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ABSTRACT

Superabsorbent materials based on potato starch (St) grafted polyacrylamide (PAM) were synthesized by radical
polymerization with ammonium persulfate as initiator. The N,N’-methylenebisacrylamide (MBA) was a cross-
linking agent. Starch grafted polyacrylamides (St-g-PAM) and their hydrolyzed analogues were specified by X-
Ray Diffraction, Fourier transform infrared spectroscopy, differential scanning calorimetry and thermal analysis.
The studies confirmed the grafting of PAM into the starch backbone and partial alkaline hydrolysis of PAM. The
sorption of methylene blue (MB) from aqueous solutions was investigated depending on the initial concentra-
tion of the MB solution, the contact time, the amount of PAM grafted onto starch and the structure of the sorbent
(hydrolyzed or non-hydrolyzed material). In the case of non-hydrolyzed material, satisfactory sorption results
(adsorption efficiency - 42 mg MB/g of sorbent and swelling mass — 1600% ) were obtained for St-g-PAM with
40 wt.% of PAM (St 40PAM). On the other hand, the best results were achieved for the hydrolyzed material (H St
40PAM): 88 mg MB/g of sorbent and 2100%, respectively.

Keywords: starch, polyacrylamide, absorbents, superabsorbent, starch graft copolymers.

INTRODUCTION

The industrial sector consumes giant amounts
of water and as a result generates equally large
amounts of sewage. The growth of the world’s
population and dynamic economic development
have a huge impact on the state of environment,
and unfortunately also the increase in various
types of pollution. These pollutants include sub-
stances such as dyes, pesticides, pharmaceuticals,
metal cations and others. MB is a cationic dye that
is often used in scientific tests due to its intense
blue color [1-4]. However, excessive exposure of
living organisms to MB can cause jaundice, nau-
sea, dead tissue and rapid heart rate [5]. It is our
duty to continuously improve water quality and
develop more effective ways of removing pollut-
ants from the environment [6—8]. It is important
to link environmental protection to the principles
of Green Chemistry or sustainable chemistry, i.e.
the design of chemical materials and processes

that reduce or eliminate the consumption or for-
mation of hazardous substances.

Starch is a natural polymer and it is relatively
easy to modify, and the obtained starch materi-
als ideally fit into the current directions of scien-
tific research [9—18]. Starch polymers are used in
many industrial fields, however, for the purposes
of water and sewage treatment, it is possible to
use starch flocculants [19-21] and starch sor-
bents [22-24]. Superabsorbent polymers (SAP)
are cross-linked polymers that have the ability to
retain liquid/water many times more than their
dry weight [25]. SAPs are divided into two basic
groups: petroleum-based SAP - derived mainly
from acrylic acid and acrylamide monomers, and
SAP based on natural polymers [26, 27]. The
sorption efficiency of starch SAPs can be regu-
lated and adjusted to the environmental condi-
tions. The sorption properties of SAP (adsorption
or swelling efficiency) depend, among others,
on the cross-linking density [28-31], the type of
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cross-linking agent used [32, 33], the methods of
obtaining materials [28-33, 34], the morphology
of the material, the polymer structure [28—35], the
type of modification of the sorption material, e.g.
hydrolysis [36], the reaction time and the initiator
used [11, 23, 25, 35].

In this article, the results of sorption efficiency
for copolymers of St grafted PAM are presented.
Acrylamide starch materials were synthesized in
a free radical reaction using N,N’-methylenebis-
acrylamide as a cross-linking agent. The polym-
erization initiator was ammonium persulfate. Two
series of SAP materials were obtained: starch-g-
polyacrylamide with variable PAM content from
10 to 40% by weight and their partially hydro-
lyzed counterparts. Starch or cross-linked potato
starch — St MBA were used as reference materials.
The SAP was characterized using fourier trans-
form infrared spectroscopy (FTIR), differential
scanning calorimetry (DSC), thermogravimetry
(TGA) and X-ray diffraction (XRD). The results
of MB sorption studies from solutions with differ-
ent concentrations using hydrolyzed and non-hy-
drolyzed starch graft copolymers were presented.
The application studies were supplemented with
mass swelling studies after 2 days. The presented
results expand the knowledge on the so-called
green materials and confirm the possibility of
designing a superabsorbent composition for the
most effective wastewater treatment.

MATERIALS AND METHODS

Materials

Potato starch (super standard quality, St) with
moisture content of ca. 16.5 wt.% and 29.7 wt.%
of amylose from Potato Industrial Enterprise
“Nowamyl” S.A., Poland was used for syntheses.
Acrylamide (AM) and N,N’-methylenebisacryl-
amide (MBA) were purchased from Merck, Ger-
many, in the purity of both (~99%) the monomer
and the crosslinker in reaction, respectively. Am-
monium persulfate (~99,9%, ASP) from Chemp-
ur, Poland was used as the free radical polymer-
ization initiator. Acetone and methanol (analyti-
cal reagent grade), sodium hydroxide (~99,9%,
NaOH) and methylene blue (~99,9%, MB) were
purchased also from Chempur, Poland.
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Polymeryzation of starch-g-polyacrylamide

The procedure for obtaining copolymers of
starch-g-polyacrylamide (St-g-PAM) has been
thoroughly presented in the literature [30]. In free
radical polymerization, PAM was grafted onto
starch and then the copolymer was cross-linked
using MBA in 0.5 wt.%. Ammonium persulfate
was used based on the weight of AM (1.0 wt.%).
A series of starch materials with variable amounts
of PAM used in synthesis, from 10 to 40 wt.%,
were obtained (from St 10PAM to St 40PAM, re-
spectively). According to literature reports [8, 20,
30, 36], previously gelatinized starch was used for
polymerization (30 min at 82 °C). Polymerization
was carried out at a nitrogen atmosphere. Starch
copolymers were precipitated in excess of acetone.
Then, the SAPs were washed with a mixture of
distilled water and methanol to clean the mate-
rial from polyacrylamide. Finally, the cross-linked
starch copolymers were dried at 60 °C for 24 hours.

Asseries of partially hydrolyzed starch-g-poly-
acrylamide SAPs (H St 10PAM to H St 40PAM)
were synthesized by alkaline partial hydrolysis of
St 10PAM to St 40PAM, respectively, [36]. For
this purpose, at the end of St-g-PAM polymeriza-
tion, 2 ml of 2 M NaOH solution was added (0.2
wt.% NaOH in the reaction mixture), maintaining
the solution at 50 °C for 3 h. Then, the hydrolyzed
material was precipitated, washed and dried ac-
cording to the previously described procedure.

Schematic synthesis of cross-linking starch
grafted polyacrylamide and their partially hydro-
lyzed products is shown in Figure 1.

Methods

Fourier transform infrared (FTIR) spectroscopy.

FTIR spectra of dried samples were obtained
in the range of 5004000 cm™ using a Nexus
FTIR spectrometer (Thermo Nicolet Corp., USA)
with a Golden Gate (ATR) attachment. The spec-
tra were processed with the OMNIC computer
program.

X-Ray Diffraction (XRD).

Samples of starch copolymers were examined
by XRD method. Empyrean X-ray diffractometer,
CuKa radiation (A = 1.544 A) (Malvern Panalyti-
cal, Malvern, UK) was used.
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Figure 1. Schematic synthesis of cross-linking St PAM and hydrolyzed H St PAM

Differential scanning calorimetry (DSC).

DSC of the materials was performed using
Q100 DSC (TA Instruments Inc., USA) with a
heating rate of 10 °C/min, from 0 to 200 °C in a
nitrogen atmosphere. The average sample weight
was ~ 5 mg. Hermetically sealed aluminum pans
were used.

Thermogravimetric analysis (TGA)

Thermal properties of starch materials were
determined in air using a TA Instruments TGA
Q5000. Temperatures from 20 °C to 900 °C were
used with a heating rate of 10 °C/min.

Removal of methylene blue from aqueous
solution

Mechanically powdered material 50 mg (<
0.3 mm) was used in the sorption tests. Methylene
blue was removed from solutions with concentra-
tion of 3, 6 and 10 mg/L. The absorbance changes
of MB solutions (50 ml) were determined using
a UV-9000 BioSens spectrophotometer at wave-
length of 664 nm. The tests were carried out by
placing starch samples in the appropriate MB so-
lutions and measuring the changes in absorbance
of MB solutions with time. Tests were also con-
ducted after 24 and 48 hours. Sorption tests were

carried out at neutral pH=7.0 The solution purifi-
cation - MB removal (R ) was determined based
on the formula 1:

R =[(X,-X)  100%]/X (%) @))
where: X, - the entrance concentration of MB

(mg/L), X, — the concentration of MB
(mg/L) after time t.

Equation 2 defines the adsorption efficiency
(Q), i.e. the amount of MB adsorbed per gram of
sorbent (mg/g):

0=[(X,-X) - VI/D(mg/g) )
where: V' — the volume of solution (L), D — the
dry sorbent mass (g).

The swelling properties.

Mass swelling measurements were made af-
ter 48 hours. The swollen material was filtered and
weighed. Selected samples were photographed. The
mass swelling (W) was calculated using formula 3:

W=[(W, -D) - 100%]/D (%) 3)
where: W — the mass of swollen sample after time
t[el.

Sorption measurements were made three
times for one material and the results were
averaged.
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RESULTS AND DISCUSSION

Material characteristics

Figure 2 shows the FTIR spectra of potato
starch (St), cross-linked starch (St MBA), copo-
lymer of starch-g-polyacrylamide with 30 wt.%
PAM (St 30PAM) and corresponding hydrolyzed
material (H St 30PAM). A typical FTIR spectrum
of starch includes: absorption bands at 1015,
1080 and 1160 cm™ (resulted from stretching vi-
brations of the C-O-C); at 1380 and 1460 cm™
(corresponding to bending vibrations of the O—-H
plane); at 2900 cm™ (stretching vibrations of the
C-H groups and symmetric CH,) and band in the
wavelength range of 3000-3650cm™ (stretch-
ing vibrations of the —OH). In the spectra of the
cross-linked material (St MBA) new adsorption
peaks appear at about 1680 cm™! and 1640 cm™
(amide I of the -C=0, and amide II of the -N-H),
confirming the cross-linking reaction between St
and MBA [37]. The FTIR spectra of starch and
starch copolymers show a broad band between
3000 cm™! and 3650 cm™' (the N-H stretching of
PAM overlapping with the —OH stretching of St).
The starch grafted PAM samples show three char-
acteristic absorption bands for CONH, at: 1670
cm!' (C=0), 1610 cm™ ( -N-H) and 1405 cm™!
(—=C-N) [38]. These prove the effective implanta-
tion of PAM into the starch chains. The confirma-
tion of hydrolysis in H St 30PAM materials is the
appearance of a small, new signal at 1716 cm™!
indicating carbonyl stretching of carboxylate ions.
Moreover, in the FTIR spectra of H St 30PAM, a

0.8

0.6

Absorbance

0.4

0.0

smoothing of the broad band at 3000-3650 cm™!
of the hydroxyl group and the N-H amide group
was observed, which confirmed the loss of NH,
during hydrolysis [36].

Figure 3 depicts the XRD patterns of starch,
cross-linked starch and synthesized SAPs. Starch
characterization peaks were at ca. 20=15°(typical
of B-type crystal scattering for retrograded starch),
17°, 18°, 20°, and 23°. Modified starches (gelati-
nized, cross-linked, grafted PAM) show one broad
diffraction peak from 26=15° to 26=27° with max-
imum at about 20° 26 (wide halo appears from
MBA and PAM), which indicates the almost amor-
phous nature of the synthesized polymers. Starch
loses its crystallinity during modification. The
XRD patterns showed a successful grafting and
homogeneous cross-linking as confirmed by the
disappearance of starch diffraction peaks [29, 39].

The DSC test results were presented graphi-
cally (Figure 4) and tabularly (Table 1). Fig-
ure 4 displayed the DSC curves of St and a series
of starch copolymers with PAM. All DSC curves
showed a similar trend and an endothermic pro-
cess is observed [37]. The top temperature T
for St was 97.06 °C, and maximum temperatures
for the starch-PAM copolymers series were in
line with the literature [30]. Shifts of endothermic
peaks in the DSC curves towards lower tempera-
tures were observed with increasing PAM content
in the absorbent. The same rule applies to the hy-
drolyzed copolymer series (Tablel), the top tem-
perature for H St 10PAM was 99.23 °C but for
H St 40PAM was 86.18 °C. The introduction of

—

— 5t MBA
=—H 5t 30PAM
— 5t 30PAM

4 000 3 600 3 200 2800

2400 2000 1 600 1200 500

Wavenumbers [cm)

Figure 2. Fourier-transform infrared spectra of starch (St), cross-linked starch (St MBA),
hydrolyzed starch-g-polyacrylamide absorbent with 30 wt.% PAM (H St 30PAM)
and corresponding non-hydrolyzed material (St 30PAM)
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Figure 3. XRD of starch (St), cross-linked starch (St MBA), starch-g-polyacrylamide
with 20 wt.% PAM (St 20PAM) and hydrolyzed material (H St 20PAM)
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Figure 4. Differential scanning calorimetry of potato starch (St) and cross-linked St-g-PAM
with 10 to 40 wt.% of PAM (from St 10PAM to ST 40PAM)

Table 1. Maximum peak temperatures from DSC studies for starch and starch-g-PAM

Polymer T .. [°Cl Polymer T [Cl
st 97.06 St MBA 94.92
St 10PAM 116.45 H St 10PAM 99.23
St 20PAM 100.29 H St 20PAM 91.91
St 30PAM 90.48 H St 30PAM 87.71
St 40PAM 88.85 H St 40PAM 86.18

hydrophilic carboxyl groups (hydrolyzed PAM)
into the St-g-PAM chain causes a decrease in
their characteristic temperature due to water-hy-
drophilic polymer interactions.
Thermogravimetric curves for St and St
xPAM series (x = 10 to 40) are shown in Figure
5, while the mass losses of all samples at selected

temperatures 100 °C, 300 °C and 500 °C are given
in Table 2. In order to prevent the influence of air
humidity, thermal tests of the obtained materials
were carried out on previously dried samples. The
behavior of starch and starch copolymers under
the influence of increasing temperature is simi-
lar (almost the same shape of TG curves). Starch
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SAPs decomposition can be divided into three stag-
es: the dehydration (30-220 °C), starch destruction
(250350 °C) and the degradation of polyacryla-
mide (380—620 °C) [10, 31]. It could be observed
from the thermogravimetric analysis curves (Figure
5) and TG data for all materials (starches, hydro-
lyzed and no-hydrolyzed starch copolymers — Table
2) that grafting of starch with synthetic polymers
enhanced the thermal stability of SAPs [39]. The
mass losses for both series of starch copolymers are
lower compared to potato starch and cross-linked
starch at both 300 °C and 500 °C.

Methylene blue sorption

In the adsorption tests, the sorption of methy-
lene blue from aqueous solutions with an initial
MB concentration of 3, 6 and 10 mg/L was inves-
tigated. The influence of the type sorbents (hy-
drolized and no-hdrolized), structure of sorbent
(grafted PAM from 10 to 40 wt.%), treatment

time (from minutes to 48h) and initial MB con-
centration were considered.

Figure 6 illustrates the effect of the initial MB
solution concentration and starch cross-linking on
the dye removal from the studied system. MB re-
moval from the solution is higher for cross-linked
starch compared to native starch for initial dye
concentrations of 3 and 6 mg/L, while for the con-
centration of 10 m/L the results are comparable.
Cross-linking reduces the distance between adja-
cent polymer chains, making it difficult for sub-
stances to penetrate and adsorb [37]. A longer time
is needed for the material to swell in its entire vol-
ume and allow the substance to penetrate deeper.

The removal of MB from solution with dif-
ferent initial concentration during the first 2 h
of tests and the effect of starch graft copolymers
composition illustrate on Figure 7 (no-hydrolyzed
material) and Figure 8 (hydrolyzed starch SAPs).
For both series of starch copolymers, purifica-
tion of MB solutions is more effective at lower

‘Waeight (%)

St
51 10PAM
$1209AM

Temperature (‘C)

800
Usiverssl Va 54 TAnatramants.

Figure 5. The thermogravimetric curves of starch (St) and cross-linked St-g-PAM with 10 to 40 wt.% of PAM
(from St 10PAM to ST 40PAM)

Table 2. Mass loss [%] of samples at selected temperatures 100 °C, 300 °C and 500 °C obtained during

thermogravimetric studies

Polymer 100 [°C] 300 [°C] 500 [°C]
St 1 30 86
St MBA 2 35 87
St 10PAM 2 15 80
St 20PAM 2 15 80
St 30PAM 2 15 72
St 40PAM 2 15 68
H St 10PAM 2 30 85
H St 20PAM 2 27 85
H St 30PAM 3 23 80
H St 40PAM 4 25 74
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Figure 6. The removal of MB in time for starch and cross-linking starch of MB initial concentration 3 mg/L
(St 3 and St MBA 3), 6 mg/L (St 6 and St MBA 6) and 10 mg/L (St 10 and St MBA 10)
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Figure 7. The removal of MB in time of initial concentration a) 3 mg MB/L, b) 6 mg MB/L,

c¢) 10 mg MBY/L for starch SAPs with different amount of PAM from 10 to 40 wt.%

concentrations (3 mg/L, 56% for St 40PAM) than
in more concentrated MB solutions (10 mg/L,
25% for St 40PAM). Additionally, regardless of
the initial solution concentration, purification of
the MB solution is more effective with the increase
of the PAM content in the starch SAP e.g. 26% for

St 40PAM and 8% St 10PAM (Figure 7b) or 48%
for H St 40PAM and 22% H St 10PAM (Figure
8b) [30, 40]. However, the most satisfactory pu-
rification results were obtained for the series of
hydrolyzed starch copolymers (84% H St 40PAM
— Figure 8a, 48% for H St 40PAM — Figure 8b and
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Figure 8. The removal of MB in time of initial concentration a) 3 mg MB/L, b) 6 mg MB/L,
¢) 10 mg MB/L hydrolyzed starch SAPs with different amount of PAM from 10 to 40 wt.%

35.5% for H St 40PAM). The conversion of poly-
acrylamide starch copolymers to their hydrolyzed
counterparts resulted in significant improvement
in MB removal from the solution because the
PAM side chains were extended due to the repul-
sion between the carboxylate groups [36]. This in
turn results in easier penetration of solutions into
the interior of the sorbents.

Adsorption efficiency of MBA after 2, 24
and 48h for starch SAPs with different amount
of PAM from 10 to 40 wt.% hydrolyzed and no-
hydrolyzed is presented in Figure 9. The results
showed that the MB sorption efficiency for the
basic series from St 10PAM to St 40PAM (Figure

a)

Adsorption efficiency [mg MB /g]
@ »
S

20
10

0
StMBA St10PAM St20PAM St30PAM St40PAM

@2h @24h @48

9a) stabilizes with time. The entire series of co-
polymers reaches similar adsorption efficiency
after 24 and 48 h, about 35 and 42 mg MB/g of
sorbent, respectively. However, for the series of
hydrolyzed copolymers from H ST 10PAM to H
St 40PAM, the adsorption efficiency is mainly
influenced by the copolymer structure and the
contact time of the solution with the sorbent. The
adsorption capacity of the materials increases with
the increase of the amount of amide and carboxyl
groups in the sorbent and time. The sorption prop-
erties are improved for hydrolyzed materials due
to the appearance of additional active sites - nega-
tive groups (-COQ) attractive for the attachment

70
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- il
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b)

Adsorption efficiency [mg MB /g]
IS
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Figure 9. Adsorption efficiency of MBA after 2, 24 and 48h for starch SAPs with different amount of PAM
from 10 to 40 wt.% a) no-hydrolyzed, b) hydrolyzed
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Figure 10. Mass swelling of cross-linked starch (St MBA) and St-g-PAM with 10 to 40 wt.% of PAM:
a) for MB initial concentration 3 mg/L and 6 mg/L, b) for St PAM and H St PAM series in MB initial
concentration 10 mg/L; and selected photos of materials before and after MB sorption

of a cationic dye. It can be assumed that the sorp-
tion process stabilizes up to 24 h (the results af-
ter 24h and 48h are slightly different). The best
results were obtained for hydrolyzed starch SAP
with the highest PAM content (after 2h — 54 mg
MB/g of sorbent, and after 24h and 48h — 86 and
88 mg MB/g of sorbent, respectively) — Figure 9b.

The swelling properties of the synthesized ma-
terials strongly depend on the SAP structure, while
they are less dependent on the initial dye concen-
tration (Figure 10). All swollen SAPs were homo-
geneous gels with a slight blue color from MB (see

photos Figure 10). St MBA showed about 360—
400% mass swelling independently of the initial
MB solution concentration. The swelling capacity
of starch materials increases with increasing PAM
content in the absorbent (970% and 1600% for St
10PAM and St 40PAM, respectively) — Figure 10a.
The swelling capacity results match very well the
results from the adsorption tests. The best swelling
results were obtained for the hydrolyzed series and
the highest mass swelling was shown by the H St
40PAM sorbent (7 times bigger than for St MBA,
2100%) — Figure 10b.
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CONCLUSIONS

Starch superabsorbent were synthesized using
St and different amounts of PAM. The SAPs were
synthesized by radical polymerization with am-
monium persulfate as initiator. The N,N’-meth-
ylenebisacrylamide (MBA) was a cross-linking
agent. The basic series consisted of starch-g-
polyacrylamide materials, which were addition-
ally hydrolyzed by NaOH solution. The FTIR and
XRD spectra, and thermal analysis (DSC and TG)
confirmed the successful grafting of PAM onto
the starch backbone and alkaline partial hydroly-
sis of PAM (formation of carboxyl groups from
amide groups). The sorption of MB from aqueous
solutions was investigated depending on the ini-
tial concentration of the MB solution, the contact
time of the sorbent with the solution, the amount
of PAM grafted onto starch and the structure of
the sorbent (hydrolyzed or non-hydrolyzed ma-
terial). The results showed that increasing the
amount of polyacrylamide in the starch sorbent
and its hydrolysis, and contact time significantly
improved the mass swelling and sorption effi-
ciency of methylene blue from an aqueous solu-
tion. A satisfactory adsorption efficiency of 42 mg
MB/g sorbent for non-hydrolyzed material was
achieved for starch copolymer with 40 wt.% of
AM after 2 days (St 40PAM). The best MB sorp-
tion result was obtained for the hydrolyzed mate-
rial with the highest PAM content (H St 40PAM):
swelling mass —2100% and adsorption efficiency
— 88 mg MB/g of sorbent. Very satisfactory sorp-
tion properties result from the hydrophilicity of
polyacrylamide. In addition, sorption properties
are additionally enhanced by the attraction of an-
ionic carboxyl groups and cationic dye in hydro-
lyzed polyacrylamide starch copolymer.
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