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Introduction 

Following enzymatic aided vacuum distillation, treated coal fly-ash by-products of fuel, 

solid, and liquid were produced. For this project, the solid by-product was used as a plant 

amendment. Although the heavy metal concentration is high in the fly-ash alone, it is of 

interest to determine if the heavy metals remain in soil or are taken up by the plants at toxic 

concentrations. It is hoped to determine if treated coal fly-ash as a plant amendment has a 

positive or negative effect on plant growth, and if metals have been accumulated to unsafe 

consumption levels within plant tissues.  

 

Materials and Methods  
The treated fly-ash solid by-product arrived to Agrimanagement in two 5-gallon buckets. 

The buckets were treated with the enzymes and sub-samples were taken for use in the 

described bioassay. As the fly-ash was wet upon arrival, subsamples were dried at 55 °C 

overnight. When retrieved from the ovens, a fuel/oil smell was noticeable and the samples 

were not fully dry. A flame test was performed to see if there were any residual hydrocarbons 

or coal (see below). 

 



The fly-ash by-product was then washed in acetone 10-18 times in order to extract any 

hydrocarbon residue that was presumably keeping the sample from fully drying. The acetone 

washing resulted in extraction and recovery of an additional liquid product, producing around 

5-7% more liquid than there was originally (when in the form of acetone). Once the washing 

was completed, the fly-ash by-product was able to be dried completely to a powder form. The 

ash was then screened to remove small coal-like particles before it was used as a soil 

amendment in this bioassay (see below). 

 
 

Three plant types with capabilities of bioremediation including lettuce, radish, and 

wheat were planted in one gallon pots containing agricultural soil from the Yakima Valley 

supplemented with 1.5% Organix PowerplantTM compost. Several seeds were sown per pot that 

had been treated with Captan fungicide to ensure optimal germination. Radishes were thinned 

to two seedlings per pot to allow space for the underground radishes to grow to their fullest 

potential after one week of being treated with fly-ash.  

The study consisted of four treatment groups: Ash at 1 ton/ac, Ash at 2 ton/ac, Ash at 4 

ton/ac, and Untreated Control (table 1). Six replicates for each plant type made up an 

experimental group, with each replicate consisting of one pot. Standard greenhouse 

management practices were done on the trial plants, including fertilization programs. 

 

Fly-ash as Soil Amendment 
6 lettuce, 6 radish, 6 spring wheat per experimental treatment group 

Treatment Rate Timing 

Low 5 g/gallon (1 ton/ac) 1 week post plant 

Medium 10 g/gallon (2 ton/ac) 1 week post plant 

High 20 g/gallon (4 ton/ac) 1 week post plant 

Untreated Control  (UTC) -- -- 
Table 1. Treatment groups with application timings 

 



Samples of the fly-ash and planting medium were sent for testing to SoilTest Labs prior 

to applications. The fly-ash nutrient profile was assessed to determine optimal rates to reflect 

full-field application rates of approximately 1 ton/ac (low rate), 2 ton/ac (medium rate), and 4 

ton/ac (high rate), based on soil amendment rates in field (table 2). The listed rates were 

applied to pots one week post plant after plants had emerged. 

Plant vigor was assessed on a scale of 1-5, with entire plant populations per plant type 

assessed to determine the least vigorous (1) and most vigorous (5) plant. Vigor ratings are 

subjective, and therefore completed by the same person each rating date to ensure consistency 

with rating types. At each rating date, the entire plant population for each plant type was 

surveyed to determine the least vigorous pot (small, stunted, most unhealthy appearing) to be 

rated as 1, and the most vigorous pot (increased vegetative growth, larger size, most healthy 

appearing) to be rated as 5. Vigor ratings were then made based on those plants on a biweekly 

basis starting three weeks post planting. Once plants grew to physiological maturity or to 

sufficient mass, each treatment was harvested and separated into above and below ground 

tissues for wet and dry weight measurements.  

Following drying at 80° C for 20 hours, plant tissue and soil was composited within each 

experimental group for each plant type and analyzed for heavy metal concentrations following 

the methods of SoilTest soil testing labs in Washington State. Following heavy metal analysis, 

the concentrations observed for defined heavy metals in plant tissues and soil were compared 

to the limits set in place by Washington State, as defined as the Washington Administrative 

Code (WAC).  A composite soil test for each treatment from all plants was also submitted for 

basic fertility analysis.  

Data was subjected to post-hoc Tukey HSD analysis of variance (ANOVA) tests in R 

Studio to determine calculated means and discern statistically significant differences among the 

treatments at each harvest date, with a confidence intŜǊǾŀƭ ƻŦ фл҈ ŀƴŘ ʰ ǾŀƭǳŜ ƻŦ лΦмл.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Results  

Radish 

Fly-ash was applied to experimental pots on March 2nd, 2021 after plants had been 

growing for one week. Vigor ratings were completed on March 23rd, April 6th, and April 13th by 

assessing each pot in comparison to the plant(s) showing low growth and vigor (rated as 1) and 

high growth and vigor (rated as 5). On the first rating date, the radishes treated with the high 

rate of fly-ash were most vigorous while those treated with a medium rate were least vigorous 

(figure 1). 2 weeks later, vigor rated lower in all treatments when compared to the first rating, 

with the low treatment of fly-ash rating highest. At the final rating date that occurred at 

harvest, the low and medium rates of fly-ash had most vigorous plants. However, none of these 

results were considered statistically significant.  

 

Figure 1.  Vigor ratings, on a scale of 1-5, for each treatment in radish on three dates. 

 Radishes were harvested on April 13th as they were soon going to outgrow their pots. 

The shoots were separated from the below-ground radish and root system for wet weight 

measurements (weighing fresh from the pot) and dry weight measurements (taken after drying 

for 20 hours) to determine percent moisture in the plant parts per treatment (table 2). Shoot 

weights were fairly similar among the treatments, averaging around 60 grams for wet weight 

and 8 grams for dry weight, representing an average reduction of weight of about 87% 

indicating 87% moisture in the leaves. There was a larger spread observed in the radish 

weights, with radishes treated with a low rate of fly-ash weighing 41% more than those treated 

with the high rate of fly-ash. However, reductions in weight were around 80% in all treatments 

following drying indicating 80% moisture for the radishes. 
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Wet and Dry Weights - Radish 

Treatment 
Shoots Radish and Roots 

Wet wt. (g) Dry wt. (g) % Moisture Wet wt. (g) Dry wt. (g) % Moisture 

UTC 53.8 7.4 86% 239.6 38.2 84% 

Low 59.4 6.9 88% 295.8 67.6 77% 

Medium 65.0 8.8 86% 289.3 65.0 78% 

High 62.4 8.5 86% 209.1 36.8 82% 
Table 2.  Wet and dry weights of roots and shoots, and percent moisture, of radish plants from all treatments. 

 Although heavy metals were present in the radish leaves (table 3), radishes (table 4), 

and soil (table 5), no values were above WAC limits (except for in the ash alone, where arsenic 

was higher than the WAC limit of 40 ppm). Interestingly, cobalt was higher in the radish soil 

samples than the fly-ash alone, but was still not near WAC limits. 

Heavy Metal Concentrations (ppm) ς Radish Leaves 

Compound Unit UTC Low Medium High 

Arsenic 

ppm 

2.31 2.08 3.26 2.43 

Cadmium <MDL <MDL <MDL <MDL 

Chromium 2.7 2.2 3.47 2.78 

Cobalt 2.5 1.89 3.28 2.05 

Copper 8.1 7.36 9.5 8.6 

Mercury 0.013 0.014 0.014 0.025 

Molybdenum 3.6 3 2.18 2.84 

Nickel 105.5 95 117 122 

Lead <MDL <MDL <MDL <MDL 

Selenium <MDL <MDL <MDL <MDL 

Zinc 27 26 29 32 
Table 3.  Concentrations of heavy metals in radish leaves at harvest. No values measured were above WAC limits. 

Heavy Metal Concentrations (ppm) ς Radishes 

Compound Unit UTC Low Medium High 

Arsenic 

ppm 

0.98 1.26 1.32 1.29 

Cadmium <MDL <MDL <MDL <MDL 

Chromium 0.78 0.83 0.78 0.74 

Cobalt 0.72 0.76 0.77 0.74 

Copper 3.62 3.53 3.29 3.04 

Mercury <MDL <MDL <MDL <MDL 

Molybdenum 1.41 1.32 1.18 1.1 

Nickel 47 17 12 9 

Lead <MDL <MDL <MDL <MDL 

Selenium <MDL <MDL <MDL <MDL 

Zinc 17 18 17 17 
Table 4.  Concentrations of heavy metals in radishes at harvest. No values measured were above WAC limits. 



Heavy Metal Concentrations (ppm) ς Soil from Radish Pots 

Compound Unit UTC Low Medium High Ash alone 

Arsenic 

ppm 

9.23 9.13 8.52 9.55 63.5 

Cadmium <MDL <MDL <MDL <MDL 1.52 

Chromium 13.3 13 12.8 13.5 37.5 

Cobalt 15.3 14.9 14.8 15.3 9.1 

Copper 24.3 25 23.6 24.3 51.7 

Mercury 0.018 0.021 0.021 0.029 1.28 

Molybdenum <MDL <MDL <MDL <MDL 6 

Nickel 15.5 16.2 16.5 16.7 22.5 

Lead 4.92 4.13 4.81 5.05 21.6 

Selenium <MDL <MDL <MDL <MDL 6.74 

Zinc 59 57 56 60 156 
Table 5.  Concentrations of heavy metals in soil from radish pots at harvest. Arsenic in the fly-ash alone was higher 

than WAC limits, but all other values were below limits. 

Lettuce 

Fly-ash was applied to experimental pots on March 2nd, 2021 after plants had been 

growing for one week. Vigor ratings were completed on March 23rd, April 6th,  April 13th, and 

April 26th by assessing each pot in comparison to the plant(s) showing low growth and vigor 

(rated as 1) and high growth and vigor (rated as 5). On the first rating date, the lettuce plants 

treated with the low rate of fly-ash were most vigorous while those treated with a medium rate 

were least vigorous (figure 2). 2 weeks later, vigor rated higher in medium and high treatments 

when compared to the first rating. Ratings stayed fairly similar over the course of several weeks 

for all treatments, but the low treatment rated significantly more vigorous than the others at 

harvest. No other results were statistically significant. 

Figure 2.  Vigor ratings, on a scale of 1-5, for each treatment in lettuce on three dates. 
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 Lettuce was harvested on April 26th. Since the above-ground portion is what is 

consumed, the leaves were weighed at harvest (weighing fresh from the pot) and again after 

drying for 26 hours to determine percent moisture (table 6). Leaf weights at harvest were 

highest in the most vigorous plants, coming from the low rate treatment, and were lowest in 

the least vigorous plants, coming from the medium rate treatment. The untreated control 

weighed 12% less than leaves from the high rate treated plants. Similar trends were observed 

following drying, with moisture percentages ranging between 88% (low rate treated plants) and 

91% (untreated and high rate treated plants). The significant vigor differences observed for the 

low treated plants may have corresponded to the significantly higher weights measured at 

harvest for the lettuce leaves, although this was unable to be confirmed by statistics due to a 

pooled sample weight. 

 

Wet and Dry Weights - Lettuce 

Treatment 
Leaves 

Wet wt. (g) Dry wt. (g) % Moisture 

UTC 213.1 20.1 91% 

Low 329.8 38.2 88% 

Medium 161.4 17.8 89% 

High 242.8 23.0 91% 
Table 6.  Wet and dry weights for lettuce leaves from all treatments, with percent moisture given based on 

reduction of weight following drying. 

 Similar with the radishes, heavy metals were detected from lettuce tissue (table 7) and 

the soil from lettuce plants (table 8). However, none of the values measured were above the 

limits set by WAC, aside from the value for arsenic in the fly-ash alone. Again, cobalt was higher 

in the lettuce soil samples than the fly-ash alone, but was still not near WAC limits. 

Heavy Metal Concentrations (ppm) ς Lettuce Leaves 

Compound Unit UTC Low Medium High 

Arsenic 

ppm 

3.64 4.43 4.40 3.87 

Cadmium <MDL <MDL <MDL <MDL 

Chromium 3.69 5.28 5.81 4.03 

Cobalt 3.48 4.23 4.70 3.21 

Copper 14.0 14.58 14.75 12.76 

Mercury 0.011 0.014 0.018 0.016 

Molybdenum 0.51 0.41 0.41 0.50 

Nickel 117 239 204 198 

Lead <MDL <MDL 0.33 <MDL 

Selenium <MDL <MDL <MDL <MDL 

Zinc 31 34 34 30 
Table 7.  Concentrations of heavy metals in lettuce leaves at harvest. No values measured were above WAC limits. 



Heavy Metal Concentrations (ppm) ς Soil from Lettuce Pots 

Compound Unit UTC Low Medium High Ash alone 

Arsenic 

ppm 

8.68 8.64 8.79 9.11 63.5 

Cadmium <MDL <MDL <MDL <MDL 1.52 

Chromium 12.1 12.1 12.2 12.2 37.5 

Cobalt 13.0 13.2 12.9 13.0 9.1 

Copper 22.7 22.1 22.2 22.4 51.7 

Mercury 0.021 0.028 0.024 0.034 1.28 

Molybdenum <MDL <MDL <MDL <MDL 6 

Nickel 15.3 15.3 15.6 15.6 22.5 

Lead 4.00 4.18 4.42 4.06 21.6 

Selenium <MDL <MDL <MDL <MDL 6.74 

Zinc 52 51 51 55 156 
Table 8.  Concentrations of heavy metals in soil from lettuce pots at harvest. Arsenic in the fly-ash alone was higher 

than WAC limits, but all other values were below limits. 

Wheat 

Fly-ash was applied to experimental pots on March 2nd, 2021 after plants had been 

growing for one week. Vigor ratings were completed on March 23rd, April 6th,  April 13th, and 

April 26th by assessing each pot in comparison to the plant(s) showing low growth and vigor 

(rated as 1) and high growth and vigor (rated as 5). At the first rating date, no differences were 

observed in vigor among all ŜȄǇŜǊƛƳŜƴǘŀƭ ǇƻǘǎΣ ǘƘŜǊŜŦƻǊŜ ŜŀŎƘ Ǉƻǘ ǿŀǎ ŀǎǎƛƎƴŜŘ άоέ ŀǎ ǘƘŜƛǊ 

value (figure 3). Some separation was observed two weeks later, where the untreated control 

and the low treated pots measured very slightly more vigorous than the other treatments. 

However, by the final rating date, plants treated with the high rate of ash were most vigorous. 

None of these results were confirmed significant following statistical analyses. 

Figure 3.  Vigor ratings, on a scale of 1-5, for each treatment in wheat on three dates. 
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 Wheat shoots were harvested on April 26th, at the same time as the lettuce plants. 

Wheat shoots were weighed following harvest to represent wet weight, and dried for 24 hours 

to determine dry weight, and therefore percent moisture content (table 9). Shoot weights were 

fairly similar among the treatments, although medium treated plants seemed to measure 

slightly less than the other treatments. The wet weights were highest in the untreated control 

plants, but were highest in the low treated plants following drying. The percent moisture 

ranged from 64% for the low rate applied plants, and 71% for the medium rate applied plants. 

Differences in dry weight may have also stemmed from differences in wheat heads- not all 

wheat plants had produced heads at this time, but the higher weights observed with less 

moisture may have been due a higher number of wheat heads within that treatment. However, 

this is just speculation. 

  

Wet and Dry Weights - Wheat 

Treatment 
Shoots 

Wet wt. (g) Dry wt. (g) % Moisture 

UTC 258.5 78.2 70% 

Low 254.7 91.7 64% 

Medium 235.8 69.4 71% 

High 257.8 78.5 70% 
Table 9.  Wet and dry weights for wheat shoots from all treatments, with percent moisture given based on 

reduction of weight following drying. 

 Again, heavy metals were detected from wheat tissue (table 10) and the soil from wheat 

plants (table 11). However, none of the values measured were above the limits set by WAC, 

aside from the value for arsenic in the fly-ash alone. Again, cobalt was higher in the wheat soil 

samples than the fly-ash alone, but was still not near WAC limits. 

Heavy Metal Concentrations (ppm) ς Wheat Shoots 

Compound Unit UTC Low Medium High 

Arsenic 

ppm 

1.58 5.30 1.73 0.98 

Cadmium <MDL <MDL <MDL <MDL 

Chromium 1.73 6.70 1.71 0.98 

Cobalt 0.98 5.99 0.94 0.29 

Copper 7.86 16.44 7.73 6.38 

Mercury 0.005 0.017 0.007 0.006 

Molybdenum 1.68 1.10 1.59 1.46 

Nickel 132 262 113 79 

Lead <MDL 0.80 <MDL <MDL 

Selenium <MDL <MDL <MDL <MDL 

Zinc 21 34 21 19 
Table 10.  Concentrations of heavy metals in wheat leaves at harvest. No values measured were above WAC limits. 



Heavy Metal Concentrations (ppm) ς Soil from Wheat Pots 

Compound Unit UTC Low Medium High Ash alone 

Arsenic 

ppm 

7.76 9.15 9.35 10.1 63.5 

Cadmium <MDL <MDL <MDL <MDL 1.52 

Chromium 11.7 12.5 12.4 12.8 37.5 

Cobalt 12.4 13.1 12.9 13.6 9.1 

Copper 22.3 22.7 22.4 22.5 51.7 

Mercury 0.019 0.021 0.024 0.033 1.28 

Molybdenum <MDL <MDL <MDL <MDL 6 

Nickel 15.1 15.8 16.0 16.5 22.5 

Lead 3.72 3.92 4.43 4.65 21.6 

Selenium <MDL <MDL <MDL <MDL 6.74 

Zinc 49 50 54 56 156 
Table 11.  Concentrations of heavy metals in soil from wheat pots at harvest. Arsenic in the fly-ash alone was 

higher than WAC limits, but all other values were below limits. 

Soil Nutrient Profiles 

In addition to heavy metal concentrations, nutrient profiles were assessed from pooled 

samples from each treatment for all plant types (table 12). Higher rates of fly-ash application 

consistently led to higher amounts of SO4, zinc, manganese, iron, and calcium measured from 

samples regardless of plant type grown in the soil, while no nutrients were found in lower 

amounts as fly-ash rate increased (also considering fly-ash alone).  

 

Soil Component Unit UTC Low Medium High Ash alone 

NO3 

mg/kg 

33.2 11.5 38.1 5.5 0.8 

NH4 2.3 - 1.9 1.9 172.6 

SO4 53 70 99 110 508 

P 24 27 33 26 23 

K 130 142 140 146 51 

B 1.26 0.69 0.87 0.51 0.95 

Zn 1.0 1.0 1.1 1.2 5.8 

Mn 1.8 1.9 2.0 2.0 2.8 

Cu 1.3 1.2 1.3 1.2 1.3 

Fe 9 9 9 10 12 

Ca 

meq/100g 

26.2 26.2 26.2 27.8 148.5 

Mg 4.3 4.1 4.2 4.1 0.4 

Na 0.82 0.71 0.82 0.73 0.52 

Organic Matter % 2.5 2.4 2.2 2.3 4.4 

pH  - 7.9 7.6 7.8 7.6 7.2 
Table 12.  Nutrient concentrations present in pooled soil samples from all plant types compared to the nutrient 

profile from the fly-ash tested alone. 



Conclusions 
 Overall, it does not appear that the enzyme-treated fly-ash hinders plant growth in the 

three plant types studied, nor does it have a negative effect on heavy metal concentrations 

measured from consumable and non-consumable plant parts. In radish, lettuce, and wheat, 

vigor and weights were highest in the plants treated with the low rate of fly-ash and lowest in 

those plants treated with the medium rate of fly-ash, an interesting result. The amount of fly-

ash did not seem to have an effect on the amount of heavy metals measured from plant parts 

and soil, with some metals measuring highest coming from the untreated control. This may be 

interpreted as those metals were already present in the soil or in the water, and therefore were 

not a direct impact from the fly-ash additions. 

 As a follow-up study, it would be interesting to look at fly-ash being used as an 

amendment in commercial production over the course of several years to see if heavy metals 

accumulate in soils treated with the fly-ash when compared to those untreated. Another study 

could also include looking at nutrient profiles for plants and soils treated with fly-ash, to see if 

the amendment has an effect on plant uptake of certain compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Photos 

       
(above, from left to right) Lettuce, radish, and wheat at planting on 2/23/2021 

 

       
(above, from left to right) Lettuce, radish, and wheat emergence on 3/3/2021 

 

      
(above, from left to right) Lettuce, radish, and wheat growth on 3/10/2021 



 
 

 
 

 
(from top to bottom) Radish, lettuce, and wheat on 3/23/21 



 

 
 

 
(from top to bottom) Radish, lettuce, and wheat on 4/6/21 



 
(above) Radishes at harvest - untreated control 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(above) Radishes at harvest ς low ash rate 

 



 
(above) Radishes at harvest ς medium ash rate 

 

 
(above) Radishes at harvest ς high ash rate 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(above) Radishes at harvest ς high ash rate 

 
 

(above) Lettuce at harvest ς untreated control 
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(above) Lettuce at harvest ς low ash rate 



                         
(above) Lettuce at harvest ς medium ash rate 

 



              
(above) Lettuce at harvest ς high ash rate 

 



 
(above) Wheat at harvest ς untreated control

                        
(above) Wheat at harvest ς low ash rate                                                                  


