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Abstract  Potentially toxic concentrations of certain mineral elements may be taken up in plant biomass produced 
on coal fly ash (CFA) contaminated soil. This raises concerns about efficiencies of downstream processes, such as 
hydrolysis and fermentation involved in biomass conversions to bioethanol. A greenhouse pot experiment was 
conducted to assess bioethanol yield from switchgrass biomass produced on CFA-amended soil (0, 7.5 and 15 %, 
w/w CFA/soil). Separate aliquots of the CFA-amended soils were either inoculated with isolate of arbuscular 
mycorrhizal fungi (AMF), Rhizophagus clarus, or fortified with reduced glutathione (GSH). Mineral elements in the 
CFA-amended soils and plant tissues were determined using ICP-OES. Shoot samples of harvested biomass were 
subjected to microwave-assisted acid pretreatment, enzymatic hydrolysis and fermentation. The reducing sugar 
(glucose) and bioethanol in the biomass hydrolysate were determined by spectrophotometry. Results showed that 
CFA had a concentration-dependent increase on the levels of the mineral elements in soils that were amended. 
Subsequent uptake of the mineral elements in switchgrass tissues was modulated by CFA-soil amendment, AMF 
inoculation, and GSH fortification. The glucose concentrations in biomasss hyzrolysate of switchgrass grown on 7.5 
and 15% CFA-amended soils were significantly higher (p < 0.05) than the unamended (control) soil without significant 
adverse effect on the bioethanol yield. The bioethanol concentration (µg/mg DW) in the fermented hydrolysate of 
switchgrass grown on 15% CFA-amended soil (26.63) was higher than the control soil (24.46). Likewise, AMF and 
GSH enhanced bioethanol yield from hydrolysate of switchgrass biomass grown on the CFA-amended soil. Our 
results indicated that coupling CFA-amended soil with either AMF or GSH can enhance bioethanol yield. 
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1. Introduction 

Coal Fly ash (CFA), a byproduct of coal combustion 
processes consists essentially of SiO2, Al2O3, and various 
micro and macro mineral elements [1,2]. CFA mineral 
element compositions along with other properties make it 
suitable as soil amendment to supplement deficient 
elements in marginal soils for cultivating bioenergy crops 
[3]. However, the concentration of these mineral elements 
may exceed their normal levels in agricultural. Depending 
on the levels of these mineral elements in soils amended 
or contaminated with CFA, lignocellulosic biomass and 
downstream bioethanol production may be affected [4,5,6]. 
Biomass can be converted to bioethanol by enzymatic 
hydrolysis and sugar fermentation processes [7,8]. 

The importance of biofuel as a sustainable approach in 
mitigating the increasing price and negative environmental 
and human impacts of fossil fuels is increasingly 
recognized [9,10,11]. Unlike fossil fuels, biofuel is a 
renewable energy source and more eco-friendly [12]. The 

principal biofuel commercially used in many countries as 
a petrol substitute or in addition to petrol/gasoline is 
bioethanol [13,14]. Despite US been the current world’s 
largest producer of ethanol, with an output more than 
double that of the next-largest producer, Brazil, there is 
still an increasing demand for more bioethanol [15,16]. 

Lignocellulosic feedstocks such as switchgrass 
(Panicum virgatum L.), have been proposed to offer 
energy and environmental, and economic advantages over 
current biofuel sources (corn and sugarcane). This is 
because switchgrass is a perennial crop which requires 
fewer agricultural inputs than compared to annual crops 
and can be grown on marginal lands [17]. Studies have 
shown switchgrass to be a viable bioenergy crop because 
it produces high yields on marginal lands under low water 
and nutrient conditions [17,18,19,20,21].  

It has been noted that the presence of mineral elements 
including heavy metals might or might not affect yield of 
ethanol from biomass [6,18,22,23,24,25,26]. It remains 
unclear whether the elevated levels of mineral elements in 
CFA could affect fermentation processes and direct  
tests for fermentation of switchgrass grown on  
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CFA-contaminated/amended soils are lacking. In this 
study, we present experimental results to address this issue. 

The main objective of the present work was to assess at 
laboratory scale the bioethanol production path of 
switchgrass biomass grown on CFA-amended soils with 
emphasis on distribution of mineral elements. This study 
examined the effects of coal fly ash (CFA) used as soil 
amendment on the multitasking capability of lignocellulosic 
species switchgrass (Panicum virgatum). These include 
mineral elements uptake (including bioaccumulation, 
enrichment, and translocation), glucose and bioethanol 
yield from enzymatic hydrolysis (saccharification) and 
hydrolysate fermentation respectively. The effects of 
arbuscular mycorrhizal fungi (AMF, Rhizophagus clarus) 
and exogenous glutathione (GSH) in modulating the 
switchgrass capabilities were also investigated. 

2. Materials and Methods 

2.1. Materials 
All chemicals were reagent grade. Sodium acetate 

trihydrate, and acetic acid (glacial) were obtained from 
Fisher Scientific (Pittsburgh, PA). Cycloheximide, 
tetracycline (Fluka), d-glucose standard, microcrystalline 
cellulose, glucose (HK) assay kit and ethanol assay kit 
were obtained from Sigma–Aldrich (St. Louis, MO). 
Accellerase 1500 enzyme was provided by Genencor 
(Rochester, NY). Ethanol TT yeast was provided by SPL 
International (Cheshire, United Kingdom). Yeast extract 
was obtained from Acros Organics (Geel, Belgium) and 
molecular biology grade peptone was obtained from U.S. 
Biological (Swampscott, MA). AMF (R. clarus, WV234) 
was obtained from INVAM, the International Culture 
Collection of Vesicular Arbuscular Mycorrhizal Fungi, 
Morgantown, WV and GSH was purchased from obtained 
from Acros Organic, New Jersey, USA. All solutions were 
prepared using sterilized deionized (DI) water. 

2.2. Soil Preparation, Switchgrass Culture 
and Determination of Harvested Biomass 

Armor silt loam (ASL) soil collected from obtained 
from Tennessee State University Agricultural Research, 
Education Center, Nashville TN was sieved through 2 mm 
sieve, and appropriate amounts of CFA were added to 
separate portions of the soil to provide CFA-soil 
admixtures (0, 7.5 and 15% w/w CFA/soil). Exactly 1.5 
kg of each portion of CFA-soil admixture was introduced 
into plastic pots (5-inch deep). Seeds of ‘Alamo’ variety 
of switchgrass (P. virgatum L.) obtained from Star Seeds 
Inc., Osborne, Kansas, were started in germination trays 
containing potting mix (Farfard #2 mix) and 2-leaf stage 
seedlings (4 weeks old) of the switchgrass were 
transplanted in the pots containing different treatments of 
CFA-soil admixtures. Treatments in four replicates 
consisted of: a) CFA-soil admixtures only; b) CFA-soil 
admixtures fortified with 0.4 mg/kg GSH; and c) CFA-soil 
admixtures inoculated with 3% turface containing AMF, R. 
clarus. Transplanted switchgrass seedlings were allowed 
to grow for a period of 90 days and then harvested. 

Harvested plants were oven dried at 70 °C to constant 
weight. 

2.3. Determination of the Concentrations of 
Selected Mineral Elements in Samples 
(CFA-soil Admixtures and Plant Tissues) 

Air-dried soil samples (0.25 g) at days 0 and 90 were 
digested with 10 ml of concentrated HNO3 [27]. Oven 
dried and milled samples (0.25 g) of switchgrass root and 
shoot biomass were digested with concentrated 
H2O2/HNO3 (1:3) [28]. Digestion was carried out in a 
microwave assisted accelerated reaction system (MARS5 
v194A08; CEM corporation) at 170°C for 10 min. The 
concentrations of mineral elements (K, P, Mg, Ca, Na, S, 
Si, B, Al, Fe, Mn, and Co) in the digests were determined 
using ICP-OE Spectrometer (iCAP 7000 series, Thermo 
Scientific). 

2.4. Microwave-assisted Acid Pretreatment 
(MAAP) of Biomass 

Dried and milled samples of switchgrass shoot biomass 
(0.25 g) were pretreated with 10 mL dilute HNO3 acid 
(5.0%) using a microwave heating unit (MARS5 v194A08; 
CEM corporation) at 170 °C for 10 min. The hydrolysate 
of the pretreated switchgrass biomass was made up to 50 
mL with DI H2O and pH was adjusted to 5.5 using KOH 
(1.0 M and 1.0 mM). The hydrolysate was stored in 50 
mL tubes at 4°C for enzymatic hydrolysis. 

2.5. Enzymatic Hydrolysis Reactions 
Enzymatic hydrolysis reactions were carried out with 

1.0 M sodium acetate buffer (pH 4.8), with addition of 
antibiotics to prevent microbial growth [29,30]. For the 
cellulose reaction, approximately 0.5 g cellulose was 
placed in a 25 mL Erlenmeyer flask followed by the 
addition of 23.5 mL sterilized DI H2O, 0.25 mL 
Accellerase 1500, 150 μL cycloheximide, 100 μL 
tetracycline (10 g/L in 70% ethanol) and 1.25 mL acetate 
buffer. For the biomass reaction, approximately 23.5 mL 
pretreated hydrolysate containing switchgrass biomass 
was placed in a 25-mL Erlenmeyer flask followed by the 
addition of 0.25 mL Accellerase 1500 enzyme, 150 μL 
cycloheximide, 100 μL tetracycline and 1.25 mL acetate 
buffer. Flasks were capped and placed in an incubated 
shaker at 50 °C, 250 rpm for 48 h. The mixtures were 
heated to 60 °C to terminate the enzymatic reaction at the 
end of the incubation period. Samples were then 
centrifuged at approximately 6200 ×g for 20 min and the 
supernatants were filtered using a 0.22 μm filter. The 
concentrations of glucose in the hydrolysate were 
determined by spectrophotometry with absorbance read at 
340 nm. 

2.6. Fermentation Reactions 
A 10× YP medium was prepared by dissolving 10.0 g 

yeast extract and 20.0 g peptone in 100 mL deionized 
water followed by autoclaving at 121 °C for 30 min. For 
the glucose fermentation, a mixture of 1.0 mL acetate  
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buffer (pH 4.8), 1.0 mL of 10× YP, 3.0 mL glucose 
solution, 0.02 g of ethanol TT yeast, and 5.0 mL 
autoclaved water was added to the 25 mL Erlenmeyer 
flask. For the fermentation of hydrolysate, a mixture of 1.0 
mL pH 4.8 acetate buffer, 1.0 mL of 10× YP, 10.0 mL 
hydrolysate, 0.02 g of ethanol TT yeast, and 2.0 mL 
autoclaved water was added to the 25 mL Erlenmeyer 
flask. Each flask was capped with an airlock containing  
1% H2SO4 to allow CO2 to escape while maintaining an 
anaerobic environment. The entire assembly was then 
placed in an incubated shaker set at 32 °C, 130 rpm for 
48h [29]. Concentrations of ethanol in the fermented 
solution were determined by spectrophotometry with 
absorbance read at 570 nm. 

3. Results 

3.1. Mineral Elements Status (µg/g) of the 
ASL Soil, CFA and CFA-soil Admixtures 

The concentrations of mineral elements in the control 
soil, CFA-soil admixtures and CFA at the initial 
preparation of the admixtures are presented in Table 1. 
The concentrations of K, Mg, Ca, Na, S, B, Al, and Fe 
were higher in the CFA compared to the control soil while 
P, Si, Mn, and Co were lower in the CFA than the soil. 
The variations in the concentrations of the mineral 
elements between the CFA and ASL soil were significant 

at (p < 0.05) for Mg, Ca, Na, S, Si, B, Al, Mn, and Co. 
The concentrations of P, Mg, Ca, Na, S, B, and Co 
increased in the CFA-soil admixtures while K, Al, Fe, and 
Mn decreased with increased concentrations of CFA in the 
admixtures compared to the control. 

3.2. Mineral Elements Status (µg/g) of the 
CFA-soil Admixtures after 90 Days Pot 
Study 

The concentrations of mineral elements in the CFA-soil 
admixtures at the end of the greenhouse pot study are 
presented in Table 2. The concentrations of the mineral 
elements in the CFA-soil admixtures ranged from  
9.48 µg/g for Co to 18869.11 µg/g for Fe. The 
concentrations of K, P, Mg, Ca, Na, S, B, Al, Fe, and Co 
were higher in the 7.5 and 15% CFA-soil admixtures 
compared to the control while Si and Mn were lower 
(Table 2). The concentrations of K, P, Mg, Si, and Al were 
higher in control soil inoculated with AMF compared to 
uninoculated. Likewise, K, P, and Mg in 7.5% CFA-soil 
admixture, and P and Ca in 15% CFA-soil admixture were 
higher with AMF inoculation compared to uninoculated 
admixtures (Table 2). The concentrations of P, S, and Si 
were higher in control soil fortified with GSH compared 
to unfortified soil. Likewise, P, Mg, Ca, Na, S, Si, and B 
in 7.5% CFA-soil admixture and P, Mg, Ca, and S in 15% 
CFA-soil admixture were higher with GSH fortification 
compared to unfortified admixtures (Table 2). 

Table 1. Concentrations (mean ± SD) of mineral elements in the CFA-soil admixtures at the start of greenhouse pot study 

Mineral Elements (µg/g) Soil + 0% CFA (control) Soil + 7.5% CFA Soil + 15% CFA 100% CFA 
K 2203.24 ± 360.38a 2007.64 ± 147.90a 2066.84 ± 160.61a 2659.32 ± 325.21 
P 3089.32 ± 216.84a 3263.32 ± 118.46ab 3478.32 ± 195.57b 2812.51 ± 127.02 

Mg 2348.80 ± 423.01a 2958.90 ± 486.40a 2966.70 ± 281.81a 5460.15 ± 760.50* 
Ca 2699.90 ± 38.96a 8729.30 ± 1530.30b 15220.40 ± 1793.83c 49718.00 ± 13918.94* 
Na 125.80 ± 3.84a 294.70 ± 12.62b 597.70 ± 133.13c 1545.15 ± 374.77* 
S 540.50 ± 11.12a 2022.20 ± 235.58b 3459.30 ± 151.78c 8271.75 ± 205.44* 
Si 273.94 ± 15.29a 311.74 ± 46.25ab 331.44 ± 14.63b 128.32 ± 13.05* 
B 23.48 ± 1.86a 98.48 ± 11.09b 189.17 ± 5.02c 680.94 ± 142.58* 
Al 20110.00 ± 1118.75a 18148.70 ± 1956.85ab 16888.80 ± 713.60c 28586.35 ± 8176.61* 
Fe 32584.96 ± 2748.64a 30136.96 ± 3978.27a 28001.86 ± 922.60a 37921.48 ± 11970.22 
Mn 1368.16 ± 161.50a 1157.36 ± 192.65ab 1001.56 ± 153.33c 151.93 ± 16.15* 
Co 19.26 ± 2.27a 19.36 ± 1.86a 21.26 ± 1.51a 15.23 ± 0.91* 

Data with different alphabets indicate significant differences between treatments (p < 0.05, Duncan multiple range test). CFA data with asterisks (*) are 
significantly different compared to the control soil (p < 0.05, one-way ANOVA). 

Table 2. Average values of mineral elements in the CFA-soil admixtures after 90 days of greenhouse pot study 

Mineral 
Elements (µg/g) 

Soil + 0% 
CFA (control) 

Soil + 0% 
CFA + AMF 

Soil + 0% 
CFA + GSH 

Soil + 7.5% 
CFA 

Soil + 7.5% 
CFA + AMF 

Soil +7.5% 
CFA + GSH 

Soil +15% 
CFA 

Soil + 15% 
CFA + AMF 

Soil + 15% 
CFA + GSH 

K 1103.35ab 1294.25b 966.50a 1135.25ab 1181.75ab 972.85a 1161.80ab 1033.90a 1028.40a 
P 1327.69a 1466.44b 1571.39c 1853.34d 2059.89e 2081.54e 2453.54f 2536.09f 2548.29f 

Mg 1283.69a 1410.49a 1265.89a 1946.24b 1977.99b 1966.28b 2727.99c 2643.54c 2759.04c 
Ca 1506.42a 1338.72a 1322.82a 6394.62b 6285.67b 6627.30b 11331.67c 11381.22c 11846.07c 
Na 75.71a 64.16a 56.81a 114.56b 112.71b 131.86b 172.21c 156.01c 168.56c 
S 318.45a 318.50a 326.85a 478.15b 468.80b 507.95b 793.90c 756.20c 810.10c 
Si 107.68ab 124.38c 109.43ab 88.18d 65.68e 118.13bc 103.98a 69.43e 69.38e 
B 13.28a 11.43a 10.28a 36.83b 35.48b 39.33b 75.28d 67.13c 72.58d 
Al 12341.63ab 13395.93bc 11142.88a 13865.93bcd 13846.73bcd 12895.70abc 15575.08d 13802.13bcd 14804.18cd 
Fe 15061.46abc 14273.06ab 13898.86a 16563.81cde 16468.46cde 15564.44bcd 18869.11f 16919.86de 17547.11ef 
Mn 1057.96a 1010.76a 991.86a 1014.01a 959.06a 1011.66a 580.98b 501.96b 489.61b 
Co 9.75a 9.75a 9.50a 10.55a 10.50a 9.48a 10.75a 9.90a 10.25a 

Data with different alphabets indicate significant differences between treatments (p < 0.05, Duncan multiple range test). 
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3.3. Mineral Elements Uptake (µg/g) by 
Switchgrass after 90 Days Pot Study 

The concentrations of mineral elements in the roots and 
shoots of switchgrass after 90 days of greenhouse pot 
exposure to different treatments of CFA-soil admixtures 
are presented in Table 3 and Table 4 respectively. The 
concentrations of the mineral elements in the plant roots 
ranged from 0.75 µg/g for Co to 47685.64 µg/g for K. The 
concentrations of the mineral elements in the plant shoots 
ranged from 0.27 µg/g for Co to 52590.14 µg/g for K. The 
concentrations of Mg, Ca, Na, S, B, and Co were higher in 
the CFA exposed roots while P, Si, Al, and Fe were lower 
compared to the control (Table 3). Likewise, P, Mg, Ca, 
Na, S, B, Al, and Co were higher in the CFA-exposed 
shoots while Fe was lower compared to the control  
(Table 4). K and Mn were higher in plant roots and shoots 
exposed to 7.5% CFA-soil and lower at 15% CFA-soil 
compared to the control. Si in plant shoot was lower at 

7.5% CFA and higher at 15% CFA compared to the control. 
The plant tissues mineral elements uptake in the  

CFA-soil admixtures were also varied with AMF 
inoculation or fortification with GSH. Concentrations  
of P, Mg, Ca, and S were higher in plant roots exposed to 
AMF-inoculated CFA-soil admixtures compared to the 
uninoculated (Table 3) while P and Mg were also higher 
in plant shoots exposed to AMF (Table 4). Conversely, Si 
in both plant roots and shoots exposed to AMF-inoculated 
CFA-soil admixtures were lower than the uninoculated. S 
in plant roots and shoots, and P in plant shoots exposed to 
GSH fortified CFA-soil admixtures were higher compared 
to the admixtures without GSH. Conversely, Al, Fe, and 
Co in plant roots, and B in plant shoots exposed to GSH 
fortified CFA-soil admixtures were lower than the 
admixtures without GSH. All other mineral elements in 
the plant roots and shoots exposed to either AMF or GSH 
were either higher or lower at different levels of the  
CFA-soil admixtures. 

Table 3. Average values of mineral elements uptake by switchgrass roots after 90 days of greenhouse pot study 

Mineral 
Elements 

(µg/g) 

Soil + 
0% CFA 
(control) 

Soil + 
0% CFA 
+ AMF 

Soil + 
0% CFA 
+ GSH 

Soil + 
7.5% CFA 

Soil + 
7.5% CFA 

+ AMF 

Soil + 
7.5% CFA 

+ GSH 

Soil + 
15% CFA 

Soil + 
15% CFA 

+ AMF 

Soil + 
15% CFA 

+ GSH 
K 40437.54a 46031.54a 47685.64a 41423.14a 38923.44a 25718.04b 18652.48b 24403.84b 18572.84b 

P 3340.92ab 3790.62d 3266.92ac 3198.02c 3498.82e 3531.32e 1979.44f 3431.42be 2314.32g 

Mg 3490.80ab 3794.40ab 3020.90b 3807.10ab 5384.30c 4140.60ab 3504.60ab 4498.40bc 2997.50b 

Ca 818.10a 1082.90b 797.90a 1329.90d 1620.00c 1293.60d 1376.80de 1876.70f 1484.40e 

Na 207.10a 233.60a 208.50a 554.70bc 529.40b 574.60c 732.20d 936.50e 664.90f 

S 1491.60a 1550.70b 1545.40b 2273.10c 2735.70d 2511.00e 2858.80f 4163.00g 3166.00h 

Si 799.44a 759.14ab 884.14c 713.04b 612.34e 700.24bd 705.68bd 631.64de 580.14e 

B 4.78a 4.08a 2.88a 34.18b 29.68b 28.68b 32.36b 60.28c 48.58d 

Al 744.60a 595.40b 667.30c 361.50d 280.80ef 316.60de 249.00fg 301.70ef 200.70g 

Fe 641.16a 526.46b 565.56b 356.66c 301.96c 341.16c 305.72c 352.66c 238.96d 

Mn 88.36a 108.36b 91.36a 125.26c 74.46d 74.16d 59.72e 51.76ef 40.76f 

Co 1.06abc 0.76a 0.96ab 1.56de 1.26bcd 1.16bc 1.32cd 1.76e 1.06abc 

Data with different alphabets indicate significant differences between treatments (p < 0.05, Duncan multiple range test). 

Table 4. Average values of mineral elements uptake by switchgrass shoots after 90 days of greenhouse pot study 

Mineral 
Elements 

(µg/g) 

Soil + 
0% CFA 
(control) 

Soil + 
0% CFA 
+ AMF 

Soil + 
0% CFA 
+ GSH 

Soil + 
7.5% CFA 

Soil + 
7.5% CFA 

+ AMF 

Soil + 
7.5% CFA 

+ GSH 

Soil + 
15% CFA 

Soil + 
15% CFA 

+ AMF 

Soil + 
15% CFA 

+ GSH 

K 47605.64a 46319.24b 47328.44a 49916.54c 52590.14d 52935.34d 23355.68e 49286.94c 48993.94c 

P 3183.72a 3804.62b 3733.22c 4993.22d 5954.62e 5783.72f 3433.44g 6731.32h 4680.72i 

Mg 3903.40a 3970.80a 4287.70b 4474.40c 5283.50d 4984.30e 4311.40b 5156.70f 4301.90b 

Ca 3191.90a 3047.10a 4679.40b 3652.70a 4583.60b 3617.10a 3728.40a 3744.80a 3385.70a 

Na 109.50a 104.00a 109.60a 144.30b 135.30b 143.90b 260.20c 161.30b 200.50d 

S 2069.80a 2052.60b 2194.80c 2840.10d 2476.20e 2957.10f 2139.80g 2705.10h 2364.10i 

Si 497.84a 367.24a 457.64a 456.74a 390.74a 456.24a 942.28b 385.04a 387.64a 

B 28.88a 13.48b 11.28b 236.48d 143.08c 225.78d 256.76e 304.68f 211.58g 

Al 26.50abc 17.60a 30.00abc 27.60abc 40.20c 37.20bc 28.20abc 30.70abc 19.60ab 

Fe 168.86a 140.16ab 132.86b 136.26b 152.36ab 137.76b 135.52b 122.56b 92.16c 

Mn 39.46a 45.16b 42.86c 42.36c 34.86d 34.06d 28.18e 20.26f 18.86f 

Co 0.27a 0.27a 0.27a 0.36a 0.36a 0.36a 0.68b 0.36a 0.36a 

Data with different alphabets indicate significant differences between treatments (p < 0.05, Duncan multiple range test). 
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The bioaccumulation (BAF), enrichment (EF), and 
translocation (TF) factors for each mineral element taken 
up by the plant tissues are presented in Table 5, Table 6 
and Table 7 respectively. BAF was greater than 1 unit for 
K, P (except in 7.5% CFA-soil admixture inoculated with 
AMF and in 15% CFA-soil admixtures), Mg, Na, S, and 
Si in all CFA-soil admixtures with or without AMF or 

GSH (Table 5). Similarly, EF was greater than 1 unit for  
K, P, Mg, Ca (except in control soil), Na, S, Si, and B 
(Table 6). TF was greater than 1 unit for K (except in  
0% CFA-soil containing GSH), P (except in control soil), 
Mg, Ca, S (except in 7.5% CFA-soil containing AMF  
and 15% CFA-soil), B, and Si (except in 15% CFA)  
(Table 7). 

Table 5. Bioaccumulation factor (BAF) of mineral elements by switchgrass roots after 90 days of greenhouse pot study 

Mineral 
Elements 

(µg/g) 

Soil + 
0% CFA 
(control) 

Soil + 
0% CFA 
+ AMF 

Soil + 
0% CFA 
+ GSH 

Soil + 
7.5% CFA 

Soil + 
7.5% CFA 

+ AMF 

Soil + 
7.5% CFA 

+ GSH 

Soil + 
15% CFA 

Soil + 
15% CFA 

+ AMF 

Soil + 
15% CFA 

+ GSH 
K 36.65 35.57 49.34 36.49 32.94 26.44 16.05 23.60 18.06 

P 2.52 2.58 2.08 1.73 1.70 1.70 0.81 1.35 0.91 

Mg 2.72 2.69 2.39 1.96 2.72 2.11 1.28 1.70 1.09 

Ca 0.54 0.81 0.60 0.21 0.26 0.20 0.12 0.16 0.13 

Na 2.74 3.64 3.67 4.84 4.70 4.36 4.25 6.00 3.94 

S 4.68 4.87 4.73 4.75 5.84 4.94 3.60 5.51 3.91 

Si 7.42 6.10 8.08 8.09 9.32 5.93 6.79 9.10 8.36 

B 0.36 0.36 0.28 0.93 0.84 0.73 0.43 0.90 0.67 

Al 0.06 0.04 0.06 0.03 0.02 0.02 0.02 0.02 0.01 

Fe 0.04 0.04 0.04 0.02 0.02 0.02 0.02 0.02 0.01 

Mn 0.08 0.11 0.09 0.12 0.08 0.07 0.10 0.10 0.08 

Co 0.11 0.08 0.10 0.15 0.12 0.12 0.12 0.18 0.10 

Table 6. Enrichment factor (EF) of mineral elements by switchgrass shoots after 90 days of greenhouse pot study 

Mineral 
Elements 

(µg/g) 

Soil + 
0% CFA 
(control) 

Soil + 
0% CFA 
+ AMF 

Soil + 
0% CFA 
+ GSH 

Soil + 
7.5% CFA 

Soil + 
7.5% CFA 

+ AMF 

Soil + 
7.5% CFA 

+ GSH 

Soil + 
15% CFA 

Soil + 
15% CFA 

+ AMF 

Soil + 
15% CFA 

+ GSH 
K 43.15 35.79 48.97 43.97 44.50 54.41 20.10 47.67 47.64 

P 2.40 2.59 2.38 2.69 2.89 2.78 1.40 2.65 1.84 

Mg 3.04 2.82 3.39 2.30 2.67 2.53 1.58 1.95 1.56 

Ca 2.12 2.28 3.54 0.57 0.73 0.55 0.33 0.33 0.29 

Na 1.45 1.62 1.93 1.26 1.20 1.09 1.51 1.03 1.19 

S 6.50 6.44 6.72 5.94 5.28 5.82 2.70 3.58 2.92 

Si 4.62 2.95 4.18 5.18 5.95 3.86 9.06 5.55 5.59 

B 2.17 1.18 1.10 6.42 4.03 5.74 3.41 4.54 2.92 

Al 0.002 0.001 0.003 0.002 0.003 0.003 0.002 0.002 0.001 

Fe 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Mn 0.04 0.04 0.04 0.04 0.04 0.03 0.05 0.04 0.04 

Co 0.03 0.03 0.03 0.03 0.03 0.04 0.06 0.04 0.04 

Table 7. Translocation factor (TF) of mineral elements by switchgrass shoots after 90 days of greenhouse pot study 

Mineral 
Elements 

(µg/g) 

Soil + 
0% CFA 
(control) 

Soil + 
0% CFA 
+ AMF 

Soil + 
0% CFA 
+ GSH 

Soil + 
7.5% CFA 

Soil + 
7.5% CFA 

+ AMF 

Soil + 
7.5% CFA 

+ GSH 

Soil + 
15% CFA 

Soil + 
15% CFA 

+ AMF 

Soil + 
15% CFA 

+ GSH 
K 1.18 1.01 0.99 1.21 1.35 2.06 1.25 2.02 2.64 

P 0.95 1.00 1.14 1.56 1.70 1.64 1.73 1.96 2.02 

Mg 1.12 1.05 1.42 1.18 0.98 1.20 1.23 1.15 1.44 

Ca 3.90 2.81 5.86 2.75 2.83 2.80 2.71 2.00 2.28 
Na 0.53 0.45 0.53 0.26 0.26 0.25 0.36 0.17 0.30 

S 1.39 1.32 1.42 1.25 0.91 1.18 0.75 0.65 0.75 

Si 0.62 0.48 0.52 0.64 0.64 0.65 1.34 0.61 0.67 

B 6.04 3.30 3.92 6.92 4.82 7.87 7.93 5.05 4.36 

Al 0.04 0.03 0.04 0.08 0.14 0.12 0.11 0.10 0.10 

Fe 0.26 0.27 0.23 0.38 0.50 0.40 0.44 0.35 0.39 
Mn 0.45 0.42 0.47 0.34 0.47 0.46 0.47 0.39 0.46 

Co 0.25 0.36 0.28 0.23 0.29 0.31 0.52 0.20 0.34 
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Table 8. Switchgrass glucose and bioethanol yield (mean ± SD) in the CFA-soil admixtures 

Treatments Glucose (µg/mg DW) Bioethanol (µg/mg DW) Bioethanol Yield (%) 

Soil + 0% CFA (control) 281.13 ± 17.67a 24.46 ± 2.79ab 17.00 

Soil + 0% CFA + AMF 401.76 ± 14.59b 30.07 ± 5.33abcd 14.54 

Soil + 0% CFA + GSH 392.92 ± 29.06b 35.98 ± 5.56d 17.89 

Soil + 7.5% CFA 311.23 ± 11.12c 23.27 ± 8.40a 14.62 

Soil + 7.5% CFA + AMF 217.59 ± 12.92d 32..83 ± 5.29bcd 29.50 

Soil + 7.5% CFA + GSH 263.10 ± 14.50a 33.75 ± 4.59cd 25.08 

Soil + 15% CFA 345.90 ± 19.12e 26.63 ± 6.01abc 15.06 

Soil + 15% CFA + AMF 309.19 ± 13.29c 30.05 ± 2.97abcd 18.99 

Soil + 15% CFA + GSH 228.79 ± 12.13d 26.87 ± 6.67abc 22.97 

Data with different alphabets indicate significant differences between treatments (p < 0.05, Duncan multiple range test). 
 
The concentrations of glucose from the enzymatic 

hydrolysis of MAA pretreated biomass, and bioethanol 
concentrations in the fermented hydrolysate are presented 
in Table 8. Glucose concentration ranged from 217.59 - 
401.76 µg/mg DW. Glucose concentrations in biomass 
hydrolysate increased significantly (p < 0.05) in 7.5% and 
15% CFA-soil admixtures compared to the control. The 
presence of AMF inoculum in the admixtures enhanced 
glucose production from switchgrass biomass grown on 
control soil and 15% CFA soil-admixture. Likewise, GSH 
enhanced glucose production from biomass grown on 
control soil (Table 8). Bioethanol concentration ranged 
from 23.27 - 35.98 µg/mg DW. Bioethanol concentration 
was highest in fermented hydrolysate obtained from 
switchgrass grown on 15% CFA-amended soil. AMF and 
GSH enhanced bioethanol concentration in CFA-amended 
soils and the unamended soil (Table 8). However, relative 
to the glucose concentration in the hydrolysate, bioethanol 
yield ranged from 14.54 – 29.50%. Bioethanol yield was 
lower in the CFA-amended soils compared to the control 
soil. Meanwhile, the bioethanol yield was enhanced in  
the fermented hydrolysate of switchgrass grown on  
CFA-amended soils that were inoculated with AMF or 
fortified with GSH. 

4. Discussion 

The presence of essential plant nutrient elements 
including K, Ca, Mg, S, P, Fe, Mn, B, and Co in CFA 
[31,32,33,34] made CFA a suitable source of nutrient 
supply to soils where there is nutrient deficiency. The 
CFA used in this study had higher levels of K, Mg, Ca, Na, 
S, B, Al, and Fe, and lower levels of P, Si, Mn, and Co 
compared to the ASL soil. The differences in the levels of 
these mineral elements between the CFA and ASL soil 
were significant for Mg, Ca, Na, S, Si, B, Al, Mn, and Co. 
The application of CFA to ASL soil at rates 7.5 and 15% 
increased the levels P, Mg, Ca, Na, S, B, and Co, and 
decreased the levels of K, Al, Fe, and Mn in the resulting 
CFA-soil admixtures (Table 1). Roy and Joy [35] in their 
study on the dose-related effect of CFA on edaphic 
properties in laterite cropland soil reported that Ca and Na 
increased with CFA dose and time, but K decreased. Dash 
et al. [36] also reported decreased levels of P and K, and 
increased level of Fe with increased CFA amendment rate.  

After 90 days of cultivating switchgrass on the  
CFA-soil admixtures, the levels of K, P, Mg, Ca, Na, S, B, 
Al, Fe, and Co were still higher in the soils amended with 
CFA compared to the unamended (Table 2). AMF 
inoculation increased the levels of K, P, Mg, Si, and Al in 
the control soil increased K, P, and Mg in the 7.5%  
CFA-soil admixture, and increased P and Ca in the 15% 
CFA-soil admixture compared to the uninoculated admixtures 
(Table 2). Likewise, GSH fortification increased the levels 
of P, S, and Si in the control soil, increased P, Mg, Ca, Na, 
S, Si, and B in the 7.5% CFA-soil admixture and 
increased P, Mg, Ca, and S in the 15% CFA-soil 
admixture compared to unfortified admixtures (Table 2). 
Significant positive and negative interrelationships 
between the mineral elements in the CFA-soil admixtures 
varied with the rates of CFA-amendment and with time. 

CFA increased the uptake of Mg, Ca, Na, S, B, and Co 
in the plant roots and decreased P, Si, Al, and Fe (Table 3). 
Likewise, CFA increased the uptake of P, Mg, Ca, Na, S, 
B, Al, and Co in the plant shoots and decreased the Fe 
uptake. The uptake of K and Mn in the plant roots and 
shoots were increased and decreased at 7.5 and 15%  
CFA-soil admixtures respectively, while the uptake of Si 
in the plant shoot decreased and increased at 7.5 and 15% 
CFA rates respectively. Nass et al. [37] reported higher 
uptake of Al, B, Co, and Fe in grasses grown on 
unweathered CFA-contaminated soils. Swamy et al. [38] 
also reported increased uptake of K, P, Fe, Mn, and Co in 
Onion bulbs (Allium cepa L) grown on CFA-amended 
soils at rates beyond 5% CFA. 

AMF have been reported to assist various plants in 
assimilating mineral elements especially phosphorus (P) 
[39,40,41,42,43]. In this study, AMF enhanced the uptake 
of P, Mg, Ca, and S in the plant roots (Table 3), enhanced 
the uptake of P and Mg in the plant shoots (Table 4), and 
reduced the uptake of Si in both the plant roots and shoots. 
Similarly, GSH enhanced the uptake of S in plant roots 
and shoots, and P in plant shoots while it reduced the 
uptake of Al, Fe, and Co in plant roots, and B in plant 
shoots. The AMF or GSH either enhanced or decreased 
the uptake of all other mineral elements in the plant roots 
and shoots at different exposure levels to CFA in the 
admixtures. 

BAF is the ratio of mineral element concentration in 
plant roots to soil [44,45]. EF is the ratio of mineral 
element concentration in plant shoot to soil [45,46,47]. TF  
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is the ratio of mineral element in plant shoots to roots 
[45,48,49,50]. BAF, EF, and TF have been used in 
environmental toxicology and risk assessment as essential 
indices to assess plant tolerance and to determine plants 
efficiency for potential mineral element uptake [45,51]. 
The switchgrass BAF was highest for K (16.05 – 49.34) 
and least for Fe and Al (< 0.06) (Table 5), the EF was 
highest for K (20.10 – 54.41) and least for Al (< 0.01) 
(Table 6), and the TF was highest for B (3.30 – 7.93) and 
least for Al (< 0.15) (Table 7). The BAF, EF, and TF were 
varied with CFA amendment rates, AMF inoculation and 
GSH fortification. The high-efficiency translocation of a 
potentially toxic trace element such as B may pose a threat 
to the growth of plants [52,53] when exposed CFA [54,55,56]. 

Various studies have been conducted to determine 
reducing sugar (glucose) and ethanol yield from 
lignocellulosic biomass [30,57,58,59]. Typically, most of 
the lignocellulosic biomass from agriculture consists of 
about 40%-50% cellulose, 20%-30% hemicellulose, and 
10%-25% lignin [60]. Cellulose is an unbranched linear 
polymer of β-(1→4)-D-glucopyranose units. Hemicellulose 
is a branched linear polymer derived from anhydrides of 
various sugars with low degree of polymerization, low 
mechanical and chemical resistance, and always accompanied 
by cellulose and lignin. Lignin is a complex cross-linked, 
3-dimensional non-carbohydrate polymer formed from 
phenolic units. Lignin provides strength and structure to 
the plant cell walls and it acts as a barrier for solutions or 
enzymes by linking to both hemicelluloses and cellulose 
[60]. To optimize glucose yield from switchgrass, shoot 
biomass were subjected to microwave-assisted nitric acid 
pretreatment [57] followed by enzymatic hydrolysis with 
Accelerase 1500 (Endoglucanase Activity: 2200 – 2800 
CMC U/g; Beta-Glucosidase Activity: 450 – 775 pNPG U/g).  

Glucose concentration in hydrolysate varied between 
CFA amendments, AMF inoculation, and GSH fortification 
(Table 8). Glucose concentration in biomass hydrolysate 
of switchgrass grown on CFA-amended soils was 
significantly increased compared to the unamended soil. 
The differences in the glucose concentration may be due 
to the relative differences in their elemental uptake. The 
concentrations of certain mineral elements in biomass may 
enhance or inhibit the activities of the accelerase (or 
cellulase) enzyme [61,62,63,64,65]. Both AMF and GSH 
enhanced glucose yield in unamended soils. Tutt et al. [57] 
achieved the highest cellulose-to-glucose conversion rate 
of 316.7 g/kg from wheat straw biomass pretreated with 
nitric acid. Xie et al. [6] also reported an increase in sugar 
yield from sugarcane grown in metal-contaminated soils. 

Bioethanol concentration in fermented hydrolysate 
varied between CFA amendments, AMF inoculation, and 
GSH fortification (Table 8). The concentration of 
bioethanol was higher in the fermented hydrolysate of 
switchgrass grown in 15% CFA-amended soil compared 
to the unamended soil. However, the bioethanol yield 
relative to the glucose concentration was lower in the 
CFA-amended soils compared to the control, AMF 
enhanced the bioethanol yield from switchgrass biomass 
grown on the CFA-amended soils. Likewise, GSH 
enhanced bioethanol yield from switchgrass biomass 
grown on the CFA-amended and unamended soils. Studies 
conducted by Xie et al. [6] and Balsamo et al. [65] have 

also shown no significant adverse effect on bioethanol 
production from biomass grown on contaminated soils. 

5. Conclusion 
CFA contains mineral elements that could supplement 

soils that are lacking in specific nutrients for bioenergy 
crop production. However, the amount of CFA needed in 
amending the soil is crucial to the downstream production 
of glucose and bioethanol. The co-application of CFA 
with either AMF or GSH as soil amendment would serve 
to better enhance bioethanol production from biomass that 
may be impacted by the CFA. 
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