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The aimof this study is to investigate themethylene blue (MB) and basic violet 16 (BV16) as cationic organic dyes
adsorption on sulfonated poly(ether ether ketone) (sPEEK) in aqueous solution. sPEEK was synthesized, then
characterized by FTIR, SEM, TGA, BET/N2 surface area analysis, particle size and zeta potential measurements.
Batch experiments were performed to analyze the effects of key parameters such as contact time, initial concen-
tration and pH on MB and BV16 adsorptions. Additionally, temperature effect was investigated for MB adsorp-
tion. Kinetic data revealed that cationic dyes adsorptions were well-fitted by pseudo-second order kinetic
model. The required times to achieve equilibrium were determined as 40 and 20 min for MB and BV16, respec-
tively. The adsorptions showed Langmuirian character, and themaximumadsorption capacitieswere found to be
98.04 mg/g (0.29 mmol/g) for MB, and 181.8 mg/g (0.50 mmol/g) for BV16. The thermodynamic data showed
that the MB adsorption was an endothermic process occuring spontaneously at room temperature. Desorption
and recycling experiments showed that the adsorption efficiency decreased from 99.6% to 99.2% after the fifth
cycle, pointing out sPEEK reusability for MB removal. Low desorption percentage of BV16 loaded sPEEK shows
that sPEEK may be used for immobilizing of BV16.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Following the resent developments in the textile industry significant
amounts of organic dye wastes contaminates surface water every year.
Azo type dyes contain one ormore azo bonds (−N=N−) in association
with the structure. Azo dyes arewidely used to color textiles, paper, pig-
ments and plastics, and nearly 30–70% of used azo dyes are hydrolyzed
andmixeswith thewastewater [1]. Therefore very large amounts of col-
ored wastes discharge into the hydrosphere [2]. The removal of organic
azo dyes is of great importance due to their carcinogenic and terato-
genic effects on living organisms. Azo dye wastewater remediation is
quite demanding since azo dyes are highly non-biodegradable and
demonstrate high thermal, optical and physicochemical stability [3].

Methylene blue (MB), awidely used cationic dyewhich has versatile
uses in several industries, is considered as a highly toxic, carcinogenic,
and mutagenic water pollutant [4]. MB may cause eye and skin irrita-
tion, shortness of breath, rapid heartbeat, nausea andmental confusion.
The presence of MB in the aquatic environments impedes the penetra-
tion of sunlight, diminishes photosynthesis and hence damages the
of Engineering, Department of
aquatic ecosystems [5]. Consequently, it is essential to develop effective
methods to removeMB fromwastewater. Variousmethods such asfloc-
culation precipitation [6], electrolysis [7], photocatalysis [8,9], ion ex-
change [10,11] and adsorption [12–17] have been used to remove
dye-based pollutants from wastewaters. However these methods
other than adsorption are quite complex, poor in decolorization effi-
ciency and also can generate easy-to-produce by-products. Adsorption
is an effecient and the most comprehensive technique, which has
been used for the removal of azo dyes from industrial wastewaters, be-
cause of its ability to remove dyes at any concentration, easy to design
and to be low-cost application [12,13]. Wang et al. magnetically sepa-
rated MB from wastewater by using Fe3O4 nanoparticles embedded
polyphosphazene (PZS) nanotube as adsorbent, and the results were
compared with the results obtained from gallic acid modified Fe3O4

nanoparticles-polyphosphazene (PZS) nanotube. The results showed
that the modifying with gallic acid enhanced the maximum adsorption
capacity, and reduced the time required to equilibrium [14]. Prajapati
et al. were used the waste coconut shell for the preparation of
nanoporous activated carbon (NPAC) synthesized CuO nanoparticles
were loaded on the NPAC (CuO-NPAC) and the prepared nanocompos-
ites were compared the adsorption capacities for removal of MB from
water. Themaximumadsorption capacity of CuO-NPAC forMB is higher
than activated carbon, nanoparticle and nanocomposites [17]. Yılmaz
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et al. studied on pumice coated with poly(N-[Tris(hydroxymethyl)
methyl]acrylamide) for MB adsorption. The authors stated that the re-
moval efficiency was 98.68%, and the maximum adsorption capacity
was 68.998 mg/g [16].

Basic violet 16 (BV16) is a highly soluble, non-volatile cationic dye
with experimentally proven carcinogenic effects and toxicity against
living organisms. Although widely used in the textile industry, it is a
good quality water tracer fluorescent [18,19]. As with MB cationic dye
removal, BV16 cationic dye can be also removed by expensive systems
with high energy requirement such as ozonation, chemical oxidation,
microbial degradation and membrane separation processes [18]. Re-
cently, in several study it was preferred to perform BV16 dye removal
by adsorption processes, with advantages such as low cost, simplicity
of design and high removal efficiency. Shirazi et al. studied adsorption
efficiencies of clay based adsorbents and charred dolomite on BV16.
They showed thatmulti-adsorbent system of bentonite and charred do-
lomite removed both the anionic and cationic dyes effectively and si-
multaneously with removal efficiency of >70% [20]. Arami et al.
Prepared and studied a novel biosorbent (Canola hull) for Basic Blue
41, Basic Red 46 and Basic Violet 16 as textile cationic dyes. Kinetic ex-
periments of dyes followed pseudo-second order kinetics and the ther-
modynamic studies showed that the dye adsorption onto biosorbent is
spontaneous and endothermic [21]. Adsorbents prepared from avocado
kernel seeds were prepared and studied for basic violet 16 and basic
blue byGonzález et al. [22]. The results showed an enhanced adsorption
capacity of the non‑carbonized adsorbent upon cationic dyes in compar-
ison with carbonized samples, due to the active surface acidic groups.
Vosoughi et al. Studied the optimization of the removal of BV16 by the
response surface methodology. They indicated that the desirable re-
moval was obtained with the efficiency of 95.03% by a magnetite
graphene oxide nanocomposites (Fe3O4@GO) under the dye concentra-
tion of 62.5 mgL−1 and the reaction time of 60 min [23].

sPEEK emerges as an inexpensive polymeric material that is mainly
used as a fuel cell membrane as an alternative to widely used-
conventional proton exchange membrane (Nafion, DuPont). Mehri
et al. studied the performance of an electrocatalytic membrane reactor
consisting Nafion and sPEEK as two different PEMs in desulfurization
of a model diesel fuel containing thiophene and/or benzothiophene.
They reported desulfurization efficiency of 85% at 20 mA/cm2 and 75%
at 30 mA/cm2 was obtained for thiophene using Nafion and sPEEK, re-
spectively. Similarly, enzothiophene desulfurization efficiencies of
Nafion and sPEEK were about 70% and 65%, respectively [24]. Structur-
ally modified Nafion-based adsorbents have been used in many water
treatment studies. Nasef et al. studied the removal of heavy metal ions
e.g. Ni(II), Co(II), Pb(II), Cu(II) and Ag(I) from aqueous solutions using
Nafion-117 membrane under various treatment parameters including
contact time, initial concentration, pH and temperature of the sorption
medium [25]. Wang et al. prepared Nafion coated TiO2(Nf/TiO2) films
for modifying the surface charge of TiO2. They examined the effects of
solution pH on the photoelectrochemical properties of TiO2

photoelectrode and the adsorption behavior and photocatalytic reac-
tions of Reactive Red 22 and Basic Red 2 in aqueous solution using var-
ious photocatalyst films (TiO2 and Nafion-coated TiO2, Nf/TiO2) in a
planar reactor [26].

In this study, sPEEK as an effective and low-cost adsorbent was syn-
thesized and characterized. Because PEEK does not have any functional
groups to interact with cationic dye, and assuming the sulfonated form
of PEEK would enable to interact with positive charge of cationic dye,
sPEEKwas choosen as adsorbent. It was used for removal of cationic or-
ganic dyes MB and BV16 from aqueous solutions. The effects of contact
time, solution pH, initial dye concentration on adsorption were investi-
gated using batch experiments. The thermodynamic parameters were
determined for MB adsorption. The dyes adsorptions were evaluated
considering various isotherm models having different assumptions.
The isotherm models were also treated on experimental data obtained
from MB adsorption on PEEK. Additionally, the regeneration and
2

reusability of sPEEK were also inspected using multicycle adsorption/
desorption tests.

2. Materials and methods

2.1. Materials

Poly(ether ether ketone) (PEEK) was obtained from Röchling
Sustaplast SE & Co. Sulfuric acid (98%), hydrochloric acid (37%, fuming),
nitric acid (65%), sodium hydroxide and ethanol (96%) were purchased
fromMerck.Methylene blue (C16H18ClN3S, purity>99.5%)was obtained
from Sigma-Aldrich, and Basic Violet 16 was obtained from Strong Dyes
(purity>99.5%).

2.2. Sulfonation of PEEK

5.0 g (Mettler Toledo XS105DU) PEEKwas dissolved in 50mLof con-
centrated sulfuric acid at 80 °C by magnetic stirring (WISD MSH-20D).
At the end of a two-hour sulfonation reaction, a red viscous solution
was obtained. The solution was rapidly dropped into 1 L of pre-cooled
distilled water. Spherical sPEEK particles were washed with distilled
water until pH 5–6. The prepared sPEEK beads were dried (BINDER
ED115) at 65 °C for 48 h.

2.3. Determination of ion exchange capacity (IEC) and sulfonation degree
(SD) of sPEEK

0.2 g sPEEKwas stirredwith saturatedNaCl solution at 50 °C for 48 h.
In principle of this process is carried out by the displacement of H+ and
Na+ ions with sulfonic acid groups. After stirring, the sorbent was fil-
tered, dried and titrated with 0.1 N NaOH. The IEC value was calculated
by using the following equation:

IEC ¼ VNaOH �NNaOH

Wp
ð1Þ

where VNaOH and NNaOH are the volume (mL) and normality (N) of the
titrant, respectively, Wp is the amount (g) of dry adsorbent after satura-
tion with NaCl solution.

The sulfonation degree of sPEEK was calculated by the following
equation using IEC value:

SD% ¼ Mo � IEC
1000− M1 � IECð Þ � 100 ð2Þ

where Mo is repetitive unit mass of poly (ether ether ketone) which is
equal to 288 g/mol, M1 is the molar mass of SO3Na which is equal to
103 g/mol.

2.4. Characterization of sPEEK

Following the synthesis, characterization of the sorbent was per-
formed by using several methods. The morphology of sPEEK and dye
loaded sPEEK samples have been studied using a JEOLTM JCM-6000
Plus NeoScope scanning electron microscope (SEM) operated at 15 kV.
Fourier transform infra-red (FTIR) (Perkin Elmer, Spectrum 100) was
used to analyze the functional groups of loaded and unloaded adsor-
bents by scanning in the wavelength range from 500 to 4000 cm−1.
The thermal behavior was investigated by thermogravimetric analysis
(TGA) (SEIKO TG/DTA 6300) at a heating rate of 10 °C/min. Further sur-
face investigations were performed using B.E.T./N2 (Quantachrome
Autosorb 1) surface area analysis, particle size and zeta potential mea-
surements (Mastersizer 2000 hydro 2000 mu).
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2.5. Batch experiments

The kinetic properties of MB and BV16 adsorptionwere investigated
by measuring the organic dyes concentration depending the contact
time. 10 mL of 100 mg/L dye solutions were contacted with 0.05 g
sPEEK samples for 5 to 60 min for MB and 5 to 30 min for BV16 at
room temperature and at 25 rpm on a rotator (Wisemix RT-10) while
maintaining the solid/liquid ratio at 5.0 g/L. The heterogeneous mixture
was filtrated through Whatman quantitative filter paper blue ribbon.
The equilibrium studies were performed by shaking 0.05 g of sPEEK
with 10 mL dye solutions having different initial concentration
(100–1500 mg/L) for 40 and 20 min for MB and BV16, respectively.
This procedure was repeated at 25 °C and 40 °C for MB adsorption. In
order to determine the effect of pH on dyes adsorption, 0.05 g sPEEK
was shaked with 10 mL of dye solutions whose initial concentrations
were 250 mg/L for MB and 700 mg/L for BV16. The pHs of suspensions
were adjusted between 1 and 12 by using 1 M NaOH and 20% HCl solu-
tions. Additionally, MB adsorption on PEEK was performed in a similar
waywith that on sPEEK to exhibit contribution of sulfonation. The initial
concentration of MB was changed between 100 and 1000 mg/L.

The equilibriumdye concentrationsweremeasured by UV–Vis spec-
trophotometer (T80+UV/VIS Spectrometer) at 665 and 546 nm forMB
and BV16, respectively. The schematic diagram of adsorption process
was introduced in Fig. 1. All experiments were performed in triplicate
and the arithmetic average of the values were used to draw adsorption
curves. The amount of dye adsorbed by adsorbents was calculated using
Eq. (3):

Qe ¼
Co−Ceð Þ∗V

m
ð3Þ

Adsorption% ¼ Co−Ceð Þ
Co

� 100 ð4Þ

whereQe is the dye adsorption capacity (mg/g), V is the solution volume
(L), m is the adsorbent amount (g), Co and Ce are the initial and equilib-
rium concentrations of dye (mg/L), respectively.
Fig. 1. The schematic diagram of adsorption process.
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In addition to R2 values, Sum of Squared Errors (SSE) values of
kinetic results were calculated by the aid of Eq. (5) [27]:

SSE ¼
Xn
n¼0

Qe;cal−Qe; exp
� �2 ð5Þ

where Qe,exp is the experimental adsorption capacity at equilibrium, Qe,

cal is the calculated adsorption capacity estimated from the kinetic and
isotherm models.

2.6. Desorption and reusability of adsorbent

0.05 g sPEEK samples were loaded with 10 mL 200 mg/L dye solu-
tions. Then, the suspensions were centrifuged at 4500 rpm for 5 min,
the amount of dyes in centrifugate was determined by spectrophoto-
metric measurement at related wavelength. The dye-loaded sPEEK
was washed with 5 mL distilled water, centifugated and decanted. De-
sorption experiments were carried out by shaking the loaded sorbents
with 10 mL of 3 M HNO3/EtOH (30/70; v/v) mixtures at 25 rpm for
20 min, then spectrophotometric measurement of dyes in centrifugate
was performed. The desorbed adsorbent was reloaded with 10 mL
200 mg/L dye solution second time. The following desorption steps
were performed in the same way as described above. Overall, the ad-
sorption and desorption cycles described above repeated for five times
in a continuous manner. The removal efficiency (%) was calculated
using Eq. (4) to find the regeneration performance of sPEEK adsorbent.

3. Results and discussion

3.1. Characterization of adsorbent

The FTIR spectra of pure PEEK, sPEEK and dye loaded sPEEK samples
are shown in Fig. 2.

The broad band appearing in the FT-IR spectrum of sPEEK with a
wavelength of 3400 cm−1 was attributed to the O–H vibrations of the
sulfonic acid groups formed on the polymer backbone by the sulfona-
tion process. Similarly, the presence of sulfonic acid groups was evi-
denced by the symmetrical-asymmetrical stretching vibrations (O=
S=O) appearing at wavelengths of 1010, 1080 and 1270 cm−1

[28,29]. Aromatic C_C stretching band observed at 1596 cm−1 wave-
length was detected in all samples. The vibration attributed to the
Fig. 2. FTIR spectra of purePEEK, sPEEK,MB loaded sPEEK and BV16 loaded sPEEK samples.
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carbonyl group (C=O) appeared in all samples at a wavelength of
1640 cm−1. The presence of the aromatic (C–C) ring for pure PEEK
was evidenced by a single vibration at 1487 cm−1 wavelength corre-
sponding to its 1,4-substitution. This peak appeared at two separate vi-
brations (1463 and 1487 cm−1) for sPEEK. This separation represents
the aromatic C–C ring between the two ether bonds. The sulfonic acid
groups were attached only to the 1, 2, 4-substituted aromatic ring be-
tween the two ether linkages [30]. When the MB loaded sPEEK sample
was examined, it was seen that the 3400 cm−1 band —which is attrib-
uted to the O–Hvibrations of the sulfonic acid groups formed by the sul-
fonation process— was destroyed. This proved that MB adsorption
occured by linking the O–H groups. Similarly, the intensity of the OH
groups attached to the molecular water present in the sulfonic acid
groups decreased in the BV16 loaded sample compared to the sPEEK ad-
sorbent. It was observed that the -OH groups were not completely
destroyed in B16 loaded sample, as there was physical immobilization
as well as binding to OH groups. Desorption experiments of B16 con-
taminants also confirm this immobilization and chemical bonding, as
well as physical attachment.

The SD of the sPEEK expresses in terms of the number of -SO3H func-
tional groups per average repeat unit in the polymer backbone. The sul-
fonation process can also be carried out with sulfonation agents such as
oleum or chlorosulfonic acid. However, when this is the case, cross-
linking or oligomer formations can be observed [31]. Consequently,
the sulfonation process was carried out with 98% sulfuric acid in this
study. In the literature, the sulfonation processes performedwith differ-
ent sulfonation agents were carried out at different reaction times and
the resulting products with different SDwere used for different applica-
tions such as fuel cell [32,33], gas separation [34], nanofiltration [35] etc.
The SD and IEC values of the sPEEK adsorbent used for cationic dyes re-
moval were determined as 0.80 and 2.16 meq/g, respectively.

Further measurements such as BET/N2 surface area, zeta potential at
pH 4.7 and the size distribution interval of 50% of particles (d0.5) were
determined as 236.3 m2/g, −29.4 ± 1.7 mV and 290–390 nm, respec-
tively. The surface area of adsorbent is quite high and hence convenient
for allowing efficient adsorption. Majority of the natural and synthetic
adsorbents have lower surface area than sPEEK adsorbent used in this
study [36–39]. High absolute value of zeta potential indicated that
sPEEK suspension was stable at pH 4.7 demonstrating and extra benefit
for adsorption process. Additionally, it was found that the size of sPEEK
particles used in this study were smaller than many adsorbents that
have been reported in open literature [40–42]. Given that the reduction
in particles size causes more stable suspension [43], it is evident that
Fig. 3. TGA curves of pure PEEK and sPEEK samples.
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such small size of sPEEK provides an adventage over other materials
in terms of suspension stability and hence adsorption efficiency.

One of themost desirable properties of polymericmaterials utilizzed
in adsorption applications is high thermal stability. In order to investi-
gate the thermal behavior of sPEEK (SD with 0.80) adsorbent used in
MB adsorption was performed by TGA. The TGA curves of pure PEEK
and sPEEK samples are introduced in Fig. 3.

It is reported in the literature that the initial temperature of weight
loss for pure PEEK is about 450–600 °C [44,45]. As seen from the figure,
pure PEEK sample showed one step degradation at 550–600 °C, while
sPEEK sample had three degradation steps. In pure PEEK polymer ma-
trix, thermal degradation occurred only due to the degradation of the
main polymer chain and pure PEEK polymer did not undergo thermal
degradation up to 550 °C. As the polymer backbone began to degrade,
50% weight loss was observed at approximately 800 °C. As seen from
TGA curve of sPEEK, the first degradation step observed at around
60–130 °C was due to the evaporation of the moisture adsorbed on
sPEEK adsorbent. The second thermal decomposition step occured in
the temperature range of 150–250 °Cwas attributed to the degradation
of sulfonic acid groups presented in the polymer backbone. The final
degradation observed around 450–600 °C is due to the degradation of
the polymer main chain [46,47]. These results suggested that sPEEK ad-
sorbent prepared for MB adsorption exhibits sufficient thermal stability
considering high-temperature adsorption processes.

The SEM images (with 2500× magnification) of sPEEK and dye
loaded sPEEK samples are shown in Fig. 4 a, b, c respectively.

As seen from Fig. 4a, the sPEEK adsorbent has a homogeneous and
hollow structure. Light colored structures indicating the filled gaps in
the polymer structure were seen in the SEM image of the adsorbent ex-
amined after adsorption process (Figs. 4b, c). MB and BV16 deposits
were clearly visible, with an open rank in the voids of the pure
adsorbent.

3.2. pH effect on dye adsorption

As seen from Fig. 5, the maximum MB and BV16 adsorptions on
sPEEK was achieved at pH range between 1 and 3. On the other hand,
the adsorption ratio is significantly high below pH 3. The surface of
sPEEK carries sulfonic groups (-SO3H) having highly acidic character
[48]. The surface of sPEEK converts from protonated (neutral) form to
deprotonated (negatively charged) form beyond pHs between 1 and 3
due to the acidity constant of sPEEK is 1.58 [49]. Partly occured
deprotonated form of surface in this pH range may have interacted
with the positively charged cationic dyes and may have cause signifi-
cant adsorption below pH 3. By the way, the significant adsorption at
highly acidic pHs (below pH 1) makes think that further interactions
such asπ-π electron donor-acceptor interactions could be possible. Sim-
ilar result was obtained rhodamine B adsorption onto sPEEK [49].

3.3. Kinetic evaluations

The decreases in dye concentrations in the suspension over time are
shown in Fig. 6a.

As seen from Fig. 6 a, while the equilibrium was attained in 30 min
for MB adsorption, the adsorption rate was higher in the first 20 min
suggesting rapid occupation of empty active sites due to initially high
concentration gradient between surface sites and the bulk solution.
Similar situation was observed for BV16 adsorption. The time required
for achieving equilibrium was shorter than that of MB adsorption. The
pseudo first and second-order, Elovich, Bangham's and intra-particle
diffusion kinetic models were applied to determine the kinetic parame-
ters of dyes adsorptions on sPEEK. The results were given in Table 1.
Comparision the determination coefficient values (R2) and Sum of
Squared Errors (SSE) values reveals that the pseudo second order ki-
netic model presents the best agrement with the experimental data.
The pseudo second order model indicates that the surface adsorption



Fig. 4. SEM images of (a) pure sPEEK, (b) MB loaded sPEEK, (c) BV16 loaded sPEEK samples.

Fig. 5.pHdependency curve forMB andBV16adsorptions (Solid/liquid=5g/L, T=298K,
for MB Co = 250 ppm, t = 40 min, for BV16 Co = 700 ppm, t = 20 min)

Fig. 6. a) Time dependent decreasing of equilibrium concentrations of dyes, b) the curve of
intraparticle diffusion kinetic model (Solid/liquid = 5 g/L, Co = 100 mg/L, T = 298 K,
pH= 3.5 for MB, pH= 2.7 for BV16).
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involves chemisorption which is the rate-limiting step, and the
migration of sorbate from solution to solid phase is sourced from phys-
icochemical interactions of sorbate with liquid and solid phases [50].
The chemisorption of dyes may be attributed to the interactions be-
tween the anionic groups (mainly -SO3

− groups) of sPEEK and the
cationic groups of dyes. The disapperance of the OH band at
3400 cm−1 in FTIR spectrum of unloaded sPEEK sample after MB
loading supports these interactions. On the other hand, as seen
from graph in Fig. 6 b, the Qt vs t1/2 graphs have linear regions. The
linear regions show that the adsorption involves pore diffusion.
However this intraparticle diffusion is not the rate-limiting step
(the adsorption processes are not diffusion controlled) because the
extrapolation of linear lines do not pass through the origin
(Fig. 6b). Relatively low determination coefficient obtained from ap-
plication of Bangham's Model also supports this explanation [51].
The Elovich (Roginsky–Zeldovich) model explains the chemical ad-
sorption mechanism by taking into account the adsorption rate con-
stant and desorption rate constant. That the initial MB adsorption
rate constant onto sPEEK is approximately one hundred times
greater than desorption rate constant, and rather high initial ad-
sorption rate of BV16 (as seen from Fig. 6a) point out the high ad-
sorption affinity of cationic dyes on sPEEK.
5

3.4. Adsorption isotherm

Fig. 7 shows adsorbed amount of dyes on adsorbents depending the
initial concentration of dye solutions. As observed from thefigure, sulfo-
nation of PEEK enhanced the adsorption of methylene blue. The maxi-
mum MB adsorption capacity (in mmol/g) of sPEEK is six times higher
than the capacity of PEEK.

The PEEK does not have any functional groups having affinity for cat-
ionic dyes. On the other hand, low adsorption can be explained by



Table 1
Kinetic results of dye adsorptions obtained from linearized models.

k1
1/min

k2
g/mg min

QE cal.,
mg/g

ki mg
min1/2/g

k0
L/(mg/L)

αBanghams αElovich

mg/g min
β
g/mg

R2 SSE

MB Adsorption
Pseudo-first order model
Log (QE-Qt) = Log QE – (k1/2.303) ta

0.14 15.50 0.992 250.4

Pseudo-second order model
t/Qt = 1/ k2 QE

2 + (1/QE) ta
0.01 20.41 0.998 174.9

Intraparticle diffusion model
Qt = ki t1/2 + Ca

1.88 0.997 26.3

Bangham's model
Log [C0/(C0 - Qt m)] = Log [(k0 m)/(2.303 V)] + α Log ta

3.6 × 10−4 1.9 0.875 4 × 104

Elovich Model
Qt = (1/β) ln(α β) + (1/β) ln ta

28.25 0.31 0.984 7.1 × 104

BV16 Adsorption
Pseudo-first order model 0.23 2.64 0.935 1803.8
Pseudo-second order model 0.2 20.9 1.000 6.96
Intraparticle diffusion model 0.81 0.911 0.9
Bangham's model 7 × 10−3 1.9 0.935 5 × 104

Elovich Model 2.6 × 1010 1.31 0.884 7.1 × 102

a Where k1 and k2 arefirst order rate and second order rate constant, respectively. t is the contact time (min), QE is the adsorbed amount of dye at equilibrium, Qt is the adsorbed amount
of dye at any time, ki is the intraparticle diffusion rate constant, C is the intercept, C0 is the initial concentration ofmetal cation (mol/L), V is the volume of solution (mL),m is the solid/liquid
ratio (g/L), k0 and α are the constants, α is the initial adsorption rate (mg/(g min)) and β is the desorption constant (g/mg).

Table 2
Isotherm parameters, calculated from linearized equations, of dye adsorptions.

Linearized Models Parameters MB
(on sPEEK)

MB
(on PEEK)

BV16
(on sPEEK)

Langmuir Isotherm
CE/QE = 1/(K1.Qmax) +
(1/Qmax). CEs

a

Qmax 98.04 15.24 181.8
KL 2.26 9.2 22.7
R2 0.991 0.999 0.997
SSE 511.4 18.9 1580.3

Freundlich Isotherm KF 25.18 9.12 54.6
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further interactions such as π-π electron donor-acceptor interactions.
Alinezdah et al. achieved 70.02 mg/g by using polymeric magnetic
boehmite nanocomposite [52], Sahu et al. retained 124.5 mg/g MB on
modified lychee seed biochar [53], and Mantasha et al. obtained
98.83 mg/g MB adsorption capacity on Cu(II) based metal organic
framework [54]. Many materials having similar or lower adsorption ca-
pacity for MB exists in the literature. [55–57]. On the other hand, the
maximum adsorption capacity of sPEEK for BV16 was calculated as
181.8 mg/g 0.5 mmol/g. This value is reasonable compared to the lim-
ited number of studies in the literature on BV16 removal by adsorption
process [18–22]. There are certain studies obtaining higher adsorption
capacity both MB and BV16 in literature [9,14,20,23], but all these stud-
ies were performed by using adsorbents which were expensively pro-
duced and having higher surface area such as magnetite graphene
oxide nanocomposites, activated, charred or carbonized materials.

Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R)
models were used to analyze adsorption isotherms. The adsorption pa-
rameters obtained from the linearized models were given in Table 2.
Fig. 7. Isothermcurves ofMB andBV16 adsorptions (Solid/liquid=5 g/L, T=298K, pH=
3.5, t = 40 min for MB, pH= 2.7, t = 20 min for BV16).
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The dye adsorptions demonstrate Langmuirian character, and this
deduction has been supported by QE vs. CE graph (Fig. 7).

Taking into account all those results, easy processability of cost-
effective adsorbent comparing with carbon based and/or polymeric
magnetic nanocomposite, sPEEK can serve as an effective adsorbent
for cationic dye removal.
Log QE = Log KF +
1/n Log CE

a
n 5.15 12.53 4.94
R2 0.959 0.394 0.723
SSE 7.8 × 103 6776.3 465

Dubinin- Redushkevich
Isotherm
Ln QE = Ln Qmax - βε2a

Qmax 69.6 15.7 164.4
β 4 × 10−8 2 × 10−4 8 × 10−8

ε 3.53 50 2500
R2 0.702 0.913 0.808
SSE 2.7 × 103 2.65 2.8 × 103

Temkin Isotherm
QE = (RT/b) (Ln KT)
+ (RT/b) (Ln CE)a

Ba 286.5 2473.1 149.4
KT 28.06 6668.1 81.4
R2 0.847 0.361 0.881
SSE 814.3 43.2 374

a Where Qe is the amount of dye adsorbed at equilibrium (mg/g), Ce is the equilibrium
dye concentration in the solution (mg/L), Qmax is themaximummonolayer capacity of the
adsorbent (mg/g) andKL is the Langmuir adsorption constant (L/mg), KF is Freundlich con-
stant related to adsorption capacity (L/g) and 1/n is the adsorption strength, β is the con-
stant about mean free energy of the adsorption (mmol2/kJ2), ε (=RTLn(1 + (1/CE)) is
Polanyi potential (J/mmol), RT/b = B is the heat of adsorption (joule/mol) and KT is
Temkin constant related to adsorption capacity (L/mol).

Table 3
The thermodynamic parameters for MB adsorption.

ΔHo (kJ/mol) ΔGo (kJ/mol) ΔSo (J/mol K)

298 K 38.51 −13.38 174
313 K −15.83 173



Fig. 8. The adsorption efficiency of MB loaded sPEEK adsorbent after multiple adsorption/desorption cycles (Solid/liquid = 5 g/L, leach solution contact time = 20 min, T = 298 K).
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3.5. MB Adsorption thermodynamics

The thermodynamic parameters of MB adsorbed on sPEEK were
evaluated on the basis of Gibbs free energy change (ΔGo), entropy
change (ΔSo) and enthalpy change (ΔHo). The thermodynamic equa-
tions are given below (Eqs. 6, 7, 8):

ΔGo ¼ −RTlnKc ð6Þ

Ln
k2
k1

¼ −
ΔHo

R
−

1
T2

−
1
T1

� �
ð7Þ

ΔGo ¼ ΔHo−TΔSo ð8Þ

where R (8.314 J/mol K) is the gas constant, T (K) is the tempera-
ture, k1 and k2 are the Langmuir constant for each temperature
and KC (L/g) is the adsorption equilibrium constant for each
temperature which is obtained from Langmuir constants Qmax

and KL (KC = Qmax × KL) [58].
The thermodynamic values calculated from experimental results

were tabulated in Table 3.
The MB adsorption onto sPEEK is an endothermic reaction, and

spontaneously occurs at 298 K and 313 K. Considering that the magni-
tude of ΔH° value for chemisorption processes is higher than 20 kJ/
mol [59], the enthalpy of MB adsorption reflects chemisorption. The
increase in absolute ΔGo value with increasing temperature shows
that the MB adsorption is more favorable at high temperatures. On
the other hand, positive value of entrophy change suggests that the
randomness on solid/solution interface increases as a result of
adsorption.

3.6. Desorption studies

The recovery and reusability of adsorbent material is an important
parameter related to the application potential of adsorption technol-
ogy. Desorption and recycling experiments were conducted to evalu-
ate the reusability of the sPEEK. The results were shown in Fig. 8.

The adsorption efficiency of MB onto sPEEK decreases from 99.6% to
99.2% after five cycles. As seen from Fig. 8, there is a quite small decrease
in adsorption efficiencies duringmultiple adsorption/desorption cycles.
These results provides evidence for superior performance of sPEEK and
7

therefore it can be said that sPEEK is very effective reusable adsorbent
for MB adsorption.

On the other hand, when BV16 loaded adsorbent was contact with
3 M HNO3/EtOH (30/70; v/v) leaching solution at the same conditions
with MB desorption, at least 10% of BV16 was desorbed. The rather
high ratio of initial adsorption rate (α) to desorption constant (β) sup-
ports this finding.

4. Conclusion

The sPEEK polymeric material was used as adsorbent for cationic
dye adsorption in this study, and it was decided that sPEEK is a
good adsorbent for MB removal in terms of short contact time, 100
times higher initial adsorption rate than desorption rate and a slight
decrease in adsorption efficiency after multiple adsorption/desorption
cycles, and decided that sPEEK is an efficient adsorbent to immobilize
BV16 with the high adsorption in such a short time as 20 min. The dye
adsorptions showed Langmuirian character, and the maximum
reached adsorption capacity was 0.29 mmol/g for MB adsorption,
and 0.50 mmol/g BV16 adsorption. The kinetic of adsorptions is fitted
Pseudo Second-Order Model. Intraparticle diffusion was involved in
adsorption, but it was not the rate-limiting step. The maximum dye
adsorptions on sPEEK were achieved at pH range between 1 and 3.
The physicochemical adsorption of cationic dyes is attributed to the
interactions between negatively charged -SO3

− groups of sPEEK and
positively charged dye. Additionally, π-π electron donor-acceptor in-
teractions could be possible. Thermodinamically, MB adsorption is en-
dothermic reaction, and spontaneously occurs at room temperature
and above. Moreover, it was showed that the adsorption is more fa-
vorable at high temperatures. In conclusion, the results of this study
suggests that sPEEK can be a very effective and reusable alternative
to conventional adsorbents for cationic dye removal for use in envi-
ronmental applications.
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