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Abstract The oxidative polymerizations of 2-methyl-m-phenylenediamine were performed to syn-

thesize PMPDIA-A and PMPDIA-B polymers by H2O2 (35% aqueous solution) oxidant in acid-

catalyzed ethanol and basic aqueous medium. Furthermore, PMPDIA-E polymer of 2-methyl-m-

phenylenediamine was enzymatically synthesized by HRP (horseradish peroxidase) enzyme and

H2O2 (35% aqueous solution) in dioxane/0.1 M phosphate tampon solution (pH = 7) mixture.

The structures of 2-methyl-m-phenylenediamine and polymers were confirmed by FT-IR, NMR

and UV–Vis spectrometer measurements. Molecular weight distributions, surface morphologies,

thermal and fluorescence properties of polymers were determined from GPC, SEM, TG-DTA,

DSC and fluorescence spectra analyses, respectively. CV and UV–Vis analyses were performed to

determine the HOMO–LUMO energy levels, electrochemical (E0
g) and optical (Eg) band gaps values

of MPDIA, PMPDIA-E, PMPDIA-A and PMPDIA-B. The electrochemical and optical band gaps

values of polymers were lower than MPDIA, because of their polyconjugated structures. According

to GPC measurements of polymers, the weight average molecular weights were between 5400 and

10400 Da. The fluorescence quantum yield of PMPDIA-E was calculated to be 9.15% in DMSO

solution. The adsorption of methylene blue (MB) from aqueous solution on PMPDIA-B was stud-

ied. Adsorption isotherms and equilibrium adsorption capacities were determined by the fitting of

the experimental data to two well-known isotherm models: Langmuir and Freundlich.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, conjugated polymers (CPs) have attracted

much attention of researchers because of their thermal stabil-
ity, electrochemical and optic properties, and low band gaps
(Wen et al., 2019). This can be related to the presence of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2020.09.052&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kayaismet@hotmail.com
https://doi.org/10.1016/j.arabjc.2020.09.052
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2020.09.052
http://creativecommons.org/licenses/by-nc-nd/4.0/


8184 H. Karaer Yağmur, _I. Kaya
p-conjugated structure. This p electrons delocalization
decreases the band gap energy value. So, these polymers were
used for accumulators, conductive coatings, solar cells, sen-

sors, light-emitting diodes and electro chromic devices.
Phenylenediamines and derivates have been used to synthe-

size new conjugated polymers (Zoromba and Al-Hossainy,

2020; Sestrem et al., 2010). The aniline is chemically polymer-
ized to synthesize polyaniline. Polyaniline is preferred polymer
due to its electrical conductivity. Among the derivatives of ani-

line, phenylenediamines are the most promising compounds
(Blaha et al., 2018). The aromatic diamines such as poly(m-
phenyldiamine), poly(o-phenyldiamine) and poly(p-
phenyldiamine) can be synthesized by oxidative polymeriza-

tion reactions using air, NaOCl, H2O2 which are known oxi-
dants (Fathy et al., 2020). These polymers are usually
synthesized by oxidative polymerization reactions using air,

NaOCl, H2O2 which are known oxidants (Demir et al.,
2006). Poly(phenylenediamine)s have been widely applied for
biosensors and sensors, electro catalysis and supercapacitors

owing to their the high conductivities and electrochromic
properties (Jiang et al., 2020).

Enzymatic oxidative polymerization of phenols has been

widely studied by many polymer research groups in the last
decades. Syntheses of a variety of poly(aromatics) using aniline
and phenol derivatives were accomplished enzymatically using
oxidoreductase enzymes under mild reaction conditions in

good yields (Kumbul et al., 2016). Enzymatic polymerization
is important a method for biosensor development and biocat-
alysts synthesis. Also, this method is a new approach for syn-

thesis of electronic and optic active polymers. This
polymerization has some important benefits such as simple set-
ting, high yields and environmental friendly route. Horserad-

ish peroxidase (HRP) is the most widely used biocatalyst for
the polymerization of phenols, anilines, their derivates and a
series of new poly(aromatic) compounds in the existence of

an oxidant such as H2O2 (Turac and Sahmetlioglu, 2010).
HRP is an oxidoreductase and it has been widely used for
the synthesis of phenol and aniline derivates in the existence
of an oxidant such as H2O2 (Khosravi et al., 2013). The hydro-

gen peroxide (H2O2) is a compound of great interest in indus-
trial (e.g., mining, textile, and food), pharmaceutical, clinical,
environmental topics (in the oxidation of organic molecules)

(Tang et al., 2006). Therefore, conjugated polymers can also
be synthesized by enzymatic polymerization method and used
in semiconductor materials production such as ion exchangers

and rechargeable batteries (Çetin et al., 2018). So, syntheses of
new poly(phenylenediamine) are important in the production
of semiconductor materials. The increases of the environmen-
tal pollution have dangerous side effects on water, atmosphere,

soil etc. and have severely affected human health. Regarding
water; dyes, pesticides, drugs and heavy metals are typical
wastewater pollutants and has severely affected human health.

With growing human population, synthetic dyes are used in
many industrial applications such as food, leather, pharmaceu-
tical and textile. Several methods such as extraction, ion

exchange, photo degradation, flocculation, chemical oxidation,
coagulation and adsorption have been investigated for
removal various pollutants from water. Among these methods,

adsorption is a simple and effective technique. But, the prepa-
ration of new and effective adsorbents is important (Minisy
et al., 2020).
Conjugated polymers, particularly for poly(aniline), poly
(pyrrole), poly(thiophene) and their derivatives, have been
widely applied in wastewater purification owing to their unique

properties, such as easy synthesis, porous structure, good elec-
trorheological property, non-toxicity, etc. (Huang et al., 2014).
More types of HRP-catalyzed polymers are required for new

applications in wastewater purification, such as poly
(phenylenediamine), which is a promising type of polymer with
a porous structure.

In present study, 2-methyl-m-phenylenediamine (MPDIA)
was polymerized by HRP enzyme in 0.1 M phosphate tampon
solution (PH = 7)/dioxane mixture with H2O2 as oxidant.
Also, MPDIA was polymerized via oxidative polymerization

in acid-catalyzed organic medium and basic aqueous medium
by H2O2 as oxidant. The structure confirm and characteriza-
tions of MPDIA, PMPDIA-A, PMPDIA-B, PMPDIA-E poly-

mers were made by FT-IR, NMR, UV–Vis, TG-DTA, CV and
fluorescence measurements. Also, GPC, DSC and SEM mea-
surements of polymers were made for molecular weight distri-

butions, surface morphologies and glass transition
temperatures (Tg), respectively. Kinetic adsorption studies
related to PMPDIA-A and PMPDIA-E were carried out, but

their adsorption capabilities were not as strong as PMPDIA-
B. So PMPDIA-B was used as an adsorbent. The adsorption
of the PMPDIA-B was investigated for removal of methylene
blue (MB) from aqueous solution. The adsorption data were

fitted to kinetics and isotherm models. Adsorption data were
analyzed by both Langmuir and Freundlich adsorption iso-
therms and the results showed that it was better described by

the Freundlich model. The sorption kinetics of MB onto
PMPDIA-B was described by the pseudo-second-order kinetic
model.
2. Experimental

2.1. Materials

Horseradish Peroxidase (HRP) with a specific activity of 259

purpurogallin units/mg solid and absorbance ratio (Rz) of
3.0. was provided from Sigma-Aldrich Chemical Co. (Ger-
many). 2-methyl-m-phenylenediamine (2,6-diamino-toluene)
(MPDIA), 0.1 M buffer solution (disodium hydrogen phos-

phate, pH = 7), ethanol, NaOH, HCl (37% aqueous), 1,4-
dioxane and hydrogen peroxide (H2O2) (35% aqueous solu-
tion) were purchased from Merck Chemical Co. Germany.

All compounds were used without purified.

2.2. Enzymatic polymerization of MPDIA

PMPDIA-E was synthesized based on the synthetic routes
reported in the literature (Kaya and Kolcu, 2018). The 2-
methyl-m-phenylenediamine (MPDIA, 0.45 g) was dissolved

into 30 mL of 1,4-dioxane in a 100 mL beaker. About
6.0 mg of HRP was dissolved into 7.5 mL 0.1 M phosphate
buffer (pH = 7) and the solution added to reaction mixture
at 25 �C. The enzymatic polymerization was formed with add-

ing 230 lL of H2O2 (35% aqueous solution). Then, 2 mL of
H2O2 (35% aqueous solution) was added to dropwise within
two hours to reaction mixture at room temperature and the

mixture was stirred for 24 h. Then, the product was filtrated,
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washed with plenty of ethanol and water. The product
(PMPDIA-E) was dried at 50 �C in a vacuum oven for 24 h.
The reaction procedure and binding of radicals was displayed

in Scheme 1. The yield of PMPDIA-E was calculated to be
50%. 13C NMR (DMSO d6) d, ppm: 161.93, 158.94, 152.04,
150.78, 136.93, 133.53, 128.15, 125.85, 120.71, 111.93, 102.59,

72.91, 24.48.

2.3. Syntheses of PMPDIA-B and PMPDIA-A via oxidative
polymerization

PMPDIA-B and PMPDIA-A were synthesized reported litera-
ture (S�enol and Kaya, 2015; Kaya and S�enol, 2014). PMPDIA-

A was obtained through the oxidative polymerization of
MPDIA by H2O2 (35% aqueous solution) as oxidant in ethyl

alcohol medium. 2-methyl-m-phenylenediamine (MPDIA)
(0.45 g, 3.69 � 10-3 mol) was dissolved in 30 mL of ethyl alco-
hol placed into a 100 mL two-necked round-bottom flask,

which was fitted with a thermometer and condenser. Then,
2 mL acetic acid glacial was added to reaction mixture. More-
over, H2O2 (35% aqueous solution) solution (about 2 mL) was
Scheme 1 Synthesis
added to dropwise over about 30 min by a funnel containing
H2O2. The reaction mixture was stirred at 60 �C for 24 h.
Then, the mixture cooled to room temperature. The product

was precipitated with acetone and filtered to remove it from
the solvent. Then product (PMPDIA-A) was dried in a vac-
uum oven at 50 �C 24 h. The reaction procedure is given in

Scheme 2. The yield of PMPDIA-A was calculated to be
45%. 13C NMR (DMSO d6) d, ppm: 153.78, 140.97, 139.32,
138.44, 130.91, 126.72, 123.08, 110.03, 104.20, 92.14, 17.21.

For the synthesis of PMPDIA-B, 2-methyl-m-
phenylenediamine (MPDIA) was performed in an aqueous
alkaline medium by H2O2 (35% aqueous solution) as an oxi-
dant in the polymerization reaction. The MPDIA (0.45 g,

3.69 � 10-3 mol) was dissolved in 30 mL of 0.4 M NaOH solu-
tion placed into a 100 mL two-necked round-bottom flask
which was fitted with a thermometer and condenser. While

the mixture temperature was at 70 �C, 2 mL of 35% H2O2

was added to the mixture at regular intervals. The mixture
was refluxed for 24 h. After the reaction was completed, the

mixture was neutralized by HCl (0.4 M). The product was fil-
trated, washed with plenty of ethanol and water for removed
of PMPDIA-E.



Scheme 2 Synthesis of PMPDIA-A.
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salt and unreacted monomer, respectively. After being dried at

50 �C in a vacuum for 24 h, the product (PMPDIA-B) was
obtained. Reaction procedure is displayed in Scheme 3. The
yield of PMPDIA-B was calculated to be 60%. 13C NMR
(DMSO d6) d, ppm: 153.28, 151.70, 139.45, 138.35, 137.40,

129.55, 128.05, 124.15, 118.24, 116.35, 108.66, 105.25, 14.30.
The colors of the polymers were brown.

2.4. Characterization

The functional groups of compounds were determined by an
infrared spectrophotometer (PerkinElmer Frontier) by attenu-

ated total reflection (ATR) at room temperature (4000–
450 cm�1). 1H and 13C NMR spectra were carried out by
Agilent 600 MHz and 150 MHz Premium COMPACT NMR

magnet spectrometer at room temperature using DMSO d6,
and tetramethylsilane was used as an internal standard. A Per-
kin Elmer Diamond Thermal Analysis system (TG-DTA) was
used to obtain thermal data of compounds. Perkin Elmer Sap-

phire Differential Scanning Calorimetry (DSC) was used for
determination to the glass transition temperature (Tg) of
PMPDIA-E, PMPDIA-B and PMPDIA-A in the range

between 25 �C and 450 �C. Both TG-DTA and DSC analyses
were performed at a heating rate of 10 �C min�1 under N2

atmosphere (200 mL min�1). For thermal analyses measure-

ments were used about 10 mg matters between 20 and
1000 �C at the N2 atmosphere at flow rate 200 mL min�1.
The z-average molecular weight (Mz), The peak average molec-



Scheme 3 Synthesis of PMPDIA-B.
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ular weight (Mp), the number-average molecular weight (Mn),
the average molecular weight (Mw) and the polydispersity

index (PDI) of polymers were determined by using Gel Per-
meation Chromatography-Light Scattering (GPC-LS, Mal-
vern Viscotek GPC Dual 270 max (UK) with a Light

Scattering Detector of a medium 8.00 mm x300 mm Dual col-
umn and a refractive index detector (RID). SEM (scanning
electron microscope) images of the polymers were recorded
by SEM JEOL, JSM-7100F model (Japan). Cyclic voltamme-

try (CV) measurements were performed in 0.1 M tetrabutylam-
monium hexafluorophosphate (TBAPF6) acetonitrile solution
by using a CH 660C Electrochemical Analyzer (CH Instru-

ments, Texas, USA) at a potential scan rate of 20 mV s�1. Flu-
orescence measurements were performed by a Shimadzu RF-
5301PC spectrofluorophotometer. UV–vis analyses were per-

formed by Analytikjena Specord 210 Plus (kmax: 663 nm for
MB) spectrophotometer.

2.5. Adsorption experiments

Kinetic experiments were carried out by contacting 100 mL
dye solution of the initial concentration of 100 mg L-1 with
0.03 g adsorbent (PMPDIA-B) in 100 mL conical flasks at
room temperature (25 �C) and natural pH (MB: 7.73). Kinetics
of the adsorption was determined by analyzing adsorptive

uptake of the dye from aqueous solution at different time
intervals.

Adsorption equilibrium studies were carried out by contact-

ing 0.02 g of adsorbent with 100 mL of dyes solution of differ-
ent initial concentrations (10–100 mg L-1) in 100 mL stopper
conical at 25 �C. The mixture was shaken at 500 rpm for
5 h. The amount of adsorbed dye qe (mg g�1) was calculated

as follows:

qe ¼ Co� Ceð ÞV=m ð1Þ
Where Co and Ce are the initial and equilibrium concentra-

tions (mg L-1), respectively. V (L) is solution volume and m (g)

is the mass of adsorbent.

3. Results and discussion

3.1. Characterization of the polymers

Fig. 1 shows the FT-IR spectra of MPDIA, PMPDIA-A,
PMPDIA-B and PMPDIA-E. In MPDIA, two sharp bands
observed at 3401 and 3323 cm are related to asymmetrical



Fig. 1 FT-IR spectra of MPDIA, PMPDIA-E, PMPDIA-B and PMPDIA-A.
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(-N-H) and symmetrical (-N-H) stretching modes of NH2

group. In compounds PMPDIA-A, PMPDIA-E, PMPDIA-
A, these bands appear at 3342 and 3205, 3342 and 3213,

3216, respectively, confirming the presence of primary aro-
matic amine (–NH2) group. The band at 3027 cm�1 is –
CH3 group in MPDIA. All the polymers shows adsorption
band at 2987–2988 cm�1 is because of the stretching vibra-

tion mode of the -C-H bonds of –CH3 group which is joined
to the aromatic ring. 3225–3000 cm�1 is the aromatic C-H
stretching region, there are no observable bands in FT-IR

spectra of polymers, and they merged with –CH3 stretching.
–C-H in plane bending appears at the range 1182–
1036 cm�1 for MPDIA (Gupta et al., 2013). The absorption

peaks for MPDIA monomer at 1143, 1054 cm�1 are corre-
sponding to in-plane; but 774, 828, 858 cm�1 are related to
out-of-plane -C-H bending vibration modes (Pramodini

et al., 2013).
The bands at 3401 and 3323 cm�1 are associated with the
primary amine group occur weaker after polymerization
because of hydrogen separation from the primary amine group

(S�enol and Kaya, 2019). The peaks in the FT-IR spectrum of

polymers are broader than those of monomers because of their

polyconjugated structures. So, it was observed a decrease in
the number of bands (S�enol, 2020). The bands at 3401 and

3323 cm�1 are connected to the vibrations of primary amine
group of MPDIA were transferred into a secondary amine

observed as one broader band at 3226 cm�1 for PMPDIA-A
characterizing that oxidative polymerization took place on
nitrogen atoms of primary amine groups, as observed in

Fig. 1. 1142, 1213 cm�1 and 1526, 1174, 1233 and
1523 cm�1, 1153, 1216 and 1524 cm�1, are related to the C-
C (or C-N) stretching modes for benzenoid ring of
PMPDIA-B, PMPDIA-E and PMPDIA-A, respectively

(Zoromba and Al-Hossainy, 2020; Minisy et al., 2020;
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Pramodini et al., 2013; Olmedo-Martı́nez et al., 2019; Huang
et al., 2001).

The stretching vibration bands of aromatic ring C = C

bonding were observed at 1520, 1522 and 1528 cm�1 for
PMPDIA-B, PMPDIA-A and PMPDIA-E, respectively. The
antisymmetric deformation bands of –NH2 or –NH2

+ groups

are observed at 1465, 1444, 1447 and 1454 cm�1 for MPDIA,
PMPDIA-A, PMPDIA-B and PMPDIA-E, respectively. The
similar results were determined for these functional groups in

obviously studies (Bilici et al., 2010). The above results are
in agreement with one other the reported results (Gupta
et al., 2013; Pramodini et al., 2013). These results confirm
the molecular structure of the synthesized polymers. As stated

in the previous studies, amine-based monomers can be poly-
merized by phenylene (C-C) or (C-N) couplings by nitrogen
atom of –NH2 coupling of monomer units with ortho or para

position of the phenylendiamine in terms of –NH2 group
(Topal et al., 2017). Since (–NH2) group is ortho and para
directing group in the aromatic ring, the syntheses of polymers

are expected to occur via the coupling of carbon radicals
abbreviated as R1, R2, R3 and R4. Scheme 4 shows the possi-
Scheme 4 Possible resonance structures MPDIA (A) an
ble four radicalic forms of MPDIA and different coupling
forms for the synthesis of polymers. Therefore, polymers were
ascribed to comprise the ortho–ortho, ortho–para and amine-

ortho connected phenyl repeat units.
MPDIA was polymerized acidic and basic media with

H2O2. Moreover, MPDIA monomer was then enzymatically

polymerized in the existence of HRP enzyme with H2O2,
resulting in the formation of radicals, which were then linked
via C-C, N-N and C-N-C couplings. The most probable route

for the polymerization method was through the coupling of R1
and R4 (or R3) concurrent resulting in C-NH-C bond forma-
tions (Scheme 4) (Kolcu, 2019).

Fig. 2 (A) and (B) show the 13C NMR and 1H NMR spec-

tra of the MPDIA respectively. In the 1H NMR (Fig. 2 A)
spectra of MPDIA, four signals observing at 6.59 (triplet),
5.96 (doublet), 4.45 (singlet) and 1.82 (singlet) ppm were

related to aromatic -Ha, -Hb, –NH2, and –CH3 protons,
respectively. In the 13C NMR (Fig. 2 B) spectra of MPDIA,
five signals are seen at 146.96, 125.47, 105.43, 104.69 and

11.20 ppm and these values were related to C5, C4, C3, C2
and C1 carbon atoms, respectively.
d different coupling states of radicals of MPDIA (B).



Fig. 2
1H NMR (A) and 13C NMR (B) spectra of MPDIA in DMSO d6.
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Fig. 3 shows the 1H NMR spectra of PMPDIA-E,
PMPDIA-B and PMPDIA-A. The peaks appeared at 9.90,
7.39 and 2.08 ppm were assigned to –NH, aromatic -Ha and

–CH3 protons of PMPDIA-E. The signals of –NH, and –
NH2, aromatic -Ha, -Hb, –Hc and –CH3 protons of
PMPDIA-B were observed at 9.14, 5.86 ppm and 5.14 ppm,

7.20, 7.00, 6.90 ppm and 2.04 ppm, respectively. The peaks
at 10.00, 7.46 and 1.29 ppm were related to –NH, aromatic -
Ha and –CH3 protons of PMPDIA-A. The 1H NMR spectra
of polymers show broad signals for aromatic protons which

confirm the participation of aromatic ring in polymerization
(Kaya et al., 2017). According to the 13C NMR result of
MPDIA, the signal of the carbon atom to which the nitrogen

atom is attached was observed at 146.96 ppm. On the other
hand, the signals of these carbon atoms in PMPDIA-E
PMPDIA-A PMPDIA-B were observed at 161.93, 153.78

and 153.28 ppm, respectively. The shifting of these values to
the lower field shows that ringing and conjugation occurred
in the structure of polymers. The shifting to the lower field

of this carbon atom of the enzymatic polymer was demon-
strated to be formation of -C = N- group into of ring in the
structure. Also, new peaks were observed due to polymeriza-
tion at the 13C NMR spectra of PMPDIA-E PMPDIA-A

PMPDIA-B as different from the monomer.
The Mw, Mn, PDI, Mz and Mp values of polymers were

defined by GPC analysis and displayed in Table 1. GPC curves

of obtained polymers were displayed in Fig. 4. Although the
high molecular weight polymer can be synthesized by chemical
oxidative polymerization (Khosravi et al., 2013; Bilici et al.,

2010), the enzymatic polymerization leads to the formation
of an oligomer. According to Table 1, the average molecular
weight values were as follows PMPDIA-B > PMPDIA-E >
PMPDIA-A. PMPDIA-B has higher molecular weight than
PDIABA-E and PMPDIA-A owing to more active radical cen-
ters (Kaya and Kolcu, 2018; Temizkan and Kaya, 2020). The
Mw values of PMPDIA-A, PMPDIA-B and PMPDIA-E were

found to be 5400, 10,400 and 10000 Da, respectively. It is seen
that Fig. 4, two peaks were observed at chromatogram of
PMPDIA-A. These values of PMPDIA-A were calculated

according to main peak in the chromatogram.

3.2. Thermal analysis

The TG and DTG curves of compounds were given in Fig. 5.

The TG and DTG data of the MPDIA, PMPDIA-A,
PMPDIA-B and PMPDIA-E were given in Table 2. According
to DTA analysis of MPDIA, endothermic peaks were observed

at 106 and 206 �C. MPDIA was degraded one step. While
PMPDIA-E and PMPDIA-B were degraded at the two steps,
PMPDIA-A was degraded at the three steps. According to

the TG curves of PMPDIA-E, PMPDIA-A and PMPDIA-B,
the moisture or organic solvents were removed between 50
and 105 �C. These values of PMPDIA-E, PMPDIA-A and

PMPDIA-B were found to be 5.20, 7.35 and 3.0%, respec-
tively. The starting degradation temperatures (Ton) were 176,
135, 124 and 137 �C for MPDIA, PMPDIA-E, PMPDIA-A
and PMPDIA-B, respectively. The first step and second step

of PMPDIA-E were observed between 105 and 706 �C and
706–1000 �C as 48.02% and 19.31% mass losses, respectively.

The temperatures in related to 20% (T20) weight loss were

determined as 179, 264, 210 and 275 �C for MPDIA,
PMPDIA-E, PMPDIA-A and PMPDIA-B, respectively, and
the temperatures corresponding to 50% (T50) weight loss were

199, 766, 560 and 710 �C for MPDIA, PMPDIA-E, PMPDIA-
A and PMPDIA-B, respectively. The residual amounts of
PMPDIA-E, PMPDIA-A and PMPDIA-B were determined



Table 1 GPC results of polymers.

Polymer Mn Mw PDI Mz Mp

PMPDIA-E 7100 10,000 1.408 11,400 7350

PMPDIA-A 4650 5400 1.161 6500 4450

PMPDIA-B 8250 10,400 1.261 13,200 5650

Fig. 3 1H NMR spectra of PMPDIA-E, PMPDIA-B and PMPDIA-A in DMSO d6.
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to be 32.77%, 18.76% and 37%, respectively, nitrogen atmo-
sphere at 1000 �C. It is seen in Table 2, the PMPDIA-E was

more thermally stable than the PMPDIA-A and PMPDIA-
B. SEM images of PMPDIA-E also was confirmed this result.
Because PMPDIA-E was at a spherical structure. The glass

transition temperatures (Tg) of PMPDIA-E, PMPDIA-A and
PMPDIA-B were found to be 114, 101 and 96 �C, respectively.
The DCp values which calculation from the glass transition

temperatures of PMPDIA-E, PMPDIA-A and PMPDIA-B
were found to be 0.236 J g�1�C�1, 0.382 J g�1�C�1 and
0.194 J g�1 �C�1, respectively.
3.3. Surface morphologies of polymers

SEM images of PMPDIA-B, PMPDIA-A and PMPDIA-E
were shown in Fig. 6. It is seen that Fig. 6, although H2O2

was used as oxidant in all polymerizations, the appearance

of each polymer was different because the reaction environ-
ments were different. While the PMPDIA-E formed in enzy-
matic polymerization is spherical, the PMPDIA-B formed in

oxidative polymerization (alkaline) has a spongy structure.
PMPDIA-A formed in the acid-catalyzed ethanol medium
was both a spongy and partially spherical surface.



Fig. 4 GPC chromatograms of PMPDIA-A, PMPDIA-B and

PMPDIA-E.

Fig. 5 TG (A) and DTG (B) curves of MPDIA, PMPDIA-A,

PMPDIA-B and PMPDIA-E.
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3.4. Fluorescence properties

Fluorescence features of samples were performed using DMSO
solutions. The MPDIA and PMPDIA-B have demonstrated
low fluorescence emission intensity in DMSO solutions.

Fig. 7 (A) shows monomer (0.05 mg mL�1) and polymers
(0.05 mg mL�1) fluorescence intensity. Fig. 7 (B) shows emis-
sion spectra of the synthesized PMPDIA-E were defined in dif-

ferent concentration such as 0.05, 0.025, 0.0125 and
0.0625 mg mL�1 in DMSO solution. According to
0.0625 mg mL�1 concentration of PMPDIA-E, the highest flu-

orescence intensity was seen when stimulated with 350 nm.
When excited at 350 nm, blue emissions were seen at 0.05,
0.025, 0.0125 and 0.0625 mg mL�1 in DMSO solutions for
PMPDIA-E. Fig. 7 (C) shows the visible colors of PMPDIA-

E under UV light and sunlight, respectively. The brown solu-
tion of PMPDIA-E turned into turquoise under UV-lamp.
The fluorescence quantum yield of PMPDIA-E was found

based on reported literature (Temizkan and Kaya, 2020) and
was defined as 9.15%, when excited at 350 (for slit 5 nm) in
DMSO solution.
3.5. Electrochemical and optical properties

The UV–Vis spectra of MPDIA, PMPDIA-A, PMPDIA-B
and PMPDIA-E were performed in DMSO, at room tempera-

ture and displayed in Fig. 8. The observed peak in 335 nm in
Fig. 8 (for PMPDIA-E) is related to p ? p* transition of
the quinoide rings. It is assigned to the extent of conjugation

between the phenyl rings along the polymer chain
(Pramodini et al., 2013; Temizkan and Kaya, 2020). Further-
more, the bathochromic shift and the tail of the transitions

into the visible region (400–700 nm) could be attributed to
the formation of a long poly(aromatic) conjugated system dur-
ing polymerization (Turac and Sahmetlioglu, 2010).

The band at 265 nm is related to the p ? p* transition in

benzenoid rings neighboring with amine (Blaha et al., 2018).
According to the UV–visible spectra (Fig. 8), if absorption
maximum is below 265 nm, this displays benzenoid rings con-

nected to the amine nitrogen. The absorption bands in below
of 300 nm is generally related to the p ? p* electronic transi-
tions of the benzene or benzenoid rings (Turac and

Sahmetlioglu, 2010; Blaha et al., 2018; Pramodini et al.,
2013). The p ? p* electronic transitions of MPDIA,
PMPDIA-A and PMPDIA-B were observed at 297, 281 and

292 nm, respectively. The optical band gaps (Eg) of polymers
were determined the literature (Kamacı and Kaya, 2016) by
following equation.

Eg ¼ 1242=konset ð2Þ
The values Eg were given in Table 3. The konset is the start-

ing wavelength for the electronic transition which can be

defined using absorption edges of UV–vis spectra (Kamacı



Table 2 Thermal data of compounds.

TGA (�C)

Compounds aTonset
bT20

cT50
d%Char eTmax

MPDIA 176 179 199 0.59 206

PMPDIA-E 135 264 766 32.77 135,174

PMPDIA-A 124 210 560 18.76 233, 411, 878

PMPDIA-B 137 275 710 37.00 206, 317, 656

aTonset, the onset temperature.
bT20, temperature corresponding to 20 wt% weight loss.
cT50, temperature corresponding to 50 wt% weight loss.
d %Char, % Carbine residue at (1000 �C).
eTmax, temperature of the maxima of the peak.

Fig. 6 SEM images of PMPDIA-B, PMPDIA-A and PMPDIA-E.
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and Kaya, 2016). The konset values of MPDIA, PMPDIA-A,

PMPDIA-B and PMPDIA-E as displayed in Table 3 were
defined as 321, 452, 553 and 561 nm, and the Eg values were
found as 3.87, 2.75, 2.24 and 2.21 eV in DMSO, respectively.
According to results, the Eg values of polymers were lower

than MPDIA monomer. This situation is due to the creation
of traps in the polymer electrolyte and the formation of free
radicals (Gao et al., 2019).



Fig. 7 PL spectra of MPDIA, PMPDIA-A, PMPDIA-B, PMPDIA-E (A), PL intensity of PMPDIA-E with 0.05, 0.025, 0.0125 and

0.0625 mg mL�1 (at slit 5 nm) (B) and PMPDIA-E under UV light and sun light in DMSO (C).

Fig. 8 The UV–Vis spectra of monomer and polymers.
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Fig. 9 shows the curves of CV. The values of electrochem-
ical band gaps (E0

g) were obtained by using the oxidation onset

(Eox) and reduction onset (Ered) values by cyclic voltammetry
(CV) measurements, as shown Fig. 9 for PMPDIA-A,
PMPDIA-B and PMPDIA-E where Eox is the oxidation peak
potential and Ered is the reduction peak potential. The values

of HOMO and LUMO were determined by using the following
equations (S�enol et al., 2019):



Table 3 Optical electronic structure parameters of PMPDIA-A, PMPDIA-B and PMPDIA-E.

Compounds kmax (nm) konset (nm) aEg
a (eV) HOMOb (eV) LUMOc (eV) E0

g
d (eV)

MPDIA 297 321 3.87 5.70 2.58 3.12

PMPDIA-A 281 490 2.53 5.87 2.95 2.92

PMPDIA-B 292 502 2.47 5.98 3.11 2.87

PMPDIA-E 335 582 2.13 5.72 3.30 2.42

aOptical band gap. bHighest occupied molecular orbital. cLowest unoccupied molecular orbital. dElectrochemical band gap.

Fig. 9 CV cycles of PMPDIA-A, PMPDIA-B and PMPDIA-E.
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E
0
g ¼ ELUMO � EHOMO ð3Þ

EHOMO ¼ �ð4:39þ EoxÞ ð4Þ

ELUMO ¼ �ð4:39þ EredÞ ð5Þ
To understand the electronic structure of conjugated poly-

mers it is essential to determine the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) (Li et al., 2016).
The E0
g values of MPDIA, PMPDIA-A, PMPDIA-B

and PMPDIA-E were determined as 3.12, 2.92, 2.87 and
2.42, respectively. Based on Table 3, the values of E’g of
PMPDIA-A, PMPDIA-B and PMPDIA-E were lower than

MPDIA monomer. The values of the electrochemical band
gap of PMPDIA-A, PMPDIA-B and PMPDIA-E are
lower due to the polyconjugated structure (Yuvaraja

et al., 2020).

3.6. Adsorption studies

The kinetic study was performed at 298 K. The adsorption

kinetics describes the rate of adsorbate molecules uptake on
the adsorbents (Minisy et al., 2020). Kinetical data corre-
sponding to the effect of contact time were analyzed by using

the pseudo-first-order (PFO, Lagergren) Eq. (6), the pseudo-
second-order (PSO, Ho-Mckay) Eq. (7) and intraparticle diffu-
sion models (Eq. (8)). Fig. 10 shows non-linear kinetics of MB

adsorbed on PMPDIA-B at 298 K (Fig. 10 (A), the effect of
the contact time) and the curves of linear kinetic models, such
as pseudo first-order model (Lagergren) (Fig. 10 (B), pseudo

second-order model (Ho-Mckay) (Fig. 10 (C) and intraparticle
diffusion model (Fig. 10 (D).

logðqe � qtÞ ¼ logqe � k1t=2:303 ð6Þ

t=qt ¼ 1=k2qe2 þ t=qt ð7Þ

qt ¼ kidt1=2 þ C ð8Þ
where qe and qt are the amount of sorbed in equilibrium

and at time t, respectively, k1(min�1), k2 (g mg�1 min�1) and

kid (mg g�1 min�1/2) are the equilibrium rate constant of
PFO, PSO and the intraparticle diffusion rate constant, respec-
tively (Han, 2008; Kant, 2012). Furthermore, the average rela-
tive error (ARE) can be calculated to define the most suitable

kinetic model. The equation is given as follows (Tseng et al.,
2010):

ARE ¼ 100

n

Xn

n¼1

ðqe; exp� qe; cal

qe; exp
Þ ð9Þ

where qe,cal. and qe,exp. (mg g�1) are the model predicted
and experimental adsorption capacity of at time t, respectively,
and n is the number of observations. Low ARE values show

the accurate fitting of the model. The values of ARE, kinetic
data and the correlation coefficient R2 were given in Table 4.
Based on Table 4, the best fitting of the experimental adsorp-

tion data to the pseudo-second order could be confirmed from
the qe,calc. which was close to qe,exp. and also calculated coeffi-
cients of determination (R2) which was grater for pseudo-

second order model. Low ARE values show the suitability of



Table 4 Kinetic parameters.

Kinetic models Parameters R2 ARE

Pseudo first-order

(PFO, Lagergren)

qe,cal. = 2.19 mg g�1

qe,exp. = 45.0 mg g�1

k1 = 0.03017 min�1

0.885 50.68

Pseudo second-order

(PSO, Ho-Mckay)

qe,cal. = 44.84 mg g�1

qe,exp. = 45.0 mg g�1

k2 = 0.06721 g/(mg min)

0.9999 2.79

intraparticle diffusion model kid:0.2787 mg g�1 min�1/2 0.8358 –

Fig. 10 Adsorption kinetic of MB on PMPDIA-B at 298 K (A), fitting of Lagergren (PFO) (B), Ho-Mckay (PSO) (C) and intraparticle

diffusion model (D).
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the model (Tseng et al., 2010). According to the results, the
pseudo-second order (PSO) model better fits to the kinetic data

than pseudo-first order model (PFO).
The adsorption isotherm was used to describe the equilib-

rium distribution of dye molecules at the solid–liquid phases.

The most common adsorption isotherm models: Temkin, Fre-
undlich and Langmuir were used to investigate the sorbate-
sorbent interactions.

The Langmuir model is monolayer adsorption isotherm.
According to Langmuir isotherm, the adsorbent surface is
homogeneous, energetically uniform. According to Freundlich
isotherm, the adsorbent surface is heterogenous. Freundlich

isotherm is convenient adsorption at high concentrations
and not convenient for the low concentration range (Jawad
et al., 2019). Tempkin isotherm suggested that due to the

sorbate- sorbent interactions, the energy of the adsorption of
the molecules will decrease linearly with coverage (Ghani
et al., 2013). The equilibrium data were applied to Langmuir

(Eq. (10)), Freundlich (Eq. (11)) and Temkin (Eq. (12)) iso-
therm models.

Ce=qe ¼ 1=KaQmax þ Ce=Qmax ð10Þ
logqe ¼ logKf þ ð1=nÞlogCe ð11Þ

qe ¼ blnKT þ blnCe ð12Þ
where Qmax (mg g�1) is the maximum adsorption capacity

of dye adsorbed per unit mass of adsorbent at equilibrium
(mg g�1) and Ka (L mg�1) is the Langmuir isotherm constant.
k is the Freundlich isotherm constant which corresponding to
the adsorption capacity of the adsorbent and n is the adsorp-

tion intensity. KT is the Temkin isotherm constant which cor-
responds to the maximum binding energy and b is a Temkin
constant corresponding to the heat of adsorption (J mol�1)

(Yapa et al., 2017). Table 5 shows a summary of some of the
recent application of some adsorbents for the removal of some
dyes from wastewater (Nandi and Purkait, 2009; Doğan et al.,

2006; Bulut and Karaer, 2015; Iqbal and Ashiq, 2007;
Mahdavinia et al., 2014; Kaya and Yağmur, 2020).

The root mean squared error (RMSE), sum of the squares

of the error (SSE) and standard deviation (SD) can be calcu-
lated to determine the most suitable isotherm model (Abbas
et al., 2020; Fajri et al., 2018) as shown in Table 6. The values
of RMSE (Eq. (13)), SSE (Eq. (14)) and SD (Eq. (15)) can be

calculated by the following equations:



Table 5 Comparison of maximum monolayer capacity for

MB on the other different adsorbents.

Adsorbent Qm (mg g�1) References

Poly(2-methyl-m-phenylenediamine) 1428.57 This work

Fly ash 13.42 39

Rice husk 40.58 40

Activated charcoal 25.25 41

Commercial activated carbon 22.3 42

Chitosan-clay composite 142 43

poly(3,5-diaminobenzoic acid) 53.19 44

Fig. 11 Langmuir (A), Freundlich (B) and Temkin (C) isotherms

at 298 K.
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RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn

n¼1

ðqexp:� qcal:Þ2
s

ð13Þ

SSE ¼
Xn

n¼1

ðqcal:� qexp:Þ2 ð14Þ

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

n¼1

ðqexp:� qcal:Þ2
s

ð15Þ

Where n is the number of observations. Fig. 11 (A), (B) and
(C) show the Langmuir, Freundlich and Temkin isotherm

models for the adsorption of MB at 298 K. The values of
errors (RMSE, SSE and SD), adsorption isotherm parameters
and correlation coefficients (R2) were shown in Table 6. Based

on Table 6, the values of RMSE, SSE and SD calculated from
Freundlich isotherm model were lower than Langmuir iso-
therm model and Temkin isotherm model. Low SD, RMSE

and SSE values indicate the suitability of the isotherm model
(Abbas et al., 2020; Fajri et al., 2018). The Freundlich isotherm
describes the multilayer adsorption of sorbate on a heteroge-

neous surface of the sorbent. The heterogeneity factor (n)
shows if the adsorption process is physical (n > 1), chemical
(n < 1) and linear (n = 1) (Ghani et al., 2013; Fungaro
et al., 2009).

The adsorption mechanism of MB dye on the PMPDIA-B
surface was happened by different interactions. The adsorption
mechanism also includes H-bonding interactions that can be

occurred between H and N atoms available on the surface of
PMPDIA-B, and N atom in the MB dye structure. Finally,
n-p interaction comes from the delocalization of the lone pair

electron of N atoms into the p orbital of the dye aromatic ring
(Jawad and Abdulhameed, 2020).
Table 6 Isotherms parameters.

Adsorption isotherm Parameters R2 RMSE SSE SD

Langmuir Qmax = 1428.57 mg g�1

Ka = 385.57 L mg�1
0.0288 96.85 46,898 39.54

Freundlich n = 0.954 mg g�1

Kf = 3.15 L mg�1
0.9322 1.39 9.67 1.27

Temkin b = 56.78

KT = 0.36 (L g�1)

0.9607 9.71 471.75 8.87
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4. Conclusions

Three conjugated polymers PMPDIA-A, PMPDIA-B and
PMPDIA-E were synthesized in acidic, basic aqueous media

and enzymatically. Their chemical, optical and electrical prop-
erties were determined. PMPDIA-E gave a blue light under PL
lamp. The fluorescence quantum yield of PMPDIA-E was cal-

culated to be 9.15% in DMSO solution. PMPDIA-E showed a
blue color emission at 350 nm. The E0

g and Eg values of

PMPDIA-E, PMPDIA-A and PMPDIA-B were found to be
lower than MPDIA. % char values of PMPDIA-E,

PMPDIA-A and PMPDIA-B were determined to be 32.77%,
18.76% and 37%, respectively, at 1000 �C. Moreover, the
adsorption capabilities of PMPDIA-B was researched to
remove methylene blue (MB) from aqueous solution. The

kinetic mechanism was investigated by using pseudo-first-
and pseudo-second-order kinetic models. For pseudo-second-
order R2 and ARE values were higher than the other kinetic

models. So it could conclude that pseudo-second-order model
is the suitable model to study the removal of MB on PMPDIA-
B. For linear Langmuir Freundlich isotherm SD, SSE, and

RMSE were higher than Freundlich isotherm, so it could con-
clude that Freundlich isotherm model is the suitable isotherm.
All results on the adsorption of MB on PMPDIA-B show the

applicability of the adsorption study.
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