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A B S T R A C T   

Some areas in Johannesburg abounds with mine wastes namely, acid mine drainage (AMD) as 
well as fly ash (FA), which are by-products of gold mining and coal burning, respectively. Studies 
show that a solution formed through mixing these wastes neutralises the acidity of AMD and is an 
alternative source of irrigation. While studies show improved growth and yield of plants irrigated 
with fly ash-amended AMD, there are rarely sufficient studies conducted in South Africa showing 
evidence of altered pH of AMD and that food crops irrigated with fly ash-amended AMD exhibit 
improved concentration of essential nutrient elements. In this study, AMD was sourced from a 
gold mine in Johannesburg and fly ash collected from a coal-burning power station in the 
Mpumalanga Province, mixed at 1:0, 1:1, and 3:1 (w/v) of fly ash to AMD and used to irrigate 
potatoes. The objective was to assess whether the solutions of FA-amended AMD alter the pH of 
the AMD and to evaluate if irrigating potatoes with the aforementioned improve the concentra-
tion of essential nutrient elements and heavy metals in the tubers. Results show that the pH of 
AMD was increased in the 1:0 and 1:1 solutions but decreased in the 3:1 solution. The concen-
trations of Pb and Co were decreased in tubers irrigated with the 50 % AMD and 75 % AMD while 
that of Ni and Cd were markedly increased in tubers irrigated with solutions of fly ash-amended 
AMD. In the main, the potato tubers exhibited significantly higher concentrations of Al, Mo, Cu, 
Ca, Mg, and Zn when irrigated with fly-ash-amended AMD. The pH range levels from FA-AMD 
treated samples were within the acceptable pH range (5.5–6.5) which is acceptable for water 
that could be used for irrigation of crops. Also, the decreased Co and Pb and improved concen-
tration of essential nutrient elements indicate that the constituents absorbed large quantities of 
the heavy metals while releasing the nutrients. In conclusion, the selected fly ash has proven as an 
alternative low-cost readily-available, affordable, and accessible adsorbent that neutralize the 
acidity of AMD, decrease the concentration of heavy metals, and increase the concentration of 
essential nutrient elements. Importantly, the liming potential among other traits of the fly ash 
improved the quality of the AMD such that the wastes were proven in this study suitable to 
irrigate potatoes.   

1. Introduction 

Across the world, freshwater is sourced from rainfall, groundwater, and rivers. In South Africa, the aforementioned sources of 
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freshwater contribute less than that required, making it a water-scarce country and as a result, the country is projected to experience 
critical shortage of freshwater soon [1]. The largest volume of South Africa’s scarce freshwater is used by households and for irrigation; 
however, its safety is challenged largely by contamination [2], followed by other factors including high populace advancement rates, 
industrialization, and urbanization [3–5]. 

Pollutants that contribute to the largest contamination of freshwater, especially in areas around the Johannesburg area of South 
Africa are from mining activities [6,7]. In particular, after exhaustion of mineral resources in a mine, the mined area should be 
rehabilitated properly. Should it not, rocks composed of hazardous minerals including pyrite disintegrate to form acid mine drainage 
(AMD) [8–11]. AMD lead to the solubility, mobility, and release of toxic metals into surrounding areas and contaminate water bodies 
and soils [12]. In the case of neglected mines, the burden of rehabilitation of mines often falls to the state [13], which has failed to 
address the challenge effectively. As a result, scholarly studies reveal that topsoil near defunct mines exhibit high concentration of 
toxic elements, high acidity, and salinity [14–17]. 

Some studies show that a solution formed through mixing FA with AMD exhibit relatively lower pH and concentrations of heavy 
metals but increased availability of essential nutrient elements [14]. However, the aforementioned benefits are associated with the 
weight of the FA and temperature, among other factors [15]. Results of research studies conducted in the Gauteng Province of South 
Africa, particularly that which assessed whether fly ash-amended AMD is suitable for irrigating food crops and increasing the quality of 
food crops is promising [16,17]. However, currently, there is rarely sufficient studies that assessed whether fly ash-amended AMD alter 
the pH of the solution as well as the concentration of heavy metals and essential nutrient elements in tubers of potatoes. This study is 
intend to contribute knowledge to this gap through evaluating the effect of different ratios of flay ash to AMD on the pH as well as the 
concentration of selected heavy metals and essential nutrient elements in tubers of potato cultivars. 

1.1. The rationale of the study 

Freshwater generated in South Africa is largely partitioned for agricultural activities, game and cattle grazing, industrial, mining, 
power generation, and domestic use, however, the largest volume is diverted to sustain electricity generation. Irrigation is allocated 
the least volume, which is restricted by water cuts and tight regulation by the Water and Sanitation Department. The scarcity of 
freshwater meant for use in irrigation has motivated researchers and farmers to search for alternative water sources. Of alternatives is 
reclaimed sewage water as well as treat acid mine drainage. Of these, literature has largely focussed on the effect of acid mine water 
given that it is a common occurrence and make a significant negative effect on water bodies in the Gauteng Province of South Africa 
[18]. When assessed for irrigation, AMD is amended with various products including fly ash. This study seeks to establish whether 
AMD mixed with fly ash, is suitable for use to irrigate potatoes and to establish whether it has effects on the biochemical composition 
and physiological aspects of potatoes. 

When plants are irrigated with water that is contaminated by toxic elements, the mechanisms they adopt to tolerate them differ 
between species or genotypes of the same plant species. So far, no scholarly study has assessed whether selected cultivars of potato, 
among that sold in South Africa, grown under irrigation with fly-ash-amended AMD have ability to tolerate the toxic elements. 
Therefore, this study aimed to evaluate the response of two cultivars of potato (Fianna and Lady rosetta), established under irrigation 
with acid mine drainage water mixed with fly ash (loaded with HMs). The objective of the study was to determine concentration of 
essential and heavy metals in the cultivars of potato grown in FA-amended growth media. 

Since wastewater is a rich source of nutrients for crop growth and extra water for crop production, it is widely used in agriculture in 
most developing counties. Additionally, wastewater is more dependable than surface water because it is continuously available from 
treatment facilities and local sources, allowing farmers to cultivate more crops all year long and increasing cropping intensity and 
output. To maintain crop productivity and lessen water scarcity and shortages, wastewater irrigation is essential. The main objective of 
this research was to determine if the toxicity of AMD can be decreased to use it for irrigation purposes. 

2. Materials and methods 

2.1. Preparation of samples 

The AMD used in the experiments was collected from one of South Africa’s gold-producing mines, located in the Randfontein area, 
in the Gauteng Province of South Africa while the FA was sourced from one of ESKOM’s power generation plants in the Mpumalanga 
Province of South Africa. The AMD was mixed with FA (FA-treated AMD) in different irrigation ratios (w/v) of 1:1 (80 g FA and 800 mL 
AMD), 3:1 (quote in g and mL) while the untreated AMD and the control was prepared in ratios of 1:0 (800 mL) and 0:0 (0 g FA and 0 
mL tap water), respectively. Therefore, this study involved these treatments: control, 1:0, 1:1, and 3:1. Each FA:AMD irrigation so-
lution (FA-treated AMD) was mixed in a 220 L barrel [19,20], and mixed thoroughly for 30 min, using a stirrer. A benchtop pH meter 
(model: ADWA AD 1020, Hungary) was used to measure pH, as described by Takahashi et al. [21], at various predetermined time 
intervals and temperatures [22]. 

2.2. Determination of concentration of metals in potato tuber, soil and water 

Soil samples were digested using the reference method by the EPA 3050B (acid digestion of sediments, sludges, and soils). About 1 g 
of dried potato tuber and soil samples was weighed and milled into a medium wall digestion tube (4IS 0 mm id × 276 mmm length). 
About 15 mL of concentrated Nitric Acid (65 %) (Merck, South Africa) was added into the vessels with the samples. Water samples 
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were digested using the reference method by the EPA 3015B (Microwave assisted acid digestion of aqueous samples and extracts). A 
40 mL aliquot of a homogenized and well-shaken material was measured using a suitable volumetric measuring. Three replicates’ 
samples were taken for each sample. About 15 mL of concentrated nitric acid (65 %) (Merck, South Africa) was added to the vessels 
with the water samples. The vessels contained a quantified vertical blast/safety bolt design that ensures samples to be closed 
completely which ensure the digestion vessel be sealed completely under normal working conditions. 

Concentration of toxic metals was measured in potato tubers, soil and water samples through using the microwave digestion system 
(MDS-6G, Sineo Microwave Chemistry Technology China), as reported by Ref. [23]. Digestion vessels were soaked in hot hydrochloric 
acid (1:1) for 2 h, rinsed with deionized water, and weighed. For the water samples, 45 mL of each was transferred to a vessel and 5 mL 
of concentrated HNO3 added. Prior to allowing cooling, for 30 min at 200 ◦C. Jars were allowed to cool for 5 min before removing from 
the microwave. After removal from the microwave, samples were allowed to cool in a water bath at 25 ◦C in vessels. Thereafter, 
digested material was filtered, using Whatman #4 filter paper into volumetric flasks, and contents filled to the 30 mL mark. The 
concentration of Cd, Pb, Zn, and Ni were determined using Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 
(Agilent 5800 ICP-OES, USA). The ICP-OES principle relies on those excited atoms releasing light at specific wavelengths as they 
transition to a lower energy level [23]. 

2.3. Analysis of fly ash and fly ash sludge 

Fresh fly ash, 50 % FA:AMD and 75 % FA:AMD FA samples were collected into zipper sample plastic bags. The concentration of 
macronutrients and major constituents of the FA were determined using plasma atomic emission spectrometer (ICPE-9820) (Shi-
madzu, Japan). From each sample, 1 g was put into, followed by digestion in 9 mL of concentrated nitric acid and 2 mL of hydrogen 
peroxide. Hydrofluoric and hydrochloric acids were among other acid and reagent combinations used in the procedure. Thereafter, the 
vessels were placed and heated in microwave vessels, at 180 ◦C, for 30 min, followed by cooling, for 60 min [24]. 

2.4. Experimental set-up 

The plants were grown in a greenhouse located at the Florida Science campus of the University of South Africa (26◦ 10′ 30″S, 27◦ 55′ 
22.8″ E) where only temperature was controlled, kept at15-30 ◦C. Nutrient elements in the soil samples were determined at the 
Agricultural Research Council, Institute for Soil, Climate and Water (ARC-ISWC) in Pretoria (25◦ 44′ 19.4 S ″ 28◦ 12′ 26.4″ E). The 
growth media comprised topsoil, river sand, and vermiculite in the ratio 3:1:1 (v/v/v). Certified seeds of two cultivars, Lady rosetta 
(determinate) and Fianna (indeterminate), were obtained from First Potato Dynamics in Western Cape Province and stored at the 
National Potato Co-op (Nationale Aartappelkantoor (NAK)), Bethal, in the Mpumalanga Province. Seed tubers were first stored at a 
temperature of 3 ◦C and later transferred to 15 ◦C at 14-day intervals. The design of the pot experiment was completely randomized, 
with each treatment replicated five (5) times. One seedling was grown in each experimental pot and treatments constituted of: a 

Fig. 1(A–D). The pH of FA: AMD ratios (A). The turbidity of FA: AMD ratios (B). Total dissolved solids (mg/L) of FA: AMD ratios (C). Electrical 
conductivity (EC) of FA: AMD ratios (D). 
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control, 1:0, 1:1, and 3:1. Plants were well irrigated before the imposition of the treatments. Irrigation treatments were executed two 
weeks after seedling establishment. Plants were harvested during the maturity stage, at 90 days after planting. 

2.5. Data analysis 

A T-test was conducted to determine differences between two potato cultivars (Fianna and Lady rosetta) to AMD treatments. The F- 
test for homogeneity of variances showed significant differences for the parameters, thus separate analysis was done for the seasons. 
All parameters (PIXI) and elementary analysis were compared using a two-way ANOVA. All parameters (potato tubers, soil, sludge, and 
water samples) and measurements were tested at a p < 0.05 significance level using the Duncan’s Multiple Test Range to separate 
means. Statistica v. 10, StatSoft (USA) software was used for all statistical analysis. 

3. Results and discussion 

3.1. FA impact on pH of AMD 

Results shown in Fig. 1 (B) reveal that adding the fly ash to the AMD significantly increased the pH of control, 50 % FA:AMD, and 
75 % FA:AMD compared to the untreated AMD (100 % AMD). Overall, irrespective of an increase in temperature, the change in pH of 
the FA-treated, observed over the period 5–240 min, was minimal (Fig. 1 (A)). At 18 ◦C, 100 % AMD water exhibited pH 2.88 and 
temperature rose to 27 ◦C, the pH showed no significant differences were recorded on the AMD over 240 min and an average tem-
perature of 22 ◦C (Fig. 1 (A)). While an increase in temperature did not alter the pH of 100 % AMD treatment, that for FA-treated AMD 
(1:1 and 3:1) was significantly increased, which has implications on ion solubility and mobility [25]. 

The changes in pH observed in the FA:AMD treatments were relative to the weight of FA added to the AMD solution and the period 
over which the pH was measured. As shown in Fig. 1 (A), the pH of the FA:AMD ratios were 8.42, 11.45, 9.38, and 2.88 respectively. Of 
the selected temperatures, the 1:1 treatment showed the highest increase in pH compared to the 1:0, and the 0:0 revealed no change in 
pH (Fig. 1 (A)). The study showed significant increase in pH of the 1:1 (9.35) and 3:1 (7.68). A strong buffering capacity, as shown by 
an increase of pH from 2.88 to 9.35, was revealed for 50 % AMD and according to Ref. [26], could be associated with oxidation and 
hydrolysis of Fe2+ which released H+ and delayed rise in pH. 

Of the treatments, that made of AMD plus 50 % FA recorded the highest pH (9.35) while the 3:1 had pH 7.68. Clearly, the weight of 
FA mixed with the AMD played a major role in increasing the pH of the solutions. Matsi and Keramidas [27] confirmed that indeed, the 
pH of a solution formed through adding FA to AMD is increased. 

Hafez et al. [28] explained that the changes in pH of media used for irrigation affect the availability of mineral nutrients, improving 
or supressing their absorption, which has a direct effect on the growth and development of the irrigated crops. While certain plant 
species that grow under certain conditions absorb most essential nutrients at lower or higher pH range, in the main, the pH range of 
4.0–6.5 is the most suitable for uptake of mineral nutrients [29]. Indeed, the pH of a growth media has a direct effect on the solubility 
and therefore availability of essential and non-essential, and harmful nutrient elements, and as shown by Ref. [30], the uptake of Ca 
and Mg were reduced as soil pH declined, while that of Zn, Mn, and Fe increased as soil pH decreased. In particular, when a solution 
used to irrigate crops is acidic, it can improve the mobility and phyto-availability of potentially harmful elements, as shown by a study 
where pH ranged between 2.0 and 3.5 and promoted the mobilization of Al, Fe, and Mn [31]. Studies show that in general, the mobility 
of the aforementioned metals tend to increase as pH of a growth media decreases. Therefore, it can be concluded that in a growth media 
made of fly ash and AMD, the fly ash absorbs the HMs contained in the acid mine drainage. 

3.2. The impacts of turbidity, total dissolved solids, and electric conductivity on the irrigation water 

According to Ref. [32], turbidity is used widely across the world as an indicator of the quality of water. Sludge that forms at outlets 
of water treatment plants can reach high levels and such can be acceptable, as stipulated in current legislation on drinking water [33, 
34] - Edition 2 for drinking water, the microbiological determinants of drinking water quality include Escherichia coli, Faecal coliforms, 
Cryptosporidium species, Giardia species, Total coliforms, and Heterotrophic plate count. Fig. 1(A) could be explained in that, as the weight 
of fly ash was increased, more organic compounds could have been adsorbed on the fly ash sludge. Turbidity scores were recorded for 
all FA:AMD treatments as 0.01, 9.81, 13.18, and 42.00, respectively. This study demonstrates that an increase in fly ash significantly 
affected the turbidity of the AMD water, and these results are supported by that of [35–40]. 

Specifically, as more FA was added, the turbidity of the FA:AMD solution decreased. Fig. 1 (A) showed that the turbidity decreased 
from 42.00 to 13.18, then 9.81 and 0.01 NTU respectively for FA:AMD treatments. The turbidity standard limit for operational use is 
less or equal to 1 and 5 for aesthetic and operational use respectively were reported to be compliant with set limits [33]. Doyle and 
Smart [41] proved that high turbidity of a growth media affects the leaves of plants. Fig. 1 (C) shows the Total Dissolved Solids (TDS) of 
the FA-treated growth media and clearly, the untreated acid mine drainage had the most significant effect on the TDS. Total dissolved 
solids comprise of inorganic minerals and organic matter, along a variety of salts [42]. 

Water that exhibits elevated TDS indicate that it contains aesthetics associated with stains, taste, or precipitation [1]. In the 
broadest sense, TDS values reflect the extent to which water systems are polluted [43]. In this study, the TDS was markedly higher in 
treatment two (2) and the untreated acid mine drainage, compared to control and treatment three (3). Therefore, the solution labelled 
as treatment three (3) in this study, can be considered suitable for irrigation of crops. 

It is important to assess the quality of especially drinking water in order to ensure improved and sustained safety [43]. As seen in 
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Fig. 1 (D), the non-FA-treated acid mine drainage recorded 10.66 mS/ms electrical conductivity. Such high EC may be attributed to the 
high concentration of HMs in the water, as was also described by Ref. [44]. In this study, the result prove that FA can decrease the EC, 
in fact, the FA:AMD ratios both recorded 6.83 and 8.79 mS/cm, respectively, for 1:1 and 3:1. As expected, the control (0 % AMD) 
recorded the least electrical conductivity 5.31 mS/cm (Fig. 1 (D)). A study by Ref. [45] also showed similar results that, EC affects the 
solubility, availability of plant nutrients, and therefore the plant growth and yield. 

3.3. Cadmium (Cd) in AMD and FA-treated AMD treatments 

In this study, the control treatment (0 % AMD) showed 0.010 mg/L Cd, which was significantly (P < 0.001) lower compared to both 
FA-treated AMD (Table 1). This was markedly lower relative to that of the 1:1 and 3:1 treatment, with concentrations of 0.043 mg/L 
and 0.020 mg/L, respectively (Table 1). Most likely, the fly ash absorbed the cadmium ions in the acid mine drainage water. These 
results are supported by that shown in Refs. [35,36,46–49] who found fly ash neutralize AMD and adsorb Cd. 

A growth media that contain a high concentration of cadmium is associated with low concentrations of essential nutrients such as 
Fe, Mn, Ca, Mg, K, and P especially in organs of plants [50–52]. On the other hand, the concentration of Cd determined in the FA-AMD 
solution used to irrigate the potatoes in this study was slightly below that recommended by the South African Water Quality Guidelines 
(DWAF) [53,54]. When available in croplands, gardens or other growth media in especially the range 0.5–10 mg/kg, Cd reduce the 
yields of plant yields. The concentration of that used in this study was within acceptable levels, as reported in Ref. [33]. It can be said 
therefore that the weight of the FA that was weight added to the AMD treatments decreased the availability of Cd in all FA-treated AMD 
treatments to levels that were lower than that of the untreated AMD solution (Table 1). 

There exist standards that guide limits on the concentration of Cd allowable in irrigation water [54], including maximum allowable 
limits of other HMs in water meant for irrigation [33], however, the concentration of Cd in irrigation water should be below 3 μg/L. For 
this study, all the four acid mine drainage treatments had Cd concentrations that were below that stipulated in Ref. [33] standards for 
irrigation water. As shown in Table 1, the concentration of Cd was lower in the irrigation treatments and if used to irrigate plants, they 
would not cause toxicity nor pose a health risk if such plants were to be consumed by humans or animals. 

It has been confirmed that long-term exposure to cadmium leads to renal dysfunction in humans [55–58]. Other researchers also 
confirmed that cadmium also triggers hypertension and osteoporosis and there are few cases of abnormal albuminuria, glycosuria, and 
blood sugar [59,60]. Cadmium is a highly toxic heavy metal that can easily accumulate in crops, leading to chronic toxicity diseases in 
livestock and humans [61]. 

Intriguingly, Cd is readily taken up by plants despite not being an essential nutrient element [62,63]. Das [59,64] note that while 
the exposure and uptake of Cd by plants affect their growth and physiology, however, the effects vary in trait sensitivity to Cd. 
Whatever the case, Cd is not essential for plants and is toxic to plants, when absorbed in high concentrations [65–67]. The Cd 
determined in this study suggest that the solutions can be used for irrigation. 

3.4. Copper (Cu) and aluminum (Al) in AMD and FA-treated AMD treatments 

Table 1 show that adding the fly ash markedly improved the Cu of the FA:AMD treatments, 50 % AMD and 75 % AMD. According to 
the findings by many researchers including [68–70], Cu is needed to support the growth, development, and yield of plants. Their 
research revealed that among other functions, Cu significantly increased the yield (tuber number per plant and mean weight of tuber 
increased) in potatoes. The absorption of Cu by plants, similar to that of other nutrient elements, is affected by many factors including 
soil pH and its concentration present in the soil thereof. It is proven that once inside the plant, Cu is sparingly immobile [71]. In this 
study, the results show that untreated AMD exhibited a substantially higher (P ≤ 0.001) concentration of Cu of 1.01 mg/L compared to 
that of the two FA-treated AMD treatments, 1:1 and 1:3 (Table 1). The findings of [72] are similar to that shown in this study in that the 
results showed that adding limestone to AMD improved the adsorption of metals including Cd, Cu2+, Ni, and Pb2+. Furthermore, 

Table 1 
The concentration of essential and heavy metals in the tuber of potatoes grown under irrigation with AMD mixed with fly ash water.  

Treatment Al Pb Co Ni Mo Cd Cu 

Control 0.20 ± 0.0c 0.02 ± 0.0a 0.03 ± 0.0b 0.02 ± 0.0b 0.01 ± 0.00c 0.01 ± 0.0d 0.06 ± 0.00c 

50 % AMD 0.04 ± 0.0d 0.01 ± 0.0d 0.01 ± 0.0c 2.26 ± 0.0c 0.37 ± 0.00a 0.04 ± 0.1b 0.11 ± 0.00d 

75 % AMD 2.83 ± 0.0b 0.00 ± 0.0c 0.00 ± 0.0d 0.76 ± 0.0d 0.27 ± 0.00b 0.02 ± 0.0c 0.08 ± 0.00b 

100 % AMD 14.73 ± 0.1a 0.33 ± 0.0b 0.64 ± 0.0a 6.48 ± 0.0a 0.00 ± 0.00d 0.16 ± 0.1a 1.01 ± 0.00a 

F-Statistics       
Treatment 78714.67*** 1825513*** 1176442*** 649297.32*** 1265328*** 1253.26*** 652220.22***  

Treatment Fe Ca Mg Zn 
Control 4.50 ± 0.00b 50.00 ± 0.00d 28.33 ± 0.33c 0.73 ± 0.00b 

50 % AMD 0.00 ± 0.00b 462.47 ± 0.03c 20.37 ± 0.23d 7.02 ± 0.00d 

75 % AMD 0.00 ± 0.00b 730.67 ± 0.33a 120.33 ± 1.23b 1.33 ± 0.00c 

100 % AMD 50.67 ± 2.96a 496.67 ± 0.33b 294.00 ± 26.58a 50.56 ± 0.00a 

F-Statistics     
Treatment 1408361*** 1434036*** 116248.41*** 649337.33*** 

Values (Mean ± S.E.) followed by dissimilar letters in a column are significantly different at *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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compared to untreated AMD and FA-treated AMD treatments, the control revealed the lowest concentration of Cu2+. Guidelines 
recommend that the availability of copper ions in irrigation water should not exceed 5 mg/L and not exceed 0.2 mg/L, according to 
ANZECC and ARMCANZ [73] irrigation water guidelines. 

All FA-treated AMD treatments used in this study had Cu2+ levels that were lower than that recommended in the standards, as 
shown by ANZECC and ARMCANZ [73], implying that this irrigation water had appropriate levels of Cu2+ that would not hinder plant 
growth or produce Cu2+ a build-up to unacceptable levels in the plants and substrates. Furthermore, the standard limit for copper in 
drinking water, according to SANS 241:2015 Edition 2, is roughly 2 mg/L. Nonetheless, it is proposed in this study that the fly ash 
absorbed the ions of Cu, and the treated AMD is, therefore, could be considered safe for irrigation, as shown in Table 1. 

The results shown in Fig. 2 (A) show that there was a significant difference of (P ≤ 0.001) in the concentration of Aluminium (Al) in 
the ameliorated and untreated acid mine drainage water. For example, treatment four showed significantly (P ≤ 0.001) higher Al 
(14.73 mg/L) compared to treatments that were ameliorated with FA and control (Table 1). On the other hand, treatment 1 (0 % AMD) 
displayed significant (P ≤ 0.001) lower Al (0.04 mg/L) compared to treatments. All FA-treated AMD treatments, including 1:0, had Al 
significantly (P ≤ 0.001) higher Al compared to the control. According to DWS minimum [54], the standard limit for Al is approxi-
mately 300 μg/L for operational usage. In conclusion, all the FA: AMD ratios meet the minimum standard limits, which proves that the 
FA was able to adsorb the Al ions in the AMD sample. Lastly [74,75], note that Al ions can be adsorbed using fly ash. 

3.5. Nickel (Ni) and cobalt (Co) in AMD and FA-treated AMD treatments 

Irrigation with untreated AMD enhanced the Ni (6.48 mg/L) significantly (P ≤ 0.001) compared to in potato tubers of plants 
irrigated with the FA-amended treatments as well as the control (Table 1). By contrast, the flesh of tubers from plants irrigated using 
75 % AMD had a significantly (P ≤ 0.001) lower Ni (0.76 mg/L) compared to that (2.26 mg/L) supplied with 50 % AMD. The flesh of 
tubers of the potato plants grown under irrigation with all the FA-treated AMD treatments, exhibited markedly (P ≤ 0.001) greater Ni 
compared to that of plants supplied with the control. Irrigating with all the FA-treated AMD treatments significantly decreased Ni. This 
finding suggests that the FA adsorbed Ni ions hence its concentration was significantly lower in treatments ameliorated with FA but 
significantly high in the AMD not treated with FA. When present in growth media in lower concentrations, Ni can improve the growth 
of some plants, including oats and mustard, however, when present in high concentrations, it decreases the growth of plants [53,54]. 
Studies have shown that Ni is toxic to several plants, when available at concentrations ranging from 0.5 to 1.0 mg/kg [76]. Table 1 
illustrates that the availability of Ni in the FA-treated AMD treatments increased with the weight of FA used to treat AMD, that is, the 
availability of Ni in the treatments increased as the amount of FA added to AMD was increased. 

This was demonstrated by an increase in Ni in the 75 % AMD treatment due to the 75 % FA added to AMD compared to the second 
treatment (50 % AMD), which was mixed with 50 % FA. Irrigating potatoes with the non-FA-treated AMD solution resulted in 
significantly high (P ≤ 0.001) Ni (6.49 mg/L) in tuber flesh compared with the other two FA-treated AMD treatments (50 % and 75 % 
AMD). It could be concluded that at low quantities of FA mixed with AMD, the Ni adsorption ability of FA was significantly (P ≤ 0.001) 
lower compared to the Ni adsorption ability demonstrated by irrigation treatments not mixed with significantly large amounts of FA. 
This finding agrees with the conclusion of [25,77–79] who evaluated effects that FA had on the availability of HMs in AMD treated 

Fig. 2(A–C). The heavy metal concentration in FA: AMD ratios and untreated AMD. Figure A (Al, Cd, Cu, Ni, and Pb concentration in mg/L), B 
illustrates the Zn concentration in samples, and C demonstrates the Fe concentration (mg/L) in all FA: AMD treatments. 
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with FA and results revealed decreases in Co, Ni, Cu, and Pb in all FA:AMD treatments. Results of this study demonstrated that there 
was a significant difference of (P ≤ 0.001) observed on the concentration of Co in the flesh of potato tubers grown with irrigation using 
ameliorated and untreated acid mine drainage water. For example, irrigating with 100 % AMD significantly (P ≤ 0.001) enhanced Co 
(0.64 mg/L) in the flesh of tubers compared to that established under irrigating with FA as well as the control (Table 1). In contrast, 
irrigating with treatment 3 (75 % AMD) markedly decreased (P ≤ 0.001) Co (0.002 mg/L) in tubers compared to that of plants raised 
under irrigation with treatment two (50 % AMD) (0.004 mg/L). 

Tubers of potatoes grown under irrigation using all FA-treated AMD treatments recorded significantly greater Co compared with 
the control. This could be due to the mass of FA mixed with AMD. However, in South Africa, there exist no standard limits recom-
mended for Co in water used for long-term irrigation ANZECC [17,33,34,73,80]. Khan and Khan [69,70] concluded that the con-
centration of Co in irrigation water can affect plants negatively, particularly, it can inhibit the germination of seeds. Also, Co present in 
growth media at higher concentrations adversely hinder the growth of plants. It is therefore evident that higher Co concentration of Co 
in growth media and/or irrigation water affects the shoot biomass, resulting in a smaller number of branches. The findings on Ni and 
Co are affirmed by Refs. [81–87] who found that these metals are reduced especially in irrigation solutions through the application of a 
neutralizing agent such as fly ash. They carried out these experiments on crops such as cabbage and barley. 

It has been confirmed by Ref. [25] that higher levels of Ni, either in growth media or irrigation water, affect the uptake and 
translocation of macro-and micronutrients. Specifically, higher concentration of Ni tends to decrease the uptake of iron, copper, zinc, 
and manganese by some plant species, as stated by Refs. [53,54,78,79,88,89]. The above was the agreement with the results in the 
present study. According to DWAF [53], the concentration of Ni in irrigation water should be less or equal to 70 μg/L according to 
DWAF [53,54]. The results shown in Table 1 show high Ni levels, above the standard limits, and therefore may pose a danger in plant 
development due to interference with metabolism and growth. 

3.6. Lead (Pb) and zinc (Zn) in AMD and FA-treated AMD treatments 

Irrigating the potatoes with untreated AMD resulted in significantly (P ≤ 0.001) higher Pb (2.37 mg/L) in the flesh of the tubers 
compared to that of plants irrigated with FA and control (Table 1). Tubers of plants irrigated using 75 % AMD displayed significantly 
(P ≤ 0.001) lower Pb (0.001 mg/L) compared to that of plants supplied with 50 % AMD (0.004 mg/L). When all FA-treated AMD 
solutions were used to irrigate the potatoes, their tubers exhibited Pb that was significantly (P ≤ 0.001) higher compared with that of 
plants grown under irrigation with tap water (Table 1). On the contrary, tubers of plants irrigated with all FA-treated AMD treatments 
displayed significantly lower Pb. This finding suggested that FA could have adsorbed Pb ions hence its concentration was significantly 
lower in treatments ameliorated with FA but significantly high in the AMD not treated with FA. Lead has been proven to cause negative 
effects on the growth of plants, retard seed germination, limit root growth as well as the development of biomass [84,85,90–92]. Most 
plant species including potatoes, hay, and lettuce, according to Ref. [93], can accumulate large concentration of Pb2+ however, such 
does not affect their biomass and/or or yield. The results showing the concentration of Pb in the irrigation water reveal that they were 
lower than that recommended, as shown in Refs. [53,54,73] regulations. Therefore, it can be said that the growth of plants irrigated 
using these solutions would not be hindered by the presence of this element in the soil treatment. The results shown in Fig. 2 (B) reveal 
significantly (P ≤ 0.01) higher (50.56 mg/L) Zn in the untreated AMD treatment. However, there was a substantial (P = 0.001) 
difference in Zn concentration (50 % AMD). When compared to previous AMD combined with FA therapies, the 1:3 treatment, which 
contained 75 % FA, had a decrease in Zn. The concentration of Zn decreased as the amount of FA mixed with AMD was increased. Zinc 
is an essential plant nutrient that is required in small amounts [94–99]. The concentration of Zn in water is ought to be low, typically 
around 5 mg/L [54]. When in higher concentrations, it causes toxic responses by inducing iron deficiency [46,47]. The toxicity of Zn in 
plants appears to be induced at concentrations ranging from 0.3 to 10 mg/L and symptoms of Zn toxicity include iron chlorosis, 
reduced leaf size, necrosis of tips, and distortion of foliage [100–102]. Zinc availability in the treatments decreased to levels that were 
suitable for the irrigation of plants. The above findings are similar to the ones by Ref. [48] who showed that fly ash can adsorb the Zn 
ions in acid mine water. The growth and development of plants was therefore not negatively impacted due to the lowered levels of Zn 
as they were toxic at below 5 mg/L [54]. 

3.7. Iron (Fe) in AMD and FA-treated AMD treatments 

Fig. 2 (C) show significantly high Fe (50.67 mg/L) in tubers of plants irrigated with the untreated AMD solution) compared to that 
of potatoes irrigated using the other two FA-treated AMD treatments (50 % and 75 %). Iron plays an essential role in physiological 
processes in plants such as photosynthesis and respiration [103]. Santos et al. [104] agreed that Fe is an essential element for plant 
growth. It could be deduced that at low quantities of FA mixed with AMD, the Fe adsorption ability of FA was significantly (P ≤ 0.001) 
lower compared to the Fe adsorption ability demonstrated by irrigation treatments not mixed with significantly large amounts of FA. 
Tubers of the potato plants irrigated using treatment one (control) recorded 4.50 mg/L, 0.001 mg/L of Fe, 0.001 mg/L, and 50.67 mg/L 
for 50 % AMD ratio, 75 % AMD, and untreated AMD respectively. 

This finding agrees with those of [19,20,22–24] where 3:1 FA:AMD ameliorated almost all the Fe ions in the acid mine drainage 
water. This conclusion on the other hand conflicts with the findings of [25], who reported that minor elements such as Fe, Ni, Cu, and 
Pb decreased significantly in all FA:AMD samples. The difference is that the concentration of Fe in treatment 4 (100 % AMD), exceeded 
the minimum standard limits as stated in the [54] of 300 μg/L in the present study. While for the 50 % AMD and 75 % AMD; the Fe ions 
were adsorbed, and they are safe for irrigation purposes. The treatments (two and three) which contained calcium from the fly ash had 
the lowest concentration of Fe because the iron was adsorbed compared to untreated acid mine water. 
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3.8. Calcium (Ca) and magnesium (Mg) in AMD and FA-treated AMD treatments 

The concentrations of calcium and Mg in the treatments had a similar pattern to the increased quantities of FA. Table 1 shows that 
the AMD that was mixed with 75 % FA resulted in Ca and Mg concentrations of 496.67 mg/L and 294.00 mg/L respectively and the 
treatment with a mixture of 50 % FA:AMD quantity yielded amounts of 462.47 mg/L of Ca and 20.37 mg/L of Mg. Furthermore, 
Table 1 illustrates that an increase in the weight of FA used to ameliorate AMD resulted in increases in Ca and Mg availability in the 
treatments. 

This phenomenon demonstrated that FA released these elements into the irrigation treated water, however, Ca is beneficial for 
plant growth and development. While higher concentration of Ca improves the growth of plants, lower concentrations decrease 
biomass and/or yield [105,106]. Nonetheless, this finding suggested that the FA adsorbed Mg ions hence its concentration was 
significantly lower in treatments ameliorated with FA but significantly high in the AMD not treated with FA. The Mg concentration for 
all FA:AMD ratios showed a significant difference, and the concentration met the [54–73] UNFAO ANZECC, standard limits for 
irrigation. 

The concentrations for Mg in the test irrigation media are relatively lower compared to that in DWS guidelines, for the irrigation of 
crops. However, long-term irrigation of plants with these treatments cannot only lead to the build-up of metals in soils but also their 
absorption, translocation, and accumulation in plant organs [107]. Results by Zhou et al. [49,50] confirm the current findings in that, 
the FA absorbed the Mg ions which resulted in acceptable levels for irrigation, this is based on the chemical analyses of water chemical 
constituents before post-experimentation. A study by Burstrom [108] showed that the relatively greater calcium in plants is partly as a 
result of uneven distribution in different soils. Hao and Papadopoulos [109] proved that a lack of biological processes adds to the 
difficulty of characterizing calcium activities. 

It should be noted that in environmental conditions, the implicit implications of calcium content changes may be more noticeable 
than the direct ones [110]. In the present research, see Table 1, the concentration of Ca in FA:AMD and untreated AMD treatments was 
significantly higher. Tubers of plants raised with application of untreated AMD recorded 496.67 mg/L, followed by that of plants 
irrigated with 50.00 mg/L. The tubers of potato plants irrigated with FA:AMD ratios recorded significantly higher calcium. It should be 
noted that the Ca in flesh of potato tubers grown with irrigation using solutions of both ratios was increased. These results prove that 
FA constitutes calcium and magnesium content hence the higher concentration of calcium, as also suggested by Refs. [111–113]. Other 
researchers [114,115] also confirmed that calcium is essential for elongation of cells, in shoots and roots; the prevalent perception that 
it hinders shoot elongation is almost definitely owing to calcium inputs considerably over what is needed. 

The results in Table 2 reveal that the soils, as collected after cultivating the two potato cultivars, revealed no significant differences 
in concentration of Al, Pb, Co, Ni, Cd, and Sr. The concentration of some elements (Si, V, Be, and Ba) was below detection limits. Of the 
treatments, the concentration of Al, Co, and Sr were markedly higher in soil that had been used to grow potatoes under irrigation with 
the 75 % AMD while Co and Ni were increased in soil that had been used to grow potatoes under irrigation with 100 % AMD. This 
finding proved that, as the quantity of FA to ameliorate AMD was increased large amounts of Co and Ni were adsorbed in the 75 % AMD 
irrigated soil, thus Co concentration in the 75 % AMD soil sample displayed the highest Co concentration compared with soils 0 % AMD 
(control) and untreated AMD treatment. 

Table 2 
Concentration of heavy metals determined in fallowed soil as well as that used to grow potatoes under irrigation with different levels of acid mine 
drainage (AMD) water mixed with fly ash (FA).  

Cultivar Al Pb Co Ni Cd Sr 

Fianna 2.2 ± 0.9a 0.11 ± 0.00a 0.09 ± 0.04a 0.19 ± 0.07a 0.69 ± 0.14a 3.02 ± 0.79a 

Lady rosetta 2.2 ± 0.9a 0.17 ± 0.17a 0.09 ± 0.04a 0.19 ± 0.07a 0.68 ± 0.13a 3.02 ± 0.79a 

Treatment 
Fallow soil 0.0 ± 0.0c 0.00 ± 0.00a 0.32 ± 0.00b 31.83 ± 0.08d 0.32 ± 0.00d 0.45 ± 0.20d 

Control 0.6 ± 0.2c 0.00 ± 0.00a 0.50 ± 0.04b 31.87 ± 0.08d 0.50 ± 0.00d 0.87 ± 0.39d 

50 % AMD 0.1 ± 0.0d 0.01 ± 0.00a 10.85 ± 0.04b 54.55 ± 0.97c 10.85 ± 0.06a 3.20 ± 0.02c 

75 % AMD 4.2 ± 1.4a 0.35 ± 0.33a 1.04 ± 0.06a 22.75 ± 0.31b 1.04 ± 0.00c 4.44 ± 1.20a 

100 % AMD 3.8 ± 1.6b 0.01 ± 0.00a 23.07 ± 0.06a 79.29 ± 0.39a 23.07 ± 0.22b 3.57 ± 1.60b 

Interactions 
Fianna x 50 % AMD 0.1 ± 0.0c 0.01 ± 0.0a 0.02 ± 0.0b 0.07 ± 0.0b 0.98 ± 0.0b 3.19 ± 0.0b 

Fianna x Control 0.1 ± 0.0c 0.00 ± 0.0a 0.01 ± 0.0c 0.06 ± 0.0c 0.29 ± 0.0c 0.00 ± 0.0d 

Fianna x 75 % AMD 1.0 ± 0.0b 0.01 ± 0.0a 0.01 ± 0.0c 0.03 ± 0.0d 0.22 ± 0.0d 1.74 ± 0.0c 

Fianna x 100 % AMD 7.5 ± 0.0a 0.02 ± 0.0a 0.30 ± 0.0a 0.61 ± 0.0a 1.27 ± 0.0a 7.14 ± 0.0a 

Lady rosetta x 50 % AMD 0.1 ± 0.0c 0.01 ± 0.0a 0.02 ± 0.0b 0.07 ± 0.0b 0.98 ± 0.0b 3.22 ± 0.0b 

Lady rosetta x Control 1.0 ± 0.0b 0.01 ± 0.0a 0.01 ± 0.0c 0.03 ± 0.0d 0.21 ± 0.0d 1.75 ± 0.0c 

Lady rosetta x 75 % AMD 7.5 ± 0.0a 0.69 ± 0.0a 0.30 ± 0.0a 0.61 ± 0.0a 1.23 ± 0.0a 7.13 ± 0.0a 

Lady rosetta x 100 % AMD 0.1 ± 0.0c 0.00 ± 0.0a 0.01 ± 0.0c 0.06 ± 0.0c 0.28 ± 0.0c 0.00 ± 0.0d 

F-Statistics 
Cultivar (C) 0.0ns 1.0ns 0.6ns 1.6ns 0.8ns 0.6ns 

Treatment (T) 831684.5*** 1.035701ns 482518.2*** 374241.9*** 657.5433*** 30308.07*** 
C x T 1443395*** 1.057251ns 1007687*** 833773.6*** 1157.005*** 90506.43*** 

Values (Mean ± S.E.) within a column followed by similar letters are significantly different at *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. NS = not 
significant. 
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The results shown in Table 2 can be described as meaning that, the FA successfully adsorbed Pb and Cd contained in the soil, which 
explain why the sample had significantly higher concentration of Pb and Cd ions compared to other soil. Cultivar × treatment 
interaction was significantly different. The minerals Al, Co, Ni, Cd, and Sr showed the highest difference for interactions of Fianna 
cultivar x 100 % and Lady rosetta x 75 % AMD (Fig. 3). There was no significant difference in all soil samples for Pb, which was below 
the minimum required in irrigation water, as set by UNFAO, ANZECC, and DWS, which is 5.0, 2.0, and 0.20 mg/kg respectively. 
However, Al, Ni, Cd, and Cr were above the minimum limits thereof. 

According to research by Gad [116], cobalt increases stem and coleoptile elongation, hypocotyl hook opening, leaf disc growth, and 
root development in plants. In contrast to all irrigation treatments studied, soil used to establish potation under irrigation using 
treatment three (75 % AMD) had a slightly (P 0.001) lower Co. When comparing the availability of cobalt concentrations in all 
irrigation treatments to the Department of Environment and Conservation of Australias (2010), it can be noted that the content of Co in 
all the ratios of FA:AMD was below the standard. 

The levels for Soil, Sediment, and Water were substantially (P ≤ 0.001) higher than the recommended 0.1 mg/kg. The concen-
tration of the test metals was in the order: Fe < Cr < Ni < Co < Zn < Cd < Cu < Al. A similar conclusion was made by Refs. [27, 
117–119], who showed that application of sludge increased total metal concentration and Iron was found to be the most abundant 
metal in the soil. 

According to Fig. 4, Zn was significantly higher in the 75 % FA:AMD sludge sample compared with the dry FA sample and 50 % 
AMD FA-treated AMD samples (Table 3). The behavioural pattern on the concentration of Zn in the sludge demonstrated that it 
decreased as the quantity of FA in the mixture was increased [120]. The presence of strontium in the sludge samples showed a positive 
correlation with the amount of FA mixed with AMD, which contrast the trend shown by Sr in the irrigation treatments [121]. This 
result indicates that as the amount of FA in the treatment was increased to ameliorate AMD, the amount of Sr and Zn adsorbed by FA 
increased significantly, as was also discovered by Refs. [122–124]. 

Table 3 show greater Co in the 75 % AMD sludge compared with other sludge samples (Table 3) and this finding concurred with the 
previous finding in Table 3 of this study in that the quantity of FA was increased in the solution, Co also increased. The 3:1 sludge had 
the highest Co compared with 50 % FA:AMD sludge sample which revealed reduced Co in the irrigation solution, which could have 
been due to adsorption of this element by the FA thus its high availability in the sludge. 

Fig. 3. Heavy metal concentration for soil samples irrigated with FA: AMD ratios and untreated AMD.  

Fig. 4. Mineral analysis of fly ash and fly ash sludge.  
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Table 3 
Heavy metal concentration on the untreated fly ash and sludge.  

Treatment Al As Ca Co Cr Ni Pb Sr Zn 

Untreated FA 31.19 ± 0.12a 33.64 ± 0.75c 11.17 ± 0.07c 0.03 ± 0.00c 0.81 ± 0.00c 0.76 ± 0.01b 2.03 ± 0.01a 1.36 ± 0.01c 0.94 ± 0.00b 

50 % Sludge 0.63 ± 0.02c 643.20 ± 37.76a 26.48 ± 0.35b 0.08 ± 0.00b 1.25 ± 0.03b 1.63 ± 0.03a 0.09 ± 0.00c 6.50 ± 0.00b 0.80 ± 0.01c 

75 % Sludge 1.48 ± 0.06b 409.66 ± 26.62b 32.91 ± 0.80a 0.11 ± 0.01a 5.61 ± 0.07a 1.70 ± 0.06a 0.12 ± 0.00b 12.83 ± 0.06a 1.22 ± 0.0a 

F-Statistics 
Treatment 47432.63*** 132.92*** 484.61*** 130.46*** 3563.16*** 183.29*** 35060.84*** 27766.45*** 1899.53***  

Essential elements 
Treatment Cd Fe Mg Mn Cu Mo Na 
Untreated FA 0.00 ± 0.00c 359.76 ± 5.61b 23.96 ± 0.25b 8.23 ± 0.02a 0.74 ± 0.00a 14.57 ± 0.46c 5.71 ± 0.06c 

50 % Sludge 0.46 ± 0.00b 410.71 ± 1.39a 39.43 ± 0.32a 1.08 ± 0.00c 0.02 ± 0.00c 52.17 ± 0.36b 21.74 ± 0.19b 

75 % Sludge 0.69 ± 0.01a 365.04 ± 0.53b 42.51 ± 2.09a 2.60 ± 0.02b 0.05 ± 0.00b 70.62 ± 0.12a 7.41 ± 0.03b 

F-Statistics 
Treatment 9724.83*** 69.89*** 65.11*** 66668.94*** 60932.69*** 6921.71*** 5700.82*** 

Values (Mean ± S.E.) followed by dissimilar letters in a column are significantly different at *p ≤ 0.05,**p ≤ 0.01, ***p ≤ 0.001, NS = not significant. 
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The concentration of Co and Ni in the ameliorated irrigation treatments were beyond the threshold in irrigation water set by Refs. 
[33–35] UNFAO (2009), ANZECC (2000), and SANS 241:2015 Edition 2. The control (tap water) fly ash also showed a low concen-
tration of HMs compared with that recommended in guidelines on irrigation water (Table 4). All other HMs for example Si, V, Be, and 
Ba that were available in the irrigation treatment were below detection limits, thus meeting the standards for irrigation water and 
could be used for short and long-term irrigation purposes. The concentration of heavy metals in tap water and irrigation treatments 
treated with FA about irrigation water quality guideline standards for UNFAO, ANZECC, and DWS are presented in Table 4. 

4. Conclusions 

In conclusion, this research has shown that adding fly ash to AMD decrease and increased the pH of the solution. In particular, when 
fly ash was added at lower quantities, the pH of the fly ash-AMD solution was decreased, however, when a higher quantity of fly ash 
was added to the AMD, it increased the pH of the solution. Irrigating potatoes with a solution made through mixing coal-generated fly 
ash with AMD from a gold mine markedly increased the uptake of Pb and Co while that of Ni and Cd was decreased. Lastly, the tubers of 
the test potato cultivars irrigated with fly ash-amended AMD exhibited significantly higher concentrations of Al, Mo, Cu, Ca, Mg, and 
Zn. 
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