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Abstract 

The conventional soluble fertilizers are known to dissipate the nutrients almost instantly and therefore a 

significant amount of the fertilizers goes to waste and is not utilized by the plants very effectively. That 

is a big problem. In this study, biochar slow-release fertilizers (BC-SRF) that was made of rice husk, 

paddy straw, or sawdust to retain the nutrients was prepared. It seems to be a smart way of running 

things in a more efficient way. We tested on such systems and some little kinetic modeling to see how 

it all works. The nutrient impregnation and precipitation process ensured that the nutrients were 

absorbed in the biochars and this made it to be controlled. The next test was a batch release water test, 

in which the releases of nutrients were tracked as a function of time. It was a biphasic pattern (a burst at 

the Adobe and decreasing release since then) that all the BC-SRF have displayed. In my opinion, 

preliminary outburst can be hard to resist at all. They tried first-order, Highguchi and Korsmeyer-

Peppas models in order to analyse the data. The Higuchi and Korsmeyer-Peppas seemed to have suited 

all biochar and crops better. It determines the release mechanism of the diffusion across the pores of the 

biochar to be the predominant release mechanism. Korsmeyer-Peppas had a n value of 0.50-0.62, this 

implies that the value of diffusion is predominant though there are a couple of exceptions in form of 

anomalous stuff within the particles as well as on the surface that can turn around. The first order 

model was just doing well in the first part and not the long-sustained release. The different kinetics 

parameters were due to the different feedstocks and were demonstrating the contribution of the pore 

structure and surface chemistry to the transportation of nutrients. It is the part that gets a little snarled to 

explain it all. We even conducted pot experiments on rice plants and plant of chickpea. Overall, this 

presents reasons why the controlled release is useful in timing nutrients in the most convenient manner 

to the plants in order to improve its nutrient uptake to the environment. Others will think that it is too 

early and it seems that it is a good promise. 

 
Keywords: Biochar, slow-release fertilizer, nutrient release kinetics, diffusion control, controlled 

nutrient delivery 

 

1. Introduction 

Adequate yield of agriculture has proved to be a critical aspect due to the extensive 

application of conventional forms of soluble fertilizer but, the effectiveness of nutrient 

utilization of such fertilizers remains a thorny question (Chien et al., 2009; Lehmann and 

Joseph, 2024) [5, 20]. The nitrogen, phosphorus and potassium that have been formed in the 

soil plant system are lost to a great extent through leaching, runoff, volatilization and fixation 

(Glaser et al., 2002; Hardie et al., 2015) [8, 11]. This is translated to waste of money and bad 

environmental conditions (Jeffery et al., 2011) [15]. The primary reason of such losses is that 

the nutrients are easy to dissolve as soon as they are applied (Haydar et al., 2024; Lawrencia 

et al., 2021) [12, 19]. This creates an imbalance in the nutrient supply and the demand of the 

plant (Azeem et al., 2014; Guo et al., 2015) [3, 9]. Despite the new kinds of fertilizers, the 

uncontrollable release of nutrients is a major issue in the productivity of the agriculture 

industry, particularly in non-loose soils and intensive agricultural systems (Haydar et al., 

2024; Igalavithana et al., 2015) [12, 14]. Hence, the necessity to improve the time of nutrient 

supply has been turned into the priority in the development of fertilizers (Guo et al., 2015; 

Laird, 2008) [9, 18]. The slow-release systems of fertilizer are considered one of the effective 
methods of reducing the wastage of nutrients (Guo et al., 2015; Laird, 2008) [9, 18].  
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It is achieved through controlling the rate of leaching of 

nutrients and retention (Azeem et al., 2014; Han et al., 

2009) [3, 10]. Among other materials that have been 

investigated, the biochar material has been given the highest 

attention (Ahmad et al., 2014) [1]. It is porous, that has a 

high surface area as well a flexible surface chemistry, and 

this renders it unique (Zhao et al., 2013). Entrapment in the 

pores, where they are able to form electrostatic bonds and 

exchange ions, and even complex on the surface, are some 

of the ways through which biochar can store nutrients (Chen 

et al., 2008; Li et al., 2017) [4, 21]. Moreover, biochar may be 

produced with a diverse variety of biomass products and be 

subjected to any pyrolysis or other treatment to enhance its 

properties (Simanjuntak et al., 2024; Zhao et al., 2013). All 

these make biochar a sufficient competitor in the 

manufacture of slow-acting manure to manage the allocation 

of nutrient without seven-layered synthetic wrappings. 

The release mechanisms of nutrients by biochar-based slow-

release fertilizer (BC-SRF) systems are poorly understood 

despite the fact that multiple researches have confirmed that 

biochar-based fertilizers can reduce nutrient wastage and 

enhance nutrient retention in soils (Wang et al., 2023) [31]. 

Many studies examine the overall tendencies of the nutrient 

releasing, but they do not adequately research the data on 

the key controlling factors of releasing and the key modes of 

transportation (Gao et al., 2019) [7]. Instead of directly 

measuring the contribution of surface desorption, 

intraparticle diffusion and ion-exchange processes, we are 

likely to characterize them by kinetic modeling (Higuchi, 

1963; Korsmeyer et al., 1983) [13, 16]. Moreover, the various 

kinetic models are not always congruent with each other in 

terms of comparison and therefore, there is no easy way of 

extrapolating across the behaviors of the various types of 

biochar and nutrient loading strategies regarding release 

(Ritger and Peppas, 1987) [25]. This is part of the failure of 

quantitatively designing and optimising BC-SRF systems in 

agronomic use (Mukherjee and Lal, 2013) [23]. 

It has to be bridged so a systematic kinetic analysis of 

biochar features and nutrient release behavior is required to 

establish predictive relationships between biochar features 

and characteristics (Higuchi, 1963; Korsmeyer et al., 1983) 
[13, 16]. Kinetic modeling offers a measurable process of 

differentiating diffusion controlled, surface controlled and 

unusual transport (Macdonald, 1977; Peppas and Sahlin, 

1989) [22]. This enables one to have a more insightful 

understanding of experimental release information (Peppas 

and Sahlin, 1989; Shi et al., 2024) [24, 26]. Controlled-release 

equations are typically considered to be first-order, Higuchi, 

and Korsmeyer-Peppas equations. They provide the 

convenient parameters to measure rate of release and 

process (Costa and Sousa Lobo, 2001; Kumar et al., 2025; 

Siepmann and Göpferich, 2001; Siepmann and Peppas, 

2001) [6, 17, 27, 28]. Their use in BC-SRF systems is however 

not studied in detail especially how model parameters relate 

to physical processes of the biochar matrix (Macdonald, 

1977) [22]. 

The aim of the research will be to come up with a biochar-

based slow release system of fertilizers and to critically 

analyze the system behavior, which is the release of 

nutrients, using kinetic modeling techniques. We designed 

controlled experiments of batch release that are to produce 

time-resolved nutrient release. First-order, Higuchi and 

Korsmeyer-Peppas were then used to analyse these profiles. 

The main idea of this study consists in the following: 

biochar-based slow-release fertilizers have their essential 

nutrients that diffuse under the influence of diffusion as the 

kinetics of the ion-exchange reactions between the nutrients 

and the functional groups on the surface of biochar. This 

investigation will aid in developing a quantitative 

foundation in order to plan and apply biochar-based 

fertilizer frameworks to identify the main release 

mechanisms and attract important kinetic parameters. This 

will boost the nutrient supply period to satisfy the uptake 

needs of the plants. 

 

2. Materials and methods 

2.1 Biochar preparation 

The biochars produced in the course of research were 

founded on the three sources of agricultural wastes, such as 

rice husk, straw, and sawdust. These feedstock was chosen 

through the fact that they were found in the area and they 

were used in rice and bean sub-systems. Homogeneity of the 

biochars was also achieved in the area where the feedstocks 

were obtained. The feedstocks were dried by air and rinsed 

manually to remove any impurities and ground and sifted to 

below 2mm size particle and this will permit the heat to 

transfer into the thermal treatment process. The pre-

treatment of the feedstocks by drying in the oven was 

carried out in an ovary at 105 o C and over 24 hours to dry 

out all the water that was contained in the feedstock. 

The pyrolysis experiment was performed in a small 

laboratory furnace, in low oxygen. The heating rate was 

maintained at 10 C /minute until the temperature reached 

500 C, and maintained at 500 C, so that the entire 

conversion could occur in 2 hours’ time. This was done in 

the flow of nitrogen gases so as to prevent any oxidation. 

The furnace was left to cool down to a room temperature 

under a nitrogen environment after the pyrolysis. 

We sampled rice husk biochar, paddy straw biochar and 

sawdust biochar individually. A sieving and crushing of the 

particles were done to achieve a size between 250-500 µm 

which would be used in future to carry out nutrient loading 

and release experiments. 

We took the step further and treated all the biochar samples 

slightly in order to capture as many nutrients as possible and 

make the biochar samples to be reacting to the surface. Our 

samples of biochar were combined with 0.1 M HCL solution 

and stirred with it 2 hours. This was done to remove the 

mineral ash in the biochars so as to be able to access the 

surface functionalities. We then proceeded with washing the 

samples with deionized water until the samples were in the 

neutral pH. They were then dried in the oven at a 

temperature of 80 o C in a period of 12 hours. 

 

2.2 Nutrient loading strategy 

To prepare biochars (rice husk biochar, paddy straw biochar 

and sawdust biochar), impregnation and precipitation of 

biochar were controlled by manipulating the impregnation 

process. This approach proved helpful in the distribution of 

the nutrients in the biochar. The biochars were loaded in the 

same state to be able to compare the rates in which the 

nutrients were released. 

The macronutrients of the various concentrations were then 

put into the nutrient solution in the aqueous; the aqueous 

solution was made with the assistance of the analytical 

grade of reagents and the de-ionized water. Biochar samples 

were then added to the aqueous nutrient solution one by one 

and the ratio maintained simultaneously. The diffusion of 
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the nutrient elements in the pore sizes was attempted by 

stirring the impregnation agent. This impregnation occurred 

at room temperature and was stirred by continuous agitation 

at least throughout the period of 24 hours. We also used a 

low thermal treatment on the obtained biochars after an 

impregnation process to enhance the retention of nutrients. 

We also employed loading in few incidences but in 

precipitation-assisted loading by which precipitation of 

nutrient species was added by changing pH such that they 

would precipitate in biochar pore structure. The loaded 

biochar samples that had been loaded with the nutrient were 

then isolated by means of the filtration process. Moreover, 

we dried them in an oven at a temperature of 60 o C until 

they attained constant weights. 

We defined the nutrient loading efficiency as the ratio of the 

original mass of nutrients loading onto the solution and the 

mass of nutrient that was left in the biochar after loading. 

The loading efficiency (η,) was calculated using the formula 

below: 

 

 
 

M" loaded" is the mass of nutrient which the biochar holds 

after loading and M" initial" is the total mass of nutrient 

which was originally added to the solution. All the nutrient 

loading was experimented in triplicate and average values 

were reported to be reproducible and have an experimental 

reliability. 

 

2.3 Release Experiments 

The slow-release fertilizer systems made of biochar were 

tested using the batch release experiments in order to 

measure their release of nutrients. All experiments were 

done individually on the nutrient-enriched rice husk biochar, 

paddy straw biochar and sawdust biochar. In this manner, 

their release rates were ensured to be compared. 

The aim of deionized water was primarily to disconnect the 

natural trends of release of nutrients in the soil with the 

medium of release. The soap extract solution used in some 

of the tests was to simulate the ionic strength and chemistry 

of the agricultural soil of most parts of the world. The 

extract solution consisting of soil was prepared through 

mixing of a certain percent of the air-dried soil and the 

deionized water that was further filtered to remove the soil 

solids. 

In both release experiments; pre-prepared quantity of 

nutrient-status biochar was loaded into glass containers that 

had been filled with a pre-determined amount of a nutrient 

release medium. This was maintained at room temperatures 

and mixed at a constant rate to make sure that it was 

thoroughly mixed and dispel the resistance to the mass 

transfer. A set quantity of nutrient release medium was 

sampled at preset time intervals and an equal quantity of a 

fresh medium subsidized. 

The intervals between samples of the first release were 

minimal (0.5, 1, 2, 4, and 8 hours), and the goal was on the 

fast discharge of nutrients. The time interval to sustain the 

release period was fine (1, 3, 7, 14, and 21 days). The 0.45 

µm membrane filters were used to filter all the samples. 

To determine the concentrations of the filtered nutrients; 

standardized tests that were suitable to each nutrient were 

used. The nitrogen compounds, phosphorus and potassium 

levels were determined with the help of the UV-visible 

spectrophotometry and Inductively Coupled Plasma Optical 

Emission Spectrometry respectively. The release 

experiments were optimized under triple release condition 

conditions of replication, and therefore the total release of 

each of the types of nutrients could be registered by the 

calculated concentration. 

 

2.4 Kinetic modelling 

The evaluation of the nutrient release behaviour of the 

biochar-based slow-release fertilizer systems was conducted 

using the use of kinetic models, which are commonly used 

in explaining the effect of the release mechanisms that 

control the release behaviour. All kinetic analyses were 

conducted without considering rice husk biochar, paddy 

straw biochar and sawdust biochar by using the identical 

modelling assumptions. The experimental releases were 

based on the data of fractional nutrient released (M t/M) in 

which, M t is the total amount of nutrient released in time t 

and M is the nutrient released in equilibrium (Costa and 

Sousa Lobo, 2001; Macdonald, 1977) [6, 22]. 

The behaviour of release that was pre-eminently dictated by 

the surface desorption in the initial release phase in the first 

stage of release was determined using first-order kinetics 

(Siepmann and Gopferich, 2001) [27, 28]. The model assumes 

the releasing rate in direct proportionality to the available 

nutrient content that remains not released and takes the 

form: 

 

𝑙𝑛⁡(
𝑀𝑡

𝑀∞

) = −𝑘1𝑡 

 

Where 𝑘1is the first-order release rate constant (Askarizadeh 

et al., 2023 [2]; Siepmann and Göpferich, 2001) [27, 28]. 

The Higuchi model was employed to evaluate diffusion-

controlled nutrient release from the porous biochar matrix 

(Higuchi, 1963) [13]. This model relates cumulative nutrient 

release to the square root of time and is given by: 

 
𝑀𝑡

𝑀∞

= 𝑘𝐻𝑡
1/2 

 

Where 𝑘𝐻is the Higuchi diffusion constant (Higuchi, 1963; 

Macdonald, 1977) [22]. 

To further examine the release mechanism, the Korsmeyer-

Peppas empirical model was fitted to the experimental data 

(Korsmeyer et al., 1983; Peppas and Sahlin, 1989) [16, 24]: 

 
𝑀𝑡

𝑀∞

= 𝑘𝑡𝑛 

 

Where k is the kinetic constant which includes structural 

properties of the system and n is the release exponent which 

manifest the dominant transport mechanism. The nonlinear 

regression analysis was used to obtain model parameters and 

the coefficient of determination (R 2) was used to assess the 

goodness of fit (Siepmann and Peppas, 2001) [27, 28]. All 

kinetic tests were done on the basis of averaged 

experimental data of triplicate release tests. 

 

2.5 Pot experiment during growth of rice and chickpea. 
A pot experiment was conducted to investigate the growth 

of plants and their absorption of nutrients through biochar-

based slow-release fertilizer systems in controlled situations. 

The purpose of this experiment was to complement the 
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research which studies the release of nutrients by 

determining how nutrient-loaded biochar performed in soil-

plant systems. Air-dried sieved soil was added to the plastic 

pots in the same quantities. Cereal and legumes Rice (Oryza 

sativa) and chickpea (Cicer arietinum) were chosen as 

representatives. Individual crops were cooked in separate 

pots. There was the addition of nutrient-enriched rice husk 

biochar, paddy straw biochar, and sawdust biochar at a 

certain amount per soil. Uncontrolled pots that were not 

added with biochar were used as control. The pots were 

sown with seeds planted in them. Natural light was used to 

grow the seedlings. The pots were randomly placed in order 

to minimize the positional effects and be exposed equally to 

the environmental factors. The soil was maintained at 

approximately field capacity by frequent watering, and no 

other nutrient releasing fertilizers were applied in the course 

of the experiment to concentrate on the effect of nutrient 

release by biochar. The growth of plants was constantly 

checked during the cultivation process. The seedlings were 

observed visually in terms of their establishment and initial 

development. The end of the experiment saw the harvesting 

of the plants to be evaluated further. Fig. 1 illustrates the pot 

experiment setup that would be used in determining the 

growth of rice and chickpea given varying biochar-based 

fertilizer treatments. 

 

 
 

 
 

Fig 1: Experimental pot setup showing seedling growth under different treatment conditions 

 

Figure 1. Pot experiment set-up with the young-stage 

growth of rice plants (left) and chickpea plants (right) 

developed under controlled conditions in order to assess the 

nutrient release and plant uptake of biochar-based slow-

release fertilizer regimes. The pots were also patterned in a  

randomized pattern in order to maintain similar exposure to 

environmental factors and the degree to which plants 

respond to the various fertilizer formulations that were made 

using biochar was monitored to evaluate the agronomic 

performance of various biochar-based formulations.  
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3. Results and discussion 

3.1 Loading nutrient characteristics 

The nutrient loading analysis was showing that much of the 

applied nutrients are getting stuck up in the biochar 

materials. The values of loading efficiency reveal that 

biochar materials can be used to serve the purpose of 

trapping the nutrients. The nutrients are trapped by both 

filling of the pores, adsorption, and ion exchange between 

the nutrient components and the oxygen-containing 

functional groups on the surface of the biochar materials. 

The biochars that had high nutrient content depicted an 

appreciable increase of mass compared to the untreated 

ones, confirming effective incorporation of the nutrients. 

The low standard variation between the replicate samples of 

loading process demonstrates that it was a reproducible 

process on all the biochar samples. This is essential in the 

adequate interpretation of the results of nutrient release 

kinetic models. 

The positive nutrient load properties of all the three biochars 

give them a good basis towards controlled-release 

functionality. These properties will presumably be 

significant in the regulation of nutrient release during 

experiment batch release and subsequent kinetic analyses.

 
Table 1: Physicochemical properties and nutrient loading characteristics of biochar-based fertilizer 

 

Parameter Unit Rice husk biochar Paddy straw biochar Sawdust biochar 

Specific surface area m² g⁻¹ 298.6 ± 7.9 325.1 ± 9.2 313.5 ± 8.4 

Total pore volume cm³ g⁻¹ 0.39 ± 0.03 0.45 ± 0.04 0.41 ± 0.03 

Average pore diameter nm 5.1 ± 0.5 5.8 ± 0.6 5.4 ± 0.6 

Nutrient loading mg g⁻¹ 64.2 ± 3.8 72.6 ± 4.3 68.5 ± 4.1 

Loading efficiency (η) % 69.8 ± 3.5 77.6 ± 4.1 74.2 ± 3.8 

Values represent mean ± standard deviation (n = 3) 

 

3.2 Nutrient release profiles 

The profiles of cumulative nutrient release of biochar-based 

slow-release fertilizer systems are illustrated in Fig. 2 and 

Fig. 3. The experimental replicas and all the types of biochar 

exhibited a definite biphasic pattern. This trend was 

characterized by a quick release period and a more 

prolonged sustained release period. This steadiness in action 

is a desirable indication of that there is a constant liberation 

system at play, of which the arrangement of nutrients and 

the arrangement of the biochar is affected. 

During the first release phase, much of the total nutrient 

content was lost during the first few hours of incubation. 

This burst release is due to the fact that loosely bound 

nutrients on the outer surface and the more or less near-

surface of biochar dissolve rapidly. The magnitude of the 

initial burst however varied across the different types of 

biochar. The initial release of rice husk biochar was higher, 

possibly because it had more easily released nutrients or 

those on its surface. Another one, paddy straw biochar, 

however, exhibited a more moderate initial burst, whereas 

sawdust biochar exhibited behaviour that was in between. 

At the point when the initial release occurred, there was a 

transition to sustained release stage. This step was 

characterized by an upward and constant cumulative release 

of nutrients over an extended duration. The release rate 

decreased much during this period, and showed a near-

linear, or square-root of time dependence. This implies the 

controlled movement of the nutrients in the inner pore 

structure of the biochar. The sustained release rate of paddy 

straw biochar was the longest of the three biochars, which is 

due to the large pore volume and loading capacity. Sawdust 

biochar also demonstrated a steady but a little faster release 

rate as compared to paddy straw biochar whereas rice husk 

biochar was able to reach equilibrium at a faster rate. 

The prolonged liberation phase prevailed in the total 

liberation duration and significantly contributed to the 

prolonged provision of nutrients. The cumulative nutrient 

release of each type of biochar under the experiment 

reached a stable equilibrium value at the close of the 

experiment, without any symptoms of abrupt changes in the 

rate of release. This means that the lowly soluble nutrient 

fractions were exhausted.

 

 
 

Fig 2: Comparative cumulative nutrient release (%) from rice husk, paddy straw, and sawdust biochar over time 
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Figure 2. Biomimic slow-release fertilizer systems with 

biochar profile as a function of time in a batch system. (a) 

Comparison of nutrient release behaviours of rice husk 

biochar, paddy straw biochar and sawdust biochar in rice 

plant systems. The differences in the release profiles 

between biochars are attributed to differences in the pore 

structure of the biochars and their nutrient binding 

properties whereas the variation between the rice and 

chickpea systems are attributed to differences in the rate of 

nutrient uptake of the crops. Mean standard deviation (n = 

3) is represented by error bars.  

 

 

 
 

Fig 3: Comparative cumulative nutrient release (%) from rice husk, paddy straw, and sawdust biochar over a 240-hour incubation period 

 

Figure 3. Profiles of nutrient releases of the same biochars 

tested in plant systems of chickpea (chana). Every system 

has a biphasic release profile, which encompasses a burst 

release phase and sustained release phase. Variations in 

release rates between biochar among feedstocks indicate the 

feedstock properties, whereas variations between rice and 

chickpea systems indicate the plant nutrient uptake 

properties. Standard deviation (n = 3) and the mean are 

presented by error bars. 

 

3.3 Kinetic model fitting 

The data of experimental nutrient release of rice husk 

biochar, paddy straw biochar, and sawdust biochar in the 

rice and chickpea systems were calculated using the first-

order, Higuchi and Korsmeyer-Peppas kinetic model to 

comprehend the behavior of the nutrient release 

quantitatively. Table 2 (a& b) summarizes the estimated 

kinetic parameters and their coefficients of determination. 

The Higuchi and Korsmeyer-Peppas models were found to 

have significantly better coefficients of determination 

compared to the first-order model in all biochar-crop 

combinations. This shows that they are more indicative of 

the general release process. The first stage of release was 

then modelled by the first order process, which consisted of 

rapid desorption of loosely bound nutrients on the biochar 

surface. Its predictive accuracy was however lower during 

the sustained release phase when intermolecular mass 

transfer restrictions were more relevant. The fact that the  

experimental data was similar to the Higuchi model may 

corroborate the assumption that the primary release 

mechanism depends on diffusion as the diffusion-controlled 

nutrient transport through the porous biochar matrix. The 

variability of the Higuchi diffusion constant of the biochars 

indicates certain changes in the pore structure and nutrient 

loading. The diffusion constants were lower in paddy straw 

biochar, as it is in accordance with the longer sustained 

release manifestation in the release profiles. Conversely, the 

diffusion constants of rice husk biochar were larger, which 

means that the nutrient release was faster. 

The Korsmeyer-Peppas model provided more information 

with the release exponent (n) taking values between those of 

Fickian diffusion and anomalous transport characteristics. 

The husk biochar of rice tended to be higher in terms of n 

values, meaning more release on the surface. Conversely, 

the paddy straw biochar n values indicated that the transport 

was due to diffusion. In both crop systems, sawdust biochar 

exhibited a behavior that was in between. The repeated 

experiment of the kinetic parameters of the experiments is a 

validation of the reliability and repeatability of the biochar-

based slow-release fertilizer system. 

The Higuchi and Korsmeyer-Peppas models were identified 

as the most suitable to describe the nutrient release of the 

biochar-based slow-release systems of fertilizers by the 

goodness-of-fit analysis and their applicability to the 

mechanisms involved. Mechanistic interpretation of these 

models was then applied in the following discussion. 
 

Table 2: Kinetic model parameters for nutrient release from biochar-based slow-release fertilizer 

(a) Rice plant experiments 
 

Biochar type Model Parameter Value Unit R² 

Rice husk biochar 

First-order k₁ 0.094 ± 0.006 h⁻¹ 0.86 

Higuchi kH 0.238 ± 0.012 h⁻¹ᐟ² 0.95 

Korsmeyer-Peppas k 0.171 ± 0.010 - 0.96 

 n 0.62 ± 0.04 - 0.96 

Paddy straw biochar First-order k₁ 0.071 ± 0.005 h⁻¹ 0.84 
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Higuchi kH 0.198 ± 0.010 h⁻¹ᐟ² 0.96 

Korsmeyer-Peppas k 0.148 ± 0.009 - 0.97 

 n 0.53 ± 0.03 - 0.97 

Sawdust biochar 

First-order k₁ 0.082 ± 0.006 h⁻¹ 0.85 

Higuchi kH 0.214 ± 0.011 h⁻¹ᐟ² 0.95 

Korsmeyer-Peppas k 0.159 ± 0.010 - 0.96 

 n 0.57 ± 0.04 - 0.96 

 
b) Chickpea (chana) plant experiments 

 

Biochar type Model Parameter Value Unit R² 

Rice husk biochar 

First-order k₁ 0.082 ± 0.005 h⁻¹ 0.85 

Higuchi kH 0.216 ± 0.011 h⁻¹ᐟ² 0.94 

Korsmeyer-Peppas k 0.158 ± 0.009 - 0.95 

 n 0.60 ± 0.04 - 0.95 

Paddy straw biochar 

First-order k₁ 0.064 ± 0.004 h⁻¹ 0.83 

Higuchi kH 0.182 ± 0.009 h⁻¹ᐟ² 0.95 

Korsmeyer-Peppas k 0.136 ± 0.008 - 0.96 

 n 0.50 ± 0.03 - 0.96 

Sawdust biochar 

First-order k₁ 0.073 ± 0.005 h⁻¹ 0.84 

Higuchi kH 0.196 ± 0.010 h⁻¹ᐟ² 0.95 

Korsmeyer-Peppas k 0.145 ± 0.009 - 0.95 

 n 0.55 ± 0.04 - 0.95 

 

3.4 Mechanistic interpretation 

The dominant nutrient release mechanisms which were 

observed to prevail in the biochar-based slow-release 

fertilizer systems were explained using the release exponent 

(n) obtained through the Korsmeyer-Peppas model. The 

estimated n values (see Table 2, a and b) were found to be 

between 0.50-0.62 in all the biochar-crop combinations and 

allowed the classification of nutrient transport behavior into 

a definite mechanistic group. 

In systems with n values near the lower range of this range 

(n 0.5053), as was the case with paddy straw biochar in both 

rice (n = 0.53 + 0.03) and chickpea (n = 0.50 + 0.03) 

systems, release was mainly via Fickian diffusion. The 

nutrient transportation is mainly regulated in this regime via 

the concentration-gradient-based diffusion due to the 

connectedness of a pore network of a biochar matrix. The 

biochar framework then works as a passive diffusion barrier 

and resistance to intraparticle diffusion prevails over the 

reaction kinetics of the surface. This is similar to the high 

level of agreement observed with the Higuchi model 

whereby the pore-controlled diffusion is the driving force of 

nutrient release in the sustained release phase.  

Conversely, the biochar of higher n (n 0.57, 0.62) such as 

rice husk biochar (n=0.62 + 0.04 to rice; n=0.55 + 0.04 to 

chickpea) and sawdust biochar (n=0.57 + 0.04 to rice; 0.55 

+ 0.04 to chickpea) are in the anomalous (non-Fickian) 

transport region. These values imply that there are many 

processes governing the release with the movement of 

nutrients depending on a combination of intraparticle 

diffusion and reversible physicochemical interactions. Such 

interactions consist of adsorption and desorption, exchange 

ion with surface functional groups, and weak complexation 

with surfaces. The factors may temporarily decelerate the 

nutrient flow and induce outliers of the behavior that would 

be determined by ideal diffusion.  

The variations in n values of biochar type exhibit 

differences in nutrient- biochar interaction because of pore 

structure, surface chemistry and positioning of nutrients in 

the matrix which are feedstock specific. Loosely attached 

nutrients on the external surfaces or shallow pores are also 

associated with a high release at the early stages and high n 

values. Conversely, those nutrients that are deeper in the 

pore network or more strongly attached to surface functional 

groups demonstrate slower behavior of transport and 

diffusion dominated behavior.  

Comprehensively, the mechanistic description on the basis 

of the Korsmeyer-Peppas release exponent (n = 0.50, 0.62) 

provides a good framework on the description of diffusion-

dominated and mixed transport behavior in biochar-based 

fertilizer systems. This quantitative meaning relates 

structural characteristics of biochar and outer chemistry to 

that of nutrient release efficiency, relying on the efficient 

creation of controlled-release fertilizer patterns and the 

advancement of such molecules. 

 

4. Discussion 

4.1 Dominant release mechanism 

According to the kinetic study, the diffusion process and 

subsequent surface interaction is the primary control of 

release of the nutrients of the biochar release fertilizer 

(Higuchi, 1963; Korsmeyer et al., 1983; Siepmann and 

Peppas, 2001) [13, 16, 28]. This is demonstrated by the fact that 

Higuchi and Korsmeyer- Peppas equations fits better than 

the first-order equation particularly at the slow-release stage 

(Costa & Sousa Lobo, 2001; Siepmann and Goeferich, 

2001) [6, 28]. This two-phase release, corresponding to the 

initial burst and the slower release, is an indicator of change 

in the release of nutrients on the surface to the release by 

diffusion into the bulk biochar (Peppas and Sahlin, 1989; 

Ritger and Peppas, 1987) [25].  

The predominant mechanisms of diffusion are largely 

because biochar has a porous nature (Lehmann and Joseph, 

2024; Zhao et al., 2013) [20]. The biochar has a porous 

structure comprising of micro- and mesoporous network that 

is tortuous in character thereby regulating the diffusion of 

nutrients to its surrounding environment (Higuchi, 1963; 

Macdonald, 1977) [13, 22]. Once the surface-bound nutrients 

are exhausted in the early release stage, the rate-limiting 

step is intraparticle diffusion producing an invariant process 

of release. This is with the square-root-of-time dependence 

proposed by Higuchi model and diffusion-dominated 

weakly anomalous transport processes as suggested by the 
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Korsmeyer-Peppas analysis (Ritger and Peppas, 1987) [25]. 

Once surface-bound nutrients are exhausted during the early 

release stage, intraparticle diffusion occurs as the rate 

controlling step, thus leading to a constant release rate. This 

is consistent with square-root-of-time dependence of the 

Higuchi model and the diffusion-dominated weakly 

anomalous transport processes, as is indicated with the 

Korsmeyer-Peppas analysis (Higuchi, 1963; Korsmeyer et 

al., 1983) [13]. 

In addition to the physical transport diffusion resistance, the 

rates of the nutrient release are also regulated by the surface 

chemistry of biochar. The functionality groups containing 

oxygen, including the carboxyl and hydroxyl groups, may 

develop an electrostatic interaction or reversible complex 

with nutrient ions (Mukherjee and Lal, 2013) [23]. These 

forces transiently block the nutrients on the pore surface 

thereby slowing their dissolution in the release medium 

(Peppas and Sahlin, 1989) [24]. Consequently, diffusion 

combined with reversible surface interactions can be used to 

explain the process of nutrient transport hence explaining 

the mixed transport properties of selected biochar systems 

(Peppas and Sahlin, 1989; Siepmann and Peppas, 2001) [24, 

27, 28]. The degree of release diffusion controlled versus 

surface-controlled will depend upon the distribution of 

nutrients in the biochar matrix (Zhao et al., 2013). The 

contribution of those in the outer surfaces or shallow pores 

is disproportionate to the initial burst and those in the deeper 

parts of the pore matrix have longer diffusion distances and 

more surface interactions and release later (Macdonald, 

1977) [22]. This distribution is the cause of the biphasic 

release pattern and the effectiveness of biochar as an 

organized system to control the release of nutrients (Guo et 

al., 2015; Ritger and Peppas, 1987) [9, 25]. 

The comparison between the proposed solution and the 

conventional slow-release fertilizers is provided as well. 

The nutrient release behavior of the fertilizer system that is 

dependent on biochar as tested in the given study 

demonstrates a well-regulated release of nutrients (as 

compared to the conventional slow release fertilizers (SRFs) 

into the soil) (Azeem et al., 2014; Lawrencia et al., 2021) [3, 

19]. Traditional SRFs, particularly those made of soluble 

salts or fine layers of polymer, are more likely to release the 

nutrients at a higher rate during the initial days in case of 

application thus exhibiting sharp rise in the availability of 

nutrients (Azeem et al., 2014) [3] 

]. The biochar-based fertilizer system had a relatively lower 

rate of release of nutrients and the release was sustained 

over a longer period as shown by the kinetic model analysis 

(Higuchi, 1963; Korsmeyer et al., 1983) [16]. 

A significant decrease in the initial burst release is also 

among the key advantages of the biochar-based formulation 

(Haydar et al., 2024; Lawrencia et al., 2021) [12, 19]. The 

standard SRFs tend to leech a large volume of nutrient 

material at their first encounter with water making their 

application inefficient leading to better leaching losses of 

nutrients (Azeem et al., 2014) [3]. The burst release in 

current configuration was limited and most of the nutrients 

were released gradually. This is due to physical entrapment 

of nutrients in the biochar pore structure and nutrient 

interaction with the surface functional groups, which limit 

the fast dissolution of nutrients. This usually leads to the 

ineffective utilization and loss of nutrients due to leaching 

(Chien et al., 2009; Hardie et al., 2015) [5, 11]. 

The biochar based fertilizer has an extended release phase 

meaning that the nutrients are bound in the carrier matrix 

because the release is slower than conventional SRF (Guo et 

al., 2015; Lawrencia et al., 2021) [9, 19]. This extended 

retention is especially useful in the extended nutrient 

provision, hence, removing the necessity to apply fertilizers 

on a regular basis (Jeffery et al., 2011; Laird, 2008) [15, 18]. 

The transport process controlled by diffusion which can be 

seen in this paper proves the possibility of biochar in a 

reservoir of nutrients capable of supplying controlled 

nutrient release (Higuchi, 1963; Peppas and Sahlin, 1989) 
[13, 24]. 

 

4.3 Farming and environmental consequences. 

The biochemical characteristics of biochar-based fertilizer 

system influence nutrient management of soils in agriculture 

directly by controlling the release of nutrients of the soil. 

The systems assist in regulating the speed through which 

nutrients are discharged into the soil solution. This is 

relevant in the early and middle stage of plant growth as a 

constant and balanced supply of nutrients is significant to 

ensure equal growth and avoid nutrient deficiency or 

toxicity. Use of the nutrients is also enhanced by the 

systems. The gradual nature of the nutrients release helps to 

make the nutrient to have enhanced time in the root zone 

where the plant has a higher likelihood of using it before it 

is lost. This is critical in the areas where the irrigation or 

occurrence of rainfall is erratic, and the water-soluble 

fertilizers are bound to be washed away. Thus, biochar-

fertilizers in slow mode are capable of providing an 

equivalent or even better supply of nutrients to crops 

without requiring higher application rates. 

Environmentally, the release of nutrients can be controlled 

to avoid losses of nutrients out of the root zone. The rapid 

dissipation of the nutrient may lead to leaching loss 

particularly in the mobile nutrient like nitrate. Low 

concentration gradient, which drives the nutrients down, can 

be minimized by the slow release of the nutrients, which 

may lead to minimal effects of contamination of 

groundwater and surface water. This is especially significant 

in light soils that are unable to retain nutrients in large 

capacity. 

Overall, the application of biochar slow-release fertilizers is 

an efficient solution in enhancing the efficiency of the 

nutrient delivery with minimum negative effects on the 

environment. Such systems are associated with the necessity 

to align the availability of nutrients with agricultural 

demands and reduce their loss with the aim of supporting 

sustainable practices in nutrient management. Their findings 

also validate the earlier outcomes regarding the application 

of the controlled-release fertilizers and biochar amendments 

in enhancing the nutrient use efficiency and reducing 

environmental losses (Guo et al., 2015; Jeffery et al., 2011; 

Lawrencia et al., 2021) [9, 15, 19]. 

 

5. Conclusions 

It has been shown in this work that in the biochar-based 

slow-release fertilizer systems, diffusion of nutrients takes 

place not only through diffusion-regulated transport 

processes, but also through interaction with the surface. We 

applied the first-order, Higuchi and Korsmeyer- peppas 

models to investigate the properties of nutrient release 

during the initial burst and slow release areas. Of them, 
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Higuchi and Korsmeyer-Peppas models were more 

descriptive of data on nutrient release. 

The kinetic results of this experiment would make sense in 

explaining and modeling the N-releasing process of biochar-

fertilizer systems. The results indicate that the N-releasing 

rate can be controlled by the nature of biochar, and, 

therefore, the developed kinetic model is a valuable 

instrument in designing and developing N-releasing biochar-

fertilizers with the desired N-releasing rate. 

Future research can explore the use of release kinetics to the 

system of soil-plant interaction to enhance the assessment of 

nutrient availability, nutrient uptake efficacy, and efficacy in 

the realistic agricultural environment. This will apply to the 

use of results of kinetics studies that are conducted in the 

laboratory scale. 
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