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ABSTRACT

The large amount of synthetic dyes in effluents is a serious concern to be addressed. The chemical
reduction is one of the potential way to resolve this problem. In this study, linear and crosslinked
polyurethanes i.e. LPUR & CLPUR were synthesized from toluene diisocyanate (TDI), polyethylene glycol
(PEG;1000 g/mole) and tetraethylenepentamine (TEPA). The structure and morphology of synthesized
materials were examined by FTIR, SEM and BET. The CLPUR was found stable in aqueous system with
0.80g/cm? density and 16.4998m2g-! surface area. These materials were applied for the reduction of
methylene blue in presence of NaBH4. Both, polymers catalyzed the process and showed 100% reduction
in 16 and 28mins., respectively, while, the reduction rate was significantly low in absence of these mate-
rials, even after 120mins. Furthermore, negligible adsorption was observed with only 7% removal of dye.
The best reduction rates were observed at low concentration of dye, increasing concentration of NaBHy4
and with more dosage of polymeric catalyst. The kinetic study of process followed zero order kinetics. It

* Corresponding author at: Institute of Chemistry, University of the Punjab, Lahore, Pakistan.
E-mail address: misbah_sultan@yahoo.com (M. Sultan).

https://doi.org/10.1016/j.jhazmat.2017.10.019
0304-3894/© 2017 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.jhazmat.2017.10.019
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2017.10.019&domain=pdf
mailto:misbah_sultan@yahoo.com
https://doi.org/10.1016/j.jhazmat.2017.10.019

M. Sultan et al. / Journal of Hazardous Materials 344 (2018) 210-219 211

was hence concluded that both synthesized polymers played a catalytic role in reduction process. How-
ever, stability in aqueous system and better efficiency in reduction process endorsed CLPUR as an optimal

choice for further studies.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Synthetic organic dyes are dominating the market with an
annual production of over 7 x 10° metric tons. They are used in
diverse consumer products from textile to food items [1]. A huge
amount of these dyes is present in the effluents causing serious
concern of water pollution. These dyes are damaging water bodies
physically as well as biologically. A number of physical, chemi-
cal and biological technologies have been developed to address
this environmental issue [2]. The chemical reduction is one of the
common, fast and effective methods for the removal of dyes like
methylene blue (MB) from aqueous solution [3]. The MB is very
sensitive for redox activities as it gives blue color in oxidized state
which quickly disappear in reduced form. It is a well-known dye
for analytical purposes and widely reported in characterization of
innovative catalytic systems [4]. On the other side, MB has been
reported to cause severe central nervous system toxicity by block-
ing certain oxidase enzyme in the body [5].

An intelligent approach is the use of a catalyst or redox medi-
ator in reduction processes. The review of literature reveals that
metals such as Au, Ag, Mn, Zr and TiO, based catalysts have
extensively been used for this purpose [6-9]. These metallic cat-
alysts are normally found in pure inorganic form or dispersed in
some organic matrix [4,10]. These catalysts generally assist the
interaction between the electron donor and acceptor resulting in
accelerated redox process [3,11]. These materials are employed for
wastewater treatment and encouraged for better output. However,
water-added catalysts increase process cost due to required sep-
aration strategies. In addition, they can be a cause of secondary
pollution if their separation is ignored after wastewater treatment.
Therefore, an attractive catalyst should facilitate wastewater treat-
ment in an economic way, without causing secondary pollution.

Polyurethane (PUR) is an organic polymer prepared by the
polyaddition of isocyanates with different polyols. It is reported as
a versatile material for use in a wide range of applications includ-
ing oil removal [12], metal ion adsorption [13], removal of dyes
and organic pollutants [14-17]. The PUR is appreciated due to sim-
ple preparation, low cost and high surface area [15]. They are also
known for their remarkable chemical and thermal resistance along
with high polarity in structure [18].

Herein we have studied a novel application of PUR, acting as
redox catalyst in removal of MB. The linear and crosslinked PUR
were synthesized by one-step simple method at room tempera-
ture and employed for reduction of MB in the presence of NaBH,.
The possibility of secondary pollution and need of separation cost
can be eliminated with this catalytic material as it was in cellular
form which does not dissolve in the testing aqueous media. Before
this, PUR and its modified forms have extensively been investigated
for removal of dyes, but via adsorption mechanism [1]. This is the

Table 1
Monomers and mole ratios used for synthesis of LPUR and CLPUR.

Monomers Mole ratio for LPUR Mole ratio for CLPUR
TDI 1 2

PEG 1 1

TEPA 0 1

H,0 7% by weight 7% by weight

first time; we are reporting PUR as redox catalyst in removal of MB
from aqueous solution through reduction. To validate our obser-
vations, further experiments were performed which suggested the
prevalence of PUR acting as redox catalyst instead of adsorption
process.

2. Experimental
2.1. Materials

Toluene diisocyanate (TDI), Polyethylene glycol (PEG, Mw:
1000 g/mole), Tetraethyl pent amine (TEPA), Sodium borohydride
(NaBH4) and Methylene blue (MB) were purchased from Sigma
Aldrich, and Acros Organics, USA.

2.2. Synthesis and characterization of polyurethanes

Two types of polyurethane i.e. linear and crosslinked were syn-
thesized by using TDI, PEG and TEPA. The exact mole ratios of
monomers are given in Table 1. As such synthesized samples were
cellular in appearance as shown in Fig. 1. The synthesis process was
as follows:

a For linear polyurethane (LPUR), firstly, weighed amount of PEG
(10g) was melted in an open glazed bowl by heating upto 50°C.
Then calculated amount of TDI (1.74mL) and water (0.84mL)
were sprinkled simultaneously on the melted PEG along with vig-
orous stirring. The blowing and gelling reaction was completed
in 1-2 mins. Then bowl was placed in an oven at 50°C for 4-8 h
before further use.

b The crosslinked polyurethane (CLPUR) was also prepared follow-
ing parallel process. The PEG (10g) was melted in the similar
manner and crosslinker i.e. TEPA (1 g) was mixed in melted PEG.
Then, 3.5mL of TDI and 0.84 mL of water were sprinkled along
with vigorous stirring. Similarly, reaction was completed in 1-2
mins. and bowl was placed in an oven at 50°C for 4-8 h

The physical and chemical characterization of synthesized poly-
mers were performed as; solubility in various solvents, density
determination according to ISO 845: 2016, morphological analysis
by scanning electron microscope (SEM, TESCAN Vega LMU), pore
size, pore volume and surface area determination by Brunauer-
Emmett-Teller (BET; Tristar II 3020, USA) and recording of IR
spectra by ATR-FTIR spectrophotometer (Shimadzu IR Prestige-21,
USA). The numbers of scans were 70 and resolution was 4.0. The
spectra were recorded in transmission mode from 400cm~! to
4000cm1.

2.3. Reduction of Methylene Blue (MB)

The catalytic role of LPUR and CLPUR in acceleration of reduction
of MB was studied in an aqueous solution. In a typical experi-
ment, two independent test tubes were charged with 2.5mL of
MB (2.5 x 10~> M), 2.5 mL of NaBH4 (0.1 M) and 0.5 g of each sam-
ple (LPUR & CLPUR). Further, one more set was prepared as blank
which contains only dye and NaBH, solutions of same volume and
concentration. The progress of reduction process was monitored
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Fig. 1. FTIR spectra of monomers (TDI, PEG and TEPA) and synthesized linear (LPUR) and crosslinked (CLPUR) polymers. Inset shows digital camera images of CLPUR and

LPUR.
Table 2
Experiments with different concentration levels of MB, NaBH,4 and doses of CLPUR.
Experiments MB (M) NaBH4 (M) CLPUR (g)
1. 1.5x107° 0.1 0.5
2. 2.0x 10 0.1 0.5
3.2 2.5x107° 0.1 0.5
4. 2.5%x107° 0.15 0.5
5. 2.5% 1073 0.5 0.5
6. 2.5x10°° 0.1 0.25
7. 2.5%x 1073 0.1 0.75

2 optimized experimental conditions.

continuously by UV/Vis spectrophotometer (T90, PG Instruments
Ltd).

2.4. Effect of initial concentration of MB dye & NaBH, and dose of
CLPUR

To study the effect of initial concentration of MB & NaBH4 and
dose of CLPUR, series of experiments were performed. The typical
experiments were conducted as described in section 2.3. However,
three different levels of each variable were studied keeping others
constant. Similarly, progress of each experiment was recorded by
UV/Vis spectrophotometer with regular time intervals till the com-
pletion of process. The details of variation are compiled in Table 2.
The% age removal of dye for all experiments was calculated by using
the formula given below

Co—Ce
Go

Where;
Pr = percent removal of MB dye
C, = concentration of dye at zero time
C¢ =concentration of dye at time t

Pr= x 100

2.5. Evaluation of adsorption process

Before this, PUR has extensively investigated as adsorbent for
dyes. However, the observations were different in this study i.e. PUR
acting as catalyst in removal of MB. Therefore, to clarify this obser-
vation, adsorption of MB on synthesized CLPUR (0.5g) was also
studied. An experiment was carried out in which only a weighed

piece of polymer was placed in 2.5 mLof MB (2.5 x 10~ M) solution.
Any change in color of dye was monitored with UV/Vis spectropho-
tometer for 120mins. In addition, the polymeric material used in
this experiment was separated at the end, dried and examined by
FTIR to evaluate any chemical changes.

2.6. Kinetic study of reduction process

To determine the order of reaction and rate of reaction, the
kinetic study of reduction process was carried out at 33°C + 2. For
comparison, the optimized reaction conditions with both CLPUR &
LPUR were selected against blank reduction of MB, without any cat-
alyst. The obtained values of InC¢/C, were plotted against time of
reaction, where C; is A; (absorbance at time t) and C, is equivalent
to Ao (absorbance at zero time).

2.7. Reusability of catalyst

The determination of reusability of stable catalyst i.e. CLPUR
was performed up to ten runs. In a typical run, a weighed amount
of CLPUR was used for the reduction of MB according to the pro-
cedure given in section 2.3. The time required for completion of
process was recorded with the help of spectrophotometer. The used
CLPUR was separated by filtration, dried in oven at 50°C till con-
stant weight and then applied for the next run in similar manner.

3. Results & discussion
3.1. Characterization of LPUR and CLPUR

The monomers used to synthesize LPUR & CLPUR were TDI,
PEG and TEPA. The FTIR spectrum of each monomer and samples
was recorded and presented in Fig. 1. The FTIR spectra confirmed
the synthesis of PURs as characteristic bands of TDI (-NCO at
2250cm~1), PEG (-OH at 3400 cm~1), and TEPA (broad —NH band
at 3300cm~1) have disappeared. Moreover, appearance of a typ-
ical —NH urethane stretching band (H bonded and non-bonded)
between 3250 and 3590 cm~! and —C=0 urethane stretching band
near 1720 cm~"! for LPUR and at 1640 cm~! with a weak shoulder
near 1710cm~! for CLPUR supported the proposed synthesis. In
spectrum of CLPUR, the shifting of —C=0 stretching band towards
lower wavelength suggested the incorporation of TEPA which,
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Table 3
Solubility of LPUR and CLPUR in different polar and non-polar solvents at 33 +2°C.

Solvents used Solubility of LPUR Solubility of CLPUR

Water Fragmented Insoluble
Ethanol Swollen Insoluble
n-Hexane Insoluble Insoluble
DMF Soluble Fragmented
THF Fragmented and swollen Insoluble

offered more options for H bonding at molecular level. Further-
more, multiple characteristic bands of C—O—C stretching near
933cm~!, 1093 cm~! and 1226cm~! and aromatic C=C stretch-
ing bands at 1520 cm~! and 1605 cm~! confirmed the assimilation
of PEG and TDI in LPUR and CLPUR. Other prominent bands were
associated with —NH bending at 1448 cm~! and C—H stretching
between 2862 and 2875cm~! [19-21].3.2. Solubility of LPUR and
CLPUR

Solubility of LPUR and CLPUR was observed at ambient tempera-
turei.e. 33 +2°C. A small piece of each sample was placed in 2.5 mL
of different solvents and any change in physical state of sample was
observed within 4 h. These observations were recorded in Table 3.
These results showed that LPUR was soluble in DMF, insoluble in
n-hexane, swollen in ethanol, fragmented and swollen in THF and
water. On the other hand, CLPUR was only fragmented in DMF and
quite stable in all other solvents. This difference in behavior can
be attributed to the linear and crosslinked structure of LPUR and
CLPUR, respectively. CLPUR due to its crosslinked network showed
higher resistance towards different solvents. While, LPUR being lin-
ear, was unstable in all polar solvents [22]. However, these results
were supportive for the more appropriate use of CLPUR in aque-
ous system. Due to enhanced stability, it was selected for further
experiments in this study.

213
3.2. Density of LPUR and CLPUR

Average density of LPUR and CLPUR were calculated according
to the standard method by taking measurements of three different
sample sections. According to the average density, LPUR was denser
(1.40 gcm—3) as compared to the CLPUR (0.80gcm—3). This differ-
ence in the densities can be accredited to linear and crosslinked
structures of polymers as decrease in mass per unit volume due to
crosslinking is an obvious fact [23-25]. The low density of CLPUR
offered more surface area for further applications.

3.3. Catalytic activity of LPUR and CLPUR

In evaluation of catalytic activity of PURs, Fig. 2 (a, b, ¢) showed
that there was no appreciable reduction of MB with NaBH, in the
absence of PURs. The NaBH,4 was able to reduce only 30% dye in 120
mins. of reaction time (Fig. 2¢). However, in the presence of LPUR,
100% reduction of dye was attained only in 28 mins and CLPUR
showed equivalent performance in just 16 mins. These results
clearly revealed the catalytic role of PURs in observed reduction
process. The presence of theses cellular materials has accelerated
the reduction of MB, especially CLPUR has pronounced effect on this
process. It might be possible due to the stable cross linked network
structure and enhanced surface area of CLPUR.

The MB dye is electrophilic in nature and BH4~! acts as a nucle-
ophile. A most probable mechanism may involve the simultaneous
adsorption of dye molecules and BH4~! on the cellular structure of
LPUR and CLPUR, thus providing surface for their interaction and
redox reaction to take place. General process and mechanism for
reduction of MB in presence of synthesized polymeric catalysts is
shown in Fig. 3. The presence of conjugation site on the LPUR and
CLPUR as part of the urethane functional group placed next to the
aromatic ring may also be involved in the accelerated electrons
transfer from nucleophile to electrophile [26-28]. The stability in
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aqueous system and better efficiency in reduction process endorsed
CLPUR as an optimal choice for further studies.

3.4. Evaluation of adsorption process

Before this, PUR has been praised as excellent, economic and
efficient adsorbent for removal of various dyes [29-34]. However,
the catalytic role of PUR in reduction of dye was observed in cur-
rent study. To evaluate any chance of adsorption, an additional
experiment was performed with 2.5 mL of MB (2.5 x 10->M) and
CLPUR (0.5 g) in absence of NaBH4. The respective UV-vis spectra
are displayed in Fig. 2d. The CLPUR was able to remove only 8%
MB in 120mins. These results indicated negligible adsorption of
dye molecules on CLPUR. In addition, this slight adsorption of dye
molecules may facilitate in reduction process.

The FTIR was also employed as a key tool, to predict the cat-
alytic role of CLPUR in the reduction of MB dye. The FTIR spectra
of pure and used CLPUR are given in Fig. 4, which eliminate any
adsorption based interaction between polymer and dye molecules.
Characteristic bands of urethane were observed in all these spec-
tra with similar intensities. For instance —NH stretching band (H
bonded and non-bonded) at 3230-3590cm~!, —C=0 stretching
band at 1640 cm~! with a weak shoulder at 1710cm™!, aromatic
C=Cstretching bands at 1540 cm~! and 1603 cm~! along with three
characteristic bands of C—O—C between 940 cm~! to 1219cm™!
appeared with same intensities in a, b, ¢ spectra of Fig. 3. Hence,
these observations supported the only catalytic role of CLPUR in
reduction process of MB. There was no evidence of adsorption phe-
nomena as repudiated by these FTIR spectral details [35].

3.5. Effect of initial concentration of MB, NaBH4 and CLPUR

Multiple series of experiments were conducted to investigate
the effects of concentration of dye and NaBH,4 and catalyst dose
i.e. CLPUR, on reduction process while keeping other reaction
parameters constant. Fig. 5 depicted the effect of different dye
concentrations i.e. 2.5 x 10—>M, 2.0 x 10~>M and 1.5 x 10°M on
decolorization process. These results indicated a linear relation-
ship between concentration of dye and time required for complete
decolorization. With increased concentration of dye, number of
molecules to be reduced increased, thus time required for complete
reduction process was also increased [36,37].

The Fig. 6 presented the decolorization process with different
concentrations of NaBH4 while keeping other conditions constant.

Here, decolorization time was decreased with increase in NaBHy4
concentration. This relation is adequate as NaBH4 was the reducing
agent, so, its concentration can directly accelerate the process of
reduction [38].

As shown in Fig. 7 with increasing amount of catalyst i.e. CLPUR
the time required for decolorization process was decreased greatly
[37]. At higher dose level, decrease in reduction time was more
pronounced. The increased amount of catalyst facilitated for more
simultaneous adsorption of dye molecules and BH4~!, as more cel-
lular area became available.

3.6. Analysis by SEM and BET

To explore the morphology of polymer, SEM was used. Both,
pure CLPUR and used CLPUR were examined. The images recorded
are presented in Fig. 8. Apparently, CLPUR was a cellular material
which could be confirmed in SEM images as well. These cells of
CLPUR supported in reduction of dye where oxidizing and reducing
species may come closer. This morphology of CLPUR is quite stable
which can be observed in SEM image of used CLPUR which helped
in reusability of the material.

The BET analysis was carried out for synthesized polymers to
determine the pore size, pore volume and surface area. The results
obtained are presented in Table 4. These results proved the cellular
morphology of polymers as shown by SEM analysis. Furthermore,
this BET analysis provide the information regarding surface area of
CLPUR (16.5m2g~!) and LPUR (3.7 m2g~1).

3.7. Reusability of CLPUR

The reusability and stability are important criteria for catalysts.
The catalyst, CLPUR was applied for reduction of MB dye in multi-
ple experiments. The maximum time required for 100% reduction
of dye was recorded and presented in Fig. 9. Progressive decrease in
time indicated increasing efficiency. These results showed unique
and interesting trend in reusability of catalyst being polymeric in

Table 4
Pore size, pore volume and surface area of LPUR & CLPUR as determined by BET.
Sr. No. BET Analysis parameter LPUR CLPUR
1. Pore size (A) 183.167 165.633
2. Pore volume (cm3/g) 0.884458 0.237350
Surface area (m?2/g) 3.7 16.5
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nature in contrast to the previous reports related to inorganic cat- escalating trend in efficiency may be due to more exposure of active
alysts [6,7]. The catalyst was not poisoned or deactivated during sites on polymer network with washing and dislodging involved in
the reduction or separation processes. It exhibited progressively each next cycle. However, this change was diminished from fifth to
enhanced efficiency in initial five cycles. The time required for max- tenth cycle with almost constant efficiency.
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with CLPUR and LPUR were selected. Various standard kinetic mod-
els i.e. zero order, first order and second order were applied. The
values of R? and apparent rate constant (k) for reduction of methy-
lene blue in the presence of synthesized catalysts are given in
Table 5. These R2 values revealed that catalytic reduction process

3.8. Kinetic study of catalytic process

The kinetic analysis of catalytic reduction process was carried
out to determine the rate constant and order of the reaction. To
compare the kinetic parameters, optimized reduction processes
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Fig. 9. Reusability studies of CLPUR for complete reduction of MB; R1 for first run, R2 is second run and so on. Primary y-axis shows reduction of MB (%) and secondary y-axis

shows time (min) required for complete reduction of MB in each respective runs.

Table 5
Name of the kinetic models used, mathematical form of kinetic models, regression coefficient (R?) and rate constant (k) for reduction of MB with CLPUR & LPUR at temperature
30°C+2.

Sr. No. Name of Kinetic Model used Mathematical form of Regression Coefficient (R?) Rate constant (k)

Kinetic Model
LPUR CLPUR LPUR CLPUR
1. Zero order Co—Ce=kt 0.9745 0.9615 0.607 0.891
mol.dm~3.min! mol.dm—3.min~!
2. 1st order In(C¢/Co)=—kt 0.7588 0.7050 0.1289 min~! 0.2218 min~!
3. 2nd order 1/Ce=kt+1/C, 0.3861 0.3396 0.9806 2.6674

mol~!.dm3.min!

mol~'.dm>.min~!

follows zero order kinetics as presented in Fig. 10 as well. The val-
ues of apparent rate constant were 0.0891 moldm—3.min~! and
0.0607 moldm~—3.min~! for optimized reduction processes with
CLPUR and LPUR, respectively. Hence, apparent rate constant sup-
ported for more efficient reduction process on the surface of CLPUR.

4. Conclusions

In this study, cellular LPUR and CLPUR were prepared by single

step process atroom temperature. The FTIR confirmed the proposed
synthesis of polymers. The SEM and BET analysis showed cellular
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Fig. 10. Plot of C,—C; (mol.dm~3) as a function of time (min.) for reduction of MB with catalysts.

morphology of both polymers. They catalyzed the reduction of MB
dye in presence of NaBHy4. The catalytic role of both polymers was
validated with UV-vis spectroscopy focusing on maximum absorp-
tion at 665 nm. However, CLPUR was more effective and stable. The
comparative kinetic study of this catalytic reduction process fol-
lowed zero order kinetics. Hence, these materials can be potential
catalysts in other important redox processes. They can be preferred
to avoid secondary contaminations in treated water. In addition,
minimum separation efforts will be required as CLPUR was sta-
ble in aqueous systems. In future directions, these materials can be
shaped into filter columns for treatment of wastewater for removal
of other hazardous pollutants. In addition, this system may also be
tested to develop quick water based de-staining solution for stained
SDS-PAGE gels.
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