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Abstract

Modified MgCr-LDH with microcrystalline cellulose (MgCr/MCC) was successfully prepared by the coprecipitation method and
characterized using XRD, FT-IR, and BET analyses. MgCr/MCC showed an increase in surface area from 21.51to 26.056 m?/g. The
material was tested as an adsorbent for the removal of phenol. MgCr/MCC showed an increase in adsorption capacity from the initial
material of 24.631to 58.480 mg/g. The optimum pH was at pH 9 and the adsorption process’s equilibrium time is 70 minutes. The
correlation coefficients on the kinetics and isotherm parameters show that phenol removal follows the pseudo second order (PSO)
and Langmuir models with spontaneous and endothermic adsorption processes. The regeneration ability of MgCr/MCC material
using the water-assisted ultrasonic system as a green desorption reagent was 3 cycles with a percent regeneration efficiency of

39.45%.
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1. INTRODUCTION

The development of chemical industry plants has produced
a lot of wastewater production from by-products. Phenol is
a widely used organic compound found in major industrial
effluents including petroleum, kerosene, textile industry, dye-
ing, resin manufacturing, and pharmaceutical industries (Ra-
jamohan et al., 2022; Mahmoud et al., 2022). If wastewater
containing phenol compounds is released into the environment
without prior treatment, it will be exposed to aquatic organ-
isms and humans. Reports confirm that concentrations of 1-2
mg/L. of phenol are toxic to aquatic organisms such as fish,
and concentrations of 10-100 mg/L are toxic to most aquatic
organisms. Phenol is also acutely toxic to humans. Phenol
is a toxic organic pollutant that is difficult to degrade (Zhao
et al., 2022; Wang et al., 2020). Based on that, it is necessary
to have an effective method for processing in the removal of
phenol compounds. In recent years, a variety of different meth-
ods have been investigated for phenol removal. The effective
method in phenol removal is the adsorption method due to its
cost-effectiveness, environmental friendliness, flexibility, sim-
plicity, and high performance (LLammini et al., 2022; Haydari
et al., 2023; Hasanah et al., 2022b).

Layered double hydroxide (LDH) is a new and widely used
adsorption material in organic pollutant removal due to its rich
diversity, controllable layer spacing, and high adsorption capac-
ity (Li et al., 2020; Abrishamkar et al., 2022). However, LDH
has a weakness in its structure when regenerating the adsorbent
so that it can reduce its adsorption capacity. This can be over-
come by modifying LDH material with carbon-based material
to improve the material performance in terms of adsorption
capacity and the material structure is more stable during the
adsorbent regeneration process. Research conducted by Ah-
mad et al. (2023), modified MgAl-LDH with activated charcoal
which resulted in a high increase in surface area from 8.963
to 1449.02 m?/g and adsorption capacity of direct yellow re-
moval from 101.010 to 133.333 mg/g. Research conducted
by Hasanah et al. (2022a), modified NiAl-LDH material with
hydrochar from Nephelium Lappaceum Peel, resulted in an in-
crease in adsorption capacity in the removal of congo red dyes
by 246.43 from 61.728 mg/g in the pristine material and re-
sulted in the regeneration ability of adsorbents as much as 4
cycles. Research that has been carried out by Iftekhar et al.
(2017) resulted in a large adsorption capacity in the adsorption
of rare earth elements (Y3*) of 102.25 mg/g and resulted in
the ability to regenerate adsorbents as much as 5 cycles using
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7nAl-LDH modification material with cellulose.

In this research, MgCr-LDH material was modified with
carbon-based material, namely microcrystalline cellulose (MC-
C). MCC has attractive advantages including its non-toxic prop-
erties, biocompatibility, physical characteristics, abundant avail-
ability, biodegradability, high mechanical strength, and low cost.
MMC can be applied as a potential material in various appli-
cations including wastewater treatment. MCC-modified mate-
rials will improve material performance including adsorption
capacity, mechanical strength, and structural stability (Mubarak
etal., 2022; Cho et al., 2022). Wijaya et al. (2022) modified
the ZnCr-LDH material with cellulose which resulted in an
increase in surface area from 0.138 m?/g to 8.714 m?/g, and
resulted in an increase in adsorption capacity of 13.263 mg/g
to 30.96 mg/g, and resulted in the ability to regenerate the
adsorbent for 4 cycles.
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Figure 1. Schematic Desorption Process Using Water-assisted
Ultrasonic Systems

One of the advantages of adsorbent materials that are widely
reported is materials with high adsorption and regeneration
capabilities. The regeneration process is carried out after the
desorption process first. Many studies have been reported using
desorption reagents in the form of chemical reagents that are
not environmentally friendly such as ethanol, methanol, and
sodium hydroxide (Da Silva et al., 2022; Qu et al., 2022; Said
et al., 2021). The use of desorption reagents in the form of
chemical reagents will indeed desorb the adsorbate maximally
but will cause new problems, namely the remaining reagents
after the desorption process which will make new waste. In this
study, desorption process was carried out using an environmen-
tally friendly reagent, namely water assisted by an ultrasonic
system (Figure 1).

In this work, the preparation of MgCr/MCC composite
materials was carried out by co-precipitation method and in-
vestigated by several characterization data, including XRD,
FT-IR, and BET analyses. The material will be applied to the
removal of phenol. The pH pzc, effect of pH, adsorption con-
tact time, effects of initial concentration and temperature on
the adsorption process, and regeneration study with green des-
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Figure 2. XRD Pattern of MgCr-LLDH (a), MCC, and
MgCr/MCC (c)
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Figure 3. FT-IR Spectra of MgCr-LDH (a), MCC, and
MgCr/MCC (c)

orption reagent were some of the treatments and parameters
used in this investigation.

2. EXPERIMENTAL SECTION

2.1 Chemicals and Instrumentation

The materials used in this study such as Mg(NOg)¢.6H5O,
Cr(NOg3)3.9H50, sodium chloride (NaCl), and sodium hy-
droxide (NaOH) from EMSURE®, microcrystalline cellu-
lose (MCC) from Merck, distilled water (HyO) from Brataco,
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Figure 5. The Result of Determining pH pzc of the Materials

phenol (C4gH;OH) from Sigma Aldrich, 4-amino antipyrine
(C11THI3N38O) from LOBA Chemie, potassium hexacyano-
ferrate (I1I) (Kg[Fe(CN)g]) from PUDAK Scientific, buffer so-
lution pH 10 from Smart-Lab, hydrochloric acid (HCI) from
MallinckrodtAR®. The materials was characterized using an X-
Ray Rigaku Miniflex-600 Diffractometer, Shimadzu Prestige-
21 FTIR Spectrophotometer, BET Surface Area Analyzer
Micrometric ASAP Quantachrome, and absorbance measure-
ment of solution using Biobase Spectrophotometer UV-Visible

BKUV1800PC.
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Table 1. Results of BET Analysis Including Surface Area, Pore
Diameter, and Pore Volume

Surface Pore Pore
Materials Area Diameter Volume
(m?2/ 2) (nm) (cm3/ 2)
MgCr-LDH 21.51 3.2 6.564
MgCr/MCC 26.056 6.272 0.082

2.2 Preparation of MgCr/MCC Composite

MgCr/MCC composite was prepared using the coprecipitation
method with a constant pH (pH 10). Mg(NOg) 9.6HyO 0.75 M
and Cr(NO3)3.9H4O 0.25 M solutions totalling 30 mL each
were added, and the pH was adjusted to 10 using a solution of
NaOH 2 M. 1 g of MCC was then added after the mixture had
been stirred for an hour. For three days, the solution is heated
at an 80°C temperature. The precipitate was filtered, and the
oven was used to dry it for 24 hours at 80°C. XRD, FT-IR, and
BET studies were used to characterize the prepared materials.

2.3 pH point zero charge (pH pzc) and Adsorption Studies
Determination of pH pzc was carried out by adding 0.02 g of
adsorbent into 20 mL of NaCl solution 0.1 M that has been
adjusted topH 2, 8,4, 5,6,7,8,9,10,and 11. The pH of a
NaCl solution is adjusted by adding a 0.1 M solution of NaOH
and HCI. After 24 hours of stirring, the liquid is filtered, and
the filtrate’s ultimate pH is measured with a pH meter. By
plotting the correlation between the starting pH and final pH,
the pHpzc of each substance was calculated.

The effects of pH, adsorption contact time, initial concen-
tration, and temperature on the adsorption process were among
the several treatments used in the adsorption investigation. By
completing a phenol removal process on pH changes (2-11)
with the purpose of determining the ideal pH in the adsorption
process, the influence of pH adsorption may be explored. An
Erlenmeyer containing 20 mL of phenol solution with a con-
centration of 10 mg/L was filled with up to 0.02 g adsorbents,
and the mixture was stirred for two hours. By adjusting the
contact time to find the optimum time, the effect of contact
time adsorption on phenol may be studied. An Erlenmeyer
containing 20 mL of phenol solution at a concentration of 10
mg/L, 0.02 g of adsorbents were added, and the mixture was
stirred. By adjusting the concentration and temperature, the
initial concentration and temperature adsorption impact was
investigated. In an Erlenmeyer with 20 mL of phenol solution,
up to 0.02 g of adsorbents were added, and the mixture was
stirred for the optimum amount of time. With the use of a
UV-Vis spectrophotometer, the filtrate was measured.

The phenol solution filtrate was complexed first before
measuring its absorbance. A beaker glass containing up to 1
mL of phenol solution was then filled with up to 0.1 mL of a
2% solution of the 4-amino antipyrine reagent, 0.1 mL of an
8% solution of potassium hexacyanoferrate (I11), 1 mL of a pH
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Figure 6. Effect of pH on the Phenol Removal

10 buffer solution, and 8 mL of distilled water. The mixture
was then homogenized and left to stand for 15 minutes.

2.4 Regeneration Study

The adsorbent regeneration process occurs before the desorp-
tion process. Water is used in the desorption process, with the
assist of an ultrasonic system (Figure 1). Following desorption,
the regeneration procedure was carried out by adding 0.1 g
of adsorbent to a phenol solution of 10 mg/L and stirring for
2 hours. The filtrate’s absorbance was then evaluated using
a UV-Visible spectrophotometer, and the adsorbent is then
dried in an oven and then desorbed to be used in the next cycle
regeneration process. In this study, a regeneration test of 5
cycles was carried out.

3. RESULT AND DISCUSSION

Figure 2 shows the results of the XRD characterization anal-
ysis. Based on Figure 2, MgCr-LDH has a diffraction peak
at an angle of 11° (003), 22° (006), 36° (115), and 60° (110).
The diffraction peaks in MCC shown in Figure 2 appear at
diffraction angles of 15.2° (110), 22.7° (200), and 384.5° (004)
which have similarities to the research conducted by Debnath
etal. (2022). The success of the MgCr/MCC composite was
determined by the appearance of LDH and MCC diffraction
peaks in the composite material. The diffraction peaks appear-
ing on the MgCr/MCC composite at diffraction angles of 15°
(110) and 22.93° (200) are known to be typical peaks of MCC
while the diffraction angle of 58.65° (110) is a typical peak of
MgCr-LDH.

On the FT-IR spectra presented in Figure 3, the results of
the FT-IR analysis can be seen. According to the FT-IR spec-
tra shown in Figure 3, all materials had broadened vibrations
between 3500 and 3200 cm™!, which suggests the presence of
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Figure 7. Effect of Contact Time and Adsorption Kinetic
Models on the Phenol Removal

a water molecule with a -OH group. The presence of metal
bonds with oxygen is indicated by vibrations in MgCr-LDH
materials that arise in the wave number range of 600-700 cm™!
and 1380-1880 cm™!, respectively (M-O). The presence of
aliphatic -CH from alkanes is indicated by vibrations in MCC
regions between 8000 and 2850 cm™!, while the existence of a
C-0O-C group in cellulose is indicated by vibrations in regions
of 1080 cm~!. Figure 3 shows what appears to be a typical
vibration composed of MgCr-LDH and MCC materials: the
MgCr/MCC composite material. The vibration that appears
in the wave number range of 8000-2850 cm~! (-CH aliphatic)
and in the range of 1030 cm~! (C-O-C) and in the region of
about 1380 ecm™! (N-O) and in the region of about 600-700
cm~! (M-0) is known as a characteristic vibration of LDH.

Figure 4 showed the Ny adsorption-desorption properties
of of MgCr-LDH and MgCr/MCC which exhibited type IV
isotherm and a hysteresis phenomenon that classifies the mate-
rial as having a mesoporous structure (Li et al., 2022). Table 1
shows that there is an increase in surface area in the MgCr-
LDH material that has been modified with MCC to form
MgCr/MCC, from 21.51 to 26.056 m?/g. The pore sizes
of the materials were 0.082 and 6.564 nm confirming that the
mesoporous structure (<50 nm) and MgCr/MCC has a larger
pore diameter. Based on these data, it can be confirmed that
the modification of MgCr-LDH material with MCC improves
the physical performance of the material.

Figure 5 shows the pH pzc of MgCr-LDH, MCC, and
MgCr/MCC at pH 7, 8, 9, respectively. The pH pzc value
can be known from the intersection of the lines at the initial
pH and final pH. If the pH value of an adsorbent is below pH
pzc, the adsorbent surface is positively charged, while if the pH
value of an adsorbent is above pH pzc, the adsorbent surface
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Table 2. Adsorption Kinetic Models Based on PSO and PFO for Phenol Removal

Materials PFO PSO
Qe (mg/g) ki (min~1) R2 Qe (mg/g) ko (g/mg min) R2
MgCr-LDH 2.492 0.039 0.889 5.562 0.025 0.998
MCC 1.680 0.032 0.900 3.800 0.040 0.999
MgCr/MCC 13.605 0.064 0.954 10.893 0.007 0.993
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Figure 8. Effect of Initial Concentration and Temperature on the Adsorption Capacity of MgCr-LDH (a), MCC (b), and
MgCr/MCC (c) for Phenol Removal
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Temperature ("C)

Materials Adsorption Isotherm  Adsorption Constant 30 40 50 60 70
Qmax 24.631 24.450 22.523 21.097 21.882
Langmuir kL 0.149 0.180 0.278 0.484  0.569
R? 0.868 0.872 0.948 0974  0.979
MgCr-LDH n 0.688 0.738  0.791  0.932  1.024
Freundlich kF 3.612  2.510 1.812 1.014 1.460
R? 0.980 0.962 0.981 0.974  0.962
Qmax 6.930 9.540 13.240 7.100  8.100
Langmuir kL 0.050  0.050 0.040 0.100 0.112
MCC R? 0.970 0.980 0.980 0.990  0.990
n 0.410 0460  0.500 0.590 0.700
Freundlich kF 13.900 11.200 10.500 7.240  4.400
R? 0.999 0.999 0.997 0.997  0.998
Qmax 37.879 57.808 52.632 51.020 58.480
Langmuir kL 0.177 0.208 0.714 1.380  0.529
R? 0.988 0.996 0.998 0.998  0.999
MgCr/MEC n 9455 2.973 3478 4.638 0.871
Freundlich kF 6.806 8.572 10.283 12.8362 14.730
R? 0.924 0943 0.960 0.973 0.983
Table 4. Thermodynamic Parameters for Phenol Removal
Materials Concentration (mg/L) T (K) Qe (mg/g) AH (kJ/mol) AS (J/mol. K) AG (k]/mol)
303 16.256 -0.881
313 16.887 -0.622
MgCr-LDH 30.100 323 17.258 6.920 0.024 -0.863
333 17.833 -1.104
343 18.724 -1.344
303 15.210 -0.100
313 15.403 -0.111
MCC 30.100 323 15.500 1.500 0.005 -0.200
333 15.523 -0.211
343 15.800 -0.300
303 17.443 -0.838
313 18.282 -1.128
MgCr/MCC 30.100 323 19.011 7.800 0.029 -1.408
333 19.596 -1.693
343 19.929 -1.978
© 2023 The Authors. Page 156 of 159
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Table 5. Comparison of Adsorption and Regeneration Ability on the Phenol Removal by Several Adsorbents

Adsorbents Adsorption Capacity  Regeneration Ability Desorption References
(mg/g) (Cycle) Reagents
KOH-activated carbons
from Brazil nut shell 55.16 4 Ethanol (Da Silva et al., 2022)
(1:0.5)
Magnetic Fe; O, /Z1F-8 129.8 8 Methanol (Qu et al., 2022)
composite
Cationic surfactant
modified attapulgite 24.26 5 Ethanol (Wang et al., 2020)
(Gemini modified ATP)
Zinc ferrite migration
dependence on magnetic 22 3 Sodium Hydroxide (Said et al., 2021)
induce membrane
Porous carbon nanospheres
aerogel based molecularly 64.02 10 Ethanol/Acetic Acid ~ (Zhang et al., 2021)
imprinted polymer
Polyacrylonitrile nanofiber 38 4 3 Ethanol and SOdium (Nthunya et al., 2019)
membranes Hydroxide
Gelatin aerogel-containing
Al-metal organic 16.56 4 Ethanol (Kim et al., 2023)
framework
MgCr/MCC 58.480 3 Water-assisted This study

Ultrasonic System

is negatively charged. In Figure 6, the optimum pH for all
materials was at pH 9. According to Aisien et al. (2013), phenol
is a weak acid (pKa = 9.89), where at pH values higher than the
pka value will reduce the adsorption ability of the adsorbent
caused by the repulsive force between the negatively charged
adsorbent and phenolate ions in phenol. Buhani et al. (2018)
revealed that at low pH, some phenols will be protonated and
the adsorbent surface tends to be positively charged resulting
in electrostatic repulsive forces so that the adsorption ability is
weak. An increase in higher pH (pH>9) will cause excess -OH
ions that will compete with phenolate ions on the adsorbent
surface so that the adsorption ability is reduced. Based on data
from the effect of pH on phenol removal, there are materials
with an optimum pH obtained that is not the same as the pH pzc
value of the material. This proves that the adsorption process
does not only occur physically, there is chemical adsorption
involvement between the adsorbent and adsorbate.

To illustrate the correlation between contact time and ad-
sorption capacity, the pseudo first order (PFO) and pseudo
second order (PSO) adsorption kinetics models were utilized
in this research. According to Figure 7, the adsorption process
reaches equilibrium after 70 minutes, with PSO following the
adsorption kinetics by the value of the linear regression coefli-
cient (R%), which is close to the value of 1 (Table 2). The PSO
model suggests that the chemical adsorption process might be
the most dominant (Vinco et al., 2022).

Based on the graph in Figure 8, increasing concentration

© 2023 The Authors.

and temperature will cause phenol removal capacity to increase.
Data on the effect of concentration and temperature varia-
tions on phenol removal were used to determine adsorption
isotherm parameters and adsorption thermodynamics. Lang-
muir and Freundlich isotherm models are often employed
isotherm models. The Langmuir adsorption isotherm model
explains that the adsorption process occurs in a monolayer on
the adsorbent surface with no interaction between adsorbate
molecules (chemisorption) while the Freundlich adsorption
isotherm model explains that the adsorption process occurs in
a multilayer with the interaction between adsorbate molecules
on the adsorbent surface so that with increasing concentration,
the adsorption capacity also increases (physisorption) (Chen
etal.,, 2022).

The correlation coefhicient values in Table 3 show that
the phenol removal process on MgCr-LDH and MCC ma-
terials follows the Freundlich isotherm (multilayer), while on
MgCr/MCC follows the Langmuir isotherm (monolayer). The
adsorption capacity values in Table 3 show that MgCr/MCC
has a greater adsorption capacity than the initial material. The
adsorption capacity of MgCr-LDH, MCC, MgCr/MCC mate-
rials are 24,631, 13,240, and 58,480 mg/g, respectively. Based
on Table 4, the overall AG value is negative indicating a sponta-
neous adsorption process (Hu et al., 2021; Palapa et al., 2022)
and AH value shows positively, which refers endothermic na-
ture during the adsorption process (Brahma and Saikia, 2022).

Figure 9 shows the regeneration ability of materials on the
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Figure 9. Regeneration Ability of Materials on the Phenol
Removal

phenol removal, which in the fourth and fifth cycles shows a
significant decrease in regeneration efliciency so that the ma-
terial regeneration capability is 8 cycles. In the first cycle, the
regeneration efliciency of MgCr-LDH, MCC, and MgCr/MCC
materials was 49.4%, 32.2%, and 73.46%, respectively and in
the third cycle, the regeneration efficiency decreased to 5.92%,
10.9%, and 39.45%, respectively. These data shows that the
MgCr/MCC material has a higher regeneration ability than
the initial material. The comparison of adsorption and regen-
eration ability on the phenol removal by several adsorbents
showed in Table 5. The effectiveness of phenol removal can be
seen by the value of adsorption capacity on MgCr/MCC which
is quite large compared to other adsorbents. The regeneration
ability of the MgCr/MCC material in phenol removal for 3
cycles which uses a desorption reagent, namely water, assisted
by an ultrasonic system. The regeneration ability of the mate-
rial in this study is not so high compared to the materials that
have been reported using chemical reagents, but this study uses
green desorption reagents which are more environmentally
friendly because they only use water.

4. CONCLUSION

Preparation of MgCr/MCC was successful with characterized
using XRD, FTIR, and BET analyses. MgCr/MCC showed
an increase in surface area from 21.51 to 26.056 m?/g and an
increase in adsorption capacity from 24.631 to 58.480 mg/g.
The regeneration ability of MgCr/MCC material using water-
assisted ultrasonic system as a desorption reagent was 3 cycles
with percent regeneration efficiency of 39.45%.
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