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Abstract
In this article, starch phosphate-g-poly (methacrylic acids) (SP-g-PMAAs) were synthesized by dual modification. Firstly 
starch phosphate (SP) was synthesized by phosphorylation of native starch (NS) with mono sodium-phosphate and di 
sodium-phosphate. Afterwards, methacrylic acid (MAA) was grafted onto SP via free radical polymerization to synthesize 
SP-g-PMAAs. The structure of the SP and SP-g-PMAAs was investigated by phosphorus nuclear magnetic resonance, pro-
ton nuclear magnetic resonance and fourier-transform infrared spectroscopy. The X-ray diffraction studies showed that the 
modification diminished the crystalline nature of SP and SP-g-PMAAs. The SEM images showed spherical or polyhedral 
smooth surface for the starch. After modification, SP and SP-g-PMAAs exhibited distorted and rougher surfaces which are 
assumed to be good for adsorption. The dual modification produced phosphate and carboxylic groups on the starch backbone. 
The phosphate and carboxylic groups have high tendency to make hydrogen bonding with phenol. The comparative adsorp-
tion studies of NS, SP and SP-g-PMAAs were checked for phenol. The experimental results showed adsorption efficiencies 
of 0.022 g/g, 0.082 g/g, 0.100 g/g, 0.148 g/g and 0.151 g/g for NS, SP, SP-g-PMAA1, SP-g-PMAA2 and SP-g-PMAA3, 
respectively. The following findings revealed that dual modification enhanced the adsorption ability of NS.
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Introduction

Corn starch is well-known as a bulking agent, water reten-
tion agent, gelling agent and used as a thickener [1]. On the 
basis of amylose and amylopectin ratio starch is categorized 
as high, normal and waxy amylose [2]. Starch is chemically 
modified by different methods, but dual modification is one 
of the best ways to get the desire property of the starch [3–6]. 

Dually modified starches improve the solubility, rheologi-
cal stability [7] and increase the tensile strength [8], peak 
viscosity and swelling property [9]. In the modern world, the 
cigarette industry is very popular from an economic point of 
view, but the cigarette is injurious to human health. Cigarette 
smoke has so many toxic chemical gases [10]. Almost 69 
chemicals are well known in cigarette smoke which causes 
different types of cancer [11–13] like lung [14], kidney [15], 
larynx [16], neck and so on [17]. Phenol is one of the toxic 
chemicals present in the cigarette smoke [18–20]. Phenol 
is the igniting and burning compound [21] responsible to 
raise the chances of convulsion and coordinate impairment, 
muscle weakness and cancer [22–25]. Various methods are 
employed for the removal of toxic gases, and adsorption is 
one of the most effective methods because this is a easy, 
cheap and environmentally friendly method [26–28]. For the 
removal of phenol, different chemically modified starches 
were used. Similarly, ginko seed starch spherules were suc-
cessfully used for the adsorption of phenol and its deriva-
tives, p-chlorophenol and p-nitrophenol [29]. C. Qiu et al. 
effectively used worm-shaped amylopectin nanoparticles 
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and spherical shaped amylose nanoparticles for the removal 
of phenol and its derivatives [30]. However, the adsorption 
efficiency of starch towards phenol needs more attention. 
In this research article we have prepared novel bio-based 
SP-g-PMAAs by dual modification. The SP-g-PMAAs was 
biodegradable, environmentally friendly and cost-effec-
tive. The main purpose of dual modification to increase 
the adsorption efficiency of native starch towards phenol. 
In first step of synthesis, we coded phosphate groups on 
the starch main chain. The phosphate groups (acting as 
hydrogen bond acceptor) were capable to make hydrogen 
bonding with the hydroxyl group (acting as hydrogen bond 
donor) of phenol. Thus the introduction of phosphate groups 
increased the adsorption efficiency of modified starch. The 
adsorption efficiency was further increased by the grafting 
of methacrylic acid on the backbone of starch phosphate in 
the second step of dual modification. The grafting of meth-
acrylic acid increased the density of carboxylic groups (act-
ing as both hydrogen bond donor and acceptor) on starch 
phosphate. These carboxylic groups made more hydrogen 
bonding with phenol and grab more phenol. Thus dual modi-
fication increased the adsorption efficiency of native starch 
towards phenol.

Experimental section

Materials

Native starch (NS) was purchased from Aladdin. Phenol 
(99.0%), ethanol (99.7%), methacrylic acid (MAA) (99.0%), 
methanol (99.5%) and potassium persulfate (KPS) (99.0%) 
were bought from Sinopharm Chemical Reagent Co. Ltd., 
China. Monosodium phosphate (NaH2PO4) (99.0%) and 
disodium phosphate (Na2HPO4) (99.0%) were bought from 
J & K Chemical Ltd. All the reagents were used without 
further purification.

Phosphorylation of starch

The procedure adopted for the phosphorylation of starch 
was already reported in the literature with some modi-
fications [31, 32]. In this typical procedure, 4.3188  g 
(36  mmol) of monosodium phosphate and 1.2756  g 
(8.98 mmol) of disodium phosphate were taken in three 
necked round bottom flask and added 10 mL of distilled 
water to dissolve it. During this process the temperature 
was maintained 35 ˚C. The pH of the reaction system 
was attuned at 5 by adding drop-wise 3 M NaOH. In next 
step 5.0059 g (30.96 mmol AGU) of NS was added to 
the phosphate solution. The reaction mixture was stirred 
at 450 rpm for 0.5 h to prepare the slurry. To remove the 
water contents from slurry the mixture was centrifuged. 

After centrifugation, the half-dried slurry was placed at 
40 ˚C for 30 h in vacuum oven. The dried mixture was 
converted into fine powder by pestle and mortar. The finely 
powdered mixture was again put in the vacuum oven at 75 
˚C for 2 h. For phosphorylation, the mixture was heated 
at 150 ˚C for 6.5 h. After 6.5 h, the obtained product was 
washed three times with water and methanol (1:1). To 
remove the methanol and water contents the product was 
washed five times with ethanol. Lastly, the product was 
placed at 40 ˚C for 24 h in a vacuum oven. The dried starch 
phosphate (SP) was stored in a desiccator for further char-
acterization and use.

Synthesis of starch phosphate‑g‑polymethacrylic 
acids (SP‑g‑PMAAs)

The methodology adopted for the synthesis of starch 
phosphate-g-polymethacrylic acids (SP-g-PMAAs) was 
described in the literature [29]. For all the SP-g-PMAAs, 
the same reaction conditions were used, except the variant 
molar ratios of the monomers. For better understanding of 
the synthesis, SP-g-PMAA3 is taken for an example. Firstly, 
1.0453 g (6.45 mmol) of SP was charged into a three-necked 
flask and 40 mL of distilled water was added to disperse the 
SP. The reaction was run under argon gas atmosphere at 70 
˚C with constant stirring 450 rpm. After 0.5 h, 278.8 mg 
(1.03 mmol) of the KPS was dissolved in 10 mL of distilled 
water and added to the reaction mixture dropwise. Then, 
8.2 mL (96.75 mmol) of MAA was introduced to the reac-
tion mixture dropwise and the reaction mixture was stirred 
for 2 h at the same reaction conditions. After 2 h, the reac-
tion was stopped and cool to room temperature. Afterward, 
the reaction contents were washed with mixture of methanol 
(70 mL) and water (30 mL) five times. Finally, the product 
was washed with ethanol to remove the water and methanol 
traces. The product obtained after washing was placed at 40 
˚C for 24 h in a vacuum oven. The dried SP-g-PMAA3 was 
crushed into fine powder by pestle and mortar.

Characterization

The 31P NMR and 1H NMR spectra were recorded on 
Bruker Advanx-400 DMX NMR spectrometer using D2O 
(basic). Nicolet 5700 IR spectrometer was used to record 
FT-IR spectra. The crystalline nature was checked on by 
using a XPert PRO (Cu Kα, λ = 1.54 Å). Thermal proper-
ties were checked on TA-Q500 (Mettler-Toledo) under nitro-
gen atmosphere. The SEM images were taken on SU-8010 
spectrometer (Oxford X-max80 instrument Hitachi Ltd). The 
Varian CARY 100 Bio UV/Visible spectrophotometer was 
used for the determination of phenol concentration.
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Adsorption experiment

Phenol is regarded as priority pollutant because it is harm-
ful to human even in small amount [33]. There are two 
types of phenol toxicity: acute and chronic exposure. The 
acute poisoning of phenol in human can be seen through 
symptoms such as dryness in throat and mouth, and dark 
colors of urine excreted due to the occurring of lipid per-
oxidation [34]. Chronic exposure causes several symptoms 
such as anderoxia, muscle pain, headache, gastrointestinal 
pain which may then lead to cancer [35]. Cigarette smoke 
containing phenol directly contacting human body. Oral 
exposure to phenol damages to the liver and kidneys. It is 
reported that 1 g accidental ingestion of phenol may causes 
fatality to human [36]. So, it is of prior importance to mini-
mize the concentration of phenol in cigarette smoke to make 
it less harmful to human health. Keeping in view the toxic 
effects of phenol, SP-g-PMAAs were tested as adsorbents 
for the removal of phenol. The adsorption experiment was 
arranged to determine the phenol adsorption affinity of the 
modified starches.

Filling of sample glass tubes

The samples glass tubes were filled by cutting the cigarette 
filter into two equal halves. One of the two halves of ciga-
rette filter was put in the sample glass tubes and charged with 
the specific amount of adsorbent. The other half of the ciga-
rette filter was positioned so that the adsorbent was sand-
wiched between the two halves. One sample glass tube was 
filled with blank cigarette filter while the other five tubes 
were filled with adsorbents. The pictorial procedure for the 
filling of sample glass tubes is shown in Fig. 1.

Phenol adsorption

For phenol adsorption experiment the assembly used is 
shown in Fig. 2. The phenol source solution was prepared 
in two-necked flask (C) by dissolving 29.0118 g of phenol 
in a mixture 100 mL of distilled water and 50 mL of etha-
nol. The two-necked flask was set at 35 ˚C in an oil bath. 
One neck of the two-necked flask was linked to the gas 

flow meter (B) which intern connected to source of argon 
(Ar) gas (A). The second neck of the two-necked flask was 
attached to the six sample glass tubes (D) connected to six 
Erlenmeyer flasks (E).

The Ar gas was first blown via gas flow meter, and regu-
lated the gas flow at 0.5 m3/h. Then Ar gas was passed 
via the source solution of phenol where Ar gas obtained 
phenol as gaseous mixture of Ar/phenol. The gaseous 
Ar/phenol mixture was blown through the sample glass 
tubes. One of the six sample glass tubes was labeled 
blank filled with cigarette filter while the other tubes were 
charged with 15.1 mg of NS, 15.2 mg of SP, 15.1 mg of 
SP-g-PMAA1, 15.2 mg of SP-g-PMAA2 and 15.1 mg of 
SP-g-PMAA3. Here the adsorbents adsorbed certain extent 
of the phenol and rest of the phenol was let into the ethanol 
(75 mL) containing Erlenmeyer flasks (E). The ethanol in 
Erlenmeyer flasks dissolved small amount of phenol. The 
argon/phenol mixture was blown for 30 min through the 
sample glass tubes. Then, from each Erlenmeyer flasks 
(E), 2 mL of ethanol solution was taken and analyzed by 
UV–visible spectrophotometer to determine the phenol 
concentration.

Fig. 1   Proposed procedure for 
the filling of sample glass tubes

Fig. 2   Assembly used for phenol adsorption experiment
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Results and discussion

Synthesis and characterization of starch phosphate 
and SP‑g‑PMAAs

The SP was synthesized by the reaction of NS with inorganic 
monosodium phosphate and disodium phosphate salts. Later, 
SP-g-PMAAs were produced by free radical polymerization 
of SP with MAA. For the initiation of reaction KPS was 
used as an initiator. The reaction schemes for the produc-
tion of SP and SP-g-PMAAs are shown in Scheme 1, while 
the recipe details for SP-g-PMAAs are listed in Table 1. 
The SP and SP-g-PMAAs were characterized by different 
spectroscopic techniques.

The 31P NMR spectra of SP, monosodium phosphate 
and disodium phosphate are shown in Fig. 3. The spectra 
were taken in basic solution of D2O. The peak appeared at 
2.553 ppm was attributed to the unreacted salts. The peak 
at 1.547 ppm was for the phosphorus atoms labeled by b, e 
and c. The peaks appeared at 1.108 and -0.012 ppm were 
assigned to phosphorus atoms labeled as a and f in the glu-
cose units.

The structure of SP-g-PMAAs was analyzed by 1H 
NMR spectrometer. The peak appeared at 5.1–5.3 ppm was 
assigned to C-1 protons of SP AGU. The peak shifted to 
downfield because the proton attached to C-1 was highly 
deshielded. For the protons of C-2 to C-6 of the SP AGU 
the peaks were broadened from 3.2–4.2 ppm. The two char-
acteristics peaks were appeared at ranged from 1.5–1.7 to 
0.8–1 ppm for C-7 and C-8 protons of the PMAA part. The 
peak for C-7 protons was appeared in upfield because this 
carbon was directly attached to electronegative oxygen atom. 
The appearance of peaks for C-7 and C-8 proton confirmed 
the successful synthesis of SP-g-PMAAs [38]. The 1H NMR 
spectra for SP-g-PMAAs are shown in Fig. 4. The grafting 
ratios of PMAA to AGU for SP-g-PMAA1, SP-g-PMAA2 
and SP-g-PMAA3 were deliberate from 1HNMR.

The relative grafting ratios for SP-g-PMAA1, SP-
g-PMAA2 and SP-g-PMAA3 were calculating by follow-
ing the Eq. (1).[8]

The calculated grafting values were found to be 0.38 mol/
mol, 0.48 mol/mol and 0.53 mol/mol for SP-g-PMAA1, SP-
g-PMAA2 and SP-g-PMAA3.

The FT-IR spectra of NS, SP, SP-g-PMAA1, SP-
g-PMAA2, and SP-g-PMAA3 are depicted in Fig. 5a. The 
characteristic peak appeared at 1248 cm−1 was assigned 
to the stretching vibration of P = O. This peak was absent 
in NS, which showed the different nature of SP from 
starch. The peak appeared at 3440 cm−1 was ascribed to 

(1)Grafting ratio =

area of C-7 protons of PMAA/2

area of C − 1 of SP

the stretching vibration of –OH. Similarly, the peak at 
2940 cm−1 was attribute to the stretching vibration of –CH 
[39]. The characteristics peak appeared at 1716 cm−1 was 
ascribed to –C = O stretching vibration of the carbonyl group 
of PMAA [29]. So, that particular peak at 1716 cm−1 showed 
the successful synthesis of SP-g-PMAA1, SP-g-PMAA2, 
and SP-g-PMAA3.

The XRD patterns of NS, SP, SP-g-PMAA1, SP-
g-PMAA2 and SP-g-PMAA3 are pictured in Fig. 5b. The 
starch showed peaks at 2θ = 11.12°, 15.15°, 17.09°, 18.03°, 
19.92°, 22.90° and 26.98°. This pattern exhibited the A-type 
crystalline structure of starch [40]. After phosphorylation all 
these peaks were disappeared in SP. The loss in crystallin-
ity was due to decreasing of the intra-molecular hydrogen 
bonding [29]. Similarly, SP-g-PMAA1, SP-g-PMAA2 and 
SP-g-PMAA3 exhibited almost amorphous nature.

The TGA and DTG curves for SP, SP-g-PMAA1, SP-
g-PMAA2 and SP-g-PMAA3 are depicted in Fig. 6. SP 
showed DTGmax at 239 ˚C and 286 ˚C for the degradation 
of phosphate group and glycosidic linkages respectively. 
DTGmax for SP-g-PMAA1 was recorded at 250 ˚C, 296 ˚C 
and 400 ˚C which were ascribed to thermal decomposi-
tion of phosphate group, glycosidic linkage of glucose unit 
and PMAA constituent respectively. The DTGmax for SP-
g-PMAA2 was observed at 246 ˚C, 293 ˚C and 402 ˚C which 
were attributed to the release of phosphate group, break-
down of glycosidic linkages and PMAA part. Similarly, SP-
g-PMAA3 showed DTGmax at 236 ˚C, 281 ˚C and 400 ˚C for 
the loss of phosphate group, glycosidic linkages and PMAA 
part, respectively. So, two step weight loss for SP and the 
three step weight loss for SP-g-PMAAs confirmed the graft-
ing of PMAA onto SP.

The surface morphology of the NS, SP, SP-g-PMAA1, 
SP-g-PMAA2 and SP-g-PMAA3 was examined by SEM, 
respectively. The SEM images showed that starch had 
spherical or polyhedral shape with smooth surface [41]. 
After phosphorylation the surface morphology of the NS 
was changed from the smooth to rough surface. But after 
the grafting of PMAA onto SP the surface became rougher, 
which would facilitate the adsorption property [8]. The 
surface morphology of the NS, SP, SP-g-PMAA1, SP-
g-PMAA2 and SP-g-PMAA3 are depicted in Fig. 7.

Adsorption studies

The adsorption experiment was conducted to find out the 
sorption capability of the SP-g-PMAAs for phenol. In phe-
nol adsorption experiment, the Ar/phenol gaseous mixture 
was blown via the sample glass tubes. The phenol adsorbed 
by each adsorbent was calculated by subtracting the phenol 
concentration in the Erlenmeyer’s flasks (E) connected to 
the adsorbent containing sample glass tubes from the phe-
nol concentration in the Erlenmeyer’s flasks (E) linked with 
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Scheme 1   Synthesis of SP and SP-g-PMAAs
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the blank cigarette filter containing sample glass tubes. The 
results related to phenol adsorption experiments are shown 
in Fig. 8.

The obtained results showed adsorption efficiencies of 
0.022 g/g, 0.082 g/g, 0.100 g/g, 0.148 g/g and 0.151 g/g 
by NS, SP, SP-g-PMAA1, SP-g-PMAA2 and SP-g-PMAA3 
for phenol, respectively. The adsorption mechanism for the 
removal of phenol is given in Scheme 2. The surface of 
NS saturated with phosphate and carboxylic groups held the 
phenol by hydrogen bonding. The phosphate and carboxylic 
groups formed hydrogen bonding with the hydroxyl group 
of phenol. The possible adsorption process was found to be 
physi-sorption [8].

Conclusion

In this research, novel dually modified SP-g-PMAAs were 
synthesized by phosphorylation and free radical polymeriza-
tion. The main aim of the dual modification was to improve 
the adsorption ability of the native starch towards phenol. 
The structures of SP and SP-g-PMAAs were confirmed by 
31P NMR, 1H NMR and FT-IR. Due to modification, the 
crystallinity of the SP-g-PMAAs was diminished for the loss 
of intera-molecular hydrogen bonding. The phosphoryla-
tion generated phosphate groups on the starch main chain. 
These phosphate groups were capable to grab the phenol by 
making hydrogen bonding. The adsorption affinity of the 
starch phosphate towards phenol was further improved by 
grafting methacrylic acid onto starch phosphate backbone. 
The grafting of methacrylic acid increased the density of 
carboxylic groups on starch phosphate which intern adsorb 
more phenol. The NS, SP, SP-g-PMAA1, SP-g-PMAA2, and 
SP-g-PMAA3 showed adsorption efficiencies of 0.022 g/g, 
0.082 g/g, 0.100 g/g, 0.148 g/g and 0.151 g/g, respectively. 
The SP-g-PMAA3 showed higher adsorption efficiency 
towards phenol due to maximum grafting value. The 
obtained results showed that dual modification of starches 
by phosphorylation and grafting can increase the adsorp-
tion ability of native starch towards phenol. These dually 
modified starches can be used as additive in cigarette filter 
to remove phenol from the cigarette smoke.
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Fig. 3   31P NMR spectra of (a) 
SP, (b) monosodium phosphate 
and (c) disodium phosphate [37]
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Fig. 5   (a) FT-IR spectra and (b) 
XRD patterns of NS, SP, SP-
g-PMAA1, SP-g-PMAA2, and 
SP-g-PMAA3
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Fig. 7   SEM images of (A and 
B) NS, (C and D) SP, (E and 
F) SP-g-PMAA1, (G and H) 
SP-g-PMAA2 and (I and J) SP-
g-PMAA3
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