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mechanism and the effect of
magnesium chloride on poly(vinyl alcohol) films
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The modification mechanism and the effect of MgCl2 on poly(vinyl alcohol) and the effect of water in

the system were studied in this paper. The effect of MgCl2 on different fully dried PVA was investigated

by Fourier transform infrared spectroscopy, X-ray diffraction, differential scanning calorimeter,

thermogravimetric analysis, water content test, dynamic thermomechanical analysis and tensile test,

respectively. The results showed that MgCl2 was an effective strengthening agent, which could

crosslink with PVA and then effectively decrease the crystallinity of PVA. With the addition of MgCl2,

the strength and rigidity of PVA increased and the melting temperature decreased. The effect of

MgCl2 on thermal stability of PVA was related to the alcoholysis degree of PVA. The tensile strength

of PVA films modified with MgCl2 were all over 120 MPa. Moreover, the effect of MgCl2 on the

dynamic thermomechanical properties and tensile properties of PVA with various content of water

was studied. Water could interact with MgCl2 to destroy the crosslink between MgCl2 and PVA. In

the presence of water, PVA modified with MgCl2 became soft, with lower tensile strength and higher

elongation at break.
1 Introduction

Polyvinyl alcohol (PVA) is an environmentally friendly material
with excellent gas barrier properties, high strength, tear and
exibility. However, the strong hydrogen bonds among inter-
and intra- molecular chains of PVA result in high crystallinity.
This makes the pure PVA lm brittle and easy to break during
preparation and application. The poor mechanical properties
have restricted the development of PVA materials. Meanwhile,
the highmelting point and low decomposition temperature give
PVA a narrow thermoplastic processing window resulting in the
difficulty of using conventional thermoplastic methods to
process. Adding a plasticizer is the most commonly used way to
improve the properties of PVA. The most commonly used
plasticizer for PVA are water, glycerol, ethylene glycol, poly(-
ethylene glycol) and caprolactam.1,2 These plasticizers can form
interaction with the hydroxyl groups of PVA and then destroy
the inter- and intra- hydrogen bonding to reach the aim of
plasticizing. However, the plasticizing efficiency of them is not
high enough to meet the demand of application. Many kinds of
inorganic salts have been reported as a new and high efficient
plasticizer for PVA.3,4 Previous studies have proved that some
inorganic salts could decrease the crystallinity of PVA and could
be helpful to form new crystals.5–7 Moreover, some inorganic
Engineering, Chengdu 610065, People's

3.com; Tel: +8613808072562

rsity, Chengdu 610065, People's Republic
salts could play a role as heterogeneous nucleating agent of PVA
to increase the crystallinity of PVA.8 This indicated that with the
addition of suitable inorganic salts, it could be expected to
prepare PVA with predetermined crystallinity. From then on,
the studies of modifying PVA with various kinds of inorganic
salts increase gradually.9–12 MgCl2 was always considered as
a plasticizer of the system in previous studies. However, the
effect of water could not be ignored. Thence, the modication
mechanism of inorganic salts on PVA remains to further
investigation.

Generally, water has a great inuence on the properties of
PVA lms. Water could play a role as plasticizer by forming
interaction with the –OH of PVA molecule chains. Lots of
researches have been investigating the effect of water on
PVA.3,4,13,14 However, these studies always focused on the state of
water in PVA, the destroying mechanism and the plasticization
of water on the crystal of PVA.15–18 The effect of water on
mechanical properties of PVA and the effect of water in the
process of modication of PVA with inorganic salts rarely get
attention.

The aim of this paper is to study the way of MgCl2 inu-
encing PVA by investigating the effect of MgCl2 on the
structure and properties of PVA with different alcoholysis
degree and polymerization degree aer sufficient drying. In
addition, the effect of water in the system was studied in this
paper. It could be excepted that the modication mecha-
nism of other inorganic salts could be revealed and PVA with
more excellent properties could be prepared based on this
study.
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra09958h&domain=pdf&date_stamp=2019-01-11
http://orcid.org/0000-0002-9018-9008
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra09958h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009003


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
0/

29
/2

02
5 

2:
13

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2 Experimental
Materials

PVA1799 (DP¼ 1700, degree of hydrolysis 99%), PVA1788 (DP¼
1700, degree of hydrolysis 88%), PVA1792 (DP ¼ 1700, degree of
hydrolysis 92%), PVA2488 (DP ¼ 2400, degree of hydrolysis
88%) and PVA2499 (DP ¼ 2400, degree of hydrolysis 99%), were
provided by Sichuan Vinylon Factory, SINOPEC (China).
MgCl2$6H2O was purchased from Kelong Chemical Co.
(Chengdu, China), which was used without any further
purication.
Sample preparation

PVA lms were prepared by the casting method. First, 5 g PVA
and 2 wt%, 4 wt%, 6 wt%, 8 wt%, 10 wt%, 12 wt% and 15 wt%
MgCl2$6H2O were dissolved in distilled water by heating in an
oil bath at 90 �C for 3 h, and the aqueous solutions were
prepared, which called the lm-forming solution. The lm-
forming solutions were casted onto the Petri-dish and dried at
60 �C for 48 h to eliminate water completely. According to the
content of MgCl2$6H2O, the PVA1799 lms were called as PVA,
PM2, PM4, PM6, PM8, PPM10, PM12 and PM15; the PVA1788
lms were called as 880, 884, 886, 888, 8810 and 8815; the
PVA1792 lms were called as 1792-0, 1792-4, 1792-10 and 1792-
15; the PVA2488 lms were called as 2488-0, 2488-4, 2488-10,
2488-15.

Fully dried sample preparation: the lm-forming solutions
were coated on the PTFE sheet and dried at 60 �C for 48 h. All
samples were dried at 105 �C for 5 h under vacuum (P < 0.3
MPa).

Sample with different water content preparation: PVA, PM4,
PM6, PM8 and PM10 were dried at 105 �C for 5 h under vacuum
(P < 0.3 MPa). Then these lms were stored at the environment
of high humidity to prepare PVA lms with 4% and 12% content
water.
Characterizations

Fourier transform infrared (FT-IR) spectroscopy. The
infrared spectra were measured using a Fourier transform
infrared spectrophotometer (Nicolet 560). The lm-forming
solutions prepared according to Table 1 was casted on a Petri
dish and dried at 60 �C to remove water. The measurements
were carried out with a resolution of 4 cm�1.

X-ray diffraction (XRD) measurements. The XRD test was
carried out using an X'Pert Pro MPD diffractometer manufac-
tured by Philips Analytical Company of Netherlands, with nickel
lter Cu Ka as the radiation source. The acceleration voltage
Table 1 DSC analysis of thermal characteristic of PVA1799 and PVA1788

PVA PM4 PM6 PM8 PM10 PM1

Tg/�C 67.8 76.9 92.1 81.5 80.4 76.8
Ta/�C 139 145 143 146 145 149
Tm/�C 228 226 219 221 214 203

This journal is © The Royal Society of Chemistry 2019
was 50 kV and the current was 35 mA. The samples were
continuously scanned over the 2q range from 5 to 50�

Differential scanning calorimetry (DSC). The DSC measure-
ments were performed by a differential scanning calorimeter
(NETZSCHDSC204). Samples total weight of 5–7 mg were
weighted and were heated from 30 �C to 250 �C at a rate of
10 �C min�1 under a ow of nitrogen.

Thermal gravity analysis (TGA). TGA was performed by
SDTQ600 TGA thermal analysis instrument (Du Pont). The
samples for testing were heated from room temperature to
600 �C at a heating rate of 10 �C min�1.

Dynamic thermomechanical analysis (DMA). The dynamic
mechanical measurements were carried out with DMA Q800
(TA, USA). The samples were cut as a dimension of 15.0 mm �
4.0 mm � 0.3 mm. The oscillatory frequency was 1 Hz. The
temperature was raised from �50 to 150 �C at a constant rate of
3 �C min�1.

Mechanical testing. The mechanical properties (tensile
strength (TS), elongation at break (%Eb) and Young's modulus)
of the lm was determined using a tensile testing equipment
(Instron 5567). The crosshead speed was 20 mm min�1. The
initial gauge length of the specimen was 20 mm. The width of
each tensile sample was 4 mm. The lm thickness was
measured with a micrometer in triplicate. The samples were
placed in an air environment at a relative humidity of 54% for
one week before measurement. The required relative humidity
was obtained by placing a saturated Mg(NO3)2 solution in
a sealed box at 25 �C. The data were the average of 5–7
specimens.

Water absorption testing. The samples were dried at 105 �C
for 5 h and were stored in constant temperature and constant
humidity box (SANTN HTC-500) at 25 �C and a relative humidity
of 54%. The lms were weighed every 12 h and the water
content were calculated based on the quality of PVA. The water
content (WA) was obtained using the relationship.

WA ¼ We �Wd

Wd

� 100%

We was the weight of the lms aer storing at the RH of 54% for
one week, Wd was the weight of the lms aer drying
sufficiently.
3 Results and discussion
FT-IR analysis

FT-IR was used to characterize the PVA1799 and PVA 1788 lms
before and aer MgCl2 modication, and the results were
shown in Fig. 1. In the IR spectrum, the peak at 3000–3500 cm�1

corresponds to the stretching vibration of –OH on PVA
with various contents of MgCl2$6H2O

2 880 884 886 888 8810

69.8 69.8 87.8 93.2 97.4
116 115 141
196 193 Double peak Double peak 151
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Fig. 1 The FT-IR spectra of PVA1799 (a) and PVA1788 (b) with various contents of MgCl2$6H2O.
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molecules, the peaks at 2942, 1430 and 1096 cm�1 are the
characteristic of symmetric stretching vibration of C–H and
bending stretching of CH2 and stretching vibration of C–O,
respectively.19 Due to the lower degree of alcoholysis, there are
a large number of ester groups on PVA1788 molecules. Thus,
the carbonyl stretching vibration of ester groups at 1733 cm�1

could be found in the FT-IR spectra of PVA1788. It could be seen
from Fig. 1(a) and (b) that PVA lms exhibited a decrease in
frequencies aer the addition of MgCl2. This is because the
electron interaction between Mg2+ and oxygen atom of –OH in
PVA molecules was stronger than intermolecular and intra-
molecular hydrogen bonds of PVA. Therefore, MgCl2 could weak
the hydrogen bonds. As a result, the absorption frequency of
hydroxyl group of PVA1799 and PVA1788 shied 10 cm�1 and
18 cm�1to a lower wavenumber with the addition of 10 wt%
MgCl2$6H2O. The difference might arise from the different
number of –OH in PVA1788 and PVA1799. There were less –OH
in PVA1788, so that the percent of –OH on PVA1788 which could
interact with MgCl2 was higher than that of PVA1799.
Fig. 2 The XRD curves of PVA1799 (a) and PVA1788 (b) with various con

1604 | RSC Adv., 2019, 9, 1602–1612
Crystalline properties

The X-ray diffraction patterns of PVA1799 and PVA1788 lms
before and aer MgCl2 modication were displayed in Fig. 2(a)
and (b). It could be seen that the diffraction peak of PVA appears
at 2q ¼ 20� (d ¼ 0.46 nm) and the diffraction peaks of PVA lm
decreased in intensity with the increasing of MgCl2 content.
This phenomenon indicated that MgCl2 had a damaging effect
on the crystals of PVA. This is because that MgCl2 could form
strong interaction with PVA molecules and this interaction
could interrupt the hydrogen bonding in the crystalline struc-
ture of PVA. The previous work has proved that the area under
the diffraction peak or its intensity could be taken as
ameasurement of the degree of crystallinity. The decrease of the
intensity of the diffraction peak indicated that the addition of
MgCl2 could effectively decrease the degree of crystallinity of
PVA lms. It could also be noticed that the diffraction peaks of
MgCl2 did not appear in the patterns. This also suggests that
MgCl2 was completely dissolved in PVA lms and no MgCl2
crystals or congregates existed.
tents of MgCl2$6H2O.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The DSC curves of PVA1799 (a) and PVA1788 (b) with various contents of MgCl2$6H2O.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
0/

29
/2

02
5 

2:
13

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Thermal properties

The DSC curves of PVA lms modied with various contents of
MgCl2$6H2O are displayed in Fig. 2, and the corresponding data
are shown in Table 1.

With the increasing of MgCl2 content, both the Tg value of
PVA1799 and PVA1788 increased. This is because MgCl2 could
crosslink with PVA as Fig. 4 to some extent. This interaction
between MgCl2 and PVA could weak the activity of PVA chain
segments. Ta is the temperature at which chain segments of
amorphous region near crystal region in PVA begin to motion. It
could be found that the Ta value of PVA1799 increased with the
increasing of content of MgCl2. This might be due to the
inuence of MgCl2 on crystal orientation and crystallinity of
PVA.8 Moreover, this inuence could be reected by the change
of melting peak. It could be seen from Fig. 3(a) that increasing
content of MgCl2 decreased melting point, broadened melting
peak and melting range.20 This indicated that the crystal
structure of PVA was destroyed and the distribution of the
crystal size became wider aer the addition of MgCl2. In the
case of PVA1788, with the addition of over 4 wt%MgCl2 content,
the melting peak of PVA1788 turned from single peak to double
peak and moved forward low temperature. While with the
Fig. 4 The interaction between MgCl2 and PVA.

This journal is © The Royal Society of Chemistry 2019
addition of 10 wt% MgCl2 content, the melting peak became
single peak and the melting temperature decreased form 45 �C
of pure PVA1788 to 151 �C. This proved that the effect of MgCl2
on PVA1788 was higher than PVA1799.

In addition, the effect of MgCl2 on the thermal stability of
PVA1799 and PVA1788 were studied. The thermal degradation
of PVA could mainly be divided into two steps. Firstly, –OH and
–OCOCH3 were eliminated to form H2O and CH3COOH. In the
second step, the main chain of PVA broke and some organic
volatiles were produced.21,22 It could be seen from Fig. 5, with
the addition of 4 wt% MgCl2$6H2O, the Ti (the initial thermal
decomposition temperature) and Tmax1 (the temperature of the
biggest decomposition rate in the rst step) increased from
237 �C, 256 �C of pure PVA1799 to 259 �C and 270 �C, respec-
tively. Meanwhile, with the increasing dosage of MgCl2$6H2O,
the Ti and Tmax1 increased constantly. This indicated that MgCl2
could increase the thermal stability of PVA1799. From Fig. 5(c)
and (d) it could be seen that the temperature of two steps of
pure PVA1788 were nearly the same, which was different with
PVA1799. With the addition of 4 wt% MgCl2$6H2O, the TGA
curve was basically in coincidence with that of pure PVA1788.
However, when the dosage of MgCl2$6H2O reached 10 wt%, the
rst stepmoved toward the lower temperature. In addition, with
the increase of the dosage of MgCl2$6H2O, the thermal stability
of PVA1788 decreased constantly. Thus, the effect of MgCl2-
$6H2O on the thermal stability of PVA1792, PVA2488 and
PVA2499 were studied to gure out the law of MgCl2 on the
thermal stability of PVA.
Thermal stability analysis

The effect of MgCl2$6H2O on the thermal stability of PVA1792,
PVA2488 and PVA2499 were studied and the obtained TGA and
DTG curves were shown in Fig. 6. The Ti and Tmax1 of PVA with
different alcoholysis degree and polymerization degree before
and aer modifying with MgCl2 were recorded in Table 2.

For PVA1792, PVA1788 and PVA 2488 with low alcoholysis
degree, both the Ti and Tmax1 of them were substantially the
RSC Adv., 2019, 9, 1602–1612 | 1605
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Fig. 5 The TG and DTG curves of PVA1799 (a and b) and PVA1788 (c and d) with various contents of MgCl2$6H2O.

Fig. 6 The TG (a) and DTG curves of PVA1792 (b), PVA2488 (c) and PVA2499 (d) with various contents of MgCl2$6H2O.

1606 | RSC Adv., 2019, 9, 1602–1612 This journal is © The Royal Society of Chemistry 2019
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Table 2 The initial and the first maximum decomposition temperature of different types of PVA

Low alcoholysis High alcoholysis

PVA1792-0 PVA1788-0 PVA2488-0 PVA1799-0 PVA2499-0
Ti 296 �C 295 �C 296 �C 237 �C 265�C/293 �C
Tmax1 333 �C 332 �C 332 �C 256 �C 289�C/352 �C

PVA1792-10 PVA1788-10 PVA2488-10 PVA1799-10 PVA2499-10
Ti 260 �C 258 258 �C 262 �C 274 �C
Tmax1 276 �C 275 �C 276 �C 273 �C 289 �C

PVA1792-15 PVA1788-15 PVA2488-15 PVA1799-15 PVA2499-15
Ti 253 �C 251 �C 252 �C 266 �C 267 �C
Tmax1 265 �C 263 �C 264 �C 282 �C 280 �C

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
0/

29
/2

02
5 

2:
13

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
same. With the addition of 10 wt% MgCl2$6H2O, the Ti and
Tmax1 of PVA1792, PVA1788 and PVA 2488 decreased from about
295 �C, 332 �C to 260 �C and 276 �C or so. While with the
addition of 15 wt%, the Ti and Tmax1 would decrease to lower
values. This indicated that MgCl2 could decrease the thermal
stability of PVA with low alcoholysis degree, which was inde-
pendent of the polymerization degree of PVA. This is probably
because there were lots of residual ester groups in PVA with low
alcoholysis degree. These ester groups had an effect on the
interaction between MgCl2 and the –OH of PVA. As a result,
hydroxyl and ester groups would remove at a lower temperature.

However, the effect of MgCl2 on PVA with higher alcoholysis
degree was different with above situation. For PVA2499 with
higher polymerization degree, there were two decomposition
peaks in the rst step at 289 �C and 352 �C, respectively. This is
maybe because the residual ester groups showed an uneven
distribution, thus the alcoholysis degree was higher than 99%
in some parts but lower than 99% in other parts of PVA2499.
According to the above analysis, it could be seen that the Tmax1

of PVA with lower alcoholysis degree was 332 �C. Thence, the
peaks of the rst step corresponded to the HA (decomposition
of high alcoholysis parts) and LA (decomposition of low alco-
holysis parts). With the addition of 4 wt% MgCl2$6H2O, the
Tmax1 of HA had no changes, but the Tmax1 of LA decreased from
Fig. 7 Plots of tan d against temperature of PVA1799 (a) and PVA1788 (b

This journal is © The Royal Society of Chemistry 2019
352 �C of pure PVA2499 to 306 �C. While with the addition of
10 wt% and 15 wt%MgCl2$6H2O, there was only one peak in the
rst decomposition step at 289 �C and 280 �C, respectively.
Oppositely, for PVA1799 with lower polymerization degree,
increasing dosage of MgCl2 increased the Ti and Tmax1. This
indicated that the effect of MgCl2 on PVA with high alcoholysis
was related to the polymerization degree of PVA: the addition of
MgCl2 could increase the thermal stability of PVA with low
polymerization degree. In the case of PVA with high polymeri-
zation degree, the effect of MgCl2 on the thermal stability of PVA
with high polymerization degree was complicated, because the
ester groups showed an uneven distribution resulting in various
alcoholysis degree on PVA molecules.
Dynamic mechanical properties

DMA was used to study the tan d and storage modulus (G0) of
PVA1799 and PVA1788. tan d is a damping term dened as the
ration of energy dissipated as heat to the maximum energy
stored in the materials. It is an index of the material visco-
elasticity. It could be seen from Fig. 7 that the tan d values of
PVA increased as the MgCl2 content increased from 4 wt% to
10 wt%. This indicated that with the increasing content of
MgCl2, the viscoelasticity of PVA increased. The size of the tan d
) with various contents of MgCl2$6H2O.

RSC Adv., 2019, 9, 1602–1612 | 1607
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Fig. 8 Plots of storage modulus E0 against temperature of PVA1799 (a) and PVA1788 (b) with various contents of MgCl2$6H2O.

Fig. 10 The water absorption of PVA and PM10.
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peak is believed to relate to the volume fraction of the material
undergoing the transition. It could be found that the peak size
of tan d increased with the increasing content of MgCl2. This
was because the destroy of MgCl2 on the crystals would increase
the amorphous fraction and the relaxation time of chain
segments. The peak temperature of the tan d curve is deter-
mined as the Tg of the polymer material. It could be found that
the Tg of PVA increased with the addition of MgCl2. This is
probably because that the Mg2+ could crosslink with the –OH of
PVA, which limited the chain movement of PVA resulting in the
improvement of Tg.

G0 is a measurement of the rigidity of the material. Fig. 8
showed the plots of G0 versus temperature of PVA1799 and
PVA1788. The G0 of PVA1799 and PVA1788 decreased as the
temperature increased. This was because increasing tempera-
ture could destroy the intermolecular and intramolecular
hydrogen bonds of PVA and crosslinking between MgCl2 and
PVA resulting in the decrease of chain rigidity. Moreover, it
could be seen from Fig. 8(a) that the descending speed of pure
PVA1799 was higher than that of PVA1799 modied with MgCl2.
When the temperature was low, G0 of pure PVA was higher than
Fig. 9 The tensile strength (a) and elongation at break (b) of PVA1799 and PVA1788 with various contents of MgCl2$6H2O.
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Fig. 11 Plots of tan d and storage modulus G0 against temperature of PVA with 0, 4%, 12% content of water.
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that of PM, but it became the opposite as the temperature
increased. This might be due to the high alcoholysis degree and
high regularity arise from high density hydrogen bonds.
PVA1799 had higher crystallinity and thus crystallinity was the
main factor to inuence G0. However, crystal of PM was
destroyed by MgCl2. As the temperature increased, crystal of
pure PVA was destroyed, but there was crosslink between Mg2+

and PVA in MgCl2 modied PVA1799 resulting in high thermo-
mechanical stability. For PVA1788 with low alcoholysis degree
and low crystallinity, crystallinity had little inuence on G0.
Thus, the crosslink between MgCl2 and PVA1788 was the main
inuence factors on G0. Thence, G0 of PVA1788 was greater than
or equal to that of pure PVA1788.
Mechanical properties

The inuence of MgCl2$6H2O on the mechanical properties of
PVA1799 and PVA1788 was evaluated by tensile testing. Fig. 9
Fig. 12 Plots of tan d and storage modulus G0 against temperature of PV

This journal is © The Royal Society of Chemistry 2019
showed the measured values of tensile strength and elongation
at break of PVA1799 and PVA1788 before and aer modied
with various content of MgCl2. Aer the addition of MgCl2, the
tensile strength increased, while the elongation at break
decreased. This proved that MgCl2 was an effective strength-
ening agent, which could improve the strength and rigidity of
PVA. The strengthening effect of MgCl2 on PVA could be eval-
uated by the slope of curves in Fig. 9(a). With the increasing
content of MgCl2, the slope of PVA1799 decreased while the
slope of PVA1788 increased. This indicated that the strength-
ening effect of MgCl2 on PVA1788 was higher than that of
PVA1799. This is because that the high crystallinity played
a major role in increasing the tensile strength of PVA1799.
MgCl2 could destroy the crystal but crosslink with PVA. As
a result, the strengthening effect of MgCl2 on PVA1799
decreased with the increasing content of MgCl2. While the
content of MgCl2 reached 8%wt, the tensile strength did not
increase any more. For PVA1788 with low crystallinity, the
A with 4% content of water and MgCl2$6H2O, respectively.

RSC Adv., 2019, 9, 1602–1612 | 1609
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Fig. 13 Plots of tan d against temperature of PM with 4% (a) and 12% (b) water.

Fig. 14 The way of water damaging the interaction between PVA and
MgCl2$6H2O.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
0/

29
/2

02
5 

2:
13

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
crosslink between MgCl2 and PVA was the key factor to increase
strength. Thus, the slope of PVA1788 increased as the dosage of
MgCl2 increased.

Water sorption properties

Due to the lots of –OH, PVA is hydrophilic. However, the
compact crystal would prevent H2O from penetrating.4 As
a result, the water absorption content of PVA depended on the
rate of amorphous region. Fig. 10 showed the water absorption
rate of PVA 1799 and PM10 at RH of 54%. As shown in Fig. 10,
the water content in PM10 was always higher than that of pure
PVA, and the difference became larger with the time going. This
proved that MgCl2 could destroy the crystal of PVA and
increased the amorphous fraction resulting in the high water
content in PM10. Meanwhile, the hydrophilicity of MgCl2 could
also increase the water content of PM10. As a result, the water
sorption of PM was higher than that of PVA.

The effect of water on dynamic mechanical properties of
PVA1799 modied with MgCl2

MgCl2 could increase the water sorption of PVA. However, there
were few studies on the effect of water on the modication of
MgCl2 on PVA. Thence, the role of water in the modication was
studied.

Fig. 11 showed the plots of storage modulus (G0) and tan d

versus temperature of PVA1799 with 0, 4%, 12% content of
water. It could be seen from Fig. 11(a) that Tg of PVA decreased
with the increasing content of water. While with 12% content of
Table 3 The difference of Tg values between PVA and PM with various

The difference
of Tg PM4 minus PVA PM6 minu

0% 20.7 �C 25.09 �C
4% 10.48 �C 10.77 �C
12% �1.96 �C �0.81 �C

1610 | RSC Adv., 2019, 9, 1602–1612
water, Tg decreased from 82 �C of fully dried PVA to 28 �C. In
addition, increasing water content could also decreased G0 of
PVA. This proved that water was an efficient plasticizer of PVA.

The effect of MgCl2$6H2O and water on the dynamic
mechanical properties of PVA were studied, respectively. As
shown in Fig. 12, the Tg of PVA modied with MgCl2 was higher
than that of PVA modied with the same content water.
Meanwhile, G0 of PM was lower than PVA modied with water at
low temperature, but it reversed as the temperature increased.
This was because that crystallinity was themajor factor affecting
G0 when it was at lower temperature. The addition of MgCl2
would destroy the crystal of PVA. As a result, the storage
modulus of PM was lower than PVA modied with water. With
content of water

s PVA PM8 minus PVA PM10 minus PVA

25.07 �C 29.17 �C
12.65 �C 15.53 �C
2.94 �C 3.16 �C

This journal is © The Royal Society of Chemistry 2019
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Fig. 15 The tensile strength (a) and elongation (b) at break of PVA with various contents of MgCl2$6H2O in certain water content (12%).
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the increasing temperature, the crystal was destroyed and thus
crystallinity had lower difference on the storage modulus.
Thence, the crosslink between Mg2+ and PVA took an increasing
impact on G0. Therefore, G0 of PMwas higher than PVAmodied
with water as the temperature increased.

It could be seen from Fig. 13 that increasing dosage of MgCl2
could increase Tg of PVA in the presence of water. This indicated
that MgCl2 still could crosslink with PVA. Table 3 showed the
difference of the Tg between PM and PVA with the same content
of water. Increasing water content decreased the difference with
any content of MgCl2. This indicated that water could destroy
the crosslink between MgCl2 and PVA. Oxygen atom of H2O
could interact with Mg2+, which would hinder the crosslink
between Mg2+ and PVA resulting in the increase of molecular
segmental mobility. The way of water damaging the interaction
between PVA and MgCl2 was shown as Fig. 14 With the 12%
content water, both the difference between PM4 and PVA, PM6
and PVA were negative. This proved that the crosslink had been
destroyed by water completely. In addition, MgCl2 existed as
hydrated MgCl2 in the system which had larger size and could
increase the free volume of PVA. As a result, both the Tg of PM4
and PM6 were lower than that of pure PVA.
The effect of MgCl2 on mechanical properties of PVA1799 in
the presence of water

The effect of the dosage of MgCl2 on the tensile strength and
elongation at break of PVA in 12% water content was shown in
Fig. 15. It could be seen from Fig. 15(a) and 9(a) that the tensile
strength of PVA modied with MgCl2 was 50 MPa or so, but it
could be over 120 MPa aer sufficient drying. This proved that
water played a signicant role in decreasing the strength of PVA
modied with MgCl2. In addition, with the increasing MgCl2
content, the tensile strength of PVA increased, but the elonga-
tion at break decreased. This indicated that MgCl2 still could
crosslink with PVA in the presence of water. However, the
mechanical properties in Fig. 15 varied more slightly than that
This journal is © The Royal Society of Chemistry 2019
of PM aer sufficient drying. This was might because that water
could destroy the crosslink between MgCl2 and PVA resulting in
the decrease of the enhancement of MgCl2 on PVA.
4 Conclusion

The various PVA lms modied with MgCl2$6H2O were
prepared and the effect of MgCl2$6H2O on PVA with different
alcoholysis degree and polymerization degree were investigated.
The modication mechanism of MgCl2 on PVA and the effect of
water in this system were revealed. Basically, MgCl2 was an
effective strengthening agent, which could crosslink with PVA
and then effectively destroy the crystals of PVA. With the addi-
tion of MgCl2, the strength and rigidity of PVA increased
signicantly and the melting temperature decreased. The
tensile strength of PVA lms modied with MgCl2 were all over
120MPa. The effect of MgCl2 on the thermal stability of PVA was
related to the alcoholysis degree of PVA. MgCl2 could decrease
the thermal stability of PVA with lower alcoholysis degree. In the
case of high alcoholysis PVA, the effect was related to the
polymerization degree of PVA. MgCl2 could increase the thermal
stability of PVA with low polymerization degree. In addition,
water could interact with MgCl2 to destroy the crosslink
between MgCl2 and PVA resulting in the decrease of the
enhancement of MgCl2 on PVA. Taken together, the above
studies revealed that MgCl2 could interact with PVA to increase
the strength and rigidity of PVA and could increase the water
sorption properties of PVA; however, the presence of water
could decrease the modication effect. The further cognize on
the way of MgCl2 inuencing PVA could do help in revealing the
modication mechanism of other inorganic salts on PVA and
preparing the materials with more excellent properties.
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