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Research subject: Super absorbents are hydrophilic hydrogels that
can accommodate large amounts of water in their three-dimensional
structures and have wide applications in various sciences such as
pharmaceuticals, medicine, and agriculture. These materials are
hydrophilic polymers that are physically or chemically cross-linked.
Conversion and swelling ratio of synthesized hydrogels are two
counter effects. Therefore, determining the appropriate conditions
for polymerization to achieve optimal properties and swelling rate of
hydrogels is a challenge for researchers.

Research approach: In this study, optimizing the synthesis conditions
of semi-interpenetrating poly (acrylic acid)/xanthan hydrogels, the
response surface methodology (RSM) was used by Box-Behnken
design (BBD). The variables of this method were the molar ratio of the
cross-linking agent (X,), the weight percentage of xanthan gum (X,) as
the reaction medium, and the amount of initiator (X3), each of which
was considered at three levels. The evaluated responses in RSM were
the rate of polymerization conversion (Y,) and the rate of swelling (Y,)
of the hydrogels in the water.

Main results: Based on the 17 experiments proposed by RSM (BBD),
the cross-linker, xanthan gum, and initiator were combined and
radical polymerization was performed into silicone molds at °65
C. The results of ANOVA analysis showed that the data error of this
study was small and the coefficient of determination (R2) of both
proposed models for the responses Y, and Y, was higher than 0.9. The
46 experiments proposed for the optimal point by RSM (BBD) with the
desirability of more than %50 indicate the synthesis of hydrogels that
have both a good conversion rate and an optimal amount of swelling.
For example, by %13 of cross-linking agent, 0.043 g of initiator and %1
wt. the solution of xanthan, hydrogels with a %95 conversion rate, and
%102 water uptake were prepared. These hydrogels can be used in a
variety of fields, including the treatment of colored wastes in factories,
agriculture, pharmaceutical systems, medical attractions, and more.
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Figure 1 (a) synthesis of N, N'-hexane-6 ,1-dilbisprop-2-enamide as a novel acrylic-urethane diene
monomer as crosslinker; (b) chemical structure of xanthan gum using references [5]
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Table 1 Symbols, coded and real values of independent variables

Coded levels Independent vari- Symbol
1 0 1 ables
10 15 20 Cross-linker (%) X,
0 0.5 1 Xanthan Gum (%) X,
0.025 0.05 0.075 Initiator (g) X,
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Table 2 Experimental and predicted values of dependent and independent variables.

std Run X, X, Y, Prec\i{i;ted Y, Pre(\i{izcted
1 8 10 0 0.05 85.6 94.2 120.4 87.5
2 14 20 0 0.05 88.7 92 108.3 106
3 17 10 1 0.05 93 95.9 106.2 84.3
4 16 20 1 0.05 93.1 95.9 107.8 85.3
5 7 10 0.5 0.025 92.3 92 100 106
6 11 20 0.5 0.025 94 92 85.4 106
7 1 10 0.5 0.075 94.2 92.4 88 99.3
8 3 20 0.5 0.075 96 85.5 82.3 122.7
9 15 15 0 0.025 88 96.3 102 96.1
10 9 15 1 0.025 96.5 92 96.2 97
11 10 15 0 0.075 91.9 94 98.3 87.2
12 4 15 1 0.075 95.9 92 85.6 106
13 2 15 0.5 0.05 92.6 92 109 106
14 5 15 0.5 0.05 91.6 88.6 105 108.2
15 12 15 0.5 0.05 92.3 88 107 100.9
16 13 15 0.5 0.05 91.5 93.2 104 106.7
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Figure 1 2H NMR spectrum of the prepared diene macromonomer as cross-linker
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Table 3 Evaluation of the p-value and accuracy of the proposed models for the responses

Conversion as Y,

Swelling ratioas Y,

Source F-value | p-value Source F-value | p-value
Model 99.11 0 0301 significant | Model 41.94 | <0.0001 | significant
A-Cross- | 3591 | 0.0004 A-Cross- | 9670 | 0.0013
linker linker
B-Xanthan < B-Xanthan
Gum 511.82 0.0001 Gum 31.02 0.0008
C-Initiator | 44.93 0.0003 C-Initiator | 24.33 0.0017
AB 15.60 0.0055 AB 10.56 0.0141
AC 0.0173 | 0.8990 AC 4.46 0.0726
BC 35.10 0.0006 BC 2.68 0.1456
A? 5.78 0.0472 e 1.51 0.2587
2 < 2
B 65.25 0.0001 B 27.01 0.0013
2 < 2
C 186.88 0.0001 C 255.37 | <0.0001

9905 Slp S Cromw amy Jlogad azye glal ()
Sl Faly jlodie Al Sl 09 i 508 (>
U Sl 05 e ;5 S0 (] Sy A Az e

A AT AN o [RCO W P P P SR
o ol a0 g Gl F sla JSs (Jlie olge 4
oLl Jhfie jeid Ly o (lie o o8 0o
Smlier G ey ea—es (b e sl Jile
g oo ]y 02 Jlate b 3 oS ko 90 ym) S
G310 L5 AD 51 Ui limee L T laiie iyl
95518 STy lamee (Ll Jlae B Lol (e
a9 4Bl 2alS jegige ;S (mlple wedioe 5
omizmen IVF] ol (e il Jas ol o] Jlss
WS e Jes regige e d b (ol pe Jlall Jsle
J—ole 99 s sl Sl ST 5 agige L aslie j0 4
PO DY I A | BN SV CUR LN IR Ve L 1 Y
S DA NV ciloas Joas ol jo il
5 Sy 2l o 05 o ¥ Gl S jlas
d—ole YL ,oolas o Jlo al Lo eogd i 00
Om e ol oat sl S5 5o B (2 ls o 2 e JLa]
5 2F SldSt Jlogei ;3 cilizes slaitie 5,105 3
;o_lm‘_gL&'b&))‘b_MdM‘oMoMl_mACa
ol 6,105 ,5T aes e s | 5o 3 L ol il
coh a5 b gl (g A g S o e g0
Oy 5 ST e 90 S Gy Sl
ol s 00 S (gl At Jele e a S

el (Actual equation)

() aolro
Y,=84.96+0.84X,+21.05X,-326.8X,-0.3X X,
+0.2x1x3-90x2x3-0.018)(12-6x22+4048x32

) doles
Y, =88.65+0.84X,-2.345X,+2291.63X,
+1.37X, X,+17.8X X,-138X, X,+21.08X*
26366.31X,?
56 4 Ginlesl (o 153 5 50 Jloges e
Jog—ei aiS 0 b (o295 0]y Lo piie Sy 0
Ol sl an L &by (perturbation plot) Ko s
O L (@Y JSs 0 aS v prin )l S 0
e A5 oo ol jo el sa b eols ylis
Gt sl by Ol s ol (Js sl it
ke ) 5 i 36 oaima plas aab a sl
S el et ie ol by ol e Sde Ful
X, olod 45 oy ai j0 A) oaiS (gl aSis Jale , 50
sl dm Comnd (s Ol Y, Jol Ely 1 (E]
fly a5 el o s ol ol 5 oS Lo e
C) ;53T Jlaia 51 5T Sty (95 Ol Y, 90
e S0 sl il (Gl X ples S jlog e o
Lo ol omaw 5 goamsd Lo )bosel g5—290
o dkoas Ll 0 o F glo S jo Lo yusie ol jo

AY 7ok = o (oo 50 b Ghagh (sl ) o (g oole aolibal



ey Gl 4l aa Sl (gsluane

Dasign. Expert§ Softwmre Normal Plot of Residuals
Conversion
Calor points by value of
Comversion: bl
ssc [ 565 ] o
95
50 L ]
3
a = ¥
g 7
50
®
T W
g ®
10
s 3
1]
T T T T T
200 100 000 100 200
Externally Studentized Residuals
Design-Expert® Software Perturbation
Factor Cading: Adual
95}
Conversian (%)
95 |
Actual Factors c
A Cross-linker = 15
B XathanGum =05 g4 | ¢ B
C: Initiator = 005
£ A
§' 2]
c
2 e
8
88
86 |
B4 _|
T T T T T
-1000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

I ]
Design-Expert® Software
Swelling

Normal Plot of Residuals

Color points by value of
Suneling:
523 I 1204

Normal % Probability

T T T T T T
300 200 100 000 100 200

Externally Studentized Residuals
Perturbation

-

g

|
>

>

o
Swelling (%6)
E--1

T T T T T
-1.000 ~0.500 0.000 0500 1.000

Deviation from Reference Point (Coded Units)

Lo ely  Jits (sl it 531 Jlages (9) 5 (@) o ey Jloy g8 Jloses () 5 (D ¥ S
Figure 3 (a) and (b) Normal Probability plots of Y, and Y,; (c) and (d) Perturbation plots of Y,
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Figure 4 Contour plots of Y, (Conversion) based on: (a) Xanthan Gum-Cross-linker; (b) Initiator-cross-
linker; (c) Initiator-Xanthan Gum.
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Figure 5 3D Surface plots of Y, (Conversion) based on: (a) Xanthan Gum-Cross-linker; (b) Initiator-cross-
linker; (c) Initiator-Xanthan Gum.
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Figure 6 Contour plots of Y, (Swelling ratio) based on: (a) Xanthan Gum-Cross-linker; (b) Initiator-cross-
linker; (c) Initiator-Xanthan Gum.

Mt e ol S 5 il i



ey Gl Al Aes cS b (g5l

ol yrio ol 1 5 ool Al ol o (Cul ol
Gomdes g (g9 sl jloges 10 0g) e LLatil 0l Ll
}1‘5);50&)3_5%]9@_5&@[&})”))#@‘;}_1‘45
sl s Jole 35U aSST Jods w09 sanlins La S5,
a8 jebolen) cewl —ialS o0 e 1 0asS
(o= ,e DYl asl IS o8l L a s o g 0l oo
i L AVl a0l o a4t 0 o9 ol jme
cimlB ol e J59 )02 )95 lme S 5le] loia
Sl 55T oS ,olie yo 4 S ol Jds ol an
PYP NI SUR SN PRy SR W/ W P - - | SR
o=l 008 e IS 15 a8h Le aSi il a e jo
Sl 04y at Djgoan slbo o) gy Jleis
Oz 55l e sl e Al S0 S5
S5kl ol ;S la o1 51 S5 e o gy L]
SiiSTly 0 39,9 Gl as - Slel 51 ol s el
oSy alex 5l (6,550 il sla 1Sl ( olend
&l olemar Jdo e an 0SS o Jlis |y 095 L
ot L o 09 e i yad A lahe , S5ke]

Design-Expert® Software
Factor Coding: Actual

Swelling (%)
523 I 1204

130

X1 = A Crogs-Enker
¥ w B Xanthan Gum

Actual Factor

:
€: Iniiator = Q0%
3

B: Xanthan Gum (%)
Design-Expert® Software
Factor Coding: Actual

Swelling (%) 130
523 I 1204

X1 = B: Xanthan Gum
¥2 = C: Initiator

Actusl Factor £
& Crogs-hnker = 15 ?5

Olie oy ¥ G Sl 00l salie Olowisg ol L
el oo odsline Lily aee YL molie o Jous
Ji oy o Sosl s olie o (o (Ll oo
1y alelow (55,505 Caban as aS e (S sle
Pl (cegi a5 5915 Al aas (e il
= osliiwl (2STy b g e an aS Jlw (S0
©350S Linal33 L Yl o yls o |y 5l g0 blas 05
3 egige et Bl il ouis plSodinl ploie
Ol O Jlss dm g Sl oats 1505 STy Laons
b gale Lo oy Logs o3 aals> Yo Jous
sba i 69,505 B L asies (oulie (551>
Syl e g g (o C)Lf 5551 5S>
s oo Gl o Gl o) Jlis a5 25Ty
3 S e 5l () jeaie A S e 4
Py =) Y p9d Gl j— joS e los i
Vg P sl IS jo ama 5 gangs sl loged
Sl Loz i oV i dn a g L ccwl oads Jdoo
L J=lie ,Ss5lel g loily aso jmiie g0 Dl 314 S
PR D S U IS DV S Y ENRECIV N
Sl s=i jo a5 il M‘P“ Pr9= Ol 2 Sl
Sod Lies cwloa s ol ggdge (il OV g0 F
oals a3 5 C l_gd,_fxv))_?)'u:])_;.i;;o&‘)_x.ﬁ
Design-Expert® Software

Factor Coding: Actual

Swelling (%)
523 M 1204

X1 = A Cross-finker
X2 = C: Iniiator

B: Xanthan Gum = 0.5 &

Actual Factor %
3

0065 C: Initiator (g)

C: Inatiator (g}

0 w7

(&) teo,e JLasl Jole g Ll oo () 10l pss bl 2 (o5 l5ee) Y oo ks BD Surface plot) saman o loges ¥ IS
Ol G 5 S5 (@) toose JLail Jale 5 S5

Figure 7 3D Surface plots of Y, (Swelling ratio) based on: (a) Xanthan Gum-Cross-linker; (b) Initiator-
cross-linker; (c) Initiator-Xanthan Gum.
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Figure 8 (a) Evaluate the desirability of the responses based on the change in the amount of the cross-linker
(X,) and xanthan gum (X,) in the constant value of the initiator (X,); (b) Optimization of Y, (conversion)
based on the change in the amount of the cross-linker (X,) and xanthan gum (X2) in the constant value of
the initiator (X,); (c) Optimization of Y, (swelling) based on the change in the amount of the cross-linker (X,)
and xanthan gum (X,) in the constant value of the initiator (X,).
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Table 4 the optimal point determined by the RSM (BBD) for maximum conversion rate and swelling rate.

X1: Cross- | X2: Xanthan | X3: Initiator Conjelr:sion Y2: Swelling Desirabilit
linker (%) | Gum (%) () %) (%) y
Optimal 12.8 1 0.03 95 102 0.51
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Figure 9 (a) synthesized optimum sample based of RSM (BBD); (b) FTIR results of synthesized optimum
sample, cross-linker, and HDI; (c¢) The SEM image of surface of synthesized optimum sample based of RSM
(BBD); (d) Swelling ratio of synthesized optimum sample.
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