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Abstract. Methylene blue is a poisonous, persistent, and non-
biodegradable dye frequently found in textile industry wastewater that
significantly influences the emergence of various environmental and health
problems. Therefore, precautions must be taken to reduce the amount of
methylene blue in the wastewater. Compositing clay into alginate produces
an eco-friendly adsorbent, alginate-activated clay composite beads (Ag-AC
1-5%), successfully removing methylene blue. XRD and FTIR spectroscopy
characterization results show that illite, a family of 2:1 clay minerals, is a
primary constituent of activated clay. However, FTIR spectroscopy shows
that alginate has mannuronic acid residue characteristics. Several batch
experiments were carried out to evaluate the effect of the alginate: clay
ratio and pH solution on the percentage of methylene blue removal. The
higher the proportion of activated clay on the composite, the better the
adsorption of methylene blue. The alginate-activated clay composite beads
eliminate methylene blue up to 99.03% at the optimum pH=5, showing a
potential alternative methylene blue adsorbent with a wide range of
adsorption pH compared to the original material alone.
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Introduction

Water pollution is primarily caused by
industrial liquid waste. Even though the textile
sector does not produce much solid waste, it
contributes to the vast volumes of liquid waste
that pollute waterways and cause several envi-
ronmental issues. Together with numerous other
industrial pollutants, textile dyes are extremely
harmful, may cause cancer, and also contribute
to environmental deterioration and a host of ill-
nesses in both humans and animals [1], [2], [3].
Dyes are also harmful to the health of aquatic
animals. For example, Catla catla develops micro-
nuclei and undergoes histological alterations
when exposed to dyes [4]. According to reports,
dyes can produce highly toxic aromatic com-
pounds with mutagenic and carcinogenic quali-
ties when combined with synthetic intermediates
and the byproducts of their breakdown [5].
Therefore, industrial liquid waste, especially dyes
from the textile industry, must be treated before
being discharged into the environment.

Methylene blue, a cationic dye often
found in textile industry wastewater, is a toxic
organic compound with stable and non-
biodegradable properties [6]. In the coloring pro-
cess, only 25% of this compound is used, while
the remaining 75% will be discharged into the
water as waste. According to regulatory norms
and recommendations established by the majori-
ty of nations and organizations such as WHO,
UNEP, EPA-USA, CPCB-India, NWQMS-Australia,
and MOE-Japan, the acceptable threshold value
for the concentration of methylene blue dye in
water is less than 1 mg/L or equivalent to 1 mg/
kg. At concentrations exceeding 5 mg/kg, the
monoamine oxidase-inhibiting properties of
methylene blue dye can cause deadly serotonin
poisoning in humans [6]. However, MAO inhibi-
tors may cause severe serotonin poisoning or
serotonin syndrome if administered intravenous-
ly at a dosage greater than the advised concen-
tration [7]. The prolonged exposure to concen-
trated methylene blue solutions in human repro-
duction has been reported to harm the ability of
sperm to migrate more efficiently [8]. Regarding
the environment, dye molecules may reduce
photosynthesis by obstructing sunlight from pen-
etrating the water's surface. Then, the entire
ecosystem collapsed due to the detrimental
effects on the production and survival of phyto-
plankton, which is the basis of the food chain.

Therefore, if the use of methylene blue as a dye in
the textile industry is not balanced with the man-
agement of the waste produced, it will emerge with
various environmental and health problems, so han-
dling efforts are needed to minimize the amount of
waste.

Methylene blue has a very high solubility in
water, so it is difficult to remove using conventional
methods [6], [9]. Various methods have been devel-
oped to reduce or even eliminate methylene blue
dye in aqueous solutions, including adsorption [10],
[11], [212], ultrafiltration [13], [14], [15], degradation
[16], [17], [18], coagulation [19], [20], [21], and pho-
tocatalysis methods [22], [23], [24]. Chemical re-
moval techniques, both photochemical and non-
photochemical, can produce secondary pollutants,
according to an evaluation of elimination tech-
niques from 240 reviews and/or research-published
articles [6]. On the other hand, the sensitivity of en-
zymes to pH is a characteristic of biological ap-
proaches. Adsorption is widely used and developed
since it is one of the most successful and regarded
as the most effective in terms of ease of preparation
and low operating costs compared to other meth-
ods developed [25]. The adsorption method is the
most excellent option for processing methylene
blue waste since it is also more straightforward to
use and degradable.

The selection of the type of adsorbent is
seen from the perspective of effectiveness and se-
lectivity in adsorption and is expected to be cheap
and easy in the manufacturing process [26], [27],
[28], [29]. Adsorbents often found in nature, such as
clay, are economically feasible to use as adsorbent
materials. Apart from its abundant availability, clay
also has many advantages, namely high cation ex-
change capacity, large surface area, and chemical
and mechanical stability [30]. These advantages
make clay widely used as an adsorbent for the ad-
sorption of dyes such as methylene blue.

Clay is typically employed in powdered form
to improve its surface area and adsorption capacity.
The applicability of clay in powder form is limited,
though, as it is challenging to separate from the lig-
uid phase following the adsorption process. There-
fore, new methods must be developed to facilitate
the separation process while preserving or improv-
ing its efficacy. Another way to get around clay's
drawbacks is to encapsulate clay powder in sodium
alginate to transform it into a methylene blue, poly-
mer-based form. Alginate is also well-known as a
supportive substance frequently utilized in environ-
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mental and biological applications. In addition to
simplifying the separation process, alginate pro-
vides several benefits when added to clay, in-
cluding simple formulation, mild gelation condi-
tions, non-toxicity, affordability, and the ability to
function as an adsorbent [31], [32], [33], [34],
[35]. Alginate has active sites in the form of hy-
droxyl and carboxyl groups, which can be used to
bind and adsorb metal ion contaminants and
dyes [36], [37], [38]. So, compositing clay with
alginate is expected to provide a more efficient,
stable, and eco-friendly method to remove meth-
ylene blue from solutions than using clay or algi-
nate alone.

Experimental

Synthesis and characterization of clay-
alginate composite beads. A certain amount of
activated clay (AC) that has been synthesized
following the procedure of the previous study
[39] is mixed into an alginate solution of 1% to
obtain clay concentrations of 0, 1, 2, 3, 4, and 5%
(w/v), respectively, and stirred for 2 hours. The
dispersed mixture was then dropwise into 200
mL of 0.1 M CaCl2 solution using a 4 mm diame-
ter syringe. Then, the beads were washed with
aquadest and left for 30 minutes in 0.1 M CaCl2
solution. Alginate beads (Alg) and alginate-clay
composite beads (Alg-AC) 1, 2, 3, 4, and 5% were
washed with 0.7% NaCl solution and character-
ized using FTIR and XRD instruments.

Determination of optimum adsorption
pH. A total of 0.03 grams of samples of Ag, AC,
and Alg-AC (1, 2, 3, 4, and 5%) were put into each
10 mL of methylene blue (MB) 60 ppm, whose
acidity had been adjusted to pH 1, 3, 5, 7, and 9.
Then, the mixture was shaken for 3 hours at
room temperature. Next, the absorbance of the
filtrate was measured using a UV-Vis Spectropho-
tometer to calculate the % adsorption removal of

Wﬁf""#"@

!
£ -

MB.

Result and Discussion

Synthesis of clay-alginate composite beads.
The results of the synthesis of alginate beads with-
out (Alg) and with the addition of activated clay (Alg
-AC) are shown in Figure 1. Physically, it can be seen
that Alg beads have a transparent, clear colour ap-
pearance with a chewy texture typical of alginate,
which is rich in mannuronic acid monomers. In con-
trast, Alg-AC is cream-coloured with a stiffer texture
(less chewy) than Alg beads. The clay used to syn-
thesize Alg-AC adsorbents in this study has a yellow
colour characteristic. The clay is activated physically
and chemically to dissolve impurities or compounds
that can cover the clay pores, so it is expected to
improve the characteristics and adsorption capacity
of the clay.

The sharp peaks in Figure 2 indicate that the
crystallinity of the activated clay is very good. At
first glance, the diffraction pattern shown is similar
to that obtained from the activation of natural clay
from North Maurisu Village, NTT [40], and yellow
clay from Central Kalimantan [41]. However, from
the characterization results of the XRD diffraction
peaks of activated clay in this study, the highest
peaks of activated natural clay minerals were ob-
tained at angles 26= 20.88, 26.68, and 50.16, corre-
sponding to the characteristics of illite minerals. The
peaks showed higher intensity than the reference
due to the presence of the smallest amount of
quartz, which has similar or overlapping diffraction
patterns, so the total intensity observed is the sum
of the intensities from illite and quartz.

According to [42], the distinctive clay miner-
alogies and their chemical and physical properties
are controlled by how Si-O tetrahedra and Al-O oc-
tahedra stack together. For this reason, clay miner-
als are often described by the ratio of Si:Al layers in
their structure, and illite is one of the most common
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Figure 1. Alginate and clay-alginate composite beads
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and highly abundant mineral types of Si:O with a
ratio of 2:1 clay minerals. Then, the peak-
overlapping issues, especially at 20= 20,88;
26,68; and 50,16 between illite and quartz
diffraction peaks, can be overcome by using
Rietveld refinement with standard crystallo-
graphic models to determine the intensity of in-
dividual illite accurately [43]. Thus, it can be un-
derstood that illite is the main component of ac-
tivated clay minerals in this study, and quartz is a
minor mineral whose presence is found together
with clay because both minerals are often
formed in the same geological environment.

One of the challenges in using clay as an
adsorbent is its fragile structure or tendency to
clump. Alginate helps stabilize clay by forming a
gel network that increases the mechanical
strength and functionality of the material. Algi-
nate is a polysaccharide composed of mannuron-
ic acid and guluronate monomers (Figure 3) with
three types of groupings, namely alternating
mannuronic and guluronic residue groups
(MGMGM...), guluronic acid (GGGGG....) and
mannuronic acid (MMMM...) [44], [45], [46]. The
monomers of mannuronic acid (M) and gulu-
ronate (D) are composed in different proportions
depending on the type of seaweed used as raw
material, age, and location where the seaweed
grows [45]. Young tissues are rich in M blocks,
and the percentage of G blocks increases with
the tissue's age. In addition, the M/G ratio and
the concentration of divalent cations in alginate
gels significantly affect cross-linking density, me-
chanical properties, and pore size. Alginate rich
in M blocks will form a softer and more elastic gel
than that rich in G blocks, resulting in a hard and
brittle gel [47]. The higher the M/G ratio, the
smaller the average pore size [48]. Then, the
longer the chain, the greater the molecular
weight and the greater the viscosity value [49]. In
other words, the arrangement and proportion of
two different chemical structures of mannuronic
acid and guluronic acid units will give alginate
unique properties. The next subchapter will dis-
cuss in more detail the characteristics of alginate
monomers in this study.

The effect of adding clay on the charac-
teristics of the functional groups of clay-alginate
composite beads Activated natural clay, alginate
(without clay), and alginate clay composite
beads, namely Alg-AC 1, 2, 3, 4, and 5%, were
characterized using a Fourier Transform Infrared

(FTIR) instrument to identify functional groups and
types of vibrations contained in the tested samples.
FTIR spectra of activated clay (AC), alginate (Alg),
and clay-alginate composite beads (Alg-AC) 1, 2, 3,
4, and 5% can be seen in Figure 4. Based on these
absorption peaks, the alginate contains mannuronic
acid residues, while the examined activated clay
belongs to the 2:1 clay mineral family, namely illite,
a mica-like clay mineral.
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Figure 2. XRD patterns of the sample (activated
clay) and material references
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Figure 3. The monomers of alginate [50]

Alginate contains many free hydroxyl (-OH)
and carboxyl (-COOH) groups, which enable it to
form intramolecular hydrogen bonds [51]. A broad
absorption peak in the 3343 cm-1 is a stretching
vibration in the hydroxyl group (O-H). Meanwhile,
asymmetrical and symmetrical stretching vibrations
of the COO- group cause absorption at wave-
numbers 1594 and 1420 cm-1. Furthermore, the
absorption at wavenumber 1077 cm—1 is a stretch-
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ing vibration of the C-O-C group originating from
the pyranose ring in the structure of mannuronic
and guluronic acids in alginate. The presence of
absorption around 1023 cm-1 is caused by
stretching vibrations in glycosidic bonds, while
the absorption at wavenumber 817 cm-1 shows
a relationship to mannuronic acid residues iden-
tified in the wavenumber range of 800 to 820 cm
-1 ((Huang et al., 2017; Leal et al., 2008; Mollah
et al., 2023). Thus, the alginate used is a type of
alginate that has a structure with mannuronic
acid residues that have smaller pore sizes or larg-
er adsorption surface areas in proportion to the
higher M/G ratio.

The peaks of bands at 3694, 3625, 2369,
1634, 1031, 916, and 777 cm-1 indicated that
illite was present as the main component of clay.
These similar clear sign results were reported by
previous researchers [55], [56]. The type of 2:1 of
layer clays such as illite will show broad absorp-
tion in 2600 ~ 3650 cm-1 accompanied by a
shoulder peak; meanwhile, the 1:1 of layer clays
(i.e., kaolinite) always display a narrow and weak
absorption in 3600 cm-1. Most importantly, ac-
cording to the FTIR absorption peak graph, a
peak of 916 cm—1 appeared only in samples con-
taining more than 6% illite [55].

The significant band strength around
3343, 1594, and 1420 cm-1 in Figure 4 indicated
the presence of alginate. Meanwhile, the availa-
bility bands around 916, 777, 693, 526, and 455

cm-1 are characteristic of clay, suggesting that algi-
nate has already been composited with clay. The
absorption shift in the region around 3300 — 3360
cm—1 in the Alg-AC 1-5% spectra is related to the
difference in the environment of —OH bound to the
Al-octahedral atoms on the silicate surface or inter-
layer. Furthermore, the characteristic peaks of
guartz at wavenumbers around 1085 and 462 cm-1
[57] or higher, around 1097 and 469 cm-1 [58], can-
not be observed clearly. It is likely due to the quartz
absorption overlapping with the strong absorption
of illite at wavenumber around 1033 and 455 cm-1.

The strong absorption in the 950-250 cm-1
region is the stretching vibration of M-O (where M =
Si or Al and other metals), which involves the main
motion of the oxygen atom Si-O [59]. In this case,
the emergence of an absorption peak at wave-
number 914-916 cm-1 is the Al-OH bending vibra-
tion. Absorption at this number indicates the occur-
rence of the arrangement of the clay framework
structure due to the release of water molecules due
to calcination and acid activation [60]. Indirectly, it
shows the increasingly homogeneous environment
of silica-alumina minerals due to the reduction of
minerals and impurities due to the calcination and
acid activation processes. Then, the absorption at
wavenumber 777 cm-1 shows the presence of
stretching vibrations of 0-Si-O, which is characteris-
tic of microcrystalline Si02, 690-692 cm-1 are
stretching vibrations of Si-O and the bands at 519-
528 and 439-451 cm-1 are due to Al-O-Si and Si—O
—Si bending vibrations indicate that the activated
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Figure 4. FTIR spectra of activated natural clay, alginate, and alginate-clay composite beads (Ag-AC 1-5%)
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clay has been successfully incorporated into algi-
nate.

The effect of adding clay on the opti-
mum pH conditions for adsorption of alginate-
composite beads. In this research, pH variations
were carried out at 1, 3, 5, 7, and 9 to determine
the optimum pH conditions required by the ad-
sorbent to adsorb MB. During the adsorption
process, the concentration of MB slowly decreas-
es, which can be seen from the reduction in the
intensity of the blue colour in the solution (Figure
5). The adsorption effectiveness of MB by Alg
(alginate without clay), AC (activated clay), and
Alg-AC 1, 2, 3, 4, and 5% (clay-alginate compo-
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site) beads across varying pH levels can be seen in
Figure 6. These results also indirectly illustrate the
charge characteristic on the surface of alginate, acti-
vated clay, and alginate-activated clay composite at
the specified pH variations.

Figures 5 and 6 show that alginate has a
lower adsorption capacity than activated clay and a
better MB removal percentage with a wider pH
range after being composited with activated clay.
The adsorption of MB by alginate at low pH (pH=1)
increases with increasing pH until it reaches an opti-
mum uptake of 66.49% at pH 7 and then decreases
at a higher pH (pH 9). Meanwhile, adsorption of MB
by activated clay at low pH (pH=1) showed a % re-
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Figure 5. The visual appearance of MB removal using activated natural clay, alginate, and alginate-clay com-
posites beads (Alg-AC 1-5%) at various pH conditions.
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Figure 6. Percentage of MB removal at various pH variations by (a) alginate; (b) Alg-AC 1%; (c) Alg-AC
2%; (d) Alg-AC 3%; (e) Alg-AC 4%; (f) activated clay (AC); (g) Alg-AC 5% beads

| No. 1Vol. 7 :324-334 | DOI : https://doi.org/10.19109/alkimia.v7i1.27684

329



https://doi.org/10.19109/alkimia.v7i1.27684

ARTICLES

ALKIMIA

Jurnal llmu Kimia dan Terapan

moval more than 4x higher than alginate. It was
relatively constant as the pH increased, with the
optimum pH for absorption at pH 5, 97.31%.
After this pH, absorption continues to decrease
t0 90.17% at pH=9. The Alg-AC 3% adsorbent also
demonstrated similar adsorption efficiency and
was very clear in the Alg-AC 4% and Alg-AC 5%
adsorbents. Figure 6 shows that the % MB re-
moval of Alg-AC 4% and Alg-AC 5% is much high-
er than activated clay at optimum pH (pH=5). It is
also confirmed that the adsorption of MB by
AgAC 4% and AgAc 5% is more affected by acti-
vated clay than alginate. It is also assumed that
increasing the clay percentage even higher will
not significantly increase adsorption efficiency.

The adsorption data (Figure 6) demon-
strated a correlation between the % removal of
MB and the pH value. The acidity (pH) level is an
important parameter controlling adsorption. The
value of the level of acidity (pH) can influence
changes in the charge distribution on the surface
of the adsorbent and MB, which is caused by the
occurrence of deprotonation and protonation
reactions in functional groups. At Alg-AC 1% and
Alg-AC 2%, the optimum pH for MB adsorption
occurs at pH=7, similar to Alg. In contrast, when
adding a higher concentration of clay (above 2%),
the optimum pH for adsorption occurs at a more
acidic (pH=5), resembling the optimum pH for
MB adsorption by AC. It can be explained by
looking at the pH where the surface charge is
zero or point of zero charge (pzc) values of algi-
nate and clay. The pzc value for Ca-alginate, illite,
and quartz is 6.5 [61], 2.5 [62], and varied around
<4.5 [63], respectively. These mean that alginate
will have a negative charge to attract positive
charges of MB at pH=7, illite at pH=3, and quartz
will occur at pH=5. As a result, the optimum pH
adsorption of Alg, Alg-AC 1%, and Alg-AC 2% to-
wards MB occurs at pH=7, whereas AC at pH=3
and Alg-AC 3-5% at pH=5.

The undissociated MB molecules are
more prevalent at pH=1 (99%) and pH=3 (86%),
according to the speciation diagram and molecu-
lar structure of the MB [64]. It is consistent with
alginate's smaller adsorption toward MB at cer-
tain pH values. Electrostatic repulsion between
the cationic dye molecules and the adsorbent
surface causes a decrease in dye adsorption
when the adsorbent surface is positively charged
[65]. On the contrary, MB was highly adsorbed by
clay even though the surface charge was positive,

indicating that MB was possibly adsorbed by other
mechanisms than electrostatic attraction. Then,
compared to the percentage of MB removed at
pH=1 and pH=3, the cationic species of MB is more
prevalent at pH=5 (92%), and it can be assumed that
electrostatic attraction also plays a role in the more
excellent result in the percentage of MB removed
by AC clay. Meanwhile, the cationic species of MB is
the only species that exists at pH > 5 and is highly
attracted to the negative charge of alginate at pH=7,
indicating that MB adsorption of alginate follows an
electrostatic attraction mechanism. At the higher
pH, the negative charge of the clay and alginate sat-
urated with MB, and the desorption occurred while
MB was being adsorbed.

CONCLUSION

The adsorption capacity of alginate-
activated clay composite beads (Alg-AC) increases
towards methylene blue compared to the original
material before the composite. The higher the per-
centage of activated clay in the composite, the
better the percentage of removal of methylene
blue. The composition of Alg-AC 5% had the highest
percentage of removal MB of 99.03% at pH = 5.
Raising the clay composition above 5% may not sig-
nificantly increase the amount of elimination MB
and the optimum pH range of adsorption (pH=1-5).
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