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Abstract

Wastewater contaminated by dye produced by the rapid industrialization is a global
problem. One type of the dyes used in the industry is malachite green (MG). In this
study, we reported the results of designing and synthesizing the Ca-Alginate (Metal
Organic Framework (MOF)) as well as its application as an adsorbent to reduce the
amount of MG in wastewater. The alginate used for the synthesis of Ca-Alginate was
first obtained by extracting it from brown algae using sodium carbonate as a solvent.
In this study, Ca-Alginate was obtained by ion exchange process using calcium chlo-
ride solution and calcination at a temperature of 900 °C. Based on the characteriza-
tion data, it was found that the adsorbent has a macropore structure with a specific
surface area of 0.614 m?/g and a total pore volume of 1.744 x 107> cc/g. The result
of the FTIR characterization showed the presence of hydroxyl groups, symmetri-
cal and asymmetrical carboxyl groups, and mannuronic and guluronic groups. These
groups indicated the presence of alginate. The adsorption ability test on the MG dye
was performed at various changes in contact time and concentration of the adsor-
bent, while the MG concentration on the adsorption process was examined using the
batch system. The results showed that the highest reduction in MG occurred at the
contact time of 120 min, 0.06 g/L of adsorbent dosage and 0.0055 g/L of initial MG
concentration. Under these conditions the Ca-Alginate could adsorb up to 84.47% of
MG. The adsorption kinetic of MG onto Ca-Alginate obeyed the modified pseudo-
first-order (MPFO) model.
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Introduction

Dyes that contain the benzene ring carry the properties of benzene which are toxic
and cannot be degraded naturally [34, 37]. These dyes are dangerous for humans
because they can cause hormonal disorders, carcinogenesis, immune system dis-
eases and kidney failure [2]. Therefore, due to their hazardous nature, a treatment to
the waste containing such substances is necessary.

Some of the methods to treat color wastes are ion exchange, photocatalytic degra-
dation, electrochemical engineering, membrane separation, biological processes and
adsorption. From all the methods, adsorption is the most beneficial because of its
simple process, low operating cost and only produces few by-products [19, 29, 36].
Several adsorbents that have been used, such as such as chitosan, activated carbon
and silicic microspheres, have been commonly used in textile industrial waste treat-
ment [14]. However, these materials usually have insufficient adsorption capacity.
Thus, from now the use of MOF as an adsorbent is being developed.

The use of MOF as an adsorbent is deemed beneficial because of the ease in con-
trolling the porosity, the morphological properties, the large surface are, and the larger
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properties of its pores and crystals [24]. Several MOFs which are stable in the water
have been used as adsorbents to adsorb and separate the contaminants (including
organic compounds and inorganic ions) in the solution [40]. Furthermore, MOF can be
synthetized with various types of metal which can be adjusted for used with the type of
dye to be removed.

The adsorption process is usually divided into three general steps: (1) convective dif-
fusion of the adsorbate from the liquid phase to outer surface of the solid object; (2) dif-
fusion from the outer surface of the adsorbant pores/channels; and (3) adsorption of the
adsorbate in the active part of the adsorbent. The mass transfer process depends on the
properties of the adsorption and the operating condition [40]. Among the studies that
have been conducted regarding the use of MOF as an adsorbent in liquid waste treat-
ment is a study conducted by Zhang et al. [39] which utilized ZIF-8 @Fe/Ni to adsorb
liquid waste containing malachite green (MG) with a concentration of 0.5 g/L. The
adsorbed amount of MG was 92% with adsorption capacity of ZIF-8 @Fe/Ni is 151.520
mg/g. Furthermore, Shi et al. [35] used Cu-MOFs/Fe;O, to adsorb waste containing
MG with a concentration of 4.64 mg/L. The adsorbed amount of MG was 94.35% with
adsorption capacity of Cu-MOFs/Fe;0, is 113.67 mg/g.

From the examples mentioned above, it has been proven that the biopolymer
is proven to be able to adsorb MG dye using the adsorption process [35, 40]. In this
study, the researchers conducted an experiment using an alginate molecular framework
obtained from brown algae with the calcium metal to synthesize MOF with the aim to
adsorb the MG dye. Alginate was chosen because the raw materials are easy to find
and the process is relatively simple, namely using extraction and ion exchange [10,
11]. Calcium metal was chosen because it belongs to the non-heavy metal group and
is widely available in the nature. In the earth’s crust there is +3.4% mass of elemen-
tal calcium. Calcium is the fifth most abundant element in the earth’s crust. Calcium
can be found in various compounds in the nature, such as anorthite (CaAl,Si,Oy),
thermolite/asbestos  (Ca,Mg,(Si,O,;),(OH),), wolastonite (CaSiO;), limestone
(CaCOy), gypsum (CaSO,-2H,0), fluorite (CaSO,-CaF,), dolomite (CaCO;-MgCO;),
marble (CaCO;-MgCO;), gypsum (CaSO,-2H,0), calcite (CaCO;) and phosphorite
(Ca(PO4),) [6]. As far as the author knows, there is not enough information about the
adsorption of MG using Ca-Alginate-based adsorbent. Therefore, Ca-Alginate based
adsorbent was synthesized in this study and several parameters that have an effect on its
application for the adsorption of MG were also studied. In addition, it should be noted
that the alginate used for the synthesis of Ca-Alginate-based adsorbent comes from
brown algae which is a local natural resource in Ngeden Beach, Gunung Kidul, Special
Region of Yogyakarta, Indonesia. In addition, this study also studied kinetic modeling
for the adsorption of MG using Ca-Alginate-based adsorbent.

Materials and methods
Materials

The brown algae were obtained from Ngeden Beach, Gunung Kidul, Special Region
of Yogyakarta, Indonesia. Sodium carbonate (Na,CO;) (CAS No. 497-19-8),
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calcium chloride (CaCl,) (CAS No. 10043-52-4) and MG dye (CAS No. 2437-29-8)
have been obtained from Merck.

Extraction of alginate from brown algae

The process of making the Ca-Alginate (MOF) was done by extracting the alginate
from brown algae using sodium carbonate (Na,CO;) as the solvent. Brown algae
were washed thoroughly and were drained until there were no water dripping. Then,
the aquades was added with a 1:6 (w/w) weight ratio of brown algae and aquades
and was left for 2 h. After that, it was blended until it reached the texture of pulp.
The brown algae pulp was added with 2% Na,COj; solution with a 1:20 (b/v) weight
ratio, which was then extracted for 2 h in an 80 °C temperature. After 2 h, the extrac-
tion was stopped and the mixture was cooled to room temperature. Once it was
cooled, the mixture was separated using filter paper. The filtrate contained Sodium
alginate and the residue was disposed as waste.

Synthesis of Ca-Alginate (MOF)

This step was performed with the method of ion exchange between the extracted
sodium alginate and CaCl,. The sodium alginate solution was dripped with 0.1 M of
CaCl, solution until it formed sediments. The dripping was stopped when no more
sedimentation was formed. The formed sedimentations were separated using filter
paper, and the filtrated was disposed as waste. The sediments were then dried in an
oven at a temperature of 104 °C until it reached the constant weight. The dried sedi-
ments were calcined at 900 °C to produce the Ca-Alginate (MOF).

Analysis of Ca-Alginate (MOF) as an adsorbent

Ca-Alginate (MOF) was characterized using FTIR to determine the availability
of the adsorbent functional groups. The FTIR analysis was performed in range of
4000—400 cm™! using Nicolet Avatar 360 IR tool. Meanwhile, characterization with
BET method was conducted to determine the active surface area of the adsorbent.
The BET analysis used the NOVA 1200e microanalyzer tool (Quantachrome Instru-
ment) which then obtained the isotherm data of the adsorption and desorption as
well as the distribution of the pores size of the sample. In this study, activities of the
adsorbent were tested by the adsorption process using MG dye.

Determination of maximum wavelength for MG and making of the calibration
curve

Before performing the study on the adsorption parameter of MG using Ca-Alginate
(MOF), it was necessary to determine the former’s maximum wavelenghth. Accord-
ing to the literature, the maximum wavelength of MG is 618 nm [23]. Determination
of MG maximum wavelength was conducted in the wavelength range of 587-647
nm using the UV-Vis spectrophotometer.
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The making of standard calibration curve with a maximum wavelength of 617
nm was carried out in the absorbance range of 0.2—-0.8 with various concentrations
of MG dye solution. This was done to find out the linear regression equation which
shows the correlation between the concentration of MG and its absorbance.

Adsorption of MG using Ca-Alginate (MOF)

The study or adsorption parameter was conducted by varying the contact time, dos-
age of adsorbent and the initial concentration of MG. The adsorption of MG using
Ca-Alginate (MOF) as adsorbent was measured at a maximum wavelength of 617
nm. Determining the optimum contact time was done by contacting 0.002 g adsor-
bent with 100 ml of 0.004 g/LL MG solution. The contacting was carried out in a 600
rpm of stirring speed for the contact time variations of 1; 3; 5; 10; 15; 30; 45; 60;
90; 120; 150; 180; 210; 240 min.

And the determination of the optimum adsorbent dosage has been carried out by
contacting the adsorbent dosage of 0.0080; 0.0200; 0.0400; 0.0600; 0.0800; 0.1200;
0.4000 g/L to 100 ml of 0.004 g/L. MG solution. The contacting was carried out with
600 rpm stirring speed for 120 min. While the determination of the optimum MG
concentration has been carried out by contacting the optimum weight of the adsor-
bent, which was 0.006 g, to 100 ml of various concentration of MG (0.0020; 0.0025;
0.0030; 0.0035; 0.0040; 0.0045; 0.0005; 0.0055; 0.0060; 0.0065 g/L). The contact-
ing was carried out with 600 rpm stirring speed for 120 min.

Once the adsorption process was performed, the sample was tested with UV-Vis
spectrophotometer to determine the absorbance and also the concentration. There-
fore, it could be used to determine the adsorbed percentage, which could be found
by:

P . _ CO —
ercentage of adsorption (%) = C x 100
0

where C;, is the initial concentration, and C, is the concentration of MG after the
adsorption process.

Results and discussion
Characterization of Ca-Alginate adsorbent using FTIR

The Ca-Alginate adsorbent before and after the calcination was analyzed using
the infrared spectrum or Fourier Transform Infra Red (FTIR) to determine the
availability of the functional groups. Analysis of the functional groups was car-
ried out at a wavelength of 4000-400 cm™". It is shown in Fig. 1 that before the
calcination, there was a hydroxyl function (-OH) at a wavelength of 3000-3600
cm™! [25] with the absorption at a wavelength of 3425.54 cm™'. There was a
carboxylate group in the 1789.00 cm™' wavelength region for the asymmetric
COO- group and 1419.22 cm™! for the symmetrical COO- group. There were
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absorption peaks at 873.65 cm™! and 711.37 cm™! which indicate the presence
of mannuronic and guluronic fingerprint groups [8, 9, 20]. These mannuronic
and guluronate groups both showed an alginate structure [21]. It is also shown
in Fig. 1 that after the calcination, there was a sharp absorption area at 3642.14
cm~! which was a hydroxyl group (-OH). Also, there was a carboxylate group at
the 1475.87 cm~! wavelength.

Characterization of Ca-Alginate adsorbent using BET

Identification of the surface area was carried out through the physisorption of N, gas
using the NOVA 1200 microanalyzer (quantachrome) using Brunaur Emmet Teller
(BET) method. Based on the analysis, the Ca-Alignate adsorbent before calcination
had a specific surface area of 2.739 m*/g with a total pores volume of 1.242 x 107>
cc/g. The total pores volume (VT) was defined as the maximum amount of nitrogen
which is adsorted at relative pressure P/P, = 0.99033. Meanwhile, the Ca-Alignate
adsorbent after calcination had a specific surface area of 0.614 m%g with a total
pores volume of 1.744 x 107> cc/g. The total pores volume (VT) was defined as the
maximum amount of nitrogen which is adsorted at relative pressure P/Py = 0.99433.
This showed that the calcination process affected the surface area of Ca-Alginate
adsorbent by making it to become smaller. Calcination in the temperature of up to
900 °C will cause the pores to shrink and undergo a transformation, so that the pores
will be completely closed and the grain boundaries will disappear [18]. This caused
the total pores volume after calcination to become smaller than that before the calci-
nation. The adsorptivity level of the calcined Ca-Alginate was better because it had
the average pore radius of 3396.6 A, while the Ca-Alginate before calcination was
smaller, which was 2001.8 A. A higher average pore radius has the potential to be
filled and the adsorption on the adsorbent pores will be higher [26].
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Fig.1 FTIR spectra of Ca-Alginate
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Determination of maximum wavelength for MG and calibration curve of MG

Before determining the absorbed percentage of MG using Ca-Alginate (MOF),
determination of maximum wavelength for MG was conducted to provide maxi-
mum sensitivity of the samples containing MG. Determination of the maximum
wavelength for MG was carried out in the wavelength range of 587-647 nm using
UV-Vis spectrophotometer. The maximum wavelength of MG was 617 nm (Fig. 2).
The obtained maximum wavelength slightly differed from the literature which was
618 nm [23].

The making of the calibration curved was used to find out the equation of the
linear regression. As a result, it could be used in finding a certain amount whose
absorbance had been measured. The linear regression equation indicates the corre-
lation between the amount of MG and its absorbance. The calibration curve could
be seen in Fig. 3 with slope value of 140,244 and intercept value of —0.0872 with
R? value of 0.9777. The yielded absorbance data were classified as good since all
the measured amounts of MG had the absorbance value of 0.2—-0.8. In addition, the
yielded R* was also categorized as good since it was close to 1.

Adsorption study
Determination of the optimum contact time for adsorption of MG

The effect of the contact time between the Ca-Alginate adsorbent and MG was
necessary to be examined in order to obtain the kinetics of the adsorption process.
By conducting a research on the effect of the contact time with percentage of the
adsorbed adsorbate, the time required for the adsorbat to reach the equilibrium could
be discovered. When the adsorption rate has reached the equilibrium, it is at the
same level with the rate of adsorped adsorbate release. Thus, in this certain condi-
tion, the adsorbed percentage is relatively constant.
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Fig. 3 Calibration curve of MG at wavelength of 617 nm

In Fig. 4, it could be seen that at the 120 min contact time, the Ca-Alginate adsor-
bent could adsorp up to 77.05% of MG. At the 150 min contact time, the adsorption
percentage of MG did not increase significantly. At the next times of contact, the
adsorption of MG decreased and at the 240 min contact tome, the percentage was
75.8%. This was due to the reduced amount of active sides because the dye solution
had formed a layer on the surface of the adsorbent which covered its layer. Thus,
it can decrease the adsorption strength. Although the decreasing was not much, it
indicates that the adsorbent which had adsorbed the dye solution had undergone des-
orption which is the re-releasing of ions that have been adsorbed due to experienc-
ing saturation. That after the adsorption reaches equilibrium at the optimum time of
contact, the addition of the contact time between the adsorbent and the adsorbate
subsequently does not have a significant effect on the absorption of the dye [13].
Physical contact between the dye and the adsorbent for too long caused the dye to be
released back into the solution. This resulted in a greater amount of dye exchange,
which indicated that the absorption capacity was decreasing as well [12]. Figure 4
shows that the optimum contact time for the adsorption of MG with Ca-Alginate
was at 120 min with 205.95 mg/g of g, value.

Determination of the optimum dosage of adsorbent

Figure 5 shows the optimum dosage of Ca-Alginate adsorbent was 0.06 g/L at the
adsorption process with 120 min of contact time and 4 mg/L of initial concentra-
tion for MG. Under these conditions the Ca-Alginate could adsorb up to 82.68% of
MG with 66.51 mg/g of g, value. At the next addition of adsorption, percentage of
the adsorbed MG decreased up to 65.82%. There was also a decrease in the adsorp-
tion capacity because the active sides of the Ca-Alginate adsorbent had reached their
saturation.

In a study conducted by Amiri et al. [4], adsorption of MG using 0.05 g of
cobalt ferrite silica nanocomposite (SA20) adsorbent, the ge value was 71.6 mg/g.
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Fig.4 Effect of contact time on the adsorption of MG by Ca-Alginate (Initial concentration of MG is 4
mg/L, adsorbent dosage is 0.02 g/L and the temperature is 303.15 K)

Meanwhile, [21] used 0.5 g of rice husk bio-char (EBC260) adsorbent to adsorp MG
and the g, value was 56.8 mg/g. In addition, another study used 0.01 g of cellulose
aerogel adsorbent to adsorp MG and the g, value was 212.7 mg/g [16]. Compared
to the results of this study, which used 0.06 g of Ca-Alginate adsorbent with 66.51
mg/g of g, value, it indicates that this result is still far from optimal and further stud-
ies are necessary. The comparison between several adsorbents for adsorption of MG
is shown in Table 1.

Determination of the optimum concentration for MG

Figure 6 shows the optimum concentration for MG was 5.5 mg/L at the adsorption
process with 120 min of contact time and 0.06 g/L of adsorbent dosage. Under these
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Fig.5 Effect of Ca-Alginate concentration on the adsorption of MG by Ca-Alginate (Initial concentra-
tion of MG is 4 mg/L, contact time is 120 min and the temperature is 299.15 K)
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conditions the Ca-Alginate could adsorb up to 84.47% of MG with 94.37 mg/g of ¢,
value. The increase in the adsorption of MG dye could happen due to the high driv-
ing force for mass transfer in the added dye concentration. Meanwhile, the resistance
to the adsorption of MG decreased with the increasing concentration of the dye.
When the surface active site of the adsorbent is completely covered, the adsorption
rate reaches the limit resulting in adsorption at the saturation level [32]. It could
be seen in Fig. 6 that the trendline for the correlation of the MG concentration in
the adsorption process could be related to the fact that there is a high driving force
for mass transfer in high dye concentration. Furthermore, if the consistency of the
dye in the solution is higher, the active sites of the adsorbent are surrounded by
higher amount of dye molecules which leads to more efficient adsorption [31]. On
the other hand, the adsorption capacity could reach the g, value of 94.32 mg/g. The
increase in adsorption capacity that occurs along with the increase in the concentra-
tion of MG might occur because it occurred at a low concentration which allows
the adsorbate in the solution to enter the active side of the Ca-Alginate adsorbent.
This is in accordance with the statement of Irawati et al. [15] who said that when
the active group of the adsorbent is saturated, the increase in the active group of the
adsorbate will decrease. However, if at the time the active group of the adsorbent is
not saturated by the adsorbate, the increase in the concentration of adsorbate will
increase the amount of the adsorbed adsorbate [15].

Modeling of the adsorption kinetics

The study of adsorption kinetics provides the information related to the way, mech-
anism and rate of the adsorption process in a batch study [22]. The modeling of
adsorption kinetics is carried out using seven kinetic models, namely pseudo-first-
order (PFO), modified pseudo-first-order (MPFO), modified pseudo-first order-2
(MPFO-2), pseudo-second-order (PSO), modified pseudo-second-order (MPSO),
modified pseudo-second-order-2 (MPSO-2) and Elovic, which is shown in Table 2.

The kinetics study was performed by varying the contact time for adsorption of
MG. The results of adsorption kinetics modeling could be seen in Table 2 which
show that the modeling in this study obeyed the MPFO model which is indicated by
its highest coefficient of correlation among other models with R* = 0.9944. Thus, it
is safe to say that the MPFO model could estimate the equilibrium value of adsorp-
tion of experiments related to theoretical calculation. The MPFO mode has the ten-
dency in which the initially rapid MG adsorption gradually slows down and eventu-
ally reaches the equilibrium value. This equation gives a straight line with k slope
and intercept from In g, [4].

Conclusion
MOF-based Ca-Alginate as an adsorbent to adsorp malachite green (MG) dye was

successfully synthetized using the ion exchange method. The Ca-Alginate was
characterized using BET and FTIR. In this study, the optimum condition for the
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Table2 The data obtained by adsorption kinetics study

Kinetics model Parameter Kinetics model Parameter
PFO R?=0.9942 PSO R? =0.9885
(7,27, 28] k, = 0.0248 min™" (7,27, 28] k, = 0.0006 g mg~" min™!
g,=179.9898 mg g~ q, = 2127660 mg g"!
MPFO R*=0.9944 MPSO R?=0.8907
(5,71 k=0.0177 min™" (5. 7] k=0.0017 g mg™! min™!
q,=223.0063 mg g~ g, =82.7646 mg g~
MPFO-2 R*>=0.9784 MPSO-2 R*=0.8669
(5,71 k=0.0138 min™" (3,5, 71 k=0.0009 g mg™" min~'
q,=229.5452 mg g~ g, = 1358566 mg g~
Elovich R*=0.9643
17,27, 28] a = 56.4083
mg g_1 min~!
$=0.0257 gmg~!

adsorption of MG dye using Ca-Alginate adsorbent was obtained at initial MG con-
centration of 5.5 mg/L, adsorbent dosage of 0.06 g/L and contact time of 120 min.
Under these conditions g, of Ca-Alginate for adsorption of MG is 94.37 mg/g. The
kinetics study indicated that the adsorption of MG dye with Ca-Alginate adsorbent
obeyed the modified pseudo-first-order (MPFO) model. Based on this study it could
be said that MOF-based Ca-Alginate has the potential to be used as adsorbent for

adsorption of MG dye.
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