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Abstract

:

There is a need to develop sustainably sourced products that can address the needs for improved water retention in soils, slow the release rate of fertilizers (to prevent leaching and downstream eutrophication), and control soil pH for use in agriculture. This article investigates the use of industrial kelp solid waste extracted alginate (IW) slurries to produce soil amendment beads, potentially improving soil water retention, acting as slow-release fertilizers (SRFs), and combined with limestone controls soil pH levels. Alginate extracted from the IW was determined to have a lower guluronic (G) to mannuronic (M) acid ratio than pure laboratory-grade (LG) alginate (0.36 vs. 0.53). Hydrogels produced from the IW alginate achieved significantly higher equilibrium swelling ratios (1 wt% IW = 1.80) than LG hydrogels with similar concentrations (1 wt% LG = 0.61). Hydrogel beads were impregnated with ammonium nitrate and potassium chloride to produce potential SRFs. The release rates of K+ and NO3− nutrients from the produced SRFs into deionised water were decreased by one order of magnitude compared to pure salts. The nutrient release rates of the IW-based SRFs were shown to be similar to SRFs produced from LG alginate. Hydrogel beads were impregnated with limestone, and it was determined that the alginate-based hydrogels could significantly decrease the nutrient release rate. Using industrial kelp solid waste extracted alginate slurries shows potential for soil amendments production. This report emphasises, for the first time, the use of a crude alginate product in soil amendment formation. Further, it demonstrates slower release rates and soil pH control.
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1. Introduction


The agricultural sector is facing reduced availability of fertile soil and increasing water scarcity because of changing rainfall patterns due to global climate change [1]. These challenges have led to the need for the development of soil amendments which, firstly, increase water retention within the soil, protecting crops against drought stress [2]. Secondly, soil amendments can assist in soil pH control for optimal crop growth. Thirdly, correctly formulated soil amendments can appropriately supply the required plant nutrients [3].



Most commercial fertilisers are added to the soil as pelletized salts and dissolve relatively quickly during wetting. Fast dissolution rates lead to the leaching of fertilizers into the water table, reducing the longer-term availability of fertilizers for growing plants and causing pollution of surface and sub-surface water, leading to eutrophication of waterways [4,5]. Slow-release fertilisers, designed to release nutrients more gradually, reduce the required fertilizer load and eutrophication potential of fertilisers [6,7]. Other advantages of slow-release fertilisers are that the application frequencies and loading of slow-release fertilisers are lower than conventional fertilisers [8,9].



Soil amendments that counter soil acidity have become crucial to maintaining yields in modern agriculture, as acidity affects the yield and productivity of crops. The pH level below which crops’ growth is restricted differs between crops, but the optimum soil pH for most agricultural cultivated crops is 5.5 to 7.5 [10]. The overuse of fertilisers is one of the main contributors to the acidification of agricultural soils, and the use of ammonium-based fertilisers can significantly increase the acidity of soils. The use of calcium carbonate (limestone) in agriculture has become a common practice to counteract the acidification of soils and increase soil pH [11]. With the addition of calcium carbonate (limestone) to wet soil, the calcium carbonate ionizes, and the carbonate ions react with the cations in the soil, which causes the soil acidity to decrease [12].



The use of absorbent materials in agriculture has attracted attention in recent years since it can increase the water retention properties of soil and help maintain soil moisture during drought stress [13,14]. This is performed by absorbing excess moisture during rainfall events and slowly releasing it over a more extended period than would have occurred otherwise. One class of materials useful in this application is hydrogels, which are hydrophilic polymers capable of absorbing water up to a thousand times their own weight [15,16]. Some studies using hydrogels as soil amendments have been demonstrated in the literature. However, a significant proportion of this research uses synthetic chemical-derived hydrogels composed of, for instance, acrylamide, acrylic acid, glycols and vinyls, which have limitations in terms of large-scale agricultural use because of cost and the non-biodegradability of these hydrogels [17,18,19,20]. Some recent research has focused on the use of bio-composites based on starch acetate, polyvinyl alcohol and glycerol to produce outer hydrophobic coatings for fertilisers in order to decrease the release rates of nutrients [21], while others have experimented with the use of polymer latex films to decrease the release rates of nutrients [22].



Alginate is a natural carbohydrate that can be used to produce biodegradable hydrogels, and in contrast to synthetic polymers, enriches the soil through its degradation [23]. It is a linear co-polymeric carbohydrate with a structural function in brown macroalgal species. Alginate consists of mannuronic (M) and guluronic (G) acid monomers that form either M-block polymers (mannuronic-mannuronic bonds), G-blocks polymers (guluronic-guluronic bonds) or GM-block polymers (guluronic-mannuronic bonds). The ratios and the combinations of these M-, G- and GM-blocks in alginate polymers affect the properties of hydrogels produced from the alginate [24,25]. Macroalgal species rich in alginate (e.g., Ecklonia maxima) are used as a source of alginate for industrial application, such as a thickening and gelling agent in the pharmaceutical [26] or food [27] industries. Alginate, once extracted from algal biomass as an alginate salt or alginic acid, can be crosslinked with divalent ions (for instance Ca2+), which bind together blocks of guluronic acid forming a hydrogel. These hydrogels can be used for a wide variety of applications [28]. Alginate-based hydrogels exhibit some water retention capabilities and can absorb deionised water up to two times their own weight [29,30,31]. Investigations into the combination of alginate with other polymers to produce copolymer hydrogels have also been performed to potentially increase the swelling capabilities of hydrogels produced from biopolymers [32,33,34].



Previous research into the water absorption and retention capacity of hydrogels in general [35] and alginate-based hydrogels in particular [30,36] show potential for using hydrogels in the field of soil amendments. Some key benefits to using alginate as the hydrogel-forming component, as opposed to other synthetic hydrogels such as polyacrylamide, include that alginate is relatively cheap compared to synthetic polymers, alginate is abundant, and alginate is biodegradable within the soil [37]. The use of seaweed extracts as biostimulants for plant growth has been widely investigated and has shown potential decreasing soil abiotic and biotic stresses [38,39,40]. However, the use of biopolymers is still in an early development stage, and thus most of the life cycle assessment studies that have been done are only based on laboratory-scale datasets [41]. More research needs to be done to ensure that the use of biopolymers in agriculture does not endanger the environment or human health [42].



In addition to their capacity for water retention, hydrogels, such as carboxymethyl cellulose [9], nanocomposites [7], or polyacrylamide [43,44] have been investigated for their use in slow-release fertilizer development. Alginate-based hydrogels also offer this opportunity, and some research has been done in the literature on the development of alginate-based hydrogels (occasionally mixed with other materials) that slowly release, for instance, pesticides [45], biocontrol agents [46], micronutrients [47,48], nitrogen-potassium-phosphorous fertilizers [49], or urea [50,51]. However, there has been little research done on the use of alginate hydrogels formulated for fertilizer release. A potential disadvantage of using purified alginate to produce soil amendment hydrogels for potential usage in agriculture is the relatively high input costs to produce purified alginate compared to pelletized salt fertilisers. In addition, one of the uncertainties in this field that has not been addressed is whether less purified alginate (as a crude extract from the biomass source) will perform equivalently to purified alginate. This investigation reports on this comparison, as the first such work in the literature.



This work demonstrated the production of alginate-based hydrogels, tested as soil amendments, using alginate extracted from locally harvested industrial kelp solid waste [52]. The potential use of these hydrogels as slow-release fertilisers (SRFs) was tested by combining NPK fertilisers with the alginate-based hydrogels. Further, the potential of encapsulating limestone in the produced hydrogels was investigated to determine whether the combination could potentially control soil pH levels. The work is the first to demonstrate a directly useful application of crude-extract alginate, impregnated with various materials, for the improvement of soil conditions.




2. Results and Discussion


2.1. Production of Alginate-Based Hydrogels


LG alginate-based hydrogel beads were produced using sodium alginate solutions with 1 wt%, 2.5 wt% and 5 wt% sodium alginate. The bead sizes were measured, and only beads between 2.83 mm and 4 mm were used to compare the different hydrogels.



The IW was determined to have a solid content of 51 g/L (±2.4) using the method discussed in Section 4.2.1 and an alginate content of 3.5 g/L (±0.37) using the methods discussed in Section 4.2.2 and Section 4.3.1. Working on the premise of using the industrial waste kelp as a cheap source of alginate, to increase the alginate concentration in the IW, the IW would need to be dewatered, requiring additional energy, which will add extra costs for processing.



Alginate slurries were produced from the IW using the method discussed in Section 4.2.3, and to produce hydrogels with the method discussed in Section 4.2.5, but the extracted alginate slurries were highly viscous and could not be pumped with the use of the peristaltic pumps. Therefore, dilutions were made with the extracted alginate slurries to produce IW hydrogels that would potentially compare to the LG alginate hydrogels produced. Three dilutions were made with the extracted alginate slurries (diluted 1.5, 2 and 5 times with deionised water) to produce industrial kelp solid waste extracted alginate slurries with solid contents of 3.33 wt%, 2.5 wt% and 1 wt%. Hydrogels were successfully produced using the different diluted IW alginate slurries. It is assumed that cellulose and other plant materials in the industrial kelp solid waste significantly contribute to the slurries’ viscosity [53].




2.2. Guluronic Acid to Mannuronic Acid Ratio


The guluronic acid (G) and mannuronic acid (M) ratios present in the two alginate sources were investigated since the ratio of these monomers can significantly affect polymer bond strength within hydrogel polymers produced from alginate [54].



Table 1 shows that the LG alginate has a higher G/M ratio when compared to the IW alginate. Alginates with higher concentrations of guluronic acid, in comparison to mannuronic acid, form strong bonds between their polymers and produce more brittle and strong hydrogels [54]. Conversely, alginates with lower G/M ratios produce hydrogels that are often more elastic and slightly weaker compared to hydrogels with higher G/M ratios [55].



The experimentally determined G/M ratios are lower than some literature reported G/M ratios, but the composition of kelp alginate is significantly affected by several factors and thus can be highly variable. The implication for application in soil amendments is that the production process must be sufficiently robust to handle variable compositions of alginate.




2.3. Water Retention Tests with Produced Hydrogels


Water retention tests were conducted with hydrogels produced from 1, 2.5 and 3.33 wt% solid content IW alginate slurries and hydrogels produced from 1, 2.5 and 5 wt% LG alginate solutions and the results are shown in Figure 1.



The results shown in Figure 1 show that the hydrogels produced using the IW alginate slurries achieved higher swelling ratios when compared to the hydrogels produced using LG alginate solutions. Through ANOVA analysis using a significance level of 0.05, it was determined that there are significant differences between the swelling ratios of the hydrogels produced from the same source of alginate with different alginate concentrations. In addition, for the concentrations of 1 wt% and 2.5 wt%, it was determined that significant differences are observed between the swelling ratios of hydrogels produced from different alginate sources. The swelling ratio measurements were fitted to the Voigt model to determine the rate parameters and the equilibrium swelling ratios of all the hydrogels tested, and the results are shown in Table 2.



From the R2 values determined, it is shown that the Voigt model fits the swelling results accurately and can be used to model the swelling of both hydrogels produced from laboratory-grade sodium alginate solutions and hydrogels produced from industrial kelp solid waste alginate slurries. In Table 2, it is shown that the rate parameter (r) increases as the alginate concentration in the LG alginate solutions used to produce the LG hydrogels increases. Further, the results in Table 2 show that as the solid content within the industrial kelp solid waste slurries increases, the hydrogels produced rate parameter also increases. This observation is expected because as alginate content within the solution or slurries increases, the amount of G block polymers crosslinked by calcium ions to form the hydrogel network increases. The higher amount of crosslinking within the hydrogel networks causes the hydrogels to become less elastic, and thus the hydrogels cannot swell as much water as hydrogels with lower alginate contents [57,58]. The equilibrium swelling results (Se) show that the hydrogels produced from the laboratory-grade sodium alginate solutions achieved lower equilibrium swelling when compared to the hydrogels produced from the industrial kelp solid waste slurries. It is assumed that other solids (such as cellulose) within the industrial kelp solid waste slurries affect the hydrogels’ properties and significantly contribute to the swelling capabilities of the hydrogels produced from it.



Previous research reported a rate parameter of 282 s for sodium polyacrylate powders (YanXing SAP) and 228 s for potassium polyacrylate powders (BountiGel-P) [59]. These polyacrylate powders are much faster at absorbing water than the hydrogels produced in this research because of the water retention capabilities of polyacrylate. Work by Rashidzadeh and co-workers [7] used 3 wt% pure sodium alginate solutions to produce sodium alginate-g-poly hydrogels, and they achieved a swelling rate parameter of 2302 s. This result is within the same order of magnitude as the results achieved by the hydrogels produced in this work. From Table 2, the hydrogels produced using the IW alginate slurries have overall higher rate parameters than their LG alginate counterparts. This result indicates that the IW alginate hydrogels are slower at absorbing water to their saturated capacity than the LG alginate hydrogels. This occurrence can be partially attributed to the G/M ratio difference between the different alginate sources and the result that the IW hydrogels have significantly higher swelling capacities than the LG hydrogels. However, other factors such as the actual chain length of the different alginates, other solids within the IW slurries, and seasonal variations can also contribute to the shown differences [60].




2.4. Alginate Based Slow-Release Fertilisers


The use of alginate-based hydrogels combined with NPK nutrients was investigated to determine whether slow-release fertilisers could be produced. The potential of producing slow-release fertilisers from alginates extracted from IW was investigated since the production of slow-release fertilisers from IW could potentially be considerably more economical and valuable in the agricultural sector.



2.4.1. Nutrient Concentrations over Time


From Figure 2 it is seen that the IW-based slow-release fertilisers released slightly higher concentrations of potassium ions (K+) at all the points in time compared to the LG-based slow-release fertilisers’ results. However, the potassium concentrations used to produce the LG-based slow-release fertilisers and the IW-based slow-release fertilisers were the same. Through ANOVA analysis using a significance level of 0.05, it was determined that the differences in steady-state K+ concentration between the IW and LG slow-release fertilisers are significant (p = 0.0005). The higher steady-state concentrations of K+ measured in the IW-based slow-release fertilisers suggest that residual concentrations of K+ were present in the IW. Residual concentrations of K+ were measured in the IW pure hydrogel (with no added nutrients), as shown in Figure 2.



These results show that the IW slow-release fertilisers can achieve significantly higher equilibrium concentrations of K+ in deionised water than the LG slow-release fertilisers. Furthermore, these results indicate that slow-release fertilisers can be produced from the IW that control the release rate of K+ just as effective as LG slow-release fertilisers in deionised water at room temperature.



From Figure 3, the nitrate concentration results are similar for both the produced slow-release fertilisers. The LG-based slow-release fertilisers released a steady-state NO3− concentration of 17.76 g·kg−1 and the IW-based slow-release fertilisers released a steady-state NO3− concentration of 17.28 g·kg−1 after 55 min. Statistical analysis confirmed no significant differences between the NO3- concentrations released by the produced IW and LG slow-release fertilisers (p > 0.05). Thus, the results indicate that the IW-based slow-release fertilisers are just as effective at reducing the nitrate release rate as the LG-based slow-release fertilisers.



The LG-based slow-release fertilisers produced in this research achieved 77.54% total K+ released and 94.72% total NO3− released after only 55 min in the water, while the IW based slow-release fertilisers from this research achieved 89.05% total K+ released and 92.16% total NO3− released after only 55 min in water. These release results are relatively fast but are similar to those achieved for releasing potassium and urea from calcium alginate hydrogels modified with yerba mate waste [61]. That work achieved a steady state of nutrient release after 120 min and achieved releases of near 100% for potassium and 72% for urea [61]. The short duration of only 55 min for the steady-state release of the nutrients from the produced slow-release fertilisers can potentially be attributed to the higher mixing rate (500 rpm vs. 300 rpm) that was used during the nutrient release tests for this study compared to the method used by Llive and co-workers [61]. In addition, the sodium alginate used by Llive and others [61] had a higher G/M ratio (1.27) than the alginates investigated in this study which would also affect the nutrient release rates [62]. Copolymers produced from sodium alginate, acrylic acid and acrylamide by Rashidzadeh et al. [7] achieved only 68.3% release of total concentration fertilisers in water after one month. These results are much slower than the nutrient releases achieved in this study, but the nutrient release tests conducted by Rashidzadeh et al. [7] were conducted in stagnant water, and the polymers were produced using synthetic polymer sources.




2.4.2. Diffusivity of the Nutrients from Produced Slow-Release Fertilisers


The diffusion coefficients of K+ and NO3− ions from the produced slow-release fertilisers into deionised water at room temperature were determined by fitting the nutrient release results to Equation (3). With an increase in the diffusion coefficient, the rate at which the solute diffuses into the solvent increases. The diffusion coefficients were determined using the gradients of the linear trends shown in Figure 4 and Equation (3).



The results in Table 3 show that the diffusion coefficient of K+ and NO3− from the LG and IW-produced slow-release fertilisers into deionised water are an order of magnitude lower than the diffusion rates of the nutrients at infinite dilutions by Lide et al. [63]. Therefore, suggesting that the LG and IW slow-release fertilisers produced can decrease the diffusion of both potassium and nitrogen into water.



The IW alginate-based slow-release fertilisers had a lower diffusion coefficient than the LG-based slow-release fertilisers and thus are better at decreasing the release rates of K+ and NO3−, but for practical implications, this difference is negligible because they fall within the same order of magnitude. Therefore, it was determined that the IW slow-release fertilisers are just as effective at decreasing the release rate of K+ and NO3− as the LG-based slow-release fertilisers. Fertilisers are exposed to an active flow of water in soil applications and thus will likely diffuse at higher rates than in passive diffusivity as tested in this experiment. The ions released from the hydrogels would leach into the ground during active flow, decreasing equilibrium effects. It is also expected that the hydrogels would deteriorate over time in the soil, thus thinning the boundary layer, which would increase the release rate of nutrients from the hydrogels.



From Table 3, previous research by Papancea [64] achieved diffusion coefficient results within the same order of magnitude for the diffusion of K+ through a PVA membrane into deionised water. Other previous research achieved lower water diffusion coefficients for the diffusion of fertiliser nutrients through a polymer latex film [22]. The lower diffusion coefficients achieved with experiments conducted by An et al. [22] can be attributed to the higher resistance of latex to mass transfer compared to the alginate polymers investigated in this research. The alginate-based hydrogels produced in this research can swell and absorb water, while latex films cannot absorb water. The results show that the slow-release fertilisers produced from the IW are just as effective as the LG alginate-based slow-release fertilisers at reducing the release rate of nutrients. This result further supports the argument of using crude alginate extract, preferably from industrial waste streams, as lower-cost substrates for soil amendment production.





2.5. Using Encapsulated Limestone for pH Control


Limestone is widely used in agriculture to control soil pH [65,66]. Ammonium-based fertilisers significantly increase soil acidity, and the use of limestone can counteract this acidification process. The combination of alginate-based hydrogels with limestone was investigated to produce soil amendments that could potentially increase soil water retention and control soil pH levels. Alginate-based hydrogels with added limestone (CaCO3) were produced, and the pH altering effects were evaluated in deionised water. The effect of adding limestone and limestone-loaded hydrogels on solution pH, as a proxy for soil pH, was measured with a pH meter to estimate if limestone encapsulated in hydrogels could be released into the water.



In Figure 5, the pH test results of the pure CaCO3 dissolved and achieved a steady state after only 70 s. The pure CaCO3 changed the pH of the deionised water by 2.65 during this time. These results were expected since the pure CaCO3 could quickly dissolve in the deionised water while being stirred to reach its equilibrium. The washed alginate hydrogels had no impact on the pH of the solution, but the unwashed alginate hydrogels caused a slight increase in the pH of the water because of the remaining CaCl2 solution within them. However, the differences in these results were determined to be insignificant (p > 0.05).



The change in pH observed by adding the alginate limestone hydrogels indicates that the combination of alginate hydrogels with limestone can significantly increase the pH of water over time and achieve similar equilibrium changes in the pH of deionised water as pure limestone. These results confirm that limestone can be encapsulated and released from alginate-based hydrogels. Therefore, these results indicate that adding limestone to alginate hydrogels could potentially be used as soil amendments to control the acidity of soils with the release of limestone. However, more research has to be conducted to investigate the effects of such soil amendments in an acidic soil environment and with the cultivation of crops.





3. Conclusions


This study demonstrated for the first time in the literature that alginate hydrogels produced from industrial kelp solid waste extracted alginate slurries could act as effectively as pure laboratory-grade alginate hydrogels in a range of soil amendment applications. In the first instance, these hydrogel beads can quickly adsorb significant quantities of water, recommending them for use in soil water retention. The results further demonstrated significant potential in using industrial kelp solid waste slurries to produce slow-release fertilisers that can reduce potassium ion and nitrate release rates by at least an order of magnitude. However, more research should be carried out on the release rates of the dried produced slow-release fertilisers in soil with active water flow. Further, the addition of limestone to alginate-based hydrogels, as the first demonstration of this method in the literature, proved that limestone could be encapsulated and then released from an alginate-based hydrogel matrix. It is suggested that the combination of fertiliser nutrients with limestone in alginate-based hydrogels should also be investigated in the future to determine whether soil amendments can be produced that can potentially increase soil water retention, control nutrient release, and control soil pH. Further, a cost analysis of the industrial production of industrial kelp solid waste extracted alginate-based slow-release fertilisers would illuminate the potential of this material for more extensive agricultural application.




4. Materials and Methods


4.1. Materials


The chemicals used in this research includedCaCl2, sodium alginate, KCl, HCl, CaCO3, NH4NO3, Ca3(PO4)2 and NaHCO3. These chemicals were purchased from Merck (Modderfontein, South Africa) at reagent grade purity (>95%).



For the kelp-derived alginate experiments, wild Ecklonia maxima (hereafter referred to as kelp) biomass was harvested from the coast next to Simon’s Town, South Africa. The biomass was initially collected and processed by an industrial partner, Kelpak, who produce biostimulants from the raw kelp. During the industrial processing of the biomass, mature Ecklonia maxima plants (including both fronds and stems) were washed with fresh (municipal) water before being shredded and homogenised using a high-pressure homogenizer. The homogenised biomass was then centrifuged to remove most of the liquid, leaving a slurry containing the solid alginate fraction. This slurry (industrial kelp solid waste) was then collected from Kelpak for further processing, as described in Section 4.2.2 below.




4.2. Experimental Methods


4.2.1. Solid Content of Industrial Kelp Solid Waste


The insoluble solid content of the industrial kelp solid waste was determined using a gravimetric method where 20 g of wet-based kelp was weighed off and was mixed with 20 mL of deionized water. The sample was thoroughly mixed and then centrifuged at 3000 rpm (2045× g) for 5 min to separate the insoluble portion of the biomass from the water-soluble components. The remaining solid material was then again mixed with 20 mL of deionised water, centrifuged again and the supernatant discarded as before. This process was repeated a third time to ensure that all the soluble contents were removed from the samples. The remaining solids in the sample were then dried at 60 °C overnight and weighed. This method was repeated four times to ensure repeatability.




4.2.2. Alginate Content of Industrial Kelp Solid Waste


The alginate content of the industrial kelp solid waste was determined using a method similar to the hydrochloric acid extraction method outlined by Gomez and co-workers [67]. First, 10 g (wet weight) of industrial kelp solid waste, as received from Kelpak®, was placed in a 50 mL conical tube and diluted with 40 mL of deionised water. Next, 0.5 g of NaHCO3 was added to the solution and mixed on a rotating mixer for 24 h to solubilise the alginate. The solution was then centrifuged at 2770× g for 20 min, and the sodium alginate was obtained within the supernatant. Five millilitres of the supernatant was then treated with 1 mL 32% HCl to precipitate the alginic acid. The alginic acid was separated by centrifugation at 2770× g for 20 min. Next, the supernatant was eliminated, and the alginic acid precipitate was diluted up to 5 mL with deionised water. Finally, 0.1 g NaHCO3 was added to the solution to resuspend the alginate as a sodium alginate solution. The alginate contents of the solutions were determined using the phenol-sulfuric acid method [68], as discussed in Section 4.3.1




4.2.3. Soluble Alginate Produced from Kelp Biomass


In order to prepare the alginate solution from the industrial kelp solid waste, an alkaline dissolution method, as outlined in McHugh [53] and Venkatesan and co-workers [69], was used. Two hundred grams (wet weight) of industrial kelp solid waste as received from Kelpak was placed in a beaker along with 4 g of sodium carbonate. An overhead stirrer stirred the slurry for 24 h to completely dissolve the alginate within the mixture. The resulting slurry was then used for further experimentation without further purification or separation.




4.2.4. Guluronic to Mannuronic Acid Ratio in Alginate


The guluronic to mannuronic (G/M) acid ratios were determined in 1 wt% laboratory-grade (LG) sodium alginate solution and in industrial kelp solid waste extracted (IW) alginate slurries with 1 wt% solids to determine differences between the two sources of alginate. The hydrolysis method described in (Sluiter et al. [70] was used to determine the G/M ratio. First, 72% sulphuric acid was added to a 10 mL sample of 1 wt% alginate solution. After adding the sulphuric acid, the samples were autoclaved at 121 °C for 1 h and then left to cool at room temperature. Next, the samples were cooled down, the pH of the samples was measured, and calcium carbonate salt was slowly added to increase the pH of the samples up to pH 6. The samples were then analysed for guluronic and mannuronic content using HPLC-UV according to the method as used by Wang et al. [71].




4.2.5. Production of Alginate-Based Hydrogel Beads


A sodium alginate solution, dependent on what concentration of alginate hydrogel was to be produced (1, 2, and 5 wt%), was produced by mixing LG sodium alginate powder with deionized water. The mixture was stirred using a magnetic stirrer until the sodium alginate was fully dissolved. A 2 wt% aqueous CaCl2 solution was also prepared by weighing off the appropriate salt and dissolving it in deionized water over a stirrer.



The equipment used to produce the hydrogel beads from these solutions is illustrated in Figure 1 below and used a Watson-Marlow 101U/R peristaltic pump (Watson-Marlow Limited, Falmouth, United Kingdom) (2) with peristaltic tubing of 6 mm to control the flow rate and a magnetic stirrer (6)



To form the hydrogels, the alginate solution (1) was pumped at 3.33 mL/s using (2), through a nozzle (3) of 1 mm diameter, which was used to control hydrogel bead size, into the 2 wt% CaCl2 solution (4), as shown in Figure 6. These hydrogel beads were left in the calcium solution for 24 h until fully hardened.



The hydrogel beads were then sized, by shaking gently on a set of Taeuber & Corssen (Tauber and Corssen (Pty) Ltd., Johannesburg, South Africa) and Protea (Protea Chemicals, Germiston, South Africa) Test Sieves, to choose a bead size within the size range of <4000 µm diameter, and >2800 µm diameter.



After the hydrogel beads were fully hardened by crosslinking and sized, they were stirred in a beaker overnight with excess deionised water to remove any remaining CaCl2 solution. Finally, the hydrogel beads were dried in an oven at 60 °C for 24 h to remove the residual bound water.




4.2.6. Water Uptake and Retention Tests


Swelling tests were conducted with the same method as used in previous research [72,73] to determine the rate of water uptake and the swelling capacity of the hydrogel beads. In these tests, a measured amount of dried hydrogel beads was submerged in deionised water and mixed on a magnetic stirrer at 500 rpm. At regular time intervals, all the hydrogel beads were sieved out of the water, and the outer surfaces of the beads were lightly dried with paper towels to remove excess water. The hydrogel beads were then weighed, the weight change noted, and the hydrogels were returned to the deionized water. The measurements were conducted until an equilibrium weight was reached. The swelling ratio St (g/g) at time t was calculated using Equation (1), where Ws is the weight of the swollen hydrogel beads, and Wd is the initial weight of the dry hydrogel beads.


   S t  =    W s  −  W d     W d       



(1)







The hydrogels’ swelling rate and equilibrium swelling were determined by plotting the swelling ratio results over time and then fitting the Voigt-based viscoelastic model to the results. The Voigt model, as seen in Equation (2), is a spring and dashpot viscoelastic model that has previously been used to describe the swelling rate of superabsorbent polymers [59,74].


   S t  =  S e    1 −  e  −  t r         



(2)







In Equation (2),    S t    is the swelling capacity at time t, Se is the swelling at steady-state, and  r  is the rate parameter, also known as the time it takes the hydrogels to achieve 0.63 of the equilibrium swelling. The significance of the regression was also checked between the results measured and those achieved through the Voigt model.




4.2.7. Production of LG Alginate-Based Slow-Release Fertilisers


A 5 wt% sodium alginate solution was prepared by adding 5 g of sodium alginate to 100 mL of deionised water and stirred until entirely dissolved. To this solution was added 5.36 g of ammonium nitrate and 6.73 g of potassium chloride to make up a solution of 5% alginate, 0.669 mM NH4NO3 and 0.903 mM KCl. The concentrations of NH4NO3 and KCl used were selected to correspond to concentrations of nitrogen and potassium used in commercial slow-release fertilisers.



A 2 wt% calcium chloride solution was made up, to which was added sufficient ammonium nitrate and potassium chloride such that the final concentrations were 0.669 mM NH4NO3 and 0.903 mM KCl, to ensure that both the sodium alginate solution and the calcium chloride solution had the same nitrogen and potassium concentrations.



The method outlined in Section 4.2.4 was followed, but the produced slow-release fertilisers beads were not washed with deionized water.




4.2.8. Production of Kelp-Derived Alginate-Based Slow-Release Fertilisers


The same method as outlined in Section 4.2.5 was used to produce kelp-derived slow-release fertilisers; however, instead of using LG alginate, the alginate solution prepared in Section 4.2.3 was used.




4.2.9. Production of Limestone Loaded Hydrogels


A 5 wt% sodium alginate solution was prepared, and 50 g/L limestone (calcium carbonate with an average particle size of 32.49 µm (±0.595)) was added to this solution to produce the limestone added alginate mixture. A 2 wt% calcium chloride solution was made to which also 50 g/L calcium carbonate was added to ensure that no calcium carbonate would be lost in the mixture when the alginate beads would be produced. The fine limestone was kept in suspension through the constant stirring of the solutions. The experimental setup discussed in Section 4.2.4 was used to produce limestone-loaded alginate hydrogel beads. The same method was followed as discussed in Section 4.2.4, but the produced limestone beads were not washed before being dried since this would wash out the nutrients.




4.2.10. Nutrient Release Rates of Slow-Release Fertilisers


Nutrient release tests were conducted to determine the release rate of the fertilizer nutrients entrapped within the alginate hydrogel beads. Briefly, 30 g of the wet slow-release fertiliser beads was added to 300 mL of deionised water and was kept at room temperature. The mixture was stirred at 500 rpm, and 1 mL samples were taken until equilibrium was reached. These samples were appropriately diluted and analysed for potassium, nitrogen, and phosphorus concentrations, using the analytical methods outlined in Section 4.3.2 and Section 4.3.3.




4.2.11. Diffusivity Calculations


The diffusion coefficient indicates a solute’s interaction with a solvent and indicates the rate at which a substance’s mass is transferred through a surface in the diffusion direction into a solvent [75]. The diffusion coefficient is also constant for specific solute and solvent combinations at specific temperatures [76]. Therefore, the diffusion coefficient is used to compare the diffusivity of different solutes in a specific solvent at specific temperatures.



The nutrient release rates of the produced slow-release fertilisers were investigated by measuring the released concentrations of the N and K components over time in deionised water. Equation (3) was derived based on Fick’s Law to determine the diffusion of molecules in ball-shaped matrices [77]:


  ln      C t  −  C f     C 0  −  C f      = −    π 2  · D    r 2    · t + c o n s t  



(3)







In Equation (3),    C t    is the concentration of the solution at time point  t ,    C 0    is the initial concentration of the solution at   t = 0  , and    C f    is the concentration of the solution at a steady state. The converted concentrations were calculated at each time measurement, using Equation (3). The left-hand term of Equation (3) was then plotted against time and a straight line fitted. Equation (3) is linear, and thus it is determined that the gradient of the resulting fitted straight line would be equal to   −    π 2  · D    r 2     . With the diameter of the slow-release fertiliser beads measured, the diffusion coefficient    D    of the nutrients in the slow-release fertilisers could be determined.




4.2.12. Solution pH Analysis with the Addition of Produced Hydrogel Beads


A solution was made up by adding 2 g of the dried hydrogel beads and 100 mL deionised water into a 250 mL beaker and then stirred with a magnetic stirrer at a rate of 200 rpm. This was done for both the beads produced in Section 4.2.8 and Section 4.2.9 separately.



The pH of the solution was measured over time using a Hannah HI5522 benchtop multi-meter to determine the release rates of compounds affecting the pH from produced hydrogel beads and thus estimating the release rate of nutrients from the produced hydrogel beads.





4.3. Analytical Methods


4.3.1. Phenol-Sulfuric Acid Method


The phenol-sulfuric acid method as outlined in Albalasmeh [78] was used to determine the alginate content of the industrial kelp solid waste samples. Two millilitres of sodium alginate solution was mixed with 1 mL 5 wt% phenol solution in a test tube. Next, 5 mL of concentrated sulfuric acid was added, and the solution was left for 10 min. The solution was then vortexed for 30 s and then placed in a water bath for 20 min at room temperature for colour development. The light absorption of the solution was then analysed at 490 nm on a spectrophotometer. A standard curve was constructed by analysing 0, 0.5, 1 and 2 g/L pure sodium alginate solutions with the same method discussed above. The standard curve was then used as a reference to determine the alginate content of the industrial kelp solid waste samples.




4.3.2. Atomic Absorption Spectroscopy Analysis


Atomic absorption spectroscopy (AAS) was used to determine the potassium concentrations in the samples. A NovAA 400 P machine was used, and acetylene was used as the combustion gas. Three potassium standards (10 ppm, 50 ppm and 100 ppm) were produced by appropriate dilution. A standard curve was developed using these standards and the atomic absorption spectroscope.



The diluted samples collected from the release tests were taken and tested using the AAS machine and converted to concentrations using the developed standard curve.




4.3.3. Spectrophotometry Analysis


The nitrogen concentrations in the diluted samples were determined with the use of Spectroquant® 10–150 mg/L total nitrogen cell tests.



As outlined in the operating procedure of the cell tests, the following procedure was followed: 1 mL of the diluted sample was decanted into an empty glass cell. The sample was then diluted with 9 mL of ultrapure water. One micro-spoonful of Reagent N-1K was added to the cell. The cell was then remixed, and finally, 6 drops of Reagent N-2K were added. The cell was then closed tightly and mixed. The cell was then heat-treated at 120 °C for 1 h in a preheated thermoreactor to initiate the oxidizing reaction. After the hour of heat treatment, the sample was cooled down to room temperature. One millilitre of the cooled sample was then pipetted into a reaction cell provided in the nitrogen (total) cell test kit. One millilitre of the provided Reagent N-3K was added to the reaction cell, and the content was thoroughly mixed. After the content was mixed, the measurement sample was ready for analysis. The sample was then placed into the Spectroquant®, and the nitrogen concentration in the sample was recorded.
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Figure 1. Water retention test results of hydrogels produced using different concentrations (1, 2.5 and 3.3 wt%) of laboratory-grade (LG) alginate solutions and hydrogels produced using industrial kelp solid waste extracted alginate slurries (IW) with different solid contents (1, 2.5 and 5 wt%). The swelling ratio is a fractional indication of the mass of liquid absorbed per mass of dried hydrogel. Error bars show standard deviation from triplicate experimental runs. The dotted lines indicate results achieved through fitting the Voigt model. 
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Figure 2. Concentration of K+ released during the nutrient release tests for produced slow-release fertilisers (5 wt% alginate in LG and 3.3 wt% IW) over 180 min. The error bars indicate the standard deviation from triplicate experimental runs. 
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Figure 3. Concentration of NO3− released during the nutrient release tests for produced slow-release fertilisers (5 wt% alginate in LG and 3.3 wt% IW) over 55 min. The error bars indicate the standard deviation from triplicate experimental runs. 
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Figure 4. Plot of ln (Ci − Cinf)/(C0 − Cinf) versus time (s) for (a) K+ and (b) NO3− nutrient release results for IW and LG slow-release fertilisers to determine the diffusion coefficients using Equation (3). 
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Figure 5. Change in pH over time with the addition of pure limestone (●), 1 wt% laboratory-grade alginate hydrogels (no CaCO3 addition) (▲), 1 wt% laboratory-grade alginate hydrogels (no CaCO3 addition and washed) (×) and hydrogels with added CaCO3 (■). Error bars show the standard deviation between triplicate experimental runs. ANOVA analysis with a significance of 0.05 was applied to the equilibrium results. 
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Figure 6. Schematic diagram illustrating the method used to produce alginate-based hydrogel beads. 
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Table 1. Guluronic to mannuronic acid ratio of Ecklonia maxima and Macrocystis pyrifera from literature [56] and the G/M ratio results of laboratory-grade alginate (LG) and alginate sourced from industrial kelp solid waste (IW).
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	Alginate Source
	G/M Ratio
	Reference





	IW
	0.36
	This study



	LG
	0.53
	This study



	Ecklonia maxima
	0.82
	[56]



	Macrocystis pyrifera
	0.64
	[56]
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Table 2. Rate parameters (r) and the equilibrium swelling ratios (Se) determined for hydrogels in deionised water at room temperature using the Voigt model. Hydrogels tested were produced using industrial kelp solid waste extracted alginate slurries of varying solid contents (1, 2.5 and 3.33 wt%) and also hydrogels produced from laboratory-grade sodium alginate solutions of varying concentrations (1, 2.5 and 5 wt%). The coefficient of determination (R2) indicates how accurately the Voigt model fits the swelling results.






Table 2. Rate parameters (r) and the equilibrium swelling ratios (Se) determined for hydrogels in deionised water at room temperature using the Voigt model. Hydrogels tested were produced using industrial kelp solid waste extracted alginate slurries of varying solid contents (1, 2.5 and 3.33 wt%) and also hydrogels produced from laboratory-grade sodium alginate solutions of varying concentrations (1, 2.5 and 5 wt%). The coefficient of determination (R2) indicates how accurately the Voigt model fits the swelling results.












	Alginate Source
	(wt%)
	r (s)
	Se (g/g)
	R2





	Laboratory-grade (LG)
	1
	1542
	0.62
	0.972



	
	2.5
	4326
	0.71
	0.974



	
	5
	7797
	0.85
	0.983



	Industrial kelp solid waste (IW)
	1
	4047
	1.67
	0.972



	
	2.5
	5913
	1.20
	0.985



	
	3.33
	7654
	1.31
	0.991
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Table 3. Diffusion coefficients determined of K+ and NO3− from laboratory-grade (LG) alginate-based and industrial waste extracted alginate (IW) slow-release fertilisers into deionised water at 25 °C. Diffusion coefficients determined by previous research is also shown for comparison.






Table 3. Diffusion coefficients determined of K+ and NO3− from laboratory-grade (LG) alginate-based and industrial waste extracted alginate (IW) slow-release fertilisers into deionised water at 25 °C. Diffusion coefficients determined by previous research is also shown for comparison.











	Fertiliser Nutrient
	Alginate Source
	Diffusion Coefficient (cm2/s)
	Reference





	Potassium ions
	LG
	5.02 × 10−6
	This study



	
	IW
	4.14 × 10−6
	This study



	
	K+ (in infinite water)
	1.96 × 10−5
	[63]



	
	PVA membrane
	3.91 × 10−6
	[64]



	
	Polymer latex
	1.86 × 10−9
	[22]



	Nitrate ions
	LG
	7.07 × 10−6
	This study



	
	IW
	5.61 × 10−6
	This study



	
	NO3− (in infinite water)
	1.90 × 10−5
	[63]



	
	Polymer latex
	1.25 × 10−9
	[22]
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