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Abstract This study investigates the characterization and the ability of polyvinyl alcohol (PVA) gel to be used in the area of wastewater 

treatment as biomass immobilization matrix. The PVA matrix was prepared through the freezing-thawing cross-linking process under 

several preparation conditions including freezing-thawing temperature and number of cycles.  PVA morphology and pore structure were 

tested using SEM analysis.  In addition, mechanical characterization of the PVA gel was carried out using compression tests. The 

optimum conditions for the preparation of PVA gel with high pore structure and mechanical strength were determined to be  freezing at 

-20˚C and thawing at +20˚C, and this can be achieved at 4 or 8 iterative freezing-thawing cycles. The prepared PVA gel under these 

conditions can be utilized for biomass immobilization in the area of biological wastewater treatment.  
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1. Introduction  
PVA is a linear polymer that was traditionally cross-linked by irradiation [1] or bio-functional groups containing 

chemical agents, such as alginate [2], glutaraldehyde [3] or  boric acid [4].  Due to the limitation of these methods, a different 

physical crosslinking method, which uses an iterative freezing-thawing process on concentrated PVA aqueous solution, has 

been adopted to produce hydrogel with elastic, rubbery and spongy structure, with  good mechanical strength [5]. The 

selection of polymer type in the preparation of physically cross-linked gel is critical and depends on two factors: the 

formation of network that sealed large amount of water molecules and strong interaction through the chain in order to form 

semi-permanent junction in the molecular network [6]. Generally, in the area of biological wastewater treatment, the 

preparation of an immobilization matrix is carried out using PVA alone or in combination with other polymer, such as 

chitosan, in which the physical cross-linking takes place by hydrogen bonding interaction obtained through iterative 

freezing-thawing cycles [7, 8]. The freezing-thawing technique has been widely applied in the area of wastewater treatment 

due its biocompatibility and non-toxicity; it also produces a hydrogel  that has desirable physical properties and highly 

porous structure [9]. As a synthetic polymer, PVA is nontoxic, inexpensive, which makes it suitable for microbial 

immobilization. It also has high chemical and mechanical resistance and easier film forming ability [2,10].The mechanical 

strength and pores structure of the PVA prepared by freezing-thawing is affected by number of factors including PVA 

concentration, the number of thermal cycles, thawing rate and thawing temperature.  

The objective of this study is to prepare PVA matrices with high porosity and mechanical stability to be used as biomass 

immobilization carrier. This paper presents the evaluation of the effect of preparation conditions, including freezing thawing 

temperature and number of thermal cycles on the hydrogel porous structure and mechanical stability.  
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2. Materials and methods  
2.1. PVA preparation    

PVA matrices were prepared through the freezing-thawing method using analytical grade PVA powder, obtained from 

BDH, UK. A homogenous 10 mass% PVA solution was prepared by mixing 20 g of PVA powder with 180 ml of distilled  

water at about 70-80°C. The PVA powder was added slowly to the hot water with vigorous mixing to make a well mixed, 

homogenous solution. The mixture was then cooled in the refrigerator, poured into special molds and kept in a freezer for 

24hr before transferring and allowing them to thaw for 6 hours.  The freezing-thawing temperature were varied for each 

prepared matrix. The freezing thawing process was repeated for four cycles to ensure good cross-linking.  Another batch of 

PVA homogenous solutions were prepared at the optimum freezing-thawing temperature based on the above procedure at 

several freezing-thawing cycles. After preparation, the morphology and mechanical strength were tested for all PVA 

samples.  

 
2.2. Porosity and Mechanical properties  

All prepared PVA samples were cut into cubes with nominal dimensions of 16 mm width, 17 mm depth and 18 mm 

length; they were then freeze-dried for 24hr before the investigation. The microstructure of the prepared PVA matrices were 

examined using Scanning Electron Microscopy (SEM), Nova Nano SEM 450, which can provide high quality images with 

high resolution.  Compression tests were performed on the samples using a Universal Material Testing machine MTS of 50 

kN load cell. The compression tests were conducted at room temperature and at a constant overhead speed of 25 mm/min 

until the sample reached ultimate failure (complete compression). The tests were carried out to evaluate the compression 

properties of the PVA matrices (stress-strain and compression strength). 

 

3. Results and discussion 
3.1. Effect of freezing thawing temperature  

In order to obtain PVA matrices with high porosity and mechanical stability, PVA matrices were first prepared at several 

preparation conditions, including different freezing-thawing temperatures and number of thermal cycles. The effect of the 

freezing-thawing temperatures on the structure and porosity were tested at several values of Freezing (°C): Thawing (°C) 

of -20:+5, -20:+20, -5:+5 and -5:+20. The prepared PVA gel was analyzed to evaluate the porosity and morphology using 

SEM. Results showed that at freezing: thawing temperature of -5°C: +5°C and -5°C: +20°C, no gelation or cross-linking 

occurred and the process resulted in a viscous PVA solution without solidification. In contrast, at the other freezing-thawing 

temperature ranges (-20 °C: +5 °C and -20 °C: +20 °C), the PVA was completely cross-linked and stable.  The porous 

structure of the PVA matrices prepared at freezing temperature of -20C and thawing temperatures of +5˚C and +20˚C, were 

investigated using SEM analysis. As shown in Figure 1, low pore distribution with small pore size is observed for the PVA 

gels prepared at F: T of -20°C: +5°C, while dense and larger pore distribution with clear network structure is observed for 

the gel prepared at F: T of -20°C: +20° C. Thus, this temperature range (F: T of -20°C: +20° C) is considered to be the best 

cross-linking condition to prepare a PVA matrix with high porosity. These results may be attributed to the importance of 

the wide variation between freezing and thawing temperatures to allow the formation of a strong polymeric network within 

the gel. 

 

 

 

 

 
 

 

 

Fig. 1: SEM images of PVA at several freezing-thawing temperature. (a) F: T of -20 °C: +5 °C; (b) F: T of -20 °C: +20 °C. 

 

The compression test was carried out for cross-linked PVA gel prepared under several freezing-thawing temperatures 

(Figure 2).  Clearly, preparation of the PVA gel at F: T of -20°C: +20 °C results in the formation of strong and stable gel. 

The compressive strength increased from 125 to 158 MPa by reducing the freezing temperature from -5 to -20 ˚C, resulting 

(a) (b) 
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in a stronger and more elastic gel. The enhancement in the mechanical strength maybe due to the formation of highly cross-

linked PVA gel under these conditions.  
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Fig. 2: stress-strain curve for PVA gel prepared under several freezing-thawing temperatures, (a) stress-strain curve (b) 

compression strength. 

 

3.2. Effect of freezing-thawing cycles  
Once the best freezing-thawing temperature range is determined, it is important to examine the effect of the number of 

cycles on the PVA structure and mechanical strength. PVA gel matrices were prepared at 4 and 8 freezing-thawing cycles, 

keeping the freezing-thawing temperature at -20°C: +20°C. Clearly porosity and pore distribution seem to increase with 

increasing the number of cycles from 4 and 8 (Figure 3).  In addition, fine pores structure with uniform distribution is 

resulted from the increment in the thermal preparation cycles. It should be mentioned here that increasing the number of 

thermal cycles is generally increased the size of the initial crystallites or forming new secondary ones [11]. Stauffer and 

Peppast [12] studied the effect of number of cycles on the PVA gel using several thermal cycle numbers and concluded that  

higher number of cycles resulted in denser and regular distribution of pores all over the gel.  

 
 

                                    

 

 

 

 

 

 

 

 

Fig. 3: SEM images of PVA at several freezing-thawing temperature. (a) 4 cycles: (b) 8 cycles. 
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The effect of freeze/thaw cycles on the compressive strength of the PVA gel is shown in Figure 4.  It can be concluded 

that the compressive strength of PVA gel increases with the rise of freeze/thaw cycles from 4 to 8 cycles. Furthermore, the 

influence degree of freeze/thaw cycles on the compressive strength of the PVA gel reduces with the increase of freeze/thaw 

cycles from 4 to 8, and the compressive strength increased from 159 to 172 MPa. The effect of number of cycles on the 

mechanical strength of PVA gel was tested using Universal Material Testing Machine. Stress-strain curves showed that 

there are no significant difference on the compression strength for PVA gel prepared at 4 and 8 freezing-thawing cycles 

(Figure 4 a). The mechanical strength is slightly increased with increasing number of cycles, and higher mechanical strength 

is achieved at 8 freezing-thawing cycles. Jiang et al. [13] also investigated the effect of freeze/thaw cycles on the PVA gel 

strength and concluded the mechanical strength improved by increasing number of cycles from 3 to 7 cycles. These results 

may be attributed to the uniform distribution of the pores through the PVA gel. A previous study by Pazos et al [14] reported 

similar findings and indicated that increasing the number of freezing-thawing cycles results in a stronger PVA gel structure 

due to increasing the number of intermolecular hydrogen bonding, which is believed to enhance the aggregation of the 

molecular chains.   However, the cost associated with carrying out 8 cycles and the effect of extended periods of freezing 

on bacterial cells may overweigh the limited incremental improvements in mechanical strength.  Therefore, 4 is considered 

to be a sufficient number of cycles for preparing a high quality PVA matrix with good porous structure and mechanical 

strength. 

  
Fig. 4: Mechanical strength of PVA gel prepared at several F-T cycles; (a) stress-strain curve: (b) compression strength. 

 

4. Conclusions  
Porous structure and mechanical strength of PVA matrices seemed to depend heavily on preparation conditions such as 

freezing-thawing temperature and the number of freezing-thawing cycles.  A high quality PVA matrices were prepared in 

the study at a freezing-thawing (F: T) of -20 C: +20 C, using four cycles.  Maintaining these appropriate preparation 

conditions will results in a PVA gel that is suitable for cell immobilization. This study will be extended to include the 

addition of nanoparticles as additive to PVA matrices to improve the mechanical properties and durability of the PVA as an 

effective immobilization carrier 
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