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ABSTRACT

This study aims to investigate the simultaneous removal of Methylene Blue (MB), Direct Blue 71
(DB71), and Pb(II) ions, which are frequently found together at high concentrations in different
industrial wastewaters, such as textile, paper, leather, paint, and plastic manufacturing waste-
waters. The simultaneous removal of Pb(II) ions with MB and DB71 from binary mixtures was
investigated by the adsorption method. Magnetic halloysite nanotubes-alginate (MHNTs-ALG)
hybrid beads were used to remove these components from the binary adsorption media. For this
purpose, a magnetic property was gained to halloysite nanotubes using the “co-precipitation
method”. Magnetic halloysite nanotubes (MHNTSs) were composited with alginate (ALG) biopoly-
mers through the “extrusion dripping method”. The adsorption capacities and efficiency of these
synthesized MHNTs-ALG hybrid beads were investigated according to their anionic and cationic
pollutant content in binary mixtures, and the synergistic and antagonistic effects of these compo-
nents on each other were investigated by comparing them according to single systems. The com-
patibility with the multi-component Langmuir adsorption model for binary systems was examined
using equilibrium adsorption data, and the values of the constants showing the adsorption capac-
ity and affinity were calculated. In binary mixtures of Pb(II)-MB, the maximum amounts of Pb(II)
and MB adsorbed per unit adsorbent weight calculated from the multi-component Langmuir
model were 248.46 mg/g (4y,,) and 946.92 mg/g (q,;,), respectively. The maximum adsorption
capacities of Pb(Il) and Direct Blue 71 from binary systems were determined as 203.14 mg/g (q,,,,)
and 118.96 mg/g (4py,,,), respectively. The co-presence of Pb(Il) and MB was concluded to cre-
ate a synergistic effect compared to the adsorption of Pb(II) ions alone and an antagonistic effect
compared to the adsorption of MB alone. The co-presence of Pb(II) and DB71 was observed to
form a synergistic effect compared to the individual presence of Pb(Il) ions and an antagonistic-
synergistic mixed effect compared to the individual presence of DB71.

Keywords: Multi-component adsorption; Magnetic halloysite nanotubes-alginate hybrid beads;
Pb(Il); Methylene Blue; Direct Blue 71; Multi-component Langmuir model

1. Introduction aquatic life are observed due to releasing these dyes into
water without treatment, which leads to significant environ-
mental problems [1]. Due to their complex chemical struc-
ture, these dyes are resistant to degradation by chemical,

Synthetic dyes are commonly used in the leather, paper,
and textile industries. Toxicity and carcinogenic effects on
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physical, and biological processes [2]. Various methods,
such as flocculation, precipitation, membrane filtration, and
electrochemical techniques, have been developed to remove
these pollutants from dye-containing media. Among these
methods, the adsorption process is highly preferred because
of its simplicity and low energy consumption [3-5].

Various adsorbents (agricultural wastes, clay, fly ash,
perlite, activated carbon, etc.) are used to remove dyes from
wastewater by adsorption. The adsorbents selected for the
adsorption process are expected to be cost-effective and bio-
degradable [6]. Biopolymers come into prominence in the
adsorption method due to their biodegradability, environ-
mental compatibility, and low costs. Biopolymeric alginate
(ALG) is a material composed of many hydroxyl and car-
boxyl groups, is biodegradable, and contains a-L-guluronic
acid and pB-D-mannuronic acid groups. Due to these anionic
groups in its structure, it is a highly effective material in
removing cationic pollutants [7]. ALG, a water-soluble nat-
ural alginic acid salt, is a linear polysaccharide extracted
from brown algae. There are studies in the literature on cre-
ating composite forms with natural materials, which would
increase strength due to the low mechanical strength of ALG
[8-11]. Halloysite nanotubes (HNTs) used to prepare com-
posite beads are aluminosilicate clays with a hollow nanotu-
bular structure. HNTs (ALSi,O,(OH), nH,0) have excellent
properties due to their wide surface areas, pore volumes,
and hydroxyl groups in their structure [12-15]. When HNTs
are added to the structure of ALG beads, they enhance this
structure’s thermal, chemical, mechanical strength, and
adsorption capacity and increase its affinity to cationic-an-
ionic compounds [16,17]. A magnetic property was also
gained to HNTs using the “co-precipitation method” [18,19].
Magnetic halloysite nanotubes (MHNTSs) were composited
with alginate (ALG) biopolymers through the “extrusion
dripping method”. The easy removal of Magnetic halloysite
nanotubes-alginate (MHNTs-ALG) hybrid beads prepared
this way from aqueous media was ensured without pre-
cipitation and centrifugation, and the particles’ mechani-
cal and thermal strength was further improved. Thus, the
restriction on the individual use of ALG beads in packed
column-type reactors due to the weakness of their mechan-
ical properties and their swelling at low pH and on the
individual use of HNTs in the same reactors due to their
nano-dimensions was eliminated.

Dyes and heavy metals are usually present together
in wastewater. It is extremely important for these materi-
als, which will be used in treatment, to have an affinity for
both cationic and anionic pollutants and be able to ensure
simultaneous adsorption from media containing multiple
pollutants [20]. Methylene Blue (MB), commonly known as
Basic Blue 9, is a cationic soluble dye that decomposes as
chloride ions and cations in aqueous solutions and turns
into green/blue powder or crystal solid [21,22]. Although MB
is frequently used in medicine, biology, and chemistry, it is
known to have harmful effects on humans and the environ-
ment because of its solubility in water. Azo dyes compose a
key group of synthetic dyes widely used in textile industries,
with about a 50% share of total dyes used worldwide. MB
is an azo dye with a heterocyclic aromatic cation structure
used in the printing and dyeing process. An average dye
concentration has been reported to be up to 300 mg/L in the

effluent generated from the textile industry. A 10-250 mg/L
dye concentration has also been reported, but it is less fre-
quently encountered. Studies in the literature have also
reported dye concentrations as high as 1,500 mg/L in some
textile effluents. These textile effluents also contain a range
of metal ions, such as lead, chromium, cobalt, copper, iron,
manganese, and nickel [23]. Heavy metals arise from pre-
treatment, dyeing, printing, and finishing steps due to the
use of metal-containing chemicals, catalysts, oxidizing
agents, fixing agents, cross-linking agents, etc. Heavy metals
have a high density exceeding 5 mg/cm?®. Lead (Pb) is one of
the heavy metal ions often found in textile effluents due to
its use in producing pigments for textile dyeing. Pb(Il) is one
of the three most toxic metals. MB and Pb(II) ions are present
together, particularly in the wastewater of paint and plas-
tic manufacturing, the textile dyeing industry, and mining
and lead battery companies. Direct Blue 71 (DB71), another
dye, is a bluish-gray powder classified as a dye with anionic
properties when dissolved in water [24]. DB71 is an azo dye
group with three azo bonds. Direct dyes constitute about
17% of all dyes used for dyeing textiles and about 30% of
dyes used for dyeing cellulose fiber [25]. It is often preferred
in the textile, paper, leather, and nylon industries. It yields
good results, especially in dyeing textile products with high
fibrous cellulose content [25]. It is carcinogenic due to the azo
groups in its structure [26,27]. Lead and lead acetate are used
in fiber production as a dyeing auxiliary/mordant in textile
processing. Lead acetate is used in coloring, dyeing, and
printing as an oxidizing/reducing agent [28]. Binary mix-
tures of Pb(Il) ions and dye pollutants are formed as a result
of careless wastewater disposal procedures. Therefore, it is
important to obtain an effective adsorbent that can remove
Pb(II) ions and anionic and cationic dyes together.

Some studies emphasize that Pb(II) and MB pollutions
exist together but use sea plants such as Posidonia oceanica
[29] and adsorbents such as magnetic carbonate hydroxyap-
atite/graphene oxide [30] and mesoporous coral limestones
[31] to remove these pollutants from single-component sys-
tems. Studies on DB71 pollution alone are quite rare, and
the removal of DB71 alone from aqueous media has been
achieved with organic compost (food waste compost) [32],
wheat husk [3], and pistachio hull wastes [26]. The afore-
mentioned studies investigated the fit of the removal of
Pb(Il) and dyes from aqueous media to single-component
adsorption equilibrium and kinetic models. The presence
of the other component in the medium in binary mixtures
creates synergistic and antagonistic effects on the adsorption
capacity of the sorbent and changes the values of adsorp-
tion equilibrium constants. The presence of the other com-
ponent may create an antagonistic effect on the adsorption
capacity of a certain component and reduce it compared to
a single-component system. However, the total adsorption
capacity of the sorbent may increase according to the condi-
tion of each component alone; in this case, the total effect is
synergistic. In the literature, very few studies have been pub-
lished on the fit of binary heavy metal ion-dye adsorption
equilibrium to multi-component adsorption models. Some
studies have investigated the competitive adsorption of the
Pb(II)-MB binary system to various adsorbents [33-35]. In
these studies, the maximum adsorption capacities obtained
for Pb(II) and MB have been compared with the Pb(II) and
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MB competitive adsorption capacities of MHNTs-ALG
hybrid beads. To the best of our knowledge, the simultane-
ous adsorption of the Pb(II)-DB71 binary system has not been
studied in the literature to date. In this study, adsorption
from binary mixtures containing Pb(II)-MB and Pb(II)-DB71
through MHNTs-ALG hybrid beads was carried out. The fit
of the adsorption equilibrium from the binary mixtures of
Pb(II) ions and dyes to the multi-component Langmuir model
was examined, and the values of the competitive and/or
partially competitive adsorption constants were calculated.

2. Adsorption isotherm models

Adsorption isotherm models provide important infor-
mation about physicochemical parameters, adsorption
mechanism, surface properties, and the degree of affinity of
adsorbents with thermodynamic assumptions [36]. Different
versions of these equilibrium isotherm models exist for
single and multiple-system adsorption [37].

The multi-component Langmuir adsorption model
used in this study includes the same assumptions as the
single-component Langmuir model. The Langmuir model,
developed for competitive adsorption, assumes that there
is a homogeneous surface relative to adsorption energy,
there is no interaction between the adsorbed types, and all
adsorption sites are equally present for all adsorbed types.
The N-component Langmuir model can be defined as
follows [38]:

- xK.  xC.
Tl = T )
1+ ZH K., xC, .,

According to this model, g, : adsorption capacity (mg/g)
when the adsorbent surface is coated with a single layer of
component i; KLL; K],,L: Langmuir constant (L/mg), which is
related to adsorption energy and shows the affinity of the
adsorbent for components i and j; K, = K, (Q/RT); C,_ C,
concentration remaining at equilibrium without being
adsorbed for components i and j (mg/L); ieg T;eq AMOUNt
adsorbed per unit adsorbent weight at equilibrium for
components i and j (mg/g).

To reliably evaluate the validity of isotherm model
forms (i.e., the goodness of fit between ¢, and g, .)
three error functions [average relative error (ARE), aver-
age absolute error (EABS), and average relative standard
error (ARSE)] were employed.

2.1. Average relative error

The ARE model, which shows a tendency to underesti-
mate or overestimate the experimental data, tries to mini-
mize fractional error distribution within the entire concen-
tration range examined [36,37].

qeq,meas. - Qeq,pred.

ARE = @i @)

n =

qeq,meas. ;
where g, - amount of Pb(Il)/dye adsorbed per unit adsor-

bent weight at equilibrium (ng/g); 4, .,: amount of Pb(Il)/

dye adsorbed per unit adsorbent weight calculated from
adsorption isotherm models (mg/g).

2.2. Average absolute error

According to the EABS, an increase in errors causes a
tendency toward high-concentration data and ensures a
better fit [36,37].

n

EABS = 12
niz

qeq,meas. - qeq,pred, i (3)

2.3. Average relative standard error

The ARSE was calculated using the equation [39].

2
ARSE = 1 i( E]eq,meas. - qeq,pred. ] (4)

n-1 i=1 Lqu,meas.

2.4. Sum of squared errors

Adsorption isotherm parameter estimates were calcu-
lated by non-linear least-squares regression analysis, mini-
mizing the sum of squared errors (SSE) [37,39]:

n

SSE =" (g mers ~eqpret ). 5)

i=1

where n is the number of experimental measurements,

and ¢ and ¢ are the measured and predicted
.. Jeqmeas. cq,prcd, . N

equilibrium adsorption capacities, respectively.

2.5. Total standard deviation

The total standard deviation was calculated using the
following equation:

n

Total Standard Deviation(TSD) = (qeq'meas_i - a)z (6)

i=1

where g and g_ are the measured and average
eqmeas. o e . o .
measured equilibrium adsorption capacities, respectively.

3. Materials and methods
3.1. Preparation of MHNTs-ALG

To prepare MHNTs-ALG hybrid beads, a magnetic
property was first gained to HNTs using the “co-precip-
itation method”. FeCl-4H,0 and FeCl,-6H,O iron salts
were added to HNTs, dispersed in distilled water in a five-
necked reactor, at a ratio of 1:2 in the nitrogen atmosphere.
MHNTs were synthesized by slowly adding NH,OH to the
mixture heated to 80°C. After the prepared MHNTs were
dried in a vacuum oven, certain amounts of MHNTs and
ALG were mixed in pure water using the “extrusion drip-
ping” technique, and MHNTs-ALG hybrid beads were
synthesized by adding the mixture to the CaCl, solution
in a dropwise manner. After washing the beads, they were
dried in a freeze-dryer. The preparation and detailed char-
acterization studies of MHNTs and MHNTs-ALG hybrid
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beads (dimension analysis with scanning electron micros-
copy, transmission electron microscopy, Zetasizer, Fourier-
transform infrared spectroscopy, thermogravimetric analysis,
Brunauer—-Emmett-Teller, and vibrating sample magne-
tometer) have been described elaborately in our previous
publication [19].

3.2. Adsorption studies in binary mixtures (containing Pb-MB
and Pb-DB71)

The most appropriate conditions for the removal of
Pb(Il) ions [19] and MB dye [40] from single-component
systems with MHNTs-ALG hybrid beads have been deter-
mined in our previous studies. Since both components
exhibit cationic properties, the most appropriate adsorption
conditions are similar. In adsorption studies conducted with
binary systems of Pb(II) ions and cationic MB dye, hybrid
beads with a 1:2 mass ratio of MHNTSs to ALG, where both
components were adsorbed the most in single systems,
were used. 12.5 mg of hybrid beads were added to 25 mL of
adsorption media with an optimum adsorption pH adjusted
to 5 for both components. To investigate the fit of the binary
adsorption data to the multi-component Langmuir model,
the initial concentration of Pb(Il) ions was increased in the
range of 50-500 mg/L, whereas the concentration of MB
dye was kept constant at 50, 150, 250, 400, and 500 mg/L in
each adsorption medium.

Since MHNTs-ALG hybrid beads are predominantly a
negative matrix, in the medium containing Pb(II), the con-
ditions of the adsorption medium were adjusted to the opti-
mum adsorption conditions obtained previously for the
single-component DB71 with the same matrix to achieve
partial selectivity for the anionic DB71 dye [41]. In the binary
adsorption studies of Pb(II) ions—anionic DB71 dye, hybrid
beads (6.25 mg) with a mass ratio of MHNTs to ALG of
3:2 were used, the optimum adsorption pH for DB71 was
adjusted to 3.0 in the medium, and the study was carried out
in a 25 mL solution medium. To examine the fit of the binary
adsorption data to the multi-component Langmuir model,
the initial concentration of Pb(I) ions was increased in the
range of 50-250 mg/L, whereas the concentration of DB71
dye was kept constant at 50, 100, 150, 200, and 250 mg/L in
each adsorption medium.

4. Results and discussion

4.1. Pb(1I)-MB and Pb(1I)-DB71 binary system adsorption studies
in batch stirred reactors

Adsorption studies with binary systems are more com-
plicated due to the competition and surface interactions
of the adsorbed components. The properties of binary
and single systems differ. The interaction in the active
regions of the adsorbent changes with the characteristics
of the heavy metal ion and the dye. The surface interaction
may differ depending on the adsorption mechanism and
whether the reaction is reversible.

4.1.1. Pb(II) ion-MB adsorption studies

In the adsorption studies conducted with the binary
systems of Pb(ll) ions and cationic MB dye, hybrid beads

with a 1:2 mass ratio of MHNTSs to ALG, where both com-
ponents were adsorbed the most in single systems, were
used [19,40]. 12.5 mg of hybrid beads were added to 25 mL
of the adsorption media, whose pH was set to 5. The media
were prepared to contain Pb(Il) ions and MB at different
concentrations. While the initial concentration of Pb(Il) ions
was increased in the range of 50-500 mg/L, the concentra-
tion of MB dye was kept constant at 0, 50, 150, 250, 400,
and 500 mg/L in each adsorption medium. Fig. 1 shows
the change in the equilibrium adsorption concentration of
Pb(Il) ions, C,, ;. (mg/g), with initial Pb(II) ion concentration.

As seenin Fig. 1, the concentration of Pb(II) ions adsorbed
at equilibrium, C,, ,. (mg/L), increased with the increasing
initial concentrations of Pb(I) ions. On the other hand, the
adsorbed Pb(II) ion concentration decreased compared to the
single-component system and with the increase in the MB
concentration. This indicates that the active regions of the
adsorbent start to close with the increasing MB concentra-
tion. The maximum adsorbed Pb(II) ion concentration and
adsorption capacity at equilibrium (the amount of adsorbed
Pb(II) ions per unit weight of MHNTs-ALG at equilibrium),
Jppeq, (ME/g), Were obtained as 145.87 mg/L and 250.9 mg/g
in the medium containing 500 mg/L of Pb(Il) and 50 mg/L
of MB, respectively. The adsorbed Pb(II) ion concentration
and adsorption capacity at the lowest equilibrium were
124.48 mg/L and 214.10 mg/g in the medium containing
500 mg/L of Pb(II) and 500 mg/L of MB, respectively.

Fig. 2 shows the change in the adsorption efficiency
of Pb(ll) ions, Y, . (%), with the increasing initial Pb(II)
ion concentration at MB concentrations varying between
0-500 mg/L. It is observed that the adsorption efficiency
of Pb(Il) ions decreased with both increasing Pb(II) ion
concentration and increasing MB concentration. The high-
est Pb(II) adsorption efficiency was obtained as 88.45%
at a 50 mg/L Pb(II) ion concentration in a medium con-
taining 50 mg/L of MB. Pb(Il) adsorption efficiency
decreased to 24.86% in the medium containing 500 mg/L of
Pb(II) and 500 mg/L of MB.

Fig. 3 presents the change in the MB concentration
adsorbed at equilibrium, C mg/L, with the initial MB
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Fig. 1. The change in the Pb(II) ion concentration adsorbed at
equilibrium with the increasing initial Pb(II) ion concentra-
tion in media containing MB at different concentrations in
the Pb(II)-MB binary adsorption system (temperature: 25°C,
solution volume: 25 mL, pH: 5.0, adsorbent amount: 12.5 mg,
MHNTs-ALG mass ratio: 1:2).
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Fig. 3. The change in the MB concentration adsorbed at equi-
librium with the increasing initial MB concentration in
media containing Pb(II) ions at different concentrations in
the Pb(II)-MB binary adsorption system (temperature: 25°C,
solution volume: 25 mL, pH: 5.0, adsorbent amount: 12.5 mg,
MHNTSs-ALG ratio: 1:2).

concentration by increasing the MB concentration in the
range of 50-500 mg/L in media containing 0, 50, 150, 250,
400, and 500 mg/L Pb(Il) ions. The individual MB adsorp-
tion capacity of MHNTs-ALG beads is significantly higher
compared to the single-component Pb(II) system. Moreover,
the presence of Pb(Il) ions at increasing concentrations in the
medium significantly reduced the MB adsorption capacity
compared to the single-component system. The concentra-
tion of MB adsorbed at equilibrium increased with increasing
MB concentrations but decreased significantly with increas-
ing Pb(II) ion concentration. The maximum adsorbed MB
concentration and adsorption capacity at equilibrium (the
amount of MB adsorbed per unit weight of MHNTs-ALG at
equilibrium), 4, . (mg/g), were obtained as 252.70 mg/L and
434.65 mg/g in the medium containing 500 mg/L of MB and
50 mg/L of Pb(Il) ions, respectively. The minimum adsorbed
MB concentration and adsorption capacity at equilibrium
were obtained as 46.11 mg/L and 79.32 mg/g in the medium
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Fig. 4. The change in MB adsorption efficiency with the increas-
ing initial MB concentration in media containing Pb(II) ions at
different concentrations in the Pb(II)-MB binary adsorption
system (temperature: 25°C, solution volume: 25 mL, pH: 5.0,
adsorbent amount: 12.5 mg, MHNTs-ALG ratio: 1:2).

containing 500 mg/L of MB and 500 mg/L of Pb(II) ions,
respectively.

Fig. 4 shows the change in MB equilibrium adsorption
efficiency, YMB,EW with the increasing MB concentration in
the medium containing 0, 50, 150, 250, 400, and 500 mg/L of
Pb(II) ions. MB equilibrium adsorption efficiency decreased
with the increasing concentration of Pb(Il) ions and the
increasing MB concentration. The highest MB adsorption
efficiency was obtained as 72.76% in the medium containing
50 mg/L of Pb(II) ions and 50 mg/L of MB. This MB adsorp-
tion efficiency was lower than the adsorption efficiency of
Pb(Il) ions (88.45%) in the medium containing the same
concentrations of Pb(II) and MB. The lowest MB adsorption
efficiency was 9.21% in the medium containing 500 mg/L
of Pb(Il) and 500 mg/L of MB. This value was lower than
the adsorption efficiency (24.86%) value obtained for Pb(II)
ions in the medium containing the same concentrations
of Pb(II) ions and MB.

Consequently, according to the results obtained from
the binary system of Pb(Il) ions and MB, as the concentra-
tion of MB dye increased, the adsorption capacity, adsorbed
concentration, and adsorption efficiency of Pb(II) ions at
equilibrium gradually decreased. Likewise, as the con-
centration of Pb(II) ions increased, the adsorption capac-
ity, efficiency, and adsorbed concentration of MB dye at
equilibrium decreased. In the single system of MB dye, its
adsorption capacity by MHNTs-ALG hybrid beads, espe-
cially at high concentrations such as 400 and 500 mg/L, was
higher than the adsorption capacity of single-component
Pb(II) ions. On the other hand, in the Pb(II)-MB binary sys-
tem, the decrease in the equilibrium adsorption capacity
and efficiency of MB was greater compared to Pb(II) ions,
which shows that the selectivity of Pb(II) ions was higher
than that of MB in adsorption to MHNTs-ALG hybrid
beads (data is shown Table S1).

4.1.2. Pb(1l) ion-DB71 adsorption studies

To examine the adsorption of Pb(Il) ions and anionic
DB71 dye systems to MHNTs-ALG hybrid beads, the ini-
tial concentration of Pb(II) ions was increased in the range
of 50-250 mg/L, whereas the concentration of DB71 dye
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was kept constant at 0, 50, 100, 150, 200, and 250 mg/L in
each adsorption medium. In these studies, beads with a 3:2
mass ratio of MHNTs to ALG, in which the single-compo-
nent DB71 adsorption yielded the best results, were used to
achieve selectivity for the anionic DB71 dye and increase the
positive charge in MHNTs-ALG hybrid beads. Likewise, in
single-component DB71 systems, 6.25 mg of hybrid beads
were added to 25 mL of adsorption media at pH 3.0, where
the highest DB71 adsorption capacity was obtained [41].

Fig. 5 shows the change in the concentration of Pb(II)
ions adsorbed at equilibrium with the initial concentra-
tion of Pb(II) ions in media containing DB71 at increasing
concentrations. The concentrations of Pb(Il) ions adsorbed
at equilibrium gradually decreased with the increasing
DB71 concentration. This decrease in the concentrations
of Pb(Il) ions adsorbed at equilibrium results from the fact
that the selected adsorption medium conditions (pH 3.0
and 3:2 mass ratio of MHNTs-ALG) were not the most
appropriate conditions for the adsorption of Pb(Il) ions.
Moreover, since DB71 is an anionic dye, its inhibitory effect
on the adsorption of Pb(Il) ions is not so high. Pb(II) ions
are selectively adsorbed at negatively charged centers on
and inside MHNTs-ALG, a strong negatively charged
matrix. On the other hand, the anionic DB71 dye binds to
the positively charged alumina groups inside HNTs by
electrostatic attraction forces. Therefore, the adsorption
inhibition mechanism for Pb(II) ions and anionic DB71 dye
should be considered non-competitive or partially com-
petitive. For Pb(Il) ions, the maximum adsorbed Pb(II)
ion concentration and the adsorption capacity at equilib-
rium were obtained as 79.37 mg/L and 136.51 mg/g in the
medium containing 250 mg/L of Pb(II) ions and 50 mg/L
of DB71, respectively. The adsorbed concentration and
adsorption capacity at equilibrium for Pb(II) ions decreased
to 47.15 mg/L and 81.1 mg/g in the medium containing
250 mg/L of Pb(II)-250 mg/L of DB71, respectively.

Fig. 6 presents the change in Pb(II) equilibrium adsorp-
tion efficiency with the increasing Pb(II) concentration in
media containing 0, 50, 100, 150, 200, and 250 mg/L of DB71.
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Fig. 5. The change in the Pb(II) ion concentration adsorbed at
equilibrium with the increasing initial Pb(II) ion concentra-
tion in media containing DB71 at different concentrations
in the Pb(II)-DB71 binary adsorption system (temperature:
25°C, solution volume: 25 mL, pH: 3.0, adsorbent amount:
6.25 mg, MHNTs-ALG mass ratio: 3:2).

Pb(Il) equilibrium adsorption efficiency decreased with the
increasing Pb(II) ion and DB71 concentrations. Accordingly,
the highest Pb(Il) equilibrium adsorption efficiency was
obtained as 62.74% in the medium containing 50 mg/L of
Pb(Il) and 50 mg/L of DB71. The lowest Pb(Il) equilibrium
adsorption efficiency was obtained as 18.5% in the medium
containing 250 mg/L of Pb(II) and 250 mg/L of DB71. The
reason for lower Pb(II) adsorption equilibrium capacity
and efficiency than those obtained in the cationic MB dye
system at approximately the same concentrations is that
the adsorption conditions were not the most appropriate
for the adsorption of Pb(Il) ions, although Pb(II) ions were
selectively adsorbed in the anionic DB71 dye system.

In the presence of Pb(II) ions at increasing concentrations,
the concentrations of DB71 adsorbed at equilibrium, CDB71,a "
mg/L, decreased significantly compared to its single-com-
ponent system (Fig. 7). The concentration and adsorption
capacity of DB71 adsorbed at maximum equilibrium in
the medium containing 50 mg/L of Pb(Il) and 250 mg/L
of DB71 (the amount of DB71 adsorbed per MHNTs-ALG
unit weight at equilibrium), ¢, . (mg/g), were obtained
as 26.50 mg/L and 91.16 mg/g, respectively. When the con-
centration of Pb(Il) ions was increased to 250 mg/L in the
medium containing 250 mg/L of DB71, the concentration
and adsorption capacity of DB71 adsorbed at equilibrium
decreased to 19.0 mg/L and 65.36 mg/g, respectively. DB71
equilibrium adsorption efficiency (Y, . %) also decreased
significantly with the increasing concentrations of Pb(II)
ions and DB71 compared to their single-component systems
(Fig. 8). The highest DB71 equilibrium adsorption efficiency
was obtained as 31.24% in the medium containing 50 mg/L
of Pb(II) and 50 mg/L of DB71. This value was lower than the
equilibrium adsorption efficiency (62.74%) value obtained
for Pb(II) ions in the medium containing Pb(II) ions and
DB71 at the same concentrations. The DB71 equilibrium
adsorption efficiency decreased to 7.55% in the medium
containing 250 mg/L of Pb(Il) and 250 mg/L of DB71. This
value was lower than the equilibrium adsorption effi-
ciency (18.5%) value obtained for Pb(II) ions in the medium
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Fig. 6. The change in the equilibrium adsorption efficiency of
Pb(Il) ions with the increasing initial concentration of Pb(II)
ions in media containing DB71 at different concentrations in
the Pb(II)-DB71 binary adsorption system (temperature: 25°C,
solution volume: 25 mL, pH: 3.0, adsorbent amount: 6.25 mg,
MHNTs-ALG mass ratio: 3:2).
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Fig. 7. The change in the DB71 concentration adsorbed at
equilibrium with the increasing initial DB71 concentration in
media containing Pb(Il) ions at different concentrations in the
Pb(II)-DB71 binary adsorption system (temperature: 25°C,
solution volume: 25 mL, pH: 3.0, adsorbent amount: 6.25 mg,
MHNTs-ALG mass ratio: 3:2).
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Fig. 8. The change in the equilibrium adsorption efficiency
of DB71 with the increasing initial concentration of DB71 in
media containing Pb(Il) ions at different concentrations in the
Pb(II)-DB71 binary adsorption system (temperature: 25°C,
solution volume: 25 mL, pH: 3.0, adsorbent amount: 6.25 mg,
MHNTs-ALG mass ratio: 3:2).
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containing the same concentrations of Pb(Il) ions and DB71.
It was observed that Pb(II) ions were selectively adsorbed in
the medium containing DB71 and Pb(II) ions together. Since
Pb(II) exhibits cationic and DB71 exhibits anionic proper-
ties, they essentially bind to adsorption centers with dif-
ferent charges in the MHNTs-ALG matrix. However, DB71
and Pb(II) ions may decrease their adsorption capacities by
interacting with each other ionically and electrostatically.
Moreover, the type that binds to the MHNTs-ALG matrix
may screen the binding of the other one. Pb(Il) ions may
selectively bind to negative centers on the matrix and pre-
vent the matrix from strongly pushing the anionic DB71,
which would be an inverse effect.

Fig. 9 comparatively presents equilibrium adsorption
capacities (Pb(Il), DB71, and MB amounts adsorbed per
MHNTs-ALG unit weight at equilibrium, q,, .., Gpg; 0/
and g, .., Mg/g) in binary systems containing 50, 150, and

250
Pb(ll) mDB71 mMB
200

) I I I
0

Pb(I)-DB71  Pb(I)-MB Pb(I)-DB71  Pb(I)-MB Pb(I)-DB71  Pb(II)-MB
50 mg/L 150 mg/L 250 mg/L
C; (mg/L)

Fig. 9. Comparison of the Pb(Il), DB71, and MB amounts
adsorbed per unit adsorbent weight at equilibrium in media
containing equal concentrations of Pb(II)-MB and Pb(II)-DB71
at the increasing initial Pb(Il), MB, and DB71 concentrations
in Pb(II)-dye binary systems.

250 mg/L of Pb(II)-DB71 and Pb(II)-MB at equal concentra-
tions. The conditions for the Pb(II)-MB binary system (pH
5.0 and a 1:2 mass ratio of MHNTSs to ALG) are optimal con-
ditions for the adsorption of both Pb(II) ions and MB dye.
Since both Pb(II) ions and MB dye are cationic, this is com-
petitive adsorption for both of them. The outer surface of
HNTs consists of a negatively charged silica layer, and the
inner surface consists of a positively charged alumina layer.
Furthermore, HNTs contain internal and external hydroxyl
groups between their layers. Despite the small contribu-
tion of positive charges of alumina on the inner surface of
HNTs, the potential of HNTs is negative between pH 2.0
and 12.0, similar to the surface potential of SiO,. ALG is a
negatively charged matrix when pH is higher than 3.4. ALG
is negatively charged due to carboxyl groups in both ALG
guluronic acid and mannuronic acid subunits in an aque-
ous solution. In the zeta potential measurements performed
with the Malvern Nano ZS90 Zetasizer, the isoelectric pH
value of MHNTs was measured as 2.89. MHNTs are neg-
atively charged above this pH value. Since MHNTs-ALG
hydrogels are strongly negatively charged above pH 3.0,
they are expected to be strong adsorbents for both Pb(II)
ions and cationic MB dye. Adsorption studies in single-com-
ponent systems have revealed that MHNTs-ALG hydro-
gels exhibit the highest adsorption capacity for both Pb(II)
ions and cationic MB dye at pH 5.0. Pb(II) and MB dye are
first adsorbed on the surface of ALG beads. Afterward,
they are absorbed by penetrating the beads and attach to
the negatively charged silica outer surfaces of MHNTs.
Meanwhile, they interact ionically with OH~ groups set-
tled between the layers of MHNTSs. In the medium contain-
ing 50 mg/L of Pb(Il) and 50 mg/L of MB, the adsorption
capacity was found to be 76.63 and 62.59 mg/g for Pb(II)
and MB, respectively. When the concentration of both com-
ponents was increased to 250 mg/L, the selectivity of Pb(II)
ions increased significantly compared to cationic MB dye
and reached 195.97 mg/g. The MB adsorption capacity in
the same medium was 84.96 mg/g. In the presence of equal
Pb(Il) ion concentrations in the medium, the adsorption
capacity of MB decreased significantly (Data was shown
in Table S1).
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On the other hand, it was aimed to achieve selectiv-
ity for the anionic DB71 dye by keeping the pH of the
adsorption medium at 3.0 and increasing the mass ratio of
MHNTs to ALG to 3:2. The anionic DB71 dye is assumed
to be adsorbed into the inner luminal spaces of the tubu-
lar structure through electrostatic interaction with the
positively charged alumina layer on the inner surface of
MHNTs. Moreover, at lower pH values, such as pH 3.0,
the negatively charged carboxylic acid groups of ALG
biopolymers and the negatively charged silica groups of
MHNTs are protonated with H* ions. Hence, H* ions start
to compete with Pb(II) ions during adsorption. The anionic
DB71 dye competes with Pb(II) ions for protonated centers
and is adsorbed by the positively charged alumina layer
inside the inner lumen of MHNTSs. Thus, partial selectiv-
ity is achieved for DB71 dye with MHNTs-ALG beads,
although it is a strong negatively charged matrix. Again,
in the MHNTs-ALG matrix, the mass ratio of MHNTs to
ALG was increased to 3:2, and the adsorption capacity of
DB71 was increased. Since Pb(II) ions are cations and DB71
is an anionic dye, their binding to different adsorption cen-
ters in the MHNTs-ALG matrix indicates that adsorption
occurs partially competitively or non-competitively. The
adsorption capacities of Pb(Il) and DB71 in the medium
with 50 mg/L of Pb(II) and 50 mg/L of DB71 were 53.52 and
55.47 mg/g, respectively. In the medium with 250 mg/L of
Pb(II) and 250 mg/L of DB71, the adsorption capacities of
Pb(Il) and DB71 were obtained as 81.10 and 65.36 mg/g,
respectively (Data is shown in Table S2). MHNTs-ALG is
a negatively charged matrix, and selectivity was achieved
for DB71 despite cationic Pb(Il) ions in the medium. The
reason why the Pb(II) adsorption capacity is lower in the
Pb(II)-DB71 binary system than in the Pb(II)-MB system,
despite the presence of a strong competitive dye, MB, in
the medium, is that the medium conditions (adsorption
pH and MHNTs-ALG mass ratio) are not the optimum
conditions for the adsorption of Pb(II) ions.

Fig. 10 comparatively presents equilibrium adsorption
efficiencies (%) in binary systems containing 50, 150, and
250 mg/L of Pb(II)-DB71 and Pb(II)-MB at equal concentra-
tions. The highest adsorption efficiency for Pb(Il) ions was
obtained as 88.45% in the medium containing 50 mg/L of
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Fig. 10. Comparison of Pb(II), MB, and DB71 equilibrium adsorp-
tion efficiencies in media containing equal concentrations of
Pb(II)-MB and Pb(II)-DB71 at the increasing initial Pb(Il), MB,
and DB71 concentrations in Pb(II)-dye binary systems.

Pb(II) and 50 mg/L of MB. In the same medium, MB adsorp-
tion efficiency was 72.76%. Pb(Il) adsorption efficiency was
62.74% in the medium with 50 mg/L of Pb(Il) and 50 mg/L
of DB71. DB71 adsorption efficiency in the same medium
was 31.24%.

4.2. Examination of the fit of the Pb(11)-MB binary adsorption
system to the multi-component Langmuir model

The fit of the experimental equilibrium data of the
Pb(II)-MB binary system to the multi-component Langmuir
model given by Eq. (1) was investigated. Fig. 11 shows the
multi-component Langmuir adsorption isotherms for the
simultaneous adsorption of Pb(Il) ions to MHNTs-ALG
beads in the presence of MB concentrations increasing in the
range of 50-500 mg/L. In the figures displaying the competi-
tive adsorption equilibrium capacities of Pb(II) ions-MB, the
multi-component Langmuir model profiles are shown with
curves, whereas the symbols represent the values obtained
experimentally. The four parameters of the Langmuir model,
KPb,L’ Toom KMB’L, and Iy WETE calculated using MS Excel
2019. The optimal values of the parameters were found by
minimizing the sum of squared errors (SSE) and the total
standard deviation (Table 1). Since Pb(II) ions and MB dye
exhibit cationic properties, their binary adsorption system
by MHNTs-ALG beads is competitive, and they compete
with each other to attach to partially the same active cen-
ters of MHNTs-ALG beads or similarly charged centers. A
higher value of the K, parameter obtained for Pb(Il) ions
than the value of the Ky, parameter for MB indicates that
the affinity of MHNTs-ALG beads for Pb(Il) ions is higher
compared to MB. A higher K, , value of Pb(Il) ions shows
that the adsorption rate is higher than the desorption rate.
Higher g values for both Pb(Il) and MB demonstrate that
the sorbent has a strong adsorption capacity for cationic
Pb(II) and MB. Fig. 12 shows the multi-component Langmuir
adsorption isotherms for the simultaneous adsorption of MB
to MHNTs-ALG beads in the medium containing Pb(II) ions
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Fig. 11. Comparison of the experimental amounts of Pb(II)
adsorbed at equilibrium per unit adsorbent weight with the the-
oretical isotherm curves obtained according to the multi-com-
ponent Langmuir model in the presence of MB at increasing
concentrations in Pb(II)-MB binary systems.
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The multi-component Langmuir model constants obtained in Pb(II)-MB binary systems (temperature: 25°C, solution volume:
25 mL, pH: 5.0, adsorbent amount: 12.5 mg, MHNTs-ALG ratio: 1:2)

Langmuir model

concentrations of MB

For Pb adsorption in the presence of constant

For MB adsorption in the presence of constant
concentrations of Pb

Ty, 248.46 mg/g

KPb,L: 0.0834 L/mg MB: MB: MB: MB: MB: Pb: Pb: Pb: Pb: Pb:

Typ,' 94692 mg/g 50 mg/L 150 mg/L. 250 mg/L 400 mg/L 500 mg/L 50 mg/L 150 mg/L 250 mg/L 400 mg/L 500 mg/L
Ky, 0.0068 L/mg

EABS 6.89 6.64 6.68 5.56 6.5 7.74 9.07 8.6 5.52 3.02

ARE 248 3.28 3.84 3.16 3.14 3.69 6.27 10.67 10.22 8.19
ARSE 0.0387  0.0443 0.054 0.0447 0.0415 0.0594  0.0825 0.1507 0.1433 0.1142

R? 0.983 0.988 0.989 0.99 0.988 0.997 0.992 0.976 0.979 0.991

EABS — Average absolute error; ARE — average relative error; ARSE — average relative standard error.
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Fig. 12. Comparison of the experimental amounts of MB
adsorbed at equilibrium per unit adsorbent weight with the the-
oretical isotherm curves obtained according to the multi-com-
ponent Langmuir model in the presence of Pb(Il) at increasing
concentrations in Pb(II)-MB binary systems.

in the range of 50-500 mg/L. When the surface of MHNTs-
ALG beads is coated with a single layer of MB, the amount
of MB adsorbed per unit sorbent weight, Ty, 15 higher than
the q,, , value of Pb(ll) ions. However, a high increase in the
concentration of Pb(I) ions competing for the partially same
adsorption centers in the medium significantly reduced the
MB adsorption capacity. Since MHNTs-ALG beads have a
finite number of binding centers, the equilibrium removal is
expected to exhibit saturation kinetics characterized by the
Langmuir model at high Pb(II) and MB dye concentrations,
which was observed. Non-linearity in adsorption isotherms
may arise from the saturation of centers adsorbing Pb(II) and
MB and the interference between concentrated components
competing for adsorption centers. Pb(Il) ions significantly
decreased MB adsorption by being adsorbed more quickly
to active centers on MHNTs-ALG beads. Pb(II) ions that were
first attached to the negatively charged centers may have
activated repulsive forces for the binding of the cationic MB
and screened the binding centers. The experimental points

foreseen by the multi-component Langmuir model for both
Pb(II) and MB usually deviate little. Considering both R?
values and average relative error (ARE, %) values, it is seen
that the equilibrium adsorption data of Pb(II) ions fit the
multi-component Langmuir model better. However, since
the amounts of MB adsorbed per MHNTs-ALG unit weight
at equilibrium, Ty eqr WETE low at high Pb(II) concentrations,
the average relative error (ARE, %) between the experi-
mental and predicted DB eq. values for MB increased.

As seen in the multi-component Langmuir adsorption
isotherms, the amounts of both Pb(II) and MB adsorbed
at equilibrium per unit adsorbent weight, Tppeq and N
decreased with the increasing concentrations of the other
component. The equilibrium adsorption capacities of both
components in the mixture were lower than their sin-
gle-component systems. Furthermore, the total adsorbed
MB and Pb(II) concentrations were higher than the adsorbed
concentrations of the single-component Pb(Il) system and
lower than the adsorbed concentrations of the single-com-
ponent MB system (Data is shown in Table S1). A similar
trend was observed in the case of the total amounts, Dyeqr
adsorbed at equilibrium per unit weight of MHNTs-AL
beads. Although the individual effects of Pb(II) and MB
were antagonistic in comparison with their single-compo-
nent systems, the cumulative effects of their co-presence
created a synergistic effect on the total adsorption capacity
of MHNTs-ALG beads, Dyeqr compared to the single-compo-
nent Pb(II) system. In other words, the active surface cen-
ters of MHNTs-ALG beads are used more effectively in the
case of multiple components. Nevertheless, the individual
MB adsorption capacity of MHNTs-ALG beads was higher
than the Pb(II)-MB system. In other words, the co-presence
of Pb(II) ions and MB creates an antagonistic effect in terms
of MB adsorption. For example, the g, . and g,,, . values of
MHNTs-ALG beads in the medium with 250 mg/L of Pb(II)
and 250 mg/L of MB alone were 222.16 and 428.24 mg/g,
respectively. In the medium with 250 mg/L of Pb(II) and
250 mg/L of MB, Toveqr I eq and yeq values were 195.97,
84.96, and 280.17 mg/g, respectively. The increasing total
concentration of MB and Pb(II) ions in the aqueous medium
increased the metal-dye concentration difference on the sur-
face and inner parts of MHNTs-ALG beads, and yeq values
increased with the increasing driving force. The presence
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of Pb(Il) ions in the medium created a severe inhibitory
effect on MB adsorption. Even a component not selectively
adsorbed in the medium at increasing concentrations may
mask the selectively adsorbed component. The screening
effect of the second component in the adsorption medium
may show a mixed synergistic and antagonistic effect on
adsorption. In other words, the screening effect of the
second component may induce synergism by mutually
improving their individual repulsive forces and masking
antagonism.

4.3. Examination of the fit of the Pb(I1)-DB71 binary adsorption
system to the multi-component Langmuir model

The fit of the partially competitive or non-competitive
adsorption of DB71 and Pb(II) ions to MHNTs-ALG beads
to the multi-component Langmuir model was examined.
Figs. 13 and 14 show the isotherms obtained for Pb(II)
and DB71, respectively, in the presence of increasing con-
centrations of the other component. Table 2 contains the

constants calculated using the multi-component Langmuir
model, Koy 1 Dot Kopri i and A Since DB71 is an anionic
dye, the active binding centers of MHNTs-ALG beads, espe-
cially the positively charged inner lumens of HNTs, are
used more effectively in the presence of Pb(Il) ions com-
pared to two competitive cationic components, MB and
Pb(II). The maximum adsorption capacity obtained when
the surface of MHNTs-ALG beads was coated with a sin-
gle layer of Pb(ll) ions, g, , was higher than the maximum
adsorption capacity of DB71, g, ., despite the absence of
optimum pH and MHNTs-ALG mass ratio for the adsorp-
tion of Pb(Il) ions. K, values calculated from the model for
Pb(II) and DB71 were also found to be extremely close to
each other, indicating that MHNTs-ALG beads bind Pb(II)
and DB71 with an affinity of approximately the same size,
although their active centers binding Pb(II) and DB71
differ due to their surface charges.

The multi-component Langmuir model represents the
equilibrium adsorption values of both Pb(II) ions and DB71
very well. The R? values obtained for Pb(II) ions are usually

250
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Fig. 13. Comparison of the experimental Pb(II) amounts adsorbed
at equilibrium per unit adsorbent weight with the theoretical
isotherm curves obtained according to the multi-component
Langmuir model in the presence of DB71 at increasing concen-
trations in Pb(II)-DB71 binary systems.

Table 2

Fig. 14. Comparison of the experimental DB71 amounts adsorbed
at equilibrium per unit adsorbent weight with the theoretical
isotherm curves obtained according to the multi-component
Langmuir model in the presence of Pb(Il) at increasing concen-
trations in Pb(II)-DB71 binary systems.

The multi-component Langmuir model constants obtained in Pb(II)-DB71 binary systems (temperature: 25°C, solution volume:
25 mL, pH: 3.0, adsorbent amount: 6.25 mg, MHNTs-ALG mass ratio: 3:2)

Langmuir model

concentrations of DB71

For Pb adsorption in the presence of constant

For DB71 adsorption in the presence of constant
concentrations of Pb

Ty, 203.14 mg/g

KPb’L: 0.0436 L/mg DB71: DB71: DB71: DB71: DB71: Pb: Pb: Pb: Pb: Pb:
Toprr,t 118.96 mg/g 50mg/L 100 mg/L 150 mg/L 200 mg/L 250 mg/L 50 mg/L 100 mg/L 150 mg/L 200 mg/L 250 mg/L
KDB71,L: 0.0501 L/mg

EABS 5.84 5.45 2.74 2.19 3.31 3.38 2.75 2.99 1.44 2.57

ARE 5.38 5.69 4.12 493 6.77 3.6 4.3 4.74 2.33 4.68
ARSE 0.0821 0.0708 0.0685 0.0857 0.0956 0.0451 0.0743 0.0741 0.0278 0.0648

R? 0.975 0.978 0.99 0.991 0.982 0.954 0.961 0.96 0.993 0.973

EABS — Average absolute error; ARE — average relative error; ARSE — average relative standard error.
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higher than the R? values for DB71. However, the average rel-
ative error (ARE, %) values obtained for DB71 are lower than
the average relative error values calculated for Pb(II) ions.
Increasing the concentrations of Pb(II) and DB71 in
binary mixtures between 50-250 mg/L gradually decreased
the adsorption capacity of both components in the mixture
in comparison with their single-component systems. As the
concentration of the other component in the mixture was
increased, the equilibrium adsorption capacity of Pb(II)
and DB71 decreased. The total adsorbed concentrations of
Pb(II) ions and DB71 two-component systems were higher
than both the single-component Pb(II) and single-compo-
nent DB71 systems (Data is shown in Table S2). Therefore,
the co-presence of Pb(Il) and DB71 created a synergistic
effect on the adsorption capacity of MHNTs-ALG beads.
However, increasing the DB71 concentration above 150 mg/L
in the medium reduced the total amount of Pb(II) and DB71
adsorbed at equilibrium per unit sorbent weight, g, , below
the equilibrium adsorption capacity of DB71 alone. In other
words, in terms of DB71 adsorption, the co-presence of
Pb(II) ions and DB71 created an antagonistic effect at DB71
concentrations higher than 150 mg/L. For example, g,
and gy, ., values of MHNTs-ALG beads in the medium
with 250 mg/L of Pb(II) and 250 mg/L of DB71 alone were
141.48 and 232.69 mg/g, respectively. In the medium with
250 mg/L of Pb(II) and 250 mg/L of MB, q,, ., 4., and 4,
values were 81.1, 65.36, and 146.46 mg/g, respectively. The
increasing total concentration in binary systems results in
a strong repulsive force or a large difference in the concen-
tration between the adsorbent surface and inner parts and
solution, leading to higher adsorption of the components.
The most possible explanation of this observed synergy
is that various ligands on the surface and inner parts of
MHNTs-ALG beads exhibit different affinity for DB71 and

Table 3

Pb(Il) due to the surface charges of Pb(Il) and DB71, and
therefore the components bind to separate active centers.
Although the amounts of Pb(Il) ions and DB71 adsorbed
alone decrease in comparison with their single-component
systems and with the increasing concentrations of the other
component, an increase in their total adsorbed amounts indi-
cates that the surface and inner parts of MHNTs-ALG beads,
especially the positively charged inner luminal spaces,
are used more effectively in the two-component system.
Table 3 compares the maximum adsorption capacities
obtained in the adsorption of single and Pb(II)-MB binary
systems to various adsorbents. It has been noted that the
presence of Pb(Il) ions in wastewater has a synergistic
effect on MB adsorption in the simultaneous adsorption of
Pb(II) and MB on the sand coated with modified graphite
oxide from their binary mixtures [34]. This study reported
that the adsorption capacity of MB increased from 55.33 to
71.5 mg/g in the presence of Pb(Il) ions. The presence of
MB in the medium has an antagonistic effect on the adsorp-
tion capacity of Pb(II) ions. Anaerobic granular sludge
was used for the simultaneous adsorption of Pb(II)-MB,
and it was concluded that the co-presence of Pb(II) ions
and MB created an antagonistic effect on the competitive
adsorption capacity of both [35]. In the adsorption of the
Pb(II)-MB binary system on nanomagnetic activated car-
bon, the observed effect is antagonistic as the maximum
adsorption capacity of MB is reduced in the presence of
Pb(II) ions [33]. Since no conclusion was reached about the
adsorption capacity of the single-component Pb(II) system
on nanomagnetic activated carbon in this study, no com-
ment can be made about the effect of MB on Pb(II) adsorp-
tion. In both the single-component Pb(II) and MB systems
and binary mixtures of MHNTs-ALG beads developed
in our study, the adsorption capacities of Pb(II) and MB

Comparison of the maximum Pb(II) and MB adsorption capacities of MHNTs-ALG beads in single and binary systems with

other sorbents in the literature

Adsorbent Adsorption Adsorption Competitive Competitive Operating
capacity capacity MB adsorption capacity adsorption capacity conditions
Pb(ll) (mg/g)  (mg/g) Pb(Il) (mg/g) MB (mg/g)
Graphite oxide coated pH=4.2,T=25°C,
46.83 55.33 26.97 71.50
sand [34] C,=100-300 mg/L
Anaerobic granular pH=6.0, T=25°C,
97.49 86 78.53 68.88
sludge [35] C,=50-500 mg/L
Magnetic wood based pH=7.0, T=25°C,
- 434.13 52.11 175.39
activated carbon [33] C,=10-100 mg/L
pH,, =425,
Magnetic carbon- pH,; =91,
ate hydroxyapatite/ 277.7 546.4 ~271.0 (Y, = %97.59)  ~528.04 (Y, = %96.64) T =45°C,
graphene oxide [30] C,p, =40-200 mg/L,
C, s = 30-300 mg/L
Starch-h.gnosulfonate B B 7072 8152 pH=5.0, T=25°C,
composite [44] C,=10-400 mg/L
Magnetic hall(?ysite pH =5.0, T=25°C,
nanotubes-alginate 274.37 659.92 250.90 434.65

In this study

C,=50-500 mg/L
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Table 4

Comparison of the maximum Pb(II) and DB71 adsorption capacities of MHNTs-ALG beads in single and binary systems with

other sorbents in the literature

Adsorbent Adsorption ~ Adsorption  Partially competitive Partially competitive ~Operating conditions
capacity capacity adsorption capacity ~ adsorption capacity
Pb(Il) (mg/g) DB71 (mg/g) Pb(Il) (mg/g) DB71 (mg/g)
H=3.0, T=50°C,
Food waste compost [32] - 95.4 - - Ié,- — 5400 mg/L
pH=6.0-8.0, T=40°C,
Wheat shells (WS) [3 - 46.30 - -
eat shells (WS) [3] C =50-500 mg/L
Pistachio hull waste 9048 pH=2.0, T=50°C,
(PHW) [26] ' C,=10-100 mg/L
Multi-walled carbon 342 pH=3.0, T=25°C,
nanotubes (MWCNTs) [45] ' C,=25-100 mg/L
pH=2.0, T=50°C,
tt d ash [4 - 71. - -
Cotton pod ash [46] 06 C,=10-100 mg/L
Magnetic halloysite
H=3.0, T=25°
nanotubes-alginate 141.48 232.69 136.51 91.16 pH=30, >C,

In this study

C,=50-250 mg/L

were considerably higher than the other adsorbents devel-
oped. Although both components compete robustly for the
same centers of MHNTs-ALG beads and the individual
effects of their co-presence are antagonistic, the adsorp-
tion capacities in mixtures are higher than the capacities of
other adsorbents to adsorb MB and Pb(II) ions alone.

The adsorption of MB from single and binary compo-
nent systems with various modified composite adsorbents
was also investigated in the presence of other metal ions
in the medium. Chen et al. [42] prepared an eco-friendly
polydopamine composite adsorbent (CD-CA/PDA) based
on cyclodextrin polymer and used it to remove cationic
dyes and metals [42]. The adsorption capacity of CD-CA/
PDA for MB and Cu(Il) ions was found to be 582.95 mg/g
(1.82 mmol/g) and 73.64 mg/g (1.16 mmol/g), respectively.
The adsorption of MB was not affected by the presence of
Cu(Il) ions. It was reported that MB could be adsorbed by
the cyclodextrin cavity by forming the host-guest inclu-
sion complex despite the depletion of the negative groups.
On the other hand, the amount of Cu(Il) ions adsorbed
decreased in the presence of MB due to the exhaustion of
the negative groups. A citric acid crosslinked p-cyclodextrin
polymer (CA-B-CD) prepared by Huang et al. was used for
the simultaneous adsorption of MB and Cu(Il) [43]. In sin-
gle-component systems, heterogeneous maximum adsorp-
tion capacity values (q,) of 0.9229 mmol/g (295.19 mg/g)
and 0.9155 mmol/g (58.18 mg/g) were obtained for MB
and Cu(Il), respectively. In the MB-Cu(Il) binary adsorp-
tion system, the MB adsorption capacity was obtained as
0.1339 mmol/g (42.83 mg/g), which was lower than the MB
adsorption capacity (0.1549 mmol/g; 49.54 mg/g) in the
system containing MB alone. On the other hand, the pres-
ence of MB clearly inhibited Cu(Il) uptake, lowering sin-
gle-component Cu(Il) uptake capacity from 0.4916 mmol/g
(31.23 mg/g) to 0.3838 mmol/g (24.39 mg/g) in the binary
system. The adsorption s of MB and Cu(Il) were inhibited
by the presence of each other, suggesting the competition

between the two cationic pollutants over the same adsorp-
tion sites. A proposed adsorption mechanism was that the
carboxyl groups on the polymer surface instead of the
cyclodextrin cavities were the main binding sites for polar
MB and Cu(Il) ions. This study demonstrated that the
adsorption capacity of MB with MHNTs-ALG hybrid beads
from single-component and binary-component systems
was higher than the adsorption capacity of MB obtained
with most adsorbents published in the literature (Table 3).

No studies examining the partial competitive adsorp-
tion of Pb(I)-DB71 binary mixture have been encountered
in the literature. Table 4 compares the results obtained in a
few studies investigating the adsorption of the single-com-
ponent DB71 system by various adsorbents with the results
acquired with MHNTs-ALG beads. The adsorption capacity
of single-component DB71 dye with MHNTs-ALG beads
is substantially higher than that of other adsorbents. Even
in the presence of Pb(Il) ions that immediately adhere to
the strong negative matrix in the medium, the maximum
capacity obtained for DB71 is higher than that of other
adsorbents to adsorb only DB71 dye.

5. Conclusions

The individual adsorption capacity and efficiencies
of Pb(Il) ions and MB with MHNTs-ALG beads in binary
mixtures are lower than single-component Pb(II) and MB
systems. Furthermore, the total equilibrium adsorption
capacity of Pb(Il) ions and MB in binary systems, g, .., is
higher than the single-component Pb(II) system but lower
than the single-component MB system. Therefore, it was
concluded that the co-presence of Pb(II) and MB created a
synergistic effect compared to the adsorption of Pb(II) ions
alone and an antagonistic effect compared to the adsorp-
tion of MB. Pb(II) ions were observed to be selectively
adsorbed in adsorption media containing Pb(II) ions and
MB at equal concentrations.
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On the other hand, since Pb(II) ions and DB71 were
attached to different active centers of MHNTs-ALG or oppo-
sitely charged centers, the active surface area of the sor-
bent was used more effectively. The individual adsorption
capacities and efficiencies of Pb(II) ions and DB71 decreased
with the increasing concentrations of the other component
in binary systems. However, the total equilibrium adsorp-
tion capacity of MHNTs-ALG beads increased compared
to single-component Pb(Il) and DB71 systems. When the
concentration of DB71 in the mixture was increased above
150 mg/L, the total adsorption capacity decreased compared
to the single-component DB71 system. Accordingly, it was
concluded that the co-presence of Pb(Il) and DB71 created
a synergistic effect in comparison with the individual pres-
ence of Pb(Il) ions and an antagonistic-synergistic mixed
effect in comparison with the individual presence of DB71.

The multi-component four-parameter Langmuir model
was successfully used to characterize multiple interactions
on the adsorption of Pb(II)-MB and Pb(II)-DB71 to MHNTs-
ALG beads. In the binary Pb(II)-MB system, a, ,, and a,,
of the Langmuir parameter obtained for Pb(II) ions and
MB were 20.7216 and 6.4391 L/g, respectively. These values
indicate that Pb(II) ions were selectively adsorbed with high
capacity in the Pb(I)-MB system. The a,, , and a_,, values
of the Langmuir parameter found for Pb(II) ions and DB71
dye were 8.8569 and 5.9599 L/g, respectively. The conditions
of the adsorption medium were adjusted to the optimum
values for DB71 to achieve selectivity for DB71, an anionic
dye, with MHNTs-ALG beads, a mostly negatively charged
matrix. For DB71, the desired selectivity and high adsorp-
tion capacity were acquired, particularly at high concen-
trations in its binary mixtures. Thus, it was proven that the
MHNTs-ALG negatively charged matrix could be used in
the adsorption of an anionic dye, even in the presence of
Pb(Il) ions, a cation that competes robustly in the medium.
Although the conditions of the adsorption medium were
not the most appropriate for the adsorption of Pb(II) ions,
Pb(Il) ions were also observed to dominate binding in the
presence of DB71 dye. Pb(II) ions were selectively adsorbed
in adsorption media with equal concentrations of Pb(II)
ions and DB71 dye.
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Supporting information

Table S1

Comparison of Pb(II) and MB concentrations adsorbed at equilibrium, C,» the amounts of Pb(Il) and MB adsorbed at equilibri-
um per unit adsorbent weight, g, ., Pb(Il) and MB adsorption efficiencies, Y, ,, and total amounts of Pb(Il) and MB adsorbed at
equilibrium per unit adsorbent weight, g,  in Pb(I)-MB binary systems (temperature: 25°C, solution volume: 25 mL, pH: 5.0,
adsorbent amount: 12.5 mg, MHNTs-ALG ratio: 1:2)

CI’b,i (mg/L) CMB,i (mg/L) CI’b,ads. (mg/L) qu,eq, (mg/g) Yl"b,eff. (%) CMB,ads. (mg/L) qMB,eq. (mg/g) YMB,eff. (%) qt,eq

50 - 48.01 91.98 97.14 - - - -
250 - 129.95 222.16 51.72 - - - -
500 - 157.20 274.37 31.44 - - - -
- 50 - - - 46.48 87.75 91.57 -
- 250 - - - 227.18 428.24 90.44 -
- 500 - - - 342.52 659.92 68.33 -
50 50 44.55 76.63 88.45 36.39 62.59 72.76 139.22
250 50 122.25 210.27 48.75 11.28 19.41 22.35 229.68
500 50 145.87 250.90 29.17 6.48 11.14 13.07 262.04
50 250 40.99 70.50 81.87 150.40 258.69 59.79 329.19
250 250 113.94 195.97 45.42 49.39 84.96 19.68 280.93
500 250 136.05 234.00 27.20 26.38 45.38 10.51 279.38
50 500 38.43 66.09 77.23 252.70 434.65 50.48 500.74
250 500 110.62 190.27 44.09 97.91 168.41 19.55 358.68
500 500 124.48 214.10 24.86 46.11 79.32 9.21 293.32
Table S2

Comparison of Pb(Il) and DB71 concentrations adsorbed at equilibrium, C,_, , the amounts of Pb(Il) and DB71 adsorbed at equilib-
rium per unit adsorbent weight, Dy Pb(II) and DB71 adsorption efficiencies, Yl.ye“, and total amounts of Pb(II) and DB71 adsorbed
at equilibrium per unit adsorbent weight, g, in Pb(I)-DB71 binary systems (temperature: 25°C, solution volume: 25 mL, pH: 3.0,
adsorbent amount: 6.25 mg, MHNTs-ALG ratio: 3:2)

Cop (mg/L)  Cppy (mg/L)  C 4, (mg/L) Deq. b (Mg/g) Y e (%) Cooppn (M/L) eq.pB71 (mg/8) Y 4 wioen (%) 4,

50 - 35.75 61.49 72.34 - - - -

150 - 71.87 123.61 48.19 - - - -

250 - 82.26 141.48 32.98 - - - -

- 50 - - - 16.35 56.25 32.94 -

- 150 - - - 48.18 165.74 31.88 -

- 250 - - - 67.64 232.69 27.01 -

50 50 31.12 53.52 62.74 16.13 55.47 31.24 108.99
150 50 65.35 112.40 43.80 9.50 32.68 18.48 145.08
250 50 79.37 136.51 31.79 7.97 27.42 15.44 163.93
50 150 20.44 35.16 40.48 25.10 86.34 16.43 121.5
150 150 45.00 77.40 29.47 19.80 68.11 12.98 145.51
250 150 59.02 101.51 23.75 15.31 52.67 10.18 154.18
50 250 12.76 21.95 24.40 26.50 91.16 10.66 113.11
150 250 33.46 57.55 22.10 23.30 80.15 9.30 137.7

250 250 47.15 81.10 18.50 19.00 65.36 7.55 146.46
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