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Abstract

In recent years, enormous attention has been attracted to layered double hydroxides (LDHs) due to their tunable chemical
composition and physical properties. In this recent work, Zn—Fe LDH with nitrate as the interlayer anions was prepared via
the co-precipitation technique. The production of Zn—-Fe LDH was emphasized by different analyses like Fourier-transform
infrared spectrometer (FT-IR), X-ray photoelectron spectroscopy (XPS), zeta potential, field emission scanning electron
microscope (FESEM), high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), partial size,
and surface analysis. Then, it was investigated for the remediation of wastewater from anionic methyl orange (MO) under
various adsorption parameters (contact time, adsorbent mass, solution pH, and dye initial concentration). The high adsorp-
tion capacity of MO (508.2 mg) had been successfully achieved by Zn—Fe LDH from wastewater within 150 min. It was
also known that the pH 7 is optimum value for maximum adsorption, which was the most influencing factor. The adsorp-
tion kinetic was governed by pseudo-first (PFO) and -second (PSO) models. The equilibrium adsorption data were obeyed
to Langmuir model. Additionally, recyclability was tested up to three cycles of recuperate material after dye adsorption.
Lastly, the wasted adsorbent has been tested for the management of another (cationic) dye, methylene blue. The adsorption
mechanism was emphasized by FTIR analysis and batch adsorption experiments. The developed LDH could be a strong
candidate for traditional adsorbents used in wastewater.
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k1 The pseudo-first-order rate constant, min-1

k2 The rate constant of pseudo-second-order
adsorption, g/(mg min)

Introduction

Nanomaterials and nanotechnology are employed to develop
novel environment-friendly materials for enabling water
remediation (Zhang 2018) and eliminating the environmen-
tal pollution greatly induced by conventional ones (Zhang
20164, 2016b). The designed nanomaterials can detect pol-
lutants in actual time and generating a consistent treatment
as needed. Discharging of industrial, municipal, and agricul-
tural wastewaters into environment raise the pollution level
in water resources which affect negatively on human and
environment (Egirani et al. 2020b, 2017). There are numer-
ous sources of pollution varied from dyes (Ren et al. 2013),
heavy metals ions (Egirani et al. 2020a; El-Naggar 2019a,
2019b), pharmaceutical residuals (Shi et al. 2017), organic
(Fadali 2014), petrochemicals, pesticides, herbicides (Cicek
2003), and other harmful chemical compounds (Mahgoub
2020; Zaher 2020). However, both of the anionic methyl
orange (MO) or cationic methylene blue (MB) are widely
used in the various industries processing. These dyes are
toxic to human and they consider hazardous to the aquatic
system. Therefore, it becomes necessary to eliminate it
before discharging again to the ecosystem. Several removal
techniques including the biological degradation techniques,
normal adsorption methods, and the advanced oxidation pro-
cesses which were studied to minimize the concentration of
such dyes in the water resources.

Layered double hydroxides are considered an anionic
clays whose structure is similar to that of brucite (Wan
2016). They have flexibility in structure which allows func-
tional LDHs to be prepared with a wide variety of precur-
sors (Yang 2017). The LDH attracted much attention in the
last years owned to their vast applications such as environ-
mental, energy, biotechnology, and nanotechnology (Laipan
2020). LDHs are recorded as strong sorbents for different
kinds of pollutants from water like chromate (Matusik and
Rybka 2019), phosphate (Hatami et al. 2018), chloride ions
(Yoon et al 2014), anionic surfactants (Pavan et al. 2000),
dyes (Parida and Mohapatra 2012; Starukh et al. 2016), and
humic substances (Li 2020).

In the last years, LDHs took considerable interests for
the removal of organic pollutants depending on their unique
features and properties including high surface area, low tox-
icity, high thermal and chemical stabilities, low cost, high
anion substitution capacity, and the regeneration ability
(El-Reesh 2020). There are several methods of modifica-
tion for LDHs were reported, for example, ion exchange
method, co-precipitation in the presence of organic species,
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reconstruction method (Zhang et al. 2020b). Although high
adsorption efficiency has been performed, there are impor-
tant issues need to be taken in consideration. The heart of the
applied matter is that larger scale applicability, simple prepa-
ration, and lower cost should be matched with the growth
preparation of LDH materials. It is presented that LDHs still
have some limitations, they cannot be used under high basic
or acidic conditions, the possibility of desorption process
needs to be considered the possibility of desorption process
needs to be considered.

The challenge is applying new methods for the regenera-
tion of LDH materials should be the motivations of future
investigations on LDHs, seek advanced modifications, easier
to operate, environment friendly in industry, which needs of
the majority of scientific researchers.

Zn-Fe LDH was selected as a model due to its low solu-
bility product (pK,,=62.51) and high stability constant
(PKformation 25-27) among other LDHs (Boclair and Brater-
man 1999). On the other hand developing innovative meth-
ods to recycle the continuous increment in the quantities
of solid adsorbent wastes is critical demand in the contem-
porary world (Mahgoub 2020). As listed in Table 1, com-
parison of Zn-Fe LDH with other adsorbents. To further
estimate the importance of prepared materials for wastewater
remediation from MO, the maximum adsorption capacity
(Qmay) obtained from isotherm models fit of MO on this LDH
are carefully compared with those on other adsorbents. By
considering the high adsorption capacity, it seems that the
as-prepared Zn—Fe LDH can be potentially used for the cost-
effective adsorbents for MO-polluted aquatic systems.

In current work, Zn—Fe LDH was synthesized via simple
synthesis process and investigated for scavenging of MO at
varied different conditions of pH, initial MO concentrations,
and equilibrium contact time. The kinetics and isotherms
of MO adsorption onto synthesized material were investi-
gated using the batch adsorption method. Also, to support
the adsorption research area, the reuse of the formed waste
after the adsorption process of MO onto Zn-Fe LDH was
performed for MB adsorption purposes.

Materials and methods
Materials

Fe(NO;);.9H,0, methyl orange (C,,H;4,N;NaO;S), methyl-
ene blue (C,H,;CIN;S.XH,0 [X=2,3]) were supplied from
General Drug House, Ltd., India. Zn(NO;),.6H,0O was pur-
chased from Chem-Lab NV, Belgium. Sodium hydroxide
[NaOH] was obtained from Piochem for laboratory chemi-
cals, Egypt. The experiments were performed using deion-
ized water which free from CO,.
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Table 1 Maximum adsorption

o . ) Adsorbent Temp Initial concn  Equilibrium pH Adsorption Ref
capacities of different LDHs (°K) (mg/L) time (min.) capacity
for MO at different process
(mg/g)

parameters
Ni-Fe LDH 298 20—200 80 3 246.9 Zubair (2018)
Starch Ni-Fe LDH 180 3584
2:1) 120 387.6
(I:D
Ni-LDH 298 20—200 240 8 783.65 Elmoubarki (2017)
Ni-CLDH 859.47
Mg-LDH 576.00
Mg-CLDH 717.73
Ni A1LDH 298 50—500 10-100 3 500.6 Hassani (2017)
Zn-Al-SO,LDH 298 20-1000 300 3.5-45 2758 Mahjoubi (2017)
Zn-Al-C1 LDH 240 2455
Zn—-Al-NO; LDH 300 2270
Zn-Al-CO; LDH 240 1684
Co-Fe LDH 298 5-300 1440 7 1290 Ling (2016)
Mg,/Fe-CLDH 343 100-1000 30 6-7 194.9 Peng (2015)
Calcined- 298 20-100 30 8 375.4 Zaghouane-Bou-
Mg-Ni-Al LDH diaf et al. (2012)
Zn/Al-LDO 298 100 120 6 181.9 Ni (2007)
Zn-Fe LDH 308 20—800 240 508.2 This study

Methods distribution) of the sorbent were determined by N, adsorp-

Co-precipitation technique was implemented in this work to
synthesis Zn—-Fe LDH of nitrate type. Zinc nitrate solution
was mixed with iron nitrate to reaches 4:1 of molar ratio. At
stable stirring with controlled time adding (slow flow rate
0.10 mL/min), NaOH solution (2 M) was slowly introduced
to complete the settling till pH 10. The precipitate was aged
at 50+ 0.5 °C for 12 h, filtered and carefully washed number
of times, with bi-distilled water, to obtain material free of
excess OH™ and then washing using ethanol. At the end,
the achieved precipitate was dried at 60+0.5 °C for 24 h
(Moaty et al. 2016).

Characterization

The Zn—Fe LDH was characterized by XRD using PANa-
lytical Empyean, Sweden. The scanning ranged from 10° to
60° with 0.05° step under 30 mA and 40 kV of current and
accelerating voltage, respectively. The chemical bonds were
detected via their vibration in the range of 400-4000 cm™!
using Bruker, vertex 70 FTIR-FT Raman, Germany spec-
trophotometry (serial number 1341). The morphology of
materials was characterized by Gemini (Zeiss-Ultra 55)
Field Emission Scanning Electron Microscope. High-reso-
lution transmission electron microscopy images (HRTEM)
by JEOL-JEM 2100 (Japan), at 200 kV. The X-ray energy
dispersive spectroscopy (EDX) analysis (Quanta FEG250,
Germany) was used to confirm the sorbent molar ratio.
The surface analyses (area, pores volume, and pores size

tion using TriStar II 3020, Micrometrics surface analyzer,
USA. X-ray photoelectron spectroscopy (Kratos, England)
with Al-KaX-ray mono chromatic source, ho=1486.6 eV,
was used to measure the elemental composition of the pre-
pared material. Zeta potential and hydrodynamic particle
size and were investigated as stated in our previous work
(Mohamed et al. 2018) using Nano-Zeta sizer supplied from
Malvern Instruments Ltd., UK.

Adsorption experiments
Sorption of MO onto Zn-Fe LDH

The batch adsorption runs were happened by shaking vig-
orously the prepared Zn—Fe LDH with MO solution using
orbital shaker (200 rpm) at room temperature. The adsorp-
tion parameters were varied like pH (5-11), sorbent dose
(0.012-0.30 g), reaction time (0-240 min), and MO initial
concentration (20-800 mg LY. At the end of each run, the
solution was filtered using syringe filter, Millipore Millex-
G, Hydrophilic PVDF. The concentration of the MO after
sorption was detected at wavelength 460 nm using UV-2600,
Shimadz spectrophotometer (Japan). To ensure their repro-
ducibility, all runs were triplicated and the average of
concentrations values was calculated using SPSS version
16. Means and standard deviation (+ SD) values were cal-
culated, additionally P values < 0.05 were considered to
be statistically significant. The efficiency of MO sorption
onto Zn—Fe LDH was determined by Eq. 1 (Nijboer and
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Verdonschot 2004), the adsorption at equilibrium, g, (mg/g),
was estimated by the Eq. 2 (Delaney 2011):

(c,-¢)

0% = x 100, ey

v(c,-C¢,)
q. =

2
o @

where Q is owned to the adsorptivity (%), C, expressed in
mg/L is referred to the MO initial concentration, and C,
expressed in mg/L is owned to the concentration of MO at
time ¢ (min) of adsorption, C, expressed in mg/L is the MO
equilibrium concentration, V (in liter) is owned to solution
volume, and W expressed in gram is owned to the sorbent
mass.

The isotherms of MO sorption onto Zn-Fe LDH were
achieved under three initial concentrations of MO. They
were obeyed Langmuir, Freundlich models, and Lang-
muir-Freundlich. To investigate the process kinetics, 0.035 g
of Zn-Fe LDH was introduced at room temperature to
50 mL of MO solution (initial concentrations 5, 10 and 15)
for 4 h. Samples were taken at specified time intervals, they
were triplicated and average values were register.

The adsorption of MB onto Zn-Fe LDH/MO

The wasted adsorbent (Zn-Fe LDH after MO adsorption)
were harvested, centrifuged and washed many times to
obtain the Nano composite of Zn—Fe LDH/MO. Finally, the
Zn-Fe LDH/MO nanocomposite was dried at 50 “C for 24 h
then used as new adsorbent for MB management in water.
The batch adsorption runs were performed by mixing of
0.025L MB (20 mg/L) with the wasted adsorbent (0.10 g) at
room temperature and pH 7.

Results and discussion
Characterization
Morphology study

The morphology of the prepared Zn-Fe LDH was investi-
gated by FESEM photos (Fig. 1). They emphasized char-
acteristic layers, sheets and hexagonal like morphology
of LDH. The adsorbent structure consists of hexagonal
nanoplateles located on each other, mostly horizontal.
This lamellar structure exhibits to some extent disorder
status. However, the layers accumulation in this statue
may be attributed to the preparation of the adsorbent using
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precipitation technique (Pagano 2011), and it is clear that
the reaction time and rate play a significant roles on the
shape, dimension thickness of these platelets. This may be
related to the slow nucleation process (Rahmanian et al.
2018). The high-resolution transmission electron micro-
scope (HRTEM) images of the LDH (Fig. 2) show uni-
form layers and hexagonals of LDH. The selected area
electron diffraction pattern of the sample which was used
to further study the crystal structure of Zn—Fe LDH con-
firms the polycrystalline nature. The Fig. 2e presented
the characteristic layered feature of LDH with interplanar
spacing around 0.25 nm which match with XRD inves-
tigation and the literature for prepared Zn-Fe LDH (Lu
2015). The selected area electron diffraction (SAED) will
helped to obtain good insight into the LDH crystalline
structure (Fig. 2f). The LDH chemical structure was also
emphasized by the X-ray energy dispersive spectroscopy
(EDX) analysis. As show in Fig. 3, there are three ele-
ments existed in the prepared LDH: iron, zinc, and oxygen.

Surface property

N, adsorption/desorption isotherms of the prepared Zn—Fe
LDH is shown in Fig. 2g. Referring to the International
Union of Pure an Applied Chemistry (IUPAC) classifica-
tion, the non-attendance of a plateau at the P/P_ near to 1
and the presence of small closed hysteresis loop at rela-
tive pressure > (.8 are owned to isotherms of type II that
is characteristic with a hysteresis loop of H3-type result-
ing from capillary condensation process and mesopores/
macroporous construction. There is wide distribution of
pore size up tol6 nm (Fig. 2h) and the average pore size
is <50 nm. The surface properties of the prepared sam-
ple were determined by (BET) Brunauer—Emmett—Teller
method. The total pore volume, average pore size, and
BET specific area of the sample are 0.078 cm?/g, 2.61 nm
and 71.61 m?/g, respectively.

X-ray photoelectron spectroscopy (XPS) was performed
to confirm the chemical bonding environment of contain-
ing atoms and to analyze the composition. The XPS survey
spectrum of Zn- Fe LDH (Fig. 3) confirms the presence
of Zn, Fe and O. The high-resolution Zn 2p XPS spectra
showed two asymmetric peaks assigned chemical respec-
tively to Zn 2p 1/2 and Zn 2p 3/2 core levels at 1044.7 and
1021.8 eV, which revealed that Zn species were in 2 + oxi-
dation state in LDH structure (Mou 2018; Chen 2011).The
O 1 s signals as shown in Fig. 3 of pure LDH was in the
binding energy of 531.80 which owned to the hydroxyl
group of LDH (Hadnadjev-Kostic 2017; Yi 2018). Also,
the Fig. 3showed that the Fe 2p of Fe>* peaks convoluted
by Fe 2p3/2 (711.7 eV) and Fe 2p1/2 (725.5 eV) indicate
slight positive shift (Zhang et al. 2020a).
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Fig.2 HRTEM images of the a—d; interplanar spacing (e); (SAED) the selected area electron diffraction and N, sorption isotherms (g) and pore

size distribution (h) for the prepared Zn-Fe LDH

Fourier transform-infrared of Zn-Fe LDH

The FT-IR spectra of Zn—Fe LDH before/after adsorption

of MO and MB are shown in Fig. 4a and Table 2. In the

spectrum of Zn—Fe LDH, the infrared bands were around

3772 cm™! which is owned to characteristic free OH stretch-

ing of the LDH structure vibration (Mohamed et al. 2018),
/

Jielase cllall aly .
ﬁ%ﬁmﬂm mw @ Springer

with H bonding, and to the water molecules located in the
LDH interlayer. Otherwise at 3478 cm™! may attributed to
the bonded OH stretching vibration, with H bonding, in
addition to the water molecules exist in the LDH interlayer
(Younes 2019). At 1635 cm™, the interlayer water mol-
ecules bands show bending vibration. The peak appears
at 1378 cm™! was attributed to the v, stretching vibration
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brucite-like layers (Moaty et al. 2016; Younes 2019; Nejati
2018).

X-ray diffraction analysis

The XRD patterns of Zn-Fe NO; LDH showed characteris-
tic reflections corresponding to a crystalline layered phase
(Nejati 2018) (Fig. 5). In the range of 26 =6-80°, the strong
and sharp diffraction peaks at low 26 values. The basal spac-
ing value of the LDH phase, representing the summation of
the thickness of the brucite-like layer (0.414 nm) which is
good agreement with that of the nitrate LDH materials with
reference code (04-018-3495). The layered structure of the
Zn-Fe LDH is confirmed by the presence of the main peaks
at 26 at 9.14°, 25.34°, 31.86 °, 39.01°, 47.70° and 56.90° (Lu
2018). The formation of free hydroxide was not appeared
in the XRD chart which may be related to slow addition
of sodium hydroxide during the LDH formation. We notice
that the peaks are narrow, reflecting that the substitution of
Fe and Zn into the crystalline Zn-Fe LDH structure were
performed (Zhu 2014; Naseem 2019). Since the intensity of
peaks for (003) is higher than that for (015) and (009), the
formation of partly delaminated LDH is probable (Gupta
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Table 2 A conclusion for the bands and assignments for Zn-Fe LDH before and after MO& MB adsorption

Wave number (cm™!) Assignment
Zn-Fe LDH Zn-Fe LDH/MO Zn-Fe LDH/MO/MB
3772 (w) - 3740 (w) 3772 Free OH-stretching vibration (Moaty et al. 2016)
3740
3478 (b.) 3442 (b.) 3395 (b) 3478 Bonded OH-stretching vibration (Younes 2019)
3442 N-H stretching vibration (Shen 2015)
3395 Stretching vibration of a hydrogen bond with OH group (Ovchinnikov
2007)
- 2381 (w) 2378 (w) 2381 C-N overtone
2315 (w) 2378 (H;C) -N- (CHj;) (Ovchinnikov 2007)
2315
1635 (m) 1606 (w) - 1635 Bending vibration of the interlayer water molecules (Nejati 2018)
1606 C-C vibration of the benzene structure (Shen 2015)
- 1506 (m) 1504 (s) 1506 C—C vibration of the benzene structure (Shen 2015)
1504
1378 (s) 1378 (s) 1385 (m) 1378 vy stretching vibration of the NO; (Nejati 2018)
1378 Stretching vibration of C-N
1385 1. C-N stretching vibration
2. Bonded C-H; vibration (Ovchinnikov 2007)
- 1178 (w) 1198 (w) 1178 Stretching vibration C—C and/or C-N
1115 (w) 1198, 1115 The vibrations of heterocycle structure (Ovchinnikov 2007)
- 1121 (m) 1121 S =0 vibration (Shen 2015)
1032 (m) 1038 (m) 1032,1038 The benzene ring had C-H stretching vibration (Ovchinnikov 2007)
891 (m) 941 (w) 949 (w) all The M-O-H lattice vibrations (Nejati 2018)
837 (w) 834 (m) 834 (m) 837 deformation modes (weak out of-plane symmetric v, and the anti-symmet-
ric v,) of nitrate (Mahjoubi 2017)
834 The benzene ring had C—H stretching vibration (Ovchinnikov 2007)
639 (m) 632 (w) 696 (m) C-S stretching vibrations (Shen 2015)
472 (m) 472 (m) 474 (m) Bands resulted from M-O-M, M-O and O-M-O vibrations in brucite-like
layers (Younes 2019)
T hFeLDHIMO 2020) and this matches with the new morphology in the
| SEM for LDH. Also, the diffraction peaks located at 31.60¢,
T (“ ’ 34.69°,36.48¢, 62.84°, 67.90°, and 69.44° have been indexed
lM ,\ I as hexagonal phase of ZnO (Talam et al. 2012).
) IIQ‘J“W | ,J““‘\ 'o } }1“. T .
% Iy 'W" , /ﬂ,. 1 m u Wi N T N n i Adsorption of MO onto Zn-Fe LDH
§ 3 eZn.FeLDH Effect of the solution pH on the adsorption process
:|¢ |
- A variation in pH results in alteration in the chemistry of
| s g s adsorbent surface and also the ionization degree (Tchuifon
M ‘w a \ ‘ ,f ‘ \rJT g i&f 2014) resulting in a significant impact on the adsorption
’lw V i 3 rocess. Batch adsorption experiments were conducted b
. A u . MMf % "‘W W:WM w sarying the solution II))H fromp3 to 11. MO gains a negativz
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Fig.5 XRD pattern of Zn—Fe LDH before and after MO adsorption
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charge beyond pH 4 because its dissociation constant 3.47
(Fig. 6a). The adsorption reached its maximum value at pH
7, beyond this value, the adsorption decreased (Fig. 6a). It
was hard to maintain the equilibrium in alkaline medium
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due to the high values of OH™ that compete with anionic
MO which hinder the adsorption equilibrium (Fig. 6a). At
acidic solution, MO is protonated due to the possibility of
protons to combine with its nitrogen—nitrogen double bond
by one nitrogen, adsorption percent decreased as resulted
from electrostatic repulsion forces (Arshadi 2014).

Zeta potential is a technique to study the nanopar-
ticles stability and dispersion in solution (Fig. 6b).The
zeta potential of the particles is defined as the electric
potential or the charge at the boundary of the double
layer on the material surface. Also, dispersion, floccula-
tion or aggregation can be measured from the data. The
high stability of the Zn—Fe LDH nanoparticles disper-
sions are related to their high positive zeta potential in
large pH range (2-10), leading to strong particle—particle

repulsions. Also, to realize the surface property and
surface charge for adsorption behavior of Zn-Fe LDH
toward MO dye, the positive zeta potential of adsorbent
confirmed the electrostatic interaction between Zn—Fe
LDH and MO and favors the adsorption process. At
increased pH, the positivity of the adsorbent decrease
which decrease the attraction of the negatively charged
MO species (Fig. 6¢). So, we investigate the practical
size distribution (DLS) measurements to confirm the
stability of the partial in different medium (Fig S1). As
shown in Fig. 6¢, the smaller hydrodynamic sized Zn-Fe
LDH higher zeta potential and better aquatic stability
than larger ones (Fig. S2). Also, they would have long-
time used as potential adsorbent for various pollutants in
the aquatic systems. (Table S1).
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Effect of dose of Zn-Fe LDH on the adsorption of MO

Figure 6d presents the results for MO removal efficiency
with different Zn—Fe LDH dose (0.0125-0.30 g) was used
per 25 mL MO solution at pH 7. Increasing of MO with
increasing adsorbent dose up to 0.10 g and this may be as
a result of increasing available active sites for adsorption.
Furthermore,the uptake efficiency of the MO decrease
with increasing the Zn—Fe LDH dose, this could be due
to the aggregation of used LDH particles were happened.
Under the optimized pH conditions, at pH 7, the charge of
the partials were positive (Fig. 6b), with increase the dose
of adsorbent, the strong hydrophobicity, and so enhanced
van der Waals interaction drove force of the LDH to aggre-
gate (Ren 2018; Wu 2013). The origin of van der Waals
attraction is induced dipoles, a bulk material with elec-
tronic or molecular structure that favors generation of per-
manent or induced dipoles that promote aggregation. Also,
interaction of the adsorbent surfaces with water molecules
involves a significant entropic penalty driving an aggrega-
tion process that may be occurred (Hotze et al. 2010).

300

So, using small amount of adsorbent is preferable, result-
ing in decreasing the overall process cost. Additionally,
using small amounts of nanoparticles is familiar in industry,
and increasing the weight will result negative impact. We
can conclude that there is an optimum amount of adsorbent
to remove MO, i.e., 0.10 mg of the Zn—Fe LDH adsorbent
could manage 20 ppm of MO, and above this value the pro-
cess is useless. Finally, increasing the adsorbent amount in
the large scale will cause additional problem in the environ-
ment as it will increase the amount of sludge after treatment.

Adsorption isotherms
MO adsorption onto Zn-Fe LDH

Adsorption isotherms are important to explain the adsorp-
tion nature and mechanism. In economical view, isotherm
testing can be used for design and optimization of eco-
nomical adsorption systems. The Zn-Fe LDH proved
that it is one of the best adsorbents for the MO adsorp-
tion from water. Figure 7 displays the experimental data
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Fig. 7 Experimental data for MO adsorption on Zn-Fe LDH (a) and MB adsorption on Zn-Fe LDH/MO (b) fitted by the non linear isotherm
models. The error bar for standard deviation reflect the triplicate experiments

Table 3 The adsorption

. L Isotherm models
isotherm and kinetics models *

Equations [14, 48]

Kinetics models Equations [14]

i max K1 Co - = — ek
Langmuir q, = ‘IHK# Pseudo-first order q,=q,(1-e")
Freundlich 1 In Pseudo-second order g, = Tkt

9, =K., F f gkt
Langmuir-Freundlich _ dm(KrC)F
e 1 +( KLFC(J)ﬁLF
Intraparticle diffusion q,= kip\/; +cp

*The adjustable isotherm/kinetics model parameters are defined in the list of symbols
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Table 4 The isotherm
parameters for the sorption of
MO onto Zn-Fe LDH and MB

Adsorption models

The parameters for the sorption of MO The parameters for the sorption
onto Zn-Fe LDH

of MB onto Zn-Fe LDH/MO

sorption onto Zn-Fe LDH/MO Langmuir

Freundlich

Langmuir-Freundlich

Gmax

Gax=508.2 mg/g Gax=92.95 mg/g
1. =0.0673 L/mg K;=0.181 L/mg
?=0.96 R*=0.98

K,;=33.08 mg/g K,=21.78 mg/g

1/n;=0.8103 1/n;=0.377
?=0.95 R*=0.93

=230.72 mg/g G e =88.33 mg/g

K;;=0.217 L/mg K;»=0.205 L/mg

Prr=1.86 Prp=112
?=0.99 R*=0.99

from the non-linear adsorption isotherm model Equations
(Table 3). As observed in Fig. 7 and Table 4, as well
as the high regression coefficient, the adsorption of MO
on Zn-Fe LDH could well fitted by three models. The
calculating adsorption capacity (g,,,,) of MO was up to
508.20 mg/g. These experimental results demonstrate that
this Zn—Fe LDH is an excellent adsorbent Table 4.

The effect of MO adsorption on the Zn-Fe LDH
was estimated using the FT-IR analysis of the adsor-
bent after the up take process (Fig. 4b). The deforma-
tion modes (anti-symmetric, v, and plane symmetric,
v,) of NO, observed in LDH spectrum around 903 cm™!
while observed at 837 cm™! in Zn—Fe LDH/MO spectrum
(Mahjoubi 2017). The characteristic of Zn—Fe LDH peaks
were shifted after the MO adsorption towards higher fre-
quencies suggesting new bond has been formed and, the
peaks were observed at 3442 cm™! for the N—H stretch-
ing vibration, and the peak at 2381 cm™! were indicated
C-N overtone. The peaks were located at 1606 cm™!
referred to C—C vibration of the benzene structure of
MO. The peak located at 1178 cm™! and 1378 cm™! were
assigned to stretching vibration of C—C and C-N respec-
tively. The benzene ring had C-H stretching vibration
peaks were located at 1032 cm™!, 837 cm™!, the peaks
present at 632 cm™! indicated the C-S stretching vibra-
tions (Table 2). Also, by comparison of XRD patterns
before and after the MO sorption, the peaks at 31.84° to
31.69°, 36.35° to 36.21° were decreased and that located
at 56.67° to 59.92° were increased, while the remained
peaks stay unchanged (Fig. 5b). The crystallite size for
Zn-Fe LDH and Zn-Fe LDH/MO was calculated to be
49.7 nm and 65.4 nm, respectively. Also, we find that d
spacing value was 3.025 and 2.475 A for LDH and LDH/
MO. The decreasing of the d spacing value related to the
adsorption of MO at the surface of LDH, this confirm the
adsorption of MO process on using prepared adsorbent
(Mohammed 2020).

MB adsorption onto Zn-Fe LDH/MO nanocomposite

The Zn—Fe LDH/MO proved that it is one of the best adsor-
bents for the MB adsorption from water. Figure 7b displays
the experimental data from the non-linear adsorption iso-
therm model Equations (Table 3). As observed in Fig. 7b
and Table 4, as well as the high regression coefficient, the
adsorption of MB on Zn-Fe LDH/MO could well fitted by
three models. The calculating adsorption capacity (g,,,,,) of
MB was up to 90 mg/g. These experimental results demon-
strate that this Zn—Fe LDH/MO is an excellent adsorbent
(Table 3). From FT-IR analysis before and after adsorption
(Fig. 4c) one can conclude the nature of adsorption of MB
onto Zn-Fe LDH/MO nanocomposite (Table 4).

Kinetic studies

Adsorption kinetics models of MO adsorption onto Zn-Fe
LDH

The importance of equilibrium time rise from its effect on
the applicability and the cost of the adsorption process.
The adsorption of MO onto Zn-Fe LDH at different initial
concentrations was investigated to determine the equilib-
rium time of the adsorption process. Then, the data were
fitted to three kinetic models. Figure 8 shows the impact
of the contact time on the adsorption of MO solution (pH
7) of concentrations of 5, 10, 15 mg/L onto Zn-Fe LDH
(0.1 g) at 35+0.5 °C. The MO adsorption occurred in fast
rate during the first 25 min of the process, and then the rate
of adsorption decreased until the equilibrium is achieved
within 150 min.

Based on the correlation coefficient R, it has been proven
that both the pseudo-second order and the pseudo-first order
were the best fit kinetic models with the smallest R? close
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Fig.8 The adsorption kinetics models with experimental data of MO adsorption onto Zn-Fe LDH at concentrations 5 mg/L (a) 10 mg/L (b)

15 mg/L (c)

Table 5 The parameters of kinetic models for the MO adsorption onto Zn-Fe LDH and adsorption of MB adsorption onto Zn-Fe LDH/MO

Dye Pseudo-first order

Co (mg/L) qe’exp (mg/g) kl (minil) e cal (mg/g) R2

5 1.15 0.05 1.44 0.82
MO 10 591 0.05 7.72 0.93

15 12.30 0.016 20.5 0.94
MB 20 492 0.93 5.6 0.99
Dye Pseudo-second order

C, (mg/L) eoexp(M/Q) ky(g/mg.min) e cat R

5 1.15 0.02 1.99 0.89
MO 10 591 0.015 7.87 0.98

15 12.30 0.001 23 0.98
MB 20 492 1.53 5.8 0.99
Dye Intraparticle diffusion

C, (mg/L) Geexp(ME/E) K (mg/g min?) C;, (mg/g) R

5 1.15 0.121 0.098 0.78
MO 10 591 0.598 3.085 0.75

15 12.30 1.43 1.07 0.83
MB 20 492 0.291 1.69 0.62

to unity (R*=0.98 and 0.94 for both models respectivelly)
(Table 5).

Adsorption kinetics models of MB adsorption onto Zn-Fe
LDH/MO

The impact of time on MB sorption onto the recycled adsor-
bent was also studied (Fig. 9), the equilibrium time was very
fast (5 min) compared to the MO adsorption onto the same
adsorbent. This refers to that the adsorption of the cationic
MB occurred onto the external surface area via the new
functional groups that developed by introducing of MO to
Zn-Fe LDH surface.
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The three kinetic models were investigated for the MB
adsorption onto Zn-Fe LDH/MO, both models (PFO and
PSO) describe well the practical data (R?0.99). And also the
calculated data are close to the experimental one. The intra-
particle diffusion did not govern the kinetic of MB adsorp-
tion process onto Zn—-Fe LDH/MO where the calculated data
did not match with the experimental one. This refers to that
MB adsorption onto Zn—-Fe LDH/MO occurs through chemi-
cal and physical interaction (Table 5).

Reusability of the Zn-Fe LDH for MO adsorption

The management of the wasted adsorbent was done via two
scenarios the adsorbent was reused for the adsorption of the



Applied Nanoscience (2021) 11:709-723

721

'S
T

&b !
D) !
sl
= 1r ® 20 (mg/l) Experiment
2r memeemes Pseudo-frist-order
L ! ------ Pseudo-second-order
[~ !
! - [ntraparticle diffusion
ole
1 L 1 1 1 1 1
0 50 100 150 200 250 300

Time (min.)

Fig.9 Comparison of adsorption kinetics models with experimental
data of MB dye on Zn-Fe LDH/MO
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Fig. 10 Multi-cyclic adsorption of MO onto Zn-Fe LDH (V=0.025
L, Co=20 ppm, T=35+0.5 °C, pH=7)

(MO). The results of Zn—Fe LDH recycling are illustrated
in Fig. 10. It is of important to investigate the availability of
reusability performance of the Zn—Fe LDH to evaluate their
economic condition. As presented at Fig. 10, and this means
that these materials have a good regeneration behavior. The
removal efficiencies of three recycles was 83, 80 and 54%
have been achieved. This added value gains the adsorbent new
merits like decreasing the amount of wasted adsorbent, reduc-
ing the adsorbent cost and finally produces multifunctional
adsorbent.

Conclusion

In the current research, Zn—Fe LDH was prepared using
a simple co-precipitation way and applied as an efficient
adsorbent for the removal of anionic dye MO from aque-
ous solution. Up on batch uptake experiments, it was
found that the adsorption efficiency was greatly affected
by pH, adsorbent dose, concentration and time, showing
a high adsorption capacity at pH 7, for an adsorbent dose
of 0.10 g at a temperature of 35 °C. Also, the adsorp-
tion process of MO on Zn-Fe LDH was characterized and
ascertain using different techniques such as FTIR spec-
troscopy, XRD, FESEM, HRTEM, zeta potential, partial
size and surface area analysis. The equilibrium adsorp-
tion data were investigated using three isothermal models,
where the q,,,, was determined to be 508.20 mg/g. Also,
the waste Zn—-Fe LDH/MO was reused as new adsorbent
for cationic dye MB. The adsorption process is controlled
kinetically for MO or MB adsorption by the second-order
reaction through physical adsorption. The characterization
was performed before and after adsorption. The adsorption
mechanism on Zn-Fe LDH was investigated using FTIR
and XRD analysis.
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