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RESUMO

O aquecimento global e seus efeitos sobre o clima do planeta fizeram crescer a demanda por 

energia de baixa emissão de carbono e materiais de origem não fóssil para a produção de bens 

de consumo. Nesse contexto, a produção de etanol é muito importante, uma vez que ele pode 

ser utilizado como combustível e como matéria-prima nas indústrias baseadas em alcoolquími-

ca. A utilização de biomassa celulósica é uma alternativa promissora para maximizar a oferta de 

etanol. Assim, este estudo avaliou a produção de etanol e ácido glucônico, utilizando o sorgo de 

alta biomassa (Sorghum bicolor L. Moench - híbrido Palo Alto 1009®) como matéria-prima. O 

processo incluiu pré-tratamento alcalino associado à explosão a vapor, hidrólise enzimática e, 

em seguida, por fermentação com Saccharomyces cerevisiae e Aspergillus niger. Verificou-se que 

o sorgo de alta biomassa pode ser utilizado como matéria-prima na obtenção de etanol e ácido 

glucônico. Apresentou facilidade de manuseio, preparo, hidrólise e fermentação, além de exce-

lente rendimento (0,43 g etanol / g ART e 0,32 g AG / g biomassa).

Palavras-chave: Biorrefinaria; sustentabilidade, bioenergia.
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ABSTRACT

The global warming and its effects on the planet’s climate have increased the demand for low 

carbon emission energy and non-fossil materials to produce consumer goods. In this context, the 

production of ethanol is very important, since it can be used as fuel and raw material in industries 

based on alcohol chemistry. The use of cellulosic biomass is a promising alternative to maximize the 

ethanol supply. Thus, this study evaluated the production of ethanol and gluconic acid by using the 

high-biomass sorghum (Sorghum bicolor L. Moench – hybrid Palo Alto 1009®) as raw material. The 

process included alkaline pre-treatment associated with the steam explosion, enzymatic hydroly-

sis, and then, by fermentation using Saccharomyces cerevisiae and Aspergillus niger. It was found 

that high-biomass sorghum could be used as raw material in obtaining ethanol and gluconic acid. 

It showed ease of handling, preparation, hydrolysis, and fermentation, as well as an excellent yield 

(0.43 g ethanol/g TRS and 0.32 g GA/g biomass).

Keywords: Biorefinery; sustainability, bioenergy.

1. INTRODUCTION

Lignocellulosic biomass has an strategic importance as a renewable source of raw mate-

rial for bioenergy and chemicals production. To meet the growing demand of ethanol in recent 

years, new technologies are under consideration, based on hydrolysis of biomass polysacchari-

des. Despite the high-biomass sorghum being specific to generate heat and electricity, it is also 

suitable for chemicals production due to its high cellulose amount. However, studies are needed 

to evaluate its properties as a raw material for chemicals production in bioenergy integrated 

system. Other chemicals, such as gluconic acid (GA), can be produced by fermentation of sugars 

derived from biomass. Its industrial preparation process includes a chemical route associated 

with high energy consumption, which justify the search for sustainable production alternatives.

The biorefinery development has been identified as an important alternative for the partial 

replacement of energy and chemicals from non-renewable sources (Cherubini and Strømman, 

2011). The change in the characteristics of raw material sources is important to reduce the de-

leterious effects on the environment, such as CO
2
 emission, associated with the greenhouse 

effect and climate change (Cherubini, 2010; Righelato and Spracklen 2007).

The sugarcane industry is an example of well-established biorefinery (Mariano et al., 2013). 

Thus, it is a starting point for further research on the production of bioenergy and biofuels, es-

pecially ethanol. Studies have been devoted to the development of raw materials and proces-

sing to enhance the production of ethanol due to its economic and environmental importance 

(Wenger et al., 2012; Ho et al.,  2015; Ko et al., 2015).
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Ethanol is currently the only biofuel produced on a large scale. World production is about 

98,65 billion liters, of which 84% (82.9 billion liters) are produced in Brazil and in the United 

States (Alternative Fuels Data Center, 2021). This fuel is easily used on vehicles with internal 

combustion engine.

Although 90% of the products from industries of organic process are petroleum-based, and 

research on obtaining these products from biomass is still very incipient (Deutschmann and 

Dekker, 2012; Pinazo et al., 2015), the low price of biofuels makes the bio-based production 

a key factor to cover the investments needed in the biorefinery industry (Bozell and Petersen, 

2010)the choice of appropriate products for addition to the biorefinery\u2019s portfolio is 

challenged by a lack of broad-based conversion technology coupled with a plethora of potential 

targets. In 2004, the US Department of Energy (DOE. This shows the importance and the need 

for further research in this area.

The type and availability of raw materials are among the limiting factors of the biorefinery 

development (Fava et al., 2015)being food sector the first manufacture in Europe. Anyway they 

need to be further tested and validated and then transferred at the larger scale. In particular, 

they also need to become integrated, combining biomass pretreatments and recovery of bio-

genic chemicals with bioconversion processes in order to obtain a large class of chemicals. This 

will help to (a. Regarding the raw material’s availability, the production of a very large volume is 

needed to meet the industrial demand. Thus, the use of soil and water to the biomass production 

is the central point in the environmental and economic issue, once it establishes a competition 

with food production (Ravindranath et al., 2011).

Despite the potential use of agricultural residues and other lignocellulosic materials, bio-

mass cultivation is necessary to ensure the raw material supply for the industry (Ekman et al., 

2013; Forster-carneiro et al., 2013). Thus, the choice of biomass is crucial to equate the mentio-

ned issue. The raw materials must have characteristics such as have rapid growth; be adapted 

to different types of soil and climate; be easy planting and harvesting; furthermore, be easy for 

industrial processing. Different lignocellulosic biomasses have been evaluated as a raw material 

to produce biofuel and bioproducts. Among them, miscanthus, switchgrass, elephant grass, and 

giant reed showed great versatility (Aresta et al., 2012; Menezes et al., 2016).

In the context of biorefinery supported by the sugarcane industry model, sorghum varieties 

have shown strategic importance. They can provide raw material without significant changes in 

the configuration of well-established industry for the production of heat, power, and ethanol 

(Kim et al., 2012; Nghiem et al., 2016). Sorghum is a tropical grass grown primarily in semi-arid 

and dry regions in the world, especially in areas where traditional plant breeding is not possible 

(Oikawa et al., 2015).
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High-biomass sorghum has attracted the interest of researchers because of its high yield 

in lignocellulosic biomass, and it is specific for bioenergy production (Stefaniak et al., 2012). 

However, despite its characteristics of being specific to generate electricity, its potential for ce-

llulosic ethanol and chemicals production is pointed due to its high amount of cellulose (Mullet 

et al., 2014). Sorghum biomass has the explosive growth cycle, reaching the point of harvest and 

efficient burning in boilers between 120 and 130 days. It has moisture levels around 50% that 

allow its direct burning after harvest. It requires less water and offers more resistance to heat 

than the other species used as energy biomass. In this context, high biomass sorghum has ideal 

characteristics to be used as a biomass energy production, biofuels, and chemicals of industrial 

interest (Silva et al., 2016).

The main purpose of this study is to evaluate the high-biomass sorghum (Sorghum bicolor 

L. Moench) – hybrid Palo Alto 1009® as raw material to produce bio-based chemicals. It was 

verified that the high-biomass sorghum, designed to produce energy by cogeneration process, 

is also able to produce ethanol and gluconic acid with a good yield and easy processing, turning 

into a key biomass to the sugarcane biorefinery-based industry.

2. MATERIALS AND METHODS

To evaluate the potential of high-biomass sorghum as raw material for gluconic acid and 

ethanol production, the biomass was first pretreated, followed by enzymatic hydrolysis. The 

obtained broth was fermented using Aspergillus niger (A. niger) to produce gluconic acid and 

Saccharomyces cerevisiae (S. cerevisiae) to produce ethanol. All reagents used were of analytical 

grade. The enzymatic complex used to hydrolyze the biomass was Cellulase Cellic CTec 3, Novo-

zyme. The A. niger was from a mycology collection donated by the Lauro de Souza Lima Institute, 

Bauru, São Paulo, Brazil. The S. cerevisiae used was the industrial strain Y904. 

2.1 Biomass preparation

The high-biomass sorghum preparation involved the harvesting, grinding, drying at 65°C 

during five days, and storage in sealed plastic bags until its use in this study. 

The raw biomass was placed in an aqueous solution of sodium hydroxide (4% wt) and sodium 

hypochlorite (4% v/v), with biomass/alkaline solution at a ratio of 1:20 (w/v). It was transferred 

to an autoclave (1.0 kgf.cm-2, 121°C) for 30 minutes. After this time, the autoclave was rapidly 

depressurized through the full opening of the valve. This process is similar to the well-known 

steam-explosion process. The biomass after this procedure was washed in tap water, and a sam-

ple called by the first explosion of biomass (1st. pretreatment) was taken. This procedure was 

repeated, obtaining the second explosion of biomass (2nd. pretreatment).
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The biomass characterization was conducted following the TAPPI standards (T 222 om 11; 

T9 wd-75; T5 wd -73, T12 wd-82, and T211 om-12), by determining the moisture, ash, extrac-

tives soluble in ethanol-toluene, lignin, and holocellulose (cellulose + hemicellulose) contents.

2.2 Biomass hydrolysis

Enzymatic hydrolysis was performed using 41.0 g (dry basis) of the second pretreated bio-

mass and 500 mL of distilled water added to the glass reactor. Citric acid was used to adjust 

the pH to 4.8 once it is the optimal pH for carrying out the enzymatic hydrolysis (Weiss et al., 

2013). Afterwards, 15 mL of the enzyme complex was transferred to the reactor. The reactor 

was placed in an environmental chamber at 50°C, in a constant magnetic stirring. Samples were 

collected in 2, 4, 6, 8, 10, 24, and 48 h of the hydrolysis process. At the end of this process, the 

hydrolyzed material was filtered under a negative pressure system using a 3 μm paper filter, 

followed by the filtration with a 0.45 μm cellulose acetate membrane. The material retained on 

the filter was dried and weighed, being considered as non-hydrolyzed fraction. The percentage 

of hydrolyzed material was obtained by the difference between the amount of initial biomass 

and the final material (non-hydrolyzed). The clarified liquid was sterilized in an autoclave (1.0 

kgf.cm-2, 121°C) for 20 minutes and stored in the refrigerator until the fermentation process.

The glucose content determination in the hydrolyzed was performed by dinitro salicylic 

acid (DNS) test, using ultraviolet-visible spectrophotometry (UV-Vis) and a standard glucose 

curve, as described by Marsden and co-workers (Marsden et al., 1982). The dilutions of the sam-

ple were considered in the calculations, multiplying the result by this factor.

2.3 Gluconic acid preparation

For gluconic acid preparation, two experiments were conducted, and the sources of sugar 

were a commercial broth (glucose) and a hydrolysate broth (glucose from hydrolyzed biomass). 

The commercial broth was prepared with the following components: glucose 150 g.L-1, pep-

tone 0.02 g.L-1, (NH
4
)

2
SO

4
 0.59 g.L-1, KCl 0.25 g.L-1, KH

2
PO

4
 0.25 g.L-1, MgSO

4
.7H

2
O 0.25 g.L-1. 

The hydrolysate broth was prepared with the following components: glucose from hydrolyzed 

biomass 91.99 g.L-1, peptone 0.02 g.L-1, (NH
4
)

2
SO

4
 0.59 g.L-1, KCl 0.25 g.L-1, KH

2
PO

4
 0.25 g.L-1, 

MgSO
4
.7H

2
O 0.25 g.L-1.

The broths were sterilized in an autoclave (1.0 kgf.cm-2, 121°C) for 20 minutes. The fer-

mentation process of the commercial and the hydrolysate broths was conducted for 24 h. The 

reactor was composed by a glass bottle with a lid containing an aeration inlet tube connected 

to the bacteriostatic filter; a glass tube for air outlet; a glass tube for introduction of solution 

for pH correction; and a pH sensor. The reactor, its connections (except the pH sensor), and 

all solutions used during the fermentation process were previously sterilized in autoclave (1.0 

kgf.cm-2, 121°C).
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Within the laminar flow hood, the broth and the Aspergillus niger (107 UFC) were added to 

the reactor. The reactor was placed in an environmental chamber at 30°C, under magnetic stir-

ring at 200 rpm, during 24 h. The pH in the first 12 h was maintained at 6.5; after that, it was 

adjusted to 5.5 (pH adjusted with NaOH 4% and 10% acetic acid when needed). Aeration was 

maintained through 90 bubbles per minute.

The gluconic acid determination was performed from the measurement of glucose con-

sumed by the A. niger during the broth fermentation process. Glucose was quantified by the 

DNS method, as described above. The A. niger oxidizes and converts glucose into gluconic acid 

spontaneously under the fermentation experimental conditions (Ramachandran et al., 2006). 

Thus, the glucose consumed was considered as produced gluconic acid.

2.4 Ethanol preparation

For the ethanol production was used a hydrolyzed broth prepared by adding the following 

nutrients: KH
2
PO

4
 5,0 g.L-1; (NH

4
)Cl 1,5 g.L-1; MgSO

4
.7H

2
O 1,0 g.L-1; KCl 1,0 g.L-1; 6.0 g.L-1 yeast 

extract, and glucose obtained from biomass hydrolysis as the only source of sugar. The S. cerevi-

siae yeast 2% (w/v) was added to the hydrolyzed broth for fermentation.

The glass reactor was placed in an environmental chamber at 30°C, under magnetic stirring 

at 200 rpm, during 25 h, 50 h, and 100 h. After fermentation, the ethanol was separated from 

the mixture by fractional distillation.

The ethanol was quantified using the oxidation method to acetic acid by reaction with po-

tassium dichromate in an acidic medium, and detection by UV-Vis at 580 nm, according Sum-

bhate and Nayak (Sumbhate and Nayak, 2012).

3. RESULTS AND DISCUSSION

3.1 Sorghum pretreatment and hydrolysis

The fresh matter yield of the biomass sorghum used in this study is 92.36 Mg. ha-1 and dry 

matter 38.35 Mg. ha-1. High biomass sorghum samples were analyzed before and after pretreat-

ments, and the results are shown on Table 1. The moisture content of the raw sample is higher 

due to the presence of extractives in its fibers that are water holders. Samples with pretreat-

ment have lower moisture content due to lower rehydration capacity of its fibers caused by 

the extractive’s removal. As the number of pretreatment increases, it was observed that the 

extractives and moisture contents decreased. The pretreatment decreased the percentage of 

ash present in the biomass, since the samples were washed after each treatment, removing the 

inert materials.
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Table 1. Lignin, holocellulose, ash, and extractives of biomass samples before and after pretreatment.

Sorghum Lignin Holocellulose

(cellulose + Hemi-
cellulose)

Ash Extractives

Untreated 11.50a 55.27c 6.989a 25.67a

1st. treatment 1.81b 88.47b 1.921b 7.84b

2nd. treatment 1.65b 95.87a 1.463c 0.95c

F 21156.727 1252.393 552082.046 2583.437

MDS 0.16829 2.65178 0.01791 1.08901

GA 4.99 79.87 3.46 11.49

VC (%) 1.35 1.33 0.21 3.78

GA (general average); VC (variation coefficient); MDS (Minimum deviation of significance). The average 
with same letter (in row) is not statistically different on Tukey’s test at 5% of probability (P < 0.01).

The composition of high-biomass sorghum (untreated) shows its ideal characteristics as 

combustion material. The lignin content (11.5%) is higher than the other high-biomass sorghum 

hybrids reported in the literature (6.6% to 8.1%) (Nagaiah et al., 2012), which reflects on the 

biomass calorific power. The holocellulose content (55.9%) is slightly less than the reported 

hybrids (48% to 69%), but it is suitable for the hydrolysis and fermentation process.

In samples submitted to pretreatment, lignin decreased considerably and left the holoce-

llulose in greater quantity. Despite the high lignin content, the sorghum delignification process 

was easy, when only two steps were needed to decrease the lignin content in 86% and increase 

the holocellulose content in 71.5%. Thus, biomass with two pretreatments is the best process 

for enzymatic hydrolysis and fermentation.

Enzymatic hydrolysis of biomass subjected to two pretreatments was performed, yielding 

the hydrolysate broth. Samples collected at different hydrolysis times showed the behavior 

as described in the Fig. 1. Enzymatic hydrolysis was satisfactory, and the high rate of biomass 

hydrolysis occurred in the first 4 hours. Approximately 94% of the pretreated biomass was hy-

drolyzed in 8 h. The process tends to stabilize from 10 hours of hydrolysis, thus a longer time to 

achieve higher content of sugar hydrolysate is not necessary.
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Fig 1. High biomass sorghum hydrolysis as a time function.

The maximum enzyme efficiency occurred within 10 h (Fig. 1a, red line), when approxi-

mately 70.8 g.L-1 of glucose were formed. During the entire process, it was formed 72.5 g.L-1 

of glucose. This result demonstrates that the optimal hydrolysis time is 10 h, compatible with 

processing time in industrial plants. 

In terms of hydrolysis, this material shows high potential to be used as biomass for cellulosic 

ethanol production in industrial units that operate with traditional materials such as sugarcane 

bagasse. It is important to note that the enzymatic complex used in this process is the same used 

to hydrolyze sugar cane bagasse in the cellulosic ethanol industry. Thus, high-biomass sorghum 

can substitute the sugar cane bagasse in these industrial unities. 

3.4 Sorghum to gluconic acid

Glucose fermentation to gluconic acid produced from commercial and hydrolyzed broths 

were performed as described in the materials and methods section, and the results are pre-

sented on Table 2. The glucose content was greater than the hydrolyzed material due to the 

concentration process during the broth preparation.The glucose fermentation by A. niger leads 

to the formation of gluconic acid under the experimental conditions used in this study (Rama-

chandran et al., 2006). The production of gluconic acid was 101.0 g.L-1 for commercial broth, 

and 26.15 g.L-1 in the hydrolysate broth. Whereas the volume of the hydrolysate broth (500 ml) 

obtained in processing sorghum 40.0 g with two pretreatments, the production of gluconic acid 

was 0.319 g GA.g-1 biomass (319 kg.ton-1 biomass). 
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Table 2. Gluconic acid fermentation using commercial and hydrolyzed broths by A. niger.

Commercial broth Hydrolyzed broth

Initial Glucose (g.L-1) 150.7 91.99

Final Glucose (g.L-1) 57.44 67.97

Gluconic acid production (g.L-1) 101.0 26.15

Yield (GA/Glucose fed) (g.g-1) 0.67 0.28

Fermentation for 24 hours.            GA: gluconic acid.

The gluconic acid yield from commercial and hydrolyzed broths were 61.5% and 25.7% of 

the theoretical yield (1.089 g. g-1), respectively (Ramachandran et al., 2006). These values are 

smaller than the ones described in the literature (Lu et al., 2015). The yields are addressed to the 

dispersed fermentation and initial glucose concentration, being reported as 330 g.L-1 and 450 

g.L-1 to produce 98% of the theoretical yield (Singh and Kumar, 2007). Glucose concentration 

in the hydrolyzed broth is 38.45% lower than the commercial broth. This resulted in a 57.82% 

decrease of the conversion of glucose into gluconic acid, in relation to the commercial broth. 

Thus, the results suggest that the initial glucose concentration is crucial in the fermentation 

efficiency. 

Despite the high yield of hydrolysis process, the fermentation process was not in the best 

conditions for gluconic acid production. Results pointed out the feasibility of high biomass sor-

ghum as raw material to GA production; however, further research is needed to improve its 

production, considering the biorefinery industry establishment.

3.5 Sorghum to ethanol

The hydrolyzed broth fermentation was performed according to the procedure described 

in 3.4. After fractional distillation, it was determined the ethanol production resulting. Then, the 

yield was calculated by the Equation 1. The yield of fermentation was determined for each of 

the periods of time 25 h, 50 h, and 100 h. It has been observed that increasing the fermentation 

time favors a higher yield of ethanol production.

)(053.1 0
cos/

fsacsac

fethanol
eGluEthanol CC

C
Y

−
=                     (1)

Where:

Y
Ethanol / Glucose

 = Ethanol yield produced by glucose consumed

C 
ethanol f

 = Final ethanol concentration (g/L)

C 
sac 0

 = Initial glucose concentration (g/L)

C 
sac f

 = final glucose concentration (g/L)
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The fermentation yield of the 100h was 0.43 g ethanol/g TRS. This value is considered very 

good, compared to the theoretical value of 0.51 g ethanol/g TRS (Kumar et al., 2016). The yield 

for 25 h and 50 h were respectively 0.28 g ethanol/g TRS and 0.38 g ethanol/g TRS. The fermen-

tation yield for 50h was 32.5% higher in relation to 25 h, but only 11.5% lower compared to the 

fermentation yield for 100 h. This fact is explained by the sharp decrease in sugar concentration 

in the medium, it is important to keep the ethanol production rate. The ethanol yield for 25 

h fermentation process was 244.3 mg.g-1 of pretreated biomass. This value is higher than the 

ethanol yield produced from some hybrids of biomass sorghum (116 mg.g-1 biomass) reported 

by Dien and co-workers (Dien et al., 2009). Fig. 02 shows the yield of the fermentation process 

(volume of ethanol produced per mass of pretreated biomass) as the time function. 

Considering the 25h ==fermentation process, it is possible to produce 309.0 L ethanol / ton 

pretreated biomass. The gravimetric yield of the biomass pretreatment process is 0.4 g/g raw 

biomass. Thus, it is possible to produce about 124 L ethanol/ton of dried raw biomass, which 

corresponds to the ethanol productivity of 2480 L.ha-1. This result is in accordance with the 

results related in the literature (Prakasham et al., 2014), being comparable to the ethanol pro-

ductivity of some hybrids of Sorghum bicolor L. (2129 - 6388 L.ha-1), corn (3800 L.ha-1), poplar 

(1500 - 3400 L.ha-1) and cassava (4500 L.ha-1). Thus, Sorghum bicolor L. Moench - Hybrid Palo 

Alto 1009® could be pointed out as a promising raw material to produce cellulosic ethanol.

4. CONCLUSIONS 

This study enabled the evaluation of high-biomass sorghum (Sorghum bicolor L. Moench 

- Hybrid Palo Alto 1009®) as a feedstock for cellulosic ethanol and gluconic acid preparation. 

Results were very important, considering the strategic use of high-biomass sorghum, which can 

serve for the heat and power production in cogeneration process. Thus, this study contributed 
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to expand the possibilities of biomass use for the bioenergy and chemicals production in an in-

tegrated system.

Although the study was performed in laboratory scale, the process of obtaining ethanol 

from hydrolysis and fermentation of sorghum was considered successful with ethanol yield of 

glucose consumed 0.43 g/g TRS, compared to the theoretical yield 0.51 g/g TRS. However, for 

gluconic acid production, is is necessary to concentrate the hydrolyzed broth to increase the 

glucose concentration, and the yield of gluconic acid.

It is important to note that sorghum presented ease of preparation and hydrolysis process, 

indicating that it is an excellent raw material to produce cellulosic ethanol and gluconic acid.
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