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a b s t r a c t

Hydrogels based on sodium alginate and poly(4-vinylpyridine) were successfully prepared via 
physical cross-linking by ionic interaction. Different hydrogels with different percentages of gela-
tion were prepared by varying the molar ratio between sodium alginate and poly(4-vinylpyridine). 
The prepared hydrogels were characterized using different techniques as FT-IR spectroscopy, X-ray 
diffraction (XRD), thermal gravimetric analyses (TGA) and scanning electron microscope (SEM). 
Increasing of initial decomposition temperature of alginate due to interaction with poly(4-vinylpyr-
idine) was observed. Industrial wastewater mainly contains toxic heavy metal ions and/or dyes 
(acidic and cationic). In the current study, the removal of heavy metal ions and dyes are studied. 
Moreover, the behaviors of prepared hydrogels in different buffer solutions were determined. The 
results show that degree of swelling (DS) is increasing with the increase in the content of poly(4-vinyl 
pyridine) in the hydrogels. This increasing in DS is much more pronounced in acidic pH than neutral 
and alkaline pH. The presence of poly(4-vinyl pyridine) in the hydrogels increases the metal ions 
adsorption as compared with calcium alginate based hydrogel in the ordering Cr6+ > Cu2+ > Ni2+ > 
Cd2+ . Hydrogels based on poly(4-vinylpyridne) improves acidic dye uptake as compared to hydrogel 
based on calcium alginate. 
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1. Introduction

 Alginate is a linear polysaccharide composed of 
(1,4)-linked α-D-mannuronic acid (M) and its C-5 epi-
mer, β-L-guluronic acid (G) residues and they covalently 
linked in different sequences or blocks [1]. It is extracted 
from brown algae, moreover it can be obtained via bacterial 
biosynthesis from Azotobacter and Pseudomonas [2]. It has 
importance in pharmaceutical and biomedical applications 
as drug delivery systems due to its biodegradability and 
biocompatibility [2,3]. Gels based on alginate have impor-
tance also in the field of water treatment [4–9]. Recently, 
there are many researches about the efficiency of alginate 
beads against toxic heavy metal ions uptake as studied the 
competitive sorption of divalent ions and the regenerated 
beads by inorganic acid [10]. Another study investigated 
the binding properties of alginate against toxic ingredients 

of tannery wastewater [11]. The authors observed high 
heavy metal ions uptake capacity and removal of organic 
constituents. Hydrogels can be synthesized via chemi-
cally or physically cross-linked [12]. Physically cross-link-
ing occurred via ionic interaction, hydrophobized natural 
polymers or hydrogen bonds [12–14]. The advantage of 
physically cross-linking enables to avoid the toxicity of 
cross-linking agents commonly used [12]. Recently, differ-
ent hydrogels based on alginate and polymers with suitable 
functional groups were prepared [15–19]. On another hand, 
poly(4-vinylpyridine) is a polycation hydrophobic polymer. 
It is one of the important pH-sensitive polymer which con-
verts into hydrophilic polymer in lower pH due to proton-
ation of pyridine group [20]. Hydrogel based on copolymer 
of poly(4-vinylpyridine) and acrylamide was prepared in 
presence of crosslinking agent N,N′-methylene-bisacryl-
amide [21]. The authors investigated its efficiency toward 
different heavy metals ions. 
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To the best of knowledge, the system of hydrogel based 
on alginate and poly(4-vinylpyridine) has not yet been stud-
ied. For this, In the current study, hydrogels based on algi-
nate and poly(4-vinylpyridine) are physically cross-linked via 
ionic interaction. Poly(4-vinylpyridine) was synthesized by 
free-radical polymerization of 4-vinyl pyridine, and the result-
ing polymer interacted ionically with sodium alginate in differ-
ent proportions forming hydrogels via physical cross-linking.

2. Materials and methods

2.1. Materials 

4-vinyl pyridine (95%) is purchased from Sigma-Al-
drich, Germany. Sodium bisulfite purchased from 
Mallinckrodt, INC , USA. Potassium Persulfate (purchased 
from Hopkin&Wallimas, LTD, London. Sodium Alginate 
supplied from Nice Chemicals Pvt. Ltd., Kerala, India. 
CuCl2·2H2O (≥99), CdCl2 (≥99), CrCl6 (≥99), NiCl2 (98%), 
CaCl2 and DMF (≥99.8) were purchased by Sigma-Aldrich. 
Congo Red (Fig. 1a) and Maxilon Blue (Fig. 1b) dyes were 
supplied from G.T. Gurr, London.

2.2. Experimental studies 

2.2.1. Free radical polymerization of 4-vinylpyridine 

2.5 mol·L–1 of 4-vinylpyridine (4-VP) was dissolved 
in 50 mL of distilled water. Solution of potassium persul-
fate and sodium bisulfite with concentration equal 4×10–2 
mol·L–1 in 5 mL of distilled water was added to the pre-
pared solution of 4-VP at 60ºC. The polymerization was 
conducted under nitrogen atmosphere and was stopped 
after 3 h and the polymer was filtered and washed several 
times with distilled water till free from unreacted monomer 
[20,22]. Finally, poly(4-vinylpyridine) (P4VP) was dried at 
40ºC till constant weight. Prepared P4VP was characterized 
using FT-IR spectroscopy. 

2.2.2. Synthesis of hydrogels 

2.2.2.1. Physically cross-linked between alginate  
and P4VP 

Different hydrogels are based on alginate and P4VP 
were prepared via ionic interaction as shown in Scheme 
1. 0.06 mol. of sodium alginate (where the Mwt of sodium 
alginate based on the molecular weight of repeating units; 

α-D-mannuronic acid (M) and β-L-guluronic acid (G) is 
equal to 216.121 g/mol) was dissolved in 120 mL of dis-
tilled water. 0.06, 0.12 or 0.18 mol of P4VP was dissolved in 
0.1 M HCl/DMF, and dimethylformaide is preferred than 
aqueous solution because solubility of P4VP in DMF/HCl 
is higher than its solubility in aqueous solution at lower 
acidic pH. To prepare different hydrogels with different per-
cent of P4VP, the prepared solutions of P4VP were added 
to sodium alginate solution and leave stirring for 24 h at 
room temperature. Finally, the hydrogels were filtrated and 
washed several times with DMF then distilled water and 
dried at 40ºC. Hydrogels based on moleannuronic acid:mole4VP as 
1:1, 1:2 and 1:3 founded gelation percent 33, 43 and 58%, 
respectively, according to Eq. (1), Hydrogels (1:1; 1:2 and 
1:3/Alg:P4VP). The solubility test was done in different 
organic solvents and showed the purified product insoluble 
in all solvents used such as DMF, Acetone, Methanol and 
Ethanol. Prepared hydrogels were characterized by FT-IR 
spectroscopy, TGA, DTG, XRD and SEM. 

The calculation of gelation percent according to the fol-
lowing equation [23]

Gelation
W
W

 % = ×
0

100  (1)

where W and W0 are the weight of sodium alginate and 
weight of purified hydrogel, respectively. 

2.2.2.2. Calcium alginate 

Calcium alginate gel is formed using CaCl2 solution via 
diffusion method [24,25]. 0.5 M of calcium chloride solution 
was dropping into solution (2%, wt./wt.) of sodium algi-
nate. Gel of Ca-alginate was filtered and dried. 

2.3. Instrumental 

2.3.1. Fourier transform infrared spectroscopy (FTIR)

FT-IR spectra were recorded on Testcan Shimadzu Infra 
Red-Spectrophotometer (model 8000), over range of wave 
number 400–4000 cm–1 at 25ºC.

2.3.2. Thermal analysis

Thermogravimetric Analyzer (TGA-50H Shimadzu) 
was used to evaluate thermal behavior of polymers and 
hydrogels. The heating rate was 10ºC·min–1 under N2 atmo-
sphere and temperature range 0–700ºC.

(a)  (b)

Fig. 1. Structures of (a) Congo Red and (b) Maxilon blue.
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2.3.3. Scanning electron microscopy (SEM)

Scanning Electron Microscope used model Quanta 250 
FEG (Field Emission Gun) linked to EDX Unit (Energy Dis-
persive X-ray Analyses), with accelerating voltage 30 kV, 
magnification14× and resolution for Gun.1n).

2.3.4. X-Ray diffraction

XRD patterns were recorded using equipment model 
X’Pert PRO with secondary monochromator, Cu-radiation 
(λ = 1.542Å) at 50 Kv and scanning speed 0.02°/s were used. 

2.3.5. Colorimetric spectrophotometer

•	 Colorimetric spectrophotometry was determined on 
Unico 1200 Spectrophotometer at λmax 480 nm for Congo 
red dye and λmax 580 nm for Maxilon blue dye. 

•	 Colorimetric spectrophotometry was determined on 
Unico 1200 Spectrophotometer at λmax 780 nm for Cr6+, 
Cu2+, Ni2+ or Cd2+.

Equilibrium adsorption amount of heavy metal ions 
(Qe), (mM·g–1) is calculated according to the following equa-
tion [9]:

Q C C
V
Me e= −( )0

 (2)

where Co and Ce are initial and equilibrium metal ions con-
centration, respectively, V (mL) is volume of metal ions 
solution and M (mM) is mass of hydrogel used.

2.3.6. Swelling in different pH buffers

Swelling degree of the hydrogels was evaluated by 
immersing dried hydrogel with definite weight in differ-
ent buffer solutions (buffer solutions with pH 4, 7 and10) 
at room temperature. The hydrogels were removed from 
the buffer solutions after equilibrium (at 24 h). They were 
weighed immediately. Swelling degree % (SD) of the hydro-
gel was calculated according to Eq. (3) [23,26]:

SD
Weq Wd

Wd
% =

−





× 100  (3)

where Weq and Wd dried and swollen weight at equilibrium 
of hydrogel, respectively.

3. Results and discussion 

3.1. Scanning electron microscopy (X 4000)

SEM images of sodium alginate and its hydrogels with 
different content of P4VP (1:1; 1:2 and 1:3/Alg:P4VP) are 
shown in Fig. 2. SEM images showed the formation of white 
aggregates indicating the presence of P4VP as in Fig. 3b). 

Fig. 2. Hydrogel based on alginate and poly(4-vinylpyridine) via ionic interaction.
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After increasing the concentration of P4VP above certain 
concentration, it is occurred swelling take place due to 
interaction between P4VP and alginate as in Figs. 3c,d so 
the white aggregates decreased that might be due to the 
P4VP inter inside the alginate.

3.2. X-Ray diffraction

 X-ray diffraction pattern of sodium alginate shows 
three peaks at 31.7º, 33.8º and 45.4º indicating its crystal-
line nature (Fig. 3). While, XRD pattern of P4VP shows only 
one broad peak at 20° indicates on its amorphous nature. 
The hydrogels with gelation % (1:1 and 1:2/Alg:P4VP) Figs. 
3b,c show characteristic peaks of alginate at 31.7º and 45.4º. 
In addition, characteristic peak at 20º related to amorphous 
nature of P4VP in good agreement with literature (Fig. 4) 
[22,27]. While XRD of hydrogels with gelation percent (1:3/
Alg:P4VP) showed peak related to P4VP at 20º and only 
one peak related to alginate at 31.7º which is the presence of 
high P4VP content in the hydrogel. 

3.3. FT-IR

FTIR investigation of alginate had proven the presence 
of four strong absorption peaks at 1155, 1073, 1030, and 
895 cm−1, which are characteristic peaks of the polysaccha-
ride structure as shown in Fig. 5a. The very strong broad 
absorption peak around 3600–3200 cm−1 could be assigned 
to the stretching vibration of –OH groups of alginate 
with –OH group bending at 1030 cm–1. Peaks around 1620 
and 1420 cm–1 related to carboxylate group –COO–, these 
results are in good agreement with those repeated in the 
literature [22].

Moreover the peak around 3200–2800 cm–1 was due to 
the stretching modes of –CH and –CH2 groups, the peaks 

characteristic of –CH group bending of the aromatic ring 
of the 4-vinyl pyridine are shown at 1605 and 877 cm–1.
Figs. 5b,c and d show very strong broad absorption peak 
around 3600–3200 cm−1 could be assigned to the stretch-
ing vibration of –OH groups of alginate and –NH groups 
which were formed by physical cross-linking and formed 
prydinium ion +NH. The interaction between prydinium 
and carboxylate groups is proofed by the peak at 1620 cm–1 
which overlapped with peak indicating on carboxylate 
group. As shown in Figs. 5b,c and d, the intensity of this 
peak increased with increasing P4VP % in the hydrogel due 
to increasing number of bonds between prydinium and car-
boxylate groups.

Fig. 3. SEM pictures of a) Sodium alginate b) Hydrogel (1:1/Alg:P4VP), c) Hydrogel (1:2/Alg:P4VP) and d) Hydrogel (1:3/Alg:P4VP) 
and e) Poly(4-vinylpyridine).

Fig. 4. XRD patterns of a) Sodium alginate, b) Hydrogel (1:1/
Alg:P4VP), c) Hydrogel (1:2/Alg:P4VP), d) Hydrogel (1:3/Al-
g:P4VP) and e) Poly(4-vinylpyridine).
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3.4. Thermal behavior

Thermal behavior of alginate and its hydrogels is inves-
tigated by combining the results of TGA and the differential 
thermogravimetric data (DTG) for sodium alginate, P4VP 
and Hydrogels (1:1; 1:2 and 1:3/Alg:P4VP). DTG results are 
the derivative of the weight loss percent against tempera-
ture or time –(dm/dt). As shown in Fig. 6a, TGA of sodium 
alginate showed to two degradation processes, one process 
occurred over the range of temperature from 246 to 275ºC 
(Fig. 6a). Degradation is coming from the decarboxylation 
and liberation of CO2. Second degradation was observed in 
the range 625–700ºC due to the degradation of the polymer 
which leads to carbonaceous residue and Na2CO3. The ther-
mal degradation behavior of alginate is in good agreement 
with literature [28,29]. DTG showed two peaks indicating 
the two thermal degradation processes one at 246°C and 
the second at 663°C (Fig. 6b). On another hand, TGA curve 
of poly(4-vinylpyridine) shows one degradation stage over 
range 250–400°C and corresponding peak in DTG appears 
at 345°C. By using information of sodium alginate and 
poly(4-vinylpyridne) got from TGA and DTG, TGA curves 
of the hydrogels showed different stages one over a range 
between 200–270°C which is coming from alginate and the 
second stage between 320–425°C corresponding to the deg-
radation of poly(4-vinylpydridine), but is shifted due to 
interaction with alginate. The two stages observed in TGA 

curves presence corresponding peaks in DTG one peak at 
225°C and second peak at 385, 387 and 399°C for hydro-
gels 1:1; 1:2 and 1:3/Alg:P4VP, respectively (Fig. 6a). More-
over, initial decomposition temperatures (IDT) of sodium 
alginate, Poly(4-vinylpyridine) and their hydrogels 1:1; 1:2 
and 1:3/Alg:P4VP are obtained equal to 225, 280, 345, 350 
and 360°C, respectively (Table 1). As shown in the Fig. 6, 
TGA thermograms show increasing of initial decomposi-
tion temperature of hydrogel than alginate and Poly (4-vin-
ylpyridine) and this is in a good agreement with literature 
[30]. TGA and DTG Figures show alginate degradation but 
with small degree because it is not coming from all carbox-
ylate of alginate just from unreacted alginate. For compari-
son at high temperature equal 300°C, sodium alginate and 
Poly(4-vinylpyridine) show higher weight loss percentage 
than their hydrogels. 

Fig. 6. (a) TGA and (b) DTG of a) Sodium alginate b) Poly(4-vi-
nylpyridine) c) Hydrogel (1:1/Alg:P4VP), d) Hydrogel(1:2/Al-
g:P4VP) and e) Hydrogel (1:3/Alg:P4VP).

Hydrogel (1:1/Alg:P4VP) 

Hydrogel (1:2/Alg:P4VP) 

Hydrogel (1:3 
/Alg:P4VP) 

Sodium alginate 

Poly(4-vinylpyridine) 

Fig. 5. FT-IR charts of hydrogels based on alginate and P4VP a) 
Sodium alginate b) Hydrogel (1:1/Alg:P4VP), c) Hydrogel (1:2/
Alg:P4VP) and d) Hydrogel (1:3/Alg:P4VP) and e) Poly(4-vin-
ylpyridine).
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3.5. Swelling behavior of hydrogels in different pH

The swelling degrees of hydrogels 1:1; 1:2 and 1:3/
Alg:P4VP were studied and compared to hydrogel based 
on calcium alginate using different buffer solutions (Fig. 7). 
The swelling of hydrogel based on calcium alginate is 
higher than the hydrogels based on alginate and poly(4-vi-
nylpyrdine) and that could be explained by the higher 
hydrophobic nature of P4VP. On the other hand, the order-
ing of swell ability degree of hydrogels based on alginate 
and P4VP increase with the increases in the gelation degree 
in different medium Hydrogel (1:3/ Alg:P4VP ) > Hydro-
gel (1:2/Alg:P4VP) > Hydrogel (1:1/Alg:P4VP) due to the 
increasing of number of the inter cross linked region with 
increasing the amount of P4VP consequently increasing the 
amount of absorbed water.

4. Performance of hydrogels for treating water 

4.1. Removal of dyes

The adsorption of the investigated hydrogels for Congo 
red acidic dye and maxilon blue basic dye is represented 
in Fig. 8. The results indicated the increase in the adsorp-
tion of congo red dye with the P4VP content as compared 
to the hydrogel based on calcium alginate. This might be 
due to increase in the basic nature of the pyridine rings. On 
contrary, the adsorption of maxilon blue basic dye by cal-
cium alginate was higher than its adsorption by the hydro-
gels based on alginate/P4VP. The result is reasonable due 
to the acidic nature of (anionic character) of carboxylate 
anion. Increasing the basic character of the hydrogels (i.e. 
increasing the P4VP content) will with no doubt lower the 
adsorption of basic dyes. As shown in Fig. 7, the adsorp-
tion of acidic dyes increases with increasing the poly(4-vi-
nylpyridne) content that due to adsorption contributing of 
pyridine rings. High adsorption ability of poly(4-vinylpyr-
idne) for congo red dye was observed (Fig. 7). The present 
results are in good agreement with literature [22].

4.2. Removal of heavy metal ions

Hydrogels based on alginate/poly(4-vinylpyridine) 
showed adsorption of metal ions higher than calcium algi-

nate and adsorption in both cases coming from the free 
carboxylate groups of alginate. Moreover, the adsorption 
capacity increases with increasing gelation % with respect 
to the same metal ions. This experimental finding could be 
explained by the presence of the pyridine groups which are 
good chelating agent for metal ions. As shown in Fig. 9, dif-
ferent hydrogels have ability to adsorb Cu2+ ions more than 
Ni2+ ions and these results are in good agreement with the 
work done in literature on alginate hydrogel beads [10]. By 
comparing the uptake of all the metal ions adsorptions, the 
ordering of adsorption was observed as Cr6+ > Cu2+ > Ni2+ > 
Cd2+ and that ordering is in good agreement with work in 
literature study the adsorption performance for heavy metal 
ions using 4-vinylpyridine (4VP) resin [31]. The ordering 
may be explained by the difference of the stability constants 
of the systems. This conclusion based on the study is done 
for complex formation using barbituric acid with Ni2+ and 
Cu2+ salts [32]. The authors observed that the ordering of 
adsorption of Cu2+ is higher than Ni2+. They concluded that 
due to stability constants of the systems. This conclusion 
based on the study is done for complex formation using 
barbituric acid with Ni2+ and Cu2+ salts [32]. The authors 
observed that the adsorption of Cu2+ was higher than Ni2+ 

and that was explained by the stability constant of Cu2+ was 
higher than Ni2+.

5. Conclusions

Hydrogels based on alginate and different percentage 
of poly(4-vinylpyridine) were prepared. Thermal analyses 
showed the improvement of alginate thermal stability via 
physical cross-linking with poly(4-vinylpyridine). Hydro-
gels based on alginate and different percentages of P4VP 
showed adsorption of heavy metal ions Cd2+, Cr6+, Cu2+ and 
Ni2+ more than calcium alginate. In addition, the ability of 
adsorption increases with increasing P4VP percentage due 
to the chelating potency of pyridine groups. They showed 

Table 1
TGA of sodium alginate and its hydrogels with P4VP

Polymer/hydrogel Initial 
decomposition 
temp. (IDT) (°C) 

Temperature 
(°C)

Weight 
loss (%) at 
300°C

10 % wt. loss 20% wt loss

Sodium alginate 225 240 253 25
Poly 
(4-vinylpyridine)

280 243 279 29

Hydrogel  
(1:1/Alg:P4VP)

345 200 335 15

Hydrogel  
(1:3/Alg:P4VP)

350 200 338 15
360 200 338 18

Fig. 7. Swelling degree of hydrogels based on alginate/poly(4-vi-
nylpyridine) as compared with calcium alginate at different 
PHs. 
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also higher capacity forwards acidic dye as compared to 
calcium alginate hydrogel. The prepared physically cross-
linked hydrogels based on alginate/P4VP could be recom-
mended for industrial wastewater treatment.
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