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1. Introduction 

Water retention in soil for arid climates is a main concern for agriculture, the largest 

consumer of fresh water. 1–3 These regions typically have high water loss due to both climate 

issues (low humidity and high temperature) and soil issues (high drainage loss due to sand). 

While there are solutions that act as immediate solutions such as SAPs (petroleum based 

synthetic polymers), they are non-biodegradable and have the potential to lose functionality. 4–6 

Since SAPs are considered non-degradable, they are also excluded from emerging markets such 

as “organic farming,” that require soil additives to have degradation pathways. There are other 

fields that would also greatly benefit from bio-based hydrogel foams such as bioengineering for 

cell viability and biocompatibility, and industries such as packaging or personal care product 

manufacturing that are searching for more sustainable options for foam material in their 

products. Specifically for agricultural purposes these biodegradable hydrogel foams can act as a 

water reservoir for plants between irrigation cycles to reduce water stress. Due to the capillary 

action from their porous nature the foams can both reduce water loss through gravimetric 

drainage and also increase water availability by holding water in the voids rather than the 

polymer network. 



Biobased material’s water sorption capabilities pale in comparison to SAPs due to the 

fundamental difference in their molecular structures. There have been methods to reach this high 

swelling capacity; however, these works typically rely on grafting synthetic polymers like 

polyacrylate (common in SAPs) onto the biopolymer or require a double polymer network 

system with similar synthetic polymers. 7–12 So, the water sorption capabilities still rely on the 

use of synthetic polymers. Further work is required where the biopolymer is the main material. 

Increasing porosity of biopolymer hydrogels can significantly increase the water holding 

potential due to capillary action. There has been previous research involving the use of bio-based 

polymers as a base material for hydrogel foams.13,14 One common method for fabricating these 

foams is through energy intensive lyophilization (freeze-drying) or gas-generating reactions that 

produces a non-controllable morphology. These applications have potential at small application 

ratees (such as biomedical purposes), but for large application rates (agriculture or landscaping) 

there needs to be a scalable cost-effective approach for these materials. Emulsion-templating is a 

potential method in creating porous materials especially with high internal phase emulsion 

(HIPE) templates. HIPEs are emulsions where the disperse droplet phase surpasses 74 vol.% of 

the total emulsion and the droplets begin to deform from spheres into polyhedral shapes. 15–17 

The thinning of the walls between droplets propagates interconnectivity of the resulting voids 

due to the thinning during drying, and this interconnectivity of the porous material results in high 

capillary action. While these systems are more stable than foams, these methods typically result 

in low starting material efficiency since >74% of the total volume is a sacrificial template and 

can also become a costly fabrication method for large-scale applications (agriculture). One 

method in which a templating approach can be more economical is by using a cheaper template 

material. 



Biopolymer based foam templates can potentially be a solution to many issues including 

water scarcity by using a foaming mechanism that can reliably produce an interconnected porous 

foam. Unlike emulsion templates foam templates are unstable systems due to rapid coalescence 

of bubbles. Due to this instability, there is a requirement for a rapid crosslinking mechanism in 

order to achieve porous solid foams. Previous work that utilized grafted synthetic polymers on 

biopolymers could potentially be used for these systems because they still rely on rapid free 

radical polymerization for crosslinking, 7–12,18–21 this polymerization method is backed by 

previous work. 22 One possible mechanism that could be utilized for foam-templated systems are 

biopolymer networks that can be ionically crosslinked (,e.g., alginate,18–21 Xanthan gum23 and 

guar gum24). The porous network could be instantaneously immobilized and then covalently 

crosslinked in a 2-step crosslinking method.  

The focus on this work is a one-step covalent crosslinking between chitosan and 

glutaraldehyde. Previous work indicates glutaraldehyde is a rapid crosslinking agent for amine 

functional groups under acidic conditions. 25–27 This makes chitosan ideal due to its requirement 

for a low pH water-acid solution in order to be dissolved. There are other benefits to the use of 

chitosan such as the abundance,28 pH sensitivity, 14 and antimicrobial 29 properties. The purpose 

of this work is to evaluate the use of biopolymers, specifically chitosan, as a base-material for 

templated hydrogel foams, and the use of these hydrogel foams for water retention purposes. 

 

2. Materials and Methods 

2.1 Materials 

For the aqueous phase: low molecular weight (50 – 190 kDa) chitosan (75-85% 

deacetylated, purchased from Sigma-Aldrich), Pluronic F68 (provided by BASF), DI water, and 



glacial acetic acid (>99% purchased from Sigma-Aldrich) were used. For the crosslinking 

mechanism glutaraldehyde (purchased from Sigma-Aldrich, Grade II, 25% in water) was used. 

For the disperse phase of the emulsion-templating method cyclohexane (purchased from Parmco-

Aaper, 99.8%) was used. The compositions of the aqueous solution and sample compositions are 

in the proceeding tables. The naming of the samples includes the templating method (Foam = F, 

Froth = Fr, and HIPE = H), disperse phase vol.% (G/W), chitosan and acetic acid wt.% (C:A), 

and the glutaraldehyde concentration (Glu). For example, the sample, F75_(2:2)_10, is Foam-

templated, , 75 vol.% disperse phase, 2 wt.% chitosan, 2 wt.% acetic acid and 10wt.% 

glutaraldehyde with respect to chitosan’s mass. The compositions of the aqueous solution and 

sample compositions are in the proceeding tables. 

 

Table 1. Aqueous phase composition of chitosan foams with respect to aqueous solution. 

 Foam Wt.% Froth Wt.% HIPE Wt.% 

Chitosan 1-2% 2% 2% 

Acetic acid 1-2% 2% 2% 

Water 86 – 88% 86% 86% 

Pluronic F68 10% 10% 10% 

Glutaraldehyde 0.05% - 0.10% 0.10% 0.10% 

 
  



 
Table 2. Sample composition of chitosan foams made with three different templating methods: Foam-

templating (F), HIPE-templating (H), Froth-templating (Fr). The frothing sample’s ϕdisp is an approximation 

from the change in foam volume size. 

Sample 𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (vol.%) Chitosan (wt.%) Acetic acid (wt.%) Glutaraldehyde (wt.%) 

F75_(2:2)_10 75% 2% 2% 0.10% 

H75_(2:2)_10 75% 2% 2% 0.10% 

Fr_(2:2)_10 ~75% 2% 2% 0.10% 

 

2.2 Rheology 

The crosslinking of a 1 wt.% chitosan solution was performed in a TA Instrument 

Discovery HR-3 rheometer while measuring the viscoelastic moduli using oscillatory shear in the 

linear viscoelastic regime with fixed frequency (10 rad/s) and strain (5%) under time sweep 

condition at 25 oC. The glutaraldehyde was added, in excess, at a 5% and 10% (w/w) ratio with 

respect to the chitosan, equivalent to 50, 100 μl to 1 ml of 1 wt.% chitosan aqueous solution.  

 

2.3 Foam Templating 

The aqueous phase components (water, chitosan, acetic acid and Pluronic F68) were 

mixed using an IKA RW 20 digital overhead mixer at 200 RPM (lowest mixing speed to prevent 

bubbling of the aqueous phase). Syringes were connected by a three-way locking stopcock that 

would allow fluid to pass through 2 syringes at once. Each syringe contained a different 

component: aqueous phase, gas phase and crosslinking agent. Two syringes were connected at a 

90o angle and pumped back-and-forth repeatedly for 30 seconds at a rate of 3 pumps/second 

(Figure 1A). The syringe containing glutaraldehyde was then connected and mixed back-and-



forth 3 times to ensure mixing (Figure 1B). The stopcock was then closed to isolate the foam into 

one syringe and allowed to crosslink at room temperature. Once crosslinked the foam was 

removed from the syringe and dried under fume hood. 

 

 

Figure 1. Schematic of the 3-syringe foam-templated mixing method, (A) foaming setup (B) crosslinking set 

up. 

 

2.4 Frothing Method 

The aqueous phase was frothed using an IKA RW 20 digital overhead mixer at 2000 

RPM for 10 minutes. The glutaraldehyde was then injected directly into the foam and mixed for 

30 more seconds to ensure good mixing. The beaker was then covered and allowed to crosslink 

at room temperature. Once crosslinked the foam was removed from the syringe and dried under 

fume hood. 

  



 

2.5 Emulsion Templating 

High internal phase emulsions were made through the conventionally used method by means of 

mechanical mixing (Figure 2).30 The aqueous phase was mixed first at 200 RPM using an IKA 

RW 20 digital overhead mixer until homogenous. The disperse phase, cyclohexane, was added 

by an automated syringe pump (KD Scientific 120 Push/Pull Syringe Pump) while mixing at 500 

RPM. To ensure the correct volume of cyclohexane was added, the emulsion was weighed before 

and after the dispersion accounting for evaporated cyclohexane during addition and 

emulsification. The crosslinking, glutaraldehyde, was added at a 10 wt.% equivalent to the 

chitosan mass and mixed with a micro spatula for 30 seconds to ensure good distribution. Once 

crosslinked the foam was removed from the syringe and dried under fume hood. 

 

 

Figure 2. Schematic of chitosan polyHIPE formation  

  



 

2.6 Porosity 

The porosity was measured by weighing the initial mass of a sample and then immersing 

it in melted soy wax to create a thin hydrophobic barrier preventing water sorption. The sealed 

sample was then immersed in a volumetric flask to measure the displacement volume using 

image analysis through AM Scope software. The density ratio of the foam to the non-porous bulk 

material is used to calculate the porosity of the samples. 

 

2.7 Scanning Electron Microscope  

Polymerized foam samples were frozen in liquid nitrogen and crushed. The surfaces of 

broken pieces were then sputter coated using a gold filament in a Denton Desk IV Sputter Coater 

and analyzed with a Hitachi S-3400N Type II scanning electron microscope (SEM). The images 

were analyzed using AM Scope software to measure void and window diameters (N = 300 per 

image). 

 

2.8 Water Uptake 

The samples were placed in plastic vials followed by an excess addition of DI water. At 

different time intervals, the water was removed by syringe, the sample was weighed. Fresh DI 

water was added to continue the experiment at incremental times. 

  



 

3. Results and Discussion 

3.1 Rheology 

Time sweep tests of 1wt.% chitosan solutions showed chitosan was a promising candidate for 

foam-templating methods. Both 5 and 10% (w/w, with respect to chitosan) glutaraldehyde 

additions showed immediate crosslinking within minutes of application (Figure 5-2). There was 

also a trend of increased moduli when the crosslinking agent was increased in volume (50 to 100 

μl). The storage modulus (G') surpasses the loss modulus (G") indicating a transition from a 

liquid state to solid due to the crosslinking reaction. This was apparent before the time sweep 

initiates indicating the crosslinking occurs during the mixing of glutaraldehyde. The fast 

crosslinking was beneficial for the foam-templating process due to the rapid coalescence of the 

foam. 

 

Figure 3. Time sweep of 1wt.% chitosan solution crosslinked with 5% and 10% (w/w) glutaraldehyde with 

respect to chitosan at 25 oC. The glutaraldehyde was injected and mixed in with 1 ml of the chitosan solution 

then placed on the rheometer stage for testing. 

 



3.2 Templated Chitosan Foam Synthesis 

During the addition of glutaraldehyde, the HIPE started to change color within minutes of 

addition indicating crosslinking (from a light yellow to a darker brown color). The resulting 

emulsion-templated foam resulted in sponge-like material that could easily fracture under small 

shear forces. In foam templating, after adding the glutaraldehyde, the foam produced heat and 

noticeably changed in color within several minutes. The resulting foam-templated material 

resulted in a soft sponge-like material similar to polyurethane foam. The increase in 

glutaraldehyde concentration, 5 to 10% (w/w) ratio, was noticeably different in material strength. 

Once the foams were dried, they slightly reduced in volume and became increasingly tough and 

brittle. This was due to the extremely high concentration of water in the aqueous phase (>80%). 

In other words, if the aqueous phase is crosslinked under the same conditions (without porosity) 

and is dried, the bulk material reduces volume enough to become a thin film. This was further 

proven by measuring the density of the resulting foams. The porosity of samples between the 

three templating methods were above 90% (Table 3) due to the low amount of base material 

(chitosan) and high initial water content. The low density of the foams indicates a highly porous 

structure highly beneficial to porous polymer applications. 

  



 

Table 3. Density and porosity of chitosan samples with C:A ratio of (2:2), G/W ratio of 0.75 and 10% 

glutaraldehyde crosslinking. 

 PolyHIPE Froth Foam Bulk 

Mass (g) 0.008 0.014 0.012 0.048 

Volume (ml) 0.200 0.200 0.200 0.050 

Density (g/ml) 0.040 0.070 0.060 0.960 

Porosity 96% 93% 94% 0% 

 

3.3 Templated Foam Morphology 

The resulting morphology of the templated foams observed from the scanning electron 

microscope was a very porous and interconnected network. The interconnectivity (windows) was 

primarily dependent on the method of templating and secondly dependent on the sample 

composition (explored further with varying foam-templating sample compositions). The frothing 

method provided slightly larger void size in comparison to the syringe method and noticeably 

larger void walls (Figure 3A). The frothing also showed some window formation between voids 

but was not widely prevalent. This was likely due to a limitation of bubble breakup using the 

frothing method. 



 

Figure 4. Scanning electron microscope images of chitosan foams varying by templating method: (A) Foam-

templated by frothing or froth templated, (B) Foam-templated by gas mixing through pumping back and 

forth by syringes, and (C & D) HIPE-templated. 

 

The foam-templated method using interconnected syringes shows a smaller void size and more 

window formation than frothing method (Figure 5-3B). The walls of the voids are noticeably 

thinner than the frothing method, and thin walls that would likely form windows (similar to SEM 

images from Chapter 3) are also common. The deformation force caused by extensional flow 

between the syringes was more effective in mixing and bubble breakup than the shear stress in 

overhead mixer used for the frothing method. In addition, the closed system of the syringe also 

likely played a role in the stability of the foam (during crosslinking), preventing the bubbles from 

coalescing and forming larger bubbles.  



The HIPE-templating method provided a significantly lower void size than the gas-templated 

systems (Figures 5-3C and D). This was likely due to the higher stability as a result of lower 

interfacial tension in emulsion systems as discussed in Chapter 2. There was also a higher 

prevalence of windows likely due to the closer packing of droplets and less competition between 

the interfacial film and depletion attraction during the crosslinking. While the focus on this 

chapter is the foam-templating method, these other templating systems showed a range of 

morphology that expands the applicability of the porous chitosan-based hydrogels. 

The compositions of foam-templated samples were varied to understand the determinant factors 

in the resulting foam morphology. The goal is to determine these factors so the foam-templating 

method can be effectively scaled up for producing stable foam templates that result in the desired 

foam morphology. The results are broken into two figures based on crosslinking (w/w) ratio at 

5% (Figure 5-4) and 10% (Figure 5-5) with respect to chitosan wt.%.  

The most noticeable difference in the SEM between both figures was the difference in 

morphology as the G/W ratio increases. For the 1 wt.% chitosan samples, with 5% Glu, the void 

size was less defined and gets larger. This was likely due to higher instability from the higher gas 

dispersion. For 10% Glu, the foam structure was not as disrupted since the crosslinking rate was 

faster, thus, preventing foam coalescence. However, the void sizes are getting larger due to the 

higher instability with the increase in G/W.  

For the 2 wt.% chitosan samples, the resulting foams had lower void size as the G/W ratio 

increased (in comparison to 1 wt.% chitosan samples) and had better void definition with lower 

crosslinking (5% glutaraldehyde). However, there was still apparent instability at higher G/W 

ratios for the 2 wt.% chitosan. The reason for the 2 wt.% chitosan’s behavior was likely due to 

higher viscosity as a result of higher chitosan concentration. Higher viscosity can lead to higher 



foam stability by reducing drainage rate of the foam that in turn preserves the film between 

bubbles. 31

 

Figure 5. SEM of foam-templated chitosan with 5% (w/w) glutaraldehyde crosslinking varying in chitosan-to-

acetic acid (w/w) ratio (C:A) and gas-to-water phase (v/v) ratio (G/W). 

 



 

Figure 6. SEM of foam-templated chitosan with 10% (w/w) glutaraldehyde crosslinking varying in chitosan-

to-acetic acid (w/w) ratio (C:A) and gas-to-water phase (v/v) ratio (G/W). 

  



Table 4. Data of scanning electron microscope analysis of foam-templated (F), froth-templated (Fr) and 

HIPE-templated (H) chitosan foams. The samples are broken into columns by their approximate disperse 

phase volume fraction (ϕdisp = 0.50, 0.66 and 0.75). The samples separated in rows by chitosan-to-acetic acid 

(w/w) concentration (C:A = 1:1, 1:2 and 2:2), and by glutaraldehyde (w/w) concentration (Glu = 5 or 10). 

Average void diameters (Dv) ± standard error. 

𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0.50 Dv (μm) 𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0.66 Dv (μm) 𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 0.75 Dv (μm) 
 

F50_(1:1)_5 89.1 ± 5.1 F66_(1:1)_5 106.5 ± 5.1 F75_(1:1)_5 137.4 ± 5.1 
 

F50_(1:2)_5 92.8 ± 1.5 F66_(1:2)_5 129.2 ± 6.5 F75_(1:2)_5 129.2 ± 6.1 
 

F50_(2:2)_5 164.3 ± 5.8 F66_(2:2)_5 70.0 ± 2.3 F75_(2:2)_5 51.1 ± 2.1 
 

F50_(1:1)_10 232.0 ± 7.8 F66_(1:1)_10 116.3 ± 6.2 F75_(1:1)_10 162.9 ± 4.6 
 

F50_(1:2)_10 161.9 ± 6.6 F66_(1:2)_10 81.2 ± 3.6 F75_(1:2)_10 151.3 ± 4.8 
 

F50_(2:2)_10 111.0 ± 2.2 F66_(2:2)_10 61.9 ± 1.9 F75_(2:2)_10 75.0 ± 3.1 
 

  
  

H75_(2:2)_10 16.3 ± 0.7 
 

    Fr75_(2:2)_10 99.1 ± 3.7   

 

3.4 Water Uptake Results 

The water uptake tests show templated chitosan foams have rapid water uptake 

capabilities (Figure 6). The selected samples used for water uptake are chosen to compare the 

different parameters of the synthesized foam-templated samples: G/W ratio, C:A ratio and Glu 

concentration. The water uptake has a slight increase as the C:A ratio increases to 2:2 likely due 

to a more defined porous morphology resulting from a more viscous solution with higher foam 

stability. This was most noticeable in the 50% G/W set of samples. The increase in acetic acid in 

the (1:2) set of samples did not significantly influence the resulting water uptake samples, except 

for the 75 G/W ratio. For this case, the increase in chitosan hydrolysis may have helped the 



bubble breakup mechanism, and thus, the resulting foam structure. Comparing the water uptake 

among samples with different G/W ratios did not show a typical tend (i.e., porosity dominant or 

crosslinking dominant). For a majority of samples, the 66 G/W ratio sample had a consistently 

higher water uptake (excluding F66_(2:2)_10). The likely reason for this was the higher stability 

of 66 G/W in comparison to 75 G/W, and thinner films between bubbles in comparison to 50 

G/W. This results in a foam with smaller void size and higher window propagation. When 

comparing the templating methods, the HIPE-templated chitosan foam showed to have the 

highest initial water uptake due to the small void size of the polyHIPE as well as the high 

interconnectivity. Whereas the froth-templated chitosan had the lowest water uptake for having 

the largest voids and lowest interconnectivity. While the initial water uptake was improved with 

the improved morphology, the maximum water uptake appeared to be limited by the porosity of 

the foam considering how the HIPE-templated and foam-templated porous hydrogels differ in 

morphology but have nearly the same porosity. 



 

Figure 7. (A, B and C) Water uptake of foam-templated chitosan hydrogels varying in C:A ratio and 

glutaraldehyde concentration. (D) Water uptake of chitosan varying in templating method: foam (F), froth 

(Fr) and HIPE (H). 

 

4. Conclusions 

There is an appeal to a completely biodegradable porous hydrogel for various 

applications. Due to foam’s high capillary action and increased surface area of these foams they 



can improve many applications that utilize polysaccharide-based hydrogels. Foam-templating of 

hydrogels is a difficult method to implement due to high foam instability. This requires rapid 

curing times to solidify the foam before the bubbles become too large due to coalescence. From 

rheological studies the crosslinking mechanism between chitosan and glutaraldehyde is a rapid 

process that can be used successfully for foam-templating, froth-templating, and emulsion-

templating methods. 

From this work we show a successfully generated chitosan-based foam, with the 

forementioned methods, with rapid water uptake and high water sorption capabilities. By 

comparing the SEM images and water uptake tests, there is a clear relationship between the 

hydrogel morphology and its water sorption properties. Thus, the main parameters to change the 

material properties are the viscosity of the aqueous solution by chitosan concentration and the 

rate of crosslinking by glutaraldehyde addition. Due to the applicability of these templating 

methods, other materials can be utilized that possess rapid curing properties and can be tuned 

through sample composition. Biopolymers are good applicants for these templating methods 

considering biopolymer solutions are typically viscous and contain similar crosslinking 

functional groups which can lead to good foam stability and rapid crosslinking, respectively. 

While we utilized chitosan for this work there are many other bio-based polymers that can be 

utilized using the FT method due to their rapid crosslinking. One example that will be studied 

further is sodium alginate, a polysaccharide that can be ionically crosslinked instantaneously by 

calcium chloride solution and covalently crosslinked by a crosslinking agent (i.e., 

epichlorohydrin). The main takeaway from this work is the potentially economically viable 

foam-templating method that can be applied to various combinations of  bio-based polymers.  
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