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Porous grafted copolymerwith excellent thermal stability and swelling capacity was synthesized fromwater sol-
uble Prunus cerasifera gumpolysaccharide (PG) and acrylamide (AM). Themonosaccharide compositions and the
structure of Prunus cerasifera tree gum were detected by a high-performance anion exchange chromatography
(HPAEC) system and 1H NMR and 13C NMR, and the obtained PG-AM copolymer was characterized by Fourier
transform infrared (FT-IR), scanning electronmicroscope (SEM), thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC), respectively. The results indicated that the water soluble polysaccharides ob-
tained from Prunus cerasifera tree gum were mainly composed of L-arabinose (39.78%) and D-galactose
(40.59%) with minor amount of xylose, mannose and uronic acids. The maximum percent and the grafting effi-
ciency of grafting acrylamide (AM)onto PG to formPG-AMwere obtainedby copolymerization between polysac-
charide and 3 times (weight) acrylamide with 3 mmol/L potassium persulfate initiator at 50 °C for 1 h. In
addition, lots of isolated and conjoint pores were observed in the prepared PG-AM materials, with a diameters
distribution between 2 and 10 μm. Compared with PG, the synthesized copolymer PG-AM showed an excellent
performance in thermal stability and swelling capacity. The detailed structural characteristic togetherwith excel-
lent thermal stability and swelling properties will benefit efficient utilization of the synthesized copolymer as a
precursor for preparation of large-scale environmentally friendly advanced materials with various potential
applications.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Tree gum exudates are usually produced by the trunk, branches, and
fruits, as a self-protection method in response to the injury or microbial
invasion [1–4]. Previous studies on the chemical structure ofmanyplant
gums showed that the tree gum exudates are mainly composed of het-
ero polysaccharides with complex structures and various monosaccha-
rides [5–8]. The wide industrial applications of tree gum are due to its
water-retention capacity to produce gels and its ability to enhance the
stability of emulsions. For example, the gum arabic has been used in
food industry as natural stabilizer or emulsifiers [9]. Besides, cashew
gineering, Southwest Forestry
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gum has various applications in the agro-food, paper, cosmetic and
pharmaceutical industries [10].

Recently, tree gum has been reported to be used as encapsulant and
emulsifier in food industry, and as potential alternative to replace gum
arabic in many fields of applications [11]. The species of genus Prunus
produce copious gum exudates, among which peach (such as
P. persica) gum is the most studied [7,12]. The studies on peach gum re-
vealed that its main monosaccharide compositions were arabinose and
galactose, and it also contained small amount ofmannose, xylose, rham-
nose and uronic acid [7,13]. Prunus cerasifera tree (Prunus cerasifera
Ehrhar F. atropurpurea) is a common species of virescence tree in
China. The Prunus cerasifera tree gum (PG) is a mucosity liquid with
high clarity or with a light yellow color.

Polysaccharide basedmaterials, especially natural polysaccharide as
a potential substitute for non-degradable materials, have received in-
creasing attention owing to their biodegradable, easily available, low
cost, nontoxic and biocompatible characteristics [14]. Presently, the
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Table 1
Monosaccharide compositions and contents in the isolated PG polysaccharide fractions.

Samples Monosaccharide Abbreviation Retention time (min) Concentration (mg/L) Relative content (%)

1 L-arabinose Ara 10.28 23.62 39.78

2 D-galactose Gal 13.02 24.11 40.59

3 D-glucose Glu 15.10 0.19 0.32

4 D-xylose Xyl 17.80 4.36 7.34

5 D-mannose Man 18.77 1.87 3.15

6 D-glucuronic acid GluA 31.68 1.31 2.21

7 D-galacturonic acid GalA 34.45 3.93 6.62
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natural polysaccharides including starch [15,16], dextrin [17], chitosan
[18], cellulose [19], guar gum [20], and cashew gum [21] have been
used to synthesize high absorbent resins via graft copolymerization re-
actions. Because the natural polysaccharides have favorable water ab-
sorb properties in themselves, they will soon form sol after dissolved
in water. Therefore, they can easily react with many monomers, such
as acrylamide, to yield the graft copolymerization products. As far as
we know, the studies about Prunus cerasifera tree gum and its modified
derivatives have not been reported in literature.

In this article, the monosaccharide compositions of PG polysaccha-
ride were analyzed by a high-performance anion exchange chromatog-
raphy (HPAEC) system, and the structure of the PG polysaccharide was
characterized by 1HNMRand 13CNMR spectral analyses. The grafted co-
polymer was prepared by reacting PG with acrylamidemonomer in the
existence of potassiumpersulfate (PPS) initiator. The grafted copolymer
was characterized by FT-IR spectroscopy, scanning electronmicroscope,
thermogravimetric analysis and differential scanning calorimetry. Be-
sides, the water absorption capacity of synthesized grafted copolymer
was also tested. The structure of Prunus cerasifera tree gumwas studied
for the first time, and the graft copolymerization of this polysaccharide
was also carried out.

2. Materials and methods

2.1. Materials

Prunus cerasifera tree gum (PG) was collected from the trunk of Pru-
nus cerasifera trees in the campus of Southwest Forestry University,
Kunming, China, and air-dried (Fig. S1). The raw gumwas further puri-
fied with distilled water to obtain water-soluble polysaccharide using
the previously reportedmethodwith somemodifications [13,22]. In de-
tail, 20 g raw gumwas extracted with 1 L distilled water at 60 °C under
agitation for 2 h. The supernatant was collected by centrifugation, con-
centrated using a vacuum rotary evaporator, and then poured into eth-
anol. The precipitates were collected as water soluble polysaccharides
by centrifugation and freeze-drying. The chemical reagents acrylamide
(AM), potassium persulfate, sulfuric acid, acetone and ethyl alcohol
Fig. 1. Effect of monomer amount on the Pg (a) and GE (b) of grafted copolymer: Weight
used in experiments were analytical R grade, and all the chemicals
were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai
China.

2.2. Graft copolymerization of PG with acrylamide

The grafted copolymer was prepared by free radical grafting poly-
merization between water soluble polysaccharides and acrylamide.
Briefly, 0.5 g polysaccharide and 0.5 to 4.0 g acrylamide were dispersed
in 50 mL distilled water in a 250 mL round-bottomed flask in nitrogen
gas atmosphere and stirred for 60 min. Then, 1 to 5 mmol/L potassium
persulfate (PPS) solution was added to the solution as initiator to eval-
uate the effect of PPS concentration on the polymerization. Polymeriza-
tionswere conducted at 20, 30, 40, 50, 60 and 80 °C for 3 h, respectively.
At the end of reaction, the solutionswere cooled down to room temper-
ature and precipitated in acetone. The precipitates were collected by fil-
tration, washed with 3 mL ethanol for three times, refluxed with
acetone for 20 h to remove the homopolymer and unreacted mono-
mers, and then dried in vacuum at 40 °C. The percent of grafting (Pg)
and grafting efficiency (GE) were calculated according to literature as
follows [17,23]:

Pg ¼ Weight of PG−AM−Weight of PG
Weight of PG

� 100 ð1Þ

GE ¼ Weight of PG−AM−Weight of PG
Weight of monomer charged

� 100 ð2Þ

2.3. Analysis methods

2.3.1. Chemical composition
The structural study is a basic requirement for understanding the

physical behaviors of gums. The structural features of PG polysaccharide
were revealed bymonosaccharide composition analysis and NMR spec-
tra. Themonosaccharide compositions of the PG polysaccharide fraction
were determined by hydrolysiswith dilute sulfuric acid according to the
of PG = 0.5 g, concentration of initiator (PPS) = 2 mmol/L, t = 180 min, T = 50 °C.



Fig. 3. Effect of temperature on the Pg of grafted copolymer:Weight of PG= 0.5 g, weight
of AM= 1.5 g, concentration of initiator (PPS) = 3 mmol/L, t = 180 min.

Fig. 2. Effect of initiator concentration on the Pg of grafted copolymer: Weight of PG =
0.5 g, weight of AM= 1.5 g, t = 180 min, T = 50 °C.
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published procedures [24]. Briefly, 5 mg polysaccharides were hydro-
lyzed with 1.480 mL 1 mol/L H2SO4 for 2.5 h at 105 °C. At the end of
acid hydrolysis, the mixture was filtered, diluted and analyzed by
high-performance anion exchange chromatography (HPAEC) system
(Dionex ICS 3000, U.S.), whichwas equippedwith a pulsed amperomet-
ric detector and an ion exchange Carbopac PA-1 columm(4× 250mm).
The chemical compositions were separated in 18 mmol/L NaOH (car-
bonate free and purged with nitrogen) with post-column addition of
0.30 mol/L NaOH at 0.5 mL/min in 45 min, followed by 10 min elution
with 0.2 mol/L NaOH. Then, the elution with 18 mmol/L NaOH for
15 min was used to re-equilibrate the column. Calibration was per-
formed with standards of L-rhamnose, L-arabinose, D-glucose, D-galac-
tose, D-mannose, D-xylose, glucuronic acid and galacturonic acid. All
the analyses experiments were run twice, and the average values
were calculated for all the polysaccharide fractions.

2.3.2. 1H NMR and 13C NMR spectra for PG polysaccharide
1HNMRand 13CNMRspectrawere obtained using a 600MHzBruker

Avance spectrometer. The sample (25mg) was dissolved in D2O (3mL)
at 60 °C before detection. The chemical shifts of the sample were cali-
brated using tetramethylsilane (TMS) as an internal standard.

2.3.3. Characterization of graft copolymerization product
Fourier transform infrared (FT-IR) spectra of the PG polysaccharide

and graft copolymerization product PG-AM were obtained on a Varian
640-IR FT-IR spectrometer, and a KBr pellets method was used in the
test. Before data collection, a background scanning was performed for
background correction, and the spectra were recorded in the range of
500–4000 cm−1. A Hitachi S-3000 N scanning electron microscope
(SEM) was used to characterize the morphology of the PG-AM grafted
copolymer at an accelerating voltage of 15.0 kV. The thermal properties
of samples were measured with a Mettler Toledo TGA/DSC instrument
from room temperature to 700 °C at a heating rate of 10 °C min−1

under a dynamic nitrogen atmosphere.

2.3.4. Swelling study
Water absorption capacity test was conducted according to the re-

ported method [18]. Briefly, 0.2 g sample of PG or PG-AM was soaked
in 50 mL distilled water for 30, 60, 90, 120, 150, 180, 210 and
240 min, respectively. At the end of the time, the samples were filtered
using a 100-mesh screen and drained on the sieve for 15min to remove
the redundant water, and thenweighted. Percent swelling (Ps)was cal-
culated by the following expression [17,23,25]:

PS ¼ Weight of swollen polymer−Weight of dry polymer
Weight of dry polymer

� 100 ð3Þ

3. Results and discussion

3.1. Structural characterization of PG polysaccharide

3.1.1. Monosaccharide and uronic acid composition analyses
The chemical composition of water soluble polysaccharides from PG

is shown in Table 1. Both Gal and Ara are observed obviously to be the
main neutral sugars followed by Xyl, uronic acids and Man, and mini-
mum amount of Glu. This result suggested that arabinogalactan was
the main backbone of the water soluble polysaccharides substituted
with Xyl and uronic acids side chains. It was in agreementwith the pre-
viously reported structure of polysaccharides from peach gum (Prunus
persica) [3,7].

3.1.2. NMR spectral analysis
The detailed structural features of polysaccharides were further il-

lustrated by 1H NMR and 13C NMR. The 1H and 13C NMR spectra show
the signals of different intensities, indicating that the polysaccharides
are structurally heterogeneous [26]. The 1H chemical shifts of the struc-
tural features of polysaccharides are shown in Fig. S2. The signals in the
range of 3.3–5.5 ppm were assigned to the proton in polysaccharides
[27]. The strong peaks in the range of 3.3–4.5 ppm indicated that β-
pyranose was the main component in the polysaccharide [28].

Generally, in the 13C NMR spectrum of carbohydrate, the anomeric
carbon (C-1) signals of glycosides are assigned to δ 90–115 ppm,
while the signals of C-2, C-3, C-4, C-5, and C-6 from the glycosidic ring
are assigned to δ 60–90 ppm [27,29]. As shown in Fig. S3, the dominant
peak at δ 104.4 ppm is from β-D-Galp units, and the very strong peak at
60.3 ppm is assigned to C-6 of Galp units [3,24]. This reveals the pres-
ence of a major β-(1,6)-linked D-Galp backbone. The signals at δ
112.4–111.2 ppm are ascribed to C-1 of α-L-Araf units, while the two
peaks at δ 79.2 and 71.4 can be assigned to C-3 and C-5 of α-L-Araf
units [3]. The above NMR analyses revealed that the polysaccharide ex-
tracted from PG may have an arabinogalactan main chain, which is in
agreement with the monosaccharide and uronic acids analysis. How-
ever, the exact structure of PG polysaccharides has not been established
because of its complexity. Previous studies have shown that, the poly-
saccharide components of several fruit-bearing tree gums from genus
Prunus belong to the arabinogalactan group [30]. Recent studies re-
vealed that, the core structures of the polysaccharide of peach gum
were possibly a highly branched polysaccharide with mixed (1,3)- and
(1,6)-linked Galp units [7]. Similarly, the PG polysaccharides also has a
(1,6)-linked D-Galp backbone which forms an arabinogalactan main
chain.



Fig. 4. FT-IR spectra of PG polysaccharide and PG-AM grafted copolymer.
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3.2. Effect of reaction parameters on grafting of AM onto PG

3.2.1. Effect of monomer dosage
The effect of AM monomer to PG ratio on the grafting percent was

conducted in the range of 1 to 8, keeping other variables fixed (PG =
0.5 g, concentration of initiator (PPS) = 2 mmol/L, t = 180 min, T =
50 °C). As this ratio increases from 1 to 4, the Pg of PG obviously in-
creases from 46% to 330%. Further increasing the dosage of AM to 8
times of PG, a slight increment of Pg to 370% is obtained (Fig. 1a). How-
ever, the GE increases from 46.0% to 88.7% and then decreases to 46.3%,
with themaximumof GE at AM to PG ratio of 3 (Fig. 1b), under the same
reaction conditions. The early increasing trend of Pg and GEmay be due
to the availability of additional monomers for copolymerization. How-
ever, at a higher monomer dosage, the decrease of GE could be attrib-
uted to the consumption of monomers to form more homopolymer
[18]. A similar observation was reported previously [23].
3.2.2. Effect of initiator concentration
Fig. 2 illustrates the effect of potassium persulfate (PPS) initiator

concentration on the Pg. The Pg increases from 140% to 308% and de-
creases to 256% as the concentration of PPS increases from 1 to
3 mmol/L and further increases to 5 mmol/L. These results may be as-
cribed to the fact that high PPS concentration provides more primary
free radicals to react with PG molecules [23]. However, further aggre-
gating of primary free radicals could accelerate the reaction of PPS and
Fig. 5. SEM images of graft
radicals, terminating the chain propagation reaction and decreasing
the Pg value [18].

3.2.3. Effect of reaction temperature
The grafting reactions were carried out between 20 and 80 °C to

evaluate the effect of temperature on the Pg. As shown in Fig. 3, the Pg
value increases significantly as the reaction temperature increases
from 20 to 50 °C. The optimum Pg (324%) and GE (108%)were observed
at 50 °C. However, a further increase in temperature decreases the Pg.
There exists an optimum temperature to afford a maximum graft
yield, below this temperature, the decomposition of initiator and the
diffusion processes are not adequate to yield high graft levels [31]. In-
creasing temperature could promote the copolymerization, but
homopolyerization of AM occurred at high reaction temperature.

3.3. FT-IR spectra and SEM morphologies

Fig. 4 shows the FT-IR spectra of PG and PG-AM. For the PG sample,
the absorption peaks at around 3250–3750 cm−1 can be ascribed to the
stretching vibration of hydroxyl group (–OH), while the peak at
1608 cm−1 is assigned to the bending vibration of hydroxyl group
[32]. In the FT-IR spectrum of grafted copolymer PG-AM, the strong
peak at 1683 cm−1 is ascribed to the stretching vibration of carbonyl
group (C=O) [33]. The presence of C_O group in PG-AM indicated
the formation of grafted copolymer.

Fig. 5 shows the SEM morphologies of PG-AM grafted copolymer.
Lots of isolated and conjoint pores are observed on the surface of PG-
AMmaterials. The diameters of most honeycomb-like pores are distrib-
uted between 2 and 10 μm. The porous structure of PG-AM is closely as-
sociated with its swollen capacity.

3.4. Thermal properties of PG and PG-AM

The thermal properties of PG and PG-AMwere examined by thermo-
gravimetric analysis (TGA) and differential scanning calorimetry (DSC).
As shown in Fig. 6a, the slight weight loss of PG and PG-AM samples
below200 °C corresponds to the evaporation of absorbedwater. The de-
composition of the polysaccharide PG was observed in the region at
about 200–400 °C with a weight loss of 58.5%, which was probably
assigned to the degradation of the branches [22]. As compared to the
PG, the PG-AM degraded at a relatively higher temperature. Two steps
of weight loss were observed at about 300 and 400 °C, which might be
ascribed to the degradation of sugar and AM branches, respectively. As
the temperature increased to 700 °C, there were still 9.56% and 13.67%
solid residues left for PG and PG-AM, respectively. These results suggest
a higher thermal stability of PG-AM than that of PG.

Fig. 6b shows the DSC curves of PG and PG-AM. The PG sample
showed two intense exothermic process with the peak temperature of
ed copolymer PG-AM.



Fig. 6. TGA curves (a) and DSC curves (b) for PG and PG-AM.
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250 and 487 °C, respectively. The two exothermic process of PG sample
may be attributed to the decomposition of branches (250 °C) and main
chain (487 °C) of the polysaccharide. However, the PG-AM has no obvi-
ous exothermic peak during thewhole decomposition process (Fig. 6b).
Based on the above results, a higher thermal stability and a lower
exothermic property indicated a more stable molecular structure of
PG-AM copolymer, which is mainly from the grafting of AM onto
polysaccharide molecules of PG.

3.5. Swelling capacity of PG-AM copolymers

Fig. 7 depicts the swelling curves of PG and PG-AM. The samples (PG,
PG-AM-1 and PG-AM-2) were swelled and adsorbed most of water
within 120min, obtaining a Ps as 684, 608 and 448, respectively. This re-
sult indicated that copolymers had a better swelling capacity than PG.
However, the increase rate of Ps is gradually slowing down after swell-
ing for 120 min. A more favorable swelling capacity of PG-AM-1 than
PG-AM-2may result from the Pg and GE values of samples. It suggested
that the swelling capacity of the copolymer was positively correlated
with the number of polyacrylamide side chains. In addition, the porous
structure of grafted copolymer PG-AM may also play an important role
in water absorption process, and greatly enhance the swelling capacity.

Graft copolymerization is an appropriate technique for modifying
the chemical and physical properties of natural polysaccharides. In addi-
tion to improving the swelling capacity of polysaccharide, it is possible
to develop efficient, shear stable, thermally stable and biodegradable
polymers for industrial applications by grafting of flexible polyacryl-
amide (PAM) chains onto the polysaccharide backbone [34]. In the pres-
ent research, the synthesized PG-AM copolymer is expected to be
developed into an environmentally friendly resin with a high absorbent
Fig. 7. Swelling capacity of tree gum (PG) and grafted copolymer (PG-AM) at room
temperature: For PG-AM-1, Pg = 266, GE = 88.7; For PG-AM-2, Pg = 150, GE = 75.
quality according to excellent thermal stability and swelling capacity.
Besides, the prepared porous polymers with good thermal stability
can also be used as host matrix for the preparation of functional com-
posites and gels [35–61].

4. Conclusions

Water soluble polysaccharides from tree gum are composed of
arabinogalactan backbone and xylose, mannose and uronic acids side
chains. The modification of these polysaccharides with acrylamide
yielded a copolymer with a great performance in thermal stability and
swelling capacity. The optimum copolymerization conditions were
found to be acrylamide to polysaccharides at a ratio of 3:1 with
3mmol/L PPS initiator at 50 °C. After copolymerization, the swelling ca-
pacity of PG increasedwith increasing the grafting percent and yielded a
maximum enhancement as 52.7%. This study lays a foundation for the
applications of Prunus cerasifera tree gum The copolymer synthesized
from natural polysaccharides, which shows excellent performance in
thermal stability and swelling capacity, can therefore be used as a pre-
cursor for preparation of a possibly large-scale advanced materials,
and can be combined with other functional materials like metals
[62–72], ceramics [73–78] andnanocarbons [79–85] for various applica-
tions including drug delivery, nutrition carrier, absorbent resin, polymer
nanocomposties.
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