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a b s t r a c t
In the present study, Spirulina microalgae-immobilized alginate beads (Alg-SP) were used as novel 
adsorbents for the adsorption of tartrazine, carmoisine, and Allura Red azo-dyes from wastewa-
ter. Synthesized Alg-SP beads were characterized by Fourier-transform infrared spectroscopy, 
X-ray diffraction, scanning electron microscopy, thermogravimetric analysis, and differential scan-
ning calorimetry analyses. Maximum azo-dye removal percentages were achieved using 100  mg 
of Alg-SP beads with a ratio of 3.0% (w/v) within 2  h, and tartrazine, carmoisine, and Allura 
Red removal performances were determined to be 98%, 93%, and 82%, respectively. The adsorp-
tion data for azo-dyes onto Alg-SP beads were evaluated by several isotherm equations such as 
Langmuir, Freundlich, Dubinin–Radushkevich, Temkin, Halsey, and Harkins–Jura isotherm mod-
els, but were best described by the Langmuir and Harkins–Jura models as they gave the highest 
correlation. Pseudo-first-order, pseudo-second-order, Elovich, Weber–Morris, and Bangham models 
were investigated and dye adsorption onto Alg-SP beads was represented by pseudo-second-order 
and Elovich kinetic models. After the adsorption process, the beads can easily be regenerated by 
NaOH and effectively reused over three cycles. Consequently, Spirulina microalgae-immobilized 
alginate beads have considerable potential for the adsorption of dyes from wastewater.

Keywords: Spirulina; Alginate; Adsorption; Azo dyes

1. Introduction

Dyes are widely used organic chemicals to give prod-
ucts “color”, especially in food, pharmaceutical, textile, 
paper, leather, and cosmetic industries. Dyes have a com-
plex aromatic molecular structure, which is based on 
substituted aromatic and heterocyclic groups, and are 
generally resistant to light, temperature, biodegradation, 
ozonation, and oxidation [1,2]. This characteristic feature 
makes dyes non-degradable and therefore causes bioaccu-
mulation in living organisms, leading to severe diseases 

and disorders. In addition, dyes may have acute or chronic 
effects on organisms in water [3]. Moreover, toxic dyes 
can enter the food chain through water bodies, eventually 
affecting the health of humans and animals. Some studies 
demonstrated the allergenic, clastogenic, mutagenic, and 
carcinogenic effects of different dyes, such as tartrazine, 
amaranth, Allura Red, carmoisine, and brilliant blue [4].

Tartrazine is a synthetic lemon yellow azo dye used as 
a food coloring. This dye provokes asthma attacks in chil-
dren and when combined with benzoates, it can produce 
hyperactivity syndrome and thyroid tumors. It also causes 
agitation, infertility, confusion, rhinitis, and migraine. 
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Overdose of tartrazine in people displays effects on periph-
eral nerves, paraesthesia and dental changes. Food and 
Agriculture Organization/World Health Organization 
(FAO/WHO) established an acceptable daily intake for tar-
trazine of 7.5 mg kg–1 b.w. d–1. Carmoisine is an azo dye with 
red color [4]. It is reported that an excess dose of carmois-
ine damages the liver and decreases the function of some 
main metabolic enzymes. Carmoisine is reported to produce 
carcinogenicity and biochemical toxicity in mice by increas-
ing the concentration of some serum marker enzymes and 
downregulating the expression of some important defen-
sive genes. FAO/WHO established an acceptable daily 
intake for carmoisine of 4.0  mg  kg–1  b.w.  d–1 [5]. Allura 
Red is an azo dye used in the food industry. Use of Allura 
Red over 7.0  mg  kg–1 causes toxicity and carcinogenicity, 
which can lead to several diseases such as bladder cancer. 
Allura Red overdose reduces intestinal anaerobic bacteria. 
The acceptable daily intake value for Allura Red in food is  
7.0 mg kg–1 b.w. d–1 [6].

Removing dyes from contaminated water has become 
an urgent requirement. The adsorption process is one of the 
efficient methods to remove dyes from effluent. Adsorption 
is the most commonly used technology for the removal of 
dyes, due to its simple design and easy operation [7]. Using 
an efficient adsorbent is an important parameter in the 
adsorption process for dye removal with high adsorption 
capacity. Nowadays, a number of low-cost, commercially 
available adsorbents are used for dye removal. Various 
adsorbents, which are low-cost materials such as natural 
clays, activated carbon, chitosan, alginate, microalgae bio-
mass, etc. have been reported for dye adsorption [8]. Also, 
organic/inorganic compounds containing polymeric com-
posites with high adsorption capacity and removal ratio 
are the precursors in the search for new adsorbents lately.

Alginate is a linear polysaccharide, which was used 
for the removal of various pollutants such as pharmaceu-
ticals, food, and textile dyes in recent decades [9]. In addi-
tion, the blue-green microalgae Spirulina platensis is the 
most industrially cultivated microalgae since its biomass 
is widely used as food, feed, and a source of fine chemi-
cals. Its biomass contains significant amounts of protein, 
precious fatty acids, and complex carbohydrates [10]. 
These nutritional chemical groups make Spirulina bio-
mass a good source for a variety of functional groups such 
as carboxyl, hydroxyl, sulfate, and phosphate that can be 
used as binders for dye adsorption [11]. Spirulina biomass 
stands out due to its high adsorption capacity and its avail-
ability in natural surroundings, in addition to offering a 
variety of functional groups, being low-cost and ecologi-
cally beneficial. The powdered form of Spirulina presents 
advantages in operation such as mechanical characteristics 
and removal from the liquid medium after adsorption [12].

The objective of the present paper is to evaluate whether 
introducing Spirulina biomass into the polymeric struc-
ture of alginate can significantly enhance the surface area 
of the alginate and promote the adsorption capacity of 
the polymer for the removal of dyes from wastewater. 
The chemical and morphological properties of the beads 
were characterized, and the effect of adsorption parameters 
such as amount of Spirulina biomass, amount of adsorbent, 
pH, temperature, and time was investigated. The Langmuir, 

Freundlich, Temkin, Dubinin–Radushkevich (D–R), Halsey, 
and Harkins–Jura adsorption isotherms and pseudo-first-or-
der, pseudo-second-order, Elovich, Weber–Morris, and 
Bangham kinetics models were studied. The thermodynamic 
parameters were evaluated, and also enthalpy, entropy, 
Gibbs free energy, adsorption mechanism, desorption, and 
reusability experiments were also carried out. This work 
represents the first example in the literature to present the 
synthesis, characterization and dye adsorption behavior of 
Spirulina biomass immobilized on alginate beads.

2. Material and method

2.1. Microorganism and cultivation

The cyanobacterium Arthrospira (Spirulina) platensis 
(SP) was cultivated on Zarrouk’s medium in 2  L photobio-
reactors with an initial biomass concentration of 0.15  g  L–1 
[10]. Cultures were maintained under a 12 h light/12 h dark 
photoperiod at 25°C  ±  1°C. At the end of the 25  d cultiva-
tion, cultures were filtered, washed with distilled water, 
centrifuged at 10,000 rpm, and freeze-dried to obtain biomass.

2.2. Preparation of Spirulina-immobilized alginate beads

Amounts of 1.0% (w/v) sodium alginate and 1.0, 2.0 
and 3.0% (w/v) dried Spirulina were dissolved in 0.1  M 
NaCl solution for 24 h. The alginate-Spirulina (Alg-SP) solu-
tions were added dropwise to 0.1  M CaCl2 solution using 
a plastic syringe and left on a magnetic stirrer for 24  h at 
25°C. The obtained Alg-SP wet beads were separated from 
the solution and washed using distilled water. Finally, 
Alg-SP beads were dried in an oven at 60°C for 24  h and 
coded as Alg-SP-1.0, Alg-SP-2.0, and Alg-SP-3.0 [9].

2.3. Characterization

The molecular structures of raw SP, raw alginate and 
Alg-SP beads were characterized by IR Affinity Spectrometer 
(Perkin Elmer, Turkey). X-ray diffraction measurements 
of raw SP, raw alginate and Alg-SP beads were conducted 
on a RIGAKU D-Max 2200 (Japan) ultimate diffractome-
ter. Scanning electron microscopy (Philips XL-30, United 
States) was used to observe the surface morphologies of 
raw SP, raw alginate, and Alg-SP beads. Thermal charac-
terization of the beads was carried out by thermogravimet-
ric analysis (TG, Perkin Elmer, Turkey), and differential 
scanning calorimetry (Diamond DSC, Turkey). The points 
of zero charges (PZC) of the beads were established using 
the salt addition method [9,13].

2.4. Preliminary adsorption experiments

In batch adsorption experiments, 25  mL of 50  mg  L–1 
dye solutions with pH from 3.0 to 11.0 were added to 
50–200  mg of Alg-SP-(1.0:3.0) in a 50  mL Erlenmeyer at 
25°C  ±  0.5°C on a mechanical shaker at 140  rpm for 1  h 
[9,13,14]. Then Alg-SP beads were separated from the 
solution and the residual concentrations of the dyes in 
the supernatant were monitored with a double-beam 
spectrophotometer at 426  nm for tartrazine, 508  nm for 
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carmoisine, and 501 nm for Allura Red. Adsorption exper-
iments were repeated three times, and the standard devia-
tions were within ca. ±3%, so all results are reproducible.

Adsorption isotherms for dyes onto Alg-SP-3.0 beads 
were described with different models, namely the Langmuir, 
Freundlich, D–R, Temkin, Halsey, and Harkins Jura mod-
els. Similarly, adsorption kinetics experiments were carried 
out using 100  mg of Alg-SP-3.0 beads at different time 
intervals and the adsorption kinetics were investigated by 
pseudo-first-order, pseudo-second-order, Elovich, Weber–
Morris, and Bangham models. The experiments were car-
ried out at 25°C, 45°C and 60°C  ±  0.5°C to examine the 
adsorption thermodynamics [15].

Desorption studies were conducted by suspend-
ing the Alg-SP-3.0 beads loaded with dyes in distilled 
water at different pH values (3.0–12.0) with 1.0  M HCl, 
and NaOH solutions as eluent solutions. The dye-loaded 
beads and 25  mL of eluents were shaken for 1  h and the 
residual dye concentration was measured spectropho-
tometrically. The desorption efficiencies of dyes were 
calculated as the ratio of the desorbed amount to the 
adsorbed amount [16]. Five cycles of consecutive adsorp-
tion–desorption studies were performed for all dyes in 
order to check the reusability of the regenerated beads.

3. Results and discussion

3.1. Characterization

Fourier-transform infrared spectroscopy (FTIR) anal-
yses were performed to examine the functional groups on 
the raw SP, raw alginate, and Alg-SP beads in the range of 
600 and 4,200 cm–1. In Fig. 1, for raw SP biomass the lipid 
band at around 1,740 cm−1, the amide I and amide II bands 
near 1,660 and 1,540  cm−1, and the carbohydrate region 
around 1,200–900 cm−1 are shown. Furthermore, the broad 
peak around 3,350  cm−1 represents O–H and overlapped 
N–H groups and the peak at 2,950 cm–1 is attributed to C–H 
stretching vibration of raw SP. The characteristic peaks at 
3,350; 1,610; 1,450 and 1,025  cm−1 represent the stretching 

of O–H, C–O–O (asymmetric), C–O–O (symmetric), and 
C–O–C (asymmetric) bonds, respectively for raw alginate 
beads (Fig. 1). The bands positioned around 1,095; 1,075 and 
1,035  cm–1 are attributed to deformation vibration of C–C 
band, stretching vibration of C–O–C, and O–H bending 
vibration. Several differences appeared in the FTIR spectra 
of Alg-SP beads in comparison with raw SP and Alg beads 
(Fig. 1). The peaks near 3,300; 1,550; 1,425 and 1,250  cm–1 
are assigned to the O–H and N–H (overlap), N–H (amide 
II), C–O–O (symmetric), and C–O stretching formed by 
the interaction between raw SP and alginate. According 
to the FTIR spectrum of Alg-SP beads, a peak at 1,550 cm–1 
was invisible in the alginate molecular structure and cor-
responded to secondary amine bending from the protein 
structure of Spirulina. Therefore, an increment in the inten-
sity of the peaks at 2,950 and 1,250 cm–1 related to C–H and 
C–O stretching is evidence for interactions of SP and algi-
nate molecules [9,13].

The X-ray diffraction (XRD) patterns of the samples 
are presented in Fig. 2. There were two obvious peaks at 

Fig. 1. FTIR spectra of raw Spirulina, raw alginate, and Spirulina-immobilized alginate beads.

Fig. 2. XRD patterns of raw Spirulina, raw alginate, and 
Spirulina-immobilized alginate beads.



D. Saloglu, O.I. Sahin / Desalination and Water Treatment 220 (2021) 431–445434

2θ of about 10° and 20° in the XRD pattern of Spirulina 
biomass. These crystal peaks represented crystalline and/
or stereo complex crystals in the protein structure of raw 
SP. These features represent the typical amino acid/protein 
phase of SP, reflecting the α–helix and β–sheet structures, 
respectively [17]. The diffraction of raw alginate consisted 
of three crystalline peaks at 2θ  =  13.7°, 23.0°, and 40°. 
However, alginate X-ray diffraction consists of only two 
crystalline peaks at 2θ  =  13.7° and 23.0° in the literature. 
This difference may be because of the amounts of guluronic 
and mannuronic acids present in the different alginate 
samples. The crystallinity of SP was not observed in the 
Alg-SP beads due to the strong interaction between alginate 
and SP. This interaction destroyed the close packing of the 
alginate molecules required for the formation of regular 
crystallites. The change in the XRD pattern of the Alg-SP 
beads is proof the interaction between alginate and SP.

Scanning electron microscopy (SEM) was carried out in 
order to verify the surface characteristics of raw SP, raw Alg, 
and Alg-SP-(1.0–3.0) beads (Fig. 3). Spirulina biomass pre-
sented different forms with 10–50 μm length, 3 μm diam-
eter (low and high magnification, ×1,000 and ×10,000). The 
inhomogeneous internal structure of raw SP had very small 
pores and interconnected rooms around the closed cells. 
The SEM images of raw Alg and Alg-SP-(1.0–3.0) beads are 
also given in Fig. 3. As can be seen from the figure, there 
were numerous microfractures (ca. 100–400 μm) on the sur-
face of the raw Alg beads; the fractures covered the entire 
polymer surface. The surface of the raw beads was full of 
cracks. These cracks can be characterized as microfractures 

on the surface of the beads instead of pores. Alg-SP-1.0 
beads were found to have lower numbers of shorter microf-
ractures (ca. 50  μm) together with the presence of cracks 
which were similar to the surface of the raw alginate beads. 
The low interaction between the SP and alginate molecules 
may be explained as being associated with the reduction 
in physical bonds due to low SP content. The decrease in 
the number of microfractures on the beads with increasing 
SP content was ascribed to the formation of interactions 
between the mentioned groups on the SP and alginate mol-
ecules. Also, at higher amounts of SP (2% and 3%, w/v), 
the microfracture structures of the beads were found to be 
disrupted and had almost completely regular and homo
geneous rough surface. This was attributed to relatively 
more interactions between SP and alginate. When the amount 
of SP was above 1.0%, a rougher structure with homogeneous 
surface was obtained. The rough morphologies observed in 
the Alg-SP-(2.0 and 3.0) beads were explained by the higher 
amounts of SP leading to additional crosslinks. These phys-
ical crosslinks resulted from the electrostatic interactions 
and hydrogen bonding of the SP and alginate molecules.

The thermal stabilities of raw alginate and Alg-SP 
beads were characterized by thermogravimetric anal-
ysis (Fig. 4). The char yield of Alg-SP beads was deter-
mined to be nearly the same as that of raw Alg beads. The 
char yield ratios were found to be 35%, 35%, and 38% for 
Alg-SP-(1.0–3.0), respectively. Nearly 60% of the beads 
decomposed before 400°C and all beads were unstable 
when temperature increased. In addition, a lower degra-
dation rate was detected for Alg-SP-(2.0 and 3.0) beads in 

Fig. 3. SEM images of raw Spirulina (1000×, 10000×, and 20000×), raw alginate, and Spirulina-immobilized alginate beads (×120 and 
×5000) magnifications.
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the temperature range of 25°C and 400°C. Higher thermal 
stability with a low degradation rate for the Alg-SP-(2.0 and 
3.0) beads was ascribed to the encompassing interaction 
between Alg and SP. It was observed that the introduction 
of SP to the Alg molecule decreased the molecular flexibil-
ity of the Alg-SP chains. The midpoint degradation tem-
perature decreased with an increasing amount of SP in the 
alginate. The Td50 values were 378°C, 378°C and 401°C as 
SP content decreased from 3.0 to 1.0% (w/v), respectively. 
As can be seen from the DTG trace (Fig. 4), raw alginate 
beads degraded at a faster rate in the temperature range 
of 25°C–600°C compared with Alg-SP beads. The weight 
loss was probably due to the removal of water and the deg-
radation of the end-chain groups in the alginate matrix. 
Three degradation stages were detected at near 200°C, 
278°C and 400°C. Moreover, Fig. 4 shows three degradation 
stages for all Alg-SP beads. End groups in Alg-SP beads 
degraded above 200°C. The first stage was in the range of 
200°C–235°C, the second stage was between 250°C–288°C, 
and the third part was about 300°C–328°C. In addition, from 
the comparison of DTG curves, it appeared that the first and 
second decomposition region resulted from the deteriora-
tion of the alginate molecules. Alg-SP beads had a lower 
degradation rate and moderate degradation temperature 
compared to raw alginate beads. Furthermore, raw alginate 
had a 3.7  times higher degradation rate than Alg-SP-3.0. 
Alg-SP-1.0 had the lowest thermal stability. Thermal stabil-
ity may be based on the minimized synergy between SP and 
alginate which then leads to inhibited molecular flexibility 
of the beads. Consequently, Alg-SP beads had higher ther-
mal stability with the nearly same char yield compared to 
raw alginate beads. This enhancement in thermal stability 
was attributed to increases in the interaction between algi-
nate and SP and restriction of the molecular mobility of 
polymer chains.

DSC analyses of the raw alginate and Alg-SP beads 
were conducted between –80°C and 350°C under nitro-
gen atmosphere (Fig. 5). Two endothermic peaks near 
80°C–220°C followed by an exothermic peak at nearly 
270°C, respectively, appeared for the alginate molecule. The 
initial endothermic peak at about 120°C was due to removal 
of adsorbed moisture content associated with hydrophilic 

groups in the alginate. The sharp endothermic peak appear-
ing at 200°C was related to the melting point of the raw  
alginate beads. The thermogram of the beads showed a 
broad exothermic peak after 250°C, which represents its 
decomposition. In agreement with TG results, these pro-
cesses were ascribed to carbonized residue because of 
the decomposition of the polymer. As shown in Fig. 5, 
Alg-SP-1.0 beads melted at 205°C, which was character-
ized by an endothermic peak at between 200°C and 226°C. 
DSC curves of Alg-SP-(2.0 and 3.0) beads had significant 
differences in the melting region of the raw alginate and 
Alg-SP-1.0. They showed four different melting peaks at 
around 210°C and 235°C. This was ascribed to the high con-
tent of SP leading to changes in the chain arrangement of 
the alginate. So, the related peaks were attributed to melting 
of the polymer crystals in high interactions with Spirulina. 
These four peaks were much more distinct in the DSC ther-
mogram of Alg-SP-3.0 containing the highest amount of SP.

3.2. Preliminary adsorption experiments

Fig. 6a displays the removal percentages of dyes 
using 100  mg of Alg-SP beads with different SP ratios for 

Fig. 4. Thermogravimetric analysis and derivative curves for raw alginate and Spirulina-immobilized alginate beads.

Fig. 5. DSC curves for raw alginate and Spirulina-immobilized 
alginate beads.
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50  mg  L–1 initial dye concentrations within 1  h. Removal 
% values of tartrazine were detected to be 86%, 80%, and 
73%; carmoisine removal % values were determined to be 
85%, 81%, and 76%; and Allura Red removal % values were 
found to be 82%, 81%, and 80% using Alg-SP-3.0, Alg-SP-2.0, 
and Alg-SP-1.0 beads, respectively. As the SP content ratio 
increased from 1.0 to 3.0% (w/v), dye adsorption removal 
percentages were seriously boosted. Thus, 3.0% (w/v) SP 
content in the alginate beads was used as the optimum SP 
content for further adsorption experiments.

The effect of amount of adsorbent on dye adsorption 
was investigated in the range of 50 to 200 mg of Alg-SP-3.0 
for 1  h adsorption process as shown in Fig. 6b. The dye 
removal percentages increased sharply from 52% to 86% 
for tartrazine; from 48% to 85% for carmoisine; and from 
54% to 82% for Allura Red, respectively, as the amount of 
adsorbent increased from 50 to 100  mg  g–1. The increase 
in dye removal percentage with adsorbent content was 
attributed to increased adsorbent surface area and availabil-
ity of active sites. Hence, 100 mg of beads were chosen as 
the optimum amount of adsorbent and 100 mg of Alg-SP-3.0 
was applied to investigate the effect of pH on the dye 
adsorption experiments.

The PZC of an adsorbent is the pH at which the sur-
face has a net neutral charge. The adsorbent is protonated 
in solutions with pH less than the PZC, and thus the adsor-
bent can be adsorb anions; contrarily, it is deprotonated in 

solutions with pH higher than the PZC, and the adsorbent 
can adsorb cations [13,18].

The raw Alg beads had positive surface charge at pH 
lower than 6.0 owing to the presence of –COOH groups in 
the molecule. PZC for SP and Alg-SP beads were recorded 
as pH 7.0 and 6.34, respectively (Fig. 6c). When compared 
with raw Alg, the PZC values of Alg-SP beads increased 
after embedding SP due to the deprotonated carboxylic 
acids of alginate.

The pH value of the solution is an important parame-
ter for the adsorption process, and the initial pH value of 
the dye solutions have significant influence compared to 
the final pH. In the present study, experiments were carried 
out in the pH range 3.0–11.0 for 1 h to examine the effect of 
pH on dye adsorption. The removal % of dyes decreased 
from 86% to 21%; 85% to 35%; and 82% to 26% for tartra-
zine, carmoisine, and Allura Red, respectively, when the 
pH increased from 3.0 to 11.0 (Fig. 6d). In general, initial 
pH value may enhance or reduce the adsorption. This was 
attributed to the charge on the adsorbent surface with the 
change in pH value. Similar behaviours of removal % with 
pH can be explained by considering the similarity in the 
structure of the dyes. At pH 3.0, the beads were proton-
ated with –COOH and –OH functional groups; thus, a pos-
itive charge was formed on the beads and hydrogen bonds 
formed between –OH and –COOH groups of the beads 
and N=N of dyes and adsorption efficiency significantly 

Fig. 6. (a) Effect of SP amount on the removal % of dyes, (b) effect of adsorbent amount on the removal % of dyes, (c) surface 
charge of raw Spirulina, raw alginate and Alg-SP beads, and (d) effect of pH on the removal % of dyes.
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increased. At pH 11.0, the –COOH groups on the beads were 
ionized completely and there was electrostatic repulsion 
between –SO3 groups on the dyes and adsorption capac-
ity sharply decreased. Therefore, adsorption of dyes onto 
Alg-SP-3.0 beads may be due to hydrogen bonding, electro-
static repulsion, Van der Waals forces, and other effects.

3.3. Adsorption isotherms

Equilibrium adsorption isotherms for tartrazine, car-
moisine, and Allura Red by Alg-SP-3.0 are shown in 
Fig. 7. The following models defined the relationship 
between dyes adsorption and the equilibrium concen-
trations: Langmuir [19], Freundlich [20], D–R, Temkin, 
Halsey [21], and Harkins–Jura [22]. Isotherm parameters 
can be obtained from the slope and intercept of the related 
plots. Fig. 7 and Table 1 represent the adsorption isotherm 
parameters and correlation coefficients (R2).

The Langmuir isotherm analyses the surface cover-
age by counterbalancing the relative rates of adsorption. 
The adsorption is based on the number of active sites on 
the adsorbent. In addition, the isotherm assumes mono-
layer coverage of the adsorbent. The isotherm is defined in 
Eqs. (1) and (2):

1 1 1 1
q q K C qe m L e m

= + � � 	 (1)

R
C KL
e L

=
+( )

1
1 �
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where qe (mg g–1) and Ce (mg L–1) are the amount of adsor-
bate per unit mass of adsorbent and concentration at equi-
librium, respectively. qm (mg g–1) is the maximum amount of 
adsorbate per unit mass of adsorbent to form a monolayer 
on the surface. KL (mg L–1) is the Langmuir constant related 
to the affinity of the binding sites. Furthermore, RL indicates 
the adsorption is unfavourable when RL  >  1.0, favourable 
when 0 < RL < 1.0, and irreversible when RL = 0 [23].

In this study, the linear regression coefficient (R2) val-
ues were found in the range of 0.88 and 0.91, and the iso-
therm was accepted as fitting the Langmuir isotherm well 
according to high R2 values. KL values were 39.22  L  mg–1 
for tartrazine; 27.00 L mg–1 for carmoisine; and 49.27 L mg–1 
for Allura Red, respectively. RL values were calculated as 
5 × 10–4, 7 × 10–4 and 4 × 10–4, for tartrazine, carmoisine, and 
Allura Red, respectively (Fig. 7 and Table 1). RL values for 
all dyes were lower than 1.0, and it was concluded that dye 
adsorption onto Alg-SP beads was favourable. qm values 
were estimated to be 76.92, 50.00, and 71.42 mg g–1 for tar-
trazine, carmoisine, and Allura Red, respectively (Table 1). 
According to the R2, RL and KL values, the Langmuir model 
was accepted as suitable for dye adsorption. This confirmed 
the surface homogeneity of the beads. Moreover, based on 
the Langmuir isotherm model principle, it can be safely 
stated that each active site on the beads interacted with 
only one dye molecule. Dye molecules adsorbed on well-
defined localized sites of the beads and the saturation cov-
erage corresponded to complete occupancy of these sites. 
The adsorption sites on the beads were all energetically 

homogeneous, and there was no interaction between adja-
cent dye molecules.

The Freundlich isotherm model is usually applied 
for non-ideal reversible adsorption processes and it gives 
information regarding multilayer adsorption with the 
non-uniform distribution of heat, which takes place on a 
heterogeneous surface and is expressed in Eq. (3):

q K Ce F e
n= 1/ 	 (3)

In Eq. (3), qe (mg  g–1) and Ce (mg  L–1) are the amount 
of adsorbate per unit mass of adsorbent and concentra-
tion at equilibrium, respectively. KF and 1/n are the rela-
tive adsorption capacity and the heterogeneity factor of 
the surface, respectively. The value of 1/n illustrates the 
adsorption to be favourable when 1/n < 1.0, difficult when 
0.5 < 1/n < 1.0, and unfavourable when 1/n > 1.0.

In the present paper, KF and 1/n values were calculated 
as 4.57 mg g–1 and 0.53 for tartrazine; 4.36 mg g–1 and 0.50 
for carmoisine; and 3.16  mg  g–1 and 0.60 for Allura Red, 
respectively, as indicated in Table 1. For dye adsorption 
onto the beads, 1/n values were lower than 1.0. Previous 
research indicated that the value of n greater than 1.0 for 
all adsorbents showed favourable adsorption [23]. This 
value should be in the range of 1.0–10.0 for better adsorp-
tion. Thus, in the present paper, the adsorption process 
was not favourable as the calculated values of n were in 
the range of 1.67 and 2.00. The R2 values for these dyes 
varied between 0.73 and 0.80. Low R2 values were less 
than for the Langmuir isotherm model, suggesting that 
the mode of adsorption was not heterogeneous in nature. 
The Freundlich model did not apply effectively to the 
adsorption process of dyes using Alg-SP beads.

The D–R isotherm explains an adsorption mechanism 
with Gaussian energy distribution onto heterogeneous 
adsorbent surfaces and is expressed as follows:

ln ln epsilonq qe m= − ( )β
2

	 (4)
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
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
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Energy = 1
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In Eqs. (4)–(6), qe (mg  g–1) and qm (mol  g–1) are the 
amount of adsorbate per unit mass of adsorbent and the 
maximum amount of adsorbate per unit mass of adsor-
bent, respectively, β (mol2  kJ–2) and ε are D–R isotherm 
constants, R (8.314  J  mol–1K–1) is gas constant, and T (K) is 
temperature. The model assumes the pore-filling mechanism 
and that this behaviour is associated with Van der Waal’s 
bonds and physical adsorption [24].

qm and β (Table 1) were calculated to be 29.96  mol  g–1 
and 1  ×  10–5  mol2  kJ–2; 25.28  mol  g–1 and 1  ×  10–5  mol2  kJ–2; 
and 26.84  mol  g–1 and 1  ×  10–5  mol2  kJ–2 for tartrazine, car-
moisine, and Allura Red, respectively. The R2 values were 
calculated between 0.89 and 0.94 indicating significant 
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Fig. 7. Adsorption isotherms for dyes onto Spirulina-immobilized alginate beads.
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fit. An adsorption process is called physical if the energy 
is lower than 8  kJ  mol–1 and it is called chemisorption if 
the energy values are between 8.0 and 16.0  kJ  mol–1 [24]. 

The mean free energies were calculated to be 0.22  kJ  mol–1 

for all dyes (Table 1) and the energy corresponded with 
the mechanism of dye adsorption onto beads, which 
was a physical adsorption process.

The Temkin isotherm accepts linear decreases in adsorp-
tion heat while the adsorbent active sites are covered by 
adsorbate, the adsorption is characterized by a uniform 
distribution of binding energies of the adsorbate, and the 
isotherm assumes adsorbate–adsorbent interaction [13,21].

q
RT K C

be
t e=

( )ln
	 (7)

Eq. (7) expresses the Temkin isotherm with Kt (L  g–1) 
being the Temkin isotherm equilibrium binding constant,  
b (J mol–1) the heat of adsorption constant, R (8.314 J mol–1 K–1) 
is the universal gas constant and T (K) is temperature.

As shown in Table 1, Kt values were determined to be 
0.53, 0.54, and 0.34 L g–1 for tartrazine, carmoisine, and Allura 
Red, respectively. Also, the heat of adsorption (b) values 
decreased from 0.28 (for carmoisine) to 0.23  kJ  mol–1 (for 
Allura Red). The adsorption heat was calculated between 
0.23 and 0.28  kJ  mol–1 for all dyes. Based on the R2 values, 
it was concluded that the Temkin model fitted the equilib-
rium data well. The high R2 values showed that the heat of 
the adsorption of dye molecules in a layer decreased with 
the surface coverage of the dye-Alg-SP-3.0 bead interaction.

The Halsey isotherm considers multilayer adsorption 
onto a heterogeneous adsorbent surface and is defined by 
Eq. (8).

q
n

K
n

Ce
H

H
H

e= −
1 1ln ln 	 (8)

where KH and nH are Halsey isotherm constants [21].
The Halsey isotherm was used to study the sorption 

energy of multilayers of dye adsorbed on the surface of the 
beads. Values of R2 (in the range of 0.73 and 0.80) indicated 
the applicability of Halsey adsorption isotherm but the 
model was less applicable compared to the Langmuir and 
Harkins–Jura adsorption isotherms.

The Harkins–Jura isotherm assumes multilayer adsorp-
tion occurring on an adsorbent surface with a hetero
geneous pore distribution [9,22].
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In Eq. (9), A and B are Harkins–Jura constants.
The values of constants A and B in the isotherm were 

calculated to be 51.02 g mg–1 and 1.22 mg g–1; 53.47 g mg–1 
and 1.33  mg  g–1; and 46.29  g  mg–1 and 1.34  mg  g–1 for tar-
trazine, carmoisine, and Allura Red, respectively (Table 1). 
This model showed better fit to the adsorption data with 
R2 values in the range of 0.90 and 0.97. Values of R2 for 
this isotherm indicate that the adsorption process for dyes 
on the bead surface was best explained by the Harkin 
Jura adsorption isotherm.

Notice that, it can be concluded that the Langmuir, 
D–R, Temkin and Harkins–Jura isotherm models had much 
better fit than the Freundlich and Halsey models by com-
paring the values of R2 of the examined six isotherm mod-
els. Therefore, it was evident from the present study that 
dye molecules were adsorbed onto the Alg-SP beads in 
accordance with monolayer adsorption and do not permit 
transmigration of the adsorbate in the plane of the surface.

3.4. Adsorption kinetics

Effect of time on the dye adsorption is exhibited in 
Fig. 8. In general, dye removal using Alg-SP-3.0 beads 
was quite fast during the first 30 min, then continued at a 
slow adsorption rate and reached equilibrium at the end 
of 80 min. Tartrazine and carmoisine adsorption processes 
reached equilibrium at the end of 80  min. Ce values were 
determined as nearly 2.0 and 4.5 mg L–1 and qt values were 
measured to be 12.0 and 11.37  mg  g–1 for tartrazine and 

Table 1
Adsorption isotherm constants for a dye adsorption onto Alg-
SP-3.0 beads

Tartrazine Carmoisine Allura Red

Langmuir isotherm model

qm (mg g–1) 76.92 50.00 71.42
KL (L mg–1) 39.22 27.00 49.28
RL 5 × 10–4 7 × 10–4 4 × 10–4

R2 0.88 0.90 0.91

Freundlich isotherm model

KF (mg g–1) 4.57 4.36 3.16
1/n 0.53 0.50 0.60
R2 0.73 0.74 0.80

Dubinin–Radushkevich isotherm model

qm (mol g–1) 29.96 25.28 26.84
β (mol2 kJ–2) 1 × 10–5 1 × 10–5 1 × 10–5

Energy (kJ mol–1) 0.22 0.22 0.22
R2 0.94 0.89 0.93

Temkin isotherm model

Kt (L g–1) 0.53 0.54 0.34
b (kJ mol–1) 0.24 0.28 0.23
R2 0.76 0.73 0.81

Halsey isotherm model

nH 0.53 0.50 0.60
KH (mg g–1) 2.25 2.10 1.99
R2 0.73 0.74 0.80

Harkins–Jura isotherm model

A (g mg–1) 51.02 53.47 46.29
B (mg g–1) 1.22 1.33 1.34
R2 0.90 0.97 0.93



D. Saloglu, O.I. Sahin / Desalination and Water Treatment 220 (2021) 431–445440

Fig. 8. Adsorption kinetics for dyes onto Spirulina-immobilized alginate beads.
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carmoisine, respectively. Furthermore, Allura Red adsorp-
tion onto Alg-SP-3.0 beads reached equilibrium at the end 
of 40  min. Ce and qt values were determined to be nearly 
13.0 mg L–1 and 9.25 mg g–1, respectively. For tartrazine and 
carmoisine removal % values were nearly 88% and 82% 
after 80  min, while Allura Red had 80% removal percent-
age at the same time. In addition, tartrazine and carmois-
ine had 98% and 92% removal after 2  h and Allura Red 
removal % remained constant after 1 h.

The adsorption kinetics were described using pseudo-
first-order, pseudo-second-order [25], Weber–Morris, 
Elovich, and Bangham [26] models.

The pseudo-first order model can be used for the 
adsorption of a solid/liquid system and the linearized form 
is given by Eq. (10).

log log
.

q q q
k

te t e−( ) = − 1

2 303
	 (10)

where qe (mg  g–1) and qt (mg  g–1) are the amount of adsor-
bate per unit mass of adsorbent and at time t, respectively, 
and k1 (min–1) is the rate constant for the pseudo-first-order 
model. The plot of ln(qe – qt) vs. time (min) was drawn and 
rate constant k1 (min–1) was calculated as the model constant 
(Fig. 8 and Table 2) [9,25].

For the pseudo-first-order kinetic, the experimental 
qe,experimental values were found as 12.3, 11.6 and 10.0  mg  g–1 
for tartrazine, carmoisine, and Allura Red, respectively. 
The qe,calculated values were found to be 15.1, 32.2 and 
20.9  mg  g–1 from the model for the same dyes, and the R2 
values changed between 0.90 and 0.96. According to the 
data, qe,calculated values determined were quite different from 
qe,experimental values, demonstrating the pseudo-first-order  
kinetic was not convenient for describing the dye adsorption.

The pseudo-second-order kinetic model [13,25] con-
siders the rate-determining step of the chemical reaction 
and is expressed by Eq. (11):

t
q k q q

t
t e e

= +
1 1

2
2 	 (11)

where k2 (g  mg–1  min–1) is pseudo-second-order model 
constant and h  = k2qe

2 (mg g–1 min–1) is initial sorption rate. 
From Eq. (11), the plot of t/qt against time (min) was drawn 
(Fig. 8) and kinetic parameters were calculated from slope 
and intercept and k2 (g  mg–1  min–1) and initial adsorption 
rate h (mg g–1 min–1) were calculated (Table 2).

For the pseudo-second-order kinetic, the experimental qe 
values were not far from the calculated ones, with values of 
qe,experimental = 12.3 mg g–1 and qe,calculated = 14.4 mg g–1 for tartra-
zine; qe,experimental = 11.6 mg g–1 and qe,calculated = 13.8 mg g–1 for 
carmoisine; qe,experimental = 10.0 mg g–1 and qe,calculated = 12.5 mg g–1 
for Allura Red. The adsorption rate constants, h, were calcu-
lated as 0.76, 0.36 and 0.62 mg g–1 min–1 for tartrazine, car-
moisine, and Allura Red, respectively. R2 values changed in 
the range of 0.81 and 0.99. These results indicate that the dye 
adsorption onto Alg-SP-3.0 beads was explained better by 
the pseudo-second-order kinetics than other kinetic models.

The Weber–Morris intra-particle diffusion model 
with multi-linearity correlation explains the mass transfer 

phenomena of the adsorption and the model is defined by 
Eq. (12):

q k t Ct = +id
0 5. 	 (12)

where kid (mg  g–1  min–0.5) is the intraparticle rate con-
stant. The qt vs. t0.5 graph was plotted from Eq. (12) and 
kid1 (mg g–1 min–0.5) and kid2 values were calculated from the 
slope of the plot (Fig. 8 and Table 2).

In this paper, the R2 values for Weber–Morris intrapar-
ticle diffusion were calculated in the range of 0.87–0.99 
and also 0.61–0.80. From Fig. 8, two separate linear phases 
with different slope were determined, which was explained 
as the occurrence of different mass transfer phenomena. 
The first phase in first 30  min indicated the boundary layer 
mass transfer and diffusion phenomena through the external 
surface of the beads [26]. The second linear part between 
40 and 120  min describes intraparticle mass transfer. 
According to Table 2, kid1 and kid2 for tartrazine, carmoisine, 
and Allura Red established that intraparticle mass transfer 
rates were slower than the boundary layer mass transfer 
rate. Also, kid1 and kid2 constants for Allura Red, tartrazine 
and carmoisine were calculated as kid1 = 1.68 mg g–1 min–0.5 

and kid2  =  0.07  mg  g–1  min–0.5; kid1  =  3.47  mg  g–1  min–0.5 and 

Table 2
Kinetic constants of dye adsorption onto Alg-SP-3.0 beads

Tartrazine Carmoisine Allura Red

qe,experimental (mg g–1) 12.3 11.6 10.0

Pseudo-first-order kinetic model

qe,calculated (mg g–1) 15.1 32.2 20.9
k1 (min–1) 0.047 0.080 0.054
R2 0.96 0.90 0.94

Pseudo-second-order kinetic model

qe,calculated (mg g–1) 14.4 13.8 12.5
k2 (g mg–1 min–1) 3.65 × 10–3 1.95 × 10–3 1.82 × 10–3

h (mg g–1 min–1) 0.76 0.36 0.62
R2 0.99 0.81 0.97

Weber–Morris intra-particle diffusion kinetic model

kid1 (mg g–1 min–0.5) 3.47 1.73 1.68
R2 0.99 0.92 0.87
kid2 (mg g–1 min–0.5) 0.37 0.74 0.07
R2 0.81 0.77 0.61

Elovich kinetic model

β (g mg–1) 0.23 0.22 0.22
α (mg g–1 min–1) 0.87 0.63 0.48
R2 0.89 0.90 0.95

Bangham kinetic model

k0 (L g–1) 1.86 × 10–4 1.35 × 10–4 2.04 × 10–5

α 0.82 0.86 1.28
R2 0.73 0.85 0.84
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kid2  =  0.37  mg  g–1  min–0.5; and kid1  =  1.73  mg  g–1  min–0.5 and 
kid2 = 0.74 mg g–1 min–0.5, respectively. These results describe 
the boundary layer mass transfer rate as twenty-four-
fold, ten-fold and three-fold the interior mass transfer 
rate for Allura Red, tartrazine and carmoisine, respectively.

The Elovich model explains heterogeneous systems 
for chemical sorption. The linearized form of the model is 
expressed Eq. (13):

q tt = ( ) +1 1
β

αβ
β

ln ln 	 (13)

In Eq. (13), β (g mg–1) is the adsorbent activation energy 
of chemical sorption and α (mg  g–1  min–1) is the initial 
velocity. The plots of qt against lnt for Elovich’s model are 
presented in Fig. 8. α (mg  g–1  min–1) and β (g  mg–1) val-
ues represent the adsorption rate constant and the num-
ber of available sites for adsorption, respectively, and 
were calculated from the slope and intercept of the plot  
(Table 2) [13,26].

The correlation coefficients (R2) for the Elovich model 
were determined in the range of 0.89 and 0.95 and the ini-
tial adsorption rate (α) values were determined to be 
αtartrazine  =  0.87  mg  g–1  min–1, αcarmoisine  =  0.63  mg  g–1  min–1, 
and αAllura Red  =  0.48  mg  g–1  min–1. It can be safely stated 
that Elovich’s model fitted the dye adsorption sufficiently.

The Bangham model assumes that pore diffusion 
controls the adsorption rate [9] and is expressed by Eq. (14).

log log log
.

C
C q m

k m
V

t
t

0

0

0

2 303−






















=









 + αlog 	 (14)

where k0 (L g–1) and α are Bangham model constants [26].
The R2 values were defined in the range of 0.73 and 

0.85 for the Bangham model, so pore diffusion played a 
role during dye adsorption.

3.5. Thermodynamics

Adsorption thermodynamic experiments were carried 
out at 25°C, 45°C and 60°C at pH 3.0, all dye concentrations 
were 50 mg L–1 and contact time was 1 h. The thermodynamic 
parameters were calculated from the following equations:
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where R is gas constant (8.314  J  mol–1  K–1) and T is the 
absolute temperature (K).

In the present study, ΔH° values of tartrazine, car-
moisine, and Allura Red adsorption were calculated to be 
92.7, 80.5, and 111.2  kJ  mol–1, respectively and this indi-
cates that the dye adsorption onto Alg-SP-3.0 beads was 
endothermic in nature [27]. The endothermic behaviour 
of dye adsorption was confirmed by the positive val-
ues for enthalpy and positive/negative enthalpy values 
classify chemical or physical adsorption (for chemical 
adsorption, ΔH°  >  35  kJ  mol–1 and for physical adsorp-
tion ΔH°  <  35  kJ  mol–1). According to Table 3, the posi-
tive ΔH° values indicated dye adsorption onto Alg-SP-3.0 
beads were endothermic reactions so an increase in 
temperature supported the adsorption reaction. ΔS° val-
ues were determined to be 316, 274 and 383 J mol–1 K–1 for 
tartrazine, carmoisine, and Allura Red, respectively, and 
the positive ΔS° values demonstrated that the disorderli-
ness and conformational entropies of the beads and dye 
interface increased during the adsorption process.

The adsorption of all dyes by Alg-SP-3.0 beads was 
spontaneous with negative values for Gibbs free energy. 
The negative ΔG° values indicate that dye adsorption was 
a spontaneous process and declined significantly with 
an increment in temperature showing that spontaneous 
behaviour of dye removal process onto Alg-SP-3.0 beads 
changed inversely with temperature. For the defined three 
temperatures, negative Gibbs free energy values showed 
that Alg-SP-3.0 beads spontaneously adsorbed dyes.

3.6. Adsorption mechanism

The FTIR spectra of dye and Alg-SP before and after dye 
adsorption are shown in Fig. 9. The peaks at 3,300; 2,950; 
1,550; 1,425 and 1,250  cm–1 are attributed to the O–H and 
N–H (overlaps), C–H, N–H, –COO–, and C–O stretching 
of the beads, respectively. The dye showed a broad band 
near 3,400  cm–1 attributed to the N–H and O–H stretch-
ing. In addition, the peaks at 1,570; 1,500 and 1,350  cm–1 
correspond to C=C (aromatic rings), N=N and –S=O stretch-
ing vibration, respectively. Prominent differences were 
obtained after the dye adsorption process. The absorp-
tion band near 3,300  cm–1, corresponding to the stretch-
ing vibration of O–H and N–H, increased on Alg-SP-3.0 
after adsorption. This indicates hydrogen bond formation 
between the hydroxyl groups on the bead and the amine 
group on the dye molecules. Moreover, the spectra of the 
beads before and after dye adsorption indicated the absorp-
tion band at 1,350  cm−1, corresponding to –SO3 group, 
strengthened after adsorption. Wang and Wang [28] also 

Table 3
Thermodynamic parameters of dye adsorption onto Alg-SP-3.0 beads

Dye ΔH° (kJ mol–1) ΔS° (J mol–1K–1) ΔG° (kJ mol–1)

25°C 45°C 60°C

Tartrazine 92.7 316 –1.46 –7.78 –12.52
Carmoisine 80.5 274 –1.15 –6.63 –10.74
Allura Red 111.2 383 –2.93 –4.59 –10.33
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reported that –NH2, –N=N– and –SO3 groups on dyes 
were involved in the adsorption process (Fig. 9) [9,14].

3.7. Desorption and reusability

In desorption studies, distilled water at different pH 
values (pH 3.0, 7.0 and 12.0) were used as eluents to desorb 
dyes from dye-loaded Alg-SP-3.0 beads. When the pH 
value changed from 3.0 to 12.0, desorption efficiency val-
ues increased from 4% to 48% for tartrazine; 12% to 36% for 
carmoisine; and 7% to 52% for Allura Red. This might be 
due to the increment in the number of negatively charged 
sites at alkaline pH values which increased the electrostatic 
repulsion and desorption ratios of the dyes (Fig. 10a).

According to Fig. 10b, NaOH solution was the most 
efficient medium (84%, 77% and 80% for tartrazine, car-
moisine, and Allura Red loaded Alg-SP-3.0 beads, respec-
tively) despite HCl solution being inefficient to desorb 
the dyes. Therefore, dye adsorption was performed at 
pH 3.0 and desorption was conducted at pH 12.0, since 

alkaline conditions did not favour adsorption as discussed in 
the dye adsorption section about the effect of pH.

Alg-SP-3.0 beads were examined for adsorption capac-
ity in terms of reusability for consecutive 5 cycles. Almost 
85% desorption efficiency was achieved using 1.0 M NaOH 
in the first cycle for all dyes. Alg-SP-3.0 beads showed very 
high performance in three consecutive cycles with almost 
75%–80% adsorption and a loss of 5%–8% dye during strip-
ping. Alg-SP-3.0 beads adsorbed nearly 60% dye even in 
the fifth cycle (Fig. 10c). Though the dye removal values 
remained nearly constant for 3 cycles, noticeable decreases 
occurred after the third cycle, suggesting high capability 
of the beads during adsorption–desorption processes [9,13].

Alg-SP-3.0 beads were compared to other organic/
inorganic adsorbents reported in the literature [29–35] 
(Table 4). The results showed that Alg-SP-3.0 beads had 
higher removal % for various dyes and that the unique 
molecular structure of Alg-SP increased adsorption ability. 
Alg-SP beads can effectively remove dyes from wastewater 
in acidic pH ranges.

Table 4
Comparison of dyes with different adsorbents

Dye Adsorbent Removal % References

Congo Red Cellulose/chitosan 95% [29]
Tartrazine Coconut husk 92% [30]
Tartrazine Activated red mud 84% [31]
Methylene blue Activated carbon 40% [32]
Rhodamine B Perlite 86% [33]
Methylene blue Iron based metal organic framework 95% [34]
Congo Red Guar gum/activated carbon nanocomposite 78% [35]
Tartrazine SP immobilized alginate 86% This study
Carmoisine SP immobilized alginate 85% This study
Allura Red SP immobilized alginate 82% This study

Fig. 9. (a) FTIR spectra of dyes and Alg-SP before and after dye adsorption and (b) possible interactions between Alg-SP-3.0 and dyes.
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4. Conclusions

In summary, the promising adsorbent of Spirulina-
immobilized alginate beads were synthesized via exchange 
of monovalent and divalent ions. The beads showed high 
adsorption capacities for azo-dye tartrazine, carmoisine, 
and Allura Red, with removal % reaching 86%, 85%, and 
82% after 1  h and 98%, 93%, and 82% after 2  h, respec-
tively. Adsorption isotherm and kinetic data of dyes on 
Spirulina-immobilized alginate beads fitted well to the 
Langmuir and Harkins–Jura isotherm models and pseudo- 
second-order and Elovich kinetic models, respectively. 
Spirulina-immobilized alginate beads offer an environmen-
tally friendly adsorbent option for dyes. They were clearly 
observed to have promising potential for the biological treat-
ment of dye-polluted water compared with other adsorbents.
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