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ABSTRACT

This study aims to prepare different possible composites using hBN and chitosan in varying ratios
and compare them with each other. Composites c/hBN:100/0, c/hBN:75/25 and c/hBN:50/50 were
prepared in varying mass ratios. Depending on the changing mass composition, the characteriza-
tion results are presented in comparison with each other. The surface structures were observed by
SEM analysis. FTIR analysis was used for functional group determination. Surface and pore identi-
fication was carried out by BET analysis. Crystalline formations were revealed by XRD analysis. True
density values were determined by pycnometric analysis. Also, the RB 49 dye removal behavior of
the composites was examined and compared with each other. c/hBN:100/0 and c/hBN:75/25
showed the highest removals at pH 4 and as 86.53 and 90.2%, respectively, while ¢/hBN:50/50
showed it at pH 3 and as 86.59%. The highest adsorption capacities were determined as 105.28,
160.71 and 159.01 mg/g for ¢/hBN:100/0, c/hBN:75/25 and c/hBN:50/50, respectively at 0.3 g/L
dosage. The pseudo-second-order kinetic model and intraparticle diffusion model fitted well with
the processes over time. The Freundlich isotherm model was found to be compatible with the
processes. The positive AH and AS values and negative AG values of each process were presented.
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Introduction

In general terms, composite material is a material in
which properties that cannot be obtained with an indi-
vidual component can be obtained by combining more
than one component with different properties.!"! It can
gain improved properties compared to its components.
Strength, hardness, toughness, corrosion resistance and
thermal insulation are examples of these properties.'!
Composite materials attract attention with their features
such as selecting components and adapting them to
obtain the required properties, and therefore they are
in almost every field."!

After the technological revolution, in addition to
serious air and soil pollution, the pollution of water,
which is indispensable for living life, has approached
critical levels."*) Wastewater containing various harmful
pollutants causes a danger to human life and the
ecosystem.”! There are different methods to improve
water quality by removing or recovering pollutants from
wastewater, including membrane technique, biological
treatment, precipitation and adsorption.[6’7] Among
these techniques, although effective separation is
achieved in membrane processes, sludge production is
a disadvantage of the method. Biological treatment, on

the other hand, can be operated at a low cost, but the
process is slow and can be used for limited applications.-
81 For the precipitation method, which is an established
method, the use of high amounts of chemicals and its
negative effects on health cause problems in its usage.”’
Although the removal of the adsorbent is a disadvantage
in adsorption, it is considered advantageous over other
techniques due to its low energy requirement, low cost
of operation, no pre-treatment, simplicity and
efﬁciency.[&w’n] In water treatment, adsorption takes
place as the pollutant adheres to the surface of the solid
adsorbent. Adsorbent and its physicochemical proper-
ties highly affect the practicality of the process.!'?! In the
literature, there are many removal studies in which
different adsorbents have been developed for various
pollutants. Ali et al. used multi-walled carbon nano-
tubes for the adsorption of fenuron pesticide, which is
a long-lasting agricultural toxic substance, and they
argued that the method is fast, low-cost, effective and
reproducible.!®! For the decolorization of waters con-
taining methylene blue, malachite green, and crystal
violet dyes, Algadami et al. blended jackfruit peel into
sugarcane bagasse powder. They studied the variation of
the parameters affecting the adsorption and reached
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high adsorption capacities depending on the
parameters.'* Khan and coworkers developed a mag-
netic copper ferrite/drumstick pod composite using fer-
rites and drumstick pod biomass, which are known for
their fast adsorption kinetics and efficiency and demon-
strated their effectiveness in lead and malachite green
removal. They demonstrated that the composite could
efficiently and cost-effectively remove lead and
malachite."” Azam et al. treated the waste ajwa date
pits with H,O, as a high-efficiency and cost effective
material for the adsorption of Cu(II) ions. As a result of
the study, they explained that they developed a method
with high adsorption and desorption efficiency that can
be used for heavy metal ions as well as other
pollutants.!®!

Increasing the performance of adsorption processes
with the production of more effective adsorbents by pre-
paring composites has attracted attention as an area
where composite materials are frequently used in recent
years.'”) Composite adsorbents can be prepared by phy-
sical or chemical methods. In the physical method, a
homogeneous mixture is obtained by mixing or impreg-
nating all components by using ultrasonication and mag-
netic stirring. In the chemical method, a chemical
reaction occurs during the preparation of the adsorbent.-
(181" Although many natural or chemical materials are
used in the preparation of composites, it is primarily
preferred to obtain efficient and low-cost adsorbents
with natural materials. Chitosan, a natural polymer, is
widely used in the preparation of composite adsorbents
with its functional groups suitable for adsorption.!**?%

Boron nitride is a material that does not occur naturally
and is produced synthetically from B and N. It is isoelec-
tronic and isostructural to carbon.”™ hBN is one of the
forms of BN and attracts attention with its stability and
layered structure. B and N atoms coexist by covalently
bonding in each layer, and van der Waals forces are active
in the layers.”! The strong affinity between B and N
makes hBN mechanically robust and thermally
insulating,**’

This study aimed to prepare stable composites with
possible compositions with chitosan and hBN and
determine the properties that different compositions
change in composites and compare them with each
other. To examine the effect of the composition ratio
in the composites, different mass ratios of the compo-
nents were used. For c/hBN ratios, as mass percent c/
hBN:100/0, ¢/hBN:75/25, ¢/hBN:50/50, ¢/hBN:25/75
and ¢/hBN:0/100 composite solutions were prepared.
At ¢/hBN:25/75 and ¢/hBN:0/100 ratios, the compo-
nents remained dispersed in the aqueous medium and
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no composite formation was observed, while stable
composites were obtained for ¢/hBN:100/0, ¢/hBN:75/
25, ¢/hBN: 50/50 ratios. For this reason, studies on c/
hBN:100/0, ¢/hBN:75/25, and ¢/hBN:50/50 composites
were included in the study. Detailed characterization of
the stable composites was performed. According to our
best research, the preparation of composites with hBN
and chitosan in different compositions and comparison
them with each other has not been presented in previous
studies. Examining the removal behaviors and compar-
ing them with each other has been selected as an appli-
cation area for the composites. In a previous study by us,
the adsorbing ability of one of the composites was
studied for the adsorption of RB3R and RP4BN dyes
to investigate the usability of hBN as an adsorbent.** In
this study, unlike our previous study, new and stable
possible composite forms were prepared by testing dif-
ferent ratios of the components. Also, the structural
properties of these composites were determined by
SEM, FTIR, BET, XRD and He pycnometer analyses
and compared with each other. In addition, the removal
behavior of the stable composites was also determined
and presented in comparison with each other. Since
dyes are harmful, toxic, non-degradable and carcino-
genic substances that are frequently found in effluents of
paper, plastic and textile industries, their removal is very
important because they cause great harm to human
health, all living things and nature.>>?°! Therefore, it
was aimed to remove RB 49 dye from aqueous solutions
with stable composites.

Materials and methods
Materials

RB 49 (purity of 99%) was provided from a dye produc-
tion factory in Bursa, Tiirkiye. The chemical structure of
the RB 49 is given in Fig. 1.7 HCI (237%) was pur-
chased from Fluka (Charlotte, North Carolina, US) and
1,2 and 5 M HCl solutions were used for pH adjustment
of aqueous RB 49 solutions. hBN (micron size) was
purchased from Boron Technologies and Mechatronic
Ind. Co, Eskisehir, Tiirkiye. Chitosan was provided by
the department in Bilecik, Tiirkiye. Acetic acid (299.8%)
was supplied from Fluka (Charlotte, North Carolina,
US). Glutaraldehyde solution (50%) was purchased
from Fluka (Charlotte, North Carolina, US). Ethanol
(absolute) was purchased from Merck (Darmstadt,
Germany). NaOH was supplied by Carlo Erba
(Milano, Italy). NaCl (299.8%) was provided by Sigma
Aldrich (Massachusetts, United States).
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Figure 1. Chemical structure of RB 49 dye.

Methods

Preparation of c/hBN composites at different mass ratios
The method in reference [24] was used as the composite
preparation method at different mass ratios. A 5% by-
volume acetic acid solution was prepared and chitosan
was added to it. The mixture was left to stir overnight in
a magnetic stirrer (IKA C-MAG HS 7, Staufen,
Germany). Then, hBN was added to the mixture as c/
hBN:100/0, c/hBN:75/25 and ¢/hBN:50/50 by mass per-
cent. A 1 M NaOH solution was also prepared. The
mixture containing chitosan and hBN was added drop-
wise to the NaOH solution, which was allowed to stir at
low speed in the magnetic stirrer, and was stirred over-
night. After mixing was complete, the resulting particles
were washed several times. A 2.5% by mass glutaralde-
hyde solution was prepared with ethyl alcohol. The
washed particles were added to this solution and reacted
at 60°C for 15 h. After 15 h, the composites were washed
again. Then, they were cooled down at —80°C (Niive DF
490, Ankara, Tirkiye) for 1 night. The composites were
taken in a freeze dryer (Labconco FreeZone 2.5, Kansas,
Missouri, US) for 24 h.

Determination of the pzc of the c/hBN composites
Experiments for the determination of pzc were con-
ducted similarly to previous studies.?**” The pzc of ¢/
hBN:100/0, ¢/hBN:75/25 and ¢/hBN:50/50 composites
were determined using 0.01 M NacCl solution. 50 mL of
NacCl solution was taken in seven flasks. The pH values
of the NaCl solutions were adjustedas pH 1, 3, 5,7, 9, 11
and 13. 0.025 g of one of the composites was put in the
flasks and shaken for 24 h at 120 rpm. After 24 h, the pH
of the solutions was determined and recorded. The same
procedure was repeated for all composites.

Removal experiments

Studies for the removal of RB 49 dye by the ¢/hBN:100/
0, ¢/hBN:75/25 and ¢/hBN:50/50 composites were car-
ried out with 50 mL synthetic dye solutions. A shaker
(Termal H11960, Istanbul, Tirkiye) at a constant shak-
ing speed of 200 rpm was used for experiments. The

J@f*‘
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effective parameters of the processes were studied under
the following conditions:

To investigate the effect of the pH of RB 49 dye
solution and contact time on the dye removal processes
were investigated simultaneously. The behavior of the
processes was followed in the range of pH 1-5 of the dye
solutions for 240 min. Experiments were performed at
60 ppm RB 49 dye concentration, 0.5 g/L composite
dosage and room temperature.

Dosage studies were performed for ¢/hBN:100/0, c/
hBN:75/25 and ¢/hBN:50/50 composites in the range of
0.3-0.7 g/L at 60 ppm dye solution concentration. The
experiments were followed for 240 min at room
temperature.

To examine the effect of initial dye concentration on
the RB 49 dye removal by the ¢/hBN composites, dye
solutions in the range of 20-100 ppm were prepared.
Experiments were carried out at 0.3 g/L composite
dosage and room temperature for 240 min for each
concentration.

To investigate the temperature effect on the RB 49
dye removal, experiments were performed in the
range of 25-45°C. The removal efficiencies were
defined at each temperature for 60 ppm initial dye
concentration and 0.3 g/L composite dosage and at
the equilibrium time.

To determine the RB 49 dye concentrations in aqu-
eous solutions, samples were taken from the solutions at
specified time intervals. A UV-Vis spectrophotometer
(Perkin Elmer, 800, Waltham,
Massachusetts, United States) was used at 586 nm to

Elmer Analyst

determine the absorbance values of the samples.

Equations

The removal efficiency and q. values for the RB 49
removal processes were calculated as in Equations (1)
and (2), respectively:m]

(Co — C.)x100

Removal efficiency(%) = — (1)



Ge (@) — M (2)

g m
The kinetic studies of the adsorption processes were
investigated using the pseudo-first-order, pseudo-sec-
ond-order and intraparticle diffusion models.
Equations (3), (4) and (5) belong to the mentioned
models, respectively:m]

q: = q.(1 — exp(Kit)) 3)
quzt

= 1F Kyqet @

qt = Kito's +C (5)

Adsorption equilibrium isotherms were studied with
Langmuir and Freundlich isotherms. Langmuir and

Freundlich isotherm models are formulated in
Equations (6) and (7), respectively.m]
quLCe
e =TV~ 6
1 1 + KLCe ( )
de = KFCE (7)

The following equations are used for thermodynamic

analysis'>!;

AS°  AH°
InK, = — — —— 8
nK, R RT (8)
qe
K, == 9
“= ¢ )
AG® = AH®° — TAS° (10)
Characterization techniques
SEM (Zeiss Supra 40VP, Oberkochen, Baden-

Wiirttemberg, Germany) analysis was used to investi-
gate the surface of the ¢/hBN composites. Chemical
characterization of the ¢/hBN composites was studied
with the FTIR technique and analyses were performed
with a Perkin Elmer LR64912C (Waltham,
Massachusetts, United States) device. BET analysis
(Micromeritics Asap 2020, Greater Atlanta Area, East
Coast, Southern US) provided information on the sur-
faces and the pore states under N, atmosphere at 77 K.
Degas temperature defined as 80°C and time for 6 h.
XRD analysis was performed using Panalytical
Empyrean (Malvern, United Kingdom) device for 2e
=5-60 ° to determine the crystallinity of the composites.
He pycnometer (Micromeritics Accupyc II 1340,
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Greater Atlanta Area, East Coast, Southern US) was
used to determine the true density of the composites.

Results and discussion
SEM, FTIR, BET, XRD and pycnometer analyses

SEM analysis

The properties and structure of the surface are major
factors related to the performance of the removal pro-
cesses. SEM analyses were performed for chitosan and
hBN, which have different mass ratios in the composi-
tion of the ¢/hBN composites, and the SEM images are
presented in Figures 2(a,b), respectively. The surface of
the composites was also investigated by SEM analysis.
SEM images obtained at different magnifications to
observe the appearance and surface of a composite
particle for ¢/hBN:100/0, ¢/hBN:75/25 and ¢/hBN:50/
50 composites are given in Figures 2(c-e), respectively.
In addition, SEM images of ¢/hBN:100/0, c/hBN:75/25
and ¢/hBN:50/50 composites after RB 49 dye adsorption
were taken to observe the surface appearance of the
composites after adsorption, are shown in Fig. 2(f-h),
respectively.

The surface structures of chitosan and hBN are
seen in the SEM images given in Figures 2(a,b),
respectively, and it was determined that the surface
of hBN was flaky, while the chitosan had a non-
porous surface. In the low-magnification SEM images
of the general view of the composite particles in
Figures 2(c-e), it is seen that the composites are sphe-
rical, regular and stable. Again, according to these
figures, it has been determined that the composite
particles form stable for the ratios of 100/0, 75/25
and 50/50 by the mass percentage of c¢/hBN and
these ratios are adequate for forming composites.
However, as shown in the high-magnification SEM
images of the composites seen in the same figures, it
is seen that the surfaces are porous and homogeneous.
Accordingly, it was determined that a porous and
uniform surface was obtained for the preparation of
composites, different from the surface structures of
the components of the composites. It has also been
shown in the study by Spoiald that the prepared
composites show different surface structures from
their components.®*) In the SEM images in Figures
2(f-h), homogeneous surfaces were observed for the
composites after adsorption. Here, it is seen that most
of the pores, which appear empty in the images before
the adsorption of each composite, are closed after
adsorption. This explains that the pores are filled
with RB 49 dye molecules, as in previous studies in
the literature.l*>>°!
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FTIR analysis

FTIR analyses were performed for the functional
group determination of ¢/hBN:100/0, ¢/hBN:75/25
and ¢/hBN:50/50 composites. The FTIR spectrum of
the ¢/hBN composites is given in Fig. 3(a). In addi-
tion, chemical characterization and FTIR analysis of
the composites after adsorption were also performed
and the spectrum is presented in Fig. 3(b).

It is seen that there are similar peaks at similar
wavelengths in the FTIR spectra before and after
adsorption for composites in Fig. 3. It has also been
encountered in the literature.*”! In addition, the FTIR

peaks of chitosan in Fig. 3(a) were obtained similar to a
previous study.®! It was determined that there were
some changes in the FTIR spectrum given in Fig. 3(b)
compared to the before adsorption. Shifts in the peaks,
disappearing and newly formed peaks indicate that
adsorption has taken place and new interactions have
occurred.””!

The peaks obtained as 3355.49, 3365.68 and 3356.67
em™' for ¢/hBN:100/0, c/hBN:75/25 and c/hBN:50/50
composites, respectively, in the FTIR spectrum for before
adsorption given in Fig. 3(a), indicates the stretching
vibrations of O - H groups.*! The 2926-2931 cm™

(d

Figure 2. SEM images of (a) chitosan (10.00 KX), (b) hBN (10.00 KX), (c) c/hBN:100/0 composite (65 X and 10.00 KX), (d) ¢/hBN:75/25
composite (65 X and 10.00 KX), (e) ¢/hBN:50/50 composite (65 X and 10.00 KX), (f) ¢/hBN:100/0 composite-AA (20.00 KX), (g) c/hBN:75/
25 composite-AA (20.00 KX) and (h) c¢/hBN:50/50 composite-AA (20.00 KX).
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®

Figure 2. (Continued).

and 2863-2881 cm™' peaks obtained before adsorption,
belong to the asymmetric and symmetric CH, stretch
vibrations of chitosan, respectively.*!! Due to the inter-
action with the dye molecules in the aqueous medium,
the peaks observed around 3300 cm™ and 2900 cm™
before adsorption were observed as broadened peaks
around 3200 cm™' and 2800 cm™" after adsorption. The
weak peaks seen at 2161.63, 2180.99 and 2166.96 cm ™" for
¢/hBN:100/0, c¢/hBN:75/25 and ¢/hBN:50/50 in Fig. 3(a),
respectively, show the C-N interactions in the structure of
the composites.*>**! The C=0 stretching bands of chit-
osan were observed around 1662 cm ™" for all composites
(Fig. 3(2)).* The weakening of the peaks around 1600
cm™ " after the adsorption was interpreted as the breaking
of the C=0 bonds in the structure of the composites.
1559-1561 cm ™" peaks for before adsorption show defor-
mation vibrations of -NH,**! Again, the weakening of
the strong peaks seen around 1500 cm ™" after adsorption
shows that these bonds have changed. For the ¢/hBN:100/
0 composite without hBN, a small peak is seen at 1401.64
cm™! indicating C-H bending in Fig. 3(a).l**! BN gives a
characteristic peak around 1380 cm™*”) The peaks
obtained in 1383.98 and 1388.10 cm ™" of composites con-
taining hBN are enlarged peaks with the contribution of
the hBN peak to the C-H bending peak (Fig. 3(a)). After

(2

(h)

adsorption, peaks were formed in the composites around
1270 cm ™. These peaks may belong to the -SO5 groups in
the structure of RB 49.8! For the after adsorption, only
the peak appearing at 1151 cm™" for the c/hBN:100/0
composite belongs to asymmetric SO4*" stretching.!*”!
The reason why this peak is not observed in other com-
posites may be the strongest binding of dye molecules
with ¢/hBN:100/0. For the c/hBN:100/0, c/hBN:75/25 and
¢/hBN:50/50 composites after adsorption, 1223.46,
1231.77 and 1219.99 cm™" peaks were formed. These
peaks may belong to C-O vibrations.”*?/ The peaks
seen at 1027-1029 and 896-900 cm ™" in Fig. 3(a), belong
to C-O stretching and C-H bending, respectively.!*®
These peaks were also seen after adsorption with slight
shifts. Due to the characteristic BN peak, strong peaks of
around 820 cm ™" were observed for ¢/hBN:75/25 and c/
hBN:50/50 before adsorption.*”) In Fig. 3(b), these peaks
shifted after adsorption for ¢/hBN:75/25 and ¢/hBN:50/
50. Many peaks below 800 cm™' were observed after
adsorption. These peaks are sulfate peaks showing the
adsorption of dye molecules.'*

BET analysis
The surface area and pore parameters of the composites
were investigated by BET analysis. BET surface area,
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Figure 3. FTIR spectrum of ¢/hBN:100/0, c/hBN:75/25 ve ¢/hBN:50/50 composites for (a) before and (b) after adsorption.



pore volume and pore size values of the composites were
given in Table 1. BET surface area for ¢/hBN:100/0, ¢/
hBN:75/25 and ¢/hBN:50/50 composites was obtained
as 426.30, 80.32 and 65.37 m*/g, respectively. The pore
volumes of ¢/hBN:100/0, ¢/hBN:75/25 and ¢/hBN:50/50
composites were determined as 0.15, 0.035 and 0.029
cm’/g. Accordingly, the highest surface area and pore
volume were obtained for ¢/hBN:100/0. It was observed
that the surface area and pore volume values decreased
strongly with the addition of hBN to the chitosan com-
posite, and these values continued to decrease with the
increase of the hBN content in the composites. The pore
size values were obtained as similar to each other as
21.58, 21.83 and 21.31 A for the c/hBN:100/0, c/
hBN:75/25 and ¢/hBN:50/50 composites, respectively.

XRD analysis

The crystallinity of the composites was identified by
XRD analysis. XRD patterns of the ¢/hBN:100/0, ¢/
hBN:75/25 and ¢/hBN:50/50 composites were shown
in Figures 4(a), (b) and (c) , respectively. The peaks
seen at 10.36 and 20.14° of 2.6 in Fig. 4(a) show chitosan
in crystalline form.®* As seen in Fig. 4(b), a new and
strong peak was observed at 2.6 26.87° with the addition
of hBN to the composite structure. For ¢/hBN:75/25
composite, approximately 26 =10° peak strengthened
while 2 =20° peak weakened. 2o 26.87° peak (002)
reflection of hBN. In addition, since the reflection of
hBN (001) contributes to the 2.6 = 10° peak, this peak is
strengthened compared to c¢/hBN:100/0.°*) For the ¢/
hBN:50/50 composite obtained by increasing the
amount of hBN in the composite composition, it is
seen that the peak at 2 29.34° is evident and the
other peaks are weakened. It can be interpreted that
the increased amount of hBN suppresses the peaks of
chitosan.

Pycnometry analysis

The volume and true density of the composites were
defined by pycnometric analysis. While average volume
values for ¢/hBN:100/0, c/hBN:75/25 and ¢/hBN:50/50
composites were 0.19, 0.11 and 0.03cm’, average

Table 1. BET analysis results of the composites.

BET surface area Pore volume
Composite (m%/g) (cm®/g)* Pore size (A)**
¢/hBN: 100/0 426.30 0.15 21.58
¢/hBN: 75/25 80.32 0.035 21.83
¢/hBN: 50/50 65.37 0.029 21.31

*BJH Adsorption cumulative volume of pores.
**BJH Adsorption average pore width.
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density values were determined as 1.70, 2.20 and 3.77
g/cm®, respectively. Accordingly, with the addition of
hBN to the composites, the density increased while the
volume decreased.

Removal studies

Solution pH and time

The pzc defines the solution pH where the positive
charges are equal to negative charges on the surface. It
is generally considered a characteristic parameter for a
surface in an aqueous solution.”®! As given in Fig. 5, the
pzc values of ¢/hBN:100/0, ¢/hBN:75/25 and ¢/hBN:50/
50 composites were determined as 7.6, 7.4 and 8.4,
respectively.

Concentration changes of RB 49 dye in an aqueous
solution at each pH value were followed at regular time
intervals to determine the dye removal percentages by
the ¢/hBN composites, depending on the solution pH.
Figure 6 shows the removal behavior of the ¢/hBN
composites at different pH values depending on time.

As seen in Fig. 6, the equilibrium time was determined
as 240 minutes for all processes since the removal effi-
ciencies did not change after 240 minutes in general.
Although the removal percentages over time were regular
for some pH values and irregular for others, an increasing
trend was observed in the removal percentages for all
composites. While the removal percentages of the com-
posites were low for pH 1 and 2, they increased for pH 3,
4 and 5. Arab et al. indicated that the capacity increased
with increasing pH in the anionic methyl orange dye
removal process with zinc curcumin oxide nanoparticles.
According to Arab et al., Na" in the structure of methyl
orange decreased its adsorption capacity by competing
with the H" ions, which are concentrated in a strongly
acidic environment, and positively charged surface of
zinc curcumin oxide nanoparticles. Similar to the pre-
vious study, RB 49 also contains Na’. This may be the
reason for the low RB 49 removal at pH 1 and 2.7
According to Figures 6(a) and (b), the highest dye
removals for ¢/hBN:100/0 and ¢/hBN:75/25 composites
were obtained at pH 4 as 86.53% and 90.2%, respectively.
For the ¢/hBN:50/50 composite in Fig. 6(c), the highest
removal was achieved at pH 3 as 86.59%. Depending on
these results, the composites achieved similar maximum
removal percentages at different pH values. The highest
removal percentage for ¢/hBN:50/50 composite with
increasing hBN mass ratio was obtained at a different
pH value than other composites was evaluated as the
increased hBN content of the composite might have
affected the surface charge of the composite. In addition,
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it should be emphasized that the highest removal was
achieved with the ¢/hBN:75/25 composite. Further stu-
dies were carried out at pH values where the highest
removals were observed for each composite.

As stated above, the pzc values of ¢/hBN:100/0,
¢/hBN:75/25 and ¢/hBN:50/50 composites were
determined as 7.6, 7.4 and 8.4, respectively.
Accordingly, it was observed that the composites
exhibited different surface charges in the aqueous
medium by varying amounts of components in
their composition. The pzc values of the ¢/
hBN:100/0 and <¢/hBN:75/25 composites
found to be close to each other and these values

were

—m—c/hBN:75/25

pHi

¢/hBN:50/50

were different from the pzc value of the ¢/hBN:50/
50 composite. This may be related to the fact that
the pH values at which the highest removals are
obtained as the same for the ¢/hBN:100/0 and c/
hBN:75/25 composites and different for the c/
hBN:50/50 composite.

If the solution pH is above the pzc, the surface becomes
negatively charged and electrostatic attraction causes the
adsorption of cations. Conversely, below the pzc values,
the density of positive ions on the surface allows anionic
species and inhibits cationic species for adsorption.* This
explains that removal processes of the negative RB 49 dye
with composites occur at pHs below the pzc values of each
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Figure 6. Time- removal efficiency graph of the (a) ¢/hBN:100/0, (b) c/hBN:75/25 and (c) c/hBN:50/50 composites depending on pH

(Co=60 ppm, composite dosage=0.5 g/L, T=25°C).

composite. In addition, the pzc values, which were 7.6 for
the ¢/hBN:100/0 and 7.4 for ¢/hBN:75/25, increased to 8.4
when the hBN mass ratio was 50/50. It has been deter-
mined that the surface of the c/hBN:50/50 composite in the
aqueous medium exhibits a positive character at higher pH
values than the other composites.

Composite dosage
The amount of the solid material is one of the effective
parameters in removal processes as it increases the active

sites. The adsorption capacities of the c/hBN composites
at varying dosages of 0.3, 0.5 and 0.7 g/L were followed.
The change in the capacities over time for different
dosages of the c/hBN composites is shown in Fig. 7.

As seen in Fig. 7, adsorption capacities decreased with
increasing composite dosages from 0.3 g/L to 0.7 g/L for all
composites. According to Figures 7(a), (b) and (c), the
highest adsorption capacities are determined as 105.28,
160.71 and 159.01 mg/g for ¢/hBN:100/0, c/hBN:75/25
and ¢/hBN:50/50, respectively at 0.3 g/L composite dosage.
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Figure 7. Time- adsorption capacity graph for the (a) c/hBN:100/0, (b) c/hBN:75/25 and (c) ¢/hBN:50/50 composites (Co=60 ppm, t=240

min, T7=25°C).

Accordingly, it was determined that the composites
showed higher adsorption capacities with hBN added to
the composites. An increase in composite amount
increases the sites available for the uptake of dye molecules.
However, since there will be many active sites, a particu-
larly active site may not reach its maximum adsorption
capacity.” With the thought that less composite is
required by using the active site effectively at low dosages,
further studies were carried out with 0.3 g/L dosage of ¢/

hBN composites. Table 2 has been prepared to present the
capacity values obtained in this study and other studies in
the literature for the removal of RB 49 dye.

Concentration of the dye solution

In adsorption processes, dye concentration changes the
efficiency of removal. RB 49 dye solutions were prepared
at varying initial concentrations of 20, 40, 60, 80 and 100
ppm and the removal percentages were followed for the
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Table 2. Adsorption capacity values of various adsorbents in RB 49 dye removal.

Adsorbent ge (mg/qg) Reference
¢/hBN:100/0 105.28 Present study
¢/hBN:75/25 160.71

¢/hBN:50/50 159.01

chitosan/waste mussel shell composite 547 (601
chitosan/waste mussel shell/waste active sludge char composite 38.8

chitosan-activated sludge composite particles 16.91 61l
phytic acid-doped poly-N-phenylglycine@potato peel 216 621

a mixed biosorbent of macro-fungus Agaricus bisporus and Thuja orientalis cones 153.26 f631
thermal decomposition product of alunite-potassium chloride mixture 119.10 o4l
citrus waste 68.61 (65]
biomass obtained from Capsicum annuum seeds 96.35 (6]

equilibrium time (240 min) of the processes. Figure 8
shows the removal behavior of the c/hBN composites at
different dye concentrations.

As seen in Fig. 8, composites with different mass
ratios in compositions exhibited low removal efficien-
cies at low concentrations in general, although there
were some differences at varying initial dye concentra-
tions. Since the amount of RB 49 dye molecules in the
aqueous solution was low at low concentrations, the
removal rate was not high, while the removal rate
increased as the increasing concentration encouraged
mass transfer. However, the increased rate of removal
also affected the time to reach equilibrium.!”’

Kinetic studies

The behavior of the processes over time is explained by
adsorption kinetic studies.!®® Some mathematical models
describe this behavior.*”! The widely studied models are
pseudo-first-order, pseudo-second-order and intraparticle
diffusion kinetic models. These models were examined to
exhibit the removal rate of the RB 49 dye adsorption
processes by the ¢/hBN composites. Figures 9(a-c) are
graphs of pseudo-first-order, pseudo-second-order and
intraparticle diffusion kinetic models of the processes,
respectively. In addition, kinetic parameters are presented
in Table 3.

According to Table 3, the R* values of the pseudo-
second-order kinetic model for adsorption processes
with ¢/hBN:100/0, c/hBN:75/25, and ¢/hBN:50/50 com-
posites were found as 0.9964, 0.9766, and 0.9892,
respectively. These R* values were determined to be
higher than the R* values of the pseudo-first-order
kinetic model for all processes. Therefore, the RB 49
dye removal processes were clarified by the pseudo-
second-order kinetic model. Additionally, high R
values were also observed for the intraparticle diffusion
model. Thus, the intraparticle diffusion model is also
effective in the processes. As shown in Fig. 9(c), the

intraparticle diffusion effect occurs in two stages.
According to the R values in Table 3, it was determined
that the first step in which the outer surface adsorption
takes place is more effective than the second step in
which the intraparticle diffusion is controlled for all

70
pI‘OCGSSES.[ !

Equilibrium isotherms

Adsorption isotherm is a valuable method to under-
stand the adherence of materials on a solid.””"!
Equilibrium isotherms of adsorption processes for c/
hBN:100/0, ¢/hBN:75/25 and ¢/hBN:50/50 composites
were investigated by Langmuir and Freundlich isotherm
models and related graphs were shown in Figures 10 (a)
and (b), respectively. Also, the parameters and correla-
tion coefficients of the equilibrium isotherm models are
given in Table 4.

When the isotherm data of Langmuir and Freundlich
models are compared in Table 4, higher R* values are
seen for the Freundlich isotherm model. Thus, it was
determined that the equilibrium isotherms of the ¢/hBN
composites were more compatible with the Freundlich
isotherm. According to the Freundlich isotherm, dye
molecules are adsorbed on the surfaces of c/hBN com-
posites in multilayers.”?! Also, if 1/n values are greater
than 1 (n value less than 1), common adsorption occurs
between active sites with different adsorption capacities,
where adsorption takes place spontaneously.!”*!

Temperature and thermodynamic studies

The spontaneity and applicability of adsorption pro-
cesses are determined by thermodynamic studies.
Since adsorption is a temperature-dependent process,
adsorption processes exhibit different behavior at dif-
ferent temperatures.”*! Studies were performed at 25,
35 and 45°C to investigate the change in the removal
percentages of the composites against the changing
temperature. Fig. 11 shows the temperature-dependent



2568 A. DUZGUN AND S. DANDIL

100
g
g
é =420 ppm
<9
% =40 ppm
g 60 ppm
g 80 ppm
2
100 ppm
0 40 80 120 160 200 240 280
t(min)
(@)
100
g 80
Y
; 60 =420 ppm
2]
E =40 ppm
~ 40
E =60 ppm
=]
80
g 20 ppm
100 ppm
0 Ef
0 40 80 120 160 200 240 280
t(min)
(b)
100
i3
;\-e\ I
g
; =6—20 ppm
2]
“g: =#=40 ppm
'?;‘ =60 ppm
g 80 ppm
2
100 ppm

40

80 120

t(min)

©

160 200 240 280

Figure 8. Time - removal efficiency graph depending on initial RB 49 dye concentration for (a) c/hBN:100/0, (b) c/hBN:75/25 ve (c) ¢/
hBN:50/50 composites (composite dosage=0.3 g/L, t=240 min, T=25°C).

RB 49 dye removal efficiencies of the c/hBN composites.
At all temperature values, ¢/hBN:75/25 and ¢/hBN:50/
50 composites showed high and close removal effi-
ciency, and their efficiency increased slightly with
increasing temperature. For the ¢/hBN:100/0 composite,
while the removal efficiency was lower at low tempera-
ture compared to other composites, significant increases
were observed in the removal efficiency with increasing

temperature. As a result, the removal efficiency of all
composites increased with increasing temperature. In
addition, according to these results, it is clear that the
efficiency of composites at low temperatures increased
with the addition of hBN to the composite structure.
Figures 12 (a), (b) and (c) show the equilibrium con-
stant values against the temperature of the processes of
¢/hBN:100/0,  ¢/hBN:75/25 and  ¢/hBN:50/50
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Figure 9. (a) pseudo-first order, (b) pseudo-second-order and (c) intraparticle diffusion model graphs.

composites, respectively. Thermodynamic parameters
of the processes were calculated according to the graphs
in Fig. 12. AH, AS and AG values for the processes were
presented in Table 5.

As represented in Table 5, AH values for ¢/hBN:100/
0, ¢/hBN:75/25 and ¢/hBN:50/50 composites were found
as 53.38, 4.11 and 11.47 kJ/mol, respectively. Positive
AH values proved the endothermic processes.””) AS
values were also found positive for ¢/hBN:100/0, c/
hBN:75/25 and ¢/hBN:50/50 composites as 190.42,
35.56 and 59.74 J/mol K, respectively. The AS values

correspond to the more irregular and randomness of
the dye molecules on the solid surface compared to the
aqueous medium."”®’ A high positive AS value is known
to favor self-adsorption.””) The highest AH and AS
values were obtained for the process carried out with
¢/hBN:100/0 composite, and the lowest AH and AS
values were obtained for the process using c/hBN:75/
25 composite. In addition, the calculated negative AG
values for the processes at all temperatures are listed in
Table 5. Negative AG values represented spontaneous
adsorption."”®! For the ¢/hBN:100/0 composite, the AG
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Table 3. Parameters of kinetic models.

Kinetic model Parameter ¢/hBN:100/0 ¢/hBN:75/25 ¢/hBN:50/50
Pseudo-first order kinetic model K; (x10) 0.21 0.27 0.56
(min™")
de, cal, 104.31 105.49 102.01
(mgg™)
R? 0.9915 0.9364 0.7227
Pseudo-second-order kinetic model K, (x10%) 0.18 0.29 0.79
(gmg™" min™")
e cal 126.73 121.64 110.86
(mgg™)
R? 0.9964 0.9766 0.9892
Intraparticle diffusion model R%, 0.9953 0.9812 0.9722
RZZ 0.9650 0.9567 0.7027
i1 9.04 8.92 12.69
(mg g~'min~%%)
i,2 1.57 1.15 0.83
(mg g~ 'min"%?)
(e 0 6.99 5.15
(mgg™)
(& 80.18 90.75 92.50
(mgg™
300
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%
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Figure 10. (a) Langmuir and (b) Freundlich equilibrium isotherms.



Table 4. Equilibrium isotherm data.
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Langmuir Isotherm

Freundlich Isotherm

Ky (x10°) qm (x107%) 2 Ke 2
Lm -1 m -1 m =1 L/ 1/n
Composite (tmg™) (mgg™) R (mg g™ (L/g)"™) n R
¢/hBN:100/0 2.58 205.17 0.7954 0.47 0.58 0.8879
¢/hBN:75/25 7092 0.17 0.8340 13.69 1.08 0.8512
¢/hBN:50/50 2.31 727.15 0.2790 5.88x107° 0.16 0.7008
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Figure 11. RB 49 dye removal efficiencies of c/hBN composites with temperature.
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Figure 12. In(ge/Co)-1/T graphs of (a) c/hBN:100/0, (b) ¢/hBN:75/25 ve (c) ¢/hBN:50/50 composites.
Table 5. Thermodynamic data.
T AG AH AS
Composite (K) (kJ mol™) (kJ mol™) (J mol™'K™")
¢/hBN:100/0 298 -337 53.38 190.42
308 -527
318 -7.18
¢/hBN:75/25 298 —6.49 4.11 35.56
308 —6.85
318 -7.20
¢/hBN:50/50 298 -6.33 11.47 59.74
308 -6.93
318 -7.53
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values became more negative with increasing tempera-
ture. For ¢/hBN:75/25 and ¢/hBN:50/50 composites,
although AG values close to each other were obtained
at all temperatures, negativity increased slightly with
increasing temperature. AG values with increasing
negativity indicate that the temperature encouraged
spontaneous adsorption./”*”?! Accordingly, the removal
efficiency increased with increasing temperature for all
composites.””) At low temperatures, ¢/hBN:75/25 and
¢/hBN:50/50 composites have higher negative AG values
and therefore higher removal efficiencies than compo-
site ¢/hBN:100/0. These results are consistent with the
behavior of the composites given in Fig. 11.

Conclusion

In this study, it is aimed to prepare ¢/hBN compo-
sites with possible different compositions and com-
pare them with each other. Stable composites were
obtained at c¢/hBN:100/0, ¢/hBN:75/25 and c/
hBN:50/50% mass ratios by using varying amounts
of chitosan and hBN. The characterizations of the
composites were determined in detail by various
techniques and compared with each other. Also,
investigating the removal behaviors and comparing
them with each other has been selected as an appli-
cation area for the composites. To examine the
removal behavior of the composites, RB 49 dye
removal studies were carried out. The conclusions
of the study are as follows:

e The porous and uniform surface structure of c/
hBN composites, as well as the surface of hBN
and chitosan, were observed by SEM images. In
addition, it was determined in SEM analyses that
the dye molecules covered the surfaces after
adsorption.

¢ Functional groups that are similar to each other
on the surfaces of the composites for both before
adsorption and after adsorption were revealed by
FTIR analysis. Slight shifts were detected in some
peaks depending on the composition of the com-
posites. In addition, peak disappearances and new
peak formations were observed after adsorption,
indicating that removal had taken place.

e The surface area and pore parameters of the com-
posites were investigated using BET analysis. In
BET analysis, it was observed that the ¢/hBN:100/
0 composite exhibited the highest surface area and
pore volume values and these values decreased
with increasing hBN content in the composites.

e XRD analyses showed the crystalline formations of
the composites. Different peak appearances were
observed depending on the composition.

e Pycnometer analyses indicated that increasing hBN
in composites increased the true density. Thus, ¢/
hBN:50/50 composite demonstrated the highest
true density value than other composites.

e pH-time studies exhibited that the highest
removals were determined at pH 4 for the ¢/
hBN:100/0 and c¢/hBN:75/25 composites as
86.53% and 90.2%, respectively and pH 3 for the
¢/hBN:50/50 composite as 86.59%. The processes
reached equilibrium at 240 min.

¢ In dosage studies, it was presented that the capacity
of the composites containing hBN is higher and the
highest adsorption capacities were obtained for the
composites at 0.3 g/L dosage as 105.28, 160.71 and
159.01 mg/g for ¢/hBN:100/0, c¢/hBN:75/25 and ¢/
hBN:50/50, respectively.

e Higher removal percentages were obtained at
higher concentrations due to increased mass trans-
fer with increasing initial dye concentration for all
processes.

e In the kinetic studies of each process, it was
observed that the processes were compatible with
the intraparticle diffusion model as well as the
pseudo-second-order kinetic model.

e Compliance of the processes with the Freundlich
isotherm model revealed that multilayer adsorp-
tion took place.

e In temperature-depend studies, according to posi-
tive AH and AS values and negative AG values of
the processes, it was determined that the processes
were endothermic, the randomness increased at
the interface and the adsorption took place
spontaneously.

The results showed that it is possible to prepare
more than one stable ¢/hBN composites with differ-
ent compositions of chitosan and hBN and these
composites could be used with high efficiency in
RB 49 dye removal. In future studies, c¢/hBN compo-
sites can be tested to remove different pollutants and
the effectiveness of each composite can be presented.
In addition, composites can be prepared with a dif-
ferent component instead of chitosan and their prop-
erties can be studied.
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Abbreviations/Nomenclatures

Abbreviation/Nomenclature Full name

Qe adsorption capacity

AA after adsorption

B boron

BN boron nitride

BET Brunauer-Emmett-
Teller

¢/hBN chitosan/  hexagonal
boron nitride

C constant

Cu(Il) copper ion

R? correlation coefficient

K, distribution coefficient

q; (mg/g) dye amount adsorbed at
anytime

C. (mg/L) dye concentration at
equilibrium

Co (mg/L) dye concentration at
initial

AH (kJ/mol) enthalpy change

AS (kJ/mol K) entropy change

FTIR Fourier transform infra-
red spectroscopy

Kp (mg'"g 'L ™) Freundlich model
constant

R (8.314 J/mol K) gas constant

AG (kJ/mol) Gibbs  free  energy
change

He helium

n’ heterogeneity factor

hBN hexagonal boron nitride

HCl hydrochloric acid

H* hydrogen ion

H,0, hydrogen peroxide

Ky (L/mg) Langmuir model
constant

qm (mg/g) maximum adsorption
capacity

N nitrogen

pzc point of zero charge

K; (mg/(g min'’?)) rate constant for intra-
particle diffusion model

K, (1/min) rate constant for

pseudo-first-order
kinetic model
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K; (g/(mg min)) rate constant for

pseudo-second-order
kinetic model

RB3R reactive blue 3R

RB 49 reactive blue 49

RP4BN red P4BN

SEM scanning electron
microscopy

NaCl sodium chloride

NaOH sodium hydroxide

Na* sodium ion

T temperature

t (min) time

UV-Vis ultraviolet-visible

V(L) volume

m (g) weight

XRD X-ray diffraction

Statement of Novelty

o It has been presented that more than one stable and

possible composite can be prepared by testing different
mass ratios of chitosan and hexagonal boron nitride.

o The characterization of the composites is presented

comparatively depending on the changing mass
composition.

« Removal behavior of the composites was examined and

compared with each other.
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