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ABSTRACT 1 

Soil fertilization with trace-metal rich organic fertilizers such as Fucus serratus seaweed may 2 

be an effective way to combat micronutrient deficiency. In this study the kinetics of zinc release 3 

from Fucus serratus seaweed was investigated in a packed soil column leaching experiment 4 

over 1,776 hours. The release of zinc from control (soil only) and treatment (soil + seaweed; 5 

equivalent zinc application rate of 1.42 kg ha-1) columns, measured by ICP-MS, demonstrated 6 

two distinct release stages. The cumulative zinc release data for each phase were fitted to five 7 

kinetic models: zero order, first order, Elovich, power function and parabolic diffusion. In the 8 

first stage (0-400 hours) the release of zinc from both control and treatment was best described 9 

by a parabolic rate law, indicating release of zinc from a soluble soil reservoir. In the second 10 

stage (400-1,776 hours) zinc release followed a zero order rate law indicative of slow release 11 

from an essentially insoluble reservoir. The modelled difference between the amount of zinc 12 

released from treatment and control columns in stage 1 (230 ± 11 µg) represented the total 13 

amount of zinc added via seaweed. The parabolic rate constant for seaweed zinc release was 14 

12.09 µg g-1 h-0.5. In summary, the addition of F. serratus to soil is a viable source of labile 15 

zinc and a low cost agronomic option for mitigating zinc deficiency in soils.  16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 
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1 Introduction 25 

Zinc is an essential nutrient needed for normal growth in plants, animals and humans, and its 26 

entry into the food chain is directly related to its solubility in soils (Alloway, 2008 and 27 

Poblaciones et al., 2017). However, more than fifty percent of the world’s agricultural soils 28 

have been reported to suffer medium to widespread zinc deficiency (Sillanpää, 1990; Alloway, 29 

2008; Welch et al., 2013; RLF, 2015). This has significantly contributed to poor crop yield 30 

(Noulas et al., 2018) and aggravated poor-diet-induced zinc deficiency in humans (Cakmak et 31 

al., 1999; Alloway, 2009), thus making it of global concern (WHO and FAO, 2006; Cakmak, 32 

2009; Sharma et al., 2016).  33 

In recent years, soil Zn fertilization with inorganic Zn sources has become widespread with 34 

ZnSO4 being the major source used for correcting Zn deficiency (Karak et al., 2005; Shaver et 35 

al., 2007; Alloway, 2008; Cakmak, 2008; Taheri et al., 2011). Organic farming methods seek 36 

to provide inexpensive and sustainable agricultural approaches. Recent research has 37 

investigated the potential of organic amendments as Zn fertilizers. Suitable potential sources 38 

include: sewage sludge (Motaghian and Hosseinpur, 2013), green manures made from red 39 

clover and sunflower (Aghili et al., 2014), poultry manure (Ravindran et al., 2017), cow manure 40 

and vermicompost (Motaghian and Hosseinpur, 2017), biogas slurry (Malav et al., 2015 and 41 

Dey et al., 2019), brewery waste sludge (Ahmed et al., 2019) and seaweed (Possinger, 2013).   42 

Generally, seaweeds contain higher concentrations of micronutrients than terrestrial 43 

plants (Strik et al., 2003; MacArtain et al., 2007; Rohani-Ghadikolaei et al., 2012; Astorga-44 

Espana et al., 2015). Seaweed has been used by humans as source of food, medicine, fodder 45 

and fertilizer for millennia (Kenicer et al., 2000; Dillehay et al., 2008; Possinger, 2013). It is a 46 

naturally abundant resource; in the coasts of Britain alone, more than 600 species of different 47 

seaweed flora have been identified (Kenicer et al., 2000). Thus, seaweed plays a great role as 48 

an organic fertilizer especially in coastal agriculture where soil fertility is traditionally 49 

maintained by direct seaweed application (WSH, 2016), either as compost (Eyras et al., 1998; 50 
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Kenicer et al. 2000) or dried amendment (Possinger et al., 2013). For instance, such practice 51 

has been carried on in the coastal regions of Scotland, and especially in the Machair community 52 

till date (Angus and Dargie, 2002). Machair community has a cultural tradition of crofting 53 

which involves spreading harvested or beach-cast brown seaweeds on arable farm lands as soil 54 

conditioners or fertilizers. The seaweeds are usually collected at low tides during autumn and 55 

winter months when large quantities of brown seaweed are washed ashore (WSH, 2016). The 56 

seaweed types usually harvested in large quantities in Scotland include 57 

Ascophyllum,Laminaria species and Fucus serratus (WSH, 2016). The Scottish Natural 58 

Heritage organization promotes soil application of seaweed as part of sustaining small-scale, 59 

diversified agriculture (Angus and Dargie, 2002). In the present study, two locally abundant 60 

species of coastal, benthic brown seaweed (Fucus serratus and Laminaria digitata) were 61 

harvested from the sea at low tide for further processing and analysis. F. serratus was selected 62 

as the model fertilizer for this study because its Zn composition is approximately double that 63 

of L. digitata. 64 

The total zinc available for plant uptake is largely determined by the amount of zinc released 65 

from soil surfaces into solution (Dang et al., 1994). Hence, an understanding of the kinetics of 66 

zinc release at the solid-liquid interface is of fundamental importance to a complete 67 

understanding of the dynamics of zinc in soils. Most studies on zinc sorption-desorption by 68 

soils have been based on equilibrium conditions whereby thermodynamic approaches are used 69 

to predict only the final state of reactions (Taylor et al., 1995; Reyhanitabar and Gilkes, 2010; 70 

Reyhanitabar et al., 2011). However, processes of ionic exchange in soils rarely assume 71 

equilibrium state due to fertilizer addition, slow chemical reactions, plant uptake, edaphic and 72 

climatic factors (Dang et al., 1994; Taylor et al., 1995; Reyhanitabar et al., 2011). Therefore, 73 

a more comprehensive approach to understanding the dynamics of zinc release in soils requires 74 

an investigation of the kinetics of zinc sorption-desorption processes at a given time.  75 
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In recent years, the kinetics of zinc release from different soils has drawn considerable attention 76 

as different kinetic models have been employed to describe Zn release patterns. The models 77 

include parabolic diffusion (Dang et al., 1994; Taheri et al., 2011), power function 78 

(Reyhanitabar and Gilkes, 2010; Ghasemi-Fasaei et al., 2012; Motaghian and Hosseinpur, 79 

2013), Elovich (Taylor et al., 1995; Reyhanitabar et al., 2011), zero order (Padidar, 2015), first 80 

order and second order equations. The models were employed to investigate the nature of 81 

reactions and zinc release patterns in acid-leached soils (Alghanmi et al., 2015; Padidar, 2015), 82 

DTPA- extracted soils (Dang et al., 1994; Motaghian and Hosseinpur, 2013), zinc sulphate-83 

amended and cropped soils (Taheri et al., 2011).  84 

Eghball et al. (2002) reported that, in order to apply manure or compost to fulfil the nutrient 85 

requirements of a crop, knowledge of the amount of nutrients mineralized following application 86 

is needed as this should be considered when determining application rates. Hence, Dey et al. 87 

(2019) engaged kinetic studies to assess nutrient release from different organic amendments so 88 

as to decide the rates and frequency of application. Kinetic studies of nutrient release from 89 

organic amendments are now gaining attention while investigation of zinc release kinetics from 90 

organic fertilizer-amended soils is very limited. Motaghian and Hosseinpur (2013) investigated 91 

the kinetics of Zn release in wheat rhizosphere of some sewage sludge amended soils, their 92 

study indicated that zinc desorption rate was higher in wheat rhizosphere than in bulk soils and 93 

that the process was modelled by the power function model.   94 

Thus, it is important to study zinc kinetics in an uncropped organically amended soil with a 95 

view to understanding zinc dynamics in soils and organic fertilizers, and ameliorating soil zinc 96 

reservoirs. Understanding zinc release kinetics is useful for synchronization of zinc release 97 

peak in soils with zinc peak demands of prospective crops. For instance, Taheri et al. (2011) 98 

employed kinetic models to investigate patterns of Zn release from fertilizers into soil so as to 99 

understand application timing, frequency and magnitude of Zn dose application (as suggested 100 
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by Eghball et al., 2002). They reported that, similar to soluble ZnSO4, tire ash is a fast-release 101 

Zn fertilizer which supplies plants with readily available Zn, hence lower application rates may 102 

be required. On the other hand, they observed that ground rubber is a slow-release fertilizer of 103 

which intermittent application of higher Zn rates is required; as such, they recommended 104 

application of ground rubber in Zn deficient soils before seeding, to provide long term Zn 105 

fertilization. This is key to achieving high nutrient use efficiency hence maximization of crop 106 

productivity and minimization of negative environmental impacts. 107 

 108 

In assessing the relevance of seaweed as a source of zinc in organic agriculture, understanding 109 

zinc release rate into the soil solution is an important factor in regulating zinc supply to plants, 110 

informing timings and scale of fertilizer applications. Here, we present the first study of zinc 111 

release kinetics from seaweed. Specifically, we present the results of a study of zinc release 112 

kinetics in uncropped, water-leached, seaweed-amended soil employing a soil column 113 

protocol. 114 

 115 

          116 

2. Material and methods 117 

2.1  Collection and Preparation of Soil Samples 118 

Soil samples were collected from surface soils (0 – 15 cm) of an uncultivated garden (54o 34 119 

48.75 N, 1o 19 29.81 W) in Stockton, County Durham, UK in August 2016. The soil samples 120 

were air dried, passed through a 2 mm sieve and stored in polythene bags. Soil physical 121 

properties were determined using standard methods as described for soil particle-size 122 

determination (Kettler et al., 2001), pH (Hendershot et al., 2006), bulk density and porosity.  123 
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2.2 Collection and Processing of Seaweed (Fucus serratus)  124 

Live samples of brown seaweed (Fucus serratus) were collected at low tide from Saltburn-by-125 

the-Sea, Yorkshire, England (54o 35 16.1 N, 0o 57 24.3 W) on 31st of August 2016 at low 126 

tide 10 am BST. They were transported to the laboratory within two hours of collection and 127 

immediately stored in a fridge at 4oC until the next day (i.e. for 17 hours). After refrigeration, 128 

samples were thoroughly washed, detached from other sea plants and fauna and soaked in 129 

deionized water for 17 hours. They were then drained, weighed and oven-dried to constant 130 

weight at 50oC. In order to increase the surface area of dried biomass for faster 131 

biodegradability, the seaweed was ground to powder in an agate planetary ball mill (Fritsch, 132 

Pulverisette 6) for 40 minutes at rotational speed of 200 rpm. Ground seaweed was then sieved 133 

to determine its particle size distribution. The particle size distribution of seaweed, shown in 134 

Figure 1, ranged from 0.15 – 0.5 mm. Seaweed pH was measured using the procedures 135 

described by Singh et al. (2017) as follows: 1g of seaweed was added to 10 mL of deionised 136 

water and mixed for 1 hour using a reciprocating shaker. The mixture was then allowed to stand 137 

for 30 minutes after which pH was measured using a benchtop pH / mV meter (Fisher Scientific 138 

AE150). 139 

((Figure 1)) 140 

2.3 Total Zinc Determination 141 

Total zinc concentrations in soils and seaweed were determined before and after the experiment 142 

through microwave-assisted 70% nitric acid digestion (Mars- 6, CEM, One Touch Technology 143 

). Approximately 0.1 g of each biomass was weighed in twelve replicates into Teflon tubes (50 144 

mL), and blanks were also prepared for each biomass. Concentrated nitric acid (70 %, 10 mL) 145 

was added to each sample. The tubes were equidistantly arranged on the circular tube rack and 146 

then loaded into the microwave digester and digested for 105 minutes at 1800 W. The digestion 147 

process was followed by multi-element analyses on inductively coupled plasma mass 148 
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spectrometer (ICP-MS) Agilent 7500 series, Octopole Reaction System. Prior to analysis the 149 

digested samples were serially diluted as follows: each digested sample was made up to 100 150 

mL in a volumetric flask with deionised water, diluted (1:10) in deionized water and further 151 

diluted (1:10) with 2% nitric acid. This solution was analysed on the ICP-MS. Estimation of 152 

error in total zinc concentration was reported as 95% confidence interval. 153 

2.4 Zinc Leaching Experiment  154 

The apparatus used for the zinc leaching experiment is shown in Figure 2. A transparent 155 

cylindrical acrylic (pexiglass) tube measuring 250 mm long and 54 mm internal diameter was 156 

used as soil column. The bottom of the column was sealed with a rubber stopper having a 2 157 

mm hole outlet tube at the center. The rubber stopper was overlaid with perforated acrylic 158 

circular disc (having seventeen 1 mm holes) on top of which was a Whatman #54 filter paper. 159 

The filter paper was covered with a 1 cm layer of quartz sand. The column was then filled with 160 

300 g of 2 mm-sieved and air-dried soil, following the protocols of soil column set-up for 161 

unsaturated dry-packing (Lewis and Sjöstrom, 2010; DEMEAU, 2012). For the treatment, 3 g 162 

of the processed F. serratus (that is, 213 ± 6 µg of zinc) was mixed evenly throughout the soil 163 

column, an application rate equivalent to 20 tonnes of seaweed per hectare (Motaghian and 164 

Hosseinpur, 2013) since the mass of soil per hectare at 15 cm surface depth is 2 million kg ha-165 

1 (Hinrich et al., 2002).  166 

((Figure 2)) 167 

After filling, the top of the soil was first overlaid with Whatman #54 filter paper, followed by 168 

1 cm layer of quartz sand and then by a perforated acrylic circular disc (of similar column 169 

diameter) having thirteen 1 mm holes. The top of the column was sealed with a rubber stopper 170 

fitted with an inlet valve through which there was a continuous flow of irrigation (deionized) 171 

water from a reservoir. The flow rate of irrigation water was manually controlled and set at 30 172 

mL h-1. Leachate in each 24 hour period was collected and analysed for zinc by ICP-MS. The 173 
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transparent part of the column was wrapped with an aluminum foil to simulate light conditions 174 

encountered in the subsurface and prevent the growth of photolithotrophic microorganisms and 175 

photodegradation of organic fertilizer resulting from exposure to light. There were two soil 176 

columns set-up – treatment and control – with the control having no seaweed. The experiment 177 

was conducted from September 29 to December 12, 2016 during which zinc release was 178 

monitored daily for 1,776 hours (74 days) at ambient temperatures of between 15 – 20oC. 179 

2.5 Models for Zn Release Kinetics 180 

Amounts of zinc released from treatment and control columns with time were modelled using 181 

five kinetic models: zero order, first order, Elovich, power and parabolic diffusion functions, 182 

as detailed in (Table 1). The models that best described zinc release in both conditions were 183 

determined by linear regression using Microsoft Excel. Total zinc release from seaweed was 184 

modelled as the difference between zinc release from the treatment and control columns.  185 

((Table 1)) 186 

2.6 Statistical Analysis 187 

Column soil data before and after the experiment were analyzed using the one-way ANOVA 188 

to evaluate significant difference among means at P < 0.05. Also, the significance or otherwise 189 

of differences at the 95% confidence level between modelled rate constants was established 190 

using t-tests for slope coefficient difference (Paternoster et al., 1998).  191 

3. Results  192 

3.1 Properties of Studied Soil and Seaweed fertilizer  193 

The initial textural classification of the column soil was loam (37% sand, 40% silt, 23% clay) 194 

with bulk density of 1.15 g cm-3 and porosity of 57%. This is ideal for plant growth and water 195 

infiltration; the bulk density is less than the maximum 1.40 g cm-3 recommended by USDA-196 

NRCS (2014). The soil pH was 6.35 and that of the seaweed was 5.72, both within the range 197 

(5.5 – 6.5) at which soil Zn is most available.  198 
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The initial concentration of total zinc in the soil was 210 ± 30 mg kg-1, within the acceptable 199 

total Zn concentration for agricultural soils (10 – 300 mg kg-1; Barber (1995)). The initial 200 

chemical characteristics of the F. serratus used in this study are presented in Table 2. . The 201 

total zinc concentration of seaweed was 71 ± 2 mg kg-1. At the end of the experiment, 202 

concentration of zinc in soil (control) was 200 ± 40 mg kg-1 while it was 200 ± 20 mg kg-1 in 203 

seaweed-amended soil (treatment). That is, there is no statistically significant difference 204 

between the zinc content of the original soil and of the control and treatment after the 205 

experiment (F (2, 12) = 0.069, P = 0.93). 206 

((Table 2)) 207 

3.2 Cumulative Release of Zinc from the Soil Column 208 

The cumulative mass of zinc released between 0 and 1,776 hours from both the control and 209 

treatment columns are as presented in Figure 3. Both columns show a steady increase in 210 

cumulative zinc release over time and there is an apparent discontinuity at about 400 hours 211 

defining two distinct stages of zinc release. In stage 1 (0 – 408 hours) the control column 212 

displays an initial rapid loss of zinc that slows over the period, whereas in stage 2 (>400 hours) 213 

the zinc loss rate is essentially constant. The treatment column exhibits behavior similar to that 214 

of the control in both stages but the cumulative mass of zinc release from the treatment is 215 

positively offset relative to that of the control, reflecting the additional labile zinc present.  216 

 ((Figure 3)) 217 

3.3 Kinetics of Zinc Release  218 

In order to understand the processes by which Zn is released, data were fitted to the kinetic 219 

models detailed in Table 1. The results of model fits are presented in Table 3. Based on the 220 

values of coefficient of determination (R2) and standard error of the slope of each kinetic model, 221 

the best model fit for zinc release was selected in both stages. In stage one, zinc release was 222 



12 

 

best described by the parabolic diffusion model for both treatment and control (Figure 4). In 223 

stage 2, zinc loss was best described as a zero order process for both treatment and control.  224 

((Table 3)) 225 

((Figure 4)) 226 

It is of interest to note that, out of all the tested models, only the zero order and parabolic 227 

diffusion models had their rate constant values higher in treatments than in controls (Table 3): 228 

that is, for only these two models is seaweed acting as a source of zinc. For the best kinetic 229 

models in both stages of Zn release, t-tests were done to establish significant differences in rate 230 

constants (k) between treatment and control. In stage 1, there was a significant difference 231 

between parabolic rate constants, k of the treatment (k = 28.95, SE = 0.52) and control (k = 232 

16.85, SE = 0.26), t (15) = 20.67, p < 0.05 whereas in stage 2, there was no significant difference 233 

in k for treatment (k= 1.13, SE = 0.02) and control (k = 1.11, SE = 0.01), t (53) = 0.917, p > 234 

0.05. That is, zinc release is faster from the treatment than from control during stage 1 but there 235 

is no difference in rate between treatment and control during stage 2. 236 

The cumulative zinc release from seaweed was estimated as the difference between the 237 

parabolic models for treatment and control in stage one. Hence, seaweed released 230 ± 11 µg 238 

of zinc during stage 1 and there was no statistically significant difference between this amount 239 

and the actual amount of zinc added to the system by seaweed (213 ± 6 µg). The modelled rate 240 

constant for parabolic release of zinc from F. serratus in this experiment was 12.09 µg g-1 h-241 

0.5.  242 

4. Discussion 243 

4. 1 Seaweed Decomposition 244 

With C/N ratio of 25:1 (Table 2), seaweed degradation is expected to happen over a 245 

somewhat longer timeframe than that of the experiment. However, Zn release in stage 1 (0-408 246 
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hours) is parabolic, indicating that trans-membrane transport processes are not rate limiting for 247 

zinc release. 248 

4.2 Cumulative Zinc Release from Soil Column 249 

As shown in Figure 3 there was a discontinuity in the slope of cumulative zinc release 250 

at about 408 h suggesting that different mechanisms of release are operating in stages one and 251 

two. Over the 1,776 hours of the experiment, approximately 2 mg of zinc (~1% of total soil 252 

zinc) was released from the column in both treatment (soil + seaweed) and control (soil only) 253 

conditions. This is in line with our expectations because more than ninety percent of soil zinc 254 

is insoluble (Broadley et al., 2007). The total cumulative zinc release from the treatment 255 

condition was higher than that from the control condition, indicating that seaweed is a source 256 

of zinc. Furthermore, the offset between the two conditions was constant over stage 2 and was 257 

equal to the zinc content of the seaweed. That is, all the seaweed zinc is released in the 258 

experiment and this release happens exclusively in stage 1. 259 

4.3 Kinetics of Zinc Release in Stage 1 260 

The observation of two stages of zinc release suggests the existence of two types of 261 

zinc reservoir in this system. The zinc release in stage 1 was rapid and exhibited parabolic 262 

kinetics implying that the overall rate of zinc release from this reservoir was controlled by 263 

diffusion phenomena (Aharoni et al., 1991 and Rao et al., 1998). For highly soluble material, 264 

diffusion processes, for example, exchange/replacement of surface zinc in the solid and/or 265 

diffusion of dissolved zinc away from surfaces and into the bulk liquid are expected to be rate 266 

limiting. That is, any additional steps that may be operating in the mechanism of zinc release 267 

from this reservoir are fast with respect to diffusion. The initial rapid release of zinc during the 268 

first 408 h is considered to be due to desorption of zinc from soil particle surfaces with weak 269 

binding energy (e.g. weakly bound zinc on macro-aggregate surfaces or on the outer surfaces 270 

of micro-aggregates) or sources with high zinc-solubility. Soluble zinc is typically at low 271 
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concentration in soils (approximately 10-8 M; Barber (1995)), hence the short duration of stage 272 

1 release. 273 

The suitability of the parabolic diffusion model in adequately describing zinc release in stage 274 

one is consistent with the finding of Ghiri et al. (2012). They investigated the kinetics of zinc 275 

desorption in calcareous soils of southern Iran; of all the tested models, the parabolic diffusion 276 

model best described zinc desorption from the soils. Metals release from soils is, however, 277 

complex and is influenced strongly by the particular nature (mineral content, organic matter 278 

content, pH, particle size, etc.) of the soil under study. A recent study by Wisawapipat and 279 

Pongpom (2019) investigated the kinetics of ligand-controlled Zn release in acid sulfate paddy 280 

soils of Thailand, using ethylenediaminetetraacetic acid (EDTA) as extractant. Their result 281 

showed that, over the course of 192 hours at soil pH 4.0, kinetics of Zn release was best 282 

described by the parabolic model, compared with other models. Hence, they concluded – 283 

equivocally – that diffusion-controlled exchange was one of the processes governing ligand-284 

controlled Zn dissolution in the studied soils. Similar to the present study, Hosseinpur and 285 

Motaghian (2013) observed a two-stage pattern of nutrient release when they studied the 286 

kinetics of potassium release from calcareous soils of central Iran, and they reported that the 287 

parabolic diffusion model best described potassium release in the second stage (168 – 2017 h). 288 

However, in an investigation of zinc release kinetics in different soil orders by Ghasemi-Fasaei 289 

et al. (2012) using time-dependent zinc extraction techniques, it was shown that the parabolic 290 

diffusion model did not adequately describe zinc release from the soils whereas the power 291 

function did. Nonetheless, based on the rapid and short-lived parabolic release seen in our 292 

experiment, we conclude that the first stage represents loss of soluble zinc. 293 

The amount of zinc released from the seaweed alone during stage 1 can be modelled 294 

as: 295 
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𝑍𝑛 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑒𝑎𝑤𝑒𝑒𝑑296 

= 𝑧𝑖𝑛𝑐 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝑧𝑖𝑛𝑐 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑓𝑟𝑜𝑚 𝑠𝑜𝑖𝑙 297 

Using the parabolic models in Table 1 to describe zinc release from the treatment and 298 

control conditions, the amount of zinc released from seaweed was 230 ± 11 µg. That is, the 299 

zinc contributed to the system by the seaweed (213 ± 6 µg) augments the soluble zinc reservoir, 300 

and only this reservoir. Hence, seaweed is a potential zinc fertilizer from a soil-application 301 

perspective. 302 

Rate constants are good indices for measuring the mineral supplying capacity of a 303 

material (Hosseinpur and Motaghian, 2013 and Li et al., 2015). The difference between the 304 

modelled parabolic zinc release from treatment and control in stage one yields a parabolic rate 305 

constant for zinc release from seaweed only of 12.09 µg g-1 h-0.5. 306 

4.4 Kinetics of Zinc Release in Stage 2 307 

The zero order zinc release in stage two implies release from a recalcitrant mineral phase for 308 

which the zinc concentration is large relative to the flux of zinc into the liquid phase: 309 

desorption/dissolution is the limiting step in zinc release in stage two. Sparks (2003) described 310 

the kinetics of zero order dissolution as a surface-controlled phenomenon in which 311 

concentrations of solutes near surfaces are equal to the bulk solution. Therefore, the slow and 312 

long term zinc release in this stage is considered to be due to zinc release from, for example, 313 

the inner surfaces of macro- or micro-aggregates with stronger binding energies and/or surface 314 

release processes There has been widespread observations of similar Zn release kinetics. For 315 

example, Zahedifar et al. (2012) and Baranimotlagh and Gholami (2013) studied the kinetics 316 

of Zn desorption in calcareous soils of Iran and observed a rapid Zn release phase followed by 317 

slower and long-term release. Both studies attributed the slower release to desorption of Zn 318 

from inside macro- or micro- aggregates, while Sadusky et al. (1987) described zero order 319 

nutrient release as a surface-controlled process attributable to weathered nature of soils. In a 320 
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laboratory study to investigate time-dependent release of Zn from biochar over the course of 321 

120 days, Dey et al. (2019) observed a Zn accumulation throughout the period, which, although 322 

formally statistically non-significant, conformed to zero order release kinetics. Hence, our 323 

observation of zero order kinetics in stage 2 indicates the release of zinc from the recalcitrant 324 

soil reservoir. 325 

5. Conclusions  326 

This study investigated the kinetics of water extractable zinc release from seaweed 327 

using a packed soil column leaching protocol. In the treatment condition (soil + seaweed), two 328 

stages of zinc release were observed. In stage 1, zinc was released from soluble reservoirs with 329 

parabolic kinetics. In stage 2, zero order kinetics indicated release of zinc from less labile soil 330 

reservoirs. Kinetic modelling of zinc release in stage 1 allowed the kinetics of release from 331 

seaweed-only to be determined: seaweed released zinc rapidly, following parabolic kinetics. 332 

Hence, seaweed is understood to contribute all its zinc to the stage 1 labile reservoir 333 

exclusively, thereby increasing the overall flux from this reservoir. Soil application of seaweed 334 

as a low cost and readily available organic fertilizer provides a source of rapid release, labile 335 

zinc and presents potential value in meeting the challenge of zinc deficiency in soils. 336 

 337 

6. References 338 

Aghili, F., Gamper, H. A., Eikenberg, J., Khoshgoftarmanesh, A. H., Afyuni M, Schulin, R., 339 

Jansa, J., Frossard, E. (2014): Green Manure Addition to Soil Increases Grain Zinc 340 

Concentration in Bread Wheat. PLoS ONE. 9 (7), 1-9 341 

Aharoni, C., Sparks, D. L., Levinson, S., Ravina, I. (1991): Kinetics of Soil Chemistry 342 

Reactions: Relationships between Empirical Equations and Diffusion Models. Soil Sci. Soc. 343 

Am. J. 55, 1307 – 1312. 344 



17 

 

Ahmed, A., Mohammed, M., Merga, B. (2019). Effects of brewery waste sludge on haricot bean 345 

(Phaseolus vulgaris L.) productivity and soil Fertility. Cogent Food and Agriculture, 5 (1), 1-346 

12. 347 

Alghanmi, S. I., Al Sulami, A. F., El-Zayat, T. A., Alhogbi, B. G., Salam, M. A. (2015): Acid 348 

leaching of heavy metals from contaminated soil collected from Jeddah, Saudi Arabia: kinetic 349 

and thermodynamics studies. International Soil and Water Conservation Research. 3, 196–208 350 

Alloway, B. J. (2008): Zinc in Soils and Crop Nutrition (2nd edition). International Zinc 351 

Association and International Fertilizer Industry Association, Brussels, Belgium and Paris, 352 

France, pp. 1-135 353 

Alloway, B. J. (2009): Soil factors associated with zinc deficiency in crops and humans. 354 

Environ. Geochem. Health. 31, 537–548. 355 

Amer, F., Rezk, A. I. Khalid, H. M. (1980): Fertilizer zinc efficiency in flooded calcareous soils. 356 

Soil Science Society of America Journal. 44, 1025 – 1030. 357 

Angus, S., Dargie, T. (2002): The UK Machair Habitat Action Plan: Progress and problems. 358 

Botanical Journal of Scotland. 54 (1), 63-74. 359 

Astorga-Espana, M. S., Galdón, B. R., Rodrıguez, E. M. R., Romero, C. D. (2015): Mineral and 360 

trace element concentrations in seaweeds from the sub-Antarctic ecoregion of Magallanes 361 

(Chile). Journal of Food Composition and Analysis. 39, 69 – 76. 362 

Baranimotlagh, M., Gholami, M. (2013): Time-dependent zinc desorption in some calcareous 363 

soils of Iran. Pedosphere. 23 (2), 185–193 364 

Barber, S. A. (1995): Soil Nutrient Bioavailability: A Mechanistic Approach. 2nd edn. New 365 

York, USA: John Wiley & Sons, Inc. pp. 384 366 

Boostani, H. R., Chorom, M., Moezzi, A., karimian, N., Enayatizamir, N. (2016): Investigation 367 

of Zinc Release Kinetics in an Agricultural Calcareous Soil as Influenced by Applied Organic 368 



18 

 

Materials and Salinity Using Mathematical Models. Jordan Journal of Agricultural Sciences. 369 

12 (3), 709 - 721 370 

Broadley, M. R., White, P. J., Hammond, J. P, Zelko, I., Lux, A. (2007): Zinc in plants, Tansley 371 

review, New Phytologist. 173, 677 – 702. 372 

Cakmak, I. (2008): Enrichment of cereal grains with zinc: Agronomic or genetic 373 

biofortification? Plant Soil. 302, 1–17. 374 

Cakmak, I. (2009): Enrichment of fertilizers with zinc: An excellent investment for humanity 375 

and crop production in India. Journal of Trace Elements in Medicine and Biology. 23, 281 - 376 

289. 377 

Cakmak, I., Kalayci, M., Ekiz, H., Braun, H. J., Kilinç, Y., Yilmaz, A. (1999): Zinc deficiency 378 

as a practical problem in plant and human nutrition in Turkey: a NATO-science for stability 379 

project. Field Crop Res. 60, 175–188. 380 

Dang, Y. P., Dalal, R. C., Edwards, D. G., Tiller, K. G. (1994): Kinetics of zinc desorption 381 

from Vertisols. Soil Sci. Soc. Am. J. 58, 1392–1399. 382 

DEMEAU (2012): Guidelining protocol for soil-column experiments assessing fate and 383 

transport of trace organics. pp. 1 – 52. 384 

Dey, A., Srivastava, P. C., Pachauri, S. P., Shukla, A. K. (2019). Time‑dependent release of 385 

some plant nutrients from different organic amendments in a laboratory study. International 386 

Journal of Recycling of Organic Waste in Agriculture. 1- 16. 387 

Dillehay, T., Ramirez, C., Pino, M., Collins, M. B., Rossen, J., Pino-Navarro, J. D. (2008): 388 

Monte Verde: seaweed, food, medicine, and the peopling of South America. Science. 320, 784-389 

786. 390 

Du Jardin, P. (2015): Plant biostimulants: Definition, concept, main categories and regulation. 391 

Scientia Horticulturae. 196, 3–14. 392 



19 

 

Eyras, M. C., Rostagno, C. M., Defosse, G. E. (1998): Biological evaluation of seaweed 393 

composting. Compost Science and Utilization. 6 (4), 74-81. 394 

Eghball, B., Wienhold, B. J., Gilley, J. E., Eigenberg, R. A. (2002): Mineralization of manure 395 

nutrients. J Soil Water Conserv. 57, 470 – 473.  396 

Ghasemi-Fasaei, R., Ronaghi, A., Farrokhnejad, E. (2012): Comparative study of metal 397 

micronutrients release from two calcareous soils. Archives of Agronomy and Soil Science. 58, 398 

1171–1178 399 

Ghiri, M. N., Rezaei, M., Sameni, A. (2012): Zinc sorption–desorption by sand, silt and clay 400 

fractions in calcareous soils of Iran, Archives of Agronomy and Soil Science. 58 (9), 945 - 957.  401 

Havlin, J. L., Westfall, D. G., Olsen, S. R. (1985): Mathematical models for potassium release 402 

kinetics in calcareous soils. Soil Sci. Soc. Am. J. 49, 371-376. 403 

Hendershot, W. H., Lalande, H., Duquette, M. (2006): Soil Reaction and Exchangeable 404 

Acidity, in Carter, M. R. and Gregorich, E. G. (2nd ed.): Soil Sampling and Methods of 405 

Analysis, Taylor & Francis Group, LLC. pp. 201-206 406 

Hinrich, L. B., Rick, A. M., George, A. O. (2002): Soil Chemistry, John Wiley and sons. 407 

Technology and Engineering. Pp 320. 408 

Hosseinpur, A. R., Motaghian, H. R. (2013): Application of Kinetic Models in Describing Soil 409 

Potassium Release Characteristics and Their Correlations with Potassium Extracted by 410 

Chemical Methods. Pedosphere. 23 (4), 482–492. 411 

Jha, M. K., Kumar, V. (2005): Recovery of zinc from aqueous solutions by ion exchange 412 

process. Journal of Metallurgy and Materials Science. 47 (3), 119 – 128. 413 

Karak, T., Singh, U. K., Das, S., Das, D. K., Kuzyakov, Y. (2005): Comparative efficacy of 414 

ZnSO4 and Zn-EDTA application for fertilization of rice (Oryza sativa L.). Archives of 415 

Agronomy and Soil Science. 51 (3), 253 – 264. 416 



20 

 

Kenicer, G., Bridgewater, S., Milliken, W. (2000): The Ebb and Flow of Scottish Seaweed Use. 417 

Botanical Journal of Scotland. 52 (2), 119-148. 418 

Kettler, T. A., Doran, J. W., Gilbert, T. L. (2001): Simplified Method for Soil Particle-Size 419 

Determination to Accompany Soil-Quality Analyses. Soil Sci. Soc. Am. J. 65, 849 - 852. 420 

Lewis J., Sjöstrom J. (2010): Optimizing the experimental design of soil columns in saturated 421 

and unsaturated transport experiments. Journal of Contaminant Hydrology. 115, 1-13. 422 

Li, T., Wang, H., Wang, J., Zhou, Z., Zhou, J. (2015): Exploring the potential of phyllosilicate 423 

minerals as potassium fertilizers using sodium tetraphenylboron and intensive cropping with 424 

perennial ryegrass. Scientific Reports. 5, 9249 425 

MacArtain, P., Gill, C. I. R., Brooks, M., Campbell, R., Rowland, R. (2007): Nutritional value 426 

of edible seaweeds. Nutrition Reviews. 65, 535–543. 427 

Malav, L. C., Khan, S. A., Gupta, N. (2015): Impacts of biogas slurry application on soil 428 

environment, yield and nutritional quality of baby corn. Int J Plant Res. 28, 194–202. 429 

Martin, H. W., Sparks, D. L. (1983): Kinetics of nonexchangeable potassium release from two 430 

coastal plain soils. Soil Sci. Soc. Am. J. 47, 883 - 887. 431 

Motaghian, H. R, Hosseinpur, A. R. (2013): Zinc desorption kinetics in wheat (Triticum 432 

Aestivum L.) rhizosphere in some sewage sludge amended soils. Journal of Soil Science and 433 

Plant Nutrition. 13 (3), 664 – 678. 434 

Motaghian, H. R., Hosseinpur, A. R. (2017): The Effects of Cow Manure and Vermicompost 435 

on Availability and Desorption Characteristics of Zinc in a Loamy Calcareous Soil. 436 

Communications in Soil Science and Plant Analysis. 48 (18), 2126–2136. 437 

Mousavi, S.R., Galavi, M., Rezae, M. (2012): The interaction of zinc with other elements in 438 

plants, International Journal of Agriculture and Crop Science. 24, 1881 - 1884. 439 

Noulas, C., Tziouvalekas, M., Karyotis, T. (2018): Zinc in soils, water and food crops. Journal 440 

of Trace Elements in Medicine and Biology. 49, 252–260. 441 



21 

 

Padidar, M. (2015): Effect of Soil Properties on Kinetic Zinc Release. Research Journal of 442 

Fisheries and Hydrobiology. 10 (10), 12-15.  443 

Paternoster, R., Brame, R., Mazerolle, P., Piquero, A. (1998): Using the Correct Statistical 444 

Test for the Equality of Regression Coefficients, Criminology. 36 (4), 859 – 866 445 

Poblaciones, M. J., Damon, P., Rengel, Z. (2017): Foliar zinc biofortification effects in Lolium 446 

rigidum and Trifolium subterraneum grown in cadmium-contaminated soil. PLoS ONE. 12 (9), 447 

1-11. 448 

Possinger, A. R. (2013): Using Seaweed as a Soil Amendment: Effects on Soil Quality and 449 

Yield of Sweet Corn (Zea mays L.). Master’s Thesis, University of Rhode Island, USA. Pp 450 

106. 451 

Possinger, A. Alm, S., Amador, J., Brown, R. Giguere, A. (2013): Using green seaweed (Ulva 452 

spp.) as a soil amendment: effects on soil quality and yield of sweet corn (Zea mays L.). 453 

Sustainable Agriculture Research and Education, Final report. https://projects.sare.org/project-454 

reports/gne11-026/ 455 

Rao, C. S., Pal, D. K., Takkar, P. N. (1998): Mathematical Models to Study the Kinetics of 456 

Potassium Release from Swell-Shrink Soils of Central India in Relation to their Mineralogy. 457 

Journal of Plant Nutrition and Soil Science. 161 (1), 67 – 72. 458 

Ravindran, B., Mupambwa, H. A., Silwana, S., Mnkeni, P. N. S. (2017): Assessment of nutrient 459 

quality, heavy metals and phytotoxic properties of chicken manure on selected commercial 460 

vegetable crops. Heliyon. 3, 1 – 17.  461 

RFL (Rapid Liquid Fertilizer) Special Report (2015): Zinc Deficiency Zones: A World-Wide 462 

Problem for Our Soils. Pp 17. Available at: https://www.ruralliquidfertilisers.com/wp-463 

content/uploads/2015/12/SR5-ZINC-DEFICIENCY-ZONES-5_Acrobat5.pdf 464 

Reyhanitabar, A., Gilkes, R. J. (2010): Kinetics of DTPA extraction of zinc from calcareous 465 

soils. Geoderma. 154, 289–293 466 



22 

 

Reyhanitabar, A., Ardalan, M. M., Karimian, N., Savaghebi, G. R., Gilkes, R. J. (2011): 467 

Kinetics of Zinc Sorption by Some Calcareous Soils of Iran. J. Agr. Sci. Tech. 13, 263 – 272. 468 

Rohani-Ghadikolaei, K., Abdulalian, E., Ng, W. K. (2012): Evaluation of the proximate, fatty 469 

acid and mineral composition of representative green, brown and red seaweeds from the 470 

Persian Gulf of Iran as potential food and feed resources. Journal of Food Science and 471 

Technology. 49, 774–780 472 

Sadusky, M. C., Sparks, D. L., Noll, M. R., Hendricks, G. J. (1987): Kinetics and mechanisms 473 

of potassium release from sandy Middle Atlantic Coastal Plain soils. Soil Sci. Soc Am. J. 5l, 474 

1460 - 1465 475 

Sharma, P., Dwivedi, S., Singh, D. (2016): Global poverty, hunger and malnutrition: A 476 

situational analysis, in Singh, U. et al. (Eds), Biofortification of food crops. pp. 19 – 30. 477 

Shaver, T. M., Westfall, D. G., Ronaghi, M. (2007): Zinc Fertilizer Solubility and Its Effects on 478 

Zinc Bioailability over Time. Journal of Plant Nutrition. 30, 123–133 479 

Sillanpää, M. (1990): Micronutrient assessment at country level: An international study. Soils 480 

Bulletin No. 63, FAO, Rome. pp. 208. 481 

Singh, B., Dolk, M., Shen, Q., Camps-Arbestain, M. (2017): Biochar pH, electrical conductivity 482 

and liming potential, in Singh, B., Camps-Arbestain, M., Lehmann, J. (ed.): Biochar: A Guide 483 

to Analytical Methods, Clayton South, Australia, CSIRO Publishing, pp 23-38. 484 

Sparks, D. L. (2003): Environmental Soil Chemistry. 2nd edition, Academic Press. Pp 239 485 

Strik, W.A., Novak, M.S., Van Staden, J. (2003): Cytokinins in macro algae. Plt. Growth Regul. 486 

41, 13 - 24. 487 

Taheri, S., Khoshgoftarmanesh, A. H., Shariatmadari, H., Chaney, R. L. (2011): Kinetics of 488 

zinc release from ground tire rubber and rubber ash in a calcareous soil as alternatives to Zn 489 

fertilizers. Plant Soil. 341, 89 – 97 490 



23 

 

Taylor, R. W., Hassan, K., Mehdadi, A. A., Shuford. J. W. (1995): Kinetics of Zinc Sorption by 491 

Soils. Commun. Soil Sci. Plant Anal. 26, 1761–1771. 492 

United State Department of Agriculture – Natural Resources Conservation Service (2014):  493 

Soil Health - Bulk Density / Moisture / Aeration, Guide for Educators, pp 1 - 11   494 

Welch, R. M., Graham, R. D., Cakmak, I. (2013): Linking Agricultural Production Practices to 495 

Improving Human Nutrition and Health, in FAO and WHO (2013), ICN2 Second International 496 

Conference on Nutrition- better nutrition better lives. pp 1 – 39. 497 

Wisawapipat, W., Pongpom, A. (2019): Kinetics of Ligand-Controlled Release of Zinc in Acid 498 

Sulfate Paddy Soils. Pedosphere. 29 (2), 216 – 223.  499 

World Health Organization and Food and Agriculture Organization of the United Nations 500 

(2006): Guidelines on Food Fortification with Micronutrients, (Edited by Lindsay Allen, 501 

Bruno de Benoist, Omar Dary and Richard Hurrell). Pp 341. 502 

WSH- Wild Seaweed Harvesting (2016): Strategic Environmental Assessment Environmental 503 

Report.  504 

Wu, F., Tseng, R., Juang, R. (2009): Characteristics of Elovich equation used for the analysis 505 

of adsorption kinetics in dye-chitosan systems. Chemical Engineering Journal. 150, 366 – 373 506 

Yu, J. (1992): Extraction kinetics of iron, aluminum, copper and zinc from contaminated 507 

sediment using disodium ethylenediaminetetraacetate (EDTA). Master Thesis, The University 508 

of Montana. Pp 110 509 

Zahedifar, M., Karimian, N., Yasrebi, J. (2012): Influence of applied zinc and organic matter 510 

on zinc desorption kinetics in calcareous soils. Archive of Agronomy and Soil Science. 58 (2), 511 

169-178. 512 

 513 

 514 



24 

 

 515 

 516 

 517 

 518 

 519 

 520 

 521 

 522 

 523 

 524 

0

20

40

60

80

100

120

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

P
er

ce
n

ta
ge

 P
ar

ti
cl

e 
si

ze
  /

 %

Particle size / mm



25 

 

525 



26 

 

 526 

 527 

  528 

0

500

1000

1500

2000

2500

0 500 1000 1500 2000

C
u

m
u

la
ti

ve
 m

as
s 

o
f 

Zn
 r

el
ea

se
d

 /
 µ

g

Time / hours

𝑑𝑚𝑍𝑛

𝑑𝑡
= 𝑓(𝑡)

𝑑𝑚𝑍𝑛

𝑑𝑡
= 𝐶

Stage 1 Stage 2



27 

 

  529 

  530 

0

100

200

300

400

500

600

700

800

4 9 14 19

C
u

m
 Z

n
 /

 µ
g

t 0.5 / h0.5

Treatment Control



28 

 

Table 1: Kinetic models of Zn release from soil system used in this study 531 

Kinetic Model *Equation      Parameters 

Zero order 

𝑚∞ −  𝑚𝑡

𝜎
=

𝑚∞

𝜎
 − 𝑘𝑡 

 

𝑚∞ mass of Zn at time infinity / µg 

𝑚𝑡 mass of Zn at time t / µg 

𝑎, 𝑏, 𝑘: rate constants 

t time / hours  

𝜎: mass of soil / g 

 

 

 

 

First order 
𝑙𝑛 [

𝑚∞ −  𝑚𝑡

𝜎
] = [𝑙𝑛

𝑚∞

𝜎
] − 𝑘𝑡 

 

Elovich 
𝑚∞ −  𝑚𝑡

𝜎
=  

1

𝑏
𝑙𝑛(𝑎𝑏) +

1

𝑏
 𝑙𝑛𝑡 

Power function 𝑙𝑛 (
𝑚∞ −  𝑚𝑡

𝜎
) = 𝑙𝑛 𝑎 + 𝑏 𝑙𝑛𝑡 

Parabolic diffusion 

 

𝑚∞ −  𝑚𝑡 

𝜎
=

𝑚∞

𝜎
−  𝑘𝑡0.5 

 

*Adapted from Martin and Sparks, 1983; Havlin et al., 1985; Sparks 2003; Wu et al., 2009  532 
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Table 2: Initial chemical characteristics of F. serratus used in this study.  

Biomass 
Zn / 

mg kg-1 
C / 
% 

N / 
% 

pH 
Hemicellulose 

% 

Cellulose            

% 

Lignin                      

% 

C/N 

ratio 

Lignin/N 

ratio 

F. serratus 71 ± 2  40.1 1.58 5.72 0.09 13.4 28.22 25 17.9 

 534 
 535 
 536 
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Table 3: Parameters for each kinetic model for the two stages of Zn release (stages 1 and 2 for both control and treatment). For the Elovich model, the constant, b, is given. The 537 
units for the rate constants are as follows: µg g-1 h-1 (zero order); h-1 (first order); µg g-1 h-1 (Elovich); µg g-1 h-1 (power function); µg g-1 h-0.5 (parabolic). 538 

Stages 

Zero order First order Elovich Power function Parabolic Diffusion 

k R2 SE k R2 SE b R2 SE k R2 SE k R2 SE 

Control 

1 0.629 0.965 0.031 0.006 0.956 0.000 0.010 0.969 4.465 0.805 0.763 0.116 16.847 0.996 0.261 

2 1.109 0.998 0.007 0.002 0.821 0.000 0.001 0.973 25.185 2.157 0.703 0.193 71.096 0.993 0.830 

Treatment 

1 1.085 0.970 0.049 0.006 0.939 0.000 0.006 0.959 8.740 0.778 0.741 0.119 28.949 0.995 0.524 

2 1.130 0.980 0.022 0.002 0.859 0.000 0.001 0.997 9.203 2.001 0.769 0.151 73.165 0.996 0.679 

 539 
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 540 

Figure 1: Cumulative particle size distribution of ground F. Serratus. 541 

Figure 2: Schematic representation of the soil column apparatus used to study the kinetics of zinc release. 542 
 543 
Figure 3: Cumulative mass of zinc released from treatment (soil + F. serratus; filled circles) and control (soil only; filled 544 
triangles) over the course of the 1,776 hour leaching experiment. The inflection at approx. 400 hours defines two stages of 545 
release kinetics: in stage 1 the cumulative release rate is a function of time; in stage 2 the rate is constant.  546 
 547 
Figure 4: Fit of parabolic diffusion model to the cumulative zinc release data from treatment (soil + F. serratus; filled circles) 548 
and control (soil only; filled triangles) over the course of the 408 hours of stage 1 release. These model fits best describe the 549 
kinetics of zinc release during this time period and are used subsequently to calculate zinc release from seaweed.  550 
 551 




