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Abstract

Polymers of Intrinsic Microporosity (PIMs) are recognized as promising polymers for active separation of organic pollut-
ants. These highly porous and solution-processable polymers could be tailored to remove specific targets from an aqueous
system. In this study, PIM-1 powder was modified to amidoxime PIM-1 powder and adsorption of charged dyes which are
Methylene Blue (MB, cationic) and Methyl Orange (MO, anionic) from an aqueous system was explored to evaluate the
influence of contact time, initial concentration, solution pH and temperature on the removal of dyes. The adsorption reached
the equilibrium within three hours in a batch adsorption process for both dyes. Experimental adsorption capacity (¢e, ey,) Of
Amidoxime PIM-1 was found as 79.8 mg g~! and 69.8 mg g~! for MO and MB, respectively at pH 6 and 298 K. The Ami-
doxime PIM-1 was also able to remove a mixture of anionic and cationic dyes simultaneously from aqueous system. The
removal ability is dependent on the solution pH and the selectivity can be tuned by shifting solution pH such as at low pH
(pH 3) anionic dye adsorption is more favourable, while at high pH (pH 10) cationic dye adsorption is preferable. Equilibrium
data acquired from batch adsorption experiments have been examined by four two-parameter (Langmuir, Freundlich, Temkin
and Dubinin—Radushkevich), four three-parameter (Redlich—Peterson, Sips, Khan and Liu) isotherm models, and by kinetic
models such as the pseudo-first-order, the pseudo-second-order, Elovich equation and intraparticle diffusion using non-linear
regression technique. Combination of several errors analysis techniques was applied to find the best fitting isotherm and
kinetic models. Liu isotherm was the best to define the experimental data and the maximum adsorption capacities (gq,,) were
calculated as 86.7 mg g~! and 81.3 mg g~! for MO and MB, respectively at pH 6 and 298 K. Adsorption data have the best
consistency with the pseudo-second-order kinetic model. Furthermore, thermodynamic parameters were determined and the
experiments suggested that the adsorption of MB and MO onto Amidoxime PIM-1 is a physical, spontaneous and exothermic.
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Introduction

Industrial operations of organic dyes have been increased
in parallel with population growth and technological devel-
opments [1, 2]. A wide range of industries utilizes dyes to
make their products appealing. However, the excessive use
of these dyes also poses a threat to human health and envi-
ronment as they are mostly emitted into the environment
without using appropriate discharging method [3]. There-
fore, effective removal of dyes from water is an indispen-
sable and an urgent issue for environmental remediation.
Therefore, new materials have been developed to alleviate
this problem including polymers [4, 5], composites [6, 7],
agriculture wastes [8, 9] and microorganisms [10, 11] etc.
Furthermore, various techniques have been adapted for
dye removal including adsorption, membrane separation
[12], biodegradation [13], coagulation [14] and oxidation
and extraction [15]. However, most of these techniques are
expensive and require sludge disposal. Thus, adsorption is
considered a more promising method for dye removal since
it does not require complex systems for dye removal [16-20].

Polymers of Intrinsic Microporosity (PIMs) have a rigid
and contorted structure which provides a permanent poros-
ity to the PIM polymers. They exhibit high free-volume
which makes them desirable for adsorption and separation
applications [21-23]. PIM-1 is the first synthesised poly-
mer of this family, which could be produced by a one-pot
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polycondensation reaction using commercially available
spirobisindane and tetrafluoroterephthalonitrile monomers.
High surface area and the solubility in common organic
solvents such as tetrahydrofuran and chloroform enable a
wide spectrum of application opportunities to PIM-1 in vari-
ous forms including powder [23], film [24] and fiber [25]
forms. All of them have been successfully used for organic
removals from water [23-28]. Even though PIM-1 has a
specific affinity for a neutral species, the adsorption abil-
ity could be tailored for the desired species by modifying
the nitrile group in polymer backbone [23]. Accordingly,
hydrolyzed PIM-1s demonstrate a high affinity for cationic
molecules and they can remove cationic species from an
aqueous system depend on the degree of hydrolysis/carboxy-
lation [29]. On the other hand, amine, ethanolamine and
di-ethanolamine modified PIM-1s exhibit high affinity for
anionic molecules and they can selectively remove anionic
molecules from water [23]. Recently, we have reported the
efficient removal of dyes by modified PIM-1s in the form of
powder [29, 30] and fibrous membranes [31, 32]. Fibrous
membranes could be prepared by electrospinning technique
[33, 34], which provide more practical uses for modified
PIM-1s. Moreover, modified PIM-1s were also used for
metal-ion removal. Especially, amidoxime modified PIM-1
could be employed in uranium separation from water since
amidoxime functionality has the chelating ability with uranyl
ions [35-37]. Although previously studied hydrolyzed and
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amine modified PIM-1s show selective separation efficiency,
which could be favourable for some operations such as the
recovery of bio-refinery products [38] and isolation of natu-
ral products [39], when it comes to practical dye removal,
versatile materials could be more promising.

Therefore, in this research, we have first synthesised
amidoxime PIM-1 and then, the dye removal efficiency of
amidoxime PIM-1 was evaluated using cationic (Methylene
Blue) and anionic (Methyl Orange) dyes from water. To the
best of our knowledge, no report has been published con-
sidering the dye removal efficiency of amidoxime PIM-1.
As we envisaged, it can remove both cationic and anionic
dyes from an aqueous system effectively. With the affinity
against both cationic and anionic species, amidoxime PIM-1
could be a promising material for various separation appli-
cations since it can be produced in the form of dense and
fibrous membranes which provide significant practical use
in removal applications. Moreover, the uptake ability of ami-
doxime PIM-1 could be tuned for desired species by adjust-
ing the pH, unlike other modified PIMs. Furthermore, the
parameters affecting the adsorption capacity including the
contact time, temperature, and the dye concentration were
examined. Consequently, equilibrium isotherms, kinetic
models and thermodynamic parameters were determined.

Experimental
Materials
Anhydrous Potassium carbonate (99.0%),

5,5',6,6'-Tetrahydroxy-3,3,3",3'-tetramethyl-1,1'-
spirobisindane (98%), and tetrafluoroterephthalonitrile
(98%) were purchased from Alfa Aeser and they were puri-
fied as reported in our previous study [32]. Hydroxylamine
(50% in H,0), ethanol (EtOH, >99.8%), dimethylaceta-
mide (DMAc, >99.5%), tetrahydrofuran (THF, >99.9%),
toluene (>99.5%) and anhydrous Methylene Blue
(C,6H3CIN;S-xH,0; molecular weight: 319.85) were
obtained from Sigma Aldrich and were used as received.
Methyl Orange (C,,H,,N;NaO;S; molecular weight: 327.3)
was purchased from Merck and was used as received.

Synthesis and Characterization of PIM-1
and Amidoxime Modified PIM-1

Synthesis and characterization of PIM-1 powder was per-
formed in our previous study [40]. Briefly, PIM-1 was pre-
pared using 5,5',6,6"-Tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-
spirobisindane (TTSBI) and tetrafluoroterephthalonitrile
(TFTN) as monomers in the presence of potassium carbon-
ate catalyst in dimethylacetamide-toluene mixture at 160 °C.
Likewise, amidoxime PIM-1 powder was synthesized and

characterized similar to our previous report [35]. Complete
dissolution of PIM-1 powder was achieved in THF and an
appropriate amount of hydroxylamine was added slowly to
this solution which was kept stirring at 69 °C for 23 h under
reflux. Transparent solution was precipitated in ethanol to
obtain off-white product.

Methods

Bruker Vertex 70 FTIR spectroscopy was utilized to record
FTIR spectra of samples in the attenuated total reflection
(ATR) mode using a resolution of 4 cm™! and 64 scans. 'H
NMR experiments were performed in Bruker DPX-400 MHz
using CDCl; and dg-DMSO as solvents. Thermal changes
of the samples were monitored by TA Q500 thermogravi-
metric analyzer. The samples were dried at 120 °C before
analysis to remove residual and then heated at 20 °C min™!
under N, atmosphere. N, adsorption experiments were per-
formed on a Quantachrome Autosorb iQ apparatus at 77 K.
Samples were degassed for at least 12 h at 120 °C prior to
analysis. Elemental analysis of the samples was determined
using Thermo Scientific Flash 2000 series CHNS-O analyzer
and X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific K-Alpha XPS Spectrometer). Absorbance of the
dye solutions were determined using Genesis10s UV visible
spectrometer.

Sorption Studies

Dye adsorption ability of amidoxime PIM-1 powder was
evaluated using charged dyes namely Methylene Blue (MB,
cationic dye) and Methyl Orange (MO, anionic dye) in
deionized water. Absorbance values of the calibration solu-
tions were recorded using a Genesis 10 s UV-Visible spec-
trometer at A, values of 664 and 464 nm for MB and MO,
respectively. Dry amidoxime PIM-1 powder (~10.0 mg)
was placed in 20 mL of 40-500 mg L™" dye solutions. The
dye solution (~pH: 6) containing the amidoxime PIM-1 was
stirred well for 3 h. 100 pL aliquots were taken by pipette
and diluted by certain amount of deionized water. The
amount of dye adsorbed by the polymer, ge (mg g~ '), was
determined from the Eq. 1

c,—-C \%
quM 1

w
where C;, (mg LY, C. (mg L™, V(L) and w (g) represent
initial concentration of dye, concentration of dye at equi-
librium; volume of dye solution; and amount of amidoxime
PIM-1, respectively.

The impact of contact time was examined using 100 mg
L~! dye solutions for a period of 8 h. The influence of initial
dye concentration on the adsorption capacity of amidoxime
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PIM-1 powder was conducted at 40, 50, 100, 200, 350 and
500 mg L~! concentrations at natural pH (pH 6). The influ-
ence of temperature on the adsorption ability of amidoxime
PIM-1 was studied using the solution temperatures of 283,
298, 313 K for the same dye concentrations (40-500 mg
L~!). The effect of pH on the adsorption was studied by
adjusting pH of the dye solutions to 3.0, 6.0 and 10.0 with
the help of 1 M NaOH and 1 M HCI at 100 and 500 mg L~!
dye concentrations.

Afterwards, adsorption isotherms, kinetic models and
thermodynamic parameters were identified. The parameters
of adsorption isotherms and kinetic models were determined
by non-linear regression analysis method instead of using
linear regression analysis. As expressed recently [41], the
non-linear method is necessary to obtain correct parame-
ters, especially for thermodynamic parameters. Therefore,
solver add-in function of the Microsoft Excel has been used
to solve equations by minimizing the sum of error squared
(SSE) between the calculated values and the experimental
data. The agreement between experimental and calculated
data was also quantified using the correlation coefficient
(R?), chi-square test (Xz) and the relative error (Aq) methods
as shown in Eqs. 2-5 [42, 43].

n

SSE = (qe,cal - qe,exp)i2 (2)
i=1
(qe,ex7 - Z]e,cal)z
R = — i > > 3)
Z (qe,exp - qe,cal) + (qe,exp - ('Ie,cal)
- (CI@,cal - QE,ex )2
=y e )
i=1 Geexp
(Geerp = Decal)/ Deep)
_ e,ex; e,ca e,ex; 5
Aq(%)—\/z o X 100 )

where (e, exp)s (Ge, ca)s (e cqr) are experimental equilibrium
capacity, calculated equilibrium capacity and the mean of
calculated equilibrium capacity, respectively and N repre-
sents the number of the measurements.

Results and Discussion

Synthesis and Characterization of PIM-1
and Amidoxime PIM-1

PIM-1 exhibits high surface area (~760 m? g!) and high

free volume, thus, it has been used extensively for various
operations including gas separation, adsorption, sensor and
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catalysis due to unusual structural properties [44-51]. Fig-
ure 1a shows the synthesis of PIM-1 by using commercially
available 5,5',6,6'-Tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-
spirobisindane (TTSBI) and tetrafluoroterephthalonitrile
(TFTN) monomers in equimolar quantities by step-growth
polymerization. It was previously revealed that parent PIM-1
polymer has high affinity to neutral species in ethanolic solu-
tion [23, 24]. On the other hand, it shows almost no affin-
ity against charged species in an aqueous system [23]. This
feature could be tailored by an appropriate modification
and the adsorption ability can be enhanced for specific tar-
gets as reported in our previous studies [23, 29, 30]. While
the selectivity against anionic species can be enhanced by
amine, ethanolamine and di-ethanolamine modifications,
reverse selectivity can be obtained by simple hydrolysis
reaction for cationic species [23]. Moreover, these materi-
als could be produced in the dense and the fibrous membrane
forms which significantly enhance their use in practical
applications [31, 32].

Recently, amidoxime PIM-1 (Fig. 1a), has been reported
by Patel et al. [37] which was subsequently used for the
removal of uranium from seawater by Shin et al. [36] due
to the affinity of amidoxime groups against uranyl ions.
Amidoxime PIM-1 shows a decent solubility in dimethyl-
formamide (DMF), thus, we have reported the preparation
of amidoxime modified PIM-1 fibrous membrane (FM) [35].
Consequently, amidoxime PIM-1 FM has been employed
successfully in a column adsorption study to remove uranyl
ions from water to illustrate the practical use of the poly-
mer. While chemical modification of PIM-1 empowers the
affinity for specific organic molecules, it usually leads to a
considerable reduction in the surface area [29-31]. Also, the
resulting polymer may become insoluble that may limit the
further use of the modified PIM-1s [30]. The main advantage
of amidoxime PIM-1 among other modified PIM-1s is that
while it maintains solubility in common organic solvents.
It has also remained surface area after modification (~ 550
m? g~!) [35]. Although other modified PIM-1s have been
studied for dye separation studies from an aqueous system,
no one, to the best of our knowledge, has evaluated the
dye adsorption ability of amidoxime modified PIM-1 yet.
Therefore, we have first reacted PIM-1 with hydroxylamine
to obtain amidoxime PIM-1 (Fig. 1a). Then, the charac-
terization of amidoxime PIM-1 was performed according
to the reported procedure [35] using FT-IR and 'H NMR
spectroscopies.

FT-IR spectra of PIM-1 and amidoxime PIM-1 are
shown in Fig. 1b which clearly indicates that the typical
nitrile stretches (2240 cm™') of PIM-1 is disappeared by
modification. Simultaneously, the appearance of C=N
(1656 cm™!) and N-O (914 cm™!) bands along with N-H
and O-H stretches (3450-3100 cm™!) confirm the success-
ful modification of PIM-1 to amidoxime PIM-1. In addition,
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Fig. 1 a Synthesis path of PIM-1 and amidoxime PIM-1, b FT-IR and ¢ '"H NMR spectra of PIM-1 and amidoxime PIM-1

the emergence of —-NH, (5.81 ppm) and —OH (9.44 ppm)
peaks in 'H NMR spectra shows the transformation of nitrile
to amidoxime as displayed in Fig. 1c [35]. Further charac-
terization data including TGA, XPS, elemental analysis and
BET are provided in Fig. S1-S3 and Table S1 in supporting
information for PIM-1 and amidoxime PIM-1 samples. Fol-
lowing that we have investigated the affinity of amidoxime
PIM-1 against charged dyes using Methylene Blue (MB)
and Methyl Orange (MO) as model compounds in a batch
adsorption process and the parameters affecting the adsorp-
tion were studied.

The Effect of Contact Time

Initial studies have focussed on determination of adsorp-
tion characteristics of amidoxime PIM-1 for MB and MO
dyes as a function of time at 100 mg L™! dye concentra-
tions for a period of 8 h (Fig. 2a and b). As is shown in
Fig. 2a and b, the adsorption capacities of both dyes are
increased rapidly, and more than 50% of adsorption took
place during the first 30 min. Then gradually reached the
equilibrium within 180 min. The dye uptake remained
almost constant after that point. The rapid adsorption at
the beginning could be elucidated by the number of vacant
sites on the amidoxime PIM-1 and the availability of these

vacant sites reduced by the time. Similar behaviour was
observed by the various adsorbents [52—-54]. Additionally,
although the equilibrium time is almost the same for both
dyes, the uptake of MO was greater than the uptake of MB
throughout the experiment showing amidoxime PIM-1 has
a slightly higher affinity for MO compared to MB.

The Effect of Initial Concentration

The adsorption capacity firmly depends on the initial
concentration of the dyes and the available sites on the
amidoxime PIM-1 surface. The impacts of initial dye
concentrations on the adsorption are illustrated in Fig. 2c
for MB and MO, respectively at three different temper-
atures 283, 298 and 313 K. As can be seen in Fig. 2c,
while the adsorption capacity of amidoxime PIM-1 was
30.7 mg g~! at 50 mg L™! MB concentration, the capac-
ity was increased to 69.8 mg g~! at the concentration of
500 mg L~" at 298 K. Similar trend was also monitored
for MO adsorption capacity which was increased from
32to 79.8 mg g~ for the aforementioned concentrations,
respectively at 298 K (Fig. 2c). The same tendency was
observed when the adsorption is performed at 283 K and
313 K for both MB and MO adsorptions.
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Fig.2 Influence of contact time on the adsorption of MB and MO
and applied kinetic adsorption models for a MB and b MO (experi-
ment conditions; 20 mL 100 mg L' dye solutions, 10 mg of Ami-
doxime PIM-1, temperature 298 K, pH~6), ¢ influence of initial
concentration (experiment conditions; 10 mg of Amidoxime PIM-1,

The Influence of Temperature

The impact of temperature on the adsorption of MB and MO
was examined using three different temperatures (283, 298
and 313 K). Figure 2d displays the equilibrium adsorption
capacities against solution temperatures for the adsorption
of MB and MO at various concentrations. As displayed,
temperature has a negative impact on the adsorption of both
dyes. The equilibrium adsorption capacity reduced from
76.8 to 61.7 mg g~! for MB and from 84.4 to 67.4 mg g~!
for MO when the solution temperature was raised from 283
to 313 K.

The Effect of pH and the Adsorption
from the Mixture

Amidoxime PIM-1 can remove both MB and MO simul-
taneously from an aqueous system. To illustrate this, MB/
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pH~6), d influence of temperature on the adsorption of MB (filled
circles) and MO (open circles) on amidoxime PIM-1 (experiment
conditions; 10 mg of Amidoxime PIM-1, pH~ 6, various dye concen-
trations)

MO mixture solution (5 mL, 10 mg L~! for each dye) was
prepared and treated with amidoxime PIM-1 which clears
the solution immediately as demonstrated in Fig. S4 in sup-
porting information. Although amidoxime PIM-1 shows a
similar affinity for MB and MO, the affinity could easily be
tuned by shifting the pH for desired species. While it shows
selective and enhanced adsorption for MO at low pH (pH
3), the selectivity could be reversed for MB at pH 10 reveal-
ing the versatility of the amidoxime PIM-1 in adsorption
applications from water. The influence of pH was investi-
gated using 3 different pH values; 3.0, 6.0 and 10.0. Fig-
ure 3a and b display the visual representation of MB and
MO solutions before and after in contact with amidoxime
PIM-1 at different pH values at 100 mg L~! dye concentra-
tions. As displayed in Fig. 3a, MB solution was completely
cleared at pH 10, similarly, MO solution was cleared at pH
3 (Fig. 3b). The maximum adsorption ability of amidoxime
PIM-1 at different pH values was studied using 500 mg L~
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Fig.3 Digital images of a MB and b MO solutions before and after
in contact with amidoxime PIM-1 at different pH values (100 mg
LY. ¢ Relationship between equilibrium adsorption capacities and
solution pH for MB (filled circle) and MO (filled triangle) (500 mg

dye solutions and the results are displayed in Fig. 3c. The
maximum uptake of MB was found 29.3 mg g~! at pH 3,
while the maximum uptake was 401.6 mg g~! at pH 10 for
the same dye. Likewise, the adsorption maximum of MO
was found 257.3 mg g~! at pH 3, whereas the maximum
uptake was 66.4 mg ¢! at pH 10, indicating the pH depend-
ence of the adsorption. The pH-dependent selectivity could
be further revealed by using binary mixtures of MB and MO.
Figure 3d exhibits the digital images of MB and MO solu-
tions and MB/MO mixture solutions before in contact with
amidoxime PIM-1. As can be seen, MB/MO mixture is a
dark green solution at the beginning, which was precipitated
after a certain period due to the opposite charges of MB and
MO molecules (Fig. 3e, green solution). When the mixture
solution was treated with amidoxime PIM-1 at different pH
values, one dye could be cleared selectivity from the mixture
solutions (Fig. 3e).

Since amidoxime PIM-1 shows an affinity for both MB
and MO dyes, the interactions between dyes and amidoxime
PIM-1 in the adsorption process was further studied using
the FT-IR technique. Figure 4 displays FT-IR spectra of
amidoxime PIM-1 sample before in contact with dye, and
amidoxime PIM-1 samples after in contact with MB and MO
dyes. As can be seen, no significant shift occurred in ami-
doxime PIM-1 vibrations only a slight change in the intensity
of C=N stretches could be monitored. This reveals that there
is no discernible chemical-bond formation occurred between
dye molecules and amidoxime PIM-1. Dye molecules and
amidoxime PIM-1 has mainly electrostatic interactions.

Adsorption Kinetics
Determination of kinetic parameters is important in the

adsorption since it provides valuable information on the
rate of adsorption. Figure 2a and b exhibit the change in

Topp———
'iii
MO g

pH:3 pH:6 pH:10

L~"). Digital images of MB, MO and MB/MO mixture solutions
before (d) and after (e) in contact with amidoxime PIM-1 at pH 3 and
10 (200 mg L~! total dye concentration)

Amidoxime
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N-H/O-H
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Fig.4 FT-IR spectra of untreated amidoxime PIM-1, MB adsorbed
amidoxime PIM-1 and MO adsorbed amidoxime PIM-1

equilibrium adsorption (g,) as a function of time. In order to
study the adsorption kinetics of MB and MO by Amidoxime
PIM-1. The pseudo-first-order [55], pseudo-second-order
[56], Elovich equation [57] and intra-particle diffusion [58]
were tested by non-linear regression analysis. The non-linear
forms of the equations for the applied kinetic models are
displayed in Table 1.

Considering kinetic models, the pseudo-first-order kinetic
model is more appropriate to define the dynamics of the
initial stage. If the process describes by the pseudo-first-
order kinetic model, it implies that one dye molecule adsorbs
by the one active site of the adsorbent and they usually
have weak interactions [59, 60]. On the other hand, if the
experimental data follows the pseudo-second-order model,
it is suggested that one dye molecule is adsorbed onto two
active sites of the adsorbent. In addition, Elovich equation
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Table 1 Equations of kinetic models and comparison of kinetic parameters for MB and MO adsorption on amidoxime PIM-1

Kinetic model Equation* Parameter Methylene Blue Methyl Orange
Ge, exp.(mg g7 420 52.5
Pseudo First Order Model q; = o ca(l — exp(=k;1) k, (min~") 0.029 0.022
Gocal (Mg g7 40.5 50.0
SSE 53 21.0
R? 0.977 0.963
x> 0.15 0.49
Aq (%) 2.6 45
Pseudo Second Order Model 4= 1Zq'k;: : k, (g mg~! min~!) 0.0010 0.0005
e.cal™2
Geca (Mg &™) 443 56.4
SSE 3.1 4.6
R? 0.9997 0.9997
x2 0.09 0.12
Aq (%) 22 2.4
Elovich q, = ylnab + yInt b(gmg ™) 0.164 0.104
o (mg g~ min™) 17.81 6.25
SSE 24.5 30.2
R? 0.904 0.948
x> 0.75 0.82
Aq (%) 6.3 6.4
Intraparticle q, = ki\/; +C k; (mg g~! min™"?) 0.95 1.53
C 24.4 23.6
SSE 58.8 96.9
R? 0.994 0.993
x> 1.89 2.79
Aq (%) 10.4 12.1

*e, exp e, car ar¢ experimental and calculated equilibrium adsorption capacities, respectively. qt (mg g1 is the adsorption capacity at time 7.
k,, k,, and k; are the rate constants for the respective equations. a and b are the initial adsorption rate constant and desorption constant of the

Elovich model, respectively

is commonly applied to chemisorption kinetics and it is usu-
ally valid for systems that contain heterogenous adsorbing
surface [57]. The intraparticle diffusion model is used to
determine diffusion mechanism and it shows that sorption
is a multi-step process in which the sorbate molecules trans-
port from bulk to the external surface of the adsorbent and
then moves into internal pores [58, 59]. By plotting q, versus
%3, a multi-linear graph is observed for MB and MO adsorp-
tion on amidoxime PIM-1 as shown in Fig. S5 in supporting
information which indicates that more than one step occurs
in the adsorption process. As the lines produced by plotting
q, versus ¢ do not pass the origin, it could be assumed that
be the rate-limiting step was governed by both film diffusion
and intraparticle diffusion.

Obtained kinetic parameters from non-linear fittings
and their statistical analysis data are presented in Table 1.
As suggested by Lima et al. [61], comparing the fitness of
kinetic data by using only one error analysis method such
as SSE, R?, X2 or Aq (%) may mislead the data interpreta-
tion. Therefore, using a combination of these analyses would
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help to distinguish the best kinetic model for the adsorp-
tion. For the data presented in Fig. 2a and b, the pseudo-
second-order model showed the highest R? and the lowest
SSE, X2 and Aq values, indicating the best-fitted model for
the adsorption of MB and MO on amidoxime PIM-1. This
was followed by pseudo-first-order kinetic model. Based on
the error analysis, the lowest degree of fitness was obtained
for the Elovich model. Regarding the data obtained from
intraparticle diffusion kinetic, the adsorption is a multi-step
process in which the rate depends on both film diffusion and
intraparticle diffusion [62].

Adsorption Isotherms

Adsorption isotherms are critical for the estimation of the
adsorption mechanism [63]. Therefore, the equilibrium data
were defined by two-parameter isotherm models (Langmuir
[64], Freundlich [65], Temkin [66] and Dubinin—Radush-
kevich (D-R) [67]) and three-parameter isotherm models
(Redlich—Peterson [68], Sips [69], Khan [70] and Liu [71])
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using non-linear regression analysis method. The isotherm
equations, isotherm constants and their statistical analysis
data are illustrated in Tables 2 and 3 for two and three-
parameter isotherm models, respectively. Experimental and
calculated adsorption capacities of MB and MO by ami-
doxime PIM-1 are also compared in Fig. 5 for three different
temperatures; 283 K, 298 K, 313 K.

Regarding two-parameter isotherm models, while
Langmuir isotherm considers monolayer coverage on the
homogenous surface, Freundlich isotherm shows the heter-
ogeneity on the adsorbate surface [42]. Additionally, Tem-
kin isotherm is depended on an empirical equation which
is defined based on chemical adsorption. Temkin model

considers the effects of adsorbent-adsorbate interactions
and infers that the sorption energy would reduce linearly
with surface coverage [72]. Furthermore, Dubinin—Radu-
shkevich isotherm is an empirical model where adsorp-
tion process follows a pore-filling mechanism. It could
be applied to define the adsorption process takes place
onto both homogeneous and heterogeneous surfaces [73].
Moreover, the mean free energy (E = 1/(\/2KDR)) can
be calculated using isotherm constant (Kjz). Hence, the
mechanism of adsorption can be deduced from the value of
E. Correct determination of “E” relies on the units of Ky
and Polanyi potential (¢) used in D-R equation (Table 2).
The € can be derived using Eq. 6.

Table 2 Two-parameters adsorption isotherm equations, isotherms constants and statistical comparison values for MB and MO on amidoxime

PIM-1
Isotherm Equation* Parameters Dyes
Methylene Blue Methyl Orange
Temperature (K) Temperature (K)
283 298 313 283 298 313
Langmuir 4o = % q,, (mg g™ 86.0 79.3 73.7 92.9 88.1 79.2
o K, (L mg™) 0.019 0.017 0.011 0.021 0.017 0.012
Ry 0.10 0.10 0.15 0.09 0.10 0.14
0.52 0.54 0.64 0.48 0.54 0.62
SSE 1.49 4.73 2.32 1.60 14.13 8.58
R? 0.999 0.997 0.998 0.999 0.993 0.993
X2 0.036 0.110 0.055 0.027 0.250 0.265
Aq (%) 1.51 2.35 1.96 1.08 3.08 4.83
Freundlich 4. = KFC;/" I/n 0.28 0.32 0.36 0.27 0.32 0.35
Kp (L g™ 14.18 10.22 7.08 17.02 11.81 8.19
SSE 64.11 78.25 54.84 85.04 96.56 80.48
R? 0.953 0.958 0.952 0.947 0.955 0.941
X’ 1.26 1.75 1.56 1.67 2.12 2.38
Aq (%) 8.38 9.73 11.58 9.53 10.10 14.40
Temkin 4 = (%)ln(KTCe) Ky (Lg™ 0.25 0.19 0.11 0.30 0.19 0.11
b (J mol™) 147.75 151.80 152.84 139.84 136.55 142.43
SSE 19.68 19.06 12.50 29.42 31.09 23.24
R? 0.985 0.990 0.989 0.981 0.985 0.982
X2 0.32 0.34 0.27 0.52 0.64 0.59
Aq (%) 3.84 3.79 4.15 5.10 5.31 6.67
D-R q, = q,exp(—Kpgre®) qs (mg g™ 70.81 63.70 56.61 78.15 72.07 61.98
Kpg (x 107 (mol® kJ72) 1.80 1.44 2.73 1.58 1.74 2.61
SSE 178.95 215.03 126.88 168.58 154.36 108.27
R? 0.879 0.893 0.895 0.900 0.930 0.922
X2 3.39 4.60 3.48 2.72 2.50 2.55
Aq (%) 13.04 14.66 16.38 10.79 9.33 13.20

*q,, and q; are the equilibrium adsorption capacities of Langmuir and D-R isotherms, respectively. C, (mg L") is the adsorbate concentration
at the equilibrium. K, Kg, K, Kpg are the equilibrium constants of respective isotherms. 1/n is the adsorption intensity, b is the heat of adsorp-
tion. R is the gas constant (8.314x 107> kJ K~! mol~!) and T is the absolute temperature (K) and ¢ is the Polanyi potential
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Table 3 Three-parameters

e . Isotherm Equation* Parameters Dyes
adsorption isotherm equations,
isotherms constants and Methylene Blue Methyl Orange
statistical comparison values
for MB and MO on amidoxime Temperature (K) Temperature (K)
PIM-1 283 298 313 283 298 313
Redlich—Peterson 4, = % q,, (mg g™ 86.11 7829 73773 92.16 8545 79.25
‘ Ky (L mg™h) 0.018 0.018 0.011 0.022 0.018 0.012
ng 1.00 099 1.00 1.00 0.99 1.00
SSE 1.50 463 232 159 1397 8.58
R? 0.999 0.997 0.998 0.999 0.993 0.993
x> 0.036 0.106 0.055 0.027 0.258 0.265
Aq (%) 152 230 196 111 321 4.83
Sips 4, = {1I+ii q,, (mg g™h 87.00 8129 7371 9295 88.07 79.25
o Kg (L mg™) 0.021 0.020 0.011 0.021 0.017 0.012
ns 0961 0.945 1.000 1.000 1.000 1.000
SSE 1.16 423 232 1.60 14.13 8.58
R? 0.999 0.998 0.998 0.999 0.993 0.993
X’ 0.022 0.093 0.055 0.027 0.250 0.265
Aq (%) 1.04 215 196 1.08 3.08 4.83
Khan q, = _9nKkCe q,, (mg g™h 84.03 76.28 9531 9128 8198 1035
(14K C,)"K
Ky (L mg™) 0.019 0.018 0.008 0.022 0.019 0.009
ng 0992 0984 1.131 0993 0971 1.135
SSE 133 465 092 158 1375 6.37
R? 0.999 0.997 0.999 0.999 0.993 0.995
x> 0.028 0.104 0.017 0.027 0259 0.166
Aq (%) 124 226 091 112 325 3.58
Liu _ au(KuC)"M g, (mg g™ 87.00 8129 69.61 92770 86.66 72.44
e = Ta(kucy™
K, Lmg™) 0018 0016 0013 0.021 0018 0.015
0y, 096 095 1.13 1.01 1.04 1.25
SSE 1.16 423 085 1.60 13.90 3.25
R? 0.999 0.998 0.999 0.999 0993 0.997
x> 0.022 0.093 0.019 0.026 0232 0.061
Aq (%) 1.04 215 1.08 1.04 287 1.82
#q,, is the equilibrium adsorption capacity of respective isotherm. Ce (mg L™') is the adsorbate concentra-
tion at the equilibrium. Ky, KKy, Kj;, are the equilibrium constants of respective isotherms. ng, ng, ng
and ng;, are the model exponents of respective isotherms
1 Considering three-parameter isotherm models,
€= RTln<1 + a) (6)  Redlich-Peterson and Sips isotherms are hybrid isotherms

where R is the gas constant (8.314 x 107> kJ K~! mol~!) and
T is the absolute temperature (K). C, is the equilibrium con-
centration which usually applied with the units of mg L™!
or mol L™!. However, Hu et al. [74], has shown that Polanyi
potential calculated using C, is not correct since the loga-
rithmic term must be dimensionless. The mean free energy
(E) calculated by using € value which is obtained by C, is
incorrect. Therefore, we have avoided calculating the mean
free energy from these values [74].

@ Springer

featuring both Langmuir and Freundlich isotherms. Their
non-linear forms are presented in Table 3. These models
combine three parameters into an empirical equation [68,
71]. Generally, minimizing procedure is applied to solve the
equations by maximizing correlation coefficients between
experimental and calculated values using Microsoft excel
solver add-in function. Although numerous reports do
not take into account, the values of exponents (n) (ng for
Redlich—Peterson and ns; for Sips isotherm) should be
0<n<1 in order to approximate correct parameters [61].
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Fig.5 Comparison of adsorption isotherms for a MB and b MO adsorption on amidoxime PIM-1 at (1) 283 K, (2) 298 K and (3) 313 K

Khan isotherm is a generalized model proposed for the pure
solutions and no restriction has been highlighted related to
the values of isotherm parameters [70]. In addition, Liu iso-
therm is another isotherm model that combines Langmuir
and Freundlich isotherm models [61, 71]. The monolayer
assumption of Langmuir and the infinite adsorption assump-
tion of Freundlich models are discarded by Liu model which
assumes that the active sites of the adsorbent cannot possess
the same energy. Furthermore, Liu model has no restriction

regarding the exponent value (n;;,) that could be any posi-
tive value unlike Redlich—Peterson and Sips isotherms expo-
nents [61].

As it is demonstrated in Table 2, the best-fitted isotherm
model considering the SSE, RZ, X2 and Aq values that
obtained for two-parameter isotherms to be in the order of
precision; Langmuir, Temkin, Freundlich and Dubinin—Radu-
shkevich isotherms. Hence, the adsorption is better described
by the Langmuir model, indicating both dyes adsorb as a
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monolayer on the amidoxime PIM-1 surface. These results
agree well with the previous studies performed by hydrolyzed
and amine-modified PIM-1 samples [19, 20]. The feasibility
of MB and MO adsorption onto amidoxime PIM-1 was further
investigated using the dimensionless parameter of R; which
is a derived parameter from the Langmuir equation as shown
inEq. 7.

1
R = —b
LT 14K, G )

where C,; and K| are the initial concentration of dyes and the
Langmuir constants for corresponding dyes. The adsorption
can be described as reversible (0), favourable (0 <R; < 1),
unfavourable (R; > 1) or linear (R; =1) depending on the R;
values [75]. The R, values for adsorption of MB and MO
on amidoxime PIM-1 are calculated between 0.10 and 0.64
(Table 2), revealing that the adsorption process is favourable.
Furthermore, the relationship between R, values and tem-
perature is presented in Table 2 which reveals that R; values
increased with an increased temperature, indicating reduced
temperature could promote the adsorption [60].

In general, three-parameter isotherm models have greater
correlation coefficients (R%) and lower relative errors (Aq)
compared to two-parameter isotherms models. The experi-
mental and calculated values are in good agreement for all
three-parameter isotherm models. Hence, Liu and Khan iso-
therm models are provided the best correlations for the adsorp-
tion of both MB and MO on amidoxime PIM-1. Although
mathematically correct, Khan isotherm model fails to predict
correct equilibrium adsorption capacity (g,,,) value at high tem-
perature (313 K) as demonstrated in Table 3. Therefore, it was
concluded that the adsorption of MB and MO on amidoxime
PIM-1 was best described by Liu isotherm. In addition, the
applicability of all isotherms indicates that both monolayer and
heterogeneous surface conditions exist under the experimental
conditions. Calculated g, values and isotherm parameters for
all models are displayed in Table 3 for both MB and MO at
various temperatures.

Adsorption Thermodynamics

The thermodynamic parameters such as change in Gibbs
free energy (AG®), change of enthalpy (AH®), and changes in
entropy (AS°), express the feasibility of the adsorption process.
The Van’t Hoff equation (Eq. 8) has been commonly employed
to determine those parameters by measuring the changes in the
equilibrium constant with variations of temperatures [41, 76].
Hence, the equilibrium constant is the essential requirement to
obtain correct values of thermodynamic parameters.

AG’ = —RTInK (8)

@ Springer

where R, T and K represent the universal gas constant

(8.314] K~! mol™), the absolute temperature (K) and the

thermodynamic equilibrium constant, respectively.
Regarding the 3rd principle of the thermodynamics;

AG° = AH° — TAS 9)
Combination of Eqs. 8 and 9 results in Eq. 10.

AH° ~AS°

Ik = 22" 4
n RT ' R

(10)

Eventually, enthalpy (AH®) and entropy (AS®) values can
be obtained by plotting In K versus 1/T from the slope and
the intercept of this graph, respectively. Although several
different ways of using equilibrium constant can be found in
adsorption literature [44—47], it is necessary to use correct
equilibrium constant value to obtain correct thermodynamic
values. The correct determination of equilibrium constant
can be achieved by first obtaining adsorption isotherms at
different temperatures and then making their non-linear fit-
tings [41]. Furthermore, the equilibrium constants calculated
from the adsorption isotherms are usually expressed in mg
L~ or mol L~! which must be dimensionless to be used in
Van’t Hoff equation. Recently, Lima et al. [41] have reported
the correct use of the equilibrium constant by using Eq. 11
which utilizes the equilibrium constants from the best-fitted
isotherm and turns into dimensionless factor.

X K; x 1000 X molecular weight of adsorbate

, an

Based on the data from the adsorption of MB and MO on
amidoxime PIM-1, Liu isotherm gave the best fit. Thus, Liu
constants (K, ,,, L mg~!) were calculated from the isotherms
for each temperature (Table 3) to estimate thermodynamic
parameters. Dimensionless equilibrium constants (K) were
derived from Liu isotherm constants according to Eq. 11 [41]
and presented in Table 4. Hence, thermodynamic parameters
such as AG® (gibbs free energy), AH® (enthalpy) and AS°
(entropy) for the adsorption of MB and MO onto amidoxime
PIM-1 were determined using Egs. 8—10. In K values were
derived from dimensionless equilibrium constants (K) as
provided in Table 4 and plots against 1/T (Fig. 6), which
provides the values of AH® and AS° from the slope and
intercept of graph based on the Eq. 10. The obtained values
of AH® and AS° are also presented in Table 4. It can be
seen that AH® has a negative value for both dyes (— 8.7 and
—9.3 kJ mol~! for MB and MO, respectively) suggesting the
adsorption process is an exothermic process. This result is in
line with the R, values obtained from Langmuir isotherm.
On the other hand, AS® shows positive values for both dyes
(41.6 and 40.7 J K~ mol™! for MB and MO, respectively)
revealing increased randomness at the solid/solution inter-
face. Consequently, AG® values, were derived, which show
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T?ble 4_ Calculateq .valiues of Isotherm Parameters Dyes
dimensionless equilibrium
constants (K) based on Liu Methylene Blue Methyl Orange
isotherm, enthalpy (AH®),
entropy (AS®) and Gibb’s free Temperature (K) Temperature (K)
energy (AG®) values 283 298 313 283 298 313
Liu InK 8.68 8.55 8.30 8.85 8.64 8.42
AH (kJ mol™) —8.7 -93
AS (J K ' mol™) 41.6 40.7
AG (kJ mol™) —20.46 —-21.08 —-21.70 —20.86 —-21.47 —22.08
9 - further continued using a drop of 1 M HCI or 1 M NaOH
] y = 1.1219x + 4.8995 solutions for MB and MO adsorbed amidoxime PIM-1s
| R =0.9963 /,/0 respectively. Although slight desorption was observed for
1 /,/" both dyes, the complete desorption could not be obtained
| /,—‘Q’ ,,,,, i by using water. Therefore, we have placed dye—adsorbed
X L .’,.»—‘/ amidoxime PIM-1 in ethanol solutions and 1 M HCl or 1 M
£8.5 1 o” e . NaOH solutions were added drop-wisely to these solutions.
1 e Y e ! With the addition of acid or base, the solution became col-
7 ¢ eMB oured with the desired species immediately as illustrated in
] oMo Fig. S6 in supporting information, indicating the adsorption
. occurs by electrostatic attractions.
8 —— T
3.1 3.3 3.5
1/T (x10%)

Fig.6 Plot of In K versus 1/T for MB (filled circles) and MO (open
circles) adsorption on amidoxime PIM-1

negative values (~ (— 21 kJ mol™")) for all temperatures and
both dyes, indicating the adsorption onto amidoxime PIM-1
is spontaneous and physical. Since the free energy change
is less than 40 kJ mol~!, adsorption considered as physical
otherwise chemical adsorption presents.

Desorption

Efficient desorption of dyes is also as important as the
adsorption process since it indicates not only the reus-
ability of the adsorbents but also the possible mechanism
of the adsorption. When desorption occurs by only using
water, it shows weakly attached adsorbate. If the desorption
requires strong acid or base, it manifests that the attachment
occurs by electrostatic interaction or ion exchange [77]. In
our previous studies, we have presented that adsorbed dyes
from modified PIM-1s could be desorbed simply using 1 M
NaOH or 1 M HCI solutions in ethanol [31, 32] while treat-
ing with water does not help to desorb dyes from modified
PIM-1s surface. Hence, amidoxime modified PIM-1s were
first placed into neutral distilled water after the adsorption of
MB and MO which showed no sign of desorption. This was

Conclusions

Chemical modification of PIM-1 powder was achieved using
hydroxylamine compound to obtain amidoxime PIM-1. Fol-
lowing the characterization of amidoxime PIM-1, dye uptake
ability was investigated using MB and MO dyes from water.
The non-linear regression analysis has been performed to
analyze adsorption isotherm and kinetic models. Based on
the data obtained from combined error analysis methods, Liu
isotherm was found as the best isotherm model to describe
the adsorption of both dyes on amidoxime PIM-1. The cal-
culated equilibrium adsorption capacities (g,,,) were found as
86.7 mg g~' and 81.3 mg g~! for MO and MB, respectively
at pH 6 and 298 K. The calculated values were quite close to
experimental values. Moreover, Amidoxime PIM-1 has the
ability to adsorb both dyes from binary mixtures simultane-
ously. Furthermore, the affinity could be improved for the
desired species by simply changing the pH of the solution.
The pseudo-second-order kinetic model has the best fit for
the adsorption. Thermodynamic parameters were deter-
mined by obtaining dimensionless equilibrium isotherms
constants at various temperatures. Consequently, it was
found that the adsorption of MB and MO onto amidoxime
is physical, spontaneous and exothermic.
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