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Ethanol production from sugarcane in Brazil is a well-established industry, with relatively 
simple operations and high yield. The ethanol primarily serves as a renewable fuel blend-
ing with gasoline and diesel to increase the energy security in Brazil. Several environ-
mental concerns are emerged around the by-products from this industry. Vinasse, the 
liquid fraction generated from the rectification and distillation operations of ethanol, is a 
sulfur-rich, low pH, dark-colored, and odorous effluent, produced at volumes as high as 
20-fold of ethanol. Traditional wastewater treatments, such as bioprocessing, advanced 
oxidative processes, anaerobic digestion (AD), and chemical-based processes, have 
been applied to vinasse management. Despite most of its utilization being in fertirrigation 
practices, vinasse may represent a key factor in enhancing profitability and environmental 
outcomes of a sugarcane-to-ethanol plant. The application of some upgrade solutions 
to sugarcane-derived vinasse may represent additional sources of energy, production 
of animal feed components, and reduction in water consumption within a plant. The 
use of mature technologies, yet not widespread in the sugarcane-to-ethanol industry, 
could help attenuate environmental concerns. Oxidation and chemical processes, AD, 
and microbial fermentation have been presented as alternative impactful alternatives to  
(i) reduce its organic and mineral load, converting it to a feedstock with fewer envi-
ronmental applications when applied as fertilizer and (ii) to convert organic matter and 
nutrients to a nutritious biomass, simultaneously increasing water reclamation potential 
by plants. This mini-review article provides a critical and comprehensive summary of the 
alternatives developed or under development to vinasse management.
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inTRODUCTiOn

Brazil is home to over 300 active sugarcane biorefineries (Filoso et al., 2015), with an ethanol-rich 
history dating back to the 1970s (Goldemberg et al., 2008). The oil embargo crises over 40 years 
ago forced the Brazilian government to find alternative solutions for energy generation. The most 
successful strategy was the National Ethanol Program (Proálcool), which increased Brazil’s energy 
security and posed it as the largest ethanol producer for decades (Goldemberg et al., 2008). Even 
with recent global booming of ethanol and biofuel industry, Brazil is still the second largest ethanol 
producer in the world, summing values of 25 billion L per year (Walter et al., 2011). Sugarcane-to-
ethanol productivity reaches about 5.6 m3 ha−1 over the course of a year (Badger, 2002).

Over 75% of the Brazilian distilleries operate using the Melle-Boinot process, a fed-batch 
system using yeast cell recycling. Yeast cells are collected at the end of the fermentation cycle 
and are either centrifuged or filtered, and reinoculated to the next fermentation cycle (Brethauer 
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TaBle 1 | Composition of sugarcane vinasse from first and second generation sugarcane-to-ethanol production.

Mineral analysis Organic analysis

Component value Reference Component value Reference

Cl− (mg L−1) 59.4a dos Santos et al. (2013) Organic matter (%) 3.96a Mariano et al. (2009)
SO4

2− (mg L−1) 1,680a, 44–366b dos Santos et al. (2013), 
Cammarota et al. (2012)

C:N ratio 10a, 49.2–124.9b Mariano et al. (2009), 
Cammarota et al. (2012)

Na+ (mg L−1) 8.6a dos Santos et al. (2013) COD (mg L−1) 32,000–92,800a, 75,800–109,700b Mariano et al. (2009), Paz-Pino 
et al. (2014), Cammarota  
et al. (2012)

K+ (mg L−1) 1,620a dos Santos et al. (2013) BOD5 (mgO2 L−1) 13,514–36,847a, 31,500–87,700b Paz-Pino et al. (2014)
Ca2+ (mg L−1) 3,160a dos Santos et al. (2013) BOD5/COD 0.18–0.34a, 0.39–0.80b Paz-Pino et al. (2014),  

Cammarota et al. (2012)
Mg2+ (mg L−1) 162.4a dos Santos et al. (2013) Phenols (mg L−1) 230–390a, 0.4–12.4b Paz-Pino et al. (2014),  

Cammarota et al. (2012)
PO43− (mg L−1) 560a, 33.26b dos Santos et al. (2013), 

Cammarota et al. (2012)
NH4

+ (mg L−1) 23.9a dos Santos et al. (2013)

NO3
− (mg L−1) 823.7a dos Santos et al. (2013) Protein (%) 2.92a Dowd et al. (1994)

Fe (mg L−1) 44.9a dos Santos et al. (2013) Fiber (%) 0.2a Dowd et al. (1994)
Mn (mg L−1) 4.9a dos Santos et al. (2013) Fat (%) 0.41a Dowd et al. (1994)
Zn (mg L−1) 1.2a dos Santos et al. (2013) Ash (%) 3.61a Dowd et al. (1994)
BO3

3− (mg L−1) 1.94a dos Santos et al. (2013) Carbohydrate (%) 3.42a Dowd et al. (1994)
Ba (mg L−1) 0.54a Mariano et al. (2009) Acetaldehyde (g L−1) 0.697a Dowd et al. (1994)
Cd (mg L−1) 1.06a Mariano et al. (2009) Ethanol (g L−1) 3.83a Dowd et al. (1994)
Cr (mg L−1) 0.15a Mariano et al. (2009) Propylene glycol (g L−1) 0.084a Dowd et al. (1994)
Ni (mg L−1) 0.26a Mariano et al. (2009) 2,3-butanediols (g L−1) 0.568a Dowd et al. (1994)
Al (mg L−1) 72.5a Mariano et al. (2009) Glycerol (g L−1) 5.86a Dowd et al. (1994)
MoO4

2− (mg L−1) 0.17a dos Santos et al. (2013) Erythritol (g L−1) 0.088a Dowd et al. (1994)
Cu (mg L−1) 0.06a Mariano et al. (2009) Arabinitol (g L−1) 0.064a Dowd et al. (1994)

Physicochemical analysis
Density (g mL−1) 1a Mariano et al. (2009) Chiro-inositol (g L−1) 0.114a Dowd et al. (1994)
Ph 4.84a, 4.0–4.9b Dowd et al. (1994) Sucrose (g L−1) 0.222a Dowd et al. (1994)
DO (mg L−1) 4.3a Mariano et al. (2009) Acetic acid (g L−1) 1.56a Dowd et al. (1994)
Moisture (%) 89.64a Dowd et al. (1994) Formic acid (g L−1) 0.582a Dowd et al. (1994)
Eh (Mv) 260a Mariano et al. (2009) Lactic acid (g L−1) 7.74a Dowd et al. (1994)
Conductivity 
(mS cm−1)

8.52a Mariano et al. (2009) Quinic acid (g L−1) 0.508a Dowd et al. (1994)

aFirst generation.
bSecond generation.
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and Wyman, 2010). The high-density cell culture and simple 
composition of sugarcane juice allow a quick fermentation cycle 
(6–10 h) and low cell growth rates (Della-Bianca et al., 2013). 
The upstream steps include a sulfitation process, which enrich 
the downstream products with sulfur compounds, especially 
sulfate species (Della-Bianca et  al., 2013). After fermentation, 
the fermented juice is processed into an ethanol stream and a 
liquid-rich by-product—vinasse.

Sugarcane vinasse is a residue from the sugar-ethanol industry, 
characterized as being an acidic suspension, high COD values, 
unpleasant odors, and dark brown color (Gómez and Rodríguez, 
2000; Jiang et al., 2012; Christofoletti et al., 2013). The character-
istics of vinasse are largely dependent on the feedstock, and on the 
fermentation and distillation conditions applied (España-Gamboa 
et al., 2011). A summary of vinasse composition is presented in 
Table 1. Sugarcane vinasse is reported to be a nitrogen-deficient 
medium, which is most composed as acid-insoluble nitrogen 
(Parnaudeau et al., 2008). Vinasse is also characterized as a feed-
stock rich in phenolic compounds and melanoidins (FitzGibbon 
et al., 1998). Using NMR and FTIR, Benke et al. (1998) detected 
levels of cellulose and hemicellulose in vinasse, which are derived 

from the grinding conditions of sugarcane. Recent development 
on lignocellulosic ethanol production from sugarcane bagasse 
may further increase the fiber content of vinasse, as that the 
various methods applied to sugarcane bagasse pretreatment will 
likely affect the production of liquid byproducts (Moraes et al., 
2015). Until now, there is a lack of information regarding the 
composition of liquid streams generated as by-products, except 
for a patent application (Cammarota et al., 2012). The composi-
tion of second-generation vinasse contains greater organic matter 
content and similar BOD/COD ratios (Table 1). Mineral compo-
sition, especially for potassium, is significantly lower.

Vinasse has been mostly used on fertirrigation practices, i.e., 
utilizing it as a liquid fertilizer for crops, reducing the water 
input for plant growth (Walter et al., 2011). Fertirrigation usually 
has negative effects on soil and ground waters in the long term 
(Rocha et al., 2007). A few adequate uses for vinasse management 
have been identified and used in large-scale operations, such as 
vinasse recycling to fermentation streams (Fadel et al., 2014; Yang 
et al., 2016), fertirrigation (Christofoletti et al., 2013; Filoso et al., 
2015), energy production (Cortez et al., 1992; Walter et al., 2011), 
and animal feed production (Cortez et al., 1992). Recently, studies 
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FigURe 1 | Simplified sugarcane-to-ethanol process with potential modifications in vinasse management.
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on transforming vinasse into a high value-added feedstock have 
also been performed (Nitayavardhana and Khanal, 2010).

Sugarcane and ethanol production in Brazil has been largely 
criticized due to several ecological factors (Sparovek et al., 2009), 
and negative environmental impacts, especially to the increase of 
contaminants in soil and surface water (Jiang et al., 2012). This 
review article describes some of the alternative uses to diminish 
the environmental impact by vinasse management practices, as 
shown in Figure 1.

FeRTiRRigaTiOn PRaCTiCeS  
wiTH vinaSSe

The utilization of vinasse in fertirrigation practices started 
in the 1950s (Valsechi and Gomes, 1954), and by the 1980s, it 
was a common practice for sugarcane refineries to utilize the 
liquid residual as fertilizer (Walter et  al., 2011). The concept 
behind fertirrigation consists on a sum of irrigation to sugarcane 
fields, by the percolation of vinasse liquid to the soil, with the 
simultaneous fertilization, transferring its nutrients to the plants 
(Christofoletti et al., 2013). Besides decreasing the costs involved 
with chemical fertilizers (Jiang et al., 2012), completely supplying 
phosphorus (Moran-Salazar et al., 2016) and being of low capital 
cost, vinasse utilization in fertirrigation practices could be con-
sidered of certain level of environmental concern (Sparovek et al., 
2009). Fertirrigation practices have been linked with increase 
in eutrophication of waterbodies and the formation of dead 
aquatic bodies in Brazil and in other countries (Eykelbosh et al., 
2015). The correct application of fertirrigation has proven not to 
impact the physical, chemical, and biological properties of the 

soil to which vinasse is applied (Christofoletti et al., 2013), such 
as, and levels up to 300 m3 vinasse ha−1 with potassium levels of 
3–4 kg m−3 do not impact negatively the soil (Penatti et al., 1988). 
However, conditions with increase in crop losses, soil pH change, 
increase in phytotoxicity, and release of sulfurous odors are not 
uncommon (Christofoletti et al., 2013).

Sugarcane crops occupy nearly three million hectares in the 
Brazilian state of São Paulo (Có Júnior et  al., 2008). Current 
production of ethanol could supplement up to 80% of sugarcane 
plantation by fertirrigation (Christofoletti et al., 2013). A study 
conducted at the Pirapama basin river, home to three ethanol 
plants in Brazil, producing over 500,000 L of ethanol per day dur-
ing the peak season, has estimated biochemical oxygen demand 
disposal rates of 226,335 kg on a daily basis, correspondent to a 
city of 4.2 million people (Alcoforado de Moraes et al., 2009). The 
high toxicity potential of vinasse being utilized in fertirrigation 
practices may lead to hydrologic, agronomic, and social prob-
lems. Since there are no pollution charges applied to sugarcane 
farmers and ethanol producers, fertirrigation still stands as the 
predominantly application of vinasse.

vinaSSe aS a FeeDSTOCK FOR 
BiOlOgiCal TReaTMenT

Vinasse typically has a moisture content of about 93%, and the 
present organic solids and minerals, such as potassium, calcium, 
and magnesium (Christofoletti et  al., 2013), may provide a 
rich culture medium for biological cultivation. Detoxification 
from soils contaminated by excessive vinasse utilization has 
been evaluated (Abioye, 2011), indicating that the organic 
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compounds present in the effluent may serve as nutrient sources 
for microorganisms, despite the low concentration of nitrogen 
and phosphorus. Prata et  al. (2001) also indicated that the 
readily available carbon sources in vinasse, such as glycerol, 
accelerated the degradation of the herbicide ametryn in vinasse-
contaminated soils.

In situ biological treatment of vinasse could be a potentially 
solution. Among different fungi that can utilize vinasse as a sub-
strate for growth, Rhizopus oligosporus was grown on a vinasse-rich 
medium (75% v/v) using an airlift bioreactor (Nitayavardhana 
et al., 2013). The 2.5-L reactor used for the study had supplementa-
tion of nitrogen and phosphorus, and aeration rates ranging from 
0.5 to 2.0  vvm, achieving a maximum biomass accumulation of 
8.04  g of increase compared to the initial mycelium inoculated. 
Nitayavardhana et al. (2013) reported a decrease in 80% of COD 
and observed that the fungal biomass achieved a high accumulation 
of protein (around 50%), which could be redirected to livestock 
production, especially since R. oligosporus cultivations usually 
yield amino acid profiles comparable to those of soybean meal 
(Lim and Akiyama, 1992), being only deficient in methionine and 
phenylalanine. R. oligosporus is a commonly used starter culture 
for Indonesian tempeh production and are known to fully utilize 
carbon sources rich in sucrose, as the one in vinasse, to grow 
(Egounlety and Aworh, 2003). Fungal treatment of with white-rot 
Trametes versicolor was performed in order to evaluate the fungus 
potential to produce laccase and decrease the concentration of  
phenol and chromophoric compounds in vinasse (España-Gamboa 
et al., 2015, 2017). Achieving 60% removal of COD, and over 80% 
of total phenol, with a decrease in almost 20% in color, T. versicolor 
has proven to be excellent laccase-producing microorganisms, 
achieving production of 1,630 laccase units per liter of medium 
(España-Gamboa et al., 2015). Since the presence of melanoidins, 
phenols, and polyphenols have been described to potentially have 
negative effects on crop productions (Constabel and Ryan, 1998), 
bioprocessing technologies, such as the study using T. versicolor, can 
decrease the harmful effects of applying vinasse in fertirrigation.

Utilizing microorganisms to treat vinasse does not only serve for 
the purpose of reducing COD and toxic compounds. The utiliza-
tion of fungi cultivated in vinasse potentially can bring additional 
revenue to sugarcane-based ethanol plants by providing feed and 
feed supplements to livestock production. Nair and Taherzadeh 
(2016) cultivated Neurospora intermedia and Aspergillus oryzae 
in vinasse and observed that an integration to a medium-sized 
facility, producing 100,000 m3 of ethanol a year, could reach up 
to 250,000 tons of protein-rich (45 weight %) dry fungal biomass 
per year. N. intermedia and A. oryzae are characterized as gener-
ally regarded as safe materials (Ferreira et  al., 2015; Todokoro 
et al., 2015) and have been traditionally used in the preparation 
of traditional dishes in Southeast and East Asia, being recently 
used in starch-based ethanol waste streams (Ferreira et al., 2015). 
Heterotrophic algae have also been reported as potential micro-
organisms to utilize the nutrients in vinasse to grow. The dark 
color characteristic to vinasse may be comparable to other dark 
effluents, such as municipal leachate, and may significantly hinder 
photoautotrophic growth of algae (Reis et al., 2014b). Therefore, 
heterotrophic growth may be the most appropriate growth mode 
for algae in vinasse. An example with green algae Desmodesmus 

sp. indicated slight elevation of pH, low oxygen, and low carbon 
dioxide removal, with a decrease of 52.1% in nitrogen and 36.2% 
of COD. Desmodesmus also achieved high yield of COD to bio-
mass in the first hour of growth (0.5 g g−1) and specific growth rate 
of 0.15 h−1. Scenedesmus sp. was cultivated on a Guillard-modified 
medium supplemented with 40% of vinasse and has been reported 
as able to grow in rates comparable to the control experiments 
(Ramirez et al., 2014).

Several opportunities used in starch-based ethanol research 
could be utilized with vinasse as bioprocess medium, such as 
those producing ethanol, malic acid, butanol, and many other 
commodity chemicals (Reis et al., 2017). The production of sec-
ondary ethanol using N. intermedia and A. oryzae on vinasse, for 
instance, would potentially provide extra 12.6% ethanol produced 
annually (Nair and Taherzadeh, 2016). The direct use of vinasse 
as feed material, in a similar fashion as the conditions applied to 
the U.S. dry-grind corn-to-ethanol industry, may not be suitable 
with the current composition of vinasse, especially due to the low 
protein content, and surplus of sulfur. An opportunity is to utilize 
protein-rich biomass grown in vinasse as animal feed, which may 
represent a significant change in the utilization of downstream 
processing of sugarcane-to-ethanol products. The utilization of 
fungal protein grown on sugarcane vinasse could provide feed-
stock for a market similar to soybean meal, generating at least 
USD 9.5 million annually to ethanol plants (Nitayavardhana and 
Khanal, 2010).

aDDiTiOn OF valUe TO vinaSSe VIA 
CHeMiCal anD aDvanCeD OXiDaTiOn 
PROCeSSeS (aOPs)

Advanced oxidation process methods have been extensively used 
in wastewater treatment facilities, which principles lies behind the 
high reactivity of HO• radicals, driving oxidation processes to all 
sorts of recalcitrant pollutants (Andreozzi et al., 1999). Utilizing 
AOP to treat vinasse is an opportunity to recycle the water back 
to the fermentation process, decreasing operational costs and 
environmental footprint of sugarcane plants. The effectiveness of 
ozone-based AOP (O3, O3/UV, and O3/UV/H2O2) has been tested 
on a vinasse-like effluent, achieving a fast kinetic degradation pro-
file (k = 6.5 × 10−3 min−1) with O3/UV/H2O2 and being reported as 
an economical process (1.31€ m−3 g−1 of TOC mineralized under 
optimized conditions) (Lucas et  al., 2010). The process behind 
recovering high-value phenolic compounds in vinasse, present 
at a concentration within the region of 600 mg L−1, is likely to be 
economically not feasible (Santos et al., 2003).

The combination of AOP with other forms of value addition 
to vinasse is also a research and commercial opportunity. A 
study conducted by Siles et al. (2011) evaluated the serialization 
of short-retention time ozonation, which was responsible to a 
decrease in over 50% of phenols, with anaerobic digestion (AD). 
Pretreated vinasse had anaerobic degradability of around 80% 
of the total COD, with enhanced methane yield coefficients and 
methane production rates enhanced by 13.6 and 41.2% when 
compared to raw vinasse (Siles et al., 2011). Potential studies with 
phototrophic microorganisms for production of value-added 
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compounds could be coupled with AOP focused on color 
removal. Fagier et al. (2016) evaluated Fe2+-activated persulfate 
and peroxymonosulfate oxidation on vinasse to which an addition 
of 15 g L−1 of coagulant provided over 70% total organic carbon 
removal, and near 100% of UV254 and color removal, which lowers 
the toxicity levels for phototrophic microorganisms. AOP consist 
on a series of mature and well-understood steps that can help 
detoxify vinasse to further utilization and value addition, such as 
production of protein-rich microbial biomass.

aD OF vinaSSe: OPeRaTiOn, eneRgY 
geneRaTiOn, anD DigeSTaTe USe

Anaerobic digestion is a common practice in the current dry-
grind corn-to-ethanol industry, being responsible to generate 
energy and degrade complex organic matter present in the corn 
stillage (Reis et al., 2017). Despite the composition of sugarcane 
vinasse differing significantly from wastewaters with high carbon 
load to which AD processes are ubiquitous and profitable, the 
possibility of decreasing the negative impacts to vinasse applica-
tion in soil usage accelerated the research and development of AD 
in sugarcane vinasse. The first industrial application in Brazil was 
built in the 1990s and consisted of an upflow anaerobic sludge 
blanket (UASB) reactor in São Martinho mill with a capacity 
of 5,000 m3 (Souza et al., 1992). The biogas generated from the 
UASB reactor was used on the drying process of yeast.

The use of AD in sugarcane vinasse is characterized according 
the number of steps, process temperature, and reactor design 
(Rajeshwari et al., 2000). The use of digestate vinasse was used to 
cultivate the microalgae Chlorella vulgaris (Marques et al., 2013; 
Candido and Lombardi, 2017) and Neochloris oleoabundans 
(Olguín et  al., 2015). Initially, research shows that vinasse was 
highly toxic to C. vulgaris at concentrations greater than 4%, 
reaching allowable concentrations of about 8.6% after treat-
ment (Marques et  al., 2013). C. vulgaris, a widely used species 
in accumulation of valuable microbial lipids (Reis et al., 2014b), 
was able to achieve specific growth rates of 0.76  day−1, higher 
than the control experiments in nutrient sufficient medium 
(0.53 day−1) (Marques et al., 2013). The use of AD can represent 
a feasible opportunity for making vinasse an appropriate cultiva-
tion medium for microbial cultivation, such as in the use of fungi 
with resilience to unfavorable conditions of growth (Reis et al., 
2014a). N. oleoabundans was able to grow on supplementation of 
vinasse up to 8%, with addition of sodium bicarbonate, achieving 
lipid concentrations up to 38.5%, high N-NH4

+ removal (85.2%), 
and high flocculation efficiency (42% after 30 min) (Olguín et al., 
2015).

Due to the high sulfur composition of vinasse, AD produces 
a sulfur-rich biogas (Barrera et al., 2013), which could be highly 
corrosive to the burners by the production of SO2. Removal of 
SOx from biogas can be accomplished, among other technologies, 
through physical processes, such as sulfur-specific membrane fil-
ters, or through biological processes (Barrera et al., 2014). Lebrero 
et  al. (2016) evaluated biotrickling filters (BTFs) and algal– 
bacterial photobioreactors (PBRs) as alternative to membrane 
removal. Both BTF and PBR constitute removal efficiencies 

greater than 98%, with elimination capacities as high as 26  g 
S-H2S  m−3  h−1. BTF showed impressive robustness as it was 
completed revived after a 15-day shut down, and it was able to 
utilize the nutrients from vinasse, with exogenous nitrate addi-
tion (Lebrero et al., 2016). Lebrero et al. (2016) also reported that 
PBR supported CO2 removal of 23 ± 11.8%, increasing to 62% at 
pH of 8.1, with an overall fixation rate of 285 mg CO2 L−1 day−1, 
thus, it could be coupled with a BTF to upgrade AD-generated 
biogas, removing inert gases and sulfur-rich compounds. Overall, 
AD of vinasse could generate approximately 4.5  MW yearly, 
which would correspond to over 14.5 million m3 of biogas, with 
concentrations of 60% CH4, replacing up to 12% of the bagasse 
from burning to combined heat and power operations (Moraes 
et al., 2014). AD in a large-scale sugarcane ethanol plant has a 
potential of supplying electricity to a city of 130,000 inhabitants 
or a replacement up to 40% of the annual diesel supply in the agri-
cultural energy requirements of a sugarcane biorefinery (Moraes 
et al., 2014). Therefore, optimization and widespread use of AD in 
sugarcane ethanol plants still remain as opportunities.

COnClUSiOn anD FUTURe DiReCTiOnS

While for many waste sources, a broad literature may be available 
(e.g., municipal wastewater), for others, references are scarcer 
and many opportunities are still under-performed—such is the 
case for sugarcane vinasse. The use of traditional practices, such 
as fertirrigation, may cause environmental issues in water and 
soil quality, and the use of more robust approaches must be a 
practical solution for vinasse management. Fertirrigation is often 
a practice that provides a false impression of solving the problem 
of vinasse disposal. The use of AD is an underperformed process 
in sugarcane plants and could significantly increase the energy 
output, while reducing the amount of water used within a plant. 
AOP can help decrease the toxicity of vinasse and can be used as 
a pretreatment for microbial growth, which could generate high 
throughput of value-added chemicals. Treatment of vinasse prior 
to recycling it as fertilizer and irrigation water would potentially 
lower the environmental impact of applying a nutrient-rich sus-
pension to soils. Thus, vinasse management is an issue in ethanol 
plants in Brazil, home to the second largest ethanol production in 
the world, which represents a realm of hidden opportunities for 
mature technologies.
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