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Abstract
Spirulina sp. (AlgS) was modified with the cationic surfactant hexadechyltrimethylammonium bromide (HDTMA-Br) to 
produce a positively charged adsorbent (AlgS-HDTMA) through a cation exchange reaction. The functional groups con-
tained in the adsorbent were studied using an infrared (IR) spectrometer, while the surface morphology and constituent ele-
ments were studied using SEM-EDX. The AlgS-HDTMA adsorbent was applied to the mono-component and bi-component 
adsorption of methyl orange (MO) and crystal violet (CV) dyes. The adsorption experiments were carried out using the batch 
method to determine the kinetics, isotherms, mechanisms, and adsorption competition of MO and CV against the adsorbent. 
The amount of MO and CV adsorbed by AlgS-HDTMA was compared with the adsorbent modified by Spirulina sp. algae 
with Na+ ions (AlgS-Na) in the form of both mono-component and bi-component which showed greater results than AlgS-
Na. MO and CV adsorption competition against AlgS-HDTMA was dominated by MO with the bi-component Langmuir 
isotherm constant (bj) for MO and CV of 15.60 and 2.80 × 10–2 L/mmolequiv, respectively. Surface modification of AlgS 
with cationic surfactant HDTMA-Br has resulted in a rich positive charge, making it more effective to adsorb anionic dyes 
such as MO. Data on the ability to reuse adsorbents are an important aspect in handling wastewater treatment because it 
is very meaningful in reducing water treatment costs. The results of adsorption of MO solution and desorption with 0.1 M 
hydrochloric acid solution as eluent with 1–4 repetitions were: 97.8, 94.13, 89.39, and 86.27%. These data indicate that the 
repetition of 4 times did not significantly reduce the adsorption capacity of MO. Lastly, the wastewater study confirms that 
AlgS-HDTMA adsorbents are promising as biomass for anionic/cationic dye adsorption. The review is highly beneficial for 
scientists, wastewater treatment, and industrial communities to support the sustainable development of natural resources.

Keywords  Adsorption · Dye removal · Spirulina sp. algae · Cationic surfactant

Introduction

Currently, the pollution of water bodies tends to increase. 
This is partly due to the increased release of wastewater 
containing chemicals such as dyes from the textile, cosmetic, 
food coloring, and paper industries. A large number of dyes 
that are discharged into water bodies have entered the eco-
system and have a negative impact on living things in the 
vicinity. Pollution by liquid waste originating from indus-
try is a dominant environmental problem. Liquid waste that 
is not processed and managed will have a negative impact 
on waters, especially water resources [1]. One type of liq-
uid waste that is relatively common is textile waste. Tex-
tile waste produced by the dyeing industry has the poten-
tial to pollute the environment. This is because the textile 
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wastewater contains very complex pollutants and high color 
intensity [2].

Methyl orange (MO) with the molecular formula 
C14H14N3NaO3S and crystal violet (CV) with the molecular 
formula C25N3H30Cl are examples of textile waste from dyes 
that are often found in aquatic environments [3, 4]. Both of 
these dyes cause problems in the environment, if their dis-
tribution is not reduced because these substances are widely 
used as textile dyes, have toxic and carcinogenic properties 
and are not easily biodegradable; as a result, they are stable 
and difficult to remove in the waste treatment process [5, 6]. 
The impact of the dye pollution causes the dissolved oxygen 
in the water to decrease and triggers the activity of anaerobic 
organisms to produce foul-smelling products [7–10].

One of the most appropriate ways to reduce pollution and 
the spread of synthetic dyes in the environment is to treat 
the waste containing these dyes before being discharged into 
the environment. There are several processing processes for 
synthetic dye waste, among others, by degrading synthetic 
dyes into other substances. However, it turns out that this 
degradation process is not suitable for removing synthetic 
dyes, because synthetic dyes are designed and produced as 
materials that are resistant to light, biological or chemical 
degradation [11, 12]. Thus, most of the dyestuffs are difficult 
to degrade chemically or biologically. Furthermore, the dye 
degradation process will produce more harmful substances 
in the form of secondary pollution [13–15]. Another method 
that is often used to treat synthetic dye waste is the adsorp-
tion method.

One alternative method that is often used to remove syn-
thetic dyes contained in waste is the adsorption method. This 
method is easy to implement because it is not complicated, 
the cost is affordable, and it does not produce derivative 
materials that are harmful to humans and the environ-
ment [16–18]. From several research results that have been 
reported, it is stated that the material used as an adsorbent 
must have surface characteristics as an optimal adsorption 
site to adsorb adsorbate both physically and chemically, 
chemically stable, effectively used repeatedly, and not harm-
ful to the environment [19, 20].

Along with the increasing need for effective adsorbents 
to adsorb waste from synthetic dyes, algae biomass is an 
appropriate natural material to be used as an adsorbent. 
Algal biomass is easy to obtain and is available quite a lot 
in marine waters and can be cultivated. Naturally, algal bio-
mass is a very effective adsorbent for adsorbing pollutants 
from chemical compounds such as synthetic dyes [21–23]. 
Several types of algae that have been studied show that these 
materials have a high enough ability to adsorb ions or mol-
ecules in solution through active adsorption sites in the form 
of functional groups. In addition, the modified algal biomass 
adsorbent is stable enough to be used in the adsorption–des-
orption process with several repetitions. Thus, algal biomass 

can be utilized as an effective adsorbent for methyl orange, 
chromium, and Congo red wastewater treatment [24–26]. 
Algae biomass is a natural material that is easily damaged 
due to the influence of microorganisms, besides that it has 
a low specific gravity so it is less effective as an adsorbent. 
Another limitation of algal biomass cannot be used directly 
as a filler for the adsorption column, because it is not hard 
and is in solid form. Therefore, to overcome the weakness of 
the algal biomass, it is necessary to modify it with various 
supporting matrices. The compounds of diethylenetriamine 
(DETA), alginate, and formaldehyde can be used as a modi-
fied material [27–29].

The use of cationic surfactants in modifying algal bio-
mass is one of the appropriate technologies to change the 
surface charge of algal biomass which is naturally negatively 
charged to positively charged. Negatively charged functional 
groups in algal biomass bound with an alkaline or alkaline 
earth cations can be exchanged with cationic surfactants so 
that the surface of the adsorbent becomes positively charged 
[30, 31]. Therefore, this modified adsorbent has the abil-
ity to adsorb negatively charged adsorbate through electro-
static interactions while positively charged adsorbate will be 
adsorbed through cation exchange reactions.

This research was conducted to produce adsorbent from 
algae biomass Spirulina sp. modified with HDTMA-Br sur-
factant (AlgS-HDTMA). The modification aims to make 
the surface of the adsorbent positively charged so that it 
is effective for adsorption of dyes both cations and anions. 
The compound HDTMA-Br with the chemical formula 
CH3(CH2)15N(CH3)3+Br is a cationic surfactant which is 
a cation exchanger. Thus, an effective adsorbent can be 
obtained to adsorb dyes such as MO and CV. In this study, it 
is reported about the study of the adsorption of MO and CV 
dyes by AlgS-HDTMA including the effect of pH, adsorp-
tion kinetics and isotherms as well as the ability to reuse 
adsorbents. AlgS-HDTMA can be one of the adsorbents that 
can be implemented to reduce the levels and distribution of 
toxic synthetic dyes in the aquatic environment.

Experimentals

Materials and methods

In this work, AlgS biomass is cultivated at the Center 
for Marine Cultivation in Lampung, Indonesia, and con-
verted to algal biomass in the Inorganic Chemistry Labo-
ratory of FMIPA University of Lampung. The chemicals 
used for adsorbent synthesis and adsorption experiments 
were obtained from Merck (Germany) including MO and 
CV dyes, HDTMA-Br, hydrochloric acid, Na2EDTA, 
CH3COOH, and PO4

3− buffers, as well as sodium hydroxide, 
sodium chloride, and sodium nitrate.
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Adsorbent preparation and characterization

AlgS air-dried for 3 days and followed by drying using an 
oven at 40 ℃ for 2–3 h to obtain a constant weight. Then 
the dried algal biomass was ground using grinding to a 
size of 100 mesh [19]. AlgS-Na adsorbent was made by 
mixing 5 g AlgS with 100 mL of 0.1 M sodium chloride in 
a test tube. The solution was mixed by stirring for 60 min. 
The mixture was left for one night. After that, the mixture 
was separated by centrifugation. The precipitate obtained 
was neutralized with distilled water. The obtained material 
was dried at room temperature to constant weight.

Furthermore, the synthesis of AlgS-HDTMA was car-
ried out by interacting 5 g of AlgS-Na with 500 mL of 
HDTMA-Br (15 mmol/L) solution at a temperature of 
50 ℃. The mixture was stirred for 4 h using a magnetic 
stirrer. The precipitate and filtrate were separated using 
a centrifuge. The precipitate obtained was washed with 
distilled water until the pH was neutral. The precipitate 
was dried at room temperature and crushed to a size of 
100 mesh (Fig. 1).

AlgS-Na and AlgS-HDTMA were characterized by 
scanning electron microscopy with energy-dispersive 
X-ray (FEI Inspect-S50, USA) to determine the surface 
morphology and elemental composition. Characterization 
with infrared (IR) spectrometer (Shimadzu Prestige-21 IR, 
Japan) to identify the functional groups of the Spirulina 
sp. algae biomass (AlgS), AlgS-Na, and AlgS-HDTMA.

Determination of the point of zero charge (pHpzc) 
adsorbent

A total of 0.1 g of adsorbent (AlgS-Na or AlgS-HDTMA) 
was added to a tube containing 20 mL of 0.1 M sodium 
nitrate. Then, the initial pH was adjusted to vary in the range 
from 3 to 12 using a standard solution of 0.1 M hydrochloric 
acid for an acid atmosphere and sodium hydroxide 0.1 M for 
alkaline conditions. The solution was mixed using a stirrer 
for 2 nights. Then, the final pH of the mixture was measured 
using a pH meter [32].

Adsorption experiment

Measurement of the concentration of MO and CV dyes was 
taken using a UV–Vis spectrophotometer (Agilent Cary 100, 
USA), at the maximum absorption wavelengths for MO and 
CV at = 465 and 591 nm, respectively. Dye adsorption was 
carried out by batch method by mixing MO or CV dye solu-
tion with adsorbent at pH varying between 3 and 12, contact 
time between 0 and 90 min and dye concentration varying 
from 0 to 1 mmol/L. Adsorption was carried out in a shaker 
incubator which was set at a speed of 200 rpm and a tem-
perature of 27 ℃. The mixture was separated by centrifuga-
tion, and the filtrate was analyzed using a UV–Vis spectro-
photometer. All adsorption experiments in this study were 
carried out with 3 repetitions. The MO or CV concentration 
adsorbed by AlgS-Na and AlgS-HDTMA was determined 
by calculating the MO and CV adsorbed per unit mass of 

Fig. 1   Flowchart of synthesis procedure of AlgS-HDTMA
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adsorbent, and the percentage of MO or CV removal was 
determined using Eqs. (1, 2, and 3)

where Co is concentration in the initial state, Ce is concentra-
tion at equilibrium, Ct is concentration at a certain time t of 
MO or CV solution (mg/L), m is the mass of adsorbent (g), 
and V is the volume of the solution (L), q is the amount of 
MO or CV adsorbed per unit mass (mmol/g), and R is the 
percentage of the MO or CV removal.

Results and discussion

The results of adsorbent characterization using the FTIR 
spectrometer are shown in Fig. 2 which shows that AlgS 
has a C=O group characteristic of carboxylic acids which 
is characterized by the presence of an absorption band 
with a wave number of 1656 cm−1. In AlgS, the presence 
of primary N–H groups overlapping with –OH groups was 
observed with absorption at a wave number of 3394 cm−1. 
The absorption at wave number 2923 cm−1 indicates that 
there is a C–H group of a CH2 (aliphatic) carbon chain [31]. 
In the AlgS-Na spectrum (Fig. 2b), there is absorption at the 
same wave number as AlgS and the additional absorption at 

(1)qe =
(Co − Ce)

m
× V

(2)qt =
(Co − Ct)

m
× V

(3)R(%) =
(Co − Ct)

Co

× 100

a wave number of 1405 cm−1 indicates the presence of an 
O–Na group (bond of Na cations with O in the carboxylate 
group) which indicates that Algae-Na has been formed [33]. 
Furthermore, the AlgS-HDTMA spectrum (Fig. 2c) shows 
that there has been a cation exchange process between Na+ 
ions in AlgS-Na and HDTMA+ ions with the emergence of 
new absorption at a wavelength of 1464 cm−1 originating 
from the C–H group which is a methyl group of HDTMA 
[34, 35].

The exchange of Na+ ions in AlgS-Na with HDTMA+ 
ions is also proved by the results of surface morphology and 
elemental composition analysis using SEM-EDX as shown 
in Fig. 3. Figure 3 shows that there are differences in mor-
phology between AlgS-Na and AlgS-HDTMA. In Fig. 3a, 
the surface morphology of AlgS-Na looks like solid and 
inhomogeneous lumps, while in AlgS-HDTMA (Fig. 3b) 
there are small particles sticking evenly to the surface. This 
shows that after ion exchange occurs, HDTMA+ ions are 
not absorbed by AlgS-Na, but only cover the algae cell wall 
[33]. These data are also supported by the results of the EDX 
analysis which shows that in AlgS-Na (Fig. 3c) there are O, 
C, N, and Na atoms while in AlgS-HDTMA there are O, 
C, N, and Br atoms (Fig. 3d). The presence of Br atoms in 
AlgS-HDTMA and the absence of Na atoms indicate that the 
cation exchange reaction has been successfully carried out.

The surface charges of AlgS-Na and AlgS-HDTMA 
are known by looking at the pHPZC values. The surface of 
the adsorbent which has a pHPZC value close to zero is the 
optimum pHPZC value of the adsorbent. At pH < pHPZC, 
the surface charge of the adsorbent is positive, and when 
pH > pHPZC, the surface charge is negative [36]. Figure 4 
shows that the pHPZC value of AlgS-Na and AlgS-HDTMA 
is 8. Thus, it can be stated that at pH < 8, the surface of the 
adsorbent is positively charged, so it is effective for absorb-
ing negatively charged dyes such as MO. Meanwhile, if the 
pH > 8, the adsorbent is negatively charged so that it will 
be effective against CV dyes which are positively charged.

Figure 5 shows that AlgS-MO and AlgS-CV have very 
low adsorption. AlgS-HDTMA adsorbs more MO and CV 
than AlgS-Na. The optimum percentage of MO absorbed 
in AlgS-HDTMA occurred at pH 8, while CV was at pH 
11. This is in line with the surface charge of the adsorbent, 
on AlgS-HDTMA which is positively charged at pH < 8. 
This indicates that the adsorption of anionic MO with 
AlgS-HDTMA which is positively charged occurs through 
electrostatic interactions. The same interaction also occurs 
between CV dye which is cationic with AlgS-HDTMA opti-
mum at pH 11. In this condition, the surface charge of AlgS-
HDTMA tends to be negatively charged.

The effect of the interaction time between AlgS-Na and 
AlgS-HDTMA with MO and CV was studied by interact-
ing between the adsorbent and the dye at a time varying 
between 0 and 90 min as shown in Fig. 6. Figure 6 shows 

Fig. 2   Infrared spectra of a Spirulina sp. algae biomass (AlgS), b 
AlgS-Na, and c AlgS-HDTMA
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Fig. 3   SEM-EDX of a,c AlgS-Na and b,d AlgS-HDTMA

Fig. 4   Curve of pHpzc on AlgS-Na and AlgS-HDTMA (conditions of 
acidic pH: 3–6, alkaline atmosphere pH: 8–12, stirring solutions for 
48 h)

Fig. 5   Effect of interaction pH on % adsorption of MO and CV on 
AlgS-Na and AlgS-HDTMA (conditions of dye adsorption at pH var-
ying between 3–2, contact time 60 min, a speed of 200 rpm, tempera-
ture of 27 ℃, C0: 0.1 mmol/L, V: 0.02 L, and adsorbent mass: 0.05 g)



2368	 Journal of the Iranian Chemical Society (2023) 20:2363–2372

1 3

that the amount of MO and CV adsorbed by AlgS-Na is 
relatively small compared to AlgS-HDTMA. The amount of 
MO and CV dyes adsorbed by AlgS-Na was not affected by 
the interaction time. During the first 15 min of interaction 
(Fig.  6), it was observed that the amount of MO and CV 
adsorbed on AlgS-HDTMA increased greatly, and then an 
increase in interaction time did not increase the amount of 
MO and CV dyes adsorbed and even tended to be constant. 
In this situation, it can be stated that a state of equilibrium 
has been reached. 

The required interaction time data between the adsorbent 
and the adsorbate in the adsorption process, besides being 
used to determine the equilibrium time for the maximum 
adsorption of the adsorbate, are also used to determine 
several parameters of adsorption kinetics. In this study, the 
adsorption kinetics were studied using pseudo-first-order 
(Eq. 4) and pseudo-second-order (Eq. 5) kinetic models 
[21–23]. The data on the effect of interaction time on the 
amount of MO and CV adsorbed by AlgS-Na and AlgS-
HDTMA (Fig. 6) were analyzed using pseudo-kinetic mod-
els of order 1 (PKM-1) and 2 (PKM-2) to produce the rates 
and rate constants for the adsorption of MO and CV ions 
(Table 1).

where qt and qe (mmol/g) are total adsorbate (MO or CV) 
adsorption capacity at time t (min) and at equilibrium, 

(4)qt = qe(1 − e−k1t)

(5)
t

qt
=

1

k
2
q2
e

+
1

qe
t

respectively, and k1 (1/min) and k2 (g/ mmol·min) are the 
PKM-1 and PKM-2 rate constants, respectively.

The results of the analysis using the adsorption kinetic 
model (Eqs. 1 and 2) presented in Table 1 show that the MO 
and CV adsorption kinetic models by AlgS-Na and AlgS-
HDTMA tend to follow PKM-2. correlation (R2) which aver-
age is 0.999 or close to 1. Table 1 shows that the PKM-2 (k2) 
rate constant for AlgS-HDTMA for either MO or CV is greater 
than that for AlgS-Na. This indicates that the exchange of Na+ 
ions with HDTMA+ ions has increased adsorption. On the 
AlgS-HDTMA adsorbent can be observed that the k2 value 
of MO is greater than CV. The k2 values for MO and CV 
were 7.043 × 10−3 and 2.205 × 10−3 g/mmol min, respectively 
(Table 1). The MO dye is anionic so it interacts more quickly 
with the AlgS-HDTMA adsorbent which has a positive surface 
charge.

The increase in the initial concentration of the MO and 
CV dyes exposed was in line with the increase in the value 
of q (Fig. 7). Figure 7 shows that the increase in the amount 
of MO adsorbed by AlgS-HDTMA is greater than that of 
CV. This indicates that AlgS-HDTMA has a greater adsorp-
tion affinity for MO dyes compared to CV. This is related 
to the increase in the number of active sites in accordance 
with the characteristics of the MO dye on the surface of the 
AlgS-HDTMA. In this case, AlgS-HDTMA has more posi-
tively charged active sites resulting from cation exchange 
with HDTMA-Br [37, 38].

The parameters of MO and CV adsorption isotherms on 
AlgS-Na and AlgS-HDTMA were determined by analyzing 
the data on the effect of initial concentration on the amount 
of MO and CV adsorbed by AlgS-Na and AlgS-HDTMA 
(Fig. 7) using the Langmuir adsorption model (LAM) and 
the Freundlich adsorption model (FAM) with respective 
equations presented in (Eqs. 6 and 7) [39, 40].

(6)qe = qm
KLCe

1 + KLCe

(7)qe = KFC
1∕n
e

Fig. 6   Effect of interaction time on the amount of MO and CV dyes 
adsorbed by AlgS-Na and AlgS-HDTMA (conditions of dye adsorp-
tion at pH 8–9, contact time between 0 and 90  min, a speed of 
200 rpm, temperature of 27 ℃, C0: 0.1 mmol/L, V: 0.02 L, and adsor-
bent mass, 0.05 g)

Table 1   Parameters of PKM-1 and PKM-2 on the adsorption of MO 
and CV dyes by AlgS-Na and AlgS-HDTMA

Adsorbent–adsorbate PKM-1 PKM-2

k1 × 10−3 (1/min) R2 k2 × 10−3 
(g/mmol 
min)

R2

AlgS-Na-MO 0.010 0.889 0.709 0.985
AlgS-HDTMA-MO 1.002 0.853 7.043 0.999
AlgS-Na-CV 3.800 0.610 0.276 0.999
AlgS-HDTMA-CV 3.024 0.616 2.205 0.999
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where qe (mmol/g) is the amount of adsorbed MO or CV per 
unit weight of adsorbent and Ce (mmol/ L) is unadsorbed 
MO or CV concentration in solution at equilibrium. The 
constant KL (L/mmol) is the LAM constant, KF is FAM con-
stant, and n is FAM exponent. The FAM exponent n values 
were between 1 and 10 [39].

Table 2 shows that the R2 values ​​for AlgS-Na and AlgS-
HDTMA for MO adsorption are close to 1 in the LAM, 
while CV in the FAM. These data show that the adsorption 
of MO by AlgS-Na and AlgS-HDTMA tends to follow the 
LAM. In the LAM isotherm, it is assumed that each adsorp-
tion active site and adsorbate binding ability are equivalent 
and independent of the adjacent sites occupied or not [41, 
42]. In this study, the adsorption process occurs through a 
chemical reaction involving the interaction between AlgS-
HDTMA which has cationic properties and MO which is 
anionic. Furthermore, CV adsorption by AlgS-Na and AlgS-
HDTMA tends to follow the FAM isotherm. CV adsorption 
on AlgS-Na and AlgS-HDTMA occurs on heterogeneous 

surfaces of multilayer adsorbents through physical interac-
tions [43].

The adsorption competition experiment between MO and 
CV was studied by applying the LAM for a bi-component 
mixture (Eq. 8) [44–46].

where qm is the adsorption capacity of the adsorbate, and b1 
(MO) and b2 (CV) are the binary LAM isotherm constants.

Table  3 shows that the qm of MO and CV in AlgS-
HDTMA is greater than AlgS-Na with the qm value for the 
mixture of bi-component MO and CV dyes in Alg-Na and 
AlgS-HDTMA each of 16.940 × 10−2 and 37.030 × 10−2 
mmolequiv/g. The data generated from the LAM analysis 
for bi-component mixtures are in accordance with those 
obtained from the mono-component adsorption analysis 
previously shown in Table 2. Furthermore, the adsorption 
competition between MO and CV in a bi-component solu-
tion against AlgS-Na and Alg-HDTMA showed that MO 
dye was more dominant than CV with the LAM isotherm 
bi-component constant b2 > b1. Surface modification of Spir-
ulina sp. algal biomass with cationic surfactant HDTMA-Br 
has made the adsorbent rich in positive charge, making it 
more effective for adsorbing anionic dyes.

Several factors that affect the mechanism of adsorption of 
dye molecules by adsorbents in solution include: the surface 
charge of the adsorbent, the nature and type of interaction 
between the active groups of the adsorbent and the dye (such 
as electrostatic attraction, hydrogen bonding, ion exchange, 
acid–base interactions, covalent bonding, and coordination) 

(8)q∗
e1
=

qmC
∗
e1
b
1

1 + b
1
C∗
e1
+ b

2
C∗
e2

Fig. 7   Relationship between initial concentration and q values of MO 
and CV in AlgS-Na and AlgS-HDTMA (conditions of dye adsorption 
at pH 8–9, contact time 90 min, a speed of 200 rpm, temperature of 
27 ℃, C0: 0.1 mmol/L, V: 0.02 L, and adsorbent mass: 0.05 g)

Table 2   LAM and FAM 
parameters for the adsorption 
mono-component of MO and 
CV onto AlgS-Na and AlgS-
HDTMA

Adsorbent–adsorbate qexp × 10−2 
(mmol/g)

LAM FAM

qm × 10−2 
(mmol/g)

KL (L/mg) × 10−3 R2 KF × 10−2 
(mg/g) (L/
mg)1/n

n R2

AlgS-Na-MO 2.220 1.670 2.141 0.994 0.777 0.614 0.883
AlgS-HDTMA-MO 17.280 15.015 7.744 0.998 2.700 0.712 0.970
AlgS-Na-CV 9.448 9.091 0.121 0.814 0.066 1.006 0.991
AlgS-HDTMA-CV 8.160 4.292 2.012 0.849 7.415 6.809 0.995

Table 3   Adsorption isotherms parameters bi-component LAM of MO 
and CV on AlgS-Na and AlgS-HDTMA

Adsorbent qm × 10−2 
(mmolequiv/g)

bj × 10−2 (L/
mmolequiv)

b1(MO) b2(CV)

AlgS-Na 16.940 2.070 1.410
AlgS-HDTMA 37.030 15.600 2.800



2370	 Journal of the Iranian Chemical Society (2023) 20:2363–2372

1 3

[47, 48]. In this study, the adsorption mechanism was stud-
ied using the sequential desorption method by sequentially 
desorption of the material that has maximally adsorbed 
MO by using various types of desorbents whose strength 
increases sequentially to physically desorb MO (H2O), cat-
ion exchange (natrium nitrat 0.1 M), electrostatic interac-
tion (hydrochloric acid 0.1 M), and coordination (Na2EDTA 
0.1 M).

Figure 8 shows that the adsorption mechanism of MO 
with AlgS-Na is dominated by physical interactions (40%), 
ion exchange (55%), electrostatic interactions (4%), and the 
other 1%. The interaction of MO with AlgS-HDTMA was 
dominated by electrostatic interactions (45%) followed by 
physical interactions (28%), ion exchange (25%), and the rest 
of other chemical interactions. These data are in line with the 
adsorption isotherm data which show that the MO adsorp-
tion by AlgS-HDTMA is dominated by chemical interac-
tions, namely electrostatic interactions and cation exchange. 
This happens because the surface of AlgS-HDMTA contains 
a positively charged active site of HDTMA+ ions so that it 
can interact strongly with negatively charged MO.

Data on the ability to reuse adsorbents are an important 
aspect in handling wastewater treatment because it is very 
meaningful in reducing water treatment costs as shown in 
Table 4. Previous studies reported that decolorization of 
methylene blue using adsorbent fungus fomitopsis pinocola 
and durian peel waste showed 92.56% and 235.80 mg/g, 
respectively [49, 50]. The ability to reuse AlgS-HDTMA 
in absorbing MO was carried out by adsorption–desorption 
experiments for 5 repetitions (Fig. 9). The results of adsorp-
tion of MO solution and desorption with 0.1 M hydrochlo-
ric acid solution as eluent with 1–4 repetitions were: 97.8, 
94.13, 89.39, and 86.27%. These data indicate that the rep-
etition of 4 times did not significantly reduce the adsorption 

capacity of MO. 0.1 M hydrochloric acid solution was effec-
tive as an eluent to release MO dyes from adsorbents through 
proton substitution of MO dyes as organic cations [51].

Conclusion

The adsorbent from the modified algae biomass Spirulina 
sp. with cationic surfactant hexadechyltrimethylammonium 
bromide (HDTMA-Br) has been successfully synthesized 
and tested for its ability to adsorption mono-component and 
bi-component to MO and CV solutions. Kinetic data and 
adsorption isotherms of MO and CV that were adsorbed by 
AlgS-HDTMA showed that this adsorbent was very effective 
at adsorbing anionic MO dyes compared to cationic CV. The 
amount of MO and CV adsorbed in the mono-component 
solution were 17.280 × 10−2 and 8.160 × 10−2 mmol/g, while 
in the bi-component solution it was 15.600 and 2.800 × 10−2 
L/mmolequiv. Algae surface modification Spirulina sp. 
with the cationic surfactant HDTMA-Br has produced an 

Fig. 8   Contribution of the MO adsorption mechanism on AlgS-
Na and AlgS-HDTMA through physical interactions (A), cation 
exchange (B), electrostatic interactions (C), and coordination (D)

Table 4   Data on the reuse of adsorbents

Adsorbent–adsorbate Rep-
etitions 
amount

Results

Fungus fomitopsis pinocola–methylene 
blue [49]

1 92.56%

Durian peel waste–methylene blue [50] 1 235.80 mg/g
AlgS-HDTMA-methyl orange (this work) 4 86.27%

Fig. 9   Relationship between % MO adsorbed with the number of 
repetitions of adsorption–desorption on AlgS-HDTMA (conditions 
of dye adsorption at pH 8, contact time 90 min, a speed of 200 rpm, 
temperature of 27 ℃, C0: 0.1 mmol/L, V: 0.02 L, and adsorbent mass: 
0.05 g)
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effective adsorbent to adsorb anionic dyes such as MO. 
AlgS-HDTMA adsorbent is very efficient to use because it 
has the ability to be used repeatedly.
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