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Abstract

In this work, CuAl/Biochar (BC) composite was prepared by the co-precipitation
method. The materials were applied to remove malachite green in aqueous
solution. These materials were characterized using XRD, FTIR, BET and SEM
analyses. X-ray diffractograms confirmed the composite material with reflection
(002) at 24° and new peaks at 1095 cm. The BET result of CuAI/BC composite
larger surface area is 168 m?/g than 46 m?/g for LDH. The adsorption study
indicated the CuAl/BC composite follows pseudo-second-order (PSO) and
Langmuir isotherm models. The maximum adsorption capacity of malachite
green using CuAl/BC uptake is 164.316 mg/g. The thermodynamic analysis
indicates that the malachite green adsorption is spontaneous, endothermic. The
regenerative study of adsorbent CuAI/BC composite shows four times reused,
and it still has high removal efficiency at 89 %.

Keywords: Adsorption, Biochar, CUAI/BC composite, Layered double hydroxide,
Malachite green.
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1. Introduction

The environmental issue becomes a severe problem and receives extensive
attention in global society [1]. The main substances of environmental pollutants
that come from human activities are organic dyes, metal ions, aromatic compounds,
pesticides and drugs [2]. Generally, the dyes used in many industries such as paints,
textiles, papers, cosmetics, and rubbers, resulted in the release of large amounts of
coloured toxic effluent and contaminates water resources [3]. The practical and
low-cost treatment to remove the dyes in water becomes more challenging because
dye concentrations in effluent water need to be very low before releasing into the
environment. Therefore, the complete removal of dye from effluents before their
discharges into the surface water is necessary [4].

Several treatments method has been investigated regarding pollutants removals
such as water oxidation [5], photodegradation [6], membrane separation [7], a
biological process [8] and adsorption [9]. Among these methods, adsorption is more
suitable in removing dyes from aqueous solutions. The adsorption is the easiest
way, cheapest, effective method to remove dyes from solution and the adsorbent
can be reused [10, 11]. Various materials have been examined and implemented as
adsorbent to remove dyes from water such as bentonite [12], kaolinite [11], zeolite
[13], montmorillonite [14] and layered double hydroxide [15].

Layered double hydroxide (LDH) is the anionic synthetic clay with general
formula [M2+1-xM3+x (OH)2]+xAx/n—n -mH20 with M2+ containing divalent
(Cu2+, Mg2+, Zn2+ and Ca2+) and M3+ containing trivalent metals ion (Al3+,
Cr3+ and Fe3+) [16]. LDH has widely used as an adsorbent to remove heavy
metals, organic compounds, and dyes from wastewater. Palapa et al. [17] reported
that ZnAl LDH had been examined as an adsorbent to remove anionic dye such
direct violet. On the other hand, ZnCr LDH has high efficiency in removing Cr (V1)
metal ion in water [18]. The surface of LDH has a positive charge, LDH is
considered as potential adsorbent for anionic dye. Several treatments were analysed
to improve the adsorption activity for cationic dyes was carried out to modify LDH.
According to Lesbani and co-workers [16] NiFe LDH has been modified by
intercalation process using polyoxometalate to enhanced adsorptive removal of
malachite green was 7.79 mg/g from 5.12 mg/g. The adsorption capacity of
modified LDH is higher than pristine. The composites treatment also used to
improve the adsorption capacity of cationic dyes by incorporation of carbon-based
compounds such as biochar into LDH [19].

Biochar (BC) is a carbon-based compound from the pyrolysis of biomass at high
temperatures. BC is an attractive carbon-rich material from Indonesian agricultural
waste and industrial by-products that can be used in material modification [20]. BC
has been known for its application on wastewater treatment, soil and sediment
adsorption. Furthermore, BC has recently used as supporting materials [21, 22]. On
the other hand, BC were reported used as an adsorbent to remove heavy metals [9,
23] and organic waste [20, 24, 25]. In the present work, CuAl LDH used to load BC
and applied as malachite green removal. The adsorption study was determined using
kinetic and thermodynamic parameters by varying time, temperature and initial
concentration. The regeneration study carried out by desorption study.
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2.Materials and Methods
2.1. Materials

The materials used were purchased from Merck and Sigma Aldrich with analytical
grade purity > 99% such as copper nitrate, aluminum nitrate, sodium hydroxide,
sodium carbonate without any purification. Biochar was obtained without the
activation process from Bukata_organics (Sleman, Yogyakarta, Indonesia). All the
pre-determined malachite green (MG) solutions prepared by dissolving the
calculated amounts of MG into deionized water. Deionized water obtained from
Purite water deionized purifying at Universitas Sriwijaya.

2.2.Methods
2.2.1. Preparation of CUAI/BC composite

In this work, the material of CuAl LDH was prepared by a facile co-precipitation
method, as previously reported by Palapa and co-workers [15]. The composites
material was made by mixing as much as 10 mL 0.75 M of copper nitrate with 10
mL 0.25 M aluminum nitrate. The mixture was under constant stirring for an hour
until the complete dissolution of the starting materials. Another beaker containing
2 g of the biochar prepared and added into the mixture with continuous stirring. A
solution of 1 M sodium hydroxide was added dropwise until pH 10. The mixing
solution was kept at 80 °C for three days. Composites washed and dried afterward
at room temperature for a day.

2.2.2. Adsorption and regeneration study

In this work, the adsorption experiments were conducted in the batch method under
the constant stirring speed of 120 rpm. Typically, 0.05 g of the prepared material
was contacted with 50 mL of MG solution previously prepared in various
concentrations. The adsorption process was conducted by varying adsorption time,
initial concentration, and adsorption temperature. The adsorption capacity of the
material towards MG adsorption calculated by following Eq. (1).

g =y )
where g, is the adsorption capacity of adsorbed material at the equilibrium (mg/g), C,
and C, are the initial and equilibrium concentration of MG solution, respectively
(mg/L). m is the amount of adsorbent (g). V' is the volume of the used MG solution (L).

The regeneration of adsorbent conducted to investigate the effectivity of
adsorbent regeneration. In this study, HCI 0.001 M was used as a reagent to the
desorption process. The regeneration study carried out by 0.25 g of adsorbent into 0.1
L MG 150 ppm. The mixture was shaken for two hours. The adsorbent was separated
from adsorbate, and adsorbate was read using UV-Vis spectrophotometer. The dried
adsorbent reused for four cycles with a similar procedure.

3.Results and Discussion
3.1.Characterization

The CuAl LDH, BC and CuAl/BC composite were characterized by XRD Rigaku
Miniflex-600 and the sample measured at scan rate 1 deg/min. The powder x-ray
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diffraction pattern of CuAl LDH, BC and CuAl/BC composites are shown in Fig.
1(a). The XRD pattern of CuAl LDH shows a typical reflection of the layered LDH
phase at 20 11°, 23°, 35°, and 59° that correspond to the (003), (006), (012), and (110)
planes, respectively. The basal spacing of CuAl LDH correspond to (003) plane was
0.754 nm. The broad peaks of (002) plane in the diffraction pattern of BC are related
to the presence of carbon and silica oxide groups. After being composites, all of the
characteristic peaks in both pristine BC and CuAl LDH spectra appear in XRD pattern
of CuAI/BC composite. The XRD pattern of CuAl/BC shows that the (003) plane that
corresponds to the basal spacing of LDH shifted to the lower angle, i.e., 11.70 to
10.20 that indicates the composites of BC took place on interlayer and surface so that
the reflection (003) was expanded from 0.754 nm to 0.857 nm.

Infrared spectra obtained from FTIR Shimadzu Prestige-21 measurement by
KBr disc and the samples were scanned at wavenumber 400-4000 cm™. The FTIR
spectra of CuAl, BC and CuAl/BC composite are presented in Fig. 1(b). The spectra
of CuAl LDH showed the characteristic vibration band at a wavenumber of 3448
cm and 1635 cm, which correspond to the O-H stretching and bending vibration
mode from water molecules. The sharp peak at 1381 cm™ denotes the nitrate
bending from anion within interlayer, which was reduced after being composites
and vibration at 1095 appears as biochar characteristic.
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Fig. 1. Powder X-ray diffraction pattern (a)
and FTIR spectrum (b) of CuAl LDH, BC and CuAl/BC composite.
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The result of textural properties determination by using N2 adsorption-
desorption method by Multipoint BET based on data collected by ASAP
Micromeritics 2020 at 77 K presented in Table 1 while the adsorption isotherm
shown in Fig. 2. The value of BET surface area, pore size and pore volume listed
in Table 1 shows that the increase of the surface area and pore size of LDH after
being composites by BC. The adsorption isotherms of each material are shown in
Fig 2. The isotherm curve shows type IV with a typical hysteresis loop associated
with capillary condensation within mesopore. The hysteresis curve of these
materials resembles type H3. The H3 type hysteresis loop, according to IUPAC
formed by an aggregate of a plate-like particle, which creates a slit-shaped pore of
the mesopore type materials.

. adsorption'
= desorption
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Fig. 2. Adsorption-desorption N2 of
(a) CuAl LDH, (b) CuAl/BC composite and (c) BC.

Table 1. Textural properties of CuAl LDH, BC and CuAl/BC composite.
BET Surface Pore Size Pore Volume

Materials

m?/g nm cm¥/g

BC 72.25 3.33 0.060

CuAl LDH 46.2 10.39 0.116
CuAl/BC composite 128.87 16.35 0.104

The surface morphology of materials characterized using SEM Quanta-650
Oxford instrument with the magnification size is 10 um. The SEM images are shown
in Fig. 3(a) depicts the morphologies of CuAl LDH, which indicates the
agglomeration of particle. Figure 3(b) shows the pristine BC sample has a relatively
bulky and pebble morphology, which can be related to the characteristic property of
carbon material having a low specific surface area. The composite material shows
both morphologies, as depicted by Fig. 3(c). Figure 3(c). shows that the composite
surface is predominant on the surface of the composite of CUAI/BC LDH. The
morphology of the composite shows the shaped structure of thin flakes. Gholami and
others [26] also reported that the integration of Zn-Co-LDH with BC resulted in a
regular-shaped formation. The particle size was calculated by ImageJ application, as
shown in Fig. 4. The composite size reveals the diameter of thin flakes surface
material and the higher frequency of composite material size is 0.2 um. Furthermore,
the composite material has a smaller particle size compare to CuAl pristine and BC,
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the formation of aggregates is detected having a diameter size range of 1.8-18.2 um.
Thus, the average of CuAl/BC composite particle size is 3.34 um.

@)

(b)

©

Fig. 3. SEM images of (a) CuAl LDH, (b) BC and (c) CuAIl/BC composite.
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Fig. 4. The particles size distribution of
(a) CuAl LDH, (b) BC and (c) CuAl/BC composite.

3.2. Adsorption study

The concentration of dye analyzed using UV-Visible spectrophotometer Bio-Base
BK-UV1800. The maximum wavelength (Amax) of MG in acid and base solution
was determined to get a better insight into the adsorption study. Figure 5(a) shows
MG in the acidic condition, LDH displays high absorbance, which indicates the
adsorption of MG did not occur well. This finding suggests that the active site of
LDH is rich in cationic charge. According to Zhu and others [27] the adsorption of
MG by LDH in the acidic condition causes the LDH structure to exfoliate, and the
active site rich in positive charge prefers adsorbate with the opposite charge.

Figure 5(a) in base and normal condition, the adsorption occurs after stirring for
an hour, resulting a lower absorbance value and showing that base condition of the
adsorption is preferred because the active site of LDH is rich in OH- thus causing
better adsorption of MG. Similar finding in Fig. 5(b) which indicated the higher
adsorption in base condition. Figure 5(c). shows the adsorption of MG in acid
condition is favourable; hence for CuAl/BC composite, adsorption carried out at
acidic phase. Figure 5(c) suggests that in base and normal condition, adsorption by
composite materials were shifted to a higher wavelength. This result assumes that
the composite materials are causing the MG solution to become more alkaline. The
scheme of changing pH shows in Fig. 6.
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Fig. 5. UV-Visible spectra of MG adsorbed by (a) CuAl LDH,
(b) BC and (c) CuAl/BC composite in acid and base solution.
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The changing pH were indicated the removal of MG using these materials was
affected by pH. According to Anbia and Ghaffari [28], due to a decrease in the
system pH, the negatively charged adsorbent's site was reduced and the positive
surface site was increased, which did not affability the adsorption of positively
charged dye cations due to electrostatic repulsion. While the lower adsorption of
MG at acidic pH is due to the presence of the excess H+ ions competing with dye
cations onto the adsorbent's surface. Thus, the pH can be affected by the MG
structure [29]. It may be due to the structural changes of MG molecules at high pH
and increased over at base condition.

al | | GHs (M
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\
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@) (b)

Fig. 6. The scheme of changes in the
structure of the MG in (a) 4<pH<6 and (b) pH>9.

The kinetic experiments of MG adsorption by CuAl LDH, BC and CuAl/BC
composite increased rapidly with time were shown in Fig. 7. The CuAl/BC
composite adsorbed higher than CuAl LDH and BC. During the first 90 minutes,
all materials' adsorption process increased rapidly and reached 28 mg/g, 37 mg/g
and 43 mg/g, respectively, due to the large amount of adsorption and reaches
equilibrium in about 200 minutes. The adsorption capacity constantly stable over
time because the active site of adsorbent fully occupied.
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Fig. 7. Adsorption kinetic of MG on CuAl LDH, BC and CuAl/BC composite.
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The pseudo first-order model (PFO) and pseudo second-order (PSO) model
were applied to calculate the experimental kinetic data. These kinetic models can
be expressed by the following Egs. (2) and (3) [30];

log(qe — qt) = log ge — —=- @)

2.303

t 1 1
= igae Tt ®)

with ge denotes adsorption capacity at equilibrium, k; is rate constant of PFO, k; is
rate constant for PSO. The rate constant was obtained from plotting the equation to
get correlation coefficients and listed in Table 2.

Table 2. The model parameters of adsorption kinetics.

Model  Adsorbents 3°  parameter 1 Parameter 2 R2

(mg/g)
CUAILDH 26644 UGecac=22066 6005 (968
(mg/g)
PFO BC 97231 Ueeac=32TAT 40009 (939
(mg/g)
CUAIIBC 50 175 Gectc=18477 0340  0.963
composite (mg/g)

qe calc = 30156

CuAlLDH  26.644 k. =0.0012 0.996

(mg/g)

PSO BC 27231 Geeac=3L525 60016 0.978
(mg/g)

CUAlIBC — 5g175  Gect=29025 1 _ 00056 0997
composite (mg/g)

Table 2. represents the kinetic parameters obtained by plotting log(ge-qt) vs. t
(PFO) and t/gt vs. t (PSO). The calculation result shows a coefficient correlation
(R2) closed to one for all kinetic parameters. Based on Table 1, the kinetic model
follows PSO with ge calc close to ge exp. The kz from this equation indicates the
adsorbate mobilization more reactive and value of rate constant lower than ki.
CuAl/BC composite has a higher constant rate (kz) than BC and CuAl LDH pristine.
This finding indicates the good electrostatic attraction of MG and CuAl/BC cause
the adsorption observed experimentally faster than others. Huang et al. [31] also
reported that the kinetic model follows PSO indicate that the adsorption process is
towards the physio-chemisorption rate-limit step. The isotherm model follows
Langmuir and Freundlich were examined to simulate the adsorption of MG into
CuAl LDH, BC and CuAl/BC composite. The Langmuir and Freundlich isotherm
model equation are given as Egs. (4) and (5).

Ce 1 1
q_e - dmax Ce + Amaxkr (4)
Ing, =In kF% In Ce (5)

where Ce is initial concentration of adsorbate (mg/L); ge is adsorption capacity in
saturated (mg/g); gmax is the maximum capacity of adsorbent (mg/g); kL and ke
are constant connected with affinity in bending sites of adsorbent; n is Freundlich
linear constant. The value of n is more favourable if 0<n<2; if n>2 the adsorption
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becomes hard [28]. Furthermore, the Langmuir equation assumed that the active
site is homogeneous, and the adsorbent’s interaction is low.

The effect of temperature and initial concentration are shown in Fig. 8. Figure
8 shows the increased temperature related to improving the adsorption capacity of
the adsorbent. The higher adsorption capacity obtained by CuAIl/BC composite in
323 K was 47.23 mg/g than CuAl LDH and BC (21.2 mg/g and 28.91 mg/qg).
However, the adsorption capacity of these adsorbents was increased with raising
initial concentration and become stable after equilibrium. The result from Egs. (3)
and (4) were listed in Table 2. Based on the coefficient correlation (R?) of the
adsorption process, the isotherm models fitted Langmuir isotherm model and
indicated the adsorption process might be a uniform monolayer. Table 3 showed
the maximum adsorption capacity of Langmuir by CuAl/BC composite was
164.316 mg/g, which was higher with some previously reported in Table 4.

25
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Fig. 8. Adsorption capacity vs. concentration in several
temperatures of (a) CuAl LDH, (b) BC and (c) CuAl/BC composite.
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Table 3. The model parameters of adsorption isotherm.

T Langmuir Freundlich
Adsorbent (K) - ke RZ n ke RZ
CuAl
LDH 323 21.73 0.82  0.999 376 8851 0.879
BC 323 31.25 094 0.999 3.02 13.38  0.957
CuAl/BC 323 164.31 0.38  0.999 8.42 22.99 0.994

Table 4. The comparison of MG adsorption using LDH, BC and composite.
Time

Adsorbent adsorption (?nmf); Refs
(min) 9/9
l\/anZ/Alzos{F6203 120 99 [6]
nanocomposite
Rice Husk BC 100 32.6 [29]
NiAl LDH 60 73.38 [30]
Sugarcane BC 51 10 [31]
CuCr LDH 60 59.2 [15]
Magnetic BC 180 127.3 [21]
Rice Husk-AC 20 63.85 [32]
CuAl/BC composite 90 164.316 i
work

The thermodynamic parameter examined by the van’t Hoff formula. The
formula follows Egs. (6) and (7).

4G = -RT In (Kq) (6)
In (Ke) =2 -2 @)

R is constant gases (J/mol.K), and Kd is the adsorption distribution coefficient.
The thermodynamic parameters for adsorption malachite green by CuAl LDH, BC
and CuAl/BC composite are shown in Table 5. The thermodynamic parameters used
to determine the nature of the adsorption process. The entropy (AS) and enthalpy
(4H) process obtained from the linearity of In (Kd) vs. T. Table 5. Shows the values
of AH and A4S are both positive. The positive AH values indicate that the adsorption
process of MG onto CuAl/BC composite is endothermic. In contrast, the positive AS
value suggests increasing randomness at the adsorbent-adsorbate interface during the
adsorption process. The negative AG values showed the spontaneity of the adsorption
process. Furthermore, it was found that AG value decreased with increasing the
adsorption temperatures. It indicated that the adsorption process of malachite green
for all adsorbents is more feasible at 323 K than 303 K.

The regeneration cycle of CuAl LDH, BC and CuAl/BC composite are shown in
Fig. 9. To evaluate the economic value of adsorbent, the regeneration study
determined in four cycles. Hence the desorption process was contacting an acidic
reagent in low concentration, the results show the reusability process for composite
material provides good removal efficiency, where the removal efficiency remains >
80 % after the fourth cycles. This result indicates the stability of the CuAl/BC
composite is high and the desorption process does not distort the composite material
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structure. However, the extreme decrease of CuAl LDH caused by the acidic reagent
can be exfoliating LDH structure and dissolved due, not feasible to reuse [33].

Table 5. The thermodynamic parameters for adsorption
malachite green by CuAl LDH, BC and CuAl/BC composite.

Adsorbent T(K) (kﬁr?wol) (J/rr?(?I.K) (kﬁzol)

CuAl LDH 303 -1.230 32.557 8.634
313 -1.556
318 -1.719
323 -1.882

BC 303 -1.216 33.441 8.916
313 -1.551
318 -1.718
323 -1.885

CUuAl/BC composite 303 -0.464 18.767 5.222
313 -0.652
318 -0.746
323 -0.840

120

BCuAlLDH 5BC mCuAlBC composite
100 - 95.28 93.01

©
S
]
~

89.55

5 g0 | 79.42§ § N §
§ 66'17§ 62.39§
% 60 \ N\ 5090
g \ \ —
8 40 1 \ \ —
N\ =\ E
2] \ 8.64 \ =
. | ‘ § | ‘ \% | 0.232

Fig. 9. Regeneration process of malachite green
process by CuAl LDH, BC and CuAl/BC composite.

4.Conclusions

The CuAl/BC composite material has been successfully prepared and
characterized. CuAl/BC composite was used as an adsorbent to remove the MG.
The parameters of adsorption were determined using Kinetic, isotherm, and
thermodynamic parameters. The kinetic model of pseudo-second-order was
appropriate for the composites with a coefficient correlation close to one. The
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regeneration study showed that the fourth cycle adsorption process would reduce
the adsorption capacity for LDH and BC significantly, but quietly for composites.
The thermodynamic analysis indicates that the MG adsorption in CuAl/BC
composite were spontaneous (AG<0); endothermic (18.767 kJ/mol); the
randomness of solid-liquid phase interface (5.222 kJ/mol. The regeneration process
was presented that after the adsorbent reused fourth times, the adsorption capacity
of CuAl LDH and BC reduced significantly but not for the CuAI/BC composite.
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Nomenclatures

Greek Symbols

Amax Maximum wavelength
AG Gibbs free energy

AH Enthalpy

AS Entropy

Abbreviations

BET Brunauer-Emmett-Teller
IUPAC International Union of Pure and Applied Chemistry
LDH Layered Double Hydroxide
MG Malachite Green
SEM Scanning Electron Microscope
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