4)–(S7) to analyze
the pseudo-first-order and pseudo-second-order models, and intraparticle diffusion (refer
to the Supplementary Materials). Adsorption kinetics linear plots for TB concentrations
of 10, 20, and 30 mg L−1 are depicted in Figure 8. Table 2 indicates that the rate of ad-
sorption studies for all dye concentrations follows pseudo-second-order. This is because
the experimental qe value of all dye concentrations was matched with the calculated qe
value using pseudo-second-order when compared to pseudo-first-order. Moreover, the R2

value of the correlation coefficient for the pseudo-second-order was greater than that for
the pseudo-first-order. Consequently, these findings suggest that the adsorption of TB from
water onto NZB is followed by a pseudo-second-order kinetic model [88]. Table 3 depicts
the results of Weber’s intraparticle diffusion, which was employed to ascertain the dye
adsorption rate. The diffusion process is divided into two stages, as illustrated in Figure 8.
The initial stage is responsible for the movement of dye molecules from the solution to the
adsorbent surface, while the second stage is responsible for the diffusion of particles into
the surface pores of the NZB. The intra-particle diffusion rate constants Kint1 and Kint2 are
high and low for the first and second stages, respectively, for all dye concentrations. This is
a result of the high driving force of dye molecules in water at the beginning of the process,
which decreases to a low level at the end of the process on the pores of the NZB surfaces.
Nevertheless, the Kint1 and Kint2 values are elevated as a result of the increased propelling
forces of dye molecules in the water toward the pores of the adsorbent, which is a result
of the concentration increase from 10 to 30 mg L−1. Additionally, the gradual increase in
the thickness of the dye particle’s boundary layers on the adsorbent pores from the first
stage to the second stage is indicative of the diffusion of dye molecules at low and high
concentrations, respectively, as the values for all dye concentrations increase from C1 to C2.
The concentration of dye molecules was increased from 10 to 30 mg L−1, which increased
the C1 and C2 values. This increase in the number of dye molecules contributed to the
thickening of the boundary layers on the pores following pore filling. However, the C1
value decreased for 30 mg L−1, which may be attributed to the low driving force toward
the adsorbent’s pores at the primary step, as a result of the possibility of agglomerated
dye particles at a higher concentration. Consequently, a higher amount of dye particles
(30 mg·L−1) resulted in a higher thickness of the boundary layer on the adsorbent’s surface
in comparison to 10 and 20 mg L−1.

Table 2. Adsorption kinetic models with the correlation coefficients of TB adsorption on NZB LTH.

Adsorbent

Pseudo-First-Order Pseudo-Second-Order

C0
(mg·L−1)

qe, exp
(mg·g−1) K1 (min−1)

qe, cal
(mg·g−1) R2 K2

(g·mg−1·min−1)
qe, cal

(mg·g−1) R2

NZB LTH
10 2.99 0.022 0.70 0.945 0.165 3.03 0.999
20 4.58 0.026 3.54 0.920 0.026 5.36 0.994
30 5.16 0.031 4.34 0.912 0.020 6.13 0.996
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Table 3. Intraparticle diffusion constants of TB adsorption on NZB LTH.

1st Stage 2nd Stage 1st Stage 2nd Stage 1st Stage 2nd Stage

NZB LTH

10 mg·L−1
Kint1 Kint2 C1 C2 R2

1 R2
2

0.137 0.015 1.989 2.808 0.980 0.905

20 mg·L−1
Kint1 Kint2 C1 C2 R2

1 R2
2

0.228 0.124 2.431 3.595 0.997 0.999

30 mg·L−1
Kint1 Kint2 C1 C2 R2

1 R2
2

0.449 0.129 1.841 4.235 0.921 0.999
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4.2. Mechanism

The adsorption mechanism might be used to understand the adsorbent’s capacity to
adsorb the dye in water. The decrease in surface area of NZB from 17.08 to 9.8 m2·g−1

following dye adsorption occurred because the dye molecules blocked the pores of NZB
by either electrostatic or hydrogen bonding. The pore volume (0.0436 to 0.0243 cm3·g−1)
dropped while the pore diameters (5.9 to 6.56 nm) rose as a result of the pore-filling process
during adsorption. Additionally, the pore diameters of the adsorbent increased owing to
the pore breathing effect. The adsorption of dye molecules onto the surfaces of NZB may
result in a reduction in peak intensity seen in the XRD pattern. The existence of a substan-
tial number of positive charges on the surface of NZB may account for the electrostatic
interaction with the negatively charged TB dye, which likely leads to the physisorption
phenomenon. Moreover, the adsorption of dye molecules induces changes in the Raman
spectra throughout the 600 to 1800 cm−1 region. The observed IR peaks at 3422 and
3256 cm−1 following adsorption may be attributed to the presence of -OH and N-H groups
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in the dye molecule. Furthermore, the presence of -N=N-, C=C, -SO3
−, and C-N in the dye

molecules resulted in the appearance of 1642, 1527, 1349, and 1326 cm−1 vibrations. The
formation of these IR peaks may be attributed to the electrostatic or hydrogen bonding
contact between the positively charged surface of NZB surfaces, which consist of metal
nodes and hydroxyl groups. Following the adsorption of dye, the high-resolution spectrum
of the NZB LTH reveals the presence of the N 1s peak, which is attributed to the existence
of nitrogen in the azo and amino groups within the structure of TB. The binding energies
of Bi 4f, Ni 2p, and Zn 2p elements were enhanced upon adsorption, as a result of dye
molecules being absorbed onto NZB surfaces. This enhancement could be due to electro-
static interactions between the dye’s -SO3

− groups and the NZB’s metal nodes. As seen
in Figure 9, the primary mechanism of dye adsorption by the NZB involves a hydrogen
bonding contact between the -OH+ groups of the NZB and the sulfonate groups (-SO3

−),
amino groups (-NH2), hydroxyl groups (-OH), and azo groups (-N=N-) of TB. On the other
hand, the metal ions present in the surface LTHs, such as Ni2+, Zn2+, and Bi3+, may be
electrostatically attracted to the negatively charged -SO3

− group in the dye structure. As
a result, the adsorption process implies that NZB LTH and Trypan blue dye may bind
together, enhancing their effectiveness in water remediation via hydrogen bonding and
electrostatic interaction.
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4.3. Selectivity

It is critical to investigate dye removal from different anionic and cationic dye mixtures
using an adsorbent to determine whether or not it is capable of removing additional dyes
or simply the specified dye for industrial applications. To this extent, 100 mg of NZB
LTH was employed to remove anionic dyes, including Eriochrome black T (EBT), Rose
Bengal (RB), Methyl orange (MO), Congo red (CR), and Amido black 10B (AB), as well
as cationic dyes, including Safranin O (SO), Crystal violet (CV), Rhodamine 6B (Rh6B),
Methylene blue (MB), Brilliant green (BG), and Rhodamine 6G (Rh6G), from a mixture of
18 mg·L−1 concentration of Trypan blue (TB). The chemical structures of these dyes are
illustrated in Figure S7 (refer to the Supplementary Materials). Because the absorbance
value of 1.058 determined the concentration of TB, each cationic and anionic dye was
adjusted to match the absorbance of TB for selectivity experiments. The UV-Vis absorbance
spectra before and after adsorption of a variety of anionic (EBT + TB, MO + TB, RB + TB,
CR + TB, and AB + TB) and cationic (SO + TB, CV + TB, Rh6B + TB, MB + TB, BG + TB,
and Rh6G + TB) dyes with a mixture of TB are illustrated in Figure 10. The absorbance
spectra of the dye mixture after adsorption indicate that NZB LTH is capable of selectively
removing TB from a mixture of anionic dyes, such as EBT, MO, RB, and AB. Accordingly,
EBT, which only has one negatively charged -SO3

− group, may not be able to attract NZB
as quickly as TB, which has four -SO3

− and two primary amines (-NH2). As a result of the
competition between EBT and TB in the aqueous solution, NZB may have high selectivity
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for TB. In contrast to the four -SO3
− groups and two -NH2 groups in TB, the adsorption

of one positively tertiary amine (-N(CH3)2) and negatively charged -SO3
− group in MO

dye to the positively charged NZB may be a weak contact via hydrogen bonding and
electrostatic interaction. Therefore, in the presence of MO and TB, negatively charged TB
attracts NZB more easily than MO. The chemical structure of RB has quite a few negative
charges, such as one COO− and one O− group. As a consequence of the competition
between RB and TB for NZB, TB has a higher adsorption because of its more negatively
charged dye. Therefore, when combined with RB, NZB exhibits significant TB selectivity,
whereas AB only contains two -SO3

− and one -NH2 group. Thus, when AB competes with
TB for adsorption on NZB, the interaction via electrostatic and hydrogen bonding may be
slower than TB, which has a faster adsorption owing to four negative charges and two
amine groups. NZB hence exhibits notable selectivity for TB when combined with AB. The
structure of CR includes two -SO3

− and two -NH2 groups. Despite having four negative
charges and two positive charges, NZB has a significantly higher removed CR than TB. CR
may be easier to remove than TB because it has a low molecular weight, stronger driving
forces in water, and/or more hydrogen bonds and electrostatic interactions. In instances of
cationic dyes containing TB, NZB was able to remove TB while also removing almost all
cationic dyes except CV. The structures of cationic dyes like SO, Rh6B, MB, BG, and Rh6G
mostly contain positive charge groups like -NH2, -N-, and -N(CH3)2, and aromatic rings,
which form dipole–dipole hydrogen bonds and Yoshida hydrogen bonds with the highly
positively charged hydroxyl (-OH+) groups of NZB. Despite the presence of tertiary amine
in CV’s structure, it is possible that the combination of CV and TB’s larger molecular size
inhibits its rapid adsorption on the surface of NZB through hydrogen bonds, resulting in
the observation of a higher absorption peak. As a result, anionic TB has no competition
with other cationic dyes for adsorption on positively charged NZB. Because of the high
reduction in absorbance peaks of cationic dyes with TB following adsorption by NZB,
the removal efficiency of the SO, CV, Rh6B, MB, BG, and Rh6G was determined to be
74.0%, 69.7%, 82.1%, 86.2%, 82.8%, and 77.0%, respectively. Figure 11 shows photographs
of different anionic and cation dye mixtures with TB before and after adsorption. The
absorption spectra indicate that NZB LTH effectively selectively removes TB when mixed
with anionic dyes such as EBT, MO, RB, and AB, in contrast to CR. In the combination of
TB with cationic dyes, NZB LTH completely removed TB and was also capable of removing
almost all cationic dyes. Therefore, the present study has shown that NZB LTH is a viable
material for the highly selective removal of TB when combined with an anionic dye mixture.
Additionally, it is capable of removing cationic dyes.
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4.4. Salt Effect

Textiles and other industries that use coloring for products that produce wastewater
may contain various types of salt that may affect the efficacy of adsorbents for dye removal
using adsorption. As a result, it is critical to determine how the inorganic salts and their
higher concentrations affect NZB LTH’s dye removal percentage. In this work, sodium
sulfate (Na2SO4), sodium sulfite (Na2SO3), and sodium chloride (NaCl) are the common
salts used for TB removal. Figure 12 shows that the experiment without salt had a higher
dye removal percentage (73.5%). But when Na2SO4 salt was added, the percentage of
dye removal dropped to 35.5% at 0.01 M. This was because the negative charges of SO4

2−

and SO3
2− in the water caused competition, and the positively charged adsorbent was

better at attracting SO4
2− than the SO3

2− group of TB. Furthermore, an increase in salt
concentrations from 0.03 M to 0.09 M led to a decrease in the dye removal percentage
from 38.4% to 35.1%, primarily due to increased competition from SO4

2−. The addition of
Na2SO3 to the dye solution resulted in a drastic decrease in the dye removal percentage,
reaching 18.0% at a concentration of 0.01 M. This was caused by the salt’s high adsorption
of the SO3

2− group onto the NZB surfaces, which acted as a shield for TB’s SO3
2− group.

When compared to Na2SO4, Na2SO3 may have a severe effect on the NZB’s dye removal
percentage. Increasing the salt content from 0.03 M to 0.05 M reduced the dye removal
percentage from 17.4% to 10.3%, perhaps because of the NZB’s strong attraction to the
SO3

2− of salt. Subsequently, the removal percentage increased a little from 11.1% to 11.6%
as the concentration was increased from 0.07 M to 0.09 M, mostly due to a higher salt
effect. Furthermore, when the concentration of NaCl increased from 0.01 M to 0.09 M,
the dye removal percentage increased from 39.7% to 43.1%, which might be attributed
to the salt effect, in which the solubility of dye molecules rises with the increasing ion
concentration of NaCl in an aqueous solution. Consequently, the percentage of dye removal
rose as salt concentration increased. NaCl in the dye solution might therefore have a small
effect in comparison to Na2SO4 and Na2SO3 salts. The UV-Vis absorbance spectra of the
different salts’ effects on TB adsorption by NZB LTH are shown in Figure 12. These findings
demonstrate that as the concentration of salt in the dye solution rises, the high absorbance
value could be seen in the following order: NaCl < Na2SO4 < Na2SO3.
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Figure 12. The UV-Vis absorbance spectra of the impact of salts at varying concentrations and their dye
removal efficiency in the removal of TB by NZB LTH (Dye: TB; dye concentration: 20 mg·L−1; Dosage:
80 mg; pH: Natural (~4.5–5.0); salts: Na2SO4, Na2SO3, and NaCl; salt concentration: 0.0–0.09 M; time:
1 h; volume: 25 mL; temperature: Room temperature).

4.5. Reusability

Since it saves the energy and cost of the process, the key stage for the adsorption
process is the reuse of the adsorbent after adsorption. After TB adsorption by NZB LTH,
desorption was obtained by individual contact with 25 mL of methanol, 0.1 M NaOH, and
ethanol. A 12 h drying procedure at 60 ◦C was conducted on the NZB LTH in an oven
to prepare it for use in the subsequent dye adsorption process after desorption. Similarly,
the TB removal treatment was performed five times. As seen in Figure 13d, the NZB
removed 82.5% of the dye during the zeroth cycle. The adsorbent then removed a TB
percentage ranging from 59.0 to 15.2%, 69.7 to 9.6%, and 56.8 to 25.7%, respectively, using
the reagents methanol, ethanol, and 0.1 M NaOH during the first to fifth cycles. The decline
in dye removal percentage after each cycle may be attributed to dye molecules taking up
permanently in the pores of NZB LTH after the zeroth cycle, as well as a minor loss of
adsorbent quantity due to washing after each cycle; thus, increasing the number of cycles
corresponds to a decrease in the dye removal percentage. However, when compared to
methanol and ethanol, NaOH effectively desorbed TB from the surface of NZB LTH, even
after five cycles. Therefore, 0.1 M NaOH proved to be an effective reagent for desorbing TB,
allowing for up to three reuses of the NZB LTH. Zubair et al. found similar results when
they used various LDHs, such as 0.5 M NaOH, ethanol, and 0.5 M NaOH + NaCl, to desorb
EBT dye for up to three cycles [89]. Accordingly, the adsorption capacity of the CoFe, ZnFe,
and NiFe LDHs drastically decreased from the first to the third cycles. However, 0.5 M
NaOH showed better reusability compared to other agents. The dye molecules’ strong
adsorption on the adsorbent surfaces through hydrogen bonding or electrostatic interaction
may be the cause of their decreasing adsorption capacity or removal efficiency as the
number of cycles increases. Another study used water to desorb Coomassie brilliant blue
(CBB) from the surfaces of Mg-Cu LDHs; however, after three cycles, this LDH was able to
remove 50% of the CBB [90]. Therefore, it might be hard to remove the dye molecules from
the LDHs or LTHs using a solvent or water process. To make the process more reusable, it
is suggested that other methods be found to remove the dye from the adsorbent surfaces.
The UV-Vis absorbance spectra of TB-adsorbed NZB before and after dye adsorption for
0–5 cycles are shown in Figure 13a–c. The absorbance peak becomes higher with each cycle,
but the absorbance peaks for 0.1 M NaOH were lower than those for methanol and ethanol
when they are used for the recycles.
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Figure 13. (a–c) UV-Vis absorbance spectra regarding the reusability of NZB LTH before and after
TB adsorption (0 to 5 cycles); (d) the calculated dye removal percentage corresponds to the number
of cycles. (Dosage: 80 mg, dye concentration: 15 mg·L−1, time: 1 h, pH: Natural (~4.5–5.0), volume:
25 mL, temperature: RT, regenerating agents: methanol, ethanol, and 0.1 M NaOH).

4.6. Comparison

A comparison of the maximum adsorption capacity (qmax) of the adsorbent for dye
removal with other reported adsorbents is provided in Table 4. However, comparing the
findings of adsorbents with one another may be contrary as various pieces of research
utilized different synthesis techniques, adsorbent types, dosages, dye concentrations, pH,
volume of the dye solution, etc. In general, the qmax of the adsorbents is contingent upon
the concentration of the dye, the volume of the solution, and the dosage. A higher qmax
may result in a minimal adsorbent dosage, which is accompanied by a higher solution
volume and dye concentration. A lowered qmax may result in a maximal dosage with
a lower volume and dye concentration. The qmax of the NZB LTH (5.3 mg·g−1) was
lower than that of other adsorbents, as indicated in Table 4. The low value attained in
this investigation may be attributed to the use of a high dosage (0.08 g) in a low volume
(25 mL) and a low-concentrated dye (5–30 mg·L−1). Typically, the adsorbents, including
montmorillonite-modified hexadecyltrimethylammonium bromide and polyethylene gly-
col (MMT@HTAB@PEG), hydroxyapatite-modified reduced graphene oxide (HA@rGO),
zinc nanoparticle-modified luffa sponge (LS-Zn), and magnesium oxide nanoparticles
(MgO), were able to achieve a high qmax of 267.3, 146.5, 129.8, and 93.5 mg g−1, respectively,
as a result of the higher volume of solution (50 mL). Even so, the adsorbents exhibited
a difference in high and low qmax based on the dosage and dye concentrations. Further-
more, the pH 2 used by MMT@HTAB@PEG to remove TB may not be environmentally
friendly. Adsorbents like pyrolyzed maple bark (PMB), poly(diallyldimethylammonium
chloride)/graphene oxide hydrogel (PDDA/GO), and GO-doped nano-hydroxyapatite
(GO-nHAp) had moderate qmax values of 72.5, 50.0, and 41.0 mg g−1, which could be at-
tributed to the low solution volume or concentration of the dye used. NZB LTH has poorer
efficacy than the others; however, it has a natural pH (~4.5–5.0), is simple to synthesize,
environmentally friendly, and inexpensive. Future research might be conducted to improve
its dye removal performance or alternative effective LTHs could be synthesized for the
efficient removal of organic dyes.
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Table 4. Comparing Ni-Zn-Bi LTH (NZB LTH) to other adsorbents for the removal of Trypan
blue (TB).

Adsorbents Dye Dye Concentration pH Volume (mL) Dosage
(g)

qmax
(mg·g−1) Ref.

MMT@HTAB@PEG Trypan blue 20–120 mg·L−1 2.0 50 0.03 267.3 [91]
HA@rGO Trypan blue 50 mg·L−1 Natural 50 0.1 146.5 [92]
LS-Zn Trypan blue 10–200 mg·L−1 7.0 50 1.0 129.8 [93]
MgO Trypan blue 15–45 mg·L−1 5.4 50 0.02 93.5 [94]
PMB Trypan blue 1000 mg·L−1 7.5 10 0.1 72.5 [95]
PDDA/GO Trypan blue 0.001–1 mM 6.0 0.5 0.001 50.0 [96]
GO-nHAp Trypan blue 50–200 mg·L−1 6.7 25 0.05 41.0 [97]
NZB LTH Trypan blue 5–30 mg·L−1 ~4.5–5.0 25 0.08 5.3 This work

5. Materials and Methods

Zinc (II) nitrate hexahydrate (Zn(NO3)2·6H2O, 95.0%), sodium chloride (NaCl, 99.0%),
sodium hydroxide (NaOH, 93.0%), hydrochloric acid (HCl, 35–37%), and sodium sulfate
anhydrous (Na2SO4, 99.0%) were obtained from Duksan pure chemicals Co., Ltd., Ansan-
si, Republic of Korea. Nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O, 97.0%), Bismuth
(III) nitrate pentahydrate (Bi(NO3)3·5H2O, 98.0%), and TB dye (Figure S1) were obtained
from Daejung chemicals & metals Co., Ltd., Siheung-si, Republic of Korea. Sodium sulfite
anhydrous (Na2SO3, 95.0%) was received from DC Chemicals Co., Ltd., Shanghai, China.
The chemicals used in this study were utilized without any additional purification steps.

5.1. Synthesis of NiZnBi LTH (NZB LTH or NZB)

NZB was produced via the co-precipitation process. Initially, 0.1 M Ni(NO3)2·6H2O,
0.05 M Zn(NO3)2·6H2O, and 0.025 M Bi(NO3)3·5H2O were added to 100 mL of purified
water, which was then stirred for 30 min to ensure that all of the substances were completely
dissolved. However, due to the insoluble nature of Bi(NO3)3·5H2O in water, a series of
drops of concentrated HCl was introduced into the mixture solution to solubilize it. Then,
to achieve a precipitate, 1.0 M NaOH was added slowly to the above solutions to bring
them to a pH of 10. The solution, which had been adjusted for pH, was constantly stirred
at 60 ◦C for 12 h. Subsequently, the particulates were immersed in the solution using
purified water until the pH leveled at 7.0. This process aided in the purification of the
samples by removing any excess NaOH. Subsequently, the purified particles were dried in
an oven at 60 ◦C to acquire the NZB. Furthermore, batch adsorption and characterization
investigations were performed utilizing the acquired NZB.

5.2. Batch Adsorption Study

An experiment on batch adsorption was conducted using concentrations of Trypan
blue (TB) ranging from 5 to 30 mg·L−1. The batch adsorption at room temperature included
testing different parameters, including pH, adsorbent dosage, initial dye concentration,
and time. The pH of the dye solution was varied using 1 M NaOH and 1 M HCl to explore
the effect of pH. To study TB adsorption, 80 mg of NZB was added to 25 mL of various TB
solution concentrations in a 100 mL conical flask. The flasks were then placed in a shaking
bath and left to shake for 1 h. After that, the NZB that had adsorbed TB was isolated
from the dye solution using 10 min centrifugation at 3000 rpm. The supernatant collected
thereafter was used to assess the efficiency of NZB in removing TB by a calibration plot at
λmax 590 nm. The following Equations (1) and (2) were employed to calculate the removal
percentage (R%) and adsorption capacity (qe (mg·g−1)) of TB. The TB removal performance
was analyzed in triplicate for each parameter influence to calculate standard errors.

R% =
Ci − Cf

Ci
× 100 (1)
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where Ci and Cf are the dye concentrations before and after adsorption, respectively.

qe

(
mg·g−1

)
=

Ci − Cf
M

× V (2)

where V is the dye solution in liters (L) and M is the adsorbent mass in grams (g).

5.3. Characterization Techniques

X-ray diffraction (XRD) with an X′Pert PRO from PANalytical, Almelo, Netherlands,
was used to analyze the structural stability of the adsorbents before and after NZB dye
adsorption. The scan category applied was ‘Continuous’, with a scan rate of 5◦ min−1 and
scan range and step size of analysis of 10–80◦ and 0.026, respectively. The functional groups
of adsorbents between wavenumbers of 650 and 4000 cm−1 were analyzed by Fourier
transform-infrared spectroscopy-attenuated total reflection (FTIR-ATR) using QATR-S, Shi-
madzu, Kyoto, Japan. The adsorbent surface area was studied at 77 K using Micromeritics,
3-FLEX, Norcross, GA, USA, and porosity was measured using the Barrett–Joyner–Halenda
(BJH) method. The morphology and elemental composition and mapping of NZB were
analyzed by field-emission scanning electron microscope (FESEM, S-4800, Hitachi, Tokyo,
Japan) and energy dispersive X-ray spectrometer (EDX, Horiba EMAX, Horiba Co., Ltd.,
Kyoto, Japan), respectively. X-ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD,
Kratos Analytical instrument, Manchester, UK) using a monochromatic light source (Al
K alpha) was utilized to study the oxidation states of elements in the NZB, and The XPS-
PEAK41, Version 4.1, a free software developed by Raymund W.M. Kwok at The Chinese
University of Hong Kong in Shatin, Hong Kong, was employed to conduct XPS peak fitting.
The initial and final dye concentrations were analyzed using a UV-Vis spectrophotometer
(Ubi-1800, MicroDigital Co., Ltd., Seongnam-si, Republic of Korea). This study used the
shaking bath model JSSI-070T, 63L capacity, JS Research Co., Ltd., Gongju-si, Republic of
Korea, for adsorption studies.

6. Conclusions

This study used co-precipitation to synthesize Ni-Zn-Bi LTH (NZB) for the removal of
Trypan blue (TB) from water. The physiochemical characteristics of NZB were investigated
both before and following dye adsorption using a variety of techniques. The dye solution’s
natural pH (~4.5–5.0) was used for all adsorption experiments, and the qmax of NZB was
calculated to be 5.3 mg g−1 using the Langmuir model. Regarding selectivity, NZB is very
effective at removing anionic dyes and completely removes cationic dyes when combined
with TB. Studies found that increasing the salt concentration (0.01–0.09 M) of Na2SO3
reduced TB removal compared to NaCl and Na2SO4. The removal efficiency of TB is 15.2%,
9.6%, and 25.7%, respectively, as a result of the reusability of NZB in methanol, ethanol,
and NaOH reagents for five cycles. Based on the experiments, NZB LTH may be able to
remove cationic or anionic dyes via surface modification of incompatible materials. The
findings show that NZB LTH might be a promising material for removing TB and a variety
of anionic and cationic dyes, with probable applications in the treatment of dye-based
industrial effluent.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics12110296/s1, Figure S1: Chemical structure of Trypan
blue (TB) dye; Figure S2: UV-Vis absorption spectra of the TB’s solution at different pHs and effect of
pHs such as 2, 4, natural (~4.5–5.0), 6, 8, and 10 for before and after dye adsorption by NZB LTH (Dye:
Trypan Blue (TB), Concentration: 15 mg·L−1, Dosage: 80 mg, Volume: 25 mL, Time: 1 h, Temperature:
Room temperature (RT)); Figure S3: UV-Vis absorption spectra of the adsorbent dosage (10–80 mg) for
before and after TB adsorption by NZB (Dye: TB, pH: Natural (~4.5–5.0), Concentration: 10 mg·L−1,
Volume: 25 mL, Time: 1 h, Temperature: RT); Figure S4: UV-Vis absorption spectra of the effect
of initial dye concentration (5–30 mg L−1) for before and after TB adsorption by NZB (Dye: TB,
Dosage: 80 mg, pH: Natural (~4.5–5.0), Time: 1 h, Volume: 25 mL, Temperature: RT); Figure S5:
Characterizing NZB after TB adsorption: (a) N2 adsorption–desorption isotherm and BJH pore size
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distribution; (b) XRD pattern; (c) Raman spectrum; (d) FTIR-ATR spectrum; and (e) FESEM images at
5 and 1 µm scales; Figure S6: Characterizing NZB after TB adsorption: XPS full survey spectrum and
high-resolution spectra of Bi 4f, C 1s, O 1s, Ni 2p, Zn 2p, and N 1s; Adsorption Isotherms and Kinetic
Studies; Figure S7: Chemical structure of organic dyes.
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