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ABSTRACT

polymer networks, demonstrate improved mechanical stability and self-
healing properties due to the presence of reversible dynamic bonds. These
bonds allow the hydrogel to regain its original structure after suffering damage or
stress. The distinctive characteristics of this type of hydrogel offer significant potential
for a variety of applications in fields such as medicine, materials engineering, and
developed technology.
Methods: This study developed and investigated a self-healing hydrogel with a
reversible dual-network structure made from polyvinyl alcohol (PVA) and varying
amounts of acrylamide (AM). The hydrogel was synthesized using PVA, AM, borax as
a crosslinker, and iron (III) ions, with ammonium persulfate (APS) serving as a radical
polymerization initiator. To evaluate the structure, morphology, and performance of
the synthesized hydrogel, several tests were conducted, including Fourier-transform
infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDX) for microscopic surface morphology analysis,
thermogravimetric analysis (TGA), swelling behavior (in distilled water and 0/9%
hydrogel, by wt saline solution), rheological measurements, and assessments of the hydrogel's
self-healing capability.
Findings: The results of the FTIR analysis confirmed the formation of the hydrogel
viscoelastic, structure and the presence of functional groups. SEM images showed that as the
rheology concentration of acrylamide (AM) increased, the hydrogel's structure changed from
a smooth, non-porous surface to a mesoporous and homogeneous structure. At even
higher concentrations of AM, a more compact and dense structure was observed due
to increased crosslinking density Swelling behavior tests indicated that the PVA/
PAM,, sample exhibited the highest equilibrium swelling. TGA results confirmed
that the thermal stability of the hydrogels improved with higher concentrations of
AM. Rheological evaluations revealed that the PVA/PAM, , hydrogel maintained its
viscoelastic properties and fully recovered its structure after mechanical degradation.
Additionally, it demonstrated self-healing capabilities within 2 h at ambient
temperature, without external stimulation.

Hypothesis: Dual-network hydrogels, created by combining two interpenetrating

self-healing,

dual-network,

(*)To whom correspondence should be addressed.
E-mail: m.bsalehi@ccerci.ac.ir

Please cite this article using:

Etemadi Moghaddam H., Baghban Salehi M., Synthesis and Characterization of Self-Healing, Dual-Network Hydrogels Based on
Polyvinyl alcohol: StructureProperty Relationships in a Viscoelastic System, fran. J. Polym. Sci. Technol. (Persian), 38, 377-390,
2024.



> e a g dlS gu asad slad g s (lulbid § cale
(st Ja 9) A by
OleddS 9 )01 S aaloben y9 (5 Bl ol 93 (ot 2
*jdl«ﬂ QL&b L«-Q-A 4(3.3.5.6 Lg)l.m“&‘ (NS
VEAVWITIFY s U5 (O 5 e ik 0008 55 <Ol ol pordh gl 5 o o855 O g5

VESTIY/YO t p s DEF e il s

Sl 5l 51 L840 (50 siiaa 50 (sl Sk 50 S 5 L OIS g 4K slag3g0n dad S
18 iS5 (Saolins sladi say O saliieal b 50 15 pare o sd culls oSb i Sk
\9ASJ;J—IJ\,.A4:\-‘\"5:_\-“;4-‘Ju:l:tg?fami)‘w%‘“d@ul&‘l—&djj)d;&b@hﬁ&uﬁ‘J:\ASGA
sl 8 Blgbee Lad3sons g5 Gl paln sl S5 S (Hladl 1) upa Lbale
il bl 48 iy slag, sl g ol e ceudige (Sl sladiney o (gleuins

S ssh) ol o o aenadiS 5 18 50 aSed AL L e 550 03 slad 5 s caallae ol so:laghg
S preiasa J3soms ik s (AM) ael ST oliie saulie 5l sl L 5 (PVA) (U
(APS) CA‘.&.‘J.‘.«.:J% ?\93.1\9.0.‘- CAJJL.;A JJFG3+ Guux K] L)“‘S‘JJ" é.\lﬁ&‘@ Am JA\,.\\,A PVA
aSlae 5 owlin S GUALL o) sliieds ik s wly ] JISul) adyaly SHleT ol sieas
ol Sl ulas (FTIR) 4508 Joass 308 55 (oladdabs slag, go)) o S (slad3 s uua
<) alss w558 05051 (TGA) (i 55 S EDX 5 SEM) (5 Ko ulilo 59 el
see s 58 J3aomea bl 5 (S5l slagialesl 5 (S /4 S0l Jslas 5 slie
i alatl a8 Jlael 3

oS a1 Sele slasg,8 JSas 5 J3goma LlaLe S FTIR 503 mlis ladidly
JAI33 & g s Gilis s 31 U3 ss0es LUA L AM cbile (21580 b wls oLy SEM s sl
Jédﬂ&)‘:\.ﬁ‘-ﬁu:AM&l&&ﬁ‘ﬁ‘%&W.éﬁwdﬂdﬁ@:bﬁJbﬁJu&ug
ol LB oy 53 5385 ey 0 0 s gm Slad e pe Jla) €St €5 (ul38) Juloes oS 150
b ol Gl3 TGA @l sl 1y Jolsd ass Llie st PVAPAM | €5
Jsoma wls olas (K508, slagnbss) oS sl AM clile al3il b1y b5y
w33 5 o 1 LAl JolS L35G 5 ladS 5,008 palsa bia culls PVA/PAM
S a3 15 058 Yh sty (ala SHae 4 5L G baase (slos o Wil e 5 0l (SolSe

S3ls sWojly

‘)K.rflﬁ LCJLJKA d)im».ﬂ #
m.bsalehi@ccerci.ac.ir




o4 (S ka9 ks Al 22 e 3393 Al ASuud 5L UJ9 S plwlivds 9 il

Gla S 5 1S Cuud 1) S SO ol 8l5
Jolm Gladissds ol spms b DT wuliiy OF & gdds
ol 5 53 Sk Omen ol b Ygens LSl ol
5 e Sl 55 Cusgdos e s 5SSk Ol e
Ss G NV Az b Bl gl SIS
(Siooda Lm s S Jeld VS e sladiny
sy 5 Olage Ol S ESea 2 ST Gl iSes
S Os e (sare i3 55 Ol sl b sl 5355 (508
Lol s oo ) (6 5l 5,800, (ol Sl s @
e ks SO ol 4 LB 0T S Lsy 65
bilpd s bl CaSs 5 IS o8 4 Canles 5 050 0
[NV=VF] das e Lialpil |y RS 5 L

Al s SO Dol Dol sk 5 S5 py
S gladlas 4 Ol o &8 Sl odd IS ene 53
5 Gl sbdinde (Sidas cldinds Wl
O cpl Lo DANY] 585 oAl m5selS 5L ladisam
RS (Sl 4l 5 51 IKane w8 55 4K glad 3o
IYYT 05 oo onlizal a3l 55 &l 50 55 SCs, Ol sisay 5 dienn
Sl s Ll Cins plcil p Solus gladise b Jsl &Sl
ObageOlse b S slaioSan ol s Sladigy (s
SoP 503 S Jeo SLP Sladisn Olpew & 55d 0 (b
SAS dr ol o 5 5l aS (gsba S o Sl |, i
3ad g JoSET 00 100 (6 ey Sla s 5l e g 4SS [YE] S
AL 5 SO okl s e S Ll bl Slindy 8 S
L[Y0T AS o ey | a3 IS 00

Sl Gbadiodes lle 55 &S e s e Sl S
oy ol el (PVA) (S s ) b o355 s sslinad 853
(PVAC) bl s Oddeds 51 plics S (o
(COH) JouS 35dm 05 5 b il 055 O 3 65 Wl o oy
52l Ghady Sl PVA 5L (Ss YV s o Sole
~OH (slaos S 55 Jsas a5 o3 Shades ladise S35
St Gl gl 0 ey S pl ol Of Skl o
b sl s Lol ool bled JiS0500558 5 JsS e
Srlip s 5 SO ol bl S gladissins
Cilises Jole slaes L K155 o PVA [YV] el JTo) Cosls
sl (S bl sddglaSl sadSsdn 5 das STy
W5le (6, %05 3l5a LS 3 PVA Sl eslizsl a8 55 slaess 55 .S
bl L s JB SO plloal b placs 5 Ll 5 s ST s

rvya V&Y QLT 40 € 0 Lo eatuibsg s Jw ouly (5I9I9iSS 9 pole oole almo

.

YPR YR
oS s (Gulmston (514 Sl L L8 S Lo 5 (51 g0 a3 5k
DV, 0T s IVl o g 55 0LLE slie odr s
sl S LS i Bl go lel 3 654k 58 Lyl 5
Olswas Ldiooden 5 n o Sis cnl ol 12 S5
mbign ASle il (slaaiay 53 3,118 Skl L LIS (53l
JO] dedpn sla Kom 5 Lajidg 2] 5)ls JUl Y] sl
Apdald [A] il sadls  sbagl s e s [V ooslas
Shle Glaos 5 b cou bdiae s Of Sl ol
oo sadlasl gl 53 s e gladlasl S 5 cwsso]
b VS Slaking ((Sopd bakism Doson (ol (S
2 lsy pl S5 e [A] L,S S (535800 0 laaSs
Sl Wb Lol (S sla S5y 5 bt JS ksla
Ble o310 5 SO Caslie ( SliS 5 0l S Lol (b S

LY ] o SIS 3 oS 053
S sktle dide ediS lsdel e s L
oS oo b s gl sl s NP prew
JoB Bl g b el 4 Ll e psdse 25 e
L] s pd e L0l ko jas 5 (53,28 ((SOISe sla S5
G357 a5 e 5 LB ol el &S ol (b Sl el
o Ao SelB L e g slad5 s (Lol 1) sl ) ey
(Sob Al bt s 5l Al 5 s 45 LBl axw
Sl s ol bl Jl8s ) sbay OASE o b 51~
32 g oedes psba e o ladide b VY] S
Sldipy 5 Solus VS Gl b ol 35,
(VIS o Slai s b aslio s VY515 58 0 wiVls S 2
D] Shp ks abr 51 Seales VoS sladkiye
D] ghd sy Gladisg V0] peal Solus ladise
bl VAT - 5hs gl 2aSTs LWV Os5hies ool slais
el o ) by 2SS 5 LS5 Ol 13 doles Ll 5
A L AL e 2 3 Shes 5 Lls I5soder g ey
5B des ol SaS s Y pame ok gyl S o
DTS o ST age 255 Al b 5 dims o OLES 815 pH
WS o Ol 1 e dnl b She sba S o ol 4z S
JUsl b pibeis ) s o sl (Sas 35050 S 2
Sladisg sbml gl [Yr] Lsd e 5o ol 5o 50
Slaes S Y ane Sk sl s Sy YIS
Ls ooy ol oo g oo 03558 J5odes Slle 4 pdo sty Jbele



e 00,22 (S Jaiag) bt &3y 53 oy 395 AilS9 A SS9 3ud rluwlish 9 il

oslitsl Sigmal-Aldrich &S & J yuae 447 5 b= L (Borax)
S oS slaSd Jole Ol peas (FeCLe6H,0) & JS 5 5 A
Sy psisel (rames S 4 Ol Merck o555
S gt OLS ek STy SHET Ol seas AN o 5= L (APS)
st Al s ol = Ol Fisher oS 2 5l delx sy

A eslizal s i JLgs oo o F Xl p s d5ades

b 59y 9 bolSus

PVA 4l » 45755 Sy S350

Jhie Of Yr mL glyls 5S4 S 53 PVA 1Y g lide 1
Sdeay VY mpm o b e blise o;jvﬁ@g@uém);
(s 25 S5 K 5 Gt 2SS gl B uld bylie h
Jslos & Jlaie T 0 ML L ol jan AM o s 51 sline 5lie
S e 3L aelsl YO min Sdeay LM Al 5 S a8l
o Sedasdlasl 5 b G5l 01 °C b ke Lo O
Shg 3l +/Y g 5 FeCL.6H,0 51 ¥or pL slie b o S
Yh Cdews bl 5 ad 035500 Jsloms 40 aie O 53 ol J>
Sl 5 ol B VY °C w4 Loy ey > o s 5L aals]
WO5s 5 38 Obr cov Odd el ST Olgea APS
Wlol ool Jslos 4 (uSly oo 51 05T s Sia L
(Slaslie gla olesl rb.e.}\ ssbea cl S V] as
S 034t g5 b llae AM e palie b olad s s
plasl 51y ol ool V sk 3 Lad el dop3iaS 5 S
Sled 53 YE D Cleay G sladissds Oddady Al
oo g g0 o 51 Olsedsl ) sliteds ¢ e 5 0 (5513450 Laes
T 035 Yh e 5 O el 3353V h Sodots WS gad w3l 2S5
ol 8l L bk g 51 SO sl js s gab s ade
SSSi 05,5 LOT 5l isy 5 ek esls 5 (sl Slalad 4
P 5 =A0 °C sl ;5 Y& h ey Zirbus Jie (gslexl
0+ °C glos ;5 A h Codeas Memmert Joks St O 51 O 555 ©9s

LA esls )\J';

&&M}T el 99
5okl slaes S JsSsenn SLES e e p sk
slicih Opl wddzme gladinds 53 2 ks
Nicolet-470 FTIR ziwcib L (FTIR) a8 L5 35,5
o39d>s ;3 K sl Thermo Fisher Scientific <5 ,& c=la

wut}gd L}Jlﬁ))‘ d‘j [vw].l.&ﬂ;:_»‘ Ovv—freecm’! Cfdj‘b

oeV¥i ALl L LS 5 WS, 5-PVA sl S 5 slol8 55
U’l\ Jy_"e J.-L; JLW.&SJ w;.}? g;.;.bt‘; oS ol el enliid
Gl s 3 3 g gn Julo (glaes S (gla 2w ol 51 550
S 5o o aaas PVA ;355> 50 —OH (slaes SU 0V5 5S040
Sl s 5,0 (650 o5 o [YA] ol el .)..:.,L? Sl e
e S 5l K K 5 WSLePVA lazd g Sl
JM..N (HEMA) Qy\g_;bﬂ Ja;\ 6.5‘9).\.:.&—* 9 AM OM‘S\&M;I
S Cnl sl rL>u\ (_;‘4.:;4.:]:4 (:j.} &MZ ub&:‘ J.:b RGN PSS 4
\) JJJJJ?A J"}?ﬂ )\.7:.1‘ QL{A‘ J\jﬁ w‘ )t;-Lw ‘)) Lf‘h; 6‘.}!0‘5;
R S8 s JL,...:,S Sl Ji\jjda olsaslsl £32 &Jr S
[¥e ] i 350 15 J5 0

sheslazal L PVA 4l 5 A8 55 sladss, s (R pl o
G b (AM) sl L ST Calies olis 5 55T ISl s ek
5L 0sb e o Oley Sl 5 (35 ks Llslas s
udj)).,l,:n w‘ &:Md‘ ol PSS 4}'}-‘.« uf‘)b- LSJ.>:A 4.3
o 5D (S sladlal 5l (Salos 5y sbasl lls
S Gl e NS 5 (S 5 Siasder S s
sl S oIl s ol il P05 ekl (i IS5 Ol
£ L;LAQ}U'T EDX 5 FTIR SEM L;LAQ}«)'T 3l lad5s dn
bl s eslitad TGA 5 ((SKas Jsloms 5 ke O L) Jole
53 Ol il 5 5 S 5 G55 Jlesl ol s lad5sse 5 Shes
S )l S mlB S s S35 SO g3l b s 53 5
L)_.o'\ @L}U w‘ ol 45‘)‘ )L’I}Lw Cﬂ.«.ﬂ 9 L&dj})“ 6\.&;}1}
sbadinde b Gl p Gaedil Sledbl Lls o iy
Y ) SOl ol el CB L el e
dubﬁ)ls‘).) \) J\)ﬂ w‘ Jjﬁa.& Ju‘}:dﬁ Lﬁ;}i_} u.:\ S g LY
s il adea gla i (SE e At iy

<=

Slg0
Jes) b 2m S PVA ol 5 685 ladissden s | shiee
a5 ViAr gimol buge JS35 055 L (PVA) (S
WL Lot L (AM) sl b ST egse QA-AQL CalsCl
oS b Shsl S mdas 5 Ol Merck oS 8 J s

VY OLT— o <€ 0 plasds astuidbg s Js rols (6399355 9 pole sale Al Y'A-



e 0,22 (S Jaiag) by A3y 23 o p3 395 AilS9 A sl S9)3ad rbuwlish 9 il

Tablel. Component ratios of the synthesized hydrogel samples.
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Sample PVA (g) AM (g) Borax (g) FeCls-6H,0 (uL) APS (g) DI (mL)
PVA 1 0 0.2 300 0.1 28
PVA/PAM, . 1 0.25 0.2 300 0.1 28
PVA/PAM, , 1 0.5 0.2 300 0.1 28
PVA/PAM 1 1 0.2 300 0.1 28
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Fig. 4. Equilibrium swelling ratio of hydrogels synthesized
with different acrylamide ratios in two different environments:

distilled water and 0/9% saline solution.
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Fig. 3. The Thermogravimetric analysis (TGA) of weight

changes in the synthesized samples.
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being stretched to four times its original length without any tearing.
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Table 2. A comparison of the research conducted with other articles based on PVA-based hydrogels with emphasis on self-healing

and comparison of elastic modulus values.
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Hydrogel structure B G' (Pa) Application ef
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