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KEYWORDS Abstract Layered bimetallic hydroxide (LDHs) nanomaterials have shown excellent potential in
ZnCrNi-LDHs-like hydro- the field of recovery of pollutants from wastewater through anion exchange and surface electrostatic
talcite: interaction. In this paper, three new ternary ZnCrNi-LDHs with the different graded porous were
Mixed adsorption; successfully prepared by controlling the morphology of the layer stacking using triethanolamine as
Anionic dyes; the soft-template, and characterized by SEM, TEM, XPS, TG, BET and XRD. The ZnCrNi-LDHs
Water treatment; exhibited higher adsorption capacity for pollutants such as methyl orange, sunset yellow and their
Graded porous mixed solutions. The results showed that there was a good synergistic adsorption effect in the

adsorption process of mixed solutions. The maximum adsorption amounts of single methyl orange,
sunset yellow, and mixed solutions of methyl orange and sunset yellow were 1834.63 mg-g~',
1259.79 mg-g~', 3270.59 mg-g~' and 3294.38 mg-g~', which shows that the adsorption amounts
about synergistic adsorption effect for mixed solutions is much higher than those of single methyl
orange and sunset yellow; Meanwhile, the maximum adsorption capacity is higher than most adsor-
bents. The pseudo-second-order kinetic model fitted the kinetic data of adsorption, while the equi-
librium adsorption isotherm data followed the Freundlich model. The adsorption process contains

both surface adsorption and interlayer anion exchange as determined by SEM, XRD, IR and zeta
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potential analysis. The research not only demonstrates that three ZnCrNi-LDHs materials showed
excellent adsorption performance and practical interest as an efficient adsorbent for the removal of
methyl orange, sunset yellow, and mixed solutions but also provides a strategy for the removal of

mixed dye solutions.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Dye wastewater is one of the main industrial wastewaters that contain
a large number of different dyes, and the water environmental safety
caused by dye wastewater has become one of the most challenging
environmental problems in current society (Chen et al., 2021). In par-
ticular, azo dyes such as Methyl orange (MO) and sunset yellow (SY)
are the most typical anionic dyes, which have caused serious ecological
problems due to their toxicity, carcinogenicity, and teratogenicity
(Grover et al., 2022). The adsorption technique has received extensive
research because of its simple operation, high removal rate, fast
adsorption rate, and lack of secondary pollution for organic dye
removal from wastewaters (Chen et al., 2019). A large number of
adsorption articles have been reported about the adsorption properties
of single MO and SY wastewaters. In recent years, LDH has been
widely studied as a multi-functional environmental protection material
with low cost, a large specific surface area, and stable performance
(Hucheng et al., 2022). Zili Jiang et al (Jiang et al., 2022) achieved a
maximum adsorption capacity of 806 mg-g~' of MO using Ni/Cr
LDH as adsorbent by co-precipitation; Lin Jia et al (Lin et al., 2022)
prepared a photo catalytically regenerated ZnCr-CO3 LDH using
co-precipitation, and the maximum adsorption of MO at 25 °C and
pH = 3 was 938. 08 mg-g~'; M. Ghaedi et al (Ghaedi et al., 2015) used
new adsorptive gold nanoparticles (Au-NP-AC) loaded on activated
carbon to adsorb MO and SY with the maximum adsorption of
161.29 mg-g ', 227.27 mg-g~ ', and F. Ghaedi (Xu et al., 2017)used a
new gold nanoparticle (Au-NP-AC) loaded on activated carbon to
adsorb MO; Reda M. Abdelhameed et al (Reda M. Abdelhameed
et al., 2021) prepared three phthalocyanines (Pcs) derivatives with A"
and Co® ™ ions as the central metal attached to MOF substrates and stud-
ied the photocatalytic decay performance of methylene blue (MB) and
methyl orange (MO) and their mixtures under visible light irradiation,
and the degradation rates of the three catalysts reached 0.012, 0.035,
and 0.046 min-1 for MB and 0.027, 0.052, and 0.082 min-1 for MO.
The high performance of the porous MOF materials prepared in the lit-
erature not only as carriers but also as electron acceptors enhance photo-
stability and photocatalytic activity. Up to now, a large number of studies
have reported that single dye waste waters were removed using a single
adsorbent (Lei et al., 2017); however, there is little research on the treat-
ment of different dye wastewaters with one adsorbent at the same time
due to the effect on different molecule sizes and properties of dye mole-
cules, so it is a challenge to remove MO and SY using one single adsor-
bent with high capacity. Therefore, it is crucial to design a highly efficient,
inexpensive, and stable adsorbent with a high capacity for mixed dye
wastewaters adsorption separation.

Layered double hydroxides (LDHs) with anion exchange ability are
often selected as an efficient adsorbing material for selectively remov-
ing of anionic dye (Jie et al., 2022). Now, more and more research is
focused on the expansion of binary metal LDH to ternary metal and
even quaternary metal LDH by cation doping for higher adsorption
performance (Wang et al., 2022). The ternary metal LDH materials
have also gradually become a research hotspot for researchers (Dong
et al., 2017). Although there are studies on the removal of single-dye
wastewater, few researchers have conducted detailed studies on
mixed-dye wastewater using LDHs as adsorbents. This prompted us
to explore the adsorption separation of mixed dye wastewater by tern-
ary LDH materials. The synthesis process of LDH requires constant or
variable pH conditions. Urea, sodium hydroxide and triethanolamine

can be commonly used. Triethanolamine acts as a soft templating
agent show its advantage which slowly releases OH™ when performing
hydrothermal synthesis in order to synthesizes a more uniform lamellar
form of LDH.

According to the IUPAC definition (Song et al., 2018), pore sizes
with less than 2 nm, 2-50 nm and larger than 50 nm are microporous
materials, mesoporous or mesoporous and macroporous, respectively.
Graded porous materials refer to porous materials containing two or
more types of porosity (Cheng, 2012). The porosity presence of micro-
pores and mesopores materials will help to enhance the selectivity
effect of the size and shape of the guest molecules (Sun et al., 2016);
and the presence of macropores also reduce the diffusion resistance
which facilitates the transport of reactant and product molecules
(Zheng et al., 2018)so that the pore structures of different sizes have
synergistic effects. The preparation methods of graded porous materi-
als include hard template, soft template, no template, biotemplate
(Abdelfattah et al., 2022), and post-process etching (Zheng, 2019).

Based on the above discussion, in this paper, we designed and pre-
pared three new graded porous ternary ZnCrNi-LDHs graded porous
adsorbents by our group’s Triethanolamine (TEA)-assisted hydrother-
mal method. They were characterized by SEM, EDS, XRD, IR, XPS,
TG, and other characterization analyses. The adsorption effect of three
ZnCrNi-LDHs from waste-water treatment were studied using anionic
dyes MO, SY and their mixed solutions as pollutants. The mutual
influence of adsorbents on the adsorption process of mixed anionic
dye wastewaters such as pH, adsorbent dosage and other factors, the
adsorption mechanism and their adsorption performance were studied.
They will lay the foundation for the practical treatment of adsorbents
in dye wastewaters (Zhang, 2019). The adsorption kinetics, equilibrium
and mechanism were also discussed.

2. Experimental section

2.1. Materials

ZI’I(NO3)2'6H20, CF(NO3)39H20, NI(NO3)26H20, tri-
ethanolamine(C¢H;5sNOs), sunset yellow (C;sH;oN,Na,0,S,,
abbreviated here as SY), etc. were purchased from Tianjin
Comio Chemical Reagent Co. Methyl orange(C4H4N3;O3-
SNa, here abbreviated as MO) was purchased from Luoyang
Chemical Reagent Factory; anhydrous ethanol (C,H,O) was
purchased from Zhengzhou Pini Chemical Reagent Factory;
all the above reagents were analytically pure. The water used
in the laboratory was all deionized water.

2.2. Preparation of ZnCrNi-LDHs

In this study, ZnCrNi-LDHs nanomaterials were prepared by
hydrothermal method. The mixture of zinc nitrate hexahy-
drate, chromium nitrate nonahydrate and nickel nitrate hex-
ahydrate was weighed in the molar ratio of 1:1:1 to a total
of 0.0lmoL in a beaker, then 12 mL of water was added and
stirred on a magnetic stirrer, and when it was stirred well
2 mL of triethanolamine solution was added drop by drop.
The mixture was stirred for 5 min and poured into the auto-
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clave liner; the reactor was transferred to a blast drying oven,
and the reaction time was set at 110 °C and the temperature
was set at 3 h. After the reaction was completed. The obtained
precipitate was centrifuged, washed with water and ethanol
and repeated three times, and the precipitate was dried in a
vacuum drying oven at 60 °C. The light purple powder
obtained by grinding and named as ZnCrNi-LDHs-2,
ZnCrNi-LDHs-3, ZnCrNi-LDHs-4 based on quantity of tri-
ethanolamine (2, 3 and 4 mL), respectively.

2.3. Characterization

The ZnCrNi-LDHs were characterized using scanning electron
microscopy (SEM), X-ray diffractogram (XRD), Fourier trans-
form infrared spectroscopy (FTIR), Brunauer-Emmett-Teller
(BET), X-ray photoelectron spectroscopy (XPS), Inductively Cou-
pled Plasma-Optical Emission Spectroscopy (ICP-OES) and ther-
mogravimetry (TG). A Bruker DSANCE X-ray diffraction
analyzer from Bruker, Germany was used with a Cu-Ka target
(A = 1.5418 A), a scanning speed of 8°/min from 5° to 70° and
an operating voltage and current of 40 kV and 30 mV, respectively.
microscopic morphology was observed with a Vega 3 Tescan SEM
at an accelerating voltage of 20.0 kV. The spectral range of 500
4000 cm-1 was determined using dried KBr pellets on a NICOLET
VERTEX 70-V spectrometer. nitrogen adsorption—desorption iso-
therms were determined using a Micromeritics ASAP 2000 ana-
lyzer. X-ray photoelectron spectroscopy was completed with an
ESCALAB 250Xi. The ICP (iCAP 7200 ICP-OES, Thermo Fisher
Scientific-US) light source has a frequency of 40.68 MHz and a
power of 0.8-1. 5 kW. TG was characterized on a Perkin-Elmer
thermogravimetric analyzer Pyris 1 TGA up to 1023 K using a
heating rate of 10 K min-1 under N2 atmosphere.

2.4. Adsorption experiments

25 mg ZnCrNi-LDHs adsorbent was added to 20 mL of MO/
SY and mixed solution at a concentration of 500 mg/L. The
mixture was placed on a stirrer at constant pH at room tem-
perature for 1 h to reach adsorption equilibrium. After adsorp-
tion, the adsorbent was centrifuged and the concentration of
dye at equilibrium was measured at 464 nm (MO) and
482 nm (SY) using a UV spectrophotometer, and the adsorp-
tion and removal rates of the adsorbent on MO, SY and their
mixed solutions were calculated respectively.

Co—C, 14
Adsorption amount : Q, = M
m
Co—C,
Removal rate : R = —2 £ x 100%

0

In this equation:Cy- the initial concentration of the dye
wastewaters, mg/L; C.- the concentration of the dye wastewa-
ters after adsorption equilibrium, mg/L; V- the volume of dye
wastewaters, L; m- the amount of adsorbent, g.

3. Results and discussion
3.1. Characterization

SEM images of ZnCrNi-LDHs with three different tri-
ethanolamine additions are presented in Fig. 1 (a-c). As shown

in Fig. 1 (a-c), all three materials are formed by the stacking of
irregular nanosheets which are stacked by face-to-face contact
and eventually stacked into a 3D porous structure. Those
structures can create more intercalated structures which allows
more nitrate ions/water molecules to enter into the interlayer
space (Lin J, 2021), thus further improving the ion exchange
capacity of ZnCrNi-LDHs, and it also forms the pore sizes
of different sizes which is more conducive to the transport of
ion exchange. It can be seen that the thickness of the LDHs
nanosheets gradually becomes thinner, and more interlayer
structures are stacked, providing an increase in the adsorption
sites from ZnCrNi-LDHs-2 to ZnCrNi-LDHs-4 (W et al.,
2022). From the above discussion, it can be seen that the
amount of triethanolamine addition can disperse the LDHs
nanosheets to storm more adsorption sites. The mapping plots
of EDS in Fig. 1 (d) show the coexistence of Zn, Cr, Ni, C, N
and O elements in the materials (Chen et al., 2022), thus fur-
ther confirming the successful preparation of ZnCrNi-LDHs-
4 nanocomposites. TEM images in Fig. 1 (e-g) shows
laminar structure. With the increase of triethanolamine, the
lamellae become thinner,which corresponds to SEM. It proves
that triethanolamine has a modulating effect on the
morphology.

The XRD patterns of the ZnCrNi-LDHs nanocomposites
are shown in Fig. 2(a). From Fig. 2(a), it can be seen that
the ZnCrNi-LDHs have a series of characteristic diffraction
peaks of well-crystallized hydrotalcite-like LDHs indexed as
003, 006, 009 and 110 located at 10.28, 20.13, 34.27 and
60.16° (Lv et al., 2020), which are consistent with the charac-
teristics of the ZnCr-like hydrotalcite and NiCr-like hydrotal-
cite (Shan et al., 2012), demonstrating that three ZnCrNi-
LDHs samples were successfully prepared. According to the
Bragg equation (nA = 2desin (0)), the d-values of c-axis for
three ZnCrNi-LDHs based on the low 26 angle at 10.28°,
10.20° and 10.28° are minor different (8.60, 8.67 and 8.60 A,
respectively), which is consistent with the results of SEM.
Meanwhile, with the increase of the addition of tri-
ethanolamine, the characteristic diffraction peak half-peak
width did not change, while the peak intensity became higher
and the peak shape was flat, indicating that the crystallinity
of the samples changed from poor to good from ZnCrNi-
LDHs-2 to ZnCrNi-LDHs-4 (Mitani et al., 2017).

The functional groups and chemical bonds in ZnCrNi-
LDHs were further analyzed for investigating the chemical
structures by Fourier transform infrared spectroscopy (FTIR).
As shown in Fig. 2(b), it can be observed that the stretching
vibration at 3415 cm ™! were attributed to OH group hydrogen
band stretching vibrations and hydrogen banded to nitrate
group stretching vibrations in the hydroxide layers (Chen
et al., 2013). The vibration absorbance peak at 1639 cm ™' is
assigned to the interlayer water molecules. The vibration
absorbance band at 1390 cm ™! is associated with the asymmet-
ric vibration of the interlayer NO- 3. The vibration absor-
bance peak at 1057 cm™' and 564 cm™! are the stretching
vibration of the M—O and of O-M—0O bond (Duan et al.,
2010; Shoaib et al., 2016); including O-Zn-O bond, O-Cr-O
bond and O-Ni-O bond, respectively. The small peaks below
3000 cm™! are the stretching vibrations of ~CH; and —CH,
groups. From the above analysis, it is evident that the LDHs
have typical hydrotalcite-like peaks and the NO- 3 groups
are successfully intercalated into the hydrotalcite-like layers
(Cui et al., 2020).
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Fig. 1
LDHs.

The N, adsorption—desorption isotherms and pore size dis-
tributions of ZnCrNi-LDHs are shown in Fig. 2(c-d). The N,
adsorption—desorption curves of ZnCrNi-LDHs-2, ZnCrNi-
LDHs-3 and ZnCrNi-LDHs-4 all conform to type III iso-
therms with H4-type hysteresis loops based on the ITUPAC
classification in the range of from 0.1 to 1.00P/P, for
ZnCrNi-LDHs-2 and ZnCrNi-LDHs-3, 0.6-1.00P/P, for
ZnCrNi-LDHs-4, reflecting the results of harmonic multilayer
adsorptionon the surface of ZnCrNi-LDHs (Ji et al., 2009.
The). The isotherms of all three samples with H3-type hystere-
sis loops indicated that three ZnCrNi-LDHs had mesoporous
structures which might be related to the inhomogeneous pore
sizes generated by the aggregation of the lamellar LDH struc-
tures as reported previously and more favorable to the ion
exchange process of the anionic contaminants for MO and
SY. The BET surface area of three Zn-Co-Ni-LDHs are
2.3578, 2.9969 and 6.0771 m>g~"', and the relatively low speci-

Stinm
—

SEM images (a-c) of the three ZnCrNi-LDHs, EDS (d) of the ZnCrNi-LDHs-4 and TEM images (e-g) of the three ZnCrNi-

fic surface area is connected with stacked 3D compact
structure.

The pore size distribution diagram (Fig. 2(d) shows the dif-
ferent pore sizes of three ZnCrNi-LDHs, including small
mesopores, large mesopores and large pores, and the pore vol-
umes are 0.008476, 0.010925 and 0.018017 cm?.g, and the pore
diameter are 38.826, 52.533 and 122.394 nm, respectively. The
larger pore sizes are likely to be large pores formed between the
stacked nanosheets, while the smaller mesopores are mainly
related to the pores present within the nanosheets (Sun,
2015), further confirming the synthesis of graded porous
nano-like hydrotalcite.

The thermogravimetric-differential scanning volume tech-
nique (TG-DSC) was used to analyze the thermally stable phe-
notypes of materials. As shown in Fig. 2(e), it can be seen that
there are two stages of weight loss in three ZnCrNi-LDHs, the
first weight loss stage occurs ranging from 20 to 120 °C which
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LDHs (c), the pore size distribution of ZnCrNi-LDHs (d), TG-DSC patterns of ZnCrNi-LDHs (e), the zeta potential of ZnCrNi-LDHs
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is due to the volatilization of surface water molecules and crys-
talline water molecules (Zhang et al., 2021); and the weight loss
accounts for 8.45%, 10.51% and 7.88% of the total mass of
the samples, respectively. The second stage undergoes a heat
release in the range of 120-600 °C, indicating the destruction
of three ZnCrNi-LDHs layers structure and further phase
transformation from hydroxides (LDHs) to oxides (LDO) at
304 °C, 300 °C and 301 °C, respectively, and this result is
mainly due to the loss of nitrate ions, hydroxyl groups and tri-

ethanolamine among the layers with a weight loss of 44.659%,
38.622% and 42.267% of the total mass of the sample. It can
be judged by this process that under the conditions of synthesis
of LDHs (110 °C, 3 h), there is no phase change process and
the LDHs synthesized by the hydrothermal method is rela-
tively stable (Zhang et al., 2014).

To understand the surface charge of ZnCrNi-LDHs, the
Zeta potential analysis of ZnCrNi-LDHs was carried out. As
shown in Fig. 2(f), the zeta potential value when pH value



6

L. Yang et al.

from 4 to 9 is 31.3, 39.4, 11.23, 32.3, 19.53 and 33.96 mV for
ZnCrNi-LDHs-2, 34.9, 37.9, 30.5, 35.5, 32.1 and 37.6 mV
for ZnCrNi-LDHs-3, 37.1, 429, 33.8, 357, 36.1 and
40.9 mV for ZnCrNi-LDHs-4, respectively. It can be seen that
the particles were positively charged within the pH range of 4—
9 of the zeta potential, indicating that three ZnCrNi-LDHs
will gain high adsorption capacity by the adsorbent used elec-
trostatic interaction to produce surface adsorption on MO and
SY as well as the mixed solution (Lei et al., 2016).

For To determine the molecular formula of three ZnCrNi-
LDHs, Furthermore, the ratios of Zn?", Cr’* and Ni*™ were
analyzed using ICP-OES after the samples were dissolved in
concentrated HNO3, and C, N and O elements were deter-
mined by elemental analysis (Rezvani et al., 2023). As shown
in Table 1; ICP results accurately show that the Zn/Cr/Ni ratio
of three ZnCrNi-LDHs. It can be seen that the addition of tri-
ethanolamine has a large influence on their elemental content
of Zn, Cr and Ni based on the raw material molar ratio of
1:1:1 for three ZnCrNi-LDHs because of the changes of the
pH value of the different volume ratio TEA hydrolysis. The
ratio of Zn and Ni in the material gradually increases from
12.5% to 28.1%, from 8.3% to 14.2% with the addition of tri-
ethanolamine, while the doping of Cr elements relatively
decreases; According to the results of adsorption performance
analysis, the increase of Zn and Ni elements is more conducive
to the improvement of adsorption performance. The elemental
analysis clearly demonstrated that the percentage content of C,
H and N per formula unit in the three nanocomposites which
is consistent with the results of TG. According to ICP, elemen-
tal analysis and TG analysis, the formula of three ZnCrNi-

LDHs were determined as [Zn;s5;CrygNi (OH)ggol:
0.19TEA-0.76 NOE 'XHZO, [Zn1‘15Cr0A84Ni(OH) 6,82]'
0.09TEA-0.40 NO; 'XHzO, [an.16Cr0.84Ni(OH)6.84]-

0.10TEA-0.36 NOj3 -xH,O0.

XPS spectroscopy can be used to observe the surface ele-
mental composition and bonding configuration of the ternary
composites. In order to further confirm the successful prepara-
tion, the chemical status and elemental composition of three
ZnCrNi-LDHs, the element chemical composition and chemi-
cal state of three ZnCrNi-LDHs were investigated by XPS
spectroscopy in Fig. 3a. Fig. 3a shows the full spectrum of
the sample, further indicating the presence of Zn, Cr, Ni, C,
N and O elements on the surface of three ZnCrNi-LDHs with
Cls at 284.8 eV originating from contaminated carbon, in
agreement with the results of EDS elemental mapping. As
shown in Fig. 2b, Zn 2p (2p3/2 and 2p1/2) peaks with binding
energy 1021.63 eV and 1044.69 eV for ZnCrNi-LDHs-2,
1021.64 eV and 1044.69 eV for ZnCrNi-LDHs-3 and
1021.46 eV and 1044.53 eV for ZnCrNi-LDHs-4 have the sim-
ilar shape and region, revealing the similar electronic states of
Zn>" in three ZnCrNi-LDHs. According to previous litera-
ture, it is generally believed that Ni is in + 2 oxidation state
and Cr are in + 3 oxidation states in the bimetallic NiCr
LDHs. While the electronic states of Ni and Cr in the trimetal-
lic ZnCrNi-LDHs is more intricate than in the bimetallic
NiCr-LDHs. The Cr 2p spectrum is displayed in Fig. 3c. Two
broad peaks for three ZnCrNi-LDHs at 586 and 577 eV corre-
spond to the Cr 2p1/2 and Cr 2p3/2, respectively. Two fitting
Cr2p peaks at 577.6 and 576.2 eV can be attributed to Cr* " -0
and Cr®*—OH, respectively (Dong et al., 2016; Zhang et al.,
2023). Meanwhile, four peaks for ZnCrNi-LDHs in the Ni2p
region were observed (Fig. 2(d)). The four peaks at

855.69 eV, 857.35 ¢V, 873.34 eV and 875.76 eV) were all fitted
the characteristic peaks of the Ni2ps, and Ni2p;),, respec-
tively, confirming that the nickel element in three ZnCrNi-
LDHs exists in Ni>* and Ni* " state (Wang et al., 2023).

3.2. Adsorption behavior of ZnCrNi-LDHs on single and mixed
MO|/SY solutions

3.2.1. Effect of adsorbent dosage and pH on the adsorption of
single and mixed MO|SY solutions

Up to now, organic dyes are still one of the major classes of
pollutants which are difficult to be degraded, so it is a chal-
lenge to remove methyl orange and sunset yellow from waste
water. While, although many researchers have done a lot of
research on single dye wastewaters, there are few studies on
the removal of mixed dye wastewaters, in this paper, so single
MO/SY and mixed MO/SY were chosen as the target contam-
inant to study the adsorption behavior of as-prepared sample
ZnCrNi-LDHs-4.

Fig. 4 (a) presents the effect of adsorbent dosage from 10 to
55 mg on the adsorption performance of adsorption single dye
solution and mixed dye solution. (0.025 + 0.0005) g of
ZnCrNi-LDHs-4 was added to 500 mg/L of MO/SY solution
at the nature pH and stirred for 1 h at room temperature in
a magnetic stirrer. The absorption wavelength of the solution
was measured using a visible spectrophotometer after the
adsorption was completed and the equilibrium adsorption
amount was calculated. It can be seen from the Fig. 4 (a) that
the adsorption of MO in the single solution and the adsorption
of MO in the mixed solution reached the equilibrium state
after 20 mg of ZnCrNi-LDHs and could reach more than
99% of the adsorption solution, and the adsorbent was extre-
mely strong for the adsorption of MO in both the single solu-
tion and the mixed solution; While comparing to effect of the
amount of adsorbent on MO, the adsorption of SY in the sin-
gle solution and in the mixed solution reached the equilibrium
state after 40 mg of of ZnCrNi-LDHs. The difference of the
adsorption equilibrium states was probably due to the relative
molecular mass of MO (327.33) molecule and molecule size
was smaller compared with that of SY (452.37), so MO was
more easily adsorbed to the surface or exchanged with the
nitrate ions between the layers, at which time the layer spacing
of the adsorbent became larger, which was consistent with the
XRD characterization that the (003) characteristic peak
shifted to the left, the diffraction angle became smaller from
10.28 to 7.69°, indicating the interlayer spacing became larger
from 0.860 to 1.149 nm. When the effective adsorption sites
were occupied after the exchange of MO with a smaller chain
length, resulting in the adsorption of SY by the adsorbent is
less effective than that of MO. The adsorption of SY from a
mixed solution was better than that from a single solution,
probably since more solutes in the mixed solution increased
the concentration gradient of the solution, which promoted
the adsorption of SY.

Fig. 4(b) exhibits the effect of pH on the adsorption perfor-
mance of the adsorbed single solution and the mixed solution
with the pH range from 4 to 9. As shown in Fig. 4(b), the
adsorption of MO and SY by the adsorbent can reach more
than 95% in a single solution. In the adsorption of mixed solu-
tions, in a neutral environment, the adsorbent has the best
effect on MO and SY, which can reach more than 90% for
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Table 1 Element mass percent of three Zn-Cr-Ni-LDH by ICP and elemental analyses.
Zn (%) Cr (%) Ni (%) C (%) H (%) N (%)
ZnCrNi-LDHs-2 12.5502% 13.3092% 8.3119% 9.58 3.648 6.33
ZnCrNi-LDHs-3 15.0310% 10.9477% 13.0903% 7.01 3.398 5.18
ZnCrNi-LDHs-4 16.4602% 11.9439% 14.2014% 8.39 3.501 5.13
(a) = . (b) Zn2p 2py,
b 1021.63eV [}
g = S ZnCrNi-LDHs-4 2, e
M - 104469V ZnCrNi-LDHs-2
iy Ll. E. Ul . - - 2p
3 E
5 InCrNLDHeS 3| w, 1021.64eV [
= nCrNi- S- A /
= ‘E F e ZnCrNi-LDHs-3
= W . 1 : g - )
D N
E = 3]3,,2
= ZnCrNi-LDHs-2 2., 1021466V |\
| | |/ 104453V g CrNi-LDHs-4
1200 1000 800 600 400 200 0 1045 1040 1035 1030 1025 1020
N Binding energy(eV)
Binding energy(eV)
(C) Cr2p G, 2py; '04\ (d) 'an & &y 2p,, ¥
P32 . 586.76eV s - g® T, 2 ~ B
//\—7\:“ 77010'?7"‘/ é\b?‘ plj’ 38
ZnCrNi-LDHs2 e
G X D
- 586.71eV % ~N K $F
LN %20/, 2

ZnCrNi-LDHs-3

Intensity(a.u.)

586.69¢V P . oA
- 586.69¢V 2% s Y
—_ o, Oy £ = _C 4\\
9 "9// \\‘ é\b.
ZnCrNi-LDHs-4 =
588 586 584 582 580 578 576 574
Binding energy(eV)

Intensity(a.u.)

ZnCrNi-LDHs-4
885 880 875 870 865 860
Binding energy(eV)

855 850

Fig.3  XPS survey spectra(a). High-resolution x-ray photoelectron spectra of Zn 2p regions(b),Cr 2p regions(c),Ni 2p regions(d) in three

ZnCrNi-LDHs.

MO, 85% for SY, respectively. In an acidic and alkaline envi-
ronment, the adsorbent can reach more than 80% on MO and
more than 60% on SY. In an acidic environment, the benzene
sulfonic acid group of MO and SY combines with hydroxide
ion, which makes the removal rate decrease. In alkaline condi-
tions, the hydroxide ions competed with the anions of MO and
SY for adsorption, resulting in lower removal rates. The rea-
son that the overall better adsorption effect of single solution
than mixed adsorption may be that since under the condition
of adsorbent quantification, the adsorption sites of the adsor-
bent are limited, and there are more anions in the mixed solu-
tion than in the single solution, so the adsorption effect of the
single solution is better.

3.2.2. Effect of initial concentration and reaction time on the
adsorption of MO/SY

The initial concentration is a significant effect factor in the
adsorption process. The conditions of pH, adsorbent dosage,
volume and stirring rate were fixed, and the initial concentra-
tion of methyl orange/sunset yellow was varied from 10 mg/L
to 5000 mg/L with stirring for 1 h. The remaining concentra-
tions of methyl orange/sunset yellow were measured separately
after the adsorption was completed, and the equilibrium
adsorption amount was calculated. Fig. 4 (c) demonstrates
the influence of the initial concentration of the solution on
the adsorption performance of the adsorbed single and mixed
solutions. As shown in Fig. 4(c), the adsorption of the adsor-
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Fig. 4 Effect of ZnCrNi-LDHs-4 adsorbent dosage (a), pH (b), Effect of initial concentration (c), adsorption time (d), adsorption
temperature (¢) and cycling performance tests (f) on single and mixed solutions.

bent on the single solution is worse than the adsorption of the
mixed solution in the high concentration range (2000 mg/L-5
000 mg/L). The increase in solute increases the concentration
gradient of the solution and speeds up the movement of the
particles, while the molecular chain lengths of MO and SY
are different, the the 3D stacked gradation porous nanomate-
rials were more dispersed in the mixed solution during the
adsorption process, storming more adsorption sites and thus
allowing more anions to be adsorbed.

Fig. 4(d) illustrates the impact of adsorption time from 0 to
240 min on the adsorption performance of adsorbed single and
mixed solutions. The removal rate of single MO/SY increased
sharply in short time and raised a maximum value at 10 min
for the availability of free active sites of the ZnCrNi-LDHs,
then reached a stable platform. Overall, the adsorption time
had little effect on the adsorption performance of the adsorbed
single and mixed solutions, but it was evident that the removal
rate of the adsorbed single solution by the adsorbent was
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higher than the adsorption rate of the mixed solution. The
adsorption of MO and SY in the mixed solution was still
increasing, indicating that the layer spacing of ZnCrNi-
LDHs becomes larger due to the ion exchange of large pollu-
tants like MO and SY with nitrate ions, which is more con-
ducive to the entry of anionic pollutants and the output of
nitrate ions, thus improving the adsorption capacity of the
adsorbent and also reflecting the synergistic removal of MO
and SY. The max adsorption capacities are 1834.63 and
1259.79 mg-g~"' for MO and SY, respectively. Table 2 shows
the maximum adsorption capacities of ZnCrNi-LDHs-4 and
other LDH adsorbents for MO and SY. Comparing to the
maximum adsorption capacities of other adsorbents reported
toward MO and SY adsorption, the adsorption capacity is
superior to some adsorbents such as Zn-Fe-NOs-LDH,
ZnAl-CI-LDH@AI(OH)3, ZnMgAl-LDH, LDH-S. etc, so
ZnCrNi-LDHs-4 can be considered to be excellent candidate
for the remove of MO and SY from waste water.

3.2.3. The effect of adsorption temperature on the adsorption of
MO/SY mixed solution and regeneration

Fig. 4(e) represents the impact of adsorption temperature on
the adsorption performance of adsorbing single and mixed
solutions. Under the fixed conditions of pH, adsorbent dosage,
volume, initial concentration of MO/SY and stirring rate, the
temperature of the methyl orange/sunset yellow solution was
varied from 20 °C to 40 °C and stirred for 1 h. The remaining
concentration of MO/SY was measured respectively after the
adsorption was completed and the equilibrium adsorption
amount was calculated. It can be seen from Fig. 4(a) that the
higher removal rate for the single solution than that of the

mixed solution. The reason is that the adsorbent is quantitative
and can provide a limited adsorption sites number, so it leads
to a lower overall removal rate for more solutes in the mixed
solution. In the mixed solution, the molecular movement is
stronger and the disorder of the system increase as the temper-
ature increases from 25 °C to 30 °C, the SY removal increases.
This phenomenon corresponds to the synergistic removal
effect of MO and SY.

Fig. 4(f) Regeneration tests were carried out using the
recovery of the adsorbent ZnCrNi-LDHs-4 to explore the
potential utilization of hydrotalcite. Three cycles of experi-
ments were carried out using MO as the mock dye with
removal rates of 99.47%, 86.18% and 62.35% respectively.
The results showed that most of the adsorption sites could
be recovered using adsorption—desorption and that the adsor-
bent is a promising hydrotalcite-like material for the
application.

3.2.4. Adsorption isotherms of mixed MO/|SY solutions

Adsorption isotherms provide qualitative information on the
capacity of the adsorbent and the nature of the solute-
surface interaction. The adsorption isotherm was fitted using
the adsorption data by the Langmuir and Freundlich equation.
According to the definition of the adsorption isotherm, the
Langmuir isotherm is based on the theoretical assumption that
the adsorption process occurs at a homogeneous location
within the adsorbent and that once an adsorption site is occu-
pied, no adsorption will occur at that site. This suggests that
the Langmuir isotherm assumes that the theoretical surface
is monolayer adsorbed and that its adsorption results in a sat-
uration value. The Freundlich isotherm fitting equation is an

Table 2 Compares with the adsorption capacity of MO/SY with other adsorbent materials.

Analyte Adsorbent Maximum adsorption capacity (Qy,, Adsorption References
mg-g ') isotherm
MO DI-LDH-Ns 846.6 Langmuir (Lei et al., 2020)
NiFe LDH 206 Langmuir (Lu et al., 2016)
Zn-Fe-NO;-LDH 508.2 Langmuir (Moustafa et al.,
2021)
NiFe-ClI-LDH 769.2 Langmuir (Gao et al., 2018)
ZnAl-CI-LDH@AI(OH); 1013.5 Langmuir (Guo et al., 2018)
ZIF-67@LDH 1029.6 Langmuir (Saghir and Xiao,
2021)
MgAl-CI-LDH 1112 Langmuir (Xu et al., 2017)
Co4Fe-NO;3;-LDH 1290 Langmuir (Ling et al., 2016.A)
ZnAl-LDO@C 1538.9 Langmuir (Li et al., 2020)
ZnMgAl-LDH 883.2 Freundlich (Zheng et al., 2012)
MgAl-LDH 377.9 Freundlich (Ping et al., 2018)
Starch-NiFe-LDH 388 Freundlich (Zubair et al., 2017)
LDH-S 1250 Freundlich (Ko et al., 2021)
ZnCrNi-LDHs-4 1834.63 Freundlich this work
SY Cu—ZnS-AC 85.397 Langmuir (Agarwal et al.,
2016)
Biochars 74.07 Langmuir (Mahmoud et al.,
2020)
Neodymium-embedded ordered mesoporous  285.7 Langmuir (Ahmad et al., 2019)
carbon
Mn-Fe LDH/CS fibers 11.37 Langmuir (Khalili et al., 2021)
Chitosan 611.27 (Lei et al., 2020)
Chitosan-APTES 95 Freundlich (Lima et al., 2019)
ZnCrNi-LDHs-4 1259.79 Freundlich this work
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Table 3 Isotherm fitting parameters for the adsorption of methyl orange (MO) and sunset yellow (SY) by ZnCrNi-LDHs-4.
Adsorption solution Langmuir equation Freundlich equation

Qu/(mg:g™") Ry R’ n R R?
MO 3365.768 0.0002286 0.7332 1.07 0.9600 0.98168
SY 1104.384 0.0007002 0.8499 1.16 1.1672 0.9326
Mixed solutions MO 11265.105 0.0000654 0.6288 1.03 0.8039 0.99701
SY 9900.500 0.0000777 0.6370 1.06 1.0164 0.99885
Table 4 Kinetic fitting parameters for the adsorption of methyl orange (MO) and sunset yellow (SY) by ZnCrNi-LDHs.
Adsorption solution Pseudo first-oder Pseudo second-oder
Qe Ky R? Q. Ks R?
MO 0.762997 —0.0076 0.1660 389.1050 —0.007266 0.99997
SY 5.332445 0.00205 0.0075 487.805 7.881E-07 0.99006
Mixed solutions MO 4.587521 —0.0040 0.0513 386.100 —0.014463 0.99994
SY 9.207515 0.00554 0.0962 364.9635 0.0429513 0.99963

empirical equation that assumes that adsorption occurs on a
multiphase surface of the adsorbent and that the amount of
adsorbed material is influenced by the initial concentration
of the adsorbate. As can be seen in Table 3, the adsorption
process more fits the Freundlich model than Langmuir model.
The n values of ZnCrNi-LDHs-4 for the adsorption of MO,
SY and mixed solutions in Table 2 are all greater than 1, indi-
cating that ZnCrNi-LDHs-4 is a favorable process for the
adsorption of MO/SY (Chakraborty and Acharya, 2018).

3.2.5. Adsorption kinetics of ZnCrNi-LDHs on mixed MO/SY
solutions

As can be seen in Table 4, the adsorption process fits in the
pseudo-secondary kinetic model and the R? values of the cor-
relation coefficients fitted by the pseudo-secondary kinetics are
higher than the R? values of the pseudo-firsties, indicating that
the adsorption of the products to MO follows the pseudo-
secondary kinetic model. The adsorption process may be con-
trolled by chemisorption or chemical bonding between the
active sites of the adsorbent (Behbahani et al., 2020). The the-
oretical adsorption of the single solution adsorption fit
matched the actual adsorption and the adsorbent adsorption
of methyl orange was superior to that of sunset yellow.

3.2.6. Thermodynamics of adsorption of mixed MO/SY
solutions

The temperature influence on the adsorption of MO/SY and
mixed MO/SY solutions by ZnCrNi-LDHs-4 were evaluated
at 293, 298, 303, 308 and 313 K. The thermodynamic param-
eters such as the enthalpy change(AH), entropy change(AS)
and Gibbs free energy(AG) were calculated by the following
equations (Bharali and Deka, 2017):

S H
In Kd = E — ﬁ (3)
AG = —RTIn K, )

Where Kg = q./Ce, T and R are the thermodynamic equi-
librium constant(L/g), the absolute temperature (K) and the
universal gas constant (8.314 J/mol K), respectively. AH and
AS can be calculated through the slope and intercept of the
plot of InK4 versus 1/T.

As shown in Table 5, the thermodynamic calculations
revealed that the enthalpy change AH greater than O for the
adsorption process of Zn-Cr-Ni-LDHs-4 on MO, SY and
mixed MO and SY which indicated that the adsorption process
was a heat absorption process, and the entropy change
AS greater than 0 indicates that the disorder in the adsorption
process of MO, SY and mixed MO and SY increases, the sys-
tem increases in disorder with increasing temperature, and the
Gibbs free energy AG less than 0 indicate that the adsorption
process of MO/SY onto Zn-Cr-Ni-LDHs-4 was spontaneous
through thermodynamic calculations. It can also be seen that
the values of AG (AG < -20 KJ/mol) which show that
adsorption is physical adsorption process. As we all know,
the adsorption potential E <8 KJ/mol or E > 8 KJ/mol, the
adsorption process is physical adsorption or ion exchange
adsorption (EI Hassani et al., 2017), respectively. As shown
in Table 5, the values of E are between 0 and —20 KJ/mol
which show that this adsorption process exist physical adsorp-
tion and ion exchange adsorption.

3.2.7. Adsorption mechanisms

In general, the adsorption of dye molecules mainly depends on
electrostatic attraction and ion exchange by the interlayer OH™
and NO- 3 using LDHs as adsorbent (Remediation, 2022). In
this paper, the adsorption mechanism was further explored to
understand the adsorption separation process for MO/SY and
mixed MO/SY solution using ZnCrNi-LDHs-4 as adsorbent
by FTIR spectrum, SEM and XRD patterns.

The XRD results of ZnCrNi-LDHs-4 before and after MO/
SY adsorption are shown in Fig. 5. As illustrated in Fig. 5a, it
can be seen that the layer spacing becomes larger and the
diffraction angle decreases accordingly. The (003) peak is
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Table 5 Thermodynamic fitting parameters for the adsorption of methyl orange (MO) and sunset yellow (SY) by ZnCrNi-LDHs-4.

Adorsorption solution T/K Co/(mg/L) C./(mg/L) E (KJ/mol) AG (KJ/mol) AH (KJ/mol) AS [KJ-(mol-K)-1]
MO 293 500 10.40 9.43 —2.65 0.22 8.91
298 14.28 8.81 —2.62
303 14.06 9.00 =2.77
308 15.50 8.90 —3.28
313 13.23 9.45 —2.69
SY 293 500 0.49 16.85 —2.77 0.21 9.64
298 1.08 15.21 —2.50
303 0.93 15.83 —2.63
308 1.25 15.35 —2.70
313 3.86 12.66 —2.82
Mixed solutions MO 293 500 101.38 3.89 —2.61 6.58 8.55
298 86.74 4.34 —2.83
303 180.21 2.57 —2.50
308 145.74 3.16 —2.59
313 152.34 3.09 —2.66
SY 293 500 238.85 1.80 —-2.73 9.31 8.82
298 242.92 1.79 —2.79
303 169.11 2.73 —3.02
308 189.95 2.48 —2.67
313 177.81 2.69 —2.77
@) ——— ~ (b)
g £ g g = mead
T ‘ ' ' S ZnCrNi-LDHs-4+MO+SY g3 SRy
~ I ‘, /"w ZnCrNi-LDHs-4 | $ T~ A DO
=: |/ :‘\'M//:,\'wuw‘ M%Mlm',mww 8 ' : : : : : :: E
~ [ y | ZnCrNi- LDHs-4+MO«hSY = | ZnCrNi-LDHs-44SY 1 | ' 1til g
~ ho g\ M 3 ' R WAL
5 J‘ ‘W; \_,l'\-ﬂ : Ml M»m,‘,w/ L .E 1 1 ! : Vg :
G ! ! o ZnCrNFLDHs-44SY | Z : ZnCrNELDHs4+MO | | i :E:E !
Vot et BB SN e At e
_— E \ I‘\\L‘l‘ | ZnCrNi-LDHs-4+MO : e\° ! ZnCrNi-LDHs-4 IE E : E E E Ei -
X X e . \ . 1630 | =8 ©
10 20 30 40 S0 60 70 4000 3500 3000 2500 2000 1500 1000 500

Fig. 5 XRD pattern (a), FTIR pattern (b) and

shifted from 10.28 to 7.69° (A = 2.59°) for ZnCrNi-LDHs-4
which is due to the increasing of the spacing of layers from
0.860 to 1.149 nm because of the exchange of anions, indicat-
ing that the interlayer space of ZnCrNi-LDHs-4 after MO and

Wavenumber(cm'l)

SEM (c-e) of adsorbed MO/SY with ZnCrNi-LDHs.

mixed MO/SY adsorption significantly increased because of
slantly between the layers (Enyi, 2022), this results is consistent
with the structure analysis of SEM. While, comparing to that
of before and after MO adsorption, XRD curves before and
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Adsorption

Fig. 6

after SY adsorption for ZnCrNi-LDHs-4 disappear, indicating
the relatively large molecular size of SY is not conducive to
entering the interlayer structure of LDH from the adsorption
solution and finally destroys the well-ordered ZnCrNi-
LDHs-4 structure (Jie, 2022). Meanwhile; it can also be seen
that the XRD curves of the mixed solution after adsorption
nearly identical to that of before MO adsorption through ion
exchange, van der Waals forces and electrostatic attraction
with further adsorption, indicating the adsorption of MO
and SY did not destroy the well-ordered LDH structure. This
phenomenon shows that the adsorption process is completed
in stages according to the molecular size and larger radius
from small to large in mixed solution. It is note that the inten-
sity of the diffraction peak decrease from after MO/SY to
mixed MO/SY adsorption, indicating that the crystallinity of
the material becomes lower because the more anions from
the adsorption solution have successfully entered the inter-
layer. To determine whether the substances making the inter-
layer spacing larger were MO and SY, another means of
characterizing the residues after adsorption was carried out.

Fig. 5(b) shows the IR spectra of the Zn-Cr-Ni-LDHs after
the adsorption of MO and SY. The absorption peak at
1618 cm ™! is attributed to the stretching vibration of the aro-
matic C—C, The absorption peak at 1391 cm ™! is attributed to
the N = N peak in MO and SY, and the peaks at 1117 cm ™!
and 1016 cm™' are associated with the sulfonic acid group
(-S0O3) about S = O bond stretching vibrations (Ahmed and
Gasser, 2012); The skeletal vibrations of the aromatic rings
for asymmetric and symmetric vibration of MO and SY were
confirmed by the vibration bands at 1608-1442 cm™' region.
The peaks at 920 ecm™!, 827 cm™!, 751 em™!, 692 cm™! are
attributed to C—H stretching vibrations in the aromatic atomic
nuclei related to out-of-plane bending vibrations (Zheng et al.,
2017), confirming the entry of MO and SY molecules into the
interlayer of the Zn-Cr-Ni-LDHs-4.

The SEM of Zn-Cr-Ni-LDHs-4 adsorbed MO/SY are
shown in Fig. 5 (c-e). Based on the comparison of SEM before

;
EOm O =

Zn**
----------------------- SY S NO;
MO .R H,0

Slqﬁ

Illustration of adsorption of ZnCrNi-LDHs.

and after MO/SY adsorption, it can be seen that the 3D
stacked lamellar structures become dispersed due to the inser-
tion of dye anions, and the larger layer spacing exposes more
active sites between the layers, which is more conducive to
the adsorption for dye anions, which is consistent with the
smaller diffraction angle and larger layer spacing in XRD
(Yishang, 2018). Meanwhile, the charge value of the surface
of ZnCrNi-LDHs-4 was determined to be positive by Zeta
potential analysis, and there was also surface adsorption dur-
ing the adsorption process for MO/SY, and MO and SY were
also partly adsorbed on the surface of the nanosheets. In con-
clusion, the rapid high adsorption process is dominated by sur-
face adsorption and interlayer ion exchange. ZnCrNi-LDHs-4
containing mesoporous and macroporous are also more favor-
able for the entry of MO and SY molecules.

Based on the above analysis the following adsorption, a
possible adsorption mechanism will be proposed as shown in
Fig. 6. In this paper, methyl orange molecules are shorter than
sunset yellow, ZnCrNi-LDHs-4 first adsorbs methyl orange
molecules with short molecular chain length, and OH and
NO- 3 are replaced by methyl orange molecules in the form
of ion exchange. The entry of methyl orange molecules makes
the nanosheets disperse and the layer spacing between the
nanosheets becomes larger, and then sunset yellow also enters
the interlayer by ion exchange. There are more active site leaks
between irregularly stacked layers, which can allow more
methyl orange and sunset yellow molecules to enter the layers
by ion exchange.

4. Conclusion

In this study, ZnCrNi-LDHs were prepared for the adsorption of
methyl orange, sunset yellow, and mixed solutions using the
hydrothermal method. ZnCrNi-LDHs-4 showed superior adsorption
capacity than ZnCrNi-LDHs-2 and ZnCrNi-LDHs-3. There are ion
exchange process and electrostatic attraction in the adsorption process
according to the SEM, IR, zeta potential and XRD before and after
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adsorption. The adsorption of methyl orange, sunset yellow, and
mixed solutions in ZnCrNi-LDHs-4 followed a quasi-secondary
kinetic model, and the adsorption process belonged to multilayer
adsorption. The adsorption isotherms of all three ZnCrNi-LDHs fol-
low the Freundlich model, and there is chemisorption for the adsorp-
tion process. The adsorption thermodynamics indicated that the
adsorption process is a heat absorption reaction that proceeds sponta-
neously. Therefore, the hierarchical porous structure of the material
and the positive charge on the surface conferred excellent adsorption
properties to the material itself, and the synergistic effect of methyl
orange and sunset yellow also contributed to the enhanced adsorption
capacity. The maximum adsorption capacity could reach 1834.63 mg/
g, 1259.79 mg/g, 3270.59 mg/g, and 3294.38 mg/g, respectively. In
addition, the regeneration experiments proved that ZnCrNi-LDHs
maintained a removal rate of 62.35% for three cycles, which can be
used as a potential adsorbent, and the subsequent adsorption enrich-
ment and then photocatalytic degradation can be used to improve
the reusability of this adsorbent as well as the complete mineralization
of the adsorbed pollutants. This result not only demonstrates that the
three ZnCrNi-LDHs materials exhibit excellent adsorption perfor-
mance and practical significance as efficient adsorbents for the removal
of MO, SY, and mixed solutions, but also provides a strategy for the
removal of mixed dye solutions.
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