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Abstract

We conducted this research to modify NiAl layered double hydroxide with several carbon-based materials, including cellulose,
biochar and graphite. This material was successfully prepared by coprecipitation methods and was proven by XRD, SEM, and
FTIR characterization. Furthermore, we conducted the adsorption process and reusability to investigate their ability as water
treatments. The dose effect on M.G. removal was investigated by the highest M.G. removal capacity using the CBC-NiAl LDHs
composite, which was 100 mg. M.G. removal capacity was increased with an increase in contact time, and the saturation point
was reached after 60 min for CC-NiAl and CGF-NiAl LDHs, which CBC-NiAl LDH increased and saturated after 100 min with
high adsorption capacity. CC-NiAl, CBC-NiAl and CGF-NiAl LDHs composite have proved efficient, sustainable materials that

maintain adsorption capability in each reusable cycle.
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1. INTRODUCTION

Layered double hydroxides (LDHs) coated with carbon-based
materials have shown promising potential for environmental
applications (Palapa et al., 2023b), especially in the removal of
dye pollutants from water (Choong et al., 2021; Mourid et al.,
2019). LDHs are a class of inorganic materials with a unique lay-
ered structure consisting of positively charged metal hydroxide
layers with interlayer anions to balance the charge (Sajid et al.,
2022). This structure provides a high surface area and strong
ion exchange capabilities, making LDHs effective adsorbents
for various pollutants. However, pure LDHs may suffer from
limitations such as low stability, aggregation, and slow kinetics
for pollutant adsorption (Salem et al., 2022; Sajid et al., 2022). To
address these issues and enhance the adsorption capacity and
stability, LDHs are often coated or modified with carbon-based
materials. These carbon-based materials can include graphite,
graphene oxide (G.O.) (Wang et al.,, 2015), carbon nanotubes
(CNTs) (Zhang et al., 2023), activated carbon (Alagha et al., 2020),
cellulose or biochar (Li et al., 2020).

The benefits of using carbon-based materials for coating
LDHs can be enhanced adsorption capacity because carbon-
based materials offer additional active sites for the adsorption
of dye pollutants, complementing the adsorption sites provided

by LDHs (Hakim et al., 2023). This dual functionality results in
improved removal efficiency. Thus, The carbon coating acts as a
protective layer for LDHs and can improve stability, preventing
their aggregation and ensuring their stability during adsorption
(Alagha et al., 2020; Li et al., 2020; Hakim et al., 2023; Kundu and
Naskar, 2021). The synthesis of LDHs coated with carbon-based
materials typically involves a two-step process. First, the LDHs
are synthesized using conventional methods. Then, the carbon-
based materials are deposited onto the LDH surfaces through
coprecipitation, hydrothermal methods, or sol-gel techniques
(Liu et al., 2020; Amin et al., 2022; Poudel et al., 2022). Com-
bining layered double hydroxides with carbon-based materials
presents a promising approach for removing environmental dye
pollutants from water, offering improved adsorption efficiency,
stability, and reusability compared to traditional adsorbents (Ok-
triyanti et al., 2019; Chang et al., 2023). Ongoing research in this
area continues to explore new materials and optimization strate-
gies for enhanced pollutant removal and broader environmental
applications.

Malachite green, a synthetic dye and antimicrobial agent
of the triphenylmethane family, is used for the treatment of
bacterial and parasitic diseases in aquaculture, as well as in food
and textiles. Being proved harmless is its most important feature
for disinfestation in aquaculture (Sharma et al., 2023). However,
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malachite green contributes to environmental pollution due to
its toxic effect on various organisms’ organs, including animal
and fish poisonings (Jaffari et al., 2023). Because of the large
scale of aquaculture nowadays and using malachite green at
the rates from 0.1 to 10.0% of the aquatic culture mass per day,
appropriate methods for the determination of this dye and other
water pollutants are extremely required (Palapa et al., 2023a).
This paper presents the necessity of including carbon-based
materials between a pellet of malachite green and a carbon-
coated LDH film and their application as active probes for en-
vironmental problems. Carbon-based LDH (CC, CBC and CGF)
have been synthesized and applied for the adsorption of M.G.
from aqueous solutions with the presence of supporting elec-
trolytes. These materials were characterized by X-ray diffraction,
scanning electron microscopy, Fourier transform infrared spec-
troscopy, and X-ray photoelectron spectroscopy. Their adsorp-
tion behavior was examined in dependence on the solution pH,
flow rate and initial dye concentration. Adsorption isotherms
were constructed from the experimental data obtained by the
analysis of residual dye concentration that was determined re-
garding the international standard method. The surface of LDH
film with homogeneous size distribution has produced many re-
actions toward M.G., and Dominion adsorptions were observed
at the higher dye concentration after 240 min of contact time.

2. EXPERIMENTAL SECTION

2.1 Materials

The material for LDH synthesis, including Ni(NOs),.6H,0 and
Al(NO;);.9H,0, was purchased from Merck (Germany, 99% P.A.).
Cellulose microcrystalline was bought from Sigma Aldrich (USA,
99% P.A.). Malachite Green (M.G.) as representative of cationic
dye was obtained from Sigma Aldrich, respectively. The reagents
used for the analysis process, such as NaOH and HCI, were
purchased from Sigma Aldrich (USA, PA).

2.2 NiAl LDH Synthesis

Synthesis of NiAl LDH with NO,2~ as the intercalated anion
was pursued by the coprecipitation method, following the previ-
ously reported work Palapa et al. (2022). In brief, 30 mmol/L of
Ni(NOs),.6H,0 and 10 mmol/L of AI(NO;);.9H,0 were mixed un-
der vigorous stirring for 8 hours, followed by adding 40 mmol/L
of NaOH until pH 10. The mixture was stirred for 30 min before
heating at 80°C for 24 h. The obtained white precipitate was
separated by filtration using a Whatman Filter paper and rinsed
with 500 mL distilled water. The collected white solid material
(NiAl-NO; LDH) was dried in an oven at 60°C for 24 h.

2.3 Synthesis of C-NiAl Composite

The prepared NiAl LDH was first dissolved in 250 mL of distilled
water under vigorous stirring until a homogenous slurry was
achieved. Then, the carbon materials (cellulose, biochar and
graphite), as reported by Siregar et al. (2021), were added in
each container named CC-NiAl; CBC-NiAl; and CGF-NiAl, and
the stirring process was continued for 3 h. The NiAl LDH to
carbon materials ratio has been set up 50:50 wt% to optimize
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the obtained composite. After the mixture was homogenous, it
was separated by filtration then dried in a vacuum oven at 60°C
for 8 h. The obtained gray-colored material was collected and
labeled as CC-NiAl LDH, The obtained black-colored material
was collected and labeled as CBC-NiAl LDH and CGF-NiAl LDH.

2.4 Materials Characterization

The crystallinity of the synthesized materials was analyzed by
X-ray diffraction (XRD) using Rigaku Smartlab equipped with
Cu K-alpha radiation. The measurement was conducted from
10° to 80° with a 5°/min scanning speed. Fourier analyzed the
chemical functional group in the materials transform infrared
spectrometer (FTIR). The analysis was performed in Jasco FT/IR
4200 using the KBr pellet method. The sample was scanned at the
wavenumber range of 4000-400 nm. The surface morphological
image of the synthesized material was observed using a scanning
electron microscope (SEM) (Hitachi SU8010, Japan). The surface
characteristic of specific surface area and porosity of the ma-
terials was determined with N, adsorption-desorption analysis
in a Quantachrome Nova 4200e instrument. The value of the
specific surface area was calculated by Branauer-Emmett-Teller
(BET) method, and the pore size distribution was determined
based on the Barrett-Joyner-Halenda (BJH) method. The thermal
stability of the synthesized material was assessed by thermo-
gravimetry analysis and differential thermal analysis (TG-DTA)
in a Shimadzu TGA instrument.

2.5 Adsorption Experiments

Several factors were considered to investigate the adsorption
parameters, including the mass of adsorbents, adsorption time,
concentration, and temperature. The adsorption experiments
were conducted using different amounts of adsorbent (ranging
from 0.01 g to 0.1 g), contact periods varying from 0 to 250
minutes, initial concentrations of M.G. ranging from 10 mg/L
to 30 mg/L, and reaction temperatures between 30°C and 60°C.
After adsorption, the filtrate concentration was measured at a
wavelength of 619 nm using a UV-Visible spectrophotometer.

3. RESULTS AND DISCUSSION

The XRD pattern of synthesized materials is presented in Fig-
ure 1. For comparison, the XRD pattern of NiAl LDH, carbon
materials precursor, was also presented in Figure 1a. The XRD
pattern of NiAl LDH exhibited sharp and symmetrical peaks at
a low diffraction angle (26), confirming the successful synthe-
sis of LDH. Moreover, the recorded diffraction pattern fir well
with the JCPDS No. 35-0964, the typical hydrotalcite diffrac-
tion pattern (Machrouhi et al., 2023). The primary characteristic
peaks of cellulose (CC) in an XRD pattern are often observed
at approximately 260 values of 16°, 22°, and 34°. These peaks
correspond to the (200), (101), and (004) crystallographic planes
of cellulose, respectively. The pristine biochar (CBC) XRD pat-
tern exhibited a broad diffraction peak at the 20 values of 22°,
which was derived from the crystalline structure of cellulose
that partially remained. Taher et al. (2023) reported that the
crystalline structure of cellulose has high thermal stability up
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to 300°C. In the higher temperature, its main peak broadened,
indicating the collapse in crystallinity and aromatic structure
formation. The (002) peak in the graphite (CGF) XRD pattern is
observed at approximately 26= 26.5°. This peak is a strong and
sharp reflection, indicating the high degree of order and align-
ment of carbon atoms within the graphite structure. NiAl LDH
successfully coats and intercalates into the cellulose structure,
the peaks may observe changes in the intensity and position of
certain peaks compared to the pure cellulose or NiAl LDH pat-
terns. An amorphous hump in the XRD pattern of CC-NiAl LDH.
The presence of graphite (CGF) loaded into NiAl LDH caused
the intensity of LDH’s peak was decrease and the graphite peak
around 26.5°, indicating the stacking of graphene layers with
low intensity depended pristine one (Khajeh et al., 2020).

Intensity (a,u)
S
cl=

10 20 30 40 50 60 70 80
26 (deg)

Figure 1. XRD Pattern of (a) NiAl LDH, (b) Cellulose, (c)
Biochar, (d) Grafit, (e) CC-NiAl, (f) CBC-NiAl, and (g) CGF-NiAl

The Fourier-Transform Infrared spectroscopy (FTIR) is shown
in Figure 2. FTIR technique is often employed to study the vibra-
tional modes and functional groups present in LDHs. A broad
and strong peak around 3400-3500 cm™ is attributed to the
stretching vibrations of hydroxyl groups in the LDH layers. The
exact position of this peak can vary depending on the composi-
tion and hydration of the LDH. Peaks in the 400-600 cm™! range
are associated with the stretching vibrations of metal-oxygen
bonds in the LDH structure. The exact positions of these peaks
depend on the nature of the metal cations present in the LDH. A
broadband around 1630-1650 cm™ is associated with the bend-
ing vibrations of adsorbed water, and a weaker band around
3200-3500 cm™ is related to the stretching vibrations of water
molecules. The additional peaks corresponding to these nitrate
anions may appear in 1382 cm™!. The most prominent peak
of graphite is usually around 1620-1660 cm™! and corresponds
to the stretching vibrations of the carbon-carbon double bonds
(C=C) present in the graphene sheets. Aromatic C—C Stretching
of graphite also exhibits peaks related to the stretching vibra-
tions of carbon-carbon single bonds (C—C) in the graphene lay-
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ers around 1400 cm™ with a major peak around 1450 cm™. At
lower wavenumbers (below 1000 cm™'), some peaks may be re-
lated to out-of-plane bending modes of the graphene sheets. The
FTIR spectrum of 900-1200 cm™! corresponds to the stretching
vibrations of C—0 and O—C—O bonds of cellulose and biochar
(Barkhordari and Yadollahi, 2016). Biochar characteristic bands
also presented in the range of 1000-1200 cm™! may be observed,
corresponding to Si—O stretching vibrations.
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Figure 2. FTIR Spectra of (a) Biochar, (b) Cellulose, (c) NiAl
LDH, (d) Graphite, (e) CC-NiAl (f) CBC-NiAl, and (g) CGF-NiAl

The size, morphology, and distribution of the metal ions of
NiAl LDH, CC-NiAl, CBC-NiAl and CGF-NiAl LDH have been
characterized by SEM analysis. The SEM micrograph of the
NiAl LDH, CC-NiAl, CBC-NiAl and CGF-NiAl LDH samples at
10.0 um is shown in Figure 3. In the case of the pristine NiAl
LDH, the morphological properties of NiAl LDH were bulky, ho-
mogeneous, and well-developed pore crystals can provide ideal
adsorption sites, as shown in (Figure 3a). Thus, the morphologi-
cal properties of CC-NiAl LDH showed smoothly agglomerated
structure (Figures 3b, ¢, and d). Conversely, the observed surface
of carbon-doped NiAl LDH showed that carbon compound was
well dispersed and had an almost spherical structure and more
possibly demonstrated that NiAl LDHs which was strongly net-
worked by carbon compound has developed a porous material
(specifically CBC (Palapa et al., 2023b)). This observation can
be explained by the formation of intermolecular interactions
between carbon compound and NiAl LDHs.

From a commercial point of view, dose trials play a beneficial
role for the developed model (Figure 4). The effect of dose on
M.G. removal was investigated by changing the dose of the CC-
NiAl, CBC-NiAl and CGF-NiAl LDHs composite from 10 to 100
mg and the results are shown in Figure 4. It was revealed that the
removal capacity decreased with increasing dose of the CC-NiAl,
CBC-NiAl and CGF-NiAl LDHs composite. Probably because,
the active sites are saturated. Therefore it can be easier for the
adsorbate to penetrate the adsorption sites. Since the highest
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Figure 4. Adsorbent Dosage of (a) CC-NiAl (b) CBC-NiAl, and (c) CGF-NiAl

M.G. removal capacity using the CBC-NiAl LDHs composite was
100 mg, a dose of 100 mg was optimized for further experiments.

Figure 5. The effect of adsorbent contact time of composite
material (CC-NiAl, CBC-NiAl, and CGF-NiAl LDHs). The effect
of adsorbent contact time is one of the essential key for adsorp-
tion experiments, which can offer the lowest time required for
the maximum adsorption capacity. M.G. removal capacity was
increased with an increase in contact time and the saturation
point was reached after 60 min for CC-NiAl and CGF-NiAl LDHs,
which CBC-NjiAl LDH increased and saturated after 100 min with
high adsorption capacity. This phenomenon can be exposed that
the number of active sites of CBC-NiAl LDHs more bigger than
others composite. Therefore, in Figure 5 shows the favorability

© 2023 The Authors.

was reached after 100 min of CBC-NiAl LDHs and no sustained
changes were observed in the removal capacity of M.G. Hence,
the ideal shuffling time was selected as 100 minutes for further
study. From now on, the number of contact time adsorption
was prepared to determine kinetic models. Experimental data
were fitted to pseudo-first-order and pseudo-second-order ki-
netic models. Linear plots of (#/qt) for second-order models are
shown in Figure 5. Second-order models’ regression coefficients
(R?) exceeded 0.99 at different initial M.G. concentrations, all
higher than first-order models. Therefore, the chemisorption
was the rate-controlling step for M.G. adsorption by CC-NiAl,
CBC-NiAl and CGF-NiAl LDHs. Based on Figure 5, the compari-
son results of this research with others has been listed in Table
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Table 1. Comparison of Common Adsorbent Materials for Removing M.G. and Its Adsorption Ability

Mass of adsorbent

Kinetic Kinetic
Adsorbent arameters; (g); Volume of adsorption
Adsorbent type .\ P 7 adsorbate(mL); Pt Refs.
composition adsorption . capacity
time (h) Concentration of MG (mg/g)
(mg/L) -
Carbon based Coconut activated PFO: 12 h 0.05 g; 200 mL; 200 91.24 (Qu et al,, 2019)
materials carbon mg/L
Chitosan-deep PSO; 20min 01 & 20 mki 100 17.86 (Sadig et al., 2020)
eutectic solvent mg/L
Graphene
Aerogels oxide/aminated PSO; 12h 0.01 g’HSlO/TL’ 100 63.5 (Chen et al., 2020)
lignin aerogels &
Polymer matrix GumT-cl- . 0.03 g; 50 mL; 50
; ’ ’ . harma et al., 202
nanocomposites HEMA/TiO, PSO; 80 min mg/L 11.93 (Sharma et al,, 2023)
Synthetic clay POM-CuCr LDH PSO; 200 min 0-25 g;nZgS/Ir‘nL; >0 45.65 (Palapa et al., 2021)
CC-NiAl LDH PSO; 250 min 0.05 g;riz/TL; 100 38.4 This research
CBC-NiAILDH ~ PSO;200min 00> & Hsl g /TL; 100 92.8 This research
CGE-NiAILDH ~ PSO;250min  CO° & nsl(; /TL; 100 32.04 This research
190 on aqueous phase (acid-base), shown in Figure 6. The stability
__e---"® of M.G. showed in M.G’s phase (2<pH<7). It has been reported
80 e rEi that the pKa value of MG is 6.9, and the stability pH of MG™*
2 at 4-5 (Srivastava et al., 2004) and the dimethylamino group in
/o MG is protonated at pH<2 forming MG?**, while MG+ is likely
—~ 60 ./ * to be hydrolyzed to produce carbinol (MG—OH) at a high pH
2 y solution as shown in Figure 6. Therefore, the adsorption process
£ i B using pH variations was not carried out in this research.
5 40{ ¥ e
K % I e L Lt A £t Gt CHs CHs CH; CH;
. ) ) A CGF-NiAl LDH Hﬁ?\ O CA Hac":‘\ O "o, Hac’“l' ”I"CHz
204% ® CBC-NiAl LDH TN IR VN ‘ O
W, = CC-NiAl LDH D D OH
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" = ~==PSO O O
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Contact Time (Minutes)

Figure 5. The Effect of Adsorbent Contact Time and Kinetic
Parameters Fitting Curves

1. According Table 1, CBC-NiAl LDH has good performance of
adsorption compared common adsorbent materials for removing
M.G.

The change structure formation of malachite green depend

© 2023 The Authors.

Figure 6. The Change Formation of M.G. Structure on
Acid-Base Phase

The best fitted PSO kinetic model (R? close to one), the stud-
ies indicated that monolayer chemisorption was the dominant
mechanism. CC-NiAl, CBC-NiAl and CGF-NiAl LDHs compos-
ite have proved efficient sustainable materials that maintain
adsorption capability in each reusable cycle. The reuse study
was conducted 0.05 g of adsorbents and 50 mL M.G. solution (50
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mg/L). Figure 7 shows the best performance in CBC-NiAl with
the fresh adsorption of 94.2%. Apart from that, for CC-NiAl the
adsorption percentage decreased drastically in the fifth cycle the
adsorbent was no longer able to adsorb M.G. This is because
the chemisorption process causes the adsorbent to peel off and
become damaged.

Furthermore, although the CGF-NiAl LDH adsorbent’s ad-
sorptively was poor compared to CC-NiAl in the first and second
cycles, CGF-NiAl showed better performance in the third to fifth
cycles. although in the end reuse was only good for the first
3 cycles of M.G. adsorption. Furthermore, these materials was
appropriate to treat the dyes in water.
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Figure 7. Reusability of CC-NiAl, CBC-NijAl, and CGF-NiAl for
M.G. Adsorption

4. CONCLUSION

Layered double hydroxides (LDHs) coated with carbon-based
materials have shown promising potential for environmental
applications, especially in removing dye pollutants from water.
To address these issues and enhance the adsorption capacity and
stability, LDHs are often coated or modified with carbon-based
materials. Combining layered double hydroxides with carbon-
based materials presents a promising approach for removing
environmental dye pollutants from water, offering improved
adsorption efficiency, stability, and reusability compared to tra-
ditional adsorbents. The surface of materials with homogeneous
size distribution has produced many reactions toward M.G., and
Dominion adsorptions were observed at the higher dye concen-
tration after 240 min of contact time. The XRD pattern of NiAl
LDH exhibited sharp and symmetrical peaks at a low diffraction
angle (26), confirming the successful synthesis of LDH. NiAl
LDH successfully coats and intercalates into the cellulose struc-
ture, the peaks may observe changes in the intensity and position
of certain peaks compared to the pure cellulose or NiAl LDH
patterns. The presence of graphite (CGF) loaded into NiAl LDH
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caused the intensity of LDH’s peak to decrease. The graphite
peak was around 26.5°, indicating the stacking of graphene lay-
ers with low intensity depended pristine one. In the case of the
pristine NiAl LDH, the morphological properties of NiAl LDH
were bulky, homogeneous, and well-developed pore crystals can
provide ideal adsorption sites.

Conversely, the observed surface of carbon doped NiAl LDH
showed that carbon compound was well dispersed and had an
almost spherical structure and more possibly demonstrated that
NiAl LDHs which was strongly networked by carbon compound
has developed a porous material specifically CBC. To investigate
the effectivity of water treatment process, the dose effect on M.G.
removal was investigated by the highest M.G. removal capacity
using the CBC-NiAl LDHs composite was 100 mg. M.G. removal
capacity was increased with increase in contact time and the
saturation point was reached after 60 min for CC-NiAl and CGF-
NiAl LDHs, which CBC-NiAl LDH increased and saturated after
100 min with high adsorption capacity. CC-NiAl, CBC-NiAl and
CGF-NiAl LDHs composite have proved efficient sustainable
materials which maintain adsorption capability in each reusable
cycle.
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