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 Tapioca starch was chemically modified with urea in the presence of borate as 

crosslinker and catalyst to reduce its water sensitivity. Fourier transform infrared 
(FTIR) and viscosity were performed to measure qualitatively the reactivity of the 

mixture. It was found that urea decreases water uptake of the film therefore leads to 

more stable film in water. A reverse impact of increasing borate on water uptake is 

observed. 
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INTRODUCTION 

 

 Biopolymers are attracting considerable attention and used for applications in which synthetic polymers are 

currently used. Ecological, social, and economical factors drive the present urge to develop biodegradable and 

recyclable materials (Mathew, 2008). Several biodegradable systems are developed with this view in mind such 

as starch.  

 Starch has received a considerable interest over the past 20 years because of its capability of forming a 

continuous matrix, its biodegradability, renewability and low cost. Despite these advantages properties, the 

development of thermoplastic starch is limited by its water sensitivity.  

 Chen et al. prepared unmodified corn starch film by solution casting for urea encapsulation purpose (Chen, 

2008). The film was swollen but quickly broken when immersed in water within less than 12 hours at room 

temperature. The same observation was reported by Huang et al. (Huang, 2006) where unmodified film of 

various starches (potato, corn, tapioca and amylopectin) was reportedly broken into pieces within 30 minutes 

once in contact with water. This water sensitivity which leads to reduction on water stability of the starch film 

makes starch film unsatisfactory for some applications especially soil conditioner. 

 Many approaches have been investigated to overcome such drawbacks. One common approach is by 

chemical modification such as crosslinking. Reddy et al. (Reddy, 2010) prepared crosslinked starch with citric 

acid to reduce the water sensitivity of starch in the presence of an acid catalyst, sodium hypophosphite. The 

mechanism of crosslinking shown in Figure 2.7 is adapted from the conventional dry crosslinking of cellulose 

using carboxylic acid in the presence of acid catalyst following Yang and Wang, and Yang et al. (Yang,1996; 

Yang, 1997) The crosslinking was reported to occur at temperature between 165°C and 175°C. Citric acid 

crosslinked starch film has lower water vapor permeability (31 ± 0.8 gh-1m-2) than non crosslinked film (33 ± 

0.5 gh-1m-2). The formation of a more tight structure after crosslinking prevents starch swelling and also 

restricts movement of the molecules, thus leading to a decrease in the water vapor permeability. Das et al. (Das, 

2010) crosslinked starch with polyvinyl alcohol (PVA) with formaldehyde (F), epichlorohydrin (E) and ZnO (Z) 

in order to improve the properties of starch. The effect of crosslinking on moisture absorption was studied. The 

moisture absorption of non crosslinked starch film was found to be 52% while with 5% wt of F, E, Z moisture 

uptake was reduced to 30%, 24% and 29% respectively at 93%RH, indicating a considerable reduction of 

availability hydroxyl group due to cross-linking. The estimated water diffusion coefficient in unmodified 

starch/PVA, ZnO crosslinked starch/PVA, epichlorohydrin crosslinked starch/PVA and formaldehyde 

crosslinked starch/PVA was 12 x 10-15 m2/s, 6 x 10-15 m2/s, 3.9 x 10-15 m2/s and 3.7 x 10-15 m2/s 

respectively. Cao et al. (Cao, 2005) synthesized urea crosslinked starch in the presence of borate as catalyst for 

controlled release insecticide, acetamiprid. The increasing urea content acting as monomer in urea crosslinked 
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starch prolongs insecticide release. As more urea is added, a larger polymer is formed therefore delaying the 

release of entrapped acetamiprid in the modified starch granule.  

 The present research is aimed to study the effect of urea and borate on water uptake of starch-urea-borate 

film. 

 

Methodology: 

Film preparation: 

 Starch-urea-borate film (SUB) was prepared by casting method which is the common technique to prepare 

films at laboratory scale. The dispersion of 5% (wt/wt) of starch in water was gelatinized at 80°C for 30 minutes 

with continuous mixing using a magnetic stirrer (300 rpm, Daihan Model MSH-20 D Set) to obtain film forming 

solution. A specified amount of urea (5-30 g) and borate (2-10 g) were then added in the gelatinized starch 

solution and the solution was further heated for 1 hour at 80°C. The film forming solution was cooled down to 

room temperature before it was cast on a Petri dish. For each experiment, the quantity of filmogenic solution 

poured onto the Petri dish was calculated to obtain a constant weight of dry matter in order to obtain films with 

certain thickness, which was measured with a micrometer at five random locations on the film (Mali, 2005). 

Starch based film was obtained by evaporating off water from the solution in an oven at 50°C overnight, then 

continued to postcure at 120°C for 2 hours. The prepared film was peeled, cooled to room temperature and 

sealed in a zip plastic bag for experimental use (Zhou, 2009). 

 

Percentage water uptake: 

 Water absorption of the modified starch film was characterized by gravimetric test as described by Kenawy 

et al. (El-Refaie Kenawy, 2014), Lee et al. (Wan-Jin Lee, 2007), Azahari et al. (Azahari, 2011) and Yoon et al. 

(2006). A dried and preweighed piece of film (3 x 3 cm2) was placed in a water bath at room temperature. The 

swollen film was taken out after 3 hours. Excess water on the swollen film was carefully removed by wiping dry 

the film before weighing. The percentage of water uptake was calculated according to the following equation: 

%100
0

0 x
m

mm
M t

t


  

 Mt is the percentage of  water uptake at t time,  mt is the weight of wet films at time t and  m0 is the weight 

of initial dry film. 

 

Film stability in water: 

 Samples with a size of 3 x 3 cm2 of each film were immersed in a sealed Petri dish containing distilled 

water at room temperature. The stability of the films was determined by observing the changes in the films’ 

appearance regularly, and a photographic record of each was kept (2012). 

 

Morphology: 

 The surface and cross section morphology of the film were examined using SEM model LEO 1430 VP. The 

film sample was gold sputter coated using the Polaron Range SC7640 in order to obtain a clear image of the 

membrane sample. The SEM image was then finally analyzed by mounting the sample onto a circular stainless 

steel sample holder using conductive carbon tape. 

 

RESULTS AND DISCUSSIONS 

 

Effect of urea: 

 To study the effect of urea on the modified starch film, 5 - 30 g of urea was added into the formulation in 

increasing steps of 5 g. The physical appearance of the modified starch films can be distinguished based on the 

urea content as given in Figure 1.  

 

   
(a)                            (b)                             (c) 

Fig. 1: Physical appearance of modified starch film at different urea content (a) 5 g of urea, (b) 17.5 g of urea,  

(c) 30 g of urea. 
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 After adding 5 g of urea, the film was transparent. However, small amount of visible patches of white urea 

crystals can be observed on the starch film’s surface after the addition of 17.5 g of urea. Further urea loading up 

to 30 g produced an opaque film as shown in Figure 1. The film with urea addition of 30 g showed that the 

whole starch film’s surface was covered with urea crystal. The formation of urea crystals on the film’s surface 

may be due to phase separation of dissolved urea in water from the viscous starch solution during evaporation. 

This observation is in agreement with Bergstorm et al. (2012). They observed phase separation in tamarind seed 

xyloglucan when 20 wt% or more urea was added as plasticizer. Takahashi and Nakamura (1970) also reported 

the appearance of urea crystals in acid modified hydroxyethylated starch when 30% urea was added.   

 Comparing the SEM images of pure urea Figure 2a and the synthesized film with 30 g of urea (Figure 2b), 

the structure in the film’s image marked by the yellow arrow is very similar to urea. Thus this confirms that 

white crystal on the film’s surface is urea.   

 

  
(a)                                               (b) 

 

Fig. 2: The morphology of urea granule and synthesized film (a) surface of urea granule, 100x magnification;  

(b) cross section of SUB, 500x magnification. 

 

 The effect of urea on the percentage of water uptake is shown in Figure 3. As can be seen in Figure 3, the 

addition of urea from 5 - 30 g, continuously decreases the percentage of water uptake.  
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Fig. 3: Effect of urea on water uptake. 

 

 Water stability test was carried out on the SUB films by immersing the films in distilled water and any 

physical changes of the film was recorded by visual inspection to confirm the reduction on water uptake. A 

photographic record of the films was taken after one day immersion in distilled water is shown in Figure 4. The 

photo shows that the unmodified starch was completely broken after one day immersion. In fact, the visual 

observation recorded that the starch was completely broken down in less than one day. This observation is in 

agreement with Chen et al. (2008) and Huang et al. (2006). Chen et al. (2008) prepared unmodified corn starch 

film by solution casting for urea encapsulation purpose. The film was first swollen, but quickly broken when 

immersed in water within less than 12 hours at room temperature. Huang et al. (2006) also reported a similar 

observation. Reportedly, film of various native starches (potato, corn, tapioca and amylopectin) is broken into 

pieces within 30 minutes once in contact with water.  
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(a) (b) 

  
(c) (d) 

 

Fig. 4: Digital photos of SUB film at different urea content after one day immersion, (a) unmodified starch, (b)  

5 g, (c) 15 g, (d) 25 g of urea. 

 

 The lower water uptake which in general leads to more stable film due to crosslinking when more urea is 

added can be obviously seen in Figure 4. To confirm the formation of urea crosslinked starch, the film was 

analyzed using FTIR and the result is shown in Figure 5. Figure 5 shows the FTIR spectra of unmodified starch 

and SUB films. From the FTIR spectrum of SUB film, a new peak which is identified as secondary amide 

appeared at around 1540 cm-1. The appearance of a secondary amide group generated from the polymerization 

of starch and urea in the presence of borate as catalyst shows that the reaction follows the mechanism as 

proposed by Cao et al. (2005). The crosslinking will generate more stable film which results in less water uptake 

when immersed in water. 
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Fig. 5: FTIR spectra of starch and urea crosslinked starch films. 
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Effect of borate: 

 To study the effect of borate on water uptake of the film, the borate content was varied from 2 – 10 g. The 

effect of borate on the percentage of water uptake of the film (at fixed urea content) is given in Figure 6. As can 

be seen in Figure 6, the addition of borate leads to higher water uptake of the film.  
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Fig. 6: Effect of borate on water uptake. 

 

 It was reported that polyvinyl alcohol (PVA) could be crosslinked via hydrogen bonding through borate 

anion as given in Figure 7. The formation of both intramolecular and intermolecular crosslinking leads to 

physically crosslinked structure. Assuming that the crosslinking between –OH group of PVA and borate anion 

occurs, it is expected that the –OH groups in starch will react with the borate anion in the same manner as its 

reaction with OH of PVA. In general, water uptake decreases as the crosslinking agent is increased. 

 

 
 

Fig. 7: Physical crosslinking between borate and PVA. 

 

 To confirm the occurrence of physical crosslinking between the –OH groups of starch and borate anions as 

depicted in Figure 7, the viscosity of the mixture was measured. A plot of viscosity against time is shown in 

Figure 8. As shown in Figure 8, the addition of 3.5g and 5 g of borate thickens the starch paste indicating the 

occurrence of crosslinking. From the above plot, it is observed that the viscosity of the system increases as more 

borate is added.  It is also observed that the viscosity of the mixture increased immediately upon the addition of 
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borate into the starch paste, which strengthens the evidence that only physical crosslinking due to starch-borate 

hydrogen bonding interactions takes place in the starch-borate system. 
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Fig. 8: Viscosity of starch-borate at different borate content. 

 

 In general, crosslinking will decrease water uptake. However, a reverse impact of increasing borate on 

water uptake is shown in Figure 6. Increasing borate content leads to greater ionic concentration difference 

between the solution and inside the swollen film. This will produce an additional osmotic pressure and might be 

responsible for the higher water uptake of the film with higher borate content (2002). 

 

Conclusion: 

 Tapioca starch was successfully modified with urea and borate. White visible patches of urea crystal on the 

film surface is due to phase separation of urea from starch. The water uptake of the film decreases with urea 

content. This is attributed to the crosslinking between urea and starch in the present of borate as catalyst. The 

reduction of water uptake leads to the more stable film. Increasing borate content gives higher water uptake. 
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