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Abstract: The discharge of various types of wastewater into natural streams leads to significant problems
by increasing the toxicity of the wastewater. For this reason, methods and materials are being developed by
researchers in line with effective, economic, and environmental principles. In this study, the removal of
methylene blue, a toxic dyestuff, from aqueous solutions was investigated by synthesizing sodium alginate
(SA) and graphene nanoplatelet-sodium alginate composite (SA-GNP) beads. The structural characteristics
of the materials were analyzed using FTIR, TGA, optical microscope, and SEM methods. All parameters
determining the efficiency of the methylene blue adsorption system were optimized in a batch system. The
effects  of  various  factors,  such  as  adsorbent  amount,  contact  time,  adsorption  temperature,  dye
concentration, solution pH, pHzpc values of SA and SA-GNP beads, presence of different ions, and beads
swelling, on the adsorption process, were investigated. To investigate the mechanism of the adsorption
system, the adsorption data were fitted to a non-linear form of the Langmuir, Freundlich, and Temkin
equilibrium isotherm models,  as well  as the Pseudo-first-order  (PFO),  Pseudo-second-order  (PSO),  and
Bangham kinetic models. High regression coefficients were achieved in the studied kinetic and isotherm
models  (0.86  ≤ R2 ≤ 0.99),  and the experimental  data were  found to be compatible  with  the  model
parameters. Maximum adsorption capacities (qm) of 167.52 mg/g and 290.36 mg/g were obtained for the
SA and SA-GNP adsorbents, respectively, at 308 K. The optimum temperature for both adsorption systems
was found to be 308 K. The efficiency of methylene blue dyestuff removal was improved with graphene
nanoplatelet-based adsorbents.
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1. INTRODUCTION

Ground  and  surface  waters  are  polluted  by
wastewater  from industrial,  urban and agricultural
sources.  Due  to  rapid  population  growth  and
industrialization,  the  demand  for  clean  water  is
increasing  day  by  day  (1).  Synthetic  dyes  are
pigments  used  in  industries  to  color  various
products. It is widely used in many industries such
as  textile,  plastic,  paint,  food,  paper,  cosmetics,
medicine, and leather, and the wastewater of these
sectors contains significant amounts of dyestuffs (2–
4).  The  textile  industry  is  the  primary  source  of
dyes,  and  today  more  than  10,000  dyes  and

pigments  are  used  for  this  purpose  (5,6).  The
discharge of colored wastewater, which has a toxic
effect and is resistant to degradation in the aquatic
environment,  into  natural  streams  causes  many
serious problems by increasing the toxicity of  the
wastewater and the chemical oxygen demand (COD)
(4,6).

Methylene blue (MB),  which is  in the cationic dye
class, has many industrial applications  (6–8). It is
considered an important harmful organic pollutant in
the  aquatic  environment  due  to  its  toxicity,
carcinogenicity,  mutagenicity,  and  non-
biodegradability (7). Exposure can cause respiratory
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complications, increased heart rate, nausea, profuse
sweating,  jaundice,  and  tissue  necrosis  (1,6,8).
Various  biological  and  physicochemical  methods
such  as  ultrafiltration,  nanofiltration,  coagulation,
precipitation,  membrane  processes,  ion  exchange,
electrolysis,  biological  processes,  chemical
oxidation, and adsorption are used in the removal of
dyestuffs from wastewater (2,5,9).

The  adsorption  process  is  considered  a  versatile
method for the removal of environmental pollutants
from aqueous solutions with its low cost, simple and
easy separation method, fast  and environmentally
friendly  features  (7,8).  It  also  does  not  require
sludge  formation;  adsorbents  can  be  regenerated
and  reused  (2).  In  recent  years,  various  studies
have been carried out to develop materials that can
be  used  as  low-cost  and  environmentally  friendly
adsorbents  in  wastewater  treatment  applications.
Natural  resource-based  adsorbents  such  as
activated  carbon,  zeolite,  clay,  and  synthetic
polymers are the materials used for this purpose.
Among the biopolymers of interest, alginate and its
cross-linked  derivatives  are  well-known
polysaccharide-based  materials  (9,10).  It  is  an
environmentally  friendly  natural  carbohydrate
polymer  composed  of  sodium  alginate  (SA),
mannuronic acid, and guluronic acid (7). Adsorbents
derived from natural  polymers are widely  used in
the removal of dyes from wastewater due to their
abundance, low cost, non-toxicity, biocompatibility,
biodegradability,  abundant  carboxyl  and  hydroxyl
groups, hydrophilicity and recyclability (1,7,9). Due
to its negative charge, alginate is seen as a suitable
polymer that can be used in the removal of heavy
metals and cationic dyestuffs. Studies have shown
that using alginate in the form of nanocomposites
with  materials  such  as  graphene,  Fe3O4, and
montmorillonite contributes to the improvement of
both the mechanical properties of alginate and its
adsorption  properties  (4).  Compositing  graphene
with polymeric materials increases the possibility of
adding new functional groups to the surface, as well
as  increasing  the number  of  active  sites  to  fix  a
large number of organic and inorganic contaminants
(11).

Recently, many studies have used graphene-based
materials  for  the  adsorption  of  different  pollutant
components from water (12,13). Graphene, which is
a  two-dimensional  allotrope  of  carbon,  is  used  in
many fields due to its large specific surface area and
biocompatibility,  electronic,  chemical,  and  thermal
properties, removal of drugs and organic pollutants,
and  its  suitability  for  use  in  composite  material
production.  Having a good strength structure  and
being  environmentally  compatible,  graphene-
derived  composite  materials  (graphene  oxide,
graphene nanoplatelets-GNPs, etc.) are preferred in
environmental  technologies  of  the  removal  of
pollutants from water (13–15).

In  recent  studies,  many  graphene-polymer
composites have been synthesized and used in the
removal  of  various  pollutants  by  the  adsorption
method (7,10,11,16–21). In this study, SA and SA-
GNP  beads  were  synthesized  and  used  as  an
adsorbent for the removal of methylene blue from
aqueous  solutions  by  the  adsorption  method.  In
order to improve the adsorption properties, an SA-
GNP composite was prepared by adding GNP to the
bead  formulation.  The  characterizations  of  the
synthesized  adsorbents  were  conducted  by  FTIR,
TGA,  optical  microscope  and  SEM  methods.  The
effects  of  different  parameters  such as  adsorbent
amount, dyestuff concentration, solution pH, pHzpc
values,  presence  of  different  ions  (NaCl),  contact
time, and adsorption temperature on the adsorption
system were investigated, and optimum conditions
were determined. In addition, the effect of swelling
of  the  beads  on  the  adsorption  capacity  was
investigated by looking at the swelling behavior of
the  adsorbent  beads.  Langmuir,  Freundlich,  and
Temkin isotherm equilibrium models and PFO, PSO,
and  Bangham  kinetic  models  were  fitted  with
experimental  data,  and  the  mechanism  of  the
adsorption system was examined and interpreted.

2. MATERIALS AND METHODS

2.1. Materials
GNP (thickness 1–20 nm, width: 1–50 µm) from XG
Science  (xGnP®-C-750),  sodium  alginate  from
Sigma-Aldrich,  CaCl2,  methylene  blue  (MB)
(C₁₆H₁₈CIN3SxH₂O  (x=2-3)),  HCl  (36.5%),  NaOH
(≥99) and NaCl  were obtained from Merck. High-
purity water obtained from the Millipore Direct-Q3
water  treatment  system  was  used  in  all
experimental stages.

2.2. Synthesis of Materials
To synthesize materials, 2% (w/v) sodium alginate
solution was mixed thoroughly in a magnetic stirrer
and  prepared  separately  for  SA  and  SA-GNP
composite  beads.  In  synthesizing  GNP-based
composite  material  (SA-GNP),  50  mg  GNP  was
added to the prepared 2% sodium alginate solution
and  mixed  again  in  the  magnetic  stirrer  until  a
homogeneous  mixture  was  obtained.  This
suspension  mixture  was  slowly  added  to  the  2%
CaCl2 solution prepared in a volume of 100 mL with
the help of a dropper to form beads in a spherical
shape. After being kept in solution for gelatinization
for 24 hours, the obtained materials were filtered off
and  washed  several  times  with  distilled  water  to
separate  them  from  CaCl2.  Then,  the  prepared
beads were kept in a vacuum oven at 30oC for 3
hours to allow them to dry. It has been seen in the
literature  that  partial  drying  of  the  prepared
materials reduces the porosity of the beads, while
complete  dehydration  can  cause  surface  cracking,
which  can  facilitate  the  surface  erosion  of  the
material  upon  rehydration.  Temperature  is
important as it can affect the swelling behavior of
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the beads  (22). Synthesis of SA adsorbent without
GNP additive was carried out similarly. Prepared SA
and SA-GNP materials were stored in a desiccator

for use in studies. The preparation of SA and SA-
GNP beads is schematically presented in Figure 1.

Figure 1: Preparation of SA and SA-GNP beads.

2.3. Characterization of Materials
Surface  characterizations  of  SA  and  SA-GNP
adsorbents were performed using Fourier transform
infrared  spectroscopy  (FTIR),  thermogravimetric
analysis  (TGA),  optical  microscope,  and  Scanning
electron microscopy (SEM) methods. FTIR analysis
(Bruker  Alpha)  was  performed  to  determine  the
structural properties; the KBr method was used by
recording  the IR spectra  between 400-4000 cm-1.
TGA (Hitachi STA-7200) measurements were carried
out by taking samples in the range of 5-10 mg and
heating  them  at  a  rate  of  10°C/min  under  a
nitrogen  atmosphere  (200  mL/min)  in  the
temperature range of 25oC-1000°C. The morphology
of the beads was observed with a scanning electron
microscope (TESCAN VEGA 3) at 10 kV and 100x
magnification.  Before  analysis,  the  surface  of  the
samples was sputter coated with a gold-palladium
layer for SEM visualization.

Additionally,  The  morphology  of  the  beads  was
visually  examined  using  an  OLYMPUS  microscope
(CKX53, Japan), and digital images were obtained.
Information about the color, shape, and texture of
the  surface  of  the  beads  was  obtained,  and  the
diameter  of  the  beads  was  measured.  Besides,  a
swelling test was applied to the prepared adsorbent
beads, and its effect on the adsorption process was
investigated.

2.4. Adsorption Studies
Adsorption studies were carried out batch-wise in an
incubator  shaker.  To  determine  the  optimum
adsorption  conditions,  the  effects  of  different
process  variables  such  as  adsorbent  amount,
contact  time, dyestuff  concentration,  temperature,
pH and foreign ion effect (NaCl) on adsorption were
investigated. Different parameter ranges (adsorbent
amount 0.1-1 g/L, contact time 0-180 min, dyestuff
concentration 1-25 mg/L, temperature 298-318 K,
pH value 3-11, NaCl molar concentration 0.005-0.1
M)  based  experiments  were  carried  out.  The  MB
dyestuff  solution volume was kept constant  at  10
mL in all experiments. In experimental studies, all
concentrations  of  adsorbate  solutions  were

measured  at  665  nm  with  a  UV–Vis
spectrophotometer  (Jasco  V-730,  Japan).
Adsorption  capacities  (qe,  mg/g)  and  removal
efficiencies  (%)  are  respectively  calculated  using
Equation 1 and Equation 2. In equations, Co (mg/L)
dyestuff initial concentration, Ce (mg/L) equilibrium
concentration, m (g) adsorbent amount, and V (L)
solution volume.

qe=
(Co−Ce ) .V

m
 (Eq. 1)

%Percentage of removal= (Co−Ce )
Co

x 100

(Eq. 2)

The  point  of  zero  charge  (pHPZC)  values  of  the
adsorbent materials were determined by the pH drift
method.  The  pH  of  0.01  M  NaCl  solution  was
adjusted to different pH values  (4, 6, 8, 10, and
12)  with  0.1  M  NaOH  and  0.1  M  HCl  solutions.
Mixtures of approximately 1.5 mg of SA and SA-GNP
beads and 20 mL of NaCl solution were kept in a
shaking incubator at 25oC for 24 hours. After this
process,  the  final  pH  values  of  samples  were
measured  by  pH meter,  and  a  graph  was  drawn
between  the  initial  and  final  pH  values,  and  the
diagonal intersection point was accepted as pHzpc
(23,24).

3. RESULTS AND DISCUSSIONS

3.1. Characterization Results
FTIR,  TGA,  and  SEM  methods  were  applied  to
characterize the prepared alginate-based adsorbent
beads,  and  their  morphology  was  examined  by
obtaining digital images with an optical microscope.
The  FTIR  spectra  of  SA  and  SA-GNP  adsorbents
measured in the 400-4000 cm-1 range before and
after adsorption are shown in Figure 2. FTIR spectra
of  alginate-based  adsorbents  show  similar  peaks
before  and  after  adsorption  for  both  adsorbents.
Specified  wavelengths  indicate  the  presence  of
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groups at 1028 and 1037 cm-1 (C–O–C stretching
frequency),  1410,  1430  cm-1, and  1637  cm-1

(symmetric and asymmetric stretching COO−), 2922
and 2926 cm-1 (C-H stretching vibration), 3445 and
3450  cm-1 (–OH  stretching  vibration)  (25–28).  It

was observed that the intensity of these peaks after
adsorption  decreased  compared  to  before
adsorption.  It  is  thought  that  the  MB  dyestuff
attaches to the functional groups herein.
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Figure 2: FTIR plots of SA (a) and SA-GNP (b) before and after adsorption.

TGA plots of SA and SA-GNP are shown in Figure 3.
The thermal behavior of adsorbents is similar, and
their  thermal  decomposition  takes  place  in  the
temperature region of 200°C to 500°C. The weight
loss in the first stage is attributed to the removal of

volatile products such as physically adsorbed water
(29,30).  The  decomposition  temperature  at  10%
weight loss was calculated as 189°C and 197°C for
SA and SA-GNP adsorbents, respectively. 

Figure 3: TGA curves of SA and SA-GNP.

Weight loss in the second stage is attributed to the
decrosslinking  of  the  polymer  networks  (29).  The
region responsible for the large weight loss shows
the  degradation  of  the  carboxylic  groups  in  the
sodium alginate structure (in the temperature range
of  178-190  °C).  The  thermal  stability  of  the

materials is determined by the large loss of mass at
which thermal decomposition begins, large changes
are observed after exceeding 200 °C (31). From the
data  obtained  at  800  °C,  it  is  seen  that  the
remaining material contents for SA and SA-GNP are
31%  and  35%  by  weight  (total  weight),
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respectively. According to the final thermal oxidative
decomposition temperatures, it can be said that SA-
GNP composite material has slightly higher thermal
stability than SA. In this  direction,  it  can be said
that the GNP additive slightly increases the thermal
stability of the material.

The  morphological  characterization  of  beads  was
observed  using  SEM.  The  obtained  topographic

images of SA and SA-GNP are shown in Figure 4.
The  surfaces  and  sections  of  SA  and  SA-GNP
showed  a  smooth  and  homogeneous  morphology.
GNP  did  not  appear  to  cause  any  roughness  or
heterogeneity in the beads. It shows that the GNP is
successfully  dispersed  by sonication and does not
form agglomeration.

 

 

Figure 4: SEM images of SA (a,b) and SA-GNP (c,d) beads.

Figure 5: Digital images of SA and SA-GNP beads.

Additionally,  the  morphology  of  the  beads  was
visually examined using an optical microscope, and

their  digital  images were obtained as in Figure 5.
Information about the color, shape, and texture of
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the  surface  of  the  beads  was  obtained,  and  the
diameter  of  the  beads  was  measured.  The  beads
have a spherical shape and measure approximately
150 µm in diameter on average. SA beads are light
yellow in color, while SA-GNP beads are black due
to the color of the GNP.

The  swelling  behavior  of  adsorbent  beads  was
determined gravimetrically in MB solution (pH=5.5)
at 25oC. The percent swelling was calculated using
Equation 3:

% Swelling=
(Ws−Wd )

Wd
x100 (Eq. 3)

Ws is the weight of the swollen beads, and Wd is
the  weight  of  the  dried  beads.  Swelling
measurement  continued  until  the  swollen  beads
were adequately weighed. Although the beads had
swelling  properties,  there  was  no  change  in  the

percentage  of  dye  removal  of  the  swollen  beads
compared to the dry ones (32,33). 

3.2. Adsorption Studies
3.2.1. Adsorption process variables
To  investigate  the  effect  of  the  amount  of
adsorbent, mixtures of adsorbents in 0.1, 0.25, 0.5,
0.75, and 1 g/L amounts and stock MB solution with
an initial dye concentration of 10 mg/L were left to
shake  for  120  minutes,  based  on  previous
preliminary experiments. The calculated adsorption
capacities of the experiments with different amounts
of SA and SA-GNP adsorbents are shown in Figure
6. According to the experimental results, the highest
removal  efficiencies  (%) of  SA and SA-GNP  were
obtained as 71.55% and 74.59%, respectively. As
the  amount  of  adsorbent  increased,  the  removal
efficiency of the dyestuff increased. This is due to
the grown surface area resulting from the rise in
adsorbent mass and the increased number of active
sites (34,35). 
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Figure 6: Effect of adsorbent dose on adsorption capacity and removal efficiency (inset).

As  seen  in  Figure  6,  the  adsorption  capacity
decreased  as  the  amount  of  adsorbent  increased.
The adsorption capacity values vary between 6.25–
15.06 mg/g for SA, and 6.79–26.19 mg/g for SA-
GNP. As the adsorbent dose decreased, the amount
of  MB  solution  per  gram of  adsorbent  increased.
This  may  be  because  all  active  sites  in  the
adsorbent are fully exposed to MB and utilized at a
lower adsorbent dose, and only some of the active
sites are exposed and occupied by MB at a higher
adsorbent  dose  (35).  The  highest  adsorption
capacity  was  obtained  at  0.1  g/L  adsorbent
concentration as 15.06 mg/g for SA and 26.19 mg/g

for  SA-GNP.  Based  on  these  data,  the  optimum
amount of adsorbent was chosen as 0.1 g/L.

To  determine  the  equilibrium  time  of  the
adsorbents, experiments were carried out with MB
solution for 1, 5, 10, 15, 30, 45, 60, 90, 120, and
180  minutes.  Equilibrium times  were  determined,
and the  obtained data were  also  used  for  kinetic
modeling  calculations.  The  calculated  adsorption
capacities  of  the  experiments  performed  with  SA
and  SA-GNP  adsorbents  at  different  times  are
shown in Figure 7.
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Figure 7: Effect of contact time on adsorption capacity.

Equilibrium times  of  the  adsorption  systems were
determined  at  room  temperature.  The  fast
adsorption in the first stage can be explained by the
high driving force that provides rapid mass transfer
of MB ions to the adsorbent surface, as well as the
high number and availability of active sites in the
adsorbent  (36).  Both  adsorption  systems  reached
equilibrium after approximately 120 minutes, and it
was observed that there were no major changes in
adsorption capacity after this point. Based on these
data,  120  minutes  was  chosen  as  the  optimum
contact time, and the qe values for SA and SA-GNP
adsorbents were obtained as 17.97 mg/g and 17.00
mg/g, respectively.

The effect of MB solution at different pH values on
adsorption  was  investigated  by  adjusting  the  pH
values to 3, 5, 7, 9, and 11 with 0.1 M HCl and 0.1
M NaOH solutions.  Calculated adsorption capacities
of the experiments with SA and SA-GNP adsorbents
at different pH values are shown in Figure 8 (a). The
qe values ranged from 48.16 – 67.52 mg/g for SA
and  50.95–97.29  mg/g  for  SA-GNP;  that  is,  the
amount  of  MB  solution  per  gram  adsorbent
decreased as pH increased. These results show that
an  acidic  solution  is  more  suitable  for  the  MB
adsorption  system.  Since  the  surface  of  sodium
alginate  is  negatively  charged  up  to  pH  7,  the

presence of H+  ions at low pH values increased the
adsorption  capacity  value  (37).  According  to  the
literature, this shows that the cationic dyestuff can
be better ionized at low pH values and is based on
the  interaction  of  more  dye  molecules  with  the
adsorbent  (38).  The  highest  adsorption  capacities
were  obtained  at  pH  3,  67.52  mg/g  for  SA  and
97.29 mg/g for SA-GNP. 

The  surface  charge  properties  of  adsorbents  at
different  pH  values  significantly  affect  their
adsorption  capacity.  Additionally,  the  pHpzc  was
determined to evaluate the surface electrification of
adsorbents in the solution. As seen in Figure 8 (b),
experimental pHzpc values of SA and SA-GNP were
obtained as 5.26 and 5.11, respectively. In the pH
range of 3-10, an increase in the negative charge of
the adsorbent surface due to deprotonation of the
carboxyl group increased the electrostatic attraction
between  the  cationic  MB,  thereby  increasing  the
adsorption capacity of SA and SA-GNP beads  (24).
In the study, SA and SA-GNP beads showed efficient
adsorption on MB from an aqueous solution in the
initial  pH range of 4-7. The normal pH of the MB
solution is  also  about 6.06  (T=27.5oC),  so  no pH
adjustment was required for the other experiments,
and the MB initial pH value is in optimum conditions
for the study.
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Figure 8: Effect of pH (a) on adsorption capacity, pHZPC plots of SA and SA-GNP (b), and foreign ion-NaCl
(c) on adsorption capacity.

It is known that different polluting ions present with
MB  dyestuff  in  adsorption  processes  also  affect
adsorption.  In  this  study,  NaCl  was  chosen  as  a
different  foreign  ion,  and  its  effect  on  adsorption
capacity  with  MB  was  investigated.  While  MB
concentration  was  10  mg/L,  NaCl  concentrations
were prepared as 0.005, 0.01, 0.05, and 0.1 M. The
graph of Figure 8 (c) shows the adsorption capacity
values obtained at different NaCl concentrations of
SA  and  SA-GNP  adsorbents.  As  the  molar
concentration  of  NaCl  increased,  the  adsorption
capacity values decreased. The adsorption capacity
of SA decreased from 15.83 mg/g (0.005 M) to 6.76
mg/g (0.1 M). The adsorption capacity of SA-GNP
decreased from 18.43 mg/g (0.005 M) to 8.05 mg/g
(0.1 M). This result is thought to be related to the
competition  of  cation  ions  and  Na+ of  MB  for
adsorption sites (34). 

3.2.2. Adsorption kinetic models
Adsorption  kinetics  were  investigated  by  using
experimental data obtained at different times in the
adsorption of  SA and SA-GNP adsorbents and MB

dyestuff. The adsorption data were fitted to a non-
linear form of PFO (Equation 4), PSO (Equation 5),
and Bangham (Equation 6) (23) kinetic models. The
graphs  of  all  adsorption  systems  are  shown  in
Figure 9, and the calculated model parameters are
presented in Table 1.

In equations, qt (mg/g) adsorption capacity at time
t,  k1 (min-1)  PFO  kinetic  model  rate  constant,  k2

(g/mg.min)  PSO  kinetic  model  rate  constant,  k
Bangham  constant,  υ  Bangham  parameter  and  t
(min) is the contact time.

q t=qe .(1−e−k1 .t) (Eq. 4)

q t=
qe
2 . k2. t

1+k 2 . qe .t
(Eq. 5)

 

q t=k . t υ (Eq .6)

According to the parameters and R2  values of the
models,  the  kinetic  models  for  both  adsorption
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systems  fit  well  with  the  experimental  data  (SA;
R2≥0.87,  SA-GNP; R2≥0.92),  which are  consistent
with previous studies (36,39). The R2 values of the
PFO  and  PSO  kinetic  models  show  that  both
adsorption systems fit the PSO kinetic model better.
The  reaction  mechanisms  between  adsorbent  and
adsorbate depend on chemical adsorption, including
the sharing or exchanging of electrons as covalent
forces  and  valence  forces  via  ion  exchange  (40).
The kinetic  model  rate (k1,  k2)  obtained from the
models  showed  that  the  adsorption  process
performed  with  SA-GNP/MB  was  faster  than  the

SA/MB  adsorption  system  (SA:  k1=0.0168  min-1

k2=0.0007  g/mg.min;  SA-GNP:  k1=0.0417 min-1,
k2=0.0028 g/mg.min). Experimental data and model
parameters of adsorption capacity were found to be
compatible with each other. 

Bangham model is a generalization of the Weber-
Morris  model  and  can  be  used  to  explain  pore
diffusion mechanisms. R2 values  (≥0.92) are high
for both adsorption systems. The Bangham model
shows that rate-controlled step adsorption of MB on
SA and SA-GNP is pore diffusion (23). 

 

Figure 9: PFO, PSO, and Bangham kinetic models of SA (a) and SA-GNP (b).

Table 1: Kinetic model parameters of SA and SA-GNP.

MB Adsorption
SA SA-GNP

PFO
qe (mg/g) 18.58 17.302
k1 (min-1) 0.0168 0.0417

R2 0.87 0.93
PSO

qe (mg/g) 23.60 19.815
k2 (g/mg.min) 0.0007 0.0028

R2 0.88 0.95
Bangham

k 1.617 3.569
υ 0.4705  0.3311
R2 0.92 0.93

MB concentration: mg/L

3.2.3. Adsorption equilibrium models
The effects of MB concentration and temperature on
the  adsorption  process  were  investigated.
Adsorption mechanisms and equilibrium conditions
were examined using experimental data obtained at
different temperatures for the adsorption of SA and
SA-GNP  adsorbents  and  MB  dyestuff.  Optimum
adsorption  temperatures  were  determined,  and
maximum  adsorption  capacities  were  calculated
using  the  data  obtained  for  isotherm  model
calculations.  The adsorption data were  fitted  to a
non-linear  form  of  Langmuir  (Equation  7),

Freundlich (Equation 8) (23), and Temkin (Equation
9) (41) equilibrium isotherm models. The graphs of
all adsorption systems are shown in Figures 10 and
11,  and  the  calculated  model  parameters  are
presented in Table 2.

In  equations,  qm (mg/g)  maximum  adsorption
capacity, KL (L/mg) Langmuir isotherm constant, KF

(mg/g).(L/mg)1/n Freundlich  isotherm  constant,
heterogeneity  factor  showing  1/n  adsorption
density,  AT Temkin  isotherm  equilibrium  binding
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constant,  bT isotherm  constant,  R  (J/mol.K)  gas
constant, T (K) absolute temperature.

qe=
K LqmC e

1+K LC e

 (Eq. 7)

qe=KFC e
1 /n (Eq. 8)

qe=
R×T
bT

× ln (AT×Ce ) (Eq. 9)

According  to  the  parameters  and  R2 values  of
Langmuir  and  Freundlich  models,  the  isotherm
models for both adsorbent-MB adsorption systems
fitted  very  well  with  the  experimental  data
(R2≥0.98). Maximum adsorption capacities (qm) for
SA  and  SA-GNP  were  obtained  in  the  range  of
39.05-167.52  mg/g  and  63.67-290.36  mg/g,
respectively.  While  the  qm value  for  the  SA-MB
adsorption system was 167.52 mg/g at 308 K, the
qm for  the  SA-GNP-MB  adsorption  system  was
calculated as 290.36 mg/g at 308 K. 

The  maximum  adsorption  capacities  obtained  in
similar  studies  in  the  literature  are  presented  in
Table 3. Compared to the literature, very efficient
results  were  obtained  in  MB  removal.  Freundlich
isotherm  generally  represents  heterogeneous
adsorption  systems,  and  it  is  known  that  the
adsorption process is suitable when the n parameter
is between 1 and 10. MB removal is successful in
applied adsorption processes since n values for both
adsorption  systems  vary  between  1.11-1.86.  In
other  words,  1/n<1  indicates  that  the  adsorption
mechanism depends on chemisorption. It is known
that the heterogeneity of the systems increases as
the 1/n value approaches zero (40), and the highest
heterogeneity  in  the  investigated  adsorption
systems was obtained at 308 K for both adsorbents.
The  optimum  temperature  of  the  adsorption
systems  is  308  K,  and  the  maximum adsorption
capacities were obtained at this temperature value.
The Temkin isotherm model indirectly describes the
effects of adsorbent/adsorbate interactions. In this
model, it is assumed that the heat of adsorption of
all  molecules  decreases  linearly  with  increasing
coverage of the adsorbent (42). The Temkin model
shows that the adsorption of MB dyestuff with SA
and SA-GNP adsorbents is based on a chemisorption
process.
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Figure 10: Langmuir, Freundlich, and Temkin isotherm models of SA, 298 K (a), 308 K (b), 318 K (c).
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Figure 11: Langmuir, Freundlich, and Temkin isotherm models of SA-GNP, 298 K (a), 308 K (b), 318 K (c).
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Tablo 2: Langmuir, Freundlich, and Temkin isotherm parameters.

 MB
Adsorption

SA SA-GNP

298 K 308 K 318 K 298 K 308 K 318 K
Langmuir
qm (mg/g) 51.52 167.52 39.05 151.79 290.36 63.67

KL 0.080 0.015 0.058 0.023 0.008 0.047
R2 0.99 0.99 0.99 0.99 0.99 0.99

Freundlich
KF  6.36 3.34 3.33 4.71 2.70 4.62
n 1.86 1.22 1.64 1.29 1.11 1.59
R2 0.98 0.99 0.99 0.99 0.99 0.99

Temkin
AT 0.837 0.833 1.12 0.518 0.851 0.641
bT 223.7 200.4 418.2 126.6 199.9 225.2
R2 0.98 0.86 0.94 0.94 0.79 0.97

Table 3: Summary of similar studies in the literature on methylene blue removal with composite alginate
materials.

Adsorbents/Composite materials
Maximum adsorption

capacities, qm
References

Activated carbon-alginate beads 230 mg/g (2)
Activated carbon, copper ferrite and alginate

composites
400 mg/g (9)

Activated carbon-alginate beads 769.23 mg/g (43)
Bentonite-encapsulated alginate beads 2041 mg/g (44)

Graphene oxide-magnetite nanocomposite 172.6 mg/g (3)
Graphene oxide-montmorillonite/sodium alginate

aerogel beads
150.66 mg/g (7)

Graphene oxide/alginate quasi-cryogel beads 122.26 mg/g (10)
Magnetic sodium alginate-modified zeolite adsorbent 181.85 mg/g (24)

Magnetic alginate beads 38.9 mmol/g (45)
Magnetic microspheres with sodium alginate and

activated carbon
222.3 mg/g (46)

Metal-organic framework (MOF)-based alginate
composite beads

490.72 mg/g (47)

Sodium alginate beads, SA
Graphene nanoplatelet composite beads, SA-GNP

167.52 mg/g
290.36 mg/g

This work

4. CONCLUSIONS

SA and SA-GNP composite beads were synthesized
as adsorbent material, and studies were carried out
on the removal of MB from aqueous solutions by the
adsorption  method.  Structural  characterizations  of
the synthesized adsorbents are compatible with the
literature.  Optimum  conditions  for  the  adsorption
system were determined by investigating the effects
of different parameters such as adsorbent dose, MB
dyestuff  concentration,  solution  pH,  presence  of
different ions (NaCl), beads swelling, contact time,
and  adsorption  temperature.  According  to  the
results: 

 An  adsorbent  dose  of  0.1  g/L  was
determined as the optimum amount of adsorbent.
At the end of the adsorption period of 120 minutes,
the system reached equilibrium, and the optimum
contact time for the experiments was determined as
120 minutes.
 In different pH experiments, high adsorption
capacities were obtained at low pH (≤7) values, so
the pH value of the MB solution (pH=6.06; T=27oC)
is  suitable  for  adsorption  studies,  and  no  pH
adjustment has been made. In addition, in order to
see the effect of pH, the pHZPC values of SA and SA-
GNP  beads  were  obtained  as  5.26  and  5.11,
respectively, by using the drift method. The effect of
the  presence  of  a  different  ion,  NaCl,  on  the
adsorption  process  was  investigated,  and  the
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adsorption capacity  values  decreased as  the  NaCl
concentration increased.
 The  mechanism  of  the  adsorption  system
was  investigated  and  interpreted.  The  adsorption
data were fitted to a non-linear form of Langmuir,
Freundlich, and Temkin equilibrium isotherm models
and PFO, PSO, and Bangham kinetic models. High
regression  coefficients  (0.86≤R2≤0.99)  were
obtained  with  the  studied  kinetic  and  isotherm
models, and the experimental data were found to be
compatible with the model parameters.
 The maximum adsorption capacities (qm) of
SA  and  SA-GNP  adsorbents  were  obtained  as
167.52 and 290.36 mg/g at 308 K, respectively, and
the  optimum  temperature  was  308  K  for  both
adsorption systems.
 Despite the very low amount of GNP in SA-
GNP  adsorbent,  it  significantly  increased  the
adsorption  capacity  and  improved  the  adsorption
process. Also, the addition of GNP slightly increased
the thermal stability of SA-GNP.
 The spherical  shape of  the adsorbents did
not require extra filtration and allowed them to be
easily  separated  from  the  adsorbates.  In  this
direction, simple operating convenience is provided
to the adsorption process.

In  conclusion,  SA  and  SA-GNP  were  found  to  be
economical,  effective, and environmentally friendly
adsorbents that can be used for the removal of MB
from aqueous solutions.
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