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Abstract: Inorganic nanoparticles based on magnetite improve the mechanical, thermal, and 16 
magnetic properties of microporous cryogel polymer composites. Here we report the synthesis of 17 
microporous cryogel based on the crosslinked sodium vinyl sulfonate (Na-VS) and 18 
2-acrylamido-2-methylpropane sulfonic acid sodium salt (Na-AMPS). The magnetite nanoparticles 19 
were inserted into Na-VS/Na-AMPS cryogel either during its crosslinking polymerization or by 20 
in-situ technique after its crosslinking.  The morphology, particle sizes, thermal stability and 21 
magnetite contents of Na-VS/Na-AMPS cryogel and its magnetite composites were investigated. The 22 
prepared Na-VS/Na-AMPS cryogel and its magnetite composites were used as adsorbents for 23 
methylene blue (MB) cationic dye using optimum conditions. The magnetite Na-VS/Na-AMPS 24 
cryogel composite prepared by in-situ technique achieved the best adsorption MB removal capacity 25 
for 7 cycles among the other adsorbents via chemical adsorption mechanism at room temperature.  26 
Keywords Methylene blue; Water treatment; Magnetic nanomaterials;  Cryogel; Nanocomposites. 27 

1. Introduction 28 

     Ionic hydrophilic crosslinked polymers played important role as pH sensitive materials applied 29 
as adsorbents and drug delivery applications for the charged substances [1-5]. The macro-porous 30 
hydrogel or cryogel is produced from the formation of ice crystals which were used as a porogen 31 
during gelation process to form pores [6, 7]. The polymeric cryogels attracted a particular interest 32 
among the crosslinked hydrophilic polymers due to their and their affinity to apply as sorbents for 33 
various metals to prepare nanocomposites [6-10]. There are many factors based on the cryogelation 34 
conditions such as polymerization temperature, freezing time, freezing rate, number of thawing 35 
cycles etc. regulated the micro- and macrostructure of the cryogels [11].  The advanced trend to 36 
form cryogels with an internal nano-porosity in the pore walls is a complicated task [12]. However, 37 
the applications of cryogels were limited due to their lack of mechanical strength. Further, the 38 
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concentration of the crosslinker affected the flexibility of the formed polymeric network chains. In 39 
this work, it is proposed that the presence of nanomaterials during the network gelation of the 40 
crosslinked cryogels may be enhance the mechanical properties and porosity of the cryogels. 41 
     The nanomaterials based on the magnetic polymer composites were widely used for water 42 
treatment due to their response to adsorb the water pollutants and to separate by an external magnet 43 
[13-17]. The superparamagnetic properties of the iron oxides are one of the magnetic nanomaterials 44 
having sizes ranged between 50 and 180 nm. The sizes between 10 to 50 nm and below 10 nm are 45 
called small and very small superparamagnetic iron oxides nanoparticles [18]. The sizes, distribution 46 
and shapes of iron oxides nanomaterials are based on the preparation methods based on 47 
coprecipitation, thermal decomposition, microemulsion, hydrothermal, sol-gel, flow injection, 48 
electrochemical, aerosol/vapor, and sonolysis syntheses of iron salts [19]. The stability of iron oxides 49 
towards environmental oxidation, formation of mono and highly dispersed nanoparticles, 50 
productivity and energetically favored methods to prepare magnetic nanocomposites are targets for 51 
the researchers to increase their activity towards medical and environmental applications [20].  In 52 
our previous works [21-26], the dispersion, stability and productivity of magnetite (Fe3O4) and 53 
magnetite cuprous oxides ( Fe3O4.Cu2O.Fe3O4) were increased in polymer composites using in-situ 54 
preparation technique. Moreover, their sizes distributions and magnetic properties were controlled 55 
by the in-situ preparation method. In the present work, sodium vinyl sulfonate (Na-VS) and 56 
2-acrylamido-2-methylpropane sulfonic acid sodium salt ( Na-AMPS) were selected as ionic 57 
monomers, that have strong tendency to link with iron and cupper cations to prepare their oxides 58 
into their crosslinked polymeric networks as hydrogel and cryogels [27]. The comparison between 59 
the abilities of the produced Na-VS/Na-AMPS networks as hydrogel and cryogel to adsorb the water 60 
pollutants is the main aim of the present work. Moreover, the determination of the optimum 61 
adsorption parameters for removal of methylene blue cationic dyes from the industrial waste water 62 
is another goal of the present work. 63 

2. Materials and Methods  64 

2.1. Materials 65 
     All chemicals used in this work were obtained from Aldrich Chemicals Co.  The sodium vinyl 66 
sulfonate (Na-VS), 2-acrylamido-2-methylpropane sulfonic acid sodium salt ( Na-AMPS) 50% used 67 
as monomers and crosslinked with N,N-methylene bisacrylamide (MBA) as crosslinker in the 68 
presence of ammonium persulfate (APS) and N,N,N′,N′-tetramethylethylenediamine (TEMED) as 69 
radical initiator, and activator for crosslinking polymerization at low temperature. The magnetite 70 
nanoparticles were prepared with high yield from reaction of anhydrous FeCl3 and KI reagent after 71 
iodine removal in the presence of ammonia as reported in the previous works [25]. Methylene blue, 72 
produced from Sigma-Aldrich CO. is used to prepare stock solutions of 500- 2000 ppm. Buffer 73 
solution (H3PO4/NaH2PO4) was prepared by titration of 0.1 N of NaH2PO4 against 0.1 M HCl (for pH 74 
range 2 – 3) or against 0.1 N NaOH (for pH range 7 – 12) until the required pH is reached. The pH 75 
value was monitored using pH meter. Milli-Qdeionized water (DIW), with resistivity of 18.2MΩcm 76 
at 25 ∘C, was used to prepare the cryogels. 77 

  78 
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2.2. Preparation methods 79 
2.2.1. Preparation of Na-VS/ Na-AMPS cryogel and its composite: 80 
     The Na-VS/Na-AMPS cryogel was prepared in the presence of MBA, APS and TEMED as 81 
crosslinked, initiator and activator, respectively. The monomers concentration in water did not 82 
exceed 20 wt% to prepare the cryogel. In this respect, Na-AMPS (2.29 g), Na-VS (2.6 g) and MBA 83 
(0.49 g) were mixed with DIW ( 20 mL) with stirring. APS (0.49 g) dissolved in DIW (2 mL) and 84 
TEMED (180 𝜇L) were injected into the reaction mixture after the solution was cooled in an ice bath 85 
at 278 K. The reaction mixture was bubbled with nitrogen gas for 30 min. The reaction mixture was 86 
cooled to 253 K at a cooling rate of 275 K min−1 and kept constant for 24 h. The produced crosslinked 87 
Na-VS/Na-AMPS cryogel was thawed at room temperature and kept in water for 24 h to remove the 88 
unreacted monomers. The produced Na-VS/Na-AMPS cryogel white powder was filtered and dried 89 
in vacuum oven at 318K. The same procedure was used to prepare the Fe3O4.Na-VS/Na-AMPS 90 
cryogel nanocomposite by addition the prepared Fe3O4 (50 Wt % related to monomers) to the 91 
monomers solution.  92 
2.2.2 In-situ Preparation of Na-VS/ Na-AMPS. Fe3O4 composite 93 
     The iron cations solution was prepared by mixing FeCl3.6H2O (0.25 g in 20 mL distilled water) 94 
with sodium sulfite solution (1mL, of 4.8 wt% aqueous solution) at room temperature under vigorous 95 
stirring to reach equilibrium for 1 h under N2 atmosphere. The Na-VS/Na-AMPS cryogel (1g) was 96 
immersed into iron cation solution for 24 h until it absorbed all aqueous solution. The cryogel was 97 
dried in vacuum at 303 K and the ammonium hydroxide solution (5 mL) added to swelled polymer 98 
and rinsed for 4 h. The cryogel color changed from yellow to black. The external surface of the 99 
cryogels was washed several times with water and ethanol until the filtrate became clear. The black 100 
powder washed with water and dried in vacuum over at 303 K to obtain Na-VS/Na-AMPS.Fe3O4.   101 
2.3. Characterization 102 
     Fourier transform infrared (FTIR) spectrometer (Nicolet, NEXUS-670) was used to elucidate 103 
the functional groups of the cryogel and its nanocomposites with a range 4000-400 cm-1 using KBr 104 
pellets. The surface morphologies of Na-VS/Na-AMPS cryogel and its composites were analyzed in a 105 
Nova nano SEM 430 (FEI) environmental scanning electron microscope. The crystal size and crystal 106 
structure of the copper/iron composite was determined from XRD patterns using a BDX-3300 107 
diffractometer with Cu K𝛼 radiation. Thermogravimetric analysis (TGA) and stability of the 108 
nanocomposite, and cryogel was carried out using a TGA-50 SHIMADZU thermogravimetric 109 
instrument, with a TA-50 WSI thermal analyzer. Samples (5 mg) were degraded in a nitrogen 110 
atmosphere (flow rate 50 ml/min) at a heating rate of 283 K/ min. 111 
The concentrations of MB dye in water were measured using a double beam UV−visible 112 
spectrophotometer (Shimadzu UV-1208 model at wavelength 𝜆max equal to 662 nm).  113 
2.4. Application of Na-VS/ Na-AMPS cryogel and its nanocomposites for water treatment 114 
     Various concentrations of MB ranged from 0.01 to 0.1 mmol L−1 in water were used to obtain a 115 
standard calibration curve from the relation between MB concentrations and absorbance values.A 116 
UV–visible spectrophotometer was used to determine the MB absorbance values at a wavelength of 117 
662 nm. Concentrations of MB dye in aqueous solutions varying from 1.56 to 6.25 mmol L−1 (500 to 118 
2000 mg L−1) were used to determine the removal efficiencies (%) of the prepared adsorbent at 119 
optimum conditions. The adsorption kinetics of MB onto cryogel and its composites were evaluated 120 
using different concentrations of MB in 50 mL of aqueous solution in the presence of 0.02 g of the 121 
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cryogels at 298 K. The MB dye adsorption capacities at equilibrium qe (mg.g−1) and the adsorption 122 
efficiency E (%) were calculated as: 123 
                              qe = (Co − Ce) × V∕ m                                     (1) 124 
                              E (%) = (Co − Ce) × 100 ∕ Co                               (2) 125 
Co, Ce, V and m are the liquid phase concentrations of dye initially and at equilibrium (mg L−1), the 126 
volume (L) of the solution and the mass of adsorbent used (g), respectively.  127 
The MB was recovered from the polymers by collecting the polymer powder using an external 128 
magnet, pressing the gels, followed by treatment with ethanol and 0.5 mol.L−1 HCl and neutralization 129 
with 0.1 mol.L−1 NaOH aqueous solutions. The recovered gels were washed with distilled water and 130 
dried at room temperature to reuse for several adsorption experiments. 131 

3. Results 132 

     The sulfated and sulfonated polymers have greater binding with charged cationic organic and 133 
inorganic materials due to their strong exchanges ability. In this respect, Na-VS/ Na-AMPS were 134 
selected to prepare crosslinked magnetic cryogel composites either in the presence of magnetite 135 
nanoparticles or formation of magnetite cryogel composite using in-situ preparation technique as 136 
represented in Scheme 1.  137 

 138 
Scheme 1. Preparation of magnetite Na-VS/Na-AMPS cryogel composites. 139 
     The Na-VS/ Na-AMPS cryogel was formed through crystallization of water solvent during the 140 
crosslinking polymerization at cooling temperature 253 K as reported in the experimental section. 141 
The non-frozen liquid micro-phase based on Na-VS/ Na-AMPS among the growing contact ice 142 
crystals is polymerized using the crosslinking radical polymerization technique in the presence of 143 
MB, KPS and TEMED as crosslinker, initiator and activator, respectively. The ice crystals were used 144 
as a porogen during the crosslinking gelation process and melted after thawing to produce 145 
macro-porous networks have interconnected pores structure. The effect of magnetite nanoparticles 146 
on the morphology of Na-VS/ Na-AMPS cryogels during the cryogels networks formation is 147 
investigated.  148 

  149 
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3.1. Characterization 150 

     The chemical structures of Na-VS/ Na-AMPS and its magnetic cryogel composites 151 
(Fe3O4.Na-VS/ Na-AMPS and Na-VS/ Na-AMPS.Fe3O4 are determined from FTIR spectra 152 
represented in the Figure 1 a and b. 153 

 154 
Figure 1: FTIR spectra of a) Na-VS/ Na-AMPS.Fe3O4 and b) Fe3O4.Na-VS/ Na-AMPS.  155 
     Thermogravimetric analysis (TGA) was performed under nitrogen up to 1173 K and under 156 
oxygen above 1173 K (Figure 2). The organic polymer segments contents are determined using 157 
nitrogen, while the oxidizing segment was used to prove whether the magnetite was still magnetite 158 
after modification or using in-situ polymerization technique. 159 

 160 
Figure 2: TGA thermograms of Na-VS/Na-AMPS cryogel and its magnetite composites. 161 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2018                   doi:10.20944/preprints201809.0402.v1

http://dx.doi.org/10.20944/preprints201809.0402.v1


 

 

    The formation of Na-VS/Na-AMPS.Fe3O4 cryogel composite using in-situ method also elucidated 162 
from XRD difffractograms that represented in Figure 3 a and b. 163 
The morphology of Na-VS/Na-AMPS cryogel, Fe3O4.Na-VS/ Na-AMPS and Na-VS/ Na-AMPS.Fe3O4 164 
cryogel composite is investigated from SEM micrographs represented in Figure 4a-c.   165 
 166 

 167 
Figure 3:  XRD difffractograms of a) Fe3O4.Na-VS/ Na-AMPS and b)Na-VS/Na-AMPS.Fe3O4. 168 

   169 

 170 
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Figure 4: TEM photos of a) Na-VS/ Na-AMPS, b) Fe3O4.Na-VS/ Na-AMPS and c)Na-VS/ Na-AMPS. 171 
Fe3O4. 172 

 173 
3.2 Magnetic Cryogel composites as MB dye adsorbents 174 
    The selection of Na-VS and Na-AMPS to prepare ionic cryogel contain sulfonate and amide 175 
group aims to use as adsorbents for charged water pollutants such as MB dye. It was noticed that the 176 
weak mechanical properties of Na-VS/ Na-AMPS cryogels due to its swelling in water affects their 177 
application as adsorbents. For these reasons Fe3O4.Na-VS/ Na-AMPS and Na-VS/Na-AMPS.Fe3O4 178 
cryogel composites are selected to apply as adsorbents because they reduce the swelling 179 
characteristics and improved the stability of cryogel in the aqueous medium. Moreover, the 180 
magnetite is selected to inforce the Na-VS/ Na-AMPS cryogel to improve its response to collect from 181 
water by an external magnetic field as represented in Figure 5.    In this respect, the optimum 182 
conditions to apply Fe3O4.Na-VS/ Na-AMPS and Na-VS/Na-AMPS.Fe3O4 as adsorbent such as 183 
adsorbents concentrations, aqueous solution pH, solution temperature, MB concentrations on the 184 
removal of MB from aqueous solutions are investigated in this section.    185 

 186 
Figure 5. Photo of MB removal from water using Na-VS/ Na-AMPS. Fe3O4 adsorbent by external 187 

magnet. 188 

    It is very important to reduce the mass of adsorbents used to remove the pollutants from water. 189 
The relations between the mass of Na-VS/Na-AMPS, Fe3O4.Na-VS/ Na-AMPS and Na-VS/Na-AMPS 190 
. Fe3O4 cryogel composites (mg of adsorbents dispersed in 100 mL of water) and their efficiencies (E 191 
%) as adsorbents using MB dye solution (1.56 mmol.L-1) under stirring for 10 minutes using a batch 192 
technique are plotted in Figure 6 were ranged from 20 to 100 mg was added individually to 100 mL 193 
of the polluted water.  194 

 195 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2018                   doi:10.20944/preprints201809.0402.v1

http://dx.doi.org/10.20944/preprints201809.0402.v1


 

 

Figure 6. Effect of Na-VS/Na-AMPS cryogel and its magnetite composites contents on their MB 196 
removal efficiencies from water at room temperature. 197 

   The effect of the aqueous solution pH (2-10) on the adsorption MB removal capacities of 198 
Na-VS/Na-AMPS, Fe3O4.Na-VS/ Na-AMPS and Na-VS/Na-AMPS.Fe3O4 having 100, 50, and 30 mg 199 
adsorbent concentrations at constant ionic strength 0.01M and room temperature is illustrated in 200 
Figure 7. 201 

 202 
Figure 7. Effect of pH of water on the MB removal capacities of  Na-VS/Na-AMPS cryogel and its 203 

magnetite composites at room temperature. 204 

   The effect of the contact times of the Na-VS/Na-AMPS, Fe3O4.Na-VS/ Na-AMPS and 205 
Na-VS/Na-AMPS. Fe3O4 adsorbents on MB removal efficiencies at their optimum concentrations 206 
and pH  7 versus their removal efficiencies MB adsorbate (500 mg. L-1) is illustrated in Figure 8. 207 

 208 
Figure 8. Effect of the contact time between  Na-VS/Na-AMPS cryogels and the MB aqueous 209 

solution on their removal efficiencies  at room temperature and pH 7. 210 

The effects of MB concentrations (mmol.L-1) on the removal efficiencies of the Na-VS/Na-AMPS, 211 
Fe3O4.Na-VS/ Na-AMPS and Na-VS/Na-AMPS.Fe3O4 adsorbents at their optimum conditions are 212 
represented in Figure 9. 213 
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 214 
Figure 9. Effect of the MB concentrations in their aqueous solution on the removal efficiencies of 215 

Na-VS/Na-AMPS cryogels at optimum conditions. 216 
3.3. Adsorption isotherm modeling of the MB adsorption 217 
The chemical, physical and physico-chemical mechanisms for the adsorption of MB from aqueous 218 
solution using Na-VS/Na-AMPS, Fe3O4.Na-VS/ Na-AMPS and Na-VS/Na-AMPS.Fe3O4 adsorbents 219 
can be estimated from the adsorption isotherm models and kinetics study. The homogeneity of the 220 
adsorbent surfaces, good dispersion of the nanomaterials in the polymer composites beside the 221 
porosity of cryogel composites are the important factors to investigate the adsorption rate of 222 
adsorbate on the surfaces of the prepared adsorbents. The Langmuir and Freundlich models were 223 
selected as most famous adsorption models used to clarify the homogeneity of the adsorbate 224 
surfaces as well as the formation of MB monolayer and multilayers on the prepared adsorbent 225 
surfaces. The Langmuir and Freundlich equations are: 226 
(Ce/Qe) = [(1/Qmax Kl) + (Ce/Qmax)]           (3) 227 
log (Qe)= log (Kf) + [(1/n) x log (Ce)         (4) 228 

The constants n (g.L-1), Kl (L.mg-1) and Kf [(mg.g-1)(L.mg-1)(1/n))] are the empirical constant , Langmuir 229 
and Freundlich constants, respectively. The equilibrium and maximum amount of MB adsorbate are 230 
Qe, and Qmax (mg.g-1), respectively. The concentration of MB dye in the aqueous solution at 231 
equilibrium is Ce (mg.L-1). The linear relation used to fulfill both equations   3 and 4 with highest 232 
linear coefficient (R2) is used to explain the surface homogeneity of the adsorbent as well as the 233 
monolayer or multilayer adsorption of the MB adsorbate. In this respect, the adsorption parameters 234 
of Langmuir and Freundlich were determined and summarized in Table 1. 235 

Table 1. Adsorption isotherm parameters of MB dye using Na-VS/Na-AMPS cryogel and its 236 
composites at temperature 298K. 237 

Adsorbents Langmuir isotherm 
parameters 

Freundlich isotherm parameters Exp. 
Adsorption 

capacity 
 

Q max 
mg.g-1 

Kl 
L.mg-1 

R² n 
g.L-1 

Kf 

[(mg. g-1) 
(L.mg-1)(1/n) )] 

R² Qmax 
mg.g-1 

Na-VS/Na-AMPS.Fe3O4 788 
 

0.025 0.991 1.50 23.6 0.932 780 

Fe3O4.Na-VS/Na-AMPS 748 
 

0.075 0.987 1.04 21.8 0.929 740 
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Na-VS/Na-AMPS 626 0.044 0.995 1.09 33.8 0.921 660 

 238 
The chemical interactions between the MB and the prepared adsorbent can be investigated from the 239 
effect of temperature on their adsorption efficiencies.  In this respect, the MB solution temperatures 240 
ranged from 298 to 343 K were used to investigate the effect of temperature on the adsorption 241 
process. The thermodynamic parameters such as change in free energy (∆Go; KJ.mol-1), change in 242 
enthalpy (∆Ho; KJ.mol-1), and changes in entropy (∆So; J.mol-1.K) on the adsorbent surfaces were 243 
calculated using the following equations: 244 
                ∆Go =  -RT ln (CeA /Ce)                                               (5) 245 
                log (CeA /Ce) =  ∆So / 2.303R - ∆Ho / 2.303RT                           (6) 246 

Where CeA, R and T are the adsorbent concentration (mg.L-1), gas constant (8.314 J. mol-1. K-1) and 247 
the aqueous solution temperature (K), respectively. The (CeA /Ce) is expressed as equilibrium 248 
concentration constant (Kc) between adsorbent and MB concentrations. The calculated values of 249 
∆Go, ∆Ho and ∆So were summarized in Table 2. Moreover, the relations between ln Kc and 1/T to 250 
remove MB from their aqueous solutions using Na-VS/Na-AMPS, Fe3O4.Na-VS/ Na-AMPS and 251 
Na-VS/Na-AMPS . Fe3O4 adsorbents are represented in Figure 10.   252 

Table 2: Adsorption thermodynamic of MB aqueous solutions using Na-VS/Na-AMPS cryogel and 253 
its composites at different temperatures.  254 

Temp. 
 (K) 

Thermodynamic parameters 
 

Fe3O4.Na-VS/NaAMPS Na-VS/NaAMPS Na-VS/NaAMPS.Fe3O4 

-∆Go 
(KJ.mol-1) 

-∆Ho 

(KJ.mol-1) 
∆So 

(J.mol-1.K) 
 

-∆Go 
(KJ.mol-1) 

-∆Ho 

(KJ.mol-1) 
∆So 

(J.mol-1.K) 
 

-∆Go 
(KJ.mol-1) 

-∆Ho 

(KJ.mol-1) 
 

∆So 

(J.mol-1.K) 
 

298 21.920 

9.901 40.33 

24.202 

11.209 43.6 

31.840 

24.973 56.6 

313 22.525 24.856 32.689 

318 22.726 25.074 32.972 

323 22.928 25.292 33.255 

333 23.331 25.728 33.821 

343 23.735 26.164 34.387 

 255 
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 256 
   257 

Figure 10. The relations between equilibrium concentration constant of Na-VS/Na-AMPS cryogels 258 
and the temperatures of the MB aqueous solutions using.  259 

 260 
3.4. MB adsorption Kinetics and reuse of Na-VS/Na-AMPS cryogel composites 261 
The adsorption rate of MB removal and rate-determining step are very important parameters used 262 
to determine the MB adsorption mechanism on the surface of cryogel and its composites.  The 263 
linear relations of pseudo-first-order and pseudo-second-order kinetic models were used to analyze 264 
the MB concentrations with the contact time as expressed in the following equations: 265 

Log(qe-qt)= [log qe - (k1t/2.303)] (7) 

t/qt = [(1/k2qe2) + ( t / qe) (8) 

The adsorption capacities of MB on cryogel adsorbents qt (mg /g) and qe (mg /g) at time t (min) and 266 
equilibrium respectively are used to investigate the linear relations of the equations 7 and 8. The 267 
constants k1 (min−1) and k2 (g mg−1 min−1) are kinetic rate of MB adsorption on the surfaces cryogels 268 
using pseudo-first-order and pseudo-second-order kinetic models, respectively. The values of k1, k2 269 
and their correlation coefficients (R2) are determined and summarized in Table 3. 270 

Table 3. Kinetic parameters of Na-VS/Na-AMPS cryogel and its composites for removal of MB from 271 
aqueous solution at temperature 298 K. 272 

 273 
Cryogel 

composites 
qexp 

(mg.g−1) 
Pseudo-first order kinetic 

parameters 
Pseudo-second- order 

kinetic parameters 

R2 q calc. 
(mg.g−1) 

K1 
(min-1) 

R2 qcalc. 

(mg.g−1) 
K2 

(g mg−1min−1) 

Na-VS/Na-AMPS  660 0.904 261 0.033 0.997 620 0.00077 
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Na-VS/Na-AMPS.Fe3O4 780 0.912 251 0.03 0.998 740 0.06732 

Fe3O4.Na-VS/Na-AMPS 740 0.924 251 0.03 0.997 700 0.00046 

 274 

The Na-VS/Na-AMPS cryogel and its composites were reused and regenerated for several cycles to 275 
remove MB from the aqueous solution using HCl and NaOH as reported in the experimental 276 
section. The data of MB removal efficiencies (E %) of the Na-VS/Na-AMPS cryogel and its 277 
composites for 7 cycles were determined and listed in Table 4.    278 

Table 4.  Reuse Na-VS/Na-AMPS cryogel and its composites for removal of 1m,mol.L-1 of MB 279 
aqueous solution at 298 K. 280 

Adsorbents MB removal efficiency 
(%)  

Na-VS/Na-AMPS Fe3O4.Na-VS/Na-A
MPS  

Na-VS/Na-AMPS. 
Fe3O4  

Cycle 1 100 99.8 99.8 
Cycle 2 5.8 99.8 99.8 
Cycle 3 90.5 96.5 99.5 
Cycle 4 80.2 95.4 99.4 

 281 

4. Discussion 282 

    The FTIR spectra ( Figure 1 a and b) elucidate the crosslinking polymerization of Na-VS and 283 
Na-AMPS monomers  from the disappearance of vinyl =CH stretching, C=C stretching, and =CH 284 
out of plan bending absorption bands at 3100-3000 cm-1, 1550 cm-1 and 900-1000 cm-1, respectively. 285 
The appearance of new strong band at 3462 cm-1, NH stretching of MBA and Na-AMPS amides with 286 
strong absorption in Na-VS/ Na-AMPS.Fe3O4 spectrum (Figure 1b) elucidates the formation of 287 
magnetite nanoparticles surrounded by hydroxyl groups [28]. The interaction between magnetite 288 
and amide groups of MBA and Na-AMPS is confirmed from the formation of strong intense CONH 289 
at band 1666 cm-1(Figure 1b) which has lower intensity at 1697 cm-1 for Na-VS/ Na-AMPS (Figure 290 
1a). Moreover, the interaction of magnetite with sulfonate groups of Na-VS/ Na-AMPS is elucidated 291 
from the S=O asymmetric stretching and symmetric S=O stretching at 1400 and 1043 cm−1, 292 
respectively (Figure 1b). The appearance of absorption bands at 580 cm−1 (attributed to Fe-O bond 293 
vibration band) elucidates the presence of Fe3O4 nanoparticles. The TGA curves elucidate the 294 
increasing of Na-VS/ Na-AMPS thermal stability with incorporation of magnetite either during 295 
crosslinking polymerization or using in-situ technique. Moreover, the increasing of Na-VS/ 296 
Na-AMPS.Fe3O4 mass more than Fe3O4.Na-VS/ Na-AMPS indicates an oxidation from Fe3O4 to Fe2O3. 297 
This means that the binding of Fe3O4 with Na-VS/ Na-AMPS during their crosslinking 298 
polymerization more than in-situ technique which protects the magnetite from the oxidation. The 299 
Na-VS/ Na-AMPS.Fe3O4 shows two decomposition steps beginning at approximately 623 K and 773 300 
K were detected within the nitrogen segment, resulting from the decomposition of polymer chains. 301 
The higher magnetite contents for Na-VS/ Na-AMPS.Fe3O4 ( 55 Wt %) more than Fe3O4.Na-VS/ 302 
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Na-AMPS ( 42 Wt %) confirms that the in-situ method is efficient to incorporate the magnetite into 303 
the Na-VS/ Na-AMPS networks. 304 
    The presence of the magnetite characteristic peaks and their crystal dimensions at 2θ = 37.53o 305 
(311), 43.53o (400), 54.51o (422), 57.27o (511), and 63.88o (440), and 77.00o (511) in the 306 
Na-VS/Na-AMPS.Fe3O4 diffractogram (Figure 3b) confirms the encapsulation of pure magnetite in a 307 
cubic phase (Fe3O4, JCPDS No. 89-3854).  Moreover, the broad peaks at 2θ values ranged from 15 to 308 
30o (Figure 3b) elucidates the amorphous structure of Na-VS/Na-AMPS.Fe3O4 cryogel polymers. The 309 
disappearance of peaks of other iron oxides [28] confirms the ability of  Na-VS/Na-AMPS to protect 310 
the magnetite from oxidation to other iron oxides such as maghemite (γ-Fe2O3), hematite (α-Fe2O3) 311 
and the two oxyhydroxides, lepidocrocite (γ-FeOOH) and goethite (α-FeOOH). The good 312 
interaction of magnetite among cryogel matrices also elucidated from the right shifts of 2θ values of 313 
pure magnetite (Fe3O4, JCPDS No. 89-3854) as compared with  Na-VS/Na-AMPS.Fe3O4 diffraction 314 
peaks ( Figure 3b). The XRD difffractograms of magnetite and Na-VS/Na-AMPS.Fe3O4 cryogel 315 
(Figure 3 a-b) show low intense peaks which assume the small crystallite size of magnetite into 316 
Na-VS/Na-AMPS.Fe3O4 cryogel. The diffracting domain size (dxrd) of magnetite nanoparticles 317 
encapsulated into Na-VS/Na-AMPS cryogel networks is calculated from the width of the XRD peak 318 
under the Scherrer approximation as dxrd = kλ/ β cos θ; where k=0.9 is the Scherrer constant, 319 
λ=0.154nm is the X-ray wavelength, θ is the diffraction angle in degrees (2θ= 37.53o) and β is the 320 
peak width at half maximum height of the peak. The (dxrd) crystallite sizes of magnetite and 321 
magnetite encapsulated into Na-VS/Na-AMPS.Fe3O4 cryogel are 12.32, and 8.73 nm, respectively. 322 
These data elucidates the increasing interaction between iron cations with the amide and sulfonate 323 
groups of Na-VS/Na-AMPS matrices reduces the aggregation of magnetite and reduces their sizes 324 
into Na-VS/Na-AMPS cryogel. Furthermore, the free volume in the highly crosslinked 325 
Na-VS/Na-AMPS cryogels reduces the growing of magnetite to produce ultrafine nanoparticles 326 
[29-32]. 327 
    The micrograph of Na-VS/Na-AMPS cryogel (Figure 4a) shows a spongy morphology.  The 328 
formed pore walls of Na-VS/Na-AMPS (Figure 4a) have higher density and large pore sizes when 329 
compared with Na-VS/ Na-AMPS.Fe3O4 cryogel composite (Figure 4 b). This observation elucidates 330 
that the presence of magnetite nanomaterials during the freezing of Na-VS and Na-AMPS 331 
monomers brings about the formation of small ice crystals. Moreover, as a consequence the pore 332 
sizes of Na-VS/ Na-AMPS.Fe3O4 cryogel composite (Figure 4 b) is small with the formation of 333 
continuous channels. The presence of magnetite affects the nature of bound water into the Na-VS/ 334 
Na-AMPS hydrophilic gel [33, 34]. The morphology of Na-VS/ Na-AMPS.Fe3O4 micrograph (Figure 335 
4c) elucidates that the formed magnetite into VS/ Na-AMPS networks is distributed either inside the 336 
pores or more dense among the composite pores. It was also observed that there are highly 337 
dispersed magnetite nanoparticles on the surfaces of cryogels and their pores and channels that 338 
referred to electrosteric stabilization of magnetite nanoparticles with sulfonate and amide groups of 339 
Na-VS/ Na-AMPS [35]. 340 
     The data (Figure 6) confirm that the optimum adsorbents concentrations for Na-VS/Na-AMPS, 341 
Fe3O4.Na-VS/ Na-AMPS and Na-VS/Na-AMPS . Fe3O4 to remove 100% of MB are 100, 50, and 30 mg, 342 
respectively. These data elucidate that the presence of magnetite either during the cryogelation 343 
(Fe3O4.Na-VS/ Na-AMPS) or using in-situ method after cryogelation (Na-VS/Na-AMPS . Fe3O4)  344 
improves the electrostatic interactions of polymer networks with the positive charges of MB. This 345 
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interaction increases the penetration of MB into the cryogel matrices in the presence low amount of 346 
magnetite cryogel composites. It is also noticed that the large sizes of Na-VS/Na-AMPS . Fe3O4 347 
increases the adsorption of MB at the concentration of the magnetite cryogel adsorbent. It is noticed 348 
(Figure 7) that the optimum pH for MB removal adsorption capacities is pH 7. The lower MB 349 
removal adsorption capacities of the cryogel and their composites are referred to protonation of 350 
sulfonate groups Na-VS/Na-AMPS cryogel. It is noticed that the presence of magnetite into 351 
Na-VS/Na-AMPS cryogels reduces the MB removal into acidic medium more than free 352 
Na-VS/Na-AMPS cryogel without magnetite. This means that the presence of magnetite 353 
nanoparticles during the cryogelation of VS/Na-AMPS cannot protect the sulfonate groups of 354 
cryogels from protonation [36]. The formation of magnetite after cryogel formation protects the 355 
protonation of sulfonate anions in acidic pH and increases MB removal in acidic medium more than 356 
Fe3O4.Na-VS/ Na-AMPS. The stability of MB removal from their aqueous solution at pH 7 of the 357 
prepared adsorbents without improvement at pH above 7 may referred to blocking of cryogel pore 358 
sizes in alkaline medium which inhibits the cryogel MB dye uptakes [37]. The data (Figure 8) 359 
elucidate that the effective contact times of Na-VS/Na-AMPS, Fe3O4.Na-VS/ Na-AMPS and 360 
Na-VS/Na-AMPS . Fe3O4 adsorbents to remove MB from aqueous solution are 50, 40 and 20 361 
minutes, respectively. These data mean that the microporous morphology of Na-VS/Na-AMPS . 362 
Fe3O4 adsorbents beside the good dispersion of magnetite into the Na-VS/Na-AMPS networks 363 
facilitate the diffusion and interaction of MB with the cryogel composites. The presence of 364 
magnetite into the cryogel pores forms interconnected networks that highly adsorbed high amounts 365 
of molecule adsorbate [38]. The data (Figure 9) elucidate that the Na-VS/Na-AMPS.Fe3O4 achieves 366 
high removal efficiencies (above 99.5 %) at MB concentrations up to MB 3.12 mmol.L-1 than other 367 
adsorbents.  It can be concluded that the presence of highly dispersed magnetite nanoparticles into 368 
the cryogel matrices and pores produces interconnected porous networks which facilitate the 369 
adsorption of MB dye in short time. 370 
 371 
     It is noticed that (Table 1) all Na-VS/Na-AMPS, Fe3O4.Na-VS/ Na-AMPS and Na-VS/Na-AMPS 372 
. Fe3O4 adsorbents obey the Langmuir adsorption isotherm more than Freundlich model as 373 
elucidated from their higher coefficient (R2).  These data elucidate the homogeneity of all adsorbent 374 
surfaces with the formation of monolayer MB layer onto all the prepared cryogel composites. The 375 
data (Table 2 and Figure 10) indicate that the Kc values increase with an increase in temperature for 376 
all the cryogel and their magnetite composites. Moreover, it is also observed that only 377 
Na-VS/Na-AMPS.Fe3O4 has more negative ∆Ho than -20 KJ.mol-1 to confirm the spontaneous 378 
chemical adsorption of MB on its surfaces. The proposed mechanism for removal of MB using 379 
Na-VS/Na-AMPS and Fe3O4.Na-VS/ Na-AMPS is physical or physico-chemical adsorption 380 
mechanisms. This means that the in-situ technique to insert the magnetite into Na-VS/Na-AMPS 381 
facilitates both the interactions of MB with the cryogel by ion exchange with the chemical binding 382 
due to lower particle sizes of magnetite, uniform dispersion and formation of connected pores. The 383 
negative values of ∆Go, ∆Ho (Table 2) elucidate the exothermic nature of the MB adsorption process 384 
using Na-VS/Na-AMPS cryogel and its composites. The negative values of ∆So, Table 2, indicate the 385 
increasing degree of freedom of the adsorbed MB dye molecules and elucidate that the increasing in 386 
the concentration of MB dye molecules in a solid-liquid interface increases the adsorption onto the 387 
cryogel surfaces. It can be concluded that the increasing of MB dye concentrations in the aqueous 388 
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solution will increase their adsorption on the cryogel surfaces in the order > Na-VS/Na-AMPS > 389 
Fe3O4.Na-VS/Na-AMPS. The Na-VS/Na-AMPS.Fe3O4 cryogel composite adsorbs the MB with ion 390 
exchanges mechanism and the presence of sulfonate and amide group forms complex with MB 391 
pollutant via chemical bond. 392 
  The linear and nonlinear relations of pseudo-second-order and pseudo-first-order model, 393 
respectively;[39] are confirmed from the low value of R2 (Table 3) to confirm the 394 
pseudo-second-order chemical adsorption of MB on the cryogels. The agreement of the calculated 395 
values (qe,cal, Table 3) and the experimental values (qe,exp) elucidates  the chemisorption of MB on the 396 
cryogels using the pseudo-second-order model [40, 41]. The k2 values (Table 3) arrange the 397 
increasing order of MB removal rate from aqueous solutions as Na-VS/Na-AMPS.Fe3O4 > 398 
Na-VS/Na-AMPS > Fe3O4.Na-VS/Na-AMPS.  399 
   The recyclability of Na-VS/Na-AMPS cryogel (Table 4) is reduced after 2 cycles to confirm its low 400 
mechanical properties. The removal efficiencies for Na-VS/Na-AMPS.Fe3O4  are stable for five times 401 
without significant reduction to elucidate its good mechanical and chemicals resistances.  402 
Therefore, the Na-VS/Na-AMPS.Fe3O4 shows higher thermal stability, porosity, faster dye removal 403 
and excellent mechanical and chemicals stability and recommended to apply as effective adsorbent 404 
to remove cationic pollutants from industrial waste water. 405 

5. Conclusions 406 

      The incorporation of magnetite nanoparticles either during crosslinking or after 407 
polymerization of Na-VS/Na-AMPS cryogel modified its micro-porosity and mechanical properties. 408 
The in-situ preparation of magnetite nanoparticles among Na-VS/Na-AMPS cryogel networks 409 
produced effective, highly dispersed and low particle sizes composite more than introducing 410 
magnetite during crosslinking polymerization at lower temperature. The MB removal rate using 411 
Na-VS/Na-AMPS.Fe3O4 prepared by in-situ method is greater than Na-VS/Na-AMPS and 412 
Fe3O4.Na-VS/Na-AMPS. The Na-VS/Na-AMPS.Fe3O4 adsorbs the MB from their aqueous solutions 413 
with ion exchanges mechanism and via complex formation between their sulfonate and amide 414 
groups with MB pollutant. 415 
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