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trate on the thermal processability
of poly(vinyl alcohol) modified by water

Qing Liu, a Ning Chen,a Shibing Bai *a and Wenzhi Lib

The thermal processing of poly(vinyl alcohol) (PVA) is a big challenge worldwide. In this article, silver nitrate

(AgNO3), which can combine with the hydroxyl groups of PVA and water, was introduced to further improve

the thermal processability of the poly(vinyl alcohol)/water system. The water states, thermal performance,

and rheological properties of PVA modified by AgNO3 were investigated. The results showed that with the

increasing of AgNO3 content, the content of bound water in system increased ascribing to the interaction

among PVA, water and AgNO3, indicating that the bondage of PVAmatrix onwater enhanced, thus retarding

the tempestuous evaporation of water in system during melt process and making more water remain in

system to play the role of plasticizer. Meanwhile, that AgNO3 combined with the hydroxyl groups of PVA

further weakened the self-hydrogen bonding of PVA, guaranteeing a lower melting point and higher

decomposition temperature, and broadening the thermal processing window. The rheological properties

of the modified PVA system showed that the torque and die pressure of the modified PVA system turned

to stabilization during melt processing, testifying that the thermal processability of the PVA/water system

was largely improved.
1. Introduction

Poly(vinyl alcohol) (PVA) is a typical water-soluble polymer with
multi-hydroxyl groups, which promote the formation of strong
hydrogen bonding in intra and inter PVA molecules1 and endow
it with many good properties, such as excellent adhesive
performance,2 high mechanical properties and biodegradability
under certain conditions, etc. However, these strong hydrogen
bonds seriously restrict the movements of molecular chains of
PVA, making its melting point close to the decomposition
temperature, inducing PVA to easily degrade during melting.
So, the existing PVA products such as lm and ber are only
manufactured by the complex solvent method, and it is hard to
prepare the three-dimensional products with good perfor-
mance, which severely limits the application of PVA. Therefore,
how to realize the simple thermal processing of PVA, which is
clear and exible, is a challenge worldwide.

Generally, the key point to realize thermal processing of PVA
is to obtain a thermal processing window,1 by means of
destroying the self-hydrogen bonding of PVA and decreasing its
melting point, which can be realized by addition of plasticizers,
chemical modication3 or blending4–8 etc. Among these, using
plasticizers for modifying PVA is a simple and effective way to
extend the gap between the melting point and the
ngineering, Polymer Research Institute of
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l Water Proof Materials, Beijing Oriental

ijing 100000, China
decomposition temperature of PVA. The common plasticizers for
modifying PVA are water,1,9,10 polyols,9,11–13 amides,9,14 esters,10

metal salts,15,16 etc. These plasticizers could form hydrogen
bonding with –OH of PVA, decrease the original inter and/or
intra-molecular hydrogen bonding of PVA and then destroy the
structural regularity and degree of crystallinity, making the
melting point of PVA decrease.1 Consequently, thermal process-
ing window is obtained and thermal processing of PVA is able to
be realized. Water is popular and most suitable one for PVA
because of its clear and low cost. But it, whose boiling point is low
(�100 �C), is easy to evaporate and cause unstable ow even
foaming during thermal processing. Therefore, how to control
water evaporation and further decrease the interaction between
PVAmolecules are quite important for the stable thermal process
of water plasticized PVA. Wang et al.17 selected boric acid as
a modier to investigate water states and thermal processability
of modied PVA, getting that boric acid inhibited the intense
water evaporation during the melting process and improved the
processing stability of modied PVA. However, boric acid cannot
be easily got rid of and has poisonousness.18

Ag+ would vanish and turn into Ag nanoparticles when
heating19 or UV irradiating,20 which endow PVA/Ag composites
with antibacterial property,21 optical applications,20 biosen-
sors22 and so on. Besides, Ag+ contains several vacant orbital,
which could help Ag+ adopt lone pair electrons.19,23–25 So, Ag+

owns capacity to adopt electrons provided by hydroxyl-oxygen
atom of PVA and water. Huang et al.25 indicated that Ag+

could combine with two hydroxyl of PVA and form PVA–Ag+

chelate, this structure destroy the original inter and/or intra-
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 FTIR spectra of PVA/water with different AgNO3 content.
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View Article Online
molecular hydrogen bonding of PVA and weaken intermolec-
ular forces, eventually reducing its melting point. Furthermore,
some Ag+ also could combine with water to form H2O–Ag

+

chelate which could constrain water and even urge more water
to play the role of plasticizer. In this work, AgNO3 was adopted
as a modier and its effects on stability of water and thermal
processability of water plasticized PVA were systematically
tested by DSC, rheology test and SEM analysis.

2. Experimental
2.1 Materials

Poly(vinyl alcohol) 1799 (GB12010-89, degree of polymerisation
¼ 1750 � 50, hydrolysis degree ¼ 99.9 mol%) were provided by
Sichuan Vinylon Works, SINOPEC (China). It was washed
several times with deionized water until a pH of 7 and then
dried at 70 �C in a vacuum oven. Silver nitrate (AgNO3,$99.8%)
was purchased from Chengdu Kelong Chemical Reagent
Factory of China. Deionized water was used throughout the
experiment.

2.2 Preparation of modied PVA

Put AgNO3 aqueous solution into a certain amount of dried PVA
and let the solution completely seep into PVA at ambient
temperature in a sealed vessel to prepare modied PVA. The
weight of dried PVA and deionized water were constant, while
the weight of AgNO3 was 0 g, 0.1 g, 0.5 g, 1 g per 100 g dried PVA
and noting the modied PVA containing various AgNO3

amounts as m-P0, m-P0.1, m-P0.5, m-P1, respectively.

2.3 Analytical methods

FT-IR spectras of the molecular structure were recorded on
a Nicolet 6700 FT-IR spectrometer (Thermo Nicolet Ltd, Vernon
Hills, IL, USA).

Curves of differential scanning calorimetry (DSC) were per-
formed on a TA Q20 differential scanning calorimeter (TA
Instruments, USA) under a owing N2 with sample weighty
about 6 mg. The samples were rst cooled to �40 �C with liquid
nitrogen, and then heated to 40 �C at a heating rate of
5 �C min�1. The thermal properties of modied PVA were also
measured by heating from 40 �C to 255 �C at a heating rate of
10 �C min�1.

The torque and die pressure of modied PVA were measured
on torque rheometer (RM-200C, Harbin Hapro electrical tech-
nology CO. LTD. Harbin China). The temperature was set at
100 �C, 150 �C and 150 �C, respectively.

The morphology of liquid-nitrogen-cryofractured section of
specimens and the surface appearance of the extrudater were
performed on scanning electron microscope (SEM) (FEI
Instrument Co. Ltd, USA).

3. Results and discussion
3.1 Interactions in silver nitrate modied PVA system

The FTIR-ATR spectra of modied PVA with varying AgNO3

content were given in Fig. 1. The wide absorption peak appeared
This journal is © The Royal Society of Chemistry 2018
in each FTIR curve in the region of 3000 cm�1 to 3600 cm�1

could be clearly observed, which corresponds to the overlapping
stretching vibration peaks of O–H in PVA as well as water.
Comparing with the curve of m-P0, the hydroxyl stretching peak
of m-P0.1 shied to higher wavenumbers and the peak inten-
sities turned weaker. The researches26,27 indicate that the
changes of hydrogen bonds would affect the chemical envi-
ronment of O–H. Specically, the building of hydrogen bonds
would enhance the peak intensities of peak intensities and this
peak would shi to lower wavenumbers. Therefore, the addition
of AgNO3 weakened the original hydrogen bonds of m-P0.
Besides, with the increase of AgNO3 content, the position of
this peak changed little, while its intensity gradually weakened,
indicating that the addition of AgNO3 did not change the
hydrogen bonding types in system, but decreased its numbers.

The metal salt silver ion (Ag+) has vacant orbital19,23–25 which
makes it adopt lone pair electrons. So, Ag+ owns capacity to
adopt the oxygen atom on the hydroxyl which were supplied by
PVA and water, which makes it possible to combine with
hydroxyl oxygen of water and PVA. Huang et al.25 indicated that
Ag+ could combine with two hydroxyl of PVA, showed in Fig. 2.
Therefore, in this PVA/water/AgNO3 system, PVA chelated Ag+ to
destroy the hydrogen bonds of PVA, resulting in the changes of
the peak of O–H, showed in Fig. 1. Moreover, some Ag+ also
could combine with water to form H2O–Ag

+ chelate. Therefore,
the interactions in this PVA/water/AgNO3 system could be
clearly presented in Fig. 3. AgNO3 combines with PVA together
with water to build the chelates to break the self-hydrogen
bonding of PVA and urge more water to play the role of
plasticizer.
3.2 Water states in the modied PVA

The key to realize thermal processing and melt spinning of
water modied PVA steadily is to avoid water rapidly evapo-
rating. And it should be underlined that the evaporation
behavior of water is closely related to water states in the
modied PVA.
RSC Adv., 2018, 8, 2804–2810 | 2805
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Fig. 2 Structure for PVA–Ag+ chelate proposed by Huang et al.25

Fig. 4 The heating curves of modified PVA: (a) deionized water; (b)
pure PVA; (c) m-P0; (d) m-P0.1; (e) m-P0.5; (f) m-P1.
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Generally, water has three different associating states1,28 with
hydrophilic polymers, i.e., free water, freezable bound water and
non-freezing water. Compared with free water, having no
interaction with PVA molecules and own the same melting
point as pure water, freezable bound water has less closely
association with hydroxy groups and its melting point is below
0 �C. Non-freezing water has directly interacting with the polar
groups of hydrophilic polymer which have no detectable phase
transition in the range of �40 �C to 20 �C. Both of them are also
named as bound water. Accordingly, if the content of bound
water in PVA can be increased, stable melt process should
certainly be realized.

The states of water could be differentiated by low tempera-
ture differential scanning calorimetric (DSC) measurements, as
shown in Fig. 4. Apparently, the pure PVA had none peak within
the above cited range of temperatures, which indicated that
pure PVA had no phase transformation occurred during this
heating period. And the pure water had one intensely phase
transformation peak corresponding to the melting point of ice
water. Besides, the modied PVA had two visible endothermic
peaks appeared in DSC curve at about T ¼ �10 �C and T ¼ 0 �C,
which indicated that there existed more than two different
kinds of water. The endothermic peak at lower temperature
belonged to the phase transformation of freezable bound water,
signing as peak, and the other one at higher temperature
which overlapped with the phase transformation peak of pure
water belonged to the phase transformation of free water,
signing as peakf. The curves showed that the peak intensity of
peak strengthened visibly once adding AgNO3, besides, with
the increase of AgNO3 content, the peak intensity of peak
enhanced substantially. Not only that, but the peak moved
toward the direction of higher temperature as the amounts of
AgNO3 increased.
Fig. 3 Schematic structures of water and silver nitrate in modified
PVA.

2806 | RSC Adv., 2018, 8, 2804–2810
To further explore the change of water states, the values of
melting point (T) and melting enthalpy (�DH) of the modied
PVA containing various AgNO3 amounts were recorded in Table
1. Observably, themelting enthalpy of peak and peakf changed
with the amounts of AgNO3 increasing, that of freezable bound
water increased from 32.3 J g�1 to 51.5 J g�1 and that of free
water decreased from 18.0 J g�1 to 8.7 J g�1. Those results
illustrated that the content of freezable bound water and free
water which existed in modied PVA have changed with the
amounts of AgNO3 increasing, in other words, AgNO3 has
affected the water states of PVA/water system.

Furthermore, the weight of free water and freezable bound
water of modied PVA could be calculated28 by the following
equation eqn (1).

Wn ¼ WsDHn

DHo

(1)

whereWn means the weight of vary types water of modied PVA;
Ws was the weight of modied PVA; DHn means the melting
enthalpy of vary types water of modied PVA; DHo means the
melting enthalpy of ice water.

Besides, the weight of non-freezing water of modied PVA
could be calculated by the following equation eqn (2) because
Table 1 The values of melting point and ice-melting enthalpy ob-
tained from the DSC curves analysisa

Ws (mg) T (�C)
�DH

(J g�1) Tf (�C)
�DHf

(J g�1)

Pure
water

5.4 — — 1.5 340.8

m-P0 7.2 �11.0 32.3 �0.4 18.0
m-P0.1 7.1 �8.9 50.9 �0.4 12.3
m-P0.5 7.6 �7.8 47.0 �0.3 12.0
m-P1 7.4 �5.4 51.5 �0.5 8.7

a Ws: weight of modied PVA; T: the melting point of freezable bound
water; DH: melting enthalpy of freezable bound water; Tf: the melting
point of free water; DHf: melting enthalpy of free water.

This journal is © The Royal Society of Chemistry 2018
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Table 2 The weight and content of vary types water of modified PVAa

Ws (mg) Ww (mg) W (mg) W/Ww (%) Wf (mg) Wf/Ww (%) Wnf (mg) Wnf/Ww (%)

Pure water — 5.40 — — 5.4 100 — —
m-P0 7.2 3.09 0.68 22.0 0.38 12.3 2.03 65.7
m-P0.1 7.1 3.05 1.06 34.7 0.26 8.5 1.73 56.7
m-P0.5 7.6 3.27 1.05 32.1 0.27 8.3 1.95 59.6
m-P1 7.4 3.18 1.12 35.2 0.19 5.9 1.87 58.8

a Ws: weight of modied PVA; Ww: weight of water in modied PVA; W: weight of freezable bound water; Wf: weight of free water; Wnf: weight of
non-freezing water.

Fig. 6 The heating curves of modified PVA: (a) pure PVA; (b) m-P0; (c)
m-P0.1; (d) m-P0.5; (e) m-P1.
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the total water in modied PVA consists of free water, freezable
bound water and non-freezing water.

Wnf ¼ Ww � Wf � Wfb (2)

where Wnf means the weight of non-freezing water of modied
PVA; Ww means the weight of water of modied PVA; means Wf

the weight of free water of modied PVA; W means the weight
of freezable bound water of modied PVA.

The weight and content of vary types water of modied PVA
which were calculated by eqn (1) and (2) were listed in the
following Table 2.

It can be found from Table 2 that the content of freezable
bound water and free water which existed in modied PVA did
change when adding AgNO3. The content of freezable bound
water increased from 22.0% to 34.7%, the content of free water
decreased from 12.3% to 8.5% once adding AgNO3. Especially,
the content of non-freezing water showed downtrend, rapidly
decreased from 65.7% to 56.7% when adding AgNO3. Besides,
the content of the three type water continued to change with the
amounts of AgNO3 increasing.

Fig. 5 presented one kind of schematic structures of water in
modied PVA system. Shown as Fig. 5(a), when slowly poured
into PVAmatrix, the water molecules would easily permeate PVA
chain segments and preferentially combine with hydroxyl of
PVA, developing the rst water layer, this part water is non-
freezing water. When added water reached this level that the
combined points of the hydroxyl of PVA turned saturated, the
hydrogen bond between water molecules and PVA were not
formed any longer, the following water would combine with
hydroxyl of the rst water layer, developing the second and even
more water layer, this part water called freezable bound water.
With added water content continuing to increase, the water
layer turn more, the PVA molecules did not restrain water any
Fig. 5 Schematic structures of water in m-P0 (a) and modified PVA syst

This journal is © The Royal Society of Chemistry 2018
longer, there water showed almost no difference with pure
water.

Fig. 5(b) showed AgNO3 replacing some rst water layer to
combine with the hydroxyl of PVA and meanwhile bond with
water to form water layers. This schematic structure explained
why content of non-freezing water decreased aer adding
AgNO3. And the interaction energies of H2O/Ag+, which is
10.38 Kcal mol�1,29 is further greater than that of H2O/H–OH,
which is 6.8 Kcal mol�1,30 so Ag+ has greater force to bond water,
restraining water and making more water layers stable.

The states of water existing in PVA reected the interaction
among water, Ag+ and PVA to some extent. Conversely, that
AgNO3 combines with PVA and water to build the chelates
changed the states of water.
em (b).

RSC Adv., 2018, 8, 2804–2810 | 2807
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Fig. 7 The torque (A) and die pressure (B) curves of modified PVA: (a) m-P0; (b) m-P0.1; (c) m-P1.
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3.3 The evaporation behavior of water in the modied PVA

The key to realize thermal processing and melt spinning of
modied PVA steadily is to effectively control water evaporation
and avoid water acutely evaporating during thermal processing.
The above analysis indicated that Ag+ has restrained more water
to play the role of plasticizer and boosted more freezable bound
water and reduced free water, which may affect the evaporation
behavior of water.

Fig. 6 depicted the heating curves of modied PVA contain-
ing various AgNO3 amounts within the temperature range from
40 �C to 255 �C. It can be observed from Fig. 7 that the pure PVA
had only one peak appeared at around T ¼ 230 �C which
belonged to the melting point of pure PVA. And the other four
curves have similar proles, two visible endothermic peaks can
2808 | RSC Adv., 2018, 8, 2804–2810
be seen at about T ¼ 120 �C and T ¼ 230 �C through the
temperature monitored. The endothermic peak at lower
temperature belonged to evaporation peak of water of modied
PVA, signing as peakw and the other endothermic peak at higher
temperature belonged to the melting peak of pure PVA, signing
as peakp. As is showed in Fig. 7, the peakw moved to high
temperature with the increase of AgNO3 content, the value of m-
P0 was 113.5 �C, and that of m-P1 was 124.7 �C, increasing by
11.2 �C in comparison to m-P0. That is to say, the boiling point
of water was indeed increased and the water which existed in
modied PVA would be evaporated in higher temperature when
AgNO3 was used to modify PVA. Besides, the peakw shape was
broadened under the effect of AgNO3, meaning that water would
be evaporated in the broad temperature range, this is benecial
This journal is © The Royal Society of Chemistry 2018
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to avoiding the formation of bubbles during thermal processing
caused by the rapid evaporation of water. Therefore, under the
inuence of AgNO3, the evaporation behavior of water has been
markedly improved.
3.4 Processing properties of modied PVA

The improved evaporation behavior of water would avoid its
rapid evaporation and stabilize melts during thermal process-
ing under the temperature of 150 �C, and then improve the
thermal processing properties of modied PVA, which could be
intuitively characterized by the changes of torque and die
pressure during processing and the morphology of products.

The differences in the thermal processing rheological
behaviors for modied PVA containing various AgNO3 amounts
were reected by the torque and die pressure. From Fig. 7(A1), it
can be seen that the three torque curves all looked uctuant to
some extent, indicating that these melts were in a state of
dynamic instability during thermal processing. The torque of
m-P0 changed from 2.1 Nm to 8.9 Nm, uctuating acutely.
Whereas the value of torque turned placid once adding AgNO3

into PVA/water system, the torque of m-P0.1 and m-P1 changed
from 3.9 Nm to 7.4 Nm, and that of m-P1 changed from 4.4 Nm
to 8.5 Nm. Besides, Fig. 7(A2) showed the discrete distribution
curves of torque, it can be clearly seen that these three discrete
distribution curves looked like normal distribution which is the
classic bell curve and the full width half maximum (FWHM) of
m-P0 is 3.76 Nm, further exceeding that of m-P0.1 or m-P1. The
results indicated that the addition of AgNO3 reduced the
dispersion degree of torque and then made the melts more
stable. The die pressure (Fig. 7(B)) had similar notable differ-
ence. Especially, the discrete distribution curve of m-P0,
learning from Fig. 7(B2), showed two peaks. The results illus-
trated that the die pressure changed acutely and the melts were
in unstable state when only using water to modify PVA. Obvi-
ously, the addition of AgNO3 made the melts stable in large
extent and greatly changed the rheological properties and
favored the thermal processing.

The morphology of extruded strips could intuitively reect
processability of composite materials. Fig. 8(a)–(c) showed the
morphology of liquid-nitrogen-cryofractured section of
Fig. 8 The morphology of extruded strips of modified PVA: (a) and (d)
m-P0; (b) and (e) m-P0.1; (c) and (f) m-P1.

This journal is © The Royal Society of Chemistry 2018
extruded strips of modied PVA. Obviously, pores structures
were only observed in Fig. 8(a), while the other two micro-
morphology were continuous and compact. Fig. 8(d)–(f)
described the surface appearance of the extrudater of modied
PVA. It can be seen from Fig. 8 that the outlooks of the extruded
strips of m-P0.1 and m-P1 were smooth, homogenous
comparing with that of m-P0.

From the above results, further explanation can be given for
the changes of thermal processing rheological behaviors of
modied PVA. There is unavoidable that water would evaporate
from the melts and then labilize the melts during extruding
process. The addition of AgNO3 improved water evaporation
behavior and avoided the melts unstable ow to some extent.
Noticeably, during the practical processing, modied PVA is
melted in a relative hermetic condition, e.g. in an extruder. The
strong pressure induced by the rotation of screw will further
inhibit the evaporation of water in modied PVA. As a result,
more water remains in modied PVA acting as an effective
plasticiser.

Substantially, the results beneted from the effect of Ag+, the
addition of AgNO3 improved water evaporation behavior and
avoided the melts unstable ow and generating bubbles which
were brought about by water rapidly evaporation the during
extruding process.
4. Conclusion

In summary, Ag+ has changed water states and retarded its
tempestuous evaporation, urging further more water to remain
in system to play the role of plasticizer. Meanwhile, that AgNO3

combined with the hydroxyl groups of PVA further weakened
the self-hydrogen bonding of PVA, guaranteeing a lower melting
point and higher decomposition temperature and broadening
thermal processing window and optimizing thermal process-
ability. The thermoplastic processing performance was charac-
terized by rheology test that the value of torque and die pressure
during melt processing of PVA turned placid with the increase
of AgNO3 content which indicated that the melts turn to be
stable under the effect of metal salt Ag+. The SEM showed that
the micro-morphology of extruded strips which were modied
by both water and AgNO3 turned smoother, more homogenous
and continuous comparing with that only modied by water,
intuitively manifesting that the addition of AgNO3 optimized
thermoplastic processing performance of PVA/water system.
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