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ABSTRACT: Recycling of poly(ethyleneterephthalate)
waste was achieved through glycolysis using diethylenegly-
col (DEG) and poly(ethyleneglycol) (PEG 400), which
yielded different fractions that exhibited hydroxyl numbers
of 174.41 and 54.86 mg of KOH/g, respectively, whereas
GPC profiles revealed bimodality in both cases correspond-
ing to M, values equivalent to 534 and 1648. The products
of glycolysis from both cases were individually incorpo-
rated as modifiers during the synthesis of urea-formalde-
hyde resins from both the basic as well as acidic stages,
respectively. It was found that the free formaldehyde level
was remarkably decreased for the modified resins while the
gel time was slightly affected indicating some activation of
the resins. In addition, the adhesion strength of wood joints
bonded with the modified resins improved markedly in the

dry state while the moisture resistance was significantly for-
tified with respect to the comparable joints formulated from
unmodified resins where instant failure took place within
few hours after immersion in water. The shelf life of the
resins did not prolong and lasted maximum for about
2 months which was ascribed to the presence of reasonable
amount of carboxyl terminal groups at the ends of a minor
portion of the glycolyzed products that could actively act to
self-catalyze the polycondensation and crosslinking reac-
tions during storage leading eventually to vitrification of
the resin and shortening of shelf life. © 2011 Wiley Periodicals,
Inc. ] Appl Polym Sci 123: 2377-2383, 2012
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INTRODUCTION

Several routes have been of particular interest as
modifiers to improve the performance of urea-form-
aldehyde (UF) bonded wood particleboard. These
routes involved the coreaction of UF resins with
small amounts of isocyanates,' propionaldehyde,’
and aliphatic long chain diamines and triamines,’
which was originally proposed to introduce better
flexibility, hence better stress distribution in a hard-
ened plywood glue-line. In a similar study, a short
chain aliphatic dialdehyde (succinaldehyde) was
used as coreactant to UF system and found to
improve the water resistance, which was attributed
to the formation of a linear butyl chain, being
inserted between the ureas upon the reaction of the
aldehyde with urea, thus contributed efficiently to
decrease the density of crosslinking.*

Polyethylene terephthalate (PET) is one of the ver-
satile engineering plastics that are widely used in
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diverse applications: textiles, manufacture of high
strength fibers, photographic films, disposable soft
drinks and others. It is also one of the largest com-
ponents of the postconsumer plastics in landfills.
With increasing applications and decreasing prices,
PET became the symbol of high disposable in con-
sumer, and hence, a noxious material of concern in
the relatively recent environmental protection issues
as it is in addition highly resistive to atmospheric
and biological agents. Therefore, the necessity of
finding a simple economic route for recycling of PET
waste is an important practice for sustainable recy-
cling and contributes to conservation of raw materi-
als and energy.”®

Chemical depolymerization of PET wastes and
conversion into reusable chemical products of added
value is one of the most important recycling strat-
egies for this material.”” This task can be achieved
by glycolysis in excess diols or polyols which has
been studied for many years® The produced glyco-
lyzed products could be divided into water soluble
and insoluble oligomers. Most of the glycolyzed
products precipitate out because of limitation in
their solubility in water-based systems.” The water
soluble fractions are mainly hydroxyl-terminated
while the main chains, either aliphatic or bearing
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aromatic ring, may be promising in improving the
water resistance of the resin and in providing space
between the ureas which allows decreasing the
crosslinking density of UF resin providing that the
hydroxyl terminals are the sources of reactivity dur-
ing reaction with UF resin. In this work, we employ
the degradation products (including the water insol-
uble fractions) as coreactants to UF resin, to investi-
gate if they can be promising as cheap modifiers
that can upgrade any of the UF properties that show
poor performance.

We will pay attention to the critical chain length
of the glycolyzed products, as too long chains would
in turn lead to very low solubility of the compounds
which would severely limit or even completely in-
hibit their reaction with such a water-based system.

EXPERIMENTAL
Materials

Urea was obtained from El-Delta Company for
fertilizers and chemical industries, Talkha-Egypt.
Formaldehyde (37% solution) was supplied from
El-Mansoura for Resins & Chemical Industries,
Egypt. Anhydrous aluminium chloride was a
product of Merck-Schuchart chemical company,
Germany. Ammonium chloride was provided from
Veblabor Chemie, Apolda. Diethylene glycol (DEG),
Aldrich; polyethylene glycol 400 (PEG 400), Fluka;
lead acetate, Laboratory Rasyan were laboratory
grade and used without further purification.

Methods
Glycolysis of PET

Clear postconsumer bottles of PET wastes were
collected from local market. Samples were first con-
ditioned with 1 wt % aqueous solution of sodium
hydroxide for about 1 h to remove any surface
impurities and subsequently washed with water and
dried in an oven at 80°C. PET scraps were cut in a
particle size between 3 and 5 mm and then subjected
to glycolysis process. PET wastes were depolymer-
ized in this study using two different glycols (DEG
and PEG 400) in the presence of lead acetate as a
transesterification catalyst. The PET waste to glycol
ratio in each case (1 : 1 wt %) was calculated consid-
ering a molecular weight of one PET monomeric
unit is 192 Da, thus relating each one to its molecu-
lar weight will correspond to relative molar ratios of
1 : 1.84 for PET/DEG and 1 : 0.484 for PET/PEG
400, respectively. The mixture was charged to a
four-necked round bottom flask of 500 mL capacity,
connected to a reflux condenser, thermometer, and
stirrer. The reaction was carried out under reflux at
190-200°C for 8 h. The glycolyzed products were
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analyzed for hydroxyl (HN) and acid (AN) numbers
according to a procedure described elsewhere.”

Preparation of UF resins

A traditional two-step procedure was followed for
the synthesis of UF resins at F/U = 1.5. Initially,
formaldehyde (37-40%) was placed in the reactor
then the solution pH was adjusted to 7.5 with so-
dium hydroxide (10 wt %). Subsequently, urea was
added to the system and after ensuring complete
dissolution the mixture was refluxed for 45 min.
Then, the pH was changed to 5 with acidic solution
of anhydrous AlCl5: ethanol (1 : 1) and the polycon-
densation reaction was resumed for additional
15 min, the pH was finally readjusted to 8 and the
mixture was left to cool.

Preparation of modified UF resins

The modification method of preparation was very
similar to that of the general preparation of UF res-
ins. It involved prior neutralization of formaldehyde
using sodium hydroxide solution then appropriate
amount of urea was added so that the F/U ratio
was set at 1.5, whereas predetermined amounts (0.5,
1, 3) g of each glycolyzed product was either
charged during the basic or acidic stage then the
process was completed as above.

Characterizations

The solid content of the UF resins was determined
in triplicates by taking the difference of the weight
before and after drying of 1 g of UF resin into a dis-
posable aluminum dish in air oven at 120°C for 3 h.
The viscosity of the UF resins was measured from
aqueous solutions at 25°C with a cone plate viscom-
eter (DV-II1, Brookfield, Middleboro, MA) with no. 2
spindle at 60 rpm. The free-formaldehyde content of
the prepared resins was determined by the sodium
sulfite method." The gel time was measured in 3
replicates for each resin at 100°C using a stop-watch.
The IR spectra were recorded on a JASCO FT/IR
6100E Fourier transform infrared spectrometer,
Japan. The molecular weights of the glycolyzed
products were measured against polystyrene stand-
ard on Waters gel permeation chromatography.
Samples were dissolved in tetrahydrofuran of HPLC
grade at a constant concentration of 0.1 wt %. After
filtration of samples, 200 pL of each sample was
injected into ultrastyrogel columns. The flow rate of
the eluent was 1 mL/min.

Wood samples (2 x 0.5 x 10 cm) for adhesion
measurements were cleaned, smoothed then the
hardener was added to the resin, based on the solid
content of the resin, and mixed well just prior to
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Figure 1 FTIR spectra of the glycolyzed products of PET
wastes with DEG and PEG 400.

application. The resin was spread over 2 x 2 cm® of
the wood species and the joint was pressed using a
hydraulic press of two plates, both heated to 150°C
for 5 min. under pressure of 50 kg/cm? The shear
strength of the glued joints was evaluated using
Lloyd wuniversal testing machine Type LR/OK,
Lloyd, England, operated at a minimum cross-head
speed of 2 mm/min.

RESULTS AND DISCUSSION
Characterization of the glycolyzed product

The glycolysis consists of the transesterification of
PET and the destruction of its polymer chains,
resulting in the decrease of its molecular weight.
Destruction of PET can take place at elevated tem-
peratures. When glycols are used in the depolymer-
ization of PET, the oligoesters obtained have two
hydroxyl end groups, ie. oligoester diols are
formed."" In this study, the depolymerization of PET
was carried out with DEG at molar ratio 1.84 and at
0.484 for PEG 400.

FTIR spectra of the glycolyzed products of DEG
and PEG 400 were quite similar (Fig. 1) and showed
the following bands:

An intense broad band at 3400 cm ! characteristic
to the stretching frequency of the hydroxyl
groups.
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The bands at 2878-1450 cm ™' may be stand for
stretching and bending frequencies of CH,
groups.

A strong band at 1720 cm ™" due to the stretch-
ing frequency of the carbonyl groups.

The band at 1580 cm ™' is quite characteristic to
the aromatic C=C stretching.

The bending frequencies at 730-880 cm™
strongly suggest the presence of aromatic resi-
due of the glycolyzed products.

1

It may be argued from the IR Spectra that the gly-
colyzed products are hydroxyl terminated
oligomers.

The hydroxyl and acid values of the glycolyzed
products were determined and the results are sum-
marized in Table I. It was found that the glycolyzed
products have low acid values, 17.44 and 15.62 mg
KOH/g for DEG and PEG 400, respectively,
although the glycolysis of PET should yield oligom-
ers with hydroxyl end groups. This low acid value
indicates that parallel hydrolysis may be occuring
during the reaction and some products with car-
boxyl end groups can also be formed.'* Table I illus-
trates the number average molecular weight (M,,) of
oligomers calculated from hydroxyl number and
obtained by GPC analysis as well. The fractions
obtained as a result of glycolysis induced by DEG
and PEG 400 were bimodal and exhibited different
retention times, 32.71 and 28.78 minutes, respec-
tively, which is thought to be a reflection of that the
glycolyzed products composed mainly of two main
components,'® (Fig. 2).

Dealing more generally with the GPC profiles,
neglecting that there is more than one fraction, while
taking the molecular weight to be representative to
the sample as a whole gave rise to 534 and 1648 g
mol ', respectively (Fig. 3) which are in close con-
formity to the comparable data obtained by the
hydroxyl number method (Table I). These fractions
can be represented by: {DEG-TPA-EG-TPA-DEG,
molecular weight 534 g mol '} and {PEG 400-TPA-
(EG-TPA-EG), —TPA-PEG 400, molecular weight
1648 g mol '} where TPA refers to terephthalic acid.
We calculated the percentages of the high molecular
weight fractions and low molecular weight ones as

The stretching band at 2950 cm ' may be  well so simply by taking the area under peak and
assigned to olefinic and aromatic CH. relating to the total peak area for each case thus it
TABLE I

Characterization of Glycolyzed PET Wastes

Data from GPC

Samples Molar ratio AN, mg of KOH/g HN, mg of KOH/g Mn (HN) M, M, Polydispersity
PET/DEG 1:1.84 17.44 174.41 585 534 734 1.33
PET/PEGuqo 1:0.484 15.62 54.86 1592 1648 2456 1.49

Journal of Applied Polymer Science DOI 10.1002/app



2380

“0 | DEG
30.00
B
2000
1000
000
000 500 10.00 15,00 2000 2500 0,00 35,00 40.00 45.00 50.00
Min.
PEG 400
1500
>
E 1000
500
000 500 10.00 15,00 2000 2500 000 300 40.00 45.00 50.00
Min.

Figure 2 Plot of retention time data for the glycolyzed
fractions.

was equivalent to 79.5 and 20.5% in case of DEG
and 75.5 and 24.5% in case of PEG 400, respectively.

The produced glycolyzed fractions were employed
as modifiers for UF resins from both the basic and
acidic stages for each type (PEG 400 and DEQG). It is
worthy to mention that some insoluble parts still
existing in case of PEG 400. However, we did not
remove these parts hoping that they may convert to
soluble fractions during the course of reaction which
was not the case.
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Figure 3 Cummulative GPC profiles of the glycolyzed
products.
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TABLE II
Physical Properties of UF Resins After Modification
During the Basic Stage of Polycondensation with
Different Amounts of Glycolysis Products of PET

Using DEG

Modified UF resins
with different additions

Unmodified during basic stage
Properties UF resin 05¢g lg 3g

Solid content, % 47.8 479 47.8 48.1

EE., % 1 0.65 0.6 0.53
Viscosity, P. 0.8 0.7 0.65 0.55

Gel time (Sec.) 60 56 62 60

The physical properties of the modified UF resins
with different additives of glycolyzed products of
PET using DEG, from both, basic as well as acidic
stages, are shown in Tables II and III, respectively.
In both cases, the change in the solid content along
with amount of modifier (0.5-3 g) is practically in-
significant in comparison with the unmodified UF
resin. The same trend can be observed for the free
formaldehyde levels (remarkably lower level of free
formaldehyde with respect to unmodified resin)
while a slight decrease in the viscosity was noticed
upon increasing the modifying agent either from the
basic or the acidic stage during synthesis. Further,
the gel time was not very much affected by the addi-
tion of the modifier. Initially some activation to the
resin was noticed, represented by a decrease in the
gel time from 60 s for the unmodified resin to about
54-56 s for 0.5 g of additive (either from the basic or
acidic stage) which goes up again upon further
increase of the additive to the common gel time of
unmodified UF resin. The corresponding shear
strength values of wood joints glued with the modi-
fied UF resin in the presence of 3 wt % of NH4CI as
an accelerator (curing agent) before (dry state) and
after immersion in cold water for 24 h (wet state), to
induce hydrolytic degradation or better to express as
a measure of moisture resistance of the glue after
modification with glycolysis products of PET, are

TABLE III
Physical Properties of UF Resins After Modification
During the Acidic Stage of Polycondensation With
Different Amounts of Glycolysis Products of PET

Using DEG
Modified UF resins
with different additions
Unmodified during acidic stage
Properties UF resin 05¢g lg 3g
Solid content,% 47.8 47.2 48.1 48.9
FF., % 1 0.8 0.6 0.6
Viscosity, P. 0.8 0.7 0.65 0.55
Gel time (Sec.) 60 54 59 60
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TABLE IV
Shear Strength Values of Wood Joints Glued With Modified as well as Unmodified UF Resins in Presence of 3 wt %
NH,CL as a Curing Agent

Modified UF resins with different amounts of DEG induced

glycolysis products during basic stage

Properties Unmodified UF resin 05g lg 3g

Dry shear strength, Kg/ cm? 40 58 52 65
after 24 h immersion in cold water

Wet shear strength, Kg/cm? 17.2 21.3 35

Dry shear strength, Kg/cm?

Wet shear strength, Kg/cm?

Modified UF resins with Different amounts of
DEG induced glycolysis products during acidic stage

05g lg 3g

55 62 62
after 24 h immersion in cold water

36 48 38

shown in Table IV. The shear strength of the joints
formulated from unmodified resin (40 Kg/cm?)
increased about 50% up to 0.5 g of addition of the
modifier in the basic stage, this ratio further elevated
to 57% for 3 g of an additive. A significant drop can
be induced after immersion of the joints in cold
water for 24 h, the drop is almost two-third for 0.5 g
of the additive, more than half for 1 g addition while
almost half for 3 g of additive (which can be consid-
ered the most resistive sample to moisture). In all
cases, the modification results in better moisture re-
sistance when compared with the unmodified resins,
whose corresponding joints collapsed entirely after
the immersion in water.

The situation is more or less the same for the com-
parable treatment using the same amounts from the
acidic stage. However, the samples in this case
showed much better resistance to moisture or
induced hydrolytic degradation which can be
accounted for by the glycolysis products of PET act-
ing effectively as distancing agents that could facili-
tate semielastic three-dimensional network formation
that can deal reversibly to the increased internal
pressure associated with severe crosslinking thus
help to dilute the crosslink density while providing
some elasticity to their fracture mode upon being
mechanically stressed. The increased resistance to
moisture reflects the hydrophobic nature or rela-
tively long-chained species comprised in the struc-
ture of the fractions of glycolyzed PET (M, =
584.9 ¢ mol ! according to hydroxyl number method
and 534 g mol™ ' as determined by GPC). These frac-
tions showed acid value up to 17.44 mg KOH/g
while about 10-folds of equivalent hydroxyl number
(17441 mg KOH/g). The existence of such high
hydroxyl number gives rise to their capability to
incorporate in the network formation during
gelation or crosslinking while the extremely shorter
shelf-life (maximum 2 months for most of the
samples) relative to our previous studies based on

modification of UF resins with dendritic poly(amido-
amines) (PAMAM)®*'7) is ascribed to availability of
—COOH groups in reasonable amount that can self-
catalyze the condensation reactions during storage
and therefore shorten the shelf life.

In a very similar way, we repeated the same
sequence of experiments for another set of samples
while employing the glycolysis products of PET, but
with using PEG 400 instead of its dimeric form as a
glycolytic agent, as modifiers for UF resins using the
same amounts (0.5-3 g) for comparison, the results
of this series are shown in Tables V-VIL

It should be kept in mind that the main difference
between the glycolysis products in this case with
respect to the former case where DEG was
employed, exhibited a comparable acid value (15.62
mg of KOH/g) while about one-third of the
hydroxyl content that was obtained in case of DEG
(54.86 mg of KOH/g). In a predictable way, it may
be emphasized that less hydroxyl content means less
reactivity of the resins. On the contrary, it was not
the case and the reactivity of the resins remained the
same as represented by the gel time data (Tables V
and VI) except for the sample modified with 3 g
from the basic stage (45 s), which may be actually

TABLE V
Physical Properties of UF Resins After Modification
During the Basic Stage of Polycondensation with
Different Amounts of Glycolysis Products of PET Using

PEGyqo
Modified UF resins
with different additions
Unmodified during basic stage
Properties UF resin 05¢g lg 3g
Solid content, % 47.8 47.6 47.6 48.1
FF., % 1 0.6 0.55 0.55
Viscosity, P. 0.8 0.65 1.4 0.6
Gel time (sec.) 60 55 60 45

Journal of Applied Polymer Science DOI 10.1002/app



2382

TABLE VI
Physical Properties of UF Resins After Modification
During the Acidic Stage of Polycondensation With
Different Amounts of Glycolysis Products of PET Using

Modified UF resins
with different additions
Unmodified during acidic stage
Properties UF resin 05¢g lg 3g
Solid content, % 47.8 48.4 479 48.2
EF., % 1 1 0.65 0.7
Viscosity, P. 0.8 1.3 0.55 0.6
Gel time (Sec.) 60 52 53 56

an artifact. The rest of the physical properties did
not exhibit much difference relative to their counter-
parts modified with DEG (with few exceptions that
can be observed from the tables). More importantly,
the impact of these modifiers on these resins when
applied as glues for binding cellulosic joints or what
so ever, (Table VII).

From Table VII, the shear strength values from the
resins modified from the basic stage improved
strongly up to 1 g of additive then a deleterious
drop was observed upon higher amounts of addi-
tives were used. Also, the resin modified with the
least amount of additive (0.5 g) survived strongly
after immersion in cold water for 24 h while the
higher amounts caused surprisingly strong failing to
the joints after immersion in water despite of their
more hydrophobicity (hydroxyl content = 54.84) and
longer chain length so less hydroxyl content per
chain length means less reactivity or may refer to
inappropriate compatibility ~with the reaction
mixture that is based on water.

The improvement of the shear strength values was
more pronounced for the modification achieved
during the acidic stage of condensation which seems

ESSAWY, TAWFIK, AND ELSAYED

to be more favored with these species. However, the
molecular weight data determined by GPC for
the produced species from the glycolysis of
PET revealed it as a three times as much as that of
the series that belong to the modification with
glycolysis products using DEG (M, = 1592,
determined by hydroxyl number and 1648 deter-
mined by GPC).

This may not be very much surprising and can be
explained by the bimodality of the GPC profiles
(Fig. 2), which means that two types of fractions
with a big difference in polarity, solubility, and mo-
lecular weight while the introduced overall value
obtained by GPC represents the entire sample with
no differentiation between the two fractions, one of
these fractions precipitated out of the medium dur-
ing reaction for the modifiers based on glycolyzed
products by PEG 400. Generally, the shear strength
remained almost of the same moisture resistance to
the comparable series modified with DEG glycolysis
products under the same reaction conditions (refer
to Table 1V).

Glycolysis products by PEG 400 seem in general
to preponderate the DEG products in their perform-
ance especially if we consider the resistance of joints
to hydrolytic degradation (up to 1 g of modifier)
beyond which there may be some contradiction if
we believe that this may be ascribed to their longer
chains being inserted between the urea units upon
the reaction between the aldehyde with urea, similar
results were found by others.*

We will focus in a future study on isolating each
fraction before involvement as modifier to UF resin
to investigate the difference in performance and
properties of the produced resins.

In the mean time, an intensive thermal study on
the curing behavior of the resins after modification
will be performed on the way to profound under-
standing of the role of these modifiers.

TABLE VII
Shear Strength Values of Wood Joints Glued With Modified as well as Unmodified UF Resins in Presence of 3 wt %
NH,CL as a Curing Agent

Modified UF resins with different
amounts of PEGy, induced glycolysis
products during basic stage

Unmodified
Properties UF resin 05¢g lg 3g
Dry shear strength, Kg/cm? 40 65 70 25
After 24 h immersion in cold water
Wet shear strength, Kg/cm? 59 18 11

Dry shear strength, Kg/cm?

Wet shear strength, Kg/cm?

Modified UF resins with Different amounts of PEGyq
induced glycolysis products during acidic stage

05¢g lg 3g

62 74 45
After 24 h immersion in cold water

41 45 20

Journal of Applied Polymer Science DOI 10.1002/app
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CONCLUSIONS

Glycolysis products of PET wastes can be used to
improve the properties of UF resins through partici-
pation in the polycondensation and crosslinking
reactions with their hydroxyl end groups, whereas
the existence of some carboxyl terminals was found
to be involved in self-catalyzing these reactions. The
resin activation, revealed by gel time data, lead to
the conclusion that these glycolysis fractions were
involved effectively in the network structure of the
resin which could further be confirmed by the
improvement in adhesion strength in the dry state
and their moisture resistance after immersion in
water in addition to the remarkable drop in the level
of free formaldehyde. It could also be concluded
that the shelf life shortening of the resins after modi-
fication was presumably a result of the carboxyl
ends of a portion of these fractions.
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