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Dyes containing waste streams are the most common pollutants found
in wastewater, posing a severe threat to both the ecosystem and the
environment. Adsorption emerges as one of the most effective and
widely applied treatments for removing dyes due to its simple operation,
high efficiency, and low cost. Sodium alginate, as a biopolymer, is one
of the alternative adsorbents used in the adsorption process. However,
the lack of active sites and low rigidity limits the adsorption capacity
performance of this biopolymer. This study aims to introduce
biopolymer-based composite adsorbent beads for removing methylene
blue (MB) dye from an aqueous solution. Herein, TA/PANI/SA
composite adsorbent beads consisting of tannic acid (TA) and
polyaniline (PANI) were prepared by the cross-linking method of
sodium alginate (SA) with the presence of divalent cations in calcium
chloride. Characterization was performed using FTIR analysis to
determine the changes in surface-modified composite beads. The results
indicated that the removal efficiency of MB dye exhibited a significant
enhancement of up to 72% when compared to untreated alginate beads,
which only achieved approximately 30% removal. It was also found that
the interactions occurred during the cross-linking process as well as
during the adsorption process of MB dye onto the composite adsorbent
beads. The adsorption mechanisms of MB dye by composite adsorbent
beads include electrostatic interaction, n-n interactions, and hydrogen
bonding. The improvement in the removal efficiency and the possibility
of interactions during the cross-linking process suggested that the
biopolymer-based composite beads have great potential to be used as
adsorbents for removing dye in an aqueous solution.
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1. INTRODUCTION

Water pollution has become a major environmental issue affecting organisms and ecosystems. Water
pollution is caused by a variety of pollutants, including domestic wastewater [1], refinery and industrial
wastewater [2], and agricultural activities [3]. Dye is one of the contaminants that contribute to water
pollution, with industries related to dyes being textile, paper, dye synthesis, printing, leather, electroplating,
plastic, paper, pharmaceutical, cosmetics, and food industries [4], [5]. The textile sector, for example, uses
a lot of water in its processes, particularly for the wet processing of materials, and emits a lot of effluent
into the environment [6]. The dye pollutant significantly impacts the environment, particularly in terms of
polluting the ecosystem and endangering organisms [7]. When manufactured in high quantities, these dyes
constitute a serious public health concern and the leading cause of harmful consequences in all living things.
This is attributed to the discharge of highly coloured industrial dyes, which disrupt the ecological balance
and harm aquatic species due to their low light transmittance and oxygen consumption. Moreover, they
pose a risk to human health due to their bio-toxic and carcinogenic. Various technologies, including
adsorption, are used for dye removal. Adsorption is regarded as one of the most feasible and successful
water treatment methods. In terms of design flexibility and simplicity, starting cost, ease of operation, and
sensitivity to harmful contaminants, adsorption has proven superior to alternative approaches [8].

Sodium alginate (SA), a natural biopolymer, has been successfully employed as an adsorbent because
of the presence of a negatively charged carboxyl group. Alginate is used because it has a high affinity for
ionic substances due to the presence of hydroxyl and carboxyl groups and its capability to form beads [9].
However, bare alginate polymer beads have several disadvantages, including a low surface area and a lack
of active sites, which hinder internal active sites from contacting adsorbate molecules, especially affecting
the swelling properties of bare alginate beads [10]. Composite beads are referred to as a type of material
made up of cross-linked networks of hydrophilic polymer chains. Through cross-linking reactions, the
number of active sites on the surface of the biopolymer can be increased, thereby enhancing the adsorption
efficiency.

In this study, methylene blue (MB) was chosen as the synthetic dye pollutant due to its common cationic
dyes, which are produced, especially by textile industries. Then, the modification to enhance the adsorption
efficiency has been explored by the addition of a conductive polymer, polyaniline (PANI), in which the
unique doping of PANI on biopolymer as adsorbent could enhance adsorbent-adsorbate interactions and
adsorption performance [11]. In addition, the high degree of cross-linking of the copolymer PANI in the
alginate must be considered. Therefore, tannic acid (TA), which is rich in catechol and pyrogallol groups,
can serve as a versatile building block with a complex spectrum of chemical versatility, including self-
polymerization, electrostatic interaction formation, and metal ion complexation [12]. Based on the above,
it can be hypothesised that the oxidised TA under alkaline conditions could react with the amine and imine
functional groups in PANI polymer chains to form a stable coordination complex in alginate.

2. MATERIALS AND METHODS

2.3 Materials

All chemicals used in this study were of analytical grade and used as received. Aniline (CsHsNH2),
ammonium persulfate ((NH4)2S20s), sodium alginate and calcium chloride (CaCl.) were purchased from
QReC, Malaysia. Tris(hydroxymethyl)aminomethane (Tris-base) was supplied by Friendemann Schmidt
Chemical. Tannic acid, methylene blue, hydrochloric acid (37%), and sodium hydroxide were purchased
from Sigma-Aldrich.
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2.3 Fabrication of composite adsorbent beads

A 2% wiv of PANI solution was prepared via the polymerization process by mixing the aniline and 0.1
M of ammonium persulfate as an oxidising agent into 1 M of hydrochloric acid solution. The mixing
solution was prepared in the ice bath until the blue-green solution was formed and refrigerated for 24 hours.
The resulting slurry was collected by vacuum filtration and rinsed with distilled water and ethanol for
further use. Subsequently, a 2% w/v TA solution was prepared by dissolving tannic acid in pH 8.5 of 10
mM tris-HCI solution. The solution was mixed at constant agitation for three hours for the oxidation
process, resulting in a change from a yellowish solution to a brownish colour. Similar steps were repeated
to prepare 4% wi/v of the TA solution. Then, the 2% wi/v of SA solution was prepared by mixing sodium
alginate into deionized water at room temperature until sodium alginate was well-dissolved. Then, the
polyaniline was mixed into a TA solution. The mixed composite solution was added to the SA solution and
stirred until a homogenous dispersion was formed. Next, the series of composite adsorbent beads were
prepared using the cross-linking method. A similar size of beads was formed by dropping the mixed solution
into 2% of calcium chloride with the help of a dropper. Finally, the beads were filtered and rinsed with
distilled water several times and were kept in a distilled water bath for further use. The preparation of SA
adsorbent without additives was carried out similarly, as illustrated in Fig. 1.
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Fig. 1. Preparation of TA/PANI/Sa composite adsorbent beads

2.3 FTIR analysis

Fourier Transform Infrared Spectroscopy (FTIR) (Nicolet 6700, Thermo Fisher Scientific) was used to
analyse the potential functional group present in the composite adsorbent beads. The measurement of the
dry beads was conducted with solid slices within the wavelength range of 400 — 4000 cm™.
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2.4 Adsorption performance analysis

For the adsorption study, 0.01 g/mL of a series of composite adsorbent beads was added into 50 mg/L
of MB solutions. These solutions were then agitated at 150 rpm for two hours using an orbital shaker. The
dye solution was analyzed at intervals of 30 minutes using a spectrophotometer (DR3900, Hach) at a
wavelength of 664 nm. The adsorption capacity (q, mg/g) and removal efficiency (R, %) can be calculated
as follows (Eg. (1) and Eq. (2)):

Co—Co)V
q= e o
R = £2=% » 100 )
Co

Where Cy is the initial concentration of the dye solution (mg/L), C. is the equilibrium concentration of
the dye solution (mg/L), V is the volume of the dye solution (L), and M is the mass of adsorbent (mg). The
analysis was further evaluated on the selected composite adsorbent beads with the highest removal
efficiency during the adsorption study using the non-linear Langmuir and Freundlich isotherm models and
Pseudo first and second-order kinetic models as shown in Table 1.

Table 1. Non-linear isotherm and kinetic adsorption model

Isotherm Model Parameters
m
) dmaxKLCo q. = adsorption capacity at equilibrium (—g)
Langmuir Qe =" ke @) mg
qmax = mMonolayer coverage capacity (—)
K, = Langmuir Isotherm constant (m—g)
Freundlich qe = Kr (4) . L
Ky = Freundlich Isotherm constant (E)
n = Adsorption intensity
Kinetic Model Parameters

m
q. = adsorption capacity at equilibrium (—g)
Pseudo-firstorder | g, = q,(1 — eCKsD)  (5) mg
q: = adsoprtion capacity at time t (—)

a2yt © K; = Rate constant of pseudo first (mg. in

K, = Rate constant of pseudo second (

)
Pseudo-second order | q; =
1+qeKat

)

mg.min

The parameters and suitability of the models were evaluated using correlation of coefficient (R?) and
average relative error (ARE) analysis using Solver in Microsoft Excel (Eq. (3) and (Eq. (4).

Z(Qe,cal_Qe,avg)z

RZ — 3

Z(Qe,cal_qg,avg)z+Z(Qe,cal_Qe,exp)2 ( )

ARE = Z Qe,e:p_Qe,cal (4)
e.exp
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3. RESULTS AND DISCUSSION

3.1 The possible mechanism of the cross-linked composite beads

Fig. 2 illustrates the possible mechanism of cross-linking between PANI chains and TA structures in
the matrix of alginate. It is suggested that the catechol in the TA structure can form hydrogen bonds with
the amine groups in PANI. Furthermore, the polyphenolic of TA, consisting of benzene rings, may form z-
7 interactions with the PANI chains, resulting in strengthening the bonding structures to the PANI surface.
The complex compound of catechol in TA acts as an adhesive, facilitating reactions with other functional
molecules to form a covalent network via chemical crosslinking [13]. It could also improve the interfacial
bonding between additives and the polymer matrix [14]. Then, the cross-linking process of alginate with
the PANI/TA additive occurred in the presence of divalent cations due to the strong interaction between
the ions Ca?* and COO~ groups. The alginates contain many free hydroxyl (-OH) and carboxyl (-COOH)
groups, enabling them to form intramolecular hydrogen bonds in the gel matrix. Similar findings were
reported by Li et al. on the intermolecular bonding that occurred between alginate and polydopamine [15].
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Fig. 2. Possible mechanism for the cross-linking process of TA/PANI/SA composite adsorbent beads

The surface functional groups of SA, PANI/SA, and TA/PANI/SA composite adsorbent beads were
detected by FTIR spectroscopy, as shown in Fig. 3. The broad band within the range of 2800-3600 cm™
from the spectrum of SA is attributed to the hydroxyl groups and -CH stretching. A strong and broad peak
around this range arose due to the addition of the catechol (-OH) in TA and amine (-NH) stretching vibration
of PANI. In addition, the O-H bend at 1415.5 cm™ is significantly observed, which might be attributed to
the overlapping peaks of hydroxyl groups in SA, suggesting the potential occurrence of hydrogen bonds
during the process. Aziz et al. also reported that —-OH peak stretching was observed after mixing alginate
with clay, phosphate, and charcoal [16]. Moreover, the stretching vibration of carboxyl groups of SA beads
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at 1635.4 cm slightly shifted to a low wavenumber, which might be attributed to the crosslinking process
of TA and PANI in the alginate polymer matrix of SA. A similar finding by Peretz et al. reported that
sodium alginate contains characteristic bands of hydroxyl at 3259 cm™ and carboxyl at 1609 cm™ for the
spectra of sodium alginate and calcium alginate porous beads [17]. The addition of PANI as an additive in
the alginate beads clearly shows the C-N stretching vibration of the benzenoid ring at the peak of 1336.4
cmt [18]. The spectrum at a range of 900-1100 cm™ occurred for the C=0 group of alginate, in which the
intensity increased in the spectra of composite beads [19]. Based on a study conducted by Janaki et al., it
was stated that the presence of functional groups, which are amine, hydroxyl, and carboxyl groups improved
the adsorption efficiency of St-PANI nanocomposite [20].
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Fig. 3. FTIR spectroscopy of SA, PANI/SA, 2% and 4% TA/PANI/SA composite adsorbent beads

3.2 Adsorption analysis of composite adsorbent beads

Fig. 4 shows the adsorption capacity and removal efficiency of MB dye onto the series of adsorbent
beads. The 4%TA/PANI/SA shows the highest removal efficiency, followed by 2%TA/PANI/SA and
PANI/SA adsorbent beads. It can be seen that the TA and PANI contents have the greatest influence on the
adsorption performance compared to the pristine alginate beads. Due to the abundance of phenolic hydroxyl
groups on TA, which are capable of hydrolysing to anions (-O-) under basic conditions, the adsorption
capacity of the composite adsorbent beads increases and the interaction with MB dye strengthens. A similar
finding was reported on the properties of activated hydrochar encapsulated in the alginate particles [21]. In
addition, the removal efficiency increased with increasing the ratio of catechol in composite adsorbent
beads. This may be due to the interaction of active groups between catechol and PANI during the cross-
linking process. These results align with another study in which the ratio of catechol to amine groups
influences the interaction during the cross-linking process [22-23]. Hu et al. stated that the increasing TA
content on TA-PVA/SA hydrogel beads led to a gradual rise in the adsorption capacity of MB dye. This is
because the composite adsorbent beads adsorbed more MB dye when there are more —OH sites in the
adsorbents [24].
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Fig. 4. Adsorption capacity and removal efficiency of composite adsorbent beads

The changes in the functional group indicate the adsorption process that occurred on composite
adsorbent beads, as presented in Fig. 5. After the adsorption of MB dye, the significant changes on the peak
at 1336.4 cm? attributed to C-N groups were observed as shifted to a higher wavelength at 1421.3 cm?,
which might be due to the accumulation of MB dyes on the surface of 4%TA/PANI/ALG composite beads
[25]. The electrostatic attraction could occur between N* of MB dyes and O~ and COO™ of composite
adsorbent beads, indicating the disappearance of OH bend vibration. The decreasing peak intensities at the
range of 900-1100 cm™ were also observed due to the electrostatic interactions during the adsorption
process.

after adsorption
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3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800

Fig. 5. Adsorption capacity and removal efficiency of composite adsorbent beads
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In addition, -x interaction also occurred between the ring structures of TA and polyaniline during the
adsorption of MB dye. Nasar et al. stated that typically, multiple iterations are accomplished during dye
adsorption on polyaniline-based materials through the n-m interaction, electrostatic attraction, and hydrogen
bonding [26]. A possible mechanism during the MB dye adsorption process on the TA/PANI/SA composite
adsorbent beads is suggested in Fig. 6.
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Fig. 6. The plausible interaction between TA/PANI/SA composite adsorbent beads with structures of MB dye

3.3 Evaluation of adsorption isotherm and kinetic model

The adsorption isotherm was used to describe the interactive behaviour between the adsorbate and the
adsorbent. The experimental data for different initial concentrations was fitted to nonlinear Langmuir and
Freundlich isotherms models. The Langmuir model describes the adsorption of a single layer on a
homogeneous surface, while the multilayer adsorption on a heterogeneous surface can be suggested by the
Freundlich adsorption isotherm. Using nonlinear regression is the best way to calculate the isotherm
parameters, as these should be used in their original forms according to Eq. (3) and Eq. (4), respectively.
The graphs of both isotherms are shown in Fig. 7, and the calculated model parameters are presented in
Table 2.

Table 2. Nonlinear parameter model for adsorption isotherm model for removal of MB dye by 4%TA/PANI/SA composite adsorbent
beads

Langmuir Model Freundlich Model

Omax 1.176 1/n 0.221
KL 0.174 Ke 0.440
R? 0.788 R? 0.682
ARE 0.249 ARE 0.381
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Fig. 7. Nonlinear adsorption isotherm model for removal of MB dye by 4%TA-PANI/SA composite adsorbent beads.

According to the average relative error (ARE) and correlation of determination (R?) values, the
Langmuir model fitted the experimental data better than the Freundlich isotherms model. It indicated that
MB cationic dye adsorption demonstrated monolayer coverage on the active sites of the adsorbent beads.
In addition, the Langmuir isotherm can be used to predict the separation factor (R.), which shows whether
the adsorption process is favourable (0 < R < 1) or unfavourable (R, > 1) [27]. In this study, the calculated
value of R was between 0.05 and 0.19, demonstrating the favourable adsorption process.

The adsorption kinetics were applied to define the effectiveness of the adsorption process based on the
rate of removal of solute, which controls the stay period of the MB dye at the interface of the solid solution.
The parameter of adsorption kinetics was calculated by fitting the experimental data at different times to a
nonlinear form of pseudo-first order (Eq. 5) and pseudo-second order (Eq. 6), as plotted in Fig. 8. It can be
seen that the initial rate of MB adsorption rapidly increased and reached equilibrium after 90 min due to
the saturation of the adsorbent. Higher initial concentrations of MB dye show an increment in adsorption
capacity, which could be due to excessive driving force between the liquid and solid phase and reflect an
efficient utilisation of adsorbent sites [28].
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Fig. 8. Nonlinear pseudo first (a) and second order (b) kinetic model for removal of MB dye by 4%TA/PANI/SA
composite adsorbent beads.
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The calculated model parameters are presented in Table 3. According to the ARE and R? values, the
experimental data fit well with the pseudo-first order models. It was suggested that the physical interaction
of adsorbent surface sites via electrostatic attractions between the negative charge on the composite
adsorbent and *N(CHs). of the cationic dye, as well as hydrogen bonding, played a significant role in the
MB adsorption removal process [29].

Table 3. Nonlinear parameters for adsorption kinetic model for removal of MB dye by 4%TA/PANI/SA composite adsorbent beads

Kinetic Model Pseudo First Order Pseudo Second order

Initial Concentration 25mg/L  75mg/L  100mg/L 25mg/L  75mg/L 100 mg/L
R? 0.999 0.997 0.918 0.999 0.974 0.806
ARE 0.033 0.074 0.585 0.055 0.275 1.038

k 4.950 2.014 0.937 36.023 4.497 0.824

4. CONCLUSION

In this work, TA/PANI/SA composite adsorbent beads were synthesised via the cross-linking process of
polyaniline and tannic acid as additives in the matrix of alginate for the adsorption of methylene blue dye.
This study found an increased removal efficiency of MB dye when using the TA/PANI/SA composite
adsorbent beads as compared with the SA beads. For the effect of the TA ratio in the composite adsorbent
beads, the highest ratio has the greatest influence on the MB dye removal due to the increasing groups of
active sites in the adsorbents. A further assessment conducted via FTIR analysis suggests potential
enhancement of the functional groups of the TA/PANI/SA composite adsorbent beads, supporting the
multiple interactions that could occur during the interaction with the structure of MB dye. The results
obtained from the Langmuir isotherm and pseudo-first order kinetic adsorption models suggested that the
physical interactions occurred during the adsorption process. Therefore, for further work, additional
characterizations such as FESEM and BET analysis and desorption studies should be considered to describe
the morphology and reusability of the composite adsorbent beads.
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