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ABSTRACT: A new class of lignocellulose derived from amaranth (Amaranthus Cruentus) represents a potential 

feedstock for bioethanol production. The lignocellulose material can be pretreated to yield high monomeric sugar 

concentrations and also be able to release lignin that normally has inhibiting effects during hydrolysis and 

fermentation in the bioethanol production process. The objective of the present study was to evaluate the pretreatment 

of amaranth lignocellulose by assessing the yields of total reducing sugars. Milled amaranth roots and stems, 

containing 363.5 g Kg-1 cellulose and 124.9 g Kg-1 hemicellulose were pretreated using microwave irradiation in the 

presence of different alkaline catalysts. Microwave pretreatment was conducted at varying power inputs and energy 

densities using NaOH, KOH or Ca(OH)2 as alkaline pretreatment at varying concentrations (10 to 50 g kg-1). The 

liquid fraction was analyzed for 5 and 6-ring sugar content using high performance liquid chromatography (HPLC). 

The overall results showed that pretreatment with KOH followed by enzymatic hydrolysis gave the highest total 

sugar yield (488.23 g Kg-1 based on original biomass loading). Microwave-assisted alkali pretreatment of 

lignocellulose remains the most affordable and effective method for delignification and hydrolysis of lignocellulosic 

biomass compared to conventional heating. The results from this study show that Amaranthus cruentus has potential 

for high concentrations of fermentable sugars and is a viable feedstock for bioethanol production through microwave 

pretreatment.  
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1 INTRODUCTION 

 

The use of lignocellulose in the production of 

biofuels provides a solution to the food versus fuel debate 

which is a current issue when it comes to biofuels 

production. Amaranth (Amaranthus cruentus) is a small-

seeded grain crop that is characterized as a high-energy 

multipurpose plant. It can grow anywhere in the world 

and is a short cycle plant that is resistant to drought and 

salinity as well any contamination by radioactive dust or 

other contaminants [1]. Various studies has shown the 

potential of Amaranthus cruentus as a good potential 

feedstock for bioethanol production, due to its lignin and 

high cellulose content [1,2,3]. Using amaranth 

lignocellulose for the production of bioethanol will have 

less impact on land and water use since only the inedible 

parts of the plant will be used for energy production 

while the grain (starch) is used as a high protein food 

source.  

Microwaves are found between the infrared and radio 

frequency in the electromagnetic spectrum and range 

from 0.3 GHz to 300 GHz. When substances are exposed 

to microwaves, they can absorb, reflect or transmit 

microwaves and it is this absorbed microwave energy 

that is converted to heat within thin material [4]. 

Microwaves are able to break down the structure of 

lignocellulose by thermal effects or non-thermal effects 

[4,5]. Microwave pretreatment involves soaking of 

biomass in a chemical solution and subjection of the 

broth to microwave irradiation [6]. It is assumed that the 

microwaves will create hot spots that over time create an 

explosion [4,5,7] that breaks down the lignocellulose 

structure by thermal effects. Non-thermal effects occur 

when the polar side chains of the sell wall change their 

structure thereby accelerating the destruction of the 

crystal structure of biomass [4,5]. Hu and Wen [8] 

compared the use of microwave-assisted alkali 

pretreatment of switch grass to alkali pretreatment using 

conventional heating and found that microwave heating 

gave a yield of 34.5 g total sugars per 100 g biomass, 

which was 53% higher compared to that obtained for 

conventional heating. 
Microwave irradiation is most effective when 

combined with a chemical pretreatment. Combination of 

microwave irradiation with acid pretreatment was 

reported by Chen and co-workers [9] where sugarcane 

bagasse (10% (w/v)) was pretreated with sulfuric acid (0 

to 0.02 M) at 180 W for 30 minutes.  The results showed 

that 40-44% of bagasse degrades during pretreatment, 80-

98% of hemicellulose is hydrolyzed and 0.005 M sulfuric 

acid was found to produce the maximum amount of 

glucose and xylose. Monteil-Rivera and co-workers [10] 

used microwave in conjunction with 85% (v/v) ethanol 

and 0.5 N sulfuric acid at a time range of 0-30 minutes at 

120°C to extract lignin in triticale straw.  The highest 

lignin content obtained was 91% when using 92% 

ethanol, 0.64 N sulfuric acid and 148°C which was 

optimized using response surface methodology [10]. 

Other studies [11] used microwave pretreatment in 

combination with acid, alkali and hydrogen peroxide in 

rice straw, and microwave pretreatment in aqueous 

glycerol in Japanese cedar wood chips[12]. 

Most of the work that has been done on the use of 

microwaves to break down lignocellulose has shown that 

microwave in combination with is more effective in 

breaking down the lignocellulose plant structure than acid 

broths [6]. Microwave irradiation in combination with 

NaOH (2-5 wt%) pretreatment for 10 to 60 minutes at 60 

to140 ºC with a 10 wt% biomass loading has been used to 

solubilize hemicellulose and lignin in wheat straw [7]. 

More than 80% hemicellulose and 90% lignin were 

recovered with minor degradation products formed while 

the cellulose was kept intact. Similar studies on alkaline 

microwave pretreatment have been done on wheat straw 

[13], rice straw [11,14], tea [15], cotton plant residue 

[16], oil palm trunks and fronds [17] and corn cobs [18]. 

The diversity of feedstock and relatively high 

conversions reported underlines the applicability of 
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microwave irradiation as a fast and cheap pretreatment 

method for conversion of lignocellulosic material to 

fermentable sugars.  

Amaranth is an emerging energy crop that has the 

potential of producing both energy and food in a single 

crop. This paper will report on sugar yields obtained from 

amaranth roots pretreated with microwave irradiation in 

different alkaline solutions.  The aim is to assess the 

potential ethanol yields obtainable from amaranth 

lignocellulose at a low energy input cost. 

 

 

2 MATERIALS AND METHODS 

 

2.1 Feedstock 

Amaranth (Amaranthus cruentus) was obtained from 

Agricol Research Company (ARC) in Potchefstroom 

(26°43'37.5"S 27°04'48.2"E), North West province, 

South Africa.  The first batch was harvested in February 

2012 and the second batch was harvested in November 

2012.  Both these batches were used as a uniform mixture 

in this study.  Harvesting of the plants was done by hand.  

The stems and roots of the plants were separated 

individually washed under running water and then dried 

overnigh in an oven at 105°C to a moisture content of 

approximately 10% (w/w).  The dried amaranth roots 

were milled separately using a hammer mill to particle an 

approximate size of 1.7 mm.  The milled amaranth was 

stored in sealed plastic bags at room temperature (19°C) 

until used. 

The compositional analysis of amaranth roots used in 

this study us given in Table 1. 

 

Table I: Compositional analysis if amaranth roots used in 

this study 

 

Component Method Mass % 

Dry matter ASM013 93.89 

Moisture ASM013 6.11 

Protein NAf 6.81 

Fat (ether extract) ASM044 3.02 

Ash ASM048 15.12 

NDFa ASM060 60.02 

ADFb NAf 47.53 

ADLc/Lignin NAf 11.18 

Cellulosed Calculated 36.35 

Hemicellulosee Calcualted 12.49 

High Heating Value (MJ kg-1) ASM053 15.08 

 

a. NDF= Neutral detergent fiber 

b. ADF = Acid detergent fiber 

c. ADL = Acid detergent lignin 

d. Cellulose content = ADF-ADL 

e. Hemicellulose content = NDF-ADF 

f. Method not SANAS accredited 

 

2.2 Experimental methods 

 Each experiment was done with 5 g of dried 

amaranth roots in 100 mL of alkaline solution (KOH, 

NaOH and Ca(OH)2). Pretreatment was done using 

closed 500 mL Scott Duran bottles as reaction flasks in a 

domestic microwave oven. After each experiment, the 

reaction mixture was allowed to cool to room 

temperature before.  The reaction broth was filtered under 

vacuum and the filtrate was decanted into a centrifuge 

tube and the pH was adjusted to pH 7 using HCl.  The 

solid residue was dried at 105oC overnight and stored in 

glass vials for further analysis.  A Samsung domestic 

microwave (Figure 3.3) oven was used in all experiments 

with a variable power setting in a range of 100 W to 900 

W.  The influence of alkalin concentration was evaluated 

at alkaline concentrations of 10 to 50 g Kg-1 in water and 

the influence of power input was evaluated by varing the 

power setting on the microwave and the treatment time.  

All pretreatments were done in triplicate. 
Filtrates obtained from pretreatment was subjected to 

enzymatic hydrolysis to convert all polysaccharides not 

broken down during pretreatment to monomeric sugars. 

Enzymatic hydrolysis was done according to a standard 

method [19] using cellulase (Celluclast 1.5L at 0.24 mg 

L-1), cellubiase (Novozymes 188 at 0.25 mg L-1) and a 

surfactant (Tween 80 at 1.25 g L-1) and a trisodium citrate 

buffer containing sodium azide. Sodium azide was added 

to prevent microbial growth [20]. The buffer was used to 

keep the pH of the solution constant at pH 4.8.  Sterilized 

bottels continaing the hydrolysis broth were incubated in 

a shaking incubater at 50oC and 150 rpm for 48 hours.  A 

sample was taken at 3 hour intervals for the first 12 hours 

and then at 12 hour intervals for the remaining time.  

After 48 hours, the hydrolysate was filtered under 

vacuum and analysed for monomeric sugars. 

Sugar analysis after pretreatment and hydrolysis was 

done using high performance liquid chromatography 

(HPLC) and standard calibration curves according to 

standard methods [21]. The HPLC was fitted with a 

Shodes SP080 sugar column and a refractive index 

detector and water was used as mobile phase. 

 

 

3 PRETREATMENT RESULTS 

 

3.1 Effect of alkaline type on sugar yield 

The effect of potassium hydroxide (KOH), sodium 

hydroxide (NaOH) and calcium hydroxide(Ca(OH2) on 

sugar yield during microwave pretreatment of amaranth 

roots were investigated at a power input of 32 kJ g-1 and 

am alkaline concentration of 50 g kg-1 in a water 

solution. The experimental error associated with this set 

of experiments were between 3 and 4% for the different 

alkaline solutions based on a 95% confidence level. The 

result is given in Figure 1. 
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Figure 1: Effect of alkaline type on sugar yield during 

microwave pretreatment at a power input of 32 kJg-1 and 

an alkaline concentration of 50 g kg-1 in water (� - 

Cellulose sugars, � - Hemicellulose sugars) 

 

 Various researchers have reported on the ability of 

alkaline solutions to reduce cellulose crystallinity for 

enzymatic conversion to monomeric sugars [13,22,23].  

In this study it was observed that all the alkaline solutions 
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used succeeded in breaking down the crystallinity of the 

cellulose and depolymerize the cellulose to glucose. 

Calcium hydroxide was the most effective in converting 

the cellulose to glucose in a single pretreatments step 

(109.81 g kg-1) and KOH was the least effective (76.57 g 

kg-1). This can be explain by the alkalinity of the alkaline 

solutions used, with Ca(OH)2 having the highest 

alkalinity and KOH the lowest. Surprisingly, KOH and 

NaOH both manage to also break down a large portion of 

the hemicellulose structure to mostly xylose, mannose 

and arabinose.  Potassium hydroxide were more efficient 

in breaking down both cellulose and hemicellulose and 

thus produce the highest yield of total sugars (174.4 g kg-

1) based on mass of amaranth roots used. Ca(OH)2 only 

managed to breakdown cellulose to glucose, leaving the 

hemicellulose and lignin structures almost intact and thus 

produced the lowest total sugar yield. 

 

3.2 Effect of alkaline concentration on sugar yield 

 The influence alkaline concentration on total sugar 

yield was investigated by varying the alkaline 

concentration from 10 g kg-1 to 50 g kg-1 in water.  The 

experimental error associated with this set of experiments 

were between 3and 5 percent for the different alkaline 

solutions at a 95% confidence level.  The results are 

shown in Figure 2. 
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Figure 2: Effect of alkaline concentration on total sugar 

yield during microwave pretreatment at a power input of 

32 kJ g-1 (� - KOH, � - NaOH, � - Ca(OH)2) 

 

 At low dosages of 10 g kg-1 alkaline in water, 

Ca(OH)2 is more effective than KOH and NaOH, but as 

the dosage increase, the amount of cellulose sugars 

observed decreases.  KOH and NaOH had very little 

effect on the total sugar yield at low dosages, but 

increased concentration of alkali increase the conversion 

of both cellulose and hemicellulose to fermentable 

sugars. This result show that at low Ca(OH)2 

concentration (20 g kg-1) 82.5% of cellulose sugars can 

be obtained through a single pretreatment step while 

leaving the lignin and hemicellulose mostly intact.  

Ca(OH)2 can thus combined with microwave irradiation 

to preferentially remove cellulose from the plant material. 

 

3.3 Effect of power input on total sugar yield 

The effect of power input on the total sugar yield 

obtained from pretreatment of amaranth roots in different 

alkaline solutions of 50 g kg-1 in water was investigated 

by varying the pretreatment time at a fixed power usage 

of the microwave of 180 W.  The results are given in 

Figure 3. 
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Figure 3: Effect of energy input on total sugar yield at an 

alkaline concentration of 50 g kg-1 and a constant 

microwave power setting of 180 W (� - KOH, � - 

NaOH, � - Ca(OH)2) 

 

 Energy input seemed to have little influence on total 

sugar yield obtained from pretreatment with Ca(OH)2 

while total sugar yield steadily increased with an increase 

in energy input for both KOH and NaOH up to 

approximately 32 kJ g-1.  At an energy input of 43.2 kJ g-

1, all alkaline solutions resulted in approximately the 

same total sugar yield.  As the energy input is increased, 

the probability to degrade released monomeric sugars 

increases and thus there is an optimum energy input to 

achieve a balance between sugars liberated from the plant 

material structure and sugars degraded by a too high 

energy input.  This effect seems to be more severe for 

KOH and NaOH than Ca(OH)2 indicating that the 

mechanisms by which sugars is liberated from the 

amaranth roots is different for the different alkaline 

solutions. 

 

3.4 Effect of microwave energy density on total sugar 

yield 

The effect of microwave energy density on total sugar 

yield obtained from amaranth roots in an alkaline solution 

of 50 g kg-1 water was investigated by keeping the 

pretreatment time constant at 15 minutes while varying the 

power setting of the micr0wave from 100 W to 300 W.  

The results are given in Figure 4. 
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Figure 4: Effect of energy density on total sugar yield at an 

alkaline concentration of 50 g kg-1 at a constant 

pretreatment time of 15 minutes (� - KOH, � - NaOH, 

� - Ca(OH)2) 

 

 Increasing energy density had a very negative effect on 

sugar yield from roots pretreated in KOH as alkaline 

solution while it had a positive effect on sugar yields from 

roots pretreated in NaOH and Ca(OH)2.  This results was 
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unexpected and completely the opposite of what was seen 

with an increase in energy input. A higher energy density 

means that the reaction broth received more energy in a 

short amount of time and this probably led to more hot 

spots [4,5,7] forming at a higher average temperature 

which degraded not only the plant material, but also the 

monomeric sugars formed.  It can be deduced from Figure 

3 and 4 that higher sugar yields are obtained at milder 

energy densities and longer pretreatment times. 

 

 

4 HYDROLYSIS RESULTS 

 

4.1 Effect of alkali type on sugar yields 

Filtrates obtained after filtration of pretreatment 

broths of amaranth roots pretreated in different alkaline 

solutions at a concentration of 50 g kg-1 in water (KOH 

and NaOH) and 30 g kg-1 in water (Ca(OH)2) and an 

energy input of 32 kJ g-1 were enzymatically hydrolyzed 

according to the methods described in Section 2.2.  The 

final sugar yields obtained after hydrolysis are given in 

Figure 4.  Conversions of hemicellulose and cellulose to 

monomeric sugar are given in Table 2. 
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Figure 5: Effect of alkaline pretreatment on sugar yields 

of hydrolysis at pretreatment concentrations of 50 g kg-1 

(KOH and NaOH) and 30 g kg-1 (Ca(OH)2) and a power 

input of 32 kJ g-1 

 

 From Figure 4 it is clear that KOH solutions with 

microwave irradiation were most effective in releasing 

monomeric sugars from hemicellulose and cellulose 

while Ca(OH)2 was the least effective. 

 

Table II: Sugar conversion (based on mass of 

hemicellulose or cellulose present) after hydrolysis for 

different alkaline pretreatment solutions 

 

Alkaline Hemicellulose 

sugar 

conversion 

Cellulose 

sugar 

conversion 

Total sugar 

conversion 

KOH 99.86 100 99.96 

NaOH 50.77 91.15 80.82 

Ca(OH)2 37.89 76.04 66.28 

 

 Pretreatment of amaranth roots in KOH alkaline 

solutions with microwave irradiation followed by 

enzymatic hydrolysis resulted in almost complete 

conversion of all fermentable sugars available in the 

roots.  The cost of the different alkaline solutions should 

be weighed against the cost of each and the amount of 

sugars and theoretical ethanol that can be obtained.  KOH 

has the highest advantage as potential catalyst should the 

fermentation solids wastes from pretreatment be used 

further for the production of biochar in a thermochemical 

liquefaction process. 

 

 

5 CONCLUSIONS 

 

The results from this study showed that amaranth 

roots contain high amounts of cellulose and 

hemicellulose that can be converted to monomeric sugars 

for ethanol production.  Pretreatment of the roots in KOH 

alkaline solutions at a high energy input but low energy 

density proofed to produce the highest concentration of 

sugars prior and after enzymatic hydrolysis.  Pretreatment 

in Ca(OH)2 did give much higher sugar concentrations 

than KOH and NaOH when compared at a low alkaline 

concentration and thus more information is required 

before KOH can be chosen as the best alkaline for 

pretreatment of amaranth roots. 

Based on a conservative amaranth roots yield of 90 

ton per ha [24] and the conversions obtained in this study 

it can be concluded that without enzymatic hydrolysis a 

theoretical ethanol yield of 6315 L/ha can be obtained 

while a yield of 16 233 L/ha can be obtained if enzymatic 

hydrolysis is done on the pretreatment filtrate.  These 

yields are comparable with first generation crop yields 

and shows the enormous potential of microwave 

irradiation together with alkaline pretreatment to produce 

second generation ethanol at an economically 

competitive cost. 

 

 

6 ACKNOWLEDGEMENTS 

 

• The financial assistance of the National 

Research Foundation (NRF) towards this 

research is hereby acknowledged. Opinions 

expressed and conclusions arrived at, are those 

of the author and are not necessarily to be 

attributed to the NRF  

 

 

7 REFERENCES 

 

[1] J. Viglasky, J. Huska, N. Langova, J. Suchomel. A. 

Slovak Republic: Institute for Plant Genetics and 

Biotechnology - Amaranth-plant for the future. 

Multifunctional use of amaranth phytomass for 

industry and energy, (2008), pag 84-91 

[2] M. Akond, S. Islam, X. Wang. Genotypic variation 

for biomass and cell wall polymers in amaranth, 

(2013), pag 37-45 

[3] B. Godin, S. Lamaudière, R. Agneessens, T. 

Schmit, J. Goffart, D. Stilmant, D. Chemical 

composition and biofuel potentials of a wide 

diversity of plant biomasses, (2013), pag 2588-

2599 

[4] Z.M.A. Bundhoo, A. Mudhoo, R. Mohee. 

Promising unconventional pretreatments for 

lignocellulosic biomass, (2012), pag. 2140-2211 

[5] L. Tabil, P. Adapa, M. Kashaninejad. 2011. 

Biomass feedstock pre-processing–part 1: pre-

treatment. (In Dos Santos Bernardes, M.A., ed. 

Biofuel’s Engineering Process Technology, (2011), 

pag. 411-438.) 

[6] P. Alvira, E. Tomas-Pejo, M. Ballesteros, M.J. 

Negro. Pretreatment technology for an efficient 

bioethanol production process based on enzymatic 

22nd European Biomass Conference and Exhibition, 23-26 June 2014, Hamburg, Germany

899



hydrolysis: a review, (2010), pag. 4851-4861 

[7] I. Janker-Obermeier, V. Sieber, M. Faulstich, D. 

Schieder. Solubilisation of hemicellulose and lignin 

from wheat straw through microwave-assisted 

alkali treatment, (2012), pag. 198-203 

[8] Z. Hu, Z. Wen, Z. Enhanced enzymatic digestibility 

of switchgrass by microwave-assisted alkali 

preatment, (2008), pag. 369-378 

[9] W-H. Chen, S-C. Ye, H-K. Sheen. Hydrolysis 

characteristics of sugarcane bagasse pretreated by 

dilute acid solution in a microwave irradiation 

environment, (2012), pag. 237-244 

[10] F. Monteil-Rivera, G.H. Huang, L. Paquet, S. 

Deschamps, C. Beaulieu, J. Hawari. Microwave-

assisted extraction of lignin from triticale straw: 

optimization and microwave effects, (2012), pag. 

775-782 

[11] S. Zhu, Y. Wu, Z. Yu, C. Wang, F. Yu, S. Jin S. 

Comparison of three microwave/chemical 

pretreatment processes for enzymatic hydrolysis of 

rice straw, (2006), pag. 279-283 

[12] J. Liu, R. Takada, S. Karita, T. Watanabe, Y. 

Honda, T. Watanabe. Microwave-assisted 

pretreatment of recalcitrant softwood in aqueous 

glycerol, (2010), pag. 9355-9360 

[13] J. Xu, H. Chen, Z. Kádár, A.B. Thomsen, J.E. 

Schmidt, H. Peng. 2011a. Optimization of 

microwave pretreatment on wheat straw for ethanol 

production, (2011), pag. 3859-3864 

[14] A. Singh, S. Tuteja, N. Singh, N.R. Bishnoi. 2011. 

Enhanced saccharification of rice straw and hull by 

microwave-alkali pretreatment and lignocellulolytic 

enzyme production, (2011), pag. 1773-1782 

[15] S. Tsubaki, J-I. Azuma. Total fractionation of green 

tea residue by microwave-assisted alkaline 

pretreatment and enzymatic hydrolysis, (2013), 

pag. 485-491 

[16] S. Vani, P. Binod, M. Kuttiraja, R. Sindhu, S.V. 

Sandhya, V.E. Preeti. Energy requirement for alkali 

assisted microwave and high pressure reactor 

pretreatments of cotton plant residue and its 

hydrolysis for fermentable sugar production for 

biofuel application, (2012), pag. 300-307 

[17] I. Lai, A. Idris. Disruption of oil palm trunks and 

fronds by microwave-alkali pretreatment, (2013), 

pag. 2792-2804 

[18] A. Boonsombuti, A. Luengnaruemitchai, S. 

Wongkasemjit. 2013. Enhancement of enzymatic 

hydrolysis of corncob by microwave-assisted alkali 

pretreatment and its effect in morphology, (2013), 

pag. 1957-1966 

[19] S. McIntosh, T. Vancov. 2010. Enhanced enzyme 

saccharification of Sorghum bicolor straw using 

dilute alkali pretreatment, (2010), pag 6718-6727 

[20] Z. Wang, D.R. Keshwani, A.P. Redding, J.J. 

Cheng. Sodium hydroxide pretreatment and 

enzymatic hydrolysis of coastal Bermuda grass, 

(2010), pag. 3583-3585 

[21] A. Sluiter, B. Hames, R. Ruiz, C. Scarlata, J. 

Sluiter, D. Templeton. Determination of sugars, 

byproducts, and degradation products in liquid 

fraction process samples. NREL/TP-510-42623, 

(2008) 

[22] H-J. Zhu, J-H. Liu, L-F. Sun, Z-F. Hu, J-J. Qiao. 

Combined alkali and acuid pretreatment of spent 

mushroom substrate for reducing sugar and 

biofertilizer production, (2013), pag. 247-266 

[23] Y.Y. Tye, K.T. Lee, W.N.W. Abdullah, C.P. Lee. 

Potential of Ceiba pentandra (L.) Gaertn. (kapok) 

fiber as a source for second generation bioethanol: 

Parametric optimization and comparative study of 

various pretreatments prior enzymatic 

saccharification for sygar production, (2013), pag. 

10-14 

[24] A Pospišil, M. Pospišil, D. Maćešić, Z. Svečnjak. 

Yield and quality of forage sorghum and different 

amaranth species (Amaranthus spp.) biomass, 

(2009), pag. 85-89 

 

22nd European Biomass Conference and Exhibition, 23-26 June 2014, Hamburg, Germany

900




