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atalyst for poly-urethane synthesis
from discarded motherboard†

Soumitra Barman,‡a Bibudha Parasar,‡a Pradip Kundua and Soumyajit Roy*ab

By displaying thermoplastic, elastomeric and thermoset behavior depending on their chemical and

morphological properties, polyurethanes have caught attention since 1937 when Bayer and his

co-workers made them for the first time using the reaction of polyester diol and isocyanate. To produce

a great range of versatility, various isocyanates can be used for making linear or cross-linked

polyurethanes. Here we used IPDI as isocyanate and bamboo polyol as polyalcohol to prepare hard

polyurethane and polyurethane foam. A cheap copper-based catalyst has been synthesized from

discarded motherboard to replace the industrially used tin-based catalyst DBTDL [dibutyltin(IV) dilaurate]

which is expensive and we found almost similar productivity compared to conventional catalyst DBTDL.

By optimizing catalyst loading, time and temperature, a 97% yield was obtained with 1.8 mol% catalyst

loading in 2 hours. A plausible mechanism has also been proposed.
Introduction

Over the past decades, polyurethane (PU) has gained immense
importance in contemporary and futuristic materials science.
Industrially PUs are made by the addition of di- or poly-
isocyanates to polyols and this has been nicely summarised in
a recent review.1 PUs have become important as elastomers,
thermoplastics, thermorigids, adhesives, coatings, sealants and
bers.2 Flexible and rigid polyurethane products can be ob-
tained from simple precursors like toluene diisocyanate (TDI)
and methylene diphenyl isocyanate (MDI). Thermoplastic elas-
tomers and thermoset resins have great market value as they are
used in the aeronautic industry.3 Hence the demand for PU
catalysts has also increased steadily. On the other hand, dis-
carded computer hardware poses an imminent environmental
threat. Hard polyurethane catalysis needs a gelling catalyst
whereas polyurethane foam catalysis requires both a gelling
catalyst and a blowing catalyst serving different roles. A gelling
catalyst favors the reaction between isocyanate and alcohol
whereas a blowing catalyst facilitates the reaction between
isocyanate and water. Moreover, the desired PU catalyst would
also require cyclo-trimerization catalyst to harden the material,
oxazolidone catalysts and carbodiimide catalysts to impart
thermal resistant properties in addition to gelling and blowing
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actions.4 Although several tertiary amine catalyst5–7 have been
used as blowing catalyst and several delayed action catalysts8

have been used to control reactivity proles, they all have
a problem. So, alternative catalysts have been used as blowing
agents.9 Moreover non-emission catalysts such as tertiary
amines with reactive groups such as –OH or –NH2 have also
been used. Triethylenediamine based catalyst10 and commer-
cially available amine N-substituted morpholine11 are oen
used to avoid fogging and odor problems. Even tertiary alka-
nolamine based catalysts are used for PU foam preparation.12 A
dendrimeric catalyst based on methylated polypropylene imine
has been developed to prepare odorless PU foam.13 Several other
amine-based catalyst14–17 have also been developed. Moreover,
commercially available compounds such as guanidine,18 thio-
urea,18 urea derivatives19,20 have also been explored in PU
catalysis. Very recently Hedrick et al. have summarized the
synthesis of polyurethane using organocatalysis.21,22 To tackle
tackiness, an aminoimide23 based catalyst, which could give
desirable tack-free times from components of polyols and pol-
yisocyanates has been used. Some other catalysts such as
quaternary hydroxyalkyl tertiary amine,24,25 aminoborate
esters,26 aminioorthesters,27 diimines28 have also been devel-
oped. Green alternatives like ionic liquid-based catalyst with
different cation components such as imidazolium,29,30 phos-
phonium,31 iminium,32 quaternarized borates and non-fugitive
catalysts have also been used for the preparation of poly-
urethane.33–35 Although concerted efforts exist to phase out
amine catalysts to rid the foam of fogging problem, little has
been done to replace the traditional gelling catalyst DBTDL
(dibutyltin(IV) dilaurate).36 For instance, acetylacetone complexes
of different transition metals are chemically synthesized and
used as catalyst. However several other compounds such as
RSC Adv., 2016, 6, 75749–75756 | 75749
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stannous 2-ethylhexanoate, stannous octanoate, dibutyltin 2-
ethylhexanoate, dibutyltindiacetate, dioctyltin dimercaptide37

are used as gelling catalyst; they all have toxicity and price issues.
Hence there is a need for an eco-friendly catalyst that is cheap,
efficient and effective. We now describe the design of our
catalyst.

In recent years, copper has emerged as a versatile catalyst for
diverse transformations and is abundant in computer mother-
board.38–52 So, it is perhaps possible to design a catalyst with
copper as the central metal atom, with oligomers stabilizing
long chain as its counter ion. Copper is also easily extractable
from discarded computer motherboard. Our intrinsic hypoth-
esis is based on the assumption that, both the alcohol and
isocyanate chelates the central metal atom copper in the rst
step. Subsequently, the activated alcoholic hydrogen then
transfers its hydrogen to the isocyanate bonded to the copper in
a fashion similar to the mechanism to that of DBTDL.53 The
motherboard based copper complex nally releases the
urethane molecule to regenerate the catalyst.

To test this hypothesis, copper is extracted from discarded
computer motherboard. As mentioned earlier, this choice is
prompted by the growing menace of discarded computer
motherboard in enhanced heavy metal poisoning, especially
in emerging economies. Toxic metal scrapes from computer
hardware are sometimes manually scavenged or le unat-
tended to enter into ecosystem causing severe environmental
problems. Hence our choice to utilize different copper
components of a discarded motherboard as a catalyst would
address environmental pollution issues. Bamboo is chosen
as the source of polyol. Commercially available IPDI is used
as an isocyanate. Sodium dodecyl benzene sulfonate (DBSNa)
is chosen as the surfactant counter ion for its interfacial
steric and charge stabilizing agent for copper ion and can
form stable colloidal complex. Using this motherboard based
copper catalyst we have prepared hard polyurethane and
polyurethane foam.
Fig. 1 Sequential pathway for the preparation of polyurethane.
Experimental section

All the chemicals were of reagent grade quality purchased from
commercially available sources and used without further puri-
cation. NMR was recorded in Bruker 500 MHz Spectrometer.
The Fourier transform infrared (FTIR) spectra reported in this
study are recorded as KBr pellets with a Nicolet 380 FT-IR
spectrometer in the range 4000–500 cm�1. Optical images are
taken by a Zeiss axiocam camera. SEM images are acquired by
Hitachi table-top Microscope, Model No. TM3000. TEM images
are taken by a Jeol JEM 2010 electron microscope operated at
300 kV. C, H, N, analysis was carried out using Perkin-Elmer
2400 series II CHNS/O series elemental analyzer. Gravimetric
determination of Cu was carried out using standard proce-
dure.54 EDAX with SEM was carried out for elemental mapping
using Carl Zeiss SUPRA 55VP FESEM. The thermogravimetric
analysis (TGA) was accomplished on a Mettler Toledo TGA/
SDTA 851e instrument at a heating rate of 10 �C min�1 with
a sample weight of 5 mg in nitrogen atmosphere.
75750 | RSC Adv., 2016, 6, 75749–75756
Preparation of Cu-based catalyst

0.4 g of copper-alloy is removed from a discarded motherboard
and dissolved in 3 mL of concentrated HNO3 (the nitrogen
dioxide produced during dissolution of Cu in conc. HNO3, is
poisonous. So this reaction must be carried out in fume hood).
A 0.095 M aqueous solution of sodium dodecylbenzene sulfo-
nate (DBSNa) is prepared by dissolving 2 g of DBSNa in 60 mL of
water. The copper solution is added dropwise to aqueous
DBSNa with mild stirring. The so formed blue, turbid colloidal
dispersion is allowed to settle for 10 minutes. The solid product
is collected by ltration, washed with cold water and is dried at
room temperature for 2 days prior to further use.
Preparation of hard polyurethane

To a neat glass vial, 0.5 g of bamboo polyol (prepared according
to a previously reported method55) and 0.5 g of IPDI is added
and the mixture is stirred well for 2 minutes. 0.1 g of the above
prepared Cu-based catalyst is weighed and dissolved in 1 mL of
butyl acetate and mechanically mixed for 5 minutes till all the
catalyst is solubilized. 300 mL of this solution is taken in a clean
pipette and added to the reaction mixture. The solution is
stirred well for 10minutes at room temperature to allow them to
mix. The reaction temperature is then gradually increased to
60 �C and the temperature is maintained for 2 hours. Aer the
completion of the reaction, the hardened polyurethane is
collected and washed with (acetic acid + water) mixture in
a ratio of 1 : 20. Aer washing three times, it is air-dried prior to
any further characterization. The entire sequence of poly-
urethane preparation is summarized in Fig. 1.
Preparation of polyurethane foam

To a neat glass vial, 0.5 g of bamboo polyol and 0.5 g of IPDI is
added and the mixture is stirred well for 2 minutes. 0.1 g of the
above prepared Cu-based catalyst is weighed and dispersed in
1 mL of water and mechanically mixed for 5 minutes till it
creates a uniform milky white dispersion. 300 mL of this solu-
tion is taken in a clean pipette and added to the reaction
mixture. The solution is stirred vigorously for 30 minutes at
room temperature. The foam is allowed to rise at room
temperature. Aer that, the foam is cured at room temperature
for 4 days. The polyurethane foam is collected and washed very
slowly with (acetic acid + water) mixture in a ratio of 1 : 20. Aer
This journal is © The Royal Society of Chemistry 2016
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washing three times, it is air-dried prior to any further
characterization.

Results and discussion
Optimization of the Cu-based catalyst preparation

To prepare an effective Cu-based catalyst, it is important to rst
dissolve the motherboard based copper interfaces in a suitable
liquefying medium. To do so, the interfaces are removed from
the motherboard interfaces and are dissolved in concentrated
acid medium. Concentrated acids of HCl, HNO3, H2SO4,
CH3COOH and H3PO4 are screened as the solubilizing medium.
In all the experiments 0.16 g of copper is dissolved in 1 mL of
concentrated acid. Out of all the acids, only HNO3 is effective
and dissolves the computer based motherboard interfaces in
30 seconds. In the process, the solution undergoes a transition
in appearance from greenish yellow to light blue (Fig. 1). In HCl,
the process is very slow as well in other acids. With the aim to
reduce time further so as to reduce the total cost of poly-
urethane, two acid systems are screened. To our surprise,
10 vol% of HCl in HNO3 dissolves the copper in 10 seconds.
Further reduction of time is attempted by increasing the volume
percentage of HCl, but it takes longer time and the trend goes
on increasing (Fig. 2).

So, 10 vol% of HCl in HNO3 is chosen as the optimized
solvent system for digesting copper from the motherboard of
the catalyst. Owing to the change in color of the solution (from
green to blue) and due to the existing oxidizing environment, it
is reasonable to think that, copper is in cupric(II) state.

To further follow-up our working hypothesis, the prepared
copper solution is added to a solution of anionic surfactant to
get a copper catalyst with long charged hydrophobic chains as
sterically stabilizing counter ions. Sodium dodecyl sulfate (SDS)
is chosen as the starting point of our investigation; however it
does not lead to compartmentalization. So, other anionic
surfactant molecules such as sodium laurate, sodium palmate
and sodium stearate are also tried. But they also fail to give any
Fig. 2 Dissolution of copper interfaces as a function of volume
percentage of HCl in HNO3 with time.

This journal is © The Royal Society of Chemistry 2016
isolable solid product possibly because of lack of
hydrophobicity.

However, initial turbidity observed. So, it is envisaged, use of
a long hydrophobic chain with an aromatic ring may result in
enhanced hydrophobicity, where the p–p stacking between two
molecules direct the compartmentalization of the solvent
system and helps in precipitation of the catalyst. Sodium salt of
dodecylbenzenesulfonate (DBSNa) results in absolute
compartmentalization of the biphasic system, which is subse-
quently ltered, air dried and used in reaction protocol
optimization.

In summary, the Cu-based catalyst is nally prepared by
adding the blue solution to a solution of DBSNa (sodium
dodecylbenzene sulfonate) in water. The origin of turbidity is
attributed to compartmentalization of the continuous solvent
system (water) by the hydrophobic chains of DBS enveloping
central Cu2+ ion core forming a sterically stabilized colloidal
Cu2+ in water. More DBS is added to induce instability in the
system and to precipitate the catalyst. The catalyst is then
ltered off slowly as a blue oily solid-paste.
TEM and SEM characterization of Cu-based catalyst

Transmission electron microscope (TEM) and high-resolution
TEM images of the catalysts were taken aer drying in butyl
acetate (Fig. 3A). TEM image shows agglomerated irregular
network suggesting gel type morphology of the catalyst system.
SEM-EDAX pattern ensures that Cu, S, C and O atoms are
present in our catalyst (Fig. 3B). Highest peak in the EDX
pattern indicates Si atom as it was taken on Si-wafer. The foam
is characterized with optical stereo microscope. The substrate
scope is also checked for foam with MDI.

The dark eld optical stereo images are taken, which clearly
shows the compactness of the material, which in turn implies at
efficient formation of polyurethane (Fig. 4). SEM images also
show similar morphology (Fig. 4).

Optical images of the polyurethane foam are also taken,
which show pores with sizes ranging from 100 mm to 300 mm
(Fig. 5).
Fig. 3 (A) Transmission electron microscopy images of the mother-
board based copper catalyst. (B) SEM-EDAX pattern of Cu-based
catalyst.

RSC Adv., 2016, 6, 75749–75756 | 75751
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Fig. 4 Dark field stereo pictures and SEM images of hard polyurethane
with IPDI.

Fig. 5 Synthetic scheme and optical stereo images of polyurethane
foam.

Fig. 6 TGA curves of DBSNa (in red) and Cu-based catalyst (in black) at
a heating rate of 10 �C min�1.

Table 1 Optimization of the reaction condition

Entry Catalyst (mol%) Time (hour) Temperature (�C) % yield

1 0.0 7 60 36
2 0.3 7 60 83
3 0.6 7 60 95
4 0.9 4.5 60 97
5 1.2 4 60 95
6 1.8 2 60 97
7 1.8 2 80 94
8 1.8 2 100 92
9 1.8 2 120 90
10 1.8 8 50 83
11 3.0 2 60 96
12 3.0 8 50 97
13 6.0 2 60 97
14 6.0 8 50 95
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TGA analysis of Cu-based catalyst and DBSNa

TGA experiment was carried out with a heating rate of 10 �C
min�1 under a nitrogen ow of 60 mL min�1. Temperature was
increased from 30–700 �C. Each sample was weighted separately
with 5 mg of sample. At 100 �C weight loss was found due to
water loss (black). A sharp decrease at 480 �C indicates the loss
of sulfate group in both cases (Fig. 6). The remaining residue is
coming from infusible CuSO4 salt.
Scheme 1 Polyurethane from bamboo polyol and IPDI.
Optimization of the reaction condition

Taking the hydroxyl value for crude glycerol as 991 mg KOH per
g and that for PEG 400 as 268 mg KOH per g, hydroxyl value for
the bamboo polyol comes out to be 186 mg KOH per g, which is
very much close to the value reported previously by others.51 The
model reaction between bamboo polyol and IPDI 1 in the
presence of the discarded motherboard based catalyst is chosen
as the starting point of our investigation (Table 1) (Scheme 1).

For temperature dependent experiment we have used
1.8 mol% Cu-based catalyst. The reaction mixture is heated at
60 �C and aer 7 hours a solid product is formed. The FTIR of
the solid sample is compared with the DBTDL based poly-
urethane and FTIR spectra conrmed it to be polyurethane (see
later). With the aim of further reducing the reaction time,
subsequent optimization is done with the ne-tuning of the
reaction parameters (Table 1, entry 2–14) (Fig. 7).
75752 | RSC Adv., 2016, 6, 75749–75756
In the next attempt to maximize the yield with respect to the
catalyst loading, an increase in yield is observed with an
increase in catalyst loading as expected (Table 1, entry 1, 2, 9,
11) (Fig. 7b). At 0.9 mol% of catalyst loading, PU is afforded in
quantitative yield. Our attempt to decrease the time required to
complete the reaction with increasing the catalyst loading fail as
it does not result in substantial decrease in reaction time. For
instance, even at 6 mol% of catalyst loading, it takes two hours
for the reaction to go to completion.
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) Dependence of polyurethane yield with temperature. (b)
Effect of catalyst loading on polyurethane yield.

Fig. 8 Plot of zeta potential with Cu/DBSNa concentration along with
pictorial representation of the catalyst, showing Cu2+ ions in blue and
strings represent DBS�.
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So, simultaneous optimization of the three axes (time,
temperature and catalyst loading) nally leads to the optimized
reaction protocol (Table 1, entry 6), which furnishes nearly full
conversion of reactants to give the desired polyurethane.
Composition and nature of Cu-based catalyst

From C, H, N analysis we nd the carbon content in our catalyst
to be 22.06%, H ¼ 3.98%. From gravimetric analysis we nd Cu
content in the catalyst to be 53.12%. Hence it follows that in the
catalyst Cu/C ratio is 0.45. It further follows that in the catalyst
Cu/DBSNa ratio is 0.28. Now we explain this composition from
the measurement of zeta potential of the related colloidal
catalyst in water by varying Cu/DBSNa ratio. As we decrease the
Cu/DBSNa ratio from 2 to 1.6 and further, we see a charge
inversion with concomitant induction of instability of the
system (Fig. 8). In other words as the ratio of Cu/DBSNa
decreases from 2 to 1.6 and lower, precipitation starts. Since
our catalyst is precipitated by decreasing the Cu/DBSNa ratio
hence it is expected that in the actual precipitated catalyst
Cu/DBSNa ratio should be less than 1.6. Now we compare this
This journal is © The Royal Society of Chemistry 2016
system to the actual synthetic condition of our catalyst and we
indeed note that the elemental analysis value of Cu/DBSNa for
our precipitated catalyst is found to be 0.28 experimentally.
Hence both the zeta potential analysis and elemental analysis
converges and points towards a colloidal nature of the catalyst.

The convergence means, since we obtain our catalyst by
precipitation, i.e., from the unstable regime of the colloidal
system hence the Cu/DBSNa ratio in the precipitate should be
less than 1.6. This is indeed observed to be the case with our
elemental analysis value of the catalyst showing a Cu/DBSNa
ratio of 0.28.

Hence it further follows that in the catalyst we have 3.6
DBSNa units for every Cu2+ ion (Fig. 8). Thus it means our
catalyst is colloidal in nature where Cu2+ ion core is stabilized by
DBSNa which becomes unstable in dispersion asmore DBSNa is
added during its synthesis. As the ratio of Cu : DBSNa reaches
1.6 and lesser with more DBSNa added the catalyst is precipi-
tated. The precipitated catalyst has a Cu/DBSNa ratio of 0.28
and lies far le of the plot in Fig. 8 and is also the active catalyst.
Efficiency of Cu-based catalyst

The results from the prepared Cu-based catalyst are compared
with respect to that of the conventional catalyst DBTDL. DBTDL
is used as a benchmark catalyst here. It turns out, at 0.3 mol%
loading of DBTDL, polyurethane is obtained in 95% yield,
within 30 minutes (Fig. 7b), whereas 0.6 mol% of loading,
catalyst affords 95% yield in 7 hours (Table 1, entry 3). The
polyurethane so synthesized is characterized by FTIR, SEM and
optical stereo microscope. The catalyst is tested for its substrate
scope and its generality. When methylene diphenyl diisocya-
nate (MDI) is used, PU was obtained in 97% yield. Encouraged
by our success in synthesizing polyurethane, it is checked if the
motherboard based copper catalyst can catalyze the PU foam
reaction at room temperature. It is worth noting that, at
0.6 mol% catalyst loading PU foam is obtained at nearly
quantitative yield, thus proving its general applicability as a PU
gelling catalyst.
RSC Adv., 2016, 6, 75749–75756 | 75753
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Scheme 2 Proposed mechanism of polyurethane synthesis from
bamboo polyol and IPDI with Cu-based catalyst.
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Model reaction & proposed reaction mechanism

However, open question remains: why does the motherboard
based copper catalyst take 2 hours to complete the reaction even
at 6 mol% catalyst loading, whereas a small amount of DBTDL
can catalyze the reaction within 30 minutes? The results
completely t into our hypothesis.

In the DBTDL based mechanism, in the last step, the laurate
acts as the nucleophile and displaces the urethane product. On
the contrary, in this copper based mechanism, there is no such
nucleophile to displace urethane. So, the neutral molecule
urethane undergoes ligand elimination to regenerate the catalyst,
which is possibly a slow equilibrium process (Scheme 2). Looking
at the optimization of the reaction condition, as we increase the
loading of our Cu-based catalyst, yield of product increases. This
is possibly because of higher diffusion rate of reactant through
catalytic pore towards catalystic surface where reaction occurs. So
we can tell this is a mass transfer limited reaction.56

We modeled our reaction (Scheme 3) with IPDI and benzyl
alcohol to investigate the role of Cu in the reaction. So we have
Scheme 3 Model reaction of IPDI with benzyl alcohol using Cu-based
catalyst.

75754 | RSC Adv., 2016, 6, 75749–75756
done the reaction using Cu powder, DBSNa, and with Cu-based
catalyst separately. In those reactions, with our catalyst, product
was formed relatively faster than Cu powder as catalyst whereas
no reaction was noticed with DBSNa as catalyst (Table S1†). So it
is logical to say Cu is activating polyol by coordinating with
oxygen atom of polyol. Current investigations are on the way to
understand the mechanism in more detail.
Spectroscopic characterization

Fourier transform infrared spectroscopy is employed to analyze
the catalyst (Fig. 9). The catalyst exhibits the characteristics of
the fundamental and the split n3(S–O) bond vibration. The two
prominent vibration of SO3, i.e. nas(SO3

�) and ns(SO3
�) are

observed at 1192 cm�1 and 1041 cm�1 respectively, thus proving
the existence of dodecylbenzene sulfonate as the counter ion for
copper. The colloidal assembly of the copper and the DBS can
be easily realized by comparing the stretches in the sulfonate
region. The newly formed copper–oxygen bond decreases the
electron density on oxygen, thereby inducing a slight red shi in
the corresponding n(SO3

�) vibration frequency.
The peak at 3225 cm�1, on the other hand, is attributed to

the hydrogen bonding between the proton and the sulfonic
oxygen of two molecules, where the proton mediates the
stacking of aromatic regions of catalyst. Such a situation is also
reected in peak broadening of the sulfonate region. However,
we cannot rule out the possibility of self-stacking of free sulfo-
nate ions on the surface of copper DBS–colloidal complex.

A typical FT-IR spectrum of the polyol–IPDI polyurethane
prepared at the optimized condition is shown (Fig. 10a). The
peak at the wave-number 3436 cm�1 is attributed to the
stretching vibration of N–H: n(NH). The peak at 2921 cm�1 is
caused by the asymmetric stretching vibration of CH2 or nas(CH2).
Fig. 9 IR of (a) sodium dodecyl benzene sulfonate, (b) copper based
catalyst, (c) polyurethane using DBTDL, (d) polyurethane using the
copper-based catalyst.

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 FT-IR spectrum of the (a) PU with IPDI 1, (b) PU foam with IPDI
1, (c) PU with MDI 2, (d) PU foam with MDI 2.
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A distinct characteristic peak at 1640 cm�1 is attributed to the
abundance of amide I bands, which clearly shows the formation
of polyurethane.

A strong stretching C–O–C vibration at 1100 cm�1 proves the
participation of both polyol and diisocyanate and hence
corroborates the abundance of allophanates. The clear peaks at
1545 cm�1 is assigned to the amide band II [d(N–H) + n(C–N)].
Evidence of PU formation even comes from the vibration at
1230 cm�1, which is attributed to the amide III band [n(C–N) +
d(N–H)]. The FTIR of PU foam also shows similar vibration
frequency (Fig. 10).
Conclusions

In summary, we have developed a green protocol for the poly-
urethane reaction by a discarded motherboard based copper
catalyst. The copper-based catalyst reported here is a colloidal
assembly of Cu2+–DBS� which is precipitated by destabilizing
a charge and steric-stabilized colloidal catalytic system by
excess addition of DBSNa. The catalyst is non-toxic and does not
require any synthetic modication and under the optimized
condition with the three parameters (time, temperature and
catalyst loading), it could promote the polyurethane reaction in
nearly quantitative yield within 2 hour at 60 �C. Furthermore,
synthesis of polyurethane foam proves the generality of the
catalyst and it's potential to displace the currently used toxic
and expensive catalysts. The next step would be in the direction
of a complete green protocol for the synthesis of polyurethane
with starting materials (di/polyol and di/polyisocyanate) being
derived from a single environmentally friendly preferably a dis-
carded resource. Such a discarded resource for PU catalyzed by
a discarded motherboard catalyst would be the next step
forward for a greener tomorrow.
This journal is © The Royal Society of Chemistry 2016
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