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A B S T R A C T

The complex process for treating industrial wastewater frequently necessitates the employment of efficient
treatment techniques to eliminate harmful contaminants before discharge, such as congo red (CR) dye. In this
study, adsorption methods were utilized to eliminate CR by employing hydrogel bead composites derived from
sodium alginate (SA) and cetyltrimethylammonium bromide (CTAB). Various concentrations of CTAB, including
0.1 wt%, 1 wt%, and 3 wt%, denoted as SC1, SC2, and SC3 respectively, were examined. The results demon-
strated that SC3 has higher swelling percentage and lowest carboxyl group (COOH). Experiments were carried
out under different pH levels, CR concentrations, and adsorption durations for removal of CR. The maximum CR
adsorption capabilities of SC1, SC2, and SC3 obtained were as 141.08 mg/g, 144.50 mg/g and 153.24 mg/g for
SC1, SC2 and SC3, respectively. The Freundlich and pseudo-second-order models demonstrate the best fit for
both isotherm and kinetic analysis across all samples, suggesting a multilayer adsorption process and chemi-
sorption mechanism. Reusability studies revealed strong performance, underscoring the hydrogel beads' potent
adsorption capability for CR dye.

1. Introduction

Dyes find extensive application in the textile and printing sector
[1,2]. The majority of these dyes consist of organic compounds, char-
acterized by their toxicity, stability, and resistance to environmental
degradation [3]. Despite undergoing primary treatment, large-scale
release of dye containing materials from industrial effluent like textile
mills and printing company could pose a significant threat to aquatic
ecosystems. The constituents commonly utilized in the dyeing industry
encompass various organic substances, predominantly reactive dyes,
disperse dyes, vat dyes, and direct dyes [4].

In 1884, Congo Red (CR) was discovered to have valuable functions
as dye due to its great colouring qualities, simplicity and affordability

which represented a significant achievement in the development of
direct dyes [4]. Typically, direct dyes are predominantly of the azo type
(comprising mono-azo and poly-azo compounds). Majority of synthetic
dyes available nowadays are azo based, primarily derived from aniline
compounds [5]. Hazardous pollutants like aniline compounds may pose
severe environmental pollution and health risks. Since this notable di-
rect dye of CR can exhibits carcinogenic properties and endanger the
health of both human and animal; hence, removal of CR from effluents
remains a critical concern [6].

Advanced physicochemical techniques such as ozonation [7], coa-
gulation [8], membrane [9], electrocoagulation [10], chemical oxida-
tion [11], biological [12], and etc, have been employed to remove CR
dye. Nonetheless, these techniques are typically more costly and
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inefficient, need a regulated environment and significant amounts of
chemicals, as well as produce hazardous by-products that can lead to
waste management issues [13]. For example, generating ozone requires
significant energy input, often through ultraviolet (UV) light methods.
The ion exchange approach is not appropriate for many types of dyes,
whereas the membrane separation method typically generates sludge in
a large amount. Additionally, only certain dyes can be mineralized by
chemical oxidation, and this method is only practical economically to
remove high concentration of dyes. The primary disadvantages of bio-
logical treatment are the necessity for exact pH condition and tem-
perature control, slow response rate, and disposal of sludge [14]. Given
these limitations, the adsorption process for removing CR dye appears
to be the ideal option because of its relatively low operating expenses,
excellent removal efficiency, ease of use, and reusable adsorbent [15].

Adsorbents such as banana peel powder [16], Citrus limetta peel
powder [17], hydrochar [18], ZnO nanomaterial [19], FexCo3-xO4 [4],
and Fe(OH)3 @cellulose fibbers [20] have been frequently utilized for
the adsorption of CR. However, their preparation takes a long time and
involves complicated purifying procedures [21]. Alternatively, hy-
drogel beads are polymeric materials that are easily prepared, afford-
able, reusable, highly cross-linked, porous, and mechanically stable
without the need for further purifying processes.

Hydrogel beads are three-dimensional, crosslinked polymer net-
works capable of absorbing and retaining large volumes of water or
aqueous solutions [22]. Their tuneable properties, such as porosity,
swelling behaviour, and surface chemistry, make them highly suitable
for various applications, including water purification [23]. By in-
tegrating specific functional groups or additives, hydrogel beads can be
tailored to selectively adsorb target pollutants, such as CR dye. Among
the materials used in hydrogel bead synthesis, sodium alginate (SA)
derived from brown algae, stands out as a biocompatible, renewable,
and economically viable option [24–26]. Calcium (Ca) cations are fre-
quently employed in crosslinking SA, leading to ion exchange and the
formation of Ca alginate (CA) hydrogel. Furthermore, its molecular
structure contains numerous hydroxyl (-OH) and carboxyl (-COOH)
groups, making it an environmentally friendly choice for variety of dye
molecules [27,28]. Numerous studies have explored the adsorption of
CR dye by SA; nevertheless, the key improvement highlighted by many
studies is mostly connected to the weak stability of SA. SA may be
generated into stable configuration of hydrogel beads through the
cross-linking with synthetic polymer material [29]. Various chemical
modification techniques, such as cross-linking and the introduction of
new functional groups, have been employed to improve stability and
enhance SA's adsorption capacity [30,31].

Recently, surfactant-modified adsorbents, including biochar [32],
iron oxide [33], and nanomaterial [34], have been utilized. Conse-
quently, surfactant modification of SA for CR dye adsorption has been
explored. Surfactants, characterized by their amphiphilic nature with
hydrophilic and lipophilic components, are known to alter energy re-
lationships at interfaces, typically by affecting surface or interfacial
tension [35–37]. Hence, surfactants have been widely employed in
modifying various adsorbents [38]. For instances, sodium dodecyl sul-
fate (SDS) [39–41], Poly (sodium styrene sulfonate) (PSS) [42], sodium
lauryl [43], and cetyltrimethylammonium ammonium bromide (CTAB)
[44]. These surfactants serve as stabilizers for adsorbents, acting as
surface modifiers and exhibiting an affinity for surface reactions [45].
However, CTAB stands out as the best choice for this study owing to its
stability in both alkaline and acidic conditions, robust surface activity,
antibacterial characteristics, and cationic nature [46], facilitating the
effective capture of CR dye through electrostatic attraction. Several
reports have used CTAB as a surface modification of adsorbent and to
enhance adsorption capacity of dyes such as activated biochar [47],
chitosan-gelatin-CTAB composite [48], and organo-bentonite-CTAB
[49]. However, to the best of authors` knowledge, the incorporation of
CTAB with SA for CR dye adsorption has not been properly docu-
mented. Therefore, it was essential to assess their performance.

In this present study, we would like to evaluate the feasibility of using SA-
CTAB hydrogel bead composite with different CTAB ratio as an effective
adsorbent to remove CR. It is expected that this research could address the
lack of comprehensive studies on the properties, characterization, and ap-
plication of SA-CTAB composite for CR dye adsorption. The effects of several
factors including pH, initial CR concentration, and duration were examined.
Isotherm and kinetic models were employed to comprehend the adsorption
mechanisms. Additionally, regeneration of CR adsorption was also examined.

2. Material and Method

2.1. Materials

Congo red dye (CR), calcium chloride (CaCl2), hydrochloric acid (HCl)
and sodium hydroxide (NaOH) were supplied from Kanto Chemical Co.
Inc., Japan. Sodium alginate (SA) and Cetyltrimethylammonium bromide
(CTAB) were purchased from Wako Chemical Industries, Osaka, Japan.

2.2. Hydrogel bead preparation

Preparation of hydrogel beads was done by mixing 20 mL of 1 wt% SA
solution and 2 mL of CTAB aqueous solution with difference concentration:
0.1 wt%, 1 wt% and 3 wt%, referred as SC1, SC2 and SC3, respectively. After
the solution was put into bottle flasks, it was shaken for 30 min at ambient
temperature using a rotary shaker (Rotator RT-50). The solution was then
gradually injected into 4 wt% CaCl2 aqueous solution by using a 10 mL
syringe. Next, the sample was allowed to cure for a full night in order to
produce hydrogel beads. Afterward, the beads were allowed to dry in an oven
for 24 h at 60 °C after being cleaned with ethanol and deionized water (DI).

2.3. Adsorption experiments

A series of experiments were executed to examine the impacts of
several factors, such as initial pH, CR concentration, and adsorption
duration, on the elimination of CR. Batch adsorption trials were per-
formed by submerging the hydrogel bead sample in 50 mL of CR so-
lution. The remaining concentration of CR after the experiment was
analyzed using a UV-Vis spectrophotometer (JASCO V-530) at a wa-
velength of 562 nm. The formulas utilized for computing the removal
percentage (Removal, %) (Eq. 1) and adsorption equilibrium quantity
(qe, mg/g) (Eq. 2) are outlined below.

= ×Removal (%) C C
C

100i e

i (1)

= ×q C C
W

Ve
i e

(2)

where Removal % represents the efficiency of removal, with Ci and Ce
denoting the initial and equilibrium concentrations of CR (mg/L), re-
spectively. qe stands for the adsorption capacity at equilibrium of the
adsorbent (mg/g), while W signifies the quantity of adsorbent (g), and
V indicates the volume of the CR solution (L).

2.4. Determination of carboxyl groups

A technique of conductometric titration was utilized to quantify the
carboxyl (COOH) group of the hydrogel beads [50]. To achieve
homogenous distribution, the dried hydrogel bead was incorporated
with 2.5 mL of 20mM NaCl solution for 30min. Then, HCl was added
into the mixture until the pH to achieve pH 3.0. Afterward, the mixture
solution then incrementally adjusted to pH of 11.0 using a NaOH so-
lution. The content of COOH group inside the hydrogel beads was as-
sessed using the following Eq. (3).

= ×Carboxyl group content,COOH(mmol/g) V M
W

NaOH NaOH

d (3)
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where VNaOH (mL) is the NaOH volume needed to deprotonate COOH
groups. MNaOH (mol/L) is the concentration of NaOH, while Wd (g)
represents the initial weight of dry hydrogel beads.

2.5. Swelling properties

The swelling properties of the hydrogel composites were assessed
using DI by performing the experiment using batch shaker for 24 h at
room temperature. The percentage of swelling was estimated by ap-
plying the Eq. (4).

= ×Swelling (%) W W
W

100s d

d (4)

where Ws and Wd represent the weights of swollen hydrogel beads and
dried hydrogel beads, respectively.

2.6. Analytical measurements

FTIR spectra were acquired utilizing a Thermo Scientific Nicolet
iS10 instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA)
both prior to and after CR adsorption. The morphology of SA/CTAB

Fig. 1. SEM morphology of hydrogel beads (a) SC1 (b) SC2 (c) SC3.
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based hydrogel beads were observed via scanning electron microscopy
(SEM) (Miniscope TM3000, Hitachi-hitech, Tokyo, Japan). The pHzpc

value, indicative of the neutral surface charge was determined. Dried
hydrogel beads were immersed with 10mM NaCl with different pH
between 2 and 8, then mixed for 24 h under room temperature. The
pHzpc calculated using the equation: ΔpH =pH-final − pH-initial [51].

3. Results and discussion

The morphology of hydrogel beads before and after CR adsorption
acquired using Scanning electron microscopy (SEM) is presented in
Fig. 1. According to Fig. 1, all samples exhibit a rough and wrinkle
surface before adsorption experiment. The SC3 sample which contains
the highest percentage of CTAB (3wt%) has a rougher surface with
multiple crystal-like shapes on its surface. After CR adsorption process,
all of the samples showed changes on their morphology by becoming
slightly smooth. It can be observed that there is a pore present on the
surface of SC1 sample after adsorption.

Table 1 depicts the swelling percentage and the carboxyl groups
content present in the hydrogel beads. The swelling percentage data
demonstrate that higher CTAB concentration led to increase in swelling
percentage. This is probably due to CTAB molecules that are

amphiphilic, meaning they have both hydrophilic and hydrophobic
parts. When CTAB concentration is high, the hydrophilic parts of the
molecules may interact more strongly with the polymer chains, making
the hydrogel beads more hydrophilic overall. This increased hydro-
philicity can increase the affinity of the hydrogel towards water,
thereby increasing swelling percentage.

Likewise, increase CTAB concentrations may lead to a decline in the
COOH content of the hydrogel bead composite. This could be attributed
to the competitive binding of CTAB, which competes for available
binding sites on the alginate polymer chains. As CTAB molecules bind
to these chains, they may occupy sites that would otherwise be utilized
by Ca ions for cross-linking the alginate molecules. This competition for
binding sites ultimately reduces the overall cross-linking density of the
hydrogel beads, subsequently decreasing the COOH content.

The FTIR spectra of the hydrogel bead before and after CR adsorp-
tion are depicted in Fig. 2. The peak in the range of 3200 cm−1 to
3500 cm−1 corresponds to OH groups [52]. A new peak emerged after
CR adsorption in the range of 2849 cm−1 to 2920 cm−1, attributed to
methylene group [17]. Another peak at approximately 1590 cm−1, as-
signed to the stretching of –COO- [53,54], and a peak at around
1023 cm−1 representing the C-O stretching vibrations [28]. IR analysis
suggest that intermolecular forces involving the functional components
of hydrogel beads and CR dye molecules likely contribute to dye ad-
sorption, alongside with electrostatic attraction. Possible mechanisms
of CR dye adsorption onto hydrogel bead composite as shown in Fig. 3.

3.1. Initial pH effect analysis

The pH level of solution influences both the charged state of the CR
and the charge surface of the hydrogel bead [55]. Fig. 4a illustrates the
adsorption behaviour of CR as the pH of the CR solution varies. The

Fig. 2. FTIR spectra of hydrogel bead before and after CR adsorption. (a) SC1 (b) SC2 (c) SC3.

Table 1
Characteristics of hydrogel bead.

Sample Swelling (%) COOH (mmol/g)

SC1 49.67 ± 5.84 0.40 ± 0.06
SC2 96.50 ± 0.98 0.38 ± 0.03
SC3 162.28 ± 8.92 0.28 ± 0.06
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Fig. 3. Proposed mechanisms of CR adsorption.
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removal percentage initially increases, and then decreases within the
pH range of 2 to 9. The graph shows that pH 2 provides optimal con-
dition for SC1, SC2 and SC3, resulting in an optimum removal per-
centage of 70.75%, 78.55% and 77.47%, respectively. Fig. 4b show the
surface charges of the hydrogel bead. The data revealed that the sam-
ples, namely, SC1, SC2 and SC3 exhibited negative charges below pHzpc

values of 4.2, 2.6 and 4.0, respectively, while CR dye exhibits a positive
charge under acidic conditions due to protonation. This observation
indicates that the electrostatic attraction between the hydrogel beads
and CR dye. A comparable outcomes of CR adsorption onto CTAB
modified pumice [56] and tea waste [57] have been reported.

3.2. Initial concentration effect analysis

The adsorption of CR onto hydrogel beads was examined by ad-
justing the initial CR concentration in the range of 5 to 40mg/L. This
experiment was conducted for 30min, at pH 4 for SC1, SC2 and SC3,
respectively, and an adsorbent dosage of 10mg/50mL. The results
demonstrated that increasing the CR concentration to 40mg/L resulted
in enhanced CR adsorption capacity in the hydrogel beads for all
samples (Fig. 5). As the initial CR concentration increases, a greater
concentration gradient is established between the CR solution and the
hydrogel bead surface. This amplifies the driving force for adsorption,
thereby attracting and capturing more CR dye molecules onto the hy-
drogel bead material.

3.3. Adsorption isotherm analysis

The adsorption isotherm helps to clarify the relation between the
adsorbent hydrogel bead and CR dye, thereby enhancing our

comprehension of the adsorption process. In this study, we utilized
Langmuir (Eq. 5) and Freundlich (Eq. 6) models to evaluate the data
derived from the adsorption experiments. Table 2 presents the linear
regression coefficient (R2) values obtained from Fig. 6, along with ad-
ditional characteristics of the adsorption isotherms. The result observed
show that Freundlich model suit the adsorption data compared to the
Langmuir model across all samples, as indicated by the higher R2 va-
lues. The 1/n values showed indicate a favourable adsorption process as
the value being less than 1. These results suggest that a multilayer-like
adsorption occurred at the adsorption sites of hydrogel beads.

= +C /q ( C
q

) 1/(K q )e e
e

max
L max (5)

= +ln q ln K 1
n

ln Ce F e (6)

In this context, qe (mg/g) represents the adsorption capacity, Ce
(mg/L) denotes the equilibrium concentration, qmax (mg/g) signifies the
maximum adsorption capacity, RL indicates a coefficient reflecting the
stronger of adsorption, KL (L/mg) and KF (mg/g) represent the equili-
brium constants of adsorption, and 1/n signifies the adsorption in-
tensity.

3.4. Adsorption kinetic analysis

An adsorption kinetic model serves as a mathematical framework
employed to depict the pace of adsorption progression as time elapses.
These models are designed to elucidate the underlying mechanisms and
dynamics of adsorption phenomena by quantifying alterations in the
concentration of the adsorbate (CR dye) within the adsorbent (hydrogel
bead) over time. The impact of varying adsorption durations
(30–1440min) on the adsorption of CR using hydrogel bead at a con-
centration of 40mg/L is shown in Fig. 7. The observations indicate that
the adsorption of CR fluctuated over a period of 1440min for all hy-
drogel bead samples. This evidenced that a higher concentration of
CTAB in the hydrogel beads resulted in an increased adsorption capa-
city for the CR dye. This suggests that the swelling rate and COOH
group content (Table 1) affect the adsorption of CR dye. Ultimately,
equilibrium was reached after 1440min, with adsorption capacity of
141.08mg/g, 144.50mg/g, and 153.24mg/g for SC1, SC2, and SC3,
respectively.

The kinetic data provided significant insights on the adsorption
process. The data collected from the CR adsorption on the hydrogels
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Fig. 5. Effect of initial CR concentration versus adsorption capacity. Initial pH 4 for SC1, SC2 and SC3.

Table 2
Isotherm model parameters for adsorption CR dye.

Isotherm
models

Parameters Samples

SC1 SC2 SC3

Langmuir R2 0.3645 0.8217 0.2124
Freundlich 0.996 0.9956 0.9815
Freundlich Kf (g/mg min−1)n 301.0243 778.2555 583.2367

1/n 0.9479 0.8231 0.8820
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were examined using kinetic models: the first-order in Eq. (7) and
second order models in Eq. (8).

=log(q q ) log q K te t e 1 (7)

= +t/q 1/(K q ) t/qt 2 e
2

e (8)

where K1 (min−1) is the rate constant of the pseudo-first-order model
and t (min) is the time. K2 is the constant rate of pseudo-second-order
models.

Fig. 8 and Table 3 show the linear correlation coefficients and ki-
netic variables for CR adsorption. The first-order kinetic model ob-
tained a significantly lower R2 value than the second-order kinetic
model for all hydrogel bead samples. Thus, the adsorption process is
regulated by chemisorption. The finding was corresponded with pre-
vious studies conducted by [58,59] who used CS/ZL/ZrO/Fe3O4 and

chitosan polyacrylamide hydrogels for phosphate and CR adsorption,
respectively.

3.5. Regeneration of CR dye adsorption

Studying the regeneration of CR dye adsorption is crucial for com-
prehending the adsorbent's efficacy in capturing CR molecules re-
peatedly. In the analysis of hydrogel bead regeneration, a combination
of acetone and DI water was employed to cleanse the CR dye from the
adsorbent surface. Fig. 9 illustrates the reusability of this hydrogel for
up to three cycles. The findings indicate that SC1 exhibited fluctuating
trends of increase and decrease, whereas SC2 displayed a consistent
decrease. Conversely, SC3 demonstrated a stable performance in ad-
sorption capacity. From this, it can be inferred that the concentration of
CTAB has an impact on CR dye adsorption.

Fig. 6. Isotherm model of CR adsorption (a) SC1 (b) SC2 (c) SC3.
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3.6. Comparison between SC1, SC2, SC3 and other adsorbents to remove
CR dye

To evaluate the efficacy of this adsorbent, it is notable to compare
the adsorption capacity (Q) of the SC1, SC2, and SC3 adsorbents to-
wards the anionic CR dye, with those of previously published ad-
sorbents, as shown in Table 4. Of all the adsorbents reported in the
literature, it can be certainly differentiated that SC1, SC2, and SC3 show
the greatest qe for CR dye adsorption.

4. Conclusion

This research uncovered the remarkable effectiveness of the hy-
drogel beads composite in removing CR from aqueous solutions. Factors
influencing the sorption process of CR dye included CTAB concentra-
tions (0.1 wt%, 1 wt%, and 3wt%, referred to as SC1, SC2, and SC3,
respectively), pH levels, initial CR concentration, and duration. The
results demonstrated that increasing CTAB concentration led to in-
creased swelling percentage and decreased carboxyl group.
Impressively, the adsorption capacity for CR were measured at
141.08mg/g, 144.50mg/g and 153.24mg/g for SC1, SC2 and SC3,

respectively. Isotherm and kinetic models were fitted Freundlich and
pseudo-second-order models. These results strongly suggest a complex
adsorption mechanism characterized by multilayer formations and
chemical interactions.
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