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A B S T R A C T   

The continued growth of the steel industry poses concerns for the health of the planet and the health of the 
environment. The waste produced by the steel industry is an untapped resource that is not used nearly as much as 
it should be. The potential of using basic oxygen steelmaking slag (BOS) as a fertilizer was tested on cereal wheat 
plants’ growth, with samples that are both hydrophobic and hydrophilic through functionalization. Parameters 
tested included: mass gain, height grown (cm), germination rate (GR), mean germination time (MGT) and a 
composite visual score (CVS). The results found that the BOS slag improved the growth of the samples due to the 
high amount of Ca and Fe provided to the sample. It was proposed that the improved performance of hydro-
phobically functionalized slag over those with hydrophilic functionalization was due to the water reservoir 
created around the seed. Lanolin functionalized samples are the optimum fertilizer in this study, providing the 
optimum conditions for nutrient transfer to the seed samples.   

1. Introduction 

Iron and steel are essential for infrastructure and allow people to live 
modern lives. Meaning that global steel production has reached roughly 
1900 million tons annually, with this figure still expected to continue 
increasing (Steel Statistical Yearbook, 2020). Unfortunately, as a result, 
22.6 million tons of basic oxygen steelmaking (BOS) slag waste is pro-
duced annually just in Europe (Euroslag, 2018) as a by-product of a 
secondary steelmaking process when pig iron is refined into steel using a 
basic oxygen steelmaking process. BOS slag is mainly composed of cal-
cium silicates, iron oxides, aluminum silicates and other crystalline 
compounds (Fisher and Barron, 2019, 2021a; Shen and Forssberg, 
2003); however, these components could be highly valuable to specific 
industries such as the fertilizer industry and coral reef rehabilitation 
industries. Such applications encourage the steelmaking industry to 
transition from a linear economy with high amounts of waste streams to 
a more circular economy where recycling is paramount. 

For many years, BOS slag has been utilized in several different ways, 
both on land and in marine applications, including aggregate in con-
crete, CO2 sequestration use, road tarmac use, pavements, railway 
ballast or thermal heat recovery by steelmaking slag (Reddy et al., 2006; 

Liu et al., 2016; Fisher and Barron, 2019, 2019; Xie et al., 2020; Sun 
et al., 2021; Zhao et al., 2021; Cui et al., 2021; Song et al., 2021; Yang 
et al., 2021). BOS slag can also create geopolymers for construction to 
replace traditional Portland cement in the same way fly ash has been 
used (Li et al., 2021; Sun et al., 2021). Electric arc furnace slag has a 
similar composition to BOS slag and can undergo a two-stage pyro-hy-
drometallurgical process in which valuable components of the slag can 
be recovered. The first stage is a carbothermic reduction stage in which 
Fe, Mn and Nb can be recovered. The second stage involves acid baking 
which recovers elements from the already Fe depleted slags such as Al, 
Ti and Mg (Kim and Azimi, 2021). 

Due to BOS slag containing a high amount of CaCO3, the material has 
become an ideal candidate for a fertilizer. Due to BOS slag’s alkaline 
nature and other nutrients. It has previously caused crops to grow in 
great abundance (Branca et al., 2014). It has been previously reported 
that steelmaking slags can promote microalgae growth (Liu et al., 2021). 
Under the right conditions, the slag can promote algae reproduction and 
the accumulation of metabolites and encourage lipids to accumulate. 
The slag makes an ideal nutrient to culture the microalgae as it provides 
a significant source of Fe and reduces the cost of culturing microalgae. 
Another study assessed the leaching effect of BOS slag in agriculture 
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(Branca et al., 2019). It was found that the presence of the slag increased 
the availability of P and Ca in the soil, and none of the heavy metals, e.g. 
Cr and V, that may be present in the slag leached out. In 2018 work was 
conducted on the ability of BOS slag to decrease CH4 emissions and 
arsenic levels in rice plants (Gwon et al., 2018). In a greenhouse 
experiment, it was found that the grain yield of the rice plants was 
significantly increased by 10.3%− 15.2%, and CH4 emissions were sup-
pressed by 17.8–24.0%. The rise in yield was attributed to the higher 
levels of nutrients in the soil made available by the steelmaking slag. The 
CH4 reduction was attributed to the higher Fe availability, which acted 
as an alternate electron acceptor and decreased CH4 emissions. Due to 
the formation of Fe-plaque around the roots of the plants, arsenic was 
sequestered (Gwon et al., 2018; Hansel et al., 2001). Research has also 
been conducted on the effect of power plant ash and bottom plant slag 
deposits on different crops such as autumn rye (Secale cereale L.) and 
barley (Hordeum Sativum Jessen) (Dželetović and Filipović, 1995). The 
characteristics of power plant ash are similar to that of BOS slag in that 
there are aluminosilicates and Fe, Ca and Mg. It was found that there 
were no adverse effects on the growth profile of the samples when grown 
on the deposits, and in some cases, enhanced fertilization occurred in the 
case of autumn rye (Secale cereale L.), alfalfa (Medicago sativa L.) and 
Barley (Hordeum sativum Jessen). The effects were not seen to be as 
prominent in winter rapeseed (Brassica napus L.) samples. 

We have previously reported the effect of iron oxide particles and 
carbon nanotubes on wheatgrass growth, in which growth is enhanced 
with iron oxide particles, and the hydrophobic nature of the carbon 
nanotubes enhanced the growth of the seeds by providing a water 
reservoir for the seeds (Lee et al., 2018). In other previous work, we have 
reported that BOS slag has been functionalized to be both hydrophobic 
and hydrophilic (Fisher and Barron, 2021b). These findings led to the 
exploration of if the BOS slag, a known source of several plant nutrients, 
e.g. Ca, Fe, and Si, could be used to fertilize cereal wheat (Triticum 
aestivum) seeds and improve their growth. 

2. Methods 

2.1. Chemicals and materials 

Basic oxygen steelmaking (BOS) slag was collected from Tata Steel, 
Port Talbot, South Wales, UK. We have previously reported the 
composition of the BOS slag used in this study (Fisher and Barron, 
2021b). Rainwater was collected from Neath, South Wales, UK. Toluene, 
lauric acid, cysteic acid and lanolin were purchased from Sigma-Aldrich 
and used as received. Nitric acid and hydrochloric acid were purchased 
from Fisher Scientific. Isostearic acid was purchased from Tokyo 
Chemical Industry UK Ltd and used as received. Millipore distilled water 
(15 MΩ cm) was used throughout the experiments. Cereal wheat (Tri-
ticum aestivum) seeds were purchased from Aconbury Sprouts. Analytical 
reference standards for MP-AES were purchased from Sigma-Aldrich. 

2.2. Functionalized BOS slag synthesis and characterization 

The method used for the BOS slag synthesis was a method we have 
previously reported (Lee et al., 2018; Hill et al., 2019; Fisher and Bar-
ron, 2021b). In order to make the slag hydrophobic isostearic acid, 
lanolin and lauric acid were used. Each carboxylic acid was tested in 
several different ratios to find the optimum amount to functionalize the 
BOS slag. The appropriate carboxylic acid was refluxed overnight with 
20 g of BOS slag in 200 mL of toluene. The reflux was heated and 
wrapped in foil at 110 ◦C and stirred using an overhead mechanical 
stirrer due to the magnetic nature of the slag. Once the reflux was 
completed, the solution was centrifuged at 5000 rpm for 30 min. The 
supernatant was then removed and disposed of, and the slag was 
re-dispersed in isopropanol and centrifuged. This process was repeated 3 
times, and then the same process was repeated 2 times using ethanol. 
Once the purification was complete, the slag was dried in an oven 

overnight. Part of the functionalized slag was reserved for Fourier 
transform infrared (FTIR), and thermogravimetric analysis (TGA), and 
the rest was pressed into a pellet using a 32 mm dye and a pellet press. 
The pellet was then used for contact angle measurements. The exact 
process was repeated for the hydrophilic functionalized samples, which 
were functionalized using cysteic acid. Each reflux was also completed 
in triplicate. 

Contact angle (CA) was used to assess the degree to which the slag 
was functionalized, and a Krüss DSA25 Expert Drop shape machine was 
used for all measurements. All measurements were performed using 
distilled water under ambient conditions. Sessile drop water contact 
angle measurements were performed on the pellet in three different 
spots across the surface. Advanced and receding contact angle mea-
surements were performed on three different spots on the pellet. For all 
measurements, the Eclipse Tangent 1 fitting method was used. TGA was 
performed using a TA instruments SDT Q600. The experiment was done 
in an open alumina crucible using continuous argon gas flow. The 
sample was ramped from 0 to 1000 ◦C at a ramp rate of 20 ◦C/min. From 
the TGA measurements grafting density was also calculated using the 
value of the organic weight loss. The surface area to calculate grafting 
density was calculated using the Brunauer-Emmett-Teller (BET) method. 
The surface area calculated was 31.1 ± 8.4 m2/g. A Quantachrome Nova 
2000e surface area analyzer was used for this measurement. FTIR was 
performed using a Thermo-fisher scientific i10 Nicolet FTIR. The scans 
were performed from 4000 - 400 cm− 1. 32 scans were performed for 
each sample. 

2.3. Plant growth 

In methods adapted from previous work, several petri dishes were 
filled with cotton wool (Lee et al., 2018). All of the variations of slag 
listed in Table 1 were tested as fertilizer. 20 seeds were grown for each 
variation of BOS slag in order to replicate the testing and be able to 
reduce error. A control sample of seeds was also grown, planted without 
BOS slag. The deposits of BOS slag were spaced 1 cm away from the next. 
Each deposit of BOS slag was weighed out using an analytical balance. 
The seeds were soaked in distilled water overnight before planting, as 
the producer of the seeds recommended. The planted seeds were placed 
in a dark drawer with no light. Distilled water (1 mL) was then placed on 
each seed for 8 days. In one instance, cereal wheat was also watered 
using rainwater (1 mL) to examine the effect of rainwater on cereal 
wheat seed growth. The pH of the water was measured using a Mettler 
Toledo Fivego pH meter. After the analysis was completed, the plant 
samples were digested using aqua regia in line with a previously 

Table 1 
Summary of samples and BOS slag dosage used.  

Sample 
number 

Sample 
functionalization 

BOS: 
carboxylic 
acid ratio 

BOS Slag 
dosage 
(mg) 

Qualitative visual 
growth rating 
system (Lee et al., 
2018) 

1 No BOS slag N/A 0 No change 
2 Unfunctionalized 

BOS slag 
N/A 1.0 Very little to 

almost no root 
3 Isosteric acid 1:1 1.0 Short root, no 

shoot 
4 Isosteric acid 1:1.25 1.0 Medium length 

root, no shoot 
5 Isosteric acid 1:1.5 1.0 Shoot (<1 cm) 
6 Lauric acid 1:1 1.0 Shoot (<3 cm) 
7 Lauric acid 1:1.25 1.0 Shoot (<5 cm) 
8 Lauric acid 1:1.5 1.0 Shoot (<7 cm) 
9 Lanolin 1:2 1.0 Shoot (<9 cm) 
10 Lanolin 1:3 1.0 Shoot (<11 cm) 
11 Lanolin 1:5 1.0 Shoot (<13 cm) 
12 Cysteic acid 1:1 1.0 Shoot (<15 cm) 
13 Cysteic acid 1:1.25 1.0 Shoot (<17 cm) 
14 Cysteic acid 1:1.5 1.0 N/A  

L.V. Fisher and A.R. Barron                                                                                                                                                                                                                  



Resources, Conservation & Recycling Advances 15 (2022) 200092

3

reported method (Rodushkin et al., 1999). The digested plant samples 
were then analyzed using microwave plasma atomic emission spec-
troscopy (MP-AES). An Agilent 4200 MP-AES was used for the analysis. 
Analytical reference standards were used, and the analysis was cali-
brated for a range of 0–20 ppm. All elements were calibrated using this 
range. Optical microscopy was also used to look at the plants and roots, 
and a Keyance VHX1000 was used for this work. The plant height data 
was statistically analyzed using a one-way analysis of variance (ANOVA) 
test with a Tukey post hoc test if required. The analysis was performed 
using Origin Pro 8.5 Software (Kaufmann and Schering, 2007). 

3. Results and discussion 

3.1. Optical microscopy 

As shown from Fig. 1, the optical micrograph of the BOS slag shows a 
particularly rough heterogeneous texture. The image also demonstrates 
the material’s porous nature, as a large pore can be seen in the top right- 
hand corner. It can be seen that dispersed within the material; several 
inclusions were consistent with iron oxide formed upon long-term 
exposure to air. Several small white particles throughout the material 
are consistent with CaCO3 or CaSiO3 since it is known that they repre-
sent a significant component of BOS slag (Fisher and Barron, 2021a; 
Mallick, 2018). 

3.2. Plant growth 

Images of the plant growth can be seen in Fig. 2, where a noticeable 
difference occurs between days 1, 4 and 8. On day 1, there was no 
change to the seeds as they had not had time to absorb the water yet and 
initiate the germination process, but the BOS slag deposits can be visibly 
seen underneath the seeds. By day 4, the seeds have germinated and 
sprouted roots and begun to grow a shoot, but the shoot is still very short 
in all cases. There is an apparent variance in the rate that the seeds 
germinate, as only some of the seeds can be visibly seen to have roots; 
this is due to the stochastic nature of the seeds. By day 8, it can be seen 
that all samples have grown a healthy green shoot. The shoot lengths do 
vary; however, the trends of variance in shoot length continued to be 
exhibited as there seemed to be a trend of seeds that germinated later, 
not being able to grow an as large shoot by day 8. For example, some of 
the plants in sample sets 10 and 11. The appearance of the plants is 
similar to that of plants seen in previous work (Lee et al., 2018). 

3.3. Mass gain from plants 

A plot of plant mass as a function of growth day is shown in Fig. 3. 
For the reference sample (i.e., no slag), the most significant rate of 

Fig. 1. Optical microscopy image of BOS slag used in the study (×200).  

Fig. 2. Photographic images of the plant growth are shown on days 1, 4 and 8. 
The sample numbers correspond to those in Table 1. 
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change of mass was on day 2, whereas for the unfunctionalized BOS slag 
sample, the greatest change occurred on day 3. For all other samples, it 
can be seen that the day on which the most mass gain occurs varies 
between days 2 and 3 for the samples. The large standard deviation bars 
show much statistical variability between the seed’s mass gain rates. 

3.4. Average height of plants 

Fig. 4 shows the average height of the seeds in each sample set on the 
final day (day 8). The standard deviation error bars for all the samples 
seem to be of similar height; the variation in plant heights has been 
caused by the natural variations in the plant seeds. When the sample set 
of plants grown with no slag and the samples grown with slag are 

compared, it can be seen there is a significantly better amount of growth, 
suggesting that the slag has worked well as fertilizer (Branca et al., 
2014). The samples containing lanolin have performed the best, with a 
small number of the samples managing to grow over 12 cm in length (see 
Fig. 2 and 4). Samples containing lauric acid have managed to grow a 
significant amount. The similarity between lanolin and steric acid is 
reasonable given that lanolin is a sterol ester (even though it was 
traditionally called "wool fat") of various C12–C24 carboxylic acids. 
Thus, lanolin, a side product from wool production, has been shown to 
act as a "hidden" source of long-chain carboxylic acids, c.f., lauric acid 
(Fisher and Barron, 2021b). 

An ANOVA test was conducted across all samples to see if the slag 
variants significantly affected the plant growth height. The p-value used 
for the analysis was 0.05. The calculated p-value was 0.02, meaning the 
difference between the groups is statistically significant. The calculated 
values can be viewed below in Tables 2 and 3. A Tukey post hoc analysis 
test was performed in order to find out between which groups the 
samples were significantly different. The only samples that were 
significantly different from each other were Lanolin 1:3 and Isostearic 
acid 1:1. This comparison had a p-value of 0.05. However, none of the 
other samples compared were seen as being statistically different. 

Fig. 3. Plots of seed mass gain as a function of time (days) for samples 
dispersed in DI water. Error bars represent one standard deviation. 

Fig. 4. Plot of average plant height after 8 days for all samples studied. Error 
bars represent one standard deviation. 

Table 2 
ANOVA variance table for all samples.  

Sample number Sample functionalization BOS:carboxylic acid ratio Count Sum Average Variance 

1 No BOS slag N/A 20 132.20 6.61 4.52 
2 Unfunctionalized BOS slag N/A 20 151.40 7.57 2.79 
3 Isostearic acid 1:1 20 124.40 6.22 8.07 
4 Isostearic acid 1:1.25 20 147.50 7.38 6.41 
5 Isosteric acid 1:1.5 20 146.30 7.32 4.27 
6 Lauric acid 1:1 20 169.30 8.47 10.92 
7 Lauric acid 1:1.25 20 144.60 7.23 5.59 
8 Lauric acid 1:1.5 20 155.00 7.75 10.27 
9 Lanolin 1:2 20 180.30 9.02 13.40 
10 Lanolin 1:3 20 183.30 9.17 6.51 
11 Lanolin 1:5 20 165.50 8.28 9.85 
12 Cysteic acid 1:1 20 132.70 6.64 10.00 
13 Cysteic acid 1:1.25 20 152.80 7.64 6.24 
14 Cysteic acid 1:1.5 20 146.60 7.33 6.24  

Table 3 
ANOVA summary table of calculated values for all samples.  

Source of Variation SS df MS F P-value F crit 

Between Groups 196.70 13.00 15.13 2.02 0.02 1.76 
Within Groups 1996.32 266.00 7.50    
Total 2193.02 279.00      

Fig. 5. Plot of mean germination rate (GR) for samples studied. Error bar 
represents one standard deviation. 
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3.5. Germination rate 

The germination rate (GR) was observed to be similar for all the slag 
samples (Fig. 5), although the GR for the sample grown with no slag 
(0.92 day− 1) is faster than that for the unfunctionalized BOS slag (0.66 
day− 1). This suggests that the presence of BOS slag inhibits germination. 
Nevertheless, the functionalized slag samples perform better than 
unfunctionalized. While the standard deviation bars are large, the hy-
drophobic functionalized slag samples (isosteric, lauric and lanolin) 
show a decreasing germination rate with increasing functionality (and 
hence hydrophobicity). The MGT in Fig. 6 is in line with the GR as it 
shows that samples with a slower rate of germination took longer to 
germinate. 

3.6. Composite visual score graphs (CVS) 

The CVS graphs in Fig. 7 show that all the samples seem to grow at a 
similar rate, as all the graphs seem to follow a similar S-like curve 
pattern. On days 3–6 for most samples, the error bars from standard 
deviation on most of the samples are small, showing that there is little to 
no variance in the growth of the plants in the middle of the growing 
stage. However, past day 6, it can be seen that large error bars are saying 
that there is variance in how well the plants perform beyond this point. 
This is again due to the variance between the different cereal wheat 
seeds. If the no slag sample and unfunctionalized sample are compared, 
it can be seen that they follow a similar rate of growth. 

3.7. Microwave plasma atomic emission spectroscopy (MP-AES) 

Although BOS slag is predominantly calcium silicates, iron oxides, 
and aluminum silicates, it contains a wide range of trace elements 
(Fisher and Barron, 2021a), some of which may be undesirable to be 
up-taken into plants. In order to determine the effects of the slag on the 
plants, MP-AES was employed, and the results are shown in Table 4. 

Notably, there appears to be no statistical change in the presence of 
Al, Mg, Mn, and Zn between samples with slag and the reference without 
slag. In contrast, P shows a slight decrease in uptake for all the slag 
samples compared to the reference, while Si is slightly increased; how-
ever, the ubiquitous nature of silicon makes analysis difficult (Doostdar 
et al., 2011). There is a marked increase in Cu for the sample grown on 
raw slag but no effect on the functionalized slag samples. We propose 
that the carboxylic acid covalent functionality on the surface (Bethley 
et al., 1997; Koide and Barron, 1995) inhibits its leaching out of the slag. 
Interestingly, Fe is seen to leach out of the unfunctionalized slag but not 
the hydrophobic versions. Finally, an increase in Ca is found in all the 
plants grown on the unfunctionalized and hydrophobic slags compared 
to the reference sample and plants grown with hydrophilic functional-
ized slag (i.e., cysteic acid functionalized). 

Fig. 8 shows an optical microscopy image of a plant root from the 

unfunctionalized sample set that has been watered with DI water. It can 
be seen that in the root, there is a black particle, which could be particles 
of the slag entrained. 

3.8. Functionality versus growth 

From the data, it can be said that the BOS slag had a positive effect on 
the growth of the cereal wheat seeds. This is because of the high amount 
of Ca present in the BOS slag samples, an essential mineral for plant 
growth, which assists with cell structure, elongation, and division 
(Hepler, 2005). Between the unfunctionalized and functionalized slags, 
it was found that the best fertilizer for the plants was BOS slag func-
tionalized with lanolin in a 1:3 ratio. This sample set was seen to have 
the highest average height overall, with 9.17 cm. The highest mass gain 
for this seed was seen on day 2, with the GR rate being slower also. This 
sample also has a higher amount of Fe (Table 4), a slight increase in Al, 
retention of Mg, but no increase of undesirable elements. Al has been 
previously reported to increase root growth in low concentrations 
(Uchida, 2000). In previous studies, Fe has been shown to encourage 
plant enzyme production and speed up the metabolism of the plants 
(Rout and Sahoo, 2015). Mg also contributes to enzyme activity in plants 
(Shaul, 2002). 

The increased mass gain of the sample on day 2 may be due to the 
high Ca content recorded by the MP-AES measurements at 0.68 ppm. 
This suggests that the high Ca content encourages faster cell structure 
formation and cell elongation leading to the mass gain on day 2. It can be 
said that the lanolin component of the sample also played a role in the 
increased plant growth. Lanolin is a natural lubricant and has been used 
in plant research as a carrier for plant growth regulators (Wu et al., 
2020; Lv et al., 2021; Redemann et al., 1950). The lanolin does not have 
a physiological effect on the plant tissue but instead allows the easier 
transport of nutrients towards the seed. 

3.9. Distilled water versus rainwater 

Fig. 9 shows images comparing the plants grown with no BOS slag, 
with unfunctionalized BOS slag watered with distilled water (DI water) 
and unfunctionalized BOS slag watered with rainwater. It can be seen 
that there is no noticeable difference between the seeds on day 1 as the 
seeds have not yet had enough time to absorb water and germinate. On 
day 4, all sample sets have evidence of considerable root growth, with 
some shoots being present. On day 8, it can be seen that all the samples 
set have grown a considerable shoot with there being some variation in 
the height of the plants. 

Fig. 10 shows the mass gain of the 3 sample sets over a 4-day period, 
where it can be seen that there is the most significant mass gain by the 
rainwater sample set on day 3. This follows a similar pattern to the other 
samples fertilized with BOS slag. The sample grown without any BOS 
slag being present had the best growth rate on day 2. However, the 
average height data in Fig. 11 shows that the sample set watered with DI 
water performed better during the height measurements than the sample 
watered with rainwater. It can also be seen that the sample set grown 
with no BOS slag performed better in the height measurements. 

Nevertheless, it can be seen from the variance in the standard devi-
ation error bars on the graph that, in some cases, the samples did grow to 
be taller than the sample set with no BOS slag. The samples were again 
subjected to ANOVA analysis with a p-value of 0.05. The calculated p- 
value for the variance between samples was 0.083, suggesting no sig-
nificant statistical difference between the samples and, therefore, no 
difference between the samples grown with rainwater vs DI water. The 
ANOVA summary data can be seen in Tables 5 and 6. 

Samples watered with rainwater have germinated faster than those 
watered with DI water but not as fast as the sample set grown with no 
BOS slag, as shown in Fig. 12. The GR of the DI water unfunctionalized 
sample was 0.66 day− 1, and the rainwater sample was 0.79 day− 1. So, 
with the addition of rainwater watering, it can be said that the addition 

Fig. 6. Plot of mean germination time (MGT) for samples studied. Error bar 
represents one standard deviation. 
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Fig. 7. Plots (a-n) of composite visual growth scores (CVS) for samples studied. Error bars represent one standard deviation.  
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of rainwater increases the GR rate. The MGT graph in Fig. 13 shows that 
rainwater samples germinated faster than the sample watered with DI 
water. 

The CVS graph depicting the growth of the sample watered with 
rainwater is shown in Fig. 14 and can be seen to follow an S like pattern 
where the rate of change is rapid towards the start, slower towards the 
middle. Then the change begins to happen faster again towards day 8. 
Nevertheless, there is a significant variance between the different sam-
ples in the sample set, as seen in the standard deviation error bars on the 
graph. 

In the MP-AES data shown in Table 7, it may be seen that the 
elemental uptake is generally directly proportional to the composition of 
the water source. The exception is that the high Ca content in rainwater 
is not replicated by the uptake for the sample with unfunctionalized slag, 
suggesting that the Ca is absorbed onto the slag rather than the plant. In 
contrast, there is also a direct correlation with DI water, except that Cu is 
leached from the slag into the plants. 

We note that the calcium content of the rainwater was measured as 

having a value of 12.35 ppm, not in line with previous data recorded for 
rainwater from the South Wales area. Previous recordings of Rainwater 
in South Wales have had readings ranging between 0.085–0.448 ppm 
(DEFRA 2021). This suggests that when the rainwater fell, the precipi-
tation had been transported from an area with high calcium levels in the 
rainwater. 

It was found that the rainwater had a pH reading of 6.89, and the DI 
water had a pH reading of 7.03. When the data is compared of samples 
watered with rainwater and samples watered with DI water, it is clear 
that the DI water was better for plant growth as these plants grew taller 
and germinated faster than the other plants. This suggests that high 
levels of Ca can inhibit plant growth. This has previously been reported 
that growth is inhibited when cereal wheat is grown with Ca in a 500 μg/ 
mL concentration (He et al., 2018). This is due to calcium toxicity, which 
has previously been reported when excess calcium is detected within the 
rhizosphere, the area around the roots, then plant growth rates and 
germination rates are inhibited (White and Broadley, 2003). 

4. Conclusions 

Overall it can be concluded that the BOS slag worked well as a fer-
tilizer for the samples. This can be seen from the fact that after day 8, a 
large proportion of the sample sets grew taller than the control set grown 
with no BOS slag. This can be due to the Ca and Fe nutrients that the BOS 
slag has provided to the cereal wheat seed. It could be seen that samples 
functionalized with carboxylic acids to become hydrophobic worked the 
best because of the water reservoir created around the rhizosphere by 
the hydrophobic slag; this is in line with previous reports (Lee et al., 
2018). The data also shows that the sample functionalized with cysteic 
acid did not work as well as fertilizer due to the hydrophilic water-loving 
nature of the sample, where the water may have been absorbed too 
quickly by the slag before the seed sample had enough time to absorb the 
water. We propose that the use of lanolin makes a viable reagent as a low 
cost sustainable hydrophobic functionalization for BOS slag. It must be 
noted that the ANOVA tests showed that none of the results were sta-
tistically significant. This may suggest that there is no relationship be-
tween the BOS slag as fertilizer or that the sample size for the experiment 

Fig. 8. Optical microscopy image of sample 2 plant root (×200).  

Table 4 
MP-AES data for all samples. The error represents one standard deviation.  

Sample 
number 

Sample Al(ppm) Ca(ppm) Cu(ppm) Fe(ppm) K(ppm) Mg(ppm) Mn(ppm) P(ppm) Si(ppm) Zn(ppm) 

1 No BOS slag 0.03 ±
0.01 

0.18 ±
0.04 

0.02 
±0.01 

0.12 ±
0.12 

1.48 ±
0.06 

0.52 ±
0.11 

0.04 ±
0.01 

1.47 ±
0.19 

0.05 ±
0.02 

0.02 ±
0.01 

2 Unfunctionalized BOS 
slag 

0.04 ±
0.02 

0.35 ±
0.05 

0.52 ±
0.22 

0.21 ±
0.10 

1.34 ±
0.06 

0.45 ±
0.06 

0.03 ±
0.01 

1.29 ±
0.09 

0.10 ±
0.03 

0.05 ±
0.02 

3 Isostearic acid 1:1 0.06 ±
0.01 

0.27 ±
0.04 

0.08 ±
0.06 

0.01 ±
0.01 

1.28 ±
0.16 

0.45 ±
0.07 

0.02 ±
0.01 

1.29 ±
0.24 

0.08 ±
0.01 

0.02 ±
0.01 

4 Isostearic acid 1:1.25 0.18 
±0.16 

0.53 ±
0.32 

0.07 ±
0.03 

0.36 ±
0.01 

2.80 ±
2.22 

0.45 ±
0.04 

0.04 ±
0.02 

1.12 ±
0.05 

0.28 ±
0.24 

0.03 ±
0.03 

5 Isostearic acid 1:1.5 0.11 ±
0.1 

0.39 ±
0.11 

0.08 ±
0.04 

0.14 ±
0.01 

1.35 ±
0.08 

0.47 ±
0.01 

0.02 ± 0 1.30 ±
0.05 

0.14 ±
0.08 

0.02 ±
0.01 

6 Lauric acid 1:1 0.03 ±
0.01 

0.28 ±
0.06 

0.08 ±
0.09 

0.14 ±
0.07 

1.25 ±
0.09 

0.40 ±
0.02 

0.02 ±
0.01 

1.15 ±
0.07 

0.07 ±
0.01 

0.05 ±
0.05 

7 Lauric acid 1:1.25 0.08 ±
0.08 

0.37 ±
0.22 

0.02 ±
0.01 

0.31 ±
0.33 

1.38 ±
0.14 

0.41 ±
0.09 

0.06 ±
0.05 

1.14 ±
0.05 

0.09 ±
0.07 

0.03 ±
0.02 

8 Lauric acid 1:1.5 0.09 ±
0.01 

0.52 ±
0.29 

0.05 ±
0.03 

0.34 ±
0.32 

1.58 ±
0.49 

0.53 ±
0.12 

0.05 ±
0.03 

1.38 ±
0.05 

0.13 ±
0.07 

0.04 ±
0.02 

9 Lanolin 1:2 0.03 ±
0.01 

0.30 ±
0.02 

0.02 ±
0.01 

0.11 ±
0.03 

1.13 ±
0.04 

0.36 ±
0.05 

0.02 ±
0.01 

0.99 ±
0.08 

0.08 ±
0.03 

0.02 ± 0 

10 Lanolin 1:3 0.08 ±
0.07 

0.68 ±
0.56 

0.01 ±
0.01 

0.37 ±
0.37 

1.22 ±
0.18 

0.60 ±
0.19 

0.06 ±
0.05 

1.30 ±
0.09 

0.14 ±
0.10 

0.03 ±
0.01 

11 Lanolin 1:5 0.05 ±
0.02 

0.38 ±
0.04 

0.01 ±
0.01 

0.15 ±
0.04 

1.48 ±
0.01 

0.55 ±
0.01 

0.04 ±
0.02 

1.37 ±
0.06 

0.10 ±
0.01 

0.02 ±
0.01 

12 Cysteic acid 1:1 0.01 ± 0 0.18 ±
0.02 

0.01 ±
0.01 

0.02 ±
0.01 

1.02 ±
0.13 

0.32 ±
0.03 

0.01 ± 0 0.84 ±
0.10 

0.03 ±
0.01 

0.00 ±
0.01 

13 Cysteic acid 1:1.25 0.02 ±
0.01 

0.17 ±
0.05 

0.01 ±
0.01 

0.05 ±
0.02 

1.50 ±
0.27 

0.45 ±
0.02 

0.01 ±
0.01 

1.30 ±
0.19 

0.03 ±
0.01 

0.02 ±
0.01 

14 Cysteic acid 1:1.5 0.01 ±
0.01 

0.14 
±0.02 

0.01 ±
0.01 

0.02 ±
0.01 

1.61 ±
0.05 

0.51 ±
0.01 

0.01 ± 0 1.45 ±
0.07 

0.03 ±
0.01 

0.01 ±
0.01  
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was not large enough to gather enough data on the effects of the BOS 
slag on the cereal wheat seed. 

If BOS slag is to be used as fertilizer, it should be noted that the 

concentration of heavy metals, e.g. V and Cr, in the BOS slag should be 
screened to check that the concentration is not over the limit and will 
not do harm to the environment around it. In this case, DI water pro-
duced the best results instead of rainwater due to the high Ca content of 
the rainwater, which may have caused calcium toxicity to occur in the 
seed, meaning that the growth of the sample was potentially stunted. 
This research can be useful in arid regions where water is scarce and is 
absorbed too quickly by the soil for the seed to get the full benefit, as a 
hydrophobic layer of slag can be used to create a water reservoir that 
would provide both water and nutrients to the seed. 
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Fig. 9. Photographic images of the plant growth shown on days 1, 4 and 8 for 
Sample 1 (no slag), sample 2 (unfunctionalized slag with DI water), and sample 
3 (unfunctionalized slag with rainwater). 

Fig. 10. Plots of seed mass gain as a function of time (days). Error bars 
represent one standard deviation. 

Fig. 11. Plot of average plant height after 8 days for all samples studied. Error 
bars represent one standard deviation. 

Table 5 
ANOVA variance table for No slag, Unfunctionalized slag and Unfunctionalized 
slag with rainwater.  

Groups Count Sum Average Variance 

No slag 20.00 132.20 6.61 4.52 
Unfunctionalized slag 20.00 151.40 7.57 2.79 
Rainwater 20.00 115.40 5.77 11.44  

Table 6 
ANOVA summary table of calculated values for No slag, Unfunctionalized slag 
and Unfunctionalized slag with rainwater.  

Source of Variation SS df MS F P-value F crit 

Between Groups 32.45 2.00 16.22 2.60 0.08 3.16 
Within Groups 356.32 57.00 6.25           

Total 388.77 59.00      

Fig. 12. Plot of mean germination rate (GR) for samples studied. Error bar 
represents one standard deviation. 

Fig. 13. Plot of mean germination time (MGT) for samples studied. Error bar 
represents one standard deviation. 
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the work reported in this paper. 
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