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ABSTRACT

Hydrogels have been widely applied in agricultural drought-resistance, pollution regulation, drug delivery and so
on. Acrylamide (AM) is usually used as raw material to synthesize acrylamide hydrogels. However, inherently low
mechanical strength greatly limits their applications in some special areas. Therefore, it is necessary to choose
suitable functional monomers to optimize acrylamide hydrogels and improve their mechanical performances.
In this paper, a novel acrylamide monomer modified by rosin was synthesized, and then polyacrylamide/rosin-
based acrylamide (RAM) composite hydrogels were prepared via free radical polymerization using potassium per-
sulfate as initiator, N, N'-methylene-bisacrylamide (MBA) as a crosslinker. The influence of RAM monomer was
investigated in detail. The chemical structure, pore structure, swelling properties, thermal performances and
mechanical properties of composite hydrogels were characterized by Fourier Transform Infrared spectrometer
(FT-IR), thermogravimetric analysis (TG), scanning electron microscope (SEM), and universal testing, respec-
tively. The results showed that the thermal stability and mechanical property of RAM hydrogels were improved
significantly. The compressive strength of RAM hydrogels was increased to 3.5 times than that of AM hydrogels,
and the tensile strength was 5.1 times compared with AM hydrogels as well. Moreover, RAM hydrogels exhibited
a faster initial swelling rate due to the new pore structure formed after introducing the RAM monomer.
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1 Introduction

As an important organic material, acrylamide (AM) can be easily polymerized and copolymerized with
other functional monomers. In industrial production, acrylamide has a wide scope of industrial applications,
especially can participate in the polymerization reaction as a precursor to synthesize polyacrylamide (PAM)
[1]. As we know, PAM has been widely applied in oil production technology, wastewater treatment
processes, pulp and paper processing, mining, and mineral processing [2—6]. Besides, it can be used as
raw material to prepare polyacrylamide hydrogels (PAMH) with high swelling, porosity, and high metal
ion binding abilities [7-9]. In general, due to its three-dimensional crosslinked polymeric networks,
PAMH can present pleasuring swell properties by absorbing substantial amounts of water from aqueous
environments [10]. In recent years, PAMH has attracted great interest due to the features of strong
hydrophilic and colorless, etc., which has been widely used as filler material, medicine ointment, drug
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carrier and so on [11-14]. For example, Yang et al. [15] successfully prepared double-network (DN)
hydrogels utilizing PAM hydrogels through a novel method, which open an avenue to fabricate
multifarious and multifunctional DN hydrogels. Zhen et al. [16] took acrylamide as the precursor to
compose PAAM/PA/PDA hydrogel via free-radical polymerization, and then conducted a porous polymer
hydrogel-based electrochemical sensor for rapid detection of Cu®*. It was found that the copolymer
PAAM/PA/PDA hydrogel not only provided a large surface area for increasing the number of
immobilized molecules/ions, but also exhibited a good conductivity. Zhang et al. [17] made use of
polyacrylamide and calcium alginate (CA) to compose a hydrogel filtration membrane. The free-standing
CA/PAM hydrogel filtration membrane exhibited excellent anti-fouling properties and had promising
application prospects in the fields of protein separation, microorganism filtration and removal of dyes.
Farahani et al. [18] developed an intelligent closed-loop insulin delivery system for implantation by
polymerization of chitosan (CS), acrylamide (AAm) and polyethylene glycol (PEG).

Although polyacrylamide hydrogels possess a three-dimensional network of cross-linked structures and
have tunable physicochemical properties [19], inherently low mechanical strength has greatly limited their
applications [20]. As mentioned above, the low polymer density in swollen state is one of the reasons for
the poor mechanical properties of the PAMH [21]. Thus, the application domain of acrylamide derivatives
monomer was limited. It is imperative to develop a acrylamide monomer with unique structure for
improving mechanical properties. The simplest approach to overcome the drawback is to introduce
another functional monomer in PAMH. Therefore, different types of polymers have come up to supply
the traditional acrylamide hydrogels.

In last decades, natural polymers have been primarily attractive because they are biodegradable,
inexpensive, and readily available. Rosin is a mixture of a variety of resin acid isomers, which occurs
naturally in oleoresins of pine trees, and its derivatives have been pharmaceutically evaluated as
microencapsulating materials, film forming agents and as binding agents in formulation of tablets. The
unique hydrogenated phenanthrene ring structure of rosin resin acid and the double bonds and carboxyl
functional groups can provide a variety of reaction sites. As a result, rosin resin acids are easy to be
chemically modified and they can take part in various reactions to synthesize functional monomers. Due
to the stable large volume hydrogenated phenanthrene ring structure and its limiting effect on polymer
molecular motion, the polymer materials modified by rosin resin acids usually own better mechanical
properties and thermal stability. In this paper, a novel rosin-based monomer was synthesized, and then
rosin-based acrylamide (RAM) composite hydrogels were prepared via free radical polymerization using
potassium persulfate as initiator, N, N’-methylene-bisacrylamide (MBA) as a crosslinker. The chemical
structure, swelling properties, thermal performances and mechanical properties of RAM composite
hydrogels were investigated.

2 Experimental Section

2.1 Material

The materials utilized in this work included acrylamide (AM), rosin resin acid (fumaroimaric acid),
potassium persulfate (K,S,Og), dichloromethane, acryloyl chloride, anhydrous sodium sulfate and so on.
Acrylamide and potassium persulfate were purchased from Sinopharm Chemical Co. (China). The cross-
linking agent N, N'-methylene bisacrylamide (MBA) was purchased from Sinopharm Chemical Co.
(China). The dichloromethane, acryloyl chloride, and anhydrous sodium sulfate were also purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (China).

2.2 Synthesis of Rosin-Based Acrylamide Monomer (RAM)
As shown in Scheme 1, firstly, the rosin-based amines (b) were synthesized utilizing rosin resin acid (a)
according to a previously published article [22]. Then, 7 g (0.076 mol) of acryloyl chloride and 50 mL
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dichloromethane were added to a 250 mL three-port flask equipped with a condensing tube and thermometer
in an ice salt bath. 8 g (0.024 mol) of rosin-based amines (b) was dissolved in 80 mL dichloromethane and
dripped into the above three flasks using a constant pressure drop funnel. After dripping, the reaction was
stirred for 30 min at room temperature. At the end of the reaction, the product was extracted with ethyl
acetate/water system for three times, and the synthesized organic phase was dried by anhydrous sodium
sulfate. The solvent was removed by vacuum distillation, and then the product was washed repeatedly
and dried to obtain RAM monomer (c).

COOH cocl CONH,
socl, NH3.H,0
COOH — > cocl > CONH,
COOH COcCl CONH,
(a) Rosin resin acid
NHCOCHCH,
NaBrO
NHCOCHCH,
HCOCHCH,
(b) Rosin-based amide (c) RAM

Scheme 1: Synthesis of RAM monomer

2.3 Synthesis of Composite Hydrogels

AM hydrogels were prepared via free radical polymerization. A reaction was conducted by adding MBA
as a cross-linking agent (0.5 wt% with respect to hydrogels) and using potassium persulfate (K,S,0g) as an
initiator. Scheme 2 shows the synthesis of acrylamide hydrogels. Briefly, 20 g acrylamide was dissolved in
80 g deionized water containing 0.5% mass crosslinker (based on the number of hydrogels) and 0.05% mass
initiator (based on the number of hydrogels). Finally, the reaction solution was poured into a glass flask and
reacted at 60°C for 2 h. RAM composite hydrogels were prepared by mixing AM, MBA, K,S,0g, and adding
different ratio (1-5 wt%) of rosin-based monomer. Then, hydrogels were laced into the neutralized deionized
water at 60°C. After the graft copolymerization reaction, RAM hydrogels were washed with plenty of water
for several times, and then dried in an oven at 40°C. Table 1 shows the distribution ratio of AM and RAM
hydrogels.

monomer AM
Chemic:
cmsslmkmg E i
hybrid emulsion

Scheme 2: Synthesis of acrylamide hydrogels
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Table 1: Distribution ratio of AM and RAM hydrogels

Samples AM/wt% RAM/wt% H,O/wt% MBA/wt% KPS wt%

AM-5 5 / 95 0.5 0.5
AM-10 10 / 90 0.5 0.5
AM-15 15 / 85 0.5 0.5
AM-20 20 / 80 0.5 0.5
RAM-1 20 1 80 0.5 0.5
RAM-2 20 2 80 0.5 0.5
RAM-3 20 3 80 0.5 0.5
RAM-4 20 4 80 0.5 0.5
RAM-5 20 5 80 0.5 0.5

Notes: AM-a: a represents the mass fraction of AM monomer in AM aqueous solution in the AM hydrogels.
RAM-b: b represents the mass fraction of RAM monomer in AM aqueous solution in the RAM hydrogels.

2.4 Characterization of Hydrogels

2.4.1 Thermal Property of Hydrogels

The thermal behavior of hydrogels was determined via thermo-gravimetric analyzer (TG). 5 mg dried
samples were weighted and heated from room temperature to 800°C with 10 °C/min heating rate under
nitrogen (flow of 100 mL/min) [23]. The weight losses against temperature were recorded as their
matching thermograms and investigated the initial decomposition temperature of the sample.

2.4.2 Mechanical Performance of Hydrogel

Tensile and compression testing: The tensile and compression tests of different hydrogels were
conducted by the universal testing machine with a constant speed of 5 mm'min '. For tensile tests, the
hydrogels were cut into a dumbbell shape using an ASTMD-638 type cutting die, and the tensile data
was reported as stress vs. strain curve. For compression tests, the hydrogels were cut into the size with a
height of 10 mm and a diameter of 24 mm, and the compression data was reported as compressive stress
vs. compressive strain curve [24,25].

2.4.3 Swelling Properties

The swelling behaviors of RAM hydrogels were studied in detail. The swollen (W) and dry (Wy)
weights were measured in an equilibrium state [26] (W, was the weight of the swollen hydrogel for
every 100 min and Wy was the weight of the dried hydrogel). Samples were removed from the buffer,
blotted with filter paper, and swollen weight was recorded. The equilibrium swelling ratio (SR) was
calculated as

SR =W,/ W4
The swelling degree (SD) was valued at room temperature with the formula: SD =(W;—Wq)/Wq [27].

2.4.4 Morphology of Hydrogels

Morphology of the AM hydrogels and rosin-based RAM hydrogels were observed by a scanning
electron microscope (SEM; JSM 6390, JEOL, Japan). Before SEM observation, the hydrogels were
freeze-dried to remove water thoroughly. The dried hydrogels were carefully sliced to expose the cross-
sections and sputtered with gold before examination [28].

The pore structure analysis was conducted by Nitrogen adsorption instrument in the relative pressure
P/Py, = 0.95. Before the adsorption measurement, the hydrogels were freeze-dried for 1 day to remove
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water thoroughly. The micropore volume was calculated according to DR equation. And the mesoporous
volume was obtained by subtracting micropore volume from the total pore volume [29].

3 Results and Discussion

Firstly, in order to verify the successful synthesis of RAM monomer, the '"H NMR spectra of rosin
and RAM monomer were conducted by nuclear magnetic resonance spectroscopy instrument
(Bruker500 MHZ) to analyze the structure, as shown in Fig. 1. The peaks at 7.28, 7.00 and 6.85 ppm
shown in the spectra are related to the proton of -NH- in RAM monomer. Besides, the characteristic peak
around 11.00 ppm associated with -COOH of rosin disappears in RAM monomer, confirming the
successful synthesis of RAM monomer.

COOH

—— Rosin
COOH — RAM
COOH
(a) Rosin
NHCOCHCH, b
NHCOCHCH,
a
NHCOCHCH, o |“IAI .‘. L lll L
(b) RAM 01 23 456 7 8 9101112131415
ppm

Figure 1: 'H NMR spectra of rosin resin acid (a) and RAM monomer (b)

Fig. 2 shows the FTIR spectra of hydrogels with wave number between 4000 and 500 cm '. The
observed N-H stretching bands at 3100 cm™' do exist in all the samples. As can be seen in the FTIR
spectra of RAM hydrogels, the N-H stretching band can be observed at 3340 and 3186 cm ™', while the
C-H absorption bands, C=0 and C-N stretching bands belonging to acrylamide are observed at 2928,
1647, 1410 cm ', respectively. The N-H bend vibration band of secondary amid and C=O stretching
vibration band for RAM hydrogels can be observed at 1500~1640 cm ™' and 1647 cm ', respectively.

= AM hydrogels
——— RAM hydrogcly
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Figure 2: FTIR spectra of hydrogels
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3.1 Thermal Performances of Hydrogels

The different TGA curves of AM hydrogels and RAM hydrogels are depicted in Fig. 3. The 5%, 50%,
and maximum weight loss temperatures can be summarized from the picture. In the picture, the initial
decomposition temper of the pure hydrogels sample (AM-20) is 130°C. After modification, the initial
decomposition temper increases. For pure acrylamide hydrogels (AM-20), the first stage decomposition
can be observed in the temperature range of 100°C-250°C with 20% weight loss. The maximum
percentage weight loss can be observed in the temperature range of 250°C—400°C. Therefore, it can be
stated that this stage of thermal decomposition is associated with the start of the breaking down of
polymeric chain. In contrast, the TGA curves of RAM hydrogels involved the following steps: the
desorption of adsorbed water, dehydration reactions and finally the depolymerization reactions because of
the breakage of crosslinks between different polymeric chains. The final stage of decomposition in poly
hydrogels from the poly-nuclear rosin-based structures can be attributed to the rapture of C=0 and C-C
bonds in the rings. As can be seen from the picture, the thermal stability of RAM hydrogels exhibits
obvious improvement. For AM hydrogels sample (AM-20), the 5% weight loss temperatures were 128°C.
The 50% weight loss temperatures is 380°C. After modification, the 50% weight loss temperatures
improved. The highest temperature of 50% weight loss of hybrid hydrogel sample is 400°C. For RAM-4,
the first stage decomposition is observed in the temperature range of 100°C-250°C and the weight loss is
less than 10%. This stage of thermal decomposition is due to dehydration. The second stage
decomposition is observed in the temperature range of 250°C—-350°C with 30% weight loss occurring.
This stage of thermal decomposition is associated with the breaking down of the crosslinks and different
covalent bonds between different polymeric chains. The final stage decomposition is observed in the
temperature range of 350°C—450°C with 70% weight loss. The final stage of decomposition may owe to
the poly-nuclear rosin-based structures of composition. As for the DTG curve of hydrogel samples, the
mass change ratio reaches to highest at 450°C for pure acrylamide hydrogel. After modification with the
rosin-based monomer, the temperature of highest mass change is improved compared with pure
acrylamide hydrogel (AM-20). The temperature of the biggest mass change of the hybrid hydrogel
sample (RAM-5) was 465°C. The results above indicate that the stable large volume hydrogenated
phenanthrene ring structure of rosin-based monomer limits the polymer molecular motion, resulting in
better thermal properties of RAM hydrogels.
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Figure 3: The TGA and DTG of Hydrogel samples
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3.2 Swelling Behaviors of Hydrogels

Fig. 4 shows the swelling kinetics of hydrogels sample in deionized water. All hydrogels’ samples are
rapidly swelling in the first 100 min. As time goes on, the swelling ratios of AM hydrogels increase, and the
swelling rates begin to be stable and reach the swelling equilibriums at 500 min. In addition, compared with
AM hydrogels, the swelling kinetics curves of RAM hydrogels samples with the rosin-based monomer
content of 1%, 2%, 3%, 4% and 5% own the faster swelling speed in the first 200 min.
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Figure 4: Swelling kinetics of hydrogel samples

Table 2 shows the swelling kinetics parameters of hydrogel samples. The initial swelling rate increases
along with the addition of rosin-based monomer. When the rosin-based monomer content is 1%, the initial
swelling rate is 610 x 10 g/min, which increased by 6 times compared with pure AM hydrogel. Otherwise,
when the rosin-based monomer addition is 1%, the equilibrium swelling degree of composition hydrogel
declines a little. Although the introduction of rosin-based copolymer reduces the water swelling ability, it
can quickly reach a swelling balance. Therefore, RAM hydrogels can be applied in the field that needs to
achieve swelling equilibrium quickly.

Table 2: Swell kinetics parameters of composite hydrogels

Samples A K (*10° g/min) B Qeq (g/8)
AM-5 2.688 372 0.0979 10.21
AM-10 3.704 270 0.114 8.74
AM-15 3.831 261 0.141 7.10
AM-20 4.310 232 0.155 6.47
RAM-1 1.639 610 0.160 6.25
RAM-2 2.083 480 0.172 5.8
RAM-3 2.273 440 0.192 52
RAM-4 2.632 380 0.217 4.6

RAM-5 3.906 256 0.250 4.0
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Fig. 5 shows the swelling kinetics curves of hydrogel samples in the saturated salt solution. The RAM
hydrogels in saturated salt water have a great increase in initial swelling rate and swelling capacity.

5.0
[~ a— AM-20
45) e RAM-1
-4~ RAM-2
4.0 v—RAM-3 S

SW (%)

200 400 600 800 1000
Time (min)

Figure 5: The swelling kinetics curve of hydrogel in saturated salt solution

3.3 Mechanical Properties of Hydrogels

Fig. 6 displays the mechanical behavior of the pure AM hydrogels and RAM hybrid hydrogels of
uniaxial compression. For AM hydrogels, the compression mechanical properties become more excellent
compared with the increase of acrylamide proportion. When the strain reaches 10% and 20%, the highest
compress stress is 0.021 and 0.05 MPa. For RAM hydrogels, the mechanical properties are improved
obviously. The largest compressive strength of RAM-2 can reach 0.058 MPa and 0.14 MPa with the
strain of 10% and 20%, respectively, which is 2.8 times compared with pure AM hydrogels.
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Figure 6: Engineering tensile stress vs. stretch ratio for AM hydrogels and RAM hydrogels
The mechanical properties of the hydrogels are summarized in Table 3. It can be observed that the

compression strength increases greatly after introducing rosin-based monomer. When the strain is 10%,
the parameter of elastic modulus (£10) increases gradually. And the maximum increase by a factor of 3.5.
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Table 3: Mechanical properties of hydrogels

Samples A at break (MPa) oe at break (MPa) Elastic modulus (g;9) MPa

AM-5 16 0.02 0.0010
AM-10 23 0.03 0.0014
AM-15 24 0.04 0.0016
AM-20 26 0.07 0.0020
RAM-1 24 0.087 0.0030
RAM-2 26 0.18 0.0054
RAM-3 26 0.19 0.0055
RAM-4 26 0.20 0.0056
RAM-5 26 0.22 0.0070

Pure AM hydrogels usually have poor mechanical properties. The tensile strength of AM hydrogel
sample (AM-20) can be observed in the following Fig. 7, which shows the typical behavior expected for
a loosely cross-linked network. For AM hydrogel sample (AM-20), when the stretch ratio is 10% and
15%, the tensile stress is 0.029 and 0.051 MPa. For RAM hydrogels, the tensile strength becomes
optimized, and the tensile stress of RAM-5 is 0.12 and 0.20 MPa with the stretch ratio of 10% and 15%.
Increased by a factor of 4.0.
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Figure 7: Engineering tensile stress vs. stretch ratio for hydrogel samples

The mechanical properties of the hydrogels are summarized in Table 4. The parameters in Table 4 show
that compression strength receive improvement after copolymerization with rosin-based monomer. When the
strain is 10%, the parameter of elastic modulus (g;¢) increases gradually. The elastic modulus parameter of
pure acrylamide hydrogel sample (AM-20) is 0.029 MPa, which increases to 0.15 MPa after modification,
and becomes 5.1 times compared with pure AM hydrogels. The superior mechanical performances of RAM
hydrogels can be attributed to the increase in the cross-linking density in the RAM composite hydrogels and
the stable large volume hydrogenated phenanthrene ring structure of rosin-based monomer.
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Table 4: Mechanical properties of hydrogels

Samples A at break (MPa) oe at break (MPa) Elastic modulus (g19) MPa
AM-5 16 0.02 0.0010
AM-10 23 0.03 0.0014
AM-15 24 0.04 0.0016
AM-20 26 0.07 0.0020
RAM-1 24 0.087 0.0030
RAM-2 26 0.18 0.0054
RAM-3 26 0.19 0.0055
RAM-4 26 0.20 0.0056
RAM-5 26 0.22 0.0070

3.4 Morphology of Hydrogels

The SEM images show the microstructures of the pure AM hydrogel and RAM hydrogels (Fig. 8) and a,
b, ¢, d, e and f represent the SEM diagrams of AM-20, RAM-1, RAM-1, RAM-3, RAM-4 and
RAM-5 hydrogels, respectively. The aperture of AM-20 is mainly concentrated around 500 pm, which is
a kind of loose microporous structure. For RAM hydrogels, with the increased content of rosin-based
monomer, the prepared RAM composite hydrogels have more mesopores and small pores with the pore
size concentrating on the range between 50 to 200 pum, and the three-dimensional network structure of
RAM hydrogel is more compact.

Figure 8: The SEM image of hydrogel samples
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The BET analysis is applied to further characterize the pore structure of hydrogel samples. As shown in
Fig. 9, the results reveal that mesopores are more developed as the concentration of acrylamide increased.
Compared to pure AM hydrogels, RAM hydrogels exhibit higher microporous. Pure AM hydrogels
present a size distribution from 5 to 10 nm, while the rosin-based RAM hydrogels have a size distribution
from 2 to 5 nm, which also confirms the smaller pore structure and the more compact network of RAM
hydrogels.
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Figure 9: Pore size distribution of hydrogel samples

4 Conclusion

In this paper, a novel acrylamide monomer modified by rosin was synthesized, and then polyacrylamide/
rosin-based acrylamide (RAM) composite hydrogels were prepared via free radical polymerization using
potassium persulfate as initiator, N, N'-methylene-bisacrylamide (MBA) as a crosslinker. The influence of
adding RAM was investigated in detail. The RAM composite hydrogels exhibited better swelling
properties, thermal performances, and mechanical properties. The initial swelling speed of RAM
hydrogels became faster, which may be related to the new pore structure formed after copolymerization.
The compressive strength of RAM hydrogels was increased to 3.5 times than that of AM hydrogels, and
the tensile strength was 5.1 times compared with AM hydrogels as well. Moreover, RAM hydrogels
exhibited the improved thermal stability after introducing the rosin-based components.
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